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Montano W.A.1∗, Gushiken E.I.2
1 Technical Director, Gualeguaychu, Argentina

2 Manager, Lima, Peru
1,2 ARQUICUST Acoustic in situ Measurements Laboratory

Abstract

In Lima City, it is not possible to know the sound levels previous to the COVID-19 because there is

no governmental sound monitoring network. A private noise monitoring has been conducted since July 2020 at

one neighborhood in this city, and, consequently, the changes in the soundscape produced by di�erent sound

levels that were a concern of the successive quarantines and lockdown due to COVID-19 have been registered.

In the residential area under analysis, one of the noise sources comes from the circulation of cars and buses;

the other one is produced by aircraft night over�ights. The emergence of the virus new variants had forced

the authorities to implement di�erent social con�nement orders prohibiting people's mobility; therefore, it was

possible to measure the lowest possible sound levels ever. This paper analyzes in one neighborhood in Lima,

Peru, the environmental sound levels since July 2020 during di�erent periods due to the COVID-19.

Keywords: acoustics, sound monitoring, COVID-19, soundscape, aircraft noise, environmental sound

levels, statistics.

Îäèí ãîä òùàòåëüíîãî ìîíèòîðèíãà ñ èþëÿ 2020 ãîäà âî âðåìÿ ïàíäåìèè

COVID-19 â îäíîì ðàéîíå â Ëèìå, Ïåðó

Ìîíòàíî Â.À., Ãóøèêåí Å.È.
1 Òåõíè÷åñêèé äèðåêòîð, ã. Ãóàëåãóàé÷ó, Àðãåíòèíà

2 Óïðàâëÿþùèé, ã. Ëèìà, Ïåðó
1,2 Ëàáîðàòîðèÿ íàòóðíûõ àêóñòè÷åñêèõ èçìåðåíèé ARQUICUST

Àííîòàöèÿ

Â Ëèìå îòñóòñòâóþò äàííûå îá óðîâíÿõ çâóêà äî COVID-19, ïîñêîëüêó â ãîðîäå îòñóòñòâóåò

ãîñóäàðñòâåííàÿ ñåòü ìîíèòîðèíãà çâóêà. Ñ èþëÿ 2020 ãîäà â îäíîì èç ðàéîíîâ ãîðîäà ïðîâîäèòñÿ ÷àñòíûé

ìîíèòîðèíã øóìà. Áûëè çàðåãèñòðèðîâàíû èçìåíåíèÿ â çâóêîâîì ëàíäøàôòå, êîòîðûå áûëè âûçâàíû

ïîñëåäîâàòåëüíûìè êàðàíòèíàìè è áëîêèðîâêàìè èç-çà COVID-19. Â àíàëèçèðóåìîì æèëîì ðàéîíå îäèí

èç èñòî÷íèêîâ øóìà èñõîäèò îò äâèæåíèÿ àâòîìîáèëåé è àâòîáóñîâ; äðóãîé-îò íî÷íûõ ïîëåòîâ ñàìîëåòîâ.

Ïîÿâëåíèå íîâûõ âàðèàíòîâ âèðóñà âûíóäèëî âëàñòè ââåñòè ðàçëè÷íûå ïîñòàíîâëåíèÿ î ñîöèàëüíîì

îãðàíè÷åíèè, çàïðåùàþùèå ìîáèëüíîñòü ëþäåé; ïîýòîìó ñòàëî âîçìîæíûì èçìåðèòü ìàêñèìàëüíî íèçêèé

óðîâåíü øóìà, êîãäà-ëèáî ñóùåñòâîâàâøèé. Â ýòîé ñòàòüå àíàëèçèðóåòñÿ óðîâåíü øóìà îêðóæàþùåé

ñðåäû ñ èþëÿ 2020 ãîäà â îäíîì ðàéîíå Ëèìû, Ïåðó â ðàçíûå ïåðèîäû COVID-19.

Êëþ÷åâûå ñëîâà: àêóñòèêà, ìîíèòîðèíã çâóêà, COVID-19, çâóêîâîé ëàíäøàôò, àâèàöèîííûé

øóì, óðîâíè øóìà îêðóæàþùåé ñðåäû, ñòàòèñòèêà.

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

The emergence and rapid spread in 2020 of the SARS-CoV-2 (Severe acute respiratory

syndrome coronavirus 2 ) around the world, and now in 2021 its new variants surprised everyone
equally. As of July 28th, 2021, unfortunately, Peru is at the top of the toll death worldwide
per one million population (the US is at �fth place) [1] [2]; therefore, it is for this reason that
health prevention policies are maintained throughout Peru, and speci�cally in Lima City there
is a nighttime curfew, restriction of tra�c on the streets in daytime, and a ban on circulation
of private vehicles on Sundays, all of these to reduce and prevent the coronavirus spreading,
which resulted in an overall reduction of the urban sound levels.

In 2020 the authorities of each country were forced to impose di�erent public health
measures to prevent contagions. The immediate international airports' shutdown was the �rst
action taken, and to prevent the people movement to ensure their quarantine, the temporary
closure of all nonessential activities and ban of vehicles circulation in streets disrupted tra�c
patterns; all of these were decisive for a radical change in the soundscape perception because
the amount of background noise in cities has fallen substantially. It is now an emerging topic
of paramount importance to register this unique soundscape motivated by an observable e�ect
on urban sound levels.

The general lockdown around the world had a relevant impact on the cities' soundscape,
associated with people's con�nement and the closure of nonessential activities such as in-person
education, leisure activities, tourism, etc. Worldwide acousticians had the opportunity to
measure the atypical soundscape due to COVID-19-related sound levels reductions, and others
have taken di�erent initiatives to track the soundscape changes by means of questionnaires to
citizens, perception, sound recordings, etc., to try and attain subjective data. Among dozens
of articles about the sound levels decreasing due to COVID-19 lockdowns, it is possible to
mention a few of them about: the noise from port in Ljubljana, Slovenia [3]; noise from music
festival areas in Montreal, Canada [4]; aircraft noise in Lima, Peru [5]; in large cities of Italy
[6] or Stockholm, Sweden [7]; global seismic noise [8]; in quiet residential areas in Tokyo, Japan
[9]; and so on. Also, taxonomy and some method of sound levels evaluation for this unusual
situation have been proposed from Spain by Ascencio et al. [10].

Because the present research does not have external funding, this article is limited to
analyzing the soundscape changes at one neighborhood in Magdalena del Mar, one of the 43
Lima districts, produced by tra�c noises during daytime and evening time and by airplane
noises on night hours, from July 2020 to June 2021, and how the background environmental
sound changed through the time span under analysis, accompanying the di�erent phases of
social con�nement to prevent the virus dissemination.

1. Materials and methods

1.1. De�ning the interval timewise to analyze the measurements by period

The soundscape analysis presented in this article covers four distinguishable selected
timewise periods:

• Period 1: From July 1st to October 31st, 2020, COVID-19 �rst-wave partial
reopening.

• Period 2: From November 1st (when the Lima international airport was opened) to
December 31st, 2020.

• Period 3: From January 1st to February 28th, 2021, COVID-19 second-wave.
• Period 4: From March 1st to June 30th, 2021, �ight restriction from Peru due to new

variants and several partial closing/opening of nonessential activities.

The authors have been presented at `8th All-Russian Research to Practice Conference'
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a complete analysis of the Lima soundscape registered before and during the �rst phase of the
COVID-19 outbreak form March 1st to June 30th, 2020, which was published as an article in
[3], but the location of the monitoring station since July 2020 onwards is di�erent, therefore
the results presented here cannot be directly compared with those.

1.2. Sound monitoring station location and description

The authors' o�ce is in a neighborhood in Magdalena del Mar, one of Lima's City
districts, and because of the surrounding urbanization is under the �ight pass-by of airplanes
which take o� from Lima International Airport at 7.75 km from the monitoring location, they
decided to measure the aircraft noise impact using their own noise monitoring station, which
is on a fourth-�oor rooftop, and this spot is in the middle of a block far away from any avenue
(12o05'24�S-77o03'50�O). This position (see Figure 1) is important because the city background
noise is low enough on nighttime to measure properly the noise from passing airplanes �ying
to the west-south toward the Paci�c Ocean to leave Lima City.

Fig. 1. Picture of Lima's airport and the monitoring station location

While the monitoring station is located to the south-east of the Lima airport runway,
even so, it is within the aircraft noise footprint. Considering that this location is at 1.45 km
from the Paci�c Ocean, therefore, the marine inversion layer has an important e�ect on sound
waves propagation: `When planes �y above an inversion layer the aircraft noise reaching the

ground is spread out farther at a lower intensity, when the aircraft is below the inversion layer

the overall sound will be greater and spread over a farther distance' [11].

The sound monitoring station being used is a TA120 noise sensor manufactured by
CESVAr from Barcelona [12], the instrument comprises a Class 1 sound level meter that
records the LAeq,1s and transmits it every second to NoisePlarformr cloud located in Spain,
that allows to download the data in csv format.

1.3. Metrics and sound descriptors

To correlate the results of the sound levels registered in this survey with similar data
from European studies, the day-evening-night Lden noise indicator as is de�ned in ISO 1996-
1:2016 [13] is used in this article. To processes the data, modular programming was used and all
functions were written into .NET framework computer language to use the large math library
available on the Internet.
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1.3.1. Sound levels metrics

The TA20 monitoring station uses the A and C-weighting curve de�ned in IEC 61672-
1:2013 [14]. For Lden calculation of the day-evening-night noise indicator, equation 1 is used
with the penalties as de�ned in Directive 2002/49/EC [15].

Lden = 10 · lg 1

24

(
12 · 10

Lday
10 + 4 · 10

Levening+5

10 + 8 · 10
Lnight+10

10

)
, dBA (1)

The reference time intervals chosen to calculate the Lden are the following [15]:

• LDay,12h (or LD) is the continuous equivalent sound level from 06.00 h to 18.00 h,
• LEvening,4h (or LE) is the continuous equivalent sound level from 18.00 h to 22.00 h,
• LNight,8h (or LN) is the continuous equivalent sound level from 22.00 h to 06.00 h.

1.3.2. Statistical functions

The statistical function used for this article are the following: (i) Percentile sound
levels, they are not normalized descriptors yet, but there is an agreement about their meaning:
L10, 10% percentile level which describes the contribution of emergent sound events; L90, 90%
percentile level, used to estimate the background noise; (ii) trend, it is useful for extracting
an underlying pattern of environmental sound level behavior in a time-history which would
otherwise be partly or nearly completely hidden by the sound levels �uctuation; (iii) boxplot,
it is a signi�cant tool to conduct special analysis, where the boxes indicate the sound levels
range in which the middle 50% of all sound levels registered are placed, into the box the solid
lines indicate the median and the dashed lines the mean value, all points (above and below)
are considered outliers that are further away than 1.5 times from the interquartile sound levels
values; (iv) range, is the di�erence between the max and min sound levels.

1.3.3. Soundscape concept

For this article, the term `soundscape' is used to describe a subjective acoustic
environment perception as de�ned by the Canadian composer and acoustician Murray Schafer
in the 1970s: `psychoacoustic concept in which a soundscape is an acoustic environment as

perceived and analyzed by humans' [16], and it is not used like ISO metric [17].

2. Soundscape after the economic opening on July 1st, 2020

The Peruvian government decreed on July 1st, 2020, a controlled opening to non-
essential activities applying several public health procedures to ensure social distancing and
to reduce the possibility of people meetings or family reunions. Figure 2 shows the LAeq,24h

time-history (red line) from July 1st, 2020, to June 30th, 2021, in which is identi�ed the four
timewise periods previously indicated (that were marked by the advance of the COVID-19 and
its new variants in 2021) from spreading, with their long-term trend (dashed lines).



NOISE Theory and Practice 11

Fig. 2. LAeq,24h sound levels evolution from July 2020 to June 2021 [red line], and the
statistical trend by each time period under analysis [dashed lines] (dB re 20 µPa)

2.1. Period 1: Lima soundscape from July 1st to October 31st, 2020

The state of emergency was partially lifted on July 1st, 2020, however all educational
institutions remained closed (also some nonessential activities), and social life showed a gradual
tendency `to return to normal,' it is likely that the life patterns of people did not change
signi�cantly from those during the mandatory quarantine. The soundscape after this `abnormal'
opening (�rst-wave partial reopening) after the total quarantine and general lockdown, was
really atypical because `the opening' didn't include those such as in-person education as well
as leisure events.

Building construction and industrial activities started gradually, public passenger
transport services were increased as the numbers of people were authorized to circulate in the
street increased, and the authorities in some days had to backtrack on decisions by imposing
momentary restrictions on people's mobility in order to ensure an adequate social distancing
among people. In Figure 2 for this period 1, it is observed that the LAeq,24h long-term trend
(blue dashed line), regarding over the span of four months the opening to some non-essential
activities, increased by 6.3 dBA.

Some important facts to highlight on the part of Lima's authorities are that they
imposed a restriction on circulation of buses and other public transportation on Sundays to
ensure social distancing (it was requested for everyone to self-restraint at home) and reduce
the possibility of people meetings or family reunions, then it is possible to see in Figure 2 a
regular pattern due to those sanitary decision: The sound levels leap down regularly, meaning
a noiseless soundscape perception on Sundays.

2.2. Period 2: Lima soundscape from November 1st to December 31st, 2020

On November 1st, 2020, the Lima international airport has been partially opened
only to commercial �ights (internationals and nationals) but not for tourism proposes. It is
interesting to observe in Figure 2 that the LAeq,24h long-term trend (green dashed line) for this
period 2, shows a decreasing of 3.5 dBA, albeit the fact that there were aircraft �ights every day;
therefore, this overall reduction of the LAeq,24h is due to the fact that the authorities imposed
several measures of partial closures and openings to gradually reduce people's mobility by
cars/buses throughout the city, which resulted in a consequent diminishing of the environmental
noise. A few spikes were produced by some night aircraft over�ights which are highlighted in
the orange square. The most strict con�nement order was given for Christmas Eve and New
Year's night, family reunions were not allowed for more than ten people, and as a results of
these, the LAeq,24h of those days was lower than 50 dBA.
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2.3. Period 3: Lima soundscape from January 1st to February 28th, 2021

In Peru the year 2021 started with the COVID-19 second wave, and then Peruvian
authorities were forced to restrict people's mobility even more. January 2021 began with a
con�nement order which was tightened between January 15th and 31st, 2021 because people
were reluctant to self- restraint at home. Despite this, the number of contagions continued to
rise, the quarantine measure was extended to February 2021, reinforcing controls to prevent
people from circulation in the streets on Sundays, introducing a ban on the circulation of buses
and private cars.

In Figure 2 for this period 3, it is observed that the LAeq,24h long-term trend (light-blue
dashed line) increased around 1.2 dBA. As a result of the street construction works carried out
around the block where the monitoring station is located, anomalous noise events have resulted
in an erratic behavioral pattern (see in Figure 2 the green square); therefore, it is possible to
be sure that the increase in the noise levels are due to the aforementioned works in this time
span.

2.4. Period 4: Lima soundscape from March 1st to June 30th, 2021

Many US and European airports were temporarily closed to �ights from Peru due to
the resurgence of COVID-19 in this country. At this fact, the fewer night �ights, the lower the
noise, and taking into account that during the days prior to and during the entire Holy Week
there was an almost total ban on people's mobility (to reduce the spread of the COVID-19
variants), very low noise levels were achieved within this time span. In Figure 2 for this period
4, it is observed that the LAeq,24h long-term trend (dark-orange dashed line) displays a gradual
decay of the sound levels around 1.2 dBA. In 3.2 a further analysis will be presented.

3. Analysis of sound levels measurements

The evaluation that provides the more noticeable information is the soundscape
comparison between period 1 vs. period 4, basically because during March-June 2021, the
Peruvian economy was almost entirely open (except for in-person classes and leisure activities)
and the Lima international airport was operating but not for tourism; and despite all this, the
noise levels were lower than those of the July-October 2020 interval.

3.1. Soundscape evaluation using percentile sound levels

Since January 2021, the Peruvian government have imposed a strict curfew between
20.00 h and 06.00 h (in April it was prolonged from 22.00 h to 04.00 h), which resulted in
a low background sound levels during nighttime, providing a soundscape perception as never
before imagined. Figure 3 shows the L90 sound levels evolution as follow: Daytime background
represented by the L90,Day (blue line), being the 90th percentile level calculated for daytime
hours (from 06:00 h to 18:00 h); nighttime background represented by the L90,Night (red line),
being the 90th percentile level calculated for nighttime hours (from 22:00 h to 06:00 h). The
L90,Evening is not presented here because it has a random behavior, consequently it does not
o�er conclusive information.
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Fig. 3. L90,D and L90,N sound levels evolution from July 2020 to June 2021 (dB re 20 µPa)

With respect to daytime background sound levels evolution, it is noteworthy that they
have a �uctuating behavior (for period 1 among 42.2 dBA and 56.3 dBA and for period 4 among
41 dBA to 50.3 dBA). Despite the sound levels decreased on Sundays and increased again on
Mondays, a gradual diminution over time can be determined since January 1st.

The L90,N sound levels evolution increased close to 5 dBA considering period 1 and
period 2 together. On the contrary, since January to June 2021 the L90,N sound levels have fallen
and the L90,N shows a median pattern around of 36.5 ±2.3 dBA, being this as a consequence of
the elimination of some night �ights besides the ban on circulation in streets and strict curfew.
The nighttime background sound levels were low as never before.

3.2. LD, LE and LN boxplots comparison of each period under analysis

The boxplot is a signi�cant tool to conduct special analysis, some examples of the use
of this statistical function for this unusual environmental situation (marked by the COVID-
19-related sound levels variation) are presented in [18] [19]. Figure 4 shows the sound levels
averaged by LD, LE and LN of each period under analysis (from July 1st, 2020, to June 30th,
2021) distributed by means of a boxplot.

