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In the selected coordinate system, the latter equations will 
take the form:

(3)

3. RESULTS AND DISCUSSION

Thus, it is established that for longitudinal oscillations, the 
system splits into a number of separate invariant subspaces, 
which are independent solutions with eigenvalues ai(I,II), de-
scribing eigen-oscillations in each of them.

At the same time, if each of the forms U(I,II) (x) that determi-
ne the potential energies of the rods is positive definite, then 
all ak

(I,II) are positive. Then the considered point x (vector X), 
in each of the corresponding invariant subspaces, performs 
n independent oscillations along n mutually perpendicu-
lar directions in the corresponding bases selected in them:  
e1

(I,II); e2
(I,II); …, en (I,II). These oscillations are called the main or 

eigen-oscillations, and the numbers ωk
(I,II) are the eigen-fre-

quencies of vibrations for each individual element.

The eigen-frequencies can be found based on the equation 
of motion of a rod conjugated to another rod:

           (4)

We are looking for a solution in the form of a product of two 
functions, one of which depends only on x, and the other de-
pends only on t:

            (4a)

1. INTRODUCTION

In the steady-state mode, the energy distribution in the rod 
system is carried out in accordance with the potential energy 
of each of the system elements. In other words, there are no 
energy flows through the boundaries of the elements in the 
system.

2. EQUIPMENT AND DEVICES USED IN THE 
RESEARCH

The boundaries of the elements in the system do not perform 
any work and, therefore, mechanical vibrations can be deter-
mined. Independent components that determine the poten-
tial energy distribution among the elements of the system can 
be reduced by some orthogonal transformation to the main 
(normal) axes. There is an orthogonal basis in 
which is written as:

              (1)

where
x is a vector of dimension n and when decomposed by basis 

vectors:

For each of the system rods.

Here
x1, x2...xn are the coordinates of the vector x in the selected 

basis.

Thus, for example, when working with a rod system that co-
rresponds to a differential equation.

             (2)
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where 
ξ (n are integers) are the positive roots of the transcendental 

equation:

Fig. 1: Graphical definition of the positive roots of equation 5

For λ found in this way, in accordance with the superposition 
principle, we determine the general solution of the equation:

Made up of a countable number of solutions.

Assuming here that c λω (ω>0).

We will get

           (6)

We determine the coefficients of this series from the initial 
condition

Or

Substituting (4a) into (4) gives:

(4b)

The left part of this equality does not depend on t, the  
right - on x, therefore, their total value does not depend on ei-
ther x or t, and therefore reduces to a constant, which we take 
in the form -c2 λ2 (for λ>0). Then equation 4b decomposes into 
two ordinary differential equations:

                (a)
 

            (b)

Their solution (general integrals) have the form: 
for a)

To solve equation b), the boundary conditions on the left 
and right ends should be taken into account:

Solution of the equation:

Is:

Then, for the condition on the free boundary x=0, we have:

Or

We consider the boundary condition for x2=1 , assuming 
that C=0

or from where

           (5)

The graph shown in Fig. 1 provides information 
about the solutions of this equation. The positive roots  
λ1, λ2... λn give us eigenvalues with corresponding eigenfunc-
tions sinλx, sinλ2x,... sinλnx.

In other words, a number of values is obtained for λ
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On the other side, based on the graphical construction for 
finding solutions, in accordance with Fig. 1, we establish that 
the roots of λn lie in the range:

Then for the eigen-frequencies we find the intervals of their 
changes taking into account

We get the following:

where 
n is integers, 
c is propagation velocity.

The results obtained in this paper can be extended to a rod 
system (which, as it was noted, serves as a research model), 
consisting of a finite number of rods, and interconnected by 
various coupling conditions.

In this case, the energy distribution law for such a system is 
represented in a similar form for the time , where    
is the time required to establish an equilibrium state for each 
of the system rods, i.e.

Since during the wave process, the kinetic (T) and  
potential (U) energy in the considered volume of the medium 
reach their experimental values simultaneously, therefore, 
when averaging them over time for each of the rods, there is

assuming that in the volume of each of the rods under con-
sideration, the average value of the total energy coincides 
with the maximum value of the potential energy.

On this basis, the last relation is represented as:

where 
n is the number of elements included in the core system.

4. CONCLUSION

The last equation can be considered as a generalized Fou-
rier series in the interval (0, 1). Using the orthogonality of the 
found eigenfunctions

We determine the coefficients according to the known me-
thods of normalization

For a known task f(x), these coefficients are uniquely found. 
The representation of the series in the form of 16 is an exam-
ple of an anharmonic Fourier series (by the standing wave 
method). The components of this series do not have a com-
mon period, as in the harmonic Fourier series under normal 
conditions. The eigenvalues λn here have a bit more complex 
nature of their formation compared to those considerations 
when the boundary does not perform work, which is usually 
the case under other boundary conditions, starting from the 
initial moment of time (t=0).

Considering the expression 6, we see that the total oscilla-
tion of the rod u(x,t) is composed of a series of individual 
oscillations un(x,t); where the points participating in such an 
elementary oscillation, determining the coordinates of the se-
ctions, oscillate with the same frequency. The amplitude of the 
oscillation of each point depends on its position. It is equal to:

The entire length of the rod is divided into not necessarily 
equal sections, and the point of the same section is always in 
the same phase, whereas the points of neighboring sections 
are in directly opposite phases. The points separating one  
section from another are at rest, these are the so-called ‘nodes’. 
The midpoints of each of the sections (‘antinodes’) oscillate 
with the greatest amplitude, and, as can be seen from Fig. 1, 
the modes with a higher frequency of eigen-oscillations corre-
sponding to the eigen-frequencies λi, ‘fit" more closely to their 
corresponding vertical asymptotes.

Naturally, everything said about the rod I is exactly transfe-
rred to the rod II associated with it. When each of the rods vi-
brates at higher frequencies, there will be no multiplicity with 
respect to the main forms of vibrations, as it is easy to see in 
Fig. 1, for the boundary condition under consideration.

Since the steady-state energy mode of each of the rods is 
described by standing waves, as follows from the analysis of 
the solution, the average value of the energy flow for the peri-
od equals to zero, which allows us to conclude that there is no 
redistribution between neighboring antinodes in relation to 
kinetic and potential energy in a standing wave.

Taking further into account that at a steady energy state, a 
wave number is used as a characteristic of the description of 
the plane wave harmonicity, then with the known notation, on 
one side, we can write:

. 

=
( )
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Studying the influence of internal losses on the energy dis-
tribution of sound vibration has two goals. Firstly, it is nece-
ssary to find out how losses affect the speed of establishing 
a stationary process in the system, and secondly, whether the 
system has a general loss coefficient in a stationary mode.
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The loss coefficient shows what fraction of the total energy 
inherent in the element is lost during one complete period of 
oscillation and finds a relationship with the energy parameters 
by means of the ratios:

         (2)

where 
E and U, respectively, are the total and potential energies of 

the element included in the system.

For the occurrence of flow under these conditions, the pre-
sence of an external force that would remove the bar from the 
state of equilibrium is necessary. A mere change in the internal 
energy state of the coupled bars due to losses will not lead to 
the emergence of such a force. Consequently, the elements of 
the bar system will oscillate in the mode corresponding to it-
self in the presence of internal losses. The time of this damping 
due to losses, during which the amplitude of oscillations will 
decrease "e" times, can be determined from the expression:

       (3)

From where it is clear that the damping time depends on 
the frequency and the loss factor. This time, on the one hand, 
should be much longer than the time required for the ener-
gy flows through the adjacent boundary of the coupled rods 
to go to zero. At the same time, on the other hand, it should 
be longer, at least by an order of magnitude of time( 
where Ltot is the total length of the system), necessary for the 
multiple origin of the elastic wave along the entire length of 
the system. Otherwise, the system we are considering will not 
satisfy the isolation conditions due to sufficiently large energy 
losses. 

Further note that for each of the rods included in the system, 
we can write down the step-by-step (cycle-by-cycle) reduction 
of energy due to its internal losses
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1. INTRODUCTION

Currently, this value is studied for U-sections, angles and plates 
[1-11]. These data were obtained for some of the above-menti-
oned elements on a special stand. It should be mentioned that 
such studies have not been carried out for energetically closed 
systems (in this case, bars). Therefore, the purpose of studies, 
the results of which are given in this article, was to clarify the 
dissipative function of the bar system, which is a closed energy 
system itself.

2. EQUIPMENT AND DEVICES USED IN THE 
RESEARCH

The internal friction inherent in real materials causes the loss 
of energy in the current cycles of vibration of the system. To 
account for the total dissipation of energy, leading to a dec-
rease in the specific energy per unit time, we introduce its 
evaluation, taking into account both internal and structural 
energy losses of the considered acoustic systems. A constant 
value called the loss factor (η) is taken as a quantitative charac-
teristic of this estimation. The loss coefficient and the energy 
attenuation coefficient (δ) considered earlier are interrelated 
in harmonic motion as follows:

          (1)

where 
f is the vibration frequency.

= = = , 

= ; 

= , 

= . 

=
 , 
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If the loss factors of the individual elements that make up 
the system are equal to each other, then the total loss factor of 
the entire system will correspond to the loss factor of any ele-
ment. If, however, the loss factor on the elements     
are not equal to each other, then the system loss factor  
ηcomm will be in the range

where
ηj<ηi

All the above, of course, carries over to a system with  

If the potential energies are not equal to each other, then 
the loss factor of the system will depend on the condition 
which losses, by their values, belong to the corresponding 
energy element, for example, if the equation takes place:

Then the total loss coefficient will be close in value to the 
highest loss coefficient.

Provided that 
  but

Then the total loss factor will lie between the boundaries

           (10)

However, its value will be closer to the lowest number.

To summarize, it should be mentioned that in a mechanical 
system, it is advisable to first impose conditions on the change 
of losses in the system elements having the greatest potential 
energy.

At the same time, the limiting total estimation of the value 
of energy losses in the mechanical system does not influen-
ce the character of energy distribution within the system and 
at the same time, as it is established in work, the presence of 
losses accelerates the process of approach in system of an 
energy stationary state at which energy exchange between its 
elements stops.

It is known that the loss factor, the inverse of the Q-value 
system, corresponds to the tangent of the phase angle (φ). For 
most materials used in engineering, the angle tangent can be 
replaced by the value of the total angle due to the smallness 
of its values, so that

Since losses are caused by internal friction in the suppre-
ssion elements of which the material is made, this makes it po-
ssible to consider them dependent on each other, at the same 
time, the stiffness factor (the value inverse of the suppression) 
is proportional to the elastic modulus, and therefore the elas-
tic and dissipative properties of the suppression element can 

where 
U is the value of potential energy of the element under consi-

deration in the system;
n is the number of full cycles of passage by the elastic wave at 

the time of observation.

3. RESULTS AND DISCUSSION

The above sequence can be used to estimate the amount of 
absorbed (U) (loss) energy for a finite period of time, for which 
we make an expression:

             (4)

Where the right (last) part is the result of summing the finite 
segment of a geometric progression series with denominator 
η less than unity. The limiting period at aspiration gives a finite 
amount of transverse energy, defined by the expression

            (5)

Taking into account that the loss factor η for most enginee-
ring materials is, as a rule, much less than unity, the last expre-
ssion will be written in the form

 

(6)

With sufficient estimation for practice, let us hold here only 
the decomposition term, the result being:

          (7)

Analyzing the above relations, it is easy to see that the gre-
atest amount of energy is lost during the first cycle of oscilla-
tions, which is also clear from the last equality, which is the re-
sult of the limiting operation, and this fact takes place for each 
element included in the system. At the same time, from the 
last relations we establish that the total energy of losses (resul-
ting from the limiting operation) tends to its constant value.

The total energy of system losses will be added up from the 
losses of its individual elements, so for each first current cycle 
of elastic wave propagation through the system elements (its 
double stroke), we can write down the energy ratio taking into 
account the losses of the first main current cycle, i.e.

           (8)

From where, the total loss factor of the system will be repre-
sented by the formula

           (9)

, ,  , … ,  

= +  + + =
( )

. 

= . 

= = ( ) = ( + + + )

= . 

= + + + = . 

= + + + = . 

< < , 

= = = . 

> > ; 
< < . 

> > ,

< <

< <

=

 ( = , ) 
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firmation with the studies given in this paper, connected with 
the energy distribution in the presence of damping and wi-
thout it, where the equality took place: η = arctg (1), by the 
example of considering the interaction of two identical rods. 
This condition was represented graphically as a sectorless line 
on the phase plane. Taking equality α+β=1 as the basis, and 
also taking into account that by analogy with the complex 
modulus of elasticity the complex velocity of propagation 
c* is connected with the loss factor by the following relation  
c* = c(1-i η/2), which gives the grounds for taking the energy 
conservation law as the second equality

where 
 and 
 are energy transition coefficients.

From these two equalities, one, and, putting additionally 
that  , we show that with these related parame-
ters, the formula

does not exceed unity element, i.e.  accounting 
for losses.

Indeed, multiplying the above equations term by term, we 
obtain 

or

Whence

Since (bα-aβ right)2 ≥0, we have (aα-bβ right )2 ≤1 , hence 
we conclude that

considering  and 

The obtained last equation establishes the relationship be-
tween the transition coefficients Q and R and the loss factor η.

It follows that taking into account the loss factor from the 
point of view of estimating energy absorption accelerates the 
process of establishing the stationary energy state by the sys-
tem. Indeed, as shown earlier, the formula

represents the rate of change in the energy flux for each ele-
ment of the system as a function of n = τ/T (the number of 
cycles at the moment of observation) in cases where energy 
losses were neglected.

be characterized by the elasticity complex, which allows to 
write the equality

        (11)

This equality is true to within an order of by virtue of the 
expansion, and since η«1, the values E0 and  
should be considered equal between themselves, so the zero 
index of E can be omitted to account for the real part.

In accordance with this complex modulus of elasticity let us 
write it in the form:

           (12)

where 
φ is the phase angle when losses are taken into account.

By multiplying the numerator and denominator by the con-
jugate significant expression (1+itg φ) we successively obtain:

            (13)

Then for equality of complex quantities we must have:

Given that the tangent of the phase angle corresponds to 
the loss factor, we can write:

and 24 = arctg η = η, 
where : φ =η/2

From this we obtain that φ is the coefficient of internal fric-
tion per half-period, corresponding to half of the loss coeffici-
ent per cycle.

Between α and β the conditions are fulfilled: modulus  
argument

The transformations give:

The limiting case, according to equality (*), we have when 
 at which α and β obtain values α=0, β=1, co-

rresponding to a perfectly plastic body. This result finds con-

= = +
, ( + )

= ( + ) =
+

,
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+
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=
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4. CONCLUSIONS

Physically, the last inequality means that for all possible cases 
of interaction of bars included in bar systems, the stationary 
energy equilibrium state for the system considering the inter-
nal energy losses will come earlier than without considering 
the latter, as it follows from the analysis of the energy direct 
image problems considered in the paper.

It was also presented that as a result of carried out an analy-
sis of the bar elements system, each of them acquired a certain 
amount of energy in the time required for this purpose.

With further increase of time, as the results suggest the 
elements stop exchanging energy, which corresponds to the 
onset of the moment of stable oscillations of the system, co-
rresponding to the eigenforms.

When losses are taken into account for the values of Q and R 
under consideration, the analogue of the latter expression is 
the expression   corresponding to the loss-aware 
flow for the current values of n, which can only decrease as n 
passes. Let us show this by using the inequality:

Let us estimate the values of α and β, whereby we present 
them as follows, given that η«1

Here in the expansion of the expression   t h e 
first two terms are taken into account due to the smallness of 
η.

where we have β<1 since η+1/η>2 (η≠1).

Thus, we find that α and β for any values of the loss factor η<1 
are in the interval

and

And hence we conclude that

wherefore

      (14)

( , ,  ) = | | | |. 

=
+

=
+
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- for four crane trolley wheels:

         (5)

3. RESULTS AND DISCUSSION

Thus, for the engineering calculation of the spectral compo-
nent levels of the above sources, the amplitudes of vibration 
velocities in the eigenmode of each source should be deter-
mined.

The general approach to calculating the vibration velocities 
of wheels is based on energy techniques considering the whe-
elset assembly layout (as a system of two wheels and an axle) 
[1-11].

It should be noted that the actually introduced vibration 
capacity depends on both the force action in the wheel-rail 
system and the vibration speed of the rail itself. In this case, the 
force action is defined as:

         (6)

where 
mi  is the mass reduced to each wheel, kg; 
Pi   is the acceleration of rail vibrations, m/s2.

When the bridge crane moves, the force action on the whe-
elset assemblies is transmitted from the rails, the vibration 
acceleration of which is found as the time derivative of the vi-
bration velocities at their eigenfrequencies, the equations for 
which are obtained in [1, 2]. Then, for the conditions of insta-
lling the rail as a rigidly fixed beam, the acceleration equations 
will be written as follows:
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1. INTRODUCTION

 An analysis of the layouts of all bridge crane types allows su-
ggesting that wheelset assemblies are among the main sour-
ces of increased noise.

2. EQUIPMENT AND DEVICES USED IN THE 
RESEARCH

The wheels are actually emitters in the form of round plates 
with relevant inertia moments. For such sources, sound pre-
ssure and power levels are determined by the following equa-
tions:

         (1)

where 
Dk  is the wheel diameter, m; 
hk   is the wheel rim thickness, m; 
k    is a coefficient determining the vibration eigenfrequency.

The vibration eigenmodes of the wheelset axles are defined 
considering their geometric configuration as follows:

         (2)

Then the following dependencies are obtained for the 
sound power levels:

- for two wheelset axles at : 0,02fkD0<1

         (3)

- or two wheelset axles at: 0,02fkD0≤1

         (4)

= + ( . + ) +

= .   

= + +

= + + +

= + ( . + ) + ;

= " ,      
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When the rail is installed on a damping pad, the acceleration 
equations will take the form:
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4. CONCLUSIONS

The obtained dependencies consider the structural, physical, 
and mechanical parameters of the ‘wheel-rail’ acoustic sub-
system and the rail installation scheme. These dependencies 
allow performing an engineering calculation of the spectral 
composition of vibration and noise and justifying technical so-
lutions for the required reduction in the levels of vibroacoustic 
characteristics.
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se of the device is masked by background noise in the field of 
application and does not have an additional irritating effect on 
urban residents.

It should be noted that the transformation of urban sound-
scapes has already occurred around the world during the  
COVID-19 pandemic, and a significant number of studies have 
been devoted to this topic around the world [10–15].

This paper presents the results of ambient noise measure-
ments performed in an open area at a local aerodrome [16]. 
Background measurements near the sea (surf noise) and in 
the mountains were carried out close to Gelendzhik (Krasno-
dar region, Russia) and in the forest near the highway close to 
Zvenigorod (Moscow region, Russia).

2. METHODOLOGY FOR MEASURING  
AMBIENT NOISE AND PROCESSING  
MEASUREMENT RESULTS

To measure the background noise levels, a single-cha-
nnel measuring system based on a portable noise meter  
"Ecofizika-110A" was used. The measuring microphone with 
the installed wind protection was installed on a tripod at a 
height of 1.2 m relative to the ground surface. The main axis 
of the microphone was directed upwards. The audio signal 
was recorded at a sampling rate of 48 kHz. Post-processing 
of the signal within the framework of the purposes of this 
paper included obtaining in 5 s increments with exponential 
averaging of the 1/3-octave spectrum of sound pressure levels 
in the frequency range of 10–10000 Hz.

AMBIENT NOISE: PROBLEM AND STUDY IN THE FRAMEWORK 
OF UAV AEROACOUSTICS

Petr Moshkov
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1. INTRODUCTION

The widespread development of unmanned aircraft systems 
poses the task of ensuring the highest possible characteristics 
of these systems at the current stage of the development of 
science and technology. At the same time, the noise indica-
tors of military propeller-driven (UAVs) are one of the most 
important and priority at the present time, which is confirmed 
by numerous studies of the sources of UAV noise [1–3] and, 
in general, the problems of their audibility [4, 5] and acoustic 
signature [6, 7]. International standards regulating the maxi-
mum permissible community noise levels of civil UAVs are not 
currently developed, and low noise levels of general-purpose 
UAVs are, first of all, their competitive advantage.

The problem of determining ambient noise occupies a sepa-
rate place within the framework of the topic of UAV aeroacous-
tics. Background noise acts as a masker of a useful signal and 
the task is to isolate the UAV noise against the ambient noise 
both by ear [8, 9] and with the help of special measuring sys-
tems. This leads to the need to establish objective criteria for 
assessing the degree of acoustic signature of different types 
of UAVs when they are used in various natural and weather 
conditions. The criteria of audibility and acoustic signature are 
objective noise parameters that allow us to assess the audibi-
lity and acoustic signature of various types of propeller-driven 
UAVs. These criteria generally depend on the spectral charac-
teristics of the UAV sound field and ambient noise. The audi-
bility criteria are also influenced by the peculiarities of human 
perception of moving sources.

Another aspect of the problem of background noise asse-
ssment is the wide application in the near future of aircraft 
in cities for the delivery of parcels, air taxis, etc. It is expected 
that by 2030-2035, air transport will be able to partially repla-
ce automobile transport, and in another five years, air taxi will 
be able to transfer to electric power supply schemes and an 
unmanned control system. The widespread use of UAVs in 
everyday life will lead to a significant transformation of the 
soundscape of cities. An important task will be to ensure the 
flight paths of the aircraft in urban conditions, so that the noi-
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The influence of wind speed on the measured ambient noi-
se levels is considered in Fig. 2. An increase in the wind speed 
by 2 m/s leads to an increase in the measured sound pressure 
levels in the entire studied frequency range by up to ~12 dB. 
At the same time, the A-weighted overall sound pressure level 
increases by 6 dBA. The increase in noise levels in the frequen-
cy range of 10–250 Hz is most likely due to an increase in the 
intrinsic noise of the turbulent atmosphere with an increase 
in wind speed. Since a change in wind speed also leads to an 
increase in noise levels in the range of 315-10000 Hz (Fig. 1, 2), 
therefore, it is most likely that the source of radiation in this fre-
quency range is the noise of the flow around the grass cover. 
This hypothesis is confirmed by the expected size of the cha-
racteristic source, which, taking into account the maximum of 
vortex noise at a frequency of 1250 Hz at a wind speed of 6 m/s 
and the Strouhal number taken into account in the calculation 
of 0.2, is equal to 0.96 mm.

Fig. 2: Influence of wind speed on ambient noise levels in open 
terrain

In the spectral representation of atmospheric turbulence, 
it is customary to distinguish three characteristic intervals: 
energy, inertia and dissipation. The shape of the turbulen-
ce spectrum at the inertial interval, as a rule, agrees with the 
known Kolmogorov energy spectrum , where f – frequency  
in Hz [17].

The shape of the background noise spectrum with a fre-
quency-decreasing intensity in the spectrum can be described 
by a functional dependence:

where 
f – frequency in Hz [17].

Kraichnan [18, 19] suggested that two-dimensional turbu-
lence can exhibit two types of inertial range: the range of ener-
gy transfer, for which the exponent is -5/3, and the range of 
entropy transfer, for which the exponent is -3.

3. THE SPECTRAL CHARACTERISTICS OF  
AMBIENT NOISE

3.1. Open territory
The 1/3-octave spectrum of sound pressure levels measured 

in an open area with a step of 5 s at a wind speed of 3-6 m/s 
are shown in Fig. 1. Here and further to the left of the mea-
sured spectrum, the pictures show photos of the microphone 
location.

The spread of the spectrum in the studied frequency 
range is 20 dB, which is explained by a significant change 
in the wind speed during measurements. At the same time, 
three characteristic frequency ranges can be distinguished in 
the spectrum. The frequency range is 10-315 Hz, where the 
sound pressure levels decrease with frequency, which indi-
cates the probable dominance of the turbulent atmosphe-
re's self-noise in this frequency domain. The frequency range 
is 400-2000 Hz, where noise sources are present, apparently 
unrelated to atmospheric turbulence. The frequency range is  
2500-10000 Hz, where noise levels decrease with frequency, 
but it is worth noting that the recorded background noise le-
vels in this frequency range are commensurate with the natu-
ral noise of the measuring system.

In general, we note that background noise in an open area 
can be an effective marker of UAV noise in the frequency range 
up to 100 Hz for both the observer and the measuring micro-
phone.

Fig. 1: 1/3-octave spectrums of ambient noise in open terrain con-
ditions at a wind speed of 3–6 m/s

,
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Fig. 4: 1/3-octave spectrum of sound pressure levels measured in 
5 s increments near the sea (surf noise) at a wind speed of 0.5 m/s

3.3. In the mountains
The 1/3-octave spectra of sound pressure levels measured 

in the mountains at different control points at different wind 
speeds are shown in Fig. 5. You can see the decrease in the 
intensity of ambient noise with frequency, as well as when 
measuring the background in open terrain. At the same time, 
at a wind speed of 3.5–4.5 m/s (Fig. 5a), the spread of the 
measured sound pressure levels in the frequency range of  
10–100 Hz is up to 10 dB, while in the frequency range of  
100–100 Hz, the spread of sound pressure levels does not 
exceed 5 dB. The greatest spread of levels in the spectrum is 
observed at frequencies above 1000 Hz (up to 20 dB), which 
indicates that at high frequencies there are additional sources 
of noise of natural origin that are not associated with atmo-
spheric turbulence.

At low wind speeds up to 1.5 m/s (Fig. 5b, c), the spread of 
the measured background levels reaches 35 dB in the low fre-
quency range up to 100 Hz. At higher frequencies, the measu-
red background levels are very low.

The shape of the background noise spectrum with a fre-
quency-decreasing intensity in the spectrum can be described 
by a functional dependence:

                (1)

where 
c1 – empirical proportionality coefficient that depends on the 

wind speed and other parameters that determine the am-
bient noise levels of a turbulent atmosphere, 

α – indicator of the decline in spectral intensity.

Expression (1) can be used to estimate background noise 
with a similar spectrum with a frequency-decreasing intensity 
in the presence of experimental constants α and c1. According 
to the results of the author's research in an open area, the indi-
cator of the decline curve α is 3. In accordance with the works 
of Kraichnan [18, 19], it can be concluded that the empirical 
constant corresponds to the range of entropy transfer in the 
inertial range of two-dimensional turbulence.

As an example, a comparison of the calculated and measu-
red 1/3-octave spectrum of sound pressure levels at a wind 
speed of 5–6 m/s are shown in Fig. 3. One can see a good agre-
ement between the calculated and experimental data up to 
the frequency of 315 Hz, where the ambient noise levels are 
determined by the self-noise of the turbulent atmosphere.

Fig. 3: Comparison of calculated and measured 1/3-octave 
spectrum of sound pressure levels

3.2. Near the sea
The 1/3-octave spectrum of sound pressure levels measured 

near the sea at low wind speed are shown in Fig. 4. The maxi-
mum levels are observed in the 1/3-octave bands with cent-
ral frequencies of 50 and 400 Hz. The spread of the spectrum 
(up to ~20 dB) is most likely due to the different height and 
speed of the incoming waves. It can be seen that in this case, 
the ambient noise can be an effective masker of UAV noise in 
the range of ~250–2000 Hz, as well as tonal noise in the 50 Hz 
band.
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   (c)

Fig. 5: 1/3-octave spectrum of sound pressure levels measured in 
5 s increments at different control points in the mountains at dif-
ferent wind speeds

3.4. In a field
The 1/3-octave spectrum of sound pressure levels measu-

red in a field near the city of Gelendzhik at a wind speed of  
1 m/s are presented in Fig. 6. It can be seen that ambient noise 
levels in the frequency range of 200-1000 Hz are not related to 
the natural noise of the turbulent atmosphere. The measured 
levels above 2000 Hz are most likely related to the self-noise of 
the measuring system.

Fig. 6: 1/3-octave spectrum of sound pressure levels, measured in 
increments of 5 s, in the field at a wind speed of 1 m/s

 
                            (a)

   (b)
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4. CONCLUSION

The problem of ambient noise is considered in the context of 
the community noise problem of propeller-driven UAVs. The 
results of measurements of background noise in an open te-
rritory, near the sea, in the mountains and in the forest near 
the highway are presented. In the conditions of open terrain 
and in the mountains in the frequency range of 10-315 Hz in 
1/3-octave frequency bands, the source of background noise 
is the self-noise of the turbulent atmosphere. It is shown that 
the ambient noise can be an effective masker of the UAV noi-
se for both the observer and the measuring microphone. An 
expression for estimating the spectral characteristics of bac-
kground noise in an open area is presented. The presented 
results of the author's studies of the spectral characteristics 
of ambient noise are consistent with the publications of other 
authors [20–26].

3.5. In the forest near the highway
The 1/3-octave spectrum of the sound pressure levels of 

ambient noise measured in the forest at low wind speed 
with the audible noise of vehicles from the road are shown in  
Fig. 7. The greatest variation in the measured levels is observed 
in the frequency range 2000-10000 Hz, which, apparently, is 
due to the different power of car engines and their weight. In 
the frequency range of 10–2000 Hz, the spread of the mea-
sured sound pressure levels does not exceed 5 dB. Moreover, 
in the frequency range of 10-100 Hz, noise levels are almost 
constant, and some reduction in noise levels is observed at a 
frequency of 160 Hz. It can be seen that in this case, the noise 
of vehicles can be an effective masker of UAV noise in the fre-
quency range of 10-1600 Hz. It should also be noted that in 
general, the noise level of the flow of vehicles is affected by 
many factors, such as traffic intensity, speed, the ratio between 
trucks and cars, road surface (type and condition), etc.

Fig.7: 1/3-octave spectrum of sound pressure levels measured in 
the forest near the highway at a wind speed of less than 1 m/s
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Tab.1 contains the data on a number of such collisions in the 
period of 2000-2021.

Tab. 1: Emergency collisions at the airports 

The necessity of analyzing the airport noise impact on the 
occurrence and development of emergency situations air and 
ground vehicles is primarily due to the need to preserve life 
and health of airline passengers, airliner pilots and GV opera-
tors who may suffer from such an accident.

2. ANALYSIS OF THE AIRPORT NOISE  
IMPACT ON THE EMERGENCY SITUATION  
DEVELOPMENT

The main noise in the airport operation first of all arises from 
the airliner engines operation [7-14].

In modern airliners the total sound pressure levels can reach 
160-165 dB when the engines are operating in take-off mode, 
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1. INTRODUCTION

According to the data [1-5], the high level of noise in modern 
airports, including generated in the process of the air (AV) and 
ground vehicles (GV) operation, is one of the main causes of 
airliners and GV emergency collisions during their interaction 
at the airport (Fig. 1).

Fig. 1. Accident at Gdansk airport 
(https://www.avianews.com/incidents/2021/01/08/wizzair_pla-
ne_car_collision_at_gdansk_airpor t/)

Due to the high traffic noise level at the airport at a time 
exceeding 140 dB, ground vehicle operators and airliner pilots 
are forced to use hearing protection devices (noise-absorbing 
headphones) and, as a result, they do not often hear appro-
aching each other, as a result of which the probability of an 
airliner and a GV emergency collision increases [6].

Emergency situation Year, airport
Consequences

AV damage GV damage Airport operations
disruption

Collision  of  the  water
transporting  vehicle  and
Airbus  A320neo passenger
plane

2021,  Gdansk
Airport (Poland)

√ √ √

Collision  of  the  refueling
vehicle  and   Airbus  A321
passenger plane

2020, Sheremetyevo
Airport (Russia)

√ √

Collision  of  the  airport
service  vehicle  and  Airbus
A320 passenger plane

2017,  Alicante
Airport (Spain)

√ √ √

Collision  of  the  airport
service  van  and   Airbus
A330 passenger plane

2016,  Hong  Kong
Airport (China)

√ √ √

Collision  of  an  airport
service  van  and  an  Airbus
A330 passenger plane

2015,
King  Abdulaziz
Airport  (Saudi
Arabia)

√ √

Collision  of  the  airport
service vehicle and  Boeing
passenger plane

2007,  Henri  Coanda
Airport (Romania)

√ √ √
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Fig. 3:  Emergency prevention algorithm (*audio and / or video 
signal)

The practical implementation of the proposed algorithm 
can be carried out through the development and application 
of a hardware and software complex that implements the fo-
llowing functions: noise sources identification by type; analy-
sis of the noise source and controlled vehicle (vehicle) appro-
ach; noise conversion into a signal transmitted to the vehicle 
pilot/operator.

To assess the effect of the emergency prevention algorithm 
on reducing the probability of emergency collisions of the ai-
rliners and ground vehicles, a survey of experts in the field of 
airport traffic management was conducted. The experts were 
asked three questions: how much will the probability of erro-
neous actions of the GV operator leading to a collision (Oo) 
decrease; how much will the probability of erroneous actions 
of the airliner pilot leading to a collision (Op) decrease; how 
much will the probability of erroneous actions of the dispatch-
er leading to a collision (Od) decrease.

The survey results are presented in Tab. 2.

Tab. 2: Expert assessment

The expert survey data was checked for consistency using 
the Kendal concordance coefficient (Tab.3, Formula 1).

Tab. 3: Rating ranks

           (1)

where 
W   is the concordance coefficient;
S     is the sum of squares of the rank differences;
n    is the number of questions,
m  is the number of experts.

W = 0.796 indicates a high degree of consistency of experts, 
which allows us to consider the obtained evaluation result qui-
te reliable.

160-168 dB when the flow is disrupted and 140-145 dB in the 
boundary layer [15].

The main sources of an airliner noise are: aero-and gas-dy-
namic flows in the power plant, air flow flowing around the 
aircraft and gas flows of on-board equipment systems [15].

The second main airport noise source is traffic noise that 
occurs during the operation of ground vehicles, which include 
tractors, tankers and other GV that ensure the airport operati-
ons. The main source of ground vehicle noise is the aerodyna-
mic noise generated by the power plant.

Other noise sources during the airport operations that affect 
the development of an emergency situation include sound sig-
nals sent by vehicles to each other, as well as voice messages 
from pilots/operators and other airport traffic participants.

Analyzing the noise impact on the development of an 
emergency situation leading to a collision of an airliner and a 
ground vehicle, we can conclude that such an impact can be 
divided into two types (Fig. 2).

Fig. 2:  The noise impact on the emergency situation development

Type 1 impact is the noise that reduces the probability of an 
audio contact between a pilot/operator and an approaching 
vehicle that is out of his sight, which contributes to the deve-
lopment of an emergency situation and a collision of vehicles.

The type 2 impact is the noise from an approaching vehicle 
that is out of pilot’s/operator’s sight, sound signals sent by 
vehicles to each other, as well as voice messages from pilots/
operators and other airport traffic participants, allowing the 
pilot/operator to calculate and prevent the development of an 
emergency situation.

3. EMERGENCY PREVENTION ALGORITHM 

As it can be seen from the presented scheme of the noise im-
pact on the emergency situation development (Fig. 2), airport 
noise can contribute to both the occurrence and prevention 
of an emergency.

Based on this conclusion, it is possible to formulate an emer-
gency prevention algorithm aimed at reducing the risk of an 
emergency collision of airliners and ground vehicles by sepa-
rating and partially blocking the noise (Fig. 3).

Evaluated
parameters

Expert assessment (according to the scale from 0 to 1)

1 2 3 4 5 6 7

Оo 0,5 0,4 0,6 0,6 0,5 0,6 0,4

Оp 0,3 0,2 0,2 0,2 0,3 0,4 0,3

Оd 0,1 0,3 0,3 0,3 0,1 0,1 0,2

Questions
Experts Rank

sum
Deviation from the
average rank sum

Squares of
deviations of

the rank sums1 2 3 4 5 1 2

Оо 3 3 3 3 3 3 3 21 7 49

Оp 2 1 2 1 2 2 2 12 -2 4

Оd 1 2 1 2 1 1 1 9 -5 25

Sum 78

  =
( )

= . ,      
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4. CONCLUSION

The emergency prevention algorithm proposed in this study 
reduces the probability of an emergency collision of airliners 
and GV at the airport by reducing the risk of erroneous actions 
of the GV operator leading to a collision by 51,4%, reducing 
the risk of erroneous actions of the airliner pilot leading to a 
collision by 27,1%, reducing the risk of erroneous actions of 
the dispatcher leading to a collision by 20%.
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leads to a distortion of the values of the studied physical pa-
rameters.

In this regard, in recent years, much attention has been paid 
to the development of methods for predicting the impedance 
of the acoustic liners based on numerical simulation, which is 
able to more completely take into account the complex phy-
sical processes accompanying the liner operation. This appro-
ach allows both carrying out a direct simulation of a full-scale 
experiment and studying a number of physical quantities in-
side and on the surface of the sample, which can be used to 
refine the existing semi-empirical impedance models, as well 
as to correct the methods of experimental study of the acous-
tic characteristics of the liner.

Previously, the authors proposed a technique that, based on 
numerical simulation of processes in acoustic liner sample at 
normal incidence of waves, makes it possible to predict with 
good accuracy the acoustic characteristics of single-, double- 
and triple-layer honeycomb liners at high sound pressure le-
vels [9-11]. In this case, the processing of the data obtained in 
the numerical simulation was carried out by the two-micro-
phone transfer function method [12], which is easy to imple-
ment in a full-scale experiment and, accordingly, to verify the 
results of numerical simulation.

Another way to determine the acoustic characteristics of li-
ner samples is Dean’s method [13]. Its adaptation to numerical 
simulation was previously carried out by the authors for the 
case of normal [14] and grazing [15] incidence of waves.

DETERMINATION OF THE IMPEDANCE OF A HONEYCOMB 
RESONATOR BY DEAN’S METHOD AND DIRECT METHOD IN A 
COMPUTATIONAL EXPERIMENT WITH GRAZING INCIDENCE 

OF WAVES
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1. INTRODUCTION

Acoustic liners are an effective means of reducing aircraft en-
gine noise. The fundamental characteristic of the liners is the 
acoustic impedance, which is the ratio of the acoustic pre-
ssure to the acoustic normal velocity. This value depends on 
many parameters, which include: the sound pressure level, 
the presence of a grazing flow, the profile of the flow velocity, 
the signal spectrum, etc. Also, the impedance depends on the 
geometric characteristics (the size of the resonator cells, the 
thickness of the perforated sheets and their open area per-
cent, the number of layers, etc.). The existing semi-empirical 
impedance models of the locally-reacting liners are based on 
a simplified description of physical processes and often lead to 
significant differences between the impedance predicted by 
these models from the experimental values [1].

In turn, the methods of experimental determination of the 
liner impedance also have some drawbacks. These methods 
are based on microphone measurements, while microphones 
are placed on the walls of experimental installations or test 
samples (in the case of multilayer liner sample, such place-
ment of microphones is very problematic). At the same time, 
the results of the experimental determination of the liner im-
pedance obtained by various methods at various installations 
differ not only from the results of impedance prediction but 
also among themselves [2-8]. This situation is partly due to 
insufficient information about the processes occurring inside 
the resonator cells, since measurements on the installation 
walls give an incomplete picture of the acoustic field inside 
the investigated area. The introduction of measuring probes 
into the channel of the installation or liner sample inevitably 
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tic characteristics using different methods, a difference is ob-
served. To better understand why it occurs, we can get useful 
information from computational experiments.

Determining the impedance by conducting a virtual experi-
ment for a full-scale acoustic liner sample is extremely difficult, 
since such a sample consists of many honeycomb cells and ho-
les in a perforated plate, which requires significant computa-
tional resources. In the work, we consider a model of a liner 
sample, which is a single honeycomb resonator with 5 holes. 
The parameters of the sample are presented in Table 1. Such 
a sample is too small to provide good absorption of sound 
energy in the duct, therefore, methods of impedance eduction 
based on minimizing the functional discrepancy between the 
calculated and measured acoustic pressure give large errors 
in impedance values. However, Dean's method and the direct 
method allow one to determine the impedance of a single re-
sonator, so they are used to process the results of numerical 
simulations.

Tab. 1: Characteristics of honeycomb resonator

As is known, the normalized impedance is defined as the ra-
tio of the acoustic pressure P at a point on the surface of the 
liner to the acoustic velocity Un at the same point, directed 
along the normal towards the liner surface:

           (1)

where 
ρ is a density of a medium; с is a velocity of sound. However, 

in practice, determining the impedance by formula (1) (he-
reinafter we call this the “direct method”) is problematic due 
to the difficulties in simultaneous measurement of acoustic 
parameters at a point directly on the surface of the liner.

Dean proposed in [13] a method for determining the impe-
dance, where the acoustic pressure on the front and rear wall 
of the resonator cell is measured. An important advantage of 
this method is that it can be used not only at the normal inci-
dence of a sound wave but also at the grazing incidence. This 
allows one to determine the impedance of the acoustic liner 
directly on an aircraft engine [4]. The normalized impedance, 
in this case, is determined as:

           (2)

where 
h  is the liner depth and 
φ is the phase angle between the two points of acoustic pre-

ssure measurement.

The third way to determine impedance is the direct method. 
This method allows the impedance to be obtained directly 
from the ratio of acoustic pressure to normal acoustic velocity. 
The direct method is difficult to implement in a full-scale ex-
periment, since it is required to measure the velocity variable 
in time and space inside the holes of the sample. However, this 
method can be relatively simple to implement in numerical si-
mulation and thereby verify the existing computational and 
experimental methods for determining the impedance.

In the work [14], it was demonstrated that microphone me-
asurements in the channel of a normal incidence impedance 
tube determine the impedance of the total front surface of 
the sample, and measurements by Dean’s method determine 
the impedance of the resonator cell only. The present article 
is a continuation of the authors' work on determining the im-
pedance of the samples of locally-reacting acoustic liners at 
a grazing incidence of a sound waves based on numerical si-
mulation.

2. METHODS FOR DETERMINING THE  
IMPEDANCE OF ACOUSTIC LINER SAMPLE AT 
GRAZING INCIDENCE OF A SOUND WAVE

In ducts of the aircraft engines, sound propagates as grazing 
waves to the surface of the acoustic liners. To determine the 
impedance at the grazing incidence of sound waves, special 
installations are used – grazing incidence impedance tube 
(GIIT). These installations have a rather long narrow tube of 
the rectangular cross-section with flush-mounted micropho-
nes and liner sample. Acoustic drivers located outside the 
test section (distance between the first and last microphone) 
generate the sound waves. The transverse size of the duct is 
selected from the condition of single-mode sound propaga-
tion in the rigid-walled terminations of the test section. The 
use of a rectangular tube is dictated by the simplicity of the 
liner sample manufacture. In addition, GIIT allows the flow to 
be propagated in the duct, which is generated with compre-
ssors or fans (Fig. 1). It is also possible to supply the flow into 
the GIIT channel from the jet rig, as was done, for example, at 
the large-scale research facility "Anechoic Chamber with Flow 
AC-2" FSUE TsAGI [16].

Fig.  1: Grazing incidence impedance tube with flow in PNRPU 
Acoustic Research Center

Various methods can be used to determine the impedan-
ce. Most of them are based on measurements of the acoustic 
pressure in the duct of GIIT [3, 6, 8]. Another method for deter-
mining the impedance of the acoustic liner samples is Dean’s 
method. This method provides impedance determination on 
data obtained from microphones mounted into the acoustic 
liner sample. At the same time, when comparing the acous-

Parameter Diameter of
hole (mm)

Thickness of
perforated plate

(mm)

Height of
honeycomb cell

(mm)

Percent of
open area (%)

Value 1.5 2 14 4.2

= , 

= ( ) 
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At the entrance to the computational domain, the “Inlet” 
boundary condition was used. The acoustic signal at this 
boundary was imported from the text file, in which instan-
taneous pressure values were recorded with a time step of 
1/65536 s. This time signal is a time function with a flat fre-
quency spectrum in the frequency range 500-3600 Hz with a 
total sound pressure level of 140 dB. During the computation, 
at each time step, the values at the inlet boundary were up-
dated. As a result, a piston wave propagated inside the com-
putational domain, similar in spectral composition to the text 
file. At the exit from the computational domain, the “Outlet” 
boundary condition was set with the non-reflecting boundary 
condition and zero excess pressure to exclude reflections of 
the acoustic wave from the output boundary. The “Wall” with 
adhesion boundary condition was used on the walls of the 
duct, perforated plate, and honeycomb. The computations 
were carried out under normal environmental conditions. The 
working medium was air, the properties of which changed 
according to the law of an ideal gas.

To record the pressure-time signal for Dean’s method, one 
probe was set on the perforated plate and the other on the 
bottom of the resonator (Fig. 4). In the direct method, the pro-
be for recording the pressure-time signal was set on the perfo-
rated plate, and the probes for recording the velocity-time sig-
nals were set on the orifices. The recorded signals were divided 
into segments and processed using the fast Fourier transform. 
The obtained spectra were averaged over the number of seg-
ments. The averaging was carried out taking into account the 
overlap of adjacent segments; when calculating the spectra, 
the Hanning window function was used. The computations 
were carried out with a time step of 1/65536 s for 32768 time 
steps.

Fig. 4: Location of probes for recording pressure (red dots) and ve-
locity (green dots) signals over time

To determine the impedance of the honeycomb resonator 
by Dean's method, the obtained pressure spectra can be sub-
stituted into the formula (2). However, in the direct method, 
the pressure and velocity spectra cannot be substituted di-
rectly into expression (1) for the following reasons. As the nor-
mal velocity on the face wall of the liner sample is zero, only 
the normal velocity in the orifices contributes to the velocity 
averaged over the face wall. The mass flow rate is a constant, 
therefore only porosity of the face wall is required to be taken 
into account for the correction of the velocity. The mass flow 
generated by the acoustic driver in GIIT propagates through 

3. STATEMENT OF COMPUTATIONAL  
EXPERIMENT

Numerical simulation of acoustical processes at grazing inci-
dence of waves is carried out using ANSYS Fluent software. 
It is used a system of nonlinear Navier-Stokes equations for 
a viscous heat-conducting gas. The computations are per-
formed by under-resolved direct numerical simulation. The 
following features are used: Pressure Based Coupled Solver; 
implicit time-difference scheme of the second-order accuracy;  
second-order numerical schemes in spatial variables for 
approximation of convective terms in the equations.

The computational domain is the test section of the GIIT re-
presented in Fig. 1 with liner sample. The test section of the 
GIIT has a cross section 0.04 x 0.04 m and length 0.76 m. The 
liner sample is a single honeycomb resonator with 5 holes  
(Fig. 2) located in the center of the GIIT’s test section. The cha-
racteristics of the honeycomb resonator are given in Tab. 1.

Fig. 2: Geometry of the computational domain

To reduce computational time, the CutCell meshing [17] was 
applied. The mesh was thickened in the orifices so that there 
were 12 cells along the orifice height. With distance from the 
orifice, the linear dimensions of the element increased until 
the average linear dimension was 4 mm. Additionally, it was 
used a thickening on the wall of 15 layers with a growth factor 
of 1.2. The size of the wall cell is 0.002 mm. As a result, a com-
putational mesh of 541 019 elements was obtained. Examples 
of the computational mesh are shown in Fig. 3.

Fig. 3: View of the computational mesh near the honeycomb re-
sonator
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   (b)

   (c)
Fig. 5: Comparison of the acoustic characteristics obtained by nu-
merical simulation: green dot line is direct method; blue solid line 
is Dean’s method; a) real part of impedance; b) imaginary part of 
impedance; c) sound absorption coefficient

5. CONCLUSION

The article presents the results of determining the acoustic 
characteristics of the liner sample based on the solution of the 
nonstationary gas-dynamic problem. The acoustic characteri-
stics determined using Dean’s method and the direct method 
agree well with each other. In this regard, it can be concluded 
that Dean's method allows one to qualitatively determine the 
acoustic characteristics of acoustic liner samples at a grazing 
incidence of a sound wave and can be successfully used both 
in a full-scale experiment and in computational methods.
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the duct and then passes through the orifices of the liner sam-
ple. The flow that has passed through the orifices continues 
to propagate inside the cell of the honeycomb resonator. 
Therefore, it is possible to determine the porosity F through 
the ratio of the total area of the orifices ΣSorifice to the total  
cross-sectional area of the honeycomb cavity ΣSi in the samp-
le. In this case, expression (1) is transformed to the form:

          (3)

The velocity at the orifice varies: it equals zero on the walls 
and then increases with the distance from the wall. The velo-
city profile across the orifice depends on the direction of the 
vortex movement and the stage of its formation or destruc-
tion. In this case, the velocity in each orifice is different, which 
is associated with a delay in the phase of the sound wave arri-
ving at the every orifice. In this regard, in formula (3), we used 
the velocity averaged over all orifices of the honeycomb reso-
nator at each moment of time:

          (4)

where 
A is a total area of the orifices. In our computations, the 

average velocity varies within wide limits: from -24.55 m/s to  
24.76 m/s. The modulus of the average velocity is 6.34 m/s, 
which corresponds to the Reynolds number 650.

4. RESULTS OF COMPUTATIONS

Fig. 5 shows the acoustic characteristics obtained by pro-
cessing the results of numerical simulation by the direct me-
thod (3) and by Dean’s method (2). As can be seen, the ob-
tained acoustic characteristics are in good agreement with 
each other. Thus, Dean's method is well verified by the direct 
method and can be used in numerical simulation for sound 
propagation in GIIT with acoustic liner samples installed in it. 
This approach is relevant in the sense that the implementation 
of the full-scale determination of impedance based on Dean’s 
method requires measurements at many points, since Dean’s 
method determines the impedance of only one resonator, the-
refore, a full-scale experiment turns out to be very laborious. 
In addition, the mounting microphones in a sample is in itself 
a delicate work and takes a lot of time, and also violates the 
integrity of the sample, while the implementation of Dean's 
method in numerical simulation is free of the listed disadvan-
tages.

   (a)

= . 

=  , 
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- equation of the amount of motion:

          (2)

- the energy equation:

(3)

where:

 components of the viscous 
tangential stress tensor;

                             
  Kronecker symbol;

where: μ                dynamic viscosity coefficient, Pa·s; 
j, k=1,2,3    indexes that determine the direction of the 

axes; 
Vj ,Vk                       speed components; 
p, ρ, t               pressure, density, time; 
qj                         components of the heat flow vector.
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1. INTRODUCTION

Noise silencers are a device for reducing noise in gases re-
leased into the atmosphere. The principle of operation of such 
devices is based on a gradual decrease in this pressure or a 
corresponding decrease in the exhaust gas velocity to a value 
less than the speed of sound. A muffler is a complex structu-
ral element, for the calculation of which it is necessary to take 
into account the features of its own and shear noise, turbulent 
features, and so on.

2. CALCULATION OF GAS-DYNAMIC  
PARAMETERS OF TURBULENT JETS

This section presents a mathematical model for calculating 
the gas-dynamic parameters of non-isothermal turbulent jets 
of combustion products and the parameters of acoustic fields 
generated by these jets. A detailed description of the physical 
and mathematical model is given in the monograph [1].

The basic equations for describing processes in a turbulent jet 
are given below [2]:
- the continuity equation:

          (1)+ =  

( )
+ = +  

( ) + = + + +  

= + ( + )

 

=
1 by j = k

0 by j k
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        (9)

     (10)

where: 
-5       – dimensionless coefficient; 

ρa, Va   – density and speed on the exhaust pipe 
cut;

ρ0,a0   – density and speed of sound in an undis-
turbed medium;

da   – diameter of the output section [m].

To calculate the vibroacoustic parameters of non-isothermal 
jets, we supplement the system of equations (9-10) with the 
wave equation (the Lighthill wave equation):

           (11)

where
ρ,p   – density, static pressure,
a0      – the speed of sound in an undisturbed environment,
V        – speed,
t        – time,
xi, xj – coordinates, i, j, k, l = 1,2,3.

If the right part of equation (11) is known to us, i.e. the dis-
tribution of gas-dynamic parameters in the flow is known, the 
solution for the energy N(θ,0) radiated by the flow per unit 
time to a point with coordinates x, θ, 0, is constructed by clas-
sical acoustics methods in the following form [7]:

     (12)

where:  
N – radiated acoustic power;

 
            (13)

Tij, T´kl – voltage tensors related to various sound sources in 
the flow (13)

After simple transformations, taking into account the de-
composition of gas-dynamic parameters into the average and 
pulsation components of noise and neglecting the viscous 
stress tensor in (13), the integrand in (12) has the form [1]:

            (14)

According to the Reynolds model, the instantaneous values 
of any gas-dynamic parameters    can be repre-
sented as the sum of the time-averaged    and 
the pulsation component 

where 
( − ) means averaging over time.

We use the assumptions made for the equations 1-3

           (4)

           
               (5) 

   

                (6)

        
    (7)
 

               (8)

A statistical model is used as a turbulence model for calcula-
ting gas-dynamic parameters. The physical model is formula-
ted as follows. In the initial section, the flow under considerati-
on is a set of point formations – quasiparticles. The movement 
of such a particle downstream is random, while the particle re-
tains all its individual properties. To describe the probabilistic 
trajectory of a particle, it is generally necessary to set a multi-
dimensional probability density, which is the joint probability 
density of a particle hitting from point A of the initial section 
sequentially to random points B, C, D, etc.

Without going into details, we can say that the above sys-
tem of equations allows us to determine all the gas-dynamic 
parameters and the scale of turbulence in the jet flow field.

Lighthill proposed approximate formulas for calculating the 
acoustic power emitted by a gas stream, having the form [3-6]:

( , , , , ) 

( , , , , ):

= + ; 
=  + ; 
= + ; 

= + ; 
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4. CONCLUSION

A mathematical model for calculating the acoustic parameters 
of non-isothermal jets flowing from a silencer is developed. 
The equations of continuity, the amount of motion, energy, as 
well as the wave equation of James Lighthill are used. Analyti-
cal expressions for determining the "shift" noise and "intrinsic" 
noise are obtained.
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3. SPATIAL-TEMPORAL CORRELATIONS OF 
PULSATION PARAMETERS

In order to fully describe the radiation sources, it is necessary 
to have information about the mutual space-time correlations 
and autocorrelations of the average and pulsation compo-
nents of gas dynamic quantities.

To date, the question of the types and forms of correlation 
relationships in turbulent flows has not been fully studied. This 
method is based on the data of [2, 8-10], taking into account 
the uniformity, isotropy and compressibility of the flow. All 
space-time correlations of the pulsation parameters can be 
represented as:

        (15)

where: 
    spatial factor,
  time factor, 

   the distance between the correlated points, 
  characteristic frequency of turbulent 

  pulsations,
   typical turbulence scales.

Tab. 1 shows the analytical dependences obtained taking 
into account the space-time correlation between the gas-dy-
namic parameters for 9 summand included in the product of 
tensors (15), reflecting the contribution of various gas-dyna-
mic parameters (pulsation, average), each elementary volume 
of the jet to acoustic radiation.

Tab. 1 uses the terminology of the physical mechanisms of 
noise generation by turbulent flows accepted in modern aero-
acoustics: "own" and "shear" noise. The "own " noise is caused 
by turbulent pulsations of gas-dynamic parameters. The "shift" 
noise is caused by the presence of a flow velocity gradient [1].

The presented mathematical model allows performing cal-
culations of acoustic parameters (sound pressure, acoustic po-
wer, intensity, radiation pattern, etc.) generated by gas flows.

Tab. 1: Analytical dependences of the components of "own" and 
"shift" noise

, , = , ,  

=  
=

= + +

=  

,  

Own noise Shift noise 

1  

1

2
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2   + 2 × (2 ) 
3  × (2 + 1) + 2  
4    
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ment may not interfere with safe operation of the aero-
plane.
Within the framework of the problem of cockpit noise, 
ISO 9921:2003 [5] formulates an objective criterion for 
evaluating the quality of recording audio information on 
the non-directional microphone of the solid-state cockpit 
voice recorder (SSCVR). Such an objective criterion is the 
Speech transmission index (STI). The speech intelligibility 
score "excellent" is provided when STI>0.75. In addition to 
background noise in the area where the non-directional 
microphone is located, the reverberation time significant-
ly affects the speech transmission index, which in turn 
depends on the geometry of the cockpit and the sound-
-absorbing properties of the interior.
Acoustic design of a modern civil aircraft in the Russi-
an Federation should be carried out in accordance with 
GOST R 58849-2020 [6], taking into account the following 
criteria. The created aeronautical engineering must meet 
the requirements of the Customer, the requirements for 
airworthiness and environmental protection from the 
effects of aviation and ensure the possibility of its effecti-
ve and safe use. When creating aeronautical engineering, 
it is necessary to be guided by modern principles of its de-
sign and development on the basis of advanced scientific 
and technical reserve.

When designing aircraft salons with a VIP-interior, the initial 
data is data on sound pressure levels in the salons of operated 
and promising business jets. At the same time, the Customer 
of the business version of the aircraft can independently for-
mulate the required parameters of acoustic comfort in various 
areas of the cabin. The design solution of this problem is a se-
parate area of work in the aircraft design.

The calculation mode for aircraft designing taking into 
account the requirements for cabin noise is the cruise straight-
-line flight mode, which normalizes the noise levels in the air-
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1. INTRODUCTION

Currently, providing increased acoustic comfort is one of the 
priority tasks of aircraft construction companies. Providing the 
concept of aircraft acoustic design, i.e. according to the acous-
tic comfort parameters set by the Customer, is an important 
task, the successful solution of which ensures the competiti-
veness of aircraft, especially in the business jet segment [1, 2].

The importance of this topic is confirmed by the currently 
being developed national standard of the Russian Federation 
"Requirements for cabin acoustic design of transport aircraft", 
which will reflect the main research and development work 
(R&D) within the life cycle, the implementation of which is ne-
cessary to ensure the concept of aircraft acoustic design.

The aim of the work is to form the concept of RRJ-95 NEW-
100 acoustic design. The features of the concept under consi-
deration are related to the fact that the aircraft is designed on 
the basis of the successfully operated RRJ-95 aircraft, subject 
to maximum import substitution of components and systems, 
as well as taking into account more stringent requirements for 
acoustic comfort parameters of passengers and crew mem-
bers.

2. ABOUT THE PROBLEM OF AIRCRAFT 
ACOUSTIC DESIGN

As the initial data for the acoustic design of the aircraft, we 
note the following normative documents:

GOST 20296-2014 (with addition) [2], according to which 
noise levels in aircraft cabins are normalized. And also the 
requirements from the Customers of the aircraft are for-
med.
Certification specifications and acceptable means of com-
pliance for large aeroplanes paragraph (CS-25) [4] 25.771 
(e), Vibration and noise characteristics of cockpit equip-
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in the tail section of the cabin it does not exceed 1.5 %. The 
contribution of structural-borne noise from vibrations of the 
engine fan shaft does not exceed 4 % in the tail section of the 
cabin and 10% in the wing section.

The initial data for modeling the turbulent boundary layer 
noise is information about the structure of pressure pulsation 
fields on the fuselage surface. To calculate the noise from the 
acoustic impact of the power plant, it is necessary to have data 
on the sound field structure of the power plant in the conditi-
ons of its real configuration on the aircraft.

Fig. 1: General strategy of RRJ-95 NEW-100 acoustic design

In order to verify the simulation software and select acous-
tic materials for use on the RRJ-95NEW-100, studies of typical 
curved fuselage panels (side and ceiling) with different types 
of facing with acoustic materials and different types of loading 
were performed. In model experiments, the field of pressure 
pulsations is modeled by vibration loading of the panel under 
study, and the sound field of the power plant is modeled by a 
diffuse sound field in the reverberation chamber.

To simulate the structural-borne noise from the vibration 
effect of a power plant, data on the vibroacoustic characteris-
tics of the "engine-mount-airframe" system are needed. Since 
the PD-8 engine will be installed on the RRJ-95NEW-100, and 
the SaM-146 engine is installed on the RRJ-95, a complex of 
additional studies is needed to ensure vibration isolation in 
the "engine-mount-airframe" system, which guarantees low 
levels of structural-borne noise in the aircraft cabin.

