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Low-Frequency Noise is underestimated by dBA. After 80 years, an

LFN descriptor for rating annoyance is necessary

Montano W.A.1
1 Director, ARQUICUST Acoustic in situ Measurement Laboratory, Gualeguaychu, Argentina

Abstract

The dBA was de�ned in 1936 to measure low levels up to 55 dB; the oldest sound level meters

included two panel switches: one for sound pressure and the other for frequency weighting. It became easier to

measure just the dBA in late 60`s, but this was not the best decision since low-frequency noise and infrasound

are underestimated by dBA weighting. WHO recommends the use of dBC-dBA and suggests that when this

di�erence is greater than 10 dB, an analysis should be applied. For more than 80 years, the common worldwide

laws against noise have forced us `to feel the noise in dBA levels,' which is not true because our body `senses'

the whole �at frequency bandwidth. Few countries have legislation on how to assess ILFN levels. This Article

discusses the necessity to create a paradigm for LFN measurement (based on ISO 1996), in order to `retire' the

dBA noise descriptor.

Keywords: Low-frequency, noise descriptor, standards, audibility, philosophy of technology.

Íèçêî÷àñòîòíûé øóì çàíèæàåòñÿ ïðè ïðèìåíåíèè äÁÀ. ×åðåç 80 ëåò ñòàë

íåîáõîäèì äåñêðèïòîð íèçêî÷àñòîòíîãî øóìà äëÿ îöåíêè ðàçäðàæàþùåãî

âîçäåéñòâèÿ

Ìîíòàíî Â.À.1
1 Äèðåêòîð, Ëàáîðàòîðèÿ íàòóðíûõ àêóñòè÷åñêèõ èçìåðåíèé ARQUICUST, Ãóàëåãóàé÷ó, Àðãåíòèíà

Àííîòàöèÿ

ÄÁÀ áûë îïðåäåëåí â 1936 ãîäó äëÿ èçìåðåíèÿ íèçêèõ óðîâíåé äî 55 äÁ; ñàìûå ñòàðûå

èçìåðèòåëè óðîâíÿ çâóêà âêëþ÷àëè äâà ïàíåëüíûõ ïåðåêëþ÷àòåëÿ: îäèí äëÿ çâóêîâîãî äàâëåíèÿ, à

äðóãîé äëÿ ÷àñòîòíîé êîððåêöèè. Â êîíöå 60-õ ãîäîâ ñòàëî ïðîùå èçìåðÿòü òîëüêî äÁÀ, íî ýòî áûëî íå

ëó÷øèì ðåøåíèåì, ïîñêîëüêó íèçêî÷àñòîòíûé øóì è èíôðàçâóê çàíèæàþòñÿ ïðè êîððåêöèè äÁÀ. ÂÎÇ

ðåêîìåíäóåò èñïîëüçîâàòü äÁí-äÁÀ è ïðåäëàãàåò ïðîâîäèòü àíàëèç, åñëè ýòà ðàçíèöà ïðåâûøàåò 10 äÁ.

Óæå áîëåå 80 ëåò îáùåïðèíÿòûå âî âñåì ìèðå çàêîíû ïðîòèâ øóìà çàñòàâëÿþò íàñ "÷óâñòâîâàòü øóì

íà óðîâíå äÁÀ", ÷òî íåâåðíî, ïîòîìó ÷òî íàøå òåëî "÷óâñòâóåò" âåñü ïëîñêèé äèàïàçîí ÷àñòîò. Ëèøü

íåìíîãèå ñòðàíû èìåþò çàêîíîäàòåëüñòâî î òîì, êàê îöåíèâàòü óðîâíè èíôðàçâóêà è íèçêî÷àñòîòíîãî

øóìà (ILFN). Â äàííîé ñòàòüå ðàññìàòðèâàåòñÿ íåîáõîäèìîñòü ñîçäàíèÿ ïàðàäèãìû äëÿ èçìåðåíèÿ

íèçêî÷àñòîòíîãî øóìà (îñíîâàííîé íà ñòàíäàðòå ISO 1996), ÷òîáû "óáðàòü" äåñêðèïòîð øóìà äÁÀ.

Êëþ÷åâûå ñëîâà: Íèçêî÷àñòîòíûé, äåñêðèïòîð øóìà, ñòàíäàðòû, ñëûøèìîñòü, ôèëîñîôèÿ

òåõíîëîãèè.

*E-mail: wmontano@arquicust.com (Montano W.A.)
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Introduction

The development of the �rst frequencies weighting curves in 1936 was a great scienti�c
and technological e�ort, but it became as Standardized under Z24.3 in 1944 by ANSI. The
`A' frequency weighting was de�ned only for low sound levels up to 55 dB; the `B' frequency
weighting was de�ned for medium sound levels 55-85 dB, and the `C' was de�ned for high sound
levels upon 85 dB and it was �at, not frequency weighting at all.

The so-called `A', `B', and `C' curves were `approximate' the inverse of the 40-, 70-,
and 100-phon equal loudness curves [1], they were de�ned in IEC 123 as International Standard
in 1961, and a frequency weighting was established to `C'.

The sound level meters used in those early years had two panel switches: one for sound
pressure (attenuator in 10 dB step) and the other for frequency weighting. It called for the
operator to be a trained person, because he had to adjust the attenuator switch for an on-scale
de�ection of the indicating meter [2]. The following is the direction on how to measure:

2.3 SELECTION OF WEIGHTING NETWORK. Many early noise criteria speci�ed
weighted sound levels, using this rule of thumb: �A� weighting for sound levels from 24 to 55
dB, �B� for levels from 55 to 85 dB, and �C� for levels from 85 to 140 dB. (The appropriate
range was selected after a preliminary C-weighted measurement.) More recent opinions favor
selection of weighting network on the basis of the type of noise measurement; for instance, �A�
weighting is often preferred for speech-interference measurements, while �B� is recommended for
surveys of tra�c noise. In the absence of speci�c weighting requirements, it is usually helpful
to take measurements on all three weighting networks. [2]

It is obvious that the operator had to deal with changing the switches at every
moment, but at the end of the 1960s decade, everybody used the A-weighting only because of
equal loudness human response to noise, this conduct being a consequence of measuring the
occupational noise in dBA values no matter the noise level.

For many years, the sound pressure levels in dBA measurements was correlated with
loudness and the human perception, in the sense of having a sound descriptor to describe
the nuisance or annoyance because of noise, but that information was weak in cases when
the infrasound or low-frequency noise level were high. James Botsford was one of the �rst
acousticians who realized that with a lot of experimental data, publishing a Paper about it
in 1969, that year being the milestone of starting an on-going discussion: The A-weighting
frequency does not inform the real noise impact on people.

1. Science and early technologies to measure the sound level and the
auditory response at low-frequency range

The interest in having a means to measure a sound wave for analysis purposes has
been a concern for centuries. Greeks philosophers used strings to identify musical notes; Felix
Savart (1791�1841) invented the Sonom�etre to measure musical tones by strings resonance
with weights circa 1827, and after that, a perforated wheel [3]; until 1878 many mechanical
devices were developed using �ames, mirrors, sirens, etc., when Thomas A. Edison (1847�1931)
invented the Phonograph and recorded the Elevated train noise of New York City [4] for further
analysis.

1.1. Seeking of one quantitative unit

1.1.1. Fechner and the psychophysics of auditory system

For centuries, many scientists had been saying it was impossible to describe the human
sensations by quanti�cation units. Gustav Theodor Fechner (1801�1887), a Philosopher
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dedicated to Psychophysics, was the �rst who elicited and conceptualized in 1860 that the
`auditory system hears in a logarithmic way' [5], but the right instrumentation didn't exist to
verify that.

1.1.2. Preyer and the limits of the perception of tones

William Thierry Preyer (1841�1897) was one of the �rst who studied systematically the
hearing of lowest tones; he published his investigation in 1876 `On the limits of the perception
of tones' [6], he used very deep, loaded tongues, in reed pipes, to produce bass tones from 8
cps; he reached the next astonishing conclusions after many repetitions:

Fig. 1. Compilation of observed perception of bass tones vibrations (Preyer, 1876)

Preyer didn't use any instrumentation to do the measurements `These were set into
strong vibration by blowing, and then on interrupting the wind, the dying o� of the vibrations
was listened to by laying the ear against the box', he wrote the sensation that they felt [6]:

a) 8-9: No sound; one hears an intermittent friction noise, the intermissions of which
are countable.

b) 10 to 14: no sound; you feel the vibrations and see the movements, the rattling
becomes weaker.

c) 15: no sound; some have a dull sensation of sound.
d) 16 to 18: The sensation of sound begins; in addition to the vibrations of the air that

can still be felt by the sense of touch, many hear a dull sound.
e) 19-20: here the sound sensation becomes clear to many; the sound is humming softly.

There are more conclusions in his publication, but for this article the most important
issue to bring out is his pioneering work on the human hearing sensation in infrasound and
low-frequency sound region.

1.1.3. Helmholtz and the earliest studies on low-frequency hearing

Hermann L. F. Helmholtz (1821�1894) published the �rst edition in German his in�uent
book `On the sensation of tone. . . ' in 1863, and the �nal edition in 1877, for this article, the
English translation of the last one [7] was used. For the �rst experimentation (in 1862 before
Preyer) Helmholtz used a Savart wheel, long organ tubes and other primitive resources, but
he could not generate frequencies below 30 vibrations (cps) free of distortion or upper partial
harmonics, but he did experience 24 vibrations (cps).
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It is interesting that in the English version of this book, the translator (he was an
expert into acoustics) in 1877 after Preyer` is replicated his experimentation because Preyer
asked to, and the translator used similar apparatus as well as Prayer in order to check out the
right frequencies' vibrations. The translator improved the Helmholtz book, because he made a
correlation between the Helmholtz results and the Preyer one.

1.1.4. Hartmann and the hearing test on a graphical representation

The German otologist Arthur Wilhelm Hartmann (1849�1931) in 1889 published an
important book `Die krankheit des ohres und deren behandlung' (`Ear disease and its treatment')
[8]; in its Chapter 4 `Hearing test' he analyzed di�erent hearing responses of metal workers by
putting in a graphical representation for the results of their hearing test (�rst conceived by
himself in 1885), using eight tuning forks for the experiment; he pointed out the use of wood
box for amplifying the sound intensity of lower frequency forks in order to maintain the equal
hearing sensation. It was not until the invention of the valves in 1906, that the sound levels
could be accurately measured.

1.1.5. Low-frequency noise nuisance in 1895 Newspaper article

The nuisance and annoyance produced by low-frequency noise began with the use of
big machinery, such as boilers, steam machines, electric generators, etc.; it is interesting how he
people react to the `unheard noise' produced by these new technologies. In 1895, the following
article was published a newspaper [9]:

Fig. 2. Low-frequency noise mentioned in 1895 (extraction)

This article is remarkable because the famous Hiram Stevens Maxim (1840�1916) was
called to attend that problem about low-frequency noise. It is obvious that in 1895 they couldn't
identify the frequencies range responsible for the nuisance, but they pointed out `the noise is
not even audible'. [9]

1.2. Earlier studies on human hearing at infrasound and low-frequency

region

1.2.1. Relationship between hearing thresholds and frequency. Wien's work

MaxWien (1866�1938) made an early measurement of the lower limit of sound intensity
that is audible, and his research brought several advances on how to understand the auditory
sensations in the lowest audibility region; additionally he was the �rst who could demonstrate
the de Fechner Principle that the auditory system hears in a logarithmic way.
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Wien published a Paper with his research in 1903 titled `About the sensitivity of the
human ear to sounds of di�erent heights' (`Ueber die emp�ndlichkeit des menschlichen Ohres
f�ur t�one verschiedener H�ohe') [10], he analyzed three di�erent telephone's devices.

Wien used a telephone receiver to measure absolute intensity thresholds, and an
alternating current siren �as sound source� to generate a periodic current change in order to
determine this sensitivity at di�erent frequencies. In the experiment, the current amplitude
was �rst reduced until no sound was heard, and then increased again beyond the threshold of
perception; Wien, therefore, goes over to logarithmic sensitivity with base 10.

Wien �rst carried out a frequency-independent shift of the sensitivity curves obtained.
The chart shows the relationship between hearing thresholds and frequency, as one can see in
Figure 3-a.

Fig. 3. (a) Sensitivity of the human ear as a function of frequency (Wien, 1903);
(b) Equal loudness contours (Laird & Coye, 1929) taken from [11]

Wien also thought about `what would happen to the sensitivity values for hearing
impaired people?' He was already thinking of using its apparatus to diagnose hearing loss.

1.2.2. Laird and Coye and the pioneer research on low-frequency hearing

At Colgate University, the investigations of two psychologists Donald Anderson Laird
(1897�1969) and Kenneth Coye (?�?) were focused on how di�erent stressors a�ected people at
workplaces, among them noise was a central subject. They published in the �rst issue of ASA's
Journal in 1929 `Psychological measurements of annoyance as related to pitch and loudness'
[11], a complete work and the �rst of its kind, analyzing, and put together in one graphic the
equal loudness contour and the equal annoyance contour, as one can see in Fig. 3-b. The
importance of some of their studies is the observation on the annoyance of low levels of low
frequency-noise at workplaces.

1.2.3. Von B�ek�esy on the tactile sensation vs hearing at infrasound and low-frequency
region

Georg von B�ek�esy (1899�1972) is considered to be the �rst to publish a complete
audiogram on human hearing covering the infrasound and low-frequency sound region; he
succeeds in perceiving a tone of 1 Hz in human hearing threshold tests done in 1936; at such
low frequencies, B�ek�esy discovers a relationship between `audible stimuli' and `stimuli that can
be felt by touch' [12]. Von B�ek�esy found discrepancies on the absolute threshold in a previous
investigation of the perception of sinus tones at the border to infrasound, which suggests an
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explanation by hierarchically-organized neuronal oscillations. He contributed signi�cantly to
the understanding of the production and measurement of low-frequency sine waves on the one
hand and the perception on the other.

1.3. The beginning of Electroacoustics Era: The �rst condenser

microphone for sound measurements

Since the invention of the microphone used for the telephone communications, a lot
of scientists tried to adapt it for sound measurements, but they had a poor quality because of
the magnetic coupled. Edward Christopher Wente (1889�1972) working at Bell, designed and
patented in 1917 [13] a condenser microphone with: plus 15 kHz bandwidth, undistorted and
�at response, with real possibilities of calibration, electric circuit stability.

The `Wente microphone' measures any kind of arbitrary noise in Sound Units intensity
and was capable of dealing with low levels of sound using an internal valve to amplify the voltage
delivered by the membrane. For the �rst time, the acousticians could measure the minimum
audible sound. This microphone was used for acoustic instrumentation, and it was applied for
more than 50 years as the Standard reference. One version has worked as a master transducer
in an arti�cial ear, also.

2. Barkhausen: The inception of Phon concept and the dawn of sound
level meters

The German scientist Heinrich Georg Barkhausen (1880-1956) worked on di�erent
physics areas, and during the 1920s he concentrated on electroacoustics [14]. His goal was to
make an apparatus which could measure the sound levels in terms of sensation. In Barkhausen`s
time, the sound pressure in Europe was measured in `Wien' (named in honor of physicist
Max Wien); its scope ranges from `1 Wien ≡ hearing threshold' to `16,000 Wien ≡ pain
thresholds.' To push this area onto a manageable scale, Barkhausen used -according to Fechner-
the logarithm to base 2: Doubling of the volume impression resulted in an increase of his point
by one point. `I would like to suggest the term `Phon` for this volume unit' [15]; and with that,
the `Barkhausen-Phon' was created.

The concept of Phon as measure unit was �nally internationally accepted in June 1937
at the �rst `International acoustical conference' [16] which took place in Paris, but its actual
concept as magnitude is totally di�erent to that one.

There are a lot of publications about the use of Barkhausen's phonometer in sound
intensity measurement, and it was extensively used for acoustic isolation measurement until
the 1950s. The 1931 version was the most precise model (under the Siemens trademark), and
its characteristics were replicated by some US companies, but in 1933 because of its German
origin, in the US its use was banned.

3. Fletcher and Munson equal-loudness curves

Harvey Fletcher (1884�1981) joined Western Electric Company in 1916, and he
was more interested in the acoustics �eld -speci�cally on speech and human hearing- than
telecommunication. It is important to note that at the same time of Fletcher's work at Bell
(in America), Barkhausen was working in the same �eld but at Siemens (in Europe), and their
works were quite similar with some di�erences between them.

Fletcher together with Wilden Andrew Munson (1902�1982) have done the �rst
important research on hearing sensitivity and loudness in 1933 [17], with certain limitation
but it was revolutionary during those years. Although the previous research on low-frequency
hearing (one of them published in the �rst ASA Journal by Laird&Coye), Fletcher and
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Munson did not take care about it: `Note that as Fletcher informally observed, the loudness of
low-frequency comparison tones changed more rapidly with changes in the level of the standard
tone than did tones in the mid-frequency range near the 1000-Hz standard'. [18]

It is well known that in two important issues of that research: (a) they used single sine
waves as signals at di�erent levels, in order to get the answer about loudness from the subjects
under study, and (b) for hearing the signals, subjects used sealed headphones on their heads;
(c) the responses curves do not take account the torso and human head frequencies �ltering of
the sound �eld.

Fig. 4. (a) Loudness level contour (Fletcher&Munson, 1933);
(b) Z24.3-1944 frequencies weighting curves (Beranek, 1954)

For drawing the �nal level contour, Fletcher and Munson selected empirically the data
but from those subjects who showed a `normal hearing' for each ear independently [17]. So,
under this `a very unnatural way to listen to a very unnatural sound,' the A-weighting frequency
was born.

4. From ANSI Z24.3-1936 to IEC 61672-1:2013

4.1. ANSI Z24.3-1936 and the initial frequency weighting curves

On December 27, 1928 at the Bell Telephone Laboratories in New York City,
approximately 40 scientists and engineers interested in acoustics founded the Acoustical
Society of America (ASA). In May 1932, a specialized Sub-Committee was formed in order
to work on noise measurement. They developed in 1936 the `Z24.3 American tentative
standards for sound level meters for measurement of noise and other sounds'. Although the
Fletcher-Munson curves were published in 1933, their shapes were too complicated for using
with analog technology, so the following weighting curves were proposed (See Fig. 4-b):

a) `A' frequency weighting was conceived only for low sound levels up to 55 dB, and
was from the 40-dB equal-loudness contour modi�ed by the di�erence between random and
normal free-�eld thresholds [19];

b) `B' frequency weighting was conceived for medium sound levels 55-85 dB, the
response curve was between that of A-weighting frequency and a �at frequency response.

c) `C' was de�ned for high sound levels above 85 dB, with equal response over entire
range.

After several attempts, the Standard Z24.3 for sound level meters was published in
1944 [20], with a small adjustment to `A' and `B' curves and the `C' remained as �at. Contrary
to the general thinking, the response to the frequency of the Standardized weighting curves
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does not approximate the Fletcher-Munson curves; they do not have `reciprocity' as one can
compare in Fig. 4. Houser [18] shares a really interesting comment:

It is crucial to recognize, and is evident in the evolution of sound level metrics, that the
work at Bell Labs involving sound was focused almost entirely on telephone communication,
and not on general principles of hearing. [18]

4.2. Technical references about the weakness of A-weighting to measure

loud noises, complex sound or with low-frequency contents

Since almost the beginning of use of the weighting curves, acousticians realized that the
A-weighting did not `communicate' the real noise loudness. For instance, in 1938 Blair Foulds
published a Paper `Recent advances in the use of acoustic instruments for routine production
testing' [21] in which he proposes the sound level meters as a tool to identify the quality of the
mechanical motors, but one of his observations is really remarkable:

Whereas the noise meter is intended to measure the level for loudness of a sound, the
human observer not only gets the loudness of the entire sound but involuntary analyzes the
sound (. . . ) the overall loudness of a motor is controlled largely by the low frequency component
and does not re�ect small changes in mid or high frequency ranges. [21]

We have to take into account that paper was published just two years after the
introduction of the �rst weighting curves (for sound level measurements with instruments).

Leo L. Beranek (1914�2016) in his in�uential Book `Acoustics' published in 1954 has
pointed out `It is emphasized that although these weighting networks are useful in giving the
loudness level of pure tones, they are not able to give the loudness level of complex noises' ; [20]
and it is clear that the dBA it was not de�ned to measure compounded sounds in its spectral
shape, and it is inadequate for sounds with discrete tonal components or sounds with high
levels of low-frequency characteristics.

Clayton L. Stevens in his Paper `Filter Networks' [22] written in 1957, he provides very
interesting technical opinions: Extensive work has been performed and reported by many trying
to �nd a workable formula for equating the sound pressure levels recorded using the A, B, and
C networks to loudness levels. All e�orts have resulted in essentially the same �ndings: that
the readings can be useful only if the noises measured were simple sounds of one predominant
frequency. (. . . ) Past performance has proved that the A and B weighting networks can only
be used in a few speci�c applications. [22]

Houser wrote [18] in reference to similar situations:

A-weighting is largely derived from studies of human listeners utilizing tonal signals and
likely does not fully capture the relationship between complex signals and perceived loudness.
It does not account for the frequency spectra of signals and likely underestimates contributions
of complex signals across the frequency range of hearing.

4.3. IEC 123:1961 the �rst international Standard for sound level meters

IEC/TC 29 group was established in 1953, following the �rst International Congress
on Acoustics, at which the urgent need for international standardization in electroacoustics was
recognized, and at which time some topics were discussed in detail and some working draft
documents produced. These were completed at the �rst meetings of TC 29 in The Hague, in
1953 [23]. After several discussions, in 1961 the �rst international Standard was published for
sound level meters. The IEC 123 was a Recommendation with the objective to specify the
characteristics of equipment to measure certain weighted sound pressure levels.

The `A' and `B' curve had almost the same weighting frequency as ANSI Standard,
and to the `C' at low frequencies and high frequencies a weighting was added. It is important to
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note that IEC 123 stated in its clause 4.3: `Although these weightings approximate very roughly
certain properties of the ear, they are to be considered merely as conventional'.

4.4. The path through di�erent Standards toward the IEC 61672-1:2013

For this Paper, the objective is not to explain these Standards, but to extract the
concepts that the dBA is not a curve that simulates the human hearing response, for instance:

a) IEC 179:1973, states in clause 4.3: `Although the curves A, B and C take certain
properties of the ear into account, they must be considered to be purely conventional'.

b) IEC 651:1979, states in clause 2.3.3: `In the past, frequency weighting and time
weighting have been associated with certain characteristics of the ear. However, recent work
has not substantiated these historical associations so that frequency and time weighting
characteristics of sound level meters may be considered to be conventional. The A weighting
characteristic is now frequently speci�ed for rating sounds irrespective of level and is no longer
restricted to low sound levels'.

c) IEC 61672 First Edition was published in 2002, and it does not say anything about
the origin of statement of the A-weighting, the `B' curve was eliminated and a `Z' or �at
frequency response was added.

d) IEC 61672 Second Edition was published in 2013, and it does not say anything about
the origin of statement of the A-weighting.

4.5. The ISO 1996-1:2016 Third Edition

It is important not to forget the most important international Standard about noise
measurement, the ISO 1996; it states in 6.2 Frequency weightings [24] `Frequency weighting
A is generally used to assess all sound sources except high-energy impulsive sounds or
sounds with strong low-frequency content'. (The underlines were made by the author)

5. Robinson and Dadson curves and the ISO 226

After the Fletcher and Munson publications, several researchers have published
di�erent concepts of the loudness or the human sensation (like Stevens, Newman, Zwicker,
etc.). However, it wasn't until 1956 that a precise investigation was published. Donald
William Robinson (1920�1999) and Robert S. Dadson (1908�?) did a controlled research in
England on human hearing in free �eld conditions (with a frontal sound incidence of pure
tones via a center loudspeaker in an anechoic room) titled `A Re-determination of the Equal-
Loudness Relations for Pure Tones'. The equal-loudness contours known as Robinson-Dadson
curves, map intensity in dB SPL to loudness-related log-like measure phons [25] (but not in
`Barkhausen-phon' directions).



Montano W.A.
Low-Frequency Noise is underestimated by dBA. After 80 years,

an LFN descriptor for rating annoyance is necessary 16

Fig. 5. Loudness level contour comparison: Fletcher-Munson (F) Robinson-Dadson (R)

The Robinson-Dadson equal-loudness contours curves are so di�erent from the Fletcher-
Munson equal-loudness contours curves, as one can observe in Fig. 5 (from [26]).

The Robinson�Dadson curves were used for the �rst international standard of loudness
and hearing: the ISO 226 was published as a Recommendation in 1961. M�oller analyzes the
line-life of this Standard [27], and for its First Edition he wrote:

The data of ISO R226:1961 were based on a comprehensive investigation made by
Robinson and Dadson. Their experiments included up to 120 test subjects and covered the
frequency range 25 Hz-15 kHz and levels up to 129 dB. The main part of the experiment was
made in a free-�eld environment, but at low frequencies the listeners were placed with head and
shoulders inside a duct, which established a free progressive wave. As seen from the frequencies
and levels covered by the investigation, the data of ISO R226:1961 at the lowest frequencies
and at the highest levels must have been extrapolated. [27]

About the Second Edition of the ISO 226 published in 1987, M�oller wrote: Despite of
the changes, the data material was virtually unchanged but the upper frequency limit had been
lowered from 15 kHz to 12.5 kHz, and the dynamic range had been restricted to 120 dB at low
frequencies, 110 dB at middle frequencies and 100 dB at the highest frequencies. Evidently,
doubt must have been raised about the data at the highest frequencies and at the highest levels
of the former version. [27]

For the Third Edition of the ISO 226 published in 2003, the lowest frequency was the
same of previous versions (20 Hz) and it was used for pure sinus tones also. The equal-loudness
contours values below 1 kHz are much higher than previous ones, but the most important issue
of this Edition is that the data used came from di�erent countries.

6. The 1960s, decade of the universalization of the dBA as a single
descriptor for human response to noise

Although the A-weighting frequency was de�ned to measure sound levels between 24
and 55 dB, there are dozens of research and publications in the 1960s about noise and loudness
perception in homes, o�ces, and workplaces using the dBA with higher sound levels. Several
statistics investigations on people that were exposed to broadband noises showed that a high
levels of those with the analysis done by means of loudness instead of sound pressure level.
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It shows a good correlation between the A-weighting frequency responses to approximate the
human ear's response to a broadband noise with no tonal components.

In 1966, Karl David Kryter (1914-2013) talked about `measuring the sound level in
terms of loudness', and that ranking or rating the acceptability of real-life sounds should be
made in terms of their loudness. He wrote this in a Report to NASA: While this is undoubtedly
true, it overlooks the possibility that other basic attributes of a sound, such as pitch, complexity,
etc., might interact with loudness to produce di�erent judgments of acceptability than loudness
alone. Indeed, as we shall see later, such an interaction does apparently take place. [28]

This Report was conducted by the Bolt, Beranek and Newman Company.