Fig. 4. LD, LE and LN boxplots ordered by period under analysis from July 1st, 2020, to June
30th, 2021 (dB re 20 µPa)
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In Figure 4 it is observed the following:

• The daytime levels (LDay), whereas period 1 and period 4 have almost the same
range (±0.5 dBA), the 50% of the sound levels in period 4 (with the economy very nearly open
and the Lima airport operating) are more distributed than period 1 (with the economy partially
closed and the Lima international airport under lockdown). For period 2 the sound levels are
more distributed than period 1. For period 3 the sound levels are concentrated around 60 dBA,
but this was a consequence of noise from construction activities on surrounded streets where
the sound monitoring station is installed.

• The evening time levels (LEvening), for all periods the quartiles Q1 and Q3, which
are `close' to each other the 50% of their sound levels are highly concentrated around 50 dBA
(±2.5 dBA), this is because people had to be at their homes before the curfew, so the tra�c
noise levels due to cars and buses were high.

• The nighttime levels (LNight), in period 1 during the �rst-wave partial reopening,
the range of LN levels is 12.2 dBA and its median is 42.9 ±1.6 dBA. On the contrary, in period
4 (although the night aircraft over�ights) the range of LN levels is 7.2 dBA and its median is
41.4 ±0.8 dBA, meaning that they are lower and highly concentrated than in period 1 when
the Lima airport was under lockdown.

4. Summary of sound levels measurements registered during one year

4.1. Lden sound levels comparison among periods under analysis

In order to understand the COVID-19-related sound levels reduction in this Lima
City district, due to di�erent con�nement orders, lockdown and curfew, Table 1 summarizes
straightforward the LD, LE, LN sound levels of each period and their corresponding Lden noise
indicator calculated by means of Eq. 1.

Table 1

Lden noise indicator comparison for each period under analysis from July 1st, 2020, to June
30th, 2021 (dB re 20 µPa)

Period LD LE LN Lden

Period 1: July 1st to October 31st, 2020. `Abnormal' opening
and limited de-escalation

59.0 50.6 43.9 57.3

Period 2: November 1st to December 31st, 2020. Airport
opening (not for tourism)

61.1 52.8 47.1 59.7

Period 3: January 1st to February 28th, 2021. New curfew
order and partials lockdowns

61.1 49.2 46.8 59.2

Period 4: March 1st to June 30th, 2021. Flight restriction
from Peru due to new strains + strict night curfew

58.3 49.0 42.1 56.4

In Table 1 it is interesting to note that:

• In period 2 the LD, LE and LN are higher than in period 1, because more people
in streets were allowed to circulate due to de-escalation and more nonessential activities were
partially open, besides the Lima International airport was opened.

• In period 3 the LD was equal than period 2, despite the restriction on circulation,
but it was as a consequence of the construction noises (it was commented above).

• In period 4 the sound levels are 1 dBA lower (with the economy very nearly open
and the Lima airport operating) compared to period 1 (with the economy partially closed and
the Lima international airport under lockdown).
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• In period 4 the LN is 5 dBA lower than in period 2, due to the strict nighttime
curfew. It has to keep in mind, also, that the quantity of �ights in period 4 are much higher
than in period 2, and yet despite this, the sound level is lower; therefore, the noise levels were
produced by cars/busses tra�c.

• In period 4 the LD and LE are 3 dBA lower than period 2, basically as a consequence
of the health policies about restriction on circulation in streets, not because `there is less
movement of people.'

4.2. Lden of one year of sound monitoring during the COVID-19

As previously mentioned, the results of this monitoring can be correlated with European
studies, Table 2 summarizes the Lden results by Equation 1, averaged by each semester and
annually from July 1st, 2020, to June 30th, 2021.

Table 2

Lden noise indicator summary from July 1st, 2020, to June 30th, 2021 (dB re 20 µPa)

Interval time LD LE LN Lden

July 1st to December 31st, 2020 (�rst semester) 60.0 51.5 45.3 58.4
January 1st to June 30th, 2021(second semester) 59.6 49.1 44.1 57.7
July 1st, 2020 to June 30th, 2021 59.8 50.4 44.7 58.0

5. A suggestion to make about the special soundscape derived from
people's mobility restriction: `Car-free Sunday' after the pandemic is
overcome

Important health policies decisions have been implemented by Lima's authorities to
note on Sundays (which is still maintained today), a temporary scenario de�ned by (i) a
restriction on circulation in the avenues of buses/private cars from 07.00 h to 13.00 h, and
(ii) people self-restrain at home, all of this in order to reduce outdoor people's mobility
and preventing the COVID-19 spreading. Whereby, the soundscape on Sundays is healthier;
therefore, it is important to analyze the unique opportunity that these policies o�er temporarily.
Figure 5 shows a comparison of daytime [06.00 h�18.00 h] sound levels between weekdays (red
box) and Sundays (light-blue box) from July 1st, 2020, to June 30th, 2021.

Fig. 5. LD Sundays vs LD weekdays from July 1st, 2020, to June 30th, 2021 (dB re 20 µPa)

For the weekdays' boxplot, the holidays are not considered as data for the analysis.
In Fig. 5 it is observed that 50% of the sound levels on Sundays are more concentrated at
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lower values than on weekdays. The LD Sundays are 10 dBA fewer, which means at least 500%
o� acoustic energy under the environmental scenario described above concurrently during the
COVID-19 pandemic. At this point, a forthcoming suggestion to make to the governmental
authorities by the authors is having a `Car-free Sundays' after the pandemic is overcome, to
minimize the risk on people of having noisy soundscape on a day that it supposes should be
quiet.

Conclusions

In this paper the authors have presented the measurements results of the sound levels
in this location with the sound pressure level of the Magdalena del Mar as a whole. Unlike the
case of Lima City, the results shown here are only an example of this neighborhood (and those
which are under the aircraft footprint of Lima international airport) and are not intended to
be generalized since di�erences in behavioral patterns are likely to occur in other areas of Lima
City, depending on the attributes of the people living there and the surrounding environment.
Rather, it is easy to imagine that each city neighborhood has its own unique behavior and
that it is not easy to generalize the results from a speci�c one to others, but it is considered
necessary to accumulate examples from various locations to gain insight.

The noise levels that were registered during the COVID-19 at this residential
neighborhood in Lima City, seems to be quite di�erent with those reported in other large cities,
mainly because there was no gradual lockdown de-escalation in Peru, on the contrary, the
activities and people's mobility increased but applying a strong tra�c circulation restriction
in the streets, then, this is why in June 2021 the night noise level is lower than in July 2020,
although in 2021 there is much more commercial activity than a year ago, also taking into
account that the Lima airport now is currently open: This may seem like a paradox, but it is
certainly not.

It has to be noted that the tra�c restriction measures and the strict nighttime curfew
are the key to retain the noise level low during nighttime hours; therefore, aircraft over�ight
noise is one of the components of environmental noise, but it is not a sound source capable of
raising sound levels averaged at night; perhaps over�ights that occur at dawn, when people are
in the most sensitive sleeping period, can be considered a nuisance.

The sound levels immediately after the lifting of the quarantine in July 2020 was high,
perhaps it was due to people needing to leave their homes after four months of mandatory
con�nement, and also maybe rather unusual behavior of people to reorganize their activities
under the atypical social situation signed by the COVID-19 outbreak. The sound levels during
the four periods under analysis have �uctuated as a function of several factors; one of them
was de�ned by cars and buses circulation because as the streets and avenues were empty, they
circulated at high speed.

The COVID-19 outbreak has changed the way of life sending everyone to con�nement
for months. The Worldwide acousticians have been able to register a distinct soundscape
during the lockdown, being this exceptional situation a historic fact which will be important
to keep the sound monitoring survey going into the future for further comprehension of what
the SARS-CoV-2 had done on urban sound issues.

Unfortunately: (i) the results obtained in this survey cannot be directly correlated with
sound monitoring carried out in other cities of the world, because the `random' measures of
temporary closures and openings taken by the Peruvian authorities have caused the sound levels
to vary `disorderly,' i.e., it is not possible to analyze the long-term trend sound evolution, but
only for undersized periods of time; (ii) it was not possible to conduct a subjective investigation,
such as questionnaires, because it is forbidden to talk to people anywhere (closed or even open
spaces) yet.
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Sharing to Peruvian authorities the information on healthy environmental sound levels
that the authors had registered is still in debt because the actual governmental priorities are
to put under control the COVID-19 outbreak, so when the time it comes, the authors would
communicate their �ndings about the soundscape which took place in this Lima district (as
a private research with no external funding), in order to develop some possible environmental
and health policies about the impact of aircraft noise in this residential neighborhood.

Finally, a suggestion to make is `Car-free Sundays,' because it has been objectively
demonstrated with sound measurements of this survey that the soundscape on Sundays is really
healthy due to a restraint on circulation in streets; then, establishing a vehicle circulation
restriction on Sundays morning after the pandemic is overcome should be an environmental
policy not only for Lima City but also (why not) a worldwide policy.

This work was made by the authors during their free time and both monitoring and
reporting don't have any external �nancial/funding support; this article is part of a particular
interest in research and is a corporate social responsibility of ARQUICUST (the authors'
company). The authors declare there are no con�icts of interest.
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Àííîòàöèÿ

Êîìïëåêñíàÿ îöåíêà âîçäåéñòâèÿ øóìà â ëèòåéíîì öåõå ÿâëÿåòñÿ îñíîâíîé öåëüþ ðàáîòû.

Ïî ðåçóëüòàòàì àíàëèçà ïðåäñòàâëåíû îñíîâíûå íåáëàãîïîëó÷íûå ó÷àñòêè ñ ïðåâûøåíèåì

äîïóñòèìîãî óðîâíÿ øóìà � ó÷àñòêè âûáèâíûõ ðåøåòîê è ó÷àñòêè î÷èñòêè ëèòüÿ. Ïðåäëîæåíû

ðåêîìåíäàöèè ïî âûáîðó òåõíè÷åñêèõ ìåðîïðèÿòèé, âêëþ÷àþùèõ ðàöèîíàëüíîå ðàçìåùåíèå

îáîðóäîâàíèÿ, ðåæèì èõ ðàáîòû, óñòàíîâêó àêóñòè÷åñêèõ ýêðàíîâ è çâóêîèçîëèðóþùèõ ïåðåãîðîäîê ó

íåçàùèùåííûõ ðàáî÷èõ ìåñò, à òàêæå ðàöèîíàëüíûé ïîäáîð ýêâèâàëåíòíîé ïëîùàäè çâóêîïîãëîùåíèÿ

ïîìåùåíèÿ öåõà, êîòîðûå ïîçâîëÿò ðåøèòü çàäà÷ó ñîçäàíèÿ áåçîïàñíûõ óñëîâèé ïðîèçâîäñòâà.

Èññëåäîâàíî óëó÷øåíèå óñëîâèé òðóäà îïåðàòîðîâ ëèòåéíîãî öåõà çà ñ÷åò ñíèæåíèÿ øóìà íà

èõ ðàáî÷èõ ìåñòàõ: óâåëè÷åíèå çâóêîïîãëîùåíèÿ â ñàìîì êîðïóñå äðîáåñòðóéíîé êàìåðû è óñòàíîâêà

øóìîçàùèòíûõ ýêðàíèðóþùèõ êîíñòðóêöèé äëÿ îãðàæäåíèÿ ó÷àñòêîâ ñ íàèáîëåå èíòåíñèâíûì øóìîì.

Êëþ÷åâûå ñëîâà: øóì, âèáðàöèÿ, ëèòåéíîå ïðîèçâîäñòâî, äðîáåñòðóéíûé ó÷àñòîê,

øóìîçàùèòíûå ýêðàíèðóþùèå êîíñòðóêöèè, çâóêîïîãëîùåíèå.

Analysis of the impact of noise on the operators in the foundry
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Abstract

A comprehensive assessment of the impact of noise in the foundry is the main goal of the work.

Based on the analysis results, the main unsuccessful areas with an excess of the permissible noise level
are presented - areas of knock-out gratings and areas of casting cleaning. Recommendations are proposed for
the selection of technical measures, including the rational placement of equipment, their mode of operation, the
installation of acoustic screens and sound-insulating partitions at unprotected workplaces, as well as a rational
selection of the equivalent sound absorption area of the workshop premises, which will solve the problem of
creating safe production conditions.

The improvement of the working conditions of foundry shop operators by reducing noise at their

workplaces is studied: an increase in sound absorption in the body of the shot blasting chamber itself and the

installation of noise-proof shielding structures for fencing areas with the most intense noise.

Keywords: noise, vibration, foundry, shot blasting, noise protection shielding structures, sound

absorption.
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Ââåäåíèå

Ðàáîòà ïîñâÿùåíà êîìïëåêñíîé îöåíêå âîçäåéñòâèÿ ïûëè, øóìà è âèáðàöèè íà
îáñëóæèâàþùèé ïåðñîíàë ëèòåéíîãî ïðîèçâîäñòâà. Ñëîæíîñòü òåõíîëîãèè, íàëè÷èå
âðåäíûõ ôàêòîðîâ ïðîèçâîäñòâà â ðàáî÷åé çîíå îïåðàòîðîâ íåãàòèâíî ñêàçûâàåòñÿ íà
êà÷åñòâå âîçäóøíîé ñðåäû ëèòåéíîãî öåõà, ÷òî ïðèâîäèò ê íàðóøåíèþ òðåáîâàíèé
ñàíèòàðíî-ãèãèåíè÷åñêèõ íîðì. Ñïåöèàëüíîå îáîðóäîâàíèå, êîòîðîå íàõîäèòñÿ â
ëèòåéíîì öåõå, äîïîëíèòåëüíî âûäåëÿåò â âîçäóõ ðàáî÷èõ çîí áîëüøîé îáúåì òåïëà.
Íàêîïëåíèå èçëèøêîâ òåïëà â ñâîþ î÷åðåäü ïðèâîäèò ê èçìåíåíèÿì ìèêðîêëèìàòà
âíóòðè ïðîèçâîäñòâåííûõ ïîìåùåíèé ëèòåéíûõ öåõîâ.

Óëó÷øåíèå êà÷åñòâà èçäåëèé ëèòüÿ, äîëãîâå÷íîñòü è íàäåæíîñòü ïðîäóêöèè
ïðîèçâîäñòâà â áîëüøåé ñòåïåíè çàâèñÿò îò ÷èñòîòû ïîâåðõíîñòåé. Â ïðîìûøëåííûõ
ïðîöåññàõ íàèáîëåå ðàñïðîñòðàíåíû òàêèå ñïîñîáû îáðàáîòêè, êàê: äðîáåñòðóéíûé,
äðîáåì¼òíûé è äðîáåì¼òíî-äðîáåñòðóéíûé â äðîáåìåòíûõ áàðàáàíàõ è êàìåðàõ. Ýòî
îáîðóäîâàíèå îòíîñèòñÿ ê ãðóïïå íàèáîëåå ýêîëîãè÷åñêè íåáëàãîïîëó÷íîãî: áîëüøîå
êîëè÷åñòâî âûäåëÿåìîé ïûëè, íàëè÷èå äðîáè, ïîäàâàåìîé ïîä äàâëåíèåì, êîòîðûå
ñîïðîâîæäàþòñÿ âûñîêèìè óðîâíÿìè èçëó÷àåìîãî øóìà è ðîñòîì âèáðàöèîííîé
àêòèâíîñòè. Ñëåäóåò îòìåòèòü, òåõíè÷åñêè ñëîæíûì ÿâëÿþòñÿ ïðèâåäåíèå øóìà è
âèáðàöèè äî íîðìàòèâíûõ âåëè÷èí. Âðåäíîå âîçäåéñòâèå øóìà è âèáðàöèè íà îðãàíèçì
÷åëîâåêà ïðîÿâëÿþòñÿ â ðàçëè÷íîì âèäå, ýòî è øóìîâàÿ (íåâðèò ñëóõîâîãî íåðâà) è
âèáðàöèîííàÿ áîëåçíè, è ïîâûøåíèå óòîìëÿåìîñòè, è ñíèæåíèå ïðîèçâîäèòåëüíîñòè è
êà÷åñòâà òðóäà. À â íàñòîÿùåå âðåìÿ øóìîâàÿ è âèáðàöèîííàÿ áîëåçíè â ëèòåéíîì
ïðîèçâîäñòâå çàíèìàþò âòîðîå è òðåòüå ìåñòî â ñïèñêå ïðîôåññèîíàëüíûõ çàáîëåâàíèé [1].

Â ëèòåéíîì ïðîèçâîäñòâå ïðè÷èíîé íàèáîëüøåãî ÷èñëà ïðîôåññèîíàëüíûõ
çàáîëåâàíèé ÿâëÿåòñÿ âîçäåéñòâèå ÷ðåçìåðíîãî øóìà îò èñïîëüçóåìîãî îáîðóäîâàíèÿ íà
îïåðàòîðîâ ëèòåéíîãî öåõà. Íàèáîëåå âûñîêèé êîýôôèöèåíò çàáîëåâàåìîñòè íåâðèòîì
ñëóõîâîãî îðãàíà â ëèòåéíûõ öåõàõ ïðèõîäèòñÿ íà ïðîôåññèè îáðóáùèêîâ, ôîðìîâùèêîâ,
ñòåðæåíùèêîâ, ïëàâèëüùèêîâ è ÷èñòèëüùèêîâ ëèòüÿ, ðàáîòàþùèõ ñ äðîáåñòðóéíûì
îáîðóäîâàíèåì.

1. Õàðàêòåðèñòèêè øóìà íà ó÷àñòêàõ ëèòåéíûõ öåõîâ

Îäíîé èç çàäà÷ íàñòîÿùåãî èññëåäîâàíèÿ ÿâëÿåòñÿ àíàëèç ýêñïåðèìåíòàëüíûõ
õàðàêòåðèñòèê øóìà â ðàáî÷åé çîíå ëèòåéíîãî ïðîèçâîäñòâà ïðè âûïîëíåíèè ðàçëè÷íûõ
îïåðàöèé.

Ðåçóëüòàòû èññëåäîâàíèé ïîêàçàëè, ÷òî ïàðàìåòðû øóìà îñíîâíûõ âèäîâ
ëèòåéíîãî ïðîèçâîäñòâà íå ñîîòâåòñòâóþò äîïóñòèìûì íîðìàì øóìà íà ðàáî÷èõ ìåñòàõ.
Íàèáîëüøèå ïðåâûøåíèÿ äîïóñòèìûõ óðîâíåé çâóêà [2] îòìå÷àþòñÿ íà ðàáî÷èõ ìåñòàõ
(ïî óðîâíÿì çâóêîâîãî äàâëåíèÿ): ñòåðæíåâûå è ôîðìîâî÷íûå âñòðÿõèâàþùèå ìàøèíû
- íà 12-23 äÁ, âûáèâíûå ðåøåòêè - íà 17-26 äÁ, îáðóáî÷íî-î÷èñòíîå îáîðóäîâàíèå - íà
16-27 äÁ [3].

