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Assessment of non-hazardous low-frequency noise exposure

Behar A.
Research associate, Ryerson University, Toronto, Canada

Abstract

Low Frequency Noise (LFN) is a phenomenon found in the environment and generated naturally

(volcanoes, earthquakes) or as a result of human activities (large engines, windmills). When at high levels, it

causes complaints mainly of annoyance, but also of pressure in the chest or others. The assessment of LFN

has been a problem, resulting several methods, adopted in di�erent countries and jurisdictions. The two most

popular assessment methods are based in measurement in dBA and on the di�erence dBC-dBA. This paper

analyzes their accuracy and point out the needs for research into the variables compounding the annoyance

from LFN.

Keywords: noise, hazardous noise, safety, low-frequency noise, noise exposure.

Îöåíêà âîçäåéñòâèÿ íåîïàñíûõ íèçêî÷àñòîòíûõ øóìîâ

Áåõàð À.
Íàó÷íûé ñîòðóäíèê, SMART Lab, óíèâåðñèòåò Ðàéåðñîíà, ã. Òîðîíòî, Êàíàäà

Àííîòàöèÿ

Íèçêî÷àñòîòíûé øóì (Í×-øóì) - ýòî ÿâëåíèå, âñòðå÷àþùååñÿ â îêðóæàþùåé ñðåäå è

ãåíåðèðóåìîå åñòåñòâåííûì ïóòåì (âóëêàíû, çåìëåòðÿñåíèÿ) èëè â ðåçóëüòàòå äåÿòåëüíîñòè ÷åëîâåêà

(áîëüøèå äâèãàòåëè, âåòðÿíûå òóðáèíû). Ïðè ïîâûøåíèè óðîâíÿ îí âûçûâàåò æàëîáû, â îñíîâíîì íà

ðàçäðàæåíèå, íî òàêæå è íà äàâëåíèå â ãðóäè èëè äðóãèõ îðãàíàõ. Îöåíêà Í×-øóìà ïðåäñòàâëÿëà

ïðîáëåìó, â ðåçóëüòàòå ÷åãî ïîÿâèëîñü íåñêîëüêî ìåòîäîâ, ïðèíÿòûõ â ðàçíûõ ñòðàíàõ è þðèñäèêöèÿõ.

Äâà íàèáîëåå ïîïóëÿðíûõ ìåòîäà îöåíêè îñíîâàíû íà èçìåðåíèè â äÁÀ è íà ðàçíèöå äÁÍ-äÁÀ.

Â äàííîé ñòàòüå àíàëèçèðóåòñÿ èõ òî÷íîñòü è óêàçûâàåòñÿ íà íåîáõîäèìîñòü èññëåäîâàíèÿ ïåðåìåííûõ,

óñóãóáëÿþùèõ ðàçäðàæåíèå îò Í×-øóìà.

Êëþ÷åâûå ñëîâà: øóì, îïàñíûé øóì, áåçîïàñíîñòü, íèçêî÷àñòîòíûé øóì, âîçäåéñòâèå øóìà.

Introduction

Most noises found in every-day life are of broad band nature, with their energy quasi-
uniformly spread across the spectrum. Their measurement and assessment is relatively easy
and there are commonly accepted standards on how to do it. There are, however, situations,
where most of the energy is concentrated in the lower end of the audible spectra, the so called
low frequency noises, where the assessment presents problems, not yet solved. That is the
reason for the existence of di�erent methods adopted by di�erent countries [1]. This paper is
to address the assessment process, focusing in particular on the dBC-dBA method.

E-mail: albehar31@gmail.com (Behar A.)
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1. A little bit of history

In 1933 Fletcher and Munson developed a set of equal-loudness contours using pure
tones conveyed via headphones [2]. Contours indicate sounds perceived as being of equal
loudness when presented at di�erent frequencies. They show that the loudness is strongly
dependant of the frequency of the tone as well as of their sound levels. Contours were later
revised by 1956 Robinson and Dadson [3], using loudspeakers in an anechoic environment. They
obtained a new series of curves believed to be more accurate. The curves became the basis for
an ISO Standard that was considered de�nitive until 2003. Then ISO revised the standard [4]
on the basis of further research conducted by di�erent research groups around the world.

Originally, Sound Level Meters were intended to measure the loudness of sounds. From
the �rst beginning, they introduced a simpli�cation to the equal-loudness contours using three
�lters: A, B and C. The �rst, A, was intended for sound levels below 40 dB. C was intended
for those above 70 dB, and B for all of those in between. Later on, studies found high
correlation between hearing loss and sound level measurements of workplace noise performed
using the A �lter (in dBA)[5]. Consequently, the use of the �lter �A� became universal for
assessment of workplace noise. Other studies found correlation between dBA and annoyance for
environmental noise in general, increasing its use even further. Finally, with the use of NRR [6]
for the measurement of the attenuation provided by hearing protectors, the �C� weighting also
came into widespread use. The three curves are speci�ed in an IEC Standard [7].

These curves were also used in the �rst American standard for sound level meters [8].
This ANSI standard, later revised as ANSI S1.4-1981, had the B-weighting incorporated,
together with the A and C-weighting curves. B-weighting has since fallen into disuse up to
the point that many SLMs do not have it at all.

2. Why dBA

2.1. Hazardous noise

In the �eld of Industrial Hygiene, noise is considered as hazardous, when it a�ects the
organ of hearing, the ear, causing hearing loss. As a stress agent, we know that it may generate
other e�ects such as annoyance, sleep interference, speech interference etc. There can also be
e�ects of noise exposure on the nervous system, the cardio-vascular system, and other body
systems. However, noise that may lead to e�ects on systems beyond the ear are generally not
taken into consideration in noise standards.

As a result of laboratory and epidemiological studies, there is an almost universal
consensus that noise exposures in excess of 85 dBA (8hs/day, 5 days/w, 40 years) may cause
hearing loss. This is well documented in the ISO Standard 1999 [9].

A noise assessment is done in two steps. The �rst consists in the measurement of
the noise exposure. It is performed using preferably an integrating sound level meter or a
dosimeter, set up to measure in dBA and Slow [10]. The second step requires comparing the
measured result to the above mentioned limit of 85 dBA. If the limit is exceeded, then the noise
is considered hazardous.

What is not often mentioned is that this criterion applies to narrow as well as broadband
noises, i.e. noises where the energy is spread uniformly along the audible spectrum. With few
exceptions, industrial noises tend to be broadband.

2.2. Non-hazardous noise?

There are no uniform criteria for non-hazardous sources of noise. There are guidelines,
bylaws and local regulations that vary among countries and among local authorities. One of the
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reasons for this situation is the complexity of the problem. When dealing with non-hazardous
noises, there are many variables that must be considered beyond the sound level.

Some of these variables pertain to the noise itself, such as:

- Frequency content
- Duration
- Impulse characteristics
- Special characteristics of the noise that make is especially irritating

Some of these variables pertain to the context within which the noise occurs:

- Time of the day the noise occurs
- History of previous exposure to the noise in question

Other variables may be considered psychological reactions to the intruding noise1, such
as �nding it:

- unnecessary or unnecessarily loud
- a threat to personal health and safety
- a threat to economic investment
- beyond the a�ected person's control

Whoever has had dealings with annoying noise has many anecdotes to tell about
situations where a loud noise was dismissed as such on the bases that the person causing
it was a �nice� person. In other situations, the noise was considered intruding just because the
person responsible for the noise and the person a�ected by the noise were not on the best of
terms with respect to their personal relationship.

A literature analysis relative to noise exposures that can disrupt sleep, communication,
task performance, and productivity was prepared for the World Health Organization by
Berglund and Lindvall [11]. Some conclusions are as follows: Noise measures based only
on energy summation are inadequate for the characterization of most noise environments,
particularly when health assessment and prediction are concerned, and durations of the
measurements depend upon the activities involved. One must measure the maximum values
of noise �uctuations, preferably combined with a measure of the number of noise events, and
assess whether the noise contains a large proportion of low-frequency components. For homes,
recommended guideline values inside bedrooms are 30 dBA for steady-state continuous noise
and 45 dBA (Fast Max) for a single noise event. To prevent a majority of the population from
being seriously annoyed during the daytime, the equivalent level from steady continuous noise
in outdoor living areas should not exceed 55 dBA. During the night, outdoor levels should not
exceed 45 dBA so that people may sleep with bedroom windows open. It is recommended that
in schools, the level should not exceed 35 dBA during teaching sessions. In hospitals during
nighttime, the recommended value is 30 dBA.

It has to be pointed out that too low ambient noise level may annoy some people, as
unwanted sounds are not masked. By the same token, such an environment may be highly
distracting for employees in an o�ce.

Clearly, establishing limits for non-hazardous noise is a very complex task to be
entertained. Annoyance will always be a problem, no matter how well other e�ects are
controlled.

3. Problems with low-frequency noise (LFN)

There is no de�nition on low frequency noise. The term applies generally to noise
with most of the energy contained below 200Hz. ANSI does de�ne Infrasound as �sound at
frequencies less than 20 Hz." [12].

1It is worth remembering the old saying: music is what I do and noise what my neighbor generates...
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LFN does not a�ect hearing2 in general, but it can be quite annoying. Because of its
physical characteristics, it does not decay easily with distance and travels distances without
attenuation by ground. Furthermore, sound barriers, natural or arti�cial, are mostly ine�ective
because of the di�racted energy that goes �over� or �around� the obstacle. Transmission loss of
materials decays with frequency. Therefore, low frequency noise penetrates easily through walls
into enclosures and living places. To make matters even worse, because of the long wavelength
comparable to the size of rooms and o�ces, low frequency noise can generate standing waves
with clearly audible �hot spots� that are highly annoying and exceedingly di�cult to control.

The usage of the A �lter under-values the impact of low frequencies. For example,
a sound of 100 Hz is attenuated by almost 20 dB, while a sound of 50 Hz is attenuated by
30 dB. The e�ect of this attenuation, especially in the low frequencies range below 200 Hz, is
that a noise with mainly low frequencies content (such as the one from a large truck engine)
shows a low reading on a sound level meter, even though an observer can perceive it as an
impressive roar. This author remembers clearly measuring 35 dBA in a workplace that was
perceptibly shaking because of the presence of several looms. The noise was felt in the chest of
the observers, but remarkably, there was no consequential measurement that could be obtained
using the sound level meter.

To summarize, when measuring low frequency sound sources using the dBA weighting,
readings tend to be low, even when the noise is highly annoying. In view of this problem,
several attempts have been made to improve the assessment of LFN. The objective has been to
obtain a relatively easy way to measure the noise with a result that the measurement correlates
with the subjective feeling experienced by those exposed to the noise.

Probably the most popular method to come along is the C-A method. It is relatively
easy to perform using a conventional sound level meter, since it simply requires data points
obtained measuring in dBA and dBC.

4. The dBC-dBA as a descriptor for low frequency noise (LFN)

This method consists of the following:

a) measuring the noise in dBA and dBC
b) using the di�erence between both readings to characterize the noise as LFN, A large

di�erence between both readings will indicate that the noise has a large low-frequency content.
(Figure 1 shows both curves. It can be seen how di�erence between both increases as the
frequency decreases).

c) If the noise is found to be LFN, a penalty is applied to the measured dBA value[13].

As an example, let's suppose a jurisdiction has a noise limit of 50 dBA. Suppose also
that a noise level of 45 dBA is measured that would be considered acceptable (<50 dBA).
However, a di�erence dBC-dBA of 15 dB was also measured. Then, as per the jurisdiction's
existing bylaw, a 10 dB penalty is applied to the measured level of 45 dBA, resulting in 55
dBA. This exceeds the limit of 50 dBA and the noise is considered inacceptable.

The above simple example of applying the dBC-dBA rule shows that there is a need
to establish:

a) A baseline sound level, in dBA (50 dBA in the above example)
b) A di�erence dBC-dBA that classify a given noise as �low frequency� (15 dB) and
c) The size of the penalty to be applied to the measured noise (10 dB). This penalty,

obviously, should be proportional to the dBC-dBA di�erence.

In other words, the proposed descriptor would ideally de�ne three parameters before

2It may if there was enough energy in or around 150 Hz, that could a�ect hearing in that region which would
a�ect voice pitch, leading to problems with voice identity/emotion/etc...
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being adopted as a replacement to the existing dBA. To determine the values of those
parameters, there is a need for psycho-acoustic studies to be performed over statistically
signi�cant samples of populations, studies that we are lacking at present.

A proposal to replace the measurement in dBA by an improved dBC-dBA
descriptor [14] has been made recently. The proposal consists of averaging the �A�
�ltered sound levels of the 1/3rd octave bands between 16 Hz and 200 Hz and qualifying the
noise as �low frequency� if the C-A di�erence is equal or larger than 15 dB.

This proposal includes the need of frequency analysis with the claimed advantage of
classifying as �noisy� situations that otherwise will not be recognized as such. However, on top
of the added complexity required in this new measurement technique, there is still the need for
de�ning and justifying the parameters mentioned above.

Conclusions

In this paper we have focused on annoyance from non-hazardous, low-frequency noise
and the di�culties in its assessment. The use of dBA is de�nitely not acceptable, unless di�erent
limits are set, as per ref [1] The dBC-dBA method has also been developed without de�ning
and justifying the critical parameters mentioned above to provide support for any penalties
applied to measured noise levels.

We see a need for psycho-acoustic researches to be conducted to de�ne and justify these
parameters. In particular:

a) Laboratory studies assessing annoyance from noise with di�erent low-frequency
content, both arti�cial or real-life (occupational, windmills, transit) and

b) Surveys in real-life situations including measurements and questionnaires.
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Ðàçðàáîòêà àêóñòè÷åñêîãî êàëüêóëÿòîðà äëÿ ñîïðîâîæäåíèÿ

ìåòîäèê èçìåðåíèé

Òþðèí À.Ï.
Ä.ò.í., ïðîôåññîð êàôåäðû ¾Òåõíîñôåðíàÿ áåçîïàñíîñòü¿,

ÔÃÁÎÓ ÂÎ ¾ÈæÃÒÓ èìåíè Ì.Ò. Êàëàøíèêîâà¿, ã. Èæåâñê, ÐÔ

Àííîòàöèÿ

Â ñòàòüå ðàññìàòðèâàåòñÿ çàäà÷à ðàçðàáîòêè ïðîñòåéøåãî àêóñòè÷åñêîãî êàëüêóëÿòîðà

äëÿ èñïîëüçîâàíèÿ ïðè âûïîëíåíèè àêóñòè÷åñêèõ èçìåðåíèé. Â îáëàñòè èíæåíåðíîé àêóñòèêè

ñóùåñòâóþò ðàñïðîñòðàíåííûå ñëó÷àè îïåðàöèé ñ äåöèáåëàìè - ñëîæåíèå, âû÷èñëåíèå ñðåäíåãî çíà÷åíèÿ,

âû÷èòàíèå, îöåíêà íåîïðåäåëåííîñòè è ïðî÷. Êàê ïðàâèëî, âû÷èñëåíèÿ ïî ôîðìóëàì, êîòîðûå

èñïîëüçóþò èíæåíåðû, ëåãêî âûïîëíÿþòñÿ ëèáî â èçâåñòíûõ îôèñíûõ ïðîãðàììíûõ ïàêåòàõ, ëèáî â

òîì ïðîãðàììíîì îáåñïå÷åíèè, êîòîðîå èñïîëüçóåòñÿ äëÿ áîëåå ñëîæíûõ àêóñòè÷åñêèõ âû÷èñëåíèé.

Òåì íå ìåíåå, íåîáõîäèìîñòü â ïðîñòåéøåì êàëüêóëÿòîðå èìååòñÿ âñåãäà, â òîì ÷èñëå íà ïåðâûõ ïîðàõ

ðàáîòû ñ äåöèáåëàìè. Êðîìå òîãî, ïðè ðàçðàáîòêå ìåòîäîâ êîíòðîëÿ, îöåíêè è íîðìèðîâàíèÿ îïàñíûõ

è âðåäíûõ àêóñòè÷åñêèõ ôàêòîðîâ ïðîèçâîäñòâà èñïîëüçîâàíèå òàêîãî ïîäõîäà àêòóàëüíî. Ðàçðàáîòêà

êàëüêóëÿòîðà ðåàëèçîâàíà â íåñêîëüêî ýòàïîâ: 1) îïðåäåëåíèå ôóíêöèîíàëüíîñòè ïðèëîæåíèÿ;

2) îïðåäåëåíèå îáùåãî øàáëîíà ïðîåêòèðîâàíèÿ; 3) ðåàëèçàöèÿ ïðîãðàììíîãî êîäà; 4) ïðîâåðêà

(òåñòèðîâàíèå) íà êëàññè÷åñêèõ ïðèìåðàõ. Ïðîãðàììà ïîçâîëÿåò: âû÷èñëÿòü ñóììó äåöèáåë, èõ ñðåäíåå

çíà÷åíèå, îñóùåñòâëÿòü âçàèìíûé ïåðåâîä àêóñòè÷åñêèõ âåëè÷èí: óðîâíåé çâóêîâîãî äàâëåíèÿ (çâóêà),

çâóêîâîãî äàâëåíèÿ, çâóêîâîé ìîùíîñòè, îöåíèâàòü øóì íà ðàáî÷åì ìåñòå ñ ó÷åòîì àêóñòè÷åñêîãî âêëàäà

îòäåëüíî âçÿòîé îïåðàöèè â òå÷åíèå ðàáî÷åé ñìåíû. Âñå âû÷èñëåíèÿ äëÿ íàãëÿäíîñòè ñîïðîâîæäàþòñÿ

âèçóàëèçàöèåé ðåçóëüòàòîâ â âèäå äâóìåðíûõ ãðàôèêîâ. Ïðåèìóùåñòâà: èñïîëüçîâàíèå êàëüêóëÿòîðîâ â

âèäå ìîáèëüíûõ ïðèëîæåíèé íå òðåáóåò äîñòóïà ê èíòåðíåòó, ñïîñîáñòâóåò áîëåå ýêîíîìè÷íîìó ðàñõîäó

àêêóìóëÿòîðíîé áàòàðåè óñòðîéñòâà, è èñïîëüçîâàíèå ïîäîáíûõ ïðîãðàìì ìîæåò áûòü ïîëåçíî òàêæå

äëÿ ñòóäåíòîâ ñïåöèàëüíîñòåé, ñâÿçàííûõ ñ àêóñòè÷åñêèìè ðàñ÷åòàìè íà ýòàïå îñâîåíèÿ àêóñòè÷åñêîé

äèñöèïëèíû.

Êëþ÷åâûå ñëîâà: àêóñòè÷åñêèå êàëüêóëÿòîð è ðàñ÷åòû, ìîáèëüíîå ïðèëîæåíèå, îáó÷åíèå,

äåöèáåëû.

Development of an acoustic calculator to support measurement method
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Abstract

The article discusses the task of developing the simplest acoustic calculator for use in performing

acoustic measurements. In the �eld of engineering acoustics, there are common cases of operations with decibels -

addition, calculation of the average value, subtraction, estimation of uncertainty, etc. Typically, formulas used

by engineers are easily performed either in well-known o�ce software packages or in software that is used for
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more complex acoustic calculations. Nevertheless, the need for a simple calculator is always there, including at

�rst working with decibels. Therefore, the development of such "pocket calculators" is quite relevant and in

demand. The development of the calculator is implemented in several stages: 1) determining the functionality

of the application; 2) de�nition of a common design pattern; 3) implementation of program code; 4) veri�cation

(testing). The program allows you to: calculate the sum of decibels, their average value, perform a mutual

translation of acoustic quantities: sound pressure (sound), sound pressure, sound power levels, estimate noise

at the workplace taking into account the acoustic contribution of a single operation during a work shift. All

calculations for visualization are accompanied by visualization of the results in the form of two-dimensional

graphs. Advantages: the use of calculators in the form of mobile applications does not require access to the

Internet, contributes to a more economical consumption of the device's battery, and the use of such programs

can also be useful for students of specialties related to acoustic calculations at the stage of mastering the acoustic

discipline.

Keywords: acoustic calculations, mobile application, training, decibels.

Ââåäåíèå

Èñïîëüçîâàíèå öèôðîâîé îáðàçîâàòåëüíîé ñðåäû â íàñòîÿùåå âðåìÿ ïîëó÷àåò âñå
áîëåå øèðîêîå ðàñïðîñòðàíåíèå [1, 2, 3]. Íå îáîøëî ýòî è ñïåöèàëèñòîâ-àêóñòèêîâ. Ðå÷ü
èäåò î ðàçëè÷íîãî ðîäà êàðìàííûõ êàëüêóëÿòîðàõ, ïîçâîëÿþùèõ ïðîâîäèòü îïåðàöèè ñ
äåöèáåëàìè. Íåñìîòðÿ íà ïîëåçíîñòü óñòíîãî ñ÷åòà èëè ñ÷åòà â óìå, çíà÷èìîñòü îøèáêè
ïðè èõ èñïîëüçîâàíèè ñíèæàåòñÿ. Ñ äðóãîé ñòîðîíû, íåîáõîäèìî îòìåòèòü, ÷òî êàê
â Ðîññèè, òàê è çà ðóáåæîì ñóùåñòâóåò ìíîæåñòâî ìåòîäèê, êîòîðûå ïðåäïîëàãàþò
âïîëíå ñåðüåçíûå âû÷èñëåíèÿ íà îñíîâå èìåþùèõñÿ èñõîäíûõ äàííûõ. Êàê áûòü â
ýòîì ñëó÷àå? Çàïàäíûå ñïåöèàëèñòû ïðåäëàãàþò êàëüêóëÿòîðû, ðåàëèçîâàííûå â MS
Excel ñ èñïîëüçîâàíèåì ìàêðîñîâ, äîñòóïíûå äëÿ ñâîáîäíîãî èñïîëüçîâàíèÿ. Â Ðîññèè
âñòðå÷àþòñÿ ñëó÷àè ðåàëèçàöèè ïðîñòåéøèõ àêóñòè÷åñêèõ êàëüêóëÿòîðîâ â ðåæèìå
îíëàéí, êîòîðûå ïðè íàäåæíîì äîñòóïå ê èíòåðíåòó ïîìîãàþò îïåðàòèâíî âûïîëíèòü
íåîáõîäèìûå ïðîñòåéøèå ðàñ÷åòû.