Another important issue about this simpli�cation of the A-weighting frequency (no
matter the sound levels) is that the researchers were using pure tones:

When used with individual pure tones, one would expect the sound level meter to give
reasonably good estimates of loudness. One might feel, however, that this would not be true
for more complex sounds. Nevertheless, as will be demonstrated later, when the network with
40 phon weighting is used with broadband sounds in the region from perhaps 60 to 100 phons,
the obtained reading agrees reasonably well with judgment data of the loudnesses if the energy
of the sounds is concentrated in the frequency regions below 500 cps or so, or above 2000 cps
or so. The validity and use of the sound level meter with weighting networks for the evaluation
of noises will be discussed below. [28]

It is clear that: (a) the `network with 40 phon weighting' is the A-weighting frequency,
and (b) they are talking about the ear response at low-frequency, `the obtained reading agrees
reasonably well with judgment data of the loudnesses if the energy of the sounds is concentrated
in the frequency regions below 500 cps or so'. He mentioned some statistics results but using
motor vehicles as a noise source:

It should be noted in �gure 19 that in these experiments in which the subjects were
asked to rate only the sounds from motor vehicles, dB(A) is often as good or better a predictor
of judged loudness or noisiness (except when the vehicles were diesel-powered trucks) than
phons(Z), phons(S), or PNdB. The ability of dB(A) levels to predict the subjective ratings of
motor vehicle noise is perhaps partially due to the homogeneity of the spectrum of the sound.
The spectrum of the sound from these vehicles is always predominantly in the frequency region
below 500 cps or so. [28]

Throughout the whole Report, the sound levels compared pressure measures (dBA
and dBC) against sound loudness measures. Perhaps the goal was to know the deviation of
using di�erent descriptors on the same noise. The most `amazing' conclusion of the Report is
`On logical grounds, dB(C) and dB(A), being single measures taken over all frequencies, should
perform the worst of the objective methods in estimating subjective loudness or noisiness...'
[28].

7. Botsford and his pioneer work on analyzing the content of low-frequency
level by means of C-weighting and A-weighting frequencies together

Howard James Botsford (1925-1984) worked in the steel industry and was worried
about human exposure to high sound levels. Among his jobs was a governmental Consulter
for noise problems. In 1969, he published the most in�uential Paper about creating a noise
descriptor for analyzing the low-frequency noise problem; the ASA comments in his Obituary
[29] were:

Use of the A-weighted sound level was further developed in his paper `Using Sound
Levels to Gauge Human Response to Noise,' where its relationships to hearing conservation
criteria, speech interference levels, annoyance of neighborhood noise, desirable sound levels in



Montano W.A.
Low-Frequency Noise is underestimated by dBA. After 80 years,

an LFN descriptor for rating annoyance is necessary 18

rooms, and perceived noise levels were established.[29]

Knowing the amount level of low-frequency content in a sound spectrum, in terms of
sound pressure, that was not unknown, was noted by Beranek in 1954:

Readings are usually taken with each of the three weighting networks. From these
readings, information regarding the frequency distribution of the noise can be obtained. (...) if
the sound level is greatest with network C, the sound predominates in frequencies below 150
cps. [20]

Botsford after analyzing 953 di�erent spectral noise measurements registered at
di�erent industries, he obtained from the measurement in 1/3 octave bands the LA and
LC values, observing a particular behavior: when the value of the di�erence between the
C-A was high, that index is correlated with acoustic emissions with high energy content at
low-frequencies. His conceptual idea of using C-A di�erence value, is transcribed in Community
Noise (published by WHO in 1995) `. . . it is suggested to use: sound pressure level in dBC and
dBA and their di�erence as a �rst estimate of the low frequency content. . . ' [30].

8. The problems of measurement using the dBA take place among
acousticians

8.1. Are our noise laws adequate?

In 1973, an interesting Paper was published by M.E. Bryan and W. Tempest: `Are our
noise laws adequate?' [31], about not using the data resulting from experimental research on
noise annoyance using dBA measurements (among other issues):

This exclusion has been made because the laboratory experiments seem to be almost
totally unrelated to the real-life situation; the laboratory listeners are voluntary, and are short-
term, the noise will �nish when they go home, and they are being asked to express an opinion
as to the relative noisiness or unpleasantness of a range of sounds. [31]

They analyzed some noise descriptor (PNdB, Tra�c Noise Index, etc.) mentioning a
1968 study `Subjective response to tra�c noise' with the following statement:

Individual dissatisfaction scores correlated poorly with physical measures. This �nding
is believed to be the result of wide individual di�erences in susceptibility to and experience of
noise, as well as patterns of living likely to be disturbed by noise. Attempts to allow for these
factors were unsuccessful. [31]

They share some concepts from a 1969 survey about tra�c noise done by D.W.
Robinson `Whilst noisiness ratings were related to the average measures of loudness level and
overall level in dB(A), they did not provide a reliable guide to the probable acceptability of the
noise climate.' [31] Finally, they comment on a tra�c study done by Salsford University in 1971:
The survey results are presented in Fig. 3, which shows annoyance rating against external noise
level in dB(A). (. . . ) This data provides evidence that the Noise Advisory Council's recently
suggested (L10) 70 dB(A) maximum permitted noise level for houses adjacent to motorways
will be unsatisfactory. [31]

They show evidence that the psychological conditions of the sensitive people to noise
are important, but sometimes the noise limits in dBA values are not conclusive, and it should
include some other spectral components inside the noise which provokes an annoying condition
under some circumstances on people.

8.2. The �rst international colloquium concerning infrasound only, 1973

The �rst international colloquium concerned with infrasound only was held in Paris
in 1973, organized by Leonid Pimonow (1908-2000). It was the �rst time that acousticians
discussed the infrasound and low-frequency noise problem, and the inadequacy of using the
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dBA for their analysis [32]. Since then, a long journey has started for several researchers to
establish a noise descriptor apart from dBA to assess the low-frequency noise.

9. Broner and Leventhall: Their researches and publications about ILFN

Despite the existence of several specialists on ILFN (to the author`s criterion), Dr.
Norman Broner is the most remarkable researcher with his contributions on how to analyze
the low-frequency problems. Among his dozens of investigations, in 1978 `The e�ects of low
frequency noise on people - A review' with a complete resume of other researchers [33] about
ILFN annoyance, e�ects, criteria, etc. was published. They have proposed a low-frequency
noise rating curves in 1983 [34] to assess this phenomenon.

They analyzed many low-frequency noise complaints (also 700 letters sent to the
`Sunday mirror'). The Introduction of their Paper o�ered:

It is becoming increasingly apparent that the SPL(A) value is not a valid basis for
validating a complaint where the intruding noise is unbalanced, so that it contains most energy
in the lower frequencies. (...) It is, therefore, apparent that annoyance due to low frequency
noise is experienced by members of the general population. Now that the problem has been
recognized, more complaints are coming forward. [34]

They add a comment on loudness perception: `The common assumption that the
assessment of loudness and annoyance are equivalent also breaks down in these cases (Tempest,
1973: Bryan, 1976) and this may be due, in part, to the unsteady nature of much low frequency
noise.' [34] Fig. 6 presents the proposed Low frequency noise rating curves.

Fig. 6. The proposed Low frequency noise rating (LFNR) curves (Broner, 1983)
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The conclusion of their publication on LFN annoyance assessment is:

Low-frequency noise annoyance problems are more common than originally believed
and are becoming increasingly recognized as awareness of the problem develops. (...) It
is necessary to measure the annoying noise in the environment concerned, not externally as
recommended by most guides and standards. [34]

10. Analyzing dBA measurements with low-frequency content

This chapter will present a few of the most emblematic cases that the author has
encountered in his professional work (at least 85 similar cases in 15 years) where the impact
of low-frequency noise was important, and it demanded a speci�c acoustics analysis because
the C-A level in those cases was lower than 10 dB but the presence of the predominant tonal
characteristics was important or a low-frequency sound was possibly heard (like a buzz or hum,
i.e., annoying noise). The following instrumentations for sound measurements were used:

a) Sound level meter analyzer with one-third-octave band, CESVA instruments, a class
1 SC420 model. Digital audio recorder, a portable sound recorder ZOOM H1.

b) Sound level meter analyzer with one-third-octave band, CESVA instruments, a class
1 SC310 model. Digital audio recorder, a portable sound recorder ZOOM H1.

c) Sound level meter analyzers with one-third-octave band, BSWA instruments, a class
1 308 model. Digital audio recorder, a portable sound recorder ZOOM H1.

d) A class 1 sound calibrator, CESVA CB005 model.

10.1. Case 1: Hospital`s intermediate recuperation room

For the installation of HVAC equipment due to the expansion of the MRI room (on a
second �oor roof), they did not take into account their proximity of the intermediate recovery
rooms on the fourth �oor of the same building. The nursing team received many complaints
from patients in which a persistent buzzing noise did not allow them to rest, mainly during
night hours. The following graphics show the sound measurement inside of one patient room,
using the time history (Fig. 7-a) in which the intervals of the HVAC noise alone had to be
extracted, and their frequencies spectrums analyzed (Fig. 7-b).

Fig. 7. Sound pressure level inside an intermediate recuperation room (re dB 20 µPa)

According to the basic criteria of C-A di�erence levels, the results are the following:

a) Lower HVAC immission noise → dBC-dBA = 56.6 - 46.7 = 9.9 dB
b) Higher HVAC immission noise → dBC-dBA = 59.4 - 50.6 = 8.8 dB

As one can see, in both cases the C-A di�erence is lower than 10 dB. It is important
to note that the dBA does not `communicate' the high level of energy in infrasound and low-
frequency areas, and the tonal components is characteristics of the sound under analysis.
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10.2. Case 2: Coworking open plan o�ces

At the top �oor of a new building, a company decides to o�er places for a Coworking
labor environment, because they wanted to give a view of the Lima city through the glass
fa�cade. They did not realize that the electrical sub-station and all the electromechanical
installations are above of that space, however, on a precast reinforced concrete slab. People
were developing strong headaches, mental distractions and discomfort because of the steady
low-level of humming noise. The following graphics show the sound measurement in the middle
of the open-plan o�ce, where it is possible to see that the di�erence between C-A level always
is less than 10 dB (Fig. 8-a), and their spectrums have a high sound level in 125 Hz and strong
energy in middle frequencies (Fig. 8-b).

Fig. 8. Sound pressure level inside an open plan o�ce (re dB 20 µPa)

According to the basic criteria of C-A di�erence levels, the results are the following:

a) Noise immission in open-plan o�ces → dBC-dBA = 56.8 � 51.1 = 5.3 dB
b) Noise emission in electrical room → dBC-dBA = 81.4 � 77.2 = 4.2 dB

As one can see, in both cases, the C-A di�erence is lower than 10 dB. It is important to
note that the dBA does not `communicate' the tonal components characteristics of the sound
under analysis.

Fig. 9. Pictures taken in the places where the measurements were done (Case #1)
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Fig. 9. Pictures taken in the places where the measurements were done (Case #2, Case #3)

10.3. Case 3: Immision noise in outdoor areas from a paper mill industry

The criterion for applying the C-A value is not only useful for indoor measurements
but also for outdoor measurements. It is important in these cases to eliminate the unwanted
sound from vehicles passing by; the author proposes one method to determinate the Speci�c
Sound of one particular noise source from the Total Sound measurement, published in this
Journal in December 2018 [35].

Fig. 10. Outdoor noise level from a paper mill industry (re dB 20 µPa)
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In Fig. 10-a one can see the time-history of the Total Sound of one measurement, but
for the analysis the Speci�c Sound level was used and its sound spectrum is in Fig. 10-b.

11. Rating dBC-dBA measurements using the whole bandwidth

In order to take into account the possible LFN annoyance when a dBA measurement is
conducted, the �rst work that suggests adding a `penalty' for these characteristics. Published in
1994 by Lambert & Valet `Study related to the preparation of a communication on a future EC
Noise Policy,' they proposed tentatively that when the average di�erence between dBC and
dBA is 10 dB or more, a penalty should be added for a Leq of less than 60 dBA [30]. They
talked of using dBC minus dBA, so it is necessary to consider the whole frequency bandwidth;
there are no further clari�cations or explanations.

Canada has some industrial noise regulations based on similar criterion (Quebec,
Alberta), a few municipalities in Spain, one Ordinance in Lima (Peru), and a couple Australian
cities. Also, it is being discussed to incorporate it into an Argentinian Standard.

But what about when the dBC-dBA di�erence gives a small value less than 10 dB?
There are many situations where this is possible just when the dBA level is high, usually when
the measurement point is close to the noise source. In these cases, it is possible to get wrong
judgments, because the LC−LA value is lower than 10 dB, and because the sound level in dBA
units does not `communicate' the strong energy in the low-frequency region (like in Case #1)
and is useless with high tonal sound levels (like in Case #2).

12. Rating dBC-dBA measurements using the low-frequency bandwidth

WHO in [30] also suggests `since a large proportion of low frequency components in the
noise may increase annoyance considerably, they should be assessed with appropriate octave or
1/3 octave instruments.' For the measurements that were made to this Paper it used C-A in
a low-frequency region (as it is recommended in the Draft of German DIN 45680:2013 [36]), it
means to calculate LC −LA just using the equivalent continuous sound pressure level (ECSPL)
but, for this Paper, it had been used the results of the averaging C-weighted and A-weighted
from 16 Hz to 200 Hz (identi�ed as dBCLF and dBALF respectively), according to ISO 1996
Third Edition `low-frequency sound' de�nition [37].

In Table 1 the equivalent sound levels in 1/3rd octave band of the two measurements
inside Hospital`s intermediate recuperation room are presented, in order to calculate its ECSPL
in a low-frequency bandwidth.

Table 1
Case #1: Calculation of ECSPL in low-frequency bands in intermediate recuperation room

16
H
z

20
H
z

25
H
z

31
,5
H
z

40
H
z

50
H
z

63
H
z

80
H
z

10
0
H
z

12
5
H
z

16
0
H
z

20
0
H
z

(re dB 20 µPa)
50.9 53.3 49.6 52.8 52.5 48.5 51 44.9 41.2 39.2 39.6 40.2 Sound

measured LZ

42.4 47.1 45.2 49.8 50.5 47.2 50.2 44.4 40.9 39.0 39.5 40.2 57.3 LCeq ,T

(dBCLF )
-5.8 2.8 4.9 13.4 17.9 18.3 24.8 22.4 22.1 23.1 26.2 29.3 33.6 LAeq ,T

(dBALF )



Montano W.A.
Low-Frequency Noise is underestimated by dBA. After 80 years,

an LFN descriptor for rating annoyance is necessary 24

Table 1 (Continuation)
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In Table 2 the equivalent sound levels in 1/3rd octave band of the measurement in the
middle of the open-plan o�ce is presented, in order to calculate its ECSPL in low-frequency
bandwidth.

Table 2
Case #2: Calculation of ECSPL in low-frequency bands in open-plan o�ce
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In Table 3, on the other hand, the di�erences between those values are calculated, and
as one can see, the di�erences are always greater than 10 dB.

Table 3
Case #2: Calculation of ECSPL in low-frequency bands in open-plan o�ce

Location LCeq ,T LAeq ,T dBCLF− Di�erence
(dBCLF ) (dBALF ) dBALF

Case #1: Lower HVAC immision noise 57.3 33.6 23.7 >10
Case #1: Higher HVAC immision noise 58.3 35.3 23.0 >10
Case #2: Open-plan o�ce 75.4 55.2 20.2 >10

13. Relationship between `LC −LA using the whole bandwidth' and `dBC-
dBA using the low-frequency bandwidth'

It is important to note in a simple way (see Table 4) how di�erent the results of these
two low-frequency sound descriptors are, because in some particular cases:

a) The LC−LA value (using the whole bandwidth) is less than 10 dB and this criterion
does not express objectively the low-frequency content.
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b) The LC−LA value (using the whole bandwidth) is less than 20 dB and this criterion
does not express objectively the high low-frequency content.

The author presented at ICSV 26th a Paper with an exhaustive analysis [38], for the
present article some of those data is shared, and enhanced with new ones:

Table 4
Comparison among di�erent measurements LC − LA and dBCLF − dBALF (re dB 20 µPa)

Whole bandwidth Third band
16 Hz to 200 Hz

Location dBC dBA LC − LA dBCLF dBALF dBCLF−
dBALF

Steel casting control site Point #1 81.1 72.7 5.2 80.4 60.1 20.3
Steel casting control site Point #2 83.1 77.9 2.9 81.2 61.1 20.1
Steel casting control site Point #3 88.7 85.0 3.3 85.8 65.8 20.0
Case #1: Lower HVAC noise 56.6 46.7 9.9 57.3 33.6 23.7
Case #1: Higher HVAC noise 59.4 50.6 8.8 58.3 35.3 23.0
Case #2: Open-plan o�ce 56.8 51.5 5.3 75.4 55.2 20.2
Dwelling impacted by pump noise 62.6 55.3 7.3 58.6 42.9 15.7
Tech o�ce inside a factory #1 67.6 53.0 14.6 67.5 41.7 25.8
Tech o�ce inside a factory #2 67.6 51.7 15.9 67.4 41.6 25.8
Tech o�ce inside a factory #3 67.6 51.6 16.0 67.3 41.5 25.8
Tech o�ce inside a factory #4 67.6 51.4 16.2 67.5 41.7 25.7
Tech o�ce inside a factory #5 67.2 50.1 17.1 67.2 41.5 25.8
Case #3. Point #1 day hour 71.7 56.3 15.4 71.8 50.1 21.7
Case #3. Point #2 day hour 70.5 55.8 14.7 70.7 46 24.7
Case #3. Point #3 day hour 72.4 58.6 13.8 72.5 50.4 22.1
Case #3. Point #1 night hour 69.1 53.4 15.7 69.2 46.5 22.7
Case #3. Point #2 night hour 73.0 53.8 19.2 73 52.4 20.6
Case #3. Point #3 night hour 69.9 56.1 13.8 69.7 47.7 22.0
O�ce #1 impacted by tra�c noise 67.4 56.9 10.5 66.8 45.2 21.6
O�ce #2 impacted by tra�c noise 67.2 56.2 11.0 66.5 45.2 21.3
O�ce #3 impacted by tra�c noise 69.6 58.2 11.4 69.3 48.2 21.1
Dwelling #1 close to cooling towers 53.9 43.7 10.2 52.9 34.7 18.2
Dwelling #2 close to cooling towers 57.8 45.7 12.1 57.1 34.4 22.7
Dwelling #3 close to cooling towers 61.8 48.1 13.7 61.4 39.2 22.2
Mechanical adjustment control point 69.6 60.7 8.9 68.4 49.4 19.0
Electrical adjustment control point 82.8 77.2 5.6 80.2 61.4 18.8
Quality control point 87.4 78.1 9.3 86.4 67.3 19.1
Elemental school classroom 71.9 60.4 11.5 72.1 53.2 18.9
Kinder school classroom 60.7 46.1 14.6 60.9 38.5 22.4
Pre-kinder school classroom 68.1 55.2 12.9 68.3 48.6 19.7
School playground 66.4 56.1 10.3 68.7 45 23.7
Music classroom close to HVAC 63.1 59.2 3.9 60.2 43.3 16.9

Some legal references point out that an LFN condition may exist when the time-
weighted average LC − LA (using the whole bandwidth) is equal to or greater than 20 dB, but
as it can observe in the above table that it is not completely true, it means that the C-A value
using the whole bandwidth does not have robustness.
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For this article the author presents some results, but clari�es that he found out the
same behavior in 85 di�erent cases in the sense of the direct C-A value was less than 14 dB and
on the contrary, their dBCLF − dBALF was greater than 15 dB or even greater than 20 dB.

14. Standards and national references to prognosis or forecast the LFN

Some countries have their own legislation about LFN assessment, such as: Poland (10
to 250 Hz), Germany (8 to 125 Hz), Sweden (31.5 to 200 Hz), Denmark (10 to 160 Hz), Finland
(20 to 200 Hz), The Netherlands (10 to 200 Hz), Japan (10 to 80 Hz), Great Britain (10 to 160
Hz), Russia, Spain, etc., and it is very di�cult to correlate the researches from those countries,
because their references values are quite di�erent from each other.

The ANSI/ASA S12.9 Part 4:2005 (R2015) in its Annex D `Sounds with strong low-
frequency content,' presents a descriptor based on the time-mean-square sound pressures in
the 16, 31.5 and 63-Hz octave bands, so the corresponding low-frequency sound pressure level
is symbolized by LLF; this descriptor should be applied only for strong low-frequency content
and when C-A is greater than 10 dB, but this Annex is just `informative', it is not mandatory
its use or application.

The idea of using just the spectrum of inferior frequencies bands to analyze the LFN
was born in Germany: `In German-speaking countries can refer to the �eld tests by Wietlake
and Kubicek. This was the basis for the �rst draft of DIN 45680 standard for the years 1990 to
1992 on determination and assessment of low-frequency noise emissions.' [39]. This Standard
was the �rst to introduce the C-A method, but using the results of the averaging C-weighted
and A-weighted from 8 Hz to 100 Hz, was published in 1997. Even though the last version of
DIN 45680 recommends the use of C-A but it does not consider frequencies above 125 Hz [36].

It could be interesting of having one single Standardized low-frequency sound descriptor
like dBCLF − dBALF , the one is presented in this Article.

15. De�ning a speci�c sound descriptor to assess the LFN: dBCLF −dBALF

The ISO 1996 Third Edition does not propose as mandatory any `correction' or
`adjustment' for sound with strong low-frequency content [37] compared with the previous
ones; because of this the author believes that it is important to have an International
standardized sound descriptor for low-frequency assessment. The ILFN annoyance is not
just a problem inside dwellings but is also important at workplaces when a mental work
is needed not just in o�ces but in control production points in noisy areas. Because the
time-weighted average LC−LA using the whole bandwidth `will give a crude information about
the contribution of low frequency sounds' [30], it is not recommended to use this parameter.

Conclusions

Over the past 50 years, plenty of information about the ILFN impact on people's health
exists, but legislation is not always mandatory to make a right assessment for low-frequency
content. Mostly it is just when its presence is suspected or if it is proven to exist.

After more than 80 years, it is time to `retire' the A-weighting frequency for measuring
sounds with complex spectrum or tonal components, and even more to consider that it does not
express the low-frequency content in noise. Throughout the life of the dBA, many acousticians
have been warning that its use does not consider the real impact of low-frequencies, and the
A-weighting curve lacks validity especially at frequencies below 250 Hz, because its noise level
is underestimated.

`A-weighting is largely derived from studies of human listeners utilizing tonal signals
and likely does not fully capture the relationship between complex signals and perceived loudness.
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It does not account for the frequency spectra of signals and likely underestimates contributions
of complex signals across the frequency range of hearing.' [18]

Prediction parameter for LFN annoyance assessment

In order to suggest a single parameter to assess the LFN, under the concepts of
International Standard ISO 1996, the author proposes using the di�erence between dBCLF −
dBALF , because if the low-frequency components are a concern (at workplaces or housing) the
reference threshold value should be equal to or greater than 15 dB; so, in this way with the
averaging of 1/3rd octave band from 16 Hz to 200 Hz (the standardized ISO low-frequency
range), the uncertainties because of the energy in middle or high frequencies are discarded.
For this calculation is possible to write simple software and should be considered as a tool to
improve the sound analysis that contains tonal or high levels of low-frequency noise.

The author wants to acknowledge and thank: Gretchen Iorio (Up-Wares, Waterbury)
for revising the writing and spelling; Alberto Behar (Ryerson University Toronto) for sharing
his experiences and his time to discuss LFN impact at workplaces, Eduard Puig (SPCCAL,
Generalitat de Catalunya), Andrea Bauerdor� (Umweltbundesamt, Germany), and Iulia
Rassoshenko (Noise Theory and Practice Journal).
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Ìîäåëèðîâàíèå øóìîîáðàçîâàíèÿ ñïåöèàëüíîãî ðàñòî÷íîãî

ñòàíêà

Ãîãóàäçå Ì.Ã.1
1 Àñïèðàíò, Ðîñòîâñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò ïóòåé è ñîîáùåíèé,

Ðîñòîâ-íà-Äîíó

Àííîòàöèÿ

Óðîâíè øóìà íà ðàáî÷èõ ìåñòàõ îïåðàòîðîâ ìåòàëëîîáðàáàòûâàþùèõ ñòàíêîâ çà÷àñòóþ

ïðåâûøàþò íîðìàòèâíûå çíà÷åíèÿ è äîñòèãàþò óðîâíåé çâóêà äî 90-95 äÁÀ. Õàðàêòåðíîé îñîáåííîñòüþ

äàííîãî òèïà ñòàíêîâ ÿâëÿåòñÿ íàëè÷èå äâóõ îäíîâðåìåííî ðàáîòàþùèõ áîðøòàíã, ïðåäíàçíà÷åííûõ

äëÿ ðàñòà÷èâàíèÿ îòâåðñòèé ðàçëè÷íîãî äèàìåòðà. Â ýòîé ñòàòüå ðàññìîòðåí ïðîöåññ ìîäåëèðîâàíèÿ

øóìîîáðàçîâàíèÿ ñïåöèàëüíîãî ðàñòî÷íîãî ñòàíêà.

Êëþ÷åâûå ñëîâà: óðîâíè çâóêà, øóì, ðàñòî÷íûå ñòàíêè.

Simulation of noise generation of a special boring machine

Goguadze M.G.1
1 Postgraduate, Rostov State Transport University, Rostov-on-Don

Abstract

Noise levels in the workplaces of Metalworking machine operators often exceed the standard values

and reach sound levels up to 90-95 dBA. A characteristic feature of this type of machine is the presence of two

simultaneously working boring bars designed for boring holes of di�erent diameters. This article describes the

process of modeling the noise generation of a special boring machine.

Keywords: sound levels, noise, boring machines.

Ââåäåíèå

Óðîâíè øóìà íà ðàáî÷èõ ìåñòàõ îïåðàòîðîâ ìåòàëëîîáðàáàòûâàþùèõ ñòàíêîâ
çà÷àñòóþ ïðåâûøàþò íîðìàòèâíûå çíà÷åíèÿ è äîñòèãàþò óðîâíåé çâóêà äî 90-95 äÁÀ.
Ìåæäó òåì ðàáî÷èå ñêîðîñòè ñòàíêîâ ñ êàæäûì ãîäîì âîçðàñòàþò, è ýòî ìîæåò â ðÿäå
ñëó÷àåâ ïðèâîäèòü ê åùå áîëüøèì ïðåâûøåíèÿì óðîâíåé øóìà â öåõàõ è âèáðàöèé
íà ðàáî÷èõ ìåñòàõ, ïðåâûøàþùèõ óñòàíîâëåííûå ñàíèòàðíûå íîðìû. Â äàííîé ñòàòüå
ðàññìîòðåí ïðîöåññ ìîäåëèðîâàíèÿ øóìîîáðàçîâàíèÿ ñïåöèàëüíîãî ðàñòî÷íîãî ñòàíêà.

