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Low frequency noise and infrasound: A new method to determine the
specific sound from the total sound; a plausible statistical algorithm for use
in Legal Noise Assessment

Montano W.A.
Director, ARQUICUST Acoustic in situ Measurement Laboratory, Lima, Peru

Abstract

All impacts of noise are presented within a complex acoustic environment, sometimes from a single
source (e.g., a sole piece of equipment or an industrial site) or from multiple sources. It is well known that any
sound measurement - whether indoors or out —is registered by SLM and usually identified as the fotal sound. The
issue here is that there is not always a simple way to distinguish a specific sound from the fotal sound, and it is
impossible to conduct an fft analysis and "eliminate" its spectrum in the signal recorded at the receiver position.
In this work, the author proposes a new method of employing statistical tools. Applying this concept of
eliminating unwanted sound levels (low frequencies from traffic noise or infrasound of the environment) will be
the technique used to evaluate noise under ISO 1996 standards, the accepted procedure for legal evaluations.

Key words: low frequency noise, infrasound, guidelines, noise disturbance, acoustical statistics.

Hu3kouacmommulili uiym u uH@pazeyK: HO8blil MeM oo onpeoeieHus KOHKPEenHo2o 36yKa
u3 oowezo 36yka. /locmogepnulit cmamucmuyecKuii an2opumm 0 UCnOIb308AHUS 6
npaeoeoil oyeHke uiyma

Montano W.A.
Hupexmop, ARQUICUST Acoustic Jlabopamopus no namyprvim usmepenusam, Jluma, Ilepy

Annomauusn

Bce go30eticmeuss wyma npedcmagnenvl 8 CIONCHOU aKyCmMu4ecKkol cpede, uHo20d om 0O0HO20
UCMOYHUKA (0OmoenbHas Yacmov 000pY006aAHUs, NPOMBIUWIEHHAS NAOWAOKA) UNU OM HECKONbKUX UCHOYHUKOS.
Xopowo u3zeecmno, umo a0boe uzmepenue 36yka — 0yO0b MO 6HYMPU NOMEWEHUs UMY CHAPYICU —
pe2ucmpupyemcsi uymomepom u obwviuHo onpedensemcs kax oowuu 38yk. Ilpobiema 30ecb 6 mom, umo He
6cez0a ecmv NPOCMOU CHOCOO OMAUYUMG KOHKPEMMHbIU 36YK OM 00uje2o 36yKd, U HEeB03MOJICHO Npoeecmu
ananuz BII® u "ucknouums" eco cnekmp 6 cucnane, 3aNUCAHHOM 8 PACHONONCEHUU NpueMHuKa. B oanmnoii
pabome npednazaemcs HOBbI MEMOO UCNOAbIOBAHUS CHAMUCTIUYECKUX UHCMPYMenmos. [Ipumenenue oannoil
KOHYENYuu YCMpaHeHus HedHCeaamesbHbIX YpOGHel wyma (HusKue Yacmomol Om wyma OOPOACHO20 OBUICEHUS
unu uUH@Pasgyka Oxpydicaroueli cpedvl) OyOem AGIAMbCA MemoOOM, UCHOJb3YeMbIM 0N OYEeHKU WyMd 6
coomsemcmeuu ¢ konyenyuamu ISO 1996 200a, xomopulii asisemcs 00CmosepHoll npoyedypoil 01 NPABOGbIX
OYEHOK.

Knrouegvie cnosa:  Huskouacmommvlii  wiyM,  UHPPA3EYK,  MemOOuuecKkoe  pYKO8OOCMEBO,
pasopadicaiowjee 6030eticmeue wyma, aKyCmuieckas cmamucmura.

Introduction

One of the most important challenges in the field of environmental acoustics,
specifically in sound measurement, is determining the lowest possible uncertainty in the
sound level which comes from a specific source of noise, taking into account most often the

* . .
E-mail:wmontano @arquicust.com
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receiver is not in an acoustic environment with a single source. That means that it is immersed
in a complex environment with many noise-emitting sources.

Over time, many methods have been proposed to "isolate" the specific source of
noise to be analyzed, some having complex solutions such as filtering the noise of interest in
the frequency spectrum; however, this leads to an energy loss of the resulting signal. The
other methods suggest higher order statistical algorithms.

In this article the author proposes a simple comprehension algorithm — it was
developed in 2011- which consists of expanding the concept of anomalous events, statistically
known as "outliers," to eliminate sound levels exceeding a certain percentile sound level,
using the time-history noise vector in order to obtain a new vector containing only the sound
values within the sound level that specifically interest us. In summary, we mean to obtain the
level of the specific sound from the total sound.

1. Analysis of the environmental-noise measurements according to ISO 1996

In the versions previous to 2016 of the ISO 1996 standards, only the total sound and
specific sound were defined, and procedures were not directly recommended which took into
account into account how the specific sound could be distinguished from the fotal sound

For years, acousticians have pondered how to eliminate unwanted sound, which is
the sound which doesn’t belong to the noise source of interest. Some of the most common
practices have been:

a. To turn on/off sound sources, though this is impossible to do on industrial sites or
with machines under mandatory continuous employment (e.g., power stations,
pump/compressor stations, etc.).

b.  To conduct measurement on holidays, taking advantage of low levels of urban noise
and suspended traffic density.

Now, the last actualization of the two parts of ISO 1996 Standard was established by
a group of informative instructions, one of which has been resolved by this article’s authors
previously [1]: “Record the time history of the noise to be measured and use statistical or
other methods to exclude unwanted sound” [2; p. 41].

2. Some background of statistical tools

Here, some statistical definitions (ones useful for the problem that the author wants
to solve) are explained to understand the development of the proposed algorithm.

2.1. Log-normal distribution

It is a common mistake to consider that the sound level has a statistical "normal
distribution;" in reality, however, its distribution is of the logarithmic type [3] expressed in
decibels. This is easy to understand because the equivalent continuous sound pressure level
(ECSPL) is never equal to the means one. Then, statistically speaking, expressing the standard
distribution of an environmental noise measurement as a log-normal distribution is the correct
term. There is a slight difference between the two means, but delving into that is not the
object of this article. The author wants to clarify that a measurement of environmental noise
has a statistical distribution of the "log-normal" type [4].

2.2. OQOutliers removal

The simplest procedure, statistically speaking, to eliminate anomalous events is to
remove the outliers and to not consider those sound events which do not belong to the sound
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that is of specific interest. There are a number of methods and algorithms to remove the
outliers [5]: for this particular procedure, generating and separating a vector with the specific
sound noise from the vector containing the fotal sound data will be considered a threshold
value from which all the noise levels that exceed it (considered “outliers™). This threshold will
be defined by a percentile value. Other authors (in the field of physics or other sciences) use
the same procedure [6], but instead of deeming it “outlier removal”, they often use other
synonymous terms such as “spikes removal”, “removal of spurious”, etc.

2.3. Noise data smoothing

Another useful statistical tool is to “smooth” the measurement, which is a technique
typically used to remove noise from signals. The resulting vector of eliminating the
anomalous events (the outliers) from the vector that contains the time-history of the fotal
sound will contain a “smoothed signal” (all data belonging to the specific sound levels).

2.4. Bootstrapping and recursive partitioning

For this specific case in which a simplified method is proposed to estimate the level
of the specific sound, eliminating the outliers and obtaining a smoothing measurement, it is
not necessary to use recursive tools or bootstrapping tools.

2.5. Time history filtering

The only filtering used is to remove (“extracting”) the outliers which exceed a
threshold. There is no frequency filtering; only the signal that is above a threshold percentile
value is "filtered." Therefore, what is being filtered is the information contained in the time-
history vector of the total sound.

3. Real noise sound level measurements

In this section, results of real measurements will be presented, with some
explanations of the SLM and computational programs used.

3.1. Instrumentation

The instrumentation that one has to use in order to apply the method proposed here is
very important because, in addition to the fact that the SLM has to be a high-quality analyzer,
it is necessary to have a data logger capacity. The author uses CESVA® instruments (from
Barcelona), the SC420® model, and this equipment records into a miniSD card the following
parameters for each 125 ms: time history, La 7, Lc.1, Lz, one-third-octave band form 10 Hz
to 20 kHz, and other descriptors. It means 8 noise samples each second for each parameter.

3.1.1. Files size and quantity of data

To get an idea of the size of the spreadsheets files in the Excel® format, the next
table shows the quantity of rows and columns for various measurement times.

Table 1
Quantity of raw data and size of files according to record time (ref. dB 20 pPa)
Item | Total interval Rows | Columns| Total individual File size
time noise data
1 24 hours 691,200 47 32,486,400 189 Mb
1 hour 28,800 47 1,353,600 9,8 Mb
3 20 minutes 9,600 47 451,200 3,2 Mb
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In the previous table, one can see that a 24-hour file has more than 32 million of
individual noise data.

3.1.2. Conducting measurements of medium and long duration

One issue to consider in this kind of measurements is the power energy. So the
author used big dry batteries, solar panels to charge it, and a DC voltage regulator to power
the instruments. The following pictures show different scenarios.

Fig. 1. Pictures of medium and long term outdoor and indoor monitoring stations

3.2. Time-history vs. log-normal distribution

The sound level will be represented with dots (one dot for each ECSPL registered in
sub-intervals of 125 ms, with an interval of 60 minutes long) instead of "seeing" it as a
continuous line. All measurements were done on the sidewalks of the residential homes in
front of a paper mill business

>
8

- Outliers sound levels

Leeqr=B66dB 27 -1 - 5

8§ & 3 5 5 8 3 & 3

Fig. 2. Total sound time history and its log-normal distribution. Point #1

In the above figure, it can be observed that there is a small concentration of sound
levels below 55 dBA, distributed throughout the 60-minute interval measurement. A similar
concept can be found in other works, meaning it can be “seen” in another way [7].
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3.3. Percentile sound level

The following table summarizes the noise descriptors of the measurement shown in
Fig. 2 of the whole 60-minute interval measurement. For the percentile level calculation, the
"percentile" function included in Excel® was used on Laj2sms data.

Table 2
Noise descriptors of the fotal sound level at point #1 (ref. dB 20 puPa)
LAeCI-T LCeCI.T LZeCI.T LAOI,T LAOS,T LAIO,T LASO.T LA90.T LA95.T LA99,T
66.6 77.2 78.9 78.1 72.9 69.1 59.8 54.8 54.4 53.9

In the table above, one can see that the noise levels are below 55 dBA, down from
the 90th percentile value. A specific macro was written with Excel® spreadsheet to process
the thousands’ values in order to obtain one single value for each of these noise descriptors.

3.4. [Estimating the specific sound, either Lagy 1 or Lags 1 levels

The easy way of estimating the possible sound pressure level at these measurement
points, according to some Standards or Legal references, is to assume that the Lago7r or Laos.r
are the “specific sound level.” The problem with this assumption is that no one can know the
actual sound spectrum (or the Lceqr) because it doesn’t have the complete vector of the
specific sound level information, just one single “representative” value.

Table 3
Estimating the specific sound level, considering only the fotal sound at point #1 (ref. dB 20 pPa)
Total sound level Estimated #1 specific | Estimated #2 specific
measured = Lyeqr sound level = Lyoo.r sound level = Lyosr
Licar 66.6 54.8 54.4
Leeq.r 77.2 unknown unknown
Lyeqr 78.9 unknown unknown

4. The problem of using a single percentile level to represent L,., 7

The question is, in this assumption, which of these two values should be chosen as
the representative of specific sound? Moreover, how should one know the low frequency
sound level under this assumption? It is impossible to know.

5. Algorithm to eliminate outlier sound levels

The algorithm is: using a vector containing the total sound level values with the time
history measurement of each 125 ms ECSPL, has to make a new vector containing only the
noise level which is less than a threshold value (e.g. a percentile level). This new vector will
show the specific sound time-history values.

Considering that the noise source(s) has a steady sound level emission, the
procedures included in this algorithm are:

a.  Procedure # 1: the vector has one row for each 125 ms ECSPL belonging to the
spectrum of the rotal sound level, containing La 7, Lc.r, Lz, one-third-octave band
form 10 Hz to 20 kHz, and other descriptors.

b.  Procedure # 2: the interval measurement time is at least 20 minutes in length.