Ïðîñòåéøèå ïðèåìû îïåðàöèé ñ äåöèáåëàìè ìîæíî âñòðåòèòü â èçâåñòíûõ
ó÷åáíûõ èçäàíèÿõ ïî àêóñòèêå [4, 5]. Â ñëó÷àå ñ áîëüøèì êîëè÷åñòâîì äàííûõ è
òðåáîâàíèÿìè ê òî÷íîñòè âû÷èñëåíèé âåðîÿòíîñòü îøèáêè ïðè óñòíîì ñ÷åòå âîçðàñòàåò
è ïîòîìó òàêîé ìåòîä ñ÷åòà ñòàíîâèòñÿ íåïðèãîäåí.

Â öåëîì, àêóñòè÷åñêèå êàëüêóëÿòîðû ïîëó÷àþò øèðîêîå ðàñïðîñòðàíåíèå.
Ïðåèìóùåñòâåííî èõ ìîæíî ðàçäåëèòü íà äâå áîëüøèå ãðóïïû: 1) äëÿ îöåíêè âîçäåéñòâèÿ
íà ÷åëîâåêà (êàê ïðàâèëî, ðàáîòíèêà) øóìà èëè âèáðàöèè è ðàñ÷åòà ýôôåêòèâíîñòè
ñðåäñòâ èíäèâèäóàëüíîé çàùèòû ïî ìåòîäèêàì, îãîâîðåííûì â íîðìàòèâíî-òåõíè÷åñêèõ
äîêóìåíòàõ; 2) äëÿ ðàñ÷åòà âðåìåíè ðåâåðáåðàöèè â ïîìåùåíèè ïðè âûáîðå àêóñòè÷åñêîãî
îòäåëî÷íîãî ìàòåðèàëà â îáëàñòè ñòðîèòåëüíîé àêóñòèêè. Â êà÷åñòâå ïðîìåæóòî÷íîé
ãðóïïû ìîæíî âûäåëèòü êàëüêóëÿòîðû, íàïðàâëåííûå íà ðàáîòó ñ äåöèáåëàìè.

1. Îáçîð ñóùåñòâóþùèõ âèáðîàêóñòè÷åñêèõ êàëüêóëÿòîðîâ

Â êà÷åñòâå ïðèìåðà èñïîëüçîâàíèÿ ïðîñòåéøèõ êàëüêóëÿòîðîâ ìîæíî ïðèâåñòè
ðàçðàáîòêè ðîññèéñêîé ïðèáîðîñòðîèòåëüíîé êîìïàíèè ¾ÍÒÌ-Çàùèòà¿ [6]. Âñå îíè
ðåàëèçîâàíû â ðåæèìå îíëàéí. Èõ ïðåèìóùåñòâà áåññïîðíû, òàê êàê â òîì ÷èñëå îíè
ÿâëÿþòñÿ õîðîøèì èíñòðóìåíòîì äëÿ ïîïóëÿðèçàöèè ñâîåé ïðîäóêöèè è åå ïðîäâèæåíèÿ
íà ðûíêå. Äàííûå èíòåðíåò-ðåøåíèÿ ïîçâîëÿþò ñ ëåãêîñòüþ âûïîëíÿòü àêóñòè÷åñêèå
âû÷èñëåíèÿ, â òîì ÷èñëå, åñëè åñòü íåîáõîäèìîñòü òàêèõ âû÷èñëåíèé ïðèìåíèòåëüíî ê
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îïðåäåëåííîé ìåòîäèêå, èçëîæåííîé â ãîñóäàðñòâåííîì ñòàíäàðòå. Òàê ¾êàëüêóëÿòîð
ðàñ÷åòà ýêñïîçèöèîííîé äîçû òåïëîâîãî îáëó÷åíèÿ¿ ñëóæèò äëÿ ðàñ÷åòà ýêñïîçèöèîííîé
äîçû òåïëîâîãî îáëó÷åíèÿ ñ óêàçàíèåì êëàññà óñëîâèé òðóäà ïî òàêèì ïàðàìåòðàì êàê
èíòåíñèâíîñòü è äîçà òåïëîâîãî îáëó÷åíèÿ. Ïðîãðàììà ïîçâîëÿåò ïîëó÷àòü ðåçóëüòàòû
è ðåêîìåíäàöèè ïî âîçìîæíûì ñïîñîáàì îáåñïå÷åíèÿ äîïóñòèìûõ óñëîâèé òðóäà.

Ñïåöèàëüíûé ¾âèáðîàêóñòè÷åñêèé êàëüêóëÿòîð¿ íåîáõîäèì äëÿ ðàáîòû ñ
äåöèáåëàìè, êîòîðûå áûëè ïîëó÷åíû â ðåçóëüòàòå èçìåðåíèé óðîâíåé çâóêà. Ýòî îäèí èç
óíèâåðñàëüíûõ êàëüêóëÿòîðîâ, äîñòóïíûé è ïðîñòîé â èñïîëüçîâàíèè. Åãî äîñòîèíñòâîì
ÿâëÿåòñÿ îòñóòñòâèå ïðèâÿçêè ê êîíêðåòíîé ìîäåëè øóìîèçìåðèòåëüíîãî ïðèáîðà.

Èíñòðóìåíòîì, ïðèçâàííûì ñóùåñòâåííî îáëåã÷èòü ìàññèâ âû÷èñëåíèé,
ïðåäóñìîòðåííûå â ìåòîäèêàõ ïî ÃÎÑÒ Ð ÈÑÎ 9612-2016 ¾Àêóñòèêà. Èçìåðåíèå
øóìà äëÿ îöåíêè åãî âîçäåéñòâèÿ íà ÷åëîâåêà. Ìåòîä èçìåðåíèÿ íà ðàáî÷èõ ìåñòàõ¿,
ÿâëÿåòñÿ ¾êàëüêóëÿòîð-9612¿. Äðóãîé êàëüêóëÿòîð � êàëüêóëÿòîð-20444 � ðàññ÷èòûâàåò
ýêâèâàëåíòíûé óðîâåíü çâóêà òðàíñïîðòíîãî ïîòîêà íà èíòåðâàëå íàáëþäåíèÿ ñ
íåîïðåäåëåííîñòüþ ðåçóëüòàòà.

Êðîìå êàëüêóëÿòîðîâ, îáëåã÷àþùèõ ðàáîòó ñ äåöèáåëàìè, ñïåöèàëèñòàìè
ðàçðàáàòûâàþòñÿ êàëüêóëÿòîðû, êîòîðûå íàïðàâëåíû íà âûïîëíåíèå ïðîñòåéøèõ
àêóñòè÷åñêèõ ðàñ÷åòîâ ïîòðåáèòåëÿìè. Â ÷àñòíîñòè, òàêèå ðåøåíèÿ ïðèñóùè
ïðîèçâîäèòåëÿì øóìîçàùèòíûõ ìàòåðèàëîâ. Òàêèå êàëüêóëÿòîðû ïîìîãàþò ïîäîáðàòü
àêóñòè÷åñêóþ îòäåëêó äëÿ ïîìåùåíèé, âûïîëíÿÿ ðàñ÷åòû âðåìåíè ðåâåðáåðàöèè,
ðàçáîð÷èâîñòè ðå÷è è ïðî÷. â äèàïàçîíå îêòàâíûõ ïîëîñ îò 125 äî 4000 Ãö ñ ó÷åòîì
ìàòåðèàëà ñòåí, ïîòîëêîâ, íàëè÷èÿ îêîí èëè äâåðåé èç ìàòåðèàëîâ, èç êîòîðûõ îíè
èçãîòîâëåíû (ðèñ.1). Íàïðèìåð, òàêèå ïðàêòèêè ïðåäëàãàþòñÿ çàðóáåæíîé êîìïàíèåé
¾Ecophon¿ [7]. Äîñòîèíñòâî äàííîãî ïîäõîäà êðîåòñÿ òàêæå â âîçìîæíîñòè ñîõðàíåíèÿ
âûïîëíåííûõ ðàñ÷åòîâ â ôîðìàòå ýëåêòðîííîãî äîêóìåíòà. Îäíîâðåìåííî ïîòðåáèòåëü
òàêæå ïîëó÷àåò ãàðàíòèþ íàäåæíîñòè ïðèîáðåòàåìûõ óñëóã/ïðîäóêöèè.

Ê îñíîâíîé ïðè÷èíå ñîçäàíèÿ âèáðîàêóñòè÷åñêèõ êàëüêóëÿòîðîâ ìîæíî îòíåñòè
àâòîìàòèçàöèþ ðàñ÷åòîâ, îáóñëîâëåííûõ òðåáîâàíèÿìè ñïåöèàëüíûõ ìåòîäèê, êàê
çàðóáåæíîãî, òàê è îòå÷åñòâåííîãî ïðîèñõîæäåíèÿ. Íàïðèìåð, äëÿ ðåàëèçàöèè ìåòîäèê,
èçëîæåííûõ â ðóêîâîäñòâå ¾Controlling noise at work. The Control of Noise at Work
Regulations � 2005¿ [8] ðàçðàáîòàíà ñåðèÿ êàëüêóëÿòîðîâ, ïðåäñòàâëåííûõ íà ñòðàíèöå
Óïðàâëåíèÿ ïî îõðàíå òðóäà â Âåëèêîáðèòàíèè https://www.hse.gov.uk/noise/calculator.htm.
Îíè ïîçâîëÿþò îöåíèòü âîçäåéñòâèå øóìà ïðè åæåäíåâíîì èëè åæåíåäåëüíîì åãî
âîçäåéñòâèè, à òàêæå ýôôåêòèâíîñòü çàùèòû îðãàíîâ ñëóõà. Ê íèì îòíîñÿòñÿ: 1)
êàëüêóëÿòîð ðàñ÷åòà ýêñïîçèöèè øóìà â òå÷åíèå äíÿ; 2) êàëüêóëÿòîð ðàñ÷åòà ýêñïîçèöèè
øóìà â òå÷åíèå íåäåëè; 3) êàëüêóëÿòîð ðàñ÷åòà ýôôåêòèâíîñòè çàùèòû ñëóõà; 4)
êàëüêóëÿòîð îöåíêè âîçäåéñòâèÿ øóìà â ñëó÷àå, åñëè â òå÷åíèå íåêîòîðîãî âðåìåíè
ðàáî÷åé ñìåíû ñðåäñòâà çàùèòû ñëóõà íå èñïîëüçóþòñÿ.

Äëÿ èñïîëüçîâàíèÿ ãîòîâûõ êàëüêóëÿòîðîâ íåîáõîäèìî çíàòü óðîâåíü øóìà è
ïðîäîëæèòåëüíîñòü åãî âîçäåéñòâèÿ, íàïðèìåð, â òå÷åíèå ðàáî÷åé ñìåíû. Äëÿ îöåíêè
âîçäåéñòâèÿ øóìà, êîòîðûé ïåðèîäè÷åñêè èçìåíÿåòñÿ â òå÷åíèå íåäåëè, íåîáõîäèìî çíàòü
ýêñïîçèöèþ øóìà äëÿ êàæäîãî äíÿ ðàáî÷åé íåäåëè.
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Ðèñ. 1. Ãðàôè÷åñêèé ðåçóëüòàò ðàñ÷åòà âðåìåíè ðåâåðáåðàöèè
(êðàñíàÿ ëèíèÿ � ðàñ÷åò âðåìåíè ðåâåðáåðàöèè ñ ó÷åòîì îïûòà êîìïàíèè,

øòðèõîâàÿ � ðàñ÷åò íà îñíîâå ôîðìóëû Ñýáèíà)

Êðîìå ñóãóáî àêóñòè÷åñêèõ ðàñ÷åòîâ âàæíû òàêæå ðàñ÷åòû è âèáðàöèîííîãî
âîçäåéñòâèÿ. Âèáðàöèÿ, ïåðåäàþùàÿñÿ íà ðóêè, ÿâëÿåòñÿ øèðîêî ðàñïðîñòðàíåííîé
îïàñíîñòüþ äëÿ ðàáîòíèêîâ âî ìíîãèõ îòðàñëÿõ è ñôåðàõ äåÿòåëüíîñòè. Óïðàâëåíèåì
ïî îõðàíå òðóäà â Âåëèêîáðèòàíèè � Health and Safety Executive (îôèöèàëüíûé ñàéò
https://www.hse.gov.uk/) ðàçðàáàòûâàþòñÿ ïðîöåäóðû ïî îöåíêå ýôôåêòèâíîñòè ñðåäñòâ
èíäèâèäóàëüíîé çàùèòû ðóê îò âèáðàöèè [9]. Ìåòîäèêè ðàñ÷åòà àâòîìàòèçèðîâàíû â MS
Excel è ïîçâîëÿþò:

1. Ðàññ÷èòàòü äëèòåëüíîñòü èñïîëüçîâàíèÿ ñðåäñòâ èíäèâèäóàëüíîé çàùèòû ðóê
îò âèáðàöèè ñ ó÷åòîì èõ ýôôåêòèâíîñòè çàùèòû è âèäà äåéñòâóþùåé âèáðàöèè.

2. Ðàññ÷èòàòü äîçó îáùåé âèáðàöèè, ïîëó÷åííóþ â òå÷åíèå äíÿ, íà îñíîâå åå
ôèçè÷åñêèõ õàðàêòåðèñòèê � óðîâíÿ âèáðîñêîðîñòè è âèáðîóñêîðåíèÿ ïî òðåì îñÿì.

Ñëó÷àè èñïîëüçîâàíèÿ êàëüêóëÿòîðîâ ïðîñòû. Ìîæíî ïðèâåñòè ñëåäóþùèé
êëàññè÷åñêèé ïðèìåð: îïåðàòîð èñïîëüçóåò òðè âèäà âèáðîîïàñíîãî èíñòðóìåíòà â
òå÷åíèå ðàáî÷åãî äíÿ. Âåëè÷èíû âèáðîóñêîðåíèÿ ñîñòàâëÿþò 10, 6 è 3,5 ì/ñ2, à
îáùåå âðåìÿ âîçäåéñòâèÿ 15, 30 è 90 ìèíóò ñîîòâåòñòâåííî. Äëÿ ïåðâîãî èíñòðóìåíòà
(óäàðíûé ãàéêîâåðò) åãî êàòåãîðèÿ âûáèðàåòñÿ èç ðàñêðûâàþùåãîñÿ ñïèñêà, ïðè ýòîì
àâòîìàòè÷åñêè ââîäèòñÿ çíà÷åíèå âèáðàöèè 10 ì/ñ2, êîòîðîå ÿâëÿåòñÿ ¾ðåêîìåíäóåìûì
èñõîäíûì çíà÷åíèåì¿ äëÿ ýòîãî èíñòðóìåíòà èç ñïåöèàëüíîé òàáëèöû ¾Ñâîäêà âåëè÷èí
âèáðàöèè íåêîòîðûõ ðàñïðîñòðàíåííûõ ìàøèí¿. Äëÿ äðóãèõ èíñòðóìåíòîâ çíà÷åíèÿ
ââîäÿòñÿ âðó÷íóþ. Ïðè ââîäå èíôîðìàöèè î ïðîäîëæèòåëüíîñòè âîçäåéñòâèÿ ìîæíî
èñïîëüçîâàòü ÷àñû, ìèíóòû èëè êîìáèíèðîâàííûé ôîðìàò âðåìåíè. Àâòîìàòè÷åñêè
âû÷èñëåííûå ðåçóëüòàòû ïîêàçûâàþò çíà÷åíèÿ ýêñïîçèöèè äëÿ òðåõ âèäîâ èíñòðóìåíòû
è îáùóþ ýêñïîçèöèþ, êîòîðàÿ ñîñòàâëÿåò 2,8 ì/ñ2. Â ñëó÷àå åñëè ïîëó÷åííîå çíà÷åíèå
ýêñïîçèöèè ïðåâûøàåò óñòàíîâëåííîå íîðìàòèâíîå çíà÷åíèå, òî â ñîîòâåòñòâóþùåé
ÿ÷åéêå âîçíèêàåò ñîîòâåòñòâóþùåå ïðåäóïðåæäåíèå.
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Àêóñòè÷åñêèå êàëüêóëÿòîðû ÿâëÿþòñÿ ÷àñòüþ èññëåäîâàòåëüñêîé ðàáîòû
ïðîèçâîäèòåëåé è ó÷åíûõ, çàíèìàþùèõñÿ ðàçðàáîòêîé øóìîçàùèòíûõ ìàòåðèàëîâ [10,
11, 12]. Â ÷àñòíîñòè, íà ñàéòå Knauf ìîæíî íàéòè ñåðèþ êàê îíëàéí êàëüêóëÿòîðîâ,
òàê è êàëüêóëÿòîðîâ, ðåàëèçîâàííûõ â âèäå ìîáèëüíûõ ïðèëîæåíèé � Room Acoustic
Calculor [13]. Êàëüêóëÿòîð óäîáåí äëÿ ïðîñòåéøèõ ðàñ÷åòîâ ïðèìåíèòåëüíî ê êîìíàòíîé
àêóñòèêå, â ÷àñòíîñòè, ïðèìåíèòåëüíî ê ðàñ÷åòó è ïîäáîðó ïîäâåñíûõ ïîòîëêîâ ñåðèè
AMF. Íàëè÷èå ïîäâåñíîãî ïîòîëêà ïðèâîäèò ê èçìåíåíèþ âðåìåíè ðåâåðáåðàöèè â
ïîìåùåíèè, è ïîýòîìó îáåñïå÷åíèå îïòèìàëüíîé àêóñòèêè ïîìåùåíèÿ ÿâëÿåòñÿ îäíèì èç
âàæíåéøèõ òðåáîâàíèé ê êîíñòðóêöèè ïîòîëî÷íûõ ñèñòåì. Â çàâèñèìîñòè îò íàçíà÷åíèÿ
ïîìåùåíèÿ è åãî èñïîëüçîâàíèÿ òðåáîâàíèÿ âðåìåíè ðåâåðáåðàöèè áóäóò ðàçëè÷àòüñÿ.
Âûáîð ñîîòâåòñòâóþùåãî ïîòîëêà ïîìîãàåò îñóùåñòâèòü àêóñòè÷åñêèé êàëüêóëÿòîð AMF,
ñ ïîìîùüþ êîòîðîãî ìîæíî ëåãêî âûïîëíÿòü ðàñ÷åòû âðåìåíè ðåâåðáåðàöèè è îöåíèòü
áóäóùóþ àêóñòèêó ïîìåùåíèÿ.

Íàêîíåö, åùå îäèí ïðèìåð èñïîëüçîâàíèÿ àêóñòè÷åñêîãî êàëüêóëÿòîðà â îáëàñòè
ñòðîèòåëüíîé àêóñòèêè ìîæíî âñòðåòèòü íà ñàéòå äàòñêîé êîìïàíèè DAMPA [14]. Îí
òàêæå ïðåäíàçíà÷åí äëÿ ïðåäâàðèòåëüíîé îöåíêè âðåìåíè ðåâåðáåðàöèè ïîñëå îòäåëêè
ïîìåùåíèÿ àêóñòè÷åñêèìè ìàòåðèàëàìè. Ðàñ÷åò ïðåäïîëàãàåò ñëåäóþùèå êëàññè÷åñêèå
ýòàïû: 1) ââîä èñõîäíûõ äàííûõ � ðàçìåðîâ ïîìåùåíèé è òèïà îòäåëêè ñòåí, ïîëà,
ïîòîëêà, äâåðåé, îêîí; 2) ïîäáîð ìàòåðèàëà äëÿ àêóñòè÷åñêîé îòäåëêè èç êàòàëîãà
êîìïàíèè; 3) àêóñòè÷åñêèå ðàñ÷åòû � ðàñ÷åò âðåìåíè ðåâåðáåðàöèè â ñðàâíåíèè äî è
ïîñëå ðåàëèçàöèè ìåðîïðèÿòèé; 4) ýêñïîðò ðåçóëüòàòîâ âû÷èñëåíèé â ôàéë.

2. Ïðàêòè÷åñêàÿ ðåàëèçàöèÿ

Çàäà÷åé äàííîãî èññëåäîâàíèÿ ÿâëÿëàñü ðàçðàáîòêà êàëüêóëÿòîðà äëÿ ñìàðòôîíà
ïîä óïðàâëåíèåì îïåðàöèîííîé ñèñòåìû Android. Ïðîñòåéøåå ïðèëîæåíèå ìîæíî
èñïîëüçîâàòü â êà÷åñòâå íàãëÿäíîãî è ïðîâåðî÷íîãî èíñòðóìåíòà ïðè èçó÷åíèè èçâåñòíûõ
àêóñòè÷åñêèõ âåëè÷èí � óðîâíåé çâóêîâîãî äàâëåíèÿ, ýêâèâàëåíòíûõ óðîâíåé çâóêà,
ýêñïîçèöèè øóìà ïðè âîçäåéñòâèè â òå÷åíèå ðàáî÷åãî äíÿ è ïðî÷. Ðàçðàáîòêà ïðîãðàììû
âûïîëíÿëàñü â ñðåäå Android Studio, ïðåäñòàâëÿåìîé êîìïàíèåé Google LLC. Ýòàïû
ðåàëèçàöèè ðåøåíèÿ çàêëþ÷àëèñü â ñëåäóþùåì:

1. Îïðåäåëåíèå ôóíêöèîíàëüíîñòè ïðèëîæåíèÿ.
2. Îïðåäåëåíèå îáùåãî øàáëîíà ïðîåêòèðîâàíèÿ.
3. Ðåàëèçàöèÿ ïðîãðàììíîãî êîäà.
4. Àïðîáàöèÿ (òåñòèðîâàíèå).