To simulate the ACS noise and the optimal placement of 
noisy units, data on the sound power of the main noise sour-
ces are needed. Bench tests to determine the sound power of 
ACS units are performed in accordance with the requirements 
of ISO 3745:2012 [18].

A separate place in the problem of ACS noise is occupied 
by the use of noise reduction technologies, both in the source 
and on the way of sound propagation to the cabin. Suppliers 
of ACS elements should provide the concept of acoustic de-
sign of the system units [19], including providing, if necessary, 
the installation of sound-proofing housings and vibration-pro-
ofing fasteners of the units, as well as the development and 

craft cabin, and for which the placement of acoustic materials 
in the on-board structure is optimized.

Acoustic materials in the framework of this work are under-
stood as heat-and sound-insulating, sound-absorbing, vibro-
-absorbing and vibro-insulating materials, metamaterials [7], 
as well as materials that implement the principles of active 
noise and vibration suppression used in the aircraft design to 
ensure the required parameters of acoustic comfort [8].

The content of R&D complex when performing acoustic de-
sign of an aircraft depends on the ratio between noise sources 
in different control sections along the length of the aircraft 
cabin.

For aircraft with a classical configuration of the power  
plant – two turbofan engines, located on pylons under the 
wing, the main noise sources in the cabin are:

field of pressure pulsations on the fuselage surface (tur-
bulent boundary layer) [9, 10],
air conditioning system (ACS) [11, 12],
vibration effect of the power plant (structural-borne noi-
se) [13],
acoustic loads on the fuselage surface (jet noise [14] and 
fan noise [15]), etc.

The aircraft developer does not design the aircraft systems, 
but formulates requirements for system Suppliers and ensures 
a rational layout of noisy units on the aircraft.

For the power plant (PP), the main problem is community 
noise, i.e. ensuring the sound pressure levels required for su-
ccessful certification of the aircraft as a whole in the EPNdB 
metric in the far field in the sum of three control certification 
points. The problem of cabin noise is secondary and consists in 
obtaining data on the sound field structure of engines on the 
surface of the fuselage, taking into account the use of noise-
-muffling devices and the real configuration of PP on the air-
craft for further modeling of the sound field in the cabin from 
this source.

3. THE DESIGN CONCEPT OF RRJ-95NEW-100 
TAKING INTO ACCOUNT THE REQUIREMENTS 
FOR CABIN NOISE

The general concept of acoustic design of RRJ-95 NEW-100 air-
craft is shown in Fig 1. The list of necessary R&D is formulated 
in this case on the basis of a in-flight experiment on identifi-
cation, localization and ranking by intensity of the main noise 
sources in the cabin of RRJ-95 prototype aircraft [16, 17].

The overall sound field in the RRJ-95 cabin is dominated by 
the turbulent boundary layer noise and air conditioning sys-
tem noise, the ratio between which varies along the length 
of the cabin. The ACS noise can dominate in different areas of 
the passenger cabin. The main units of the ACS that generate 
noise include exhaust valves, an air cooling unit, pressure and 
exhaust fans, recirculation fans, ejectors, air ducts and other 
elements that supply air to the passenger cabin. If we evaluate 
the contribution of the jet to the overall sound intensity, cal-
culated through the overall sound pressure levels in dBA, then 
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4. MODERN METHODS OF SOUND FIELD VI-
SUALIZATION IN AIRCRAFT CABINS

Technologies for visualizing sound fields in aircraft cabins are 
used to solve the following tasks:

Localization and ranking by intensity of the main noise 
sources;
Determination of sections of the aircraft structure whe-
re it is necessary to increase sound insulation or possibly 
reduce it by reducing the mass of acoustic materials wit-
hout compromising the acoustic parameters of the cabin;
Obtaining initial data for verification and validation of 
calculation methods, especially when developing "digital 
twines" of the passenger cabin and cockpit;
Performing acoustic diagnostics of aircraft interiors and 
searching for the reasons for the difference in the noise 
characteristics of the cabin of separate aircraft from the 
acoustic portrait of the series.

Currently, three main technologies are used to visualize the 
sound field in aircraft cabins:

Spherical beamforming;
3D-intensity method;
 Multi-channel parallel measurements of sound signals 
with the subsequent construction of noise maps using 
specially developed algorithms.

When performing acoustic measurements using spherical 
microphone arrays [22, 23], signal post-processing can be per-
formed by different methods. These are the methods of stan-
dard spherical beamforming, acoustic holography, equivalent 
source and deconvolution method, etc.

As an example, the localization maps of noise sources in the 
RRJ-95 cabin in 1/3-octave band of 400 Hz with a contrast of 
8 dBA for cases of ACS on and off are shown in Fig. 3. The cha-
racteristic frequency of operation of the system fans is 380 Hz 
into the frequency band under consideration, and, as expec-
ted, the sources of increased noise in this frequency band are 
located on the side of the air supply pipelines to the cabin. 
When the ACS is turned off, the intensity level of this source 
decreases by 2–3 dBA.

Fig. 3: Localization maps of noise sources in the area of the 14th 
row of economy class seats for 1/3-octave frequency band of 400 
Hz (in dBA)

The 3D-intensity method [24] is a development of the clas-
sical method of intensity [25], and in fact consists in scanning 
the sound field using an acoustic (intensimetric) probe when it 
moves along the enclosing surface. The acoustic probe of such 
a system can include from 1 to 4 microphones, depending on 
the signal post-processing algorithm. If several microphones 
are included in the acoustic probe, then in this case it becomes 

installation of mufflers for exhaust valves. Also, to improve the 
acoustic characteristics of the cabin, it is possible to install di-
ssipative mufflers in the air supply channels to cabin [20]. This 
method of reducing the ACS noise is provided for on all busi-
ness jets of RRJ-95NEW-100.

When developing a "digital twin" (acoustic simulation mo-
del) of RRJ-95NEW-100, the cockpit, the passenger cabin 
in serial and VIP configurations, as well as the front and rear 
service areas are considered separately. At the same time, the 
methods used for numerical modeling of interior noise are li-
mited by the frequency range and to cover the problem range 
of the aircraft cabin under study, it is necessary to develop 
computational models using different numerical methods. For 
RRJ-95NEW-100 aircraft, the expected problematic frequen-
cy range corresponds to the range of 1/3-octave frequency 
bands of 100-4000 Hz [17].

The main calculation methods and the frequency range of 
their applicability are considered in Fig. 2. This is Finite Ele-
ment Method (FEM), Boundary Element Method (BEM), Statis-
tical Energy Analysis (SEA), Hybrid Method (FEM-SEA), and Ray 
Tracing method, etc. Generally, FEM and BEM are adopted for 
the low-frequency range, FEM-SEA is adopted for middle-fre-
quency range, and SEA and Ray Tracing Method are adopted 
for high-frequency range.

Fig. 2: Verification and validation of the simulation software du-
ring the development of the "digital twin" (acoustic simulation 
model) of the cabin

To verify the simulation software, vibroacoustic tests of typi-
cal fuselage panels with different types of facing with acous-
tic materials are performed, as well as tests of fuselage com-
partments.

As part of the validation of numerical models [21], it is ne-
cessary to perform research using sound field visualization 
technologies, as well as multi-channel parallel measurements 
of noise and vibration parameters.

The acoustic refinement (optimization) of the operated air-
craft is based on the acoustic simulation model of the cabin. 
The in-flight experiment is performed before the introduction 
of design changes in the series to confirm the required level of 
increase in acoustic comfort.
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5. CONCLUSION

The problem of designing civil aircraft taking into account the 
requirements to cabin noise is considered. The paper presents 
the concept of acoustic design of the RRJ-95NEW-100. The pe-
culiarity of the concept is that the aircraft is designed on the 
basis of the successfully operated RRJ-95, taking into account 
the requirements of import substitution of the main compo-
nents and systems, as well as the need to ensure promising 
acoustic comfort requirements. Modern technologies for visu-
alizing the sound field in aircraft cabins and the tasks for which 
they are used are considered.
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possible to build 3D sound intensity maps in vector form. Such 
maps can help determine the location of noise sources. When 
using a single microphone as part of an acoustic probe, it is 
possible to build acoustic maps of only scalar values along the 
measured surfaces.

As an example, a sound intensity map obtained in a vertical 
plane (marked in blue on the left side of the figure) parallel to 
the main axis of the aircraft is shown in Fig. 4. The measure-
ments were performed under static conditions when ACS is 
operated from an auxiliary power plant.

Fig. 4: The sound intensity field in vector form (graph on the left) 
and the sound intensity map in the vertical plane (graph on the 
right), marked in blue on the left graph, for the overall radiation in 
the range of 1/3-octave frequency bands 100-4000 Hz

When building noise maps based on multi-channel parallel 
measurements in the cabin using microphones distributed 
along the length of the cabin, the algorithms for visualizing 
the sound field are based on correlation functions and in-
terpolation of measurement results. An example of building 
noise maps based on the results of multi-channel measure-
ments on an Airbus A350 is shown in Fig. 5 [26]. Note that in 
this case, the microphones are located in one plane parallel 
to the floor plane, and multi-channel measurements of noise 
signals are performed in accordance with the requirements of 
ISO 5129:2001 [27].

Fig. 5: Example of a noise map based on the results of measure-
ments in the Airbus A350 cabin (the results are presented in di-
mensionless form) [26]
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cessive noise from the equipment on workers are of a longer 
duration.

The highest incidence rate of auditory neuritis in foundries 
is found among the professions such as cutters, molders, sha-
pers, smelters, and cast cleaners working with shot blasting 
equipment.

2. NOISE ASSESSMENT IN FOUNDRY AREAS

The objective of this study is to analyze the experimental cha-
racteristics of noise in the working area of   the foundry when 
performing various operations.

The research results showed that the noise parameters 
of the main types of foundries exceed the permissible noise 
standards at workplaces. At the same time, the greatest excess 
of the permissible sound levels [2] is noted at work places (by 
sound pressure levels) at rod and molding shaking machines 
by 12-23 dB, at knock-out grates by 17-26 dB, at cutting and 
cleaning equipment by 16-27 dB [3].

The noise spectra from the main casting machines are 
broadband, and at the same time the sound field in the wor-
king areas of the shop is non-uniform due to the fact that 
the main noise sources have different powers and different 
patterns of the spectrum. Equipment with shock operating 
mode emits intermittent noise with the maximum sound po-
wer level in the medium and high frequencies, which are most 
sensitive and dangerous to humans.

Index for the noise factor Ksh obtained by calculation based 
on empirical data for various sections of the foundries. As can 
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1. INTRODUCTION

The article is devoted to a comprehensive assessment of the 
impact of dust, noise and vibration on the operating perso-
nnel of the foundry. The complexity of technological proce-
sses, the presence of harmful factors in the working area of the 
operators of the foundry affect the quality of the air environ-
ment of the foundry, which usually does not meet sanitary and 
hygienic standards. Special equipment located in the foundry 
additionally releases a large amount of heat into the air of the 
working areas, the surplus of which can also lead to changes 
in climatic conditions inside the production premises of the 
foundries.

Improving the quality of production products, increasing 
their reliability and durability to a greater extent depend on 
the cleanliness of the surfaces. Processing by shot blasting re-
els and chambers is the most common method in industrial 
sphere. This equipment belongs to the group of the most en-
vironmentally unfriendly: a large amount of emitted dust, the 
presence of shot supplied under pressure, which are accompa-
nied by high levels of noise and an increase in vibration acti-
vity.  Increased noise and vibration are considered those en-
vironmental criteria for which it is technically most difficult to 
achieve their compliance with regulatory values. The harmful 
effects of noise and vibration on the human body are manifes-
ted in various forms, for example, noise (neuritis of the audito-
ry nerve) and vibration diseases, increased fatigue, decreased 
productivity and the quality of work. And at present, noise and 
vibration diseases in foundry occupy the second and third pla-
ces in the list of occupational diseases [1].

In the shops of mass foundry production, the largest num-
ber of occupational diseases associated with exposure to ex-
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Fig. 1: The system of the shotblasting section of the foundry:  
a – shot blasting chamber scheme; b –  section of the shot blas-
ting chamber;  1 - shot blasting chamber; 2 - boot sector of the 
parts to be cleaned with a sealed door; 3 - control panel; 4 - shot 
blasting machine supply window; 5 - technological hole with a 
sealed cover for shot removal; 6 - compressed air line; 7 - air supp-
ly to the nozzle; 8 - air duct; 9 - conical cyclone for air purification 
10 - VDM (vibration damping material); 11 - construction materi-
al; 12 - ZPM (sound-absorbing material)
Legend: Cwa - concentration in the working area, Cdc - concentra-
tion in the dust chamber, Cls - concentration in the local suction, 
Fdc is the area of the dust chamber, ΔРp is the pressure drop during 
control

The shot blasting process operates in a one-shift mode with 
insignificant technological breaks. Shot-blasting of castings 
is carried out in chambers, which are a closed metal structu-
re measuring 2000 x 2000 x 2500 mm, the inner lining of the 
chamber is made of steel sheet 3 mm thick and covered with 
rubber 10 mm thick. In the upper part, the chamber is conne-
cted via a 630 mm diameter branch pipe to the local exhaust 
ventilation, which contains a TsN-11 cyclone for dust removal 
[6].

As studies have shown, shot with an average diameter of up 
to 2 mm is directed by a compressed air flow at a speed of  
30 m/s through the feed window to the surface of the product. 
The principle of operation of a simple injection shot blasting 
machine is based on the operation of a hermetically sealed 
tank, in which shot is located under the pressure of compre-
ssed air. Under the action of gravity and compressed air pre-
ssure, the shot is fed into the chamber. In this case, noise emi-
ssion of increased intensity occurs.

The main effect on the formation of the sound field in the 
shot blasting chamber is provided by the noise emission of the 
jet supplied under pressure of compressed air, that is, aerody-
namic noise. To reduce aerodynamic noise, various sound-ab-
sorbing elements with curved channels are used. Reducing 
aerodynamic noise is also possible by improving the aerody-
namic characteristics of vehicles.

 
The authors have proposed technical measures to reduce noi-
se levels due to the optimal selection of sound-insulating and 
sound-absorbing elements of the blast machine housings, 
which make it possible to reduce the noise levels inside the 
plant and to reduce the noise outside the shot blasting ma-
chine body.

Experimental studies of the absorption coefficients of a 
large number of facing materials in the octave bands of the 
audio frequency spectrum, presented in [7], made it possi-

be seen from the table, the greatest impact, increased noise, 
is observed in the areas of molders, cutters and cast cleaners 
1,43-2,67 [3].

A specific feature of batch production foundries is that, 
despite a large number of technological processes, a lower 
level of automation and mechanization of these processes 
allows choosing a more rational and, as a rule, isolated arran-
gement of equipment that creates increased noise levels. It 
should be noted that in these workshops the operation of the 
equipment occurs cyclically and, accordingly, the equivalent 
noise levels will have lower values. This is especially evident 
when foundry production in a stepped mode. Knock-out gra-
tes work in the third shift, when only the knock-out of castings 
from the mold takes place. Therefore, the development of re-
commendations for reducing noise in the foundry through a 
reasonable choice of technical measures, including the ratio-
nal placement of equipment, the mode of their operation, the 
installation of acoustic screens and sound-insulating partiti-
ons at unprotected workplaces, as well as the rational selecti-
on of the equivalent sound absorption area of the workshop 
room by increasing the area of the sound-absorbing the wall 
cladding of the workshop and the use of piece sound absor-
bers [4].

3. REDUCING NOISE FROM MAJOR SOURCES

One of the main objectives of this study was to identify the 
main sources of radiated noise and dust in the cutting-clea-
ning areas with the highest pollution index by the noise factor 
Ksh, in particular in the shot blasting chamber.

The most common surface processing for metal parts is 
sandblasting or shot blasting. This technological operation 
allows high-quality grinding of the casting, it is carried out in a 
shot blasting chamber.  

An integrated approach to reduce the level of noise and dust 
emitted during the shot-blasting process, including: determi-
ning the main sources emitting noise, assessing the sound 
field in the chamber, accounting the sound insulation of the 
chamber walls, choosing materials that reduce noise and in-
stalling noise-protective structures allows you to consistently 
solve the issue of creating safe production conditions [5].

Figure 1 shows a diagram of the drone-blown area.
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An integrated approach to reduce dust content and prevent 
occupational diseases allows consistently solving the problem 
of creating safe production conditions [5].

Special technological measures for the introduction of conti-
nuous production technology remove dust immediately from 
the places of its formation, and also prevent the formation and 
spread of dust; mechanization and automation of processes; 
introduction of remote control; work on sealing and insulation 
of equipment; creation of devices for local ventilation suction, 
exhaust or supply and exhaust ventilation [8].

In the foundry, polluted air is filtered using a variety of dust 
collectors and then released into the atmosphere. However, 
the effectiveness is not sufficient [1].

At the same time, the concentration of dust in the aspira-
tion system before the dust collecting equipment, as shown 
by measurements, is 5.6 gm3, in the operator's working area -  
8.7 mg/m3 [6]. The degree of air pollution in the working area 
of production depends on many factors, for example: the 
quality and consistency of maintenance, effective operating 
modes of aspiration systems, the state of dust collection equi-
pment [10].

Dust after processing the surface of metal parts with shot 
is converted into a multicomponent, therefore, to search 
for highly effective means of cleaning gas dust, the study of 
the elemental and dispersed composition of dust particles 
is considered relevant. Granulometric analysis was used to 
evaluate dust particles by size [3]. Particle size and particle 
density affect the properties of pulverized materials. The par-
ticle size distribution of the dust was determined on a Fritsch  
Analisette-22 NanoTec laser particle analyzer using the Fritsch 
Mas control software.

It was found that a significant amount of fine and medium-
-dispersed dust with a particle size of less than 100 microns, 
which amounted to about 90%, Particles, whose size is less 
than 100 microns, pose the greatest threat to human health, 
since, lingering in the lungs, provoke the onset of pneumoco-
niosis, and in the presence of a SiO2 film - silicosis. 

The second stage of the experiment was aimed at detai-
ling the dispersed composition of dust and determining the 
elemental composition, which were carried out using X-ray 
spectral microanalysis [6].

X-ray phase analysis is characterized by high reliability and 
expressiveness, it is direct (that is, it is based not on indirect 
comparison with any samples, but on the determination of the 
crystal structure of a substance). It is insensitive to the volume 
of the investigated product, can be carried out without distur-
bing the sample or part, and estimate the number of phases 
in the mixture. All of the above refers to the advantages of this 
type of analysis.

The dust, studied by means of X-ray spectral microanalysis, 
caught in the shot-blasting section and the section for remo-
ving molds, had a shape that allows it to be conventionally 
considered spherical. As a rule, when settling, dust particles 
rotate, occupying the position that provides the greatest re-
sistance to air. The spherical shape promotes settling in the 

ble to choose the most effective combination of structural,  
sound-absorbing and vibration-damping materials. The me-
thod of engineering calculation of the acoustic characteristics 
of foundry equipment made it possible to create a computer-
-aided design system for shot and sandblasting installations, 
minimized in noise level by selecting the optimal combination 
of wall thickness and grades of facing material.

The authors proposed to keep the thickness of the structu-
ral material equal to 3 mm in the shot blasting chamber, and 
leave the existing layer of glued rubber 10 mm thick as additi-
onal sound insulation of the chamber walls. What is more, the 
rubber layer will be useful for vibration damping. Additionally, 
on the inner surface of the chamber, it was proposed to apply 
a sound-absorbing material 30 mm thick, which are products 
made from a loose layer of canvases of super-thin basalt fibers 
in a glass fabric sheath. The sound absorption coefficient of 
such materials in the mid-high frequency range ranges from 
0.5 to 0.9.

The preliminary calculation of noise reduction at the opera-
tor's workplace when using the proposed measures showed 
that it is impossible to achieve the expected noise require-
ments of sanitary standards. 

As a result of the above measures, the noise level at the wor-
kplace of the operator of shot blasting processing outside the 
chamber can be reduced by no more than 8-10 dB in the nor-
malized frequency range.

To minimize the noise level, correct technological measures 
are required for the introduction of remote control and work 
on the sealing and isolation of equipment, which makes it po-
ssible to reduce noise pollution immediately at the source of 
its formation [8].

The authors also propose to install noise-protective shiel-
ding structures and shield areas with the most intense noise, 
which will increase dissipation and form sound protection for 
a more favorable acoustic field in the foundry, and in particular 
at the workplace of the operator of the blast chamber. [9].

The recommended measures do not allow achieving the 
required standard values of the existing noise characteristics. 
Since making changes to the design of the blasting chamber 
is technically unfeasible, the use of personal protective equip-
ment - a helmet with headphones is considered [11].

4. REDUCING DUSTINESS IN THE FOUNDRY 
SHOT BLASTING AREA

The second task of the study was to ensure the reduction of 
dustiness and create a safe environment for the operators of 
the shot blasting section of the foundry, since a large content 
of dust was found precisely in the shot blasting section of the 
foundry.

The shot-blasting process allows for high-quality grinding 
of casting products of various shapes, however, this techno-
logical process is accompanied by the generation of a large 
amount of dust, which poses a threat to the health of workers. 
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5. CONCLUSION

The article presents an analysis of the effect of noise on foun-
dry operators and considers ways to improve the working 
conditions of operators of sand and shot blasting plants by re-
ducing noise at their workplaces, which is an important socio-
-economic, environmental, scientific and technical problem. 
The results are presented in the following key findings:
1. Unfavorable areas for exceeding the permissible noise le-

vel were identified - areas of knock-out gratings and areas 
for cleaning casting.

2. It was found that the noise levels at the workplaces of 
operators of sand and shot blasting chambers exceed the 
standard values   by 4-18 dB. The greatest excess of actual 
noise levels over the normative ones is observed at the 
workplaces of operators of shot blasting machines.

3. Disperse (granulometric) analysis of dust generated in 
shot blasting areas showed that a fraction of less than 100 
microns in size accounts for 90%.

4. The authors offer recommendations for reducing noise 
and dust at the operator's workplace.

atmosphere and inertial dust collectors. Particles less than 10 
microns in size settle for a rather long time, their presence in-
dicates the need for highly efficient air purification systems.

X-ray spectral analysis on a wave X-ray fluorescence spect-
rometer "Bruker S8 Tiger" at the Center for Collective Use of 
Voronezh State University made it possible to obtain a more 
accurate percentage of elements in the sample. For the pur-
pose of additional treatment of the emission to standard con-
centrations equal to MPCr.z., it is proposed to supplement the 
existing dust collection system with a “wet” stage.
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Pulse noise refers to non-constant noise, the magnitude of 
which varies in space and time. This circumstance should be 
taken into account when developing methods for calculating 
pulse noise used in assessing the acoustic efficiency of noise 
protection measures. 

 
The impact of pulsed noise on workers is determined by the 

time-variable sound coming to the calculated point direct-
ly from the source of pulsed sound energy and the reflected 
energy components of the pulses which occur in the room 
when direct sound is reflected from fences. Reflected energy 
depends on the characteristics of the direct sound source, as 
well as on the geometric and acoustic parameters of the pre-
mises, the position of the sound source relative to the calcu-
lated point and the surfaces of fences with different sound-
-absorbing and sound-reflecting properties. Therefore, the 
process of occurrence, propagation in the space of the room 
and changes in time of the reflected sound energy of the pulse 
is a multifactorial process. For this reason, methods for calcu-
lating pulse noise in rooms should take into account all the 
factors listed above and their mutual influence on each other.

The methods of pulse noise calculation developed by the 
authors are analyzed in the article and the results of their use 
in assessing the acoustic efficiency of methods and means of 
reducing the effects of pulse noise on workers are presented.
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1. INTRODUCTION

Studies of noise effects on the human body show that pulse 
noise has the most adverse effect on the cardiovascular sys-
tem and hearing organs [1]. According to GOST 23337-2014 
“Noise. Methods of noise measurement in residential areas 
and in the rooms of residential, public and community buil-
dings”, pulse noises consist of one or a number of sound sig-
nals (pulses) with a duration of less than 1 second. Currently, 
at many enterprises, for example, at railway repair enterprises, 
due to the peculiarities of their technological processes, pulse 
noise is the determining factor of noise pollution [2]. For this 
reason, the development of measures to reduce pulse noise is 
of great socio-economic importance. To reduce it, it is required 
the implementation of complex and expensive design soluti-
ons to reduce the radiation of sound energy by a source and 
the design of organizational, technological, construction and 
acoustic measures in rooms with these sources.

The choice of specific measures and the assessment of their 
acoustic and economic efficiency depends on the accuracy 
of calculations of pulse noise levels before and after perfor-
ming noise protection measures. This is possible if there are 
noise calculation methods that provide objective information 
about the processes of formation and propagation of pulsed 
sound energy in the premises. The methods should take into 
account the design and technological features of sound sour-
ces, acoustic and geometric parameters of premises and ade-
quately respond to their changes in the process of developing 
noise reduction measures.
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characteristic schemes: mirror; randomly directed; directional-
-scattered; scattered according to Lambert's law (diffuse); mi-
rror-scattered. The adoption of a particular reflection scheme 
significantly affects the choice of a computational model of 
reflected noise and methods for its implementation [4]. 

Among the listed schemes, the most widespread in practice 
are mirror, diffuse and combined (mirror-scattered) schemes.

In the case of a mirror reflection of sound, calculation mo-
dels based on the principles of geometric acoustics are used. 
In this case, the methods of imaginary sources and sound ray 
tracing are used to calculate the pulse noise [4]. The method of 
imaginary sources is used for calculating in rooms of a regular 
rectangular shape, and the method of ray tracing allows calcu-
lations to be made in rooms of complex shape.

Diffuse reflection of sound implies the complete scatte-
ring of the reflected energy in accordance with the radiation 
pattern, which is approximated by the cosine dependence 
according to Lambert's law. When using a diffuse reflection 
scheme, several methods for calculating the reflected energy 
have been developed. Some of them are based on the ideas 
of the diffuse nature of the distribution of reflected energy in 
the room volume, in which the conditions of uniformity of the 
energy distribution over the volume and isotropy of the arrival 
of reflected sound rays at any point of the room are observed 
[5]. Others proceed from the fact that quasi-diffuse reflected 
sound fields are formed in the room, in which the condition of 
isotropy in the angular direction of sound rays is provided, but 
the uniformity of the distribution of reflected energy over the 
volume of the room is not observed [6]. In this case, methods 
based on statistical energy principles for estimating reflected 
sound fields can be used for calculation [4].

Based on the statistical theory of room acoustics, we have 
developed methods for calculating pulse noise that imple-
ment a diffuse sound reflection scheme. The methods are cu-
rrently used to assess the noise regime in rooms with pulsed 
sound sources and to develop measures to reduce the harmful 
effects of pulsed noise on workers [7].

Our comparisons of the calculation results by methods using 
mirror or diffuse sound reflection schemes with experimental 
data in many cases show a significant discrepancy between 
them. Figure 1 shows as an example the results of comparing 
calculated and experimental data in long and flat rooms.

2. METHODS

Reducing the effects of pulse noise on a person can be pro-
vided in a sufficiently large number of ways. The first of them 
include measures related to structural changes in machines 
and mechanisms that emit pulsed sound energy. The second 
group of methods includes organizational, technological, 
construction and acoustic measures to reduce pulse noise in 
the volume of the room. The choice of one or another type 
of methods depends on the parameters of the emitted sound 
energy by the source, as well as on the space-planning and 
acoustic characteristics of the premises. The noise mode at 
workplaces in the premises is determined by the direct sound 
coming from the source directly, and the reflected sound 
energy that occurs when the direct sound is reflected from 
the fences of the room. As mentioned earlier, the formation of 
reflected energy depends on the characteristics of the energy 
emitted by the source and the parameters of the room that 
affect the formation of reflected noise. For this reason, when 
reducing pulse noise, it is necessary to use both groups of noi-
se reduction measures, using their various combinations.

At the stage of technological design of enterprises, the 
selection of machines and mechanisms is made taking into 
account the parameters of the pulsed sound energy emitted. 
These parameters include the sound power level, pulse dura-
tion, pulse emission frequency, and the frequency bandwidth 
of the emitted noise. These indicators depend on the design 
features of machines and mechanisms and are determined in 
the process of their design. During the operation of the object, 
in order to reduce the harmful effects of pulse noise, measures 
can be taken to reduce the pulse levels, change its duration, 
the frequency of pulse radiation in time and the frequency 
band of the emitted noise. These changes in the source para-
meters also affect the change in the processes of formation of 
reflected noise. For this reason, to assess the acoustic efficiency 
of the listed design measures, a method for calculating pulse 
noise should be used, which allows determining changes not 
only in direct sound, but also changes in the energy charac-
teristics of reflected noise over time, taking into account the 
space-planning and acoustic parameters of the premises. For 
example, the method should evaluate the change in the depth 
of pulse noise modulations with an increase in the frequency 
of pulse radiation in rooms with different conditions for the 
formation and change in time of the reflected component of 
pulse noise.

For this purpose, computational models should be used, 
including methods for calculating direct sound and reflected 
noise.

The magnitude of the direct sound levels depends on the 
shape of the emitted pulse. In the article [3], possible variants 
of time radiation of energy pulses are considered and formulas 
for determining their sound power are given.

The formation of reflected noise depends on a large number 
of factors. For this reason, its calculation is more complicated 
than the estimation of direct sound. In numerous studies, it 
has been established that one of the most significant factors 
affecting the distribution of reflected energy is the nature of 
sound reflection from fences. According to [4], the reflection 
of sound from fences can be represented in the form of several 



AKUSTIKA, VOLUME 41 / November 2021
www.akustikad.com

47

where 
I0 = 10-12 W/m2 is the intensity at the threshold of audibility;

   are the densities of the sound energy of the  
direct sound, the mirror and scattered compo-
nents of the reflected sound at the calculated 
point of the room at the time t, J/m3; 

c   is the speed of sound in the air, m/s.

In the most general case, in rooms of complex shape, calcu-
lations of direct sound and mirror-reflected energy can be per-
formed using the ray tracing method, and diffusely scattered 
energy using the Kuttruf equation [12].

When using these calculation methods in the combined 
model, the sound pressure levels at the i-th calculated point 
of the room at the time of observation t will be determined by 
the expression

 
   

                      (2)
In the Eq. (2) 
N  is the number of rays coming from the source; 
Sred  is the reduced area of the section of an elementary 

sound energy receiver with the center at the calcu-
lated point, m2, [8]; 

Wp(t)  is the time-varying acoustic power of the pulse emi-
tted, W; 

rdir,i  is the distance from the source to the calculated po-
int, m;

Кdir  is the number of direct rays falling into the receiver 
area; 

mα  is the spatial coefficient of sound attenuation in the 
air, m-1; 

Rk,i  is the distance traveled by the k-th ray from the 
sound source to the i-th calculated point, m; 

α´p=(1-αp)(1-βp) is the coefficient of sound energy loss by a 
mirror beam on the p-th surface as a result of its ab-
sorption and partial scattering; 

αp  is the coefficient of sound absorption of the p-th 
surface of the fence, on which the traced beam fell; 

βp  is the fraction of the mirror diffusely scattered ener-
gy of the k-th ray after its reflection from the p-th 
surface of the fence; 

Dp  is the number of acts of incident of the k-th ray on 
the p-th surface in the process of its propagation 
over a distance Rk,i; 

P  is the total number of acts of reflection of the k-th 
ray from all surfaces encountered over its path du-
ring propagation over a distance Rk,i to the i-th cal-
culated point; 

Kmir  is the number of mirror rays passing through the 
i-th elementary volume with the reduced area Sred;

I(dS,t-rs/c) is the intensity of the scattered sound energy radiated 
to the calculated point from the surface S, W/m2; 

rS  is the distance from the platform dS of the surface S 
up to the calculated point, m; 

θ  is the angle of direction from the platform dS of the 
surface S to the calculated point, grad; 

  is the sound absorption coefficient of the 
platform dS of the surface S.

Fig. 1: Experimental and calculated sound pressure levels in a 
long room (a) with dimensions of 49. 6x2.5x3.5 m and a flat room 
(b) with dimensions of 72x36x6 m in the octave frequency band 
with fmid=4000 Hz:
Δ – experimental data; 1 - calculation for completely diffuse re-
flection; 2 - calculation for completely mirror reflection; 3 - calcu-
lation for a mirror-diffuse reflection scheme

It is established that the real reflection of sound simulta-
neously has the signs of mirror and diffuse reflection. For this 
reason, we proposed to use the combined mirror-scattered 
scheme of sound reflection from fences as the main one in 
the calculation methods. With such a reflection scheme, part 
of the energy that falls on the fence in a mirror is reflected in 
a mirror, and the other part of it is scattered diffusely. In Figu-
re 1, line 3 indicates the calculation results for a mirror-diffuse 
reflection scheme, when 20% of the incident mirror energy is 
diffusely scattered.

Thus, with a mirror-diffuse reflection, a reflected sound field 
is formed in the room, including the mirror and diffuse com-
ponents. The processes of the origin and propagation of the 
energy of these components in the volume of the room differ 
significantly. For this reason, their calculation should be carried 
out separately within the framework of a single combined cal-
culation model, which provides for a sequential transition of 
mirror-reflected energy into diffusely scattered energy [8,9]. In 
the articles [8,9], a similar combined model was developed for 
calculating time-constant noise. In this case, the direct sound 
energy and the mirror component of the reflected noise are 
calculated by the ray tracing method [10], and the diffusely 
scattered component of the reflected noise is determined by 
the numerical statistical energy method [4].

Pulse noise refers to non-constant noise in time and we have 
proposed another combined calculation model for its calcula-
tion. The calculation model and methods of its implementati-
on are considered in the articles [11].

In this case, the sound pressure levels at the calculated po-
ints of the premises at any current time t is determined by the 
equation

          (1)= + + /    

( ) = ( . / ) ( . ) + 
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Fig. 2: Changes in the sound pressure levels in the room with diffe-
rent pulse forms (see Tab. 1)

The effect of changing the periodicity of pulse emission on 
the ratio of the minimum and maximum levels is studied. Fig. 3 
shows the results of calculations of sound pressure levels with 
a change in the periodicity of pulse emission by a rectangular 
pulse with a duration of 0.10 s. The situations are considered 
with Tn = 0.60 s и 1.20 s. The studies were performed in the 
room considered earlier.

It is established that when the pulse periodicity chan-
ges, the time averaged (equivalent) sound pressure levels 
change also: at Tn = 0.60 s – Leq = 63.5 dB; at Tp = 1.20 s –  
Leq = 61.1 dB. When the periodicity changes, there is a signi-
ficant change in the difference between the maximum Lmax 
and minimum Lmin levels. The level difference at the periodicity  
Tn = 0.60 s was 9.1 dB, and at Tn = 1.20 s –  15.8 dB.

The minimum sound pressure level can be considered as a 
constant background noise, which can significantly depend 
on the periodicity of pulse emission. The corresponding data 
are shown in Fig. 3.

Fig. 3: Change in sound pressure levels at the calculated point at a 
distance of 16 m from the sound source with a rectangular pulse 
duration of 0.1 s: a) with the periodicity of a source of 0.6 s; b) with 
the periodicity of the source of 1.2 s: _______ - direct sound level; 
………… - total level of direct and reflected sound

3.RESULTS AND DISCUSSION

The study of the influence of various noise reduction measures 
in all cases was performed for a room with a size of 60x60x6m 
in an octave band with f = 2000 Hz with an average sound 
absorption coefficient of fences α = 0.10. Coordinates of the 
position of the noise source are 10х30х1.2 (h) m. The scatte-
ring coefficient of the reflected sound energy for all cases is 
assumed to be equal βр=0.10. 

The influence of the shape of the emitted sound energy on 
the value of the sound pressure levels in the room for the cal-
culated point with coordinates 26x30x1.5(h)m is estimated. 
The forms of the considered energy pulses are shown in Tab. 1.

Tab. 1: Emission forms of sound energy pulses

In the calculations, the pulse duration and acoustic power of 
the radiation were selected from the condition that the radia-
ted energy for all the studied pulse forms should be the same. 
In this case, for forms 1-3, the pulse duration was equal to  
ΔT = 0.5 s, for form 4 to ΔT = 1.5 s, and for form 5 to  
ΔT = 1.0 s. The acoustic power of the reference pulse  
(form 1 of Tab. 1) was used equal to Wim=W0100,1LWp at  
Lwp

 = 100 dB, W0 =10-12 W. The period of action of the source 
when emitting pulses of different forms was equal to Tp = 1.5 s. 

The calculation results are shown in Fig. 2. It can be seen that 
by changing the shape of the pulse, noise reduction can be 
achieved. In this case, this decrease does not exceed 3 dB.

Pulse form number Scheme Expression for Wt

1 Wt=Wim  by 0 t ΔТ

2
 by 0 t ΔТ

3

by 0 t ΔТ

4
Wt=Wim ΔT/Tn[1-cos(2πt/Tn)]/2

by 0 t Тn

5 Wt=Wim/2 by 0 t 2ΔТ

ΔT, Тn are the duration and period of the reference pulse (form 1).
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Fig. 5: The change in the sound pressure levels at the calculated 
point at the distance of r = 16 m from the sound source with the 
periodicity of 0.6 s and the rectangular pulse duration of 0.1 s at 
average sound absorption coefficients: 1 - α = 0.05; 2 - α = 0.1; 
3 - α = 0.2; 4 - α = 0.3

When calculating, the following results are established. The 
equivalent sound pressure levels are equal: at α = 0.05 – Leq = 
65.6 dB, at α = 0.1 – Leq = 63.5 dB, at α = 0.2 – Leq = 61.3 dB, at 
α = 0.3 – Leq = 59.2 dB. The difference between the maximum 
and minimum sound pressure levels was: at α = 0.05 - Lmax–Lmin 
= 75.1 – 67.7 = 7.4 dB; at α = 0.1 – Lmax– Lmin = 74.1 – 65.0 = 9.1 
dB, at α = 0.2 – Lmax–Lmin =72.8 – 58.8 = 14.0 dB, at α = 0.3 – 
Lmax–Lmin = 71.5 – 53.4 = 18.1 dB. It can be seen that with the in-
crease in sound absorption, the difference Lmax–Lmin increases 
also, that is, the harmfulness of pulse noise increases (see also 
the article [13]).

Influence of background noise on the change in pulse noise 
at the calculated point is estimated. Results are shown in Fig. 6.

Fig. 6: The change in the sound pressure levels at the calculated 
point at the distance of r = 16 m from the sound source with 
the periodicity of 0.6 s of the source and the duration of a re-
ctangular pulse of 0.1 s at different values of background noise: 
……. - there is no background noise from other noise sources;  
- - - - - Lb = 55 dB; _._._._. Lb = 60 dB; __..__..__..__.. Lb = 65 dB

It was found that with an increase in background noise, the 
difference Lmax–Lmin decreases. Due to this, the harmfulness of 
pulse noise is partially reduced (see also the article [13]).

The influence of the position of the calculated points rela-
tive to the sound source on the value of the pulse noise is esti-
mated. The calculation results are shown in Fig. 4.

It is established, that equivalent noise levels are equal 
to: at the distance of r = 5 m – Leq = 64.8 dB; at the distance  
r = 30 m – Leq = 58.6 dB. The difference between the maximum 
and minimum noise levels was: 
at r = 5 m – Lmax– Lmin = 80.0 – 58.1 = 21.9 dB; 
at r = 30 m – Lmax – Lmin = 69.4 – 57.0 = 12.4 dB. 

The minimum noise level as a constant background noise is 
almost the same at all points of the room. It can be seen that 
the removal of workplaces from the sound source significantly 
reduces the difference Lmax– Lmin, that is, it reduces the harmful 
effect of pulse noise (see also the article [13]).

Fig. 4: The change in the sound pressure levels at the calculated 
point with the periodicity of the sound source 1.2 s and the du-
ration of the rectangular pulse 0.1 s: a) at a distance from the 
sound source r=5 m (top); b) at a distance from the sound source  
r=30 m (bottom): ______ - direct sound level;  ……… - total level 
of direct and reflected sound

Influence of sound absorption of the room on the charac-
teristics of pulse noise is estimated. Calculation results are 
shown in Fig. 5.
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4. CONCLUSIONS

1. The proposed combined method for calculating pul-
se noise in industrial premises allows us to solve a wide 
range of tasks for assessing the acoustic effectiveness of 
measures to reduce harmful effects on workers. The re-
sults obtained in solving the problems are consistent with 
the provisions indicated in the article [13].

2. The computer implementation of the method makes it 
possible to estimate the space-temporal distribution of 
pulse noise over the volume of the room and thereby 
establish the zones of the room where the pulse noise ex-
ceeds the normative levels.

3. Reliable information about the size of the pulse noise 
zone and its characteristics within the zone allows to 
make a purposeful choice of structural and construction-
-acoustic means of pulse noise reducing.
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nes etc.) are one of the main low-frequency noise and vibrati-
on sources in conditions of urban territories.

This paper is devoted to developing approaches and princi-
ples of classification of methods of power plants low-frequen-
cy noise and vibration reduction.

2. DISCUSSION OF THE APPROACHES TO 
CLASSIFICATION OF REDUCTION OF POWER 
PLANTS LOW FREQUENCY NOISE AND VIB-
RATION REDUCTION METHODS

Generally, the classification of low-frequency transport noise 
and vibration reduction may be based on the variety princi-
ples. In Tab. 1 approach to systematization of criteria and types 
of classification of methods of power plants low-frequen-
cy noise and vibration reduction is shown, proposed by the 
author of this paper.

APPROACHES TO CLASSIFICATION OF REDUCTION METHODS 
OF LOW FREQUENCY NOISE AND VIBRATION OF POWER 

PLANTS 
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1. INTRODUCTION

Presently noise and vibration impact to the population and to 
equipment operation in industrial and domestic conditions is 
increasing every year [10, 14, 16 etc.]. Inadmissible noise levels 
affection to the housing estates leads to cities population dise-
ase growth. It is well known, that the strongest impact produ-
ced by noise effects on man is in frequency range from 1000 to 
4000 Hz (middle- and high frequencies). But for industrial town 
environment the most strong noise impact to the city popu-
lation is first of all caused by low frequency noise (from 20 to 
300 Hz). Analysis of population complaints confirms it [16 etc.]. 
Low frequency noise is spreading for a long distances without 
significant absorption. Low frequency vibration may cause 
professional illnesses of workers and workers disease, negative 
impact to environment and to the health of inhabitant on the 
territory near to industrial enterprises. Intensive vibration du-
ring exploitation of power plants and mechanical noise may 
cause reduction of attention and increasing of number of mis-
takes during work.
    

Among of the main low-frequency noise and vibration sour-
ces in conditions of urban territories are: 

Transport (especially automobile internal combustion en-
gine intake and exhaust systems);
Industrial enterprises and equipment (compressors, venti-
lators, pumps, mechanical noise etc.);
Urban and domestic noise sources (noise from offices, 
shops, stadiums etc; noise generated by office and domes-
tic ventilation systems, TV, broadcasting, musical equip-
ment, human speech etc.).

Analysis of scientific research is showing that power plants of 
different kinds (compressors, automobile internal combustion 
engines, pumps, ventilators, heat-exchanges, stationary engi-
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may find in the case of vibrating surface. Three-dimensional 
noise & vibration sources are in automobile passenger com-
partment (the case of enclosed space) or transport noise from 
the several highways (the case of open space). The most com-
plicated case is three-dimensional broadband noise & vibrati-
on cancellation.

According to periodicity of low-frequency noise & vibra-
tion generation it should be noted that mainly low-frequen-
cy noise and vibration source radiate periodical sound. E.g., 
intake or exhaust noise of automobile internal combustion 
engine is caused by piston periodic operation and acoustic 
waves propagating in intake or exhaust ducts due to flow pul-
sations, so it has the periodical mechanism of generation. One 
of the main vibration sources of piston compressors pipelines 
are low-frequency gas pressure oscillations (pulsations) [8, 9].

Completeness of low-frequency noise & vibration sour-
ces reduction here is meaning how many low frequency noise 
or vibration sources have been cancelled. The simplest case is 
reduction of single source. For example, it may be reduction of 
automobile internal combustion engine intake low frequency 
noise by the active system [13, 15].

Reduction of several sources may be illustrated as following. 
Automobile internal combustion engine radiate both intake 
and exhaust noise. If reduced it separately by active mufflers 
strong coherent low-frequency sound radiation near to the 
air-suctioning pipe and exhaust pipe may appear. Combined 
control of ICE intake & exhaust noise is suggested in some Ge-
neral Motors patents [17 et al].

The kind of low-frequency noise & vibration spectrum 
may be very differs for different kind of transport or transport 
systems. E.g., for some cases in order to reduce significantly 
external engine noise it is enough often to reduce noise only 
for one or two harmonics [11, 15]. 

The kind of transport presently may be widely subdivided, 
e.g. aircrafts, automobiles, motorcycles, railway transport, 
trams, pipeline transport etc. Of course, every different kind of 
transport requires the separate approach when choosing the 
method of cancellation.

Sure, the described above systematization of criteria and 
types of classification of methods of power plants low-fre-
quency noise and vibration reduction is not complete and we 
may add further some new suggestions for classification.

3. ENERGETIC APPROACH TO  
CLASSIFICATION OF REDUCTION OF PO-
WER PLANTS LOW FREQUENCY NOISE AND  
VIBRATION REDUCTION METHODS

According to energetic approach it is suggested to classify 
power plants low frequency noise and vibration reduction 
methods as passive, adaptive-passive, active and hybrid  
active-passive.  

Passive methods are traditional and admit that passive 
elements do not add energy to the system. They may absorb 

Tab. 1: Systematization of criteria and types of classification of 
methods of power plants low-frequency noise and vibration re-
duction

Let us consider more detailed the criteria of classification. 

For the general way of low frequency noise and vibration 
reduction the classical approach is to subdivide the methods 
and means of noise and vibration reduction on the general 
way (in the source of generation and on the ways of propagati-
on) and on the meaning of reduction methods (collective and 
individual protection). As collective methods of protection 
acoustic barriers may be considered, as individual – electronic 
headphones.

The spatial distribution of low-frequency noise & vibra-
tion sources has a great significance when choosing the way 
of reduction. Low-frequency noise in ventilation ducts (one-
-dimensional spatial distribution) may be efficiently cancelled 
by active noise control. Two-dimensional vibration e.g. we 

N Criteria of classification Types of classification Examples

1.
The general  way of  power
plants low-frequency noise
& vibration reduction

Reduction in the source of generation

Reduction on the ways of propagation

Individual means of protection

Noise mufflers

Acoustic barriers

Electrodynamics anti-noise 
headphones

2.

The  spatial  kind  of  low-
frequency noise & vibration
source reduction

One-dimensional (ducts)

Two-dimensional (plane surfaces)

Three - dimensional

Reduction inside of enclosed volume

Reduction in open space

Gas pressure pulsations 
compensator in compressor 
pipeline

Compensation of low-frequency 
noise spreading through the 
windows inside of buildings

Reduction of low frequency 
noise and vibration from 
industrial equipment in working 
place

Compensation of low-frequency 
noise inside of automobile 
passenger compartment

Compensation of low-frequency 
transport noise  in open space of
living territory

3.
Periodicity  of  low-
frequency noise & vibration
generation

Periodical

Non-periodical

Internal combustion engines 
(ICE) intake & exhaust mufflers

Traffic noise barriers

4.
Completeness  of  low-
frequency noise & vibration
sources reduction

Reduction of single source

Reduction of several sources

Complex reduction

Automobile ICE exhaust noise 
muffling

Automobile ICE intake & exhaust
noise muffling

Complex automobile low-
frequency noise & vibration 
reduction

5. The  kind  of  noise  &
vibration source spectrum Broadband noise

Noise inside of building

ICE intake & exhaust noise active
Narrowband (tonal) noise

Broadband vibration

Narrowband (tonal) vibration

mufflers

Vibration dampers

Resonators

6. The kind of transport

Aircraft low-frequency noise and vibration

Separate automobiles, motorcycles

Noise of automobile transport flows

Trolleybuses

Railway transport, trams

Metro transport

Water transport

Submarines

Pipeline transport

Military transport

Space transport

Reduction of noise and vibration
by mufflers, vibration isolation 
etc.

Noise mufflers, vibration mounts

Noise reducing road surfaces

Acoustic barriers

Acoustic barriers

Underground vibration isolation

Ship diesel engines noise 
muffling

Vibration dampers inside of  
submarine

Pipeline vibration reduction 
mounts

Active noise & vibration 
reduction inside of  tank

Active vibration reduction
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combination of an active system and passive system, so called 
active-passive hybrid [4, 6, 7, 14]. 

   

4. CONCLUSIONS

The principles of classification of methods of power plants 
low-frequency noise and vibration reduction are suggested. 
Author is proposing energetic approach, according of which 
all the methods and arrangements of reduction may be classi-
fied as passive (adaptive and non-adaptive), active and hybrid 
passive-active. The classification is illustrated by the different 
examples, including constructions of mufflers and dampers, 
some of which are developed by author. The classification pro-
posed in this paper is not complete and further we may add 
some new suggestions for classification. Using of results of 
this paper may be useful for analyzing and selecting optimal 
decisions for power plants low-frequency noise and vibrati-
on reduction and for further development and application of 
constructions of pumps plants with reduced vibration levels.
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energy or change the impedance of the source such that 
undesirable energy is not created. Classical passive noise cont-
rol example – sound absorption and sound isolation. Presently 
there are significant efforts to increase efficiency of passive 
control elements. We may either use new materials, or use exi-
sting materials in more effective ways (e. g. to absorb energy 
more effectively). But the negative feature is that passive me-
thods are not sufficiently reduces noise and vibration in low 
frequency range.

In general passive methods may be subdivided to complete-
ly passive and adaptive-passive [1, 5, 14]. Completely passive 
methods are the most oldest and traditional. E.g., it could 
be using of absorbing materials or noise barriers. Adaptive-
-passive methods utilize passive elements which can be tuned 
such that performance can be optimized over some specified 
range of conditions. But in this case passive elements again 
cannot add energy to the system. Adaptive-passive solutions 
are the most efficient for narrowband applications. For exam-
ple, the adaptive Helmholtz resonators described by Laman-
cusa [5] would be used for control of narrowband sound at 
several running speeds. 

Dampers with pliable walls may be considered as adaptive-
-passive constructions, for example, intake manifold oscillati-
ons damper of internal combustion engine [2]. However this 
construction cannot provide maximal efficiency of oscillations 
attenuation. Adaptive-passive low-frequency pulsations dam-
per in piston machine pipeline is described in [9]. At least one 
of the damper walls is pliable. Oscillatory gas movement will 
extend the walls and all variable flow consumption through 
the compressor pipeline will be locked within the damper. 
Another damper construction with pliable capacity is  mem-
brane-spring damper [12], where connection  between  the  
main  and  the  damper  is achieved through the light  mo-
vable  hermetically  suspended  membrane jointed with elas-
tic high-pliable element,  for example, soft spring.  Effective 
pressure impulses attenuation in abutting pipeline occurs due 
to membrane and spring oscillation and by means of resilient 
characteristics of spring.

As subclass of adaptive-passive schemes the so-called semi-
-active control systems may be considered [1, 5]. These sys-
tems are built up of passive components with adaptive para-
meters. However, for semi-active systems the parameters are 
changed at the same rate as the excitation. 

Active noise control systems are capable of putting energy 
into a system. Classically, these systems use loudspeakers to 
generate an acoustic wave interfering with the disturbance 
wave and are making stable system unstable. Active systems 
are generally relatively complicated compared to passive me-
thods and require a source of power.

Active vibration control (AVC) presently is well developed, 
especially for transport.  For cars AVC may be used for vibrati-
ons reduction of engine body, pan, steering wheel, seats etc., 
see e.g. developments of "Lotus Engineering", "Carl Freuden-
berg" etc.  

Hybrid (active-passive) methods are very promising. It is not 
the most efficient to implement purely active noise and vibra-
tion control systems. In fact most so called active systems are a 
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welfare of the population in the Russian Federation in 2020” 
confirm that the issue is truly vital since there are a lot of peo-
ple’s complaints about exposure to physical factors with noise 
being a prevailing one (62%) [1].

This research is vital due to a necessity to build a 3D picture 
showing acoustic exposure and to assess actual noise levels 
depending on a height exposed people live at.

Our research goal was to test approaches to creating a  
3D-picture of exposure in high density urban areas taking 
into account space-and-planning solutions and architectural 
aspects of existing and future buildings that can act as scree-
ning elements.

2. DATA AND METHODS

Hygienic assessment that took into account a 3D-picture of 
acoustic exposure was performed at a site where an econo-
mic entity was located; this entity belonged to the 4th hazard 
category as per sanitary classification and operated in radio-
-electronic industry. The assessment was performed basing 
on the existing situation and taking into account planned re-
sidential building on sites adjoining the examined industrial 
one. Exposure levels obtained via acoustic modeling are of 
practical importance both for an economic entity regarding 
conformity with sanitary legislation and for executive autho-
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1. INTRODUCTION

As big cities are being developed at present, fewer industrial 
objects remain within their boundaries. However, industrial 
objects are being moved away from cities rather slowly and 
there are still zones with elevated adverse exposure influen-
ced by them. Rospotrebnadzor organs are responsible for 
control over living conditions provided for population; results 
obtained via control activities are annually collected and pre-
sented in the State Report “On sanitary-epidemiologic welfare 
of the population in the Russian Federation”. This report con-
tains complete data on the situation with providing sanitary-
-epidemiologic welfare of the population in the RF in all rele-
vant spheres [1].

Acoustic exposure that is primarily caused by rapidly 
growing numbers of private vehicles is, together with chemi-
cal contamination, among vital aspects of economic activities 
in dense urban environment. High density in urban areas le-
ads to deteriorating acoustic situation and creates elevated 
noise levels. Actually industrial objects located in big cities 
are predominantly objects with 3-5 hazard categories as per 
sanitary classification [2] and they do not cause significant noi-
se exposure. Noise is produced at such objects mostly due to 
ventilation and air-conditioning systems that create an overall 
acoustic picture. 

Unfortunately it is not always possible to assess noise expo-
sure levels taking into account a height at which people live 
via hygienic assessments performed only at bottom layers. 
Data taken from the State Report “On sanitary-epidemiologic 
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on the examined motorways obtained from Perm city admi-
nistration; they were as follows: 1st Krasnoarmeiskaya street,  
200 vehicles per hour; Sergeya Sukhanova street, 143 ve-
hicles per hour; Belinskogo street, 495 vehicles per hour; and  
25th October street, 246 vehicles per hour. Besides, further stu-
dies on traffic flow intensity in greater detail (provided there 
are relevant data) will allow performing spatial-time analysis 
and prediction of an acoustic situation [4].

Hygienic assessment was performed basing on results ob-
tained via acoustic computations; these computations were 
accomplished with a specialized software package aimed at 
estimating noise propagation over an area. In this research 
“Ekolog-SHUM” software package was applied; this package 
is approved on by the Federal Service for Surveillance over 
Consumer Rights Protection and Human Well-being. The 
package implements the following regulatory documents: 
CR 51.13330.2011 Protection from noise. The latest edition 
of construction rules and regulations SNiP 23-03-2003 (with 
Alteration No. 1) [5], State Standard GOST 31295.1-2005  
(ISO 9613-1:1993) Noise. Sound damping during propagation 
over a territory. Part 1. Calculation of acoustic absorption in 
the atmosphere [6].

The research was performed as per a regular grid within 
a calculated rectangle sized 0.8*0.8 km and with a step be-
ing equal to 25 meters. This calculated rectangle contained  
1,122 points at 1.5 meter height (a height at which a regular 
person breathes) in a residential area. Overall, computed ex-
posure was determined at 486,246 points located in 43 planes 
that corresponded to each calculated grid; it was done to build 
a 3D model [7, 8, 9]. 

Overall, to make the model well-planned and visually effi-
cient, it was built with a step being equal to 2 meters as per 
height.

Hygienic assessment was based on an electronic vector map 
of Perm made up of electronic layers in *.shp format. These 
applied layers contain spatial data on used objects in electro-
nic format with all necessary attributive information.

In this research attributive data were taken into account for 
each type of noise exposure sources, screening objects, and 
other elements that participated in acoustic modeling. Attri-
butive data on objects participating in acoustic computations 
contain information on parametric and acoustic properties of 
a noise source, heights of buildings and constructions inclu-
ded into computations, and other parameters relevant for as-
sessment [10, 11]. 

ArcGIS 9.3, a specialized GIS software product, was applied 
to perform hygienic assessment taking into account a height 
at which noise propagated with subsequent visualization. 
Attributive data on fields in GIS were prepared in accordance 
with fields that were to be filled in “Ekolog-SHUM” program an 
tables with obtained results.

A 3D-picture showing noise exposure was created via 
combining data from modules built into two applied pro-
grams, namely GIS-Ekograf in Ekolog-SHUM and ArcScene in  
ArcGIS 9.3. These modules allowed transforming computed 
data for modeling and visualizing results obtained via acoustic 

rities that perform control over living conditions provided for 
population.

A central micro-district located in Sverdlovsky district in 
Perm was chosen as an examined territory. This micro-district 
is a territory with residential blocks consisting of housing with 
a different number of floors (from 1 to 25). The examined in-
dustrial object is located in an area with its square being equal 
to 10 hectares within a block bounded by 1st Krasnoarmeis-
kaya street, Sergeya Sukhanova street, Belinskogo street, and  
25th October street. There are several buildings on the en-
terprise territory with a number of floors varying from 1 to 8 
(from 5 to 25 meters high) and with noise sources located on 
them. There are no other outdoor noise sources on the enter-
prise territory, service transport excluded. 

There are existing and planned high residential buildings 
(up to 25 floors) located on adjoining territories to the east, 
south-east, and south from the examined site.

All the streets in the area are city motorways with intense 
traffic loads; they were taken into account as sources of bac-
kground noise exposure. Fig. 1 is a scheme showing location 
of the examined enterprise within the selected high density 
urban area.

The present research involved using databases on linear 
noise exposure sources (city motorways) and stationary sour-
ces belonging to the examined enterprise stating their pa-
rameters and noise properties. Databases on noise sources 
contained data on 74 stationary noise sources belonging to 
the enterprise (ventilation and air-conditioning systems), and 
281 mobile noise sources (linear sections in traffic networks) in 
Perm. A set of all aforementioned sources is a base for a noise 
map in any city [3].

Fig. 1: Location of the examined enterprise within high density 
urban area

Noise properties for stationary noise sources belonging to 
the enterprise were determined basing on their profiles and 
instrumental observations. Noise properties for mobile noise 
sources were determined as per data on actual traffic loads 



AKUSTIKA, VOLUME 41 /November 2021
www.akustikad.com

58

Fig. 3: Zoning of the examined territory as per equivalent noise 
levels at different heights

It is obvious from schemes shown in Fig. 3 that as a building 
becomes higher, a contribution made by motor transport into 
noise exposure goes down and exposure levels occur only 
due to operations performed at the examined economic en-
tity. Results obtained via several acoustic computations allo-
wed obtaining the following areas with acoustic discomfort 
(higher than 55 dBA) at different heights: at 1.5 m, 0.29 km2; at 
15 m, 0.38 km2; at 27 m, 0.40 km2; at 43 m, 0.43 km2; at 61 m,  
0.41 km2; at 75 m, 0.41 km2.

Fig. 4: 3D pictures showing noise exposure at different heights

3D pictures of noise exposure show that a zone with acous-
tic discomfort (55 dBA and higher) that occurs at heights grea-
ter than 1.5 meters predominantly influences high residential 
buildings located to the east and south-east.

First of all, all the obtained results provide new evidence 
substantiating that citizens’ rights to live in a favorable urban 
environment are violated.