C. Procedure # 3: a threshold sound level close to Lago 7 or Lags 1 is established in order
to eliminate outliers.
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d. Procedure # 4: a new vector containing only the raw data of specific sound is
obtained, meaning one row for each 125 ms ECSPL below the threshold percentile
value, containing La 1, Lcr, Lz, one-third-octave band forming 10 Hz to 20 kHz,
etc.

e.  Procedure # 5: the new valid vector is processed to obtain the ECSPL spectrum,
Laeq,r and its descriptors, all belonging to specific sound level.

The previous procedures were adapted from Pierce Criterion [8]. Similar outlier
concepts exist [7, 9, 10, 11], but not the same as the author has used here.

The algorithm was written with Visual Basic® (Microsoft Excel®). The macro is
intended to calculate automatically, total all measurements made at the same point and issue
results including the uncertain value of one single specific sound equivalent level.

90
dBA
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80
75
70
65

60

55

50 -

Fig. 3. Time-history of the specific sound smoothed signal. Point #1

In figure 3, one can see the noise levels below 55 dBA, which correlates with the
specific sound level, after the outliers’ removal above 55.1 dBA. Some similar concepts are
used, though in other ways with different data [12, 13].
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Fig. 4. Comparison of the spectrums: Total sound vs. specific sound. Point #1

The above graph shows (simultaneously) a comparison of the sound level spectrums
of a specific sound from its corresponding fotal sound, where it can be seen how, after
application of the proposed algorithm (written with Visual Basic®), the specific sound
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spectrum is “clean” of any outliers or unwanted sound. It appears that tonal sounds in low
frequency and infrasound bands were masked by turbulent atmospheric and traffic noise.

6. Statistical validation of the proposed algorithm

In order to achieve an objective analysis, some statistical tools had to be used, such
as Deviation and Variance calculated with 95% accuracy (functions included in Excel®).

Table 4
Statistical analysis of fotal sound vs. specific sound at point #1
Classification Deviation Variance | Observation
Lpeq,r Total sound 6.104 35.153 60 minutes
Laeqr Specific sound 0.415 0.172 7.5 minutes
Difference -5.689 -34.981

The benefits of applying the proposed algorithm can be seen in the above table
because of the Deviation reduction. Another interesting point to analyze in noise level
behavior is the noise level “reduction,” due to outlier removal, as one can see in table 5,
where the real noise reduction is shown in 4.4 dBZ (around to 138% less acoustic energy).
The time interval of the specific sound file (containing the La 7, Lc.r, Lz, one-third-octave
band form 10 Hz to 20 kHz, etc.) is about 7.5 minutes, containing the smoothed measurement
below the chosen threshold percentile value.

Table 5
Comparison of total sound vs. specific sound levels at point #1 (ref. dB 20 uPa)
Classification Lpcqr Lceor Lzeqr
Total sound 66.6 77.2 78.9
Specific sound 54.5 70.1 74.5
Difference -12.1 -7.1 -4.4

An inexperienced person, or an acoustician without proper training, would give the
sound level measured by the SLM as valid, and therefore, erroneously communicate that the
total sound" is the real noise emission of the noise source under consideration. But by
applying this algorithm with outlier-removal criterion, one can estimate the specific sound
level whiting a valid statistic interval. Table 6, unlike Table 2, resumes all noise descriptors
which belong to the specific sound vector; for the percentile level calculation, the "percentile"
function included in Excel® was used on Laj2sms resulting data.

Table 6
Noise descriptors of specific sound level at point #1 (ref. dB 20 pPa)

LAeq.T LCeq.T LZeq.T LAOI,T LAOS,T LAIO,T LASO,T LA90,T LA95.T LA99,T

54.5 70.1 74.5 55.1 55.1 55.0 54.6 53.9 53.8 53.5

7. Determining the assessment of the audibility of tones in low frequency noise

In this article, the author presented a different view of statistical procedures that can
be applied in environmental noise measurements, a useful tool in understanding how to
determine the specific sound from a total sound measurement only when the noise emissions
are well known and there is a steady, relatively stationary behavior.

11
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Figure 5 shows that when outliers are removed from the fotal sound vector, the real
specific sound level in the low frequencies band shows relevance, and the prominent tones
contained in the spectrum can be found with less certainty (6 dB not 2.4 dB) on 63 Hz one-
third-octave band (clarifying that in Peru, the frequency of the electric power system is 60 Hz
-as in the US- and because of this, the prominent tone is presented at that frequency). It is also
possible to determine the presence of a small discrete tone in infrasound, as in this case where
the frequency of 16 Hz is in the one-third-octave band.
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Fig. 5. Comparison of the spectrums: Total sound vs. specific sound. Point #2

According to ISO 1996-2:2017 Annex K “(...) [2], to determine the presence a
discrete-frequency spectral component (tone) typically compares the time-average SPL in
some one-third-octave band with the time-average sound pressure levels in the adjacent two
one-third-octave bands,” it is easier to see after applying this procedure and possible to
“highlight” a discreet or prominent tone in the specific sound vector, which is “inside” the
total sound, and impossible to evaluate it in the case of having just a single measurement.

Conclusion

For obvious reasons of space and time, it is not possible to show the source code of
the computational processes. The purpose of this article is to submit to the acoustician
community that it is possible to achieve a standardized method, in the sense that a procedure
that could be agreed between specialists, and have a ‘“universal” computer program to
determine the specific sound contained in a vector with the fotal sound. At least the Criterion
transcript here could be a plausible solution to be taken into account as a support tool in legal
matters, since evaluating noise disturbance either under ISO 1996 [2, 14-16] or Legal
Standards, with as little uncertainty as possible, is a problem throughout the world.

The author’s purpose and intent is to transfer his heuristic knowledge in using this
procedure for more than seven years in dozens of different geographical scenarios (urban,
rural, mountain, tundra, industrial) in several countries and to introduce this technical
discussion to acousticians from other countries with similar geographic assets. This algorithm
was developed because a possible solution had to be presented to solve annoying noise

12
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problems, such as acoustic emissions emanating from gas pipelines or compressor or pumping
stations from Peruvian Natural Gas facilities to like facilities in Russia, Australia and Canada.

The authors want to acknowledge to Mary Gretchen lorio for revising the English
writing, Eng. Federico Miyara (from Argentina) for his early suggestions, and Iuliia
Rassoshenko for the invitation to publish in Scientific Journal “Noise Theory and Practice”.
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Abstract

The torsional vibration analysis of double carbon nanotube system (CNT system) is carried out in the
present work. Carbon nanotubes are connected to each other with elastic matrix material. Eringen’s Nonlocal
Elasticity Theory is used in modeling of the system. The effects of nonlocal parameter and stiffness of elastic
medium to the non-dimensional frequencies of the system are investigated in detail. Two frequency set are
obtained for double carbon nanotube system for a given half wave number. It is also shown that some mode
shapes are anti-phase and some of them are in-phase. The present results can be useful in design of nano-
electromechanical systems like rotary servomotors.

Key words: torsional vibration, double carbon nanotube, nonlocal elasticity, elastic medium.

Topcuonnasn euopayusn oeoitnoii cucmemot YHT, ecmpoennoil ¢ ynpyzyio cpedy

Arda M.”", Aydogdu M.?
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Annomayus

B nacmosuweti pabome nposeden ananus KpymuabHuIX KoJ1e0aHULl 08OUHOU YeAepOOHOU HAHOMPYOKU
(VHT). Yenepoowvie namompybku coedurnenvl opye ¢ Opyzom ynpyeum mamepuanrom. Ilpu moderuposaruu
cucmembl UCNONLIYEMCs Meopus HeLoOKanbHoU ynpyeocmu Opuneena. IloopobHo uccredyomes s¢gexmul
HEeNIOKAIbHOCMU U JHCeCMKOCIU YAPY2oll cpedbl Ha be3paszmepHbie uacmomul cucmemsl. Ilonyuenvl 06a Habopa
yacmom 015 0BOUHOU YelepoOHOl HAHOMPYOKU O/ 3A0AHHO20 NOYBOIH08020 Yucid. Takdce NoKaA3auo, 4mo
HeKomopble MOoObl AGIAIOMCA AHMUQASHLIMU, d HEKOMopble U3 HUx sasnaomcsa cungaswvimu. Hacmoswue
pesyavmamul Mo2ym Oblmb UCHOAL30BAHbL NPU NPOEKMUPOBAHUU HAHOIIEKMPOMEXAHULECKUX CUCHEM, MAKUX
KAaK 8paujaiomuecs cepsomMomopul.

Kniouesvie cnosa: xpymunvnas eubpayus, O080UHAS YelepoOHAs HAHOMPYOKA, HeNOKAAbHAS
yupyzocme, ynpyaas cpeoa.

Introduction

Carbon nanotubes (CNTs), which was discovered by lijima [1], have been a very
popular material for scientists and industry. Superior physical properties of carbon nanotubes
have paved the way of applications that seems impossible before [2]. Nowadays, engineers
have been designing probable applications for CNTs in sensor technologies, nano-mechanical
components, electromechanical systems, etc.

Two main approaches have been used in the CNT modeling: discrete and continuum
models. Discrete models are based on interactions in atomic lattice structure. Molecular
Dynamics Simulation and Lattice Dynamics are discrete models. Continuum models can also
use in modeling of CNTs. But, the classical continuum mechanics approach is not suitable at
the nano length scale due to its intrinsic length free formulation. Unlike the macroscale
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mechanics, small scale effect and long distance interaction can not be ignored in nano-
dimensional mechanics. Nonlocal Elasticity Theory, which includes size effect, was proposed
by Eringen [3-5]. With this assumption, he combined discrete and continuum models into one
model.

Peddision et al. [6] employed the nonlocal elasticity theory and obtained the nonlocal
Euler-Bernoulli beam model, firstly. Wang and Varadan [7] studied the wave propagation
characteristics of CNTs. Duan et al. [8] calibrated the small scale parameter of the nonlocal
Timoshenko beam theory according to MD simulation results. Wang and Wang [9] presented
the constitutive relations of nonlocal elasticity theory for Euler—Bernoulli, Timoshenko and
cylindrical shells theories. Reddy [10] reformulated various beam theories, including the
Euler-Bernoulli, Timoshenko, Reddy and Levinson beam theories, using the nonlocal
differential constitutive relations. Aydogdu [11] proposed a generalized nonlocal beam theory
for bending, buckling and free vibration of nanobeams. Gupta et al. investigated the vibration
[12] and wall thickness and elastic moduli [13] of single-walled carbon nanotubes
(SWCNTs).

Torsional behaviour of CNTs has taken interests of the researchers in recent years.
Possible application areas of CNTs have been reported by scientist as torsional oscillator [14,
15], nano-electromechanical devices like biological rotary nano-servomotors [16—19] and
torsion sensor in nano-composites [20]. Wang et al. [21] modeled torsional deformation of
carbon nanotubes with using atomistic simulation. Ertekin and Chrzan [22] investigated the
ideal torsional strength and stiffness of carbon nanotubes. Hall et al. [23] made an
experimental measurements of SWCNT’s torsional properties. Liang and Upmanyu [24]
showed the relation between torsion and axial deformation in CNT. Zhang and Wang [25]
investigated the torsional buckling response of double-walled carbon nanotubes (DWCNTs)
with using MD simulation results. Gheshlaghi et al. [26] used the modified couple stress
theory for the torsional vibration analysis of CNTs. Vercosa et al. [27] studied the torsional
instability of carbon nanotubes. Murmu et al. [28] modeled a mass sensor system which
consists of CNT and fullerene. Li et al. [29-31] proposed a semi-continuum model which
considers the both nonlocal softening and enhancing effects. Strain gradient [32], nonlocal
stress gradient [33] and moleculer dynamics simulation [34] of torsional vibration of CNTs
studied by researchers. Demir ve Civalek [35] investigated the size effects in the torsional and
axial response of microtubules. Kiani [36] studied the longitudinal, transverse, and torsional
vibrations and stabilities of axially moving SWCNTs. Molecular dynamics study of boron-
nitride nanotubes was carried out by Ansari and Ajori [37]. Torsional vibration of CNTs
embedded in an elastic medium [38] and viscoelastic medium [39], torsional vibration of
DWCNTs [40], torsional wave propagation in MWCNTs [41] and nonlocal strain gradient
analysis of torsional vibration and wave propagation of CNTs [42, 43] were carried out by
Arda and Aydogdu. Torsional vibration of CNTs with axial velocity gradient effect studied by
Guo et al. [44]. Fatahi-Vajari and Imam [45] used the doublet mechanics theory in torsional
vibration analysis of CNTs. Zhu and Li [46] used nonlocal integral elasticity approach in
longitudinal and torsional vibrations of size-dependent rods. An enhanced form of nonlocal
elasticity was used in torsional vibration of nanobeams by Apuzzo et al. [47] Torsional
vibration of bi-directional functionally graded nanotubes studied by Li and Hu [48].