Ñïåêòðû øóìà îò îñíîâíîãî îáîðóäîâàíèÿ ëèòåéíîãî öåõà, ÿâëÿþòñÿ
øèðîêîïîëîñíûìè. Ïðè ýòîì çâóêîâîå ïîëå â ðàáî÷èõ çîíàõ öåõà íåîäíîðîäíî â ñâÿçè ñ
òåì, ÷òî îñíîâíûå èñòî÷íèêè øóìà èìåþò ðàçëè÷íûå ìîùíîñòè è õàðàêòåðû ñïåêòðà.
Ìàøèíû ñ óäàðíûì ðåæèìîì ðàáîòû èçëó÷àþò íåïîñòîÿííûé øóì ñ ìàêñèìàëüíûì
óðîâíåì çâóêîâîé ìîùíîñòè â îáëàñòè ñðåäíèõ è âûñîêèõ ÷àñòîò, êîòîðûå íàèáîëåå
÷óâñòâèòåëüíû è îïàñíû äëÿ ÷åëîâåêà.

Â òàáëèöå ïðèâåäåíû çíà÷åíèÿ èíäåêñà çàãðÿçíåíèÿ ïî øóìîâîìó ôàêòîðó Êø
äëÿ ðàçëè÷íûõ ó÷àñòêîâ ëèòåéíîãî ïðîèçâîäñòâà, ïîëó÷åííûå ðàñ÷åòíûì ïóòåì íà îñíîâå
ýìïèðè÷åñêèõ äàííûõ. Êàê âèäíî èç òàáëèöû íàèáîëüøåå âîçäåéñòâèå îò øóìîâîãî
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ôàêòîðà îòìå÷àåòñÿ íà ó÷àñòêàõ ôîðìîâùèêîâ, âûáèâàëüùèêîâ ôîðì, îáðóáùèêîâ è
÷èñòèëüùèêîâ ëèòüÿ [3].

Òàáëèöà 1

Çíà÷åíèå èíäåêñà çàãðÿçíåíèÿ ïî øóìîâîìó ôàêòîðó íà ó÷àñòêàõ ëèòåéíûõ öåõîâ ñ
ðàçëè÷íûì õàðàêòåðîì ïðîèçâîäñòâà

Çíà÷åíèÿ Kø ïî øóìîâîìó ôàêòîðó
Ó÷àñòîê öåõà â öåõàõ ñ õàðàêòåðîì ïðîèçâîäñòâà

Ìàññîâûì Ñåðèéíûì Ìåëêîñåðèéíûì
Øèõòîâûé 0,22 0,16 0,11
Ïëàâèëüíî-çàëèâî÷íûé 0,79 0,38 0,22
Ñìåñåïðèãîòîâèòåëüíûé 0,71 0,35 0,23
Ñòåðæíåâîé 0,45 0,19 0,35
Ôîðìîâî÷íûé 1,43 0,79 0,53
Âûáèâíîé 2,74 2,13 1,27
Îáðóáî÷íî-î÷èñòíîé 2,67 2,46 1,66
Öâåòíîãî ëèòüÿ - 0,22 -
Ëèòüÿ ãèëüç - 0,47 -
Êîêèëüíûé - - 0,82
Ñðåäíåå çíà÷åíèå ïî öåõó 1,29 0,80 0,65

Íåáîëüøîé óðîâåíü àâòîìàòèçàöèè è ìåõàíèçàöèè ïðîöåññîâ ëèòåéíûõ öåõîâ
ñåðèéíîãî ïðîèçâîäñòâà ïîçâîëÿåò âûáðàòü áîëåå ðàöèîíàëüíîå è, êàê ïðàâèëî,
èçîëèðîâàííîå ðàñïîëîæåíèå îáîðóäîâàíèÿ, ñîçäàþùåãî ïîâûøåííûå óðîâíè øóìà.
Ñëåäóåò îòìåòèòü, ÷òî â ýòèõ öåõàõ ðàáîòà îáîðóäîâàíèÿ ïðîèñõîäèò öèêëè÷íî è,
ñîîòâåòñòâåííî, ýêâèâàëåíòíûå óðîâíè øóìà áóäóò èìåòü ìåíüøèå çíà÷åíèÿ. Îñîáåííî
ýòî ìîæíî íàáëþäàòü â ëèòåéíîì öåõå, ðàáîòàþùåì â ñòóïåí÷àòîì ðåæèìå. Âûáèâíûå
ðåøåòêè ðàáîòàþò â òðåòüþ ñìåíó, êîãäà ïðîèñõîäèò òîëüêî âûáèâêà îòëèâîê èç
ôîðì. Ïîýòîìó àêòóàëüíûì ÿâëÿåòñÿ ðàçðàáîòêà ðåêîìåíäàöèé ïî ñíèæåíèþ øóìà â
ëèòåéíîì öåõå çà ñ÷åò îáîñíîâàííîãî âûáîðà òåõíè÷åñêèõ ìåðîïðèÿòèé, âêëþ÷àþùèõ
ðàöèîíàëüíîå ðàçìåùåíèå îáîðóäîâàíèÿ, ðåæèì èõ ðàáîòû, óñòàíîâêó àêóñòè÷åñêèõ
ýêðàíîâ è çâóêîèçîëèðóþùèõ ïåðåãîðîäîê ó íåçàùèùåííûõ ðàáî÷èõ ìåñò, à òàêæå
ðàöèîíàëüíûé ïîäáîð ýêâèâàëåíòíîé ïëîùàäè çâóêîïîãëîùåíèÿ ïîìåùåíèÿ öåõà çà ñ÷åò
óâåëè÷åíèÿ ïëîùàäè çâóêîïîãëîùàþùåé îáëèöîâêè ñòåí öåõà è ïðèìåíåíèÿ øòó÷íûõ
çâóêîïîãëîòèòåëåé [4].

2. Èñòî÷íèêè øóìà äðîáåñòðóéíûõ êàìåð è ïóòè åãî ñíèæåíèÿ

Îäíîé èç îñíîâíûõ çàäà÷ íàñòîÿùåãî èññëåäîâàíèÿ ÿâëÿëîñü âûäåëåíèå îñíîâíûõ
èñòî÷íèêîâ èçëó÷àåìîãî øóìà íà î÷èòñêíûõ ó÷àñòêàõ, èìåþùèõ íàèáîëüøèé èíäåêñ
çàãðÿçíåíèÿ ïî øóìîâîìó ôàêòîðó Kø, â ÷àñòíîñòè â äðîáåñòðóéíîé êàìåðå.

Îäíèì èç ñàìûõ ðàñïðîñòðàíåííûõ ìåòîäîâ îáðàáîòêè ïîâåðõíîñòè ìåòàëëè÷åñêèõ
äåòàëåé ÿâëÿåòñÿ äðîáåñòðóéíàÿ èëè ïåñêîñòðóéíàÿ çà÷èñòêà. Äàííàÿ òåõíîëîãè÷åñêàÿ
îïåðàöèÿ ïðîâîäèòñÿ â äðîáåñòðóéíîé êàìåðå è ïîçâîëÿåò êà÷åñòâåííî îòøëèôîâàòü
ëèòüå.

Êîìïëåêñíûé ïîäõîä ïî ñíèæåíèþ óðîâíÿ øóìà è ïûëè, èçëó÷àåìûõ â
ïðîöåññå äðîáåñòðóéíîé î÷èñòêè, âêëþ÷àþùèé: îïðåäåëåíèå îñíîâíûõ èçëó÷àþùèõ
øóì èñòî÷íèêîâ, îöåíêó ôîðìèðóþùåãîñÿ çâóêîâîãî ïîëÿ â êàìåðå, ó÷åò çâóêîèçîëÿöèè



Äðîçäîâà Ë.Ô., Ìàíîõèí Â.ß., Ãîëîâèíà Å.È., Ìàíîõèí Ì.Â.

Àíàëèç âëèÿíèÿ øóìà íà îïåðàòîðîâ â ëèòåéíîì öåõå 22

ñòåíîê êàìåðû, âûáîð ìàòåðèàëîâ, îáåñïå÷èâàþùèõ ñíèæåíèå øóìà, à òàêæå óñòàíîâêà
øóìîçàùèòíûõ êîíñòðóêöèé ïîçâîëÿåò ïîñëåäîâàòåëüíî ðåøèòü çàäà÷ó ñîçäàíèÿ
áåçîïàñíûõ óñëîâèé ïðîèçâîäñòâà [5].

Íà ðèñóíêå 1 ïðåäñòàâëåíà ðàçðàáîòàííàÿ àâòîðàìè ñõåìà äðîáåñòðóéíîé êàìåðû
â øóìîçàãëóøåííîì èñïîëíåíèè.

Ðèñ. 1. Ñõåìà äðîáåñòðóéíîé êàìåðû ëèòåéíîãî ïðîèçâîäñòâà:
1 � äðîáåñòðóéíàÿ êàìåðà; 2 � çàãðóçî÷íûé ñåêòîð î÷èùàåìûõ äåòàëåé; 3 � îêíî ïîäà÷è

äðîáåñòðóéíîãî àïïàðàòà; 4 � òåõíîëîãè÷åñêîå îòâåðñòèå äëÿ óäàëåíèÿ äðîáè;
5 � ìàãèñòðàëü ñæàòîãî âîçäóõà; 6 �âîçäóõîâîä ñ öèêëîíîì; 7 � ÂÄÌ

(âèáðîäåìôèðóþùèé ìàòåðèàë); 8 � ÇÏÌ (çâóêîïîãëîùàþùèé ìàòåðèàë );
9 � êîíñòðóêöèîííûé ìàòåðèàë.

Ïðîöåññ äðîáåñòðóéíîé î÷èñòêè ôóíêöèîíèðóåò â îäíîñìåííîì ðåæèìå ñ
íåçíà÷èòåëüíûìè ïî âðåìåíè òåõíîëîãè÷åñêèìè ïåðåðûâàìè. Äðîáåñòðóéíóþ î÷èñòêó
îòëèâîê ïðîèçâîäÿò â êàìåðàõ, ïðåäñòàâëÿþùèõ ñîáîé çàêðûòóþ ìåòàëëè÷åñêóþ
êîíñòðóêöèþ ðàçìåðîì 2000 õ 2000 õ 2500 ìì, âíóòðåííÿÿ îáøèâêà êàìåðû âûïîëíåíà
èç ñòàëüíîãî ëèñòà òîëùèíîé 3 ìì è ïîêðûòà ÂÄÌ (ðåçèíîé) òîëùèíîé 10 ìì, íà
ðåçèíó íàíåñåí çâóêîïîãëîùàþùèé ìàòåðèàë òîëùèíîé 30 ìì. Â âåðõíåé ÷àñòè
êàìåðà ïîäñîåäèíÿåòñÿ ïîñðåäñòâîì ïàòðóáêà äèàìåòðîì 630 ìì ê ìåñòíîé âûòÿæíîé
âåíòèëÿöèè, êîòîðàÿ ñîäåðæèò öèêëîí ÖÍ-11 äëÿ óäàëåíèÿ ïûëè [6].

Êàê ïîêàçàëè èññëåäîâàíèÿ, äðîáü äèàìåòðîì â ñðåäíåì äî 2 ìì ïîòîêîì ñæàòîãî
âîçäóõà ñî ñêîðîñòüþ 30 ì/ñ íàïðàâëÿåòñÿ ÷åðåç îêíî ïîäà÷è íà ïîâåðõíîñòü èçäåëèÿ.
Ïðèíöèï äåéñòâèÿ ïðîñòîãî íàãíåòàòåëüíîãî äðîáåñòðóéíîãî àïïàðàòà îñíîâàí íà ðàáîòå
ãåðìåòè÷åñêè çàêðûâàåìîãî ðåçåðâóàðà, â êîòîðîì íàõîäèòñÿ äðîáü ïîä äàâëåíèåì
ñæàòîãî âîçäóõà. Ïîä äåéñòâèåì ñèëû òÿæåñòè è äàâëåíèÿ ñæàòîãî âîçäóõà, äðîáü
ïîäàåòñÿ â êàìåðó. Ïðè ýòîì ïðîèñõîäèò èçëó÷åíèå øóìà ïîâûøåííîé èíòåíñèâíîñòè.

Îñíîâíîå âîçäåéñòâèå íà ôîðìèðîâàíèå çâóêîâîãî ïîëÿ â äðîáåñòðóéíîé êàìåðå
îêàçûâàåò øóìîèçëó÷åíèå ñòðóè ïîäàâàåìîãî ïîä äàâëåíèåì ñæàòîãî âîçäóõà, òî
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åñòü àýðîäèíàìè÷åñêèé øóì. Äëÿ ñíèæåíèÿ àýðîäèíàìè÷åñêîãî øóìà èñïîëüçóþòñÿ
ðàçëè÷íûå çâóêîïîãëîùàþùèå ýëåìåíòû ñ êðèâîëèíåéíûìè êàíàëàìè. Ñíèæåíèå
àýðîäèíàìè÷åñêîãî øóìà âîçìîæíî òàêæå ïóòåì óëó÷øåíèÿ àýðîäèíàìè÷åñêèõ
õàðàêòåðèñòèê ìàøèí.

Àâòîðàìè ïðåäëîæåíû òåõíè÷åñêèå ìåðîïðèÿòèÿ ïî ñíèæåíèþ óðîâíåé øóìà çà
ñ÷åò îïòèìàëüíîãî ïîäáîðà çâóêîèçîëèðóþùèõ è çâóêîïîãëîùàþùèõ ýëåìåíòîâ êîðïóñîâ
äðîáåñòðóéíîé óñòàíîâêè. Ïåðå÷èñëåííûå ìåðîïðèÿòèÿ îáåñïå÷èâàþò ñíèæåíèå óðîâíåé
øóìà âíóòðè óñòàíîâêè è ñíèæàþò øóì âíå êîðïóñà äðîáåñòðóéíîé óñòàíîâêè.

Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ êîýôôèöèåíòîâ ïîãëîùåíèÿ áîëüøîãî
êîëè÷åñòâà îáëèöîâî÷íûõ ìàòåðèàëîâ â îêòàâíûõ ïîëîñàõ ñïåêòðà çâóêîâûõ ÷àñòîò,
ïðåäñòàâëåííûå â ðàáîòå [7], ïîçâîëèëè ñîçäàòü áàçó äàííûõ, íåîáõîäèìûõ äëÿ
ïðîåêòèðîâàíèÿ êàìåð äðîáå- è ïåñêîñòðóéíîé îáðàáîòêè. Ìåòîäèêà èíæåíåðíîãî
ðàñ÷åòà àêóñòè÷åñêèõ õàðàêòåðèñòèê ëèòåéíîãî îáîðóäîâàíèÿ äàëà âîçìîæíîñòü ñîçäàòü
ñèñòåìó àâòîìàòèçèðîâàííîãî ïðîåêòèðîâàíèÿ äðîáå- è ïåñêîñòðóéíûõ óñòàíîâîê,
ìèíèìèçèðîâàííûõ ïî óðîâíþ øóìà çà ñ÷åò ïîäáîðà îïòèìàëüíîãî ñî÷åòàíèÿ òîëùèíû
ñòåí è ìàðîê îáëèöîâî÷íîãî ìàòåðèàëà.

Àâòîðàìè ïðåäëîæåíî ñîõðàíèòü â îáåñòðóéíîé êàìåðå òîëùèíó
êîíñòðóêöèîííîãî ìàòåðèàëà, ðàâíîé 3 ìì, èìåþùèéñÿ ñëîé ïðèêëååííîé ðåçèíû
òîëùèíîé 10 ìì îñòàâèòü, êàê äîïîëíèòåëüíóþ çâóêîèçîëÿöèþ ñòåíîê êàìåðû. Êðîìå
òîãî, ðåçèíîâàÿ ïðîñëîéêà áóäåò âûïîëíÿòü ðîëü âèáðîäåìïôèðîâàíèÿ. Äîïîëíèòåëüíî
íà âíóòðåííþþ ïîâåðõíîñòü êàìåðû ïðåäëàãàëîñü íàíåñòè çâóêîïîãëîùàþùèé ìàòåðèàë.

Ýôôåêòèâíîñòü ïðèìåíåíèÿ çâóêîïîãëîùàþùèõ ìàòåðèàëîâ òåñíî ñâÿçàíà ñ
òîëùèíîé îñíîâíîãî ìàòåðèàëà êîðïóñà è òåì, íàñêîëüêî îí ãåðìåòè÷åí. Àíàëèç
êîýôôèöèåíòîâ çâóêîïîãëîùåíèÿ ðàçëè÷íûõ ìàòåðèàëîâ ïîêàçàë, ÷òî íàèáîëüøåé
ýôôåêòèâíîñòüþ îáëàäàþò ìèíåðàëüíûå âàòû è âîéëîê (êðîìå íèçêèõ ÷àñòîò). Áûëî
ïðåäëîæåíî èñïîëüçîâàòü â êà÷åñòâå ÇÏÌ çâóêîïîãëîùàþùèå áàçàëüòîâûå ìàòû (ÁÇÌ)
òîëùèíîé 30 ìì, ïðåäñòàâëÿþùèå ñîáîé èçäåëèÿ, èçãîòîâëåííûå èç ðûõëîãî ñëîÿ õîëñòîâ
áàçàëüòîâûõ ñóïåðòîíêèõ âîëîêîí â îáîëî÷êå èç ñòåêëÿííîé òêàíè. Êîýôôèöèåíò
çâóêîïîãëîùåíèÿ òàêèõ ìàòåðèàëîâ â ñðåäíå-âûñîêî÷àñòîòíîì äèàïàçîíå êîëåáëåòñÿ îò
0,5 äî 0,88.