Research results, taking modeling into account, allowed 
determining zones and heights at which established hygienic 
standards were violated as per noise levels. Such a situation is 
simply impermissible when new residential areas are planned 
since citizens’ rights to live in a favorable environment are not 
ensured.

computations for further analysis. Results were transformed 
twice, in a two-dimensional (2D) model and a three-dimensio-
nal (3D) one. Zoning in models was accomplished as per hygi-
enic criteria regarding exposure to noise.

Hygienic assessment involved preparing maps of the exami-
ned territory with data on estimated existing noise exposure 
including estimated degree of acoustic exposure and a zone 
influenced by it.

Results obtained via acoustic modeling were visualized and 
mapped; it allowed estimating zones with acoustic discomfort 
and quantitatively assessing noise exposure at reference po-
ints located in residential areas where exposed people lived. 
This model provides an opportunity to perform further re-
search and assess possible health disorders among population 
living in zones with acoustic discomfort [12].

3. HYGIENIC ASSESSMENT OF RESULTS  
OBTAINED VIA ACOUSTIC COMPUTATIONS 
WITH GIS APPLICATION

3.1. Analysis of results obtained via acoustic computations
The initial stage in the research involved performing acous-

tic computation in bottom layers at 1.5 meters height to assess 
occurring exposure as well as to visualize transport noise on 
the territory.

Results obtained via acoustic computations indicate that 
noise levels within the boundaries of the calculated rectangle 
in bottom layers exceed hygienic standards (they are higher 
than 55 dBA in daytime and higher than 45 dBA at night). 
These noise levels are caused by neighboring motorways. 
Maximum equivalent noise value was detected near the mo-
torways, predominantly at crossroads, and was up to 72.2 dBA 
(Fig. 2).

Fig. 2: Zoning of the examined territory as per equivalent noise 
levels (а is 2D-model, b is 3D-model)

Zones with acoustic discomfort that are shown in Fig. 2 are 
caused by 55 dBA and 60 dBA isolines that occur along the 
motorways and yard passages.

Analysis of the obtained results allows revealing regularity 
in occurrence of zones with acoustic discomfort in bottom la-
yers around high buildings (up to 25 floors), primarily due to 
multiple acoustic reflections within yard territories. 

Fig. 3 shows results obtained via several acoustic computa-
tions performed at different heights that are typical for resi-
dential buildings: 15 meters for 5-floor buildings; 27 meters, 
9-floor ones; 43 meters, 14-floor ones; 61 meters, 20-floor 
ones; and 75 meters, for 25-floor ones.
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determined exposure will subsequently be applied to calcu-
late population health risks taking into account living on the 
model territory under combined exposure to background tra-
ffic noise and noise effects produced by the industrial object 
located there.

Using 3D models allows comprehensive assessment of the 
existing situation and prediction of a future one taking into 
account development plans for residential areas in the city. 
Obtained results and suggested approaches are promising 
bearing in mind growing traffic on city motorways and urban 
environment becoming denser [7].

4. CONCLUSION

Hygienic assessment results revealed that hygienic standards 
were violated as per noise levels at certain points within the 
examined territory where these levels exceeded 72.2 dBA. This 
is due to the calculated area being close to neighboring mo-
torways that produce a lot of traffic noise.

Results obtained via hygienic assessment of acoustic expo-
sure indicate that it is necessary to develop short-term and 
long-term activities aimed at managing noise in dense urban 
environment. The following activities seem to be optimal in 
the existing situation:

traffic schemes need improving; there should be a reduc-
tion in a number of vehicles allowed to pass through the 
city center; public transport routes need optimizing; junc-
tions, crossing, and parking places need modernizing;
traffic should be allowed to move non-stop due to “green 
time” and adhering to  speed regimes fixed for vehicles;
noise-insulating glazing should be provided for residen-
tial buildings at lower floors  (the effect reaches 25-27 
dBA).

These results obtained via modeling play a significant role 
in developing an architectural outline of the city and deter-
mining functional zoning of its territory owing to noise factor 
being truly important for population health.

Modeling results are recommended to be used for:
submitting them to specifically authorized bodies that 
are responsible for monitoring and control over the en-
vironment;
informing people about noise contamination on a terri-
tory where they live;
managerial decision-making and developing action 
plans aimed at health risks reduction.

To apply methodical approaches that involve computing 
and mapping noise exposure levels via building up and visu-
alizing (3D) an acoustic situation is a unique and promising 
assessment tool. These approaches, together with risk asse-
ssment methodology, allow making long-term predictions of 
an acoustic situation and providing sanitary-epidemiologic 
welfare of urban population as per health risk criteria taking 
chronic exposure into account.

This research is only an initial stage in substantiating vio-
lations of citizens’ rights for favorable environment. This mo-
deling is a component in a whole set of approaches to iden-
tifying noise exposure sources and establishing actual noise 
exposure levels.

The next stages in the complex research are planned to in-
volve instrumental measurements aimed at verifying the cal-
culated model and establishing actual acoustic exposure. The 
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Fig. 1 shows a scheme for approximate calculations of  
gas-dynamic parameters in a gas path. This design scheme 
fundamentally reflects the geometry of the silencers, i.e. a set 
of individual volumes (W1,......,WN) , connected to each other 
by holes (d1,......,dN) or different pipes.

Fig. 1: Design scheme of the silencer: W1 – engine cylinder capaci-
ty; W2 ,W3,......,WN – volumes that simulate the design of a silencer; 
d1,......,dN– exit hole diameters, where N – number of volumes

The following assumptions were made during the calcula-
tions: 

At the first stage, for approximate calculations, the area of 
the valve bore was assumed to be constant, the processes 
were considered quasi-stationary and calculations were ca-
rried out for several values of pressure in the engine cylinder.
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1. INTRODUCTION

Non-muffled exhaust noise is the main and prevailing source 
of internal combustion engines. Analysis of the noise spectrum 
of the non-muffled exhaust noise shows that it has a pronoun-
ced low-frequency character [1, 7, 8]. The main low-frequency 
component in the noise spectrum is a multiple of the rotation 
frequency of the crankshaft of the internal combustion engine. 
Noise generation processes occur in the engine cylinders. The 
fuel combustion products located in the engine cylinder, from 
the moment the exhaust valve moves, begin to flow through 
the annular gap, first under the influence of a pressure drop, 
and then under the action of the ejecting movement of the 
piston. When the exhaust valve moves, the area of the flow se-
ction constantly changes. Pressure pulsations occur in the gas 
outlet tract. To solve the issues related to noise reduction in 
the gas outlet tract, it is necessary to determine its gas-dyna-
mic parameters: speed, pressure, temperature. It is especially 
important to determine the listed parameters when installing 
a silencer in the gas outlet path.

2. CALCULATION SCHEME AND ASSUMPTI-
ONS FOR CALCULATIONS

Depending on the design of the muffler, there may be several 
volumes in it, through which gas flows and flows into the at-
mosphere through the exhaust hole.
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When developing the solution algorithm, a number of trans-
formations of the original system were made, so from equati-
ons (2), (3) for the first volume, we obtain:

             (4)

             (5)

where:

             (6)

               (7)
where:
               

adiabatic index.

For any i-th volume, the analogous equations have the form:

For (N) volume, the equations have the form:

where:

The consumption of combustion products from volume to 
volume is determined by the following dependencies:

                (8)

The system of equations (4-8), implemented for N volumes, 
allows us to determine: V-velocity, P-pressure, T-tempera-
ture in various sections of the path, averaged and pulsating  
gas-dynamic parameters of non-isothermal turbulent jets 
behind the exhaust path section. Accepted assumptions: the 
working fluid is an ideal gas, the gas-dynamic parameters are 
averaged by volume.

3. MODEL FOR CALCULATING THE GAS DY-
NAMIC PARAMETERS OF THE SILENCER

The main equations of the gas-dynamic mathematical model 
are given below [2-6]:

The equation of conservation of matter:
 

(1)

where:

the current mass of gas in the 
i-th volume;

0  – index of initial values; 
i =1....N  – the number of volumes in the 

design scheme of the exhaust 
tract (Fig. 1).

Energy conservation equations for all volumes:

In the differential form, the energy conservation equations 
have the form:

        (2)

where: 
Cp, Cv    –  isobaric, isochoric heat capacity, kJ/(kg·K); 
Ti           – the current temperature in the i-th volume [°K];

the mass of the gas coming from the i vo-
lume to the (i+1) volume;

g     – consumption of combustion products, 
kg/s.

Equation of state for the i-th volume:

             (3)

where: 
R    - gas constant,  kJ/(kg·K); 
P    - pressure in the i-th volume [Pa]; 
W  - i-th volume [m3].
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4. CONCLUSION

Under the assumptions of non-isothermal turbulent jets, a 
method is proposed for calculating the following gas-dynamic 
parameters of a gas pipeline tract when considering low-fre-
quency dynamic pressure pulsations: flow velocity and pressu-
re, temperature in various sections of the tract. The calculati-
ons were confirmed by:

the gas flow rate at the inlet to the muffler of internal 
combustion engines (ICE) ranged from 50 to 80 m/s, 
at the outlet about 15-20 m/s, the inlet temperature is  
400-500˚C, at the outlet from 200 to 350˚C;
the speed of the cold jet at the suction of compressors 
and internal combustion engines was from 10 to 50 m/s, 
the ambient temperature;
the speeds of the hot jet of turbojet engines reach  
300 m/s, the temperature reaches 1200-1500˚C, the tem-
perature and speed in the mufflers decrease by about an 
order of magnitude.
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The results of G. Mikota's work [5-8] provide a theoretical 
basis for experimental modal analysis of hydraulic pipelines. 
They demonstrate how standard experimental modal analysis 
techniques can be adopted for hydraulic pipelines.

G.M. Makaryants, A.B. Prokofiev, E.V. Shakhmatov [14-15] 
proposed to supplement the analysis of the vibroacoustic re-
sponse with the calculation of the modal parameters of the 
pipeline. Instead of experimentally observing modal frequen-
cies and shapes, scientists performed a mathematical calcula-
tion to eliminate interference introduced by attached mecha-
nical equipment. In addition, the mathematical calculation of 
the modal parameters of the pipeline made it possible to de-
rive the modal frequencies of the pipeline from the frequency 
range of the water hammer due to the displacement of addi-
tional supports.

In the works of J.C. Wachel, J.D. Tison [9], estimates of the 
acceptability of vibrations and troubleshooting methods for 
reciprocating compressors, pumps and / or pipelines are pre-
sented to determine the nature of the causes of their occu-
rrence (pulsation or mechanical resonances). The basic princi-
ples of generation and control of pulsation are presented. The 
authors believe that the key to the design and operation of 
safe piping systems is to control the pulsation levels, and to 
separate the mechanical natural frequencies and the pulsation 
excitation frequencies.

In the works of many of these authors, fluctuations in the 
pressure of the working fluid are considered as the main cause 
of high dynamic loads in pipelines. Such fluctuations are 
caused by pressure pulsations created by the supercharger 
and hydropercussion phenomena that arise as a result of the 
operation of the automation equipment. An increased level of 
fluctuations in the pressure of the working fluid leads to vib-
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1. INTRODUCTION

A comfortable acoustic environment is one of the most impor-
tant components of human health and life support in the con-
ditions of modern buildings in large cities. Pipeline systems 
are mandatory elements of any hydromechanical systems, 
including water supply, heat supply and fire extinguishing 
systems in modern high-rise residential buildings (17 or more 
floors). In individual heating points and roof-top boiler rooms 
of such buildings, pumping units of large capacities are widely 
used, the pipeline systems of which are designed to transport 
working fluid in the range of high flow rates (up to 16 m3/h in 
vertical main pipelines of multi-storey buildings with roof-top 
boiler rooms) and pressures (up to 25 atm.). In addition, they 
are long and are usually laid in utility mines.

During the operation of such pumping units, a number of 
significant shortcomings in their operation are revealed due 
to the presence of pulsations of the liquid (water), vibrations 
of pipelines and injection units.

The main source of vibrations for internal vertical pipelines 
is mainly the pulsating flow of the medium. Simultaneous and 
asynchronous operation of several pumps often results in high 
instantaneous discharge pressures. In addition, high pressures 
arise in pipelines with pulsating flow in the presence of tight 
bends. Also, due to fluctuations in the pressure of the medium, 
the throughput of the pipeline decreases and, accordingly, the 
productivity of the pumping units decreases.

In construction design, the modal analysis method has been 
widely used to study the vibrations of building structures. 
Nevertheless, to solve vibration problems of hydraulic sys-
tems, only the methods of experimental and analytical mo-
dal analysis were used, described in the works of G. Mikota,  
A. F. D'Souza, D. J. Ewins, J. C. Wachel, J. D. Tison, X. Li, J. J. Nieter, 
G. M. Makaryants, T.B. Mironova, A.B. Prokofiev, E.V. Shakhma-
tova, and many others [1-15].
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2.1. The main results of the previous stage of the study
The previous part of the study was devoted to the study 

of the intrinsic dynamic characteristics of the elements of 
pipeline systems, as well as the study of the influence of the 
geometric parameters of the straight section of the pipeline 
(length, diameter, wall thickness) on its own vibroacoustic 
characteristics [1-4].

To determine the required characteristics (frequencies and 
modes of natural vibrations), the calculation of the vibrations 
of a straight section of the pipeline by the method of modal 
analysis was used. As a modeling tool, the ANSYS software 
package was chosen, which implements the finite element 
method for solving a wide range of problems, including the 
problems of studying coupled vibrations of an elastic structu-
re and fluid.

Based on the results of a computational experiment, analy-
sis of the influence of the geometry of the pipeline on its own 
vibration parameters and multiple regression analysis, the fo-
llowing conclusions were made:
1. The functional relationship between the value of the first 

frequency of natural vibrations and the length, diameter, 
wall thickness of the pipeline section is nonlinear (power-
-law).

2. The regression model of the dependence of the first na-
tural frequency on two parameters (length l and outside 
diameter d of the pipeline section) has the form:

          (3)

The coefficient of determination in this case is R2 = 0.879.

3. The regression model of the dependence of the first na-
tural frequency on three parameters (length l, outside 
diameter d and wall thickness of the pipeline section δ) 
has the form:

                   (4)

The coefficient of determination in this case is R2 = 0.893.

4. The value of the coefficient of determination (the quality 
of the correspondence of the regression model to the ex-
perimental data) is the higher, the greater the number of 
factor signs.

2.2. Initial data and formulation of a physical experiment
In this experiment, the dynamic parameters of a pipeline co-

nnected to a centrifugal pump were investigated. At this stage 
of the study, the stationary process of operation of the pump, 
which forms a turbulent flow in the pipeline, was studied.

Fig. 1 shows a schematic diagram of the structure of the pi-
peline system under study. To study the vibration parameters 
of long pipelines, commensurate with the real engineering 
networks of residential buildings, the complex pipeline sys-
tem (Dout = 114 mm) in the laboratory of the Department of 
Hydraulics was adapted, the axonometric diagram of which 
is shown in Fig. 2. This pipeline system is complex, consisting 
of many straight and elbow-shaped sections. The pipeline 
material is steel. The working fluid is water, t = 12 ° C, density  

ration and noise of the hydraulic systems and their possible 
destruction.

In the works of G.M. Makaryants, devoted to the study of the 
knee-like shape of the pipeline section, also adopted a large 
set of design assumptions, such as the absence of viscosity in 
the liquid, low flow rate, and the lack of consideration of the 
wave properties of the working fluid. The calculation was ca-
rried out for small diameters, low flow rates and working fluids 
of technological pipelines of aircraft (AMG-10), which is irre-
levant for solving vibroacoustic problems in the construction 
industry.

2. METHOD

The well-known analytical expression for the natural frequen-
cies of the hydraulic subsystem of the pipeline can be written 
in the form [16]:

                   (1)

where 
n     – the number of the natural frequency; 
lpipe – the total pipeline length; 
сred  – the sound speed in the working fluid, taking into account 

the ductility of the pipeline walls.

Traditionally, an isolated approach is used to determine the 
dynamic characteristics of the hydraulic and mechanical parts 
of the system. For example, when calculating fluid pressure 
pulsations along the length of a pipeline, only the boundary 
conditions of the hydraulic subsystem are taken into account 
in the form of impedances of the connected circuits. The influ-
ence of the pipeline itself on the flow of the working medium 
is assessed indirectly, for example, from the point of view of 
the change in the velocity of propagation of waves of the wor-
king fluid in the pipeline in comparison with the speed in an 
open medium. Consideration of the physical properties of the 
pipeline material, which consists in a decrease in the speed of 
sound in the pipeline due to the ductility of the pipeline wall, 
is made according to the formula:

         (2)

where 
c0  – the velocity of propagation of pressure waves in a 

liquid enclosed in a pipeline with absolutely rigid walls 
(for water at 22 °С с0 =1486,2 м/с); 

din – the inner diameter of the pipeline; 
δpw  – the pipeline wall thickness; 
Ewater  – the modulus of elasticity of the working fluid (water); 
Epipe   – the elastic modulus of pipeline material.

=
( )

,                                                      

= ,                                             

= . . .                              

= . . . .                
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The measurements were carried out using a vibration ana-
lyzer (Fig. 3) and a data collector for vibration monitoring  
SD 12-M (with the AR28I accelerometer, shown in Fig. 3, 
and standard equipment), which passed state tests and 
entered into the State Register of Measuring Instruments  
(No. 21953-01) as a device for measuring, collecting and analy-
zing vibration parameters.

Fig. 3: Experimental measurement equipment:
a) the vibration analyzer VAST SD-12M; b) the accelerometer 
AR28I

The studies were carried out at three flow rates. The flow rate 
was set by the position of the valve on the discharge pipe of 
the pipeline (Q is the volumetric flow rate; Pman is the pressure 
in the manometer located on the discharge pipe of the pump). 
Performance characteristics of system (Pump type I 4NDV):

Q = 103,3 m3 / h; Pman = 2,05 atm.;
Q = 99,1 m3 / h; Pman = 2,20 atm.;
Q = 76,1 m3 / h; Pman = 2,35 atm.

2.3. Control point selection
The measurement points (accelerometer settings) were cho-

sen so that the relative distance from the point to the support 
(equal to the ratio of the distance from the point to the supp-
ort to the distance between the supports) varied from 0 to 0.5, 
and characteristic points were also determined (before the 
bend, at the bend, after the bend). A total of 62 control points 
were selected (Fig. 4-9).

Fig. 4: Scheme of drawing control points.  First floor plan

ρ = 1000 kg / m3, the speed of sound in the working medium 
c = 1453.8 m / s.

The experimental setup includes a 4NDV type I pump with 
a rotational speed of n = 1490 rpm, which sucks in water from 
underground pool 2 and supplies it to the pipeline system (ne-
twork). From the network, the water is drained into the me-
asuring tank 3 and from it through the trays it returns to the 
pool. The installation is equipped with a pressure gauge 4 on 
the discharge line 5, a vacuum gauge 6 on the suction line 7, 
electrical measuring instruments 8. The flow can be measured 
using a diaphragm 9 with a differential pressure gauge and a 
secondary device. The flow rate was measured using a measu-
ring tank 3 by the volumetric method. The flow rate is regula-
ted by a valve 10 installed on the discharge pipeline.

Fig. 1: Schematic diagram of the installation: 1 - pump; 2 - under-
ground reservoir; 3 - measuring tank; 4 - manometer; 5 - discharge 
line; 6 - vacuum gauge; 7 - suction line; 8 - electrical measuring 
instruments (voltmeter, ammeter); 9 - diaphragm; 10 - gate valve; 
11 - differential pressure gauge DM; 12 - secondary device

At this stage, the total vibrations of the pipelines were de-
termined when they were loaded by pressure pulsations of 
the working fluid (water) and structural vibrations transmitted 
through the pipeline structure from the pump.

Fig. 2: Axonometric diagram of the investigated pipeline system

The amplitude and frequency of forced vibrations in many 
cases are of decisive importance for assessing the strength 
and stability of pipelines and injection installations; in general, 
vibrations can occur simultaneously in all directions. A fairly 
complete characteristic of the vibration state of a structure can 
be obtained by measuring the amplitude and frequency of vi-
brations in three mutually perpendicular directions.
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When studying the vibration of this complex pipeline, a strai-
ght-line section 5.78 m long with two supports at the ends at 
points 37 and 29 was selected for detailed study, and vibration 
acceleration spectra were plotted at the points under study 
numbered 37, 35, 33, 31, 29. Point 35 lies at a distance ¼ of the 
span length (1.46 m from the support at point 37), point 33 lies 
at a distance ½ of the span length (2.9 m from the supports at 
points 37 and 29), point 31 lies at a distance ¾ of the span len-
gth (4, 34 m from the support at point 37). The choice of these 
points was determined by the fact that they are characteris-
tic and most fully describe the behavior of the system under 
vibration load conditions. Geometrical parameters of the pi-
peline section: outer diameter dout = 114 mm; inner diameter  
din = 104 mm; section length l = 5.78 m; wall thickness  
δ = 5 mm.

Fig. 9: Scheme of the calculated straight-line section

3. RESULTS

3.1. Analysis of spectrograms of vibration accelerations in 
the middle of a straight section of the pipeline for three 
estimated flow rates

The resulting accelerograms at point 33 (1/2 span length) in 
three directions for three different flow rates in the system are 
shown in Fig. 10 - 12.

Fig. 10: Spectrogram of vibration acceleration of the pipeline sys-
tem at point 33 at the maximum design flow rate Qmax

Fig. 11: Spectrogram of vibration acceleration of the pipeline sys-
tem at point 33 at the average design flow rate Q

Fig. 5: Scheme of drawing control points.  Second floor plan

Fig. 6: Cross-sectional view 1 - 1

Fig. 7: Cross-sectional view 2 - 2

Fig. 8: Cross-sectional view 3 - 3
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(for example, stiffness) and the hydrodynamic processes 
that occur when the fluid moves through the pipeline. 
Figs. 13-15 show the graphs of changes in the relative vib-
ration displacement along the length of the investigated 
straight section. The value of the relative vibration displa-
cement

         (5)

equal to the ratio of the vibration displacement at the de-
sign point A to the amplitude of the support oscillations 
x (point 29), which has the minimum values of vibration 
acceleration, was recorded at all calculated points of the 
investigated area (point 29 - point 37).

Fig. 13: The graph of the change in the relative vibration displace-
ment along the length of the investigated straight section at the 
maximum flow rate

Fig. 14: Graph of changes in the relative vibration displace-
ment along the length of the investigated straight section at an 
average flow rate

Fig. 15: Graph of changes in the relative vibration displacement 
along the length of the investigated straight section at a mini-
mum flow rate

Stable peaks for all three flows are observed at frequencies 
of 10, 32, 45, 120, 170, 185, 198, 225, 295, 335, 395 Hz, and pe-
aks at frequencies of 10, 32, 75, 120, 175, 185, 198, 225, 235, 
295 Hz have the greatest amplitudes. In addition, spectral ana-
lysis showed the presence of one clearly expressed resonan-
ce zone in the studied frequency range located from 205 to  
250 Hz with maxima at frequency 225 and 235 Hz. At the same 
time, in all cases, the largest value of spectral density (that is, 
the fundamental tone of the oscillations) falls on the frequen-
cy of 225 Hz.

Fig. 12: Spectrogram of vibration acceleration of the pipeline sys-
tem at point 33 at the minimum design flow rate Qmin

Based on the analysis of the obtained spectrograms, the fo-
llowing conclusions were made:

1. At the minimum liquid flow rate in the system, the highest 
vibration accelerations are observed in those points of the 
section that are not fixed. As the flow rate in the pipeline 
increases, the maximum vibration accelerations move to 
the reference points. This may be due to the fact that a 
higher flow rate increases the rigidity of the pipeline and 
thereby reduces vibrations at unsecured points of the in-
vestigated area. However, increased vibrations in the first 
support in the direction of fluid movement (point 37) on 
the investigated straight section can occur due to turbu-
lent phenomena that arise in the adjacent knee section 
(point 42-43). Therefore, it is also important to model and 
study the turbulence phenomena occurring in the secti-
ons of the pipeline with elbow-like shape.

2. Vibration accelerations in the X direction (longitudinal 
vibrations) are much less than vibration accelerations in 
the Y and Z directions (lateral vibrations) at different flow 
rates, but have the same order. This suggests that lateral 
vibrations are more significant in this case. However, in 
the works of Yu. A. Demyanov [17, 18] on the vibrations 
of strings, ropes, membranes, thin rods and thin-walled 
pipes, taking into account the dynamic effects on them, 
it is shown that, under certain circumstances, resonance 
phenomena between longitudinal and transverse vib-
rations are possible, which can cause the destruction of 
structures.

3. The largest peak of vibration acceleration, equal to  
0.38 m / s2, is observed in the Z direction at point 37 
(support) at an average flow rate. This means that the 
values of vibration accelerations do not depend on the 
values of flow rates. However, the flow rate is a concomi-
tant factor that must be taken into account and taken into 
account, since it can affect the parameters of the structure 

= ,                                                                   
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4. CONCLUSION

Experimental development of methods for studying the dyna-
mic characteristics of pipelines has been carried out.
1. An experimental study of the vibroacoustic characteris-

tics of a complex pipeline system of spatial configuration 
was carried out, vibroacoustic spectra were constructed.

2. A computational and experimental technique for study-
ing natural frequencies and vibration modes of pipelines 
of complex spatial configuration has been developed.

3. The adequacy of the developed methods of finite ele-
ment modeling of dynamic processes in pipeline systems 
in the frequency range up to 400 Hz was confirmed.

4. It was concluded that with an increase in the diameter, 
there is a high probability of occurrence of radial resonant 
oscillations in the range of operating frequencies. There-
fore, the calculation of such operating modes is impossi-
ble using only the theory of vibrations of strings, ropes, 
membranes, thin rods and thin-walled pipes, and the dis-
tribution of hydrodynamic parameters over the diameter 
cannot be neglected.

The adequacy and effectiveness of the developed analytical 
model is assessed by comparing it with the known analytical 
model and the data of a computational experiment.

The created methods, in comparison with the existing ones, 
allow:

to reduce the complexity of the calculation;
to expand the range of geometric characteristics (lengths, 
diameters, wall thicknesses of the pipeline section) for 
calculating your own design parameters;
to increase the accuracy of calculating the natural fre-
quencies of vibrations by an analytical method and to 
reduce the relative error of calculations of this kind from 
 0.8 ± 0.6 to 0.3 ± 0.2 in 75% of cases;
to apply the developed analytical model in the practice 
of engineering design of vibration resistance of pipeline 
systems.
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From the graphs of the change in the relative vibration dis-
placement along the length of the section, it can be seen that 
with an increase in the flow rate, the relative vibration displa-
cement in the X direction also increases and its oscillations be-
come clearly pronounced. It can be assumed that at high flow 
rates, the greatest vibration load is created by the pressure 
pulsations of the working fluid, which means that the pipeline 
system for the most part should be considered at high flow 
rates as hydraulic.

3.2. Comparison of the analytical model with the experi-
mental results

To determine the adequacy of the developed analytical mo-
del, the first frequencies of natural vibrations were calculated 
for straight sections of the pipeline with randomly selected 
geometric parameters (104 cases) in three ways: using the exi-
sting technique, using the developed analytical model, using 
modal analysis in the ANSYS software package.

Then the relative errors of the known and developed ana-
lytical models were calculated in relation to the values   calcu-
lated using the specified software package. It was found that 
in 78 cases out of 104 (75%), the developed analytical model 
describes the values   of the first frequencies of natural vibrati-
ons, which are closer to the experimental ones, in comparison 
with the known analytical model. Based on the results of the 
analysis, it was concluded that the formula for calculating the 
natural frequencies of the existing technique works with grea-
ter accuracy at small diameters and small lengths of sections. 
The developed analytical model provides high accuracy over a 
wide range of diameters and lengths of pipeline sections.

The natural frequencies of the section were also calculated 
using the formula (4) of the developed analytical model, since 
it showed greater accuracy than that of the known one when 
calculating a straight section with a diameter of 114 mm. It 
was found that the first and subsequent natural frequencies, 
calculated by multiplying the first frequency by a factor (2n-
1), where n is the number of the natural frequency, are equal 
to: f1 = 36 Hz; f2 = 107 Hz; f3 = 178 Hz; f4 = 249 Hz; f5 = 321 Hz;  
f6 = 392 Hz. The obtained natural frequencies are very close to 
the peaks of the forced load, which allows us to speak about 
possible resonance phenomena at the following frequencies 
32, 120, 175, 245, 320, 395 Hz.

Tab. 1: Comparison table of natural frequencies (Hz)

Experiment
Developed analytical model

Well-known analytical model

32 36 57
120 107 -
175 178 172
245 249 286
320 321 -
395 392 400
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2. MULTIFUNCTIONAL ROAD SERVICE AREAS

Multifunctional areas of road service of motor roads are buil-
dings, structures, structures, other objects intended for servi-
cing road users along the route (gas stations, bus stations, bus 
stations, hotels, campings, motels, catering points, service sta-
tions, similar objects), as well as the places of rest and parking 
of vehicles necessary for their functioning.

Currently, 126 MRSA are open on toll roads of Rosavtodor,  
7 MRSA operate on free federal highways of Rosavtodor,  
41 areas are being designed, 271 areas are planned for con-
struction in the coming years [3]. The plans until 2030 inclu-
de the placement of additional 744 similar objects, including  
222 multifunctional road service areas and 426 recreation are-
as, 50 food outlets, 166 service stations.

MRSA are subdivided into types (A, B, C) - depending on 
the functional purpose and into categories (1-4) - depending 
on the capacity or performance of the facility [4]. The current 
classification of multifunctional road service areas is shown in 
Tab. 1.

Tab. 1: Classification of multifunctional road service areas
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1. INTRODUCTION

The acoustic impact of traffic flows is one of the most impor-
tant problems of protecting the human environment, which 
are solved in the design of transport construction facilities.

In areas where major highways pass, as a rule, transport is 
the main source of noise, which in most cases requires the de-
velopment of noise protection measures not only for places of 
permanent residence of a person, that is, residential buildings 
[1, 2], but also, apparently, for places of his temporary being in 
the process of life. The temporary locations of a person, obvi-
ously, can be attributed to both multifunctional road service 
areas (MRSA) with places for rest and parking, and separate 
recreation areas on motorways of various categories.

At these facilities, a high-quality recreational potential for 
recreation of various durations should be provided for drivers 
of both trucks and buses (professionals) and personal cars 
(amateurs).

Unfortunately, the increased level of traffic noise makes it 
difficult for drivers to have a good rest, which increases the 
neuropsychic (psychoemotional) load on the human body, 
thereby increasing the likelihood of an accident while driving.

TYPE A (petrol station, recreation
area)

TYPE B (gas station, recreation
area, catering, service station)

TYPE B (gas station, recreation
area, catering, service station,

motel)

Type «A» Type «B» Type «C»
A-1 B-1 C-1
A-2 B-2 C-2
A-3 B-3 C-3
A-4 B-4 C-4
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weather conditions is 4,4 %, infrastructure is 5,1 %, technical 
malfunction of vehicles is 5,3 % (Fig. 1).

Fig. 1: Main causes of road traffic accidents involving trucks in the 
European Union

It should be noted that here the term «truck involvement» is 
not identical to «truck fault» in an accident. For example, truck 
drivers are responsible for the above accidents due to human 
factors (85,2 % of all accidents) in only 25 % of cases.

Further, all types of accidents were divided into 5 configura-
tions, namely [6]:
1-st  configuration of the accident: accident at an intersection;
2-nd configuration of road accident: accident in traffic jam;
3-rd configuration of the accident: accident due to departure 

to another lane;
4-th configuration of the accident: accident due to violation of 

the maneuver during overtaking;
5-th accident configuration: accident involving one truck.

For each configuration, experts identified the causes of road 
accidents with appropriate weighting factors.

For the purpose of this work, of all the possible causes of 
accidents in all five configurations, the most interesting are 
«overwork» causes, namely:

– inattention of drivers;
– overwork/drowsiness of drivers.

In the article authors opinion, it is these causes of road acci-
dents that can be caused by the difficulty of full rest for drivers 
during long journeys due to the effect of an increased level of 
traffic noise on the MRSA.

At the same time, if such a cause (factor) of an accident as 
«overwork/drowsiness» is unambiguously caused by impaired 
rest (sleep) of drivers, then the factor «inattention» requires, 
in our opinion, the use of a lowering weight coefficient equal 
to 80 %.

Indeed, the factor of «inattention» as a cause of an accident 
can be determined not only by the nervous and mental state 
of tired drivers, but also, for example, by talking on a mobile 
phone, working with a navigator, smoking, etc. while driving.

Considering the assumptions proposed by the authors of 
the article and the results of studies by experts from the Eu-
ropean Union [6], the weight coefficients of the causes of road 

The division of the MRSA into categories is adopted depen-
ding on the capacity of the road service facilities that are part 
of the areas, namely:

First category – «large», high capacity of road service fa-
cilities, traffic intensity over 35 thousand transport units 
per day;
Second category – «medium-large»., the capacity of road 
service facilities is above average, the traffic intensity is 
from 15 to 35 thousand transport units per day;
Third category – «medium-small»., the capacity of road 
service facilities is below average, the traffic intensity is 
from 5 to 15 thousand transport units per day;
Fourth category – «small»., low capacity of road service 
facilities, traffic intensity less than 5 thousand transport 
units per day.

3. HUMAN OVERWORK IMPACT ON ROAD  
SAFETY

3.1. Cars
The American Automobile Association («AAA») has investi-

gated the effect of driver overwork on the likelihood of being 
involved in a road traffic accident [5]. Over the course of several 
months, more than 3,500 volunteer drivers, whose cars were 
equipped with video cameras, participated in the research.

Tired drivers have been found to be responsible for one in 
10 road accidents. At the same time, it is noted that sleepy 
drivers are an «underestimated problem», as they endanger 
not only their own lives, but also the lives and health of other 
traffic participants.

During the observation period, 3,500 volunteer drivers were 
involved in road accidents about 700 times. Driver overwork 
was a contributing factor in 9,5 % of these accidents, which 
is much higher than previously thought in studies (no more 
than 1 to 2%).

According to the AAA survey (January 2018), 29 % of drivers 
admitted that they often had to drive in a state of extreme 
overwork, when their eyes «just stick together». It should 
be noted that almost 70 % of «sleepy» accidents took place 
during the day, and half of them involved drivers aged 16 to  
28 years.
It has been found that just two or three hours of lack of sle-
ep more than quadruples the risk of an accident, and a sleepy 
driver is almost indistinguishable from a drunk driver [5,12].

3.2. Trucks
Research carried out by a group of experts from the Inter-

national Road Transport Union (IRU) identified the causes of 
accidents involving trucks and other road users in the Europe-
an Union [6].

In total, the experts investigated 624 road accidents. The 
analysis of these accidents showed that the cause of 85,2 % of 
all accidents is the human factor (the fault of the truck driver, 
the fault of the driver of the car, the fault of the pedestrian, 
etc.). Among other causes of road accidents (with correspon-
ding weight coefficients, %), the following were identified: 
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– it can be assumed that the main reason for the occurren-
ce of «overwork» factors that cause road accidents are dis-
turbances in proper rest/sleep of drivers (both professionals 
and amateurs) due to the increased level of traffic noise at the 
MRSA and individual recreation areas;

– it is accepted that the «overwork» factor is a generalized 
indicator of the sum of two factors of road accidents – «ina-
ttention» and «overwork/drowsiness», while, if the weighting 
factor of the factor «overwork/drowsiness» is taken as 100 % 
according to the statistical data of reports [5, 6], then for the 
weighting factor of the factor «inattention», a decreasing fac-
tor of 80 % (0,8) is additionally used;

– it was found that the weight coefficients of the causes of 
road accidents by the factor of «carelessness» are in the range 
from 0 % to 10,2 % (with an average value of 4,28 % for all 
five configurations, with a maximum of 10,2 % in the 2-nd con-
figuration) , according to the factor «overwork/drowsiness» is 
from 0 % to 18,6 % (average value is 6,24 % with a maximum of  
18,6 % in the 5-th configuration), and the sum of the weight 
coefficients of these factors, that is, the value of «overwork» 
factor will be from 2,1 % to 25,3 % (average value is 10,52 %);

– therefore, to reduce the likelihood (risk) of road accidents 
due to «overwork» factors, it is necessary to reduce the level of 
traffic noise at MRSA and recreation areas by installing noise 
protection screens (NPS).

4. TRAFFIC NOISE REDUCTION ASSESS-
MENT IN MULTIFUNCTIONAL ROAD SERVICE  
AREAS WHEN INSTALLING A NOISE  
PROTECTION SCREEN

To assess the reduction of traffic noise in the MRSA, it is ne-
cessary to calculate the noise characteristic of the traffic flow 
(NCTF), NPS parameters and equivalent sound levels (SL) at 
design points (DP) at recreation areas of multifunctional areas. 
As an object of research, a section of the M-4 Don highway 
(from 777 km to 933 km) was selected, on which 10 multifunc-
tional road service areas will be located; for calculations, the 
right (from Moscow) part of the MRSA at 863 km was chosen 
for the calculations (Figure 3). The developed recommendati-
ons will be similar for the left side of this MRSA.

Fig. 3: Plan of the projected MRSA at 863 km of the M-4 Don high-
way.

accidents (for all five configurations) were determined for two 
selected factors: «overwork/drowsiness» and «inattention» 
(Tab. 2).

Tab. 2: Weight coefficients of the causes of road accidents by the 
factor’s «inattention» and «overwork/drowsiness»

Analyzing the data from the report of the IRU experts [6], 
it is possible to determine the total values of the weight co-
efficients of the «overwork» causes of road accidents (factors 
«inattention» + «overwork/drowsiness»), which are presented 
in Fig. 2 (also for all five configurations).

Fig. 2: Weight coefficients (%) of «overwork» and other causes of 
road accidents with trucks in the European Union

It should be noted that of 624 investigated accidents, only in 
9,4 % of cases the main cause of the accident was overwork or 
drowsiness of the driver, of which 37 % were fatal.

In 68 % of cases when overwork is the main cause of an acci-
dent, a truck and another vehicle (a car, two-wheeled vehicle, 
two-wheeled vehicle with an engine, etc.) were involved in the 
accident; and in 29 % of cases, only one truck was involved 
in an accident. Most accidents occurred between 2:00 and  
2:59 a.m. (most likely, at the time when the driver's biorhy-
thms were at their lowest point), as well as between 3:00 and  
3:59 p.m. (almost at the end of the working day). Almost 90 % 
of all accidents due to driver overwork occurred on highways 
or roads between cities; in the cities themselves, accidents due 
to such reasons are extremely rare [6,12].

At the same time, it is very difficult to prove that the main 
cause of a road traffic accident is driver overwork. There are 
various stages of overwork - from slight overwork to falling 
asleep [12]; in addition, experts can often make decisions only 
on the basis of an accident seen at the scene or on the basis 
of information received from drivers and witnesses of the acci-
dent [6].

Thus, summarizing and analyzing the above data, the fo-
llowing conclusions were made:

Causes (factors) Configuration / Weight coefficients (%)

1-st 2-nd 3-rd 4-th 5-th Average
value

Inattention  (considering
80%)

2,6 12,8 3 0 8,4 5,36

Overwork/sleepiness 0 2,3 1,5 8,8 18,6 6,24
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The height of the DP and the height of the acoustic center of 
the traffic flow are taken equal to 1 m.

The height of the NPS proposed in the article is  
hscreen = 3 m, and its length lscreen = 210 m according to the di-
mensions of the projected MRSA.

Consequently, the calculated [7, 8] acoustic efficiency of NPS 
is:

ΔLscreen = 18,2+7,8 log (0,43+0,02) =15,5 dBA.

Thus, this screen will reduce the level of traffic noise in the 
DP MRSA on 863 km of the M-4 highway to 66,8 dBA in the 
daytime and up to 64,3 dBA at night.

5. HEALTH RISK ASSESSMENT OF DRIVERS AT 
RECREATION AREAS FROM TRAFFIC NOISE

At present, the only normative document that makes it 
possible to assess the health risks of the population (human) 
from the impact of traffic noise is, perhaps, Methodological 
Recommendations (guidelines) 2.1.10.0059-12 [10] with the 
same name.

These recommendations determine the types of health 
disorders (nervous system, circulatory system, diseases of the 
ear and mastoid) of the population (that is, people living in any 
residential area) from the effects of traffic noise in the daytime 
(from 7:00 a.m. to 11:00 p.m.) and night (from 11:00 p.m. to 
7:00 a.m.) time.

The population in [10], obviously, means people who are 
not at their workplaces. Taking into account the purpose of 
this article, drivers (both amateurs and professionals) who do 
not participate in road traffic, that is, those who rest in the re-
creational areas of the MRSA, can also be attributed to such 
categories.

Regarding daytime and nighttime, it can be assumed that 
the concept of «rest for drivers» (regardless of the time of day) 
will, in fact, be identical to the concept of «nighttime» for the 
population, since these time intervals are intended for good 
rest/sleep. Indeed, according to the norms of the time for 
driving and resting [11], the driving time should not exceed  
9 hours during a period not exceeding 24 hours from the mo-
ment of the start of driving; at the same time, no later than  
4,5 hours from the moment of starting to drive the vehicle, the 
driver must take a break for not less than for 45 minute rest.

Therefore, for our purpose, it is permissible to use the appro-
aches outlined in [10] only for the nervous system, that is, for 
disturbances in proper rest/sleep of drivers on the MRSA due 
to an increased level of traffic noise.

Threshold values   of the harmful effects of traffic noise are 
presented in Tab. 3.

The specified calculation will be carried out in accordance 
with the approaches and provisions set forth in Rules set (RS) 
276.1325800.2016 [7] and in Industry road methodology do-
cument (IRMD) 218.2.013 - 2011 [8].

According to the forecasted data for 2021 and 2031, the tra-
ffic intensity on this section of the M-4 highway will be [9]:

– 2021 is 62 thousand red. units/day
– 2031 is 79 thousand red. units/day

The composition of the movement with a free travel system:
– cargo cars – 37 %
– passenger cars – 63 %.

The composition of the movement with a toll travel system:
– freight cars – 42 %
– passenger cars – 58 %.

As can be seen from the above results, the traffic intensity 
of vehicles is high, while the composition of the traffic flow is 
dominated by cars (from 58 to 63 %).

NCTF in the form of an equivalent sound level (LAeq7,5) at 
7.5 m from the axis of the near strip for roads to be reconstruc-
ted is calculated by the formula [7, 8]:

where 
N is the estimated traffic intensity, vechicles/h, in the day or 

night periods of time, determined by:
 ND = 0,076 Nday, vehicles/h,
 NN = 0,039 Nday, vehicles/h,

where 
ND,N   is average annual daily traffic intensity, vehicles/day.

The decrease in SL, dBA, by a noise shield on the path of 
sound beams from the road to the DP is calculated by the for-
mula:
where
ΔLscreen   is screen noise reduction, dBA.

The acoustic efficiency of the NPS depends on the diffe-
rence in the lengths of the sound beam paths δ:

where
δ is the difference in the lengths of the paths of the sound 

beam, m;
а is the shortest distance between the acoustic center of the 

traffic flow and the upper edge of the screen, m;
b is the shortest distance from the upper edge of the screen 

to DP, m;
c is shortest distance from the acoustic center of the traffic 

flow to the DP, m.

LAtr 7,5 = 50+8,8*lg N, dBA,  

ND = 0,076*62000 = 4712, vehicles/h, 

NN = 0,039*62000 = 2418, vehicles/h, 

LAtr7,5d = 50+8,8*lg 4712 = 82,3 dBA  
LAtr7,5n = 50+8,8*lg 2418 = 79,8 dBA  
LAtr7,5average = , ,  = 81,1 dBA 

  = a+b-c, 
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Tab. 4: Reduced risk index of nervous system diseases depending 
on age

According to the presented data the decrease in the redu-
ced risk index for diseases of the nervous system associated 
with sleep disorders, with a decrease in the level of traffic noise 
at recreation sites from 81,1 dBA to 65,6 dBA will be 0.009 - 
0.029 (depending on the drivers age).

6. CONCLUSION

Analyzing the data presented in the article, it can be noted 
that the installation of a noise protection screen (with a noise 
protection efficiency of 15,5 dBA) along the MRSA will redu-
ce the risk of an accident due to «overwork» («inattention» + 
«overwork/drowsiness») reasons for the following quantities:

– young drivers (from 20 to 32 years old) – 18,35 %;
– middle-aged drivers (from 32 to 52 years old) – 22,65 %;
– elderly drivers (from 52 to 68 years old) – 25,9 %.

* Effects for which, according to WHO experts, sufficiently relia-
ble data have been accumulated, are attributed to a high degree 
of evidence; effects for which data are limited are attributed to a 
medium degree.

Tab. 3: Public health effects of nighttime noise exposure found in 
epidemiological studies (extract) [10]

The calculation of the risk of disturbances in the functioning 
of the nervous system is carried out for average (between day 
and night noise) values:

– before installation of NPS – 81,1 dBA;
– after installation of NPS – 65,6 dBA.

Calculations of the reduced health risk index associated 
with the level of exposure to traffic noise are shown in Fig. 4 
and Tab. 4. This indicator characterizes the likelihood of health 
disorders (including the nervous system) when exposed to a 
noise factor, considering the increase in the overall health risk 
with increasing age.

Fig. 4: Reduced risk index for diseases of the nervous system when 
exposed to traffic noise

Effect Threshold,
dB Evidence degree

Restlessness in sleep (sleep fidgeting) 32 High *
Disruption of the course of various stages of sleep, «fragmentation» of sleep 35 High
Complaints 35 Average *
Waking up at night and / or very early in the morning 42 High
Prolonged falling asleep (difficult falling asleep) * High
Sleep fragmentation, reduced sleep time * High
Growing up average 42 High
Restless movements during sleep 42 High
Disturbed sleep feeling 40 High
Using sedatives or other medications 42 High

Age
Nervous system disease risk 

At 81,1 dBA At 65,6 dBA

20 0,056 0,047

24 0,061 0,050

28 0,064 0,052

32 0,068 0,054

36 0,073 0,057

40 0,077 0,059

44 0,082 0,063

48 0,086 0,065

52 0,089 0,067

56 0,094 0,070

60 0,098 0,072

64 0,102 0,076

68 0,107 0,078
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and citywide roads. Red lines are determined based on the 
norms of the Russian Federation Urban Planning Code and on 
the instruction for designing and establishing street (red) lines 
procedure that does not contradict this Code. The presented 
article discusses inconsistencies in preserving and improving 
the acoustic environment based on the criteria of planning. 
Street lines are aimed at protecting the citizens’ right to frien-
dly urban environment, so they are extremely important for 
providing comfortable living conditions.

2. MATERIALS AND METHODS

The current process of urbanization is accompanied by an in-
crease in city territories, the enlargement of motor transport 
pool and, as a result, by degradation of the urban environment 
quality as well as the widespread loss of historically valuable 
urban spaces. The evolution of settlement planning shows 
that this activity is greatly influenced by the scale of urban 
planning transformations due to social-economic aspects, 
technical capabilities and the state economic potential. Tran-
sition to regular urban planning in Russia began only with the 
reforms of Peter the Great. To analyze the spatial differentiati-
on of planning elements in the city of Tyumen layout we used 
traditional research methods: mapping and geodesy, compa-
rative-descriptive legislative acts, regulatory and engineering 
requirements as well as basic project designs. Sound pressure 
level detection was implemented using the method of calcu-
lation according to approved procedures.
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1. INTRODUCTION

Urbanization that over the past few decades takes place at a 
very rapid pace causes an increasingly strong impact on the 
natural and human environment [1-5]. At the same time, an-
thropogenic sounds being accompanied by an accelerated 
process of urbanization, turned out to dominate the urban 
acoustic environment. Noise as a form of physical pollution 
occurs when the sound pressure level exceeds the permissible 
value. In case of short exposure duration it causes anxiety but 
if the exposure time is rather long it provokes damage in the 
body [6, 7]. A large number of studies on the assessment of 
environmental pollution, especially in the field of engineering, 
are presented in corresponding literature. Part of this informa-
tion remains to be fragmentary, mostly specific in one peculiar 
aspect and appears to be rather technical, scarcely applicable 
to urban planning [8-12]. Nowadays a number of acoustic stu-
dies mostly deal with predicting the noise model and analy-
zing the associated factors such as a variety of different types 
of noise protection installations; built-up density, empty spa-
ces, building position and even outdoor vegetation [11, 13]. 
Therefore, examination of the acoustic environment cannot 
be distinguished from the main urban structures (the so-called 
urban morphology). More specifically, it is important to study 
those urban structures that include coordinated open spaces, 
buildings, and neighborhoods. Urban planning should be an 
important tool for determining the expected level of pollution 
from noise sources. The given article deals with the problem of 
street lines that affect the conditions of use and development 
of cities. Red lines (street lines) indicate the boundaries of pu-
blic areas [1]. An important aspect in red lines use is known to 
be their legal application at laying out residential and public 
buildings on territories adjacent to highways, roads of urban 
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Fig. 1: Street in red lines

A set of measures aimed at improving fuel and environ-
mental friendliness of the car, pollutional load reduction, road 
network development [4], activities on protecting territories 
from noise pursuant to sanitary and hygienic requirements 
will undoubtedly contribute to sound control.

Permissible equivalent sound levels according to Sanitary 
Standards for areas near residential buildings make 55 dBA 
during the day (from 7 to 23) and 45 dBA at night (from 23 
to 7). At present a number of regulatory and technical docu-
ments have been developed and applied for noise protection 
measures planning and development. The authors [20] have 
developed and proposed classification of noise for highways. 
This classification is based on such constituents as traffic in-
tensity, speed, construction of traffic stream and the number 
of a road or highway lanes. Certain noise levels and distances 
tom roadside clear zone will facilitate the timely and correct 
managerial decision-making concerning territorial planning 
and urban developing. Implementation of up-to-date techno-
logical means for noise reduction, noise maps generating and 
use will definitely promote the excessive road noise control.  

To identify the features of traffic stream in the city of Tyu-
men students and postgraduates of the Tyumen Industrial 
University have implemented a visual survey of road network 
segments and interchanges. They have also carried out the 
analysis of long-term research programs in Tyumen. The traffic 
streams in Tyumen are mainly concentrated in the central city 
zone. And the situation is particularly critical at the intersecti-
on of the main streets loaded with cargo during the hours of 
maximum traffic intensity and on the main highways of the 
city: Republic Street, Lenin Street, Melnikaite Street, Pervo-
maiskaya Street, Trade Union Street, 50 let Oktyabrya Street.

3. RESULTS

The site boundaries are set at arranging buildings, structu-
res, objects with an offset from the red line or the building 
line. Subparagraph 3 of paragraph 6 in Article 43 of the  
Town-Planning Code of Russia states that lines of setback or 
the boundaries of the site are used to determine the places 
of permissible arrangement of buildings, structures and ob-
jects. These lines are drawn parallel to the red lines with the 

At present practicable flexibility in making decisions concer-
ning territory planning projects (TPP) makes possible to insert 
necessary changes into the development of territories. TPPs 
are aimed at establishing certain boundaries for planning ele-
ments. Red lines are regarded to be assigned to these boun-
daries.  

The Town-Planning Code of Russia in section 11 of Article 
1 defines red lines as lines that indicate the existing, planned 
(changeable, newly formed) boundaries of public territories 
and (or) the boundaries of territories covered with linear ob-
jects and (or) intended for siting linear objects. Previously in 
section 10.1 of the same Article 1 we saw the following de-
finition: linear objects - power lines, communication lines 
(including linear cable structures), pipelines, highways, railway 
lines and other similar structures. Thus, the development and 
approval of these red lines turn out to carry the sense of the 
whole planning project of today. Information concerning the 
location of land plot boundaries is determined with conside-
ration to red lines of the adjacent land plots boundaries loca-
tion (if any) and natural boundaries of the land plot [4]. Red 
lines specify the configuration of various land object boun-
daries. These land plots comprise a unified system of street 
and road network. The network throughput is determined by 
the level of motorization according to regional standards of 
urban planning design. Approved street-road network should 
necessarily make allowance for the pattern of the territory 
development in the given settlement. According to Construc-
tion Regulations (SR) 42.13330.2016 the categories of streets 
and roads in the cities are distinguished paying due consi-
deration to their functional purpose: i.e. streets and roads of 
main and local significance. Parameters of streets and roads 
in a city should be specified according to clause 11.4 in SR 
369.1325800.2018. The width of streets and roads in red li-
nes is adopted pursuant to the notes under Table 11.2 in SR 
42.13330.2016. The territory for permanent pass of urban mo-
tor vehicle traffic regarded as a mobile source of impact on 
the adjacent area (permanent acoustic source) is dimensioned 
due to the above procedures. 

Fig. 1 schematically shows a planning concept of street wi-
dth determination within cross direction profile via use of red 
lines determining street boundaries. The concepts of arrange-
ment employ side dividing strips to separate various constitu-
ents of cross direction profile. Planted lands are sited within 
the side and central dividing strips.

The situation is especially critical at the intersections of the 
main streets during the hours of maximum traffic intensity 
and on the main highways of the city. The analysis of genera-
ted noise maps for urban centres shows a high noise level in 
the adjacent areas [15-19]. The maps are drawn based on the 
data of full-scale observations over composition and intensity 
of traffic flows.
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per hour makes 80 dBA, noise reduction at the distance will be  
4 dBA, the addition due to the reflection of sound between the 
facades is 1.9 dBA. At the distance of 2 m from the facade the 
level of sound will be 77.5 dBA. This value exceeds the sanita-
ry and hygienic norm making 50 dBA by 22.5 dBA . Therefore, 
this calculation revealed significant traffic stream noise impact 
on the adjacent territory and the facade of building located 
at frontage line. Accordingly, it is necessary to assess urban 
planning decisions in view of the risk to public health.

4. DISCUSSION

The authors of the article Classification of Highways by Noise 
Levels have completely analysed the sound impact of traffic st-
reams on the levels of noise in the residential development te-
rritories adjacent to highways. The article states the obtained 
levels of noise and the required figure of noise reduction for 
residential areas as well as the measures to reduce the road-
side clear zone. The noise level at setting out points on the 1st 
and 2nd class city-wide highways will be 81-83 dBA, the requi-
red figure of reduction makes 27-29 dBA. The size of the road 
side clear zone recommended by the authors for main urban 
roads depending on their class makes900 and 1300 m.

The existing practice of territory planning by means of red 
lines gave rise to a conflict in territory developing. This contra-
riety rendered impossible to create an acoustically comforta-
ble living environment in the territories adjacent to highways. 
Thus, at evaluating urban planning decisions it is necessary to 
take into account the level of traffic stream acoustic pollution 
and risk thereof for public health.

By way of combining acoustic pollution maps and maps 
with territory zoning according to risk level will make possi-
ble to justify the authorized application of red lines for city 
highways. Timely arrangement of residential territories due to 
competent fixing the lines in urban planning regulation will 
contribute to forming the safe level of acoustic impact em-
ploying special noise protection measures.

5. CONCLUSION

The author has conducted the analysis of planning urban stre-
ets and adjacent residential buildings. The novelty of the study 
lies in the analysis of territories in view of its impact on the ad-
jacent buildings. The analysis of red lines as the boundaries of 
the city highways showed that in accordance with the current 
legislation urban planning regulations can not be applied to 
land plots intended for arranging linear objects.

setback of at least 3 m to the boundaries of the land plot. The 
territory between the building line and the red line is a zone 
where construction is not allowed according to the provisions 
stated in the Russian Federation Town-Planning Code. And the 
distance will be varied with consideration to current practice 
of designing setback to the first buildings along highways and 
streets. So , urban planning regulations for the city of Tyumen 
are determined.

Previously in the practice of urban planning red lines for-
med blocks and microdistricts. The obtained setback zones 
and adjacent territories were given favorable conditions in 
the context of sanitation and hygiene what made possible to 
secure favourable environment for the planning border-the 
red line as well. And atmospheric air quality in the residential 
area (within red lines) was considered to be quite satisfacto-
ry. Nowadays this setback procedure is still put into practice. 
Main and local street territories of the city in view of sanitation 
and hygiene are not secured favourable environment so, the 
planning border of the street in the red lines can also be cha-
racterized as unfavorable. 

The ubiquity of red lines enforcement is of paramount im-
portance at arranging residential zones and changing the 
existing planning structures what appears to be rather pro-
blematic in view of legal and technical mechanism in territory 
transformation implementing. The main singularity lies in the 
fact that red lines are used for zoning territories i.e. they "work" 
with them but not with land plots. Moreover, information con-
cerning red lines application is currently not included into the 
State Real Estate Cadastre. Red lines are not regarded as an ob-
ject of land management.

In the context of peculiarities existing in urban planning 
practice noise impact upon residential buildings adjacent to 
city highway in the area of junction Trade Union Street – 50 
years of October Street has been analyzed. The initial planning 
data are shown in Fig. 2.

Fig. 2: A layout drawing of Street lines and a transversal profile on 
the examined lot Tyumen - 50 Jears of October str, 17

The sound pressure level was estimated by the method of 
calculation for house 17 located in 50 Years of October Street. 
The minimum distance from the roadway border to the facade 
of a residential building makes 25 m. The distance from the 
roadway border to red line is 10 m and the length from red line 
to the facade makes 15 m. The result of noise level calculation 
showed that noise level on highway located at the distance 
of 7.5 m from the outer lane at traffic intensity of 1500 units 
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a limitation on placing any objects with their height exce-
eding bounding surfaces installed for ensuing ACs flights 
safety (the third subzone);
a prohibition to place capital construction objects that 
can create disturbances when radiotechnical equipment 
is operated at an airport (the fourth subzone);
 a prohibition to place hazardous industrial objects (the 
fifth subzone);
a prohibition to place objects that could attract mass ga-
thering of birds (the sixth subzone).

The sanitary (seventh) subzone is established as a territory 
where hygienic standards might be violated; however, it can 
be used for civil construction only when health risk criteria are 
taken into account (risk factors include chemical exposure, 
noise [4], and electromagnetic radiation). All this results in a 
specific status assigned to the sanitary (seventh) subzone as a 
zone with specific conditions for the use of territory (ZSCUT). 

An airport zone is a zone close to an airport with its bounda-
ries being external boundaries of subzones created within it. 

We should note that the sanitary (seventh) subzone has a 
square which is significantly greater than squares of all other 
subzones. It is predominantly due to acoustic exposure occu-
rring due to aircraft noise (AN) from aircrafts moving during 
the whole ICAO landing and takeoff cycle (Fig. 1).

METHOD FOR ESTABLISHING THE SEVENTH SUBZONE OF 
THE AERODROME AREA
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1. INTRODUCTION

The Russian Federation has been a member of the Internati-
onal Civil Aviation Organization (ICAO) since 1970; this orga-
nization performs its activities, among other things, within a 
well-balanced approach to managing aircraft noise aiming at 
relevant planning regarding use of land spots exposed to air-
craft noise in zones close to airports. To implement activities 
aimed at aircraft noise management, ICAO experts believe it 
is necessary to establish zones with different levels of noise 
exposure.

In the Russian Federation civil aviation airports, as well as 
state and experimental aviation airports are obliged to deve-
lop a draft of an airport zone (hereinafter called AZ) substanti-
ating its borders for its subsequent establishment; this obliga-
tion arises in conformity with the Federal Law No,. 135 issued 
on July 01, 2017 [1] and the Federal Law No. 191 issued on July 
02, 2020 [2], as well as with the RF Government Order dated 
December 02, 2017 No. 1460 [3]. An AZ is created for providing 
safe flights of aircrafts (hereinafter called ACs), future develop-
ment of an airport, and eliminating adverse effects produced 
by ACs flights on human health and the environment.