Murmu et al. has published some papers about longitudinal [49, 50] and flexural [51,
52] vibration of double CNT systems. According to author’s knowledge, torsional vibration of
double carbon nanotube (DCNT) system embedded in an elastic medium has not been
considered yet. The aim of this study is to investigate the torsional dynamics of the DCNT
system considering nonlocality and stiffness of elastic medium. Effect of the parameters to the
DCNT system’s mode shapes are depicted.

16



NOISE Theory and Practice

1. Analysis

Let’s assume a carbon nanotube with length L and diameter d. The stress resultant
for the nanotube due to the shear stress is expressed as:

S=[,tdA (1)
where A is the cross-section area of the CNT, and the torque relation is given as:
T=] Tz dA ()

where z is a distance from center of the circular section. The equation of motion for

torsional deformation is expressed as [53]:
G120 = p1, 0y 7 3)
Poye ~ PP
where p is the density, Ip is the polar moment of inertia, R; and R; is the inner and
outer radius, 6 is the angular displacement of CNT and T is the elastic medium torque effect.
The I, is defined as:
(Rz*~R.%)
2

“4)

Ip=m

2. Double CNT System

Double carbon nanotube system is consist of two carbon nanotubes with identical
chiralites and they are covered with elastic medium (Fig. 1).

1stCNT 1stCNT
Torsional Elastic
Medium
2" CNT 274 CNT
(a) (b)

Fig. 1. Double CNT System with Elastic Medium:
(a) C-C and (b) C-F Boundary Conditions

Considering the elastic medium effect between the two tubes, the equations of

motion of each tubes can be written as:
920, 920,

Gilp; 5= = pilp; 55 + T (5)
where subscripts i is used to define the quantities belongs to tube. 6; is the angular
displacement, Ip; is the polar moment of inertia and G; is the shear modulus of the
corresponding tube. 7; is the torque that occurred by interaction due to elastic medium. Elastic
medium effect on first and second CNTs are defined as below:

Ty = k(6, — 0;) (6)
T, = k(6;, — 6,) (7)
where k is the stiffness of the elastic medium which covers the CNTs.

3. Nonlocal Elasticity Theory

The nonlocal constitute relation can be given as [3, 4, 11];
(1 = uV®)tyy = A& 81y + 2G ey (®)

17



Arda M., Aydogdu M.
Torsional vibration of double CNT system embedded in an elastic medium

where 1y, is the nonlocal stress tensor, g is the strain tensor, A and G are the Lame constants,
,u=(ega)2 is called the nonlocal parameter, a is an internal characteristic length and ey is a
constant. Eringen [3] determined this parameter with matching the dispersion curves based on
the atomic models. Wang et al [54] made estimation for the SWCNT as epa < 2nm. Aydogdu
[55] has obtained that e( is material and length dependent for axial wave propagation.

For the torsional deformation of uniform CNT, Eq. (8) can be written in the one
dimensional form:

62
(1-nzm)r=0r ©)
where y is the shear strain and 7 is the shear stress of CNT. By using the Eq. (1), (2) and
Eq. (9) we get the constitute relation as:

2
S — (e0)? 23 = GAy (10)
a T a0
— (epa)* == 9z Glpa (11)
If Eq. (11) is inserted into Eq. (3) one obtains:
326 92 92
GIPE_(l_#ax)pIPatz (1_“ﬁ)T (12)

Eq. (12) is the governing equation of the CNT for the torsional deformation. If we
choose =0 we get the classical elasticity equation of torsional deformation. If Eq. (6) and

Eq. (7) are inserted into Eq. (12), the equatlons of motion for DWCNT are obtained as:

926 9 240 920
Glp ox 21 = plp 9e2 — uplp ox 26t2 + k(6; — 0;) — uk (ale ox 22) (13)

2%6 926, 246 2%6, 9%
Glp 6x22 =ple5z — kol 53 Zaiz +k(6; = 61) — pk (axzz B ?21) (14)

For harmonic vibration, the angular displacement 8; can be expressed as:
0i(x,t) = y(x)e'* (15)
where @ is the angular velocity. To find simple analytical solutions for the Clamped-Clamped
(C-C) and Clamped-Free (C-F) boundary conditions, y(x) can be assumed as:
v, (x) = 4; sin(Bx) (16)
where A; is the amplitude of the i" tube. p is the characteristic parameter and can be defined

as = mmn for (C-C) boundary condition and f =

where m is the half wave number. If we insert Eq. (20) into Eq. (18) and Eq. (19) with
dimensionless parameter (X = %) we get the following dimensionless equations of motion:

2
2(1-502+ LK)+ 0,02 - K) + 222 20 2(-LK)+6,()=0  (17)
020 T 020 n
(- 5K) +0,(K) + 52 (1 - 502 +L—2K) +0,(2-K)=0 (18
where related terms are defined
272 2
02 = Pe’” LK = kL” 19)
G GIp

where (2 is the non-dimensional frequency parameter (NDFP) and K is the non-dimensional
stiffness of elastic medium. Introducing Eq. (16) into Eq. (17) and Eq. (18) gives following
eigen-value equation:

—52(1—£02+£K)+(02—K) BPLK+K ]_[0]
BPLK +K 2 (1-50% + LK)+ (@2 - )| l42] 10

(20)

Non-dimensional frequencies for the double CNT system can be obtained from the

determinant of the coefficient matrix in Eq. (20). It should be noted that for a given half wave
number m, two frequencies are obtained: (2; is the lower order resonant frequency and 2y is
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higher order resonant frequency. Inserting the NDFP into Eq. (20) gives the amplitude ratio of
the two tubes in the following form:

4, _ —B(1-3302+35K)+(0?-K)
A BELK+K
From the Eq. (21) it can be seen that, amplitude ratio may be positive or negative.
The positive ratio means an in-phase motion in which nanotubes rotate in same direction and
negative ratio means anti-phase motion in which nanotubes rotate in opposite directions. In

the next section, mode shapes are shown in detail.

21

4. Numerical Results and Discussion

In this section, the NDFPs of torsional vibration of DCNT system are investigated
for various nonlocal parameter and elastic medium stiffness parameter.

There have been many researches about physical properties of CNTs. Nanotube
radius has essential role on the shear modulus (G). In the present studys, it is selected from the
[56]. Density (p) of CNTs is determined using the calculation method given in [57]. There
have been different assumptions in literature about thickness of CNT. In this work, CNT
thickness is accepted as 0.132 nm according to Ref. [58]. Material properties of CNTs are
given in Table 1.

Table 1
Material properties for CNT
CNT Inner Radius (R)) Densigy p) Shear Modulus (G)
(nm) (kg/m”) (TPa)
Armchair (6,6) 0.409 4961 0.425

Validation of the present nonlocal nanotube model has been carried out in previous
studies [38, 40, 41]. Two different discrete model (Lattice and Molecular Dynamics) torsional
frequency results have been used in order to compare the stress gradient nonlocal model.
Nonlocal theory results are in good agreement with discrete model results.

5. Results

Nonlocal effect on DCNT system’s non-dimensional frequencies (NDF) can be seen
in Fig. (2). Nonlocality decreases the both higher and lower order frequencies with softening
effect in lattice structure. Nonlocal effect is less effective in (C-F) case because of the
geometric condition at the free end. Stiffness of elastic medium effect is depicted in Fig. (3).
When the lower order frequency stands still, higher order frequency increases with enhancing
stiffness. Elastic medium effectuates a gap between lower and higher order frequencies. Like
the phonon gaps [59], higher order frequency ascends and increase the non-resonance area for
DCNT system.
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Mode shapes for 1* mode frequencies of DCNT system is shown in Figs. (4)-(7).
Both nonlocal and stiffness of elastic medium increases the amplitude of nanotubes. Stiffness
has more pronounced effect on amplitude rather than nonlocality. In lower order frequency,
first nanotube has negative amplitude and that means nanotubes are rotating reverse direction.
This situation is called anti-phase motion. In higher order frequency, both nanotubes have
positive amplitude and they are rotating same direction. This is the in-phase motion.

Amplitude ratio in Eq. (21), which depends to higher and lower order frequencies,
determines whether in-phase or anti-phase motion will be occurred.
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Conclusion

In this study, torsional vibration behavior of DCNT system is investigated. An elastic
matrix is assumed between the nanotubes and it connects the nanotubes to each other.
Governing equation of DCNT system is obtained with the nonlocal elasticity theory. Effects
of nonlocal and stiffness of elastic medium parameters to non-dimensional frequency is
studied. Following general results are obtained:

e Elastic medium creates a frequency band gap between the lower and higher order
frequencies;

e Nonlocality decreases both lower and higher order frequencies with softening effect;

e Both elastic medium and nonlocality increases the amplitudes of DCNT system.
Elastic medium has more pronounce effect on amplitude;

e Amplitude ratio determines the in-phase or anti-phase motion for carbon nanotubes.
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Oco0eHHOCTH yuyeTa AaHN30TPONMHU MPHU PACIIPOCTPAHEHUH HEOTHOPOIHBIX
MO/1 IOBEPXHOCTHBIX AKYCTHYECKHX BOJIH

OcetpoB A.B.l*, Mpimusckuii D.J1.2
'M.1.1., mpodeccop, Cankr-Tlerepbyprekuii [ocyqapcTBEHHBIH 2IeKTPOTEX HUYECKHIT
yauBepcuteT (CIIOI'DTY), r. Cankr-Iletepoypr, PD
2I[.T.H., npodeccop, riaaBHbIi HayuHbli coTpyaHuK OI'VII «KpbutoBckuii rocy1apcTBEHHBIH
Hay4HbIH 1IeHTp», T. CankTt-IlerepOypr, PO

AHHOTaNUA

PaccmatpuBaroTcsi 0COOCHHOCTH PACIpPOCTPaHEHHUS MOBEPXHOCTHBIX akyctuieckux BoiH (ITAB) B
AaKyCTUYECKAX BOJIHOBOAAX, B KOTOPBIX CBOWCTBA Cpembl M3MCHSIIOTCS B HANPAaBICHUU, MEPICHIUKYISIPHOM
HAIpaBJICHUAM PaCIPOCTPaHCHHU W 3aTYXaHUS MOBEPXHOCTHON aKyCTHUECKOW BONHBL OTMedaeTcs, 9To Takas
3ajaya He MOXeT OBITh CBEJEHA K JIByMEpHOH 3amade pacmpoctpaHeHus IIAB, a mo cBoeit cytu sBnsercs
TpeXMepHOﬁ. Vka3pIBaeTcsi Ha BO3MOXKHOCTh HaJMYUS JABYX THIIOB MOJI B TaKoOH 3aJa4ye. OCHOBHOE BHHUMaHHE
yIenseTcss OCOOCHHOCTSIM yueTa aHW30TpomnuH ()a30BOH CKOPOCTH INIPH HAJMYUK PACIPOCTPAHSIOLIMXCS
HEOJHOPOJAHBIX MOJ. YKa3bplBaeTcsi Ha HEOOXOAMMOCTb OIpPEACTICHUs aHH30TPOIHBIX CBOWCTB CpEBbl,
COOTBETCTBYIOLIUX MHUMBIM 3HAYCHUAM nonepequﬁ KOMITIOHEHTBI BOJTHOBOT'O BEKTOPA. B kauecTBe IIpUMEPOB
paccMaTpuBalOTCs aHM30TPOIHBIE CBOMCTBa cpe3a ST KpucTammmueckoro kmapma u cpe3a 128°YX nHuobara
JIUTHA.