Ïðîâåäåííûé ïðåäâàðèòåëüíûé ðàñ÷åò ñíèæåíèÿ øóìà íà ðàáî÷åì ìåñòå
îïåðàòîðà ïðè èñïîëüçîâàíèè ïðåäëàãàåìûõ ìåðîïðèÿòèé ïîêàçàë î íåâîçìîæíîñòè
îæèäàåìîãî øóìà äîñòè÷ü òðåáîâàíèé ñàíèòàðíûõ íîðì. Â ðåçóëüòàòå âûïîëíåíèÿ
óêàçàííûõ âûøå ìåðîïðèÿòèé óðîâåíü øóìà íà ðàáî÷åì ìåñòå îïåðàòîðà äðîáåñòðóéíîé
îáðàáîòêè âíå êàìåðû ìîæåò áûòü ñíèæåí íå áîëåå, ÷åì íà 8-10 äÁ â íîðìèðóåìîì
äèàïàçîíå ÷àñòîò.

Äëÿ ìèíèìèçàöèè óðîâíÿ øóìà íåîáõîäèìû ïðàâèëüíûå òåõíîëîãè÷åñêèå
ìåðîïðèÿòèÿ ïî âíåäðåíèþ äèñòàíöèîííîãî óïðàâëåíèÿ è ðàáîòà ïî ãåðìåòèçàöèè è
èçîëÿöèè îáîðóäîâàíèÿ, ÷òî ïîçâîëÿåò ñîêðàòèòü øóìîâîå çàãðÿçíåíèå ñðàçó â èñòî÷íèêå
åãî îáðàçîâàíèÿ [8].

Àâòîðû òàêæå ïðåäëàãàþò óñòàíîâèòü øóìîçàùèòíûå ýêðàíèðóþùèå êîíñòðóêöèè
è îãðàäèòü ó÷àñòêè ðàáî÷èõ ìåñò ñ íàèáîëåå èíòåíñèâíûì øóìîì, ÷òî ïîçâîëèò óâåëè÷èòü
äèññèïàöèþ è ñôîðìèðîâàòü çâóêîâóþ çàùèòó äëÿ áîëåå áëàãîïðèÿòíîãî àêóñòè÷åñêîãî
ïîëÿ â ëèòåéíîì öåõå, è â ÷àñòíîñòè è íà ðàáî÷åì ìåñòå îïåðàòîðà äðîáåñòðóéíîé êàìåðû.
[9]

Êðîìå òîãî, óæå îòìå÷àëîñü, ÷òî â ëèòåéíûõ öåõàõ öèêëè÷íàÿ ðàáîòà
îáîðóäîâàíèÿ âëèÿåò íà çíà÷åíèå ýêâèâàëåíòíûõ óðîâíåé øóìà íà ðàáî÷åì ìåñòå
îïåðàòîðà äðîáåñòðóéíîãî ïðîöåññà, êîòîðûå áóäóò èìåòü ìåíüøèå çíà÷åíèÿ.

Òàê êàê, íåñìîòðÿ íà ïðåäëîæåííûå ìåðîïðèÿòèÿ äîñòè÷ü íîðìàòèâíûõ
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çíà÷åíèé ïî ïîêàçàòåëÿì èìåþùåãîñÿ øóìà â íàñòîÿùèé ìîìåíò áåç èçìåíåíèÿ
êîíñòðóêöèè äðîáåñòðóéíîé êàìåðû òåõíè÷åñêè íåâîçìîæíî, òî äëÿ îïåðàòîðà ìîæåò
áûòü ïðåäëîæåíî èñïîëüçîâàíèå ñðåäñòâà èíäèâèäóàëüíîé çàùèòû � çàùèòíûé øëåì ñ
ïðîòèâîøóìîâûìè íàóøíèêàìè [10].

Çàêëþ÷åíèå

Â ðàáîòå ïðåäñòàâëåí àíàëèç âëèÿíèÿ øóìà íà îïåðàòîðîâ ëèòåéíîãî
ïðîèçâîäñòâà è èññëåäîâàíî óëó÷øåíèå óñëîâèé òðóäà îïåðàòîðîâ ëèòåéíîãî öåõà
çà ñ÷åò ñíèæåíèÿ øóìà íà èõ ðàáî÷èõ ìåñòàõ. Ðàññìîòðåííàÿ òåìà ÿâëÿåòñÿ âàæíîé
ñîöèàëüíî-ýêîíîìè÷åñêîé, ýêîëîãè÷åñêîé è íàó÷íî-òåõíè÷åñêîé ïðîáëåìîé. Ê îñíîâíûì
ðåçóëüòàòàì ìîæíî îòíåñòè ñëåäóþùèå âûâîäû:

1. Îïðåäåëåíû ó÷àñòêè ëèòåéíîãî ïðîèçâîäñòâà ñ ïðåâûøåíèåì äîïóñòèìîãî
óðîâíÿ øóìà � ó÷àñòêè âûáèâíûõ ðåøåòîê è ó÷àñòêè î÷èñòêè ëèòüÿ ìåòîäîì
äðîáåñòðóéíîé îáðàáîòêè.

2. Óñòàíîâëåíî ïðåâûøåíèå óðîâíåé øóìà íà ðàáî÷èõ ìåñòàõ îïåðàòîðîâ êàìåð
ïåñêîñòðóéíîé è äðîáåñòðóéíîé îáðàáîòêè ïî ñðàâíåíèþ ñ íîðìàòèâíûìè çíà÷åíèÿìè íà
4-18 äÁ.

3. Àâòîðàìè ïðåäëàãàþòñÿ ðåêîìåíäàöèè ïî ñíèæåíèþ øóìà íà ðàáî÷åì ìåñòå
îïåðàòîðà äðîáåñòðóéíîé êàìåðû çà ñ÷åò ñíèæåíèÿ øóìà â ñàìîé êàìåðå è óñòàíîâêè
øóìîçàùèòíûõ ýêðàíèðóþùèõ êîíñòðóêöèé äëÿ îãðàæäåíèÿ ó÷àñòêîâ ñ íàèáîëåå
èíòåíñèâíûì øóìîì.
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ß÷åå÷íûå ìîäåëè êîíöåíòðèðîâàííûõ ýìóëüñèé ñôåðè÷åñêèõ

êàïåëü

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

Â.È. Èëüè÷¼âà ÄÂÎ ÐÀÍ, ã. Âëàäèâîñòîê, ÐÔ

Àííîòàöèÿ

Ðàññìîòðåíû â ëèíåéíîì ïðèáëèæåíèè ãàðìîíè÷åñêèå âûíóæäåííûå êîëåáàíèÿ âÿçêèõ êàïåëü

â âÿçêîé íåñæèìàåìîé æèäêîñòè â óñëîâèÿõ ñòåñíåííîãî îáòåêàíèÿ â ÿ÷åå÷íîé ìîíîäèñïåðñíîé ìîäåëè

ýìóëüñèè ïîä äåéñòâèåì ïåðåìåííûõ ìàññîâûõ ñèë, ñèë ïîâåðõíîñòíîãî íàòÿæåíèÿ è îñöèëëÿöèé

âìåùàþùåé æèäêîñòè. Ó÷òåíû òîëüêî âÿçêèå ïîòåðè. Èçó÷åíî ïîâåäåíèå ïðîáíîé êàïëè â ÿ÷åéêå ñ

æåñòêîé íåâåñîìîé ñôåðè÷åñêîé îáîëî÷êîé. Íà ýòîé îñíîâå ïóòåì ïîî÷åðåäíîãî çàäàíèÿ ýâðèñòè÷åñêèõ

ãðàíè÷íûõ óñëîâèé Êâàøíèíà, Õàïïåëÿ è Êóâàáàðû íà âîîáðàæàåìîé ñôåðè÷åñêîé ïîâåðõíîñòè ÿ÷åéêè

ïîëó÷åíû ðåøåíèÿ äëÿ ýòèõ òðåõ âàðèàíòîâ ýìóëüñèè. Íàéäåíû íèçêî- è âûñîêî÷àñòîòíûå ïðèáëèæåíèÿ.

Ïîñëåäíèå ñïðàâåäëèâû äëÿ âñåõ ÷åòûðåõ ðàçíîâèäíîñòåé ýìóëüñèé. Ïðè ìàëîé êîíöåíòðàöèè èç

íèõ ñëåäóþò ðàçíûå ÷àñòíûå ñëó÷àè äâèæåíèÿ îäèíî÷íîé êàïëè â æèäêîñòè, íàïðèìåð, ôîðìóëû

Ðûá÷èíñêîãî-Àäàìàðà, Ê¼íèãà è äðóãèå. Äëÿ ïðîèçâîëüíûõ êîíöåíòðàöèé êàïåëü ïîëó÷åíû îáùèå

ôîðìóëû äëÿ êîìïëåêñíîé ïëîòíîñòè âàðèàíòîâ ìîäåëåé ýìóëüñèé ïðè ðàñïðîñòðàíåíèè â íèõ çâóêîâûõ

êîëåáàíèé.

Êëþ÷åâûå ñëîâà: êîíöåíòðèðîâàííûå ýìóëüñèè, ãàðìîíè÷åñêèå êîëåáàíèÿ, âÿçêèå ïîòåðè,

ÿ÷åå÷íûå ìîäåëè, ãðàíè÷íûå óñëîâèÿ, êîìïëåêñíàÿ ïëîòíîñòü.

Cellular models of concentrated emulsions of spherical drops

Kazakov L.I.
PhD, leading researcher, Paci�c Oceanological Institute named after V. I. Il'ichev FEB RAS, Vladivostok,

Russia

Abstract

Harmonic forced oscillations of viscous droplets in a viscous incompressible liquid under conditions of

constrained �ow in a monodisperse cell model of an emulsion under the action of variable mass forces, surface

tension forces, and oscillations of external liquid are considered in a linear approximation. Only viscous losses

are taken into account. The behavior of a test drop in a cell with a rigid weightless spherical shell is studied.

On this basis, by alternately setting the heuristic boundary conditions of Kvashnin, Happel, and Kuvabara on

an imaginary spherical cell surface, solutions for these three emulsion variants are obtained. Low-and high-

frequency approximations are found. The latter are true for all four types of emulsions. At a low concentration,

they are followed by various special cases of the movement of a single drop in a liquid, for example, the

Rybchinsky-Hadamard, Koenig, and others formulas. For arbitrary droplet concentrations, general formulas

are obtained for the complex density of variants of emulsion models when sound vibrations propagate in them.

Keywords: concentrated emulsions, harmonic oscillations, viscous losses, cell models, boundary

conditions, complex density.
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Ââåäåíèå

Áîëüøèíñòâî èçâåñòíûõ òåîðåòè÷åñêèõ ðàáîò ïî ðàñïðîñòðàíåíèþ çâóêà â
äèñïåðñíûõ ñðåäàõ (íàïðèìåð, [1�4]) îòíîñèòñÿ ê ñðåäàì ñ ìàëûìè îáúåìíûìè
êîíöåíòðàöèÿìè âçâåøåííûõ ÷àñòèö, íå ïðåâûøàþùèìè íåñêîëüêèõ ïðîöåíòîâ,
êîãäà áîëüøèå ðàññòîÿíèÿ ìåæäó ÷àñòèöàìè ïîçâîëÿþò ñ÷èòàòü èõ îáîñîáëåííûìè
è íåâçàèìîäåéñòâóþùèìè äðóã ñ äðóãîì. Ýêñïåðèìåíò îáû÷íî ïîäòâåðæäàåò òåîðèþ ïðè
êîíöåíòðàöèè ÷àñòèö äî 9%. Äàëåå ïðîèñõîäèò ðåçêîå èõ ðàñõîæäåíèå [2]. Îäíàêî ðàáîò,
èññëåäóþùèõ êîíöåíòðèðîâàííûå äèñïåðñíûå ñðåäû, ãîðàçäî ìåíüøå (íàïðèìåð, [5�9]).

Íàèáîëåå àäåêâàòíîé ìîäåëüþ äëÿ îïèñàíèÿ äèñïåðñíûõ ñðåä ïðîèçâîëüíûõ
êîíöåíòðàöèé ÿâëÿåòñÿ ÿ÷åå÷íàÿ ìîäåëü. Íî îíà èìååò êðóïíûå íåäîñòàòêè: 1)
ïðèìåíèìîñòü ëèøü ê ìîíîäèñïåðñíûì ñðåäàì, êîãäà âñå âêëþ÷åíèÿ îäèíàêîâû ïî
ðàçìåðàì, ôîðìå è ñâîéñòâàì; 2) óïîðÿäî÷åííîñòü ñòðóêòóðû, íå õàðàêòåðíàÿ äëÿ
ðåàëüíûõ ñðåä; 3) íåîïðåäåëåííîñòü òðåáóåìûõ ãðàíè÷íûõ óñëîâèé íà ïîâåðõíîñòè
ÿ÷åéêè, êîòîðûå íåèçâåñòíî êàê çàäàâàòü. Îáû÷íî èñïîëüçóþò ñëåäóþùèå íàéäåííûå
ýâðèñòè÷åñêèì ïóòåì ãðàíè÷íûå óñëîâèÿ: æåñòêàÿ îáîëî÷êà ÿ÷åéêè [10, ñ.152, 518];
óñëîâèå Êâàøíèíà [11, ñ.154]; óñëîâèå Õàïïåëÿ [10, ñ.447]; óñëîâèå Êóâàáàðû [10, ñ.450].

Ðàññìîòðèì ïîñòóïàòåëüíûå ãàðìîíè÷åñêèå êîëåáàíèÿ êàïëè â îêðóæåíèè
ïîäâèæíîé æåñòêîé îáîëî÷êè, ëèáî äðóãèõ òàêèõ æå êàïåëü, ïîä äåéñòâèåì ïåðåìåííûõ
ìàññîâûõ ñèë, ñèë ïîâåðõíîñòíîãî íàòÿæåíèÿ è îñöèëëÿöèé âíåøíåé æèäêîñòè.
Îáå æèäêîñòè áóäåì ñ÷èòàòü âÿçêèìè, íåñæèìàåìûìè è îãðàíè÷èìñÿ ëèíåéíûì
ïðèáëèæåíèåì óðàâíåíèÿ Íàâüå�Ñòîêñà. Êàïèëëÿðíîå äàâëåíèå ïðåäïîëîæèì íàñòîëüêî
áîëüøèì, ÷òî ïðè êîëåáàíèÿõ êàïëÿ ñîõðàíÿåò ñôåðè÷åñêóþ ôîðìó. Áóäåì ó÷èòûâàòü
òîëüêî âÿçêèå ïîòåðè ýíåðãèè, ïðåíåáðåãàÿ òåïëîâûìè. Ñíà÷àëà ðåøèì çàäà÷ó î
êîëåáàíèÿõ êàïëè, ïîìåùåííîé â öåíòð æåñòêîé ñôåðè÷åñêîé îáîëî÷êè. Çàòåì áóäóò
èññëåäîâàíû êîëåáàíèÿ ñîáñòâåííî ÿ÷åå÷íûõ ìîäåëåé ìîíîäèñïåðñíîé ñèñòåìû êàïåëü
[10] ïðè òðåõ óêàçàííûõ âûøå âàðèàíòàõ ãðàíè÷íûõ óñëîâèé íà ïîâåðõíîñòè ÿ÷åéêè.

1. Æåñòêàÿ îáîëî÷êà ÿ÷åéêè

Èñõîäíûå óðàâíåíèÿ ãàðìîíè÷åñêèõ êîëåáàíèé â çàïèñè äëÿ âíåøíåé æèäêîñòè
èìåþò âèä (îïóñêàåìûé âðåìåííîé ìíîæèòåëü - e−iωt) [12, ñ.73]:

−iωρ−→ν = ρ
−→
F −∇P + η∆−→ν , div−→ν = 0, (1.1)

ãäå ω - öèêëè÷åñêàÿ ÷àñòîòà; ρ è η - ïëîòíîñòü è âÿçêîñòü æèäêîñòè; P -

êîìïëåêñíàÿ àìïëèòóäà äàâëåíèÿ; −→ν è
−→
F - àìïëèòóäû, ñîîòâåòñòâåííî, êîëåáàòåëüíîé

ñêîðîñòè è âíåøíåé ñèëû, äåéñòâóþùåé íà åäèíèöó ìàññû æèäêîñòè. Â àíàëîãè÷íûõ
óðàâíåíèÿõ äëÿ âíóòðåííåé îáëàñòè âåëè÷èíû, õàðàêòåðèçóþùèå ñâîéñòâà è äâèæåíèå
æèäêîñòè â êàïëå, ñíàáäèì øòðèõàìè.