The existing valid regulatory documents stipulate the fo-
llowing prohibitions or limitations in subzones established 
within an airport zone:

a prohibition to place any objects that are not meant for 
organizing and maintaining air traffic (the first subzone);
a prohibition to place any objects that are not part of an 
airport (air field) infrastructure (the second subzone);
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2. REGULATORY AND LEGAL GROUNDS FOR 
ESTABLISHING AZ (REVIEW)

2.1. Regulatory and legal instruments for hygienic assess-
ment

The sanitary (seventh) subzone in an AZ should be esta-
blished basing on federal laws on sanitary-epidemiologic wel-
fare of the population (The Federal Law issued on March 30, 
1999 No. 52-FZ), on establishing and using an airport zone, a 
sanitary protection zone (the Federal Law issued on July 01, 
2017 No. 135-FZ, the RF Air Code issued on March 19, 1997 No. 
60-FZ, the Federal Law issued on August 03, 2018 No. 342-FZ, 
the Federal Law issued on  June 11, 2021 No. 191-FZ), as well 
as RF Government Orders (the RF Government Order issued on 
December 02, 2017 No. 1460, the RF Government Order issued 
on March 03, 2018 No. 222).

Boundaries of the sanitary (seventh) subzone in an AZ 
should be established in conformity with the renewed require-
ments and criteria fixed for territories that are subject to stan-
dardization (SRS 2.1.3684-21, SRS 1.2.3685-21). 

Besides, when developing methodical approaches, the 
authors have analyzed other legislative acts that are valid in 
the RF and regulate issues related to assessing impacts on the 
environment and human health exerted by air transport and 
ACs flights.

Verification and planned production control over levels of 
exposure to aircraft noise are based on the existing procedu-
res for measuring and controlling noise levels in residential 
areas (MUK (methodical guidelines) 4.3.2194-07, GOST (State 
Standard) 23337-2014, GOST (State Standard)Р 53187-2008).

3. METHODICAL APPROACHES TO ESTA-
BLISHING THE SANITARY (SEVENTH) SUBZO-
NE IN AN AZ, COMPUTING AND ASSESSING 
HEALTH RISKS 

3.1. General provisions
In accordance with ICAO standards aircraft noise is estima-

ted basing on objective and measurable criteria. An outline of 
equivalent noise level is a calculated line showing a constant 
value of aircraft noise exposure averaged over a certain period 
of time that occurs due to air traffic created by different air-
crafts during their normal operation.

Estimation of an actual acoustic situation existing on a gi-
ven territory in order to confirm calculated data is an integral 
part in aircraft noise management. To do this, short-term and 
long-term activities for AN monitoring can be recommended; 
such activities are aimed at confirming that a calculated model 
is correct or dispute its correctness. Measuring plays an extre-
mely significant role in actual or planned use of land spots and 
imposing limitations on such use as per aircraft noise factor. 
Additionally, monitoring programs that are being developed 
at the moment are intended to provide an evidence base for 
research, inspections, and expertise, including those conduc-
ted owing to people’s complaints about unfavorable environ-
ment in case there is acoustic discomfort.

Fig. 1: ICAO standard landing and takeoff cycle

Issues related to use of land spots within AZs close to air-
ports call for relevant improvements in the existing regulato-
ry-methodical base as regards determining limitations that 
should be imposed on use of land spots as per such a health 
risk factor as aircraft noise and make these improvements 
much more vital at the moment.

At present the existing regulatory-methodical base in the RF 
is not sufficiently ready for implementing procedures develo-
ped by ICAO with the balanced approach to AN management.

There are no unified algorithms for designing subzones and 
software packages that implement regulatory documents exi-
sting in foreign countries (for example such programs as INM 
or AEDT) that gave grounds for establishing boundaries of the 
sanitary (seventh) subzone.  In particular, in different years di-
fferent developers created boundaries for the same objects 
that were significantly different from each other as per their 
square and configuration and it made legitimacy of any limita-
tions imposed on use of land spots and removal of substantial 
territories from land tenure rather questionable [10, 11, 12, 13].

Besides, experience gained in using methodical approaches 
adopted in other countries that are based on balanced appro-
ach to aircraft noise management stipulated by ICAO revealed 
that boundaries of the sanitary (seventh) subzone have signi-
ficant differences in outlines of their design and it influences 
the whole city development in areas close to airports. 

The present paper dwells on basic methodical approaches 
that are suggested to be implemented in the Russian Federa-
tion and are aimed at regulating issues related to establishing 
the sanitary (seventh) subzone for providing sanitary-epide-
miologic well-being of the population and creating a favorab-
le urban environment.

The paper concentrates on the basic stages included into 
the developed procedure for establishing boundaries of the 
sanitary (seventh) subzone in an airport zone as a unified al-
gorithm. The suggested approaches will allow establishing an 
AZ as a zone with specific conditions for the use of territory 
(hereinafter ZSCUT); it will help provide sanitary-epidemiolo-
gic well-being of the population both beyond boundaries of 
the sanitary (seventh) subzone and within them as per health 
risk criteria [14, 15].
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Existing schemes for territorial planning and urban develo-
pment zoning are recommended to be used as cartographic 
grounds.

All the above mentioned data are to be collected and provi-
ded by an airport operator who bears the full responsibility for 
their completeness and validity.

3.3. Performing an acoustic computation of the sanitary 
(seventh) subzone outline and noise zones within it

Computed determination of the sanitary (seventh) subzone 
is a significant stage in establishing its boundaries; if necessa-
ry, this determination should be verified and adjusted. Boun-
daries of outlines are determined via computations using al-
gorithms and mathematical apparatus as well as specialized 
software packages recommended by ICAO.

Computed AN outlines for airports should be built using 
certified software than implements ICAO Doc 9911 Reco-
mmended Method for Computing Noise Contours Around Air-
ports [7] or (in case there are any available) domestic methods 
and software packages certified as per established procedure. 

At present only one software package developed in the 
Russian Federation implements provisions fixed in ICAO Doc 
9911 since it was verified by CAEP ICAO in 2016 as conforming 
to required standards; it is AcousticLab software package de-
veloped by “The Civil aviation environmental safety center” 
LLC [8]. 

Acoustic computations primarily aim to give a preliminary, 
operative, tentative, and quantitative estimation of expected 
equivalent AN levels on a given territory as a whole and at con-
trol points in particular. Computed values are used for:

selecting places where filed observations (measurements) 
are to be performed for verifying calculated outlines;
selecting places where production control is to be per-
formed in future at boundaries of noise zones caused by 
exposure to ACs flights.

Model acoustic computations in the suggested procedure 
are recommended to be based on data on airport operation 
conditions, flight intensity (as per an average annual flight 
day), and ACs flying routes.

Acoustic computations allow determining equivalent noise 
levels that create an outline of the sanitary (seventh) subzone 
in an AZ taken into account in accordance with airport opera-
tion conditions (LAeq.d for operations at day, LAeq.n for round the 
clock operations). Aggregated exposure value used for health 
risk assessment is characterized with averaged daily noise le-
vel (LAeq.d).

Computed design of noise levels outlines is suggested to be 
accomplished taking into account actual distribution of ACs 
flight routes over the last calendar year as well as TLOs distri-
bution as per these routes over an average flight day in a given 
year. An external boundary of the sanitary (seventh) subzone 
in an AZ is an external boundary of an outline of equivalent 
noise level LWeq that corresponds to time-averaged annual 
airport operation conditions as per the greatest exposure to 
noise at day or at night. In an ordinary situation, a boundary is 
set as per an outline of AN value at night for round the clock 

These methodical approaches to establishing (changing) 
the sanitary (seventh) subzone in an AZ are developed and re-
commended exclusively for civil aviation airfields. The sugges-
ted algorithm is made up of the following stages:
1. a procedure for collecting data about airport operations 

that should be accounted for proper determination of 
computed AN outline using a software package intended 
for computing AN outline;

2. making acoustic computation and establishing calcula-
ted outlines of equivalent noise level (LAeq);

3. verifying boundaries of the sanitary (seventh) subzone 
and noise zones determined within them as per results 
obtained via instrumental observations (measurements). 
Making adjustments if necessary; 

4. assessing health risks within boundaries of the sanitary 
(seventh) subzone as per computed averaged daily noise 
levels (LAd) and preset risk indexes; 

5.  substantiating a list of limitations imposed on use of land 
spots and real estate objects within boundaries of the sa-
nitary (seventh) subzone;

6. accomplishing instrumental observations (measure-
ments) of noise levels within production control after 
boundaries of the sanitary (seventh) subzone have been 
established.

According to the existing regulatory documents the fo-
llowing criteria are to be used when boundaries of the sani-
tary (seventh) subzone in an AZ are established: there should 
be no violation of the existing hygienic standards regarding 
equivalent noise levels at day (55 dBA) for airports that ope-
rate in daytime, or at night (45 dBA) for airports that operate 
round the clock; and providing permissible health risks caused 
by exposure to AN as per averaged daily equivalent noise level 
(LAd) that characterizes chronic long-term exposure.

3.2. Collecting data on airport operations
When the sanitary (seventh) subzone in an AZ is established, 

an airport should be identified completely and collected data 
that in future can be used for establishing AZ boundaries 
should cover basic parameters of operations performed there. 
General data on any airport include the following:

basic data on an airport in conformity with the State 
Register of airports and heliports used in the civil avia-
tion in the Russian Federation (ICAO code, runaway and 
airport reference point coordinates, types of allowed 
ACs, data on an airport operator, operating conditions, 
takeoff and landing routes, etc);
 documents on future development of an airport de-
signed as documents on territorial planning in the RF 
and documents on territorial development (construc-
tion and reconstruction of objects at an airport), as well 
as data on possible future takeoff and landing routes 
provided by an airport operator;
 geographical parameters of an airport within a system 
of coordinates used for keeping the Unified State Real 
Estate Register (USRER) given as a map (scheme);
 data on actual ACs takeoff/landing routes that are kept 
when an airport is in operation and established routes 
according to air-navigation profile of an airport (here-
inafter called ANPA) or flight instruction (hereinafter 
called FI);
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not exceeding 1.5 dBA and 1 dBA for airports from Group II 
and I accordingly.

Verification involves determining equivalent noise level LAeq 
during the whole period of estimation and maximum noise 
level LАmax determined for each noise event caused by ACs fli-
ghts.

Verification results are then compared with data computed 
for a boundary of the sanitary (seventh) subzone in an AZ at 
points corresponding to those selected for verifying ACs rou-
tes. Verification results are to be documented.

Boundaries of AN outlines are adjusted taking into account 
data on actual ACs flight trajectories that were obtained via 
field observations with future flight intensity also borne in 
mind. Boundaries of the sanitary (seventh) subzone that were 
adjusted as per instrumental measurement results are to be 
submitted for establishing. 

3.5. Production control over established boundaries of the 
sanitary (seventh) subzone in an airport zone performed 
via field observations (measurements) 

Production control over established boundaries of the sani-
tary (seventh) subzone in an AZ is to be accomplished in order 
to ensure that these boundaries are observed. In case any dis-
crepancy in boundaries of the sanitary (seventh) subzone in 
an AZ is detected via production control activities, the sanitary 
(seventh) subzone in an AZ is to be adjusted with subsequent 
approval of its new boundaries as per the established proce-
dure.

It is suggested to perform production control during 1 year 
since boundaries of the sanitary (seventh) subzone in an AZ 
have been established at operating airports and during 1 year 
since a new airport, either built or reconstructed, has been put 
into operation. Instrumental observations (measurements) of 
noise levels are accomplished at a boundary of the sanitary 
(seventh) subzone and noise zones within it. Data obtained 
via production control are to be submitted to territorial bodies 
of a relevant federal executive authority that is responsible for 
performing federal state sanitary-epidemiologic surveillance. 
To assess whether established boundaries of the sanitary (se-
venth) subzone in an AZ and noise zones within it are objecti-
ve according to airport operation scenario, observations (mea-
surements) of noise levels are performed to establish whether 
equivalent and averaged equivalent noise levels correspond 
to calculated ones.

Scopes of field observations (measurements) depend on a 
number of TLO performed at an airport during one calendar 
year and are determined similarly to a procedure outlined 
in Item 3.4 “Verifying calculated boundaries of the sanitary 
(seventh) subzone in an AZ with instrumental (field) measu-
rements”. AN is measured when ACs perform ordinary flight 
operations (rolling, taking off, climbing, flying, approaching, 
and landing).

It is suggested to not perform production control over 
established boundaries of the sanitary (seventh) subzone in 
an airport zone at airports with TLO number being less than  
2,000 per year.

airports, LAeq.n (45 dBA); for airports that are operated only in 
daytime, as per an outline of AN value at day, LAeq.d.(55 dBA).

Additionally, according to results obtained via acoustic com-
putations, boundaries of noise zones are determined within 
the sanitary (seventh) subzone in an AZ as per LAd that is used 
in calculating relevant risk indices for risk assessment.

3.4. Verifying computed boundaries of the sanitary (se-
venth) subzone in an AZ with instrumental (field) measu-
rements

A built mathematical model should be verified basing on 
instrumental research (measurements) performed at cont-
rol points that characterize a computed boundary of aircraft 
noise outlines with takeoff/landing routes or takeoff/landing 
operations (hereinafter called TLO); this verification provides 
objective evidence that aircraft noise distribution was compu-
ted correctly.  It is suggested within the present procedure to 
verify data obtained for airports with more than 2,000 TLO per 
year with instrumental measurements in order to confirm va-
lidity of computed models within boundaries of aircraft noise 
levels established according to airport operations scenario.

For the first time, basing on practical experience in collecti-
ng, analyzing, and processing data on air traffic objects, it is 
suggested within the present procedure to differentiate civil 
aviation airports as per a number of accomplished takeoff/lan-
ding operations (hereinafter called TLO) per year (Tab. 1).

* determined as a sum of all TLO accomplished at an airport In 
case flight intensity is planned to increase in future, a group for an 
airport is to be determined as per future flight intensity 

Tab. 1: Civil aviation airports differentiated as per TLO number

It seems advisable to omit instrumental verification for air-
ports from Group IV within the present procedure and to esta-
blish outlines for boundaries of the sanitary (seventh) subzo-
ne only as per computed data; it is done in order to simplify 
procedures for establishing the sanitary (seventh) subzone in 
an AZ and to avoid creating barriers for development of small 
regional airports and airports in areas beyond the Polar circle.

To verify boundaries of the sanitary (seventh) subzone it is 
suggested to quantitatively differentiate the conditions for 
accounting a number of ACs that are to be fixed without losing 
reliability of estimates as per observation results:

 monitoring over AN should be performed at each point 
and all types of ACs that perform not less than 90% TLO 
are to be fixed to verify boundaries of the sanitary (se-
venth) subzone at airports from Group I.
 monitoring over AN should be performed at each point 
and all types of ACs that perform not less than 80% TLO 
are to be fixed to verify boundaries of the sanitary (se-
venth) subzone at airports from Groups II and III.

An overall scope of accomplished observations is determi-
ned in such a way so that the results would be sufficient for 
verifying boundaries of the sanitary (seventh) subzone in an 
AZ and noise zones detected within these boundaries with 
precision not exceeding 2 dBA (for airports from Group III) and 

I Group II Group III Group IV Group

TLO number per 

year *

More than

40,000

More than 11,000 and

less than 40,000

More than 2,000 and less

than 11,000
Less than 2,000



AKUSTIKA, VOLUME 41 / November 2021
www.akustikad.com

87

of land spots within such zones; it is also prohibited to build 
residential buildings or social objects there. And in case any 
allowed objects are constructed or reconstructed in these 
zones and there are sanitary-epidemiologic requirements 
regarding maximum permissible noise levels inside such 
objects, ordinary activities aimed at noise protection are to 
be developed and implemented (for a zone with average 
risks) or specific enhanced activities (for zones with high or 
extreme risks) that can provide conformity with maximum 
permissible noise levels inside premises.

It should be noted that acoustic computations are required 
for assessing whether it is possible to conform to maximum 
permissible noise levels inside constructed and reconstructed 
objects and for estimating whether activities aimed at noise 
protection are efficient.

Acoustic computations of expected noise levels inside pre-
mises should give grounds for making a decision whether it 
is possible or impossible to conform to established standards 
regarding noise. Computations are recommended to be per-
formed taking into account insulating capacities of building 
envelopes regarding noise (bearing in mind variety of applied 
walls and façade systems, roofs, window and door blocks, a 
possibility to use specific engineering ventilation systems in 
protected premises etc.).

Assessing and analyzing existing noise levels as well as tho-
se expected in future and, subsequently, making a decision 
whether it is possible or impossible to place relevant capital 
construction objects close to ACs routes require convincing 
conclusions and recommendations based on acoustic com-
putations performed as per established procedures. It should 
be noted that, assessment of noise levels inside buildings ai-
med at determining their conformity with the valid sanitary 
legislation after all activities aimed at protection from noise 
have been accomplished will be accomplished both as per 
maximum (LAmax), and equivalent (LAeq) noise levels.

4. CONCLUSION

The developed procedure for establishing the sanitary (se-
venth) subzone in an AZ with territory zoning depending on 
health risk levels allows reaching a compromise between the 
valid legislation as regards sanitary-epidemiologic require-
ments being violated within boundaries of the sanitary (se-
venth) subzone and minimization of health risks for popula-
tion who live near airports or will live in residential areas that 
are being developed on such territories (are planned to be 
constructed or reconstructed).

The suggested methodical approaches fully correspond to 
European experience gained in establishing noise zones in 
conformity with ICAO requirements. Thus balanced approach 
to aircraft noise management is ensured. Besides, risk assess-
ment methodology is implemented within these approaches; 
this methodology allows avoiding ungrounded complaints 
from people about their deteriorating health caused by air-
port operations, namely ACs flights, at any stage in decision 
making.

A number of places (points) where observations are accom-
plished is determined basing on computed boundaries of a 
zone exposed to noise and ACs routes that cause exposure to 
noise when taking off, landing, or taxiing in an AZ.

When it comes down to substantiating selected points 
where field observations are to be performed, it is advisable 
to select points in residential areas and places where socially 
significant objects are located. 

3.6. Health risk assessment
Health risk assessment is performed within the present pro-

cedure in order to correctly zone the sanitary (seventh) subzo-
ne in an AZ and to make up a list of limitations imposed on 
use of land spots including ban on construction and recon-
struction of specific objects; another goal is to substantiate 
managerial decisions on minimizing adverse medical-demo-
graphic and social consequences caused by exposure to noise 
within established boundaries of the sanitary (seventh) subzo-
ne.

Health risk assessment methodology stipulated by the 
Methodical guidelines 2.1.10.0059-12 “Assessing health risks 
caused by exposure to transport noise” [9] is used as methodi-
cal grounds for providing evidence of adverse impacts produ-
ced by noise factor on health.

Risk assessment is performed using computed and/or in-
strumental data on noise exposure levels and criteria reco-
mmended by international methodical documents.

Bearing in mind that there are no instant health disorders 
caused by exposure to external environmental aircraft noise 
with its level being estimated with value LАd and that such 
disorders develop gradually over time, it is recommended to 
assess health risks occurring within boundaries of the sanitary 
(seventh) subzone in an AZ as lifetime ones caused by noise 
contamination on a territory.

To calculate exposure for residential areas, it is necessary to 
take into account results obtained via acoustic calculations 
and/or data obtained via instrumental observations (measu-
rements) accomplished at a stage when computed data were 
being verified. It doesn’t seem advisable to create a section in 
health risk assessment for airports with TLO number not exce-
eding 2,000 a year.

3.7. Substantiating limitations imposed on use of land 
spots within the sanitary (seventh) subzone in an AZ 

Limitations are imposed on use of land spots within the sa-
nitary (seventh) subzone basing on health risks levels and an 
opportunity to implement noise protection aimed at preven-
ting and (or) eliminating adverse impacts on human health 
when objects are constructed and reconstructed.

It is suggested to spot out the following zones as per health 
risks:
– a zone with permissible (low) lifetime risk for population with 

no limitations imposed on use of land spots within it. But 
still, any construction or reconstruction should be perfor-
med involving obligatory activities aimed at preventing and 
(or) eliminating adverse physical impacts inside buildings.

– a zone with impermissible (average, high, or extreme) health 
risk for population and there are limitations imposed on use 
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Zoning of the sanitary (seventh) subzone as per risk rates 
will allow differentiating a list of capital construction objects 
that are permitted to be reconstructed or placed there given 
the existing impacts exerted by aircraft noise on population 
health.

Violation of established boundaries and zones within the 
seventh subzone in an airport zone as per AN factor will allow 
using legislative mechanisms for compensating for damages 
due to violated sanitary-epidemiologic welfare of the popula-
tion or reconsidering the established boundaries with subse-
quent compensation for damages to population.

It should be noted that the domestic approach has certain 
peculiarities; they are use of instrumental measurements at an 
early stage in establishing the sanitary (seventh) subzone, na-
mely, at a stage when verification is performed, and zoning of 
a territory as per health risk criteria.

It is extremely important to use results obtained via instru-
mental measurements since it provides an opportunity to eli-
minate any inaccuracies and errors in creating an outline of 
the sanitary (seventh) subzone that is to be established. 
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Tab. 1: Technological characteristics of the gear shaping machi-
nes for a spur wheel

Tab. 2: Technological characteristics of the gear shaping machi-
nes for a spiral-bevel-gear cutting

Tab. 3: Technological characteristics of the vertical gear generator  

Despite the difference in the technological processes of the 
vertical gear and gear shaping processing, as well as the rota-
tion and copying methods, the theoretical study of the vibra-
tion, radiation and sound energy processes can be carried out 
by a unified methodological approach.
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scientific directions of the Strategy for scientific and technological development of the Russian Federation (part 20 g “the possibility of 
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1. INTRODUCTION

The most important characteristics of the machine tools are 
productivity, adaptability, reliability, durability, ergonomics 
and environmental friendliness during operation as well as en-
gineering and economic efficiency [1,2]. Moreover, during the 
operation of the machine-tool equipment, a mandatory requi-
rement is the safety labor process. A large scope of scientific 
research have been devoted to the issues of the vibroacoustic 
dynamics and reduction of noise discomfort at the machine 
operators` workplaces of the metalworking machines, ho-
wever, the vibroacoustic characteristics of the vertical gear ge-
nerator and gear sharping machines haven`t been practically 
studied yet. 

2. ANALYSIS OF MACHINE LAYOUTS

The vibroacoustic characteristics of the vertical gear gene-
rator and gear shaping machines are practically not studied. 
Among this machine group influenced the machine operators 
working in increased noise level, it should be highlighted the 
vertical gear generator and gear shaping machines which im-
plement the technological process with the cutting tool. The 
sound levels of these machines reach 96 dBA for edge cutting 
machining. It is processed the tooth-wheels with a significant-
ly different in diameters in Tables 1, 2, 3 and tooth length in 
such machine group.

The analysis of the machine tool assembly assume that in 
the general oscillatory system, the most intense radiation of 
sound energy is created by two subsystems such as the cutting 
tool and the workpieces under cut as open noise sources and 
having the maximum values of the flexural stiffness.

Parameter 5С263 527В 5С27П 5С280П
Maximum diameter 320 500 500 800
Maximum module 8 12 12 12
The  maximum length of  the generatrix  of
the  initial  cone  (with  an  already  inclined
tooth of 30%)

150 265 220 400

Gear-shaping cutter head diameter 
60;80;100;
125;160;200;
250

160; 200; 250;
315; 400

160; 200;  250;
315; 400

160; 200;  250;
315;
400; 500

Rotation  frequency  of  the  gear-shaping
cutter head 20-155 20-155 20-155 20-155

Electric motor power 3 4 4 7,5

Parameter 5111 5122 5122Б 5122В 5140 5М150 5М161

Maximum  workpiece
diameter 80 200 200 200 500 800 1250

Maximum face width 20 50 30 50 100 160 160
Maximum module 1 5 4,5 4,5 8 12 12
Cutter diameter 40 100 100 100 100 200 200
Strokes per min 250-1600 200-850 280-1200 200-850 65-450 33-188 33-212

Rotary feed mm/strokes 0,016-0,4 0,003-
0,286

0,051-
0,55 0,14-0,75 0,14-0,75 0,2-1,5 0,2-1,5

Rated  power  of  the  electric
motor 1,1 2,1;3 3,7 2,1;3 4;4,5 4,8;

5,7
4,8;5,7;
7,5

Parameter 5236П 5Т23В 5С268 5С277П 5С286П
Maximum diameter 125 125 320 500 800
Maximum module 1,5 1,5 8 12 16
Maximum width of face 20 16 16 80 125
Strokes per min 160-800 210-820 210-820 210-820 34-167
Rotational  speed  of  disk
cutters 10,5-20 20-80

Electric motor power 1,1 1,1 10 5,5 7,5
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Tab. 4: Natural vibration frequencies of the cast iron wheels

Tab. 5: Natural vibration frequencies of the steel tooth-wheel

The calculation results showed that the tooth-wheels have 
significant differences in the number of the natural vibration 
frequencies in the normalized frequency range. Moreover, al-
most all tooth-wheels fall into the medium and high frequen-
cy range of 100-11200 Hz [5,6].

The mandrels which are centered on machined tooth-whe-
els differ in the ways of fixing on machines. In particular, with 
machining on vertical gear generator and gear shaping ma-
chines using the rotation method, the mandrels are cantile-
vered fixed rods [7]. During machining on gear grinding and 
hobbing machines using the rotation method, the mandrels 
are round steel rods on two supports, which also should be 
considered as hinged-supported and rigidly fixed.

A cylinder of limited length is adopted as an acoustic model 
of any mandrel. Sound pressure and sound power for the three 
mounting options are given as follows [8,9]:

for hinged-supported mandrel

for cantilever-mounted mandrel

for rigidly fixed mandrel

3. NATURAL VIBRATION FREQUENCIES

The automated tooth-wheels are mounted on cylindrical 
mandrels. Regardless of any centering method, the auto-
mated tooth-wheels are circular plates rigidly fixed in the  
center [3,4]. Using data of theoretical studies for tooth-wheels, 
the dependence for calculating the natural vibration frequen-
cies is reduced to the form

where 
k is a coefficient that determines the natural vibration fre-

quencies; 
h is the length of the tooth, m; 
D is the diameter of the point circle, mm; 
E is the modulus of elasticity, Pa; 
ρ is the density of the wheel material, kg / m3; 
μ is Poisson's ratio.

In machine building enterprises, in the overwhelming ma-
jority of cases, the steel and cast iron wheels are processed. 
Then, substituting the values of the mechanical parameters, 
the following dependences are obtained for the natural vibra-
tion frequencies

Steel    

Cast iron

It depends on the ratio of the radius and wavelength in 
the air at the natural vibration frequencies. According to data 
works, the following dependences were obtained for sound 
pressure (P) and sound power (N):

It is point source (steel)

It is round plate (steel)

Point source (cast iron)

Round plate (cast iron)

where 
Vk is the vibration velocities at natural frequencies, m/s; 
r   is the distance from the tooth-wheel to the machine opera-

tor's workplace, m.

The results of calculating the natural oscillation frequencies 
of the tooth-wheels are presented in Tabs. 4 and 5.
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Natural vibration frequencies

Geometric
parameters of  a
tooth-wheel,

(mm)

f1 f2 f3 f4 f5 f6 f7 f8 f9 f10 f11

6000 12000
2400 4800 7200 9600 12000

3000 6000 7200 9000 12000

1900 3300 5700     7600 9500 11400

2400 4800 7200  9600

1900 3800 5700 7600 9500 11400
1650 3300    4950 6600 9500 3250 9900 11500
1350 2700 4050 5400  6750 8100 9450 10800 12150

1440 2880 4320 5760 7200  8640 10080 11520

1680 3360 50400 6720 8400 10080 11760
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000  11000  

1100  2200 3300 4400 5500 6600 7700 8800 9900 11000   

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000  11000  

Geometric  parameters  of  a
tooth-wheel,  (mm)

Its vibration frequencies

f1 f2 f3 f4 f5 f6   f7 f8

7500

5000 10000   

3750 7500 11250

2400 4800 7200 9600 12000

3000 6000 9000

2400 4800 7200 9600

2000 4000 6000 8000 10000

1688 3376 5064 6752 8440 10128    

1800 3600 5400 7200 9000 10800

2100 4200 6300 8400 10500   

1300 2600 3900 4200 6500 7800 9100 10400

1344 2688 4032 6720 8064 9408

1266 2532 3798 5064 6330 7596 8862 10128
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4. CONCLUSION

In the above dependences, the parameters of the technolo-
gical processes implemented on vertical gear generator and 
gear shaping machines will be taken into consideration the 
dependences of the vibration speeds at natural frequencies 
[9,10].

The obtained data make it possible to calculate theoretically 
the spectral sound pressure levels of the above sources at the 
design stage and to identify frequency intervals and values of 
excess over sanitary standards. In fact, such calculations make 
it possible to determine the acoustic efficiency of the noise 
protection systems with designing such machines.

Sound pressure and sound power levels generated by the 
technological subsystem at the workplaces of machine opera-
tors` workplaces are determined as follows:

where 
L1 and L2 are the sound pressure (sound power) levels of the 

tooth-wheel and mandrel, dB.

( ) =  ( , + , ) 
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Individual protection devices are considered to be the least 
effective measure. Ministry of Labour, Training and Skills Deve-
lopment of Ontario [8] reported that operator average noise 
exposure reaches up to 125 dBA. Comparing to Russian limit 
value the noise reduction should reach up to 45 dBA, although 
the most effective headphones can reduce noise only up to 35 
dBA according to the data of the manufacturers [9]. Also hea-
ring protection are ineffective in reducing noise influence due 
to low or irregular usage [10]. To avoid excess exposure Ameri-
can health care institutions recommend to use administrative 
controls [11] or substitute noisier equipment with less noisy 
items. NIOSH recommends to purchase newer and quieter 
equipment [12]. However, replacing older heavy-construction 
equipment sometimes is not financially feasible.

Fig. 1: Noise control measures [7]

The most widespread measure of construction noise reduc-
tion is implementation of engineering noise control. The first 
step of implementation of such controls is to define which 
sources of noise contribute the noise levels at the workplace. 
The main sources of noise emitted by construction machines 
include the hydraulic systems, the exhaust and intake of the 
combustion engine and the engine itself. The easiest ways to 
reduce noise are replacing of defective parts, proper mainte-
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1. INTRODUCTION

Construction machinery is one of the most common noise 
sources in the environment and at the workplace. Given the 
rapidly growing infrastructure of cities, various noises from 
construction machines are increasingly interfering in human 
life. According to statistical data, about 56% of the total num-
ber of occupational diseases falls on the operators of construc-
tion machines, while the construction industry is one of the 
most unfavorable ones in terms of working conditions. In Ru-
ssia about 40% of all occupational injuries and 40% of the loss 
of working capacity are recorded here. Noise-induced hearing 
loss is one of the most common work-related illnesses that is 
observed at construction.

The noise at construction sites is emitted by heavy-equi-
pment and power tools. Noise levels of power tools reaches  
117 dBA, heavy-equipment noise is ranged as 80-125 dBA 
[1-3].  Noise exposure varies depending on the type of equi-
pment and operation executed. Operators of cranes and bull-
dozers are influenced by noise levels of 103-106 dBA, opera-
tors of handy appliances such as chainsaws, jackhammers and 
sand blasting nozzles are exposed to noise levels of 115-117 
dBA [1,4]. On the other hand, the U.S. National Institute for  
Occupational Safety and Health (NIOSH) recommends the li-
mit noise value at the workplace of 85 dBA [5]. Russian provi-
sions according to SanPiN 1.2.3685-21 [6] are even more se-
rious since they recommend that noise levels at the workplace 
should not exceed 80 dBA.

Reducing noise levels in construction industry can be achie-
ved using different measures. According to NIOSH [7] they 
include personal protection, administrative and engineering 
controls, substitution and elimination of noise (Fig. 1). Since it’s 
absolutely impossible to physically remove the noise hazard 
at the workplace, let us focus on the other measures of noise 
reduction.
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administrative measures that for Russian sanitary norms can 
be transformed as it is shown in Tab. 3.

Tab. 3: Noise criteria evaluation and exposure times

If we consider the noise levels and times of acoustical ope-
ration of equipment given in Tabs. 1 and 2, we can see that 
most types of construction equipment require noise controls 
the most efficient of which are engineering methods of noise 
reduction.

3. ENGINEERING CONTROLS

Any technology that uses internal combustion engines as a 
source of energy generates high sound levels, and the sound 
intensity generated is higher the higher the power of the engi-
ne. Noise in construction machines’ cabins, as a rule, has a low-
-frequency character. Since external noise is of a medium and 
high frequency nature, it can be stated that the cabins have 
pretty high sound insulating properties. 

We should also note that in the stationary mode (idling po-
sition), the noise in the cabins of the construction machines is 
lower than in the dynamic (full-throttle) mode. Such, for whe-
eled and tracked vehicles the noise in the stationary mode is  
1-3 dBA lower than in the dynamic mode, for vibratory rollers it 
is 10 dBA lower in the static mode than in the dynamic mode.

One of the main sources of noise in the cabin is the internal 
combustion engine or vibratory drum. Also, the type of drive 
and design affect the noise level in the cabs. This is especially 
noticeable for the example of a cargo crane, the power plant 
of which can be located both under the hood and in the engi-
ne room. In the cabins of cranes with a diesel drive, the noise 
is 10-11 dBA higher than in the cabs with an electric drive, and 
the noise in bonnet-type cranes is 8-12 dBA higher than in cra-
nes with an engine room, and 5-10 dBA higher than in mobile 
cranes.

So, the main sources of noise that should be taken into 
account are ventilation system; internal combustion engine; 
parts located in the engine compartment near the cab; intake 
and exhaust of the internal combustion engine.

Exhaust and intake noise penetrates the cabin both direct-
ly through the glazed panel behind which these sources are 
located, and as a result of sound diffraction over other panels 
of the cab (except for the partition and the floor). Noise from 
the internal combustion engine passes from the engine com-
partment into the cab through the floor directly or through 
the lower openings in the hood and further through the cabin 
floor, taking into account the reflection from the surface. The 
noise from the cooling system fan enters the cab in two ways: 
first, through the lower openings in the hood and then throu-

nance and repair of equipment but usually they are not enou-
gh. The difficulty in reducing the total noise level of the con-
struction machinery lies in the difficulty of evaluation of the 
contributions of various sources to the total noise level. Ru-
ssian researchers in cooperation with American practitioners 
have proposed [13] and improved [1] a method of separation 
of noise sources basing on which the most effective noise re-
duction measures are proposed.

2. NOISE EXPOSURE, HEALTH STANDARDS 
AND ADMINISTRATIVE CONTROLS

The main sources of noise in construction include: impacting 
tools (such as concrete breakers); use of explosives (such as 
blasting, cartridge tools); pneumatically powered equipment 
and internal combustion engines. The noise levels associated 
with the operation of equipment found on construction sites 
is provided in Tab. 1 according to [8].

Tab. 1: Typical Noise Levels for Construction Equipment

If we compare the noise levels given in Table 1 to the provi-
sion of NIOSH we can see that the excess of noise limits is the 
greatest for the operator of a pile driver (40 dBA), sand blasting 
nozzle (32 dBA) and jackhammers (30 dBA). At the same mo-
ment all those types of equipment are not used for the durati-
on of the whole working day. So, it is not feasible to compare 
these levels to the limit of equivalent sound level.

According to Russian sanitary norms [6] we should evaluate 
equivalent, maximum and peak sound levels at the workplace, 
the limit values for which make 80 dBA, 110 dBA and 137 dBC 
accordingly. Some samples of maximum and peak noise levels 
of construction equipment measured at a distance of 50 feet 
(15 meters) and calculated at the operator’s position are given 
in Tab. 2 [3].

Tab. 2: Maximum and peak noise levels of construction equip-
ment

So, we can see that the peak levels comply to Russian noi-
se limit and maximum noise levels normally exceeds it by  
2-6 dBA. Taking into account that construction machinery of-
ten operates together with other types of equipment, the ex-
cess of noise limit will be even higher.

To reduce noise levels at the workplace located at the con-
struction site Washington Industrial Safety and Health Act 
(WISHA) [11] recommends the noise evaluation criteria and 

Equipment Noise Level (dBA) at Operator's Position
Cranes 78 – 103

Backhoes 85 – 104
Loaders 77 – 106
Dozers 86 – 106

Scrapers 97 – 112
Trenchers 95 – 99

Pile drivers 119 – 125
Compactors 90 – 112

Grinders 106 – 110
Chainsaws 100 – 115

Concrete saw 97 – 103
Sand blasting nozzle 111 – 117

Jackhammers 100 – 115
Compressors 85 – 104

Equipment Acoustical Usage Factor
(% / hours)

Maximum Noise level, dBA Peak Noise Level, dBA

Cranes 16 / 1,5 112 125
Backhoes 40 / 3 109 123

Front Loaders 40 / 3 110 127
Dozers 40 / 3 113 124
Graders 40 / 3 116 122
Scrapers 40 / 3 115 129

Criteria Description Requirements Allowable exposure times for
unprotected workers

80 dBA Full-day noise exposure dose,
protection for employees exposed to

higher levels

Hearing protection
Training

Audiometric testing

8 hours

85 dBA Full-day noise exposure dose, reduction
of noise exposure

Noise controls
Hearing protection

Training
Audiometric testing

4 hours
90 dBA 2 hours
95 dBA 1 hour

100 dBA 30 min
105 dBA 15 min
110 dBA Extreme noise level (greater than 1

second in duration)
Hearing protection

Signs posted in work areas
warning of exposure

0 min

137 dBC Extreme impulse or impact noise (less
than one second in duration)

Hearing protection 0 min
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between achieving the required noise reduction and the re-
quirements for minimum back pressure [14]. Silencers are a 
mandatory tool that is installed in the gas exhaust ducts, as 
well as on the intake of the internal combustion engine. It is 
recommended to use a combined muffler that construction is 
presented in Fig. 2.

Fig. 2: Muffler’s construction

This muffler is mounted in a housing (9) with a turn of gas 
flows by 90 ° at the outlet. It has three chambers (3, 6, 7), se-
parated by special perforated partitions (4). Two perforated 
nozzles (2) are located in the first and third chambers, the 
nozzles are closed at the ends with plugs (11). The perforated 
shell (10) is made in the form of a cylinder, where the perfora-
tion is made in the form of two large holes with a diameter of  
33 mm and 58 holes with a diameter of 5 mm, perforation of 
the branch pipes is presented with 48 holes with a diameter of  
8 mm. Sound-absorbing material is applied around the shell 
(5). Gases through the nozzle (2) enter the expansion cham-
ber (3), where the flow expands, then through the holes they 
flow into the second expansion chamber (6), lined with sound-
-absorbing material (5), then through the perforated partition 
(4) they enter the chamber (7) with a perforated nozzle, where 
the stream turns 90 ° and exits. The efficiency of such a muffler 
makes 15 dBA.

To reduce noise from the internal combustion engine, we 
will use a sound-insulating hood, that is a closed structure 
installed on the internal combustion engine so that there is 
an air gap between the hood and the source. In such a hood, 
holes, openings and slots must be provided, which serve for 
normal heat exchange with the engine compartment. The 
main performance indicators of the hood are acoustic efficien-
cy and the degree of sealing. To increase the sound insulations 
properties of the hood the inside of the hood must be lined 
with sound insulating material [15].

To reduce engine noise a special insulation for the hood is 
proposed in [2]. These sound dampening mats (SDMats) are 
made of two layers of open-cell polyurethane foam separa-
ted by high-density polyvinyl chloride vinyl flexible sheet. The 
inner side of the mats is coated with an adhesive layer that 
could be attached to a metal surface. The exterior layer is co-
vered with thin film of Mylar reinforced with elastomer-coated 
fiberglass providing additional surface heat protection, resul-
ting in the material being fire retardant. SDMats are used to 
insulate not only engine but the cabin itself (Fig. 3). The me-
asurements show that efficiency of SDMats makes 5-12 dBA.

gh the cabin floor, taking into account the reflection from the 
surface, and second, through the hood rails, and then through 
the cab panels, with the exception of the floor.

For the evaluation of noise penetrating the cabin a mathe-
matical modelling was executed and formulae provided. The 
formulae account the sound isolating properties of the cabin 
walls and floor, their areas, acoustical properties of the cabin, 
the presence and geometrical parameters of openings. For 
example, engine noise penetrating the workplace through the 
cab floor is determined by the formula, dB(A):

where 
Lweng  is the sound power emitted by the engine, dB(A);
Xhood  is the coefficient taking into account the influence of 

the near sound field of the engine;
ψhood if the coefficient taking into account the violation of 

the diffuseness of the sound field under the engine 
hood;

Shood  is the total area of   the internal fencing of the engine 
hood panels, m2;

Bhood  is the acoustical constant of the hood, m2;
Sch  is the cross-sectional area of   the channel through 

which the sound passes from the engine under the ca-
bin floor, m2;

Spen.hood is the area of   the engine hood fencing through which 
sound penetrates, m2;

Sfloor  is the area of   the cabin floor through which sound pe-
netrates, m2;

Acab  is the equivalent area of sound absorption of the cab, 
m2;

Rfloor  is the sound insulation of the cabin floor, dB(A).

Similar formulae are provided for the other passes of sound 
penetrating into cabin. The summary noise level in the cabin 
is added up by the contributions of noise penetrating from di-
fferent sources. 

The results of calculation performed for the backhoe show 
that in the static mode of operation, the noise level in the ca-
bin was 84.8 dBA with the main contributions of the engine 
(82.9 dBA), exhaust (77.2 dBA), cooling fans (73.3 dBA) and 
intake (72.6 dBA). In dynamic mode of operation, the noise 
level in cabin was 87.5 dBA, coming from the main sources 
such as engine (85.6 dBA), exhaust (81.5 dBA), cooling fans 
(75.7 dBA) and intake (73.6 dBA). The contribution of engine 
noise exceeds all other emitting sources; the exhaust noise is 
the second influencing source. The noise of the fan system is 
comparable to the noise of the intake, while neither noise of 
the fans, nor intake noise is comparable to the noise of the in-
ternal combustion engine. 

Since the main sources of noise in the cab are the internal 
combustion engine and the exhaust system, it is necessary 
to propose measures to reduce the noise of these particular 
sources. To reduce exhaust noise, it is advisable to use noise 
mufflers. However, installing a silencer in the gas path intro-
duces losses into it, which contribute to an increase in its back 
pressure. This leads to a decrease in engine power, therefore, 
when designing a muffler, it is necessary to find a balance 

. = + + +
.

+ +  
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Tab. 4: Permissible noise emission of construction machinery

One more way of noise reduction that should be mentioned 
here, is Buy Quiet program implemented by NIOSH to create a 
more healthful workplace [12]. Buy Quiet is a prevention initi-
ative which encourages companies to purchase or rent quieter 
machinery and tools to reduce worker noise exposure. NIOSH 
provides information on equipment noise levels, so compa-
nies can buy quieter products that make the workplace safer 
and encourages manufacturers to design quieter equipment 
by creating a demand for quieter products.

Quieting equipment during design and manufacture pro-
cess is more effective and economically-efficient than imple-
menting noise controls after manufacture. Buy Quiet assigns 
the engineering decisions to the equipment designers and 
manufacturers and removes the complexity of noise control 
from the purchaser, renter or end user whose core business is 
not noise control. Concurrent with protecting worker’s hearing 
health, the Buy Quiet initiative aims to remove workers from 
legally mandated hearing conservation programs by reducing 
noise exposures to below 85 decibels (dBA)  for 8 hours. Any 
company whose workers are subjected to hazardous noise ex-
posures can benefit from Buy Quiet. Such a program initiated 
at the state level could be of a benefit for Russian companies 
as well at the same time it could help to provide better and 
quieter situation at the construction sites.

5. CONCLUSION

According to statistical data, about 56% of the total amount 
of occupational diseases falls on the operators of construction 
machines, while the construction industry is one of the most 
unfavorable ones in terms of working conditions. 

Noise exposure varies depending on the type of equipment 
and operation executed. Operators of cranes and bulldozers 
are influenced by noise levels of 103-106 dBA, operators of 
handy appliances such as chainsaws, jackhammers and sand 
blasting nozzles are exposed to noise levels of 115-117 dBA. 

The U.S. National Institute for Occupational Safety and He-
alth recommends the limit noise value at the workplace of  
85 dBA. According to Russian sanitary norms one should eva-
luate equivalent, maximum and peak sound levels at the wor-
kplace, the limit values for which make 80 dBA, 110 dBA and  
137 dBC accordingly. The peak levels of construction equip-
ment comply to Russian noise limit, while equivalent and ma-
ximum noise levels are normally exceeded.

Fig. 3: Cabin and engine compartments with sound dampening 
mats installed

In the result of application of the described above complex 
of noise reduction measures the reduction of noise in cabin 
made 6-7 dBA, that is the compliance to the noise limits at the 
workplace is observed.

4. SUBSTITUTION – NOISE LIMITATION

One more important measure that should be wider implemen-
ted in Russia is the limitation of noise of construction equip-
ment. In Russia the state standard named GOST 12.2.011-2012 
[16] acts. However, the exact figures of noise emissions for 
the construction machinery are not stated there. The stan-
dard says only that the noise limits for the workplace (80 dBA) 
should be observed. The operational documentation for ma-
chines of specific models must indicate the actual sound level 
at the operator's workplace and the external noise of the ma-
chine. If the limit values are exceeded, prescriptive signs must 
be applied on the machine, and the operational documenta-
tion must contain recommendations for the use of personal 
protective equipment for hearing organs.

Such an approach does not lead to the reduction of the 
construction noise focusing on the application of personal 
hearing protection that is sometimes not efficient enough to 
provide sufficient noise reduction.

A much better approach is provided by European legislation, 
i.e. Directive 2000/14/EC [17]. It states the permissible sound 
power levels for different types of construction machines that 
the manufacturer should ensure (Table 4). These values are a 
subject of revision, thus, starting from 2002 the limits were re-
duced by 2-3 dBA up to now. This approach encourages the 
manufacturers of construction equipment to reduce noise 
levels of machinery providing reduction of noise both at the 
workplace and in the vicinity of construction site.

Type of equipment Net installed power P, kW
Electric power P el, kW 

Mass m, kg

Permissible sound power level,
dB/1 pW

Compaction vibrating machines P ≤ 88 ≤ P ≤ 70
P > 70

105
106

86 + 11 lg P
Tracked machines P ≤ 55

P > 55
103

84 + 11 lg P
Wheeled machines P ≤ 55

P > 55
101

82 + 11 lg P
Compressors P ≤ 15

P > 15
97

95 + 2 lg P
Excavators, builders’ hoists for the transport of goods P ≤ 15

P > 15
93

80 + 11 lg P
Tower cranes - 96 + lg P
Hand-held concrete-breakers and picks m≤ 15

15 ≤ m ≤ 30
m> 30

105
92 + 11 lgm 
94 + 11 lg m

Welding and power generators P el≤ 22≤ P el ≤ 10
P el > 10

95 + lg P el 
96 + lg P el 
95 + lg Pel 
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The main sources of noise in the cab are the internal com-
bustion engine and the exhaust system. To reduce exhaust 
noise, it is advisable to use noise mufflers. To reduce engine 
noise a special insulation for the hood with sound dampening 
mats is proposed. In the result of application of the complex 
of noise reduction measures the reduction of noise in cabin 
made 6-7 dBA, that is the compliance to the noise limits at the 
workplace is observed.

One more important measure that should be implemented 
in Russia is the limitation of noise of construction equipment. 
Russian state standard does not provide the exact figures of 
noise emissions for the construction machinery stating only 
unreachable level of 80 dBA complying the sanitary norm. 
Such an approach should be substituted with European way 
of limitation of the permissible sound power levels for diffe-
rent types of construction machines. 

Also construction companies should be stimulated to buy 
quieter machines that makes the workplace safer and encou-
rages manufacturers to design quieter equipment by creating 
a demand for quieter products.

To reduce noise levels at the workplace located at the con-
struction site the administrative measures including reduction 
of work time, hearing protection, training, audiometric testing 
and warning signs can be implemented. The most widespread 
measure of construction noise reduction is implementation of 
engineering noise control. 

First, one should define which sources of noise contribute 
the noise levels at the workplace. A method of separation of 
noise sources was proposed. For the evaluation of noise pene-
trating the cabin from the main sources such as engine, intake, 
exhaust and ventilation, a mathematical modelling was exe-
cuted and formulae provided. The formulae account for the 
sound isolating properties of the cabin walls and floor, their 
areas, acoustical properties of the cabin, the presence and 
geometrical parameters of openings.
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2. ABOUT THE PROBLEM OF CALCULATING 
THE PROPELLER NOISE

The paper [13] presents a comparison of the sound pressure 
levels of the first tone of noise for different propellers under 
different experimental conditions with calculations based on 
the well–known early propeller noise theories (Gutin L.Ya. [1], 
Barry and Magliozzi [14], Hanson [15]) and numerical calcula-
tions based on the Ffowcs Williams-Hawkings integral method 
(FW-H) implemented in the SmartRotor and STAR-CCM+ co-
mmercial software packages.

It was found that the best calculation results with an average 
error of 7.2 dB relative to the experimental data are provided 
by the Hanson model. At the same time, the Gutin's model 
shows good agreement with the experiment at Mach numbers 
of the incoming flow less than 0.3, and the Barry and Magliozzi 
model at Mach numbers less than 0.6. And the results of calcu-
lating the tonal noise of the propeller in commercial products 
(SmartRotor, STAR-CCM+) cannot be used to support the de-
sign of propeller aircraft due to the high error of the calculati-
on results. Therefore, interested organizations are developing 
their own software for modeling the propeller noise [16-18].

The different methods for calculating the propeller noise in 
the context of taking into account the most important para-
meters in the models, such as airspeed, the shape of the blade 
in the plan and sweep, the non-compactness of the source, the 
angle of attack (pitch) of the aircraft are presented in Tab. 1.

The Barry and Magliozzi model [14] is a development of the 
Gutin's model [1] in terms of taking into account the airspeed 
in the calculated ratio. Hanson's analytical model allows us to 
take into account the non-compactness of the source, the an-
gle of attack (pitch) of the aircraft and the detailed propeller 
geometry. At the same time, although the model takes into 
account the influence of the angle of attack of the propeller, 
but computational studies [13] have shown that this influence 
is insignificant within the framework of this model.

The semiempirical method proposed by Samokhin V.F. [12] 
does not explicitly take into account the shape of the blade 
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1. INTRODUCTION

The first successful model describing the mechanisms of noise 
generation during the operation of an air propeller has pro-
posed by Gutin L.Ya. in 1936 [1]. Since then, a significant num-
ber of methods for estimating the noise of various types of 
propellers has proposed. However, at present, the problem of 
calculating the noise of the propeller is again becoming more 
and more urgent due to the following circumstances:

Wide application of civil and special propeller-driven un-
manned aircrafts (UAV) [2, 3],
In the short term (10-15 years old) in small and unmanned 
aircraft is expected to transition to electric [4-6], hybrid 
and distributed [7] power plant (PP) [8], for which the pro-
peller noise is expected to dominate the overall commu-
nity noise of the aircraft (a/c).

Modern trends in the development of aircraft industry pose 
the task of developing "digital twins" of the main components 
and systems. Within the framework of the problem of propeller 
noise, the "digital twin" is an aeroacoustic simulation model 
that reliably describes the aerodynamic and acoustic charac-
teristics of the propeller both isolated and in the configuration 
of a real aircraft [9, 10].

The aim of the work is a preliminary validation of the  
acoustic-vortex method [9, 10] by the example of solving the 
problem of numerical modeling of the tonal components of 
the propeller noise.

The following tasks have solved in the work:
A numerical analysis of the sound field of a low-load pro-
peller of light aircraft was performed;
The results of numerical modeling are compared with 
experimental data [11], as well as with the calculation of 
propeller noise by the semiempirical method [12].
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Fig. 2: Geometric characteristics of the propeller

The change in the length of the blade of the twist angle  
relative to the section located at a relative radius  

(where is the angle of installation of the section of 
the propeller blade at a relative radius , φ0.75 is angle of secti-
on installation of the propeller blade at a relative radius of 0.75  

are shown in Fig. 2b.

In the framework of this work, the nominal power condition 
of a power plant with an available power of 603.1 kW at pro-
peller speed (n) 1446.6 rpm is considered. This mode was cho-
sen for the analysis of aeroacoustics due to the fact that the 
angle of installation of the studied automatic propeller varies 
in the range of 15°. At the same time, it is known that when the 
propeller is operating under static conditions at the maximum 
power condition, the angle of installation of the blade will be 
the minimum possible. The selected mode is the maximum for 
the operation of the propeller in static conditions and the bla-
de in the study was set to the minimum angle (17° at a radius 
of 1 m).

4. EXPERIMENTAL RESULTS

At the first stage of the work, the study of the acoustic cha-
racteristics of the propeller as part of the power plant of  
AN-2 aircraft when operating under static conditions was ca-
rried out [14]. The propeller sound field was supposed to be 
symmetrical relative to its axis. Measuring microphones of a 
free field with a diameter of 1/2" from GRAS (Denmark) were 
located at the level of the earth's surface on a circular arc (R) 
of 30 m with a step of 15° in the range of azimuthal angles of 
0-165°. The direction of 0°corresponded to the radiation into 
the front hemisphere along the axis of the propeller, and the 
direction of 90° corresponded to the radiation in the plane of 
rotation of the propeller. The measurements were performed 
in parallel with 12 measuring channels with a sampling fre-
quency of 51200 Hz for 40 seconds. Further post-processing 
of the signal for the purposes of this work included obtaining 
narrow-band spectra of sound pressure levels with a bandwi-
dth (Δf ) of 1.56 Hz.

Narrow-band spectrum of sound pressure levels measured 
during the operation of AN-2 PP in the direction     120° is 
presented in Fig. 3. On the graph, the first 10 tones are mar-
ked with numbers with "p" indices at frequencies that are 
multiples of the frequency of the propeller blades. In the noise 
spectrum in the low and medium frequencies, there are tonal 
components at frequencies that are multiples of the frequen-
cy of flashes in the engine cylinders. The presented spectrum 
of sound pressure levels also includes a broadband compo-
nent that passes through the entire spectrum. Its sources 

in the plan and sweep, but these parameters can be taken 
into account by introducing additional corrective functions. 
In contrast to the other methods considered, the calculation 
of propeller noise using a semiempirical model is impossible 
without experimentally obtained proportionality coefficients 
for propellers that are similar in geometric and aerodynamic 
characteristics to the one under study. At the same time, the 
error of calculation by the semiempirical method in the pre-
sence of appropriate empirical coefficients is significantly less 
than in the case of the above methods.

Tab. 1: Possibilities of taking into account the influence of para-
meters on the propeller noise in different methods

3. THE OBJECT OF THE STUDY

The object of the study is a low-loaded 4-bladed  
variable-pitch propeller with a diameter of 3.6 m, installed on 
an AN-2 light propeller-driven aircraft (Fig. 1). The maximum 
take-off weight of the aircraft is 5500 kg, and the maximum air-
speed is 236 km/h. The aircraft's power plant also includes an  
ASH-62IR 9-cylinder 4-stroke piston engine with a maximum 
available power of 735.4 kW.

Fig. 1: General view of AN-2 aircraft

The geometric characteristics of the propeller in a dimen-
sionless form are considered in Fig. 2. The laws of variation in 
r a d i u s  (where R is propeller radius, r is distance 
from the axis of rotation to the considered section of the profi-
le of the propeller blade) of the relative width of the propeller 
b l a d e  (where b is the blade width, d is propeller dia-
meter) and the relative thickness of the blade profile 
(where c is thickness of the profile) are shown in Fig. 2a.

Method of analysis Airspeed Blade sweep and
shape in the plan Non-compactness Angle of attack

(non-axial flow)
Gutin L. Ya. [1] No No No No

Barry and Magliozzi [14] Yes No No No
Hanson [15] Yes Yes Yes Yes

Simiempirical method
(Samokhin V.F.) [12] Yes No No No

Numerical simulation Yes

 

 

 

( ) 

( ) 
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5. RESULTS OF AEROACOUSTIC SIMULATION

5.1. Main equations
Aeroacoustics modeling is based on the equations of de-

composition of the motion of a compressible medium into 
vortex (vortex motion of an incompressible medium) and 
acoustic modes [12, 13]. The velocity is represented as the sum 
of the velocity of the vortex flow and the velocity of acoustic 
motion, which gives an acoustic-vortex equation with respect 
to the fluctuations of the enthalpy (i) in the isentropic flow of 
the compressible medium:

          (1)

where 
a  – mean sound speed, 
U – the velocity field of the vortex mode (pseudo-sound).

The equations of moments are used to model the vortex 
mode:

(2)

and continuity:

          (3)

where 
ρ  – air density, 
P  – pressure in the vortex flow, 
μ  – molecular coefficient of dynamic viscosity, 
μt – turbulent coefficient of dynamic viscosity,

 – strain rate tensor,
 – unit tensor.

To determine the turbulent viscosity, a standard k-ε turbu-
lence model is used with the setting of boundary conditions 
on a solid boundary in the form of wall functions that model 
the logarithmic law of change for the velocity component tan-
gent to the wall.

5.2. Calculated area and grid
The initial data for aeroacoustic modeling is the geometry 

of the propeller blades operating under static conditions at a 
rotation speed of 1446.6 rpm. The rotor, which is the working 
surfaces of the propeller blades, is placed in the geometric 
center of the calculated area in the form of a hemisphere with 
a radius of 10 m, at a height of 3 m from the lower flat wall mo-
deling the earth (Fig. 5a). In the calculation area, a rectangular 
initial grid with a cell size of 0.333 m is determined. In the rotor 
area, the grid cells are thickened four times, so that more than 
20 cells fit on the propeller diameter (Fig. 5b).

The FlowVision method also implements the so-called 
"subgrid adaptation". Where the rotating blade intersects a 
rectangular cell, the latter is divided into a number of cells of 
arbitrary geometry, in which the discretization and solution 
of hydrodynamic equations are performed. Thus, an increase 
in the accuracy of the approximation is provided without a 

are the vortex component of the propeller noise [19] and the 
broadband component of the piston engine noise [20].

In the framework of solving the problems of this work, only 
the tonal components of the propeller noise are considered 
further. At the same time, we note that the sound pressure le-
vels of the tonal components of the piston engine noise and 
the broadband noise of PP are 10-20 dB lower than the noise 
levels of the tonal components of the propeller noise (Fig. 3) 
and cannot affect the overall noise level of the PP when opera-
ting under static conditions.

Fig. 3: Narrow-band spectrum of sound pressure levels measured 
during the operation of AN-2 power plant under static conditions 
(n=1446.6 rpm,    =120°,R=30 m,  Δf=1.56 Hz)

The directivity patterns of the first six tones of the propeller 
noise and their overall radiation are considered in Fig. 4. It can 
be seen that the direction of the overall tonal radiation of the 
propeller in the direction of azimuthal angles of 45-165° is de-
termined by radiation at the frequency of the 1st tone of the 
propeller noise, and in the range of angles of 0-30° by radiati-
on at the frequency of the 2nd tone of the propeller noise. The 
maximum of the directional characteristics of the first tone 
and the overall tonal radiation of the propeller occur in the 
rear hemisphere in the direction of 105°, which is consistent 
with the results of studies by other authors [13].

Fig. 4: Directivity patterns of the first six tones of the propeller noi-
se and their sum
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Dependences of the propeller thrust and torque on time 
are shown in Fig. 7. The average value of the propeller thrust 
according to the graph (Fig. 7a) is 2130 N. The average torque 
according to the graph (Fig. 7b) is 3550 Nm, which corresponds 
to the power on the propeller shaft of 540 kW.

Fig. 7: Thrust and torque of the propeller

The instantaneous pressure field (in Pa) in two planes is 
shown in Fig. 8. Data on the instantaneous pressure field in 
the propeller plane (Fig. 8a) show that the source of acoustic 
disturbances is associated with the circular symmetry of the 
flow field rotating together with the blades and generating 
vibrations at the repetition frequency of the propeller blades 
and its tones.