Õàðàêòåðíîé îñîáåííîñòüþ îïèñûâàåìîãî òèïà ñòàíêîâ ÿâëÿåòñÿ íàëè÷èå äâóõ
îäíîâðåìåííî ðàáîòàþùèõ áîðøòàíã, ïðåäíàçíà÷åííûõ äëÿ ðàñòà÷èâàíèÿ îòâåðñòèé
ðàçëè÷íîãî äèàìåòðà. Ýòà îñîáåííîñòü ó÷èòûâàåòñÿ â àíàëèòè÷åñêîì çàäàíèè ñèëîâîãî
âîçäåéñòâèÿ ïîñëå ñóììû ñèë ðåçàíèÿ îò êàæäîé áîðøòàíãè. Íà êàæäîé áîðøòàíãå ïðè
îäèíàêîâîé ïîäà÷å ãëóáèíà è ñêîðîñòü ðåçàíèÿ ðàçëè÷íû è, ñëåäîâàòåëüíî, ðàçëè÷íû
÷àñòîòû ñòðóæêîîáðàçîâàíèÿ, êîòîðûå ïî äàííûì âûïîëíÿåìûõ ðàáîò çàäàþòñÿ íèæå
ïðåäñòàâëåííûì îáðàçîì.

*E-mail: maratlex@mail.ru (Ãîãóàäçå Ì.Ã.)
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1. Ìîäåëèðîâàíèå âèáðîàêóñòè÷åñêîé äèíàìèêè êîðïóñîâ

Íà ñòàíêå îáðàáàòûâàþòñÿ êîðïóñà èäåíòè÷íîé êîíôèãóðàöèè, íî èìåþùèå
ðàçëè÷íûå ãåîìåòðè÷åñêèå ðàçìåðû è, ÷òî îñîáåííî âàæíî, ðàçëè÷íûå çíà÷åíèÿ èçãèáíîé
æåñòêîñòè îáðàáàòûâàåìûõ èçäåëèé. Ïîýòîìó íèæå ðàññìîòðåíû äâà âàðèàíòà ìîäåëåé
âèáðîàêóñòè÷åñêîé äèíàìèêè ðàñòà÷èâàåìûõ êîðïóñîâ:

1. Êàê øàðíèðíî-îïåðòîé îáîëî÷êè
2. Îáîëî÷êè ñ æåñòêî çàêðåïëåííûìè êðàÿìè.

Âûáîð ìîäåëè çàâèñèò îò ñîîòíîøåíèÿ èçãèáíîé æåñòêîñòè îáðàáàòûâàåìîé
äåòàëè è æåñòêîñòè îïîð.

Ïîñêîëüêó ñèëà ðåçàíèÿ ïðåäñòàâëÿåò ñîáîé ñèëîâûå âîçìóùåíèÿ, ïåðåìåùàþùèåñÿ
âäîëü îáðàáàòûâàåìîé çàãîòîâêè ñî ñêîðîñòüþ ïîäà÷è, òî ñ ó÷åòîì äàííûõ ðàáîòû [1]
óðàâíåíèÿ èçãèáíûõ êîëåáàíèé ïðåäñòàâèì â ñëåäóþùåì âèäå:

EJx
∂4ξ
∂x4
− ρJx ∂4ξ

∂x2∂t2
+ ρFc

∂2ξ
∂t2

= Py(t)δ(x− x0)
EJy

∂4ε
∂x4
− ρJy ∂4ε

∂x2∂t2
+ ρFc

∂2ε
∂t2

= Pz(t)δ(x− x0)

}
, (1)

ãäå E, Jx,y � ìîäóëü óïðóãîñòè, Ïà, è ìîìåíòû èíåðöèè îáðàáàòûâàåìîé äåòàëè â
íàïðàâëåíèè ñîîòâåòñòâóþùèõ îñåé êîîðäèíàò, ì4;

ξ, ε - ïðîäîëüíûå ïåðåìåùåíèÿ îò ñèëîâîãî âîçäåéñòâèÿ â íàïðàâëåíèè îñåé
êîîðäèíàò (ÎÓ è ÎÕ);

Fc - ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ, ì
2;

ρ � ïëîòíîñòü ìàòåðèàëà, êã/ì3;

Py,z � ñîñòàâëÿþùèå ñèëû ðåçàíèÿ, H;

δ(x− x0) � äåëüòà ôóíêöèÿ, ñìåùåííàÿ ïî êîîðäèíàòå x0.

Äëÿ óñëîâèé çàêðåïëåíèÿ èçäåëèÿ, ñîîòâåòñòâóþùèõ øàðíèðíî-îïîðíîé
îáîëî÷êè, äèôôåðåíöèàëüíûå óðàâíåíèÿ ïîïåðå÷íûõ êîëåáàíèé ïðèìóò âèä:

EJx
∂4ξ
∂x4
− ρJx ∂4ξ

∂x2∂t2
+ ρFc

∂2ξ
∂t2

=
2Py1 (t)

l

∞∑
k=1

sin πkst
l

sin πkx
l

+
2Py2 (t)

l

∞∑
k=1

sin πkst
l

sin πkx
l

EJy
∂4ε
∂x4
− ρJy ∂4ε

∂x2∂t2
+ ρFc

∂2ε
∂t2

=
2Pz1 (t)

l

∞∑
k=1

sin πkst
l

sin πkx
l

+
2Pz2 (t)

l

∞∑
k=1

sin πkst
l

sin πkx
l

 , (2)

l � äëèíà ðàñòà÷èâàåìîãî îòâåðñòèÿ, ì;

s � ñêîðîñòü ïîäà÷è ðàñòî÷íîãî ðåçöà, ì/ñ;

Pz è Py � ñîñòàâëÿþùèå ñèëû ðåçàíèÿ, H;

ω � öèêëè÷åñêàÿ êîîðäèíàòà, 1
c
;

t � âðåìÿ, ñ.

Ïî äàííûì ðàáîòû [3] ñèëû ðåçàíèÿ Pz , Py çàäàäèì â ñëåäóþùåì âèäå:

Pz1 = Pz1(1 + 0,3 cosω1t);

Py1 = Py1(1 + 0,3 cosω1t);

Pz2 = Pz2(1 + 0,3 cosω2t);

Py2 = Py2(1 + 0,3 cosω2t).

Èñïîëüçóÿ ìåòîä ðàçäåëåíèÿ ïåðåìåííûõ, ïîëó÷èì ñëåäóþùóþ ñèñòåìó
äèôôåðåíöèàëüíûõ óðàâíåíèé:
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ρ
[
Jx
(
πk
l

)2
+ Fc

]
∂2ξ
∂t2

+ EJx
(
πk
l

)4
ξ =

=
2Py1

l

{
∞∑
k=1
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. (3)

Ðåøåíèå óðàâíåíèé îòíîñèòåëüíî ñêîðîñòåé êîëåáàíèé ïîëó÷åíî â ñëåäóþùåì
âèäå:
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(4)

Èñïîëüçóÿ çàäàíèå ìîäóëÿ óïðóãîñòè â êîìïëåêñíîé ôîðìå Ẽ = E(1 + jη), (ãäå
η - êîýôôèöèåíò ïîòåðü êîëåáàòåëüíîé ýíåðãèè), ïîëó÷èì:
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2. Âûâîä çàâèñèìîñòåé óðîâíåé øóìà è âèáðàöèé ðåæóùåãî

èíñòðóìåíòà

Îòëè÷èå ðàñ÷åòà âèáðîàêóñòè÷åñêèõ õàðàêòåðèñòèê ðàñòî÷íûõ áîðøòàíã
çàêëþ÷àåòñÿ â òîì, ÷òî â ïðîöåññå îáðàáîòêè êîîðäèíàòû ïðèëîæåíèÿ ñèëû ðåçàíèÿ
íå èçìåíÿþòñÿ, ïîýòîìó áîðøòàíãè è ðåçöû, èìåÿ ïîñòîÿííûé îñåâîé ìîìåíò èíåðöèè,
àïïðîêñèìèðóþòñÿ øàðíèðíî-îïîðíûìè áàëêàìè ïîñòîÿííîãî ñå÷åíèÿ.

Â ýòîì ñëó÷àå äèôôåðåíöèàëüíûå óðàâíåíèÿ áîðøòàíã è ðåçöîâ ïðèìóò âèä

EJ1
∂4y1
∂x4

+m01
∂2y1
∂t2

= Pz1δ(x− x01);
EJ1

∂4y1
∂x4
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= Pz2δ(x− x02);
EJ2

∂4y1
∂x4

+m01
∂2y1
∂t2

= Py2δ(x− x02),
ãäå E - ìîäóëü óïðóãîñòè, Ïà;

J1 è J2 � ìîìåíòû èíåðöèè, ì4;

x01 è x02� êîîðäèíàòû ïðèëîæåíèÿ ñèë ðåçàíèÿ (ñîîòâåòñòâåííî);

Pz è Py � ñîñòàâëÿþùèå ñèëû ðåçàíèÿ, H;

m01 - ðàñïðåäåëåííàÿ ìàññà åäèíèöû äëèíû áîðøòàíãè, êã/ì.

Ðàñ÷åò ñïåêòðîâ âèáðàöèé ðåçöîâ è ðàñòî÷íûõ áîðøòàíã ñ êîíñîëüíûì
çàêðåïëåíèåì îñíîâàí íà òîì, ÷òî êîîðäèíàòà ïðèëîæåíèÿ ñèëîâîãî âîçäåéñòâèÿ
ïîñòîÿííà îòíîñèòåëüíî ìåñòà çàêðåïëåíèÿ. Ôóíêöèÿ, ñîîòâåòñòâóþùàÿ êðàåâûì
óñëîâèÿì, çàäàíà ñëåäóþùåé çàâèñèìîñòüþ:



Ãîãóàäçå Ì.Ã.

Ìîäåëèðîâàíèå øóìîîáðàçîâàíèÿ ñïåöèàëüíîãî ðàñòî÷íîãî ñòàíêà 34

ϕ =sin3 πkx

2l
cos3

2k − 1

2l
πx =

9

32

(
sin

1− 2k

2l
πx+ sin

3k − 1

2l
πx

)
−

− 3

32

(
sin

k + 1

2l
πx+ sin

5k − 1

2l
πx

)
+

3

32

(
sin

3− 5k

2l
πx+ sin

7k − 3

2l
πx

)
−

− 1

32

(
sin 3

1− k
2l

πx+ sin
9k − 1

2l
πx

)
.

(6)

Ïðèìåíèòåëüíî ê áîðøòàíãàì êðóãëîãî ñå÷åíèÿ ñèñòåìà óðàâíåíèé ïðèìåò âèä:
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Ðåøåíèÿ óðàâíåíèé îòíîñèòåëüíî äåéñòâèòåëüíîé ÷àñòè ñêîðîñòåé êîëåáàíèé â
íàïðàâëåíèè îñè OZ îïðåäåëÿþòñÿ ñëåäóþùèìè çàâèñèìîñòÿìè:
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Ñêîðîñòè êîëåáàíèé áîðøòàíãè â íàïðàâëåíèè îñè OX îïðåäåëÿþòñÿ çàìåíîé
Pz1 íà Px1 .
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Àíàëîãè÷íûì îáðàçîì îïðåäåëÿþòñÿ ñêîðîñòè êîëåáàíèé â íàïðàâëåíèè
ñîîòâåòñòâóþùèõ îñåé âòîðîé áîðøòàíãè. Ïîñêîëüêó îíà èìååò äðóãîé äèàìåòð è
ðàáîòàåò ïðè âîçäåéñòâèè ñèë ðåçàíèÿ, îòëè÷íûõ îò ïåðâîé áîðøòàíãè, òî â ñèñòåìå
óðàâíåíèé è â ðåøåíèÿõ îòíîñèòåëüíî ñêîðîñòåé êîëåáàíèé d1 è Pz1 , Px1 çàìåíÿþòñÿ íà
d2 è Pz2 , Px2 .

Ñîáñòâåííûå ÷àñòîòû êîëåáàíèé áîðøòàíã fk, Ãö, êàê êîíñîëüíî-çàêðåïëåííûõ
ñòåðæíåé êðóãëîãî ñå÷åíèÿ îïðåäåëÿþòñÿ ñëåäóþùåé çàâèñèìîñòüþ:

fk = 5 · 102
(
2k − 1

l

)2

d. (16)

ãäå l - äëèíà ðàñòà÷èâàåìîãî îòâåðñòèÿ, ì;

k − æåñòêîñòü, êã/ñ2;

d - äèàìåòð öèëèíäðà, ì.

Ðåçöû íà ñïåöèàëüíîì îñåòîêàðíîì ñòàíêå èìåþò ñå÷åíèå ïðÿìîóãîëüíîé ôîðìû
ñ ðàçìåðàìè b×h (h > b). Ìîìåíòû èíåðöèè J1 è J2, ì

4, â íàïðàâëåíèè ñîîòâåòñòâóþùèõ
îñåé êîîðäèíàò îïðåäåëÿþòñÿ êàê:

J1 =
hb3

12
è J2 =

bh3

12
.

Òîãäà óðàâíåíèÿ êîëåáàíèé ðåçöà â íàïðàâëåíèè îñè OZ îïðåäåëÿþòñÿ ñëåäóþùèì
îáðàçîì:
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(
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l
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bhl
(1 + 0,3 cosωt) ;
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(
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(
3− 5k

l

)4
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bhl
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(
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l
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z6 =
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bhl
(1 + 0,3 cosωt) ;
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(
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(
9k − 1
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Ñîáñòâåííûå ÷àñòîòû êîëåáàíèé ðåçöà fk, Ãö, îïðåäåëÿþòñÿ êàê:

fk = 5 · 104
(
2k − 1

l

)2

h. (18)

ãäå k è l òî æå, ÷òî â ôîðìóëå (16);

h - ðàçìåð øòàíãè, ì.
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Ïðè ðàñòà÷èâàíèè îòâåðñòèé âíóòðåííèé âîçäóøíûé îáú¼ì âîçáóæäàåòñÿ
êîëåáàíèÿìè áîðøòàíãè è ïðè îöåíêå óðîâíåé øóìà â ðàáî÷åé çîíå ñëåäóåò ó÷èòûâàòü
èçëó÷åíèå çâóêîâîé ýíåðãèè èç òîðöîâ îòâåðñòèÿ.

Çâóêîâîå äàâëåíèå âî âíóòðåííåì âîçäóøíîì îáúåìå ñ æåñòêèìè ñòåíêàìè (êîðïóñ
ðàñòà÷èâàåìîé äåòàëè) îïðåäåëÿåòñÿ èç âîëíîâîãî óðàâíåíèÿ [2].

∂2P

∂r2
+

1

r

∂P

∂r
+

1

r2
∂2P

∂ϕ2
+
∂2P

∂x2
=

1

c20

∂2P

∂t2
− ρ0

∂

∂t
(QψN exp−i2πfN t), (19)

ãäå P � çâóêîâîå äàâëåíèå, Ïà;

ρ0 è c0 � ïëîòíîñòü âîçäóõà, êã/ì
3, è ñêîðîñòü çâóêà â âîçäóõå, ì/ñ;

Q � ïðîèçâîäèòåëüíîñòü èñòî÷íèêà øóìà, ì/ñ;

ψN � çíà÷åíèå ôóíäàìåíòàëüíîé ôóíêöèè äëÿ öèëèíäðè÷åñêîãî îáúåìà.

Ðåøåíèå ýòîãî óðàâíåíèÿ äëÿ ñðåäíåêâàäðàòè÷íîãî çâóêîâîãî äàâëåíèÿ èìååò âèä
[2]:

P 2 =
V 2
0 c

4
0

2V

∑
N

∑
k

ω2
kQ

2
k

(2ωNδN)
2 + (ω2

N − ω2
k)
, (20)

ãäå ωk - êðóãîâûå ñîáñòâåííûå ÷àñòîòû êîëåáàíèé áîðøòàíãè, c−1;

ωN - êðóãîâûå ñîáñòâåííûå ÷àñòîòû êîëåáàíèé âîçäóøíîãî îáúåìà ðàñòà÷èâàåìîãî
îòâåðñòèÿ, c−1;

δN � êîýôôèöèåíò çàòóõàíèÿ çâóêîâîé âîëíû,
l

c
.

Ïðèìåíèòåëüíî ê ïàðàìåòðàì ðàñòà÷èâàåìîãî îòâåðñòèÿ äëÿ ñîáñòâåííûõ
÷àñòîò êîëåáàíèé âîçäóøíîãî îáúåìà è êîýôôèöèåíòîâ çàòóõàíèÿ ïîëó÷åíû ñëåäóþùèå
çàâèñèìîñòè:
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)2 , (22)

ãäå α � êîýôôèöèåíò çâóêîïîãëîùåíèÿ;

l, d0 � äëèíà è äèàìåòð îòâåðñòèÿ, ì;

nx è m � öåëûå ÷èñëà, õàðàêòåðèçóþùèå ñîîòâåòñòâóþùóþ ìîäó êîëåáàíèé
âîçäóøíîãî îáúåìà[4].

Ïðîèçâîäèòåëüíîñòü èñòî÷íèêà øóìà Qk, ì
3/c, (â äàííîì ñëó÷àå áîðøòàíãè):

Qk = πdáláνká , (23)

ãäå dá è lá � äèàìåòð è äëèíà áîðøòàíãè, ì;

νká � ñðåäíåêâàäðàòè÷íàÿ ñêîðîñòü êîëåáàíèé áîðøòàíãè, ì/ñ.

Çàêëþ÷åíèå

Â ñòàòüå ïîêàçàíà ïðîáëåìà ïîâûøåííîãî óðîâíÿ øóìà íà ðàáî÷èõ ìåñòàõ
îïåðàòîðîâ ìåòàëëîîáðàáàòûâàþùèõ ñòàíêîâ. Ðàçðàáîòàíà ìàòåìàòè÷åñêàÿ ìîäåëü
âèáðîàêóñòè÷åñêîé äèíàìèêè êîðïóñà. Âûïîëíåíî ìîäåëèðîâàíèå çàâèñèìîñòåé øóìà
îò âèáðàöèè êîíñòðóêöèé. Ôàêòè÷åñêè ñðàâíåíèå ðàñ÷åòíûõ óðîâíåé çâóêîâîãî
äàâëåíèÿ ñ ïðåäåëüíî-äîïóñòèìûìè çíà÷åíèÿìè ïîçâîëèò íà ñòàäèè ïðîåêòèðîâàíèÿ



Ãîãóàäçå Ì.Ã.
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[3] îöåíèòü îæèäàåìûå âåëè÷èíû ïðåâûøåíèé àêóñòè÷åñêèõ õàðàêòåðèñòèê íà
ðàáî÷èõ ìåñòàõ îïåðàòîðîâ íàä ñàíèòàðíûìè íîðìàìè è îáîñíîâàòü ïàðàìåòðû
êîíñòðóêöèé ñèñòåì øóìîçàùèòû ïî èçíà÷àëüíîìó âûïîëíåíèþ íîðìàòèâíûõ âåëè÷èí.
Ïîëüçóÿñü ïðåäñòàâëåííîé ìåòîäèêîé, â áóäóùåì, ìîæíî áóäåò ìîäåëèðîâàòü ïðîöåññû
øóìîîáðàçîâàíèÿ íà äðóãèõ ìåòàëëîîáðàáàòûâàþùèõ ñòàíêàõ.
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Âûïîëíåíû ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ çâóêîèçëó÷åíèÿ êðûøêè ìàëîãàáàðèòíîãî

çâóêîèçîëèðóþùåãî êîæóõà íà íèçøèõ ðåçîíàíñíûõ ÷àñòîòàõ èçãèáíûõ êîëåáàíèé ïðè îòñóòñòâèè

è íàëè÷èè íà íåé òîíêîãî àðìèðîâàííîãî âèáðîïîãëîùàþùåãî ïîêðûòèÿ. Ïîêàçàíî, ÷òî îáëèöîâêà

êðûøêè ïîêðûòèåì, ñîäåðæàùèì ïîëèìåðíóþ ïëåíêó íà îñíîâå ïîëèâèíèëàöåòàòà, ïðèâîäèò ê

ïîâûøåíèþ ýôôåêòèâíîñòè êîæóõà íà ÷àñòîòàõ, ãäå çâóêîïîãëîùàþùèå ìàòåðèàëû ñ ñóùåñòâåííî

áîëüøèìè òîëùèíàìè íå ðàáîòàþò.
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Abstract

Experimental studies of the sound emission of the ñîver in a small sound isolation enclosure at the

lower resonant frequencies of bending vibrations in the absence and presence of a thin reinforced vibrating

coating have been carried out. It is shown that the cover with a coating containing a polymer �lm based on

polyvinilatetate, leads to an increase in the e�ectiveness of the enclosure at frequencies where sound-absorbing

materials with signi�cantly greater thicknesses do not work.
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Ââåäåíèå

Çâóêîèçîëèðóþùèå êîæóõè ÿâëÿþòñÿ íàèáîëåå ýôôåêòèâíûì ñðåäñòâîì
óìåíüøåíèÿ øóìà, ñîçäàâàåìîãî îáîðóäîâàíèåì íà ñðåäíèõ è âûñîêèõ ÷àñòîòàõ.
Â äèàïàçîíå íèçêèõ çâóêîâûõ ÷àñòîò (îðèåíòèðîâî÷íî äî 300 Ãö) ýôôåêòèâíîñòü
êîæóõîâ, êàê ïðàâèëî, ëèáî îòñóòñòâóåò, ëèáî îêàçûâàåòñÿ íåâûñîêîé. Îäíàêî èìåííî
íèçêî÷àñòîòíûé øóì îáîðóäîâàíèÿ, îñîáåííî ïðè íàëè÷èè òîíàëüíûõ ñîñòàâëÿþùèõ,
÷àñòî îêàçûâàåò íàèáîëåå íåáëàãîïðèÿòíîå âîçäåéñòâèå íà ÷åëîâåêà. Â ýòèõ ñëó÷àÿõ
çàäà÷à ñíèæåíèÿ óðîâíåé øóìà îò ðàáîòû îáîðóäîâàíèÿ ñ ïîìîùüþ ýôôåêòèâíîãî íà
íèçêèõ ÷àñòîòàõ êîæóõà ïðèîáðåòàåò îñîáóþ àêòóàëüíîñòü.

Íåâûñîêàÿ ýôôåêòèâíîñòü êîæóõîâ íà íèçêèõ ÷àñòîòàõ îáúÿñíÿåòñÿ ìåíüøåé,
÷åì íà ñðåäíèõ è âûñîêèõ ÷àñòîòàõ, çâóêîèçîëÿöèåé åãî ñòåíîê, óâåëè÷åíèåì
óðîâíåé øóìà âî âíóòðåííåì âîçäóøíîì îáúåìå êîæóõà è ïðàêòè÷åñêèì îòñóòñòâèåì
ýôôåêòèâíîãî íà íèçêèõ ÷àñòîòàõ çâóêîïîãëîùàþùåãî ìàòåðèàëà (ïðè ðåàëüíûõ
òîëùèíàõ), óñòàíàâëèâàåìîãî íà âíóòðåííèå ïîâåðõíîñòè ñòåíîê. Âìåñòå ñ òåì, øóì âî
âíóòðåííåì îáúåìå âîçäåéñòâóåò íà îãðàæäåíèÿ (ñòåíêè, êðûøêà) êîæóõà, âèáðàöèè
è çâóêîèçëó÷åíèå êîòîðûõ óìåíüøàþò èõ çâóêîèçîëÿöèþ [1] è îêàçûâàþò íåãàòèâíîå
âëèÿíèå íà ýôôåêòèâíîñòü êîæóõà. Èçâåñòíî, ÷òî íàèáîëüøåå îòðèöàòåëüíîå âëèÿíèå
ýòîãî ôàêòîðà èìååò ìåñòî íà íèçøèõ ðåçîíàíñíûõ ÷àñòîòàõ èçãèáíûõ êîëåáàíèé
íåïîäêðåïëåííûõ îãðàæäåíèé èëè èõ ó÷àñòêîâ ìåæäó ñîñåäíèìè ïîäêðåïëåíèÿìè.

Ñ ó÷åòîì èçëîæåííîãî, óìåíüøåíèå óðîâíåé âèáðàöèè è çâóêîèçëó÷åíèÿ
îãðàæäåíèé êîæóõà íà íèçøèõ ðåçîíàíñíûõ ÷àñòîòàõ èçãèáíûõ êîëåáàíèé ÿâëÿåòñÿ
îäíîé èç ïåðñïåêòèâíûõ çàäà÷ ïîâûøåíèÿ íèçêî÷àñòîòíîé ýôôåêòèâíîñòè êîæóõà.

Íàèáîëåå øèðîêîå ïðèìåíåíèå äëÿ âèáðîäåìïôèðîâàíèÿ êîíñòðóêöèé, â òîì
÷èñëå è îãðàæäåíèé êîæóõîâ, íàøëè àðìèðîâàííûå âèáðîïîãëîùàþùèå ïîêðûòèÿ
(ÀÂÏÏ). ÀÂÏÏ ñîñòîÿò èç äèññèïàòèâíîãî ñëîÿ, êàê ïðàâèëî íà îñíîâå ðåçèí èëè
ðåçèíîïîäîáíûõ ìàòåðèàëîâ, è ìåòàëëè÷åñêîãî àðìèðóþùåãî ñëîÿ. Òîëùèíû ïîäîáíûõ
ïîêðûòèé â äâà è áîëåå ðàç ïðåâîñõîäÿò òîëùèíó äåìïôèðóåìîé êîíñòðóêöèè, à ìàññà
ïîêðûòèé ñîñòàâëÿåò 40�50% åå ìàññû [2]. Â ïîñëåäíèå ãîäû ñòàëè ïðèìåíÿòü ÀÂÏÏ
ñ ñóùåñòâåííî ëó÷øèìè ìàññîãàáàðèòíûìè ñâîéñòâàìè. Â êà÷åñòâå äèññèïàòèâíîãî
ñëîÿ â òàêèõ ÀÂÏÏ èñïîëüçóþò ïîëèìåðíóþ ïëåíêó. Íàèáîëüøåé ýôôåêòèâíîñòüþ
îáëàäàþò ïîêðûòèÿ ñ ïëåíêîé íà îñíîâå ïîëèâèíèëàöåòàòà � ìàòåðèàëà, êîòîðûé
ÿâëÿåòñÿ ðåêîðäñìåíîì ïî âèáðîïîãëîùåíèþ ñðåäè ñóùåñòâóþùèõ ìàòåðèàëîâ [3,4].

Ýôôåêòèâíîå âèáðîäåìïôèðîâàíèå êîíñòðóêöèé ìîæåò áûòü äîñòèãíóòî
ïðè óñòàíîâêå íà íèõ íå òîëüêî ïîêðûòèé, íî è ñïåöèàëüíûõ âèáðîïîãëîùàþùèõ
óñòðîéñòâ. Â îòëè÷èå îò ïðîñòðàíñòâåííî ðàñïðåäåëåííûõ ïîêðûòèé âèáðîïîãëîùàþùèå
óñòðîéñòâà, îñíîâíûìè ðàáî÷èìè ýëåìåíòàìè êîòîðûõ ÿâëÿþòñÿ îáëèöîâàííûå
ïîêðûòèåì ðåçîíèðóþùèå ïëàñòèíû (ïîëîñû), ìîãóò áûòü îòíåñåíû ê êëàññó
ëîêàëüíûõ ïëàñòèí÷àòûõ (ïîëîñîâûõ) âèáðîïîãëîòèòåëåé. Íåêîòîðûå òèïû ïîäîáíûõ
âèáðîïîãëîòèòåëåé, êîòîðûå ìîãóò áûòü èñïîëüçîâàíû äëÿ óìåíüøåíèÿ âèáðàöèè è
øóìîèçëó÷åíèÿ ñòåíîê êîæóõà, ðàññìîòðåíû â ìîíîãðàôèè [5].

Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿëîñü ýêñïåðèìåíòàëüíîå èññëåäîâàíèå ñïîñîáà
ïîâûøåíèÿ íèçêî÷àñòîòíîé ýôôåêòèâíîñòè ìàëîãàáàðèòíîãî çâóêîèçîëèðóþùåãî êîæóõà
ïóòåì âèáðîäåìïôèðîâàíèÿ åãî êðûøêè, âíîñÿùåé îñíîâíîé âêëàä â ñóììàðíûé óðîâåíü
çâóêîèçëó÷åíèÿ îãðàæäåíèé.
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1. Ýêñïåðèìåíòàëüíîå èññëåäîâàíèå ýôôåêòèâíîñòè çâóêîèçîëèðóþùåãî

êîæóõà

Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ âûïîëíÿëèñü ñ èñïîëüçîâàíèåì ìàëîãàáàðèòíîãî
çâóêîèçîëèðóþùåãî êîæóõà, ôîòîãðàôèè êîòîðîãî ïðèâåäåíû íà Ðèñóíêå 1.

Ðèñ. 1. Ôîòî êîæóõà: âèä íà âíóòðåííèé îáúåì ñ ãðîìêîãîâîðèòåëåì (à),
êîæóõ è ðàìêà ñ ïëàñòèíîé, îáëèöîâàííîé ÀÂÏÏ (á)

Êîðïóñ êîæóõà ïðåäñòàâëÿåò ñîáîé êàðêàñ èç ñòàëüíûõ óãîëêîâ 20×20×1,5 ìì.
Ê êàðêàñó çàêðåïëåíû ñòàëüíûå ïëàñòèíû òîëùèíîé 2 ìì. Ðàçìåðû áîêîâûõ ñòåíîê
0,3×0,5 ì. Ðàçìåðû êðûøêè è äíà 0,5×0,5 ì. Êàæäàÿ áîêîâàÿ ñòåíêà êîæóõà ñíàðóæè
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ïîäêðåïëåíà ïÿòüþ âåðòèêàëüíûìè (4×40 ìì) è îäíèì ãîðèçîíòàëüíûì (4×60 ìì)
ïðÿìîóãîëüíûìè ðåáðàìè æåñòêîñòè, à äíî � òðåìÿ ñòàëüíûìè óãîëêàìè ðàíåå
óêàçàííîãî ðàçìåðà è ïåðåêðåñòíûì ðåáðîì æåñòêîñòè ñ ðàçìåðîì 4×60 ìì.

Â êà÷åñòâå èñòî÷íèêà øóìà ïîñëåäîâàòåëüíî èñïîëüçîâàëèñü ãðîìêîãîâîðèòåëè ñ
äèàìåòðîì ðóïîðà ∼180 è 360 ìì, îñè êîòîðûõ, äëÿ ëó÷øåãî âîçáóæäåíèÿ êðûøêè íà
íèçøåé ðåçîíàíñíîé ÷àñòîòå, íàõîäèëèñü íà íîðìàëè ê åå ïîâåðõíîñòè, ïðîâåäåííîé èç
ãåîìåòðè÷åñêîãî öåíòðà. Êðàò÷àéøåå ðàññòîÿíèå ìåæäó ãðîìêîãîâîðèòåëåì è êðûøêîé,
çàêðåïëåííîé ëèáî íà ãîðèçîíòàëüíûõ óãîëêàõ êàðêàñà êîæóõà, ëèáî íà æåñòêîé ðàìêå
âûñîòîé ∼0,08 ì, ñîñòàâëÿëî ∼0,1 è ∼0,2 ì ñîîòâåòñòâåííî. (Ðàìêà óñòàíàâëèâàëàñü íà
óãîëêè êàðêàñà êîæóõà ÷åðåç ïðîêëàäêè èç ïîðèñòîé ðåçèíû òîëùèíîé 10 ìì).

Â êà÷åñòâå äèññèïàòèâíîãî ñëîÿ àðìèðîâàííîãî âèáðîïîãëîùàþùåãî ïîêðûòèÿ
áûëà ïðèìåíåíà ïëåíêà ìàðêè ÂÏÑ-2,5 ñ ïîâûøåííîé ðàáîòîñïîñîáíîñòüþ â äèàïàçîíå
îáû÷íûõ òåìïåðàòóð âîçäóõà â ïðîèçâîäñòâåííûõ ïîìåùåíèÿõ (ïîðÿäêà 10�30oC) [6].

Äëÿ óìåíüøåíèÿ âêëàäà áîêîâûõ ñòåíîê è äíà â ñóììàðíîå çâóêîèçëó÷åíèå
îãðàæäàþùèõ êîíñòðóêöèé êîæóõà â íàïðàâëåíèè íàä åãî êðûøêîé, íà êîòîðóþ
óñòàíàâëèâàëîñü ñðåäñòâî âèáðîäåìïôèðîâàíèÿ, îíè îáëèöîâûâàëèñü èçíóòðè ÀÂÏÏ ñ
äèññèïàòèâíûì ñëîåì èç ïîðèñòîé ðåçèíû òîëùèíîé 10 ìì, àðìèðîâàííîé ñòàëüíûì
ëèñòîì òîëùèíîé 1 ìì. Ñòàëüíûå ëèñòû ÀÂÏÏ íà ñòåíêàõ è äíå îáëèöîâûâàëèñü
çâóêîïîãëîùàþùèì ìàòåðèàëîì (ÇÏÌ) òîëùèíîé 30 ìì ñ îáúåìíîé ïëîòíîñòüþ
∼40 êã/ì3. Áûëî óñòàíîâëåíî ïðàêòè÷åñêîå îòñóòñòâèå âëèÿíèÿ çâóêîèçëó÷åíèÿ ñòåíîê
è äíà íà çâóêîâîå ïîëå íàä êðûøêîé êîæóõà â ðàáî÷åì äèàïàçîíå íèçøèõ ðåçîíàíñíûõ
÷àñòîò åå èçãèáíûõ êîëåáàíèé.

Èçìåðåíèÿ óðîâíåé çâóêîâîãî äàâëåíèÿ âûïîëíÿëèñü íà íîðìàëè, ïðîâåäåííîé èç
ãåîìåòðè÷åñêîãî öåíòðà êðûøêè íà ðàññòîÿíèÿõ 0,5, 1,0 è 1,5 ì îò åå ïîâåðõíîñòè.

Áûëè èñïûòàíû ïîñëåäîâàòåëüíî äâà âàðèàíòà êðûøêè â âèäå îäíîðîäíîé
(íåïîäêðåïëåííîé) ñòàëüíîé ïëàñòèíû òîëùèíîé 2 è 3 ìì. Àðìèðîâàííûì âèáðîïîãëîùàþùèì
ïîêðûòèåì íà îñíîâå ïîëèìåðíîé ïëåíêè òèïà ÂÏÑ - 2,5 îáëèöîâûâàëàñü îäíà èç
ïîâåðõíîñòåé êðûøêè. Òîëùèíà ïëåíêè ñîñòàâëÿëà 0,5 ìì. Àðìèðóþùèì ñëîåì
ïîêðûòèÿ íà êðûøêå òîëùèíîé 3 ìì ÿâëÿëàñü àëþìèíèåâàÿ ïëàñòèíà òîëùèíîé 1 ìì, à
íà êðûøêå òîëùèíîé 1,5 ìì � ëèñò êðîâåëüíîãî æåëåçà òîëùèíîé 0,46 ìì. Îòíîøåíèå
ìàññû ÀÂÏÏ ê ìàññå êðûøêè ñîñòàâëÿëî ïðèìåðíî 12 è 30% ñîîòâåòñòâåííî.

2. Àíàëèç ïîëó÷åííûõ ðåçóëüòàòîâ

Íà íà÷àëüíîì ýòàïå èñïûòàíèé îïðåäåëÿëàñü ýôôåêòèâíîñòü (Ý), äÁ, êàæäîãî
âàðèàíòà êðûøêè áåç àðìèðîâàííîãî âèáðîîïãëîùàþùåãî ïîêðûòèÿ êàê ðàçíîñòü óðîâíåé
çâóêîâîãî äàâëåíèÿ (ÓÇÄ), äÁ, ïðè îòñóòñòâèè Lp1, äÁ, è óñòàíîâêå Lp2, äÁ, êðûøêè.

Òåðìèí ýôôåêòèâíîñòü, íà íàø âçãëÿä áîëåå òî÷åí, òàê êàê ó÷èòûâàåò íå òîëüêî
çâóêîèçîëèðóþùóþ ñïîñîáíîñòü êðûøêè, íî è å¼ âèáðîäåìôèðîâàíèå. Ïðè îòñóòñòâèè
ñðåäñòâ âèáðîäåìïôèðîâàíèÿ â êðûøêå òåðìèíû ýôôåêòèâíîñòü è çâóêîèçîëÿöèÿ
èäåíòè÷íû, à ïðè îáëèöîâêå òåðìèí ýôôåêòèâíîñòü áîëåå òî÷åí, ó÷èòûâàÿ íå òîëüêî
âèáðîèçîëÿöèþ, íî è âèáðîäåìïôèðîâàíèå.

Íà Ðèñóíêàõ 2 è 3 â êà÷åñòâå ïðèìåðà ïðèâåäåíû óçêîïîëîñíûå (∆f = 4 Ãö) è
òðåòüîêòàâíûå ñïåêòðû óðîâíåé çâóêîâîãî äàâëåíèÿ ïðè îòñóòñòâèè (êðèâàÿ 1) è íàëè÷èè
(êðèâàÿ 2) íà êîæóõå êðûøêè òîëùèíîé 2 · 10−3 ì.
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Ðèñ. 2. Óçêîïîëîñíûå ñïåêòðû óðîâíåé çâóêîâîãî äàâëåíèÿ ïðè îòñóòñòâèè (1) è
íàëè÷èè êðûøêè òîëùèíîé 2 ìì áåç ÀÂÏÏ (2). Êðèâàÿ 3 � ôîíîâàÿ ïîìåõà

Ðèñ. 3. Òðåòüîêòàâíûå ñïåêòðû óðîâíåé çâóêîâîãî äàâëåíèÿ ïðè îòñóòñòâèè (1) è
íàëè÷èè êðûøêè òîëùèíîé 2 ìì áåç ÀÂÏÏ (2) è ñ ÀÂÏÏ (3).

Êðèâàÿ 4 � ôîíîâàÿ ïîìåõà

Âèäèì, ÷òî óñòàíîâêà êðûøêè ïðèâåëà ê ñóùåñòâåííîìó óâåëè÷åíèþ óðîâíåé
çâóêîâîãî äàâëåíèÿ íàä êðûøêîé íà ÷àñòîòàõ 61,4 è 68,5 Ãö (ðèñ. 2), à òàêæå â
òðåòüîêòàâíîé ïîëîñå ñî ñðåäíåãåîìåòðè÷åñêîé ÷àñòîòîé 63 Ãö (ðèñ. 3). Èíòåíñèâíîå
çâóêîèçëó÷åíèå êðûøêè íà óêàçàííûõ ÷àñòîòàõ îáóñëîâëåíî ïîâûøåííûìè óðîâíÿìè
åå âèáðàöèè íà ðåçîíàíñíûõ ôîðìàõ èçãèáíûõ êîëåáàíèé ñ ïîëóâîëíîé â íàïðàâëåíèè
êàæäîé êðîìêè. Ñîãëàñíî ðàñ÷åòó, ÷àñòîòà f11 ïðè æåñòêîì êðåïëåíèè êðîìîê êðûøêè
ê æåñòêîìó êàðêàñó êîæóõà ðàâíÿåòñÿ ∼58 Ãö. Ðàçäâîåíèå ÷àñòîòû f11 ñâÿçàíî ñ
îñîáåííîñòÿìè êðåïëåíèÿ êðîìîê êðûøêè ê ðåçîíèðóþùèì óãîëêàì êàðêàñà.

Âîçíèêíîâåíèå èíòåíñèâíîãî çâóêîèçëó÷åíèÿ íåîáëèöîâàííîé ÀÂÏÏ êðûøêè
ïðèâåëî ê åå îòðèöàòåëüíîé íà óêàçàííûõ ÷àñòîòàõ çâóêîèçîëÿöèè. Íà áîëåå âûñîêèõ
ðåçîíàíñíûõ ÷àñòîòàõ, èç-çà ñóùåñòâåííî õóäøåé âèáðîâîçáóäèìîñòè êðûøêè ïðè
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ïðàêòè÷åñêè ðàâíîìåðíîì ðàñïðåäåëåíèè íà íåé âîçáóæäàþùèõ çâóêîâûõ äàâëåíèé
è âçàèìíîé êîìïåíñàöèè çâóêîèçëó÷åíèÿ îò ñîñåäíèõ ïðîòèâîôàçíûõ ïîëóâîëíîâûõ
ó÷àñòêîâ åå ïîâåðõíîñòè, óðîâíè çâóêîâîãî äàâëåíèÿ íàä êðûøêîé ïðè åå óñòàíîâêå íå
ïîâûøàþòñÿ.

Îáà ïðèâåäåííûõ ôàêòîðà ïî ñóòè ÿâëÿþòñÿ ïðè÷èíîé óâåëè÷åíèÿ çâóêîèçîëÿöèè
êðûøêè. Ýôôåêòèâíîñòü êðûøêè ðàñòåò ñ óâåëè÷åíèåì ÷àñòîòû îò ∼8 äÁ â
òðåòüîêòàâíîé ïîëîñå 80 Ãö äî ∼38 äÁ â ïîëîñå 160 Ãö (ðèñ. 3). Íà áîëåå âûñîêèõ
÷àñòîòàõ ýôôåêòèâíîñòü êðûøêè â ðàáî÷åì äèàïàçîíå ÷àñòîò ïðàêòè÷åñêè îñòàåòñÿ
íåèçìåííîé.

Àíàëîãè÷íûé ÷àñòîòíûé õàðàêòåð ýôôåêòèâíîñòè íåîáëèöîâàííîé ÀÂÏÏ
êðûøêè áûë îáíàðóæåí è ïðè èñïûòàíèÿõ åå âòîðîãî âàðèàíòà òîëùèíîé 3 · 10−3 ì,
çàêðåïëåííîãî íà êàðêàñå ÷åðåç æåñòêóþ, â äèàïàçîíå èññëåäóåìûõ ÷àñòîò, ðàìêó.
Îòðèöàòåëüíàÿ ýôôåêòèâíîñòü êðûøêè áûëà çàðåãèñòðèðîâàíà íà íèçøåé ðåçîíàíñíîé
÷àñòîòå åå èçãèáíûõ êîëåáàíèé f11 ≈ 157 Ãö.

Îáëèöîâêà îáåèõ èñïûòàííûõ êðûøåê àðìèðîâàííûì âèáðîïîãëîùàþùèì
ïîêðûòèåì ïðèâîäèëà ê ñóùåñòâåííîìó óâåëè÷åíèþ èõ ýôôåêòèâíîñòè íà íèçøåé
ðåçîíàíñíîé ÷àñòîòå èçãèáíûõ êîëåáàíèé. Óðîâíè çâóêîâîãî äàâëåíèÿ íàä êðûøêîé
òîëùèíîé 2 · 10−3 ì óìåíüøèëèñü íà 11 äÁ (61,4 Ãö) è ∼15 äÁ (68,5 Ãö), à íàä êðûøêîé
òîëùèíîé 3 · 10−3 ì � íà 10 äÁ (ðèñ. 4).

Ðèñ. 4. Óçêîïîëîñíûå ñïåêòðû óðîâíåé çâóêîâîãî äàâëåíèÿ ïðè íàëè÷èè êðûøêè
òîëùèíîé 3 ìì áåç ÀÂÏÏ (1) è ñ ÀÂÏÏ (2). Êðèâàÿ 3 - ôîíîâàÿ ïîìåõà

Òðåòüîêòàâíûå óðîâíè çâóêîâîãî äàâëåíèÿ íàä êðûøêàìè â ïîëîñàõ, ñîäåðæàùèõ
íèçøóþ ðåçîíàíñíóþ ÷àñòîòó èõ êîëåáàíèé, ïðè îáëèöîâêå êðûøåê ñíèæàëèñü íà 8 äÁ
(íà ðèñ. 3 ðàçíèöà ìåæäó êðèâûìè 2 è 3 â ïîëîñå 63 Ãö) è íà 5 äÁ (â ïîëîñå 160 Ãö)
ñîîòâåòñòâåííî. Íà áîëåå âûñîêèõ ÷àñòîòàõ, èç-çà ìàëîãî âëèÿíèÿ ðåçîíàíñíûõ êîëåáàíèé
êðûøåê íà çâóêîâîå ïîëå, óìåíüøåíèå ÓÇÄ ïðè èõ îáëèöîâêå ÀÂÏÏ íå ïðåâûøàëî, êàê
ïðàâèëî, âåëè÷èíó 2−3 äÁ. Ïîëó÷åííûå ðåçóëüòàòû íå çàâèñåëè îò ìåñòà íàõîæäåíèÿ
ÀÂÏÏ � íà åãî âíóòðåííåé èëè âíåøíåé ïîâåðõíîñòè.

Íåñêîëüêî ìåíüøåå (8 äÁ) ñíèæåíèå óðîâíåé çâóêîâîãî äàâëåíèÿ íà íèçøåé
ðåçîíàíñíîé ÷àñòîòå f11 èçãèáíûõ êîëåáàíèé êðûøêè òîëùèíîé 3 ìì áûëî ïîëó÷åíî
ïðè óñòàíîâêå íà íåå íàñòðîåííîãî íà f11 ðåçîíèðóþùåãî ïîëîñîâîãî âèáðîïîãëîòèòåëÿ
(ÐÏÂ). Ìàññà ÐÏÂ ñîñòàâëÿëà ∼3% îò ìàññû êðûøêè.
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Íà çàâåðøàþùåì ýòàïå èñïûòàíèé îïðåäåëÿëàñü ýôôåêòèâíîñòü îáëèöîâêè
âíóòðåíííåé ïîâåðõíîñòè êðûøêè çâóêîïîãëîùàþùèì ìàòåðèàëîì (ÇÏÌ) ïëîòíîñòüþ
20�40 êã/ì3. Òîëùèíà ÇÏÌ ñîñòàâëÿëà 3 · 10−2 ì. Ýôôåêòèâíîñòü ÇÏÌ â äèàïàçîíå
íèçøèõ ðåçîíàíñíûõ ÷àñòîò èçãèáíûõ êîëåáàíèé èñïûòàííûõ âàðèàíòîâ êðûøêè
îòñóòñòâîâàëà. Óìåíüøåíèå ÓÇÄ ïðè óñòàíîâêå ÇÏÌ áûëî çàðåãèñòðèðîâàíî ëèøü íà
÷àñòîòàõ f ≥ 800 Ãö. Ðàçìåùåíèå ÇÏÌ íà âíåøíåé ïîâåðõíîñòè êðûøêè íå ïðèâîäèëî ê
çàìåòíîìó óìåíüøåíèþ ÓÇÄ è íà áîëåå âûñîêèõ ÷àñòîòàõ.

Çàêëþ÷åíèå

1. Èíòåíñèâíîå çâóêîèçëó÷åíèå îãðàæäåíèé ìàëîãàáàðèòíîãî êîæóõà íà íèçøåé
ðåçîíàíñíîé ÷àñòîòå f11 èõ èçãèáíûõ êîëåáàíèé ïðèâîäèò ê ñóùåñòâåííîìó óõóäøåíèþ
åãî ýôôåêòèâíîñòè.

2. Óëó÷øåíèå àêóñòè÷åñêèõ ñâîéñòâ ìàëîãàáàðèòíîãî çâóêîèçîëèðóþùåãî êîæóõà
íà ÷àñòîòå f11 ìîæåò áûòü äîñòèãíóòî îáëèöîâêîé îãðàæäåíèé òîíêèì àðìèðîâàííûì
âèáðîïîãëîùàþùèì ïîêðûòèåì. Çâóêîïîãëîùàþùèå ìàòåðèàëû ñ ñóùåñòâåííî áîëüøåé
òîëùèíîé íà óêàçàííîé ÷àñòîòå íå ðàáîòàþò.

3. Ýôôåêòèâíîñòü ÀÂÏÏ íå çàâèñèò îò ìåñòà åãî íàõîæäåíèÿ íà îãðàæäåíèè
(âíóòðåííÿÿ èëè âíåøíÿÿ ïîâåðõíîñòü).

Àâòîðû áëàãîäàðÿò Ì.Â. Èãóøêèíó, âûïîëíèâøóþ îñíîâíîé îáúåì ðàáîòû ïî
îôîðìëåíèþ è ïîäãîòîâêå ñòàòüè ê ïå÷àòè.
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Àííîòàöèÿ

Ïðîâåäåíî ìîäåëèðîâàíèå âèáðîàêóñòè÷åñêèõ ïðîöåññîâ â êîíñòðóêöèÿõ îâîùåðåçàòåëüíûõ

ìàøèíàõ îáùåñòâåííîãî ïèòàíèÿ. Ïîëó÷åíû çàâèñèìîñòè àìïëèòóäû âèáðîñêîðîñòåé ìàññ äâóõìàññîâîé

äèíàìè÷åñêîé âèáðîàêóñòè÷åñêîé ñèñòåìû (ÂÀÑ), êîòîðîé ìîäåëèðóþòñÿ ìîíîïîëüíûå èçëó÷àòåëè,

îò àìïëèòóäû âîçìóùàþùåé ñèëû è êðóãîâîé ÷àñòîòû âûíóæäåííûõ êîëåáàíèé, èç êîòîðûõ âèäíî,

÷òî âèáðîñêîðîñòè óâåëè÷èâàþòñÿ ñ âîçðàñòàíèåì àìïëèòóäû âîçáóæäàþùåé ñèëû è óìåíüøàþòñÿ ñ

âîçðàñòàíèåì çíà÷åíèé êðóãîâîé ÷àñòîòû âûíóæäåííûõ êîëåáàíèé. Îïðåäåëåíû çàâèñèìîñòè èçìåíåíèÿ

àìïëèòóäû âèáðîñêîðîñòåé ìàññ îò óäåëüíîãî ñîïðîòèâëåíèÿ íàðåçàíèþ ïðîäóêòà ðàáî÷èì îðãàíîì è

ìàññ ñèñòåìû. Óñòàíîâëåíà çàâèñèìîñòü àìïëèòóäû âèáðîñêîðîñòè ìàññ îò ïåðâîé ìàññû, ñ óâåëè÷åíèåì

êîòîðîé çíà÷åíèÿ âèáðîñêîðîñòåé óâåëè÷èâàþòñÿ. Âûïîëíåíî ìîäåëèðîâàíèå êîýôôèöèåíòà èçëó÷åíèÿ

øóìà èññëåäóåìîãî êëàññà ìàøèí. Â ðàáîòå èññëåäîâàí êîýôôèöèåíò ïîòåðü êîëåáàòåëüíîé ýíåðãèè

â êîíñòðóêöèÿõ èññëåäóåìûõ ìàøèí. Íà ïåðåäàòî÷íûå ôóíêöèè ìàññ íàèáîëåå ñóùåñòâåííîå âëèÿíèå

îêàçûâàåò ÷àñòîòà âûíóæäåííûõ êîëåáàíèé, â îñîáåííîñòè íà âòîðóþ, ïîýòîìó äëÿ óëó÷øåíèÿ

âèáðîàêóñòè÷åñêèõ õàðàêòåðèñòèê öåëåñîîáðàçíî ñíèæàòü ïåðåäàòî÷íóþ ôóíêöèþ, ïðåæäå âñåãî ïåðâîé

ìàññû, à òàêæå ñíèæàòü àìïëèòóäû âíåøíåé íàãðóçêè.

Êëþ÷åâûå ñëîâà: îâîùåðåçàòåëüíàÿ ìàøèíà, âèáðîàêóñòè÷åñêèé ïðîöåññ, ïåðåäàòî÷íàÿ

ôóíêöèÿ, êîýôôèöèåíò ïîòåðü êîëåáàòåëüíîé ýíåðãèè.

Modeling of vibroacoustic processes internal noise sources

of a vegetable-cutting machines
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Abstract

Modeling of vibroacoustic processes in structures of vegetable-cutting catering machines was carried

out. There are obtained dependence of vibration speeds' amplitude of masses of two-mass dynamic vibroacoustic
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system (VAS), which models monopoly radiators, on amplitude of disturbing force and circular frequency of

forced oscillations, from which it is visible that vibration speeds increase with increase of amplitude of exciting

force and decrease with increase of values of circular frequency of forced oscillations. Dependence of amplitude's

change of vibration mass speeds on speci�c resistance to product cutting by working tool and system masses are

determined. Dependence of amplitude of mass vibration speed on the �rst mass is established, with increase of

which values of vibration speeds increase. Simulation of noise emission coe�cient of analyzed class of machines

is performed. The work examined the vibration energy loss coe�cient in the structures of the researching

machines. The transfer functions of the masses are most signi�cantly in�uenced by the frequency of forced

oscillations, especially the second, so it is advisable to reduce the transfer function, especially the �rst mass, as

well as to reduce the amplitudes of the external load to improve the vibration acoustic characteristics.

Keywords: vegetable-cutting machine, vibroacoustic process, transfer function, vibration energy loss

coe�cient.

Ââåäåíèå

Â ìåõàíè÷åñêèõ ñèñòåìàõ òåõíîëîãè÷åñêîãî îáîðóäîâàíèÿ ïðåäïðèÿòèé
îáùåñòâåííîãî ïèòàíèÿ âîçíèêàþò êîëåáàíèÿ çâóêîâîé ÷àñòîòû, ïðè÷èíàìè âîçíèêíîâåíèÿ
êîòîðûõ, ÿâëÿþòñÿ íåóðàâíîâåøåííîñòü âîçìóùàþùèõ ñèë, çâåíüåâ ñèñòåìû, ìîìåíòîâ
ñîïðîòèâëåíèÿ, íàëè÷èå çàçîðîâ â êèíåìàòè÷åñêèõ ïàðàõ, óïðóãîñòü çâåíüåâ ñèñòåìû
è äð. Àíàëèç ïðåäûäóùèõ èññëåäîâàíèé â äàííîì íàïðàâëåíèè ïîêàçàë, ÷òî íàèáîëüøèé
óðîâåíü øóìà èçëó÷àåò èìåííî èçìåëü÷èòåëüíîå îáîðóäîâàíèå [1].

Ìîíèòîðèíã øóìîâûõ õàðàêòåðèñòèê âûÿâèë èõ ñîîòâåòñòâèå ñàíèòàðíûì íîðìàì
ïî øóìó ïðè ðàáîòå ìàøèí áåç ïðîäóêòà. Ïðè ðàáîòå ïîä íàãðóçêîé õàðàêòåðèñòèêè
çíà÷èòåëüíî âîçðàñòàþò.