Îáîçíà÷èì àìïëèòóäû êîëåáàòåëüíûõ ñêîðîñòåé êàïëè êàê öåëîãî è æåñòêîé

îáîëî÷êè îòíîñèòåëüíî íåïîäâèæíîé ñèñòåìû êîîðäèíàò, ñîîòâåòñòâåííî, ÷åðåç
−→
U è

−→
V ,

ñ÷èòàÿ
−→
V çàäàííîé. Âåêòîðû

−→
U ,
−→
V è

−→
F áóäåì ïîëàãàòü íàïðàâëåííûìè âäîëü ïîëÿðíîé

îñè ñôåðè÷åñêîé ñèñòåìû êîîðäèíàò, íà÷àëî êîòîðîé ñîâìåùåíî ñ öåíòðîì êîëåáëþùåéñÿ
êàïëè. Òàêàÿ ñèñòåìà îòñ÷åòà íåèíåðöèàëüíà, ïîýòîìó â íåé ñëåäóåò ó÷åñòü äåéñòâèå
ìàññîâûõ ñèë èíåðöèè, çàïèñàâ

−→
F = −

−→
dU

dt
+
−→
G = iω

−→
U +

−→
G, (1.2)

ãäå
−→
G - óñêîðåíèå îò âîçìîæíûõ "îáû÷íûõ" ìàññîâûõ ñèë.
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Â ïðèíÿòîé ñèñòåìå êîîðäèíàò íà âíóòðåííåé ïîâåðõíîñòè îáîëî÷êè ðàäèóñà R1

è íà ïîâåðõíîñòè êàïëè ðàäèóñà R äîëæíû âûïîëíÿòüñÿ ñëåäóþùèå êèíåìàòè÷åñêèå è
äèíàìè÷åñêèå ãðàíè÷íûå óñëîâèÿ:

νr(R1,θ) = (V − U) cos θ, νθ(R1,θ) = (U − V ) sin θ,
νr(R,θ) = ν ′r(R,θ) = 0, νθ(R,θ) = ν ′θ(R,θ),

−P (R,θ) + 2η(∂νr
∂r

)r=R − 2
R

(A+Bν0) cos θ = −P ′(R,θ) + 2η′
(
∂ν′r
∂r

)
r=R

,

η
(
1
r
∂νr
∂θ

+ ∂νθ
∂r
− νθ

r

)
r=R
− 1

R
(A+Bν0) sin θ = η′

(
1
r
∂ν′r
∂θ

+
∂ν′θ
∂r
− ν′θ

r

)
r=R

,

(1.3)

ãäå θ - ïîëÿðíûé óãîë. Çäåñü ïåðâàÿ ïàðà óñëîâèé îçíà÷àåò, ÷òî îáîëî÷êà
ñ ïðèëåãàþùåé ê íåé æèäêîñòüþ äâèæåòñÿ îòíîñèòåëüíî êàïëè ñî ñêîðîñòüþ

(
−→
V −

−→
U ). Ñëåäóþùèå äâà òðåáîâàíèÿ - ýòî îáðàùåíèå â íóëü íîðìàëüíûõ è

ðàâåíñòâî òàíãåíöèàëüíûõ ñêîðîñòåé æèäêîñòåé íà ïîâåðõíîñòè íåïîäâèæíîé â öåëîì
è íåäåôîðìèðóåìîé êàïëè. Â äèíàìè÷åñêèõ ãðàíè÷íûõ óñëîâèÿõ âåëè÷èíà A + Bν0
õàðàêòåðèçóåò ïåðåìåííóþ âäîëü ãðàíèöû ðàçäåëà æèäêîñòåé ÷àñòü ïîâåðõíîñòíîãî
íàòÿæåíèÿ α(θ) ñîãëàñíî ñîîòíîøåíèþ

α(θ) = α0 + (A+Bν0) cos θ, α0 = const, (1.4)

ãäå ν0 = νθ(R, π/2) - òàíãåíöèàëüíàÿ ñêîðîñòü æèäêîñòåé íà ýêâàòîðå êàïëè;
çíà÷åíèÿ âåëè÷èí A è B äîëæíû áûòü íàéäåíû îòäåëüíî, ïðè ðàññìîòðåíèè êîíêðåòíîãî
ìåõàíèçìà èçìåíåíèÿ ïîâåðõíîñòíîãî íàòÿæåíèÿ. Ïðè ýòîì ìîæåò îêàçàòüñÿ, ÷òî A = 0,
à B 6= 0, êàê, íàïðèìåð, â ñëó÷àå çàðÿæåííûõ æèäêîìåòàëëè÷åñêèõ êàïåëü â ðàñòâîðå
ýëåêòðîëèòà â îòñóòñòâèå ýëåêòðè÷åñêîãî ïîëÿ [7].

Ó÷èòûâàÿ îñåñèììåòðè÷íîñòü çàäà÷è, ðåøåíèå óðàâíåíèé äâèæåíèÿ (1.1),
óäîâëåòâîðÿþùåå ãðàíè÷íûì óñëîâèÿì (1.3), áóäåì èñêàòü â âèäå [13, ñ.397]

νr = f(r) cos θ, νθ = ϕ(r) sin θ, P = η
[
ψ(r) + ρF

η
r
]

cos θ,

ν ′r = f ′(r) cos θ, ν ′θ = ϕ′(r) sin θ, P ′ = η′
[
ψ′(r) + ρ′F

η′
r
]

cos θ,
(1.5)

ãäå

F = iωU +G. (1.6)

Ïîäñòàíîâêà ýòèõ âûðàæåíèé â óðàâíåíèå (1.1) ïðèâåäåò ê ñèñòåìå äèôôåðåíöèàëüíûõ
óðàâíåíèé îòíîñèòåëüíî ôóíêöèé f(r), ϕ(r), ψ(r), ðåøèâ êîòîðóþ íàéäåì [7]:

f(r) = C1
iκr−1
(iκr)3

eiκr + C2
iκr+1
(iκr)3

e−iκr + b1
R3

r3
+ b2,

ϕ(r) = −C1

2
1−iκr+(iκr)2

(iκr)3
eiκr + C2

2
1+iκr+(iκr)2

(iκr)3
e−iκr + b1

R3

2r3
− b2,

ψ(r) = b1
(iκ)2R3

2r2
− b2(iκ)2r,

(1.7)

ãäå C1,2, b1,2 - íåîïðåäåëåííûå ïîñòîÿííûå; κ =
√

iωρ
η

= (1+i)
√

ωρ
2η
- âîëíîâîå ÷èñëî

ñäâèãîâûõ âîëí âíåøíåé æèäêîñòè.

Â ôîðìóëàõ (1.7) äëÿ ôóíêöèé f ′(r), ϕ′(r), ψ′(r) ñëåäóåò ïîëîæèòü b′1 = 0, C ′1 = C ′2,
÷òîáû óñòðàíèòü ðàñõîäèìîñòè â íà÷àëå êîîðäèíàò. Â ðåçóëüòàòå ïîëó÷èì:

f ′(r) =
2C′1
(κ′r)3

(sinκ′r − κ′r cosκ′r) + b′2,

ϕ′(r) =
C′1

(κ′r)3
{[1− (κ′r)2] sinκ′r − κ′r cosκ′r} − b′2,
ψ′(r) = −b′2(iκ′)2r,

(1.8)
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ãäå κ′ =
√

iωρ′

η′
= (1 + i)

√
ωρ′

2η′
- âîëíîâîå ÷èñëî ñäâèãîâûõ âîëí æèäêîñòè êàïëè.

Ïîäñòàâèâ âûðàæåíèÿ (1.5), (1.7), (1.8) â ãðàíè÷íûå óñëîâèÿ (1.3), ïðèäåì ê
ñèñòåìå èç âîñüìè óðàâíåíèé îòíîñèòåëüíî íåîïðåäåëåííûõ ïîñòîÿííûõ C1, C2, b1, b2, C

′
1, b
′
2

è èñêîìûõ ñêîðîñòåé U è ν0, êîòîðóþ óïðîñòèì äî ñèñòåìû äâóõ óðàâíåíèé îòíîñèòåëüíî
C1 è C2:

[2ηD(y) + 3η′∗]w(−y)
C1

y3
− [2ηD(−y) + 3η′∗]w(y)

C2

y3
=

2

3
A+ (2η + 3η′∗)b1, (1.9)

w(−z)
C1

y3
− w(z)

C2

y3
= b1, (1.10)

ãäå

D(y) =
1− y + y2

2
− y3

6

1− y + y2

3

,

3η′∗ = 3η′Q(x) +B,

Q(x) =
(6− x2)x cosx− (6− 3x2) sinx

3 [(3− x2) sinx− 3x cosx]
,

w(y) =

(
1 + y +

y2

3

)
e−y, (1.11)

b1 =
2(ρ′ − ρ)FR2

3ηy2
, (1.12)

x = κ′R, y = iκR, z = iκR1. (1.13)

Ðåøåíèå ñèñòåìû óðàâíåíèé (1.9), (1.10) äàåò:

C1,2

y3
=

{2η [w(±z)−D(∓y)w(±y)] + 3η′∗ [w(±z)− w(±y)]} b1 + 2
3
w(±z)A

2η [D(y)w(z)w(−y)−D(−y)w(−z)w(y)] + 3η′∗ [w(z)w(−y)− w(−z)w(y)]
, (1.14)

ãäå â ÷èñëèòåëå âåðõíèå çíàêè ïðè àðãóìåíòàõ y è z ôóíêöèé w è D îòíîñÿòñÿ ê
C1, à íèæíèå � ê C2.

Çíàÿ b1, C1, C2 íàéäåì çíà÷åíèÿ îñòàëüíûõ íåèçâåñòíûõ è â ïåðâóþ î÷åðåäü
ñêîðîñòåé

ν0 = −3

2

[
w(−y)

C1

y3
− w(y)

C2

y3
− b1

]
, (1.15)

U = −C1

y3
[
(1− y)ey − (1− z)ezξ3

]
+
C2

y3
[
(1 + y)e−y − (1 + z)e−zξ3

]
+ (1− ξ3)b1 + V, (1.16)

ãäå

ξ =
R

R1

. (1.17)
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2. ß÷åå÷íûå ìîäåëè ýìóëüñèé

Ïðåäñòàâèì ýìóëüñèþ èç îäèíàêîâûõ êàïåëü â âèäå óïîðÿäî÷åííîé ñòðóêòóðû
ÿ÷ååê òèïà ãåêñàãîíàëüíîé ïëîòíåéøåé óïàêîâêè. Êàæäàÿ êàïëÿ íàõîäèòñÿ â öåíòðå
ýëåìåíòàðíîé ÿ÷åéêè â îêðóæåíèè âìåùàþùåé æèäêîñòè. Ãèäðîäèíàìè÷åñêîå è òåïëîâîå
âçàèìîäåéñòâèå êàïëè ñ ñîñåäíèìè êàïëÿìè îñóùåñòâëÿåòñÿ ÷åðåç âîîáðàæàåìóþ
âíåøíþþ ãðàíèöó ÿ÷åéêè, ïðèáëèæåííî àïïðîêñèìèðóåìóþ ñôåðè÷åñêîé ïîâåðõíîñòüþ
ðàäèóñà R1. Ýòîò ðàäèóñ âûáèðàþò òàê, ÷òîáû âåëè÷èíà ξ3 ñîâïàëà ñ îáúåìíîé
êîíöåíòðàöèåé êàïåëü â ýìóëüñèè. Òàêèì îáðàçîì, ñâîéñòâà ýìóëüñèè îïðåäåëÿåò
ïîâåäåíèå ïðîáíîé êàïëè â ÿ÷åéêå.

Çàäà÷à î äâèæåíèè êàïëè â ÿ÷åå÷íîé ìîäåëè àíàëîãè÷íà ðàññìîòðåííîé çàäà÷å
î ÿ÷åéêå ñ æåñòêîé îáîëî÷êîé. Ðàçíèöà ëèøü â çàäàíèè èíûõ ãðàíè÷íûõ óñëîâèé
íà ïîâåðõíîñòè ÿ÷åéêè. Êàê ýòî ñäåëàòü òî÷íî íåèçâåñòíî, õîòÿ áû ïîòîìó, ÷òî
íå îïðåäåëåíà è ñàìà ãðàíèöà. À îíà, êîíå÷íî, ìíîãî ñëîæíåå, ÷åì ïðèáëèæåííî
çàìåùàþùàÿ åå ïðîñòàÿ ñôåðè÷åñêàÿ ïîâåðõíîñòü. Ïîýòîìó çàäàíèå òî÷íûõ óñëîâèé
âðÿä ëè âîçìîæíî è ïðèõîäèòñÿ ïðîáîâàòü ðàçíûå áîëåå èëè ìåíåå ïðàâäîïîäîáíûå
âàðèàíòû äëÿ ñôåðè÷åñêîé ïîâåðõíîñòè ÿ÷åéêè. Íà ïîâåðõíîñòè æå êàïëè ãðàíè÷íûå
óñëîâèÿ îñòàþòñÿ ïðåæíèìè. Áóäåì ñ÷èòàòü, ÷òî â ïîëþñàõ ÿ÷åéêè (ïðè θ = 0, π)
ñêîðîñòü âíåøíåé æèäêîñòè çàäàíà è ðàâíà V â íåïîäâèæíîé ñèñòåìå êîîðäèíàò. Òîãäà
åäèíñòâåííûì ãðàíè÷íûì óñëîâèåì, ïîäëåæàùèì çàìåíå, îêàçûâàåòñÿ óñëîâèå äëÿ
òàíãåíöèàëüíîé ñêîðîñòè æèäêîñòè íà ãðàíèöå ÿ÷åéêè.

Ñíà÷àëà ïðåäïîëîæèì, ÷òî íà ïîâåðõíîñòè ÿ÷åéêè âûïîëíÿåòñÿ óñëîâèå
Êâàøíèíà

∂νθ
∂r

= 0, èëè
dϕ

dr

∣∣∣∣
r=R1

= 0, (2.1)

ò.å. ìèíèìóì òàíãåíöèàëüíîé ñêîðîñòè ïî ðàäèàëüíîé êîîðäèíàòå. Ïî-âèäèìîìó,
ýòî èìååò ìåñòî, ïî êðàéíåé ìåðå, â äâåíàäöàòè òî÷êàõ ñôåðè÷åñêîé ïîâåðõíîñòè ÿ÷åéêè
- òàì, ãäå îíà ñîïðèêàñàåòñÿ ñ áëèæàéøèìè ñîñåäíèìè ÿ÷åéêàìè. Äèôôåðåíöèðóÿ
ôóíêöèþ ϕ(r) èç (1.7), óáåäèìñÿ, ÷òî óñëîâèå (2.1) ìîæåò áûòü çàïèñàíî â âèäå

w1(−z)
C1

y3
− w1(z)

C2

y3
= b1, (2.2)

ãäå

w1(z) =

[
1 + z +

z2

3
+
z2

3
(1 + z)

]
e−z. (2.3)

Ôîðìóëà (2.2) çàìåíÿåò àíàëîãè÷íîå âûðàæåíèå (1.10) è ñîâìåñòíî ñ óðàâíåíèåì
(1.9) ïîçâîëÿåò îïðåäåëèòü ïîñòîÿííûå C1 è C2 ôîðìóëàìè (1.14) ñ òîé òîëüêî ðàçíèöåé,
÷òî â íèõ w(z) íóæíî çàìåíèòü íà w1(z) ïî ôîðìóëå (2.3). Äàëüíåéøèå âû÷èñëåíèÿ
ïðîâîäÿòñÿ òàê æå, êàê è â ñëó÷àå ñ æåñòêîé îáîëî÷êîé.

Ðàññìîòðèì òåïåðü óñëîâèå Õàïïåëÿ. Îíî ñîñòîèò â òðåáîâàíèè, ÷òîáû íà
ãðàíèöå ÿ÷åéêè îáðàùàëèñü â íóëü êàñàòåëüíûå íàïðÿæåíèÿ

σθr = η

(
1

r

∂νr
∂θ

+
∂νθ
∂r
− νθ

r

) ∣∣∣∣
r=R1

= 0,

èëè

dϕ

dr

∣∣∣∣
r=R1

− f(R1) + ϕ(R1)

R1

= 0. (2.4)
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Èñïîëüçóÿ ñîîòíîøåíèÿ (1.7), ïðåäñòàâèì (2.4) â âèäå

w2(−z)
C1

y3
− w2(z)

C2

y3
= b1, (2.5)

ãäå

w2(z) =

[
1 + z +

z2

3
+
z2

6
(1 + z)

]
e−z. (2.6)

Ñðàâíèâàÿ âûðàæåíèÿ (2.5) è (1.10), âèäèì, ÷òî òåïåðü â ôîðìóëàõ (1.14) äëÿ C1

è C2 íóæíî çàìåíèòü w(z) íà w2(z) ïî ôîðìóëå (2.6).

Óñëîâèå Êóâàáàðû ïîñòóëèðóåò îòñóòñòâèå çàâèõðåííîñòè òå÷åíèÿ íà ãðàíèöå
ÿ÷åéêè rot−→ν (R1,θ) = 0, èëè (

∂νθ
∂r

+
νθ
r
− 1

r

∂νr
∂θ

) ∣∣∣∣
r=R1

= 0.

Îòñþäà ïî (1.7) íàéäåì:

dϕ

dr

∣∣∣∣
r=R1

+
f(R1) + ϕ(R1)

R1

= 0

è

C1(1− z)ez = C2(1 + z)e−z.

Ýòî çàìåíÿåò óðàâíåíèå (1.10). Âûðàæåíèÿ äëÿ C1 è C2 â äàííîì ñëó÷àå ìîæíî
ïîëó÷èòü èç ôîðìóë (1.14), åñëè â íèõ âìåñòî w(z) ïîäñòàâèòü

w3(z) = (1 + z)e−z,

à â ÷èñëèòåëÿõ ñ÷èòàòü w(y) = w(−y) = 0.