Ôóíêöèîíàëüíîñòü ïðèëîæåíèÿ, íå ïðåòåíäóþùåãî íà ïðîôåññèîíàëüíûé
êàëüêóëÿòîð, çàêëþ÷àåòñÿ â òîì, ÷òî îíî äîëæíî âûïîëíÿòü ñëåäóþùèå çàäà÷è:

1. Âû÷èñëåíèå ñóììû äåöèáåë.
2. Âû÷èñëåíèå ñðåäíåãî çíà÷åíèÿ äåöèáåë.
3. Âçàèìíûé ïåðåâîä àêóñòè÷åñêèõ âåëè÷èí: óðîâíåé çâóêîâîãî äàâëåíèÿ (çâóêà),

çâóêîâîãî äàâëåíèÿ, ìîùíîñòè çâóêà.
4. Îöåíêà øóìà íà ðàáî÷åì ìåñòå ñ ó÷åòîì àêóñòè÷åñêîãî âêëàäà îòäåëüíî-âçÿòîé

îïåðàöèè â òå÷åíèå ðàáî÷åé ñìåíû.

Âñå âû÷èñëåíèÿ äëÿ íàãëÿäíîñòè äîëæíû ñîïðîâîæäàòüñÿ âèçóàëèçàöèåé
ðåçóëüòàòîâ â âèäå ãðàôèêîâ.

Â êà÷åñòâå îáùåãî øàáëîíà ïðîåêòèðîâàíèÿ áûë âûáðàí øàáëîí ïîä îáùèì
íàçâàíèåì Navigation Drawer Activity. Äàííûé øàáëîí âåñüìà ïîïóëÿðåí è èñïîëüçóåòñÿ
âî ìíîãèõ ïðèëîæåíèÿõ ïîäîáíîãî ïëàíà. Îñíîâíûì ýëåìåíòîì äàííîãî øàáëîíà ÿâëÿåòñÿ
ïàíåëü íàâèãàöèè, â êîòîðîì îòîáðàæàåòñÿ ãëàâíîå ìåíþ íàâèãàöèè ïðèëîæåíèÿ. Ïàíåëü
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íàâèãàöèè, ïî ìåõàíèçìó ïîâåäåíèÿ íàïîìèíàþùàÿ âûäâèæåíèå ¾ÿùèêà¿, ïîÿâëÿåòñÿ
ïðè êàñàíèè ïîëüçîâàòåëåì çíà÷êà ÿùèêà â âåðõíåé ÷àñòè ýêðàíà óñòðîéñòâà èëè ïðè
ðåàëèçàöèè æåñòà ïðîëèñòûâàíèÿ (àíãë. swiping) ïàëüöåì ðóêè îò ëåâîãî ÷àñòè ýêðàíà.
Çíà÷îê ïàíåëè íàâèãàöèè îòîáðàæàåòñÿ íà âñåõ îòîáðàæàåìûõ ýêðàíàõ âåðõíåãî óðîâíÿ
(ìîäóëÿõ), íà êîòîðûõ âûïîëíÿþòñÿ êîíå÷íûå âû÷èñëåíèÿ.

Ñòðóêòóðíàÿ áëîê ñõåìà ïðèëîæåíèÿ ïðåäñòàâëåíà íà ðèñ.2. Äëÿ ñîîòâåòñòâóþùèõ
ìîäóëåé ïðåäñòàâëåíû âõîäíûå è âûõîäíûå äàííûå. Èòîã âñÿêîãî âû÷èñëåíèÿ â
ïðîãðàììå ñîïðîâîæäàåòñÿ âèçóàëèçàöèåé â âèäå ïðîñòîãî ãðàôèêà.

Ðèñ. 2. Ñòðóêòóðíàÿ áëîê-ñõåìà ïðèëîæåíèÿ

3. Àïðîáàöèÿ íà èçâåñòíûõ ïðèìåðàõ

Íåñìîòðÿ íà òî, ÷òî ïðîåêòèðîâàíèå ïðîãðàììû ïðåäïîëàãàåò îäíîâðåìåííóþ
ïðîâåðêó íà êîððåêòíîñòü âû÷èñëåíèÿ, òåì íå ìåíåå, äëÿ ïðîâåðêè ýôôåêòèâíîñòè âñåãäà
íåîáõîäèìî îðèåíòèðîâàòüñÿ íà èçâåñòíûå ïðèìåðû. Ïðèâåäåì ýòè ïðèìåðû âû÷èñëåíèé,
âçÿòûå èç äîñòîâåðíûõ èñòî÷íèêîâ.

1.Âû÷èñëåíèå ñóììû äåöèáåë.

Ïðèìåð âçÿò èç èñòî÷íèêà [5, ñòð. 45]. Òðåáóåòñÿ ñëîæèòü 100, 94 è 80 äÁÀ.
Ðåçóëüòàò � 101 äÁÀ. Âèçóàëüíî ðåçóëüòàò ïðåäñòàâëåí íà ðèñ.3, íà êîòîðîì êðàñíîé
ëèíèåé îáîçíà÷åí ðåçóëüòàò ñóììèðîâàíèÿ.
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Ðèñ. 3. Âû÷èñëåíèå ñóììû äåöèáåë

2. Âû÷èñëåíèå ñðåäíåãî çíà÷åíèÿ.

Ïðèìåð âçÿò èç ÃÎÑÒ 23337-2014 ¾Øóì. Ìåòîäû èçìåðåíèÿ øóìà íà ñåëèòåáíîé
òåððèòîðèè è â ïîìåùåíèÿõ æèëûõ è îáùåñòâåííûõ çäàíèé¿ ñî ñòð. 28.

Ñðåäíåå çíà÷åíèå îïðåäåëÿëîñü ïî ôîðìóëå:

LAeq = 10 lg

(
n∑

i=1

100,1·Li

)
− 10 lg n, (1)

ãäå Li - çíà÷åíèå èçìåðåííîãî óðîâíÿ çâóêà (èëè óðîâíÿ çâóêîâîãî äàâëåíèÿ),
ïîëó÷åííîå äëÿ i-ãî èçìåðåíèÿ â äàííîé òî÷êå èçìåðåíèÿ; i−1, 2, 3, ..., n � îáùåå êîëè÷åñòâî
èçìåðåíèé â äàííîé òî÷êå.

Íåîïðåäåëåííîñòü ïî òèïó A, ñâÿçàííóþ ñ ïîãðåøíîñòÿìè ìåòîäèêè èçìåðåíèé è
âëèÿíèåì ôàêòîðîâ îêðóæàþùåé ñðåäû, îïðåäåëÿëàñü ïî ôîðìóëå:

UA =

√√√√√ n∑
i=1

(
Li − LAeq

)2
n(n− 1)

. (2)

Ðàñøèðåííàÿ íåîïðåäåëåííîñòü èçìåðåíèé U (95 %) äëÿ óðîâíÿ äîâåðèÿ 95%
âû÷èñëÿëàñü ïî ôîðìóëå:

U(95%) = 2 ·
√
U2
A + U2

B, (3)

ãäå UB � ïîãðåøíîñòü ïî òèïó B, îáóñëîâëåííàÿ èíñòðóìåíòàëüíîé ïîãðåøíîñòüþ:
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UB =
∆Lèíñòð√

3
, (4)

ãäå ∆L � èíñòðóìåíòàëüíàÿ ïîãðåøíîñòü. Äëÿ ïðèáîðîâ 1-ãî êëàññà òî÷íîñòè
ïðèíèìàåòñÿ 0,7 äÁÀ, äëÿ 2-ãî êëàññà � 1,5 äÁÀ.

Ðèñ. 4. Âû÷èñëåíèå ñðåäíåãî çíà÷åíèÿ è íåîïðåäåëåííîñòè äëÿ óðîâíÿ äîâåðèÿ 0,95

3. Ïåðåâîä àêóñòè÷åñêèõ âåëè÷èí.

Ïåðåâîä àêóñòè÷åñêèõ âåëè÷èí ÿâëÿåòñÿ ÷àñòî èñïîëüçóåìûì, â êà÷åñòâå
îñíîâû âçÿòû äàííûå èç [14]. Äàííûé áëîê ïðîãðàììû ïîçâîëÿåò ïåðåâîäèòü
çâóêîâîå äàâëåíèå (Ïà) â óðîâåíü çâóêîâîãî äàâëåíèÿ (äÁ) è çâóêîâóþ ìîùíîñòü (Âò).
Ïðåäóñìîòðåíû è ïðåîáðàçîâàíèÿ â äðóãèå íàïðàâëåíèÿ. Èñïîëüçóåìûå ôîðìóëû:

Óðîâåíü çâóêîâîãî äàâëåíèÿ â çâóêîâîå äàâëåíèå:

P =
(

10
L
20

)
· P0, (5)

ãäå P0 � îïîðíûé óðîâåíü çâóêîâîãî äàâëåíèÿ, P0 = 2 · 10−5, Ïà.

Óðîâåíü çâóêîâîãî äàâëåíèÿ â çâóêîâóþ ìîùíîñòü:

W =
(

10
L
10

)
·W0, (6)

ãäå W0 � îïîðíîå çíà÷åíèå çâóêîâîé ìîùíîñòè, W0 = 10−12 Âò.

Çâóêîâîå äàâëåíèå â óðîâåíü çâóêîâîãî äàâëåíèÿ:

L = 20 lg

(
P

P0

)
. (7)
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Çâóêîâîå äàâëåíèå â çâóêîâóþ ìîùíîñòü:

W =

(
P ·
(
W 0,5

0

P0

))2

. (8)

Çâóêîâàÿ ìîùíîñòü â óðîâåíü çâóêîâîãî äàâëåíèÿ:

L = 10 lg

(
W

W0

)
. (9)

Çâóêîâàÿ ìîùíîñòü â çâóêîâîå äàâëåíèå:

L = P0 ·
(
W

W0

)0,5

. (10)

Íàðÿäó ñ ïîëó÷åííûìè çíà÷åíèÿìè ïðèâîäèòñÿ øêàëà îðèåíòèðîâî÷íîãî
ñîîòâåòñòâèÿ óðîâíÿ çâóêà (çâóêîâîãî äàâëåíèÿ) õàðàêòåðíûì ÿâëåíèÿì, ïðîÿâëÿþùèìèñÿ
â òåõíîñôåðå. Ïðèìåðû ðàñ÷åòîâ ïðåäñòàâëåíû íà ðèñ.5.

Ðèñ. 5. Ïåðåâîä àêóñòè÷åñêèõ âåëè÷èí

4. Âû÷èñëåíèå ýêâèâàëåíòíîãî óðîâíÿ çâóêà çà 8-ìè ÷àñîâîé ðàáî÷èé äåíü ñ

ó÷åòîì àêóñòè÷åñêîé êàðòèíû òåõíîëîãè÷åñêîé îïåðàöèè.

Â êà÷åñòâå ïðèìåðà âû÷èñëåíèÿ âçÿòà çàäà÷à, ïðåäñòàâëåííàÿ â ÃÎÑÒ Ð ÈÑÎ
9612-2013 ¾Àêóñòèêà. Èçìåðåíèÿ øóìà äëÿ îöåíêè åãî âîçäåéñòâèÿ íà ÷åëîâåêà.
Ìåòîä èçìåðåíèé íà ðàáî÷èõ ìåñòàõ¿ (Ïðèëîæåíèå D, ñïðàâî÷íîå). Äåòàëè ïðèìåðà
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ïðèâåäåíû â ñàìîì äîêóìåíòå. Êðàòêî çàäà÷à ñâîäèòñÿ ê ñëåäóþùåìó: äàòü îöåíêó
øóìà íà ðàáî÷åì ìåñòå ñâàðùèêà ìåõàíè÷åñêîé ìàñòåðñêîé ñ èñïîëüçîâàíèåì ñòðàòåãèè
èçìåðåíèÿ íà îñíîâå ðàáî÷åé îïåðàöèè. Êëþ÷åâûå ïåðèîäû ðàáî÷åé ñìåíû ñâàðùèêà:
ïëàíèðîâàíèå ðàáîò, ñâàðêà äåòàëåé è èõ çà÷èñòêà (ðåçêà). Äëÿ êàæäîé îïåðàöèè íà
îñíîâå ¾âûïîëíåííûõ èçìåðåíèé¿ áûëè ðàññ÷èòàíû ýêâèâàëåíòíûå óðîâíè çâóêà êàê
ñðåäíèå çíà÷åíèÿ ýòèõ èçìåðåíèé, ïîëó÷åííûå ïðåäâàðèòåëüíî. Íà ðèñ. 6 ïðåäñòàâëåí
ðåçóëüòàò ðàñ÷åòà. Äëÿ óäîáñòâà (íà ðèñ.6 íå ïîêàçàíî) íàæàòèå íà êàæäóþ íàäïèñü L,
äÁ; T, ìèí; Lex8i, äÁ; Lex8, äÁ âûçûâàåò ïîÿâëåíèå äîïîëíèòåëüíîãî äèàëîãîâîãî îêíà,
ïîÿñíÿþùåãî ñìûñë ýòèõ âåëè÷èí.

Ðèñ. 6. Îöåíêà øóìà íà ðàáî÷åì ìåñòå ñ ó÷åòîì ðàáî÷èõ îïåðàöèé

Çàêëþ÷åíèå

Ðàçðàáîòêà ìåòîäîâ êîíòðîëÿ, îöåíêè è íîðìèðîâàíèÿ îïàñíûõ è âðåäíûõ
àêóñòè÷åñêèõ ôàêòîðîâ ïðîèçâîäñòâà, ñïîñîáîâ è ñðåäñòâ çàùèòû îò íèõ ÿâëÿåòñÿ
àêòóàëüíîé çàäà÷åé. Â èññëåäîâàíèè ïðåäñòàâëåí àëãîðèòì ðàçðàáîòêè ïðîñòåéøåãî
àêóñòè÷åñêîãî êàëüêóëÿòîðà, ïîçâîëÿþùåãî ðåøàòü íåñêîëüêî ïðàêòè÷åñêèõ çàäà÷:
ñóììèðîâàíèå äåöèáåë è âû÷èñëåíèå ñðåäíåãî çíà÷åíèÿ, ïåðåâîä óðîâíåé â ôèçè÷åñêèå
âåëè÷èíû, âû÷èñëåíèå ýêâèâàëåíòíîãî óðîâíÿ çâóêà, äåéñòâóþùåãî íà ðàáîòíèêà â
òå÷åíèå 8-÷àñîâîé ðàáî÷åé ñìåíû ñ ó÷åòîì âêëàäà êàæäîé ðàáî÷åé îïåðàöèè â îáùóþ
êàðòèíó øóìà. Ïðè ðàçðàáîòêå òàêèõ êàëüêóëÿòîðîâ âàæíî îïðåäåëèòü ãðàíèöû èõ
ïðèìåíèìîñòè, òàê êàê íà îïðåäåëåííîì ýòàïå âû÷èñëåíèé òðåáóþòñÿ êîìïëåêñíûå è
ñëîæíûå ïîäõîäû, ðåàëèçîâàííûå â ðàìêàõ ñïåöèàëüíîãî ïðîãðàììíîãî îáåñïå÷åíèÿ.
Áëàãîäàðÿ ïðåäñòàâëåííîìó ðåøåíèþ íåêîòîðûå çàäà÷è, ïðèñóùèå àêóñòè÷åñêèì
èçìåðåíèÿì, ìîãóò áûòü âûïîëíåíû áîëåå îïåðàòèâíî. Äîïîëíèòåëüíûì ïðåèìóùåñòâîì
ÿâëÿåòñÿ îöåíêà íåîïðåäåëåííîñòè àêóñòè÷åñêèõ èçìåðåíèé ñ îïðåäåëåííûì óðîâíåì
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çíà÷èìîñòè, êîãäà ìèíèìàëüíî íåîáõîäèìîå êîëè÷åñòâî èçìåðåíèé ìîæåò áûòü
äîñòèãíóòî, ïðåæäå ÷åì óñëîâèÿ äëÿ èõ âûïîëíåíèÿ ìîãóò áûòü íàðóøåíû. Êðîìå
òîãî, òàêîé àêóñòè÷åñêèé êàëüêóëÿòîð ÿâëÿåòñÿ âñïîìîãàòåëüíûì èíñòðóìåíòîì â
îáðàçîâàòåëüíûõ öåëÿõ, ìîæåò ÿâëÿòüñÿ îáúåêòîì èíòåëëåêòóàëüíûõ ïðàâ â êà÷åñòâå
çàðåãèñòðèðîâàííîé ïðîãðàììû äëÿ ÝÂÌ.
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Àííîòàöèÿ

Â äàííîé ñòàòüå ðàññìàòðèâàåòñÿ ïðîáëåìà ñíèæåíèÿ øóìà â êàìåðå äðîáåñòðóéíîé îáðàáîòêè

êðóïíîãàáàðèòíûõ äåòàëåé íà ÇÀÎ ¾Ýêñïåðèìåíòàëüíûé ìåõàíè÷åñêèé çàâîä¿. Äëÿ ýòîãî áûëè

ïðîèçâåäåíû çàìåðû ¾ôîíîâîãî¿ óðîâíÿ øóìà (ïîäà÷à òîëüêî ñæàòîãî âîçäóõà, áåç äðîáè), êîòîðûå

ïîêàçàëè åãî ïðåâûøåíèå, êàê ïî óðîâíþ çâóêà, òàê è ïî ñïåêòðó íàä íîðìàòèâíûìè ïîêàçàòåëÿìè.

Ïðåäëîæåí ìåòîä ïî ñíèæåíèþ óðîâíÿ øóìà â äðîáåñòðóéíîé êàìåðå, à èìåííî: óâåëè÷åíèå

ýêâèâàëåíòíîé ïëîùàäè çâóêîïîãëîùåíèÿ (ÇÏ) ïóòåì îáëèöîâêè ñòåí êàìåðû ïëîñêîñòíûìè ÇÏ

êîíñòðóêöèÿìè. Ïðîâåäåí àêóñòè÷åñêèé ðàñ÷åò óðîâíåé øóìà íà ðàáî÷åì ìåñòå îïåðàòîðà ïîñëå

âíåäðåíèÿ øóìîçàùèòíûõ ìåðîïðèÿòèé. Áëàãîäàðÿ ýòîìó êëàññ óñëîâèé òðóäà íà ðàáî÷åì ìåñòå

îïåðàòîðà äðîáåñòðóéíîé îáðàáîòêè ïî ôàêòîðó øóìà ñíèçèòñÿ ñ 3.4 äî 3.3.

Êëþ÷åâûå ñëîâà: óðîâåíü çâóêà, óðîâíè çâóêîâîãî äàâëåíèÿ, ýêâèâàëåíòíàÿ ïëîùàäü

çâóêîïîãëîùåíèÿ, ïîñòîÿííàÿ ïîìåùåíèÿ, êëàññ óñëîâèé òðóäà íà ðàáî÷èõ ìåñòàõ.

Reducing the level of noise during shot peening of large parts

Solovieva O.S.1, Elkin Y.I.2
1 Undergraduate 2 Professor, doctor of technical Sciences

1,2 Moscow Automobile and Construction State Technical University (MADI), Moscow, Russia

Abstract

In this article, there is the problem of noise reduction in the shot blast cabinet of large-sized parts at

CJSC Experimental Mechanical Plant. For this, a �background� noise level was obtained (supplied only with

compressed air, without a fraction), which showed its excess both in sound level and in spectrum over standard

indicators. The proposed method of reducing the noise level in a shot blast cabinet, namely: increasing the

equivalent sound absorption (SA) area by lining the cabinet walls with planar SA structures. Acoustic calculation

of noise levels at the operator's workplace after the introduction of noise protection measures was carried out.

Thanks to the proposed measures, it was possible to reduce the level of working conditions at the workplace of

the shot blasting operator by noise factor from 3.4 to 3.3.

Keywords: sound level, sound pressure level, equivalent sound absorption area, room constant, class

of working conditions in the workplace.
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Ââåäåíèå

×èñòîòà ïîâåðõíîñòè ïðîìûøëåííîé ïðîäóêöèè (îáðàáàòûâàåìîé è íå
îáðàáàòûâàåìîé) íåïîñðåäñòâåííî ñâÿçàíà ñ êà÷åñòâîì, íàäåæíîñòüþ è äîëãîâå÷íîñòüþ
ïðîäóêöèè. Ïðè óëó÷øåíèè êà÷åñòâà áîëüøîå çíà÷åíèå èìååò ïîäãîòîâêà ïîâåðõíîñòè
ïðîäóêöèè è åå ÷èñòîòà. Òàê, äîñòàòî÷íî áîëüøîå ðàñïðîñòðàíåíèå ïîëó÷èëà îáðàáîòêà
ïîâåðõíîñòåé â äðîáåñòðóéíîé êàìåðå. Ïî âîçäåéñòâèþ íà îêðóæàþùóþ ñðåäó äàííàÿ
óñòàíîâêà ÿâëÿåòñÿ äîñòàòî÷íî ýêîëîãè÷íîé, íî ïî âîçäåéñòâèþ íà ðàáî÷åì ìåñòå
îïåðàòîðà � íåáëàãîïîëó÷íîé, òàê êàê â ðåçóëüòàòå îáðàáîòêè ïîâåðõíîñòåé îáðàçóåòñÿ
ìíîãî êâàðöåâîé è ìåòàëëè÷åñêîé ïûëè (áîëüøàÿ çàïûëåííîñòü ïîìåùåíèÿ) è ñîçäàåòñÿ
âûñîêèé óðîâåíü øóìà. Íàèáîëåå ñëîæíî äîáèòüñÿ íîðìàòèâíûõ ïîêàçàòåëåé ïî óðîâíþ
øóìà, ñîçäàâàåìîãî ïðè ðàáîòå äðîáåñòðóéíîãî àïïàðàòà.