Èññëåäîâàíèå âèáðîàêóñòè÷åñêèõ ïðîöåññîâ îâîùåðåçàòåëüíûõ ìàøèí, èñïîëüçóåìûõ
íà ïðåäïðèÿòèÿõ ïèòàíèÿ, ñ öåëüþ óëó÷øåíèÿ ñàíèòàðíî-ãèãèåíè÷åñêèõ óñëîâèé òðóäà,
ïîçâîëèò îòêðûòü íîâûå âîçìîæíîñòè äëÿ ðåøåíèÿ çàäà÷ ïîâûøåíèÿ ýôôåêòèâíîñòè
ïðîèçâîäñòâà, óâåëè÷åíèÿ êîíêóðåíòîñïîñîáíîñòè ñåðèéíî âûïóñêàåìîãî òåõíîëîãè÷åñêîãî
îáîðóäîâàíèÿ.

Öåëüþ äàííûõ èññëåäîâàíèé ÿâëÿåòñÿ àíàëèòè÷åñêîå îïèñàíèå âèáðîàêóñòè÷åñêèõ
ïðîöåññîâ â îâîùåðåçàòåëüíûõ ìàøèíàõ îáùåñòâåííîãî ïèòàíèÿ íà îñíîâå ñèíòåçà
àêóñòè÷åñêèõ è äèíàìè÷åñêèõ ìîäåëåé, ÷òî â äàëüíåéøåì ëÿæåò â îñíîâó ðàçðàáîòêè
èíæåíåðíîé ìåòîäèêè ðàñ÷åòà âèáðîàêóñòè÷åñêèõ õàðàêòåðèñòèê (ÂÀÕ) äàííîãî êëàññà
ìàøèí íà ñòàäèè ïðîåêòèðîâàíèÿ.

Ðåàëèçàöèÿ ïîñòàâëåííîé öåëè îñóùåñòâèìà ïóòåì ðåøåíèÿ ñëåäóþùèõ çàäà÷:

� âûïîëíèòü ìîäåëèðîâàíèå êîýôôèöèåíòà èçëó÷åíèÿ øóìà âíóòðåííèìè
èñòî÷íèêàìè èññëåäóåìûõ ìàøèí;

� ïðîâåñòè àíàëèç êîýôôèöèåíòà ïîòåðü êîëåáàòåëüíîé ýíåðãèè â êîíñòðóêöèÿõ
ìàøèí;

� îïðåäåëèòü âëèÿíèå êîíñòðóêòèâíûõ è ýêñïëóàòàöèîííûõ ïàðàìåòðîâ íà
ïåðåäàòî÷íûå ôóíêöèè ìàññ äèíàìè÷åñêèõ ìîäåëåé äàííûõ ìåõàíè÷åñêèõ ñèñòåì ïðè
ëèíåéíûõ êîëåáàíèÿõ.

Äëÿ òîãî ÷òîáû îïèñàòü àíàëèòè÷åñêè âèáðîàêóñòè÷åñêèå ïðîöåññû òåõíîëîãè÷åñêîãî
îáîðóäîâàíèÿ íåîáõîäèìî ïîñòðîèòü ìîäåëè, îïèñûâàþùèå âèáðàöèîííûå ïðîöåññû,
ïðîèñõîäÿùèå âî âíóòðåííèõ èñòî÷íèêàõ øóìà, èçëó÷åíèå êîëåáàíèé çâóêîâîé ÷àñòîòû â
âîçäóøíîå ïðîñòðàíñòâî ñòåíêàìè ìàøèíû, à òàêæå ðàñïðîñòðàíåíèå çâóêîâûõ âîëí äî
ïðèåìíèêà ýòîãî èçëó÷åíèÿ. Ïðè ëèíåéíûõ êîëåáàíèÿõ ìîäåëüþ äàííîé ìåõàíè÷åñêîé
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ñèñòåìû ÿâëÿåòñÿ ñèñòåìà ìàññ, êîòîðûå ñâÿçàíû óïðóãèìè êèíåìàòè÷åñêèìè è
äèññèïàòèâíûìè ýëåìåíòàìè.

Ïðåäûäóùèìè èññëåäîâàíèÿìè óñòàíîâëåíî, ÷òî ìîäåëüþ èññëåäóåìûõ ìàøèí
ÿâëÿþòñÿ äâóõìàññîâûå äèíàìè÷åñêèå ñèñòåìû, êîòîðûå ìîäåëèðóþòñÿ ìîíîïîëüíûìè
èçëó÷àòåëÿìè [2]. Êèíåìàòè÷åñêèå ñõåìû âñåõ îâîùåðåçàòåëüíûõ ìàøèí ïðåäïðèÿòèé
ïèòàíèÿ ïîäîáíû [3].

1. Ìîäåëèðîâàíèå âèáðîàêóñòè÷åñêèõ ïðîöåññîâ âíóòðåííèõ èñòî÷íèêîâ

øóìà

Ñ ïîìîùüþ äèíàìè÷åñêèõ ìîäåëåé ëèíåéíûõ êîëåáàòåëüíûõ ïðîöåññîâ ìîæíî
îïðåäåëèòü âèáðîñêîðîñòü ïîâåðõíîñòè êîðïóñà ìàøèíû, îäíàêî ýòîãî íåäîñòàòî÷íî
äëÿ îïðåäåëåíèÿ âåëè÷èíû ìîùíîñòè èçëó÷åíèÿ îò âíóòðåííèõ èñòî÷íèêîâ øóìà.
Àêóñòè÷åñêèå ìîäåëè ïîçâîëÿþò ýòî ñäåëàòü. Ðàññ÷èòàòü çâóêîâîå ïîëå ñëîæíîé
êîëåáàòåëüíîé ñèñòåìû çà÷àñòóþ âûçûâàåò çàòðóäíåíèÿ [4]. Äàæå â òîì ñëó÷àå, êîãäà
òàêîé ðàñ÷åò âîçìîæåí, ïîëó÷åíèå ðåçóëüòàòà òðåáóåò áîëüøèõ óñèëèé. Ïîýòîìó â ðÿäå
íàó÷íûõ ðàáîò, öåëüþ êîòîðûõ ÿâëÿåòñÿ ðåøåíèå ýòîé ïðîáëåìû, ðåàëüíûå èçëó÷àòåëè
ìîãóò áûòü ñìîäåëèðîâàíû óïðîùåííûìè êîíñòðóêöèÿìè, â êà÷åñòâå êîòîðûõ ìîãóò
áûòü ïðèíÿòû ïðîñòåéøèå èñòî÷íèêè øóìà: ìîíîïîëè, äèïîëè, êâàäðóïîëè, à òàêæå
èõ ñîâîêóïíîñòè. ×àñòîòû âûíóæäåííûõ êîëåáàíèé äâóõìàññîâîé ñèñòåìû, ê êîòîðûì
îòíîñÿòñÿ è êîíñòðóêöèè îâîùåðåçàòåëüíûõ ìàøèí îïðåäåëÿþòñÿ, èñïîëüçóÿ ñèñòåìó
óðàâíåíèé, êîòîðûå îïèñûâàþò êîëåáàíèÿ ýòèõ ìàññ [5]:

m1ẍ1 + c1x1 − c2(x2 − x1) = 0

m2ẍ2 + c2(x2 − x1) = 0

}
, (1)

ãäå m1 � ìàññà ðîòîðà ýëåêòðîäâèãàòåëÿ ñ âåäóùèì øêèâîì, êã; c1 � æåñòêîñòü
êëèíîâîãî ðåìíÿ ïåðåäà÷è, H/ì; m2 � ñóììà ìàññ âàëà ðàáî÷åãî îðãàíà ñ âåäóùèì
øêèâîì, ðàáî÷èì îðãàíîì è èçìåëü÷àåìûì ïðîäóêòîì, êã; c2 � óäåëüíîå ñîïðîòèâëåíèå
íàðåçàíèþ ïðîäóêòà ðàáî÷èì îðãàíîì, H/ì.

Âûíóæäåííûå ëèíåéíûå êîëåáàíèÿ äâóõìàññîâûõ äèíàìè÷åñêèõ ñèñòåì,
èìåþùèõ íåñêîëüêî ñòåïåíåé ñâîáîäû, îïèñûâàþòñÿ ñèñòåìîé äèôôåðåíöèàëüíûõ
óðàâíåíèé âòîðîãî ïîðÿäêà ñ ïðàâîé ÷àñòüþ. Â ìàòðè÷íîé ôîðìå ýòà ñèñòåìà èìååò âèä:

||My||
{
q̈i

}
+ ||Hij||

{
q̇i

}
+ ||Cy||

{
qi

}
= {PBi}, (2)

ãäå ||My||, ||Cy|| � êâàäðàòíûå ìàòðèöû êîýôôèöèåíòîâ èíåðöèè è æåñòêîñòè;{
qi

}
,
{
q̈i

}
� âåêòîðû-ñòîëáöû îáîáùåííûõ êîîðäèíàò è óñêîðåíèé; Hij � ìàòðèöà

êîýôôèöèåíòîâ ñèë äåìïôèðîâàíèÿ; q̇i � îáîáùåííûå ñêîðîñòè; {PBi} � ìàòðèöà
îáîáùåííûõ âîçìóùàþùèõ ñèë.

Â êà÷åñòâå îáîáùåííîé êîîðäèíàòû âûáèðàåòñÿ ïåðåìåùåíèå X â íàïðàâëåíèè
äåéñòâèÿ âîçìóùàþùåé ñèëû. Ðàññìîòðèì óñòàíîâèâøèéñÿ ðåæèì êîëåáàíèé ||Hij|| = 0.
Ïðè âûíóæäåííûõ êîëåáàíèÿõ äâóõìàññîâîé ñèñòåìû ñ äâóìÿ ñòåïåíÿìè ñâîáîäû,
âîçáóæäàåìîé ïåðèîäè÷åñêîé ñèëîé Pâ = P0 cosωkt, ïðèëîæåííîé ê ïåðâîé ìàññå ñèñòåìà
óðàâíåíèé (1) çàïèøåòñÿ â âèäå:

m1ẍ1 + c1x1 − c2(x2 − x1) = Pâcosωkt

m2ẍ2 + c2(x2 − x1) = 0

}
. (3)

Ïðèíèìàÿ, ÷òî ìàññû êîëåáëþòñÿ ïî ãàðìîíè÷åñêèì çàêîíàì, ðåøåíèå óðàâíåíèé
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äëÿ àìïëèòóäû âèáðîñêîðîñòåé ìàññ èìååò âèä [6]:

max
·
x1 = P0(c2 −m2 − ω2

k)ωkθp, (4)

max
·
x2 = P0c2ωkθp, (5)

θp =
1

(c1 + c2 −m1ω2
k)(c2 −m2ω2

k)− c22
, (6)

ãäå Pâ � àìïëèòóäà âîçìóùàþùåé ñèëû, Í; ωk � êðóãîâàÿ ÷àñòîòà âûíóæäåííûõ
êîëåáàíèé, ñ−1. Íà ðèñóíêàõ 1 è 2 ïîêàçàíû çàâèñèìîñòè àìïëèòóäû âèáðîñêîðîñòè ïåðâîé
è âòîðîé ìàññû îò àìïëèòóäû âîçìóùàþùåé ñèëû è êðóãîâîé ÷àñòîòû âûíóæäåííûõ
êîëåáàíèé.

Ðèñ. 1. Èçìåíåíèå àìïëèòóäû âèáðîñêîðîñòè ïåðâîé ìàññû â çàâèñèìîñòè
îò àìïëèòóäû âîçìóùàþùåé ñèëû è êðóãîâîé ÷àñòîòû âûíóæäåííûõ êîëåáàíèé:

1− ωk = 130 c−1; 2− ωk = 140 c−1; 3− ωk = 150 c−1; 4− ωk = 160 c−1; 5− ωk = 170 c−1.

Êàê âèäíî èç ãðàôèêîâ
max
·
x1 è

max
·
x2 óâåëè÷èâàþòñÿ ñ âîçðàñòàíèåì P0 è óìåíüøàþòñÿ

ñ âîçðàñòàíèåì ωk. Çíà÷åíèÿ
max
·
x1 è

max
·
x2 óìåíüøàþòñÿ ñ óâåëè÷åíèåì m2. Âåëè÷èíà

âèáðîñêîðîñòè âòîðîé ìàññû óìåíüøàåòñÿ ñ óâåëè÷åíèåì c2. Âëèÿíèå óäåëüíîãî
ñîïðîòèâëåíèÿ íàðåçàíèþ ïðîäóêòà íîæîì ðàáî÷åãî îðãàíà íåñóùåñòâåííî âëèÿåò íà

âèáðîñêîðîñòü ïåðâîé ìàññû
max
·
x1 . Íà ðèñóíêàõ 3 è 4 ïîêàçàíû çàâèñèìîñòè èçìåíåíèÿ

àìïëèòóäû âèáðîñêîðîñòè ïåðâîé è âòîðîé ìàññû îò óäåëüíîãî ñîïðîòèâëåíèÿ íàðåçàíèþ
ïðîäóêòà íîæîì ðàáî÷åãî îðãàíà è âòîðîé ìàññû.

Ðåæèì âûíóæäåííûõ êîëåáàíèé ñèñòåìû íà ïåðâîé ðåçîíàíñíîé ÷àñòîòå:

p21 =
c2
m2

(7)

ñîîòâåòñòâóåò àíòèðåçîíàíñó äëÿ ïåðâîé ìàññû (7). Íà ýòîì ïðèíöèïå ñòðîÿòñÿ
äèíàìè÷åñêèå ãàñèòåëè êîëåáàíèé. Íà âòîðîé ðåçîíàíñíîé ÷àñòîòå:
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p22 =
m1c1 +m2c2

2m1m2

±

√
(m1c2 +m2c1)2

4m1m2

− c1c2
m1m2

(8)

âèäåí âòîðîé ìàêñèìóì ïåðåäàòî÷íûõ ôóíêöèé ñèñòåìû (8).

Ðèñ. 2. Èçìåíåíèå àìïëèòóäû âèáðîñêîðîñòè âòîðîé ìàññû â çàâèñèìîñòè
îò àìïëèòóäû âîçìóùàþùåé ñèëû è êðóãîâîé ÷àñòîòû âûíóæäåííûõ êîëåáàíèé:

1− ωk = 130 c−1; 2− ωk = 140 c−1; 3− ωk = 150 c−1; 4− ωk = 160 c−1; 5− ωk = 170 c−1.

Â êà÷åñòâå óïðóãîãî ýëåìåíòà êîíå÷íîãî çâåíà äâóõìàññîâûõ ìåõàíè÷åñêèõ
ñèñòåì (èëè ïðèâåäåííûõ ê íèì) òåõíîëîãè÷åñêèõ ìàøèí ïðèíèìàåòñÿ ïèùåâîé ïðîäóêò,
ñ êîòîðûì âçàèìîäåéñòâóåò ðàáî÷èé îðãàí.
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Ðèñ. 3. Èçìåíåíèå àìïëèòóäû âèáðîñêîðîñòè ïåðâîé ìàññû â çàâèñèìîñòè îò
óäåëüíîãî ñîïðîòèâëåíèÿ íàðåçàíèþ ïðîäóêòà íîæîì ðàáî÷åãî îðãàíà è âòîðîé ìàññû:

1−m2 = 2 êã; 2−m2 = 3 êã; 3−m2 = 4 êã; 4−m2 = 5 êã; 5−m2 = 6 êã.

Â ðåàëüíûõ óñëîâèÿõ ýêñïëóàòàöèè æåñòêîñòü ïðîäóêòà áóäåò èçìåíÿòüñÿ â
îïðåäåëåííîì äèàïàçîíå â çàâèñèìîñòè îò ôèçèêî-ìåõàíè÷åñêèõ ñâîéñòâ ïðîäóêòà, åãî
ñòðóêòóðû, êîíñòðóêöèè ðàáî÷åãî îðãàíà, èçíîñà ðåæóùåé êðîìêè è ðÿäà äðóãèõ ìåíåå
çíà÷èìûõ ôàêòîðîâ.

Äëÿ ïîääåðæàíèÿ â ñèñòåìå àíòèðåçîíàíñíîé ÷àñòîòû íåîáõîäèìî èìåòü ñèñòåìó
óïðàâëåíèÿ àìïëèòóäîé âîçìóùàþùåé ñèëû, ïðîïîðöèîíàëüíîé èçìåíåíèþ æåñòêîñòè
óïðóãîãî ýëåìåíòà, óñèëèþ èëè êðóòÿùåìó ìîìåíòó íà ðàáî÷åì îðãàíå.

Íà ðèñóíêå 5 ïðèâåäåíà çàâèñèìîñòü àìïëèòóäû âèáðîñêîðîñòè ïåðâîé è âòîðîé

ìàññû îò ïåðâîé ìàññû. Ñ óâåëè÷åíèåì m1 çíà÷åíèÿ
max
·
x1 ,

max
·
x2 óâåëè÷èâàþòñÿ.

Â äèíàìè÷åñêèõ è âèáðîàêóñòè÷åñêèõ ðàñ÷åòàõ òåõíîëîãè÷åñêèõ ìàøèí â ïåðâîì
ïðèáëèæåíèè â êà÷åñòâå æåñòêîñòè ïðîäóêòà ìîæíî èñïîëüçîâàòü óäåëüíîå ñîïðîòèâëåíèå
ïðîäóêòà, âçàèìîäåéñòâèå ñ ðàáî÷èì îðãàíîì èëè çàêîíîìåðíîñòü ýòîãî âçàèìîäåéñòâèÿ.
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Ðèñ. 4. Èçìåíåíèå àìïëèòóäû âèáðîñêîðîñòè âòîðîé ìàññû â çàâèñèìîñòè îò óäåëüíîãî
ñîïðîòèâëåíèÿ íàðåçàíèþ ïðîäóêòà íîæîì ðàáî÷åãî îðãàíà è âòîðîé ìàññû:
1−m2 = 2 êã; 2−m2 = 3 êã; 3−m2 = 4 êã; 4−m2 = 5 êã; 5−m2 = 6 êã.

Íà ïåðåäàòî÷íûå ôóíêöèè ìàññ íàèáîëåå ñóùåñòâåííîå âëèÿíèå îêàçûâàåò
÷àñòîòà âûíóæäåííûõ êîëåáàíèé, â îñîáåííîñòè íà E2. Ïîýòîìó äëÿ óëó÷øåíèÿ ÂÀÕ
òåõíîëîãè÷åñêèõ ìàøèí öåëåñîîáðàçíî ñíèæàòü ïåðåäàòî÷íóþ ôóíêöèþ, ïðåæäå âñåãî
ïåðâîé ìàññû [1].

Ìîùíîñòü èçëó÷åíèÿ âíóòðåííèõ èñòî÷íèêîâ øóìà â îêòàâíûõ ïîëîñàõ ÷àñòîò:

NM = 2πρc0R
2P 2

0m
2
2ω

2
kθ

2
P (p

2
1 − ω2

k)
2σuη, (9)

ãäå c0 = 344 ì/c � ñêîðîñòü çâóêà â âîçäóõå;m2 � ìàññà ðàáî÷åãî îðãàíà, ïðîäóêòà è
âåäîìîãî øêèâà ñ âàëîì ðàáî÷åãî îðãàíà, êã; ρ � ïëîòíîñòü âîçäóõà, êã/ì3; KB � âîëíîâîå
÷èñëî; η � êîýôôèöèåíò ïîòåðü êîëåáàòåëüíîé ýíåðãèè.

Çâóêîâàÿ ìîùíîñòü èçëó÷àòåëåé ìåõàíè÷åñêîãî øóìà òåõíîëîãè÷åñêîãî
îáîðóäîâàíèÿ çàâèñèò îò ðàçìåðîâ èñòî÷íèêà øóìà è êâàäðàòà àìïëèòóäû âèáðîñêîðîñòè
åãî ïîâåðõíîñòè. Ïðèíèìàÿ âî âíèìàíèå ïàðàìåòðû äèíàìè÷åñêîé ñèñòåìû (4) è (5),
ñíèæåíèå çâóêîâîé ìîùíîñòè âíóòðåííèõ èñòî÷íèêîâ øóìà NM äîñòèãàåòñÿ óìåíüøåíèåì
íàãðóçêè íà ðàáî÷èé îðãàí ìàøèíû, ïîâåðõíîñòè èçëó÷åíèÿ, ïîâûøåíèåì ÷àñòîòû
âûíóæäåííûõ êîëåáàíèé è äåìïôèðóþùèõ ñâîéñòâ ñèñòåìû.
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Ðèñ. 5. Èçìåíåíèå àìïëèòóäû âèáðîñêîðîñòè
ïåðâîé è âòîðîé ìàññû â çàâèñèìîñòè îò ïåðâîé ìàññû:

1−
max
·
x1 · 10−3 ì/ñ; 2−

max
·
x2 · 10−4 ì/ñ .

Êîðïóñíûå äåòàëè îâîùåðåçàòåëüíûõ ìàøèí ðàçëè÷àþòñÿ êîíñòðóêòèâíî,
ôîðìîé, ãàáàðèòàìè è ìàòåðèàëîì, ò.å. ÿâëÿþòñÿ ñëîæíûìè êîëåáàòåëüíûìè
ñèñòåìàìè. Êîëåáàòåëüíàÿ ýíåðãèÿ âíóòðåííèõ èñòî÷íèêîâ øóìà ïåðåäàåòñÿ íà êîðïóñ
òåõíîëîãè÷åñêîãî îáîðóäîâàíèÿ, êîòîðûé ÿâëÿåòñÿ èñòî÷íèêîì àêóñòè÷åñêèõ êîëåáàíèé,
óëàâëèâàåìûõ ìèêðîôîíîì øóìîìåðà, ôîðìèðóþùèì ÂÀÕ. Êîðïóñà òåõíîëîãè÷åñêèõ
ìàøèí ðàññìàòðèâàþòñÿ êàê èçëó÷àòåëè-ïëàñòèíû, ñîâåðøàþùèå èçãèáíûå êîëåáàíèÿ
ïîä äåéñòâèåì âíóòðåííèõ èñòî÷íèêîâ øóìà [1, 2]. Ìîùíîñòü èçëó÷åíèÿ êîëåáàòåëüíîé
ýíåðãèè ïëîñêèì êîðïóñîì îâîùåðåçàòåëüíîé ìàøèíû, íà íèçêèõ è ñðåäíèõ ÷àñòîòàõ,
åñëè f < fkp [7]:

Nn =
ρc0KBl1l2P

2
0m

2
2ω

2
kθ

2(p21 − ω2
k)

2η

2χ0

[1− I0(KBl1)] (10)

ãäå χ0 � âîëíîâîå ÷èñëî èçãèáíûõ êîëåáàíèé êîðïóñà ìàøèíû; l1 è l2 � ðàçìåðû
ñòåíêè êîðïóñà, ì; I0 � ôóíêöèÿ Áåññåëÿ íóëåâîãî ïîðÿäêà ïåðâîãî ðîäà.

Åñëè êðàÿ ïëàñòèíû îòñòîÿò äðóã îò äðóãà ìåíüøå, ÷åì íà ïîëîâèíó äëèíû
çâóêîâîé âîëíû, òî çâóêîâàÿ ìîùíîñòü, èçëó÷àåìàÿ ïëàñòèíîé, óäâàèâàåòñÿ. Âîëíîâîå
÷èñëî èçãèáíûõ êîëåáàíèé ïëîñêîãî êîðïóñà ìàøèíû íà êðèòè÷åñêîé ÷àñòîòå χ0 =

√
ωk/L:

α4 =
Enh

3
n

12ρn(1− µ2
n)
, (11)

Ìîùíîñòü èçëó÷åíèÿ ïëîñêèì êîðïóñîì ìàøèíû íà âûñîêèõ ÷àñòîòàõ:

Nâ
n = 0,25ρc0P0m

2
2ω

2
kθ

2
P (p

2
1 − ω2

k)
2l1l2η, (12)

� ìîùíîñòü èçëó÷åíèÿ ïðè f > fkp
� íà íèçêèõ ÷àñòîòàõ ïðè χ0 > KB

Nn =
ρE2

21l1l2η

4πm2
yωkm2

2(p
2
1 − ω2

k)
2θp

, (13)

ãäå my � óäåëüíàÿ ìàññà ïëàñòèíû; α� ïîñòîÿííàÿ äëÿ ïëàñòèí; E1 � ïåðåäàòî÷íàÿ
ôóíêöèÿ ïåðâîé ìàññû ÂÀÑ;
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� íà âûñîêèõ ÷àñòîòàõ χ0 << KB

Nn =
E2

21l1l2η

8mym2
2αθP (p

2
1 − ω2

k)
2
√
ωk

, (14)

� íà êðèòè÷åñêîé ÷àñòîòå KB = χ0

Nn =
E2

21χ
2
0l1l2ηÏ

8m2
2(p

2
1 − ω2

k)
2θ2Pmyα

√
ωk

βÏ
1 + β2

Ï

, (15)

βn =
ρc0χ

4
0

ωkmy

√
1− χ2/K2

B

, (16)

Ìîùíîñòü èçëó÷åíèÿ öèëèíäðè÷åñêèì êîðïóñîì ìàøèíû:

ïðè KBRö < 1

Nö = 0,25π2ρc0löK
3
âR

4
öP

2
0m

2
2θ

2
Pω

2
k(p

2
1 − ω2

k)
2η, (17)

ïðè KBRö >> 1

Nö = 0,5π2ρc0RölöP
2
0m

2
2θ

2
Pω

2
k(p

2
1 − ω2

k)
2η. (18)

Ïîëó÷åííûå âûðàæåíèÿ ìîùíîñòè èçëó÷åíèÿ ïëàñòèíîé è öèëèíäðîì èñïîëüçóþòñÿ
äëÿ ðàñ÷åòà ñòðóêòóðíîãî øóìà � îäíîé èç ñîñòàâëÿþùåé âèáðîàêóñòè÷åñêèõ
õàðàêòåðèñòèê òåõíîëîãè÷åñêîé ìàøèíû. Äëÿ ðàñ÷åòà ñîñòàâëÿþùèõ ÂÀÕ îò äðóãèõ
èñòî÷íèêîâ øóìà ïðèìåíÿåì èçâåñòíóþ çàâèñèìîñòü [8].

Nu = ρc0σuSuV
2η, (19)

ãäå Su � ïëîùàäü èçëó÷àþùåé ïîâåðõíîñòè, ì2; V � óñðåäíåííàÿ ïî âðåìåíè è
ïîâåðõíîñòè íîðìàëüíîé ñîñòàâëÿþùåé âåêòîðà êîëåáàòåëüíîé ñêîðîñòè, ì/ñ.