Íèçêî÷àñòîòíûå ïðèáëèæåíèÿ äëÿ ñêîðîñòåé U è ν0, ñïðàâåäëèâûå ïðè

|y2|
2

=
ωρR2

2η
<< 1,

|z2|
6

=
ωρR2

1

6η
<< 1,

ïîëó÷åíû â âèäå

U =

2(ρ′−ρ)R2F
3η

[ηϕn(ξ) + η′∗ϕ
′
n(ξ)]− 2

3
Aαn(ξ)

2ηψn(ξ) + 3η′∗ψ
′
n(ξ)

+ V, (2.7)

ν0 =
(ρ′−ρ)R2F

3
αn(ξ)− Aψ′n(ξ)

2ηψn(ξ) + 3η′∗ψ
′
n(ξ)

, n = 0,1,2,3. (2.8)

Çäåñü èíäåêñ n = 0 îòíîñèòñÿ ê ÿ÷åéêå ñ æåñòêîé îáîëî÷êîé, n = 1,2,3 −
ê âàðèàíòàì ÿ÷åå÷íîé ìîäåëè â òîì ïîðÿäêå, êàê îíè ðàññìîòðåíû âûøå. Ôóíêöèè
àðãóìåíòà ξ èìåþò âèä:
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ϕ0(ξ) = 1− 3
2
ξ + 3

2
ξ5 − ξ6,∗) ϕ′0(ξ) = 1− 9

4
ξ + 5

2
ξ3 − 9

4
ξ5 + ξ6,∗)

ψ0(ξ) = 1 + 3
2
ξ5,∗) ψ′0(ξ) = 1− ξ5,∗) α0(ξ) = 1− 5

2
ξ3 + 3

2
ξ5;

ϕ1(ξ) = 1− 9
8
ξ − 3

8
ξ5 + 1

2
ξ6, ϕ′1(ξ) = 1− 27

16
ξ + 5

8
ξ3 + 9

16
ξ5 − 1

2
ξ6,

ψ1(ξ) = 1− 3
8
ξ5, ψ′1(ξ) = 1 + 1

4
ξ5, α1(ξ) = 1− 5

8
ξ3 − 3

8
ξ5;

ϕ2(ξ) = 1− ξ − ξ5 + ξ6, ϕ′2(ξ) = 1− 3
2
ξ + 3

2
ξ5 − ξ6,∗)

ψ2(ξ) = 1− ξ5, ψ′2(ξ) = 1 + 2
3
ξ5,∗) α2(ξ) = 1− ξ5;

ϕ3(ξ) = 1− 6
5
ξ + 1

5
ξ6, ϕ′3(ξ) = 1− 9

5
ξ + ξ3 − 1

5
ξ6,∗)

ψ3(ξ) = 1, ψ′3(ξ) = 1,∗) α3(ξ) = 1− ξ3;

Îòìå÷åííûå âûðàæåíèÿ ñîâïàäàþò ñ èçâåñòíûìè ðåçóëüòàòàìè ïðåäøåñòâóþùèõ
ðàáîò ïî ñòàöèîíàðíûì òå÷åíèÿì â ÿ÷åå÷íûõ ìîäåëÿõ [10, ñ. 155, 156, 449]. Ýòè ôóíêöèè
ñâÿçàíû ñîîòíîøåíèåì

3ϕn(ξ)ψ′n(ξ) = 2ϕ′n(ξ)ψn(ξ) + α2
n(ξ), (2.9)

êîòîðîå âûâîäèòñÿ ñëåäóþùèì îáðàçîì. Çàäàäèì âåëè÷èíó A òàêîé, ÷òîáû
÷èñëèòåëü ôîðìóëû (2.8) îáðàòèëñÿ â íóëü, ò.å. ÷òîáû ïîâåðõíîñòü êàïëè îêàçàëàñü
çàòîðìîæåííîé. Òàêàÿ êàïëÿ áóäåò íåîòëè÷èìà îò òâåðäîé ñôåðû, è êîëåáàòåëüíóþ
ñêîðîñòü åå öåíòðà ìàññ U ìîæíî âû÷èñëèòü ïî ôîðìóëå (2.7), ëèáî ïîäñòàâèâ â íåå
çàäàííîå çíà÷åíèå A, ëèáî ïîëîæèâ ôîðìàëüíî η′∗ = ∞. Èç ðàâåíñòâà ïîëó÷åííûõ
òàêèì îáðàçîì âûðàæåíèé äëÿ U ñëåäóåò ñîîòíîøåíèå (2.9). Â åãî ñïðàâåäëèâîñòè ëåãêî
óáåäèòüñÿ è íåïîñðåäñòâåííîé ïðîâåðêîé. Êðîìå òîãî, èìååò ìåñòî ðàâåíñòâî

2ψn(ξ) + 3ψ′n(ξ) = 5.

Âûñîêî÷àñòîòíûå ïðèáëèæåíèÿ äëÿ ñêîðîñòåé U è ν0 ñïðàâåäëèâûå ïðè
âûïîëíåíèè óñëîâèÿ

|z| =
√
ωρ

η
R1 ≥

3
√

2(1− ln ξ)

1− ξ
,

äàþòñÿ ñëåäóþùèìè åäèíûìè äëÿ ðàññìîòðåííûõ 4-õ ìîäåëåé ñòåñíåííîãî
îáòåêàíèÿ êàïåëü ôîðìóëàìè:

U =

2(ρ′−ρ)R2G
3η

[ηS(y) + η′∗S
′(y)]− 2

3
A(1− y) + V

(
1− y + y2

3

)
[2ηD(y) + 3η′∗]

2ηT (y) + 3η′∗T
′(y)

, (2.10)

ν0 =

(ρ′−ρ)R2G
3

(1− y)− AT ′(y)− η(1−γ)
2γ

(1− y)y2V

2ηT (y) + 3η′∗T
′(y)

, (2.11)

ãäå

S(y) = (1− ξ3)
(
1− y

3

)
+ 2ξ3

y

(
1− 1

y

)
, S ′(y) = 1− ξ3 + 3ξ3

y

(
1− 1

y

)
,

T (y) =
[
1− (1−γ)ξ3

γ

]
(1− y) + [1− (1− γ)ξ3]

(
1− y

3

)
y2

2γ
,

T ′(y) =
[
1− (1−γ)ξ3

γ

]
(1− y) + [1− (1− γ)ξ3] y

2

3γ
,

γ = 3ρ
2ρ′+ρ

,

ïðè÷åì èìååò ìåñòî ñîîòíîøåíèå
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3S(y)T ′(y) = 2S ′(y)T (y) + (1− y)2,

ÿâëÿþùååñÿ âûñîêî÷àñòîòíûì àíàëîãîì ôîðìóëû (2.9).

Ïîâåðèì ïðèáëèæåíèÿ ïðåäåëüíûìè ïåðåõîäàìè. Ïðè ξ → 0 èç (2.10) ñëåäóåò:

U =

2(ρ′−ρ)R2G
3η

[
η
(
1− y

3

)
+ η′∗

]
− 2

3
A(1− y) + V

(
1− y + y2

3

)
[2ηD(y) + 3η′∗]

2η
(

1− y + y2

2γ
− y3

6γ

)
+ 3η′∗

(
1− y + y2

3γ

) , (2.12)

Ýòà ôîðìóëà ñîäåðæèò ðàçíûå ÷àñòíûå ñëó÷àè äâèæåíèÿ îäèíî÷íîé êàïëè â
æèäêîñòè. Òàê, äëÿ äâèæåíèÿ â ïîêîÿùåéñÿ æèäêîñòè (V = 0) ñ ïîñòîÿííîé ñêîðîñòüþ
(ω, |y| → 0) â ïîëå ñèëû òÿæåñòè (G = g) ïîëó÷èì

U =
2(ρ′ − ρ)gR2

9η

3η + 3η′ +B

2η + 3η′ +B
− 2A/3

2η + 3η′ +B
,

Åñëè ïîâåðõíîñòü êàïëè ñâîáîäíà îò ýëåêòðè÷åñêèõ çàðÿäîâ, ïîâåðõíîñòíî-
àêòèâíûõ âåùåñòâ è ò.ï., ò.å. êîãäà α(θ) = α0 = const è, ñëåäîâàòåëüíî, A = 0, B = 0, òî
ýòî âûðàæåíèå ïåðåõîäèò â èçâåñòíóþ ôîðìóëó Ðûá÷èíñêîãî�Àäàìàðà [12, ñ. 100]. Ïðè
G = 0, A = 0, |η′∗| >> η èç (2.12) ñëåäóåò:

U

V
=

1− y + y2

3

1− y + y2

3γ

.

Ýòî èçâåñòíàÿ ôîðìóëà Ê¼íèãà (W.K�onig, 1891 ã.), ïîëó÷åííàÿ òàêæå â [1]. Îíà
ñëóæèò îñíîâîé àêóñòè÷åñêèõ òåîðèé ðàçáàâëåííûõ ñóñïåíçèé.

Äëÿ ìàëîâÿçêèõ êàïåëü, êîãäà |η′∗| << η,G = 0, A = 0 ïî (2.12) ïîëó÷èì:

U

V
=

1− y + y2

2
− y3

6

1− y + y2

2γ
− y3

6γ

.

Êàê è â ïðåäûäóùåì ñëó÷àå, îòíîøåíèå àìïëèòóä ñêîðîñòåé áëèçêî ê åäèíèöå ïðè
|y| << 1 è ñòðåìèòñÿ ê γ ïðè |y| >> 1. Òàê, äëÿ ãàçîâîãî ïóçûðüêà â âîäå â ïîëå çâóêîâîé
âîëíû äîñòàòî÷íî âûñîêîé ÷àñòîòû U/V ≈ 3.

Ñ ïîìîùüþ (2.12) (ïðè A = 0, V = 0) íàéäåì ñèëó ñîïðîòèâëåíèÿ äâèæåíèþ êàïëè
[14]:

Fres = −6πηRU
2η
(

1− y + y2

6
− y3

18

)
+ 3η′∗

(
1− y + y2

9

)
3η
(
1− y

3

)
+ 3η′∗

.

Îòñþäà ïîëó÷èì ÷àñòíûå ôîðìóëû äëÿ ñèëû ñîïðîòèâëåíèÿ äâèæåíèþ â
íåïîäâèæíîé íà áåñêîíå÷íîñòè æèäêîñòè êàïëè, òâåðäîé ñôåðû, ãàçîâîãî ïóçûðüêà [12].
Òàê, äëÿ òâåðäîé ñôåðû (η′ →∞) èìååì

Fres = −6πηRU

(
1− y +

y2

9

)
, y2 = −iωρR

2

η
,

÷òî ïåðåõîäèò â ôîðìóëó Ñòîêñà ïðè ω → 0, à ïðè η → 0 äàåò:

Fres = −2

3
πR3ρ(−iωU) = −2

3
πR3ρ

dU

dt
,
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÷òî âûðàæàåò èçâåñòíûé ðåçóëüòàò: ïðèñîåäèíåííàÿ ìàññà èäåàëüíîé æèäêîñòè
äëÿ îñöèëëèðóþùåé ñôåðû ðàâíà ïîëîâèíå ìàññû æèäêîñòè, âûòåñíåííîé ñôåðîé.

Êîãäà ïëîòíîñòè æèäêîñòåé â ýìóëüñèè ðàçíÿòñÿ, êîëåáàòåëüíûå ñêîðîñòè U
è V íå ñîâïàäàþò, ò.å. êàïëÿ äâèæåòñÿ îòíîñèòåëüíî âìåùàþùåé æèäêîñòè. Ïðè
ýòîì çà ñ÷åò âÿçêîñòåé îáåèõ æèäêîñòåé ïðîèñõîäèò ÷àñòîòíîçàâèñèìàÿ äèññèïàöèÿ
ìåõàíè÷åñêîé ýíåðãèè. Äëÿ çâóêîâîé âîëíû, äëèíà êîòîðîé çíà÷èòåëüíî ïðåâûøàåò
ðàçìåðû ýëåìåíòàðíîé ÿ÷åéêè, ýìóëüñèÿ ïðåäñòàåò "ìèêðîíåîäíîðîäíîé" ñðåäîé ñ
ýôôåêòèâíîé êîìïëåêñíîé ïëîòíîñòüþ [7,8]:

ρ̃(ω) = ρ̃1(ω) + iρ̃2(ω) = ρ

(
1 +

ρ′ − ρ
ρ

ξ3
U

V

)
.

Îòíîøåíèÿ ñêîðîñòåé (ïðè G = 0, A = 0) ïðåäñòàâèì â âèäå

U

V
=

1

1− iqn
, n = 0, 1, 2, 3.

Äëÿ ÷åòûðåõ ðàññìîòðåííûõ âûøå âàðèàíòîâ ÿ÷åå÷íûõ ìîäåëåé ýìóëüñèé
ïîëó÷åíû ïîëíûå âûðàæåíèÿ ôóíêöèé qn. Ñëó÷àé æåñòêîé îáîëî÷êè ïîäðîáíî
ðàññìîòðåí â ðàáîòå [8]. Äëÿ ñîáñòâåííî ÿ÷åèñòûõ ìîäåëåé èìååì: ïðè óñëîâèè
Êâàøíèíà

q1 = 2(ρ′−ρ)ωR2

9η
·
3η
{
− 4

3
zξ+

[
z(1−ξ+ 4

3
ξ2)+ z3

3 (1− 2
3
ξ−ξ3+ 2

3
ξ4)
]
ch[z(1−ξ)]−

2η
{[
z(1−ξ)+ z3

6
(2−4ξ+3ξ2−ξ3)+ z5

6
ξ2(1− 2

3
ξ)
]
ch[z(1−ξ)]−

...

...
−
[
1− 4

3
ξ+ 2z2

3 (1− ξ2−ξ3+ξ4)−
z4

9
(ξ−ξ4)

]
sh[z(1−ξ)]

}
+3η′∗{−2zξ+[z(1−ξ+2ξ2)+

−
[
1+z2

(
2
3
−ξ+ ξ2

2

)
− z4

6
ξ(2−2ξ+ξ2)− z6

18
ξ3
]
sh[z(1−ξ)]

}
+3η′∗

{[
z(1−ξ)+ z3

3
(1−ξ)2+

...
+ z3

3
(1−ξ3)

]
ch[z(1−ξ)]−

[
1−2ξ+ z2

3
(2+3ξ2−2ξ3)

]
sh[z(1−ξ)]

}
+ z5

9
ξ2
]
ch[z(1−ξ)]−

[
1+ z2

3
(2−3ξ+ξ2)− z4

9
ξ(3−2ξ)

]
sh[z(1−ξ)]

} ;

ïðè óñëîâèè Õàïïåëÿ

q2 = 2(ρ′−ρ)ωR2

9η
·

3η
{
− 4

3
zξ+

[
z(1− 2

3
ξ+ξ2)+ z3

6 (1−ξ−ξ3+ξ4)
]
ch[z(1−ξ)]−

2η
{[
z(1−ξ)+ z3

6
(1−ξ)3+ z5

12
ξ2(1−ξ)

]
ch[z(1−ξ)]−

[
1+ z2

2
(1−ξ)2−

...

...
−
[
1−ξ+ z2

2 (1− 2
3
ξ+ 2

3
ξ2−ξ3)− z

4

18
ξ(1−ξ3)

]
sh[z(1−ξ)]

}
+3η′∗{−2zξ+[z(1− 1

2
ξ+ 3

2
ξ2)+

− z4

6 (1− 3
2
ξ+ξ2)− z636 ξ3

]
sh[z(1−ξ)]

}
+3η′∗

{[
z(1−ξ)+ z3

6
(1−3ξ+2ξ2)+ z5

18
ξ2
]
ch[z(1−ξ)]−

...

...
+ z3

6
(1−ξ3)

]
ch[z(1−ξ)]−

[
1− 3

2
ξ+ z2

2
(1+ξ2−ξ3)

]
sh[z(1−ξ)]

}
−
[
1+ z2

6
(3−6ξ+2ξ2)− z4

6
ξ(1−ξ)

]
sh[z(1−ξ)]

} ;

ïðè óñëîâèè Êóâàáàðû

q3 = 2(ρ′−ρ)ωR2

9η
· 3
z2
·

2η
{[
−zξ(1−ξ)+ z3

6
(3−ξ)(1−ξ3)

]
ch[z(1−ξ)]−

2η
{[
z(1−ξ)+ z3

6
(3ξ2−ξ3)

]
ch[z(1−ξ)]−

[
1− z2

2
(2ξ−ξ2)−

...

...
−
[
−ξ+ z2

2
(1+2ξ2−ξ3)− z

4

6
ξ(1−ξ3)

]
sh[z(1−ξ)]

}
+3η′∗{[−zξ(1−ξ)+

− z4
6
ξ3
]
sh[z(1−ξ)]

}
+3η′∗

{[
z(1−ξ)+ z3

3
ξ2
]
ch[z(1−ξ)]−

...

...
+ z3

3
(1−ξ3)

]
ch[z(1−ξ)]−

[
−ξ+ z2

3
(1+3ξ2−ξ3)

]
sh[z(1−ξ)]

}
−
[
1+ z2

3
ξ(ξ−3)

]
sh[z(1−ξ)]

} .

Ó÷åò ñèëîâûõ ôàêòîðîâ G è A âîçìîæåí, íî ãðîìîçäîê.
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Çàêëþ÷åíèå

Ïðèâåäåíû îñíîâíûå ðàñ÷åòû àêóñòè÷åñêèõ õàðàêòåðèñòèê ÿ÷åå÷íûõ ìîäåëåé
ýìóëüñèé ñôåðè÷åñêèõ êàïåëü ïðîèçâîëüíûõ êîíöåíòðàöèé. Ðàññìîòðåíû ÷åòûðå
âàðèàíòà èçâåñòíûõ ãðàíè÷íûõ óñëîâèé íà ïîâåðõíîñòè ÿ÷åéêè. Ïîëó÷åíû íèçêî- è
âûñîêî÷àñòîòíûå ïðèáëèæåíèÿ äëÿ õàðàêòåðíûõ ñêîðîñòåé êàïëè ïðè ãàðìîíè÷åñêèõ
êîëåáàíèÿõ ïîä äåéñòâèåì ìàññîâûõ ñèë, ïåðåìåííûõ ñèë ïîâåðõíîñòíîãî íàòÿæåíèÿ è
îñöèëëÿöèé âìåùàþùåé æèäêîñòè. Ê òðåì âàðèàíòàì ýìóëüñèé äàíû ïîëíûå ôîðìóëû
äëÿ ðàñ÷åòà èõ êîìïëåêñíûõ ýôôåêòèâíûõ ïëîòíîñòåé â çâóêîâîì ïîëå. ×àñòíûå ñëó÷àè
ýòèõ ôîðìóë äëÿ ñóñïåíçèé èìåþòñÿ â ðàáîòå [9].

Ïîñêîëüêó ìíîãèå æèäêîñòè èìåþò áëèçêèå çíà÷åíèÿ ïëîòíîñòåé, ò.å. ρ′ ≈ ρ
òî âÿçêèå çâóêîâûå ïîòåðè â òàêèõ ýìóëüñèÿõ ìîãóò îêàçàòüñÿ íåçíà÷èòåëüíûìè, ÷òî
ïîòðåáóåò ó÷åòà è òåïëîâûõ ïîòåðü, íå çàâèñÿùèõ îò ãèäðîäèíàìè÷åñêèõ ãðàíè÷íûõ
óñëîâèé íà ïîâåðõíîñòè ÿ÷åéêè. Äëÿ ðàñ÷åòà òåïëîâûõ ïîòåðü íåîáõîäèìî èñïîëüçîâàòü
ðåçóëüòàòû ðàáîòû [15], êðàòêî èçëîæåííûå â [8]. Ïðè ýòîì êîìïëåêñíîé áóäåò òàêæå
ýôôåêòèâíàÿ ñæèìàåìîñòü ýìóëüñèè.
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Ðàñ÷åò øóìîçàùèòíûõ îãðàæäåíèé äëÿ ñíèæåíèÿ øóìà
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Àííîòàöèÿ

Óëó÷øåíèþ óñëîâèé òðóäà íà ðàáî÷èõ ìåñòàõ ìàøèíîñòðîèòåëüíûõ ïðåäïðèÿòèé ïîñâÿùåíî

ìíîãî ðàáîò. Â ñòàòüå ïîêàçàí ïîäõîä ê ñíèæåíèþ óðîâíåé øóìà îò ìåòàëëîîáðàáàòûâàþùèõ ñòàíêîâ.