Â íàñòîÿùåå âðåìÿ õîðîøî èçâåñòíî íåáëàãîïðèÿòíîå âîçäåéñòâèå øóìà íà
îðãàíèçì ÷åëîâåêà, ðàáîòàþùåãî â óñëîâèÿõ ñ ïîâûøåííûì óðîâíåì øóìà. Øóìîâàÿ
è âèáðàöèîííûå áîëåçíè çàíèìàþò âòîðîå è òðåòüå ìåñòî â ñïèñêå ïðîôåññèîíàëüíûõ
çàáîëåâàíèé è ñîñòàâëÿþò 1/3 îáùåãî èõ ÷èñëà [1].

Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿåòñÿ ñíèæåíèå øóìà óñòàíîâîê äðîáåñòðóéíîé
îáðàáîòêè çà ñ÷åò çâóêîïîãëîùàþùèõ ýëåìåíòîâ êîíñòðóêöèè.

1. Îáúåêò èññëåäîâàíèÿ

Ïðåäïðèÿòèå ÇÀÎ ¾Ýêñïåðèìåíòàëüíûé ìåõàíè÷åñêèé çàâîä (ÝÌÇ)¿ ñïåöèàëèçèðóåòñÿ
íà ïðîåêòèðîâàíèè è èçãîòîâëåíèè ïîäúåìíûõ è ðåôðèæåðàòîðíûõ ñèñòåì, òåíòîâàííûõ
è èçîòåðìè÷åñêèõ êóçîâîâ (ïðèöåïîâ è ïîëóïðèöåïîâ), à òàêæå ïîñëåäóþùèì èõ ìîíòàæå
íà øàññè çàêàç÷èêîâ.

Â ïðîöåññå ýêñïëóàòàöèè äåòàëè àâòîìîáèëåé èçíàøèâàþòñÿ, ðæàâåþò, íà
íèõ ïîÿâëÿþòñÿ óñòàðåâøèå ñëîè êðàñêè è îêàëèíû âñå ýòî òðåáóåò îáðàáîòêè è
ðåãåíåðàöèè êîíñòðóêöèé. Ïîýòîìó ïåðåä íàíåñåíèåì íà äåòàëè àâòîìîáèëÿ çàùèòíîãî
àíòèêîððîçèîííîãî ëàêîêðàñî÷íîãî ïîêðûòèÿ îíè ïðîõîäÿò ñïåöèàëüíóþ îáðàáîòêó.

Äëÿ óñòðàíåíèÿ íåäîñòàòêîâ, îáðàçóþùèõñÿ íà ïîâåðõíîñòè ìàòåðèàëà â ïðîöåññå
ýêñïëóàòàöèè, èñïîëüçóåòñÿ äðîáåñòðóéíàÿ êàìåðà ñ ðó÷íîé îáðàáîòêîé. Íà ÇÀÎ ¾ÝÌÇ¿
èñïîëüçóåòñÿ àáðàçèâîñòðóéíàÿ óñòàíîâêà òèïà ¾DSG¿, êîòîðàÿ ïîçâîëÿåò óäàëèòü ñ
ïîâåðõíîñòåé äåòàëåé ñëåäû èçíîñû, ëèøíèå íàñëîåíèÿ è ñòàðóþ êðàñêó. Óñòàíîâêà
ñîñòîèò èç ìåòàëëè÷åñêîãî ñîñóäà âûñîêîãî äàâëåíèÿ (áàê), îáúåì êîòîðîãî ñîñòàâëÿåò
200 ë.

Â ïðîöåññå äðîáåñòðóéíîé îáðàáîòêè íàïîðíûé áàê ãåðìåòè÷íî çàêðûò
áûñòðîäåéñòâóþùèì çàòâîðîì, òàêèì îáðàçîì, â áàêå äðîáåñòðóéíîé óñòàíîâêè ñîçäàåòñÿ
âûñîêîå äàâëåíèå, ïðè ïîìîùè êîòîðîãî àáðàçèâ ïîñòóïàåò ÷åðåç äîçèðîâî÷íûé
âåíòèëü â ïîòîê ñæàòîãî âîçäóõà, è ÷åðåç äðîáåñòðóéíûé øëàíã â ñîïëî[2]. Äëÿ
óïðàâëåíèÿ óñòàíîâêîé íà êîíöå äðîáåñòðóéíîãî øëàíãà ðÿäîì ñ ñîïëîäåðæàòåëåì
ïðåäóñìîòðåíà ñïåöèàëüíàÿ êëàâèøà, êîòîðàÿ ïîçâîëÿåò îñòàíàâëèâàòü ïðîöåññ
ïîäà÷è äðîáè. Êîíñòðóêöèÿ êëàâèøè äèñòàíöèîííîãî óïðàâëåíèÿ ïðåäîòâðàùàåò
ïðîèçâîäñòâåííûå òðàâìû ïðè íåóìûøëåííîì ïàäåíèè øëàíãà â ïðîöåññå äðîáåñòðóéíîé
îáðàáîòêè.

2. Ðåçóëüòàòû èññëåäîâàíèÿ

Áûëè ïðîâåäåíû çàìåðû ¾ôîíîâîãî¿ (ïîäà÷à òîëüêî ñæàòîãî âîçäóõà, áåç äðîáè)
óðîâíÿ øóìà â êàìåðå, êîòîðûå ïîêàçàëè ñëåäóþùåå. Óðîâåíü çâóêà (ÓÇ) âíóòðè
óñòàíîâêè íà ðàáî÷åì ìåñòå îïåðàòîðà ñîñòàâëÿåò 111,5 äÁÀ, à ñíàðóæè óñòàíîâêè -
90 äÁÀ. Óðîâíè øóìà íà ðàáî÷åì ìåñòå (ÐÌ) îïåðàòîðà ñîãëàñíî ÑÍ 2.2.4/2.1.8.562-96



NOISE Theory and Practice 27

¾Øóì íà ðàáî÷èõ ìåñòàõ, â ïîìåùåíèÿõ æèëûõ, îáùåñòâåííûõ çäàíèé è íà òåððèòîðèè
æèëîé çàñòðîéêè¿[3] ïðåâûøàþò ïðåäåëüíî-äîïóñòèìûå â èíòåðâàëå ÷àñòîò 63 - 8000 Ãö
íà 10-35 äÁ. Óðîâíè çâóêîâîãî äàâëåíèÿ (ÓÇÄ) â îêòàâíûõ ïîëîñàõ ÷àñòîò âíóòðè êàìåðû
äðîáåñòðóéíîé îáðàáîòêè íà ðàáî÷åì ìåñòå îïåðàòîðà ïðåäñòàâëåíû íà ðèñóíêå 1.

Ðèñ. 1. Ñïåêòðû øóìà âíóòðè êàìåðû íà ÐÌ îïåðàòîðà: ¾ôîíîâûé¿ ÓÇÄ (ïîäà÷à
òîëüêî ñæàòîãî âîçäóõà, áåç äðîáè), 2 � ÓÇÄ ðàáî÷åãî ïðîöåññà (ñ äðîáüþ)[1],

3 � íîðìàòèâ øóìà ïî ÑÍ 2.2.4/2.1.8.562 � 96

Êàê âèäíî èç ïðåäñòàâëåííûõ äàííûõ, îñíîâíîå âëèÿíèå íà ôîðìèðîâàíèå
àêóñòè÷åñêîãî ïîëÿ âíóòðè êàìåðû îêàçûâàåò øóìîèçëó÷åíèå ñæàòîãî âîçäóõà, òî åñòü
àýðîäèíàìè÷åñêèé øóì.

Ñïåêòðû øóìà âíóòðè êàìåðû â ðàçíûõ åå òî÷êàõ ïðåäñòàâëåíû íà ðèñóíêå 2.

Ðèñ. 2. Ñïåêòðû øóìà âíóòðè êàìåðû: 1 �ÓÇÄ îêîëî äâåðè; 2 �ÓÇÄ ñïðàâà îò äâåðè;
3 �ÓÇÄ ïðè ïîäà÷å äðîáè; 4 - íîðìàòèâ øóìà ïî ÑÍ 2.2.4/2.1.8562 � 96

Èç ãðàôèêà âèäíî, ÷òî â èíòåðâàëå ÷àñòîò îò 250 Ãö äî 8000 Ãö óðîíè øóìà,
ïðåâûøàþò íîðìàòèâíî-äîïóñòèìûå çíà÷åíèÿ íà 8 � 20 äÁ. Îêîëî äâåðåé óñòàíîâêè
íàáëþäàþòñÿ ìàêñèìàëüíûå óðîâíè øóìà. Ýòî ñâÿçàíî ñ òåì, ÷òî â íèæíåé ÷àñòè äâåðè,
äëÿ ââîäà òðîñà òåëåæêè, èìååòñÿ îòâåðñòèå. Óðîâåíü øóìà çíà÷èòåëüíî ñíèæàåòñÿ
ñïðàâà îò äâåðè íà 5 � 7 äÁ â èíòåðâàëå ÷àñòîò îò 1000 Ãö äî 4000 Ãö. Ðàáî÷èé ïðîöåññ
òàêæå ïðèâîäèò ê óâåëè÷åíèþ óðîâíåé øóìà òîëüêî â íèçêî÷àñòîòíîé ÷àñòè ñïåêòðà äî
125 Ãö.
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Äëÿ ñíèæåíèÿ óðîâíÿ øóìà íà ÐÌ îïåðàòîðà íàìè ïðåäëîæåí ìåòîä óâåëè÷åíèÿ
ýêâèâàëåíòíîé ïëîùàäè çâóêîïîãëîùåíèÿ À, ì2, äðîáåñòðóéíîé êàìåðû (è, êàê ñëåäñòâèå,
óâåëè÷åíèå åå ïîñòîÿííîé ïîìåùåíèÿ B, ì2) ïóòåì îáëèöîâêè îãðàæäàþùèõ êîíñòðóêöèé
êàìåðû ïëîñêîñòíûìè ÇÏ ïîãëîòèòåëÿìè. Äëÿ ýòîãî áûë ïðîâåäåí ïðåäñòàâëåííûé
íèæå àêóñòè÷åñêèé ðàñ÷åò âîçìîæíîãî ñíèæåíèÿ ÓÇÄ è ÓÇ íà ÐÌ îïåðàòîðà ïðè
èñïîëüçîâàíèè âûøåóêàçàííîãî ìåòîäà [4, 5].

Ïëîùàäü îãðàæäàþùèõ ïåðåãîðîäîê êàìåðû íàõîäèòñÿ ïî ôîðìóëå (1):

Sîãð = 2 · (L ·D ·H +H ·D), ì2 (1)

Sîãð = 2 · (16 · 4 + 16 · 4,5 + 4 · 4,5) = 308 ì2,

ãäå L− äëèíà ïîìåùåíèÿ, ì;

D− øèðèíà ïîìåùåíèÿ, ì;

H− âûñîòà ïîìåùåíèÿ, ì.

Ñðåäíèé êîýôôèöèåíò çâóêîïîãëîùåíèÿ äî (α) è ïîñëå (α1) óñòàíîâêè
çâóêîïîãëîòèòåëåé íàõîäÿòñÿ ïî ôîðìóëàì (2) è (3):

α =
B

B + Sîðã
, (2)

α1 = (A1 + ∆A)Sîðã, (3)

ãäå B− ïîñòîÿííàÿ ïîìåùåíèÿ, ì2;

A1− ýêâèâàëåíòíàÿ ïëîùàäü çâóêîïîãëîùåíèÿ ïîâåðõíîñòÿìè, íå çàíÿòûìè
çâóêîïîãëîùàþùåé îáëèöîâêîé, ì2;

∆A− çâóêîïîãëîùåíèå, âíîñèìîãî çâóêîïîãëîòèòåëÿìè, ì2.

Çíà÷åíèå äîïîëíèòåëüíîãî çâóêîïîãëîùåíèÿ, âíîñèìîãî çâóêîïîãëîòèòåëÿìè,
ðàññ÷èòûâàåòñÿ ïî ôîðìóëå (4):

∆A = αîáë · Sîáë + Aøò · nøò, (4)

ãäå αîáë− ðåâåðáåðàöèîííûé êîýôôèöèåíò çâóêîïîãëîùåíèÿ, â îêòàâíûõ ïîëîñàõ
÷àñòîò, äîïîëíèòåëüíîé çâóêîïîãëîùàþùåé îáëèöîâêè;

Sîáë− ïëîùàäü îáëèöîâêè, ì2;

Aøò− ýêâèâàëåíòíàÿ ïëîùàäü çâóêîïîãëîùåíèÿ â îêòàâíûõ ïîëîñàõ ÷àñòîò îäíîãî
øòó÷íîãî çâóêîïîãëîòèòåëÿ, ì2;

nøò− êîëè÷åñòâî çâóêîïîãëîòèòåëåé, øò.

Çíà÷åíèå çâóêîïîãëîùåíèÿ íåîáëèöîâàííûõ îãðàæäàþùèõ ïîâåðõíîñòåé
ðàññ÷èòûâàåòñÿ ïî ôîðìóëå (5):

A1 = α(Sîãð − Sîáë), (5)

ãäå α− ñðåäíèé êîýôôèöèåíò çâóêîïîãëîùåíèÿ ïîìåùåíèÿ äî óñòàíîâêè
çâóêîïîãëîùàþùåé êîíñòðóêöèè;

Ïîñòîÿííûå ïîìåùåíèÿ äî (B) è ïîñëå (B1) óñòàíîâêè çâóêîïîãëîòèòåëåé ìîæíî
îïðåäåëèòü ïî ôîðìóëàì (6) è (7):

B = B1000 · µ, (6)
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B1 = (A1 + ∆A)/(1 − α1), (7)

ãäå B1000− ïîñòîÿííàÿ ïîìåùåíèÿ íà ñðåäíåãåîìåòðè÷åñêîé ÷àñòîòå 1000 Ãö, ì2;

µ− ÷àñòîòíûé ìíîæèòåëü.

Ìàêñèìàëüíîå ñíèæåíèå ÓÇÄ â ðàñ÷åòíîé òî÷êå, ðàñïîëîæåííîé â çîíå
îòðàæåííîãî çâóêà, ïðè óñòàíîâêå çâóêîïîãëîùàþùåé êîíñòðóêöèè ðàññ÷èòûâàåòñÿ ïî
ôîðìóëå (8):

∆L = 10 lg(B1/B), äÁ. (8)

Â ðåçóëüòàòå ðàñ÷åòîâ áûëà âûáðàíà êîíñòðóêöèÿ îáëèöîâêè, ñîñòîÿùàÿ èç:

- ñóïåðòîíêîãî áàçàëüòîâîãî âîëîêíà;
- ñòåêëîòêàíè òèïà Ý-0,1 (ÃÎÑÒ 19907 � 2015)[6];
- ïðîñå÷íî-âûòÿæíîãî ëèñòà òîëùèíîé 2 ìì, êîýôôèöèåíò ïåðôîðàöèè 54%.

Ñðåäíÿÿ ïëîòíîñòü çâóêîïîãëîùàþùåãî ìàòåðèàëà = 15 êã/ì3. Äèàìåòð
îòâåðñòèÿ � 3 ìì. Âîçäóøíûé ïðîìåæóòîê - 0 ì. Ôîðìà çâóêîïîãëîùàþùèõ îáëèöîâîê -
ïàðàëëåëåïèïåä ñ ðàçìåðàìè 4000*1000*100 ìì.

Ñëåäîâàòåëüíî, â äðîáåñòðóéíóþ êàìåðó ñ ðàçìåðàìè 16*4*4,5 ì ìîæíî
óñòàíîâèòü 20 çâóêîïîãëîùàþùèõ îáëèöîâîê ïî ïåðèìåòðó ñòåí íà âûñîòå 2,5 ìåòðà îò
ïîëà.

Ðàñ÷åòíûå äàííûå ñî çâóêîïîãëîùàþùåé îáëèöîâêîé è áåç íåå ïðèâåäåíû â
òàáëèöå 1.

Òàáëèöà 1
Ðàñ÷åòíûå äàííûå çâóêîïîãëîùåíèÿ â äðîáåñòðóéíîé êàìåðå ñ îáëèöîâêîé è áåç íåå

Ðàññ÷èòàííûå Ñðåäíåãåîìåòðè÷åñêèå ÷àñòîòû, Ãö, îêòàâíûõ ïîëîñ
ïàðàìåòðû 63 125 250 500 1000 2000 4000 8000

Ïîñòîÿííàÿ ïîìåùåíèÿ,
(Â, ì2), äî/ïîñëå
óñòàíîâêè çâóêîïîãëîù.
êîíñòðóêöèè

9,36
/
23,00

8,93
/
62,2

9,22
/
164,7

10,81
/
176,6

14,40
/
178,6

21,60
/
185,8

64,56
/
194,4

60,48
/
215,6

Ñðåäíèé êîýôôèöèåíò
çâóêîïîëãîùåíèÿ, α,
äî/ïîñëå óñòàíîâêè
çâóêîïîãëîù.
êîíñòðóêöèè

0,029
/
0,069

0,028
/
0,176

0,029
/
0,329

0,034
/
0,364

0,045
/
0,367

0,066
/
0,376

0,100
/
0,387

0,164
/
0,412

Ýêâ. ïëîùàäü
çâóêîïîãëîùåíèÿ
ïðè íåîáëèöîâàííûõ
îãðàæäàþùèõ
ïîâåðõíîñòÿõ, A1, ì

2

6,612 6,384 6,612 7,752 10,26 15,05 22,80 37,40

Çíà÷åíèå
äîïîëíèòåëüíîãî
çâóêîïîãëîùåíèÿ,
âíîñèìîãî
çâóêîïîãëîòèòåëÿìè,
∆A, ì2

14,8 45,4 95,0 104,6 101,5 101,0 96,4 89,4
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Òàáëèöà 1 (Ïðîäîëæåíèå)

Ìàêñèìàëüíîå
ñíèæåíèå ÓÇÄ â
ðàñ÷åòíîé òî÷êå,
ðàñïîëîæåííîé â çîíå
îòðàæåííîãî çâóêà,
ïðè óñòàíîâêå ÇÏ
îáëèöîâîê, ∆L, äÁ

3,9 6,4 12,5 12,1 10,9 9,3 7,5 5,5

Äëÿ ðàñ÷åòà óðîâíÿ çâóêà íà ðàáî÷åì ìåñòå îïåðàòîðà ïîñëå ïðîâåäåíèÿ
óêàçàííûõ øóìîçàùèòíûõ ìåðîïðèÿòèé íåîáõîäèìî èñïîëüçîâàòü ñïðàâî÷íûå
êîððåêòèðóþùèå ïîïðàâêè (∆Li, äÁ) â i-îé îêòàâå ñîãëàñíî øêàëå ÷àñòîòíîé êîððåêöèè À.
Òàê êàê ÓÇ ÿâëÿåòñÿ îäíî÷èñëîâîé õàðàêòåðèñòèêîé øóìà, òî äàííûå ïîïðàâêè ïîçâîëÿþò
ó÷åñòü íåðàâíîìåðíîñòü ñóáúåêòèâíîãî âîñïðèÿòèÿ øóìà ÷åëîâåêîì â çàâèñèìîñòè îò
÷àñòîòû, à èìåííî: çíà÷èòåëüíóþ ¾òóãîóõîñòü¿ ñëóõîâîãî àíàëèçàòîðà íà íèçêèõ
÷àñòîòàõ è ñðàâíèòåëüíî íåáîëüøóþ � íà âûñîêèõ. Âåëè÷èíû ñêîððåêòèðîâàííûõ (ïî
øêàëå À) îêòàâíûõ ÓÇÄ (Li, äÁ) îïðåäåëÿþòñÿ ïî ôîðìóëå (9):

Li = L2i − ∆Li, äÁ, (9)

ãäå L2i− ÓÇÄ (äÁ) â i-òîé îêòàâå ïîñëå âíåäðåíèÿ çâóêîïîãëîùàþùèõ
êîíñòðóêöèé, äÁ.

Ðàñ÷åòíûå çíà÷åíèÿ îêòàâíûõ ÓÇÄ ïîñëå âíåäðåíèÿ çâóêîïîãëîùàþùèõ
îáëèöîâîê (ñ ó÷åòîì êîððåêòèðóþùèõ ïîïðàâîê ïî øêàëå À) ïðèâåäåíû â òàáëèöå 2.