Íîðìàëüíàÿ ñîñòàâëÿþùàÿ âåêòîðà êîëåáàòåëüíîé ñêîðîñòè íà ïîâåðõíîñòè
èçëó÷àòåëÿ ïðåäïîëàãàåòñÿ ðàâíîé íîðìàëüíîé ñîñòàâëÿþùåé êîëåáàòåëüíîé ñêîðîñòè â
âîçäóõå ïåðåä ïîâåðõíîñòüþ ñôåðè÷åñêîãî èçëó÷àòåëÿ, ïðè ýòîì àìïëèòóäû êîëåáàíèé â
ëþáîé òî÷êå ïîâåðõíîñòè îäèíàêîâû. Â àêóñòè÷åñêèõ ðàñ÷åòàõ àìïëèòóäû âèáðîñêîðîñòåé
ìàññ îïðåäåëÿþò ïî çàâèñèìîñòÿì (4) è (5). Ïëîùàäü èçëó÷àþùåé ïîâåðõíîñòè
îáîðóäîâàíèÿ, ðàñïîëàãàåìîãî â ïðîèçâîäñòâåííîì ïîìåùåíèè íà ïîëó Su = 2πR2.
Óðîâåíü çâóêîâîé ìîùíîñòè èñòî÷íèêà èçëó÷åíèÿ Lpij ðàâåí:

Lpij = 10(lgNj + 12),äÁ (20)

2. Ìîäåëèðîâàíèå êîýôôèöèåíòà èçëó÷åíèÿ øóìà îâîùåðåçàòåëüíûõ

ìàøèí

Èçëó÷åíèå øóìà ìàøèíîé îïðåäåëÿåòñÿ ãëàâíûì îáðàçîì êîëè÷åñòâîì çâóêîâîé
ýíåðãèè â åäèíèöó âðåìåíè. Âî ìíîãèõ ñëó÷àÿõ ïðèíÿòî êîýôôèöèåíò èçëó÷åíèÿ
ïðîèçâîëüíî âûáðàííîé ïîâåðõíîñòè ñ ïðîèçâîëüíûì ðàñïðåäåëåíèåì çíà÷åíèé âåêòîðà
êîëåáàòåëüíîé ñêîðîñòè âûðàæàòü ôîðìóëîé [1]:

σu =
P

Ṽ 2 · ρ · c · S
, (21)

ãäå P � çâóêîâàÿ ìîùíîñòü, èçëó÷àåìàÿ êîëåáëþùåéñÿ êîíñòðóêöèåé; c � ôàçîâàÿ
ñêîðîñòü ðàñïðîñòðàíåíèÿ çâóêà; ρ � ïëîòíîñòü âîçäóõà; S � ïëîùàäü ïîâåðõíîñòè
èçëó÷àòåëÿ; Ṽ 2 � ñðåäíåå çíà÷åíèå êâàäðàòà ñêîðîñòè, èçìåðåííîå ïåðïåíäèêóëÿðíî ê
ïîâåðõíîñòè èçëó÷åíèÿ.

Êîýôôèöèåíò èçëó÷åíèÿ øóìà, êîòîðûé çàâèñèò îò ðàçìåðîâ, ôîðìû, à òàêæå
÷àñòîòû çâóêîâûõ êîëåáàíèé, õàðàêòåðèçóåòñÿ ñëåäóþùèìè îñîáåííîñòÿìè:
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� åñëè êîëåáàíèÿ ñèíõðîííû â òåõ îáëàñòÿõ, ðàçìåðû êîòîðûõ áîëüøå äëèíû
âîëíû êîëåáàíèé â âîçäóõå (ïðîòÿæíûé èñòî÷íèê), òî σu ≈ 1. Â òåõíîëîãè÷åñêîì
îáîðóäîâàíèè ìîæíî ïðèíèìàòü σu = 1 äëÿ äèàïàçîíà îêòàâíûõ ÷àñòîò îò 63 äî 8000 Ãö
ñ ó÷åòîì ãàáàðèòîâ èçäåëèÿ;

� åñëè �äëèíà âîëíû èçëó÷àòåëÿ� ïðèáëèçèòåëüíî ðàâíà äëèíå çâóêîâîé âîëíû,
òîãäà σu ìîæåò áûòü áîëüøå 1;

� åñëè êîëåáàíèÿ èñòî÷íèêà øóìà ñèíõðîííû òîëüêî â îãðàíè÷åííûõ îáëàñòÿõ,
òî σu < 1.

Â êà÷åñòâå ïðàêòè÷åñêîãî âûâîäà äëÿ ñíèæåíèÿ øóìà èçëó÷àòåëè ðåêîìåíäóþò
äåëàòü ïî âîçìîæíîñòè íåáîëüøèìè, à îáëàñòè ïðîòèâîôàç ðàñïîëàãàòü êàê ìîæíî áëèæå
îäíà ê äðóãîé (äèïîëü âìåñòî ìîíîïîëÿ, êâàäðóïîëü âìåñòî äèïîëÿ, ïåðôîðèðîâàííàÿ
ïëàñòèíà âìåñòî ìîíîëèòíîé è äð.). Èíîãäà çâóêîèçëó÷åíèå ìîæíî ñíèçèòü çà ñ÷åò
ðàçìåùåíèÿ äîïîëíèòåëüíîãî èñòî÷íèêà çâóêà (àíòèèñòî÷íèêà) ñ ïðîòèâîïîëîæíîé
ôàçîé è íåïîñðåäñòâåííîé áëèçîñòè îò èìåþùåãîñÿ èñòî÷íèêà.Â îòëè÷èå îò ýòîãî äëÿ
èçëó÷åíèÿ âûñîêîé ýíåðãèè ïðèìåíÿòü èñòî÷íèêè, ðàçìåðû êîòîðûõ äîëæíû áûòü
áîëüøå äëèíû çâóêîâîé âîëíû. Äëÿ òî÷å÷íîãî èçëó÷àòåëÿ, ò.å. ìàëîãî òåëà, îáúåì
êîòîðîãî èçìåíÿåòñÿ âî âðåìåíè, èçëó÷åíèå â áåñêîíå÷íóþ ñðåäó ðàâíî:

p(x,y,z,t) =
ρ · S

4 · π · r
· ∂
∂t
· νS · (t− r/c) =

ρ

4 · π · r
· ∂
∂t
· q · (t− r/c), (22)

ãäå S � ïîâåðõíîñòü òåëà; r � ðàññòîÿíèå ìåæäó èñòî÷íèêîì è òî÷êîé èçìåðåíèÿ;
q � îáúåìíûé ïîòîê.

Ìîùíîñòü èçëó÷åíèÿ øàðà ðàäèóñîì R, ïóëüñèðóþùåãî ñî ñêîðîñòüþ
νS = νS0 · ej·w·t ðàâíà:

N =
ρ · c
2
· 4 · π ·R2 K2

BR
2

1 +K2
BR

2
ν̃S0 . (23)

Êîýôôèöèåíò èçëó÷åíèÿ âíóòðåííèõ èñòî÷íèêîâ ìîæíî îïðåäåëèòü:

σu =
K2

âR
2

1 +K2
âR

2
. (24)

3. Èññëåäîâàíèå êîýôôèöèåíòà ïîòåðü êîëåáàòåëüíîé ýíåðãèè â

êîíñòðóêöèÿõ îâîùåðåçàòåëüíûõ ìàøèí

Çâóêîâóþ âèáðàöèþ èçìåðÿþò ñ öåëüþ îïðåäåëåíèÿ ìåõàíè÷åñêèõ õàðàêòåðèñòèê
òâåðäûõ òåë (ìåõàíè÷åñêàÿ ñïåêòðîñêîïèÿ). Ïðåäñòàâëÿþùèå èíòåðåñ õàðàêòåðèñòèêè �
ýòî â îñíîâíîì ïàðàìåòðû óïðóãîñòè (ìîäóëü ïðîäîëüíîé óïðóãîñòè èëè ìîäóëü ñäâèãà),
à òàêæå ïîêàçàòåëü âíóòðåííèõ ïîòåðü ýíåðãèè êîëåáàíèé (êîýôôèöèåíòà ïîòåðü). Êðîìå
èçìåðåíèÿ èìïåäàíñà (ïî âåëè÷èíå è ôàçå) ìåõàíè÷åñêèå õàðàêòåðèñòèêè îïðåäåëÿþò
ïóòåì èçìåðåíèÿ ðåçîíàíñíûõ ÷àñòîò è âðåìåíè èõ çàòóõàíèÿ èëè ïîëóøèðèíû
ðåçîíàíñíîé êðèâîé. Èñõîäÿ èç çàìåðåííîé ðåçîíàíñíîé ÷àñòîòû, ïîëó÷àþò èñêîìûé
ìîäóëü, à, çíàÿ âðåìÿ çàòóõàíèÿ (ðåâåðáåðàöèè) èëè ïîëóøèðèíó ðåçîíàíñíîé êðèâîé,
íàõîäÿò êîýôôèöèåíò ïîòåðü.

Âûáîð ñïîñîáà èçìåðåíèÿ çàâèñèò îò îïðåäåëÿåìîé õàðàêòåðèñòèêè. Íà ïðàêòèêå
øèðîêî ïðèìåíÿþò ìàëûå îáðàçöû, êîòîðûå âìåñòå ñ ìàññîé îáðàçóþò ðåçîíàíñíóþ
ñèñòåìó. Êðîìå òîãî, ñëåäóåò îáðàùàòü âíèìàíèå íà òî, ÷òîáû íå áûëî óòå÷êè ýíåðãèè
â ìåñòå êðåïëåíèÿ îáðàçöà èëè èç-çà ïîòåðü â ðåçóëüòàòå èçëó÷åíèÿ, îñîáåííî ïðè
ñëàáî äåìïôèðîâàííûõ îáðàçöàõ. Â ïðîòèâíîì ñëó÷àå çàìåðû íåîáõîäèìî ïðîâîäèòü â
âàêóóìå. Ñîãëàñíî ëèíåéíîé òåîðèè çâóêîâûõ ïðîöåññîâ, ïðè äåìïôèðîâàíèè çâóêîâûõ
âèáðàöèé êîýôôèöèåíò ïîòåðü ìîæíî îïðåäåëèòü ñëåäóþùèì îáðàçîì [8]:
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η =
Wn

2 · π ·Wr

, (25)

ãäå Wn � âèáðàöèîííàÿ ýíåðãèÿ, òåðÿþùàÿñÿ â ñèñòåìå çà êðóãîâîé öèêë
êîëåáàíèé; Wr � âèáðàöèîííàÿ ýíåðãèÿ, âíîâü ïîñòóïèâøàÿ â ñèñòåìó.

Ñêëîííîñòü âîçáóäèòåëÿ ÂÀÑ ê ïåðåäà÷å âèáðàöèè ìîæíî îöåíèòü ïåðåäàòî÷íîé
ôóíêöèåé E, îïðåäåëÿåìîé îòíîøåíèåì àìïëèòóä âèáðîñêîðîñòåé íà âûõîäå V2 è âõîäå
ñèñòåìû V1 [3, 9, 10, 11]. Äëÿ ìîäåëè, âîçáóæäàåìîé ÷àñòîòîé ωk:

V1 = χ0ωk, (26)

Àìïëèòóäó V2 íàõîäèì ñëåäóþùèì îáðàçîì:

·
x2 =

P0

√
ω2
k + 4ε2

m(ω2
k + 4ε2)

sin

(
ωkt+ arctan

2ε

ωk

)
, (27)

V2 =
P0

m
√
ω2
k + 4ε2

, (28)

Ïåðåäàòî÷íàÿ ôóíêöèÿ îäíîìàññîâîé ÂÀÑ ñ äåìïôèðîâàíèåì:

E1 =
P0

χ0ωkmp

√(
ω2
k

p

)2
+ γ2

, (29)

Àíàëèç çàâèñèìîñòåé ïàðàìåòðîâ êîëåáàòåëüíîé îäíîìàññîâîé ñèñòåìû E è β îò
å¼ îòíîñèòåëüíîé ÷àñòîòíîé õàðàêòåðèñòèêè ïîêàçûâàåò, ÷òî â äîðåçîíàíñíîì ðåæèìå(

ωk

p

)
< 1 êîýôôèöèåíò äèíàìè÷íîñòè (óñèëåíèÿ) β, îïðåäåëÿåìûé ïî ôîðìóëå:

β =
1√[

1−
(

ω2
k

p

)2]2
+ γ

(
ωk

p

)2 , (30)

âîçðàñòàåò ñ ïîâûøåíèåì ÷àñòîòû âûíóæäåííûõ êîëåáàíèé è ñíèæåíèåì

äåìïôèðóþùèõ ñâîéñòâ ñèñòåìû. Â ðåçîíàíñíîì ðåæèìå
(

ωk

p

)
= 1 óâåëè÷åíèå β

íàèáîëåå çíà÷èòåëüíî îò ∞ äî 2. Â ýòèõ ðåæèìàõ íà âîçðàñòàíèå àìïëèòóäû êîëåáàíèé
ñóùåñòâåííîå âëèÿíèå îêàçûâàþò äåìïôèðóþùèå ñâîéñòâà ñèñòåìû. Â çàðåçîíàíñíîì

ðåæèìå
(

ωk

p

)
< 1 êîýôôèöèåíò äèíàìè÷íîñòè ñíèæàåòñÿ äî âåëè÷èíû ìåíüøåé åäèíèöû.

Ïåðåäàòî÷íàÿ ôóíêöèÿ ÂÀÑ óìåíüøàåòñÿ ñ âîçðàñòàíèåì ÷àñòîòû âûíóæäåííûõ
êîëåáàíèé âî âñåõ ðåæèìàõ ðàáîòû îáîðóäîâàíèÿ. Äåìïôèðóþùèå ñâîéñòâà ñèñòåìû
îêàçûâàþò âëèÿíèå íà âåëè÷èíó E ïðàêòè÷åñêè ëèøü â äîðåçîíàíñíîé îáëàñòè. Ïîýòîìó
ïðè óñòàíîâèâøåìñÿ ðåæèìå ðàáîòû îáîðóäîâàíèÿ ωk

p
> 4 âëèÿíèåì äåìïôèðóþùèõ

ñâîéñòâ íà ïåðåäàòî÷íóþ ôóíêöèþ ìîæíî ïðåíåáðå÷ü, òîãäà ðàñ÷åò ïåðåäàòî÷íîé
ôóíêöèè óïðîñòèòñÿ:

E1 =
P0

χ0mω2
k

. (31)

Ñíèæåíèå ïåðåäàòî÷íîé ôóíêöèè ÂÀÑ äîñòèãàåòñÿ óâåëè÷åíèåì ìàññû è
÷àñòîòû âûíóæäåííûõ êîëåáàíèé, à òàêæå ñíèæåíèåì àìïëèòóäû âíåøíåé íàãðóçêè. Â
ñâÿçè ñ òåì, ÷òî ðàñ÷åò êîýôôèöèåíòà ïîòåðü êîëåáàòåëüíîé ýíåðãèè â êîíñòðóêöèÿõ
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òåõíîëîãè÷åñêèõ ìàøèí àíàëèòè÷åñêèì ïóòåì ñëîæåí èç-çà âëèÿíèÿ ðàçëè÷íûõ ôàêòîðîâ,
öåëåñîîáðàçíî îïðåäåëÿòü ηÏ ýêñïåðèìåíòàëüíûì ïóòåì ïî âåëè÷èíå âèáðîñêîðîñòè íà
âõîäå è âûõîäå ñèñòåìû ïî ðåçóëüòàòàì ãàðìîíè÷åñêîãî àíàëèçà îñöèëëîãðàìì ïðîöåññà
íàãðóæåíèÿ ìàøèíû â ïðîöåññå ðàáîòû.

Çàêëþ÷åíèå

Ïðîâåäåííûå èññëåäîâàíèÿ âèáðîàêóñòè÷åñêèõ ïðîöåññîâ âíóòðåííèõ èñòî÷íèêîâ
øóìà îâîùåðåçàòåëüíûõ ìàøèí ïðåäïðèÿòèé ïèòàíèÿ ïîçâîëèëè ìàòåìàòè÷åñêè
îïèñàòü âèáðîàêóñòè÷åñêèå ïðîöåññû, ïðîèñõîäÿùèå â êîíñòðóêöèÿõ ýòèõ ìàøèí,
èñïîëüçóÿ ñèíòåç àêóñòè÷åñêèõ è äèíàìè÷åñêèõ ìîäåëåé. Ïåðñïåêòèâà äàëüíåéøèõ
èññëåäîâàíèé ëåæèò â ðàçðàáîòêå ìåòîäèêè ðàñ÷åòà âèáðîàêóñòè÷åñêèõ õàðàêòåðèñòèê
îâîùåðåçàòåëüíûõ ìàøèí ïðåäïðèÿòèé îáùåñòâåííîãî ïèòàíèÿ.
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Àííîòàöèÿ

Ýôôåêò âîçäåéñòâèÿ äëèòåëüíîãî íîøåíèÿ íàóøíèêîâ íà ôóíêöèè ñëóõîâîãî àíàëèçàòîðà

ñðàâíèòåëüíî õîðîøî èçó÷åí, íî âëèÿíèå íàóøíèêîâ íà ðàçâèòèå èäèîïàòè÷åñêîé ãèïåðàêóçèè íå

îòðàæåíî â ïóáëèêàöèÿõ. Ïðîâåäåíî îáñëåäîâàíèå äâóõ ãðóïï äîáðîâîëüöåâ. Â ñîñòàâ 1-é ãðóïïû áûëè

âêëþ÷åíû 20 ñòóäåíòîâ, ïðîñëóøèâàþùèõ àóäèîïëååð ñ íàóøíèêàìè-âêëàäûøàìè 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. Íå âûÿâëåíî

âëèÿíèå äëèòåëüíîãî ïðèìåíåíèÿ íàóøíèêîâ-âêëàäûøåé íà ÷àñòîòó èäèîïàòè÷åñêîé ãèïåðàêóçèè,

îäíàêî íåîáõîäèìî ïðîäîëæèòü èññëåäîâàíèå ýòîãî âîïðîñà â äèíàìèêå.

Êëþ÷åâûå ñëîâà: íàóøíèêè, àóäèîïëååð, ðèñê, ãèïåðàêóçèÿ.

Can long wearing of headphones increase the risk of the development of

hyperacusia?
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Abstract

The e�ects of prolonged wearing of headphones on the functions of the auditory analyzer are relatively

well understood, but the impact of headphones on the development of idiopathic hyperacusis is not re�ected in

the publications. The 1st group included 20 students listening to an audio player with in-ear headphones for

more than 3 hours a day for the past 3 years (in 7 cases - at least 6 hours a day). The 2nd group included

students who did not use an audio player or who listened to it for less than 1 hour per day. The e�ect of

prolonged use of in-ear headphones on the frequency of idiopathic hyperacusia was not detected, however, it is

necessary to continue the study of this issue in dynamics.

Keywords: headphones, audio player, risk, hyperacusis.
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Ââåäåíèå

Ñîçäàòåëè ïåðâîãî ïîðòàòèâíîãî êàññåòíîãî ìàãíèòîôîíà Sony â 1979 ãîäó íå
ìîãëè ïðåäïîëîæèòü, ÷òî èõ èçîáðåòåíèå ïðèâåäåò ê íàñòîÿùåé ýïèäåìèè òóãîóõîñòè.
Ïîñòîÿííîå ïðîñëóøèâàíèå ãðîìêîé ìóçûêè ÷åðåç íàóøíèêè íà óëèöå, â ñïîðòçàëå, â
òðàíñïîðòå è âåçäå, ãäå òîëüêî ìîæíî, íåèçáåæíî âåäåò ê ñíèæåíèþ ñëóõà. Îñîáåííî
ìíîãî òàêèõ íàó÷íûõ ñîîáùåíèé â ÑØÀ, ãäå, íàïðèìåð, ïðè îïðîñå 280 ñòóäåíòîâ è
àñïèðàíòîâ îêàçàëîñü, ÷òî 84% èç íèõ - ïîñòîÿííûå ïîëüçîâàòåëè íàóøíèêîâ (N = 236).
Ðåçóëüòàòû ïîêàçàëè, ÷òî 44% ðåñïîíäåíòîâ, êîòîðûå èñïîëüçóþò íàóøíèêè åæåäíåâíî,
íå ñ÷èòàþò, ÷òî èñïîëüçîâàíèå íàóøíèêîâ ìîæåò êàêèì-ëèáî îáðàçîì ïîâëèÿòü íà èõ
ñëóõ. Òðèäöàòü ïðîöåíòîâ ðåñïîíäåíòîâ ïîäòâåðäèëè, ÷òî îíè èñïîëüçóþò íàóøíèêè,
ïîòîìó ÷òî èõ èñïîëüçóþò äðóãèå ïîäðîñòêè, â òî âðåìÿ êàê 25% ïîäòâåðäèëè, ÷òî
ïîñëå èñïîëüçîâàíèÿ íàóøíèêîâ îíè ñëûøàò çâîí â óøàõ. Îêîëî 33% ñîîáùèëè,
÷òî èñïûòûâàþò ïîòåðþ ñíà íî÷üþ [1]. Â ïîñëåäíèå ãîäû ïîä÷åðêèâàåòñÿ, ÷òî
èñïîëüçîâàíèå íàóøíèêîâ-âêëàäûøåé âûçûâàåò íàèáîëüøèå ïîòåðè ñëóõà. Îáñóæäàåòñÿ
òàêæå âëèÿíèå íàóøíèêîâ íà ñëóõîâóþ ôóíêöèþ íåêîòîðûõ êàòåãîðèé ðàáîòíèêîâ.
Óãëóáëåííûå èññëåäîâàíèÿ ó ðàáîòíèêîâ êîëë-öåíòðîâ, äèñïåò÷åðîâ, çâóêîîïåðàòîðîâ,
ðàáîòàþùèõ â íàóøíèêàõ, òàêæå ïîêàçàëè ðàçâèòèå òóãîóõîñòè ó ÷àñòè îáñëåäîâàííûõ
[2, 3, 4]. Âàæíî îòìåòèòü, ÷òî íàðÿäó ñî ñíèæåíèåì ñëóõà ïîëüçîâàòåëè íàóøíèêîâ
ïðåäúÿâëÿþò æàëîáû íà íåìîòèâèðîâàííûé øóì â óøàõ, òðóäíîñòè ñ ïîíèìàíèåì ðå÷è,
ãîëîâîêðóæåíèå, äèñêîìôîðò â îòíîøåíèè ãðîìêèõ çâóêîâ è ÷óâñòâèòåëüíîñòü ê øóìó
[5,6,7]. Òàêèå ÿâëåíèÿ áîëåå õàðàêòåðíû äëÿ ïîðàæåíèé óëèòêè è äëÿ öåíòðàëüíûõ
ìåõàíèçìîâ íàðóøåíèÿ ñëóõîâîãî àíàëèçàòîðà, à íà ïðàêòèêå îíè íåðåäêî ñî÷åòàþòñÿ
ñ ãèïåðàêóçèåé. Åñëè âîïðîñ âîçäåéñòâèÿ äëèòåëüíîãî íîøåíèÿ íàóøíèêîâ íà ôóíêöèè
êàê ïåðèôåðè÷åñêîãî, òàê è öåíòðàëüíîãî îòäåëîâ ñëóõîâîãî àíàëèçàòîðà ñðàâíèòåëüíî
õîðîøî èçó÷åí, òî òàêîå âëèÿíèå íà ðàçâèòèå ãèïåðàêóçèè íå ïðèâëåêàëî âíèìàíèå
èññëåäîâàòåëåé.

Ãèïåðàêóçèÿ ïðåäñòàâëÿåò ñîáîé ñîñòîÿíèå, ïðè êîòîðîì áîëüíûå îöåíèâàþò
ñëàáûå è ñðåäíåé èíòåíñèâíîñòè çâóêè êàê ñâåðõãðîìêèå, äàæå ñ áîëåâûì îòòåíêîì
[8,9,10]. Íåðåäêî ýòî ìåøàåò âûïîëíÿòü òåêóùóþ ðàáîòó. Íàðóøåíèÿ öåíòðàëüíûõ
ïðîöåññîâ îáðàáîòêè çâóêîâîé èíôîðìàöèè ïðèâîäèò ê òîìó, ÷òî çâóê ìîæåò èìåòü ìàëóþ
ñèëó, íî îãðîìíîå ñèãíàëüíîå çíà÷åíèå. Â îäíèõ ñëó÷àÿõ ãèïåðàêóçèÿ ÿâëÿåòñÿ âòîðè÷íûì
ñèíäðîìîì ïðè öåëîì ðÿäå ñðàâíèòåëüíî ðåäêèõ çàáîëåâàíèé [11,12] è â íàøåé ðàáîòå
íå ðàññìàòðèâàþòñÿ. Â äðóãèõ ñëó÷àÿõ èäèîïàòè÷åñêóþ (âûçâàííóþ íåóñòàíîâëåííîé
ïðè÷èíîé) ãèïåðàêóçèþ ðàññìàòðèâàþò êàê ñàìîñòîÿòåëüíîå çàáîëåâàíèå, ñîîòâåòñòâóþùåå
ïîíÿòèþ ¾èäèîïàòè÷åñêàÿ íåïåðåíîñèìîñòü îêðóæàþùåé ñðåäû¿ (IEI) ïðèìåíèòåëüíî ê
øóìîâûì âîçäåéñòâèÿì. Â äàëüíåéøåì ìû áóäåì ïîëüçîâàòüñÿ òåðìèíîì ¾èäèîïàòè÷åñêàÿ
ãèïåðàêóçèÿ (ÈÃÀ)¿, êàê îäíîé èç ôîðì IEI. Ê íàèáîëåå âåðîÿòíûì ïðè÷èíàì ðàçâèòèÿ
ÈÃÀ ìîãóò áûòü îòíåñåíû öåíòðàëüíûå ðàññòðîéñòâà ñëóõà è íàðóøåíèÿ âåãåòàòèâíîé
ðåãóëÿöèè.

1. Îöåíêà âëèÿíèÿ âíóòðèêàíàëüíûõ íàóøíèêîâ íà ÷àñòîòó ñèìïòîìîâ

ãèïåðàêóçèè ó ëèö ìîëîäîãî âîçðàñòà

Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ èññëåäîâàíèå ÷àñòîòû èäèîïàòè÷åñêîé
ãèïåðàêóçèè ó ìîëîäûõ ëþäåé, äëèòåëüíî èñïîëüçóþùèõ âíóòðèêàíàëüíûå íàóøíèêè.

Èññëåäîâàíèÿ áûëè ïðîâåäåíû ó 38 äîáðîâîëüöåâ (16 ìóæ÷èí, 22 æåíùèíû) 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 ñ âíóòðèêàíàëüíûìè
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íàóøíèêàìè 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 (ðèñ 1). Êðîìå òîãî, ó ëèö 2-é ãðóïïû âûÿñíÿëè,
ïîëüçîâàëèñü ëè îíè àóäèîïëååðàìè ðàíåå è ñêîëüêî ÷àñîâ â äåíü. Â èññëåäóåìûå ãðóïïû
íå âêëþ÷àëèñü ëèöà, èñïîëüçóþùèå àóäèîïëååð îò 1 äî 3-õ ÷àñîâ åæåäíåâíî.

Ðèñ. 1. Èñïîëüçîâàíèå íàóøíèêîâ
ó äîáðîâîëüöåâ

Ðèñ. 2. Ðàñïðåäåëåíèå æàëîá íà
ãèïåðàêóçèþ ó äîáðîâîëüöåâ (Ð>0,05)

Âñåì îáñëåäóåìûì ïðîâîäèëñÿ óãëóáëåííûé îñìîòð ËÎÐ-ñïåöèàëèñòà, âêëþ÷àþùèé
îòîñêîïèþ, èìïåäàíñîìåòðèþ è ðåãèñòðàöèþ çàäåðæàííîé âûçâàííîé îòîàêóñòè÷åñêîé
ýìèññèè (ÇÂÎÀÝ). Äëÿ âûÿâëåíèÿ ÈÃÀ áûë èñïîëüçîâàí îïðîñíèê Âàíøòåéíà [13],
ýôôåêòèâíîñòü êîòîðîãî áûëà ïîäòâåðæäåíà è â ñîâðåìåííûõ èññëåäîâàíèÿõ [14, 15].