Ðàññìîòðåíû âîïðîñû ñíèæåíèÿ óðîâíåé øóìà â ñîðàçìåðíûõ ïîìåùåíèÿõ, ãäå â îäíîì ïîìåùåíèè

ðàñïîëàãàåòñÿ ñòàíîê è ïðîàíàëèçèðîâàí âàðèàíò, ãäå â öåõå ðàñïîëîæåíî n-îå êîë-âî îáîðóäîâàíèÿ. Ñ

ó÷åòîì ýòîãî ìåíÿåòñÿ õàðàêòåð øóìîîáðàçîâàíèÿ â öåõå è ðàñ÷åòû âåäóòñÿ ñ ó÷åòîì âêëàäà îòðàæåííîãî

øóìà â çâóêîâîå ïîëå íà ðàáî÷åì ìåñòå è ñ ó÷åòîì ìíîæåñòâà îáîðóäîâàíèÿ. Â ñòàòüå ðàññìîòðåíû

ðàñ÷åòû ýôôåêòèâíîñòü ìåðîïðèÿòèé ïî ñíèæåíèþ øóìà íà ó÷àñòêàõ ïðîôèëüíî è êîîðäèíàòíî-

øëèôîâàëüíûõ ñòàíêîâ, óêàçàíû èõ âîçìîæíûå êîìïîíîâêè, ïîêàçàíû ðåçóëüòàòû ýêñïåðèìåíòà.

Ïîêàçàí ðàñ÷åò ñèñòåì ñíèæåíèÿ øóìà ñèñòåìû ¾óçåë øëèôîâàíèÿ � øëèôóåìàÿ çàãîòîâêà¿. Ïîêàçàíû

ìàòåðèàëû, êîòîðûå ìîãóò ïðèìåíÿòüñÿ äëÿ ñíèæåíèÿ çâóêîïîãëîùåíèÿ â öåõàõ. Ïðåäñòàâëåí ðàñ÷åò è

ïðîåêòèðîâàíèå àêóñòè÷åñêîãî ýêðàíà çîíû øëèôîâàíèÿ êîîðäèíàòíî-øëèôîâàëüíîãî ñòàíêà.

Êëþ÷åâûå ñëîâà: çâóêîâîå äàâëåíèå, ýôôåêòèâíîñòü, øóìîçàùèòíîå îãðàæäåíèå, çâóêîâîå

ïîëå, äèôðàêöèÿ, ìîùíîñòü, ýíåðãèÿ.

Calculation of noise barriers to reduce the noise of operators of metalworking

machines

Shashurin A.E.1, Kurchenko P.S.2, Goguadze M.G.3, Razakov Zh.P4
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Abstract

Many works have been devoted to improving working conditions at the workplaces of machine-building

enterprises. The article shows an approach to reducing noise levels from metalworking machines. The issues

of reducing noise levels in commensurate rooms, where the machine is located in one room, are considered and

the variant where the nth number of equipment is located in the workshop is analyzed. With this in mind, the

nature of noise generation in the workshop is changing and calculations are carried out taking into account the

contribution of re�ected noise to the sound �eld at the workplace and taking into account a variety of equipment.

The article considers the calculations of the e�ectiveness of noise reduction measures in the sections of pro�le
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and coordinate grinding machines, their possible layouts are indicated, and the results of the experiment are

shown. The calculation of noise reduction systems of the "grinding unit � the workpiece being ground" system

is shown. Materials that can be used to reduce sound absorption in workshops are shown. The calculation and

design of the acoustic screen of the grinding zone of the coordinate grinding machine is presented.

Keywords: sound pressure, e�ciency, noise barrier, sound �eld, di�raction, power, energy.

Ââåäåíèå

Ïîâûøåííûå óðîâíè øóìà çà÷àñòóþ ÿâëÿþòñÿ îñíîâíûì âðåäíûì ôàêòîðîì
íà ðàáî÷èõ ìåñòàõ îïåðàòîðîâ ìåòàëëîîáðàáàòûâàþùèõ ñòàíêîâ. Áîëüøîå êîëè÷åñòâî
ñòàíêîâ, óñòàíàâëèâàåìûõ â ìàøèíîñòðîèòåëüíûõ öåõàõ óñèëèâàþò îáùèé óðîâåíü
øóìà â öåõå. Íà ïðàêòèêå èñïîëüçóþò ðàçíûå ïîäõîäû ïî ñíèæåíèþ øóìà èìåííî îò
ñòàíêà. Ñíèæåíèå øóìà â ñàìîì èñòî÷íèêå ðàçëè÷íûìè ñïîñîáàìè, ñíèæåíèè øóìà
íà ïóòè ðàñïðîñòðàíåíèÿ � ðàçëè÷íûå øóìîçàùèòíûå îãðàæäåíèÿ è ñíèæåíèÿ øóìà â
çàùèùàåìîì îáúåêòà, â äàííîì ñëó÷àå ýòî áåðóøè èëè íàóøíèêè. Â ñòàòüå îïèñàíû
ïåðâûé è âòîðîé ìåòîäû.

1. Ýôôåêòèâíîñòü ìåðîïðèÿòèé ïî ñíèæåíèþ øóìà íà ó÷àñòêàõ

ïðîôèëüíî è êîîðäèíàòíî-øëèôîâàëüíûõ ñòàíêîâ.

Âñëåäñòâèå ïîâûøåííîé òî÷íîñòè îáðàáîòêè äåòàëåé ñòàíêè äàííûõ ìîäåëåé â
áîëüøèíñòâå ñëó÷àåâ ðàñïîëàãàþòñÿ â îòäåëüíûõ ïðîèçâîäñòâåííûõ ïîìåùåíèÿõ, êîòîðûå
îòíîñÿòñÿ ê êàòåãîðèè ñîðàçìåðíûõ. Ïîýòîìó ðàñ÷åòû àêóñòè÷åñêèõ õàðàêòåðèñòèê
íåîáõîäèìî âûïîëíÿòü íà îñíîâå ñõåìû, ïðèâåäåííîé íà ðèñ.1, ïîñêîëüêó â ðàñ÷åòàõ
äîëæíû ïðèñóòñòâîâàòü ïàðàìåòðû ïðîèçâîäñòâåííîãî ïîìåùåíèÿ è îäíîâðåìåííîãî
èçëó÷åíèÿ çâóêîâîé ýíåðãèè íåñêîëüêèõ ñòàíêîâ, çà÷àñòóþ õàðàêòåðèçóåìûõ ðàçëè÷íûìè
óðîâíÿìè çâóêîâîãî äàâëåíèÿ.

Ðèñ. 1. Ðàñ÷åòíàÿ ñõåìà ó÷àñòêà: 1 - ñîðàçìåðíîå ïîìåùåíèå; 2 - ñòàíîê; 3 -
àêóñòè÷åñêèé ýêðàí; 4 - ðàáî÷åå ìåñòî

Êîìïîíîâêà ïðîôèëüíî è êîîðäèíàòíî-øëèôîâàëüíûõ ñòàíêîâ, à òàêæå
óñëîâèÿ ýêñïëóàòàöèè ïðàêòè÷åñêè ïîëíîñòüþ èñêëþ÷àþò èñïîëüçîâàíèå ðàçëè÷íûõ
îãðàæäåíèé çîíû øëèôîâàíèÿ. Íàëè÷èå æå øóìîçàùèòíîãî ýêðàíà òåõíîëîãè÷åñêè
ïðîñòî ðåàëèçîâàòü è íå ñîõðàíèòü óäîáñòâî â îáñëóæèâàíèè ïðè ýêñïëóàòàöèè è
îáåñïå÷èòü çàùèòó îïåðàòîðà íå òîëüêî îò àêóñòè÷åñêîãî âîçäåéñòâèÿ, íî è òðàâì,
ñâÿçàííûõ ñ ïîëîìêàìè òîíêèõ øëèôîâàëüíûõ êðóãîâ, â îñîáåííîñòè, ïðè âûñîêèõ
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÷àñòîòàõ âðàùåíèÿ.

Äëÿ òàêîé ðàñ÷åòíîé ñõåìû ñ èñïîëüçîâàíèåì äàííûõ ðàáîò [1,2] ïîëó÷åíî
ñëåäóþùåå âûðàæåíèå óñëîâèé øóìà

L = Lp∑ − ÀÝ + 10 lg

(
χcϕc
2πr2

+
4ψï
Bï

)
, (1)

ãäå Lp
∑ - îêòàâíûå óðîâíè çâóêîâîé ìîùíîñòè, äÁ; ÀÝ � àêóñòè÷åñêàÿ

ýôôåêòèâíîñòü ýêðàíà, äÁ; χc - êîýôôèöèåíò èñêàæåíèÿ ïîëÿ ó ñòàíêà; ϕc - êîýôôèöèåíò
íàïðàâëåííîñòè ñòàíêà; ψï � êîýôôèöèåíò äèôôóçíîñòè ïðîèçâîäñòâåííîãî ïîìåùåíèÿ;
Bï - ïîñòîÿííàÿ ïðîèçâîäñòâåííîãî ïîìåùåíèÿ, ì

2.

Bï = αïSï
1−αï ; Sï - ïëîùàäü ïðîèçâîäñòâåííîãî ïîìåùåíèÿ, ì2; αï - ÷àñòîòíî-

çàâèñèìûå êîýôôèöèåíòû çâóêîïîãëîùåíèÿ ïðîèçâîäñòâåííîãî ïîìåùåíèÿ.

Äëÿ ñîðàçìåðíîãî ïîìåùåíèÿ ìîæíî ïðèíÿòü ϕc = 1. Ïîñêîëüêó ïðåâûøåíèÿ
óðîâíåé øóìà çàôèêñèðîâàíû â èíòåðâàëå ÷àñòîò 125 Ãö è âûøå, òî ïî äàííûì ðàáîòû
[1] ψc = 1.

Ïî äàííûì ýòîé æå ðàáîòû êîýôôèöèåíò äèôôóçíîñòè îïðåäåëÿåòñÿ ïî ôîðìóëå
ψï = 1− 0,3 B

Sï
.

Òîãäà çàâèñèìîñòü (1) ïðèìåò âèä

L = Lp∑ + 10 lg

(
4 · 10−4 +

1− 1,3αï
αïSï

)
+ 6− ÀÝ, (2)

Ñëåäóåò îòìåòèòü, ÷òî ïðè íàëè÷èè íåñêîëüêèõ îäíîâðåìåííî ðàáîòàþùèõ
ñòàíêîâ íà ó÷àñòêå ñóììàðíûå óðîâíè øóìà îïðåäåëÿþòñÿ ýíåðãåòè÷åñêèì ñóììèðîâàíèåì
Lp

∑ = 10 lg
∑(

100,1L1 + 100,1L2 + ...+ 100,1Lkc
)
, ãäå Li - óðîâíè çâóêîâîé ìîùíîñòè êàæäîãî

ñòàíêà, äÁ; kc - êîëè÷åñòâî îäíîâðåìåííî ðàáîòàþùèõ ñòàíêîâ.

×òîáû ñîáëþñòè óðîâíè øóìà â íîðìèðóåìîì äèàïàçîíå íà ó÷àñòêå âûøåóêàçàííûõ
ñòàíêîâ ïðåäïîëàãàåòñÿ, ÷òî ó îïåðàòîðîâ êàæäîãî ñòàíêà âêëàä îò êàæäîãî èñòî÷íèêà
øóìà äîëæíû áûòü óìåíüøåíû íà 4-5 äÁ.

Òîãäà çàâèñèìîñòü (2) ïðèìåò âèä

Lc − (4− 5) = Lp
∑ + 10 lg

(
4 · 10−4 +

1− 1,3αï
αïSï

)
+ 6− ÀÝ. (3)

2. Ïðîåêòèðîâàíèå è ðàñ÷åò ñèñòåì ñíèæåíèÿ øóìà ñèñòåìû ¾óçåë

øëèôîâàíèÿ - øëèôóåìàÿ çàãîòîâêà¿

Òàêèå ñèñòåìû äîëæíû ñîâìåùàòü ýôôåêòû çâóêîèçîëÿöèè è âèáðîïîãëîùåíèÿ.
Ñëåäóåò îòìåòèòü, ÷òî ñíèæåíèå óðîâíåé øóìà øëèôîâàëüíûõ êðóãîâ è çàãîòîâîê,
îáóñëîâëåííûõ âèáðîïîãëîùåíèåì, îïðåäåëÿåòñÿ ïî èçâåñòíîé ôîðìóëå

∆L = 10 lg
η∑
ηîñí

, ãäå ηîñí - êîýôôèöèåíòû ïîòåðü êîëåáàòåëüíîé ýíåðãèè
øëèôîâàëüíîãî êðóãà. Ýòè äàííûå çàäàþòñÿ ïî óðàâíåíèþ ðåãðåññèè, ïîëó÷åííîìó ïî
ýêñïåðèìåíòàëüíûì äàííûì. Äàëåå ïðèâåñòè ðàñ÷åò ïî øëèôîâàëüíîìó êðóãó.

Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïîêàçàëè, ÷òî ìàêñèìàëüíûå óðîâíè çâóêà
íà ðàáî÷èõ ìåñòàõ äîñòèãàþò 95 äÁÀ ó ïðîôèëüíî-øëèôîâàëüíûõ è 103äÁÀ ó
êîîðäèíàòíî-øëèôîâàëüíûõ. Òàêèì îáðàçîì, ñíèæåíèå óðîâíåé çâóêîâîãî äàâëåíèÿ
äîëæíî ñîñòàâëÿòü 20 äÁÀ ó ïðîôèëüíî-øëèôîâàëüíûõ è 23-29 äÁÀ ó êîîðäèíàòíî-
øëèôîâàëüíûõ. Îäíàêî ïåðåñ÷åò óðîâíåé øóìà ñ ó÷åòîì âðåìåíè ðåàëèçàöèèè
òåõíîëîãè÷åñêèõ ïðîöåññîâ ïîêàçàë, ÷òî ñèñòåìû øóìîçàùèòû äîëæíû èìåòü
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àêóñòè÷åñêóþ ýôôåêòèâíîñòü 13 äÁÀ è 18 äÁÀ (ñîîòâåòñòâåííî). Ó ïðîôèëüíî-
øëèôîâàëüíîãî ñòàíêà òðåáóåìàÿ àêóñòè÷åñêàÿ ýôôåêòèâíîñòü äîñòèãàåòñÿ ñèñòåìîé
çâóêîèçîëÿöèè è âèáðîïîãëîùåíèÿ óçëà øëèôîâàíèÿ è øëèôóåìîé çàãîòîâêè â òèñêàõ.
Ñèñòåìà ñíèæåíèÿ øóìà è âèáðàöèè óçëà ðåçàíèÿ ïðåäñòàâëåíà íà ðèñ.2-à, à çàãîòîâêè
íà ðèñ.2-á.

Ðèñ. 2. Ñèñòåìû ñíèæåíèÿ øóìà óçëà ðåçàíèÿ è çàãîòîâêè ïðîôèëüíî-øëèôîâàëüíîãî
ñòàíêà: 1 - øëèôîâàëüíûé êðóã; 2 - êîðïóñ è ñòåêëîòåêñòîëèòà (òîëùèíà 2-3 ìì); 3 -
âèáðîïîãëîùàþùèå ýëåìåíòû èç ìàãíèòîïëàñòà òîëùèíîé 5-6 ìì; 4 - ðåçèíîâûå øàéáû

(ðåçèíà ìàðêè 1002 òîëùèíîé 8 ìì íà ñòîðîíó), óñòàíàâëèâàåìûå íà îïðàâêó
øëèôîâàëüíîãî êðóãà; 5 - øëèôóåìîå èçäåëèå; 6 - ãóáêè òèñêîâ; 7 è 8 - ïëàñòèíû èç

ñòåêëîòåêñòîëèòà òîëùèíîé 5-6 ìì

Òàêèå êîíñòðóêöèè îáåñïå÷èâàþò ñíèæåíèå øóìà çà ñ÷åò êàê ÷àñòè÷íîé
çâóêîèçîëÿöèè ïëîùàäè, èçëó÷àþùåé çâóê ïîâåðõíîñòè èñòî÷íèêà è ýôôåêòà
âèáðîïîãëîùåíèÿ. Ðàñ÷åòû ïîêàçàëè, ÷òî ñíèæåíèå óðîâíåé øóìà óçëà ðåçàíèÿ
ñîñòàâëÿåò: 7 äÁ - çà ñ÷åò óìåíüøåíèÿ ïëîùàäè èçëó÷åíèÿ øëèôîâàëüíîãî êðóãà; 3 äÁ -
çà ñ÷åò ýôôåêòà âèáðîïîãëîùåíèÿ øëèôîâàëüíîãî êðóãà; 4 äÁ - çà ñ÷åò âèáðîïîãëîùåíèÿ
øëèôóåìîãî èçäåëèÿ. Ôàêòè÷åñêè äëÿ ïðîôèëüíî-øëèôîâàëüíûõ ñòàíêîâ ýêðàí
öåëåñîîáðàçåí òîëüêî äëÿ ïðåäîòâðàùåíèÿ òðàâìèðîâàíèÿ ñòàíî÷íèêîâ ïðè ïîëîìêàõ
øëèôîâàëüíîãî êðóãà.