Òàáëèöà 2
Çíà÷åíèÿ ÓÇÄ

Ñðåäíåãåîìåòðè-
÷åñêèå ÷àñòîòû,
Ãö, îêòàâíûõ
ïîëîñ

¾Ôîíîâûé¿ ÓÇÄ
ïîñëå âíåäðåíèÿ
çâóêîïîãëîùà-
þùèõ îáëèöîâîê
(L2i), äÁ

Ïîïðàâêà äëÿ
÷àñòîòíîé
êîððåêöèè ïî
øêàëå A (∆Li),
äÁ

Êîððåêòèðîâàí-
íûé ïî øêàëå
À óðîâåíü
çâóêîâîãî
äàâëåíèÿ ïîñëå
âíåäðåíèÿ
çâóêîïîãëîùà-
þùèõ îáëèöîâîê
(Li), äÁ

63 91,1 26,3 64,8
125 91,6 16,1 75,5
250 89,5 8,6 80,9
500 90,9 3,2 87,7
1000 94,1 0 94,1
2000 101,5 -1,2 102,7
4000 93,5 -1 94,5
8000 84,5 1,1 83,4

Ñëåäîâàòåëüíî, óðîâåíü çâóêà (LA, äÁÀ) ïîñëå âíåäðåíèÿ øóìîçàùèòíûõ
ìåðîïðèÿòèé, ðàññ÷èòûâàåòñÿ ïî ôîðìóëå (10):
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L = 10 lg(
∑

100,1·LAi) = 104,0, äÁÀ. (10)

Ïðåäëîæåííûå øóìîçàùèòíûå ìåðîïðèÿòèÿ çíà÷èòåëüíî ñíèçÿò êàê ¾ôîíîâûé¿
óðîâåíü øóìà â äðîáåñòðóéíîé êàìåðå, òàê è óðîâåíü øóìà ïðè ðàáî÷åì ïðîöåññå. Óðîâíè
øóìà äî è ïîñëå óñòàíîâêè çâóêîîãëîùàþùèõ êîíñòðóêöèé èçîáðàæåíû íà ðèñóíêå 3.

Ðèñ. 3. ¾Ôîíîâûé¿ ÓÇÄ (ïîäà÷à òîëüêî ñæàòîãî âîçäóõà), 2 � ÓÇÄ ðàáî÷åãî ïðîöåññà
(äî óñòàíîâêè ÇÏ îáëèöîâêè), 3 � ÓÇÄ ðàáî÷åãî ïðîöåññà (ïîñëå óñòàíîâêè ÇÏ

îáëèöîâêè), 4 � íîðìàòèâ øóìà ïî ÑÍ 2.2.4/2.1.8.562 � 96

Â ñâÿçè ñ ïðîâåäåíèåì øóìîçàùèòíûõ ìåðîïðèÿòèé óðîâåíü çâóêà ñíèçèòñÿ íà
111,5− 104,0 = 7,5 äÁÀ, áëàãîäàðÿ ÷åìó ïîíèçèòñÿ êëàññ óñëîâèé òðóäà íà ÐÌ îïåðàòîðà
ïî ôàêòîðó øóìà (áåç ó÷åòà äëèòåëüíîñòè ðàáîòû äðîáåñòðóéùèêà â ñìåíó) ñ 3.4 äî 3.3.

Â êà÷åñòâå ñðåäñòâà èíäèâèäóàëüíîé çàùèòû îïåðàòîðà îò øóìà íà ðàáî÷åì
ìåñòå íàìè ïðåäëîæåíî îñíàñòèòü çàùèòíûé øëåì äðîáåñòðóéùèêà ïðîòèâîøóìîâûìè
íàóøíèêàìè (ðèñóíîê 4), ÷òî ïîçâîëèò åùå áîëåå ñíèçèòü êëàññ óñëîâèé òðóäà ïî ôàêòîðó
øóìà.

Ðèñ. 4. Øëåì äðîáåñòðóéùèêà ñ ïðîòèâîøóìîâûìè íàóøíèêàìè
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Çàêëþ÷åíèå

Â äàííîé ñòàòüå ðàññìîòðåí ïðîöåññ äðîáåñòðóéíîé îáðàáîòêà êðóïíîãàáàðèòíûõ
äåòàëåé íà ÇÀÎ ¾Ýêñïåðèìåíòàëüíûé ìåõàíè÷åñêèé çàâîä¿. Íà îñíîâå èíæåíåðíîãî
èññëåäîâàíèÿ ïðîöåññà äðîáåñòðóéíîé îáðàáîòêè âûÿâëåíî çíà÷èòåëüíîå ïðåâûøåíèå
óðîâíÿ øóìà â äðîáåñòðóéíîé êàìåðå íàä íîðìàòèâíûìè çíà÷åíèÿìè (ôàêòîð âûÿâëåí
âñëåäñòâèå èçìåðåíèÿ óñëîâíîãî ¾ôîíîâîãî¿ óðîâíÿ øóìà).

Â õîäå ðàáîòû áûëè ïðåäëîæåíû ìåòîäû ïî ñíèæåíèþ óðîâíÿ øóìà â
äðîáåñòðóéíîé êàìåðå, à èìåííî: ïîäîáðàíû è ñïðîåêòèðîâàíû ñðåäñòâà êîëëåêòèâíîé
øóìîçàùèòû (óñòàíîâêà 20-òè ÇÏ îáëèöîâîê), ïðîâåäåí àêóñòè÷åñêèé ðàñ÷åò óðîâíåé
øóìà íà ðàáî÷åì ìåñòå îïåðàòîðà ïîñëå âíåäðåíèÿ øóìîçàùèòíûõ ìåðîïðèÿòèé, à
òàêæå ïðåäëîæåíî îñíàùåíèå çàùèòíîãî øëåìà äðîáåñòðóéùèêà ïðîòèâîøóìîâûìè
íàóøíèêàìè. Áëàãîäàðÿ ýòîìó ñíèæåí êëàññ óñëîâèé òðóäà îïåðàòîðîâ äðîáåñòðóéíîé
îáðàáîòêè ïî ôàêòîðó øóìó îò 3.4 äî 3.3.
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Àêóñòè÷åñêèé èìïåäàíñ êðóãëûõ îòâåðñòèé
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Àííîòàöèÿ

Ïðèâîäÿòñÿ ðåçóëüòàòû ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ àêóñòè÷åñêîãî èìïåäàíñà êðóãëîãî

îòâåðñòèÿ â ñòàëüíîé ïëàñòèíå òîëùèíîé 2 ìì. Äèàìåòð îòâåðñòèé âàðüèðîâàëñÿ îò 5 äî 15 ìì.

Ïëàñòèíû óñòàíàâëèâàëèñü íà êîíöå èìïåäàíñíîé òðóáû äèàìåòðîì 99 ìì. Äåéñòâèòåëüíàÿ ÷àñòü

èìïåäàíñà îïèñûâàëàñü áåçðàçìåðíûì ñîïðîòèâëåíèåì, à ìíèìàÿ - ïðèñîåäèíåííîé äëèíîé îòâåðñòèÿ.

Èññëåäîâàíèÿ ïîêàçàëè, ÷òî äëÿ ïîëó÷åíèÿ äîñòîâåðíûõ çàâèñèìîñòåé èìïåäàíñà îòâåðñòèÿ îò ñêîðîñòè

ñðåäû â îòâåðñòèè â îáëàñòè ðàçâèòîé íåëèíåéíîñòè ñêîðîñòü â îòâåðñòèè äîëæíà îïðåäåëÿòüñÿ ïî

ðåçóëüòàòàì èçìåðåíèé. Èçìåðåíèÿ ñêîðîñòè â îòâåðñòèè îñóùåñòâëÿëèñü ñ ïîìîùüþ òðóáêè Ïèòî. Â

ýòîì ñëó÷àå çàâèñèìîñòè äåéñòâèòåëüíîé è ìíèìîé ÷àñòåé èìïåäàíñà îò ñêîðîñòè â îòâåðñòèè íåëèíåéíû,

è äèàìåòð îòâåðñòèÿ íå âëèÿåò íà ýòè çàâèñèìîñòè.

Êëþ÷åâûå ñëîâà: ñîïðîòèâëåíèå, ïðèñîåäèíåííàÿ äëèíà, íåëèíåéíîñòü, òðóáêà Ïèòî,

èçìåðåíèå.

The acoustic impedance of the circular ori�ces

Bykov A.I.1, Komkin A.I.2∗
1 Assistant, 2 Professor

1,2 Bauman Moscow State Technical University, Moscow, Russia

Abstract

The results of an experimental study of an acoustic impedance of a circular ori�ce in a 2 mm thick

steel plate are presented. The diameter of the ori�ces varied from 5 to 15 mm. The plates were installed at

the end of an impedance tube with a diameter of 99 mm. The real part of the impedance is described by a

dimensionless resistance, and the imaginary attached to the length of the ori�ce. The studies demonstrate that

in order to obtain reliable dependences of the ori�ce impedance on the velocity of the medium in the ori�ce in the

area of developed nonlinearity, the velocity in the ori�ce must be determined from the results of measurements.

Velocity measurements in the ori�ce were made using a Pitot tube. In this case, the dependencies of the real

and imaginary parts of the impedance on the velocity in the ori�ce are nonlinear, and the ori�ce diameter does

not a�ect these dependencies

Keywords: resistance, attached length, nonlinearity, Pitot tube, measurement.
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Ââåäåíèå

Çíàíèå àêóñòè÷åñêèõ õàðàêòåðèñòèê îòâåðñòèÿ, â ÷àñòíîñòè åãî àêóñòè÷åñêîãî
èìïåäàíñà, èìååò áîëüøîå ïðàêòè÷åñêîå çíà÷åíèå. Îòâåðñòèå îòíîñèòñÿ ê îñíîâíûì
ýëåìåíòàì â ãëóøèòåëÿõ øóìà, îíî ìîæåò ÿâëÿòüñÿ ãîðëîì ðàçëè÷íîãî ðîäà ðåçîíàòîðîâ,
à òàêæå ÿâëÿåòñÿ íåîòúåìëåìîé ÷àñòüþ ïåðôîðèðîâàííûõ ïîâåðõíîñòåé. Òî íàñêîëüêî
õîðîøî èçâåñòíû åãî àêóñòè÷åñêèå õàðàêòåðèñòèêè, îñîáåííî ïðè âûñîêèõ óðîâíÿõ
çâóêîâîãî äàâëåíèÿ, ìîæåò áûòü îïðåäåëÿþùèì ôàêòîðîì ïðè ðàçðàáîòêå ýôôåêòèâíûõ
ñèñòåì çàùèòû îò øóìà.

Èññëåäîâàíèþ àêóñòè÷åñêîãî èìïåäàíñà îòâåðñòèÿ ïîñâÿùåíî áîëüøîå êîëè÷åñòâî
ðàáîò [1-21]. Ïðè ýòîì ñëåäóåò ñðàçó ñêàçàòü îá îäíîé îñîáåííîñòè, ñîñòîÿùåé â òîì,
÷òî ýòè ðàáîòû ìîæíî ðàçäåëèòü íà äâå ãðóïïû. Ê ïåðâîé îòíîñÿòñÿ èññëåäîâàíèÿ
õàðàêòåðèñòèê îòâåðñòèÿ â ðàìêàõ ëèíåéíîé àêóñòèêè, ÷òî ñîîòâåòñòâóåò íåâûñîêèì
óðîâíÿì çâóêîâîãî äàâëåíèÿ. Áîëüøèíñòâî îñíîâîïîëàãàþùèõ ðåçóëüòàòîâ ïî ëèíåéíîìó
èìïåäàíñó îòâåðñòèÿ áûëè ïîëó÷åíû óæå äàâíî. Ïðè ýòîì íåîáõîäèìî ïðåæäå âñåãî
îòìåòèòü òðóäû ëîðäà Ðýëåÿ [1] è Êðåíäàëëà [2], ìîæíî ñ÷èòàòü, ÷òî ê íàñòîÿùåìó
âðåìåíè ýòîò âîïðîñ èçó÷åí äîñòàòî÷íî õîðîøî, õîòÿ è çäåñü åùå ñóùåñòâóþò íåêîòîðûå
âîïðîñû, òðåáóþùèå ñâîåãî ðàçðåøåíèÿ. C èíòåíñèâíûì ðàçâèòèåì ìåòîäîâ êîíå÷íî-
ýëåìåíòíîãî ìîäåëèðîâàíèÿ â ïîñëåäíåå âðåìÿ ìíîãèå èç ýòèõ âîïðîñîâ óäàëîñü
ïðîÿñíèòü. Âòîðàÿ ãðóïïà ðàáîò îòíîñèòñÿ ê èññëåäîâàíèþ èìïåäàíñà îòâåðñòèé íà
íåëèíåéíûõ ðåæèìàõ ðàáîòû, ñîîòâåòñòâóþùèõ âûñîêèì óðîâíÿì çâóêîâîãî äàâëåíèÿ.
È õîòÿ ýòè èññëåäîâàíèÿ ïðîâîäÿòñÿ óæå â òå÷åíèè äëèòåëüíîãî âðåìåíè çäåñü îñòàåòñÿ
åùå î÷åíü ìíîãî íåðåøåííûõ ïðîáëåì.

Èìïåäàíñ ïåðåãîðîäêè ñ îòâåðñòèåì Z, ðàçìåùåííîé íà ñðåçå èìïåäàíñíîé òðóáû,
îïðåäåëÿåòñÿ îòíîøåíèåì àìïëèòóäû çâóêîâîãî äàâëåíèÿ P ê àìïëèòóäå êîëåáàòåëüíîé
ñêîðîñòè U ó ñòåíêè ïåðåãîðîäêè â èìïåäàíñíîé òðóáå: Z = P/U . Â ñâîþ î÷åðåäü,
èìïåäàíñ ñàìîãî îòâåðñòèÿ â ïåðåãîðîäêå Z0 = P/U0, ãäå U0 - àìïëèòóäà êîëåáàòåëüíîé
ñêîðîñòè â îòâåðñòèè â ïåðåãîðîäêè. Î÷åâèäíî èìååò ìåñòî ñëåäóþùåå ñîîòíîøåíèå:

Z0 = (U/U0)Z. (1)

Â ðàìêàõ ëèíåéíîé àêóñòèêè â ñèëó çàêîíà ñîõðàíåíèÿ îáúåìíûõ ñêîðîñòåé ïðè
ïðîõîæäåíèè çâóêîâîé âîëíîé îòâåðñòèÿ â ïåðåãîðîäêå ñîîòíîøåíèå (1) ìîæíî òàêæå
çàïèñàòü â âèäå:

Z0 = g2Z, (2)

ãäå g - áåçðàçìåðíûé ïàðàìåòð, ðàâíûé îòíîøåíèþ äèàìåòðà îòâåðñòèÿ ê
äèàìåòðó èìïåäàíñíîé òðóáû, g = d0/d.

Â äàëüíåéøåì ìû áóäåì ðàññìîòðèâàòü áåçðàçìåðíûé èìïåäàíñ îòâåðñòèÿ,
îïðåäåëÿåìûé ñîîòíîøåíèåì Z0 = Z0/ρc, ãäå ρ - ïëîòíîñòü âîçäóõà; c - ñêîðîñòü çâóêà â
âîçäóõå. Ñëåäóåò èìåòü ââèäó, ÷òî àêóñòè÷åñêèé èìïåäàíñ îòâåðñòèÿ, è â ÷àñòíîñòè åãî
áåçðàçìåðíûé àíàëîã, ÿâëÿåòñÿ êîìïëåêñíîé âåëè÷èíîé:

Z0 = R0 + iX0. (3)

Äåéñòâèòåëüíàÿ ÷àñòü àêóñòè÷åñêîãî èìïåäàíñà â (3), òàê íàçûâàåìîå
áåçðàçìåðíîå ñîïðîòèâëåíèå îòâåðñòèÿ, â ðàìêàõ ëèíåéíîé àêóñòèêè îïðåäåëÿåòñÿ
âÿçêèìè ïîòåðÿìè â îòâåðñòèè è îïèñûâàåòñÿ âûðàæåíèåì [3]:

R0 = 2kδv(l/d0 +N + E), (4)
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ãäå k = ω/c � âîëíîâîå ÷èñëî; ω - óãëîâàÿ ÷àñòîòà; δv = (2v/ω)1/2 - ãëóáèíà
âÿçêîãî ïîãðàíñëîÿ; v - êèíåìàòè÷åñêàÿ âÿçêîñòü âîçäóõà, v = 1,5 · 10−5 ì2/ñ; l - äëèíà
îòâåðñòèÿ (òîëùèíà ïåðåãîðîäêè). Ïðè ýòîì, ïåðâîå ñëàãàåìîå â ñêîáêàõ ôîðìóëû (4)
îïðåäåëÿåò âÿçêèå ïîòåðè íà ñòåíêàõ îòâåðñòèÿ, à âåëè÷èíû N è E - âÿçêèå ïîòåðè
íà ñòåíêàõ ïåðåãîðîäêè è íà êðîìêàõ îòâåðñòèÿ. Äëÿ ðàññìàòðèâàåìîé êîíôèãóðàöèè
ïåðåãîðîäêè, êàê ïîêàçàíî â [3], ìîæíî ïîëîæèòü N = 0,3 è E = 0,85.

Â ñâîþ î÷åðåäü, ìíèìóþ ÷àñòü áåçðàçìåðíîãî èìïåäàíñà ïðèíÿòî îïèñûâàòü ÷åðåç
ïðèñîåäèíåííóþ äëèíó îòâåðñòèÿ:

X0 = kle, (5)

ãäå le - ýôôåêòèâíàÿ äëèíà ãîðëà, le = l + lal; l è lal - äåéñòâèòåëüíàÿ äëèíà
îòâåðñòèÿ è åãî ïðèñîåäèíåííàÿ äëèíà ñîîòâåòñòâåííî.

lal = α(1− βg)d0, (6)

ãäå α è β - ïîñòîÿííûå êîýôôèöèåíòû, çíà÷åíèÿ êîòîðûõ çàâèñÿò îò òîëùèíû
ïåðåãîðîäêè. Çíà÷åíèÿ ýòèõ êîýôôèöèåíòîâ íà íà÷àëüíîì ýòàïå áûëè îïðåäåëåíû
àíàëèòè÷åñêè äëÿ äâóõ ïðåäåëüíûõ ñëó÷àåâ: áåñêîíå÷íî òîíêîé [4] è áåñêîíå÷íî
òîëñòîé [5] ïåðåãîðîäîê. Â ïîñëåäíåå âðåìÿ, ñ ïîÿâëåíèåì âîçìîæíîñòè êîíå÷íî-
ýëåìåíòíîãî ìîäåëèðîâàíèÿ, áûëî ïðîèçâåäåíî èõ óòî÷íåíèå. Òàê â [6] áûëî ïîëó÷åíî,
÷òî, íàïðèìåð, äëÿ ïåðåãîðîäêè òîëùèíîé 1 ìì êîýôôèöèåíò α = 0,81, à ïðè
äàëüíåéøåì óâåëè÷åíèè òîëùèíû åãî çíà÷åíèå ïîñòåïåííî óâåëè÷èâàåòñÿ äî 0,82.
Çíà÷åíèå êîýôôèöèåíòà β ïðè òîëùèíå ïåðåãîðîäêè l > 1 ìì ðàâíî 0,34.

Îïðåäåëåíèå èìïåäàíñà îòâåðñòèÿ íà íåëèíåéíîì ðåæèìå ïðåäñòàâëÿåò ñîáîé
ãîðàçäî áîëåå ñëîæíóþ çàäà÷ó. Ìíîãèå ñâÿçàííûå ñ ýòèì âîïðîñû îñòàþòñÿ áåç îòâåòà
äî íàñòîÿùåãî âðåìåíè, õîòÿ ïåðâîå èññëåäîâàíèå â ýòîì íàïðàâëåíèå âûïîëíåíî
Ñèâèàíîì åùå â 30-å ãîäû ïðîøëîãî âåêà. Îí â ÷àñòíîñòè óñòàíîâèë [7], ÷òî ïðè âûñîêèõ
óðîâíÿõ çâóêîâîãî äàâëåíèÿ ïðîèñõîäèò èíòåíñèâíûé ðîñò ñîïðîòèâëåíèÿ îòâåðñòèÿ è
ïðåäïîëîæèë, ÷òî ñîïðîòèâëåíèå îòâåðñòèÿ ëèíåéíî ðàñòåò ñ óâåëè÷åíèåì êîëåáàòåëüíîé
ñêîðîñòè â îòâåðñòèè, êàê ýòî èìååò ìåñòî â ãèäðàâëèêå â ñîîòâåòñòâèè ñ çàêîíîì
Áåðíóëëè. Áîëüøîé âêëàä â èññëåäîâàíèå íåëèíåéíîãî èìïåäàíñà îòâåðñòèÿ âíåñ
Èíãàðä [7, 8, 12]. Èì ñ ñîàâòîðàìè ïîêàçàíî, ÷òî îñíîâíûì ôàêòîðîì, îïðåäåëÿþùèì
èìïåäàíñ îòâåðñòèÿ íà íåëèíåéíûõ ðåæèìàõ, ÿâëÿåòñÿ ñòðóéíûé õàðàêòåð äâèæåíèÿ
âîçäóõà, âûõîäÿùåãî èç îòâåðñòèÿ. Ïðè ýòîì Èíãàðäîì ñîïðîòèâëåíèå òðåíèÿ áûëà
ïðåäëîæèë ñëåäóþùóþ ôîðìóëó:

R0 = 2ρ
√

2νω(l/d0 + ∆v + ∆nl), (7)

ãäå ∆v - áåçðàçìåðíàÿ (îòíåñåííàÿ ê d0) ëèíåéíàÿ äèññèïàòèâíàÿ ïðèñîåäèíåííàÿ
äëèíà îòâåðñòèÿ, îïèñûâàþùàÿ âÿçêèå ïîòåðè â îêðåñòíîñòè îòâåðñòèÿ è íà åãî
êðîìêàõ è ñîãëàñíî Èíãàðäó ðàâíàÿ 1; ∆nl - áåçðàçìåðíàÿ (îòíåñåííàÿ ê d0) íåëèíåéíàÿ
äèññèïàòèâíàÿ ïðèñîåäèíåííàÿ äëèíà îòâåðñòèÿ, îïèñûâàþùàÿ ïîòåðè íà íåëèíåéíîì
ðåæèìå ðàáîòû.