Ðåçóëüòàòû èññëåäîâàíèÿ ïîêàçàëè, ÷òî ó ñòóäåíòîâ, ïðîñëóøèâàþùèõ àóäèîïëååð
áîëåå 3-õ ÷àñîâ â äåíü, è ó íå èñïîëüçóþùèõ òàêîâîé ïðèçíàêè ÈÃÀ îáíàðóæèâàþòñÿ
â 25% è 22%, ñîîòâåòñòâåííî (Ð>0,05). Òî åñòü, íà ïåðâûé âçãëÿä, èñïîëüçîâàíèå
âíóòðèêàíàëüíûõ íàóøíèêîâ íå ñâÿçàíî ñ íåïåðåíîñèìîñòüþ ðàçëè÷íûõ øóìîâ (ðèñ. 2).

Îäíàêî óãëóáëåííûé îïðîñ â èññëåäóåìûõ ãðóïïàõ ïîêàçàë ñóùåñòâîâàíèå
áîëåå ñëîæíîé çàêîíîìåðíîñòè (ðèñ. 3). Â 11 èç 38 ñëó÷àåâ îáñëåäîâàííûå óêàçàëè,
÷òî ñòàëè ïîëüçîâàòüñÿ íàóøíèêàìè â ñâÿçè ñ ðàçäðàæàþùèì äåéñòâèåì øóìà â
ïåðèîä ðàáîòû èëè îòäûõà (Ð <0,05). Îäíàêî â äàëüíåéøåì øåñòåðî îòêàçàëèñü
îò íàóøíèêîâ (2-ÿ ãðóïïà) , òàê êàê èõ ¾ðàçäðàæàåò ëþáîé çâóêîâîé ôîí¿. Òàêîå
ÿâëåíèå ïî ðåçóëüòàòàì òåñòèðîâàíèÿ íå âñåãäà ìîæíî îòíåñòè ê ÈÃÀ è ñêîðåå îíî
ñîîòâåòñòâóåò áîëåå øèðîêîìó ïîíÿòèþ ¾ôîíîôîáèÿ¿. Îäíàêî â ïåðñïåêòèâå íåëüçÿ
èñêëþ÷èòü ðàçâèòèå ó íèõ ïîëíîöåííîé ãèïåðàêóçèè. Åùå 2 ÷åëîâåêà èç 2-é ãðóïïû
ðàíåå îòêàçàëèñü îò äëèòåëüíîãî ïðîñëóøèâàíèÿ àóäèîïëååðà (äî ýòîãî èñïîëüçîâàëè åãî
3-6 ÷àñîâ â äåíü) èç-çà æàëîá íà íåïåðåíîñèìîñòü ãðîìêèõ çâóêîâ, ÷òî ïî ñîâîêóïíîñòè
ñîîòâåòñòâîâàëî ïîíÿòèþ ¾ÈÃÀ¿. Â 4 èç 20 ñëó÷àÿõ â 1-é ãðóïïå èññëåäóåìûå îáúÿñíÿëè
íîøåíèå àóäèîïëååðà íåîáõîäèìîñòüþ çàùèòû îò äðóãèõ âèäîâ øóìà (òðàíñïîðòíûé øóì,
òåëåâèçîð è äð.). Ïðè ýòîì âñå îíè îòìå÷àëè, ÷òî ¾çàùèòíîå¿ äåéñòâèå àóäèîïëååðîâ
ïîñòåïåííî ñëàáååò.
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Ðèñ. 3. Ðàñïðåäåëåíèå ïðè÷èí èñïîëüçîâàíèÿ èëè îòêàçà îò íàóøíèêîâ ó îáñëåäóåìûõ

Òàêèì îáðàçîì, ðàñïðîñòðàíåííîñòü àóäèîïëååðîâ â ñîâðåìåííîì ìèðå
ïîëèýòèîëîãè÷íà è îäíîé èç ïðè÷èí ýòîãî ÿâëåíèÿ ÿâëÿåòñÿ øóìîâîå çàãðÿçíåíèå
îêðóæàþùåé ñðåäû. Ìîëîäûå ëþäè íåðåäêî èñïîëüçóþò àóäèîïëååðû íå äëÿ ðåêðåàöèè,
à äëÿ çàùèòû îò íàçîéëèâîãî øóìà. Íî â ïîëîâèíå ñëó÷àåâ â äàëüíåéøåì îò
íèõ îòêàçûâàþòñÿ ïî ðàçíûì ïðè÷èíàì. Âñå âûøåèçëîæåííîå ñâèäåòåëüñòâóåò î
íåîáõîäèìîñòè ïðîäîëæèòü èññëåäîâàíèå ïðè÷èí è ïîñëåäñòâèé äëèòåëüíîãî íîøåíèÿ
íàóøíèêîâ. Ïðè ýòîì ñëåäóåò ïðîâåñòè ñêðèíèíãîâîå èññëåäîâàíèå â ïðåäåëàõ áîëåå
ñòàðøèõ âîçðàñòíûõ ãðóïï, òàê êàê ýâîëþöèÿ ãèïåð÷óâñòâèòåëüíîñòè ê øóìîâûì
ðàçäðàæèòåëÿì - ïðîöåññ äîñòàòî÷íî äëèòåëüíûé. Äàííûé âîïðîñ èìååò îñîáîå
çíà÷åíèå äëÿ îõðàíû òðóäà ïåðñîíàëà, ðàáîòàþùåãî â íàóøíèêàõ (ñâÿçèñòû, ðàáîòíèêè
êîëë-öåíòðîâ, äèñïåò÷åðû, çâóêîîïåðàòîðû).

Âàæíî îòìåòèòü, ÷òî ïðèçíàêè ðàíåå ïåðåíåñåííûõ âîñïàëèòåëüíûõ çàáîëåâàíèé
ñðåäíåãî è âíóòðåííåãî óõà, íàðóøåíèÿ çâóêîïðîâåäåíèÿ èëè çâóêîâîñïðèÿòèÿ íèêàê
íå áûëè ñâÿçàíû ñ íåïåðåíîñèìîñòüþ ãðîìêèõ çâóêîâ (Ð>0,05). Ïîëó÷åííûå äàííûå
ñâèäåòåëüñòâóþò îá îòñóòñòâèè ñâÿçè ìåæäó ñèíäðîìîì ÈÃÀ è èçìåíåíèÿìè â ñðåäíåì
è âíóòðåííåì óõå (íàðóøåíèÿ çâóêîïðîâåäåíèÿ è çâóêîâîñïðèÿòèÿ). Ýòî ïîäòâåðæäàåò
ìíåíèå î ðåøàþùåì çíà÷åíèè âåãåòàòèâíûõ íàðóøåíèé â ðàçâèòèè ÈÃÀ.

Çàêëþ÷åíèå

Â ïðîöåññå èññëåäîâàíèÿ íå âûÿâëåíî âëèÿíèå äëèòåëüíîãî ïðèìåíåíèÿ
âíóòðèêàíàëüíûõ íàóøíèêîâ íà ÷àñòîòó èäèîïàòè÷åñêîé ãèïåðàêóçèè. Íå îáíàðóæåíî
òàêæå ñâÿçè ìåæäó íåïåðåíîñèìîñòüþ ãðîìêèõ çâóêîâ è èçìåíåíèÿìè â ñðåäíåì è
âíóòðåííåì óõå. Â 29% ñëó÷àåâ ìîëîäûå ëþäè ñâÿçûâàëè äëèòåëüíîå ïðèìåíåíèå
àóäèîïëååðîâ ñ íåîáõîäèìîñòüþ çàùèòû îò âíåøíåãî øóìà â ïåðèîä ðàáîòû è îòäûõà,
íî ïîçäíåå â ïîëîâèíå ñëó÷àåâ îò íèõ îòêàçàëèñü. Ýòî ñâèäåòåëüñòâóåò î òîì, ÷òî
ïðè÷èíîé ðàñïðîñòðàíåíèÿ àóäèîïëååðîâ ÿâëÿåòñÿ íå òîëüêî ìîäà èëè ðåêðåàöèÿ, íî è
íàðàñòàþùàÿ øóìîâàÿ çàãðÿçíåííîñòü îêðóæàþùåé ñðåäû.
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Àííîòàöèÿ

Ïîêàçàíî, ÷òî îñíîâíûì ôàêòîðîì íåãàòèâíîãî âîçäåéñòâèÿ íà îêðóæàþùóþ ñðåäó ÿâëÿåòñÿ

øóì àâòîìîáèëüíîãî òðàíñïîðòà. Ðàññìàòðèâàþòñÿ ïðè÷èíû âîçíèêíîâåíèÿ øóìà àâòîòðàíñïîðòà,

êàê åäèíè÷íûõ èñòî÷íèêîâ øóìà, òàê è àâòîòðàíñïîðòíîãî ïîòîêà. Îïèñàíû ÿâëåíèÿ, âëèÿþùèå

íà ðàñïðîñòðàíåíèå è çàòóõàíèå çâóêà. Ïðåäñòàâëåíà îáùàÿ èíôîðìàöèÿ î ìåòîäàõ îïðåäåëåíèÿ

øóìîâîé õàðàêòåðèñòèêè àâòîòðàíñïîðòíîãî ïîòîêà ñ ïîìîùüþ íàòóðíûõ èçìåðåíèé. Ðàññìîòðåí âîïðîñ

íîðìèðîâàíèÿ øóìà â Ðîññèè è äðóãèõ ñòðàíàõ. Äàíî ïðåäñòàâëåíèå îá îñíîâíûõ øóìîçàùèòíûõ

ìåðîïðèÿòèÿõ äëÿ àâòîòðàíñïîðòíîãî ïîòîêà. Ïîêàçàíû ñóùåñòâóþùèå ïðîáëåìû, ñâÿçàííûå ñ îöåíêîé

øóìà àâòîòðàíñïîðòíîãî ïîòîêà.

Êëþ÷åâûå ñëîâà: øóì, øóì òðàíñïîðòíîãî ïîòîêà, ðàñ÷¼ò øóìà, ðàñïðîñòðàíåíèå øóìà,

ñíèæåíèå øóìà, øóìîçàùèòíûå ýêðàíû, íîðìèðîâàíèå øóìà.

Highway Tra�c Noise
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Abstract

It is shown that the key factor of the adverse environmental impact is the motor vehicle noise. The

causes of the motor vehicle noise from individual noise sources and tra�c �ow are considered. Phenomena

a�ecting the sound propagation and attenuation are described. General information about methods for

determining the tra�c �ow noise characteristics using in-situ measurements is presented. The issue of noise

regulation in Russia and other countries is considered. An idea of the main tra�c noise mitigation measures is

given. The existing problems related to the tra�c noise estimation are shown.

Keywords: noise, tra�c �ow noise, noise calculation, noise propagation, noise reduction, noise

barriers, noise regulation
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îïàñíîñòü äëÿ çäîðîâüÿ ÷åëîâåêà. Øóì îêàçûâàåò íåãàòèâíîå âîçäåéñòâèå íà íåðâíóþ
è ñåðäå÷íî-ñîñóäèñòóþ ñèñòåìû, ðåïðîäóêòèâíóþ ôóíêöèþ ÷åëîâåêà, âûçûâàåò
ðàçäðàæåíèå, íàðóøåíèå ñíà, óòîìëåíèå, àãðåññèâíîñòü, ñïîñîáñòâóåò ïñèõè÷åñêèì
çàáîëåâàíèÿì. ÂÎÇ ñîîáùàåò ¾. . . ïî ìåíüøåé ìåðå, îäèí ìèëëèîí ëåò çäîðîâîé æèçíè
òåðÿåòñÿ êàæäûé ãîä îò âîçäåéñòâèÿ ïîâûøåííîãî øóìà, â çàïàäíîé ÷àñòè Åâðîïû¿ [1].
Äàííàÿ ñèòóàöèÿ âûçûâàåò âñ¼ áîëüøóþ îçàáî÷åííîñòü.

Ñ öåëüþ ìèíèìèçèðîâàòü âëèÿíèå àâòîìîáèëüíîãî øóìà, íåîáõîäèìî ïîíèìàòü
ïðèðîäó âîçíèêíîâåíèÿ øóìà àâòîìîáèëüíîãî ïîòîêà, êàê ïðîèñõîäèò ðàñïðîñòðàíåíèå
øóìà, è êàêèå ìåòîäû ñíèæåíèÿ øóìà ñóùåñòâóþò. Íà ðèñóíêå 1 ïîêàçàíû îñíîâíûå
ýëåìåíòû âîçäåéñòâèÿ àâòîìîáèëüíîãî øóìà.

Ðèñ. 1. Ñõåìà âîçäåéñòâèÿ øóìà

1. Èñòî÷íèêè àâòîòðàíñïîðòíîãî øóìà

Îñíîâíûìè èñòî÷íèêàìè àâòîòðàíñïîðòíîãî øóìà ÿâëÿþòñÿ: øóì ïðè
âçàèìîäåéñòâèè øèí ñ äîðîæíûì ïîëîòíîì (40 − 120 êì/÷), àýðîäèíàìè÷åñêèé
øóì êîðïóñà àâòîìîáèëÿ (òóðáóëåíòíûå ïîòîêè) (ïðåâàëèðóåò íà ñêîðîñòè îò 120 êì/÷),
è øóì, âûçâàííûé àãðåãàòàìè àâòîìîáèëÿ (äâèãàòåëü, âûõëîï, òðàíñìèññèÿ è äð.)
(ïðåâàëèðóåò íà ñêîðîñòè äî 40 êì/÷) [2, 3, 4].

Âçàèìîäåéñòâèå ìåæäó øèíàìè è äîðîæíûì ïîêðûòèåì ÿâëÿåòñÿ ñëîæíûì
ïðîöåññîì, âêëþ÷àþùèì àýðîäèíàìè÷åñêèé øóì âðàùåíèÿ êîëåñà è øèíû, øóì îò
âèáðàöèè ïîâåðõíîñòè øèíû è âçàèìîäåéñòâèÿ ñ äîðîæíûì ïîêðûòèåì, à òàêæå,
êîëåáàíèå äàâëåíèÿ â ýëåìåíòàõ ïðîòåêòîðà [5]. Íà øóì àâòîìîáèëüíûõ øèí âëèÿþò
òàêèå ïàðàìåòðû, êàê ðèñóíîê ïðîòåêòîðà, êîíñòðóêöèÿ øèïîâ è ëàìåëåé, äàâëåíèå
â øèíå, ãàáàðèòíûå ðàçìåðû, à òàêæå, òèï è ñîñòîÿíèå äîðîæíîãî ïîêðûòèÿ, ïî
êîòîðîìó îñóùåñòâëÿåòñÿ äâèæåíèå [6]. Óâåëè÷åíèå øèðèíû è óãëà êàíàâêè ïðîòåêòîðà,
äîáàâëåíèå ê ïîïåðå÷íûì êàíàâêàì êîëüöåâûõ è ¾ðàíäîìèçàöèÿ¿ ðèñóíêà ïðîòåêòîðà
ïðèâîäÿò ê ñíèæåíèþ øóìà [7].

Â äåéñòâóþùåé íîðìàòèâíîé äîêóìåíòàöèè ðàññìàòðèâàþòñÿ òðè òèïà ïîêðûòèé
ïðîåçæåé ÷àñòè: áåòîí (øåðîõîâàòàÿ ïîâåðõíîñòíàÿ îáðàáîòêà), àñôàëüòîáåòîí è
ùåáåíî÷íî-ìàñòè÷íûé àñôàëüòîáåòîí (ÙÌÀ). Íàèáîëåå òèõèì, â ñîîòâåòñòâèè ñ
íîðìàòèâíîé äîêóìåíòàöèåé [8], ÿâëÿåòñÿ ïîêðûòèå ÙÌÀ. Ñòîèò îòìåòèòü, ÷òî íà
øóìíîñòü ïîêðûòèé âëèÿåò çåðíèñòîñòü ñîäåðæàùèõñÿ ãðàíóë è îñòàòî÷íàÿ ïîðèñòîñòü
(ìåíüøèé ðàçìåð ãðàíóë è âûñîêàÿ ïîðèñòîñòü ôîðìèðóþò áîëåå òèõèå ïîêðûòèÿ).
×òî êàñàåòñÿ áåòîííûõ ïîêðûòèé, òî íà èõ øóìíîñòü âëèÿåò òåêñòóðà ïîâåðõíîñòè [6].
Âàæíîé çàäà÷åé ÿâëÿåòñÿ ïîääåðæàíèå àêóñòè÷åñêèõ ñâîéñòâ ìàëîøóìíûõ ïîêðûòèé
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íà ïåðèîä ýêñïëóàòàöèè. Â äàííûé ìîìåíò âåäóòñÿ ðàáîòû ïî ðàçðàáîòêå ìàëîøóìíûõ
ïîêðûòèé ñ ïîâûøåííîé äîëãîâå÷íîñòüþ.

Óðîâíè øóìà è ñïåêòðàëüíûé ñîñòàâ çàâèñÿò îò õàðàêòåðèñòèê àâòîòðàíñïîðòíîãî
ïîòîêà: èíòåíñèâíîñòè, ñêîðîñòè, ñîñòàâà, à òàêæå, îò òèïà äîðîæíîãî ïîêðûòèÿ. Ïî
ñïåêòðàëüíîìó ñîñòàâó äëÿ ïàññàæèðñêîãî è ëåãêîâîãî òðàíñïîðòà, êàê ïðàâèëî,
õàðàêòåðíû ÷àñòîòû îêîëî 1000 Ãö, äëÿ ãðóçîâîãî òðàíñïîðòà îò 500 äî 1000 Ãö [6].
Âûñîêèé ïðîöåíò ãðóçîâîãî è îáùåñòâåííîãî àâòîòðàíñïîðòà, îêàçûâàåò ñèëüíîå âëèÿíèå
íà øóìîâóþ õàðàêòåðèñòèêó àâòîòðàíñïîðòíîãî ïîòîêà (îäèí òÿæåëûé ãðóçîâèê
ìîæåò áûòü ðàâåí ïî ãðîìêîñòè 10 ëåãêîâûì àâòîìîáèëÿì âìåñòå âçÿòûì) [9].
Ñîîòâåòñòâåííî, è ýôôåêòèâíîñòü ìàëîøóìíûõ ïîêðûòèé âûøå, äëÿ ëåãêîâûõ è
ïàññàæèðñêèõ òðàíñïîðòíûõ ñðåäñòâ.

2. Îïðåäåëåíèå øóìîâîé õàðàêòåðèñòèêè àâòîìîáèëüíîãî ïîòîêà

Â êà÷åñòâå øóìîâûõ õàðàêòåðèñòèê òðàíñïîðòíîãî ïîòîêà, â ñîñòàâ êîòîðîãî
ìîãóò âõîäèòü ëåãêîâûå è ãðóçîâûå àâòîìîáèëè, àâòîïîåçäà, àâòîáóñû, òðîëëåéáóñû, â
ÃÎÑÒ 20444-2014 ¾Øóì. Òðàíñïîðòíûå ïîòîêè¿ [10] óñòàíîâëåíû ýêâèâàëåíòíûé Lýêâ è
ìàêñèìàëüíûé Lìàêñ óðîâíè çâóêà, ñîçäàâàåìûå ïîòîêîì â îïîðíîé òî÷êå íà ðàññòîÿíèè
7,5 ì îò îñè, áëèæàéøåé ê ðàñ÷åòíîé òî÷êå (òî÷êå íàáëþäåíèÿ), ïîëîñû äâèæåíèÿ
àâòîìîáèëüíîãî òðàíñïîðòà è íà âûñîòå 1,5 ì íàä óðîâíåì ïðîåçæåé ÷àñòè.

Íà ñòàäèè ðàçðàáîòêè ïðîåêòà, äåòàëüíîé ïëàíèðîâêè èëè ïðîåêòà çàñòðîéêè,
ðàñ÷åò øóìîâûõ õàðàêòåðèñòèê àâòîìîáèëüíûõ òðàíñïîðòíûõ ïîòîêîâ â ñîîòâåòñòâèè ñ
[8, 11] ñëåäóåò âûïîëíÿòü ñ ó÷åòîì:

� èíòåíñèâíîñòè äâèæåíèÿ àâòîòðàíñïîðòà â ÷àñû ïèê äíåâíîãî ïåðèîäà ñóòîê è
íàèáîëåå øóìíûé ÷àñ íî÷íîãî ïåðèîäà ñóòîê;

� ñóììàðíîé äîëè ãðóçîâûõ àâòîìîáèëåé è àâòîáóñîâ â ïîòîêå (ïðè ýòîì, åñëè
íå èññëåäóåòñÿ ïî îòäåëüíîñòè âëèÿíèå íà øóì ïîòîêà òðîëëåéáóñîâ è òðàìâàåâ, òî äëÿ
ðàñ÷åòà øóìîâûõ õàðàêòåðèñòèê ó÷èòûâàþò ñóììàðíóþ äîëþ ãðóçîâûõ àâòîìîáèëåé è
îáùåñòâåííîãî òðàíñïîðòà);

� ñðåäíåé ñêîðîñòè äâèæåíèÿ àâòîòðàíñïîðòà â ïîòîêå.

Äëÿ ïîâûøåíèÿ òî÷íîñòè ðàñ÷åòà øóìîâûõ õàðàêòåðèñòèê àâòîìîáèëüíûõ
òðàíñïîðòíûõ ïîòîêîâ â ñîîòâåòñòâèè ñ [8, 11] íåîáõîäèìî ó÷èòûâàòü ðÿä äîïîëíèòåëüíûõ
ïàðàìåòðîâ, ñâÿçàííûõ ñ ðàññìàòðèâàåìîé óëèöåé (äîðîãîé), òàêèõ êàê:

� ïðîäîëüíûé óêëîí ïðîåçæåé ÷àñòè óëèöû (äîðîãè);
� òèï âåðõíåãî ïîêðûòèÿ ïðîåçæåé ÷àñòè;
� øèðèíà ðàçäåëèòåëüíîé ïîëîñû (ïðè åå íàëè÷èè);
� ÷èñëî ïîëîñ äâèæåíèÿ òðàíñïîðòà;
� äëèòåëüíîñòü ñâåòîôîðíîãî öèêëà íà ïåðåñå÷åíèÿõ óëèö (äîðîã) ñî ñâåòîôîðíûì

ðåãóëèðîâàíèåì (äëèòåëüíîñòü ðàçðåøàþùåé/çàïðåùàþùåé ôàçû ñâåòîôîðà).

Íà äàííûé ìîìåíò, äåéñòâóþùàÿ â Ðîññèè íîðìàòèâíàÿ äîêóìåíòàöèÿ ïî ðàñ÷¼òó
øóìîâîé õàðàêòåðèñòèêè àâòîìîáèëüíîãî ïîòîêà [8, 11], ïðè ñðàâíåíèè ñ ðåçóëüòàòàìè
èçìåðåíèé ïîêàçûâàåò ðàñõîæäåíèå â áîëüøóþ ñòîðîíó � äî 20 äÁÀ ïî ýêâèâàëåíòíîìó
óðîâíþ çâóêà è äî 11 äÁÀ ïî ìàêñèìàëüíîìó óðîâíþ çâóêà ïðè ïðî÷èõ ðàâíûõ äàííûõ.
Íàèáîëüøóþ ñõîäèìîñòü ïîêàçûâàåò ðàñ÷¼ò ïî ôîðìóëå 7 ÑÏ 276.1325800.2016 äî
8 − 10 äÁÀ. Ïðè÷èíàìè òàêîãî ðàñõîæäåíèÿ, âåðîÿòíåå âñåãî, ÿâëÿåòñÿ èçìåíåíèå
øóìíîñòè òðàíñïîðòíûõ ñðåäñòâ, òàê êàê ñ êàæäûì ãîäîì âûïóñêàåìûå àâòîìîáèëè
ñòàíîâÿòñÿ âñ¼ áîëåå òèõèìè, ÷òî â ñâîþ î÷åðåäü ñíèæàåò øóìíîñòü òðàíñïîðòíîãî
ïîòîêà. À ôîðìóëû, ïðåäñòàâëåííûå â äåéñòâóþùåé íîðìàòèâíîé äîêóìåíòàöèè,
îñíîâûâàþòñÿ èëè ïîëíîñòüþ äóáëèðóþò ëèòåðàòóðíûå èñòî÷íèêè [12, 13], êîòîðûå â
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ñâîþ î÷åðåäü áûëè îïóáëèêîâàíû áîëåå 25 ëåò íàçàä [14, 15].

3. Ðàñïðîñòðàíåíèå øóìà àâòîòðàíñïîðòíîãî ïîòîêà

Òðàíñïîðòíûé ïîòîê, íåçàâèñèìî îò åãî èíòåíñèâíîñòè, ðàññìàòðèâàåòñÿ è
êàê ëèíåéíûé èñòî÷íèê øóìà (÷òî çíà÷èòåëüíî óïðîùàåò ðàñ÷¼òû). Îäíàêî, ñëåäóåò
èìåòü â âèäó, ÷òî ýòî äîïóùåíèå ñïðàâåäëèâî òîëüêî äëÿ òåõ ñëó÷àåâ, êîãäà øóìîâîé
õàðàêòåðèñòèêîé ïîòîêà, ëåæàùåé â îñíîâå ðàñ÷åòà, ÿâëÿåòñÿ ýêâèâàëåíòíûé óðîâåíü
çâóêà çà ïåðèîä âðåìåíè, ïðåâûøàþùèé ïðîäîëæèòåëüíîñòü ïðîõîæäåíèÿ òðàíñïîðòíîãî
ñðåäñòâà. Ïîëíîå ôîðìèðîâàíèå àêóñòè÷åñêîãî ïîëÿ îò òðàíñïîðòíîãî ïîòîêà ïðîèñõîäèò
íà ðàññòîÿíèè 7,5 ì. Íà ðàñïðîñòðàíåíèå øóìà âëèÿþò: ãåîìåòðè÷åñêàÿ äèâåðãåíöèÿ,
ýôôåêò çàòóõàíèÿ èç-çà âëèÿíèÿ çåìëè, àòìîñôåðíûå ýôôåêòû è ýôôåêò äèôðàêöèè.

Íà ðèñóíêå 2 ïðåäñòàâëåíà ñõåìà ðàñïðîñòðàíåíèÿ øóìà îò òðàíñïîðòíîãî ïîòîêà.
Ðàññìàòðèâàþòñÿ äâà ïóòè ðàñïðîñòðàíåíèÿ øóìà ïðÿìîé è âäîëü ïîâåðõíîñòè çåìëè.
Ïðÿìîé ïóòü ðàñïðîñòðàíåíèÿ õàðàêòåðåí äëÿ ãðóçîâûõ àâòîìîáèëåé, äëÿ ëåãêîâûõ
õàðàêòåðåí ïóòü âäîëü ïîâåðõíîñòè çåìëè. Íà ðàñïðîñòðàíåíèå âäîëü ïîâåðõíîñòè
çåìëè îêàçûâàåò âëèÿíèå íàëè÷èå òðàâû, ðûõëîñòü è äðóãèå ïàðàìåòðû, óâåëè÷èâàþùèå
çâóêîïîãëîùåíèå ïîäñòèëàþùåé ïîâåðõíîñòè, ÷òî íàêëàäûâàåò äîïîëíèòåëüíûé ýôôåêò
çàòóõàíèÿ îêîëî 1,5 äÁÀ íà óäâîåíèå ðàññòîÿíèÿ. Â ÃÎÑÒ 31295.2-2005 ðàçäåë 7.3
ïðåäñòàâëåíà áîëåå äåòàëüíàÿ ñõåìà ðàñ÷¼òà ýôôåêòà çàòóõàíèÿ èç-çà âëèÿíèÿ çåìëè ñ
ó÷¼òîì ðàçëè÷íûõ òèïîâ ïîêðûòèé â çîíå èñòî÷íèêà (ìàëîøóìíûé àñôàëüò, ãðóíòîâàÿ
îáî÷èíà) è ïðè¼ìíèêà.