KiaroueBbie cjioBa: TOBCPXHOCTHBIC AKYCTUYCCKHUE BOJIHBI, dKYCTUYCCKHUC BOJHOBOIBI, ,IlI/I(bpaKLlI/IH,
AHU30TPOINA, MHOT'OMOAOBOC paCIpOCTPAaHCHUC

Anisotropy accounting for inhomogeneous modes of surface acoustic waves

Osetrov A.V."* Myshinsky E.L*
'DSc, Prof, St.Petersburg State Electrotechnical University, St. Petersburg, Russia
2 DS, Prof, Chief Researcher of FSUE ‘Krylov State Research Center’, St. Petersburg, Russia

Abstract

The features of the surface acoustic waves (SAW) propagation in acoustical waveguides have been
considered; waveguide has changes of properties in the direction perpendicular to the directions of SAW
propagation and attenuation. It is underlined that this 3D problem in principle cannot be reduced to the two-
dimensional problem and that there are two types of modes in such system. The main attention is concentrated to
the accounting of phase velocity anisotropy in the presence of propagating inhomogeneous modes. It is indicated
that the determination of the anisotropic properties corresponding to the imaginary values of the transverse
wave vector component is required. ST-quartz and 128°YX LiNbOj; are investigated as the samples.

Key words: surface acoustic wave, acoustical waveguides, diffraction, anisotropy, multimode
propagation

Beenenne

bynem paccMaTpuBaTh OCOOCHHOCTH ydeTa aHM3OTPOIUM AJIS CIELYIOUIeH 3amauu.
ITycte moBepxHOcTHas akyctudeckas BonHa (IIAB) pacnpoctpaHsieTcst B HalpaBlI€HUU X U
3aTyXaeT B HAIPaBJICHUU Z, OJTHAKO 3a/laya HE SBJIAETCS JBYMEPHOM, T.€. aKyCTUYECKOE T10JIE
KOHEYHO B HaIPaBJIEHUU Y U 3aBUCHUT OT 3TON KoopauHaThl. KpoMe Toro cBoiicTBa MaTepuania

“E-mail: avosetrov@list.ru (Ocempos A.B.)

28


mailto:avosetrov@list.ru

NOISE Theory and Practice

MEHSIIOTCS B 3aBHCHUMOCTH OT 3HaueHus y, GopMHUpys pacmpeneneHue (a3oBbIX CKOpocTeit
v(y), onuckiBaromux pacnpoctpaHeHue [IAB B nampaBnenun x. Oynkuus v(y) gBIsieTCs
CUMMETPUYHON U KYCOUHO-JIMHEWHOMH, T.€. UMEeTCs LIEHTpaJIbHAas 30HA, BKIIOYAOIIAs OCh X,
U HECKOJIBKO OJIHOPOJAHBIX 30H B JIByX CTOPOH OT LIEHTpaJbHOM 30HBI. Takas TpexmepHas
dbopMynupoBKa sBisieTcs 0ojiee TOUHOM Jaxke JUIsl KiIacCU4ecKuX cucteM Bo30yxnenus [TAB,
TaK KaK YYUTBIBAETCS KOHEYHOCTH AJIEKTPOAOB BCTPEUHO-IITHIPEBBIX IMpeoOpa3oBarenei, a
TaKKe pas3linyHble CKOpocTH pacnpocTtpaHeHusi [IAB mon 30HOi 3nexkTponoB (Tae
yepeayroTcs 00JacTH METATM3UPOBAHHON M CBOOOJHOW TOJUIONKKH) M CIUIOIIHON 30HOM
metayn3anuu BIIT no kpasim. OnHako Takoe ycloKHEHHUE 3a/lauM, MMO3BOJISIONIEEe YYECTh
mudpakunonnsie 3(dextsl mpu Bo30yXKAEHUH, pacnpocTpaHeHun u mnpueme [IAB B
OCHOBHOM paHee He MPUMEHSIOCh, TaK Kak audpakuusa cuurtanach 3¢(eKToM BTOPOTro
MOpsIIKa, KOTOPBIM MOXKHO NpeHeOpedb WU YYeCTh KOCBEHHO, HAIpUMEpP, BBEJICHUEM
JOTIOTHUTEILHOTO 3aTyXaHus. B COBpeMEHHBIX cHUCTeMaX aKyCTOIJIEKTPOHUKU Tpedyemoe
pactpeneneHue v(y) MOXKET CO37aBaThCsl UCKYCCTBEHHO 3a CYET M3MeHeHUus: koddduimenta
MeTaJIM3alMyl  M(UJIM) HaHECEeHUs Ha TMOJIOKKY JOMOJHUTEIbHBIX CIOEB Ppa3IUYHON
TOJIIUHBI (T/Ie TONIIMHA TOXE SBJISICTCS (QyHKIHMeW koopauHatel y) [1-4]. Takum oOGpazom,
dbopMmupyrorcs Tpedyembie MPOPUIN aKyCTUIECKOTO TOJS U KaK CIeICTBUE 00eCcTIeYnBaIOTCS
HEOOXOIUMBIE JJIEKTPUYECKUE MapaMeTpbl COOTBETCTBYIOIIUX ycTpolcTB. Ilpenedpeun
3aBHCHUMOCTBIO OT y B TaKUX CHCTEMaxX YK€ Henb3s, Tak Kak 3¢ ¢heKTsl TpaHchopMmaun
AaKyCTMUYECKOI'O I0JIl B MONEPEYHOM HaIlpaBJIEHUU SABIISAIOTCA d(ddexTamu nepBoro mopsaxa.
B nanHoif myOnukanuy BHUMaHHE KOHILIGHTPUPYETCS Ha OCOOECHHOCTSAX ydyeTa aHH30TPOIUU
IPU pacyeTe TaKUX CHCTEM, a IyTh IOCTPOEHUs IOJHOro pemieHus [2-4] ocraercsa 3a ee
pamMKamu.

1. OO6mwmii moaxoa K aHAJIM3Y BOJIHOBO/AOB € MONEPeYHbIMHU
HEOJHOPOAHOCTAMU

bynem ocraBatbes B pamkax COM-mozenu (MOAENM CBSI3aHHBIX MOJ), Koraa
TPEXMEpPHOE YETHIPEXKOMIIOHEHTHOE aKyCTHYecKoe Tmoje (TpH KOMIIOHEHTHl BEKTOpa
MEXaHMYECKOTO CMEIIEHUS M OJHAa KOMIIOHEHTA AJIEKTPUYECKOro MOTEHIMAla) 3aMeHseTCs
JIByXMEPHBIM CKaJIIPHBIM aKyCTHUECKUM IosieM R(x,y) AJis BOJHBI, pacpOCTpaHsIoLIecs B
HaAIpaBJIEHUU X, U 1ojaeM S(x,y) UIsl BOJIHBI, paCIpOCTPaHSIONIEIHCS B HallpaBleHUN —x (T.€.
paccMaTpuBaeTCs JHILIb M0JIe Ha BEPXHEH MOBEPXHOCTH cucTeMbl). C MaTeMaTHUECKOM TOUKH
3penust pacmpoctpanenue I[IAB B Takoit cucremMe MOXHO CYHTaTh MHOTOMOJIOBBIM
(popmupyeTcs BOIHOBOJ B HalpaBJIEHUU OCH y), a mojie R(x,y) B LIEHTpalIbHOIN 30HE Takou
CHUCTEMBI TIPEJICTABIISATh B BUJIE COBOKYITHOCTH MO [2]

n

R(6Y) = ) wigi()exp(i(wt — ko)) D
i=1

I7le W — 49acToTa, YUCJIO N ONpeaeisieT KOJINIeCTBO MO, g;(y) ONMUChIBaeT NpoQuiib
CEUEHHs KaXJOW MOJAbI, W; — BeC JaHHOM Mojbl. Pacmpenenenue mosg 3a mnpeaenamu
LEHTPaJIbHON 30HBI B CIEAYIOIIUX 32 HEH OJTHOPOJHBIX 00IACTAX PACCUUTHIBAETCS C YUETOM
HENPEPBIBHOCTH TOJIS M IPOM3BOJHON IOJIA HAa BCEX BHYTpEHHHMX rpanunax. Moast ITAB
ABIIIOTCS CBSI3aHHBIMU, PACIPOCTPAHSSACH C OJMHAKOBOH (ha30BOI CKOPOCTHIO BAOJIb OCH X,
oTpeieNIIeMO KOMIIOHEHTOH K, BOJIHOBOTO BekTopa. KoimdecTBO MOJ MOXET OBITh Kak
KOHEYHBIM (3TOMY CJy4yal0 COOTBETCTBYET BblpakeHHe (1)), Tak U OECKOHEYHBIM, TOTAa
BelpakeHHe (1) MokHO cuuTaTh npuOIMKEeHHBIM. Kaxkgas W3 MoOA  yJOBIETBOpPSET
TuddepeHIMaIbHbBIM YPaBHEHUSIM 3374, OTKY/Ia MOXHO MOJIYYUTh BIpaxkeHue ais g;(y);
JUTSE CHAMMETPHYHBIX 110 y CHcTeM g; () UMeeT B
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cos(kiyy), kl-zy =0

exp(jkiyy) + exp(—jkiyy), ki <0 *

JIBe CTpouYkM B BBIpaKCHHHU (2) OMpenessioT JBa BO3MOXKHBIX THIa MoJ. IlepBsrit
TUII MOXKHO CUHMTATh KIIACCHYECKHM, a COOTBETCTBYIOUIYIO €My MOJIy PacCMaTpHBAaTh Kak
CYIEPIIO3UIIHNIO ABYX IIOCKHX BOJIH, UMEIOIIUX IMPOEKIIMK BOJIHOBOTO BEKTOpa K, BIIOJb OCH
x ¥ tk;, BIOJL OCH Y, T.€. PACIPOCTPAHAIOIMXCS IO/l HEKOTOPBIM yrjioM 6 K ocu x. Bropoii
THUII MOXXHO CUMTATh HEKOW Pa3HOBHUIHOCTHIO MHTEP(EHCHON BOJHBI, PACIPOCTPAHSIOMICHCS
CTpOro BOJIb OCH X, HO BO3pacTaioulell Mpu YyJaJeHHH OT OCH B HAIPABICHUAX y U —V,
BO3pacTaHHe MPOHMCXOAUT B IICHTPAIBHOW 30HE, a 3a ee MpejesaMu HOCUT 0oJiee CI0KHBIN
XapakTep, yObiBas npu y — too. B Beipaxennsax (1) u (2) va ky u k;, HakmanbiBaeTcs
CIIe/IyIOIIIEE YCIOBHUE

9:(y) =

2

I+ kb, = k20 = 5355 (3)
rae 6; ompenenseT yroi pacnpoCTPAaHECHUs IUIOCKOH BOJHBI MO OTHOIICHUIO K

ocHOBHOMY Hampapienmio x wunum 6; = arctg(k;,/k,), v(6) onmceBaeT 3aBHCHMOCTS

(ha30BOi CKOpOCTH BOJIHBI OT yrja PpaclpOCTPAaHEHHsS WIA aHU30TPOIHUIO CpPEHbl, s

usorponusix cpex v(f) = v, = const.