Fig. 8: Instantaneous pressure field (Pa) in two planes

5.4. Acoustic results
The solution of the inhomogeneous wave equation (1) is ca-

rried out separately for each tones of the propeller noise. At 
the outer boundary of the spherical region, the specific acous-
tic impedance for all tones is assumed to be one. On the earth's 
surface, the impedance is assumed to be equal to infinity.

Below are some results on the first tone of the propeller noi-
se. The wavelength of the first tone of the propeller noise is 
3.5 m. Therefore, these results correspond to the near acoustic 
field and clearly reflect the features of the generation of acous-
tic vibrations.

The instantaneous acoustic pressure field in the propeller 
plane and the meridional plane is shown in Fig. 9. In the plane 
of the propeller (Fig. 9a), one can see the appearance of quasi-
-spiral modes near the propeller , which are transformed into 
"petal" modes that provide radiation directivity in five directi-
ons, which are well detected in the distribution of the amplitu-
de of the first tone of the propeller noise (Fig. 10). The resulting 
amplitude distribution is established after about 20 oscillation 
periods and remains stable when the calculation continues. 
On the i7 – 2.8 GHz processor, the calculation time for one BPF 
(blade passing frequency) period is approximately 750 s.

strong thickening of the grid. The calculations were carried out 
on a grid with more than 150,000 calculation cells.

On the boundary surfaces of the rotor, the adhesion condi-
tion with zero surface roughness is set, on the earth's surface, 
the boundary condition of adhesion with a roughness of 1000 
microns is set. A constant pressure of 101000 Pa is assumed at 
the outer boundary of the region.

The solution of finite-difference equations (2-3) is carried 
out by the "rotating body method". The propeller rotates in 
the calculated area in an absolute coordinate system, while at 
each step of the calculation, the rotor is rotated and the grid is 
rebuilt near the blades that intersect the grid cells.

Fig. 5: Geometry of the computational domain and the compu-
tational grid

5.3. Aerodynamic results
The establishment of a numerical solution to a quasi-stati-

onary periodic one is achieved approximately within 20 full 
revolutions of the propeller. On the i7 – 2.8 GHz processor, the 
calculation time of one rotation of the propeller is approxima-
tely 700 s. The features of the unsteady flow around the rotor 
are revealed, in particular, by the instantaneous velocity vector 
field in the plane of the propeller (Fig. 6a) and in the meridio-
nal plane perpendicular to the plane of the earth (Fig. 6b). In 
all the figures, the positive direction of the x-axis corresponds 
to the positive direction of the propeller thrust.

A periodic spatial structure of the velocity field is formed in 
the plane of the propeller, which rotates in the coverage area 
of the blades together with the rotor. Outside the propeller, 
there is also a spatial structure of the velocity field associated 
with the recirculation flow. The nature of this flow is revealed 
in the meridional plane. An intense vortex flow is recorded at 
a distance of more than a radius, both on the periphery of the 
propeller and behind it. It is obvious that the recirculation flow 
affects the instantaneous values of the aerodynamic characte-
ristics of the propeller and the generation of acoustic fluctua-
tions. Integrating the pressure field over the propeller surface 
gives the value of the propeller thrust.

Fig. 6: Instantaneous velocity field (m/s) in two planes
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the propeller noise. For tones from 7 to 10, the calculated va-
lues are significantly overestimated to 10 dB.

Fig. 12: Comparison of the sound pressure levels of the tonal 
components of the propeller noise obtained in the experiment, 
with numerical and semiempirical modelling (n=1446.6 rpm,        

=105°, R=30 m)

A comparison of the directional characteristics of the first 
four tones of the propeller noise obtained during numerical 
modeling and in the experiment is shown in Fig. 13 . The ob-
tained radiation patterns of the first three tones of the pro-
peller noise are qualitatively consistent with experimental 
data in the range of azimuthal angles of 45-120°. For the 4th 
tone, the coincidence of the calculated sound pressure level 
with the experimental value in the direction of 105° is random.

Fig. 13: Comparison of the directivity patterns of the first four to-
nes of the propeller noise obtained in the experiment and in nu-
merical modelling

7. CONCLUSION

The paper presents the results of numerical simulation of 
the noise of a low-loaded 4-bladed propeller of AN-2 aircraft. 
The calculation is performed for the case of an isolated pro-
peller operating under static condition at the nominal power 
condition of the power plant. The results of numerical simu-
lation are compared with the data of a previously perfor-
med experiment and with the results of calculation using a  

Fig. 9: Instantaneous sound pressure field (Pa) in two planes

Fig. 10: The amplitude of the 1st tone of the propeller noise (Pa) 
in two planes

The analysis of the acoustic pressure field and the ampli-
tude distribution in the plane passing through the propeller 
axis and parallel to the ground (Fig. 11) indicates the dipole 
nature of the radiation, but also reveals a certain asymmetry 
of the dipole source, apparently associated with the influence 
of the recirculation flow and the relative proximity of the solid 
surface.

Fig. 11: The field of acoustic pressure and the amplitude of the 1st 
tone of the propeller noise (Pa) in the meridional plane parallel to 
the ground

6. COMPARISON OF CALCULATED AND  
EXPERIMENTAL DATA

A comparison of the sound pressure levels of the tonal com-
ponents of the propeller noise obtained in the experiment 
and during the computational study based on numerical and 
semiempirical methods are shown in the Fig. 12. The sound 
pressure level of 1st tone was overestimated by 7.3 dB during 
numerical modeling. The sound pressure levels of the 2nd, 3rd 
and 4th tones for the radiation direction considered in the Fig. 
are in good agreement with the experimental data. The cal-
culated sound pressure levels of 5th and 6th tones of the pro-
peller noise were 20 dB lower than the experimental values. 
This result of the loss of accuracy is probably due to the insu-
fficient density of the finite-difference grid when determining 
the amplitude of the source function.

The calculation by the semiempirical method showed a 
good agreement with the experiment for the first six tones of 
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semiempirical model. For the direction of the maximum radia-
tion of the studied propeller (105°), the sound pressure level of 
the first tone of the propeller noise was overestimated by 7.3 
dB during numerical modeling.

The presented results indicate the possibility of using the 
acoustic-vortex method for evaluating the propeller noise 
within the framework of the methodology for assessing the 
overall sound field of propeller-driven a/c at various design 
stages.

The work will be continued in terms of studying the influen-
ce of the calculation grid parameters, the influence of recircu-
lation flow and other factors on the simulation results, as well 
as the influence of in-flight conditions and installation effects 
[21] on the propeller noise of a light aircraft.
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ration holes, as well as by additional introduction of perforati-
on holes into the process of absorption of open surfaces of po-
rous end areas. It causes, accordingly, the increase of effect of 
impinging sound wave energy absorption by indicated local 
perforated zones. The perforation degree of noise absorbing 
material porous structure is characterized by the parameter 
«perforation coefficient» (kper) – as the relation of the total area 
of perforation holes projection Sper to the area of face of con-
tinuous nonperforated layer of sound absorbing material Sface:

            (1)

The results of the experiments carried out with the speci-
mens of noise absorbing components like flat-leaf panels with 
the leaf thickness of 12,5 and 25 mm, made of open-porous 
foamed polyurethane, with the studied diameter of perfo-
ration holes of 6 mm, in pitch variations (12,5 mm, 25,0 mm,  
50,0 mm), indicate the growth of values of  reverberation 
sound absorption coefficient αr by 0,3 (See Fig.1a). Maximum 
growth of parameter αr reached when the values of perforati-
on holes center-to-center distance are equal to the sound ab-
sorbing panel thickness, where the perforation holes diameter 
is d≈1/4h. Perforation coefficient value kper=0,04 ensures ma-
ximum growth of reverberation sound absorption coefficient 
αr, with the studied range of variations of perforation coeffici-
ent kper=0,01...0,20.

The effectiveness of this constructive-technological method 
of purposive applying of through damaging cuts within the 
monolithic surface of “cross-linked” structure of conjugate pro-
tective and porous sound absorbing layers is illustrated with 
the results of determination of reverberation sound absorp-
tion coefficient αr of flat-leaf panels with the leaf thickness of  
25 mm. The results (See Fig.1b) show that the partition of mo-
nolithic flat-leaf noise absorbing panel with outer protective 
film into 100 independent small-size panels and their subse-
quent gapless mosaic conjugation can cause the additional 
growth of reverberation sound absorption coefficient αr by 
the value up to 0,3.
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1. INTRODUCTION

It is known that while designing a car there are actual pro-
blems of minimization of weight, size and cost parameters 
of its components within the noise insulation set, when ob-
taining acceptable high acoustical comfort in passenger com-
partment and providing low external noise levels meeting 
law requirements. Carried out by the authors research shows 
that complex solution of above-listed technical problems is 
reached to a great extent by using various methods of con-
structive-technological patterning of acoustic (sound absor-
bing, sound-insulating, vibrodamping) materials and compo-
nents.

2. STRUCTURED SOUND ABSORBING  
MATERIALS

Carried out experimental investigations show that the inc-
rease of level of acoustic energy absorption by small-size pa-
nels (upholstery) can be reached, in particular, by performing 
appropriate effective perforation of sound absorbing material 
porous layer, applying through cuts within the protective fa-
cing layer, purposive partition (size reduction) of integrated 
noise absorbing component into several component parts 
(of the same or smaller total area of surface), shaping of limit 
geometric contour of noise absorbing component, which im-
parts to this component the enlarged outer contour perimeter 
while keeping its face area changeless (or reduced) [1]. Expe-
rimental investigations of patterned specimens of sound ab-
sorbing materials and full-sized noise absorbing components 
were carried out using laboratory-scale bench plant «Alpha 
Cabin», «reverberation sound absorption coefficient» αr) was 
the evaluating parameter [2, 3].

Perforation of monolithic sound absorbing material porous 
layer allows to increase dynamic compliance and resilient 
(bumping) frame of perforated structure deformations in the 
areas directly adjoining to the contours (free edges) of perfo-

kper = Sper  / Sface        
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3. PATTERNED SOUND-INSULATING  
MATERIALS

The process of typical two-layer soundproof materials pa-
tterning means, in particular, the technological methods of 
nonthrough blind perforation of three-dimensional structu-
re of porous layer contained in continuous dense acoustical 
reflecting layer. Such type of patterning allows to increase 
sound-proofing effectiveness of the material (estimating para-
meter «soundproofing capacity» r) within the frequency range 
with the less consumption (and the less cost) of the material of 
sound absorbing layer.

The effect of sound-proofing effectiveness increase is 
caused by the formed family of numerous closed sound absor-
bing cavities which allow to intensify the process of dynamic 
deformation of more pliable resilient porous frame with the 
concomitant dynamic (oscillatory) shift of air from the cavities 
of perforation holes into adjoining communicating cavities of 
porous structure of the material. Mentioned dynamic proce-
sses accompanied by the intensification of the processes of 
sound energy absorption.

Constructive-technological patterning of typical two-layer 
soundproof material, contained in dense sound-reflecting and 
porous sound absorbing layers, using respective perforation 
of its porous sound absorbing layer by the blind holes, can be 
characterized by the parameter «structuring coefficient» kstr. 

Structuring coefficient kstr in that case is determined in the 
following way:

                (2)

where 
S∑  is the total surface area of blind perforation hole; 
n   is the number of perforation holes; 
S   is the face area of porous sound absorbing layer.

Experimental investigations of patterned sound-insulating 
materials carried out on laboratory-scale bench plants «Torre 
di Pisa» and «RTC-3» using the estimating parameter «soun-
dproofing capacity» r [6]. The effectiveness of suggested con-
structive-technological method illustrated with the results of 
experimental research shown on Fig. 2.

The applying of separate, spaced into prescribed intervals, 
small-size noise absorbing panels made in the form of 100 
identical rectangles with the size of 200x50 mm, spaced from 
each other with the formation of air clearances (gaps) with wi-
dth equal 25 mm, relative to monolithic square flat-leaf speci-
men of the same face area equal 1000x1000 mm causes the 
considerable growth of the reverberation sound absorption 
coefficient αr. In particular, αr increases in more than 2 times 
within the octave band with the center of 2000 Hz.

The increase of perimeter of monolithic flat-leaf panel ou-
ter contour with the forming of additional area of open end 
surfaces, when the area of its face projection is constant, can 
be reached by putting it into a certain geometric shape (See 
Fig.1c). The experimental estimates showed that the use of 
rectangular flat-leaf noise absorbing panel with the outer con-
tour total perimeter P four times much, in comparison with 
the base square monolithic noise absorbing panel of the same 
surface area, allowed to increase reverberation sound absorp-
tion coefficient αr by the value up to 0,36. It is necessary to 
note that the effect of increased sound absorption effect of 
non-square by shape panels with increased contour perimeter 
caused also by intensification of effect of diffracting sound ab-
sorption by more stretched free rim zones [4, 5].

Fig. 1: The examples of patterning of flat-leaf noise absorbing pa-
nels and the achieved effect of growth of parameter «reverberati-
on sound absorption coefficient» αr
1 – porous layer of sound-absorbing material; 2 – perforation 
holes; 3 – sound-transparent face decorative or protective layer;  
4 – holes in face sound-transparent decorative or protective lay-
er; 5 – air spaces between separated small-size panels; kper - per-
foration coefficient; b – center-to-center distance of perforation 
holes; h – thickness of sound-absorbing panels; d – diameter of 
perforation holes; t – width of air clearance between detached 
small-size panels; curve A – value of parameter αr of non-patter-
ned noise absorbing panel; curve B – value of parameter αr of noi-
se absorbing panel structured according to the scheme illustrated 
on the upper figure

kstr = S  n / S      
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4. PATTERNED VIBRODAMPING MATERIALS

To damp bending vibrations of body panels and weaken radia-
ted by them structural noise they use flat-leaf vibrodamping 
gaskets conjugate adhesively (by sticky glue or thermosetting 
layer) with counter surfaces of body panels forming laminated 
vibrodamping coverings.

Under patterned vibrodamping materials we consider  
flat-leaf materials contained in perforated structure of vis-
coelastic layer – for one-layer hard and two-layer reinforced 
with the continuous reinforcing layer vibrodamping mate-
rials, and also with through perforation of  viscoelastic and 
reinforcing layers – for two-layer types of reinforced vibro-
damping materials. One-layer hard vibrodamping materi-
als consist of viscoelastic layer only (modulus of elasticity 
E2≥1,5x109 N/m2). Two-layer reinforced vibrodamping materi-
als consist of viscoelastic material layer (modulus of elasticity  
E2≤0,5x109 N/m2) and outer reinforcing layer (modulus of elas-
ticity E3≥(68...70)x109). 

Experimental investigations of patterned vibrodamping 
materials characteristics were carried out on laboratory-sca-
le bench plant of RTC-3 type used for study of vibrating and 
sound-emitting properties of hard lamellate structures (esti-
mating parameter – transfer function «force-vibration» N) [4]. 
Composite structures consisting of lifting thin-sheet metal 
plate (thickness of 1 mm) laminated with different variants of 
nonperforated (non-patterned) and perforated (patterned) 
flat-leaf vibrodamping materials were used as test specimens. 
Formed composite structure was induced  by electrodyna-
mic vibration generator rod within the frequency range of  
60...350 Hz. Perforation of structure of one-layer vibrodamping 
material (kper =0,2) contained in indicated composite structu-
re causes the growth of resonance oscillation frequencies va-
lues by 8...27 Hz and the decay of amplitudes of test transfer 
function within the bending vibrations resonance frequencies 
1,1...2,0 times less. Through perforation (kper =0,2) of two-lay-
er reinforced vibrodamping material (See Fig. 4) contained in 
composite structure also increased bending vibrations reso-
nance frequencies values (by 10...30 Hz). At the same time, the 
amplitudes of test transfer function within the bending reso-
nances frequencies reduced in 1,2...1,6 times. During resear-
ches (their results shown on Fig. 4), reinforced vibrodamping 
material of DF-5AL type were used, with relative density of  
5,0 kg/m2, viscoelastic layer thickness of 3,3 mm, reinforced la-
yer thickness of 0,2 mm.

Fig. 2: The variant of patterning of sound-insulating material 
sample mounted on the lifting body panel
1 – lifting thin sheet metal body panel; 2 – porous sound-ab-
sorbing layer; 3 – dense sound-reflecting layer; 4 – blind per-
foration holes; 5 – porous sound-insulating layer high density;  
kstr – structuring coefficient of porous sound-absorbing layers;  
h1 – thickness of sheet metal body panel; h2 – thickness of porous 
sound-absorbing layer; h3 – thickness of dense sound-reflecting 
layer; h4 – depth of patterning (height of blind perforation holes); 
d – diameter of blind perforation holes; b – center-to-center di-
stance of blind perforation holes

The results of the experiments with flat-leaf samples of 
sound-insulating materials containing sound absorbing 
fibrous layer (thickness h2=20 mm, relative surface density  
1,2 kg/m2) and bitumen-based gravimetric sound-reflecting 
layer of «septum» type (thickness h3=4 mm, relative surface 
density 5,0 kg/m2), while patterning them with blind holes, 
show the increase of parameter «soundproofing capacity»  
r within the frequency range of 400...6300 Hz by the value of 
3...12 decibel. The results of experimental investigations show 
the porous layer patterning effectiveness with kstr =0,85 which 
allows to reduce material consumption of porous fibrous layer 
of upholstery Δm by 13% and increase considerably the value 
of the parameter «soundproofing capacity» r (See Fig. 3).

Fig. 3: Parameter r of patterned and non-patterned of sound-in-
sulating material samples
kstr – structuring coefficient of porous sound-absorbing layers;  
r – parameter «soundproofing capacity»; Δr – value of parameter 
r change in result of  patterning, Δm – value of change of relative 
surface density of patterned material
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Perforation of viscoelastic layer structure contained in rein-
forced vibrodamping material doesn’t cause any noticeable 
change of reduced composite loss factor ηtot. It’s necessary 
to note that the relative density of reinforced vibrodamping 
material specimen with the perforated structure of viscoelas-
tic layer with kper =0,40 is 40% less. The effects of increase of 
reduced composite loss factor ηtot of two-layer reinforced vi-
brodamping materials is observed within definite relations 
of physical properties of composite  layers. In particular, the 
value of «reduced loss module» parameter M of viscoelastic 
layer lies within the range of M=(0,5...1,8)·108 N/m2, and the 
value of «reduced hardness module» K of reinforcing layer is  
K≥6,8·107 N/m. Reduced loss module M of viscoelastic layer 
and reduced hardness module K of reinforcing layer are deter-
mined by the following expressions:

                                    (3)

                                  (4)

where 
β and E2  are respectively reduced coefficient of inner loss and 

reduced modulus of elasticity of viscoelastic layer; 
h3 and E3 are respectively thickness and reduced modulus of 

elasticity of reinforcing layer.

5. CONCLUSION

The results of experimental researches of patterned noise-
-lowering materials and components testify the considerable 
potential of increase of their acoustic effectiveness. Presented 
types of patterned noise-lowering materials and components 
can be used effectively not only in passenger cars but also in 
the designs of other transport machinery (overland, water, air), 
and also be used to reduce the noise of energy equipment, 
domestic equipment and so on.

Fig. 4: Structural diagram (a) and transfer function «force-vib-
ration» N (b) of composite structure, contained in steel thin-leaf 
plate laminated with flat-leaf two-layer reinforced vibrodamping 
material
1 – lifting flat-leaf body panel; 2 – viscoelastic layer; 3 – reinfor-
cing layer; 4 – perforation holes; kper – perforation coefficient; Δm 
– value of material relative density change; ηtot – reduced compo-
site loss factor; ΔT – value of material effectiveness temperature 
span; h1 – thickness of sheet metal body panel; h2 – viscoelastic 
layer thickness; h3 – reinforcing layer thickness; d – perforation 
holes diameter; b – center-to-center distance of perforation holes
Curves E and F – transfer function «force-vibration» of composite 
structure with nonperforated (E) and perforated (F) flat-leaf vib-
rodamping materials

The increase of vibrodamping effectiveness (growth of loss 
factor) of perforated vibrodamping materials is determined 
by the intensification of dynamic processes of increase of am-
plitudes of viscoelastic layer shift deformations and deflecti-
ons «tension-compression» in localised perimetritic zones of 
perforation holes. In particular, through perforation of vibro-
damping material reinforced structure causes the increase of 
reduced composite loss factor upto 25% within the tempera-
ture span +20...+40oC, and more than in 2 times – within the 
temperature span +60...+80oC (See Fig.5). Thus, test material 
perforated specimen (kper =0,25) has by 25% less relative den-
sity with reached higher vibrodamping effectiveness within 
wider   (≈20 oC) temperature span of effective vibrodamping, 
and having improved technological properties.

Fig. 5: Parameter ηtot of reinforced vibrodamping ma-
terial samples A90, B100, C120, D200, E200, F200-A,  
F-220 – shorthand of marks reinforced vibrodamping material

-E2      

K=h3-E3      
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Fig. 1: Statistics on the number of scientific expeditions.

2. USING ELECTRIC VEHICLES AS A WAY TO 
REDUCE THE NOISE LOAD ON WILDLIFE  
DURING A SCIENTIFIC EXPEDITION

A promising way to reduce the noise load on wildlife during 
scientific expeditions is to replace cars with an internal com-
bustion engine used for transporting employees and equip-
ment of the expedition with electric vehicles. Such a change 
requires specification of quantitative indicators of noise load 
reduction to justify the effectiveness of this method. In additi-
on, it is necessary to specify the existing restrictions on the use 
of electric vehicles during scientific expeditions.

The following factors can be attributed to the special con-
ditions of conducting expeditions into the wild that affect the 
restrictions in the use of electric vehicles:

impassability, on a significant part of the way;
lack of stations for charging electric vehicle batteries, on a 
significant part of the way.

The factors of off-road driving and the lack of charging stati-
ons allow us to formulate two requirements that an electric car 
must meet in order to be able to use it in an expedition.
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SCIENTIFIC EXPEDITIONS
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1. INTRODUCTION

Scientific expeditions to the wild are regularly conducted on 
all continents of the planet, including Antarctica. Currently, in 
land expeditions, cars with an internal combustion engine are 
most commonly used as vehicles. The level of traffic noise ge-
nerated by such cars is in the range of 75-85 dB [1].

The main component of the traffic noise generated by the 
car occurs as a result of the operation of the internal combusti-
on engine. The hearing distance of such noise reaches several 
hundred meters, depending on the terrain.

For most inhabitants of the wild, hearing is the main tool 
for perceiving the surrounding reality, by means of which, in 
particular, animals learn about potential danger.

Traffic noise is ‘alien’ to the inhabitants of the wild, and the-
refore it is a source of concern, which is especially dangerous 
during the breeding season, as it can lead to a violation of this 
process.

Also, the negative consequences of traffic noise generated 
by the expedition cars can be attributed to a decrease in the 
effectiveness of the expedition itself. So, the noise can make 
the animals (birds) that are the subject of the study leave their 
location or change the usual order of their life, which in turn 
will lead to distortion of the results of the study.

According to the data (Fig. 1), more than 2 thousand scien-
tific expeditions are conducted annually in the world [2-4]. 
Reducing the noise load during their implementation is an im-
portant factor in preserving the ecology in the few regions of 
the planet with preserved wildlife.
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Fig. 2: Electric vehicle noise detection scheme
* When preparing the drawing, the elements of the scheme for 
measuring the noise from the source were used [1]

At the same time, the following conditions for determining  
were set: tests for evaluating  are carried out on a measuring 
section of the road A-B with a length of 20 m; the vehicle in 
front of the measuring section (up to the A-A line) moves 
uniformly at a speed of ~30 km/h; the measurement is made 
when the vehicle passes the middle of the measuring section 
with noise meters [14, 15] installed at a distance of 7.5 m from 
its axis; two measurements are made on each side of the ve-
hicle. The maximum sound level, expressed in decibels (dB), is 
measured at the moment when the vehicle passes between 
lines A-A and B-B. The resulting value is the measurement re-
sult [1].

The experimental measurement was performed using an 
electric car of the SUV category-Tesla Model X 2018 (without 
using the function of creating artificial noise).

The obtained measurement results are shown in Tab. 2.

Tab. 2: Noise generated by an electric vehicle

Comparing the obtained data (Tab. 2) with the noise level 
generated by cars with an internal combustion engine, we see 
the following difference (Tab. 3). The resulting difference is an 
indicator of reducing the noise load when using electric ve-
hicles.

Tab. 3: Comparison of the noise generation indicators

4. CONCLUSION

In this study, a method for reducing the noise load on wildli-
fe during scientific expeditions is proposed. The method pro-
vides the replacement of cars used for transportation of the 
employees and equipment of the expedition with electric ve-
hicles. Replacing one car with an internal combustion engine 
of the SUV category with an electric car of the same category 
allows reducing the noise load by 22 dB at a speed of 30 km/h. 
The paper specifies the existing restrictions in using electric 
vehicles in expeditions, including the maximum distance from 
the destination of the expedition. According to the presented 
data, the existing electric vehicles of the SUV category are 

The off-road factor determines the requirement for the 
electric vehicle used in terms of increased cross-country abili-
ty. Increased cross-country ability is achieved through the use 
of all-wheel drive and increased ground clearance (the distan-
ce between the ground and the lower suspension point of the 
electric vehicle). Most common, such features are possessed 
by vehicles of the SUV category.

The factor of the absence of stations for charging the batte-
ries of an electric vehicle determines the requirement for the 
electric vehicle used, in terms of having the necessary power 
reserve to reach the destination and return back.

Until recently, the electric vehicles produced were represen-
ted by passenger cars with a small ground clearance and a fai-
rly small power reserve of 200-300 km [5-7], which limited the 
possibility of their use in scientific expeditions into the wild, in 
off-road conditions and the lack of service infrastructure.

The increase in the capacity of electric car batteries achieved 
in recent years has led to the appearance on the market of a 
number of electric car models belonging to the SUV category, 
i.e. meeting the requirement for the presence of an all-terrain 
function [7-10].

Considering the power reserve of electric vehicles of the 
SUV category, we see that now in some models it has already 
reached 500-800 km (Tab. 1). From the data in Tab. 2, it follows 
that electric vehicles from points 1-3 of the table are applica-
ble in expeditions which destination is located at a distance 
of up to 220-400 km from the last station of the stations for 
charging electric vehicle batteries. The power reserve of such 
electric vehicles will allow you to reach your destination and 
return back.

Tab. 1: Power reserve of electric vehicles of the SUV category

 

3. SPECIFICATION OF THE QUANTITATIVE  
INDICATORS OF THE NOISE LOAD REDUC-
TION WHEN USING ELECTRIC VEHICLES

To specify the quantitative indicators of reducing the noise 
load as a result of replacing cars with internal combustion en-
gines with electric vehicles, it is firstly necessary to analyze the 
noise level generated by electric vehicles in the open air. Next, 
it is necessary to compare the results obtained with the noise 
level generated by cars with an internal combustion engine. 
The resulting difference will be an indicator of reducing the 
noise load when using electric vehicles.

To determine the noise range generated by a moving elect-
ric vehicle, portable noise meters were used for measuring (in 
accordance with the regulatory methodology – ‘Regulation 
No. 51’ of the UNECE [15]) the level of the acoustic radiation 
intensity  adjusted according to ‘A’ scale (Fig. 2).

Points Vehicles Power reserve (km)
1 Tesla Model X 545
2 Rivian R1T 640
3 Tesla Cybertruck 800

Vehicle Generated noise level (dB)
Tesla Model X 58

Electric vehicle
(Tesla Model X)

A car with an internal
combustion engine (average

indicator)

The difference in the noise level

58 80 dB 22
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applicable in expeditions with a destination point of up to  
400 km (the distance is measured from the last charging stati-
on located on the way of the expedition). Reducing the noise 
load is also a factor in increasing the effectiveness of scientific 
expeditions. As a result of reducing the noise load, the proba-
bility of wild nature inhabitants (objects of research) leaving 
their location or changing their usual routine of life is reduced, 
which reduces the likelihood of distortion of the scientific re-
sults obtained by the expedition.

Alexey Shvetsov is Ph.D. of Engineering Science, Associate Professor of Department of Automotive Transport 
and Car Service of the North-Eastern Federal University (Yakutsk, Russia), and Associate Professor of Department 
of Transport Processes of the Technologies of the Vladivostok State University of Economics and Service (Vladi-
vostok, Russia). He obtained his PhD in 2018 from the Russian University of Transport, in the field of transporta-
tion safety. He current research interests are in the fields of to protection transportation critical infrastructure. He 
has published more than 75 books, papers in journals and international conferences, on transportation safety 
and about the protection of critical infrastructures.
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Fig. 1: Scheme of the experimental stand for determining the loss 
coefficient: 1 – generator; 2 – excitation signal amplifier; 3 – vibra-
tion exciter; 4 – the object under study; 5 – accelerometer; 6 – vib-
ration isolators; 7 – accelerometer signal amplifier; 8 – analyzer; 
9 – computing complex.

The hardware system of the stand has two lines: one is de-
signed to excite vibrations in the pipeline under study, the se-
cond is for recording and processing vibroacoustic emission 
signals.

Fig. 1 shows the scheme of excitation of vibrations in the pi-
peline. A sinusoidal sound signal excited in the generator 1 is 
fed to the power amplifier 2. Next, the amplified signal gets 
to the electromagnet 3, which excites the part at forced and 
natural frequencies. The natural frequencies are recorded by 
an oscilloscope (analyzer 8). With the help of vibration isola-
tors 6, on which the pipeline rests, the influence of external 
vibrations is reduced. The need for the formation of sinusoidal 
oscillations is explained by the requirements of the applied re-
search methods.

The second line of the stand, which performs the functions 
of signal recording and processing, includes an accelerometer 
5, a signal amplifier 7, a computing complex 9 for digitizing 
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1. INTRODUCTION

Vibration of power plants is a serious problem [1, 2, 6-8]. The 
coefficients of vibration energy losses have quite interesting 
features [1]. Their values depend not only on the frequency of 
vibrations, but also on the physical and mechanical characte-
ristics of the material and, as it turned out, on the configura-
tion of the section of the part or structure. The gas-discharge 
systems of power plants (pipelines) are somewhat different in 
design from other elements of the system. The wall thickness 
of the pipelines is much smaller than the diameter and length, 
i.e. the density of the flow of vibration energy passing along 
the pipe is much higher than that of the beams. In addition, 
the pipeline is experiencing excessive pressure from the in-
side, so the values of the vibration energy loss coefficients of 
the pipelines do not coincide with the values of these coeffici-
ents of other load-bearing elements.

2. DESCRIPTION OF THE EXPERIMENTAL  
SETUP AND THE PROCEDURE FOR 
CONDUCTING THE EXPERIMENT

To determine the reliable values of the frequency-dependent 
loss coefficients of the vibration energy of pipelines, a special 
stand was created using modern measurement technology 
(fig. 1).
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3. REGRESSION ANALYSIS

One of the most common methods of regression analysis for 
estimating the parameters of regression models from sample 
data is the least squares method (OLS) [3]. This method allows 
us to solve a fairly wide range of problems, including the appro-
ximation of experimental data, determining initially unknown 
coefficients of the analytical dependence of a certain function. 
At the same time, it is possible to determine not one, but se-
veral analytical dependencies and evaluate their adequacy 
using the sum of the squares of deviations from the experi-
mental values. As a rule, the analytical dependencies obtained 
using OLS are linear or polynomial in nature. However, there 
are a number of nonlinear functions that can be reduced to a 
linear form (linearized) with the help of simple mathematical 
transformations and the coefficients of regression models can 
be determined using OLS. Since the analytical dependences 
found can be linear, nonlinear functions, as well as polynomi-
als of various degrees, it is necessary to evaluate the adequacy 
of the model using a more strict parameter-the standard devi-
ation (RMS) [4,5]:

                              (2)

where  
n    – number of experiments; 
m   – the degree of the polynomial; 
yex  – the value of the function in the experiment; 
yi   – calculated value according to the model.

The values of the experimental loss coefficients of the vibrati-
onal energy of the pipeline are shown in Fig.2.

Fig. 2: The coefficient of loss of vibrational energy of the pipeline

and registering signals based on a personal computer and a 
multi-channel input-output unit with an analog-to-digital 
converter (ADC). 

At the research object, a piezoaccelerometer of the DN-4-M1 
type is used to register vibration accelerations. The sensor cha-
racteristics can be seen in Tab. 1.

Tab. 1:Characteristics of the piezoaccelerometer sensor type  
DN-4-M1

To amplify and match the sensor with the ADC, a 4-channel 
vibration amplifier I 1002 (RTF) is used, which has a wide fre-
quency range and a large selection of gain factors, both in vol-
tage and charge. Based on the conditions of analog-to-digital 
conversion, the signal coming from the accelerometer, in addi-
tion to pre-amplification, should be subjected to Antialiasing 
filtration to prevent the phenomenon of frequency substituti-
on of high-frequency information. Further, to prepare for con-
version to digital form with an ADC, the processed signal is fed 
to the normalizing amplifiers.

The digitized signal is centered to eliminate the zero error 
of the measuring path, digital filtering is performed that com-
pensates for the accelerometer's own amplitude-frequency 
characteristics (frequency response).

This signal is "weighed" using the Nuttall function to supp-
ress the effects caused by the presence of side lobes in the 
spectral estimates due to the finiteness of the sample size. The 
processed signal is converted to the frequency domain using 
fast Fourier transform algorithms. Signal processing of this 
kind can be performed using Mathcad, other applied mathe-
matical packages, or using the original application software 
package.

The loss coefficients are determined by the formula [2]:

                          (1)

where 
n  – the number of vibrations at the measuring di-

stance;  
A1 and An – the amplitude of the first and last oscillations at 

the measuring distance.

Experimental studies of the vibrational energy loss coeffici-
ents of the pipeline made it possible to determine their values 
at the average geometric frequencies of the octave spectrum, 
which makes it possible to use them for vibroacoustic calcula-
tions. However, quite often vibroacoustic calculations must be 
performed for natural oscillation frequencies other than the 
average geometric ones. Therefore, based on experimental 
data, it is necessary to determine analytical dependencies that 
allow calculating the coefficient of loss of vibrational energy 
at any intermediate oscillation frequency. We will conduct a 
regression analysis of the values of the vibrational energy loss 
coefficients of the pipeline obtained as a result of experiments 
on the above-described stand.

The coefficient of conversion of acceleration to voltage

Transverse resonance frequency

Installation resonance frequency

=  

=
( )

, 
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Since the smallest standard deviation of all functions has a 
polynomial of the seventh degree, the regression dependence 
has the following form:

 

                        (3)

The approximation of the experimental data by a polynomi-
al of degree 7 is consistent with the measurement error and is 
sufficient to estimate the change in the vibration energy co-
efficient as a function of frequency.
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4. CONCLUSION

In conclusion, it should be noted that, despite the complexi-
ty and high degree of the polynomial, the obtained analytical 
dependence is quite accurately approximated to the experi-
mental curve (see Fig. 4) and with modern resources and com-
puting power, it can be used to calculate the loss coefficients 
of the vibrational energy of the pipeline at any intermediate 
oscillation frequency.

The results of regression analysis by nonlinear functions are 
presented in Tab.. 2 and in Fig. 3.

Tab. 2: Results of regression analysis by nonlinear functions

Fig. 3: Approximation by nonlinear functions for the pipeline

Fig. 3 shows that nonlinear functions do not approximate 
the experimental data well.

The approximation by a polynomial forms an adequate ma-
thematical model under the condition of uniformity of the 
initial data. In our case, the frequency series has a geometric 
progression, so the maximum and minimum values of f differ 
from each other by two orders of magnitude. To align the sour-
ce data, we will make a replacement -x=lgf. Since the measu-
rements of the vibrational energy loss coefficient were carried 
out at 9 frequencies, the maximum degree of the approxima-
ting polynomial will be 7. The results of regression analysis by 
polynomials are presented in Tab.. 3 and in Fig. 4.

Tab. 3: Results of regression analysis by polynomials

Fig. 4: Approximation by polynomials for a pipeline.

 

Name of the curve The equation RMS 
Exponential = 0,115 ,  3,56 10 –2 

Power-law = 0,235 .  2,22 10 –2 

Hyperbolic of type 1 = 0,085 +
3,62

 6,88 10 –3 

Hyperbolic of type 2 =
1

9,09 + 0,0004
 3,65 10 –2 

Hyperbolic of type 3 =
221,79 + 11,4

 1,42 10 –2 

Logarithmic = 0,21 0,016  2,41 10 –2 

S-shaped =
,

,

 8,29 10 –3 

Inversely logarithmic =
1

3,11 + 1,08
 2,22 10 –2 

Degree The equation RMS
1 2,57�10 –2

2 1,19�10 –2

3 7,16�10 –3

4 7,68�10 –3

5 6,44�10 –3

6 2,73�10 –3

7 8,23�10 –4

= , + , ( ) , ( ) + , ( )

, ( ) + , ( ) , ( ) + , ( )  
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De Cesare M., Du L., Hao Z., Hazra S., Jung I., Kelly P., Ma Z.D., 
Meng D., Mohammadpour M., Resch T., Ruotolo R., Sbarbati F., 
Shangguan W., Sottek R., Tomazic D., Vanhaaften W., Vecchio 
A., Velardocchia M., Xu P., Yang F., Yu S., Zhang N., Anthonis J., 
Armentani E. and others, whose scientific research results ana-
lysis showed that there is no unified approach to the research 
of the powertrain NVH characteristics for improvement purpo-
ses, which shall consist of: 
1. Justified calculation and experimental selection of target 

natural frequencies at the component (powertrain) level;
2. Identification of the vibration-loaded area of the po-

wertrain;
3. Methodological approach for achieving target natural fre-

quencies at the component (powertrain) level;
4. Methodological approach for reduction of the powertrain 

structural noise.

The objective of this work is to develop a research algorithm to 
improve the powertrain NVH characteristics that shall include: 
1. Methodology for selection of target natural frequenci-

es  and localization of the powertrain vibration-loaded 
area based on: 
1.1. Calculation and experimental definition of the po-

wertrain resonant frequencies in operating modes;
1.2. Calculation and experimental research of the po-

wertrain resonant oscillations in case of disturbance 
from two types of roads; 

2. Study of the powertrain natural frequencies and oscilla-
tion modes:
2.1. Calculation study through the finite element method;
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1. INTRODUCTION

Today, the task of vehicle noise and vibration reduction has 
become even more relevant not only because of legislative 
control, but also due to consumer properties, on the satisfac-
tion of which the competitiveness of the vehicle in the sales 
market depends. With the emergence of hybrid power units 
and the rise in their power and agility, there is a trend towards 
increasing vehicle vibration loading caused by the imple-
mentation of an additional power energy source, namely an 
e-machine. One of the main ways to reduce hybrid powertrain 
oscillation intensity and the loads transmitted from the po-
wertrain to the vehicle body is choosing the correct position 
and characteristics of the powertrain mounts [1-35] as well as 
eliminating resonances of the system in operating modes and 
thus excluding coalescence of natural frequencies of the de-
sign with the dynamic (load) disturbing frequencies. A huge 
amount of work related to the powertrain noise, vibration and 
harshness characteristics (NVH) has been performed by Tolskiy 
V.E., Zhang T., Guo R., Govindswamy K., Abe T., Rahnejat H., Van 
Der Auweraer H., Cheng M.T., Shangguan W.B., Theodossiades 
S. Eisele G., Fang Y., Lim T.C., Yu P., Albers A., Janssens K., Jen 
M.U., Lu M.H., Galvagno E., Robinette D., Shi W., Singh R., Sto-
ffels H., Vigliani A., Wellmann T., Chen Z., Lee M.R., Qatu M.S., 
Rust A., Tousignant T., Warth M., Yu H., Behrendt M., Lee S.K., Li 
M., Ravaglioli V., Steffens C., Wu J., Zhang Y., Bassett M., Chauvi-
court F., De Oliveira L.P.R., Duan J., Graf B., Orzechowski J., Ponti 
F., Prokop A., Raghavendran P., Stout J.L., Tota A., Wolff K., Wu 
G., Zheng X., Allman-Ward M., Brandl S., Canova M., Ciceo S., 
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Fig. 2: Diagram of ICE virtual model made in Simcenter Amesim 
software

For the calculation model verification, the ICE was tested 
on the engine test bench running in the full-load curve within 
the crankshaft rpm range of 1000-6000 min-1. In the process 
of the tests, the torsional vibrations of the ICE crank train ele-
ments were measured in two places: in the front end of the 
crankshaft, where the torsional vibration damper is installed, 
and on the primary disk (mass) of the dual mass flywheel. The 
sensors positions are shown in Fig.3. 

Fig. 3: Sensors positions: A – encoder, B – speed sensor

Fig. 4 shows the results of the comparative study of the cal-
culation and experiment. The 4th harmonic of the torsional vi-
brations of the ICE elements: a – angular displacements and 
b – angular accelerations measured by the encoder.

2.2. Experimental research;
2.3. Calculation model verification.

3. Methodology for improvement of the powertrain NVH 
characteristics (in terms of natural frequencies up to com-
pliance with the target values and reduction of structural 
noise).

2. METHODOLOGY FOR SELECTION OF  
TARGET VALUES 

2.1. Calculation and experimental definition of powertrain 
resonant frequencies in operating modes

The methodology for selection of target natural frequencies 
is based on definition of the powertrain resonant frequencies 
in operating modes. For these purposes, a calculation model 
consisting of the internal combustion engine (ICE), transmi-
ssion and powertrain mount models was formed in the Sim-
center Amesim software. Each component part of the calcu-
lation model is a system of bodies having mass and inertial 
characteristics and united with elastic and damping, linear 
and non-linear links and connections. The ICE is represented 
by the elements included in the crank train and the cylinder 
and piston group. The rigidity of the cranks is determined by 
the numerical simulation. The indicator charts for the cylinders 
are obtained by indication of the engine combustion chamber 
on the engine test bench with the characteristics of the engine 
as given in Tab. 1.

Tab.1: ICE main characteristics

The engine multi-mass system diagram is shown in Fig. 1.

Fig. 1: ICE multi-mass system diagram

The model, the basic diagram of which is shown in Fig. 1, 
considers rigidity characteristics of the crankshaft that were 
determined according to the calculation and experimental 
research results. Also, the characteristics of the torsional vib-
ration damper and dual mass flywheel are taken into account. 
The ICE virtual model made in the Simcenter Amesim software 
is shown in Fig. 2.

Type gasoline
Cylinder block configuration and V-angle V(90°)
Number of cylinders, pcs 8
Displacement, l 4.4
Rated power at 5500 rpm, hp 600
Maximum torque, N*m 880
Fuel supply system direct injection
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The ICE calculation and experimental results correlate well 
with each other, therefore, the calculation model can be con-
sidered verified. In order to take into account the influence of 
not only the engine inertial mass, but also transmission com-
ponents inertial mass on the powertrain torsional vibrations, 
a transmission multibody model has been developed that has 
10 degrees of freedom. The transmission model diagram is 
shown in Fig. 6.

Fig. 6: Calculation model of transmission designed for analysis 
of torsional vibrations of unit shafts made in Simcenter Amesim 
software: ICE – internal combustion engine, F – flywheel, EM – e-
-machine, AT – automatic transmission, TC – transfer case, FD 
– front differential, RD – rear differential, FW – front wheels, RW 
– rear wheels and B – body

As an example, the calculation results for the spectra of the 
angular accelerations of the e-machine shaft in gear 5 are 
shown in Fig. 7.

Fig. 7: Calculation results for spectra of torsional vibration angu-
lar accelerations on e-machine shaft in gear 5: X-axis – vibration 
frequency [Hz]; Y-axis – engine crankshaft rotation rate [min-1]; 
Z-axis – angular accelerations amplitude [rad/s2]

Fig. 4: Comparison of virtual simulation and experimental study 
results

Fig. 5 shows the results of the comparative study of the cal-
culation and experiment. The 4th harmonic of the torsional 
vibrations of the ICE elements: a – angular displacements and 
b – angular accelerations measured by the radially installed 
sensor.

Fig. 5: Comparison of virtual simulation and experimental study 
results
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Fig. 9: Structure of powertrain and transmission model made in 
Simcenter Amesim software

As an example, the calculation results for the spectra of the 
powertrain linear accelerations along the vertical axis in gear 
5 are shown in Fig. 10.

Fig. 10: Calculation results for spectra of powertrain mass cen-
ter linear accelerations along the vertical axis and in gear 5:  
X-axis – vibration frequency [Hz]; Y-axis – engine crankshaft ro-
tation rate [min-1]; Z-axis – angular accelerations amplitude 
[rad/s2]

Based on the analysis of the amplitudes of the powertrain 
torsional vibration angular accelerations, Tab. No. 2 was drawn 
up, in which the frequency range of the maximum amplitudes 
of the angular accelerations caused by torsional vibrations is 
determined.

Tab. 2: Frequency range of maximum amplitudes of transmission 
components' angular accelerations

And in order to define the linear and angular accelerations 
spectra for the powertrain mass center, an additional calculati-
on model has been developed that includes the ICE multibody 
model, transmission multibody model and powertrain mount 
model. The powertrain installed on the mounts is shown in  
Fig. 8. The illustration of the model structure is given in Fig. 9.

Fig. 8: Powertrain installed on mounts

Unit
denomination

AT gears

1 2 3 4 5 6 7 8 9

Frequency, Hz

E-machine 170-
250

180-
240

180-
230

75-80
180-
220

75-80
180-
230

55-60
180-
230

55-60
180-
230

55-60
180-
230

55-60
180-
230

AT 100-
105

75-80 80 75 60-65 50-55 50-55 50-55 50-55

Transfer case 105-
115

70-75 80 75 60-65 50-55 50-55 50-55 50-55

Rear  suspension
axle drive

200-
205

195-
200

80
200-
205

80
200-
205

60-65
200-
205

50-55
195-
200

55-60
200

55-60
200

55-60
200

Front  suspension
axle drive

100
275-
280

80-85
280-
285

85-90
275-
280

80-85
280

65-80
280

50-55 55-60 50-55 50
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on the mathematical models and objects of research is provi-
ded. The main vehicle parameters are given in Tab. 4.

Tab. 4: Main parameters of vehicle being researched

The following assumptions are taken into account in the ma-
thematical model:
1. The body elasticity is not considered (solid model);
2. The transmission mathematical model describes motion 

of the engine and transmission parts considering inertial 
and dissipative properties of the engine-transmission sys-
tem;

3. For investigation of the vehicle model behavior on une-
ven roads, an improved mathematical model Pacejka with 
a 3D contact is used (assumption of necessity due to ab-
sence of frequency-dependent tyre models, such as F-Tire 
and MF-Swift). [38]

The illustration of the mathematical model and markers 
for vibration acceleration measurement on the powertrain 
mounts is shown in Fig. 11. The vibration accelerations are me-
asured on the left and right powertrain mounts and in the X, Y 
and Z directions of the vehicle respectively.

Fig. 11: Illustration of vehicle mathematical model and positions 
for vibration acceleration measurement

Based on literary sources [38] and [39], several special cases 
of the virtual vehicle motion are taken into account for analy-
sis of the powertrain behavior and determination of the reso-
nant disturbing frequencies:
1. Acceleration from 10 km/h to 100 km/h with the steady 

acceleration of 0.5 g on a scanned horizontal straight road 
with the following parameters: 

Total length of the road: 5.4 km;
Width: 10 m;
Road pavement: sandy asphalt concrete on cement 
concrete bed;
Purpose: for tests for fuel efficiency, traction, speed and 
brake properties of all vehicle types.

The road illustration is given in Fig. 12.

Based on the analysis of the linear and angular acceleration 
amplitudes of the powertrain mass center in all three directi-
ons X, Y and Z in all gears, Tab. No. 3 was drawn up that gives 
the frequency range for the maximum amplitudes of the linear 
and angular accelerations of the powertrain mass center.

Tab. 3: Frequency range of maximum amplitudes of powertrain 
mass center linear and angular accelerations in three directions

Thus, based on the three developed models, the resonance 
frequency range was determined for the powertrain in ope-
rating modes [110-180 Hz]. And based on the frequency re-
sponse function analysis for the maximum amplitudes of both 
linear and angular accelerations, the target value of the po-
wertrain lowest global mode was determined, which shall co-
rrespond to 145 Hz. Furthermore, it follows from the frequency 
response function analysis for the linear accelerations of the 
powertrain mass center that the most vibration-loaded area is 
the mounting seat of the automatic transmission main shaft.

2.2.  Calculation and experimental research of powertrain 
resonant oscillations in case of disturbance from two types 
of roads

The next stage of the research is the analysis of the influence 
of the road frequency disturbance on the powertrain within 
the vehicle. For the calculation, a mathematical model is used, 
which is a non-linear dynamic vehicle model in the form of a 
mass-elastic system with more than 94 degrees of freedom, 
including the mathematical description of vehicle systems and 
components in the form of a set of bodies with linear and non-
-linear connections as well as the mathematical description of 
vehicle interaction with the environment. The mathematical 
description of the typical models is given in reference [36]. The 
mathematical multilink models were developed in the MSC 
Adams/Car environment; the suspension guide apparatus 
and load-bearing structure are deformable bodies with linear 
properties. The component nodal points are implemented as 
the RBE2 elements equivalent to rigid fixation of the finite ele-
ment mesh nodes. The standard settings of compliant bodies 
damping are taken for the calculations [37]. 

The characteristics of the elastic and damping suspension 
components are set according to the specification of the lu-
xury class vehicle for driving on uneven roads. All the main 
damping sources, stiffness of all elastic elements along with 
their non-linear characteristics are taken into account. In the 
mathematical model, the weight-inertial and geometric para-
meters of the front and rear suspension, weight-inertial and 
geometric parameters of the steering equipment together 
with the power steering unit characteristic, wheel and tyre 
models, as well as weight-inertial and geometric parameters 
of the body and running gear systems are taken into account. 
For confidentiality reasons, the minimum allowed information 

Accelerations 

AT gears

1 2 3 4 5 6 7 8 9

Frequency, Hz

Linear

X 10-100 10-100 10-110 10 10-110 10-110 10-110 10-110 10-110

Y 430-
500

430-
500

430-
500

10 10 10, 20 10, 20 10, 20 10, 20

Z 330-
430

330-
430

330-
430

330-
430

330-
400

330-
410

350-
410

350-
410

300-
410

Angular

X 105,
200-
430

75-80
200-
400

75-80
190-
400

75-80
180-
400

70-80
180-
400

60-70
180-
400

60-70
180-
400

55-65
180-
400

55-65
180-
400

Y 10-110 60-100 60-100 60-100 60-100 70-100 75-100 50-90 75-100

Z 350-
450

350-
440

350-
440

330-
440

330-
400

330-
400

350-
400

350-
400

330-
400

Parameter denomination Front suspension Rear
suspension

Vehicle fully loaded weight (GVW), kg 3490

Vehicle weight distribution between the axles, F/R, % 50.2 49.8

Height of center of mass, mm 665

Suspension vertical stiffness normalized to wheel center, N/mm 36.39 34.12

Front suspension roll stiffness normalized to wheel center, Nm/deg 2096.7 1505.8
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Fig. 14: Dependence of vehicle speed on time (a), acceleration 
spectra of the front left (b) and right (c) powertrain mounts in the 
vertical direction on the horizontal straight road

Based on the analysis of the acceleration amplitudes of 
the results of the simulation of motion on horizontal straight 
and noise generating surface roads in all the directions, the 
frequency range of disturbance from the road is defined, that 
amounted to 5-45 Hz. 

Based on the abovementioned research and investigations, 
it can be concluded that the powertrain natural frequencies 
shall be within the frequency range of 110-180 Hz, outside of 
disturbance from the road surface (5-45 Hz) as well as gas and 
inertial forces (10-110 and 180-400 Hz) arising in the course 
of powertrain operation, thus the choice of the target values 
for the natural frequencies at the component level is substan-
tiated.  Moreover, the research analysis shows that the maxi-
mum amplitudes of the angular accelerations fall to the auto-
matic transmission main shaft. 

The next stage of the research is the calculation of the po-
wertrain natural frequencies and oscillation modes, and upon 
that the first lowest global frequency shall be outside of the 
disturbance from the road surface as well as gas and inertial 
forces arising in the course of the powertrain operation.

Fig. 12: Illustration of the horizontal straight road of FSUE "NAMI" 
NICIAMT proving ground

2. Acceleration from 10 km/h to 100 km/h with the steady 
acceleration of 0.5 g on a scanned noise generating surface 
road with the following parameters: 

Total length of the road: 0.75 km;
Width: 5 m;
Road pavement: granite stacked stone (cobblestone), 
even pavement, on sand-cement bed;
Purpose: for tests on detection of driving noise sources 
and definition of noise characteristics.

The road illustration is given in Fig. 13.

Fig. 13: Illustration of the noise generating surface road of FSUE 
"NAMI" NICIAMT proving ground

As an example, the results of the simulation of motion on 
the horizontal straight road are shown in Fig. 14 in the form of 
waterfall charts. The frequency response functions of the en-
gine mounts in the vertical direction were calculated for each 
0.1 s within the whole range of the motion cases simulation.
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The maximum displacements in case of the horizontal bend 
of the powertrain at the frequency of 129.4 Hz fall to the trans-
fer case output shaft. The maximum displacements in case of 
the vertical bend at the frequency of 139.9 Hz fall to the trans-
fer case output shaft and engine water cooling pipe.

The natural modes at the frequencies of 129.4 and 139.9 Hz 
with strain energy extraction are shown in Fig. 17:

Fig. 17: Horizontal bend at 129.4 Hz frequency (a) and vertical 
bend at 139.9 Hz frequency (b), strain energy displayed

The strain energy in case of horizontal and vertical bends at 
the frequencies of 129.4 and 139.9 Hz concentrates in the AT 
front housing. In order to assess the adequacy of the calcula-
tion studies, experimental studies and validation were perfor-
med.

3.2. Experimental studies
The experimental studies were performed in the  

semi-anechoic chamber. When defining the natural frequen-
cies and modes of the powertrain, it was hung up on flexible 
cables attached to the eye bolts, Fig. 18 (a). As an example, 4 of  
20 mounting positions of the powertrain accelerometers are 
shown in Fig. 18 (b).  The measured data were analyzed using 
the LMS Modal Analysis software in order to create the modal 
shapes of the powertrain and to calculate its natural frequen-
cies. The coherence of the input and output signals was chec-
ked in the course of measurement. For calculation of oscillati-
on modes, the range of 50-500 Hz was chosen in the Polymax 
Plus menu.

3. RESEARCH OF NATURAL FREQUENCIES 
AND OSCILLATION MODES

3.1. Calculation studies
A finite element model (FEM) was developed for calcula-

tion of the natural frequencies and oscillation modes of the 
powertrain. The FEM consists of 2,629,032 volume elements 
(tetrahedral ones of the second order), 11,567 shell ele-
ments (triangles and squares of the first order), 7,257 – RBE3 
elements, 3,902 – RBE2 elements, 1,764 – CBEAM elements,  
188 CONM2 elements (224.3 kg of concentrated weight in to-
tal) and 4,740,735 nodes.  The powertrain finite element mo-
del is shown in Fig. 15.

Fig. 15: Powertrain finite element model

The calculations were performed within the MSC Nastran 
software, Sol 103 EIGRL solution type, free-free boundary con-
ditions. As an example, Figure 16 shows the results of the cal-
culations of the first global modes.

Fig. 16: Horizontal bend at 129.4 Hz frequency (a) and vertical 
bend at 139.9 Hz frequency (b), displacements displayed
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3.3. Calculation model verification
The calculation model verification is performed using the 

correlation matrix constituting a set of calculated and experi-
mentally obtained natural modes at the same frequencies. The 
compliance of the oscillation modes is estimated by the MAC 
(Modal Assurance Criterion) correlation coefficient calculated 
for each couple of modes (both calculated and experimental) 
and comprises the information on compliance of the frequen-
cy response function (FRF) in the control points of the FEM and 
experimental models (spatial position of accelerometers). At 
MAC=1, a complete coincidence of the FEM and experiment 
natural modes is achieved. The FEM verification is considered 
complete upon observance of the following requirements: 
1. The MAC coefficients of the lowest global modes are wi-

thin the range from 0.8 to 1;
2. The difference in frequencies of the calculated and experi-

mental values for a couple of modes shall not exceed 3%.

The correlation matrix is built according to the procedure 
described in the Correlation module of the Siemens NX CAE 
software and shown in Fig. 20.

Fig. 20: Calculation/experiment correlation matrix

To meet the requirements for the correlation matrix and na-
tural frequencies, the powertrain FEM parametric optimizati-
on was performed in the Siemens NX CAE software, Sol 200 
solution type, criterion (target) function, minimization:
1. Divergences of the frequency response function (FRF) in 

20 points (corresponding to the spatial position of the 
accelerometers in experimental studies);

2. Divergences of the first three frequencies.

The modulus of elasticity of the powertrain part materials 
shown in Fig. 21 is selected as a design variable.

Fig. 21: Parts included in parametric optimization as project va-
riable

Fig. 18: Powertrain hung up on flexible cables (a) and accelerome-
ter mounting positions

A stabilization diagram was generated in the Polymax Plus 
Stabilization menu (Fig. 19 a). Taking into account the genera-
ted diagram, constant polylines were selected and analyzed to 
create modal shapes for each frequency (Polymax Plus Shapes 
menu). For the selected modes, a correlation matrix was crea-
ted (Fig. 19 b).

Fig. 19: Stabilization diagram (a) and correlation matrix (b)
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reduce the powertrain structural noise, longitudinal stiffening 
ribs adjacent to the stiffening ribs introduced to increase the 
global bend were introduced into the transmission design, 
and also stamped reinforcements were introduced into the 
automatic transmission sump based on the results of the ana-
lysis of the oscillation modes and concentration of the elastic 
deformations. The initial model of the automatic transmission 
(a) and the modified transmission (b) are shown in Fig. 24.

Fig. 24: Transmission designs: a - initial, b - modified

The FEM of the modified powertrain is shown in Fig. 25.

Fig. 25: Modified powertrain design

The FEM of the modified powertrain design consists of 
2,937,314 volume elements (tetrahedral ones of the second 
order), 11,344 shell elements (triangles and squares of the first 
order), 6,917 – RBE3 elements, 3,653 – RBE2 elements, 1,903 – 
CBEAM elements, 184 CONM2 elements (222.4 kg of concent-
rated weight in total) and 5,367,450 nodes. Calculations in the 
MSC Nastran software, Sol 103 EIGRL solution type, free-free 
boundary conditions, were conducted to assess the efficiency 
of the measures aimed at increasing the frequency of the lo-
west global bend. The first 10 modes were exposed to deriving 
of natural frequencies and modes. As an example, the calcula-
tion results for the first global modes are shown (Figure 26).

Figure 22 shows the sensitivity analysis results.

Fig. 22: Sensitivity matrix

Fig. 23 shows verification results for the powertrain calcula-
tion model. For the horizontal bend, the difference in frequen-
cies amounts to 0.1 Hz and MAC=0.95. In case of the vertical 
bend, the difference in frequencies amounts to 0.2 Hz and 
MAC=0.97.

Fig. 23: Results of verification activities

The lowest global oscillation modes of the powertrain 
amount to 128.9 (Fig. 23a) and 138.7 Hz (Fig 23b). Based on 
the validation activities results, we managed to develop the 
powertrain FEM with an error of less than 1% for the oscilla-
tion modes and frequencies. Based on the analysis of the fre-
quency response function (FRF) of disturbances, the target 
value of the powertrain lowest global mode shall be 145 Hz, 
for which reason it is necessary to increase the frequency of 
the lowest global bend. Changing the powertrain design in or-
der to achieve the natural frequencies target values will lead to 
changes in the FRF of the powertrain radiating surfaces noise. 
Therefore, it is necessary to conduct design optimization not 
only in terms of natural frequencies, but also in terms of radia-
ting surfaces structural noise.