Ðèñ. 2. Ñõåìà ðàñïðîñòðàíåíèÿ øóìà [6]

Íàðÿäó ñ ýôôåêòàìè çàòóõàíèÿ èç-çà íàëè÷èÿ çâóêîïîãëîùàþùåé èëè
îòðàæàþùåé ïîâåðõíîñòè, íåîáõîäèìî ó÷èòûâàòü àòìîñôåðíûå ýôôåêòû. Ïîãëîùåíèå
âîçäóõà ïðîÿâëÿåòñÿ íà ÷àñòîòàõ âûøå 2000 Ãö è â íåáîëüøîé ñòåïåíè çàâèñèò îò
âëàæíîñòè. Â áîëüøåé ñòåïåíè íà ðàñïðîñòðàíåíèå øóìà âëèÿåò ïðåëîìëåíèå çâóêîâîé
âîëíû â ðåçóëüòàòå äåéñòâèÿ âåòðà (ñêîðîñòü âåòðà â çàâèñèìîñòè îò âûñîòû íàä óðîâíåì
çåìëè è íàïðàâëåíèÿ), èçìåíåíèå òåìïåðàòóðû ñ âûñîòîé [23].

Ïðÿìîå ðàñïðîñòðàíåíèå çâóêîâîé âîëíû, áåç ïðåëîìëåíèé, âîçíèêàåò â
áåçâåòðåííûé, îáëà÷íûé äåíü, ñ ðàâíîé òåìïåðàòóðîé ïî âûñîòå. Ïðè óñëîâèÿõ
¾ïðîòèâ âåòðà¿, ïðîèñõîäèò ïðåëîìëåíèå çâóêîâîé âîëíû ââåðõ, óðîâåíü çâóêà ó çåìëè
ñòàíîâèòñÿ íèæå, ÷åì â íåéòðàëüíûõ óñëîâèÿõ. Ïðè ïîäâåòðåííîé ïîãîäå óðîâåíü
çâóêà ó çåìëè âûøå. Ïðåëîìëåíèå çâóêîâîé âîëíû ââåðõ ïðîèñõîäèò â ñîëíå÷íûå è
áåçâåòðåííûå äíè, êîãäà ó çåìëè òåìïåðàòóðà âîçäóõà âûøå, â ýòèõ óñëîâèÿõ óðîâåíü
çâóêà ó çåìëè ñòàíîâÿòñÿ íèæå. Ïðåëîìëåíèå çâóêîâîé âîëíû âíèç ïðîèñõîäèò â
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áåçâåòðåííûå ïðîõëàäíûå íî÷è ïîñëå ñîëíå÷íûõ äíåé, êîãäà çåìëÿ îñòûâàåò áûñòðåå,
÷åì âîçäóõ íàä íåé, è â ýòèõ óñëîâèÿõ çâóê ñòàíîâèòñÿ âûøå ó çåìëè [23]. Èëëþñòðàöèè
îïèñàííûõ âûøå ÿâëåíèé ìîæíî óâèäåòü íà ðèñóíêå 3. Èññëåäîâàíèÿ ïîêàçàëè, ÷òî
ðåôðàêöèîííûå ýôôåêòû âåñüìà ñóùåñòâåííû. Îäíî èç èññëåäîâàíèé ïîêàçàëî, ÷òî
óðîâíè çâóêà âàðüèðóþòñÿ íà 5 äÁÀ íà ðàññòîÿíèè îêîëî 60 ìåòðîâ îò àâòîäîðîãè è
íà 10 äÁÀ íà ðàññòîÿíèè 300 ìåòðîâ. Ñàìûå âûñîêèå óðîâíè çâóêà áûëè èçìåðåíû â
óñëîâèÿõ èíâåðñèè òåìïåðàòóðû íà ðàññâåòå [17].

Ðèñ. 3. Ðàñïðîñòðàíåíèå çâóêà â çàâèñèìîñòè îò àòìîñôåðíûõ ýôôåêòîâ [23]

Íà ðàñïðîñòðàíåíèå øóìà äîðîæíîãî äâèæåíèÿ âëèÿþò åñòåñòâåííûå èëè
èñêóññòâåííûå îáúåêòû, êîòîðûå ïîëíîñòüþ èëè ÷àñòè÷íî áëîêèðóþò ïóòü ïðîõîæäåíèÿ
çâóêîâîé âîëíû, ÷òî ïðèâîäèò ê ñíèæåíèþ óðîâíÿ çâóêà. Ýëåìåíòàìè, îêàçûâàþùèå
ýêðàíèðóþùèé ýôôåêò, ÿâëÿþòñÿ: ðåëüåô, çåëåíûå íàñàæäåíèÿ (íà âûñîêèõ ÷àñòîòàõ),
çäàíèÿ, âûåìêè, íàñûïè, çàáîðû, øóìîçàùèòíûå ýêðàíû, ïîäïîðíûå ñòåíêè, çåìëÿíûå
âàëû è äð.

4. Ìåòîäû íàòóðíîãî îïðåäåëåíèÿ øóìà àâòîòðàíñïîðòíîãî ïîòîêà

Â ÐÔ íàòóðíûå èçìåðåíèÿ ïðîâîäÿòñÿ íà îñíîâàíèè ÃÎÑÒ 20444-2014 ¾Øóì.
Òðàíñïîðòíûå ïîòîêè. Ìåòîäû îïðåäåëåíèÿ øóìîâîé õàðàêòåðèñòèêè¿. Ïðîâîäÿòñÿ
èçìåðåíèÿ øóìîâîé õàðàêòåðèñòèêè àâòîìîáèëüíîé äîðîãè, âêëþ÷àÿ ëåãêîâûå è ãðóçîâûå
àâòîìîáèëè, àâòîïîåçäà, àâòîáóñû, òðîëëåéáóñû, òðàìâàè, ìîòîñðåäñòâà (ìîòîöèêëû,
ìîòîðîëëåðû, ìîïåäû, ìîòîâåëîñèïåäû), à òàêæå äðóãèå âèäû òðàíñïîðòíûõ ñðåäñòâ, íà
ðàññòîÿíèè 7,5 ì îò áëèæàéøåé îñè àâòîäîðîãè, íà âûñîòå 1,5 ì. Ïî ÃÎÑÒ Ð 53187-2008
¾Àêóñòèêà. Øóìîâîé ìîíèòîðèíã ãîðîäñêèõ òåððèòîðèé¿ ïðîâîäÿòñÿ èçìåðåíèÿ íà
ðàçëè÷íûõ ðàññòîÿíèÿõ ïðè óäàëåíèè îò àâòîìîáèëüíîé äîðîãè, íà âûñîòå 1,5 ì. Ñòîèò
îòìåòèòü, ÷òî ðàñ÷¼òíûå ìåòîäèêè [8, 11, 12, 13] íå ïðåäóñìàòðèâàþò ó÷¼ò äâèæåíèÿ
ìîòîñðåäñòâ, ïðè îïðåäåëåíèè øóìîâîé õàðàêòåðèñòèêè àâòîòðàíñïîðòíîãî ïîòîêà.

Â íîðìàòèâíîé äîêóìåíòàöèè, äåéñòâóþùåé íà òåððèòîðèè ÑØÀ [21],
ïðåäóñìàòðèâàåòñÿ ïðîâåäåíèå èçìåðåíèé íà ðàññòîÿíèå 15 ì îò áëèæàéøåé îñè
àâòîäîðîãè, íà âûñîòå 1,5 ì. Ïðè ýòîì âîçìîæíî ïðîâîäèòü èçìåðåíèÿ íà ðàññòîÿíèå 7,5
è 30 ì.

5. Íîðìèðîâàíèå

Âñåìèðíàÿ îðãàíèçàöèÿ çäðàâîîõðàíåíèÿ (ÂÎÇ) ðåêîìåíäóåò ñëåäóþùèé ïîäõîä
ê âûáîðó íîðì � íåçàâèñèìî îò èñòî÷íèêà øóìà è ìåñòîðàñïîëîæåíèÿ íîðìèðóåìûõ
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îáúåêòîâ íîðìû äîëæíû áûòü îäèíàêîâûìè, òàê, íàïðèìåð, ñäåëàíî â Ãåðìàíèè,
èçìåíÿòüñÿ íîðìû äîëæíû òîëüêî â çàâèñèìîñòè îò âðåìåíè ñóòîê. Ðåêîìåíäàöèè ÂÎÇ
ïðåäñòàâëåíû â òàáëèöå 1 [18, 20].

Òàáëèöà 1

Íîðìû øóìà â ïîìåùåíèÿõ æèëûõ è îáùåñòâåííûõ çäàíèé è øóìà íà òåððèòîðèè æèëîé
çàñòðîéêè, ðåêîìåíäóåìûå ÂÎÇ [18, 20]

Íîðìû øóìà LAeq , äÁÀ
Äíåâíîé ïåðèîä Íî÷íîé ïåðèîä

Ìåñòîðàñïîëîæåíèå (7:00-23:00) (23:00-7:00)
Â Íà Â Íà

ïîìåùåíèè òåððèòîðèè ïîìåùåíèè òåððèòîðèè
Æèëàÿ çàñòðîéêà 35 55 - -

Ñïàëüíè - - 30 Íå âûøå 45
Øêîëû 35 55 - -

Áîëüíèöû Íå âûøå 35 Íå âûøå 50 30 Íå âûøå 45

Íîðìû, ïðèíÿòûå â íàøåé ñòðàíå, â áîëüøèíñòâå ñëó÷àåâ ñîîòâåòñòâóþò
ðåêîìåíäàöèÿì ÂÎÇ. Îñíîâíûì äîêóìåíòîì, ðåãëàìåíòèðóþùèì èõ, ÿâëÿåòñÿ ÑÍ
2.2.4/2.1.8.562-96 ¾Øóì íà ðàáî÷èõ ìåñòàõ, â ïîìåùåíèÿõ æèëûõ, îáùåñòâåííûõ çäàíèé
è íà òåððèòîðèè æèëîé çàñòðîéêè¿. Â òàáëèöå 2 ïðèâåäåíû íîðìû øóìà â ïîìåùåíèÿõ è
íà òåððèòîðèè äëÿ íîðìèðóåìûõ îáúåêòîâ àíàëîãè÷íûì ðåêîìåíäàöèÿì ÂÎÇ, ïðèíÿòûå
â ÐÔ [19].

Òàáëèöà 2

Äîïóñòèìûå óðîâíè çâóêîâîãî äàâëåíèÿ, óðîâíè çâóêà, ýêâèâàëåíòíûå è ìàêñèìàëüíûå
óðîâíè çâóêà ïðîíèêàþùåãî øóìà â ïîìåùåíèÿõ æèëûõ è îáùåñòâåííûõ çäàíèé è øóìà
íà òåððèòîðèè æèëîé çàñòðîéêè [19]

Íîðìû øóìà LAeq , äÁÀ
Äíåâíîé ïåðèîä Íî÷íîé ïåðèîä

Ìåñòîðàñïîëîæåíèå (7:00-23:00) (23:00-7:00)
Â Íà Â Íà

ïîìåùåíèè òåððèòîðèè ïîìåùåíèè òåððèòîðèè
Æèëàÿ çàñòðîéêà 40 55 30 45

Ñïàëüíè 40 55 30 45
Øêîëû 40 55 - 45

Áîëüíèöû 35 45 25 35

Ïî ìíåíèþ àâòîðîâ, îòå÷åñòâåííûå íîðìû øóìà ÿâëÿþòñÿ â öåëîì ïîëíûìè
è ïðîäóìàííûìè. Ïîìèìî ýêâèâàëåíòíîãî óðîâíÿ çâóêà â íèõ òàêæå íîðìèðóåòñÿ
ìàêñèìàëüíûé óðîâåíü çâóêà. Òàê æå, áîëüøèì äîñòîèíñòâîì ýòèõ íîðì ÿâëÿåòñÿ òî,
÷òî ïîìèìî óðîâíåé çâóêà, äÁÀ ïðèíÿòû è äîïóñòèìûå çíà÷åíèÿ óðîâíåé çâóêîâîãî
äàâëåíèÿ, äÁ. Â òî æå âðåìÿ, åñëè îñíîâûâàòüñÿ íà äàííûõ î ðàçëè÷íîì âîçäåéñòâèè
øóìà â çàâèñèìîñòè îò õàðàêòåðà èñòî÷íèêîâ, ìîæíî áûëî áû äèôôåðåíöèðîâàòü íîðìû
ïî òðåì ãðóïïàì îñíîâíûõ èñòî÷íèêîâ (àâòîìîáèëüíûé è æåëåçíîäîðîæíûé òðàíñïîðò,
ñòðîèòåëüñòâî). Ïðèíÿòèå òàêèõ íîðì ìîãëî áû ïðèíåñòè îïðåäåëåííûé ýêîíîìè÷åñêèé
ýôôåêò [12].
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6. Ñíèæåíèå øóìà àâòîìîáèëüíîãî òðàíñïîðòà

Ìåòîäû ñíèæåíèÿ øóìà àâòîòðàíñïîðòíîãî ïîòîêà ïîäðàçäåëÿþòñÿ íà
òðè áîëüøèõ ãðóïïû: ñíèæàþùèå øóì â èñòî÷íèêå, ñíèæàþùèå øóì íà ïóòè
ðàñïðîñòðàíåíèÿ, â çàùèùàåìîì îáúåêòå.

Äëÿ àâòîòðàíñïîðòíîãî ïîòîêà ïðåäïîëàãàþòñÿ ñëåäóþùèå øóìîçàùèòíûå
ìåðîïðèÿòèÿ:

� Â èñòî÷íèêå: èñïîëüçîâàíèå ìàëîøóìíîãî àñôàëüòà, ìÿãêîé ðåçèíû ïîêðûøêè,
èñêëþ÷åíèå äâèæåíèÿ íà øèïîâàííîé ðåçèíå â òåïëûé ïåðèîä âðåìåíè ãîäà, ñíèæåíèå
øóìà âûõëîïà, óëó÷øåíèå àýðîäèíàìè÷åñêèõ õàðàêòåðèñòèê àâòîòðàíñïîðòà, êîíòðîëü
ðàáîòû äâèãàòåëÿ;

� Íà ïóòè ðàñïðîñòðàíåíèÿ: âûåìêè (Ðèñóíîê 4, à), øóìîçàùèòíûå ýêðàíû
(Ðèñóíîê 4, á), çåìëÿíûå âàëû, íàñûïè è äð.;

� Â çàùèùàåìîì îáúåêòå: çâóêîèçîëèðóþùåå îñòåêëåíèå (Ðèñóíîê 5, à) ñ
óñòàíîâêîé êëàïàíîâ ïðîâåòðèâàíèÿ (Ðèñóíîê 5, á).

Ðèñ. 4. Âàðèàíòû èñïîëíåíèÿ øóìîçàùèòíûõ ìåðîïðèÿòèé íà ïóòè
ðàñïðîñòðàíåíèÿ øóìà. à) Âûåìêè, á) Øóìîçàùèòíûé ýêðàí

Ðèñ. 5. Âàðèàíòû èñïîëíåíèÿ øóìîçàùèòíûõ ìåðîïðèÿòèé â çàùèùàåìîì îáúåêòå
à) Çâóêîèçîëèðóþùåå îñòåêëåíèå, á) Êëàïàí ïðîâåòðèâàíèÿ

Íàèáîëåå ÷àñòîé ìåðîé áîðüáû ñ øóìîì ÿâëÿþòñÿ øóìîçàùèòíûå ýêðàíû,
óñòàíàâëèâàåìûå âäîëü àâòîäîðîã, çàêðûâàþùèå ïðÿìîé ïóòü ðàñïðîñòðàíåíèÿ çâóêà
(äî 5 äÁÀ), äàííîé ýôôåêòèâíîñòè ëåãêî äîñòè÷ü. Äîñòèæåíèå ýôôåêòèâíîñòè 10 äÁÀ
òðåáóåò óìåíüøåíèÿ çâóêîâîé ýíåðãèè íà 90%, äîñòèæåíèå äàííîé ýôôåêòèâíîñòè òðåáóåò
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ñóùåñòâåííî áîëüøåé çàòðàòû ñðåäñòâ. Ê ïðèìåðó, ñðåäíÿÿ öåíà (ïî Ñàíêò-Ïåòåðáóðãó)
øóìîçàùèòíîãî ýêðàíà, ñ ó÷åòîì ìîíòàæà, ñòîåê è ïàíåëåé, ñîñòàâëÿåò 21 000 ðóáëåé
çà êâàäðàòíûé ìåòð. Âûñîêàÿ ñòîèìîñòü øóìîçàùèòíûõ ýêðàíîâ òðåáóåò ïîâûøåíèÿ
òî÷íîñòè ìîäåëèðîâàíèÿ è ïðîãíîçèðîâàíèÿ óðîâíåé øóìà.

Òàáëèöà 3

Äîïóñòèìûå óðîâíè çâóêîâîãî äàâëåíèÿ, óðîâíè çâóêà, ýêâèâàëåíòíûå è ìàêñèìàëüíûå
óðîâíè çâóêà ïðîíèêàþùåãî øóìà â ïîìåùåíèÿõ æèëûõ è îáùåñòâåííûõ çäàíèé è øóìà
íà òåððèòîðèè æèëîé çàñòðîéêè [19]

Ýôôåêòèâíîñòü, äÁÀ Ñòåïåíü ñëîæíîñòè äîñòèæåíèÿ Ñíèæåíèå çâóêîâîé ýíåðãèè, %
5 Ëåãêî 68
10 Äîñòèæèìî (âîçìîæíî) 90
15 Ñëîæíî 97
20 Î÷åíü ñëîæíî 99

Ñóùåñòâóåò ìíîæåñòâî êîìáèíàöèé ìàòåðèàëîâ äëÿ ïàíåëåé øóìîçàùèòíîãî
ýêðàíà. Íàèáîëåå âàæíûìè ôàêòîðàìè ÿâëÿþòñÿ: ïðèìåíåíèå ìàòåðèàëîâ ñ
äîñòàòî÷íîé çâóêîèçîëÿöèåé äëÿ èñêëþ÷åíèÿ ïðîíèêíîâåíèÿ øóìà ÷åðåç øóìîçàùèòíûé
ýêðàí; ñïëîøíîñòü ïîâåðõíîñòè ØÝ, áåç ðàçðûâîâ è ùåëåé. Äëÿ èñêëþ÷åíèÿ
ýôôåêòà îòðàæåíèÿ, â ñëó÷àå ïàðàëëåëüíîé óñòàíîâêè ØÝ íà ïðîòèâîïîëîæíûõ
ñòîðîíàõ äîðîãè, è ïåðåîòðàæåíèÿ, ìåæäó ØÝ è àâòîòðàíñïîðòíîì (îñîáåííî
ïðîÿâëÿåòñÿ ïðè ïðîåçäå âûñîêîãî àâòîòðàíñïîðòà), ðåêîìåíäóåòñÿ âûïîëíÿòü ïàíåëè ñî
çâóêîïîãëîùàþùèì íàïîëíåíèåì, ïðè ýòîì íåîáõîäèìî óñòàíàâëèâàòü ïåðôîðèðîâàííûå
ëèñòû ñî ñòîðîíû èñòî÷íèêà øóìà. Â íåêîòîðûõ ñëó÷àÿõ, óñòàíîâêà øóìîçàùèòíûõ
ýêðàíîâ íå îñóùåñòâèìà èëè èõ ýôôåêòèâíîñòü íåäîñòàòî÷íà. Â ýòîì ñëó÷àå ìîæíî
èñïîëüçîâàòü óïîìÿíóòûå ðàíåå ìåðîïðèÿòèÿ: ìàëîøóìíûé àñôàëüò, èñêëþ÷åíèå
äâèæåíèÿ íà øèïîâàííîé ðåçèíå â òåïëûé ïåðèîä âðåìåíè ãîäà, çâóêîèçîëèðóþùåå
îñòåêëåíèå ñ óñòàíîâêîé êëàïàíîâ ïðîâåòðèâàíèÿ, óïðàâëåíèå äâèæåíèåì, ñòðîèòåëüñòâî
øóìîçàùèòíûõ ñîîðóæåíèé.

7. Ñóùåñòâóþùèå ïðîáëåìû

Ñóùåñòâóåò íåñêîëüêî ïðîáëåì, ñâÿçàííûõ ñ îöåíêîé øóìà äîðîæíîãî äâèæåíèÿ.
Íåêîòîðûå èç íèõ êðàòêî ïðåäñòàâëåíû íèæå:

Èçìåíåíèå øóìîâûõ õàðàêòåðèñòèê àâòîìîáèëüíîãî òðàíñïîðòà

Ñî âðåìåíåì øóìíîñòü àâòîìîáèëåé ìåíÿåòñÿ, ñ êàæäûì ãîäîì âûïóñêàåìûå
àâòîìîáèëè ñòàíîâÿòñÿ âñ¼ áîëåå òèõèìè, ÷òî, â ñâîþ î÷åðåäü, ñíèæàåò øóìíîñòü
òðàíñïîðòíîãî ïîòîêà. Ôîðìóëû, èñïîëüçóåìûå íà äàííûé ìîìåíò â íîðìàòèâíîé
äîêóìåíòàöèè, áûëè ïîëó÷åíû, â îñíîâíîì, íåñêîëüêî äåñÿòêîâ ëåò òîìó íàçàä è òðåáóþò
óòî÷íåíèÿ â ñîîòâåòñòâèè ñ ïðàêòèêîé.

Ìàëîøóìíûå ïîêðûòèÿ

Âñ¼ áîëüøåå âíèìàíèå óäåëÿþò ìàëîøóìíûì ïîêðûòèÿì. Îñíîâíîé çàäà÷åé ýòèõ
èññëåäîâàíèé ÿâëÿåòñÿ ïîëó÷åíèå ïîêðûòèé ñ íàèëó÷øèìè àêóñòè÷åñêèìè ñâîéñòâàìè,
áåç óùåðáà èõ äîëãîâå÷íîñòè, è ðåøåíèå çàäà÷ ïî ïîñòîÿííîìó ïîääåðæàíèþ ìàòåðèàëà
â ðàáî÷åì ñîñòîÿíèè.
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Âëèÿíèå øóìà íà äèêóþ ïðèðîäó

×åëîâå÷åñòâî ïðîÿâëÿåò áåñïîêîéñòâî, î íåáëàãîïðèÿòíîì âîçäåéñòâèè
äîðîæíîãî øóìà íà äèêóþ ïðèðîäó. Ñóùåñòâóþò ñåðüåçíûå îïàñåíèÿ ïî ïîâîäó
øóìà, ìåøàþùåãî âçàèìîäåéñòâèþ æèâîòíûõ, èõ ìèãðàöèè è ðàçìíîæåíèþ. Ìíîãèå
ïðîåêòû àâòîìàãèñòðàëåé ïðîõîäÿò ÷åðåç ðàéîíû äèêîé ïðèðîäû, è èíæåíåðû íå
èìåþò àäåêâàòíûõ èíñòðóìåíòîâ äëÿ îöåíêè ñîîòâåòñòâóþùèõ âîçäåéñòâèé è áîðüáû ñ
çàãðÿçíåíèåì.

Çàêëþ÷åíèå

1. Ïðîáëåìà øóìîâîãî âîçäåéñòâèÿ àâòîìîáèëüíîãî òðàíñïîðòà, õîòü è ÿâëÿåòñÿ
äîñòàòî÷íî èçó÷åííîé, íî òðåáóåò àêòóàëèçàöèè, â ñîîòâåòñòâèè ñ ñóùåñòâóþùèìè
ðåàëèÿìè, ýòî â ÷àñòíîñòè îòíîñèòñÿ ê ðàñ÷¼òíûì ôîðìóëàì, îïðåäåëÿþùèì øóìîâóþ
õàðàêòåðèñòèêó è ïîêàçûâàþùèì ðàñõîæäåíèå ñ ðåçóëüòàòàìè èçìåðåíèé äî 11-20 äÁÀ.

2. Àíàëèç ñóùåñòâóþùèõ â Ðîññèè íîðì ïîêàçàë íåîáõîäèìîñòü ãðàäàöèè èõ â
ñîîòâåòñòâèè ñ õàðàêòåðîì èñòî÷íèêîâ øóìà. Ìîæíî áûëî áû äèôôåðåíöèðîâàòü íîðìû
ïî òðåì ãðóïïàì (àâòîìîáèëüíûé è æåëåçíîäîðîæíûé òðàíñïîðò, ñòðîèòåëüñòâî).

3. Áîëüøåãî âíèìàíèÿ òðåáóþò òàêèå âîïðîñû êàê: èçó÷åíèå, ðàçðàáîòêà è
âíåäðåíèå ìàëîøóìíûõ ïîêðûòèé, à òàêæå, âîïðîñ çàùèòû äèêîé ïðèðîäû îò øóìà
àâòîìîáèëüíîãî òðàíñïîðòà.
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Общество с ограниченной ответственностью
 "Институт акустических конструкций"

 ООО "ИАК" занимается разработкой шумозащитных мероприятий более 10 лет.

Организационная структура предприятия:
· отдел акустики;
· отдел проектирования;
· испытательная лаборатория, аккредитованная на измерения физических факторов;
· отдел строительства;
· отдел научных исследований и разработок;
· отдел внедрения;
· планово-экономический отдел.
 За годы работы организацией запроектировано большое количество шумозащитных
конструкций в различных регионах России (на скоростных автомагистралях, мостах,
железных дорогах, эстакадах), в том числе и на таких
масштабных объектах, как Кольцевая автодорога и Западный Скоростной диаметр в
Санкт-Петербурге, объектах олимпийского Сочи и Республики Крым, реконструкции
федеральных автодорог М-8 "Холмогоры", М-4 "Дон" и др. Организацией выполняются
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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Сетевой Научный Журнал
"Noise Theory and Practice"

ООО "ИАК"
при БГТУ "ВОЕНМЕХ" им. Д.Ф. Устинова

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. 
Материалы Журнала индексируются в наукометрических базах
Российского  Индекса Научного Цитирования  (РИНЦ), Google Scholar.
Журнал включен в научные электронные библиотеки "КиберЛенинка",
Соционет, Figshare.
C 21 ноября 2019 г. Журнал "Noise Theory and Practice" включен в
ПЕРЕЧЕНЬ рецензируемых научных изданий, в которых должны быть
опубликованы основные научные результаты диссертаций на соискание
ученой степени кандидата наук, на соискание ученой степени доктора
наук (п. 42).
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