4000
N‘\ ST Quartz
3900 | N — — —128°YX LINBO3
\\
3800 | N
*
A
3700 N
‘\\ —— -
-

» 3600 S~ -7
> 3500

3400

3300

3200

3100 . . . . . . . . )

Puc. 1. Kpusble anuzotpomnuu ¢aszooii ckopoctu I[TAB st ST cpesa kBapiia u cpesa
128°YX HuoOaTa TuTHS

B kagecrBe mpumepa Ha puc. | NpUBEAEHBI KpPUBBIE, PACCUMTAHHBIE METOJOM
nepexoAHbIx marpull [1], xapakrepusylomue aHu30TPONHI0 (a30BONH CKOPOCTH IS JIBYX
Haubosee pacHpoCTPaHEHHBIX MOAJIOKEK: cpe3a ST KpuCTalIM4ecKkoro Kmapua (C yriamu
Oiinepa (0°, 132.75°, 0°) u cpesa 128°YX nuobara nutus (¢ yrmamu Diinepa (0°, 38°, 0°).
BunHo, 9TO aHW30TpOINUs SBISETCS 3HAYMTEIBHOW W TPEeHEOpedh €Wl Heb3s, OJHAKO
UCTOJIb30BaHUE BBIpaKeHUS (3) NpU YCIOBMM JIUIIB 3HAHUS YIJIOBOTO paclpeieieHus
($a30BOil CKOPOCTH HE MO3BOJISIET YYECTh aHU3OTPOIMIO JUIsl BTOPOTO THMa MOJ, YTo Oyjaer
NOJPOOHO PaCCMOTPEHO B CIEAYIOIIEM pas/elie.
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2. HccaenoBaHue aHM30TPONHBIX CBOMCTB Cpe30B KBapua U HUO0ATA JIUTHUSA

3aMeTuM, 4TO JJIs UCTOIH30BAHUS aHU30TPOIUH MIPH BBIUMCICHHSIX 110 BHIPAKEHUIO
(1) Tpebyercs yMeTb BBIMMCIATH K, 1O TpeOyeMoMmy k,, I0ITOMY YA0OHO KpHBBIE,

2
NIOKa3aHHbIC Ha pHC. 1, MpeAcTaBUTh B BHIC (YHKIUH (ky/ ko) = f(ke/ko), THE ko =
k(0) = w/v(0); Benmuuna k,,/k, B NeBOI YaCTU MOCIEIHETO BHIPAXKEHUS B3ATa B KBAJIPaTe
A ynoOCTBAa COBMECTHOTO OINMCAHMS BEIIECTBEHHBIX M MHUMBIX 3HaueHuil k,. Torna
KPHUBBIE, TIOKA3aHHBIE HA PUC. | IPeoOpa3yrOTCs K KPUBBIM, IIOKa3aHHBIM Ha pUC. 2.

12¢

— ST Quartz
e — — —128™YX LiNbO3

0 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 09 1

k,Jk,

Puc. 2. Kpussle, xapaktepusytoiue anuzorpomnuto st ST cpesa kBapiia u cpeza
128°Y X nHmoOaTa JUTHS KaK 3aBUCUMOCTb OJHOU M3 KOMIIOHEHT BOJIHOBOTO BEKTOpA OT

Apyro#

3aMeTuM, 4YTO JMamna3oH YIJIOB, IMOKa3aHHBIM Ha puC. | NPUBOIUT TOJIBKO K
JIMANa30Hy HEOTPHUIATEIBbHBIX 3HAYCHHH K; (WMIM BEIECTBEHHBIX ky) Ha puc.2. B osrom
3aKJIFOYAETCS OCHOBHAS CJIOKHOCTB IPH MCIIOJIb30BAaHUM aHU30TPONHHU (Pa30BBIX CKOpOCTEH
JUIS BBINIOJIHEHHMsI PacyeToB OMUCHIBaeMbIX B jAaHHOM cTtatbe IIAB. Kak BugHo u3 (2)
TOJIOXKUTEIBHBIM 3HAYCHMsIM Kk GyIyT COOTBETCTBOBATH KIACCHYECKHE MOJIBI, TOTAA KaK
OTPHULIATENIbHBIM 3HAUEHMsIM — TaK Ha3blBaeMble HEOJHOPOJHBIE MOJBI, KOIJa BOJIHA
pacrpocTpaHsieTcs M0 HamlpaBieHUuI0 x 0e3 OTkiIoHeHus mo yriy (6 = 0), Ho sBiseTcs
BO3pacTAOIIEH NpU YAAJIEHUU OT LEHTPAa MO OCHU y. YUeT HEOAHOPOIHBIX MOJ SIBJISETCS
KJIIOYEBBIM TPU aHAJIU3€ COBPEMEHHBIX YCTPOMCTB [3], Tak Kak HMMEHHO JTH MOJIbI
oOecrieunBaroT GOopMHpOBaHUE HanboJee YacTo TpeOyeMoro pacrnpeaeaeHus 1nos, 6JIM3Koro
K NPSAIMOYTOJIbHOMY, UTO JIOCTUTAETCS CYNEPIO3UIMEeN II1aBHOM pacpoCTpaHsIOMEHCs: MObI
U MOJIbI C HEOJTHOPOJHBIM pacrpenaeneHueM. [loctaBuM 3agauy HaxokJIeHHs crocola ydera
AQHU30TPOIHNH JUI HEOJHOPOJAHOM MOJIBI.

BHauane paccMOTpHM, Kak 3TO MOXET ObITh CAENaHO MPU CTaHAAPTHBIX MOIEISAX
anmsorpormn. Ecim cunrats, uro kZ 4 (1+ B)k; =k§ [4], tae B — xoddpduument
AQHU30TPOIHH, PABHBIA HYIIO JUISI H30TPOITHOTO MaTepuaa, To

ks =k§ —ki/(1+ ) )
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[Tonpobyem ammpoKCUMUPOBAThH KPUBBIC, IOKa3aHHbIE HA puc. 2 Ha 00IacTh
3HaueHuM ky > kg, BBIOpaB Takoe [5, 4T0ObI 3HaUCHUS k,,, BHIMUCIIEHHBIE 110 BHIPAXKEHUAM (3)
u (4), MaKCUMAaJIbHO COBIIAJIAJIH.

Paccmorpum BHauane ST cpes kBapma (puc. 3). CpaBHEHHE JBYX MOKAa3aHHBIX Ha
puc. 3 KpUBBIX MOKA3bIBACT JOCTATOYHO XOPOIIYIO CTETNICHh WX COBMIAJCHUS B JUANa30HE
k, < ky, ©3 94ero MOXHO MPEAMOIOKUTH BO3MOKHOCTD SKCTPATOJSAIMN MOJEIBHONH KPUBOM
3a BEPXHIOIO TpaHUIly Auanas3ona k, < kq (MyHKTUpHAas JIMHUA Ha puc. 3).

1r

ST Quartz
— — — Model

04 . . . . . )
o 0.2 0.4 0.6 08 1 1.2

k /k
X

(1]

Puc. 3. Kpusslie, xapakTepusyroniue anuzorponuto st ST cpesa kBapia u npulInxeHne
MoieTH ¢ K0d((PUIIMEHTOM aHU30TPOITUU

Ecnu npuHATE cipaBeUIMBOCTh 3TOM THIIOTE3BI, TO NPU Y4ETE AaHU30TPOIIUU MOMKHO
00BEAMHUTD TOUHBIE KPUBBIE JIJIS1 KJIACCUUYECKUX MO U MOJEJIbHBIE JIJIsl HEOJAHOPOIHBIX BOJIH.
B [eHCTBUTENBHOCTH KPHUCTAUIMYECKUH KBapll SBISETCS CYACTIIMBBIM HCKIIOUEHHUEM,
MO3BOJIAIOIIMM C JIOCTATOYHOM JUIsl IPAKTUYECKUX NMPUMEHEHUN TOYHOCTHIO paccMaTpHUBAaTh
MOJIeJTh aHM30TPOIHH (4) BO BCEM JHMAIa30He 3HAYCHUH k.

Curyanus co cpe3om 128°YX LiNbO;3; oxa3zpiBaeTcsi MNPUHIIUIHAIBHO JIPYrou
(puc. 4). Ecnu 3a ocHOBY npuOIMmkeHus B3sTh Touky npu 6 = 90°, To MojenbHas KpuBas,
OTKCBIBAIOIIME AHU30TPONHIO, OyAET 3HAYUTEIbHO OTJIMYATBCA OT PACYETHOM KPUBOH,
OpUYeM »HTO OTJIMYME OKa3bIBaeTCs CYIIECTBEHHBIM B pailoHe Kk, = kg, uCKaxas
NPOM3BOJIHYI0O W Jiejas HEIOCTOBEPHBIM SKCTPAIONSIIIUI0 B 30HY 3HAUYeHWH Kk, > ki,
COOTBETCTBYIOILLYK0 HEOJHOPOAHBIM MojaM. Eciau ke mnpeanosiokuTh, 4YTO, HaIpHUMep,
BeJIMUMHA ka, npu 0 = 90° w1t Moienu B J1Ba pa3a OOJIbIIE, YeM pacueTHas BeTWYMHA, TO Ha
NEPBBIA B3MIIAN, yOaeTcs KOPPEKTHO OMHCaTh MPOW3BOAHYIO KpuBOW mpu k, = kg (cMm.
HITPUXITYHKTUPHYIO KPUBYIO Ha puc. 4), HO 3TO BIe4yaTieHue OOMaH4YMBO, €CIIU MOCTPOUTh
TOT e Tpaduk B OKpecTHOCTH k, =k, (puc.5). BumHo, 94TO NMpOM3BOAHAS PAaCYETHOM
KPUBOH CYIIECTBEHHO MEHSIETCS TIPU HETTOCPEICTBEHHOM TPUOIMKEHUH K 3HaUeHHIO k, = k|
Y BOIIPOC KOPPEKTHOCTHU SKCTPATIOJSAIIUU OCTAETCSI OTKPBITHIM.

Eme Gonee crnoxkHas kapTUHa (OPMHUPYETCs] MPHU UCIOJIb30BaHUM 0O0JIee CIOXKHBIX
tunoB [TAB, Hanpumep BeITeKaromux BOJH. JlJII HEKOTOPBIX M3 HUX MOBEICHHE KPUBOH,
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OHI/ICBIBaIOHleﬁ AHU3O0TPOIINI0, HACTOJBKO CJIOXHO, 4YTO pasyMHas OKCTpaloJsAnusa B
MMPUHIHUIIC HCBO3MOXXHA.

257

R T

128"YX LiNbO3

L — — —Model

0 0.2 04 0.6 0.8 1 12
kxf kﬂ

Puc. 4. Kpusble, xapakTepu3syrolire anu3oTpomnuto cpe3a 128°YX Huobara nutus u
pUOIMKEHNE TIPY UCTIOIB30BAaHUU MOJISIH C IBYMS Pa3IMuHbIME KO3 punimenTamu

AHU30TPOIUHU
| 126°YX LiNGO3
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Puc. 5. Kpusble, npeactaBneHHbIe Ha puc. 4, B OKPECTHOCTH TOUKH k, = k
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3akjao4YeHue

PaccmoTpennas B cratbe 3amada pacnpoctpaneHus I[IAB  npu  Hammuuum
HEOJTHOPOJHBIX MOJ TOKa3alia HEAOCTATOYHOCTh 3HAHWS YIIIOBOW aHWU30TPONUU (a3oBOM
CKOPOCTH [UId Yyd4eTa aHu3oTponuu cpen. s HEKOTOphIX MaTepuanoB (Hampumep,
KPUCTAJUTMYECKOTO KBapila) BO3MOKHO 3a CUET BBIMOJHEHHUS OMMCAHHON B CTAThe MPOLEAYPHI
SKCTPANOJSAIMN  y4eCTh aHU30TPOMNHBIE CBOMCTBa cpeapl. OaHako [uis OOJNBIIMHCTBA
MaTepHaOB TAKOM MOJXO0Jl HENb3sl CUMTATh JTOCTOBEPHBIM. BBIX0JI0M U3 MOJIOKEHUS MOXKET
OBITh HEMOCPEACTBEHHBIN y4YeT aHU30TPONUH MATEPUAIOB JJS HEOJHOPOJHBIX MO, 4YTO
IUTAHUPYETCS H3JI0KHUTh B  CISAYIOMUX MyOJIMKAIUsIX aBTOpa, WIM HUCIHOJIb30BaHUE
YHUCIIEHHBIX METOJIOB, aBTOMATHUYECKH YUUTHIBAIOIINX aHU30TPOIHbBIE CBOKCTBA [5].
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AHHOTANHSA

B crartee mpuBeneHa KiacCU(HKaLMs KOMIIPECCOPHOrO 00OpynOBaHHA. ABTOpaMH PacCMOTPEHBI
IIYyMOBBIE XaPaKTEPUCTHUKH KOMIIPECCOPHOTO OOOPYIOBaHUS M XapaKTEPUCTHKHM LIyMa Ha pabouyMx MecTax
00CITy>KMBAIOLIETro epcoHana. [IpoBeaeH aHaIn3 METOI0B OIPENSIICHHS IlyMa KOMIIPECCOPHOTO 000pyIOBaHUS
(cranponapHoro u mepenBikHOro). [Ipon3BeneHa ONEHKa CHCTEMbl HOPMHUPOBaHHMS IIyMa B 3aBUCUMOCTH OT
YCIOBHIl M MecTa 9KCIUTyaTallil KOMIIPECCOPHOTo 0o0OpynoBaHUs. PaccMOTpeHa BO3MOMKHOCTH JOCTHIKCHUS
HOPMHPYEMBIX MapaMeTpoB M IPeIeiIbHO-IOMYCTUMBIX YPOBHEH HIyMa Ha pabO4YHMX MECTaX KOMIPECCOPHOTO
00opynoBaHUsI.