4. METHODOLOGY FOR IMPROVEMENT OF 
POWERTRAIN NVH CHARACTERISTICS 

It follows from the analysis of Fig. 16 and 17 that the high values 
of the energy of elastic deformations are located on the front 
housing of the automatic transmission (AT) (due to its location 
in the middle of the powertrain), accordingly, the increase in 
stiffness of the elements in this area will raise the powertrain 
vibration frequency. After the design elaboration taking into 
account the packaging and technological constraints, longi-
tudinal stiffening ribs were introduced on the front part of the 
housing. The longitudinal stiffening ribs are also connected by 
the tangential ribs and the stiffened flange in order to prevent 
bending of the ribs themselves shown in Fig. 24b. In order to 
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Fig. 27: AT housing response points position

The positions of the response points of the AT sump are 
shown in Fig. 28.

Fig. 28: AT sump response points position

At frequencies over 1000 Hz, the oscillations of the AT 
structure within the powertrain occur as in a distributed pa-
rameters system - certain AT external surfaces having bounda-
ries of sharp change of the shape, stiffness, mass or damping 
characteristics have their own natural and forced oscillation 
frequencies and modes. Based on the above, the transmission 
housing and sump were divided into zones as shown in Fig. 29.

Fig. 29: AT sump response points position

Fig. 26: Horizontal bend at 145.9 Hz frequency (a) and vertical 
bend at 160.7 Hz frequency (b), displacements displayed

The maximum displacements in case of the horizontal bend 
of the powertrain at the frequency of 145.9 fall to the transfer 
case output shaft. And the maximum displacements in case 
of the vertical bend at the frequency of 160.7 Hz fall to the 
transfer case output shaft and engine water cooling pipe. The 
comparative results of the modal analysis of the initial and mo-
dified powertrain designs are given in Tab. 5.

Tab. 5: Comparison table of modal analysis results

The developed modified powertrain design allows increa-
sing the natural frequencies in case of the horizontal bend 
by 16.5 Hz, and in case of the vertical bend by 20.8 Hz, which 
complies with the target values.    

To assess the efficiency of the measures to reduce structural 
noise, calculations were made in the MSC Nastran software, 
solution type Sol 111. The positions of the response points of 
the AT housing are shown in Fig. 27.

Oscillation mode
Frequency, Hz

Initial Modified Difference
Horizontal bend 129.4 145.9 +16.5
Vertical bend 139.9 160.7 +20.8
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Fig. 31: Results of vibration speed calculation in area A (a - re-
sponse along X-axis, b - response along Z-axis): blue - initial vari-
ant; red – modified variant

It follows from the analysis of the results of the mean-square 
vibration speed values that in case of single loads along axes 
X and Y, there is a decrease in amplitudes in the frequency 
range of 1,000-2,200 Hz and from ~ 3,200 Hz in all the areas, 
and in case of a single load along the Z-axis, there are partial 
decreases and occasional increases in certain frequency ran-
ges.  Therefore, the analysis of the calculation results for the 
frequency response in three directions and for all the areas or 
zones of the AT within the powertrain shows that in order to 
reduce the noise from the surfaces, the modified AT design 
can be recommended.

Strain energy distributions of both the initial and the modi-
fied design (Fig. 32) are shown as an example for visualization 
of forced oscillations of the vibration speed amplitude maxi-
mum (peak) level (Fig. 30b – frequency of 1,640 Hz). 

Fig. 32: Strain energy at the frequency of 1,640 Hz, single excita-
tion along Z-axis: a – initial design, b – modified design of the 
powertrain 

It is known that the sound power radiated by a certain exter-
nal surface can be defined as follows [40]:

 

(1)

where: 
 – source radiation coefficient, 

 – acoustic resistance of the medium, 
S  – radiator area,

 – radiating surface vibration speed mean-square va-
lue.

It follows from the expression that in order to reduce the 
acoustic radiation from a certain external surface, it is ne-
cessary to reduce the squared vibration speed values in the 
considered frequency range. It is expedient to assess the effi-
ciency of two designs based on the results of reduction of the  
mean-square vibration speed for certain considered areas.

As the maximum amplitudes of the angular accelerations 
fall to the automatic transmission main shaft, it is expedient 
to apply load in this area. As a load, a single load in all three 
directions is used, the excitation point falls to an independent 
node (RBE2 element) located on the AT main shaft mounting 
seat (see Fig. 30).

Fig. 30: AT sump response points position

As an example, in order to assess the efficiency of the con-
sidered design changes in area A, the spectra or ranges of 
the mean-square vibration speed values from a single load 
applied along the vertical axis (Z) are shown (Fig. 31).

( ) = ( ) ( ) 

( )
(  )

( )
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Based on the results of the comprehensive comparative 
analysis of the frequency response from local areas of the 
AT within the powertrain, the modified powertrain design is 
recommended by the criteria of reducing noise from the AT 
surfaces.

It follows from the analysis of Fig. 32 that the strain energy 
field of the modified powertrain design is less distinct in all the 
zones considered, which proves the efficiency of the develo-
ped modified powertrain design.
    

5. CONCLUSION

1. The methodology for selection of the target values has 
been developed and the vibration-loaded area of the po-
wertrain has been localized based on the calculation and 
experimental research of the resonant frequencies in ope-
rating modes and disturbance from two types of roads. 

2. Based on the research, a frequency range of 110-180 Hz 
is defined as the one in which the first lowest natural fre-
quency shall be located. Based on analysis of the FRF of 
the powertrain resonant frequencies, the most favorab-
le and optimal value of the first lowest frequency should 
be 145 Hz. The vibration-loaded area is found to be the 
mounting seat of the automatic transmission main shaft.

3. The finite element model was developed, calculation and 
experimental research of the powertrain natural frequen-
cies and oscillation modes were conducted, experimen-
tal verification of the calculation was performed, which 
allowed error reduction not only for the natural frequen-
cies but also for the oscillation modes of the powertrain. 
According to the verification work results, the error 
amounted to less than 1%.

4. The methodology for powertrain design refinement in 
terms of natural frequencies was developed as well as the 
modified powertrain design based on the verified mo-
del of the powertrain, the first lowest mode of the global 
bend of which corresponds to the target value of 145 Hz.

5. The methodology for powertrain design refinement in 
terms of structural noise reduction was developed. The 
refinement criterion is the radiating surfaces vibration 
speed mean-square value. 
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When performing acoustic calculations, we use the fo-
llowing data.

The level of the total sound power, dB, of the reducing val-
ve depends on the design characteristics of the valves, natu-
ral gas flow rate, sound speed in the channel and gas density  
[4-6]:

          (1)

where 
LWT — a correction that depends on the valve design and the 

pressure drop across it, dB 
q     — the flow rate of the medium, m3/h; 
с     — the speed of sound in the valve, m/s.

The amount of consumed natural gas q, m3/s, which passes 
through the gas distribution point, depends on the capacity 
of the TPP N, MW.

                   (2)

where 
η  — the efficiency of the station; 
Q  — calorific value of fuel, MJ / m3.

Considering (1) and (2), we obtain

                    (3)

In [7], a classification of various valves of GDP is given de-
pending on the radiated noise. The valve type has been 
shown to strongly influence the sound power level emitted 
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1. INTRODUCTION

The power equipment of thermal power plants is a source of 
noise for the surrounding area [1]. One of the sources of noise 
for the surrounding area are gas distribution points (GDP) of 
thermal power plants [2]. In Russia, more than 60% of the fuel 
consumed at thermal power plants is gas. Natural gas is supp-
lied to TPPs from a gas station. On the territory of the station 
at the gas distribution point, the gas pressure decreases from 
1-1.2 MPa to 0.05-0.12 MPa. The decrease in pressure in gas 
distribution points is associated with significant sound emi-
ssion, which can become a source of exceeding sanitary stan-
dards [3] at the border of the sanitary protection zone.

Sanitary protection zones (SPZ) in Russia are determined in 
accordance with regulatory documents [9]. Thermal power 
plants using natural gas as a fuel with a capacity of more than 
600 MW belong to the second hazard class of the enterprise, 
and thermal power plants and district boilers with a thermal 
capacity of more than 200 Gcal, also running on natural gas, 
belong to the third hazard class of the enterprise. In accordan-
ce with [9], a sanitary protection zone of 500 m is introduced 
for the second hazard class, and 300 m for the third hazard 
class.

2. RESULTS OF CALCULATIONS OF SANITARY 
PROTECTION ZONES

The actual dimensions of the sanitary protection zones, 
depending on the type of valve and natural gas flow rate  
(Fig. 1) and plant capacity (Fig. 2), were determined as a result 
of acoustic calculations in accordance with [10].

LW= LWT -30          
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The confidence value R2 for the obtained values   according 
to the formula (4) is in the range from 0.97 to 0.99.

Formula (4) characterizes the size of the SPZ from the noise 
factor for stations do not produce electrical power.

From Fig. 1 the SPZ of 300 meters will not be exceeded with 
a gas flow rate of less than 500 thousand m3 / h when insta-
lling a type 3 valve, an SPZ of 500 meters will not be exceeded 
with a gas consumption of about 120 thousand m3 / h when 
installing the valve type 2. The use of type 1 valve is possible 
only with the implementation of measures for noise suppre-
ssion.

Fig. 2 shows the dependence of the size of the sanitary pro-
tection zone on the plant capacity for three types of valves to 
comply with the norm for the border of the sanitary protection 
zone of 45 dBA.

Fig. 2: The width of the sanitary protection zone for a residential 
area, depending on the power of the station and the type of valve 
to comply with the norm for the boundaries of the sanitary pro-
tection zone of 45 dBA: 1, 2, 3 — types of valves; 5-SPZ at 500 m; 
6 — SPZ at 300 m

The calculation results in Fig. 2 can be approximated by the 
formula for calculating the size of the sanitary protection zone 
R, m, from the electric power of the station N, MW:

      (5)

where 
N  — the electric power of the station, MW; 
a and c — are empirical coefficients, which are presented 

in Tab. 2.

The confidence value R2 for the obtained values according to 
the formula (5) is in the range from 0.97 to 0.99.

by the valves. When natural gas consumption changes from  
30 to 800 thousand m3/h, the maximum difference in sound 
power levels is about 14 dB. At the same time, the difference in 
sound power levels at the same flow rate for the valves under 
consideration can reach 40 dB. In [8], the features of noise emi-
ssion from the building of GDP and gas pipelines after it are 
shown.

The obtained values of the sound power levels were used to 
calculate the sanitary protection zone. The distance of the co-
rresponding sanitary protection zone is taken as the distance 
at which the sound level from the building of GDP  is equal to 
45 dBA [3].

Fig. 1 shows the dependence of the size of the sanitary pro-
tection zone on the natural gas consumption for three types of 
valves to comply with the norm for the border of the sanitary 
protection zone of 45 dBA.

Fig. 1: The width of the sanitary protection zone for a residential 
area, depending on the fuel consumption and the type of valve 
to comply with the norm for the boundaries of the sanitary pro-
tection zone of 45 dBA: 1, 2, 3 —types of valves; 5—SPZ at 500 m; 
6 — SPZ at 300 m

The calculation results in Fig. 1 can be approximated by the 
formula for calculating the size of the sanitary protection zone 
R, m, from the natural gas consumption B, thousand m3/h:

           (4)

where 
B  — the fuel consumption, thousand m3/h; 
A and C — are empirical coefficients, which are presented 

in Tab. 1.

Tab. 1: Empirical coefficients characterizing the dependence of 
the SPZ size on fuel consumption for different types of control 
valves

R(B)=A ln(B)-C ,                                                   

Valve type Coefficient a Coefficient c Confidence value R2

1 441 742,65 0.98

2 225 497,38 0.97

3 114 398,19 0.99
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3. CONCLUSION

1. According to the noise factor, the sanitary protection zo-
nes of gas distribution points depend on the natural gas 
consumption (station capacity) and the type of valve. At 
the same time, the type of valve has the greatest influen-
ce on the size of the sanitary protection zone in terms of 
the noise factor.

2. Formulas have been obtained for calculating the required 
width of the SPZ of gas distribution points by the noise 
factor to comply with the norm for the border of the sa-
nitary protection zone of 45 dBA, depending on the type 
of valve and natural gas consumption (4) and the power 
of the station (5).

3. The data obtained allow at the design stage to assess the 
need to take measures for noise suppression.

Tab. 2: Empirical coefficients characterizing the dependence of 
the size of the SPZ on the electrical power for different types of 
control valves

From Fig. 2, the SPZ of 300 m will not be exceeded by the 
electric power of the station less than 1500 MW when insta-
lling a type 3 valve, less than 106 MW when installing a type 2 
valve. The sanitary protection zone of 500 m will not be excee-
ded when the electric power of the plant is less than 8300 MW 
when installing a type 3 valve, less than 260 MW when insta-
lling a type 2 valve. Sound attenuation measures are required 
when using a type 1 valve.

These formulas (4) and (5) can be recommended for calcula-
ting the SPZ from gas distribution points with different valves. 
The use of formulas (4-5) makes it possible to determine the 
need to develop additional measures to reduce noise from gas 
distribution points [11].

Valve type Coefficient a Coefficient c Confidence value R2

1 441 1240,2 0.98

2 225 751,46 0.97

3 113,7 526,47 0.99
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refore, reduce noise from ventilation equipment of residential 
buildings.

The main attention is paid to the study of the flow move-
ment in the channel, which is a simplified configuration of the 
inter-blade space of a centrifugal turbomachine.

In this regard, the article discusses methods for numerical 
analysis of the interspace of a centrifugal turbine using va-
rious turbulence models in the ANSYS CFX software package 
to determine the most effective turbulence model and the 
possibility of its further use in modeling hydrodynamic mo-
dels for acoustic calculations. The adequacy of the results and 
the effectiveness of the turbulence models were evaluated 
by comparison with the data obtained empirically during the 
actual test described in J. Moore's article “A Wake and an Eddy 
in a Rotating, Radial-Flow Passage”. The comparison was ca-
rried out for three profiles of the flow rate of the medium in 
different sections of the channel and at three mass flow rates.

One of the most complex and important problems not only 
in recent years, but also in previous decades in hydrodynamics 
is the calculation of turbulent flows. Despite the growth in 
computer performance and great advances in the construc-
tion of efficient numerical algorithms, correct and accurate 
mathematical prediction of turbulent flows is still more the ex-
ception than the rule. This can be explained by physical com-
plexity, namely, at the same time a chaotic and weakly perio-
dic structure, three-dimensional nature, nonstationarity, and a 
large scatter of spatial and temporal scales.

SELECTION OF TURBULENCE MODEL IN ANSYS CFX FOR 
INVESTIGATION OF TURBULENT NOISE AND VIBRATION 
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1. INTRODUCTION

Noise inside residential buildings in some cases is caused by 
the influence of sources of external noise, such as road and 
rail transport, engineering and technological equipment of 
industrial enterprises, etc. A comparative share falls on sour-
ces located directly inside the building. These sources include 
elevator equipment, ventilation and air conditioning systems, 
engineering and technological equipment of individual hea-
ting points (IHP).

The relevance of this research topic is confirmed by a large 
number of complaints from apartment owners located above 
individual heating points of multi-storey apartment buildings. 
A number of works are devoted to the issues of reducing this 
negative impact in the premises of residential and office buil-
dings [1-4].

Within the framework of this article, the ventilation equip-
ment of multi-storey residential buildings is considered, the 
vibration of which generates noise in the living quarters of 
apartments in multi-storey buildings. The movement of the 
air flow through the ventilation ducts can be accompanied by 
the formation of turbulent noise both on homogeneous sur-
faces and on various inhomogeneous ones, leading to a sud-
den change in pressure. Valves, throttling devices and similar 
structures play a special role in the formation of this kind.

This study is aimed at creating a model of flow movement 
in a radial-axial channel, which, in further research, will help 
to investigate the mechanism of formation of turbulent noise 
and vibration from elements of a centrifugal turbine and, the-
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The next of the existing models in terms of the volume of 
computational costs is the large eddy simulation method 
(LES), formulated at the end of the twentieth century [7]. The 
main idea of this approach lies in the spatial “filtration” of the 
characteristics of a real turbulent flow, that is, information 
about small inhomogeneities with sizes smaller than the filter 
size is not taken into account.

Fig. 1: Comparison of the original and average signals

When comparing the real turbulent flow and its LES mo-
del, it becomes obvious that small eddies are not taken into 
account in the simulation. Comparison of the filtered and ori-
ginal signals is shown in Fig.1.

 
In the system of Navier-Stokes equations, the variables f are 

represented as the sum of “filtered” and small-scale variables. 
The LES system of equations after all transformations has the 
following form:

        (1)

The LES system is very similar in form to the system of equa-
tions of the model, RANS. The only formal difference between 
them is in the indices of additional members. The fundamental 
difference is that within the LES framework, vortex structures 
with dimensions exceeding the filter dimensions are resolved 
"exactly", and only vortex structures of smaller dimensions are 
modeled, while in RANS, all vortices must be modeled, despi-
te the fact that large vortices are not subject to any universal 
laws.

The natural price to be paid for the described advantages 
of LES is that it requires incomparably more computational 
resources than RANS. On the other hand, because the small-
-scale portion of the spectrum is modeled rather than "accura-
tely" calculated, the resources required to implement the LES 
are much smaller than for the DNS. It is this circumstance that 
stimulated the creation of hybrid RANS-LES approaches, the 
most developed of which is the DES method.

The lion's share of the computational costs of LES is associa-
ted with the calculation of the near-wall part containing small 
vortices, and the calculation of just such flows using RANS is 
quite reliable and economical.

2. METHOD

The development of turbulent flow modeling begins with 
semi-empirical models based on the Reynolds Averaged  
Navier-Stokes (RANS) system of equations averaged over Rey-
nolds.

Now, a large number of computational software systems 
based on RANS models are used to solve complex gas-dyna-
mic problems. RANS methods can be based on k – ε, k – ω or  
SST – model.

The turbulence model k - ε, using the equations for the 
transfer of the kinetic energy of turbulence (k) and the rate of 
its dissipation (ε), is used and gives good results in most cases 
[5]. The turbulence model k - ω solves two transport equati-
ons - one for the turbulent kinetic energy k, the second for the 
specific rate of its dissipation ω. The biggest disadvantage of 
this model is its strong sensitivity to boundary conditions. And 
also to obtain the correct solution requires a large number of 
cells in the wall layers [5].

The SST (Shear Stress Transport) turbulence model is one of 
the varieties of k - ω turbulence models. SST is used when a 
good wall solution is required. It combines the advantages of 
the basic k - ω and k - ε models, but like k - ω, it places high de-
mands on the mesh resolution near the walls. The model was 
proposed in 1993 and thus has more than 20 years of experi-
ence. This experience indicates that the model, in terms of the 
totality of its qualities, is one of the best, if not the best, among 
the existing RANS turbulence models [6].

In recent years, approaches to modeling turbulent flows 
based on the initial principles of hydrodynamics have found 
wide application, namely, the Direct Numerical Simulation 
(DNS) method and the Large Eddy Simulation (LES) method 
for modeling large eddies, as well as the increasingly wide-
ly used , Detached-Eddy Simulation (DES) method. The wi-
despread practical application of these methods even with 
today's computing power is extremely limited. Some studies 
suggest that, according to the most optimistic forecasts, the 
use of the listed turbulence models in practice is possible only 
by the end of this century.

The DNS model approach is based on only one simplificati-
on, the essence of which is the absolute reliability of the de-
scription of both laminar and turbulent flows by the system of 
Navier-Stokes equations. In this model, the flow is calculated 
by direct numerical solution of the system of Navier-Stokes 
equations. And since turbulence is three-dimensional and 
unsteady, the equations automatically become three-dimen-
sional unsteady. When modeling real processes, we are talking 
about flows with sufficiently large Re values, a fine scale grid, 
due to the geometric complexity of bodies, as well as a large 
number of time steps.

Considering the above, now the DNS model is used only for 
calculations with relatively low Re values   and mainly only for 
basic research. However, this approach is very important, it is 
especially worth noting that in the future DNS will become a 
leading direction of development not only in hydrodynamics, 
but also in related fields.

+ ( ) =

( )
+ ( ) = + ( + )
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The rest of the constants are determined from experiments 
for turbulent fluids.

Thus, the k-ε model has proven itself well in calculating free 
and jet shear flows, and the k-ω model provides a much more 
accurate description of the near-wall boundary layers [8]. Ta-
king these circumstances into account, it was proposed to 
combine these models in SST using a specially designed em-
pirical function F1, which ensures that the summary model is 
close to the k-ε model far from solid walls and to the k-ω mo-
del in the near-wall part of the flow.

The equations of this "hybrid" model, written in terms of k 
(kinetic energy of turbulence) and ω (specific rate of its dissi-
pation) are as follows:

         (5)

               (6)

The generation term is calculated according to the formula:

        (7)

The last term on the right side of the transfer equation ω is 
determined by the relation:

         (8)

Turbulent viscosity in this model is determined

        (9)

Functions F2 and F1 are empirical, like the rest of the con-
stants.

2.2. Description of the design model
At present, it is becoming difficult to imagine carrying out 

calculations without the use of software systems for three-di-
mensional gas-dynamic modeling.

ANSYS CFX is a high-performance computational fluid dy-
namics (CFD) tool that reliably and quickly solves a wide range 
of fluid and gas flow problems for over 20 years. CFX, due to 
its accuracy, reliability and speed, finds the most frequent 
application in turbomachinery. Ease of work with it provides 
a modern, flexible, intuitive graphical interface that provides 
the ability to customize and automate the modeling process.

Most importantly, ANSYS CFX offers a wide range of models 
to accurately account for turbulence effects.

ANSYS CFX uses numeric grid points to solve equations, a 
so-called finite element grid. Particular emphasis is placed on 
solving the basic equations of motion (conjugate algebraic 
mesh).

The DES method was proposed as an alternative to the 
RANS and LES methods for calculating near-wall flows with 
large separation zones, for which the RANS models are not ca-
pable of providing acceptable accuracy, and the LES requires 
excessively large computational resources.

In the framework of DES, not all vortices are calculated 
“exactly”, but only “disconnected” ones, that is, those that are 
present in separation zones, while the rest are described by 
conventional semi-empirical RANS models [7].

When using DES, almost all parameters can be calculated 
with a sufficiently high accuracy even on relatively coarse 
grids; moreover, when the grid is refined, the calculation error 
decreases and tends to zero in the limit (DES becomes DNS). 
However, it should be emphasized that, even with a total num-
ber of cells of about 400,000, which is very modest by modern 
standards, the calculations take several tens of hours.

Based on the limited computing power and time constraints, 
in this work, we used two semiempirical RANS models based 
on k - ε and SST, a detailed mathematical description of which 
is given in the next section.

2.1. Description of the used turbulence models
Consider the standard two-equation k - ε model, which is 

now regarded as the standard model for describing turbu-
lence and solving engineering problems. In this model, two 
important concepts are introduced - generation P and dissi-
pation ε.

The physical meaning of the generation of turbulence P lies 
in the generation of new vortices and pulsations, which form 
the turbulence [8]. Dissipation ε, on the contrary, is the sca-
ttering of large eddies into smaller ones, leading to averaging 
of the flow and a decrease in turbulence. Two transport equa-
tions allow us to consider turbulence in space and time. This 
model is semi-empirical and is based on a phenomenological 
approach and empirical results.

The kinetic energy of turbulence is defined as 

Equation for kinetic energy:

 
               (2)
where 
Gk represents the turbulent kinetic energy generated from the 

mean velocity gradients:

           (3)

μt  – turbulent dynamic viscosity; 
S   – strain tensor invariant.

The equation for dissipation is not derived analytically and is 
written by analogy with the equation of kinetic energy:

              (4)
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Fig. 3: The investigated part of the channel for configuration № 1

Fig. 4: Channel configuration № 2

Fig. 5: Channel configuration № 3

One of the stages of numerical modeling is the division of 
the computational domain into elements (cells), the so-called 
mesh generation process. It is at the grid nodes that the values 
of the sought variables are determined and the boundary con-
ditions of the problem are imposed. The quality of the mesh, 
as well as the number of cells, strongly depends on the result 
of the calculations. A detailed description of the selection of 
the grid and the number of its elements is given in the next 
section.

Another important component of the successful obtaining 
of the calculated data is the correct setting of the boundary 
conditions. Three types of boundary conditions were used in 
the work - input (INLET), output (OUTLET), impenetrable wall 
(WALL).

When setting the boundary conditions on an impenetrab-
le wall (WALL), all components of the velocity vector were set 
equal to zero (no slip wall).

With this approach, it becomes extremely important to ana-
lyze the degree of adequacy of the modeling results.

The main task of the study is to build a model of air move-
ment in a rotating radial-axial channel. To evaluate the simu-
lation results, a comparison was made with the data obtained 
empirically during the real test described in the article by  
J. Moore [9].

Fig. 2: Interscapular canal model

The experimental setup described in [9] is shown in Fig. 2 
and represents a simplified configuration of a centrifugal tur-
bine blade channel placed on a rotating table with a constant 
rotation speed of 206 rpm. The axis of rotation of the channel 
coincides with the axis of the cylindrical inlet section. The air 
flow enters the channel along the axis of its rotation, after 
which it turns at right angles in the radial direction and ex-
pands, falling into the directly modeled part ("interscapular" 
channel). The flow enters the channel through a stationary sta-
bilizing device in the form of an equalizing grid with a mesh 
size of 4.8 mm, which ensures a constant flow rate across the 
section. A fan is located in front of the stabilizing device, which 
makes it possible to forcibly supply air with different flow rates 
into the channel. The outlet section of the channel is open to 
the atmosphere. The working medium is air with a temperatu-
re of 25 ° C and atmospheric pressure.

Here are the geometrical parameters of the directly investi-
gated part (Fig. 3) [9]. In section a, the model has a square with 
a side of 76 mm. Section b - a rectangle with a height of 76 mm 
and a width of 236 mm. The distance between the indicated 
sections is 610 mm. Rotation occurs around the Z axis, located 
305 mm from the section a.

The study used three geometric configurations of the cha-
nnel:
1. Geometry 1 is shown in Fig. 3, without turning the stream 

by ninety degrees.
2. Geometry 2 is shown in Fig. 4, a flow turn has been added, 

where the transition of the horizontal flow to the vertical 
one is carried out.

3. Geometry 3 is shown in Fig. 5. The main difference from 
Geometry 2 is a rounded flow turn and a change in the 
inlet section.
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To set the boundary conditions at the inlet and outlet, the 
mass flow rate of the medium was used. The flow is investi-
gated at three air flow rates at which the data were obtained 
during the experiment detailed in the previous section.

To determine the nature of the turbulence at the inlet, an 
average intensity of 5% (Medium) was set.

In this work, when creating calculations in the CFX package, 
two turbulence models were used: k-ε and SST.

The article [9] shows the results obtained experimentally for 
three sections shown in Fig. 3:

at a distance of 2.5 inches (64 mm) from the section a 
along the X axis, 
at a distance of 10.5 inches (267 mm) from the section a 
along the X axis, 
at a distance of 18.5 inches (467 mm) from section a along 
the X-axis.

We will call the indicated cross-sections control, in which a 
comparison is made between the air flow rates obtained by 
the experimental [9] and calculated using the ANSYS software 
package.

For a qualitative assessment of the data obtained, graphs of 
the distribution of the flow velocity over the section for each 
air flow rate were constructed. For a quantitative assessment, 
the value of the cross-section average of the relative error of 
the data obtained as a result of the calculation is given in rela-
tion to those given in [9]. In this case, the relative error is deter-
mined in accordance with formula (10).

   (10)

where 
Vexp – the value of the air flow velocity at the point belonging 
to the control section, from the experimental data [9], m/s; 
Vi – the value of the air flow velocity at a point belonging to 
the control section, obtained by calculation using the ANSYS 
software package, m/s; 
n – total number of points.

The average relative errors for the air flow rates of Geometry 
1 and two turbulence models (k-ε and SST) are presented in 
Tab.1.

Tab. 1: Average relative errors for the case "Geometry 1"

The results obtained show that the calculated data more 
accurately describe the flow closer to the center of rotation. In 
the first section, the relative error does not exceed 14%, while 
in the latter it is more than 69%.

Inlet boundary conditions (INLET) were specified using mass 
flow. The flow is investigated at three air flow rates [9]:

S - small - small 0.062 kg/s,

M - medium - average 0.116 kg/s,

L - large - large 0.240 kg/s.

The use of equations describing turbulence leads to the fact 
that additional parameters for the simulation must be set for 
the mass flow rate. For calculations in the CFX package, one 
parameter was used - the intensity of turbulence - information 
on the numerical values   of which is absent. As a rule, the inten-
sity of turbulence does not exceed 20%, but in most cases it is 
in the range from 1 to 10%. The selected average intensity of 
turbulence is 5%.

Outlet boundary conditions (OUTLET) were set using over-
pressure. Since the outlet section of the channel is open to the 
atmosphere, the overpressure is zero. As well as for the input 
boundary conditions, the parameter - turbulence intensity 
(5%) was used to simulate turbulence in the CFX package.

3. RESULTS

3.1. Description of the design model 
When developing a numerical model of air movement in a 

radial-axial channel, which represents a simplified configurati-
on of an inter-blade channel of a centrifugal turbine, the first 
stage is to develop a geometric configuration of the compu-
tational model. The closest results of calculations carried out 
with the help of the ANSYS CFX software package to the ex-
perimental data will speak about the correctness of the con-
struction. For the study, three geometric configurations of the 
channel were used, a detailed description is presented in the 
previous section.

The data given in the article by Moore J. [9] were obtained 
empirically only for the experimental section, therefore, the 
first configuration of the Geometry 1 channel was created, 
completely repeating the geometry with the indicated dimen-
sions in the article [9].

The ANSYS ICEM CFD package was used to construct the 
computational grid. The computational grid is shown in  
Fig. 6, in this case hexahedral cells are used. The number of 
cells in this case is 11568, and the maximum size is 1 × 10-2 m.

Fig. 6: Computational mesh for Geometry 1

=  % 

Consumption Model
Cross-sectional error, %

Х=2,5 Х=10,5 Х=18,5

S
k- 13,61 27,72 69,10
SST 12,50 23,30 59,20

M
k- 9,89 18,66 52,58
SST 9,27 12,43 30,67

L
k- 12,61 15,56 39,75
SST 11,34 9,03 38,13
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culations with the configuration of the Geometry 2 channel 
are closer to the experimental data in comparison with the 
calculations of Geometry 1. The relative error decreased by  
0.42 - 18.63% ... In the last section (X = 18.5), it was possible to 
approach the experimental data only in calculations at a flow 
rate S, at flow rates M and L, the relative error increased.

The relative error of 61% is caused by the fact that some fe-
atures of the geometric configuration were not taken into 
account. To improve the results, the previous channel confi-
guration was modified, the calculations were performed again 
with Geometry 3, shown in Fig. 8.

The main difference is the rounded transition of the vertical 
flow to the horizontal one and the change in the inlet section.

The computational grid is shown in Fig. 9. The number of cells 
in this case is 156599, and the maximum size is 1 × 10-2 m.

To form the wall layer, two layers of flat cells were added at the 
solid walls. The height of the first wall cell was 2 × 10-3 m. The 
next cells increase by 1.2 times in comparison with the previ-
ous cell.

The average relative error for Geometry 3 is presented in  
Tab. 3.

The calculated data show that in the first section the relative 
error does not exceed 11%, while in the latter it is more than 
46%.

Fig. 8: The main differences between Geometry 3 (a) and Geome-
try 2 (b)

Fig. 9: Computational mesh for Geometry 3

It should be noted that the SST turbulence model in all cal-
culations describes the flow better than k-ε. The relative error 
of the SST model in the first section is less than the relative 
error k-ε by only 0.62 - 1.27%, and in the last - by 1.62 - 21.91%.

The relative error of 69% is due to the fact that the geomet-
ric configuration was chosen incorrectly and is unacceptable 
for further research. To improve the results, the calculations 
were performed again with Geometry 2, which is more suita-
ble for the description of the article containing experimental 
data [9]. The main difference from Geometry 1 is the addition 
of a 90-degree rotation in which the flow goes from vertical to 
horizontal. The Geometry 2 configuration shown in Fig. 4.

The computational grid is shown in Fig. 7, in this case, tetra-
hedral cells are used. The number of cells in this case is 140519, 
and the maximum size is 1 × 10-2 m.

To form the wall layer, two layers of flat cells were added at 
the solid walls. The height of the first wall cell was 2 × 10-3 m. 
The next cells increase by 1.2 times in comparison with the 
previous cell.

The average relative error for Geometry 2 is shown in Tab. 2.

Fig. 7: Computational mesh for Geometry 2

Tab. 2: Average relative errors for the case "Geometry 2"

The results obtained show that the calculated data more accu-
rately describe the flow closer to the center of rotation, as in 
Geometry 1. In the first section, the relative error does not ex-
ceed 14%, while in the latter it is more than 60%.

It should be noted that the SST turbulence model in all cal-
culations describes the flow better than k-ε. In the first  
(X = 2.5) and second sections (X = 10.5), the results of cal-

Consumption Model
Cross-sectional error, %

Х=2,5 Х=10,5 Х=18,5

S
k- 13,19 14,57 50,47
SST 11,83 11,16 20,5

M
k- 7,02 18,44 61,0
SST 5,33 11,63 32,03

L
k- 9,86 12,05 48,78
SST 9,13 7,32 25,15
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Fig. 10:  Graphs of air flow velocity distribution when using the k-ε 
turbulence model and S for the cross-sections: а) Х=2,5; b) Х=18,5

Fig. 11:  Graphs of air flow velocity distribution when using the k-ε 
turbulence model and S for the cross-sections: а) Х=2,5; b) Х=18,5

It should be noted that the SST turbulence model in all cal-
culations describes the flow better than k-ε. By changing the 
geometric configuration of the channel, it was possible to re-
duce the value of the relative error in all sections and at all flow 
rates compared with Geometry 1 - by 0.44 - 42.65%, compared 
with Geometry 2 - by 0.22 - 19.78%.

Of the presented flow configurations, the smallest relative 
errors were obtained in calculations in the CFX package with 
Geometry 3, therefore, for further research, only the specified 
channel configuration was used.

Tab. 3: Average relative errors for the case "Geometry 3"

3.2. Grid Sensitivity Analysis
One of the stages of numerical modeling is the division of 

the computational domain into elements (cells), the so-called 
mesh generation process. It is at the grid nodes that the va-
lues of the sought variables are determined; in this work, the 
values of the air flow velocity. The quality of the grid, as well 
as the number of cells, strongly depends on the result of the 
calculations.

To assess the effect of the number of cells on the calculated 
data, the size of the elements of the computational grid was 
reduced several times. To reduce the number of calculations, 
the grid analysis was carried out only for the smallest (S) and 
largest (L) air flow rates.

Three series of calculations were carried out with the num-
ber of cells 291, 608 and 1156 thousand without a wall layer. 
The relative error is shown in Table 4. The calculation results 
are shown in Fig.10-Fig.13.

Tab. 4: Average relative errors for different values of the number 
of cells

Consumption Model
Cross-sectional error, %

Х=2,5 Х=10,5 Х=18,5

S
k- 10,22 6,74 46,76
SST 9,67 6,53 16,55

M
k- 6,18 18,22 41,22
SST 4,31 11,09 22,72

L
k- 9,82 9,28 33,22
SST 8,92 7,02 13,80

Consumption Model

Relative error, %
Х=2,5 Х=18,5

Number of cells, thousand pcs. Number of cells, thousand pcs.
156 291 610 1156 156 291 610 1156

S
k- 13,95 12,05 10,97 8,97 18,97 23,84 35,03 80,09
SST 11,57 11,34 10,29 8,87 14,45 12,83 23,3 27,96

L
k- 15,58 15,41 14,02 13,12 27,46 15,40 32,81 31,63
SST 14,26 14,13 12,53 11,03 14,85 12,98 25,69 30,11
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Analysis of the data obtained showed that the simulation 
results behave ambiguously.

When using the k-ε model in the control section closest to 
the rotation axis (X = 2.5), the results behave predictably, that 
is, with an increase in the number of cells, the relative error 
decreases. However, in the section X = 18.5 at the lowest flow 
rate S, an increase in the deviation is observed, and at a flow 
rate L, when the number of mesh elements changes from  
156 to 291 thousand, it decreases almost 2 times, and inc-
reases with further refinement. This can be explained by the 
fact that flow separation from the walls begins to appear in the 
section X = 18.5, and the turbulence model used cannot fully 
take into account this phenomenon.

When using the SST model in the control section X = 2.5, 
with an increase in the number of cells, the relative error dec-
reases. However, in the section X = 18.5, a situation is observed 
similar to the flow rate L when using the k-ε model. In this case, 
this situation is explained by the absence of a distinguished 
near-wall layer, where the flow is separated from the channel 
wall; its influence is shown in the next section.

For further research, we select a grid with 291 thousand cells, 
since it shows the smallest relative error in most calculations.

When comparing the data obtained in the calculations in 
the CFX package, we can unequivocally say that SST is more 
suitable for this problem of the two turbulence models used. 
The relative SST error in almost all the calculations performed 
turned out to be less than that of k-ε, therefore, further study 
of the air movement was carried out only using the SST model.

3.3. Analysis of the Influence of the Size of the Wall Cells of 
the Computational Mesh on the Simulation Results

The flow of the medium can be divided into two principal 
zones: the boundary layer and the core of the flow [10]. The 
boundary layer can be laminar or turbulent. The turbulent 
boundary layer, in turn, consists of a laminar sublayer, a turbu-
lent layer and a transition zone (Fig. 14).

Fig. 14: Boundary layer structure: 1 – laminar flow; 2 – turbulent 
boundary layer;  3 – laminar sublayer, 4 – transition zone

The SST model is able to describe well the phenomena near 
the walls, since different dependences are used for different 
regions of the boundary layer, but only with a high quality of 
the computational grids there. Therefore, to increase the accu-
racy of simulation calculations, it is required to evaluate the 
effect of the number of layers and their thickness in the boun-
dary region near solid walls.

Fig. 12: Graphs of air flow velocity distribution when using the k-ε 
turbulence model and flow rate L for cross-sections:   а) Х=2,5;  
b) Х=18,5

Fig. 13: Graphs of air flow velocity distribution when using the k-ε 
turbulence model and flow rate L for cross-sections:   а) Х=2,5; 
b) Х=18,5
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Fig. 16: Air velocity distribution graphs at a flow rate S for cross-
-sections:
а) Х=2,5 b) Х=18,5

The following results are presented in calculations with the 
number of near-wall layers from 2 to 5 and the thickness va-
ried from 2 × 10-3 m to 5 × 10-5 m. The outlet section of the 
channel for different parameters of the near-wall layers of the 
computational grids is shown in Fig. 15.

As well as when choosing the number of cells, the calcula-
tions were carried out for the flow rates S and L, using the SST 
turbulence model. The air flow velocity distribution graphs are 
shown in Fig. 16, Fig. 17. The relative error results are shown 
in Tab. 5.

Of the data obtained, the smallest relative error was shown 
by calculations with a near-wall layer of 5x0.002m. When an 
attempt was made to increase the number of layers, the cal-
culations stopped converging, that is, it was not possible to 
obtain a numerical solution with acceptable accuracy for the 
variables of the system of equations.

An increase in the relative error with a decrease in the 
thickness of the peri-wall layer of the grid cells indicates that 
the numerical model used does not take into account the 
significant physical features of the problem under conside-
ration. Consequently, to increase the accuracy of the results 
of numerical modeling, it is necessary to amend the equati-
ons of the numerical model, which will take into account all 
the physical features of the studied air movement.

Fig. 15: The outlet section of the channel with the parameters of 
the near-wall layer
а)2х0,002m      b) 5х0,002m     c)5х0,0001m
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the experimental are presented in Tab. 6. The graphs of the ve-
locity distribution are shown in Fig. 18 - Fig. 20. 

Tab. 6: Average relative errors when calculating in the CFX pac-
kage

The results of calculations in the ANSYS CFX package turned 
out to be ambiguous. On the one hand, a fairly good match at 
the closest section (X = 2.5), where the relative error does not 
exceed 9%, and on the other hand, a poor match in the last 
section (X = 18.5), the relative error exceeds 22%.

These results indicate that the used model does not fully 
take into account the phenomena characteristic of a develo-
ped turbulent flow, such as flow separation and the possibility 
of back flow of the medium in the outlet section.

Fig. 18: Air flow velocity distribution graphs at flow rate S for 
cross-sections:
а) Х=2,5; b) Х=10,5; c) Х=18,5.

Fig. 17: Air velocity distribution graphs at a flow rate L for cross-
-sections:
а) Х=2,5 b) Х=18,5

An increase in the relative error with a decrease in the 
thickness of the peri-wall layer of the grid cells indicates that 
the numerical model used does not take into account the sig-
nificant physical features of the problem under consideration. 
Consequently, in order to increase the accuracy of the results 
of numerical modeling, it is necessary to amend the equations 
of the numerical model, which will take into account all the 
physical features of the studied air movement.

Tab. 5: Average relative errors when changing the characteristics 
of the near-wall layer

3.4. Generalization of calculation results in the CFX pac-
kage

As a result of calculations in the CFX package, and compari-
son of the results with experimental data, for further studies, 
the geometric configuration of the channel (Geometry 3), the 
turbulence model that most accurately describes the flow of 
the flow - SST, the number of cells for calculations (291 thou-
sand pieces) were selected. and the number of near-wall layers 
(5 pcs.), as well as their thickness 0.002 m. The values of the 
relative error obtained by comparing the calculated data with 
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S 9,67 8,29 9,85 11,56 12,93 12,98 16,55 15,12 36,89 67,45 121,22 117,38
L 8,92 7,88 8,99 9,83 11,74 12,54 13,8 12,46 44,79 53,73 37,49 33,46

Consumption Model
Cross-sectional error, %

Х=2,5 Х=10,5 Х=18,5

S SST 8,29 5,60 15,12

M SST 4,01 10,34 22,23

L SST 7,88 6,94 12,46
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Fig. 20: Air flow velocity distribution graphs at flow rate L for 
cross-sections:
а) Х=2,5; b) Х=10,5; c) Х=18,5.

4. CONCLUSION

This study is aimed at creating a model of air movement in 
the radial-axial channel, which, with further research, will help 
improve the efficiency of microturbines. The main attention is 
paid to the study of air movement in the channel, which is a 
simplified configuration of the interscapular space of a centri-
fugal turbomachine.
The adequacy of the simulation results, namely the air veloci-
ty profile in various sections of the channel, was assessed by 
comparison with the empirical data described in detail in the 
article by J. Moore [9].
In the course of the work, the following main results were ob-
tained:
1. Found the geometric configuration of the channel for 

modeling, which provides the greatest approximation of 
the calculated data to the experimental.

2. It was found that the best correspondence of the calcula-
ted velocity profiles to the experimental data is achieved 
for the following configuration of the computational grid: 

Fig. 19: Air flow velocity distribution graphs at flow rate M for 
cross-sections:
а) Х=2,5; b) Х=10,5; c) Х=18,5.
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the number of cells is 291 thousand, the wall layer with 
parameters 5x 0.002 m.

3. It was revealed that the smallest relative error when com-
paring the data obtained experimentally and the simula-
tion results is observed when using the turbulence model 
- SST corrected for the curvature of streamlines.

As a result of the calculations performed in the CFX package, 
the relative error of the data obtained during the simulation to 
the experimental ones was from 4.01 to 22.23%.

The analysis of the results of modeling the air movement sho-
wed that to reduce the error, further research is required, in 
which the main attention will be paid to performing calculati-
ons in a non-stationary mode, as well as the use of other tur-
bulence models, which require significant time costs and large 
computer power.
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Tab. 1: Silencer designs

The main task of our research was the need to study and 
show the processes of noise generation and compare theore-
tical and experimental data with each other. In this method 
of determining the gas-dynamic characteristics in this track of 
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1. INTRODUCTION

Noise and vibration reduction of power plants presently is a 
serious problem [1, 5-8]. The developed calculation methods 
[1, 2] were used to determine the numerical values of the gas-
-dynamic and acoustic parameters of silencers of various de-
sign versions (Tab. 1).

 Theschemeofsilencers Theirdesignation 
1 

 

L1= 500 mm 
D1 = 300 mm 
V1 = 0,035 m3 

(V6 = 0,063 m3 

V7 = 0,098 m3 

V8 = 0,0141 m3 

V9 = 0,049 m3) 
1 – silencer housing, 2 – inlet pipe, 3 – outlet 
pipe, 4 – perforated pipe or partition, c = 150 
mm, k = 150 mm, d = 100 mm 

2 

 

L= 500 mm 
D = 300 mm 
l = 300 mm 
V = 0,035 m3 
S perforations 15% 

 perforations 10 mm 
1 – silencer housing, 2 – inlet pipe, 3 – outlet 
pipe, 4 – perforated pipe or partition, c = 150 
mm, k = 150 mm, d = 100 mm 

3 

 

L= 500 mm 
D = 300 mm 
l= 300 mm 
V = 0,035 m3 
S perforations 15%,  

 perforations 10 mm 
1 – silencer housing, 2 – inlet pipe, 3 – outlet 
pipe, 4 – perforated pipe or partition, c = 150 
mm, k = 150 mm, d = 100 mm 

4 

 

L = 500 mm 
D  300 mm 
V = 0,035 m3 
2 holes  100 mm 
1 – silencer housing, 2 – inlet pipe, 3 – outlet 
pipe, 4 – perforated pipe or partition, c = 150 
mm, k = 150 mm, d = 100 mm 

5 

 

L = 500 mm 
D  300 mm 
V = 0,035 m3 
S perforations 10%,  

 perforations 5 mm 
1 – silencer housing, 2 – inlet pipe, 3 – outlet 
pipe, 4 – perforated pipe or partition, c = 150 
mm, k = 150 mm, d = 100 mm 
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calculations of acoustic parameters and the radiation pattern 
are shown in the Fig.2.

Fig. 2: Directional pattern of acoustic characteristics of the muf-
fler №. 6: 1 – "Own" noise, 2 – "Shift" noise

Consider the materials on the silencer № 7 (V=0,093 m3).

The results of calculations of gas dynamic parameters are 
given below:

SVRV = 25 ÷ 145 m/s
PRVР0 = 101708 ÷ 109420 Pa
TRVТ0 = 290 ÷ 390°С

To determine the sound pressure, the following characteri-
stics were taken: V = 123 m/s; Т0 = 348°С; Р0 = 109414 Pa. The 
results of calculations of acoustic parameters and the radiation 
pattern are shown in the Fig.3.

Fig. 3: Directional pattern of acoustic characteristics of the muf-
fler № 7: 1 – "Own" noise, 2 – "Shift" noise

Consider the materials on the silencer № 8 (V= 0,141 m3).

The results of calculations of gas dynamic parameters are 
given below:

SVRV = 25 ÷ 140 m/s
PRVР0 =  101650 ÷ 109240 Pa
TRVТ0 = 290 ÷ 400°С

The following parameters were used to calculate the acous-
tic fields: V = 123,5 m/s; Т0 = 355°С; Р0= 109240 Pa. The results 
of calculations of acoustic parameters and the radiation pa-
ttern are shown in the figure 4.

Consider the following group of silencers № 2, 3  
(V= 0,035 m3). These models have perforated pipes for gas 
supply and discharge.Silencer № 2 is equipped with one per-
forated pipe for gas input. The results of calculations of gas dy-
namic parameters are given below:

SVRV = 20 ÷ 120 m/s
PRVР0= 101578 ÷ 109600 Pa
TRVТ0= 290 ÷ 500°С

operation, the pulse nature of the outflow was not taken into 
account.

The values were calculated:
pressure range in volume, Pa;

temperature range in volume, ˚С;
the intensity of the total noise, including the intensity of 
"own" and "shift" noise;
acoustic power, dB.

The radiation patterns of the gas outlet path noise for va-
rious silencers were also obtained.

2. NUMERICAL PARAMETRIC STUDIES OF SI-
LENCERS

The data obtained is shown below. So, for the silencer №1, 
according to the calculations, we received:

the speed varies in the range V = 50 % 125 m/s;
pressure range in volume Р0 = 103000 % 109623 Pa;
temperature range in volume Т0 = 290 % 466 ˚С.

For the study of silencers, directional diagrams are con-
structed: the intensity of the total noise Jsum[W/m2], the 
intensity of "own" noise – Jpulse[W/m2], intensity of "shift"  
noise – Jsh[W/m2] and sound pressure – PPB [Pa].

The radiation patterns were plotted using 16 points on a 
sphere with an angular pitch Δ22,5˚. Calculations of acoustic 
power and distribution of sound pressure levels of the silencer 
№1, performed for the conditions - T0 = 359 ˚С, P0 = 109316 Pa, 
V = 124,44 m/s, shown in the Fig.1. The radiation patterns are 
given for a sphere with a radius of 12 m. Such removal makes 
it possible to take into account as much as possible the contri-
bution of various components along the entire length of the 
gas flow to the acoustic characteristics.

Fig. 1: Directional pattern of acoustic characteristics of the muf-
fler №. 1: 1 – «Own» noise, 2 – «Shift» noise

Consider the materials on the silencer № 6 (V = 0,063 m3).

The results of determining the gas dynamic characteristics 
are listed below for different silencers, where:SVR – the speed 
varies in the range; PRV – the pressure range in the volume; 
TRV – the temperature range in the volume.

SVRV = 30 ÷ 140 m/s
PRVР0 = 102388 ÷ 109385 Pa
TRVТ0 = 290 ÷ 400°С.

The following parameters were used to calculate the acous-
tic fields: V = 124 m/s; Т0 = 352°С; Р0 = 109385 Pa. The results of 
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The results of calculations of the gas dynamic parameters of 
the silencer № 4 are given below:

SVRV = 18 ÷ 140 m/s
PRVР0= 101799 ÷ 108600 Pa
TRVТ0 = 310 ÷ 510°С

The following parameters were used to calculate the acous-
tic fields: V = 124 m/s; Т0 = 340°С; Р0 = 109768 Pa.

The results of calculations of acoustic parameters and the 
radiation pattern are shown in the Fig. 7.

Results of calculations of acoustic parameters and radiation 
pattern for a silencer № 5 (two chambers with a perforated 
partition) shown in the Fig. 8.

The results of calculations of gas dynamic parameters are 
given below:

SVRV = 30 ÷ 150 m/s
PRVР0 = 101493 ÷ 107100 Pa
TRVТ0 = 280 ÷ 550°С

The following parameters were used to calculate the acous-
tic fields: V = 125 m/s; Т0 = 498°С; Р0 = 107116 Pa.

Fig. 7: Directional pattern of acoustic characteristics of the muf-
fler № 4: 1 – "Own" noise, 2 – "Shift" noise

Fig. 8: Directional pattern of acoustic characteristics of the muf-
fler № 5 (12 m): 1 – "Own" noise, 2 – "Shift" noise

Fig. 9 shows the calculations of the acoustic power level and 
the radiated acoustic power for the muffler № 5, the reference 
distance for measurements is 7 m. With a decrease in the len-
gth of recording parameters in the flow, the radiated acoustic 
power decreases.

Fig. 9: Directional pattern of acoustic characteristics of the muf-
fler № 5 (7 m): 1 – "Own" noise, 2 – "Shift" noise

Fig. 4: Directional pattern of acoustic characteristics of the muf-
fler № 8: 1 – "Own" noise, 2 – "Shift" noise

The following parameters were used to calculate the acous-
tic fields: V = 97 m/s; Т0 = 302°С; Р0 = 107009 Pa.

The results of calculations of acoustic parameters and the 
radiation pattern are shown in the Fig. 5.

Fig. 5: Directional pattern of acoustic characteristics of the muf-
fler № 2: 1 – "Own" noise, 2 – "Shift" noise

Consider the materials on the silencer № 3 (V = 0,035 m3 
with two perforated pipes).

The results of calculations of gas dynamic parameters are 
given below:

SVRV = 20 ÷ 140 m/s
PRVР0 = 103049 ÷ 109000 Pa
TRVТ0 = 280 ÷ 480°С

The following parameters were used to calculate the acous-
tic fields: V = 108 m/s; Т0 = 310°С; Р0 = 108279 Pa.

The results of calculations of acoustic parameters and the 
radiation pattern are shown in the Fig. 6.

Fig. 6: Directional pattern of acoustic characteristics of the muf-
fler № 3: 1 – "Own" noise, 2 – "Shift" noise

Consider a group of silencers № 4, 5 (two-chamber,  
V=0,035 m3).

The presence of two chambers in the silencer cavity requi-
red the determination of the natural frequencies for each of 
them and the natural frequencies for the associated flow ca-
vities [3, 4].
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4. CONCLUSION

Numerical parameters of gas-dynamic paths with installed si-
lencers were determined. For 8 silencers of various design ver-
sions, the following were determined:

gas flow rate, m/s;
pressure range in the silencer volume, Pa;
temperature range in the volume, ˚С;
values of the intensity of "own" and "shift" noise, W/m2;
acoustic power values, dB.

For the tested silencers, directional diagrams were construc-
ted, where the separation of "own" and "shift" noise is shown. 
Depending on the design of the silencer, the flow rate varies 
between 20-140 m/s, the pressure range in the volume is from 
101000 to 109000 Pa, the temperature range is from 290 to 
540˚С.

The speed characteristics of the expiration affects the noise 
parameters, including the own and shift noise. When the flow 
rate changes in the range of 50-200 m/s, the radiated power 
levels increase by 15-20 dB. At low speeds, the "own" noise has 
the greatest influence, and with increasing speed, the contri-
bution of "shift" noise also increases.

Features of changes in thermal parameters that affect the 
sound pressure less noticeably: a difference of 100-200°C inc-
reases the acoustic power level by 3-6 dB. At low temperatu-
res, the main contribution to the acoustic power is made by 
"shift" noise, with an increase in temperature, the role of "own" 
noise becomes decisive.

There are two independent noise reduction mechanisms 
in the silencer. The first is related to the impact on the noise 
generated in the exhaust tract, it works mainly at low and me-
dium frequencies in the range up to an octave band with an 
average geometric frequency of 500 Hz. The design of silen-
cers for operation in this range involves tuning them to the 
engine noise frequencies.

The operation of the muffler at high frequencies (above the 
octave band with an average geometric frequency of 500 Hz) 
is determined by the effect of its elements on the gas-dynamic 
parameters of the outgoing working gas flow (speed, pressure 
and temperature). There is a decrease in speed (in the range 
of 25-140 m/s), pressure (8000-10000 Pa) and temperature 
(100—200°С). To achieve these effects, perforation in tubes 
and partitions, a change in the number of chambers, the use 
of sound absorption, a change in the flow direction, etc. are 
used. At the same time, the conditions of minimum back pre-
ssure must be met.
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3. COMPARATIVE ANALYSIS OF THE RESULTS 
OF EXPERIMENTAL AND NUMERICAL PARA-
METRIC STUDIES

In the comparative analysis, the experimental data of testing 
models of silencers from the work [5] were used. The sound 
levels at a distance of 0.5 m from the exhaust pipe section, me-
asured during experimental studies of muffler models, were 
converted into equivalent sound power levels and, along with 
the calculated values of acoustic power levels for a group of 
muffler models, are presented in Tab. 2.

Tab. 2: Research results for silencer models № 1-8

A comparative analysis of the results of experimental and 
numerical studies of the acoustic parameters of turbulent gas 
flow noise for muffler models № 1-8 shows that the discrepan-
cies between the values of the aeroacoustic parameters of 
sound fields obtained experimentally and by calculation vary 
in the range from 4 to 12 %, which can be considered satisfac-
tory.

Thus, it can be stated that the results of numerical studies of 
the gas-dynamic and aeroacoustic parameters of sound fields 
(Tab. 2) showed a satisfactory agreement with the experimen-
tal data. The obtained radiation patterns of the gas flow indi-
cate a significant unevenness in the distribution of acoustic 
energy.

The analysis of the results for a group of silencers (models 
№. 1, 6-8), which differ in the volume of the hollow chamber, 
allows us to make a number of generalizations:

the processes of sound wave formation at a frequency of 
250 Hz are caused by the operation of the internal com-
bustion engine. We can say that the hypothesis describing 
the high quality of the muffler is due to the coincidence of 
the frequencies from the internal combustion engine and 
the natural frequencies of the muffler.
calculations and estimates of the turbulent flow noise for 
these silencers showed a decrease in acoustic power le-
vels with an increase in the volume of the silencer.

Consider the following group of silencers № 1-3 with a con-
stant volume (V = 0.035 m3) and characterized by the presence 
of perforated pipes (1-without pipes, 2-one pipe, 3-two pipes). 
The analysis of this group of silencers showed that the use of 
perforated pipes in the silencer gives a shift in the natural fre-
quencies of the silencer, and this simply changes the efficiency 
of the entire system in different octaves.

Consider a group of two two-chamber silencers with a 
volume of 0.035 m3: № 4 with a partition with two holes 
Ø100 mm and №. 5 with a perforated partition. An analysis of 
the functioning of this group of silencers showed that in the 
case of multi-chamber silencers № 4, 5, the radiation levels in 
the lower octaves decrease slightly, and the radiation levels in 
the high-frequency octaves remain at the same levels.
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longitudinal and transverse waves on the relative thickness of 
the material layer. With an increase in the relative thickness 
of the material layer of the layered medium, the value of the 
wave velocity begins to decrease, which contradicts the phys-
ical concepts of the propagation of volume waves in inhomo-
geneous media. This contradiction is eliminated for the longi-
tudinal wave propagating in an inhomogeneous medium by 
the authors in [7, 10].

Similarly to the above-mentioned case the derivation of the 
dispersion equation for longitudinal and transverse waves pro-
pagating in a layered homogeneous medium is given in [11, 
12]. The solution of the dispersion equations in this case gives 
the correct graphical dependences of the velocities of the lon-
gitudinal and transverse waves on the relative thickness of the 
material layer.

Since these results are obtained for two extreme cases of 
contact between layers, it is of interest to compare them to 
evaluate the results for other types of contact. In the case of 
wave propagation in a homogeneous medium, the solution 
of the dispersion equation of this wave will give the true value 
of the effective velocity. In the presence of heterogeneity in 
layered medium the value of traveling wave velocity begins to 
decrease due to multiple reflections, absorption, attenuation, 
scattering of wave energy on the structural inhomogeneities 
in layered media.

In [13, 14] the propagation of a transverse wave in a layered 
inhomogeneous "steel-steel" structure with rough intefrace is 
considered. The obtained results differ from the physical con-
cepts of wave propagation in inhomogeneous medium, since 
the values of the found velocities are out of the correct graphi-
cal dependencies for the layer thickness.
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1. INTRODUCTION

The problems of elastic wave propagation in solids with in-
ternal deformations are of great importance in many applied 
fields: the seismic-acoustics, Geophysics, engineering, nonde-
structive testing, structure investigation etc. The problems of 
finding the physical characteristics of inhomogeneous elastic 
layered media have recently become significant [1]. First of all, 
this is due to the active use in practice of new functional-gradi-
ent and composite materials, the properties of which continu-
ously change in thickness [2, 3]. Therefore, the determination 
of the material parameters and the geometric structure of the 
layered medium has become a task of primary importance. 
Finding the characteristics of layered materials allows mode-
ling of the real behavior of objects with possible inhomogene-
ous properties, and expands the possibilities for creating and 
researching new materials. In order to obtain more informa-
tion about the properties and parameters of the studied me-
dium, it is necessary to conduct pre-measurement surveys to 
obtain the maximum possible number of elastic and mechani-
cal characteristics.