Âûðàæåíèå (7) ïðèâîäèò ê âîçìîæíîñòè ïðåäñòàâëåíèÿ áåçðàçìåðíîãî
àêóñòè÷åñêîãî ñîïðîòèâëåíèÿ îòâåðñòèÿ â âèäå R0 = R0/(ρ

√
vω). Âûáîð íîðìèðîâêè

âåëè÷èíû
√
vω, à íå îáû÷íî èñïîëüçóåìîé ñ ýòîé öåëüþ ñêîðîñòè çâóêà c, áûë ïðåäëîæåí

Ïýíòîíîì è Ãîëäìàíîì [14] è ïîçâîëèë èì ïîëó÷èòü çàâèñèìîñòè ñîïðîòèâëåíèÿ
îòâåðñòèÿ îò êîëåáàòåëüíîé ñêîðîñòè â íåì èíâàðèàíòíûå îòíîñèòåëüíî ÷àñòîòû çâóêà.

Ïîäõîä Ïýíòîíà è Ãîëäìàíà ê íîðìèðîâêå ñîïðîòèâëåíèÿ îòâåðñòèÿ áûë
èñïîëüçîâàí ïîçäíåå Äèêååì ñ ñîàâòîðàìè [16]. Ïîëó÷åííàÿ èìè ýêñïåðèìåíòàëüíàÿ
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çàâèñèìîñòü áåçðàçìåðíîãî ñîïðîòèâëåíèÿ îòâåðñòèÿ îò êîëåáàòåëüíîé ñêîðîñòè áûëà
àïïðîêñèìèðîâàíà ñòåïåííîé ôóíêöèåé ñ ïîêàçàòåëåì ñòåïåíè n = 1,72. Ïðèìå÷àòåëüíî,
÷òî çíà÷åíèå ýòîãî ïîêàçàòåëÿ ïðàêòè÷åñêè ñîâïàäàåò ñ òåì, ÷òî ïîëó÷åíî ðàíåå Èíãàðäîì
â [8].

Ñëåäóåò îòìåòèòü, ÷òî ïðîöåññ ïåðåõîäà îò ëèíåéíîãî ê íåëèíåéíîìó ðåæèìó
èìååò ñëîæíûé õàðàêòåð. Ìåæäó íèìè èìååòñÿ íåêîòîðàÿ ïåðåõîäíàÿ çîíà, è òîëüêî çà
íåé íà÷èíàåòñÿ ðåæèì ðàçâèòîé íåëèíåéíîñòè, â êîòîðîé è ïðåäïîëîæèòåëüíî è íà÷èíàåò
âûïîëíÿòüñÿ çàêîí Áåðíóëëè. Òàêóþ îñîáåííîñòü îòìå÷àë, â ÷àñòíîñòè, Èíãàðä [12].
Ìåæäó òåì, â áîëüøèíñòâå îïóáëèêîâàííûõ ðàáîò, çà èñêëþ÷åíèåì [10], èññëåäîâàíèÿ
îãðàíè÷èâàëèñü òîëüêî ïåðåõîäíûì ðåæèìîì.

Åùå îäíà îñîáåííîñòü èçâåñòíûõ ðàáîò ïî íåëèíåéíîìó èìïåäàíñó îòâåðñòèé
çàêëþ÷àåòñÿ â òîì, ÷òî â íèõ, êàê ýòî íè óäèâèòåëüíî, ïðàêòè÷åñêè íå èññëåäîâàëàñü
çàâèñèìîñòü èìïåäàíñà îòâåðñòèÿ îò åãî äèàìåòðà. Â [20] îïðåäåëÿëîñü áåçðàçìåðíîå
íåëèíåéíîå àêóñòè÷åñêîå ñîïðîòèâëåíèå îòâåðñòèé â ïðåäïîëîæåíèè, ÷òî íà íåëèíåéíîì
ðåæèìå, âûïîëíÿåòñÿ ñïðàâåäëèâûé äëÿ ëèíåéíîé àêóñòèêè çàêîí ñîõðàíåíèÿ îáúåìíîé
ñêîðîñòè. Áûëî ïîëó÷åíî, ÷òî íåëèíåéíîå ñîïðîòèâëåíèå, â ïðîòèâîïîëîæíîñòü
ëèíåéíîìó, óâåëè÷èâàåòñÿ ïðîïîðöèîíàëüíî äèàìåòðó îòâåðñòèÿ. Îäíàêî, ýòîò ðåçóëüòàò
íå èìååò ÿñíîé ôèçè÷åñêîé èíòåðïðåòàöèè, òàê ÷òî ïðîáëåìà âëèÿíèÿ ðàçìåðîâ îòâåðñòèÿ
íà åãî íåëèíåéíîå ñîïðîòèâëåíèå òðåáóåò ðåøåíèÿ.

Â [19] ðàññìàòðèâàëîñü âëèÿíèå âûñîêèõ óðîâíåé çâóêîâîãî äàâëåíèÿ íà èçìåíåíèå
îòíîñèòåëüíîé ïðèñîåäèíåííîé äëèíû îòâåðñòèÿ, îïðåäåëÿåìîé ñîîòíîøåíèåì:

la = la/lal = 1−∆lan, (8)

ãäå lal - ëèíåéíàÿ ïðèñîåäèíåííàÿ äëèíà îòâåðñòèÿ, îïðåäåëÿåìàÿ ñîãëàñíî (6),
lal = 0,81(1 − 1,34g)d0, à ∆lan - îòíîñèòåëüíîå óìåíüøåíèå ïðèñîåäèíåííîé äëèíû,
âûçâàííîå íåëèíåéíûìè ïðîöåññàìè.

Óñòàíîâëåíî, ÷òî ñ ðîñòîì êîëåáàòåëüíîé ñêîðîñòè â îòâåðñòèè åãî ïðèñîåäèíåííàÿ
äëèíà, ñíà÷àëà çíà÷èòåëüíî óìåíüøàåòñÿ, à äàëåå âûõîäèò íà ïîñòîÿííûé óðîâåíü,
âåëè÷èíà êîòîðîãî óìåíüøàåòñÿ ñ óìåíüøåíèåì äèàìåòðà îòâåðñòèé. Òàêîé ðåçóëüòàò
äàëåêî íå î÷åâèäåí è òðåáóåò äîïîëíèòåëüíîãî èññëåäîâàíèÿ.

Íàñòîÿùàÿ ñòàòüÿ ïîñâÿùåíà èçó÷åíèþ àêóñòè÷åñêîãî èìïåäàíñà êðóãëûõ
îòâåðñòèé ðàçëè÷íûõ äèàìåòðîâ â ïåðâóþ î÷åðåäü íà íåëèíåéíûõ ðåæèìàõ. Îñíîâíûå
çàäà÷è äàííîé ðàáîòû ñîñòîÿò â ïîëó÷åíèè íàäåæíûõ ðåçóëüòàòîâ èçìåðåíèé
àêóñòè÷åñêîãî èìïåäàíñà îòâåðñòèé ðàçíîãî äèàìåòðà, îöåíêà çàâèñèìîñòè ýòîé âåëè÷èíû
îò êîëåáàòåëüíîé ñêîðîñòè â îòâåðñòèè ïðè åå èçìåíåíèè â øèðîêîì äèàïàçîíå àìïëèòóä,
à òàêæå ïðîâåðêà øèðîêî ðàñïðîñòðàíåííîãî ïðåäïîëîæåíèÿ î òîì, ÷òî íà íåëèíåéíûõ
ðåæèìàõ àêóñòè÷åñêîå ñîïðîòèâëåíèå îòâåðñòèÿ îïðåäåëÿåòñÿ íà îñíîâå çàêîíà Áåðíóëëè.

1. Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà

Â äàííîé ðàáîòå èññëåäîâàëñÿ àêóñòè÷åñêèé èìïåäàíñ îòâåðñòèé â èìïåäàíñíîé
òðóáå ñ âíóòðåííèì äèàìåòðîì 99 ìì â øèðîêîì äèàïàçîíå óðîâíåé çâóêîâîãî äàâëåíèÿ.
Ñõåìà ýêñïåðèìåíòàëüíîé óñòàíîâêè îòîáðàæåíà íà ðèñ.1. Ñ îäíîé ñòîðîíû èìïåäàíñíîé
òðóáû ðàñïîëàãàëñÿ èññëåäóåìûé îáðàçåö â âèäå ñòàëüíîé ïëàñòèíû òîëùèíîé 2 ìì ñ
öåíòðàëüíûì îòâåðñòèåì, äèàìåòð êîòîðîãî ïðè ïðîâåäåíèè èçìåðåíèé èçìåíÿëñÿ îò
5 ìì äî 15 ìì. Ñ äðóãîé ñòîðîíû, ê òðóáå ÷åðåç êîíôóçîð ïîäñîåäèíÿëñÿ äèíàìèê
Beyma 12MI100 äèàìåòðîì 300 ìì è ìîùíîñòüþ 400 Âò. Ïðè ýòîì äèíàìèê èçëó÷àë sweep-
ñèãíàë â ïîëîñå 10 Ãö ñ öåíòðàëüíîé ÷àñòîòîé 150 Ãö ñ äëèòåëüíîñòüþ ðàçâåðòêè � 1 ñ.
Ýòîò ñèãíàë ïîñòóïàë íà äèíàìèê ñ êîìïüþòåðà ÷åðåç óñèëèòåëü ìîùíîñòüþ 600 Âò.
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Âñå ýòî äàâàëî âîçìîæíîñòü ñîçäàâàòü â èìïåäàíñíîé òðóáå çâóêîâîå äàâëåíèå ñ
óðîâíåì äî 165 äÁ. Ýòî çâóêîâîå äàâëåíèå ðåãèñòðèðîâàëîñü äâóìÿ ÷åòâåðòüäþéìîâûìè
ìèêðîôîíàìè PÑB 378C10. Ñèãíàëû ìèêðîôîíîâ ïîäàâàëèñü íà ïðåäâàðèòåëüíûé
óñèëèòåëü PÑB 482C, à çàòåì ïîñòóïàëè íà àíàëèçàòîð ñèãíàëîâ B&K PHOTON +,
êîòîðûé âû÷èñëÿë ñïåêòðàëüíûå õàðàêòåðèñòèêè èçìåðåííûõ çâóêîâûõ äàâëåíèé. Äàëåå
ïîëó÷åííûå õàðàêòåðèñòèêè îáðàáàòûâàëèñü íà êîìïüþòåðå è òàì ìåòîäîì ïåðåäàòî÷íûõ
ôóíêöèé îïðåäåëÿëèñü àìïëèòóäû ïðÿìîé è îòðàæåííîé âîëí â èìïåäàíñíîé òðóáå.
Çàòåì, èñïîëüçóÿ ýòè çíà÷åíèÿ àìïëèòóä, îñóùåñòâëÿëñÿ ðàñ÷åò àìïëèòóä çâóêîâîãî
äàâëåíèÿ è êîëåáàòåëüíîé ñêîðîñòè ó âíóòðåííåé ñòîðîíû ïëàñòèíû, êîýôôèöèåíò
îòðàæåíèÿ ïëàñòèíû è åå àêóñòè÷åñêèé èìïåäàíñ. Äàëåå àêóñòè÷åñêèé èìïåäàíñ
ïëàñòèíû ïåðåñ÷èòûâàëñÿ â èìïåäàíñ îòâåðñòèÿ.

Ðèñ. 1. Ñõåìà ýêñïåðèìåíòàëüíîé óñòàíîâêè

2. Ðåçóëüòàòû

Íà ïåðâîì ýòàïå èññëåäîâàíèé àêóñòè÷åñêèé èìïåäàíñ îòâåðñòèÿ îïðåäåëÿëñÿ ñ
ïîìîùüþ ôîðìóëû (2), â ïðåäïîëîæåíèè, ÷òî íà íåëèíåéíîì ðåæèìå ïðè ïðîõîæäåíèè
çâóêîâîé âîëíîé îòâåðñòèÿ â ïëàñòèíå âûïîëíÿåòñÿ, êàê è ëèíåéíîì ðåæèìå, çàêîí
ñîõðàíåíèÿ îáúåìíîé ñêîðîñòè. Îäíàêî èñïîëüçîâàíèå òàêîãî ïîäõîäà ïðèâåëî ê
ôèçè÷åñêè ïðîòèâîðå÷èâîìó ðåçóëüòàòó, êîãäà ñîïðîòèâëåíèå îòâåðñòèÿ, âîïðåêè
îæèäàíèþ, óâåëè÷èâàëîñü ñ óâåëè÷åíèåì åãî äèàìåòðà.

×òî êàñàåòñÿ ìíèìîé ÷àñòè èìïåäàíñà îòâåðñòèÿ, òî îíà îöåíèâàëàñü â òåðìèíàõ
îòíîñèòåëüíîé ïðèñîåäèí¼ííîé äëèíû îòâåðñòèÿ ïî ôîðìóëå (8). Îêàçàëîñü, ÷òî
ñ óâåëè÷åíèåì çâóêîâîãî äàâëåíèÿ, à, ñëåäîâàòåëüíî, è êîëåáàòåëüíîé ñêîðîñòè â
îòâåðñòèè, îòíîñèòåëüíàÿ ïðèñîåäèíåííàÿ äëèíà îòâåðñòèÿ íà÷èíàåò ñíèæàòüñÿ, ïðè÷åì
óæå óïîìèíàëîñü ðàíåå, ÷åì ìåíüøå äèàìåòð îòâåðñòèÿ, ÷åì áîëüøå âåëè÷èíà ýòîãî
ñíèæåíèÿ. Òàêîé ðåçóëüòàò òàêæå íå èìååò ÿñíîé ôèçè÷åñêîé èíòåðïðåòàöèè.

Ñ ó÷åòîì ýòèõ îáñòîÿòåëüñòâ áûëî ðåøåíî ïðîâåñòè ïðÿìûå èçìåðåíèÿ ñêîðîñòè
â îòâåðñòèè íà íåëèíåéíûõ ðåæèìàõ ñ ïîìîùüþ òðóáêè Ïèòî. Åå ÷óâñòâèòåëüíîñòè
îêàçàëàñü äîñòàòî÷íîé äëÿ ïîëó÷åíèÿ äîñòîâåðíûõ ðåçóëüòàòîâ ïðè óðîâíÿõ çâóêîâîãî
äàâëåíèÿ Lp ó îòâåðñòèÿ áîëåå 125 äÁ, êîãäà çíà÷åíèÿ êîëåáàòåëüíîé ñêîðîñòè â îòâåðñòèè
ïðåâûøàëè 3 ì/c. Ïîëó÷åííûå ïðè ýòîì ðåçóëüòàòû äëÿ ïÿòè äèàìåòðîâ îòâåðñòèé,
ïðåäñòàâëåííûå íà ðèñ. 2, ïîêàçàëè, ÷òî èçìåðåííàÿ ñêîðîñòü â îòâåðñòèè V0 ïðàêòè÷åñêè
íå çàâèñèò îò äèàìåòðà îòâåðñòèé. Ïîëó÷åííûé ïðè ýòîì íåêîòîðûé ðàçáðîñ çíà÷åíèé
ñëåäóåò ðàññìàòðèâàòü êàê ðåçóëüòàò ïîãðåøíîñòè èçìåðåíèé, òàê êàê îí, ïî ñóòè, íå
èçìåíÿåòñÿ ñ ðîñòîì óðîâíÿ çâóêîâîãî äàâëåíèÿ â òðóáå. Ñðàçó ñòîèò îòìåòèòü, ÷òî òàêîé
ðåçóëüòàò íàïðÿìóþ ïðîòèâîðå÷èò çàêîíó ñîõðàíåíèÿ îáúåìíûõ ñêîðîñòåé.
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Ðèñ. 2. Èçìåðåííàÿ ñêîðîñòü â îòâåðñòèè ïëàñòèíû êàê ôóíêöèÿ çâóêîâîãî äàâëåíèÿ ó
ïëàñòèíû: (♦) - 5 ìì; (4) - 7 ìì; (N) - 10 ìì;
(�) - 12 ìì; (�) - 15 ìì; � àïïðîêñèìàöèÿ

Ïîëó÷åííûå äàííûå èçìåðåíèé áûëè àïïðîêñèìèðîâàíû àíàëèòè÷åñêîé ôóíêöèåé
âèäà:

V0(Lp) = 0,02(Lp − 123)2 + 3. (9)

Íà ðèñ. 2 ñïëîøíîé ëèíèåé ïðåäñòàâëåíà âû÷èñëåííàÿ ïî ôîðìóëå (9)
àïïðîêñèìèðóþùàÿ êðèâàÿ, êîòîðàÿ ïîêàçûâàåò õîðîøåå ñîîòâåòñòâèå ýêñïåðèìåíòàëüíûì
äàííûì è äîêàçûâàåò, ÷òî åäèíñòâåííûì ôàêòîðîì, îïðåäåëÿþùèì ñêîðîñòü â îòâåðñòèè
V0, ÿâëÿåòñÿ çâóêîâîå äàâëåíèå ó ïåðåãîðîäêè Lp.

2.1. Äåéñòâèòåëüíàÿ ÷àñòü èìïåäàíñà îòâåðñòèÿ

Àïïðîêñèìàöèÿ (9) áûëà èñïîëüçîâàíà äàëåå äëÿ ïîñòðîåíèÿ çàâèñèìîñòè
èìïåäàíñà îòâåðñòèé ðàçëè÷íûõ äèàìåòðîâ îò èçìåðåííîé êîëåáàòåëüíîé ñêîðîñòè â
îòâåðñòèè. Ôîðìóëà (1) äëÿ èìïåäàíñà îòâåðñòèÿ â ýòîì ñëó÷àå ïðåîáðàçîâûâàëàñü ê
âèäó:

Z0 = (U/V0)Z. (10)

Âû÷èñëåííûå â ñîîòâåòñòâèè ñ (10) çàâèñèìîñòè áåçðàçìåðíîãî ñîïðîòèâëåíèÿ îò
ñêîðîñòè V0 ïîêàçàëè, ÷òî íà ðåæèìàõ ðàçâèòîé íåëèíåéíîñòè, êîãäà çíà÷åíèÿ çâóêîâîãî
äàâëåíèÿ Lp > 145 äÁ, ñîïðîòèâëåíèå îòâåðñòèÿ ïðàêòè÷åñêè ïåðåñòàåò çàâèñåòü îò åãî
äèàìåòðà è ñâÿçàíî ñ âåëè÷èíàìè Lp è V0 íåëèíåéíûìè çàâèñèìîñòÿìè. Ïðè ìåíüøèõ
çíà÷åíèÿõ Lp è V0 , çàâèñèìîñòè, ñîîòâåòñòâóþùèå ðàçíûì äèàìåòðàì, ñïàäàÿ, íà÷èíàþò
ðàñõîäèòñÿ. Ïðè ýòîì áîëüøèé äèàìåòð îòâåðñòèÿ îïðåäåëÿåò è áîëåå êðóòîé ñïàä
ñîîòâåòñòâóþùåé êðèâîé.

Åñëè ðàññìàòðèâàòü çàâèñèìîñòü R0 îò V0 â öåëîì, ñ òî÷êè çðåíèÿ åå
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àíàëèòè÷åñêîãî îïèñàíèÿ, òî öåëåñîîáðàçíî âûäåëèòü òðè õàðàêòåðíûõ îáëàñòè:
ëèíåéíûé, ïåðåõîäíûé è ðàçâèòîé íåëèíåéíîñòè.

Â ëèíåéíîé îáëàñòè, ïðè V0 < 0,7 ì/ñ, ñîïðîòèâëåíèå îòâåðñòèÿ óìåíüøàåòñÿ ñ
óâåëè÷åíèåì äèàìåòðà, íå çàâèñèò îò êîëåáàòåëüíîé ñêîðîñòè â îòâåðñòèè è îïèñûâàåòñÿ
â ñîîòâåòñòâèè ñ (4) ñëåäóþùèì îáðàçîì:

R01 = 9,8 · 10−4(l/d0 + 1,15). (11)

Â ïåðåõîäíîé îáëàñòè, ïðè 0,7 ì/ñ ≤ V0 ≤ 10 ì/ñ, íàáëþäàåòñÿ ñëîæíàÿ
çàâèñèìîñòü ñîïðîòèâëåíèÿ îòâåðñòèÿ R0 îò V0 , êîòîðàÿ ìîæåò áûòü àïïðîêñèìèðîâàíà
âûðàæåíèåì:

R02 = a3(V0 − 0,6)3
(

1− 0,995b3(V0 − 0,6)3

1 + b3(V0 − 0,6)3

)
+R01, (12)

ãäå a = −0,01(d0/l) + 0,144; b = 0,03(d0/l) + 0,39.

Â îáëàñòè ðàçâèòîé íåëèíåéíîñòè, V0 > 10 ì/ñ, àêóñòè÷åñêîå ñîïðîòèâëåíèå
îòâåðñòèÿ ïåðåñòàåò çàâèñåòü îò åãî äèàìåòðà. Âàæíî îòìåòèòü, ÷òî äàííàÿ çàâèñèìîñòü
èìååò âûðàæåííóþ êâàäðàòè÷íóþ çàâèñèìîñòü îò êîëåáàòåëüíîé ñêîðîñòè â íåì:

R03 = 1,2 · 10−4V 2
0 + 0,048. (13)

Àïïðîêñèìèðóþùèå ãðàôè÷åñêèå çàâèñèìîñòè, îïðåäåëåííûå ôîðìóëàìè
(11) − (13) äëÿ äèàìåòðîâ îòâåðñòèé 5, 10 è 15 ìì ïðåäñòàâëåíû íà ðèñ. 3 ñîîòâåòñòâåííî
òî÷å÷íîé, øòðèõîâîé è ñïëîøíîé ëèíèÿìè. Ñëåäóåò îòìåòèòü èõ õîðîøåå ñîâïàäåíèå
ñ ñîîòâåòñòâóþùèìè ñîïðîòèâëåíèåì îòâåðñòèé, êîòîðûå ïîëó÷åíû â ðåçóëüòàòå
ýêñïåðèìåíòàëüíûõ èçìåðåíèé è îòìå÷åíû òî÷êàìè.