KnroueBble  cjoBa:  KoMIpeccopHoe  o0OpyJdoBaHHe, IIyM, HOPMHPOBaHHUE,  IIyMOBas
XapaKTEePUCTHKA, METO/IbI.

Analysis methods for the identification and regulation of compressor equipment noise
characteristics
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Abstract

The article describes the classification of compressor equipment. The authors considered the noise
characteristics of compressor equipment and noise characteristics of workplaces of the attendants. The analysis
of methods for the determination of the noise of the compressor equipment (stationary and mobile) was made.
Evaluate the noise regulation depending on location of compressor equipment. The possibility of achieving the
noise standard parameters for compressors and permissible noise levels in the workplace of compressor
equipment were reviewed.

Key words: compressor equipment, noise regulation, noise characteristic, methods.

Beenenne

PerynmupoBanue ypoBHs IIyMa W €ro KOHTPOJb 3a HHUM, KaK C TOYKHA 3PECHHS
COIIMAIbHOM, TaK M TEXHUYECKOW SBIIAETCS HEMPOCTOM 3ajayeil. DHeprus, co3gaBaeMas
COBPEMEHHBIMH CHUJIOBBIMH YCTAaHOBKAMH, MOXXET BO MHOTO pa3 TMPEBBIIIATh SHEPTHUIO,
pacxoyemMylo Ha aKkycThuueckoe uziayudeHue. OJIHaKo, 1axe 3Ta 4YacTh aKyCTUUECKOW SHEPTUHU
OKa3bIBaeT BechbMa HEOJAronmpuUsTHOE BO3/JCHUCTBHE Ha 4YelIOBEKAa U OKPYXKAIOIIYI0 Cpeny.

“E-mail:-drozdovalf@yandex.ru (Apo3zoosa JI.D.)
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[IIym mpoHukaeT Ha pabodnMe MecTa, BBI3BIBACT pa3JIpaKeHHWE W OECIOKOWCTBO, MEIIAET
COCPEIOTOYNTHCS, TMPUYUHSAET HaM OECIOKOMCTBO B dYachl JIOCyra M OTIbIXa Jo0Ma.
Bo3geiictBue 1myma MOXKET HAKAalUIMBATbCS M BIMSATH HA MHOTME AaCIHEKThl Halled
MOBCETHEBHOW KU3HU. M3BECTHO, YTO JJIMTEIBbHOE BO3JCHCTBHE IIyMa BBICOKUX YpPOBHEH
MOXXET MPHUBECTU K IMOCTOSHHON TJIyXOT€ W JaXe K HEXeJIaTeJIbHbIM IICUXOJOTHUYECKUM
apdexram wimm paccrpoiictBam. Illym, wu3aydaeMblii KOMIIPECCOPHBIM OOOpYAOBaHHUEM,
kosebnercst or 95 no 70 nbA [1] Hpyras BakHas mpoOjemMa CHIDKEHHS IIymMa — 3TO
HEOOXOAMMOCTh 3HAYMTEJIBHOTO CHWIKEHUS aKyCTHYECKOHW MOIIHOCTH JO TOrO0 YpPOBHS,
KOTOPBIA Oy/eT BOCIIPUHUMATHCS YEIIOBEKOM KaK IMOJATBEPIKICHUE TOCTUKCHHS KEJIaeMOTro
pe3yJbTara.

1. CoBpeMeHHBbIEe KOMIIPECCOPHBbIE YCTAHOBKH

Ilo xapakrepy 5KCIUlyaTallud KOMIIPECCOPHOE OOOpYAOBaHHE B COOTBETCTBUU C
I'OCT 12.2.016.1-91 [2] moapa3aensOT Ha:

— cTaloHapHble KomnpeccopHsle arperatsl (KA);

— CTalMOHapHbIe KoMIpeccopHble ycTaHoBKHU (KVY);

— crauunoHapubie komnpeccopHbie ctanuu (CKC);

— nepeaBuxHble KomnpeccopHsle ctaniuu (I1IKC).

[To pa3MerieHuI0 CUCTEMbI OXJIaXK/IEHUSI BCAaChIBAaHMs WJIM BBIYCKa ras3a (BO3ayxa)
KOMITPECCOPHOE 000pyI0BaHUE MOPA3ICIIIOT Ha [2]:

— oOopyJoBaHHE, Yy KOTOPOI'O CHUCTEMa BCAChIBAHUS U BBIIYCKAa OTCYTCTBYET
(xoMIIpeccop YCTaHOBJIEH Ha OTKPBITON TEXHOJOTHYECKON LIEMN);

— o00opy0oBaHue, y KOTOPOTO CHUCTEMa OXJIaXKACHUS, BCACHIBAHUS WIM BBIITYCKa
pa3MeniaeTcs Ha paccTosiHUM Ooiiee 3 M OT KOMITpeccopa;

— o00opy0BaHue, y KOTOPOrO CHUCTEMa OXJaKICHHUS, BCAChIBAHUS WM BBITYCKa
HaXOJUTCS BO3JIE KOMIIPECcopa.

Ilo MecTy ycTaHOBKM KOMIIpECCOpa M €ro INpHBOJAa KOMIIPECCOPHBIE arperarsl
MoApa3AeIsaoT Ha [2]:

— arperarsl, yCTaHaBJIMBaeMbl€ Ha OTKPBITOM TEXHOJIOTUUECKOM IIIOIIAJIKE;

— arperaTthl, y KOTOpPBIX IPUBOJ U KOMIIPECCOpP YCTAaHABIMBAIOT B OIHOM
IIPOU3BOJCTBEHHOM IIOMEIEHUH;

— arperarbl, y KOTOPBIX IPHUBOJ M KOMIIPECCOp YCTaHaBJIMBAIOT B pPa3HbIX
IPOM3BOJICTBEHHBIX TOMEILEHUSX.

2. IlymoBble XapaKTepUCTUKH KOMIIPECCOPHOI0 000pYyA0BAHUSA

Y4uThIBasA, 4YTO KOMIPECCOPHOE 000PYAOBaHHE MPUMEHSETCS B Pa3JInYHbIX cdepax
MPOMBIIIJIEHHOTO TPOMU3BOJICTBA, OHO MOXKET OBbITh KaK HCTOYHHUKOM aKyCTHYECKOIO
3arpsI3HEHUS OKPY’KAIOILEN Cpeipl, TaK U MICTOYHUKOM IIyMa B MECTaX HaXOXICHUS JTIOACH.

Kak npaBuno, mrymMoBble XapakTEpUCTUKM MCTOYHUKOB IIyMa, B TOM YHCJIE H
HCTOYHHKOB IIIyMa KOMIIPECCOPHOTO 000pY10BaHUS, JOJKHBI UCTIOJIB30BAThCS JUIS:

— AaKYCTHYECKHX pPACYETOB M aKyCTHYECKOrOo IPOEKTUPOBAHMSI KOMIIPECCOPHBIX
YCTaHOBOK B IIIyMO3ariyIlI€HHOM HCIIOJIHEHUU;

— OLIEHKH KOHCTPYKTHBHOI'O COBEPIIEHCTBA KOMIIPECCOPHOIO 000PYA0BaHNUS;

— OIpeaeneHus] HeOOXOIMMOCTH JOMOJHUTEIbHBIX IIYMO3AIUTHBIX MEPONPUATHI
IO 3allKTe pabOTaONIIUX OT MOBHIIIEHHOTO YPOBHS IIyMa;

— KOHTpOJISI Ka4yeCTBa U3TOTOBIICHUS U COOPKM KOMIIPECCOPHOTO 000OpYyI0BaHuUs, a
TaK)K€ palMOHAIBHOIO BHIOOpPA KOMIUIEKTYIOIIMX W3AEIUNA B YacTH COOTBETCTBHUS MX
IIYMOBBIX XapaKTePUCTUK TPEOOBAHUSAM TEXHUYECKHUX IOKYMEHTOB.
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[IIymoBBIE XapaKTEPUCTHUKA MECT HAXOXIEHHUS JIIoAeH (pabodmx MECT) HOJKHBI
MCIIOJIb30BaThCS IS

— KOHTpPOJISL COOTBETCTBUS YpPOBHEHM IIymMa Ha pabouyumx MeCTaX CaHUTAPHBIM
HOpMawm;

— COCTaBJICHHs IIYMOBBIX KapT M OLEHKH IIYMOBOTO pE€XHMa B IPOU3BOACTBEHHBIX
MOMEIICHUSIX W Ha TEPPUTOPUU MPEAIPUATHS C 1EJIbI0 ONpeleNieHus CTEeNeHU
IIYMOOIIACHOCTH pabouuXx MecT U pabourx 30H 00CTYKUBAIOIIETO MepCoHaa;

— pa3paboTKH, IJIAHUPOBAHUS M OLEHKA MEPONPHUATHHA [0 IIYMOTIYHICHUIO
MCTOYHHUKOB IIyMa U HIyMO3alIUTe paboTaONIHX.

CornacHo [2] i1 MCTOYHMKOB IOCTOSHHOI'O HIyMa YCTAaHABIMBAIOT CIIELYIOIINE
IIYMOBBIE XapaKTEPUCTUKHU:

— KOPPEKTUPYIOLINA YPOBEHb 3BYKOBOM MOITHOCTH Ly 4, 1BA;

— YPOBEHb 3BYKOBO MOIIHOCTHU B OKTaBHBIX I1OJIOCAX 4acTOT Ly, nb;

— YpOBEHb 3ByKa B  KOHTPOJIbHBIX  TOYKax (HAa  HM3MEPUTEIbHOU
noBepxHoOcTH) Ly, NbA;

— oOmmii ypoBEHb 3BYKOBOI'O JaBJIEHHS B KOHTPOJBHBIX TOYKax (Ha
M3MEPUTENIbHOM MOBEPXHOCTH) Ly, 1B

— YPOBEHb 3BYKOBOT'O JABJEHUS B OKTaBHBIX I10JIOCAX YAaCTOT B KOHTPOJIBHBIX
TOUYKax (Ha U3MEPUTENIbHON MOBEpXHOCTH) L, 1b.

[IIymoBbIE XapaKTEPUCTHKU paboO4YMX MECT KOMIIPECCOPHOTO0 OOOpYyIOBaHUS B
3aBUCHUMOCTH OT LIYMOBOI'O PEXHMa, B KOTOPOM paboTaeT 0O0CIyKHUBAIOIIUNA MEpCOHAI,
npusegeHbl B npuwioxkenusx 2 u 3 'OCT 12.2.016.1 [2].

Jlnist pabovrX MECT C MOCTOSTHHBIM IITYMOBBIM PEKXHUMOM yCTaHABIUBAIOT CIIEIYIOIINE
LIYMOBBIE XapaKTEPUCTHUKU [2]:

— YpOBEHb 3BYyKa Ly, N1BA;

—YypOBEHb 3BYKOBOTO JAaBJIEHUS B OKTaBHbIX Mojocax uactor L, nb (s
yJIbTpa3ByKa B TPETbOKTABHBIX I10JIOCAX YACTOT);

— 0011 YpOBEHb 3BYKOBOTO MaBieHUs L, , 1b.