Wave propagation in composite and inhomogeneous mate-
rials is the subject of many publications [4, 5, 6]. The analysis of 
longitudinal wave propagation in a layered medium with in-
homogeneous boundary conditions at the boundaries at dif-
ferent directions of wave propagation is given in [7]. The works 
[8, 9] is also devoted to wave propagation in layered media, 
and they have a significant drawback in solving of dispersion 
equation for longitudinal and transverse waves propagating 
in a homogeneous and inhomogeneous layered medium. This 
drawback lies in the incorrect solution of the dispersion equa-
tion, and, consequently, in obtaining an incorrect value of the 
wave velocity, which is further related with a deviation of the 
elastic characteristics of the material from the true ones. This is 
confirmed by the graphical dependence of the velocity of the 
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Fig. 1. Layered structure model

At Fig. 1:  – medium density,  – Lame constants. The similar 
parameters for the second medium are denoted with bar. 

To describe the elastic behavior of the model of a layered 
medium presented at Fig. 1, it is necessary and sufficient to 
specify five elastic constants, that is, this model is an analog 
of a crystal of hexagonal symmetry. However, a medium with 
micro-cracks can be described using effective dynamic elastic 
modulus, the calculation of which is not an easy task and is 
achieved on the basis of statistical mechanics methods [20] 
and the self-consistent field method [21]. 

The wave equation for a longitudinal wave propagating in a 
layered structure has the following form:

where 
ξl – vector of longitudinal displacement, Δξl = graddiv(ξl )

The general solution of the wave equation for a longitudinal 
wave is determined through specially selected partial soluti-
ons, which are divided into two components relatively to the 
middle of the layers, namely, the cosine (symmetric) and sinu-
soidal (asymmetric) parts [9].

For the first layer of the layered medium model, we have the 
following form of longitudinal and transverse displacements 
in the direction of the axis x and z:

 
 

                 (1)
where 
ξlx ,ξlz – longitudinal, and 
ξlx ,ξlz  – transverse displacements in directions x and z re-

spectively, 
k  – wave number. And also  

 
            

                (2)
where 
A, B, C, D – not yet defined constants, 
kl,kt – wave numbers of longitudinal and transverse 

waves respectively.

In addition to inhomogeneities such as layerings, cracks, gas 
inclusions, etc., there are temperature effects [15], effects as-
sociated with filtration and focusing [16], which also affect the 
propagation velocity of elastic waves in the material.

In the case of a univalent analytical relationship between 
the wave parameters and the physical and mechanical pr-
operties of the material, the controlled elastic characteristics 
will be determined with a high accuracy. If one knows propa-
gation velocities of longitudinal and transverse control waves, 
the Young's modulus, Poisson's ratio, and shear modulus are 
determined univalently [17].

The variety of constructional materials and media that are 
used in modern technology and production is extremely large, 
and has a long-term perspective in development. The expansi-
on of the types of materials used in production relates with ari-
sing of new types of inhomogeneities, which detection should 
be based on the development of new means of ultrasonic tes-
ting and improvement of existing ones. 

The aim of the present article is to derive the dispersi-
on equation of a surface wave based on the solution of the 
dispersion equations for longitudinal and transverse waves for 
a layered inhomogeneous medium with oriented fracturing, 
simulated by the presence of boundary conditions in the "li-
near slip" approximation. Thus, it is necessary to consider the 
following cases of wave propagation geometry: a longitudinal 
wave propagating perpendicular to the layers, a transverse 
wave with vertical and horizontal polarization propagating 
perpendicular to the layers, and finally a surface wave pro-
pagating in a perpendicular direction. As an inhomogeneous 
medium used for the study we assume the layered-inhomo-
geneous structure "steel-graphite" with boundary conditions 
that determine the incomplete transfer of the components of 
elastic displacements while maintaining the transfer of elastic 
stresses [18].

A layered medium is a medium consisting of alternating la-
yers of two homogeneous and isotropic materials. If a layered 
medium is consired "on average", that is, when the layers of the 
structure are sufficiently thin, and the condition of thinness of 
the layers means that their thicknesses are small compared to 
the compression and shear wavelengths in the materials of 
these media, it is considered as homogeneous, but anisotro-
pic, and such a medium is called fine-layered [9, 19].

2. MODEL DESCRIPTION OF  
LAYERED-INHOMOGENEOUS MEDIUM WITH 
ORIENTED FRACTURING

Let us consider a model of a layered medium with alternating 
layers of thickness a and b, and parameters  – for the first medi-
um, and  – for the second medium (fig. 1). As the first medium 
we consider steel, as the second – graphite. The total thickness 
of the layer is assumed to be 1 mm, and the frequency of ultra-
sound for modeling of the processes of wave velocity determi-
ning by acoustic measurements is 1 MHz.

( + ) = ,  

( ) = + , = ,

( ) = + , =

( ) = + , =



AKUSTIKA, VOLUME 41 / November 2021
www.akustikad.com

157

Let us also introduce the boundary conditions of periodici-
ty, which describe the continuous behavior of elastic displace-
ments and mechanical stresses at the boundary of the layers:

           (5)

that is, the specified values in the first layer under z=a are 
to be equal to the same values in the second layer under z=b. 

Substituting the components for elastic displacements 
(1) and mechanical stresses (3) in inhomogeneous boun-
dary conditions (4), we obtain 8 equations for the constants  

 which are dissociated to longitudinal and 
transverse wave [19].

3. PROPAGATION OF LONGITUDINAL 
WAVE PERPENDICULAR TO THE LAYERS OF  
INHOMOGENEOUS STRUCTURE

Let a longitudinal wave propagate in the direction of the  
x-axis. For such a wave coefficients В and С in the first and 
in the second medium are equal to 0. When the longitudinal 
wave propagates perpendicular to the layers, only the elastic 
displacement component is different from zero  [19]. 
For the case of a transverse wave in which the displacement is 
parallel to the layers, the non-zero component of the elastic 
displacement will be  With such a geometry of 
waves propagation, their propagation can be considered in-
dependently [20].

As it known from [22], if matrix-function A(t) is perio-
dic, that is A(t) = A(t+T), so any its fundamental matrix Ф(t)     
has a form  , where B – constant, а ψ(t) – continu-
ously differentiable function. This statement describes Floque-
t's theorem. 

Then, according to Floquet's theorem, in expressions descri-
bing the propagation of waves perpendicular to the layered 
structure (1), values P(z) and Q(z) are to be periodic functions 
with the period of structure h = a + b. Inhomogeneous boun-
dary conditions and periodicity conditions must be satisfied 
for the amplitudes  and  in longitudinal wave, and for 
amplitudes  and        in transverse wave. 

The expressions for the components of the mechanical stre-
ss tensor for the first layer have the following form:

         (3) 
  

                               

Similar parameters in the second environment for equations 
(1) – (3) are denoted with bar. 

To describe the behavior of the studied waves at the boun-
daries of the layered model, we introduce boundary conditi-
ons for elastic displacements and mechanical stresses. Inho-
mogeneous boundary conditions describe the incomplete 
transfer of the elastic displacement components while main-
taining the transfer of mechanical stresses for each boundary 
of the model, and are given as:

          (4)

           
where
KGT, KGN – tangential and normal stiffness coefficients. 

It is assumed that in the general case, the inhomogeneous 
boundary of two elastic half-spaces was formed due to the 
combination of the interaction of peaks and valleys of the 
microrelief. Then the "gaps" in the transmission of elastic dis-
placements arise due to the many micro-contacts between 
the two media under consideration. The peaks and valleys of 
the microrelief can be modeled by introducing the roughness 
value into the stiffness coefficients. Then the roughness in-
troduced into the model will be determined by the average 
distance between neighboring inhomogeneities on the con-
tacting surfaces. Thus, the degree of inhomogeneity for the la-
yered medium model can be adjusted by changing the values 
of the stiffness coefficients.

The normal stiffness coefficient determines the transmissi-
on of the normal components of elastic displacements, and 
the tangential coefficient determines the transmission of tan-
gential components. The stiffness coefficients depend on the 
perforation coefficient, which characterizes the degree of con-
tinuity between the adjoining media of the "steel-graphite" 
structure, as well as on roughness value. 

A graphical representation of the normal and tangential sti-
ffness coefficients is given by the authors in [7].

In the present paper the roughness value was assumed to 
be equal to Rz = 40 μm, and the average distance between nei-
ghboring inhomogeneities on the contacting surfaces is equal 
to 0,1 μm.

= ( ) + ( ) , = , 

=
+

( ) + ( ) . 

( ) = ( )
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Fig. 2: Dependence of longitudinal wave velocity from relative 
thickness of layer when propagating perpendicular to the layers

As can be seen from this graphical dependence, the value 
of the velocity of longitudinal wave in case of propagation 
perpendicular to the layers begins to increase with an increase 
of relative thickness of the layer, which is consistent with the 
experimental data given in [18, 22]. In case of a homogeneous 
medium, the form of this graphical dependence is retained, 
but the value of longitudinal wave velocity is slightly higher 
than in an inhomogeneous medium, which is due to the pre-
sence of re-reflections of waves between the layers and sca-
ttering on the structural inhomogeneities of the medium [23].

 4. PROPAGATION OF TRANSVERSE WAVE 
WITH VERTICAL AND HORIZONTAL POLARI-
ZATION PERPENDICULAR TO THE LAYERS OF 
INHOMOGENEOUS STRUCTURE

Now consider the case of perpendicular propagation of 
transverse waves. Let a transverse wave propagate in the di-
rection of the z-axis. As previously mentioned, for such a wave, 
the coefficients A and D in the first and second media are 
equal to 0. For the case of a transverse wave in which the dis-
placement is parallel to the layers, it follows from (1) that only 
the elastic displacement component different from zero is 

 If the control of object is carried out toge-
ther with longitudinal wave, then with such a propagation 
geometry, the transverse and longitudinal waves can be con-
sidered independently [23]. 

As it known from [24], if matrix-function A(t) is periodic, 
t h a t is , so any its fundamental matrix  

 has the form  , where B – constant,  
а  – continuously differentiable function. This statement 
describes Floquet's theorem. 

Then by using of Floquet’s theorem [24], in expressions, 
which describes propagation of waves perpendicular to lay-
ered structure (1), values P(z) and Q(z) are to be periodic func-
tions with the period of structure h = a + b. Inhomogeneous 
boundary conditions and periodicity conditions must be sa-
tisfied for amplitudes  and  in transverse wave, and for 
amplitudes  and  in longitudinal wave. 

Substituting the corresponding components of elastic dis-
placements and mechanical stresses for the perpendicular 
case of wave propagation, taking into account Floquet's theo-
rem, into inhomogeneous boundary conditions (4), we obtain 

Substituting the corresponding components for the case of 
perpendicular propagation of a longitudinal wave to inhomo-
geneous boundary conditions (4), we obtain the equations for 
the coefficients A and D in the first and second media:

From the obtained equations for the coefficients A and D 
for the first and second media, we make a determinant and 
equate it to zero:

Solving this determinant by decomposition along the first 
line, taking into account the boundary conditions of periodici-
ty (5), we obtain the dispersion equation (6) for a longitudinal 
wave propagating perpendicular to the layers of the "steel-
-graphite" structure:

            (6)

where
X1 =

If in the given dispersion equation (6), the stiffness coeffici-
ents are directed to infinity KGT,KGN –› ∞ what will correspond 
to wave propagation in a homogeneous medium,  which is de-
scribed by classical continuous boundary conditions, then we 
obtain the dispersion equation for a wave in a homogeneous 
medium, which is consistent with the results presented in [3].

Dispersion equation (6) defines the wave number for the 
longitudinal wave , propagating perpendicular to the 
layers of the structure. Solving this equation with respect to 
the wave number, we can construct a graphical dependen-
ce of the velocity of the longitudinal wave  from the rela-
tive thickness of the layer n (Fig. 2).
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As can be seen from these graphical dependences, the value 
of transverse wave velocity decreases with increasing of rela-
tive layer thickness, which is consistent with the experimental 
data [25]. In the case of wave propagation in a homogeneous 
medium, the appearance of these graphical dependencies 
does not change, however, the velocity values will be slightly 
higher than in the above case. The speed decrease in case of 
inhomogeneous medium is caused by possible re-reflections 
of the wave between the layers and scattering on the structu-
ral inhomogeneities of the medium.

5. DISPERSION EQUATION OF SURFACE WAVE 
IN CASE OF PERPENDICULAR PROPAGATION

After considering the propagation of a longitudinal and 
transverse wave in a layered inhomogeneous medium and 
obtaining the dispersion equations for these waves, we pro-
ceed with a problem of dispersion equation finding for a sur-
face wave, and then will determine material parameters. The 
advantage of surface wave using compared with other wave 
types, mostly bulk waves, is certainly high. Without violating 
of problem solution generality while determining of physical 
and mechanical characteristics of material, it can be approa-
ched in two ways: if velocities of longitudinal and transverse 
waves are known, or at known velocity of the surface wave. 
Finding the parameters of the medium using the first case is 
based on substituting the velocities of the longitudinal and 
transverse waves into the dispersion equation for the surface 
wave, then solving this equation and finding the velocity of 
surface wave, and obtaining the necessary characteristics by 
substituting the found velocity in the known theoretical de-
pendencies. The second method means measuring of surface 
wave velocity in the control sample and then substituting this 
velocity into expressions (1). The preference for the use of sur-
face waves lies in the existing dependence of the parameters 
and physical and mechanical characteristics (Young's modu-
lus, Poisson's ratio, shear modulus) of the medium in which the 
control wave propagates with its properties. This dependence 
is due to the localization of a large amount of wave energy in 
the near-surface layer of the control sample, which thickness 
is approximately two wavelengths. With such an existing de-
pendence, the parameters found have sufficient accuracy to 
solve many practical problems of the theory of elasticity and 
propagation of acoustic waves in solids.

Solution of the inverse problem – finding elastic characte-
ristics using a surface wave, also does not have any difficul-
ties. Having a known velocity of surface wave, one can put it in 
the dispersion equation and solve it with respect to the wave 
numbers of the longitudinal and transverse waves, and substi-
tute the resulting solution in the expressions (1) [26].

Consider an elastic half-space in which a surface wave pro-
pagates independently in two directions relating to position 
of layers system – parallel and perpendicular to the layers  
(Fig. 5).

four equations for the coefficients A and D in the first and se-
cond media:

From the obtained equations for the coefficients A and D 
for the first and second media, we make a determinant and 
equate it to zero:

Similarly to already solved determinant, we decompose this 
determinant by the third line, taking into account the boun-
dary conditions of periodicity (5), so we obtain the dispersion 
equation for a transverse wave propagating perpendicular to 
the layers of the inhomogeneous "steel-graphite" structure:

               (7)
where
X2 =

Solving this dispersion equation (7) with respect to wave 
number, we get graphical dependences of the velocity of tran-
sverse wave with horizontal (fig. 3) and vertical (fig. 4) polari-
zation from the relative thickness of the layer n when propaga-
ting perpendicular to the layers of the structure.

Fig. 3: Dependence of velocity of transverse wave with horizontal 
polarization from relative thickness of layer when propagating 
perpendicular to the layers

Fig. 4: Dependence of velocity of transverse wave with vertical 
polarization from relative thickness of layer when propagating 
perpendicular to the layers
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The solutions of the last two equations are functions   
a n d . If k2>k2

t>k2
l, then soluti-

ons with positive radicals correspond to a propagating wave 
that increases with depth, and solutions with negative radi-
cals correspond to a surface wave (a wave that decreases with 
depth). In accordance with this by introducing the following 
notation:

the expressions for the longitudinal and transverse displace-
ments are written as:

where
A,B – certain constants.

Then solving this system of equations and substituting the 
obtained solution in the boundary conditions, we obtain the 
dispersion equation for the surface wave (10).

              (10)
where

Substituting to the dispersion equation (10) the correspon-
ding velocities for a longitudinal or transverse wave to obtain 
the velocity of propagation of surface wave in a certain direc-
tion and solving this dispersion equation with respect to the 
value of the velocity of surface wave, it is possible to obtain a 
graphical dependence for parallel or perpendicular wave pro-
pagation. 

Calculations and graphical dependencies plotting were per-
formed in the computer algebra environment Mathcad 15.

To obtain the velocity of surface wave with perpendicular 
propagation with respect to location of the layers in layered 
system, it is necessary to substitute the solutions of expre-
ssions (6) and (7) in the dispersion equation (10). 

Let us plot a graphical dependence of the surface wave velo-
city from the relative thickness of material layer (Fig. 6).

Fig. 6: Dependence of surface wave velocity from relative layer 
thickness under perpendicular propagation

Fig. 5: Elastic half-space

At Fig. 
5t1  – vertical polarization of transverse wave,
t2     – horizontal polarization of transverse wave, 
1     – parallel propagation of surface wave, 
2    – perpendicular propagation of surface wave.

Without taking into account the specific parameters (sha-
pe and size) of inhomogeneities present in inhomogeneous 
layered medium (elastic half-space), the present paper as it 
mentioned above, takes into account by formal means featu-
res of wave propagation in inhomogeneous medium, which is 
related with effective elastic parameters of medium for long-
-wave approximation: r, D « λwave, where λwave – wavelength;  
r – distance between cracks; D – crack’s diameter [27]. Based 
on this, the model of an elastic medium is described by the 
elastic characteristics represented by the expressions (1). 

Let a surface wave propagate in the direction of the x-axis. 
The solutions of the wave equations are equations (1), which 
describe the decomposition of the elastic displacement into 
the solenoidal and potential parts. We will seek the solutions 
of these equations in the form of a plane surface wave in the 
following form:

            (8)

               (9)

where 
PR(z), QR(z)  are not yet defined functions.

By substituting of equations (8), (9) to wave equations solu-
tions we get two equations for PR(z), QR(z):
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6. CONCLUSION

1. The problem of finding the velocities of longitudinal wa-
ves and transverse waves of vertical and horizontal polari-
zation with perpendicular to layers propagation relatively 
to layers of an inhomogeneous structure with volume 
fracturing is solved by solving the dispersion equation 
with respect to wave number.

2. The influence of the inhomogeneity of the layered model 
on the value of wave propagation velocity is shown. The 
influence of heterogeneity presence on the values of phy-
sical and mechanical characteristics of control object’s 
material is evaluated.  

3. Based on the obtained dispersion equations for a longi-
tudinal wave, a transverse wave of vertical and horizontal 
polarization, the dispersion equation for a surface wave 
propagating in a layered inhomogeneous medium with 
oriented fracturing is derived and solved with respect to 
wave number.

4. The obtained dependences are used for tasks of defining 
the main physical and mechanical characteristics of ma-
terial based on acoustic measurements, as well as the 
main material for realizing of pre-measurement surveys 
for obtaining of maximum information without using of 
ultrasonic testing.

Fig. 6 shows that as relative thickness of the layer increases, 
the dependence gradually increases from small velocity values 
to the velocity value in graphite, which is consistent with the 
theoretical results presented in [28].

The study of control sample by using of surface wave will be 
more optimal, since the energy of the surface wave is almost 
completely localized in the near-surface layer of the control 
sample in a thickness of about two wavelengths – this gives a 
significant dependence of the parameters of propagating sur-
face wave on the properties of the layer in which it propagates.
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CI system consists of an external component (speech pro-
cessor, SP) and an implant. The implanted part includes an 
electrode array, which is inserted in the tympanic duct, ground 
electrode and an implant itself. [4] Cochlear implantation is a 
surgical operation, which is held once in a lifetime and in the 
absence of some consequences implant replacement isn’t 
supposed to occur. SP includes a microphone, an analogue-
-digital converter, a processor, a battery, and a magnet (stimu-
lator). Data transferring to the implanted part is held transcu-
taneous through magnet fixation. SP could be behind-the-ear 
or like a round magnet, which is located on the patient’s head 
[5] (Fig. 1).

Fig. 1: Speech processor Medel “Opus 2”
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1. INTRODUCTION

Hearing loss is a global problem of the modern world. Accor-
ding to the World Report on Hearing (WHO, 2021) more than 
1.5 billion people worldwide have hearing problems and 430 
million need special care [1]. Hearing receptor damage (neu-
roepitelium in the inner ear) occurs in the most cases of per-
manent hearing loss. There are hitherto no methods of drug 
therapy or surgery of sensorineural hearing loss, so technical 
devices – hearing aids (HA) and cochlear implants (CI) remain 
as a primary approaches of hearing correction. HAs are used 
for amplification in cases of mild, moderate and moderately-
-severe hearing loss, but severe and profound hearing loss is 
indication for cochlear implantation [2].

HA – is mostly digital amplification device, which includes a 
microphone (or several microphones in directional systems), 
analogue-digital and digital-analogue converters, processor, 
receiver, acoustic path, battery, manual volume control and/
or program button. There are several types of HAs depending 
on placement at the body: behind-the-ear, in-the-ear, comple-
tely-in-the-canal. Behind-the-ear HA’s mold is located behind 
the patient’s pinna and amplified sound gets the ear canal 
through the tube and earmold. All parts of in-the-ear and 
completely-in-the-canal HA’s are completely located in the in-
dividual mold, which is made according to the ear impression 
[3].
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Fig. 3: Behind-the-ear SP with integrated probe microphone

The acoustic parameters measured by Interacoustics Affini-
ty 2.0 verification system which was connected with a probe 
microphone. REAR (Real Ear Aided Response) protocol was 
used with free-field stimulation. As a stimulus International 
Speech Test Signal (ISTS) was chosen. ISTS – is a mixture of dif-
ferent phonemes of many languages, which makes it valid for 
HA verification all around the world [11]. Signal level - 65 dB 
SPL. Stimulus duration – 12 s. Frequency range – 200-8000 Hz. 
Recording method – 1/3 octave weighted. 

Each measurement conducted with an artificial head to mini-
mize influence of ambient and biological noise on test results. 
During the experiment SP was located on the right ear, the di-
stance between loudspeaker and the center of artificial head  
1 meter, azimuth 00. Sequential measurements were conduc-
ted in following conditions: 

1. SP without any protective tools. 
2. SP with protective case No 1.
3. SP with protective case No 2.
4. SP with protective case No 3.
5. SP with water-resistant case for swimming. 
6. SP, fixed on the head using elastic bandage 
7. SP covered with a hood. 
8. SP covered with a double-layer knit cap. 
9. SP covered with a silk shawl in two layers.

Several measurements were conducted for each condition. 
Total number of measurements is 99. After the data export, it 
was analyzed in notepad++, Excel and Statistica 12 for visual 
and digital differences representation.  Statistical significance 
of the differences in sound pressure levels in different measu-
rement conditions estimated for each frequency in 1/3 octa-
ve filters: 200, 250, 315, 400, 500, 630, 800, 1000, 1250, 1600, 
2000, 2500, 3150, 4000, 5000, 6300, 8000 Hz. U-criteria of 
Mann-Whitney was used. 

3. RESULTS

During the study the reference sound pressure level on the 
microphone of SP without any additional tools were compa-
red with the sound pressure level measured with different 
tools. Results for tissue protective cases presented on Fig. 4.

Permanent and adequate sound stimulation of the audito-
ry cortex is critically important for hearing impaired patients, 
especially for children. That’s why, it’s highly recommended to 
use HA and SP during all day [6]. Pedagogical and medical re-
habilitation is no less important [7,8].

 Accordingly, most time these devices are adjacent to a hu-
man body and expose to sweat, humidity and dirt. It’s especia-
lly actual in paediatric practice. Changes in microphone quali-
ty will affect speech intelligibility. In childhood, this can cause 
impairment or delay in hearing and speech development [9]. 
Therefore, patients are recommended to use drying tools. Fur-
thermore, most of the modern HAs and SPs have certain water 
resistance (IP 58/68 in HAs, IP 54/68 in SPs). Alas it doesn’t sol-
ve this problem each time. Besides that, the above-mentioned 
water resistance doesn’t allow a patient to swim with HA or 
SP. For these purposes manufacturers offer different cases for 
protection against a rain, sweat, for swimming or additional 
fixation (Fig. 2). In cool seasons the microphone of HA or SP 
can be covered with a knit cap, hoods or shawls [10]. 

Fig. 2: Examples of protective devices

In clinical practice specialists often encounter with patients’ 
or parents’ questions about the amount of sound attenuation 
by cases or clothes and how it can influence on sound quality 
and speech intelligibility. We didn’t find some studies on this 
topic in the literature or databases. 

Goal: study the amount of attenuation input signal at the 
microphone of HA and SP using different cases and clothes. 

2. MATERIALS AND METHODS

The study was conducted in soundproof cabin at Saint Peter-
sburg Research Institute of Ear, Nose, Throat and Speech and 
Center of Paediatric Audiology (St Petersburg, Russia). Acous-
tic measurements were carried out using an artificial head and 
different objects, which can influence on microphone func-
tion of HA and SP. A probe microphone was integrated in the 
microphone input of behind-the-ear SP (the same shape with 
behind-the-ear HA) (Fig.3).  
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* only p <0.05 frequencies shown
Tab. 4: Differences in sound pressure level between reference con-
dition and water-resistant case

Maximum signal attenuation was 9.36±0.33 dB (Fig. 5). 

Fig. 5: Evaluation of water-resistant case effect on sound pressure 
level

On the next step signal distortions with elastic bandage 
were measured (Fig. 6).

Fig. 6: Measurements of the elastic bandage effect on sound pre-
ssure level at the microphone

Maximum differences between an elastic bandage and refe-
rence condition were 9.73±0.35 dB (Tab. 5).

Tab. 5. Differences in sound pressure level between referen-
ce condition and elastic bandage.

* only p <0.05 frequencies shown

Maximum differences were observed in high frequency 
non-speech region 5000, 8000 Hz (p<0.05). It can be assumed 
that these differences might be related to resonance of ban-
dage and sound field. At low and middle frequencies (speech 
spectrum) differences were minimal. 

Different elements of clothes influence on signal level. It 
was shown that a hood leads to maximum signal attenuation 
if it fits to the body quite snugly (Fig. 7). A knit cap shows a 
small influence, and ashawl causes the smallest one. The most  

Fig. 4: Comparison of sound pressure level at the microphone in 
reference condition and with tissue protective cases

Comparison of frequency characteristics showed that most 
distortion brought protective tissue case No1. Sound pressu-
re levels with and without case No1 significantly differ at 200, 
800, 1250, 1600, 2500-3150 and >5000 Hz (p<0.05) (Tab. 1).

* only p <0.05 frequencies shown
Tab. 1: Differences in sound pressure level between reference con-
dition and protective case No1

With protective case No2 the significant differences were 
found at 200, 800-1250, 2500 and 8000 Hz (p<0.05) (Tab. 2).

* only p <0.05 frequencies shown
Tab. 2: Differences in sound pressure level between reference con-
dition and protective case No2

Protective case No3 leads to minimal influence on micro-
phone effect. Differences were found at 800, 1250, 2500–3150 
and >8000 Hz (p<0.05) (Tab. 3). 

* only p <0.05 frequencies shown
Tab. 3: Differences in sound pressure level between reference con-
dition and protective case No3

The largest amount of signal changes was observed at near 
817 Hz band with all the cases.  Maximum signal absorbing by 
tissue case No3 was 5.77±0.28 dB in contrast with more thick 
tissue cases No2 (6.67±0.29 dB) and No1 (7.67±0.18 dB).

Influence of water-resistant swimming case (IP68) for SPs 
on microphone effect. Case for swimming is soft silicone tool 
with zip-lock. Water-resistant case leads to signal attenuation 
at the microphone at the most of 1/3 octave bands (12 out of 
17; p<0.05) (Tab. 4).

1/3 octave band, Hz * 200 800 1250 1600 2500 3150 5000 6300 8000

Maximum difference, dB 0,94 7,57 7,42 5,75 5,27 3,95 7,67 5,58 2,92

St Dev 0,23 0,36 0,73 0,47 0,64 0,34 0,18 0,35 0,43

1/3 octave band, Hz * 200 800 1250 2500 8000

Maximum difference, dB 0,60 6,58 6,05 6,67 4,25

St Dev 0,22 0,25 0,66 0,29 0,08

1/3 octave band, Hz * 800 1250 2500 3150 8000

Maximum difference, dB 5,77 4,09 5,52 4,28 4,45

St Dev 0,28 0,67 0,54 1,11 0,11

1/3 octave 
band, Hz * 200 315 400 500 800 1250 1600 2000 4000 5000 6300 8000
Maximum
difference, dB 1,06 2,66 4,63 5,29 6,54 5,20 5,15 5,49 9,36 4,96 8,09 3,98

St Dev 0,27 0,21 0,20 0,29 0,27 0,55 0,51 0,82 0,33 0,18 0,52 0,80

1/3 octave band, Hz * 800 1250 1600 2500 5000 8000

Maximum difference, dB 3,93 4,26 3,67 7,17 7,60 9,73

St Dev 0,22 0,65 0,03 0,77 0,18 0,35
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4.  CONCLUSION

Hearing aids and cochlear implants are effective rehabilita-
tion methods of hearing impaired patients. It’s necessary to 
protect a microphone from humidity, cold and wind. For this 
purpose, different clothes and protective tools are used. The 
study of the microphone input signal attenuation by these ob-
jects was conducted. The most significant attenuation was ob-
served in the water-resistant case for swimming. The changes 
were detected at the most 1/3 octave frequency bands (12 out 
of 17). The most of them are located at the speech spectrum, 
which can lead to a significant decrease of speech audibility, 
intelligibility and quality. Maximum attenuation by water-re-
sistant case is 9.36±0.33 dB at 4000 Hz. The usage of mem-
brane tissue protective cases helps to avoid penetration of 
sweat, humidity into HA or SP, as well as protects them from a 
wind noise, showed that they give 7.67±0.18 dB attenuation at  
5000 Hz. The most amount of amplification was demonstrated 
with a membrane case, which has maximum sweat protecti-
on. In contrast, a textile case demonstrated less attenuation. 
Fixing bandage influences on sound pressure level as well, 
especially at middle-high frequency region. Different types of 
head covering clothes lead to a significant signal changing up 
to 9.24±0.16 dB, primarily on high frequencies, which less in-
fluence on speech intelligibility. 

The results of the study confirm that using different tools to 
protect HA of SP leads to a significant change of input signal. 

The acoustic input signal measurements, presented in 
this paper, could be used in the certification process of new 
protective tools for HA and SP, which might allow to control 
their quality and effects. Audiologists also should use real-ear 
measurements with protective cases during HA verification  
process in their clinical practice. The information about signal 
attenuation must be taken into account during HA fitting to 
make this case acoustically transparent.

prominent changes in frequency characteristics with hood 
were observed at 4000-8000 Hz.

Fig. 7: Influence of different clothes on sound pressure level at the 
microphone of SP
* only p <0.05 frequencies shown

Tab. 6: Differences in sound pressure level between reference con-
dition and SP covered with different clothes

A hood led to maximum attenuation 9.24±0.16 dB. Signifi-
cant difference was detected at 1600, 3150-8000 Hz (p<0.05). 
The knit cap and the shawl demonstrated less changes. In case 
of a knit cap significant differences were confirmed at 5000, 
6300, 8000 Hz. Maximum attenuation – 6.14±0.16 dB. A shawl 
caused minimal differences mostly at 5000, 6300, 8000 Hz, ma-
ximum 5.50±0.08 dB.

1/3 octave band, Hz * 1600 3150 4000 5000 6300 8000

Hood*

Maximum difference, dB 2,08 4,04 5,61 9,24 6,09 5,31

St Dev 0,63 0,43 0,45 0,16 0,06 0,17

Knit cap*

Maximum difference, dB 6,14 5,47 4,67

St Dev 0,16 0,65 0,38

Silk shawl*

Maximum difference, dB 5,50 3,87 3,83

St Dev 0,08 0,85 0,29
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selecting the dimensions of the acoustic duct and transducer, 
as well as the materials of which they are composed.

2. SOLID STATE MOTION SENSORS ON BULK 
ACOUSTIC WAVES 

Currently, there are a number of implementations of bulk 
acoustic wave motion sensors proposed by the authors of this 
paper [3]. The principle of operation of such sensors is based 
on the detection of secondary vibrations of the shear wave 
caused by the influence of the Coriolis force under rotation. 
The generation of secondary oscillations with frequency ω for 
a transverse wave propagating along the axis of rotation of the 
acoustic duct is shown in Fig. 2.

Fig. 2: The generation of secondary oscillations with frequency ω 
for a transverse wave propagating along the rotation axis of the 
acoustic duct under rotation 

Physically, the formation of secondary oscillations can be 
considered as a rotation of the polarization vector of the emi-
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1. INTRODUCTION

In recent years, interest has increased in the possibility of using 
solid-state gyro sensing elements based on the characteristics 
of acoustic wave propagation, since they are able to function 
quite well under high loads and strong vibration, unlike most 
other types of angular velocity sensors [1] - [2]. Therefore, it 
is a relevant and promising direction in the modern motion 
sensor development.

The receiving and amplifying path of acoustoelectronic de-
vices operating on bulk acoustic waves (BAW) can be repre-
sented as a block diagram shown in Fig. 1.

Fig. 1: Simplified block diagram of the receiving and amplifying 
path of acoustoelectronic devices 
Uin – input voltage, 1 – emitting piezoelectric transducer, 2 – 
acoustic duct, 3 – receiving piezoelectric transducer, 4 – signal 
amplifier, Uout – output voltage.

The value of the informative signal of the sensing element 
of the angular velocity sensor on bulk acoustic waves lies in 
the range of fractions to tens of mV and is subject to interfe-
rence and noise. Thus, the problem of assessing the level of 
the noise arising at the output of the sensitive element plays 
an important role in improving the parameters of the sensitive 
elements of angular velocity sensors on bulk acoustic waves, 
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of rotation, the signal Ur received by the receiving transducer, 
proportional to the value ξc, Goes to the receiving device PU, 
at the output of which a voltage is generated Uout proportional 
to the input signal level.

Thus,

              (3)

where 
Ug     is a generator voltage; 
KSE  is a sensor transmission coefficient; 
KRD – receiver gain.

The sensitivity of the sensor built according to this scheme 
will be determined by the signal-to-noise ratio at the input of 
the receiving device and will not depend on KRD.

 

3. SENSITIVITY OF SENSORS ON BULK 
ACOUSTIC WAVES 

As mentioned above, the ability of BAW solid-state motion 
sensors to detect an informative signal associated with rotati-
on is determined by the level of noise at the input of the rece-
iving device, the evaluation of the inherent noise is an impor-
tant task in determining the sensitivity of the device. All the 
noises arising in devices of this type can be divided into:

Acoustic duct noises caused by thermal vibrations of the 
crystal lattice of a solid; 
thermal noise of the piezoelectric receiver of acoustic wa-
ves; 
preamplifier noise. 

 The theory that describes the noise arising in the sound line 
and the piezoelectric receiver is described in the works [4-9].

In order to estimate the total noise level at the output of the 
sensitive element of the solid-state angular velocity sensor, it 
is necessary to carry out the energy addition of the thermal 
noise of the piezoelectric transducer and the noise of the crys-
tal lattice of the acoustic duct, taken by the transducer accor-
ding to the formula:

         (4)

Fig. 5 shows the dependence of the thermal noise voltage 
of the piezoelectric transducer, the noise of the crystal lattice 
of the acoustic duct and the total noise at the output of the 
sensitive element on the antiresonant frequency of the piezo-
electric transducer. In the calculation, a piezoelectric transdu-
cer with a radius of a = 4 mm, made of piezoquartz, a sound 
conductor made of fused quartz, was used, the propagation 
time of an acoustic wave in acoustic duct is τ = 1  μs.

tted linearly polarized shear wave, which occurs as the wave 
propagates. The angle of rotation β is proportional to the an-
gular velocity of rotation Ω of the object and is determined by 
the following relation:

          (1)

where 
τ is the propagation time of the acoustic wave along the 

acoustic duct.

In this case, the orthogonal component of the polarization 
vector arising from the displacement arising from the presen-
ce of rotation is determined by the following expression:

            (2)

where 
ξ0 is a displacement amplitude of the radiated BAW.

Fig. 3: The polarizations direction of the emitter and receiver 

Fig. 4 shows a tract design for such a rotation sensor.

Fig. 4: The design of the tract of the angular velocity sensor on 
BAW

Where  
Ug    is a generator voltage, 
E      – emitting piezoelectric transducer, 
R      – receiving piezoelectric transducer, 
RD    – receiving device,
Ur     – receiving voltage,
Uout  – output voltage.

The sensing element of the angular velocity sensor on bulk 
acoustic waves is a solid-state acoustic conduit, which can be 
made in the form of a cylinder (the main condition is the pre-
sence of plane-parallel ends), on the opposite ends of which 
plate emitting and receiving piezoelectric transducers are lo-
cated. In this case, the sound conductor must be made of an 
isotropic material, for example, glass, and the sensitivity axes 
of the piezoelectric transducers must be shifted by 90 degrees 
relative to each other.

The applied voltage to the emitter excites linearly polari-
zed waves in the acoustic conductor, the polarization vector 
of which rotates as the wave propagates, due to the presence 

=      

= ( ) =   

= ( )     

= , + ,     
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Fig. 6: Block diagram of the operation algorithm of the program 
for calculating the noise of the sensitive element of the angular 
velocity sensor

5. CALCULATIONS RESULTS 

Tab. 1 shows the calculation results for total noise voltage of 
the sensing element for various materials of the acoustic duct 
and piezoelectric transducer.

Tab. 1: Dependence of noise voltage (UΣ, μV) on the materials of 
the sensitive element

As can be seen, the least noise sensitive element is the one 
with the piezoelectric transducer made of langasite, and the 
acoustic duct made of a heavy flint glass.

Tab. 2 shows the calculation results for the voltage of the 
acoustic duct noise (TF-10), thermal noise of the piezoelect-
ric transducer for a flat piezoelectric transverse wave receiver 
(LiNbO3), as well as the total noise of the sensitive element 
depending on the antiresonant frequency of the piezoelect-
ric transducer and the wave propagation time in the acoustic 
duct.

Fig. 5:  Dependence of the noise voltage on the antiresonant fre-
quency of the piezoelectric transducer 

An important noise characteristic of a piezoelectric receiver 
is the signal-to-noise ratio at the output of the piezoelectric 
receiver:

            (5)

For reliable signal reception and its separation from the 
background noise, the signal-to-noise ratio should be at least  
6 dB. Therefore, the value of the minimum received signal 
must be at least 2 times higher than the total noise signal.

4.  CALCULATION SOFTWARE FOR SENSI-
TIVE ELEMENT NOISE CHARACTERISTICS OF  
ANGULAR VELOCITY SENSOR

To ensure the calculation of the noise characteristics of the 
sensitive element of the angular velocity sensor, namely the 
thermal noise of the piezoelectric receiver and the noise of the 
crystal lattice of the acoustic duct, a special software program 
was developed that allows calculating all the necessary noise 
characteristics of the sensitive element with the specified pa-
rameters.

Figure 6 shows the block diagram of the developed algori-
thm. After entering the characteristics and choosing the mate-
rials for the acoustic duct and piezo transducers, the program 
calculates the parameters of the sensitive element, the noise 
voltage of the acoustic duct and the transducer, the total noise 
and the minimum voltage of the received signal.

The calculating result for all characteristics of the sensitive 
element is displayed in special fields. The program also allows 
to calculate and display a graph of the dependence of the noi-
se voltage on the center frequency of the piezoelectric recei-
ver on a logarithmic scale.

Thus, the program realizes a quick estimation of the optimal 
characteristics of the sensitive element of BAW gyro sensor.

=      

Piezo receiver
Acoustic duct Piezoquartz Lithium niobate Lithium tantalate Langasit

Fused quartz 0,492 3,135 1,656 0,326

Chalcogenide glass (HCG) 0,581 3,637 1,919 0,383

Heavy flint glass - 10 (HF-10) 0,436 2,801 1,481 0,291
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7. CONCLUSIONS

In this paper, the design of the sensing element of the angular 
velocity sensor based on bulk acoustic waves was presented, 
and the article also describes the main mechanisms of occu-
rrence and types of noise that appear in the described sensing 
element of the angular velocity transducers based on BAW. To 
automate the determination of the noise characteristics of the 
sensors, a program was developed for calculating the noise 
characteristics of solid-state angular velocity sensors based on 
BAW.

Several methods have been identified to increase the sensi-
tivity of a solid-state acoustic gyro by reducing the noise level 
at the input of the receiving-amplifying path of the device. 
This reduction can be achieved by: 

selection of a piezoelectric transducer operating at higher 
frequencies;
reduction of the effective frequency band of the piezo-
electric transducer;
selection of optimal materials for the piezoelectric trans-
ducer and acoustic duct.

Tab. 2:  Sensing element noise characteristics 

As can be seen from the table, the noise values of the acous-
tic duct and the transducer are of comparable orders.

6. RECEIVER NOISES

The noise properties of the receiving device are largely deter-
mined by the noise ratio of the receiving amplifier, which is 
determined at a given frequency of the input signal under the 
same temperature conditions at the input and output of the 
stage as the ratio of the total noise power at the output to the 
part created by their amplification. A state-of-the-art ultralow 
noise amplifier should be used to minimize noise. For exam-
ple, a modern amplifier based on the MCP6286 microcircuit is 
capable of operating at high frequencies up to 100 MHz and 
has a gain of about 120 dB.

Currently, there are many ultra-low noise amplifiers opera-
ting at high frequencies. Tab. 3 lists examples of ultra-low noi-
se amplifiers and their characteristics.

Tab. 3: Main characteristics of modern ultra-low noise amplifiers

Its noise level is 5.4 nV/√Hz, that is, it is of the same order as 
the inherent noise of the sensing element. According to the 
comparison of the total level of thermal noise with the signal 
at the output of the sensitive element, the achievable sensiti-
vity of the sensors of the considered type can reach tenths or 
even hundredths of a degree per second.

Thus, the correct approach to the selection of a preamplifier 
for a solid-state sensor based on BAW can minimize the noise 
of the receiving device. Then the intrinsic noise of the sensor 
will be determined to a greater extent by the noise of thermal 
vibrations of the piezoelectric transducer and the crystal latti-
ce of the acoustic duct.

Antiresonant
Frequency [MHz]

Wave propagation
time [μs]

Acoustic duct
noise voltage

  [μV]

Noise voltage
piezoelectric transducer

 [μV]

Total noise
voltage 

[μV]

10
0,5 3,159 2,125 3,807
1 2,321 1,569 2,801

1,5 1,906 1,293 2,303

50
0,5 0,659 0,449 0,805
1 0,472 0,318 0,569

1,5 0,384 0,262 0,464

100
0,5 0,335 0,225 0,404
1 0,236 0,159 0,284

1,5 0,192 0,131 0,233

Manufacturer Model Frequency range
[μs] Gain [dB] Noise voltage at

10 MHz, [μV] Price[$]

Analog Devices

ADA4898-1 1-100 135 0,278 2,27

LTC6229 0,1-100 103 0,285 1,56

Microchip
Technology MCP6286 1-100 120 1,707 0,96
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3. THEORETICAL STUDY ON ACOUSTIC  
DYNAMICS OF THE ROUGHING-GRINDING 
MACHINE

3.1 Models of noise sources of the research objects
The geometric parameters of the cutting tool and workpie-

ces allow to use the models of beams and plates of limited 
dimensions. For beam-type sources (which include a cutting 
tool and long-length workpieces), according to the data of 
[3,4], the sound pressure (P) and the sound power (N) are de-
termined according to the formulas:

for a cutting tool:

             (1)

              (2)

for a beam-type workpiece:

              (3)

             (4)

where 
S  is the source surface area, m2; 
ω is the circular vibration frequency, rad/s; 
p0  is the air density, kg/m3; 
k0  is the wave number, m-1;
vk  is the vibration speed at the corresponding natural vibra-

tion frequency, m/s; 
l  is the source length, m; 
r  is the distance from the cutting zone to the machine ope-

rator's workplace, m.
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1. INTRODUCTION

Metalworking industries can be classified as hazardous and 
harmful, since the machine equipment used there creates inc-
reased noise levels at workplaces that exceed the permissible 
values provided for by sanitary standards [1].

The article discusses machines, which belong to the pla-
ning group, since they are the most widespread and are the 
most noisy metalworking equipment. These include planing, 
planning- milling machines and slotting machines.

2. FORMULATION OF THE PROBLEM

The pronounced high-frequency noise that exceeds the per-
missible standards occurs during the technological process of 
planing parts made of brittle materials on the planing group 
machines. Its intensity depends on the design of the cutting 
tool, the number of turnovers of the knife shaft, feed rate and 
parameters of the material being processed. The noise level is 
high if the workpiece is thiner, the bluntness of the knives is 
higher and the cutting speed is higher. It also depends on the 
type of metal being processed, its fragility, hardness. The noise 
level is high if the material is harder.

The characteristic feature of the range of planing machi-
nes is that flat and shaped-ruled surfaces are processed with 
cutters. Therefore, the entire variety of cutting tools and wor-
kpieces can be reduced to rods and plates from the point of 
view of geometric configurations. The rods include the entire 
range of cutting tools and workpieces which length is much 
greater than the cross-sectional dimensions.

=  

=  

=  

=  
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Then the sound power for frequencies fmn ≤ fcr is determined 
[3,4] as:

       (15)

where 
p0 and c0 are density (kg/m3) and speed of sound in air (m/s); 
k0              is wave number, m-1; 
ω               is circular vibration frequency, rad/s; 
mmn           is distributed plate mass, kg/m2; 
F                is cutting force, N.

For cast iron blanks this dependence has the form, W:

                 (16)

and sound pressure levels, dB:

                    (17)

For the ratio fmn>fcr this dependence has the form:

                   (18)

where 
nem is the emissivity,

         (19)

         (20)

n is vibration energy loss factor.

For cast iron blanks this dependence has the form:

        (21)

        (22)

then the sound power levels are determined by the formula:

(23)

where 
J is moment of inertia of the workpiece, m4.

3.2 Derivation on regularities of the vibration velocities of 
the cutting tool and the workpiece

The calculation of the planing cutters is based on the as-
sumption that at the time t = 0 the cutting force is applied 
to the cutter and remains constant during the stroke of the 
planer cutter. In addition, it is taken into account that both 
for planing cutters and during milling, the coordinate of the 
application of the cutting force is constant relative to the spin-
dle bearings. In this case, according to the data of [3,4], the 
differential equation of bending vibrations of the cutting tool 
has the form:

Taking into account the mechanical characteristics of the 
material and methods of fixing, these regularities are reduced 
to the following form:

for cutters as steel beams of rectangular section cantileve-
red:

           (5)

                  (6)
where 
l  is the source length, m; 
b  and h are cross-sectional dimensions, m; 
k  is a coefficient that determines the natural frequencies of 

the source.

          (7)

                (8)

Since in this work the processes of working brittle materials 
are studied, the regularities of the levels of sound pressure and 
sound power are obtained for cast iron blanks mounted on the 
machine table.

          (9)

            (10)

       (11)

             (12)

The sound power, which is emitted by processed workpie-
ces such as plates, significantly depends on the ratio of natural 
vibration frequencies and the critical frequency, which is de-
termined for cast iron workpieces by the formula:

       (13)

where
hpl is the thickness of the plate, m.

The natural vibration frequencies of cast iron plates are de-
fined as:

       (14)

where 
l1 and l2  are the length and width of the workpiece, m; 
m and n  are coefficients that determine the natural frequenci-

es of vibrations.
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The solutions of the equations are obtained in the following 
form:

              (29)

        (30)

    (31)

The vibration velocities of the workpieces processed on pla-
ning machines are determined from the system of equations:

 (32)

         (33)

The solutions of the equations are obtained in the following 
form:

 
(34)

        (24)

where
Jz,y  are moments of inertia of the planer tool relative to 

the axes Oz and Oy, m4;
F(t)z,y  are components of the cutting force in the direction 

of the same axes, N;
δ(x-x0)  is delta function in the coordinate of application of 

the cutting force.

According to research [5], the cutting force is defined as:

                   (25)

where 
ω=2πf is chip formation frequency [5].

The amplitudes of the components of the cutting forces and 
cutting speed are determined by the standards of cutting mo-
des [6]:

cutting speed (m/min)

                  (26)

where 
τ  is tool life, min; 
t  is cutting depth, mm; 
S  is longitudinal feed, mm/min; 
m, x*, y*, Kv and сv are empirical coefficients determined from  

the corresponding tables [6]:

The amplitudes of the cutting forces:

         (27)

where 
cp, Kp and Kv  are coefficients that take into account the ma-

terial of the cutter and the workpiece [6,7], the 
coefficient Kyv takes into account the type of ma-
chine and is taken equal to: 1 – for planing ma-
chines; 0.8 – for cross planers and 0.6 for slotting 
machines.

The equation (24) in relation to the version of the cantilever 
fastening of the planer cutter is reduced to the following sys-
tem, using the developed approaches to calculating vibrati-
ons and noise of machine tool equipment:

     (28)
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4. CONCLUSION
1. Theoretical models of the process of noise generation of 

planing, slotting and planing-milling machines are pre-
sented.

2. Regularities of sound pressure levels and sound power 
are obtained for brittle materials (cast iron blanks) moun-
ted on the machine table.

3. The regularities of the vibration velocities of the cutting 
tool and the workpiece are derived.

4. The system of second-order differential equations [9-11] 
is obtained in relation to the option of cantilever fixing 
of the planing cutter, using the developed approaches to 
calculating vibrations and noise of machine tool equip-
ment.

The components of the cutting forces during milling accor-
ding to the standards of cutting conditions [8,9] are determi-
ned by the regularities:

         (35)

where 
Sz is feed per cutter tooth, mm/tooth; 
n  is rotation frequency, rpm; 
D  is cutter diameter, mm; 
B  is milling width, mm.

The vibration speeds of the workpieces during milling are 
determined from the system of equations:

       (36)
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ration of SRM can not be considered the main limiting factor. 
In addition, there are many methods for significantly reducing 
the level of electromagnetic torque pulsations both by means 
of controls [1-3] and at the stage of the electric motor design.

2. PROBLEM DESCRIPTION

Acoustic noise, as well as vibrations during the operation of an 
electric machine, are notable not only for SRM [4]. The electric 
motor is an assembly unit, and the cause of the resulting noise 
and vibrations can be, among other things, rolling bearings, 
unreliable connections, etc. We will consider such cases as di-
sadvantages of specific instances and do not consider them in 
this article. The main causes of noise and vibration in electric 
machines can be divided into three classes [5].

Aerodynamic noise is characteristic of absolutely all electric 
machines and is a consequence of the accelerated movement 
of air flows during rotation of the rotor. SRM are potentially 
more prone to an increased level of aerodynamic noise sin-
ce the rotor has a toothed shape. In this case, the teeth are 
like lobes and when they move, air swirling occur, increasing 
the noise level. To reduce this noise, the rotor slots are filled 
with a polymer compound with the appropriate characteri-
stics. Since the rotor does not contain conductors, the main 
requirement for the polymer compound will be to ensure the 
required mechanical strength. Thus, the rotor takes the form 
of a cylinder with anisotropic magnetic properties in the radial 
direction. This shape of the rotor will reduce the level of aero-
dynamic noise as much as possible. Among the disadvantages 
of the described solution, it is the relative complexity of the 
rotor design.

Another source of noise in electric machines is magne-
tostriction. The magnetic circuit of the vast majority of electric 
machines is made laminated, i.e. it consists of separate plates 
firmly tightened into a monolithic structure. Such a solution 
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1. INTRODUCTION

Switched reluctance electric motors (SRM) are considered a 
promising replacement for an induction motor for use both in 
general-purpose installations and in installations with heavy 
operating conditions. These motors are distinguished by high 
energy efficiency indicators, increased reliability indicators, 
simple and technological construction (Fig. 1).

Fig. 1: Switched reluctance motor 12/8 (12 stator teeth, 8 rotor 
teeth)

Limiting factors for the SRM widespread use are the main di-
sadvantages: an increased level of the electromagnetic torque 
ripple and an increased level of vibrations and noise.

Torque ripple on the motor shaft are typical also for a fre-
quency-controlled induction motor, so this feature of the ope-
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3. MATHEMATICAL MODELLING

The SRM phase windings can be considered as completely 
independent. Thus the electric balance equation for the SRM 
phase in accordance with equivalent circuit [7-9] may be wri-
tten as follows

where 
u  – phase voltage, 
i   – phase current, 
R  – phase resistance, 
ψ – flux linkage, 
θ  – angular rotor position.

SRM electromagnetic shaft torque is the sum of the torques 
produced by the currents of the phases (phase torques). 

Phase torques are determined by the equation

where
Wc – coenergy, determined as

Radial force is determined as

where 
lδ – air gap.

Mechanical part of SRM is described by equations

where 
ω    – rotary speed, 
J       – equivalent moment of inertia, 
Nph  – SRM phase number, 
TL      – load torque on the shaft, 
B     – friction ratio, 
Nr     – number of rotor teeth.

Considering the phase flux as a function of two variables, we 
open the derivative and obtain

where 
Ld(θ,i)    – incremental inductance,

 – rotational emf ratio.

can significantly reduce the amount of eddy currents and the-
reby reduce the amount of power loss and heating of the mag-
netic circuit elements. The individual plates of the magnetic 
circuit change their shape during the magnetization process, 
rub against each other, resulting in acoustic noise. The mag-
netic field of SRM, unlike the other machines, has a pulsating 
character. In this case, the individual teeth of the rotor and sta-
tor are magnetized and demagnetized at certain moments. To 
reduce the noise arising from the influence of magnetostric-
tion, magnetic core structures made of amorphous alloys can 
be used. In this case there is no need to make the magnetic 
core laminated, the anisotropy of the magnetic properties is 
provided by the properties of the amorphous material. Since 
the elements of the magnetic circuit are monolithic, under the 
influence of magnetostriction, there is no friction of individual 
plates and accompanying noise. As a disadvantage of such a 
solution, we can point out the fact that the magnetic proper-
ties of amorphous materials are slightly inferior to the traditio-
nal ones used in laminated structures.

In addition to those listed above, when any electric machine 
is operating, noise arises from mechanical reasons. The non-
-ideality of the construction of an electric machine is usually 
indicated as the main one. When developing any product, the 
design documents specifies the permissible dimensional de-
viation dictated by the size of the structural element and the 
capabilities of the equipment. Improving the accuracy of ma-
nufacturing a structural element will require the use of more 
advanced and expensive equipment. Therefore, when develo-
ping design documents, they proceed from the capabilities of 
available equipment. During the operation of an electric ma-
chine, tangential forces act on the rotor, producing a torque 
on the shaft and radial forces of attraction of the rotor to the 
stator (Fig. 2). In a perfectly executed SRM, the action of ra-
dial forces is compensated or negligible. However, if there are 
permissible dimensional deviation in the size of the elements 
of the electric machine, the radial forces can significantly in-
crease, cause vibrations, noise and contribute to the accele-
rated failure of the electric machine. This article is devoted to 
the consideration of the described case and the process of the 
occurrence of vibrations during the operation of a SRM.

Fig.2: Dependences of inductance, radial force and torque from 
rotor position
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Computer model is realized in MATLAB/Simulink and shown 
at Fig. 5. The model consists of 3 parts. The electrical part simu-
lates the operation of the converter according to the scheme 
of an asymmetric bridge with ideal semiconductor elements 
and a power source. In the blocks Phase1, Phase2 and Phase 
3, the above equations of the electric balance of the phase are 
solved using a single lookup table. In the mechanical part, the 
above equation of motion of the electric drive is solved, and 
the current angular position of the rotor is determined. In the 
control part, based on the angular position of the rotor and 
the value of the phase currents, signals are generated that are 
fed to the converter transistors.

Fig. 5: Matlab/Simulink model

As a result of simulation the dependence i(θ) was obtained 
for rotor speed 300 s-1 (Fig. 6)

Fig. 6: Dependence i(θ)

When studying the radial interaction of the rotor and the sta-
tor, two cases are considered: the shift of the axis of rotor rota-
tion (case 1) and the shift of the rotor relative to the axis of ro-
tation (case 2). The value of the shift in both cases is assumed 
to be 10% of the value of the air gap along the X and Y axes. 
Since the coils of the phase windings are connected in series, 
a change in the magnetic resistance under the stator teeth in 
the case of a rotor shift will not affect the value of the phase 
current. The values of the phase currents and the angle of ro-
tor rotation obtained above are used in the FEMM software 
to calculate radial forces from the Maxwell stress tensor. As a 
result, for each of the cases, the values of the radial force along 
the orthogonal axes are obtained. However, a more detailed 
picture is given by the hodograph of the vector of the total 
radial force acting on the rotor during motor operation [10] 
(Fig. 7).

Using the equations described above to simulate SRM, ini-
tial information about the SRM in the form of 3 lookup tables 
will be required: Ld(θ,i), and Tph(θ,i). It reduces the spe-
ed of calculation and increases the probability of error calcu-
lations. 

Let us consider the phase current as a function of the rota-
tion angle of the rotor and the flux linkage. Then the electrical 
part of the SRM phase is described by the equations

This approach involves a significant reduction in the initial 
information about the VIEW because only need two lookup ta-
bles: i(θ,ψ) and Tph(θ,i). At the same time, the use of this app-
roach is associated with the calculation of algebraic loops. Mo-
dern modeling tools, such as MATLAB / Simulink, successfully 
solve such problems.

4. SIMULATION RESULTS

Simulation was made for 3-phase SRM 12/8. The dependence 
of the flux linkage on the current and the angle of rotor rota-
tion is calculated by the finite element method using FEMM 
software [9]. The picture of the magnetic field for the aligned 
position of the rotor of the motor under study is shown in  
Fig. 3.

Fig. 3: SRM 12/8 magnetic field

Obtained dependence ψ(I,θ) as a surface is shown on Fig.4.

Fig. 4: Dependence ψ(I,θ)
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Fig. 7 shows that for the displacement of the rotor relative 
to the stator, the direction of the radial force will have the 
same direction as the displacement of the rotor. In this case, 
the increased vibration level will not only increase the noise 
level, but also lead to rapid wear of the bearing assemblies. For 
case 2 the direction of the radial force will have an angular dis-
placement together with the rotor. In this case, the constant 
component of the radial force has a value of about 180 N, and 
the frequency of the first harmonic will be determined by the 
equation

Since it is fundamentally impossible to produce a motor 
with zero deviations in the dimensions of structural elements, 
based on the above equation, it is possible to predict the main 
harmonic frequency of noise and vibrations. At the speed of 
rotation of the rotor specified in the technical specification in 
the nominal mode, combined with the known dependence of 
the threshold of sensitivity of the human ear to sounds of dif-
ferent frequencies, it is possible at the design stage to choose 
such a value of the number of rotor teeth and the number of 
motor phases

Fig. 7: Hodograph of the total radial force vector

5. CONCLUSION

The above results of computer modeling are valid for one 
mode of SRM operation. The magnitude of the radial force 
significantly depends not only on the inaccuracies allowed in 
the manufacture of the motor, but also on the phase windings 
current, the angles of opening and closing of the converter se-
miconductor switches, as well as the current limiting method 
in starting modes.

= . 
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Tab. 1: Mechanical characteristics of different timber species

where 
Jus  is the reduced stiffness of the “workpiece– table” system, 

H/m;
h  is the height of the workpiece, m; 
F  is the cross-sectional area of the workpiece, m2; 
J  is the moment of inertia, m4; 
p  is the density of wood, kg/m3; 
k  is the coefficient that determines the natural frequency of 

vibrations.

In this case, the dependences for calculating the sound pre-
ssure and sound pressure levels are determined according to 
the obtained dependences.
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1. INTRODUCTION

Woodworking machines of the drilling group include  
single-and multi-spindle machines, the number of spindles of 
which is 3 – 12.

The cutting forces during drilling are less than during mi-
lling, and the sound and sound pressure levels are formed by 
the simultaneous action of an appropriate number of simulta-
neously operating spindle units. In addition, the characteris-
tic features of multi-spindle drilling woodworking machines, 
which distinguish them from other types of machines, is that 
the spindle units can be re-installed on the corresponding 
base parts.

The analysis of the layout of the machines showed that it 
is possible to reduce noise generation in the sources of occu-
rrence only for the bodies of the cutting units. The layout of 
the load-bearing system of the entire range of multi-spindle 
drilling woodworking machines provides a system to protect 
operators from the effects of noise.