Äëÿ êîîðäèíàòíî-øëèôîâàëüíûõ ñòàíêîâ ñèñòåìà ñíèæåíèÿ óðîâíåé øóìà
óçëîì øëèôîâàíèÿ íå öåëåñîîáðàçíî âñëåäñòâèå âåðòèêàëüíîãî ðàñïîëîæåíèÿ øïèíäåëÿ.
Îäíàêî ïîäîáíàÿ ñèñòåìà äëÿ çàãîòîâîê ñ ýôôåêòèâíîñòüþ ñíèæåíèè øóìà ìîæåò áûòü
ïîâûøåíà äî 5-6 äÁ ïðè èñïîëüçîâàíèè äâóõñëîéíûõ ïëàñòèíîê è ñòåêëîòåêñòîëèòà
è ìàòåðèàëà ¾ÀÃÀÒ¿ òîëùèíîé 2-3 ìì è àêóñòè÷åñêîãî ýêðàíà ñ àêóñòè÷åñêîé
ýôôåêòèâíîñòüþ 10-12 äÁ. Êðîìå ýòîãî â ìåñòàõ ðàñïîëîæåíèÿ íà ñòàíêàõ
ïðîèçâîäñòâåííîãî ïîìåùåíèÿ çâóêîïîãëîùàþùèõ ïàíåëåé èç áàçàëüòîâûõ
çâóêîïîãëîùàþùèõ ìàòîâ èìåþùèõ êîýôôèöèåíòû çâóêîïîãëîùåíèÿ 0,5-0,75 â äèàïàçîíå
÷àñòîò 1000-4000 Ãö (ðèñ.3) ëèáî êîíñòðóêöèé, ðàçðàáîòàííûõ äëÿ ðàáî÷èõ ìåñò
ïóëüòîâùèêîâ [3] (ðèñ.4).
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Ðèñ. 3. ×àñòîòíî-çàâèñèìûå êîýôôèöèåíòû çâóêîïîãëîùåíèÿ áàçàëüòîâûõ ìàòîâ

Ðèñ. 4. Êîýôôèöèåíòû çâóêîïîãëîùåíèÿ òèïîâûõ ñîòîâûõ êîíñòðóêöèè

3. Ðàñ÷åò è ïðîåêòèðîâàíèå àêóñòè÷åñêîãî ýêðàíà çîíû øëèôîâàíèÿ

êîîðäèíàòíî-øëèôîâàëüíîãî ñòàíêà

Îäíèì èç íàäåæíûõ ïîäõîäîâ óìåíüøåíèÿ çâóêîâîãî äàâëåíèÿ íà ñòàíêàõ
ïðè ðàáîòå ñ ìåòàëëîì ÿâëÿþòñÿ äîðàáîòêà ñòàíêà êîæóõàìè, ïåðåãîðîäêàìè,
ïåðåêðûâàþùèìè ïðÿìîé çâóê îò èñòî÷íèêîâ øóìà äî ðàáî÷åãî ìåñòà. Îäíèì èç
íàèáîëåå ïðåäïî÷òèòåëüíûõ ñðåäñòâ ñíèæåíèÿ óðîâíåé çâóêà â öåõàõ ïðåäïðèÿòèé
ó ìåòàëëîîáðàáàòûâàþùèõ ñòàíêîâ ñ÷èòàåòñÿ ïðèìåíåíèå ðàçëè÷íûõ ïåðåãîðîäîê,
çàêðûâàþùèõ çîíó îáðàáîòêè, âîçìîæíî ñ ðàçäâèæíûìè äâåðöàìè è äð. [4].
Çâóêîçàùèòíûå ýëåìåíòû òàêèõ êîíñòðóêöèé èçãîòàâëèâàþòñÿ èç ìåòàëëà, ñëóæàò
äëÿ ñíèæåíèÿ ïðÿìîãî øóìà, ïîïàäàíèÿ íà ðàáîòíèêà ýìóëüñèé, ïûëè è ïð. Çà÷àñòóþ
â êîíñòðóêöèè èñïîëüçóþò ñåíäâè÷ ïàíåëè, ò.å. ìåòàëë, ìåæäó êîòîðûì íàõîäèòñÿ
çâóêîïîãëîùàþùèé ìàòåðèàë, êîòîðûé â ñâîþ î÷åðåäü ñëóæèò íåêèì äåìïôåðîì. Ìåñòà
ïðèëåãàíèÿ êîíñòðóêöèè ê ñòàíêó äîëæíû áûòü àêóñòè÷åñêè. Äëÿ óäîáñòâà ðàáîòû
è âèçóàëüíîãî îñìîòðà äåëàþò êîìáèíèðîâàíàííóþ êîíñòðóêöèþ ñåíäâè÷-ìîíîëèòíûé
ïîëèêàðáîíàò, ëèáî ïîëèìåòèìåòààêðèëàò. Ñî ñòîðîíû, îáðàùåííîé ê èñòî÷íèêó øóìà
äîáàâëÿþò çâóêîïîãëîùàþùèé ìàòåðèàë, äëÿ ñíèæåíèÿ äîëè ïåðåîòðàæåííîãî øóìà.
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Íèæå ïðîðàáîòàí ïîäõîä, ïîçâîëÿþùèé ïðîâîäèòü âûáîð êîíñòðóêöèè, ó÷èòûâàþùèé
ïëîùàäè, ãåîìåòðèþ è õàðàêòåðèñòèêè ýëåìåíòîâ øóìîçàùèòû.

Ñõåìàòè÷íîå èçîáðàæåíèå ýêðàíà ïðåäñòàâëåíî íà ðèñóíêå 5.

Ðèñ. 5. Øóìîçàùèòíîå îãðàæäåíèå äëÿ óìåíüøåíèÿ àêóñòè÷åñêîãî âîçäåéñòâèÿ íà
ðàáî÷èõ ìåñòàõ ðàáîòíèêîâ ìåòàëëîîáðàáàòûâàþùèõ: 1- èñòî÷íèê øóìà (ÈØ); 2 �

øóìîçàùèòíîå îãðàæäåíèå (ØÇÎ); 3 � ðàñ÷åòíàÿ òî÷êà (ÐÒ); → ïåðåîòðàæåíèÿ çâóêà;
y � äèôðàêöèÿ çâóêà

Ñíèæåíèåì øóìà ðàçëè÷íûìè îãðàæäåíèÿìè çàíèìàëèñü ó÷åíûå Èâàíîâ Í.È.,
Øàøóðèí À.Å. è äð. [5]. Ñîãëàñíî îáçîðó ìåòîäèê ðàñ÷åòà ïðåäëàãàåòñÿ èñïîëüçîâàòü
òåîðèþ, âûäâèíóòóþ Øàøóðèíûì À.Å.

Äëÿ âûïîëíåíèÿ ðàñ÷åòîâ â íàøåì ñëó÷àå ñäåëàåì íåêîòîðûå äîïóùåíèÿ,
òàêèå êàê: â ÐÒ çâóê äèôðàãèðóåò ÷åðåç âñå ñòîðîíû îãðàæäåíèÿ (ýêðàíà); ÈØ è
ñâîáîäíûå ðåáðà ØÇÎ ïðèíÿòû ëèíåéíûìè èçëó÷àòåëÿìè øóìà; îãðàæäåíèå ÿâëÿåòñÿ
êîìáèíèðîâàííûì, ñîñòîÿùèì èç çâóêîèçîëèðóþùåé ïàíåëè ñ îáëèöîâêîé è ïðîçðà÷íîãî
çâóêîèçîëèðóþùåãî ïëàñòèêà òîëùèíîé íå ìåíåå 16 ìì è çâóêîèçîëÿöèåé ïîðÿäêà 34 äÁÀ
äëÿ òîãî, ÷òîáû øóì ÷åðåç ñàìî îãðàæäåíèå íå ó÷èòûâàòü (ðèñ.6).

Ðèñ. 6. Óñëîâíàÿ ñõåìà êîìáèíèðîâàííîãî øóìîçàùèòíîãî îãðàæäåíèÿ: 1 -
çâóêîèçîëèðóþùèé ìàòåðèàë ñ îáëèöîâêîé; 2 - ïðîçðà÷íûé ìîíîëèòíûé ïîëèêàðáîíàò

Â ðàáîòå [6] äàí ðàñ÷åò ýôôåêòèâíîñòè îãðàæäåíèÿ. Íà îñíîâå ýòîãî ðàñ÷åòà,
íî ñ ó÷åòîì çâóêîâîãî ïîëÿ, êîòîðîå îáðàçóåòñÿ â îãðàíè÷åííîì ïðîñòðàíñòâå ìåæäó
èñòî÷íèêîì øóìà è îãðàæäàþùåé êîíñòðóêöèè, âûâåäåíû óïðîùåííûå ôîðìóëû äëÿ
ðàñ÷åòà ïàðàìåòðîâ êîíñòðóêöèè.

Ñíèæåíèå øóìà îãðàæäåíèåì îïðåäåëÿþò:
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∆LØÇÎ = 10 lg
I
Á/Ø
PT

I
Ñ/ØÇÎ
PT

, äÁ (4)

ãäå: I
Á/Ø
PT - èíòåíñèâíîñòü çâóêà â ÐÒ îò ÈØ áåç ØÇÎ; Âò/ì2. I

Ñ/ØÇÎ
PT - òîæå ñ

óñòàíîâëåííûì ØÇÎ, Âò/ì2.

Èíòåíñèâíîñòü çâóêà â ÐÒ áåç ØÇÎ:

I
Á/Ø
PT =

Wèñò

2πlèñò(R + r)
arctg

lèñò
2(R + r)

, (5)

ãäå: Wèñò � àêóñòè÷åñêàÿ ìîùíîñòü ÈØ, Âò; lèñò � äëèíà ÈØ, ì; r � ðàññòîÿíèå
îò ÈØ äî ØÇÎ, ì; R � ðàññòîÿíèå îò ØÇÎ äî ÐÒ, ì.

Çâóêîâàÿ ýíåðãèÿ, ïàäàþùàÿ íà ØÇÎ

I
Ñ/ØÇÎ
PT =

4Wèñò(1− αîá)
ϕïðAïð

(6)

ãäå αîá � ñðåäíèé êîýôôèöèåíò çâóêîïîãëîùåíèÿ â ïðîñòðàíñòâå ìåæäó ÈØ è
ØÇÎ; ϕîá - êîýôôèöèåíò íåðàâíîìåðíîñòè çâóêîâîãî ïîëÿ; Aîá � ýêâèâàëåíòíàÿ ïëîùàäü
çâóêîïîãëîùåíèÿ;

Aïð = αØÇÎ
OTP lØÇÎhÎÒÐ + αØÇÎ

ÏÎÃËlØÇÎhÏÎÃË + αÈÑÒlÈÑÒhÈÑÒ + 4lØÇÎ, (7)

ãäå: αØÇÎ
OTP � êîýôôèöèåíò çâóêîïîãëîùåíèÿ îòðàæàþùåé ÷àñòè ØÇÎ; hÎÒÐ

� âûñîòà, ì; lØÇÎ � äëèíà, ì; αØÇÎ
ÏÎÃË � êîýôôèöèåíò çâóêîïîãëîùåíèÿ ïîãëîùàþùåé

÷àñòè ØÇÎ (ÇÏÌ); hÏÎÃË � âûñîòà ïîãëîùàþùåé ÷àñòè, ì; αÈÑÒ � êîýôôèöèåíò
çâóêîïîãëîùåíèÿ ÈØ; lÈÑÒ � äëèíà ÈØ, ì; hÈÑÒ � âûñîòà ÈØ, ì;

hØÇÎ = hÎÒÐ + hÏÎÃË. (8)

Äëÿ óëó÷øåíèÿ â ïîñëåäóþùèõ ðàñ÷åòàõ ò.ê. ïåðâûé è òðåòèé ÷ëåíû â ôîðìóëå
(7) ïðåíåáðåæèìî ìàëû (α = 0,01) ôîðìóëà ìîæåò áûòü ïðåîáðàçîâàíà: (lÈÑÒ ≈ lØÇÎ)

Aîá = lØÇÎ(αÏÎÃËhÏÎÃË + 4r), (9)

αîá =
Aîá

SÈØ + 4Sñâ.îá + SØÇÎ
, (10)

ãäå SÈØ � ïëîùàäè èñòî÷íèêà øóìà, ì2; Sñâ.îá � ïëîùàäü ñâîáîäíîãî ïðîñòðàíñòâà
ìåæäó èñòî÷íèêîì øóìà è ØÇÎ, ì2; SØÇÎ � ïëîùàäü øóìîçàùèòíîãî îãðàæäåíèÿ, ì2.

Àêóñòè÷åñêàÿ ìîùíîñòü íà ñâîáîäíûõ ðåáðàõ ØÇÎ:

WØÇÎ = IÑ/ØÇÎ
ïàä SØÇÎ, (11)

ãäå SØÇÎ � ïëîùàäü ÈØ, ì2;

SØÇÎ = lØÇÎ(hîòð + hïàä). (12)

Èíòåíñèâíîñòü çâóêà â ÐÒ ñ ØÇÎ: ïðèíèìàÿ ñâîáîäíûå ðåáðà ØÇÎ ëèíåéíûìè
îòðàæåííûìè èñòî÷íèêàìè çâóêà (ïðè ýòîì ñâîáîäíûõ ïîâåðõíîñòåé).
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I
Ñ/ØÇÎ
PT =

4WØÇÎβäèôð
2πlØÇÎR

arctg
lýêð
2R

, (13)

ãäå βäèôð � êîýôôèöèåíò äèôðàêöèè íà ñâîáîäíîì ðåáðå (ïðèíèìàåì îäèíàêîâîå
çíà÷åíèå βäèôð = 1

2π
)

Ïîäñòàâëÿåì â (13) ôîðìóëû (6), (9), (11) è (12)

I
Ñ/ØÇÎ
PT =

4WÈÑÒ(1− αîá)lØÇÎ(hîòð + hïàä)4βäèôð
ϕîálØÇÎ(αÏÎÃËhÏÎÃË + 4r)

arctg
lýêð
2R

. (14)

Ïîñëå óïðîùåíèé è ïðèíÿâ âòîðîå ñëàãàåìîå À

I
Ñ/ØÇÎ
PT =

8WÈÑÒ(1− αîá)(hîòð + hïàä)4βäèôð
ϕïð(αÏÎÃËhÏÎÃË + 4r)lØÇÎRπ

A, (15)

Ïîäñòàâèì (5) è (15) â (4)

∆LØÇÎ = 10 lg
Wèñò − ϕîá(αÏÎÃËhÏÎÃË + 4r)lØÇÎRπA

2πlèñò(R + r)8Wèñò(1− αîá)(hÏÎÃË + hÎÒÐ)lØÇÎRπβäèôð
arctg

lèñò
2(R + r)

(16)

Ïðèìåì lØÇÎ ≈ lÈÑÒ è ñäåëàåì óïðîùåíèÿ,

∆LØÇÎ = 10 lg R
(R+r)

+ 10 lgϕïð + 10 lg (αÏÎÃËhÏÎÃË+4r)
(hÏÎÃË+hÎÒÐ)

− 10 lg(1− αîá)−
−10 lg 1

βäèôð
+ 10 lg

(
arctg lØÇÎ

2R

)
+ 10 lg

(
arctg lØÇÎ

2(R+r)

)
− 10 lg 16, äÁ.

(17)

Ïðèìåíÿÿ äàííóþ ñõåìó ðàñ÷åòà, èíæåíåð ìîæåò ïîäáèðàòü ïàðàìåòðû è
êîíñòðóêòèâíûå îñîáåííîñòè ìàòåðèàëà çâóêîîãðàæäàþùåé êîíñòðóêöèè.

Ñîãëàñíî ðàáîòå [7] ïðè ìàëûõ îáúåìàõ çâóêîâîãî ïîëÿ äàííûå ïðè ðàñ÷åòàõ
àðêòàíãåíñîâ ìåíÿþò îáùóþ ýôôåêòèâíîñòü íå áîëåå, ÷åì 0,1-0,2 äÁ, ÷òî ìåíüøå, ÷åì
ïîãðåøíîñòü ïðèáîðà ïðè ïðîâåäåíèè ýêñïåðèìåíòàëüíîé ïðîâåðêè, ïîýòîìó â äàííîì
ñëó÷àå äëÿ óäîáñòâà èíæåíåðíûõ ðàñ÷åòîâ èìè ïðåäëàãàåòñÿ ïðåíåáðå÷ü.

Òàêèì îáðàçîì ýôôåêòèâíîñòü îãðàæäåíèÿ îïðåäåëÿåòñÿ ïî ôîðìóëå:

∆LØÇÎ = 10 lg R
(R+r)

+ 10 lgϕïð + 10 lg (αÏÎÃËhÏÎÃË+4r)
(hÏÎÃË+hÎÒÐ)

− 10 lg(1− αîá)−
−10 lg 1

βäèôð
− 12

Çàêëþ÷åíèå

Â ñòàòüå ïðåäñòàâëåíû ðàñ÷åòû ýôôåêòèâíîñòü ìåðîïðèÿòèé ïî ñíèæåíèþ øóìà
íà ó÷àñòêàõ ïðîôèëüíî è êîîðäèíàòíî-øëèôîâàëüíûõ ñòàíêîâ, óêàçàíû èõ âîçìîæíûå
êîìïîíîâêè, äàíû ôîðìóëû ðàñ÷åòà è ïîêàçàíû ðåçóëüòàòû ýêñïåðèìåíòà.

Ïîêàçàí ðàñ÷åò ñèñòåì ñíèæåíèÿ øóìà ñèñòåìû ¾óçåë øëèôîâàíèÿ � øëèôóåìàÿ
çàãîòîâêà¿ ïðåäëîæåíû ìåðîïðèÿòèÿ, êîòîðûå ïîçâîëÿþò ñíèçèòü óðîâíè øóìà.

Ïîêàçàíû ìàòåðèàëû, êîòîðûå ìîãóò ïðèìåíÿòüñÿ äëÿ ñíèæåíèÿ çâóêîïîãëîùåíèÿ
â öåõàõ ñ àêóñòè÷åñêèìè õàðàêòåðèñòèêàìè.

Ïðåäñòàâëåí ðàñ÷åò è ïðîåêòèðîâàíèå àêóñòè÷åñêîãî ýêðàíà çîíû øëèôîâàíèÿ
êîîðäèíàòíî-øëèôîâàëüíîãî ñòàíêà ñ óïðîùåííûì ïîäõîäîì, ñî÷åòàþùèé â ñåáå
èíæåíåðíûå ðàñ÷åòû ñ ó÷åòîì çâóêîâîãî ïîëÿ ìåæäó ñòàíêîì è îãðàæäåíèåì.
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