Jlis MCTOYHUKOB HEMOCTOSIHHOTO IIyMa M pabo4uX MECT C HEeMNOCTOSHHBIM
ITYMOBBIM PEXUMOM JOJKHBI OBITH OMpPEIeSIEHbl YKBUBAJICHTHBIE U MAaKCUMAJIbHBIE YPOBHH

wyMa (Lpgoxs ¥ Lasgss Lpamax B Lamax)-

3. Meroabl ompeaeneHHMs W HOPMHUPOBAHUSI UIYMOBBIX XapaKTePUCTUK
KOMIIPEeCCOPHOro 000py10BaHus

B cucteme Mep nmo obecriedeHHo 3alUThl OT HIyMa Kak Ha MPOU3BOJICTBE, TaK U HA
cenuTeOHOW  TeppuTopuM, OONBIIOE  3HAYEHHWE  HMEeT  HOPMATHUBHO-TEXHUYECKas
JOKYMEHTAIUsA, OTHOCSIIASCA K IPOCKTUPOBAHUIO MAIMH, TEXHOJIOIMYECKHUX ITPOEKTOB,
IPOM3BOJICTBEHHBIX NTOMELEHUN U 3aCTPOWKM TEPPUTOPHIA M yCTaHaBIMBaroOIas TpeOOBaHUS
K 3ammre oT Immyma. CucremMa TakuX JIOKYMEHTOB COCTOUT M3 JOKYMEHTOB, KOTOpBIE
YCTAQHABJIMBAIOT TPEOOBAaHUS K IIYMOBBIM XapaKTEPUCTHKAM MeECT MpeObIBaHUS JIIOJEH U
METO/I0B KOHTPOJIS 3THX XapaKTEPHUCTHK; METOAA YCTAHOBJIEHUS LIYMOBBIX XapaKTEPUCTUK
UCTOYHUKOB IIymMa (MalIMH, TEXHOJOTUYECKOro O00Opy/IOBaHUSA, MEXaHW3UPOBAHHOIO
MHCTPYMEHTA U JIp.), UX HOPMUPOBaHUS M KOHTpouid. OHa TakKe BKIIOYAeT U yCTaHABIMBAECT
METOABl pacyeTa W MPOEKTUPOBAHMS IIYMOTJIYIIEHUS MpH pa3paboTKe HOBBIX THUIIOB
000py/I0BaHUsI M MPOEKTOB 3/IaHUM, COOPYKEHUI U 3aCTPOMKHU TEPPUTOPHil, TpeOOBaHUS K
LIYMOIIYHIAIIUM KOHCTPYKIUSAM, YCTPOMCTBAM U MaTepuaiam.
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3.1 Memooul onpedenenus uiymogvix XapaKkmepucmuk KOMRpeccopuozo 060pyoo-
6aHusn

B cootBercTBUM ¢ Ki1accUpUKAIMEH KOMIIPECCOPHOTO 000pYIOBAHUS M ITYMOBBIMH
xapakrepuctukamu, ycranoBiieHHbIMU B [TOCT 12.2.016.1 myis kaxaoro Buaa o00pya0BaHUs
pa3paboTaHbl CTaHAPTHI 10 METOJAM OIPENEIEHUS] TUX XapPAKTEPUCTHK.

Tak mig cranmoHapHBIX KOMIIpecCOpHBbIX arperatoB v ycranoBok ['OCT 12.2.016.2
YCTaHABJIMBAET OPUEHTHUPOBOYHBIM METO]I OTIPEAEIEHUS IIIYMOBBIX XapaKTepUCTHK [3].

JlJis cucTeM KOMIPECCOPHBIX YCTAaHOBOK (BCACHIBAHUS, BBIYCKA, OXJIAXKICHHUS U
Jp.), YCTAHOBJICHHBIX Ha paccTtosiHuu O0osee 3 M ot KA, u npu pa3menieHnn Komipeccopa u
€ro IMpuBOJAa B pa3HbIX MPOU3BOJCTBEHHBIX IIOMEIICHUAX OCHOBHBIMU HIYMOBBIMH
XapaKTepUCTUKaMU sBJstoTCS [3]:

— YPOBHH 3BYyKa B KOHTPOJIBHBIX TOUYKAX;

— YPOBHM 3BYKOBOI'O JaBJIEHMsI B OKTAaBHBIX (TPEThOKTAaBHBIX) MOJOCAX YAaCTOT B
KOHTPOJIbHBIX TOYKAX;

— o0111e ypOBHHU 3BYKOBOT'O /IaBJIEHUS! B KOHTPOJIbHBIX TOUKAX.

N3mepenust yposueil 3BykoBoro naieHus KA (KVY) momxHbl ObITH MpOBEIEHBI B
OKTaBHBIX I0JIOCAX YaCTOT CO cpeaHereomerpuueckumu yacroramu ot 31,5 I'q go 8000 I, a
00X ypOBHEH 3ByKOBOTO JaBjieHHMs 10 Ikaie nrymomepa Lin ¢ 2 ' [3].

JlonyckaeTcst A KOMIIPDECCOPHBIX arperaToB M KOMIIPECCOPHBIX YCTaHOBOK,
UMEIOIINX MaKCUMaJbHBIA pa3mep A0 15 M, IPUMEHSATh TEXHUYECKHE METOJIbI OMpeeICHHUS
ypoBHeii 38ykoBoi MormHoctd 1o I'OCT P UCO 3744-2013 [4].

MaxkcuManbHble 3HAU€HHUS CPEIHEro KBaJpaTUYECKOrOo OTKIOHEHHUS YpPOBHEM
3BYKOBOM MOIIHOCTU B b MM KOPPEKTUPOBAHHBIX YPOBHEHW 3BYKOBOW MOIIHOCTH B 1BA
noikHbI coorBeTcTBoBaThH 'OCT 23941 [5].

MeTton omnpeneneHus IIYMOBBIX XapaKTEPUCTUK MEPEIBUKHBIX KOMIIPECCOPHBIX
cranuuid ycranasinuaeT [[OCT 12.2.016.3 [6].

Cornmacio I'OCTy [6] u3MepeHHs ypOBHEH 3BYKOBOTO JaBIICHUS JOJDKHBI OBITH
IIPOBEJEHBI B OKTABHBIX I0JI0CAaX YaCTOT CO CPEIHEre€OMETPUUECKUMHU YacToTaMu ot 31,5 1o
8000 I', a 001MX ypoBHEH 3BYKOBOTO JIaBiIeHU Mo mikane mrymomepa (Lin) ¢ 2 I'm.

JlonyckaeTcsi U3MEPATh YpPOBHH 3BYKOBOT'O JIABIEHHS B TPETHOKTABHBIX I10JIOCAX
4acTOT, KOTOpbIE CJEAYyeT IMEepPEecUUThIBaTh B OKTaBHbIE ypoBHH. M3mepeHuss HeoOX0AUMO
IIPOBOAMTH HA OTKPBITOM IUIOIIAJKE HaJ 3ByKOOTPAXKAIOUIEH IIIOCKOCTHIO.

OpHUEHTHPOBOYHBIE METOABl  ONpPENENCHHUs] IIYMOBBIX  XapaKTEpPUCTUK  Jis
CTallMOHAPHBIX KOMIIPpECCOPHBIX cTaHlmi ycraHasiausaeT ['OCT 12.2.016.4 [7].

OnpeneneHre HIYMOBBIX — XapaKTEPUCTHK pabOYMX MeCT MPOBOJUTCS IO
I'OCT P UCO 9612-2015 [8]. Pe3ynbraThl M3MepeHHs: peKOMEHAyeTcs 0pOopMIIsIThH B BUJE
IIYMOBOM KapThl IPOU3BOJCTBEHHBIX TIOMEIIEHUH M TEXHOJOTMYECKUX IUIOMIAJIOK,
PacroIOKEHHBIX Ha TEPPUTOPUH KOMIIPECCOPHOM CTAaHLMHU, U B BUJAE IACIOpTa LIyMOBOTO
pexumMa Ha pabounx MecTax M pabouyux 30Hax [2].

[Tpu HaTMYMK UCTOYHUKOB YJIbTpa3Byka HEOOXOJMMO MPOBOJAUTH KOHTPOJIb YPOBHEH
3BYKOBOI'O JIaBJIEHUS B TPETHOKTABHBIX I10JIOCAX YACTOT, HA pabo4YMX MECTax, IJ1€ CYIECTBYET
BEPOSATHOCTb NPEBBILIEHUS THTUEHUYECKUX HOPM I10 YIbTPa3BYKY.

OpHUEHTHPOBOYHYIO OIIEHKY YpOBHS HMH(pa3Byka HEOOXOAUMO MPOBOJUTH IO
pazHOCTH OOIIET0 YpPOBHS 3BYKOBOTrO JaBieHUs Lj;,u ypoBHsf 3Byka La. B cmyuae
BBIP@XXEHHOCTH MH(pa3ByKa CIeIyeT MPOBECTU OKTABHBII aHaIu3 B MHPPa3ByKOBOM o0jacTu
yacToT HaunHasi ¢ 2 I'ig [2].
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3.2 Hopmuposanue uiymogulx Xxapakmepucmuxk KOMRPeccopHozo 060py0o8anus

CucreMy HOpMHUpPOBaHHUs IllyMa MOXXHO pa3JeiMThb Ha TPU OCHOBHBIX Kjacca:
CaHMTapHbIe HOPMbI (HOPMBI IIyMa Ha PabOYMX MECTaX); TEXHUUECKUE HOPMBI LIIyMa MallluH
(TpaHCIIOPT, TEXHOJIOTUYECKOE, IMOJIBEMHO-TPAHCIIOPTHOE, KOMIIPECCOPHOE 000pyIOBaHHUE,
pasinyHble MEXaHW3Mbl M JIp.) U CAHUTapHble HOPMbBI IIyMa Ha TEPPUTOPUM KHUIOU
3acTpoiiku. llenplo Bcex TpEX HOPMATUBHBIX KJIACCOB SBJIETCS YCTAHOBJIEHHME TaKHUX
IpPEJENbHO JOMYCTUMBIX YPOBHEH IIymMa, KOTOpbIE B 3aBUCHMMOCTH OT MECTa HAaXOXKACHUS
yesoBeKa (pabodee MeCTO, MOMENICHHE B KHJIOM WM OOIIECTBEHHOM 3/IaHHH) HE BBI3BIBAIN
3a0oeBaHuil U qUCKOoMpopTa.

OCHOBOIIOJIArAlONIUM JOKYMEHTOM, YCTaHABIUBAIOIIUM HE TOJIBKO KJIACCH(HUKAIINIO
IIyMOB, HO U JIOITyCTUMbIE€ YPOBHHU ILIIyMa Ha pabo4uX MecTax ¢ OLICHKOH BO3/IEHCTBHS IIyMa,
oOmue TpeOOBaHMS K IIYMOBBIM XapaKTEPUCTHKAM MallWH, MEXaHU3MOB, CPEJICTB
TPAHCIOPTA, W JPYroro oOOpYyIOBaHUS, a TaKXkKe Mepbl IO 3amuTe pPabOTHUKOB OT
Boznelicteuil myma sisnsiercst ['OCT 12.1.003-2014 [9].

B cootrBerctBun ¢ 'OCT 28563-90 [10] nomycTtuMble YpOBHU 3BYKOBOTO JIABJICHUS
Ha paboueM Mecte oOcmyxuBatomero nepcoHana [IKC mpu e€ ucnpiTaHUM HE JOJKHBI
npesblliath ypoBHH, ycraHoBieHHbIe 'OCT [9]. Cnenyer ormeruts, uro ¢ 2015 r. B 1aHHOM
CTaH/apTe€ OTCYTCTBYIOT MPEAEIbHO JIOMYCTUMbIE OKTaBHBIE YPOBHU 3BYKOBOI'O JIaBJICHUS, a
HPUBOAATCS TOJIBKO MPEJENBHO JOMYCTUMbIE YPOBHHU 3BYKA M SKBUBAJIEHTHBIE YPOBHH 3BYKa
Ha pabounx MecCTax JJisl TPYAOBOH JESTeIBHOCTH PA3INIHON HANpsHKEHHOCTH (Tadum. 1).