Ðèñ. 3. R0 êàê ôóíêöèÿ V0 â ëèíåéíîé îáëàñòè (I), ïåðåõîäíîé îáëàñòè (II) è îáëàñòè
ðàçâèòîé íåëèíåéíîñòè (III) äëÿ îòâåðñòèé äèàìåòðîì:
(· · · · ◦ · · · ·) - 5 ìì; (- - 4 - -) - 10 ìì; (� � �) - 15 ìì

2.2. Ìíèìàÿ ÷àñòü èìïåäàíñà îòâåðñòèÿ

Çàòåì â ðàáîòå áûëè èññëåäîâàíû çàâèñèìîñòè ìíèìîé ÷àñòè èìïåäàíñà îòâåðñòèÿ
îò èçìåðåííîé ñêîðîñòè V0. Â îáëàñòè ðàçâèòîé íåëèíåéíîñòè ñ óâåëè÷åíèåì ñêîðîñòè V0
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çíà÷åíèÿ ìíèìîé ÷àñòè èìïåäàíñà îòâåðñòèÿ ñíà÷àëà ìåäëåííî óìåíüøàþòñÿ, à çàòåì
íà÷èíàþò âîçðàñòàòü. Ñëåäóåò îòìåòèòü, ÷òî ïðè òàêèõ èçìåíåíèÿõ çíà÷åíèÿ ìíèìîé
÷àñòè èìïåäàíñà îòâåðñòèÿ âñå-òàêè îñòàþòñÿ ìåíüøå çíà÷åíèÿ èìïåäàíñà ïðè V0 → 0,
ñîîòâåòñòâóþùåãî ëèíåéíîé îáëàñòè è îïðåäåëÿåìîãî ïî ôîðìóëå (5). Ýòî ïîçâîëÿåò íàì
ôîðìàëüíî îïèñàòü èçìåíåíèå ìíèìîé ÷àñòè èìïåäàíñà îòâåðñòèÿ â îáëàñòè ðàçâèòîé
íåëèíåéíîñòè â òåðìèíàõ ïðèñîåäèíåííîé äëèíû, êàê ýòî îáû÷íî äåëàåòñÿ â ëèíåéíîé
àêóñòèêå. Ñëåäóåò ïîä÷åðêíóòü, ÷òî ýòî ôîðìàëüíûé ïîäõîä è îí íå ïðèìåíèì äëÿ
èñïîëüçîâàíèÿ â ïåðåõîäíîé îáëàñòè. Èñïîëüçóÿ ïðèâåäåííûå âûøå ôîðìóëû, ìíèìàÿ
÷àñòü èìïåäàíñà áûëà ïðåîáðàçîâàíà â áåçðàçìåðíóþ íåëèíåéíóþ ïðèñîåäèíåííóþ
äëèíó îòâåðñòèÿ, à çàòåì áûëè ïîñòðîåíû çàâèñèìîñòè ýòîé âåëè÷èíû îò ñêîðîñòè V0,
ïðåäñòàâëåííûå íà ðèñ. 4.

Ðèñ. 4. la êàê ôóíêöèÿ V0 äëÿ îòâåðñòèé äèàìåòðîì:
(− ◦ −) - 5 ìì; (−N−) - 10 ìì; (−�−) - 15 ìì

Ýòè ðåçóëüòàòû ïîêàçûâàþò, ÷òî íåëèíåéíàÿ ïðèñîåäèíåííàÿ äëèíà îòâåðñòèÿ la
ñëàáî çàâèñèò îò åãî äèàìåòðà d0. Â ñâîþ î÷åðåäü çàâèñèìîñòü la îò ñêîðîñòè V0 ìîæåò
áûòü àïïðîêñèìèðîâàíà ïàðàáîëè÷åñêîé ôóíêöèåé:

la = 1,22 · 10−3(V0 − 18)2 + 0,3. (14)

Òàêàÿ àïïðîêñèìàöèÿ ïðèìåíèìà òîëüêî äëÿ V0 > 5 ì/ñ. Ãðàôèê ýòîé
àïïðîêñèìàöèè ïðåäñòàâëåí íà ðèñ. 4 øòðèõîâîé ëèíèåé.

3. Îáñóæäåíèå

Âàæíûì çàìå÷àíèåì ê ðàáîòå ÿâëÿåòñÿ òî, ÷òî ïîëó÷åííûå ðåçóëüòàòû âñå-òàêè
íîñÿò îãðàíè÷åííóþ ïðèìåíèìîñòü. Â ïåðâóþ î÷åðåäü ðåçóëüòàòû ïðèìåíèìû òîëüêî
ê áîëüøèì îòâåðñòèÿ, êîãäà òîëùèíà ïîãðàíè÷íîãî ñëîÿ äëÿ ñòåíîê òàêèõ îòâåðñòèé
íàìíîãî ìåíüøå äèàìåòðà ýòèõ îòâåðñòèé. Ïîìèìî ýòîãî, â ðàáîòå èññëåäîâàëèñü
òîëüêî ïëàñòèíû òîëùèíîé 2 ìì, ïîýòîìó ñòðîãî ãîâîðÿ, ïðåäñòàâëåííûå ðåçóëüòàòû
áóäóò ñïðàâåäëèâûìè òîëüêî äëÿ îòâåðñòèé ñ òàêîé òîëùèíîé ïëàñòèí. Â òîæå âðåìÿ,
ïî-âèäèìîìó, îáùèå çàêîíîìåðíîñòè âëèÿíèÿ äèàìåòðà îòâåðñòèÿ íà åãî àêóñòè÷åñêèé
èìïåäàíñ áóäóò èìåòü òàêîé æå õàðàêòåð è ïðè ðàññìîòðåíèè îáðàçöîâ äðóãîé òîëùèíû.

Åùå îäèí âîïðîñ, òðåáóþùèé ðàçðåøåíèÿ, ÿâëÿåòñÿ ïðàâîìåðíîñòü ïðèìåíåíèÿ
çàêîíà Áåðíóëëè ïðè ðàññìîòðåíèè ïðîõîæäåíèÿ çâóêîâîé âîëíîé îòâåðñòèÿ íà ðåæèìå
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ðàçâèòîé íåëèíåéíîñòè. Çàêîí Áåðíóëëè ñïðàâåäëèâ äëÿ ïîñòîÿííûõ ïîòîêîâ ñðåäû
÷åðåç îòâåðñòèå è ñâÿçûâàåò äàâëåíèå ó îòâåðñòèÿ p ñî ñêîðîñòüþ èñòå÷åíèÿ ñðåäû èç
îòâåðñòèÿ V0 êâàäðàòè÷íîé çàâèñèìîñòüþ, â êîòîðóþ òàêæå íå âõîäèò äèàìåòð îòâåðñòèÿ.
Êðîìå òîãî ýòà çàâèñèìîñòü ïîêàçûâàåò, ÷òî ñîïðîòèâëåíèå îòâåñòèÿ ñî ñêîðîñòü ñðåäû
â íåì ñâÿçàíû ëèíåéíî. Îäíàêî ýòîò çàêîí â âñòóïàåò â ïðîòèâîðå÷èå ñ çàêîíîì
ñîõðàíåíèÿ îáúåìíûõ ñêîðîñòåé, êîòîðûé ñïðàâåäëèâ äëÿ ëèíåéíîé àêóñòèêè è ñîãëàñíî
êîòîðîìó êîëåáàòåëüíàÿ ñêîðîñòü â îòâåðñòèè áóäåò îïðåäåëÿòüñÿ îòíîøåíèåì ïëîùàäåé
ïîïåðå÷íûõ ñå÷åíèé èìïåäàíñíîé òðóáû è îòâåðñòèÿ. Âåñîìûì àðãóìåíòîì â ïîëüçó
äîñòîâåðíîñòè ïîëó÷åííûõ ðåçóëüòàòîâ ÿâëÿåòñÿ òî, ýêñïåðèìåíòàëüíî ïîëó÷åííûå òî÷êè
íà çàâèñèìîñòè ñîïðîòèâëåíèÿ îòâåðñòèÿ îò ñêîðîñòè â íåì äëÿ ðàçíûõ äèàìåòðîâ
îòâåðñòèé ëîæàòüñÿ íà îäíó êðèâóþ.

Ïîâåäåíèå ìíèìîé ÷àñòè èìïåäàíñà îòâåðñòèÿ êîíå÷íî òàêæå òðåáóåò
äîïîëíèòåëüíûõ èññëåäîâàíèé è îáúÿñíåíèé. Îäíàêî íåëüçÿ íå îòìåòèòü, ÷òî â
îòëè÷èå îò ïðåäøåñòâóþùèõ ðàáîò, ãäå ïðèñîåäèííàÿ äëèíà îòâåðñòèÿ îïðåäåëÿëàñü
èñõîäÿ èç çàêîíà ñîõðàíåíèÿ îáúåìíîé ñêîðîñòè è íàáëþäàëîñü ñóùåñòâåííîå ñíèæåíèå
ïðèñîåäèíåííîé äëèíû îòâåðñòèÿ ñ óâåëè÷åíèåì ðàñ÷åòíîé ñêîðîñòè â íåì, ïðè÷åì
ìåíüøåìó äèàìåòðó îòâåðñòèÿ ñîîòâåòñòâîâàëî áîëüøåå ñíèæåíèå ïðèñîåäèíåííîé
äëèíû, íàñòîÿùàÿ ðàáîòà ïîêàçàëà, ÷òî ñíèæåíèå ïðèñîåäèíåííîé äëèíû îòâåðñòèÿ
ïðàêòè÷åñêè íå çàâèñèò îò äèàìåòðà îòâåðñòèé è íå ïðåâûøàåò 35 %.

Çàêëþ÷åíèå

Ïðîâåäåííûå â èìïåäàíñíîé òðóáå èññëåäîâàíèÿ çàâèñèìîñòåé àêóñòè÷åñêîãî
èìïåäàíñà îòâåðñòèÿ îò ñêîðîñòè ÷àñòèö â íåì äëÿ ðàçëè÷íûõ äèàìåòðîâ îòâåðñòèé
ïîêàçàëè, ÷òî â íèõ ìîæíî âûäåëèòü òðè õàðàêòåðíûå îáëàñòè: ëèíåéíóþ, ïåðåõîäíóþ è
ðàçâèòîé íåëèíåéíîñòè.

Óñòàíîâëåíî, ÷òî ñïðàâåäëèâûé äëÿ ëèíåéíîé àêóñòèêè çàêîí ñîõðàíåíèÿ
îáúåìíîé ñêîðîñòè ïðè ïðîõîæäåíèè çâóêîâîé âîëíû ÷åðåç îòâåðñòèå â îáëàñòè ðàçâèòîé
íåëèíåéíîñòè íå âûïîëíÿåòñÿ. Ïðîâåäåííûå â ýòîé îáëàñòè èçìåðåíèÿ êîëåáàòåëüíîé
ñêîðîñòè â îòâåðñòèè ñ èñïîëüçîâàíèåì òðóáêè Ïèòî ïîêàçàëè, ÷òî ýòà ñêîðîñòü
îïðåäåëÿåòñÿ òîëüêî çâóêîâûì äàâëåíèåì ó îòâåðñòèÿ è íå çàâèñèò îò åãî äèàìåòðà.

Îïðåäåëåíèå èìïåäàíñà îòâåðñòèÿ ñ èñïîëüçîâàíèåì èçìåðåííûõ çíà÷åíèé
ñêîðîñòè â íåì, ïðèâîäèò ê êàðäèíàëüíûì èçìåíåíèÿì â ïîëó÷àåìûõ ðåçóëüòàòàõ
íà ðåæèìå ðàçâèòîé íåëèíåéíîñòè. Òàê, ñîïðîòèâëåíèå îòâåðñòèÿ óæå íå çàâèñèò
îò åãî äèàìåòðà, íî â îòëè÷èå îò òîãî, ÷òî äàåò êëàññè÷åñêèé çàêîí Áåðíóëëè,
çàâèñèìîñòü ñîïðîòèâëåíèÿ îò ñêîðîñòè ÿâëÿåòñÿ íå ëèíåéíîé, à êâàäðàòè÷íîé. Êðîìå
òîãî, ôîðìàëüíî âûðàæàÿ ìíèìóþ ÷àñòü ïîëíîãî èìïåäàíñà îòâåðñòèÿ ÷åðåç åãî
ïðèñîåäèíåííóþ äëèíó, ïîëó÷àåì, ÷òî òàêàÿ ïðèñîåäèíåííàÿ äëèíà òàêæå ïðàêòè÷åñêè
íå çàâèñèò îò äèàìåòðà îòâåðñòèÿ. Ïðè ýòîì çàâèñèìîñòü ïðèñîåäèíÿåìîé äëèíû
îòâåðñòèÿ îò ñêîðîñòè â íåì ÿâëÿåòñÿ íåëèíåéíîé.
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Àííîòàöèÿ

Â íàó÷íîé ëèòåðàòóðå àêòèâíî îáñóæäàþòñÿ ñîöèàëüíûå è ìåäèöèíñêèå ïîñëåäñòâèÿ áîëüøîé

ðàñïðîñòðàíåííîñòè ïîðòàòèâíûõ àóäèîóñòðîéñòâ ñðåäè ìîëîäåæè [1,2,3]. Â ðàçíûõ ñòðàíàõ ïðîâîäÿòñÿ

ìàñøòàáíûå îïðîñû ðàçëè÷íûõ êîíòèíãåíòîâ (øêîëüíèêè, ñòóäåíòû è äð.) [4,5]. Ñïåöèàëèñòû

âûñêàçûâàþò îáîñíîâàííûå îïàñåíèÿ îá îòäàëåííûõ ïîñëåäñòâèÿõ, ïðåæäå âñåãî � ôîðìèðîâàíèþ

òóãîóõîñòè. Ê ðåøåíèþ ïðîáëåìû àêòèâíî ïîäêëþ÷èëèñü ñòðóêòóðû ÎÎÍ [6]. Ïðè ýòîì íå ñëåäóåò

çàáûâàòü î ñîòíÿõ òûñÿ÷ ðàáîòíèêîâ, êîòîðûå, â ñâÿçè ñ îñîáåííîñòÿìè ïðîôåññèè (îïåðàòîðû,

äèñïåò÷åðû, ïèëîòû, ðàáîòíèêè êîë öåíòðîâ, çâóêîîïåðàòîðû è äð.), äîëæíû íàõîäèòñÿ â íàóøíèêàõ

âåñü ðàáî÷èé äåíü. Èññëåäîâàíèé â ýòîì íàïðàâëåíèè ñîâåðøåííî íåäîñòàòî÷íî, òàê êàê â âûÿâëåíèè

ïàòîëîãèè íå çàèíòåðåñîâàí, ïî ïîíÿòíûì ïðè÷èíàì, íè ðàáîòîäàòåëü, íè ðàáîòíèê, êîòîðûé îïàñàåòñÿ

ïîòåðÿòü ðàáîòó è íå ìîæåò ïîýòîìó îòêàçàòüñÿ îò èñïîëüçîâàíèÿ íàóøíèêîâ. Îáðàùåíèÿ ê ñïåöèàëèñòàì

íåðåäêî ïðîèñõîäÿò òîëüêî ïðè âûõîäå íà ïåíñèþ. Êðîìå òîãî, ìíîãèå êîíñòðóêòîðû, ïðîãðàììèñòû,

îôèñíûå ðàáîòíèêè (îñîáåííî â îôèñàõ îòêðûòîãî òèïà) è ìíîãèå äðóãèå âûíóæäåíû èñïîëüçîâàòü

ïîðòàòèâíûå àóäèîóñòðîéñòâà äëÿ çàùèòû îò âíåøíåãî øóìà, êîòîðûé ìåøàåò èì ñîñðåäîòî÷èòüñÿ [7,8].

Â ýòîì ñëó÷àå, äèñêîìôîðò ïðè èñïîëüçîâàíèè íàóøíèêîâ ïîçâîëÿåò ðàáîòíèêó â ëþáîé ìîìåíò

îòêàçàòüñÿ îò íàóøíèêîâ è ðåøàòü ïðîáëåìó çàùèòû îò øóìà êàê-òî èíà÷å. Àíàëèç ñëó÷àåâ îòêàçà îò

èñïîëüçîâàíèÿ íàóøíèêîâ ïðåäñòàâëÿåò áîëüøîé íàó÷íûé è ïðàêòè÷åñêèé èíòåðåñ.

Êëþ÷åâûå ñëîâà: èíäèâèäóàëüíûå àóäèîóñòðîéñòâà, íàóøíèêè, îïðîñ, òóãîóõîñòü, îòîìèêîç,

øóì.

Analysis of the reasons and refusal of portable audio devices by young people
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Abstract

Social and medical consequences of the great popularity of portable audio devices among young people

are extensively discussed in the scienti�c literature [1,2,3]. Large-scale surveys of various groups (schoolchildren,
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students, etc.) are conducted in di�erent countries [4,5]. Experts express reasonable concerns about the long-

term consequences, �rst of all, occurrence of the hearing loss. The UN entities are actively involved in solving

the problem [6]. At the same time, we should not forget about the hundreds of thousands of employees who,

due to the speci�cs of their profession (operators, dispatchers, pilots, call center workers, sound operators, etc.),

must wear headphones during their working day. Research in this direction is absolutely insu�cient, since

neither the employer nor the employee, who is afraid of losing his or her job and cannot therefore refuse to

use headphones, is not interested for obvious reasons in the detection of pathology. Visits to the specialists

often occur only when retiring. In addition, many designers, programmers, o�ce workers (especially in open

o�ces), and many others are forced to use portable audio devices to protect themselves from external noise

that prevents them from concentrating [7,8]. In this case, the discomfort when using headphones causes the

employee to avoid using the headphones at any time and solve the problem of noise protection in some other

way. Analyzing cases of refusal to use headphones is of great scienti�c and practical interest.

Keywords: personal audio devices, headphones, survey, hearing loss, otomycosis, noise.

Ââåäåíèå

Â íàó÷íîé ëèòåðàòóðå àêòèâíî îáñóæäàþòñÿ ñîöèàëüíûå è ìåäèöèíñêèå
ïîñëåäñòâèÿ áîëüøîé ðàñïðîñòðàíåííîñòè ïîðòàòèâíûõ àóäèîóñòðîéñòâ ñðåäè ìîëîäåæè.
Ïîïóëÿðíîñòü àêóñòè÷åñêèõ íàóøíèêîâ ðàçíûõ òèïîâ ÷àñòî îáóñëîâëåíà ëè÷íûìè
ïðåäïî÷òåíèÿìè, ìîäîé èëè æåëàíèåì èçîëèðîâàòüñÿ îò âíåøíèõ ôàêòîðîâ. Àâòîðàìè
äàííîé ñòàòüè áûëî ïðîâåäåíî îïðîñ-èññëåäîâàíèå, â ðåçóëüòàòå êîòîðîãî áûëè
óñòàíîâëåíû êîíêðåòíûå ïðè÷èíû èñïîëüçîâàíèÿ èëè îòêàçà îò èíäèâèäóàëüíûõ
àêóñòè÷åñêèõ íàóøíèêîâ. Â îïðîñå ó÷àñòâîâàëè 1412 ëèö îáîåãî ïîëà. Âñå èññëåäóåìûå
áûëè ðàñïðåäåëåíû â 2 ãðóïïû: â ñîñòàâ 1-é ãðóïïû áûëè âêëþ÷åíû 737 ÷åëîâåê,
èñïîëüçóþùèå íàóøíèêè â íàñòîÿùåå âðåìÿ íå ìåíåå 3-õ ÷àñîâ â ñóòêè, à âî âòîðóþ -
675 ÷åëîâåê, ðàíåå èñïîëüçîâàâøèå ëè÷íûå àóäèîóñòðîéñòâà, íî ïîçæå îòêàçàâøèåñÿ
îò íèõ. Îáå ãðóïïû èìåþò ñõîäíûé ïîëîâîé è âîçðàñòíîé ñîñòàâ (ðèñ.1). Îïðîñ
(àíêåòèðîâàíèå) ïðîâîäèëñÿ ñ ïîìîùüþ îíëàéí-ñåðâèñà Google-ôîðìû. Àíêåòà
ñîäåðæèò 7 âîïðîñîâ, îòðàæàþùèõ ïðîäîëæèòåëüíîñòü ïîëüçîâàíèÿ íàóøíèêàìè,
èõ òèï, ïåðåíîñèìîñòü è îòíîøåíèå ÷åëîâåêà ê ïîñòîðîííèì øóìàì. Ñîáðàííûå äàííûå
ñèñòåìàòèçèðîâàëèñü è ãðóïïèðîâàëèñü àâòîìàòè÷åñêè, âñëåäñòâèå ýòîãî ïîëó÷àëîñü
èõ ãîòîâîå ãðàôè÷åñêîå îòîáðàæåíèå â âèäå äèàãðàìì. Ðåçóëüòàòû îáñëåäîâàíèÿ áûëè
îáðàáîòàíû ñ èñïîëüçîâàíèåì ïðîãðàììû Excel.

Ðèñ. 1. Êîëè÷åñòâî è âîçðàñò îïðîøåííûõ
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1. Öåëü èññëåäîâàíèÿ

Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ àíàëèç ïðè÷èí êàê ïîñòîÿííîãî è ïðîäîëæèòåëüíîãî
èñïîëüçîâàíèÿ ëè÷íûõ àóäèîóñòðîéñòâ, òàê è îòêàçà îò íèõ, à òàêæå, æàëîá
ïîëüçîâàòåëåé, êàê â ïåðâîì, òàê è âî âòîðîì ñëó÷àå.

2. Ðåçóëüòàòû èññëåäîâàíèÿ

Êàê âèäíî íà ðèñóíêàõ 2 è 3, 73% îïðîøåííûõ àêòèâíûõ ïîëüçîâàòåëåé
íàóøíèêîâ (1-ÿ ãðóïïà, 737 ÷åëîâåê) ïðèìåíÿþò èõ åæåäíåâíî è òîëüêî 5,6% - ðåæå
3-õ ðàç â íåäåëþ. Èñïîëüçîâàíèå àóäèîïëååðà ìåíåå 3-õ ÷àñîâ â äåíü îáíàðóæèâàëàñü
òîëüêî ó 56% ëèö 1-é ãðóïïû Ñðåäè îòêàçàâøèõñÿ îò íàóøíèêîâ ëèö 2-é ãðóïïû (675
÷åëîâåê) ðàíåå ïîñòîÿííî èñïîëüçîâàëè àóäèîóñòðîéñòâà òîëüêî êàæäûé ÷åòâåðòûé
(25%, ñòàòèñòè÷åñêàÿ çíà÷èìîñòü1 p ≤ 0,01), 65% � òîëüêî ýïèçîäè÷åñêè (p ≤ 0,01).
Ïðèìåíÿëè íàóøíèêè ìåíåå 3-õ ÷àñîâ â äåíü âî 2-é ãðóïïå òàêæå äîñòîâåðíî ÷àùå,
÷åì â 1-é (82% ïðîòèâ 56% ñîîòâåòñòâåííî, p ≤ 0,01). Ðàíåå âîîáùå íå èñïîëüçîâàëè
íàóøíèêè òîëüêî 2% ëèö 2-é ãðóïïû. Òàêèì îáðàçîì, ïî÷òè âñå îïðîøåííûå â
ïðîøëîì èìåþò îïûò ïðèìåíåíèÿ íàóøíèêîâ, íî ÷àñòü ëèö â äàëüíåéøåì îòêàçàëèñü
îò íèõ. Ïîñëåäíèå, êàê ïðàâèëî, èçíà÷àëüíî íå îòíîñèëèñü ê ÷àñòûì ïîëüçîâàòåëÿì
ïåðñîíàëüíûõ àóäèîóñòðîéñòâ, à ïîçäíåå ïî ðàçíûì ïðè÷èíàì ïåðåñòàëè èñïîëüçîâàòü
àóäèîñèñòåìû. Àíàëèç òàêèõ ïðè÷èí ïðåäñòàâëÿåò áîëüøîé íàó÷íûé è ïðàêòè÷åñêèé
èíòåðåñ.

Ðèñ. 2. Äèàãðàììà ðåçóëüòàòîâ îòâåòîâ íà âîïðîñ ¾Êàê ÷àñòî Âû
ïîëüçóåòåñü/ïîëüçîâàëèñü íàóøíèêàìè?¿

Ðèñ. 3. Äèàãðàììà ðåçóëüòàòîâ îòâåòîâ íà âîïðîñ ¾Ñêîëüêî ÷àñîâ â äåíü Âû
ïðîâîäèòå/ïðîâîäèëè â íàóøíèêàõ?¿

1Óðîâåíü ñòàòèñòè÷åñêîé çíà÷èìîñòè îòðàæàåò âåðîÿòíîñòü îøèáêè. Ñëåäîâàòåëüíî, ðåçóëüòàò ïðè
ð=0,01 áîëåå òî÷íûé, ÷åì ïðè ð=0,05.
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Çàìåòíîå óõóäøåíèå ñàìî÷óâñòâèÿ ïîñëå ïðîñëóøèâàíèÿ àóäèîñèñòåìû îòìå÷àëè
26% ëèö 1-é ãðóïïû (ðèñ.5). Â îñíîâíîì ñþäà îòíîñèëèñü ëèöà ÷àñòî è äëèòåëüíî
èñïîëüçîâàâøèå íàóøíèêè. Ïðåîáëàäàëè îáùèå æàëîáû (íà îáùèé äèñêîìôîðò,
ãîëîâíóþ áîëü) ÷óâñòâî ñäàâëèâàíèÿ ãîëîâû, çóä â óøàõ (ðèñ.6). Îòìåòèì, ÷òî
áîëåçíåííîñòü ïðè ïðèêîñíîâåíèè ê êîæå â îáëàñòè íàðóæíîãî ñëóõîâîãî ïðîõîäà,
êîçåëêà, óøíîé ðàêîâèíû, âèñî÷íîé îáëàñòè ãîëîâû, ìîæåò áûòü ñâÿçàíà ñ íåâðàëãèåé
ñðåäíåé âåòâè òðîéíè÷íîãî íåðâà, ñèìïòîìîì Àðíîëüäà [9] (áëèçêîå ê êîæå ðàñïîëîæåíèå
âåòâåé áëóæäàþùåãî íåðâà (ðèñ.4) è íàðóæíûì îòèòîì (÷àùå âñåãî � îòîìèêîçîì, óøíûì
ãðèáêîì).

Ðèñ. 4. Ðàñïîëîæåíèå âåòâåé òðîéíè÷íîãî íåðâà Henry Gray (1918) [10]

Óøíîé çóä � åùå áîëåå õàðàêòåðíûé ïðèçíàê îòîìèêîçà. Ãðèáîê ìîæíî ëåãêî
¾ïîäöåïèòü¿, âîñïîëüçîâàâøèñü ÷óæèìè íàóøíèêàìè, à âûëå÷èòü ýòî çàáîëåâàíèå áûâàåò
íå ïðîñòî. Â äàííîé ðàáîòå ìû íå àêöåíòèðîâàëè âíèìàíèå íà âëèÿíèè ïðîñëóøèâàíèÿ
ïåðñîíàëüíûõ àóäèîñèñòåì íà ôîðìèðîâàíèå òóãîóõîñòè, òàê êàê ýòà ïðîáëåìà äîñòàòî÷íî
èçó÷åíà è òðåáóåò ñïåöèàëüíûõ ìåòîäîâ èññëåäîâàíèÿ ñëóõà.

Ðèñ. 5. Äèàãðàììà ðåçóëüòàòîâ îòâåòîâ íà âîïðîñ ¾Áûëî ëè ó Âàñ óõóäøåíèå
ñàìî÷óâñòâèÿ ïîñëå èñïîëüçîâàíèÿ íàóøíèêîâ?¿
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Ðèñ. 6. Äèàãðàììà ðåçóëüòàòîâ îòâåòîâ íà âîïðîñ ¾Åñëè ó Âàñ óõóäøàëîñü
ñàìî÷óâñòâèå, òî êàêèå ñèìïòîìû Âû îùóùàëè?¿

Âàæíî îòìåòèòü, ÷òî, íå ñìîòðÿ íà óõóäøåíèå óðîâíÿ çäîðîâüÿ, áîëåå ÷åòâåðòè
ïîñòîÿííûõ ïîëüçîâàòåëåé àóäèîñèñòåì íå îòêàçàëèñü îò íèõ è ïðîäîëæèëè ïîëüçîâàòüñÿ
÷àùå âñåãî âñòàâíûìè è âíóòðèêàíàëüíûìè íàóøíèêàìè (íàèáîëåå îïàñíûìè äëÿ
çäîðîâüÿ) â 80% ñëó÷àåâ (ðèñ.7). Â öåëîì ëèöà 2-é ãðóïïû íåñêîëüêî ÷àùå èñïîëüçîâàëè
â ïðîøëîì íàêëàäíûå íàóøíèêè (21,2% ïðîòèâ 17% ñîîòâåòñòâåííî, p ≤ 0,05). Ýòî
êîñâåííî îòðàæàåò áîëüøóþ çàáîòó î çäîðîâüå ó äàííîãî êîíòèíãåíòà ëèö. ×òî
æå çàñòàâëÿåò 26% ëèö ïåðâîé ãðóïïû ïðîäîëæàòü ÷àñòî è äëèòåëüíî èñïîëüçîâàòü
àóäèîïëååðû? Âî-ïåðâûõ, ðå÷ü ìîæåò èäòè î ôîðìèðîâàíèè çàâèñèìîñòè ÷åëîâåêà îò
àóäèîïëååðà. Â íàñòîÿùåå âðåìÿ îïèñàíî ìíîãî ïîäîáíûõ ñîñòîÿíèé (êîìïüþòåðíàÿ,
èãðîâàÿ çàâèñèìîñòü è äð.), íî, ðàññìîòðåíèå èõ íå âõîäèò â çàäà÷è äàííîé ðàáîòû.
Âî-âòîðûõ, âîçìîæíî ìû ñòàëêèâàåìñÿ ñ îäíîé èç ôîðì èíôàíòèëèçìà. Âçðîñëûé
÷åëîâåê ïîíèìàåò îòâåòñòâåííîñòü çà ñâîè ïîñòóïêè (â äàííîì ñëó÷àå - ïðîäîëæàòü
ïîëüçîâàòüñÿ âíóòðèêàíàëüíûìè íàóøíèêàìè, íåñìîòðÿ íà ïëîõîå ñàìî÷óâñòâèå ïîñëå èõ
ïðèìåíåíèÿ), à ðåáåíîê - íåò. Èíôàíòèëüíîå ïîâåäåíèå â âîçðàñòå 18-25 ëåò â íàñòîÿùåå
âðåìÿ, óâû, íå ðåäêîñòü. Â-òðåòüèõ, ïðèìåíåíèå ïåðñîíàëüíûõ àóäèîñèñòåì ìîæåò áûòü
ñâÿçàíî ñ çàùèòîé îò âíåøíåãî øóìà.

Ðèñ. 7. Äèàãðàììà ðåçóëüòàòîâ îòâåòîâ íà âîïðîñ ¾Êàêîé òèï íàóøíèêîâ Âû
èñïîëüçóåòå/èñïîëüçîâàëè?¿

Êàê âèäíî íà ðèñóíêå 8, ïîëüçîâàòåëè ïåðñîíàëüíûõ àóäèîñèñòåì èç 1-é ãðóïïû
èñïûòûâàëè ðàçäðàæåíèå îò âíåøíåãî øóìà äîñòîâåðíî ÷àùå, ÷åì îòêàçàâøèåñÿ îò íèõ
ëèöà 2-é ãðóïïû (66,1% ïðîòèâ 56,1% ñîîòâåòñòâåííî, p ≤ 0,05). Ðàçäðàæàþùåå äåéñòâèå
òðàíñïîðòíîãî øóìà è ìóçûêè â îáåèõ ãðóïïàõ îáíàðóæèâàëîñü îäèíàêîâî ÷àñòî, íî
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èíäèôôåðåíòíîå îòíîøåíèå ê ðàçãîâîðàì îêðóæàþùèõ (íàïðèìåð, â îôèñàõ) â 1-é ãðóïïå
îòìå÷àëîñü â ïîëòîðà ðàçà ðåæå (28,4% ïðîòèâ 42,1% ñîîòâåòñòâåííî, p ≤ 0,01).

Ðèñ. 8. Äèàãðàììà ðåçóëüòàòîâ îòâåòîâ (%) íà âîïðîñ ¾Îùóùàåòå ëè Âû
ðàçäðàæåíèå îò øóìà?¿

Èíòåðåñíî îòìåòèòü, ÷òî ó ëèö 2-é ãðóïïû íåñêîëüêî ðåæå îòìå÷àëèñü îáùèå
æàëîáû íà ïîñëåäñòâèÿ èñïîëüçîâàíèÿ íàóøíèêîâ â ïðîøëîì (ýòî çàêîíîìåðíî â ñâÿçè
ñ èõ ìåíüøèì èñïîëüçîâàíèåì), íî ìåñòíûå æàëîáû íà áîëü è çóä â îáëàñòè íàðóæíîãî
ñëóõîâîãî ïðîõîäà îáíàðóæèâàëèñü ïðèìåðíî ó êàæäîãî ïÿòîãî â îáåèõ ãðóïïàõ. Ïðè
ýòîì óëó÷øåíèå ñîñòîÿíèÿ (êàê ïðàâèëî, îáùåãî ñîñòîÿíèÿ) ïîñëå îòêàçà îò ïðèìåíåíèÿ
íàóøíèêîâ îòìåòèëè òîëüêî 42% ëèö 2-é ãðóïïû.

3. Îáñóæäåíèå è âûâîäû

Ïðåäïîëàãàëîñü, ÷òî îñíîâíîé ïðè÷èíîé îòêàçà îò íàóøíèêîâ ÿâëÿåòñÿ
ðàçäðàæàþùåå äåéñòâèå ìóçûêè íà ïîëüçîâàòåëÿ è ñòðåìëåíèå ê òèøèíå. Íî äàííûå
ïîêàçàëè, ÷òî ýòî íå òàê: íåãàòèâíàÿ ðåàêöèÿ íà ìóçûêàëüíûé ôîí ó îòêàçàâøèõñÿ îò
àóäèîñèñòåì íàáëþäàëàñü äîñòîâåðíî ðåæå (p ≤ 0,05). Â öåëîì, àêòèâíûå ïîëüçîâàòåëè
ïåðñîíàëüíûõ àóäèîñèñòåì î÷åíü ÷óâñòâèòåëüíû ê øóìîâîìó çàãðÿçíåíèþ îêðóæàþùåé
ñðåäû è èñïîëüçóþò íàóøíèêè êàê ñðåäñòâî çàùèòû îò ïîñëåäíåãî. Â ýòîé ñâÿçè, â
áëèæàéøåì áóäóùåì íå ñëåäóåò îæèäàòü ðàäèêàëüíîãî ñíèæåíèÿ ÷èñëà ïîëüçîâàòåëåé
àóäèîñèñòåì, òàê êàê ìîëîäåæíàÿ ìîäà èìååò âòîðîñòåïåííîå çíà÷åíèå. Âñåìèðíàÿ
îðãàíèçàöèÿ çäðàâîîõðàíåíèÿ (ÂÎÇ) è Ìåæäóíàðîäíûé ñîþç ýëåêòðîñâÿçè (ÌÑÝ)
âûïóñòèëè íîâûé äîáðîâîëüíûé ìåæäóíàðîäíûé ñòàíäàðò äëÿ ëþáûõ ïåðñîíàëüíûõ
àóäèîóñòðîéñòâ [11].

Íîâûé ñòàíäàðò ðåêîìåíäóåò, ÷òîáû âñå ãàäæåòû ñ àóäèîóñòðîéñòâàìè
âêëþ÷àëè ïðîãðàììíîå îáåñïå÷åíèå, êîòîðîå ïîìîãàëî áû îïðåäåëÿòü è îãðàíè÷èâàòü
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èíäèâèäóàëüíóþ äîçó àêóñòè÷åñêîé íàãðóçêè. Íàïðèìåð, ïîäîáíàÿ ñèñòåìà êîíòðîëÿ
åñòü â ñîâðåìåííûõ òåëåôîíàõ: ïðè äîñòèæåíèè âåðõíåãî áåçîïàñíîãî ïîðîãà ãðîìêîñòè -
ïðîèçâîäèòñÿ èíôîðìèðîâàíèå î òîì, ÷òî äàëüíåéøåå ïîâûøåíèå çâóêà ìîæåò íåãàòèâíî
ïîâëèÿòü íà çäîðîâüå ÷åëîâåêà. Òàêæå àóäèîóñòðîéñòâî ìîæåò äåìîíñòðèðîâàòü íà
ýêðàíå ãàäæåòà óðîâåíü çâóêà (äÁÀ) è äëèòåëüíîñòü åãî âîçäåéñòâèÿ íà ïîëüçîâàòåëÿ (â
÷àñàõ è ìèíóòàõ) â òå÷åíèå äíÿ èëè íåäåëè. Áëàãîäàðÿ òàêîé íàãëÿäíîé èíôîðìàöèè
ïîëüçîâàòåëü ïîíèìàåò, íàñêîëüêî áåçîïàñíî îí ïîëüçóåòñÿ ñâîèì àóäèîóñòðîéñòâîì.

Ïðè ýòîì ïðåäëàãàåòñÿ íåñêîëüêî âàðèàíòîâ äåéñòâèé, êîòîðûå çàùèòÿò åãî
îò âðåäíîãî âîçäåéñòâèÿ øóìà. Ê ñîæàëåíèþ, îñòàåòñÿ âîçìîæíîñòü èãíîðèðîâàòü
ïðåäóïðåæäåíèÿ è ïðîäîëæèòü ïðîñëóøèâàíèå, íàíîñÿ âðåä ñâîåìó çäîðîâüþ. Ìû íå
ìîæåì çàïðåòèòü ýòè äåéñòâèÿ âçðîñëîìó ÷åëîâåêó. Äëÿ äåòåé ïðåäóñìîòðåíà ôóíêöèÿ
¾ðîäèòåëüñêîãî êîíòðîëÿ¿, îíà ïîçâîëÿåò óñòàíîâèòü ïðåäåëüíûå áåçîïàñíûå óðîâíè
ïðîñëóøèâàíèÿ ïî ãðîìêîñòè è âðåìåíè. Ìîæíî åù¼ ïîäêëþ÷èòü è òàêóþ ôóíêöèþ,
÷òîáû ïðè äîñòèæåíèè îïàñíîãî óðîâíÿ ïðîñëóøèâàíèÿ ãðîìêîñòü àâòîìàòè÷åñêè áûëà
óìåíüøåíà äî ïðèåìëåìîãî óðîâíÿ (75-80 äÁÀ).

Âûâîäû:

Îäíîé èç îñíîâíûõ ïðè÷èí øèðîêîãî ðàñïðîñòðàíåíèÿ àóäèîñèñòåì ÿâëÿåòñÿ
øóìîâîå çàãðÿçíåíèå îêðóæàþùåé ñðåäû. Ó 26% ïîëüçîâàòåëåé ìîëîäîãî âîçðàñòà
ïðåäúÿâëÿþò öåëûé ðÿä æàëîá îáùåãî è ëîêàëüíîãî õàðàêòåðà, íå ñâÿçàííûõ ñ
íàðóøåíèÿìè ñëóõà.

Íåîáõîäèìî óñîâåðøåíñòâîâàíèå ñèñòåì êîíòðîëÿ è ïðîôèëàêòè÷åñêèõ
ìåðîïðèÿòèé, óìåíüøàþùèõ ðèñêè ïðè÷èíåíèÿ âðåäà çäîðîâüþ ïðè èñïîëüçîâàíèè
íàóøíèêîâ.

Çàêëþ÷åíèå

Ïîëó÷åííûå äàííûå ïîêàçàëè, ÷òî ó 26% ïîëüçîâàòåëåé ìîëîäîãî âîçðàñòà
ïðåäúÿâëÿþò öåëûé ðÿä æàëîá îáùåãî è ëîêàëüíîãî õàðàêòåðà, íå ñâÿçàííûõ ñ
íàðóøåíèÿìè ñëóõà. Âî-ïåðâûõ, ÿâíî ïðîñìàòðèâàåòñÿ ôîðìèðîâàíèå ïàòîëîãèè
öåíòðàëüíîé íåðâíîé ñèñòåìû, íà ÷òî óêàçûâàåò ðàñïðîñòðàíåííîñòü æàëîá íà
ãîëîâîêðóæåíèå, ãîëîâíóþ áîëü, îáùèé äèñêîìôîðò, çâîí â óøàõ. Íåëüçÿ èñêëþ÷èòü
ôîðìèðîâàíèå ó íåêîòîðûõ ëèö ñèíäðîìà ãèïåðàêóçèè (ïîâûøåííîé ÷óâñòâèòåëüíîñòè
ê øóìó). Ýòî, ïðåæäå âñåãî, êàñàåòñÿ êîíòèíãåíòà 2-é ãðóïïû, òàê êàê áîëüíîé
ãèïåðàêóçèåé íå ñòàíåò çàãëóøàòü îäèí øóì äðóãèì: äëÿ íåãî íåâûíîñèìû ëþáûå
âíåøíèå çâóêè. Ýòî îáîñíîâûâàåò íåîáõîäèìîñòü äîïîëíèòåëüíîãî îáñëåäîâàíèÿ ñ
èñïîëüçîâàíèåì îïðîñíèêà Âàéíøòåéíà [12]. Íåðåäêè òàêæå è ëîêàëüíûå æàëîáû íà áîëü
èëè çóä â îáëàñòè íàðóæíîãî ñëóõîâîãî ïðîõîäà. Äëÿ òàêèõ ëèö òàêæå ðàçðàáàòûâàåòñÿ
ñïåöèàëüíûé îïðîñíèê, ïîçâîëÿþùèé íàïðàâèòü ÷àñòü êîíòèíãåíòà ê ËÎÐ-ñïåöèàëèñòàì.
Âñå âûøåóêàçàííîå íåîáõîäèìî ýêñòðàïîëèðîâàòü íà îöåíêó çäîðîâüÿ êîíòèíãåíòîâ,
ðàáîòàþùèõ â íàóøíèêàõ, òàê êàê ó íèõ ïîñëåäñòâèÿ ìíîãîëåòíåãî èñïîëüçîâàíèÿ
íàóøíèêîâ 7-8 ÷àñîâ åæåäíåâíî áóäóò çàêîíîìåðíî ãîðàçäî ñåðüåçíåå.
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