Tabnuya 1
[IpenensHO 1OMyCTHMBIE YPOBHH 3BYKa U SKBMBAJICHTHbIE YPOBHH 3BYyKa Ha pabOuMX MecTax
JUIsL TPYZIOBOM JESITEIbHOCTU Pa3HbIX KaTErOpHH TSKECTH U HanpsbKeHHOCTH B TBA [9]

Kareropus Ts:xecTH TPYA0BOI0 MpoIecca
Kareropus P pyllu pot = =
cpeaHss TAKeJIbI THAKEJIbIH THAXKeJIbII
HaNPSIKEHHOCTH JerKkasi . Py - Py
TPYAOBOIO n3nyecKas
pya b cKas 1 2 3
npoiecca HArpy3ka
HArpy3Ka CTEeNeHHn CTeNneHn CTeNeHHn
HanpsxeHHocTs
P 80 80 75 75 75
JIETKOH CTENEHHU
HanpsxeHHocTh
pit 70 70 65 65 65
Cpe/IHeH CTeNeHU
HanpsxeHHbIN
P 60 60 ; ; -
TpyAd 1 cTrenenn
HanpsoxeHHbI
P 50 50 ; ; -
TPYZ 2 CTENIEHH

KonnuecTBeHHYI0 OLEHKY TSKECTH M HANpsDKEHHOCTH TPYAOBOIO Ipolecca Ha
pabouux MecTax IMepcoHaja, OOCIYXKHBAIOIIEro KOMIIPECCOPHOE O0OpYIOBaHHUE, CIIEAYeT
MPOBOJIUTh  JKCIUTyaTUPYIOIIEH  0o0OopymoBaHHWe  opraHuzanue (morpeduteneMm) B
COOTBETCTBUH € pykoBoacTBoM P 2.2.2006-05 [11].

B 3aBuCcHMOCTH OT TSKECTH M HANpPsDKEHHOCTH TPYAAa NPEENbHO JIOMYCTUMBIE
YPOBHHU 3BYKa Ha pabOYMX MECTax ONpeIeNstoTcs no tadbmaure 1.

Jlis HOpMUPOBaHHUS NIYMOBBIX XapaKTEPUCTUK CTALMOHAPHOTO KOMIIPECCOPHOTO
o0opynoBaHusi (ypoBHEH 3BYKOBOW MOIIHOCTH) cienyeT pykoBoactBoBatbes ['OCT 27409
[12].

HemanoBakHbIM (akTOpOM AJIsi MPOU3BOIUTENCH KOMIPECCOPHOTO 000PYAOBAHUS
ABIIIOTCS IIYMOBBIE XapaKTEPUCTUKH TOTOBOTO H3JETUS U XapaKTepUCTHKH IIyma
KOMIUIEKTYIOLINX U3JEeNUi (ABUraTeb, BEHTHIATOP, (GUIBTPHI U T.1.).

39



Jpozooea JI.®., Kyoaes A.B., Kyxnun J].A., Yebomapesa E.IO.
Ananuz memooog onpeodenenus u HOPMUPOBAHUSL ULYMOBLIX XAPAKMEPUCTIUK
KOMNPeCccopHo20 000py008aHUs.

YcTaHaBiuBaeMOe HOPMATHBHBIMU JIOKYMEHTAMH OTPaHUYEHHUE IIymMa Ha pabOuyux
MeCTax B COOTBETCTBHU C [9] He macT oTBeTa O MpeleibHBbIX 3HAUCHUSX XapaKTEPUCTHUK
IIymMa, Kak CTallMOHApHBIX, TaK M MEPEIBMKHBIX KOMIIPECCOPHBIX YCTaHOBOK. B
OOJIBIIMHCTBE CIIy4aeB OHU 3aBUCST OT KOHKPETHBIX YCIOBUN MX SKCIUTyaTal[du: HaJIWYHUs
HECKOJIBKUX OJHOBPEMEHHO padOTaoIUX KOMIIPECCOPHBIX YCTAHOBOK, BEIUYHMHBI IIyMa,
U3ITy4aeMOro KaKJ0M YCTAaHOBKOM M IIyMa OT HECKOJbKUX YCTaHOBOK, UX PACIOJIOKEHUS U
AKyCTHUYECKHX XapaKTePUCTHK IIOMEIICHUs, B KOTOpOM OHHU pabortaior. [lostomy B
cootBercTBUU ¢ ['OCT 27409 [12] Hapsiay ¢ CaHUTapHBIM HOPMHUPOBAHHUEM IIymMa U Ha €ro
0a3e HEOOXOIUMO MPOBOJUTH TEXHHYECKOE HOPMUPOBAHHE UCTOYHUKOB IITyMa, COCTOSIIEE B
YCTaHOBJICHHUH IpeeibHO AOMYCTUMBIX IIyMOBBIX Xapaktepuctuk (I[TIILIX) obopynoBanus,
YIOBJIETBOPEHUE KOTOPHIM O0ECIIEUMBACT BBIMOJHEHHWE HOPM IIIyMa, BO3JIEHCTBYIOLIETO HA
JIOJICH MPU TaHHBIX YCIOBUIX KCILUTyaTal[lH.

Nudopmanus o IIJIIX mo3BoauT pa3paboTdrkaM B TpoIecce pa3padOTKH
TpeOOBaHUI K MPOEKTUPYEMOMY KOMIIPECCOPHOMY OOOPYIOBAHUIO, C YUETOM MPAKTUKU €ro
MIPUMEHEHUS, PEIINTH BOTIPOCHI 110 00ECTIEUCHUIO JOIMYCTUMBIX IIIYMOBBIX XapaKTEPUCTHK KaK
Ha paboumx MecTax OOCHY>KMBAIOIIEro IMepcoHalla, TaKk M B OKpYyXkaromei cpene (Ha
CEMUTEOHON TEPPUTOPHUH), BHIOUPATh U3 KOMIUIEKTYIOUIUX H3JEIUI MaJOIIyMHbIE 00pa3Iibl,
OCYIIECTBIISITh MEPbl MO CHIDKEHUIO IIyMa B MCTOYHHUKE €ro BO3HUKHOBEHHS U BECTH
AKyCTHUYECKOE MPOEKTUPOBAHNE MAIOIIYMHOIO KOMIIPECCOPHOTO 000PYAOBAHHUS.

Bri6op Tex wiIM WHBIX LIYMO3ALIUTHBIX MEPOIMPHUATHH U 1eJIeco00pa3HOCTH X
MPUMEHEHHUS JIOJDKEH MPOU3BOAUTHCS HAa OCHOBE aHalIM3a IIYMOBBIX XapaKTEPUCTUK
OTJICIbHBIX JJIEMEHTOB CTAllMOHAPHBIX U TEPEABMKHBIX KOMIIPECCOPHBIX YCTAaHOBOK,
MIPEAYCMOTPEHHBIX MMPOCKTUPOBAHUEM, UX pa3MepamMu, KOHCTPYKTUBHBIMU OCOOCHHOCTSIMH, a
TaK)K€ KOHKPETHOTO MeCTa OJKCIUTyaTallil KOMIIPECCOPHOTO O0O0pynoBaHUs (OTKPBITOE
IIPOCTPAHCTBO, IOMEIIEHUE U JIP.).

3akao4yeHue

[TpoBeneHHBI 0030p KOMIIPECCOPHOTO OOOPYAOBaHUS M aHadu3 TPeOyeMbIX IO
CTaHAapTy IIYMOBBIX XapaKTEPUCTHK B 3aBUCIMOCTH OT MX THUIIA TIO3BOJIMII MPOBECTH OLEHKY
MCTOHOB OINPCACIICHUA YKa3aHHbBIX IIYMOBBIX XapaKTCPHUCTHUK. BrimosHeHHEbIN aBTOpaMu
aHAJIU3 CHCTEMbl HOPMHPOBAHUS C BBEACHHBIMH H3MEHEHUSIMHU B paHee eiCTBYIOIINE
CaHUTApPHBIC HOPMBbI )IaéT BO3MOXXHOCTE ITPOU3BOAUTCIIAM U HOTp€6I/IT€J'I$IM KOMITPpECCOPHOTO
000py/I0BaHUs ONMPEAETUTh MyTH JOCTHKEHHUS HOPM IITyMa, BO3JEHCTBYIOIIET0 Ha YeJIoBeKa

U OKPYXKAOIIYIO CPENy.

Chnucok Jimreparypbl

1. dpo3nosa JI.®., Kynaes A.B. Onenka u aHanu3 mryma KOMIIPECCOPHBIX CTaHIMM
//Noise Theory and Practice, 2016, 3 (2), c. 30-37.

2. TOCT 12.2.016.1-91 Cucrema cranmaptoB Oe3onacHoctu Tpyna (CCBT).
O6opynoBanune kommpeccopHoe. OmpeneneHre IMIyMOBBIX — XapakTepucTuk. Oomue
TpeOoBaHUSI.

3. T'OCT 12.2.016.2-91 Cuctema cranaaptoB Oe3omacHoctu T1pyaa (CCBT).
O6opynoBanue KommIpeccopHoe. Merton — ompefeNeHuss IIYMOBBIX  XapaKTEPUCTUK
CTallMOHAPHBIX KOMIIPECCOPHBIX arperaTos.

4. TOCT P UCO 3744-2013 Axycruka. OrnpeneneHie YpOBHEH  3BYKOBOU
MOIITHOCTH ¥ 3BYKOBOW PHEPrUM MCTOYHHUKOB IIyMa 10 3BYKOBOMY JaBJICHUIO. TeXHUUECKUH
METO/]I B CyLIECTBEHHO CBOOOAHOM 3BYKOBOM I10JI€ HaJl 3BYKOOTPaKaIOIIEH MIOCKOCTHIO.

40



NOISE Theory and Practice

5. TOCT 23941-2002 [Mym  wmamuH. MeToasl  onpeneneHus  LIIyMOBBIX
xapaktepucTtuk. O0mue TpedoBaHusl.

6. 'OCT 12.2.016.3-91 Cucrema crangaproB ©Oe3zonacHoctu Tpyaa (CCBT).
O6opynoBaHue KoMmIpeccopHoe. Meron — ompeneneHuss IIYMOBBIX — XapaKTEPUCTUK
MEePEIBUKHBIX KOMIIPECCOPHBIX CTAHIIUM.

7. T'OCT 12.2.016.4-91 Cucrema crangaptoB ©Oe3onacHoctu Tpyna (CCBT).
O6opynoBanue KoMmmIpeccopHoe. MeTon — ompeeNneHuss IIYMOBBIX — XapaKTEPUCTUK
CTaIIMIOHAPHBIX KOMIIPECCOPHBIX CTAHIIUN M YCTAHOBOK.

8. 'OCT P UCO 9612-2013 Axyctuka. HM3mepenuss mryma [uis OLIEHKH €ro
BO3JICHCTBUS Ha YelloBeKa. MeTo ] m3MepeHnid Ha padOYnX MecTax.

9. 'OCT 12.1.003-2014 Cucrema crannaptoB 0ezonacHoctu Tpyaa (CCBT). Hlym.
O6mue TpeboBanms 6€30IMaCHOCTH.

10. TOCT 28563-90  CraHimuum  KOMIIPECCOpPHBIE  TIEPEIBIIKHBIC  0OIIEro
Ha3HayeHus. [IpueMka u MeTopl HCIIBITAHUNA.

11. P2.2.2006-05 T'mruena Ttpyna. PyKoBOACTBO 10 THUTHEHHUYECKOH OIICHKE
dakropoB paboueill cpeapl U TpyaoBoro mporecca. Kpurepun m kinaccudukarus ycaoBHA
Tpyna.

12. TOCT 27409-97 1lym. HopmupoBaHHE  LIYMOBBIX  XapaKTEPUCTHUK
cTalroHapHoro oo6opynoBanus. OCHOBHBIE MOJIOKEHHUS.

41