2.  MATERIALS AND METHODS OF RESEARCH

When drilling workpieces that are characterized by the ratio  
(where h is the height of the workpiece; d is the diame-

ter of the drill), the vibro – acoustic characteristics should be 
calculated for the shell model, fixed on the machine table and 
taking into account the fact that the cutting force moves along 
the height of the workpiece. The dependence for calculating 
the natural frequencies of vibrations taking into account the 
physical and mathematical characteristics of timber species 
(Table.1) and these papers [1-3] are given in the form.

>  

Timber species Elastic modulus, Pa Density, g/m3 Correlation, E/p

Birch 1,54*1011 650 2,4*108

Spruce 1,1*1011 520 2,1*108

Pine 1,26*1011 520 2,2*103

Oak 1,54*1011 690 2,2*108

Plywood 3,4*109 800 4,3*106

Chipboard    3*109 1000 3*106

= +
 

 

= .  +
 

 

= + +
 

+  
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The real parts of the vibration velocity modules due to their 
bulkiness are not given in this article.

Tab. 2: Drilling modes

The cutting power (W) is determined by the formula:

where 
D  is the drill diameter, mm; 
n  is the rotation speed, round per minute; 
u0 is the feed, mm / rev; 
KТ is the specific cutting work, kg * m/cm3, set according to 

Table;
an  is the coefficient that takes into account the timber species; 
ab  is the coefficient that takes into account bluntness.

The average KТ values for drilling pine across the fibers are 
shown in the Tab. 3.

The values of the an coefficient for other timber species 
(higher an values for lower ab):

Alder . . . . . . . . . . . . . 0,9              Beech . . . . . . . . . . 1,8
Birch  . . . . . . . . . . . . .1,2 – 1,5    Oak. . . . . . . . . . . . . 2,2

Tab. 3: Specific cutting work of KТ (approximate) when drilling 
pine across the fibers with center drills with bit

The value of the legal coefficient for blunting the instru-
ment (ab):

Working time of the tool after sharpening in
h . . . . . . . . . 1           2          3             4          5              6
ab  . . . . . . . . 1,2       1,3       1,35       1,4       1,45        1,5

The correction factor for the timber species is determined 
according to Tab. 4 (for pine ).

Tab. 4: Correction factor for timber species

The specific cutting work is defined as the product of:

The cutting speed during drilling is determined by the de-
pendence (m/s):

The amplitude of the cutting force during drilling is (Н)

the cutting force in a function of time

The output of the dependences of the oscillation rates is pre-
sented for a shell-type workpiece having different moments of 
inertia in the direction of the coordinate axes OZ and OY (the 
OX axis is aligned with the axis of the drill and, respectively, 
the hole). The differential equations of oscillations in this case 
have the form:

After performing similar transformations, the following 
equations are obtained:

where 
V is the feed rate of the drill, m/s; 
n is the rotation speed of the drill, round per minute;
P is the cutting force (H), determined according to the stan-

dards of cutting modes during timber processing.

, + + = ( ) ( ) ( )
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Timber species Cutting speed, m/s Feed, mm/r
Softwood species 0,8 – 4 0,6 – 0,7  
Hard-wooded species 0,2 – 0,5 0,1 – 0,5

Drilled diameter, mm KТ  at the rate of drill feed u0, mm/r
1 0,7 0,4 0,3 0,2 0,1

5 8 8,5 8,8 9,6 12,4 20
10 4 4,2 4,4 4,8 6,2 10
15 3 3,2 3,4 3,6 4,2 7,5
20 2,4 2,5 2,6 2,9 3,6 6
25 2 2,1 2,2 2,4 3,1 5

Lime, Aspen 0,8 Birch 1,2 – 1,3
Spruce 0,9 – 1 Beech 1,3 – 1,5
Alder 1 – 1,05 Oak 1,5 – 1,6
Larch 1,1 Ash 1,5 – 2 
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3.  CONCLUSION

The obtained theoretical dependences of the oscillation rates 
take into account all structural and technological parameters: 
geometric dimensions, timber species, physical and mecha-
nical characteristics, and in particular, the coefficient of loss 
of vibrational energy ŋ, technological modes of processing, 
methods of fixing workpieces. These data allow us to perform 
engineering calculations of both noise levels and vibration 
levels at the design stages of both the equipment itself and 
technological processes, which in fact makes it possible to jus-
tify noise and vibration reduction systems at the same stages.
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Such accidents explain the need for continuous monitoring 
of the ground vehicles traffic on the airport territory.

Analyzing the modes of airport ground vehicles   operation, 
we see that their operation can occur both in normal mode 
and in the mode of extreme weather conditions, such as fog, 
snowfall, heavy rain, etc.

In such conditions, the dispatcher cannot control the vehicle 
traffic visually, monitoring is only performed using technical 
systems [8-11]. Accident statistics [1, 2] confirms that there is 
a need to develop additional methods for monitoring vehicle 
traffic, while their joint work with existing systems [7-13] will 
reduce the risk of emergencies at modern airports.

2. THE METHOD OF THE AIRPORT TRAFFIC 
CONTROL BASED ON ACOUSTIC SCANNING

To increase the controllability of the process of ground vehicle 
traffic, including in difficult weather conditions, the author has 
developed a method for monitoring the airport ground ve-
hicle traffic based on acoustic scanning.

The method is implemented as follows. Acoustic sensors 
tuned to the noise range generated by vehicle traffic are in-
stalled throughout the entire territory of the airport where 
ground vehicles move. When a vehicle passes near the sen-
sors, the sensors record the noise coming from it, then the sig-
nal from the sensors goes to the dispatcher's computer, which 
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1. INTRODUCTION

A modern airport as a complex system imposes strict require-
ments to the operational reliability of its constituent elements. 
Malfunctioning of one of the elements can lead to a shutdown 
of the entire airport, and in some cases to an aviation accident.

The main structural elements of a modern airport include 
ground vehicles that ensure its functioning [1-3].

In the process of the ground vehicles operation at the air-
port, they constantly interact with the aircraft serviced by the 
airport. Such interaction includes refueling, baggage trans-
portation, delivery and boarding of passengers and crew on 
board of the aircraft, etc. At the same time, emergency situati-
ons connected with a collision of ground vehicles and aircraft 
(Fig. 1) often arise, the consequence of which is both damage 
to the vehicles and injury and in some cases death of people 
[4-7].

Fig. 1: Accident at Hong Kong airport 
(https://www.telegraph.co.uk/travel/news/watch-van-crash-in-
to-plane-as-it-prepares-for-take-off/)



AKUSTIKA, VOLUME 41 / November 2021
www.akustikad.com

187

the moment when the vehicle passes between lines A-A and 
B-B. The obtained value is the measurement result [15].

The obtained measurement results are shown in Tab. 1.
Tab. 1: Noise generated by airport ground vehicles

Analyzing the transport noise level of the monitored objects 
(Table 1), we can conclude that the settings of acoustic sensors 

should be in the range of 35-85 dB.

3. THE ALGORITHM OF THE AIRPORT TRAFFIC 
CONTROL SYSTEM OPERATION BASED ON 
ACOUSTIC SCANNING

Based on the goals of the acoustic scanning system, we can 
formulate an algorithm for its operation (Fig. 3).

Fig. 4: The algorithm of the airport traffic control system operati-
on based on acoustic scanning

4. CONCLUSION

In this study, a method for monitoring the airport ground ve-
hicles traffic based on acoustic scanning and a system imple-
menting it has been developed. The proposed development 
is aimed at reducing the number of emergencies that occur 
during the interaction of air and ground vehicles at the airport. 
It is established that the acoustic sensors included into the sys-
tem must have a setting in the range of 35-85 dB. This setting 
will allow you to record the ground vehicles traffic and will not 
be triggered by the noise of aircraft engines. Equipping the 
airport territory with a network of sensors with appropriate 
settings will allow the dispatcher to receive information about 
the  ground vehicles traffic even in conditions of ‘zero’ visibility. 
Taking into account the fact that traditional systems that allow 
monitoring airport traffic are quite complex technical systems, 
as a result of which there are frequent failures in their operati-
on, the use of the proposed traffic control system will increase 
the reliability of such a complex system as a modern airport 
and reduce the risk of accidents involving air and ground ve-
hicles.

allows you to reflect the vehicle traffic situation on the airport 
territory.

The structure of the system that practically implements the 
developed method of airport traffic control based on acoustic 
scanning is shown in Fig. 2.

Fig. 2: Structure of the airport ground vehicle traffic control sys-
tem based on acoustic scanning

When choosing the settings of the acoustic sensors inclu-
ded into the system, it is necessary to take into account the 
noise level generated by both ground vehicles and aircraft 
operating in the immediate vicinity of them.

In the aircraft service area, the noise level of aircraft engines 
is 90-120 dB, when the engines are operating in take-off mode, 
the total sound pressure levels can reach 160-165 dB, 160-168 
dB during flow disruptions and 140-145 dB in the boundary 
layer [13].

To determine the noise range generated by moving airport 
ground vehicles, the level of the acoustic radiation intensity 
adjusted according to the ‘A’ scale of LA was measured by por-
table noise meters (in accordance with the regulation metho-
dology – ‘Regulation No. 51’ of the UNECE [15]) (Fig. 3).

Fig. 3:  Scheme for determining the vehicle noise
* When preparing the figure, the elements of the scheme for mea-
suring the noise from the source were used [15]

At the same time, the following conditions for determi-
ning LA were set: tests for evaluating LA are carried out on a 
measuring section of the road A-B with a length of 20 m; the 
vehicle in front of the measuring section (up to the A-A line) 
moves uniformly at a speed of ~50 km/h at an engine speed 
of n ~~ 3/4nnom; the measurement is made when the ve-
hicle passes the middle of the measuring section with noise  
meters [14, 15] installed at a distance of 7.5 m from its axis; two 
measurements are made on each side of the vehicle. The ma-
ximum sound level, expressed in decibels (dB), is measured at 

Vehicle Generated noise level (dB)
Buses for the transportation of passengers 58

Aviation Security Service vehicles 45
Pushback tractors 78

Stair vehicles for passenger boarding 60
Fuel trucks 83

Vehicles for the transportation of luggage and cargo to the airplane 72
Catering service vehicles 48

Vehicles with warming-up and AC units 77
Fire tenders 80

Medical vehicles 58
Tank trucks for treating the airplane with anti-icing fluid 78

Mobile power supply units 73
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1. INTRODUCTION

The milling process of external and internal threads is widely 
used in industry and it is mainly carried out by disc and group 
(comb) cutters. Nowadays, the theoretical and experimental 
studies have been carried out; the practical recommendati-
ons have been developed for improving the acoustic comfort 
during the process of the threading and spline shaft milling 
machines [1–8].

2. SUBJECT OF RESEARCH

It have been analyzed the configuration of thread-milling, 
turning, thread-cutting and spline shaft milling machines. Me-
thods of installing cutting tools and workpieces use the design 
schemes of the acoustic characteristics of the main sources of 
noise generation.

The 5350A spline shaft milling machine in Fig. 1 is designed 
for milling straight-sided and involute splines on shafts as well 
as gear teeth used with the shaft.

Fig. 1: Spline shaft milling machine 5350A: 1 - foundation slab,  
2 - control panel, 3 - separating box, 4 - product spindle, 5 - elect-
rical cabinet, 6 - feed gear box, 7 - upper control panel, 8 – balan-
ce - wheel,  9 - milling head, 10 - square of  the cutter axial mo-
vement, 11 - main drive machine, 12 - casing of change wheel,  
13 – tap carriage, 14 - handle for moving the quill, 15 - poppethead,  
16 - hydraulic filter, 17 - hydraulic oil indicator

Milling of the splines and gear teeth is performed with a 
worm spline cutter using the rolling method that is similar to 
cutting teeth on hobbing machines.

Fig. 2: Automatic cycle of spline shaft milling machine 5350A
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Tab. 3: Threading and worm grinding machines

Fig. 4 shows a design diagram of the milling external thread-
ing technological process used in the thread milling machine 
with a comb cutter.

Fig. 4: Design diagram of external thread milling: 1 - comb cutter; 
2 - workpiece

Fig. 5 shows the design diagram for milling the internal 
thread of a hollow workpiece with a comb cutter.

Fig. 5: Design scheme for milling internal: 1 - comb cutter; 2 – wor-
kpiece

The disc cutters are used for milling high-pitch threads and 
long workpiece threads. The diagram of the long workpieces 
thread milling is shown in Fig. 6.

3. DESCRIPTION OF THE MACHINE 5350A  
DESIGN

The milling head moves in the guides of the foundation slab, 
which can be fixed in the required position according to the 
component part dimensions. The milling head carries the 
spindle of the hob cutter. It can be rotated in the vertical plane 
for the corresponding adjustment of the hob cutter axis rela-
tive to the workpiece axis at the cutter helix angle. The milling 
head moves relative to the part along its axis with the depen-
dence on the component part length and perpendicular to it 
with the dependence on the component part diameter.

Fig. 3: The spindle workpiece schematic of the machine 5350A

Tab. 1: Main parameters of the spline shaft milling machine 

In mechanical engineering, threading is mainly carried out 
on thread processing machines according to classification re-
ferred to the fifth group. The main types of threading machi-
nes are thread-cutting, threading-milling, tapping, threading 
and worm grinding machines.

The engineering characteristics of the most common mo-
dels of thread-cutting and thread-milling machines and semi-
automatic devices are given in Tab. 2 and the threading and 
worm grinding machines are presented in Tab. 3.

Tab. 2: Threading and spline shaft milling machine and semiau-
tomatic machines

Parameter

Machine model

5К822В
5Д822В 5897 5К823В МВ139

5П822

The largest dimensions of the workpiece to be installed, mm: 

diameter
200 200

10…33
320

20
160 160 280

length 500 1500 80…280 1000 90

Diameter of threads to be ground in a circle, mm: 

Single-hreaded
3…150 20…150

—
30…320

—
30…125 30…125 70…220

Multithreaded 10…120 20…120 — 30…320 —
The pitch of the threads to be ground with a single-thread wheel:
metric

metric
0,25…24 1,5…24 0,5 1…75

0,2…2
1…6 1…6 3,5 1…6

inch (number of threads per 1) 28…3 14…3 — 24…3 —

modular 0,3п…14п 1п…14п — 0,5п…25п —
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Based on the grounding conditions of the cutting tool, wor-
kpieces and their geometric dimensions, the following acous-
tic source models were adopted:

1. The point sources are worm and comb cutters, workpie-
ces, machined comb cutters and threaded cutters.

2. Disc cutters for cutting long threads are round insert fixed 
in the center.

3. The hob cutters cases for milling splines as well as work-
pieces fixed in the centers are the limited length cylinders.

4. MATERIALS AND METHODS

The dependences determining the sound pressure (P), sound 
power (N) and their levels with the studies given in [1-15], are 
brought to the following formulas:

The worm, comb cutters, workpieces for thread cutting with 
comb cutters:

          (1)

          (2)

              (3)
where
D   is source diameter, m;
fc   is a natural frequency of the sources` oscillations, Hz;
VK is a vibration speed, m / s;
r    is distance from the source to the calculated point, m;
θ   is a radiation angle.

There are the threaded cutters:

         (4)

           (5)

where
Sca is cross-sectional cutter area, m2.

(6)

The natural frequencies of the sources` oscillations are de-
termined by the following dependencies:

- the comb cutters and workpieces for thread cutting with 
comb cutters:

         (7)

          (8)

Fig. 6: Design scheme for long workpieces thread milling:  
1 - disc cutter

It is used the carbide-reinforced cutter for high-speed threa-
ding. Fig. 7 shows a design diagram of a cutting tool used on 
thread-cutting machines.

Fig. 7: Design diagram of the cutting tool: Р(t) - cutting force

Fig. 8 shows a diagram used for the technological process 
for cutting splines, milling and turning threads on long wor-
kpieces.

Fig. 8: Design scheme for processing a long workpiece for 
cutting splines, milling and thread turning: Р(t) - cutting force;  
Slf - longitudinal feed

The threads can be cut with a worm thread-milling with an 
appropriate profile and pitch. Fig. 9 shows the design diagram 
of the cutting unit of the spline shaft milling machine.

Fig. 9: Design diagram of the cutting unit for spline shaft milling 
machines: 1 - worm cutter; 2 – case
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Two options are considered depending on the ratios of the 
bending stiffness of the workpieces and the stiffness of the 
supports:

1. a hinged-supported workpiece and on elastically dissipa-
tive supports, in which:

        (22)

2. for steel workpieces:

         (23)

According to the standards [10] of cutting rate for threading 
with cutters, the force and cutting speed, cutting power are 
determined by the following dependencies:

    (24)

    (25)

where
Cp, y*, n*,kp  are the coefficients given according to [10]; 
p         is a thread pitch, mm;
ω         is a frequency of chip formation, r / s;
i         is the number of working cutting strokes.

For cutting with rotating heads, it is used:
- the trapeziform cutters:

     (26)

- the triangular thread:

    (27)
 

    (28)

where 
T  is a durability period, min;
cv, kc, m, x*, y*, n*, kp  are coefficients set according to the 

standards of cutting conditions [10]; 
S  is a longitudinal feed, mm / min; 
SZ  is a case per cutter tooth, mm / tooth; 
d  is a cutter diameter, mm.

For thread and spline shaft milling, the cutting force is given 
by the formula [2-4]:

   (29)

    (30)

Where
cp, x*, y*, n*, q*, w* are the elliptical coefficients; 
tp      is a cutting depth, mm;
Sz      is case per tooth, mm / tooth;
B      is a milling width, mm;
z*      is a number of teeth;
n      is a frequency of the cutter rotation, rpm.

Where 
m  is the mass of the cantilever part (kg), that is a work-

piece or comb cutter, kg;
p and F are a density and cross-sectional area of the spindle, 

(kg / m3) and (m2), respectively;
l  is a spindle length, m;
l1  is the length of the cutter or the cantilever part of the 

tool, m;
E and lX is a modulus of elasticity and moment of inertia, Pa 

and m4, respectively.

It is the worm cutter case for milling splines:

      (9)

   (10)

where 
lc is cutter length, m.

It is the threaded cutter:

   (11)

   (12)

where
ltc is cutter length, m.

It is a disc cutter:

   (13)

where 
h is a cutter thickness, m;
k is a coefficient that determines the natural vibrations` fre-

quencies;

        (14)

        (15)

        (16)

          (17)

There are the workpieces clamping in centers for threading 
and milling splines:

    (18)

     (19)

    (20)

     (21)
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5. CONCLUSION

Consequently, the calculation of the noise spectra is reduced 
to determining the vibration velocities at the natural source 
frequencies and summing the corresponding levels by octa-
ves.

The calculation diagrams of the vibroacoustic characteris-
tics during threading with a cutter, thread milling and spline 
milling are practically identical and use all possible alternative 
versions of processing conditions and parameters of the tech-
nological process.
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and 200 thousand people suffer from heart diseases caused by 
traffic noise [2, p.14]. According to Russian physicians the per-
centage of diseases caused by noise is 3.3% among the additi-
onal (above average) deaths in industrial centers [3, p.43].

Deterioration of work and leisure conditions at the excessive 
traffic noise level slows down productivity and work quality, 
causes hearing impairment, nervous system depression, car-
diovascular disorders and other health disorders [1-3]. There-
fore, the population protection against traffic noise is beco-
ming not only socially, but also economically significant right 
across-the-board.

2. THE PECULIARITIES OF TRAFFIC NOISE  
LEVELS REGULATION 

Russian standards establish stricter requirements for a noise 
exposure limit (NEL) than WHO recommends.  NEL for residen-
tial areas in the Russian Federation is presented in the sanitary 
standards SN 2.2.4 / 2.1.8.562-96. For areas directly adjoining 
to dwellings, buildings and educational institutions the A-wei-
ghted equivalent sound level LAeq should not exceed 55 dBA 
in the daytime (from 7 a.m. to 11 p.m.) and 45 dBA at night 
(from 11 p.m. to 7 a.m.), and the maximum noise level LAmax 
should not exceed 70dBA in the daytime and 60dBA at night 
[4, p.16]. The maximum allowable road traffic and railways noi-
se levels for some enterprises are 10 dBA higher.

In 2017 the sanitary requirements SanPiN 2.2.4.3359-16  
[5, p.14]  introduced a new noise index - the peak C-weighted 
sound level, dBC (measured using a standard frequency wei-
ghting of a sound level meter). Thus, international principles 
for sound intensity and noise evaluation (typical for transport) 
were introduced in Russia as at the excessive sound levels the 
frequency response of human hearing corresponds in a great 
measure with C-weighting.

The most important aspect in evaluating and regulating 
the traffic noise impact is environmental, primarily in terms 
of Specially Protected Areas (SPAs) and Biological Diversity. 
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1. INTRODUCTION

The growth of traffic noise in the urban environment is due to 
increasing car traffic intensity, railways running across residen-
tial areas and nearby runways. All this leads to noise exposu-
re on people as well as on the inhabitants of the natural and 
urban ecosystems. Recently the difference between the traffic 
noise actual level in the daytime and at night has been rapidly 
decreasing.

The State Report "On the state and protection of the envi-
ronment of the Russian Federation in 2018" [1, p.338] notes 
the hygienic value of acoustic noise. Its excessive levels are 
more often recorded in the close city development. Traffic noi-
se (road traffic noise, railway noise, air traffic noise) still domi-
nates in the inhabited locality. According to the Federal Servi-
ce for Surveillance on Consumer Rights Protection and Human 
Wellbeing (Russian: Rospotrebnadzor) the number of public 
complaints related to excessive noise levels was 16,000 or as 
58% of the total number in 2018.

The excessive noise level causes hearing impairment, car-
diovascular disorders and nervous system depression. Noise 
poses a risk to health of employed population and people 
in general. The international standard ISO 1999: 1975 (1975) 
determined the permissible risk of developing hearing loss: 
at the noise level of 90 dBA for 5 years the risk was 4%, for  
15 years - 14%, for 35 years - 20%; and at the noise level of 85 
dBA - 1; 5 and 9% respectively. The socially acceptable criteri-
on is recognized as the noise level of 90 dBA (although there 
is the category of people who suffer from hearing loss at the 
level of 75 dBA). The ISO 1999: 1990 standard recommends the 
noise exposure limit (NEL) of 85 dBA and gives a forecast of 
hearing loss depending on the frequency and duration of noi-
se exposure, on the gender and age of people.

According to the World Health Organization (WHO) the risk 
of heart disease among people living in vibrant environment 
(noise level 65-75 dBA) increases by 20%. The report of Euro-
pean Parliament "Noise strategy" notes that every year in the 
EU 50 thousand people die prematurely from heart attacks 
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Fig. 1: The results of traffic noise mapping (Omsk)

The measurement results and the evaluation of penetrating 
noise are shown below. It should be noted that according to 
[4, p.16] the allowable noise levels from external sources in 
the premises are established on the assumption of ensuring 
the ventilation of the premises (with open window leaves, 
vents, narrow window sashes). In the classrooms on the 5th 
floor (OSTU building 3, the western facade, the distance from 
K. Marks prospect is 125 m, from Potanina St. - 40 m), the equi-
valent and maximum levels of penetrating traffic noise were 
the following: with the window open - 45.4 dBA and 61.1 dBA; 
with the window closed - 36.0 dBA and 53.2 dBA respectively. 
This complies with Russian sanitary standards [4, p.16]. 

In classroom 1-161 (the western facade, the distance from 
K. Marks prospect is 40 m,  sound absorbing green planting) 
the equivalent and maximum levels of penetrating traffic noi-
se were the following: with the window open - 49.2 dBA and  
68.0 dBA; with the window closed - 45.6 dBA and 63.0 dBA 
respectively. This complies with Russian sanitary standards  
[5, p.81].

In classroom 1-156 (the southern facade, the distance from 
K. Marks prospect is 60 m, from Potanina St. - 80 m, no green 
planting) the equivalent and maximum levels of penetrating 
traffic noise were the following: with the window open - 64.1 
dBA and 73.7 dBA ; with the window closed - 62.3 dBA and 
69.0 dBA respectively. This does not comply with Russian sani-
tary standards [5, p.81], the excess of the equivalent noise ex-
posure limit (NEL) for workstations equipped with a personal 
computer was from 2.3 to 4.1 dBA. At the same time a survey 
of employees did not reveal any subjective complaints about 
noise [16, p.305].

Earlier an assessment of noise pollution was made in the 
campus of Samara State Transport University (SSTU) situa-
ted on Litvinova Street. Measurements were taken outdoors 
using the electronic sound level meter Testo 815 (accuracy 
class 2, the error of measurement is 1 dB) during rush hours 
on working days [17, p.182]. The significant noise sources are 
road and railway transport which also have a vibration effect 
on buildings and structures. Motor vehicles are only operated 
outside the area under study (except for single vehicles and 
special vehicles for cleaning snow or pumping water).

The noise impact levels on SPAs in the Russian Federation 
are currently regulated by the Industry-Specific Construction 
Standards (ISCS) 8-89 “Environment protection regulation in 
construction, repair and maintenance of highways” where the 
standards for equivalent sound levels are set: up to 35 dBA in 
the daytime, up to 30 dBA at night. Developing and affirming 
scientifically based standards of the noise impact on ecosys-
tems would contribute to the design and widespread imple-
menting noise protection technologies that minimize damage 
to the environment [6, p.716].

3. NOISE MAPPING 

Russian Branch road guidelines ODM 218.2.013-2011 specify 
that protecting the areas directly adjoining to roads from tra-
ffic noise involves functional zoning taking into account the 
allowable sound levels in the daytime or at night and taking 
passive and active measures for reducing traffic noise [7, p.10]. 
The reliable data on noise levels in residential areas is essential 
for a justified choice of protective measures. In global practi-
ce, traffic noise monitoring is more often based on forecast 
calculations as measuring noise levels at all estimated points 
is time-consuming. Russian State Standard GOST R 53187  
[8, p.4] recommends using computational approach while noi-
se mapping [9]. The EU countries stand by the same principles 
(Directive 2002/49 / EC of the European Parliament and of the 
Council of 25 June 2002). Using European calculated methods 
in Russia demands significant adaptation to the current stan-
dards, the noise characteristics of domestic cars, road surfaces, 
etc.

A number of works [10, p.273, 11, p.299] are devoted to the 
noise safety in an urban setting. To characterize the acoustic 
load there were used the maps of the university campus in a 
number of studies [12, p.90, 13, p.15];  the method of city noi-
se mapping based on a two-parameter model of the acoustic 
noise spectrum is presented in [14, p.765].

Omsk and Samara with the population of over 1 million 
people each experience the negative impact of intensive tra-
ffic flows, besides these cities are also large railway hubs with 
higher-density housing near the railway tracks. The problems 
of studying the traffic noise intensity and hearing protection 
are quite acute. 

The authors measured the noise of traffic flows in the area 
adjoining to Omsk State Transport University (OSTU), which is 
situated in the historical center of Omsk, and the noise that 
penetrates into the classrooms and employees’ workplaces 
through the windows which are located on the southern and 
western facades of buildings 1 and 3 (the noisiest areas). The 
measurements were taken with a class 1 sound level meter 
SVAN-912M; data processing and the evaluation of the re-
sults were performed in accordance with the requirements of 
regulatory documents [4, 5, 8]. The calculation of the expan-
ded uncertainty was carried out in accordance with Russian 
State Standard GOST 23337-2014 paragraph 9 [15]. The ex-
panded uncertainty U (95%) for the 95% confidence level was  
1.95 dBA. The highest sound levels are recorded in the fre-
quency range of 125 to 1000 Hz (mid-frequency noise) [16, 
p.304]. The results of traffic noise mapping in the area adjoi-
ning to the university are shown in Fig. 1.
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Studies have shown that the railway traffic noise level chan-
ges in the ranges of 62-93 dBA. It can have a negative impact 
of noise on people and residential buildings. Noise impact 
maps which were made with the help of the software “Ecolo-
gist. Noise "will allow JSCo "RZD" to determine the areas where 
it is necessary to implement measures for reducing noise ex-
posure and avoiding penalties as a result.

4. PREVENTION OF TRAFFIC NOISE 

The Branch road guidelines ODM 218.2.013-2011 determine 
measures to protect the adjoining territory from traffic noise 
by the category of the road, traffic intensity, the type of the te-
rritory and its development [7, p.27]. For city streets and roads 
with the close city development and multi-storey buildings 
the following measures are proposed: 

organizing the heavy trucks traffic outside residential are-
as (freight traffic assignment);
full or partial  (in time) restriction or prohibition of the 
heavy trucks traffic;
organizing traffic with limited speed (up to 30 km / h);
developing public transport;
noise protective screens of medium (2-6 m) and large 
(over 6 m) heights provided that the normative insolation 
of residential buildings is ensured;
full or partial isolation of the roadway (tunnels, galleries);
soundproof glazing of building facades near the roads;
screen planting;
a combination of the above activities.

Active measures include those to eliminate or minimize the 
generation of noise due to the significant modernization of 
vehicle structures, roadways, logistics solutions and the in-
troduction of urban electric transport [19, p.35, 20, p.77]. The 
most effective is replacing the noise exposure source, the im-
plementing the priority development of quiet city transport 
(for example, monorail and subway) [21, p.14, 22, p.176].

The comparative analysis of the noise characteristics of 
ground railway transport and the effectiveness of noise pro-
tection measures were considered earlier [23, p.301]. Among 
the measures which reduce the noise impact from railway 
transport there can also be the following:

continuous welded track laying;
rail grinding;
using noise-absorbing pads.

5. CONCLUSIONS

Noise mapping makes it possible to evaluate the spread of the 
negative impact of roads and railways on a residential area. 
The adjacency of academic buildings of railway transport uni-
versities in Omsk and Samara to roads and railways can cause 
increased noise exposure (when opening windows for venti-
lation). To minimize the acoustic load it is necessary to plant 
trees in the areas adjoining to the roadways, arrange noise 
protection screens and install air conditioners to minimize the 
window opening. To evaluate the impact of noise on ecosys-
tems and establish man-made noise standards for biological 
objects it is necessary to do additional research.

The results are presented in Table 1 for the road and in  
Tab. 2 for the railway.

Tab.1. Road traffic noise load

Table 2. Railway traffic noise load

The influence of railway traffic noise is much greater than 
of the road traffic noise as the distance from the “L” building 
and the hangar to the railway is only 15 m.  The length of the 
rail track along the training ground (including "Volga Region 
Museum of Railway Technology" located on the territory of 
SSTU on Litvinova Street) is 520 m. During classes students 
and academic staff feel discomfort from the railway traffic noi-
se coming from the railway passing along the academic buil-
dings. So, for example, the railway traffic noise level in classro-
oms with the window open is 83 dBA on average [17, p.182].

Noise impact monitoring and noise mapping are promising 
areas of the environmental program of Joint Stock Company 
“Russian Railways” (JSCo “RZD”). The main purpose of monito-
ring is to develop measures to reduce the negative impact of 
railway transport on people and residential buildings. As an 
example, there is a pilot project of a noise impact mapping on 
residential buildings in  Oktyabrsk, Samara Region, developed 
by specialists from the Environmental Safety Center of SSTU. 
The measurements were taken in connection with residents' 
appeals to JSCo "RZD". They requested to reduce the noise im-
pact on residential buildings from passing freight trains as the-
re is the railway track directly near apartment buildings and 
private houses [18].

Authorized equipment such as sound level meter, vibration 
meter, spectrum analyzer EKOFIZIKA-110A, laser range finder 
"LeicaDistoD8" and acoustic calibrator AK-1000 was used to 
measure the noise impact on residential buildings. The mea-
surements were taken at the distance of 10 m from the railway 
track in various areas near residential buildings in the daytime 
when freight and passenger trains passed at different speeds 
along the first and second tracks, as well as when two trains 
were running simultaneously. The noise measurement at Ok-
tyabrsk station (Kuibyshev railway) are shown in Fig. 2.

Fig. 2: The noise measurement at Oktyabrsk station (Kuibyshev 
railway)

The name of the area Traffic intensity (the number of
traffic units per hour) Noise level,  dBA

Litvinova Street 2110 74
Litvinova Street and Dnepropetrovskij proezd 
Intersection

2950 79

Litvinova Street and Magistral'naya Street 
intersection

1530 73

 Types of rolling stock Traffic intensity (the number of
traffic units per hour)

Noise level, dBA

Freight rolling stock 10 84

Passenger rolling stock 7 83

Specialized rolling stock (for transporting 
containers, vehicles, etc) 3 83
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31192.1 etc. Russian State Standard 12.1.012-2004 “Occu-
pational safety standards system. Vibration safety. Gene-
ral requirements” determines general requirements to 
provision of vibration safety in industry, transport, con-
struction, mining and other works connected with nega-
tive impact of vibration to the man. This standard is also 
determines the structure of complex of standards in the 
field of vibration safety and requirements to these stan-
dards.

2. Standards of type B (standards of group questions of vib-
ration safety) are determining methods of measurement 
and estimation of vibration in concrete conditions of it 
impact or for large groups of products as well as separate 
private aspects of vibration safety. This type of standards 
is including Russian standards 31192.2, 31319, 31191.4, 
16519, 31193, ISO 10326-1 etc.

2. Standards of type C are the standards on vibration safety 
connected with separate objects and separate products. Stan-
dards of this type may include vibration testing description, 
methods of reduction of vibration of machines, means of pro-
tection from vibration etc.

Concerning research of vibration of machines of separate 
kinds it should be noted that the standards in this field may 
be completely devoted to the questions of vibration safety or 
include some separate questions of vibration safety.

Vibration of machines may be measured in points where 
vibration is transmitted to support or connecting structures.

Noise of automobile internal combustion engines is mea-
sured according to the Russian State Standard R 53838-2010 
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Keywords:  low frequency, pulsations, pipelines, power plants

DOI: : 10.36336/akustika20214200

Pa
pe

r N
o.

37
9/

20
21

1. INTRODUCTION

Low frequency gas dynamic pressure oscillations (pulsations) 
generating during power plants operation are presently con-
sidered as a serious problem and may cause increased noise 
and vibration leading to the human health problems and for 
operational characteristic of power plants and joining pipeline 
systems [1-3, 7, 9-12]. Low-frequency gas dynamic pressure 
pulsations are spreading along pipeline main and appearing 
during alternating gas suction into the cylinder due to the 
pressure drop between cylinder recess and abutting pipeline  
[5, 6, 8]. 

This paper is devoted to discussion of results of analysis of 
Russian approaches and of experience of development of me-
thods and of results of experimental research of low-frequency 
gas dynamic pressure pulsations in pipelines of power plants.

2. ANALYSIS OF THE RUSSIAN APPROACHES 
TO RESEARCH OF LOW FREQUENCY GAS  
DYNAMIC PLSATIONS IN PIPELINES OF  
POWER PLANTS

In Russia standards in the field of vibration safety are subdivi-
ded on the three main types.

1. Standards of type A. This type is including basic standards 
on vibration safety which are determining general terms 
and rules of provision of vibration safety; measured va-
lues; general methods of measurement and estimation of 
vibration taking to account different condition of impact 
of vibration to the man. In this type of standards the fo-
llowing Russian standards are included: 12.1.012, 31191.1, 
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on of vibration dose  according to the time of vibration impact. 
For estimation of vibration levels of technological equipment 
also vibration displacements and its amplitudes are using as 
normative parameters.

In paper [4] the results of vibroacoustic characteristic re-
search of the gas pipeline with discrete throttle valve are de-
scribed. The levels of vibration acceleration in different parts 
of the main gas pipeline were measured. On the basis of ex-
perimental data, the possible causes of the acoustic-induced 
vibration are described, the measures of reduction of vibration 
loading of a gas pipeline were proposed.

Analysis is showing that existing methods and recommen-
dation on research of vibration characteristic of gas guides of 
power plants are not allowing take into consideration charac-
teristic and specific features of low frequency pulsations im-
pact, e.g. measurements range, vibration load of the elements 
of power plants etc. Therefore, it is necessary to develop the 
methods of research of vibration characteristic of gas guides 
of power plants, including specific of low frequency gas dyna-
mic pulsations impact.

3. EXPERIMENTAL SET-UP AND RESULTS OF 
EXPERIMENTAL RESEARCH OF LOW FRE-
QUENCY GAS DYNAMIC PULSATIONS IN PI-
PELINES OF POWER PLANTS

Experimental research of characteristic of low-frequency gas 
dynamic pressure pulsations and caused by it noise and vibra-
tion were carried out by using of compressor mount installed 
in department of chemicals technology and industrial ecology 
of Samara State Technical University of Russia. The scheme of 
compressor mount is shown in Fig. 1. For measurements of gas 
dynamic pressure pulsations portable 4-40 channels analyzer 
of vibration, acoustic and tensor signals LMS SCADAS Mobile 
of production of “LMS International” company together with 
pulsations sensor of “PCB” company. For measurements of 
compressor noise and vibration sound level meter, vibration 
meter, spectrum analyzer ASSISTANT TOTAL was used.

Main frequency of compressor operation is frequency 35 Hz. 
Discharge pressure was fixed by pressure gauges. 

Fig. 1. The scheme of compressor mount for research of characte-
ristic of low-frequency gas dynamic pressure pulsations: 
1, 2 – compressors, 3, 4 – safety valves, 5, 6 - receivers, 7, 8 – pre-
ssure gauges, 9 – vent, 10, 11, 12, 13 – flanged connections

“Automobile engines. Noise exposure limits and measurement 
techniques”. This standard is determining the following noise 
characteristic of automobile engines: sound pressure level 
corrected on frequency characteristics of sound level meter, 
dBA; sound pressure levels in octave or 1/3 octave frequency 
bands, dB; sound power levels in octave bands of frequencies 
with average geometric frequencies from 125 up to 8000 Hz, 
dB; corrected for frequency response A of sound level meter 
sound power level, dBA.

During measurement of noise the microphone in the point 
of measurement must be oriented in direction of testing en-
gine. Between the microphone and the engine should not be 
the objects that distort the sound field. The distance between 
microphone and observer should be at least 0,5 m. The swit-
cher of time characteristic of sound level meter should be in-
stalled in position “slow”.

Sound pressure levels should be measured in every of mea-
surement points on the measuring surface with full fuel supp-
ly and at the speed of the crankshaft rotation corresponding 
to gross capacity (external speed characteristic).

In the point with maximal sound pressure level should be 
measured sound pressure levels in all operating range of 
crankshaft rotation frequencies. The number of measurements 
in the given point should be sufficient for determination of re-
gime with maximal noise level. 

Russian State Standard R 52231-2004 “External noise of mo-
tor vehicles. Permissible levels and methods of measurement” 
determines methods of automobile external noise measure-
ment. As external noise indicator when checking the techni-
cal condition of the car the level of the automobile exhaust 
system is used. Measuring microphone is installed above the 
platform surface at the height of the location of exhaust pipe 
of muffler, but not lower than 0,2 m.  Microphone is displaced 
at the distance (0,5±0,05) m from exhaust pipe cross section. 
The main axis of the microphone should be parallel to the sur-
face of the platform with the deviation of no more than ±15° 
and make up the angle 45°±15° with vertical plane passing 
through the axis of flow of exhaust gases coming out of the 
exhaust pipe of the muffler. For the automobile with vertical 
location of the exhaust pipe the microphone is installed at the 
height of the exhaust pipe cutoff at the distance (0,5±0,05) m 
in direction of the nearest side of the automobile. Microphone 
axis is directed vertically, the membrane is oriented upwards.

Noise levels in industry in Russia are evaluated according to 
hygiene requirements, stated by valid sanitary norms, Russian 
state standards and building norms and rules. Normative pa-
rameters for unstable noise are equivalent sound levels   and 
maximal sound levels , dBA. There are different noise values 
norms for different operational processes, but in any case noi-
se levels must be lower than 80 dBA. 

Vibration levels in industry in Russia are evaluated according 
to hygiene requirements, stated by valid sanitary norms, Ru-
ssian state standards and building norms and rules. Hygienic 
vibration estimation parameters are vibration velocity  and 
it logarithm levels  and vibration accelerations in octave and  
1/3 octave frequency bands. It is also admitted integral vibrati-
on estimation for all frequency range of vibration and estimati-
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Fig. 4. Third-octave spectrum of sound pressure level during com-
pressor mount operation

Fig. 5. Octave spectrum of vibration acceleration level on pipeline 
of experimental compressor mount (direction X)

In real industrial conditions in shop N4 of “KuibyshevAzot” 
public joint stock company (chemical enterprise of Russian 
Federation) acoustical and vibration characteristic of opposed 
piston compressor “Mannesmann – Meer” were done. Third-
-octave spectrum of sound pressure level measured during 
operation of opposed compressor mount is shown in Fig. 6.

In Fig. 2 spectral characteristic of low-frequency gas pressu-
re pulsations measured on experimental compressor mount 
during discharge pressure value 2 atmospheres is shown. 

In Fig. 3 dependencies of levels of low frequency gas pressu-
re pulsations measured on the main frequency of compressor 
mount operation from discharge pressure are shown. 

Also, measurements of noise and vibration levels were ca-
rried out on experimental compressor mount. In Fig. 4 third-
-octave spectrum of sound pressure level during compressor 
mount operation is shown. In Fig. 5 octave spectrum of vibrati-
on acceleration level on pipeline of experimental compressor 
mount (direction X) is shown.

Fig. 2. Spectral characteristic of low-frequency gas pressure pul-
sations measured on experimental compressor mount during 
discharge pressure value 2 atmospheres

Fig. 3. Dependencies of levels of low frequency gas pressure pul-
sations measured on the main frequency of compressor mount 
operation from discharge pressure, MPa
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4. CONCLUSIONS

Russian approaches of power plants low frequency noise and 
vibration characteristic estimation are described. Russian stan-
dards, sanitary norms as well as personal author’s methods 
are considered. Experimental set-up for research of characte-
ristic of low-frequency gas dynamic pressure pulsations and 
caused by it noise and vibration was developed. Experiments 
were carried out by using of compressor mount installed in 
department of chemicals technology and industrial ecology 
of Samara State Technical University of Russia and in real in-
dustrial conditions in shop N4 of “KuibyshevAzot” public joint 
stock company.

In result of experiments it was shown that gas pressure pul-
sations are making the main contribution into forming of low 
frequency sound and vibration of power plant on the example 
of compressor mount.

Using of results of this paper may be useful for analyzing 
and selecting optimal decisions for power plants low-frequen-
cy noise and vibration reduction and for further development 
and application of constructions of power plants with reduced 
vibration levels.
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Fig. 6.  Third-octave spectrum of sound pressure level measured 
during operation of opposed compressor mount of in shop N4 of 
“KuibyshevAzot” public joint stock company:

Analysis of results of experimental researches was carried 
out. According to results of experimental researches it is po-
ssible to conclude that:

The main frequency of compressor operation is 31,5 Hz;
For compressor mount for all measurements the maximal 
values of gas pressure pulsations were observed on the 
main frequency of compressor operation;
Intensity of discrete components of gas pressure pulsati-
ons in depending on discharge pressure. The more high 
discharge pressure, the more amplitude of pulsations;
The characteristic of pulsations is harmonic, amplitude of 
pulsations is increasing with increasing of discharge pre-
ssure. 
Analysis of octave and third octave spectra of vibration 
acceleration measured on pipeline of experimental com-
pressor mount is showing that the maximal vibration 
levels are observed on the frequencies 31,5 Hz and 40 
Hz. The same results were obtained during the measure-
ments of sound pressure level on the same experimental 
compressor mount.

Earlier during the experiments on the same mount it was 
achieved that the maximal values of low frequency gas pre-
ssure pulsations are observed on the frequency 35 Hz. Thus, 
it was experimentally shown that gas pressure pulsations are 
making the main contribution into forming of low frequency 
sound and vibration of compressor mount.

According to results of experimental researches of 
acoustical characteristic of opposed piston compressor 
“Mannesmann – Meer” of “KuibyshevAzot” public joint stock 
company it is possible to conclude, that maximal values of 
sound pressure level were measured in low frequency range. 
On the main frequency of compressor operation 125 Hz sound 
pressure level is maximal which is in correspondence with me-
asurement results on the laboratory compressor mount.
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There are many publications on this topic devoted to theo-
retical and experimental data analysis. For the purposes of 
practical usage of active noise and vibration control technique 
the problem of elements protection from external interferen-
ces arises. External interferences may change the system fre-
quency response, directional characteristics, impedance, sen-
sitivity etc. The improvement of active noise control system 
elements protection allows the system to operate with higher 
efficiency and reliability. Widely, achieving good results in the 
solution of this problem helps us to extend the possibilities of 
active noise control systems practical application. 

This paper is devoted to analysis of factors decreasing the 
efficiency of operation of active noise and vibration control 
systems in ducts and to discussion of the ways of improve-
ment of protection.

2. ANALYSIS OF FACTORS DECREASING THE 
EFFICIENCY OF OPERATION OF ACTIVE NOI-
SE AND VIBRATION CONTROL SYSTEMS IN 
DUCTS

For the purpose of active noise and vibration control systems 
in duct practical usage, despite on the different fields of appli-
cation we may find some common factors which affect the 
system operation efficiency, durability and reliability. Let us 
point out and briefly analyse the main factors here.

ANALYSIS OF THE FACTORS DECREASING THE EFFICIENCY 
OF OPERATION OF ACTIVE NOISE AND VIBRATION CONTROL 

SYSTEMS IN DUCTS AND THE WAYS OF IMPROVEMENT OF 
PROTECTION  

Andrey Vasilyev

Samara State Technical University, Samara, Russia, avassi62@mail.ru

Abstract: The factors influencing on the active noise and vibration control system efficiency of operation and the ways of the system 
protection improvement are discussed. Analysis of factors decreasing the efficiency of operation of active noise and vibration con-
trol systems in ducts is showing that there are such factors as physical characteristics of operating medium (temperature, pressure, 
moisture, vibrations, dust), masking acoustic and vibrating interferences of other sources of noise and vibration etc., which may sig-
nificantly reduce the efficiency, reliability and durability of active systems operation. The ways of improvement of protection of the ele-
ments of the active noise and vibration control system are discussed. Further improvement of active noise control and vibration system 
elements protection allows the system to operate with higher efficiency and reliability. Widely, achieving of good results in the solution 
of this problem helps us to extend the possibilities of active noise and vibration control systems practical application. 
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1. INTRODUCTION

Active noise and vibration control technique is especially 
efficient in low frequency range of sound and vibration [1, 
2, 7, 11, 28, 29, 32]. Recent years have brought a significant 
progress in active noise and vibration control systems deve-
lopments for different kinds of transport noise reduction. It 
is brightly illustrated by a huge and continuously increasing 
number of patents in active noise & vibration control.  Present-
ly the world-wide companies – automobile manufacturers  
("General Motors", "Ford", "Lotus Engineering", "Volkswagen", 
"BMW", "AUDI", "Peugeot", "Nissan" etc. [4, 9, 17, 19, 24, 34 
etc.]), specialized  consulting companies ("Sound Attenuators 
Ltd.", "Nelson Industries", "Topexpress Ltd", "Noise Cancellation 
Technologies, Inc.", "Active Noise and Vibration Technologies, 
Inc" etc., [5, 8, 21, 26 etc.]), research & development institutions 
and universities (National Research Development (Great Bri-
tain), Müller BBM GmbH (Germany), Fraunhofer-Gesellschaft 
(Germany),  Acoustic Institute named by N. N. Andreev of Ru-
ssian Academy of Science, Samara State Technical University  
etc. [3, 12, 16, 30, 31, 33 etc.]), and also such well-known com-
panies as Matsushita, Hitachi, Toshiba, Philips, Sharp, Lockhe-
ed etc. [5, 6, 10, 18, 22, 25, 26]) have developed a numerous 
number of active noise and vibration control elements and 
devices.

Now active noise and vibration control technique is using in 
a variety of fields of practical application, see e.g. [20], and eve-
ry year brings us the new possibilities for this principal realiza-
tion. One of specific fields is active noise and vibration control 
in ducts. But even here we may point out many branches of 
application, e.g. intake and exhaust noise of internal combus-
tion engines, vibration of pipelines of power plants, fan noise 
in ducts, noise of fluid distribution systems etc.
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ments of the loudspeaker membrane tend to be damaged by 
aggressive contaminations. 

5. “Weak links“ of active system elements.
Here we are using the term “weak links“ for describing of 

the elements of active noise and vibration control systems in 
ducts which are most sensitive to the influence of external fac-
tors. Usually such “weak links“ are actuators (e.g. loudspeakers) 
and  sensors (e.g. microphones).

Especially steaky connections between loudspeaker´s mem-
brane elements disturbance is dangerous.

3. THE WAYS OF IMPROVEMENT OF PRO-
TECTION OF ACTIVE NOISE AND VIBRATION 
CONTROL SYSTEMS IN DUCTS

Let us consider the main ways of improvement of protection 
of 

1. Mechanical protection.
Despite on the variety of different approaches to solve the 

problem of protection for active noise and vibration control 
systems, the method of mechanical protection still remains 
one of the most reliable (but not always the cheapest). For the 
purpose of active noise and vibration control system elements 
protection under high pressure, dust or other pollutions in 
ducts the mechanical protection is especially convenient to 
use.

2. Using of alternative sound energy sources and sensors.
S. Akishita suggested using of piezoelectric elements as 

actuators and sensors [1, 2]. Besides of the problem of active 
system elements protection (disturbances exciting vibration 
in the structure system control), this approach allows to signi-
ficantly reduce sound power mainly at natural mode frequen-
cies.   

Using of flow energy as the source for flow noise reduction 
may be considered as a promising solution for alternative 
sources using. This approach is relatively new, but some inte-
resting results were achieved.

A good solution, especially for attenuation of low-frequency 
periodic noise in pipe reduction is using of oscillating valve as 
a sound generator [11]. The main advantages of this type of 
actuator using are its small size and durability. But there are 
also some problems of such actuator using:  back pressure for-
ming, restricted possibilities for high frequencies etc.

In order to avoid active noise and vibration control system 
elements contamination with dust and dirt and further growth 
of microorganisms as well as to prevent migration of fibres in 
the air stream H.Leventhall et al are suggesting an alternative 
non-fibrous low-air resistance method of noise reduction in 
ducts [14]. It was shown, that the low frequency noise atte-
nuation of an active silencer is similar to, or better than, that 
of passive silencer of the same length and is free of fibres and 
pressure loss.

1. Physical characteristics of operating medium.
1.1. High pressure and velocity of gas flow 

This problem seems to be one of the main for the active noise 
and vibration control technique application to reduce fan or 
compressor noise in flow ducts, especially for high flow pre-
ssure and velocity values. It should be noted that not only the 
absolute value of high-pressure level causes the problems of 
protection, but also rapid pressure increasing. 

1.2. High temperature
The problem of high temperature is well known in exhaust 
noise mufflers development. There are also the problems for 
other active noise and vibration control applications: noise 
and vibration control of combustion turbines, boiling sys-
tems, waste gas incinerators etc. High temperatures could 
significantly influence the loudspeaker protection, especially 
to membrane elasticity, damage the steaky connection be-
tween different membrane elements, may also cause the plas-
tic deformation of membrane parts etc. Also changing in duct 
acoustics, e.g., for system resonators development, and active 
noise and vibration control microphone damage under high 
temperatures are the practical problems that often occur.

1.3. Moisture variations
This factor could be very significant for some cases of active 
noise and vibration control systems practical application whe-
re the operating medium contains liquid adding in the gas 
flow. The problem of active noise and vibration control system 
protection for the medium with high moisture level is a field 
for the serious investigations carrying out. A special problem 
of moisture is that it increases the mass of the loudspeaker´s 
membrane, which could change its characteristics.

1.4. Dust or environmental dirties 
ANC system elements pollution by dust and environmental 
dirties could change systems characteristics, reduce system 
operation efficiency. Especially low-dispersed dust is undesi-
rable. The interaction of moisture and dirt storing in the inert 
fibres is to provide a breeding ground for micro-organisms.

2. Masking interferences of other noise and vibration 
sources.

Masking interferences could affect active system turn-in and 
to decrease the value of noise level reduction. For example, 
when we use an active noise and vibration control system for 
automobile internal combustion engine intake noise reduc-
tion such interferences are caused by exhaust noise, engine 
body noise etc.

3. External vibration sources.
Vibration influence on the active system elements causes 

the system frequency characteristics variation, mechanical 
damage, alteration of the loudspeakers sound radiation value 
and directivity.   

4. Affecting of active noise and vibration control system 
elements by active chemical components in flow.

In some cases of active noise and vibration control system 
practical usage for cancellation of flow noise in ducts there 
are aggressive chemical components in the flow (e.g. chlorine, 
ammonia etc.) which could damage active noise and vibrati-
on control system elements. Especially rubber and plastic ele-
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factors. Usually such “weak links” are actuators (loudspeakers) 
and sensors (microphones). 

The next tasks are reducing of energy consumption du-
ring active noise and vibration control systems operation (for 
example, by using of alternative sound energy sources and 
sensors), increasing of durability and reliability of active noise 
and vibration control systems, decreasing of the cost of active 
noise and vibration control systems etc. It is necessary also 
to develop the methods for further investigations of power 
plants noise and vibration reduction using active noise and 
vibration control technique, including the investigations for 
capsulated and partially capsulated noise sources; evaluation 
of the influence of designed active noise and vibration supp-
ressors on the operative characteristic of power plants, tempe-
rature regime etc.

Using of results of this paper may be useful for analyzing 
and selecting of optimal decisions for power plants low-fre-
quency noise and vibration reduction using active noise and 
vibration control approaches.
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One of the approaches is using of alternative sources for 
high sound pressures and low frequencies. There are also 
some other patents for alternative actuators (e.g. hollow pie-
zoceramic cylinders).

3. Active noise and vibration control system elements con-
struction improvement.

There are well known many publications on the subject 
of active noise and vibration control system elements con-
structive parameters improvement, especially for loudspeaker 
construction design [11, 13, 15 etc.]. In Fraunhofer Institute 
of Building Physics a number of theoretical and experimental 
investigations were undertaken for the new active noise and 
vibration control systems constructions development for the 
different fields of application. In paper [12] a new active ab-
sorbing silencers construction is suggested to use for noise 
reduction in large ducts new active absorbing silencers con-
struction consisted of cascaded autonomous cassettes with 
analogue feedback which are able to provide the desired wall 
impedances and at the same time to avoid the complexity of 
systems based on digital signal processors. 

There is specific problem of automobile intake system  
low-frequency noise reduction because of additional hydrau-
lic resistances in the intake noise mufflers could cause signifi-
cant air flow pressure losses in the intake system. Specific pro-
blems of automobile intake noise reduction using active noise 
and vibration control systems and new system constructions 
with improved protection are discussed and suggested by the 
author in [23, 28, 31].

  

4. CONCLUSIONS

The analysis of different external factors affecting the effici-
ency, reliability and durability of active noise and vibration 
control systems in ducts is showing that industrial application 
of active noise and vibration control units is restricted by the 
number of factors. Among of them are:

1. Insufficient active systems protection from the influence 
of interferences, such as physical characteristics of  ope-
rating medium (temperature, pressure, moisture, vibrati-
ons, dust), masking acoustic  and  vibrating  interferences 
of other sources of noise and  vibration,  etc., which may 
significantly reduce  the efficiency, reliability and durabili-
ty of active systems operation.

2. Rather expensive construction of active noise and vibra-
tion control units.

3. Significant power consumption for creation of required 
active sound characteristics etc.

Further improvement of active noise control and vibration 
system elements protection allows the system to operate with 
higher efficiency and reliability. Widely, achieving of good re-
sults in the solution of this problem helps us to extend the po-
ssibilities of active noise and vibration control systems practi-
cal application. Thus, it is necessary to develop active noise 
and vibration control systems with improved protection from 
external and internal factors impact, including active noise 
and vibration control systems elements protection, especially 
“weak links” - the elements of an active noise control system 
for ducts which are most sensitive to the influence of external 
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cation of the measuring points on the cut of the tube or outlet 
pipe of the muffler is shown in Fig. 1.

Fig. 1. Measurement scheme: 1-3 – measurement points, 4 – pipe 
(muffler outlet pipe), –› – flow direction

Additionally, the back pressure created by the experimental 
muffler was measured, as well as the temperature of the ex-
haust gases at the inlet to the muffler and in the outlet pipes 
of the muffler.

2. THE MAIN DESIGN SCHEMES OF THE  
TESTED SILENCERS

The physical processes in silencers are quite complex. With 
some degree of simplification, all the processes associated 
with the occurrence of noise on the exhaust pipe section can 
be reduced to two main ones [7]. The low-frequency and part-
ly medium-frequency regions of the noise spectrum (Fig.2) 
are formed by processes occurring in the combustion cham-
ber, where sound levels can reach 130-140 dB. This noise exits 
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1. INTRODUCTION

The outstanding Russian scientist Professor E. Ya. Yudin called 
the design of silencers to a considerable extent an art [1], be-
cause there were no reliable engineering methods for calcu-
lating silencers. And currently there are no engineering me-
thods for calculating them. There are no answers to important 
questions about how to link the acoustic efficiency of a silen-
cer, for example, with its volume, the area of perforation of 
internal elements, or a change in the direction of movement 
of the gas flow, etc., despite many publications considering 
various acoustic processes in silencers [2-5, 10]. For the sake 
of objectivity, we note the presence of a number of software 
products that are widely used in practice for the design of si-
lencers, but the accuracy of these results requires additional 
consideration.

It seems useful to study these dependencies experimenta-
lly. For this purpose, more than 100 models of silencers were 
developed and manufactured, which were tested on a special 
stand. The experimental stand was created on the basis of a 
mobile compressor station equipped with an internal com-
bustion engine with a capacity of 60 kW. The engine develops 
2200 rpm. The load on the engine is carried out by a compres-
sor with the last compressed air produced diverted to the side. 
The engine and compressor are located under the soundproof 
hood. The exhaust was brought to the roof, the tested silen-
cers were sequentially located at the end of the exhaust pipe.

Tests of silencers were carried out in accordance with the 
documentation [6]. The acoustic efficiency of the silencers was 
determined as the difference between the average values of 
the exhaust noise with a measuring pipe (a pipe whose len-
gth is equal to the length of the silencer, and the diameter is 
proportional to the diameter of the silencer inlet pipe). The lo-
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through the exhaust valves, passes through the exhaust pipe, 
and its levels at the measured points reach 110-120 dB in the 
specified frequency ranges. Note that these components are 
predominant in the spectrum. The components in the high-
-frequency part of the spectrum in the frequency range of 
1000-8000 Hz are characterized by sound pressure levels of 
100-115 dB (Fig.2). The noise in the high-frequency region and 
partly at medium frequencies owes its origin to a gas jet that 
generates turbulent flows at the outlet of the pipe. The intensi-
ty of turbulent noise is primarily related to the speed of the gas 
flow and the phenomena of pulsations in it [8]. Noise maxima 
are observed in both the left and right parts of the spectrum, 
respectively, at frequencies of 63 and 2000 Hz.

Fig. 2. The noise spectrum of the free exhaust of the internal com-
bustion engine

Experimental models of silencers were developed in accor-
dance with their classification [7, 9]. The main structural ele-
ments that affect the acoustic efficiency of mufflers: expansion 
chambers, perforated and blind tubes and partitions, elements 
of ejection and conversion of the gas flow, etc. 

The task was set: to find out the degree of influence of the 
main structural elements of silencers on their acoustic efficien-
cy and the amount of back pressure, as well as to identify the 
mechanisms of noise suppression. The design schemes of the 
experimental silencers were designed to identify the impact 
on the studied parameters:

the silencer.
The main design schemes of the tested silencers are shown 

in Tab. 1.

№ Design scheme, name Symbols on the diagram Efficiency, dBA
01

Single-chamber

1 – inlet pipe, 2 – outlet pipe, 
3 – hollow chamber

5

02

Two-chamber

1 – inlet pipe, 2 – outlet pipe, 
3 – hollow chamber, 
4 – partition, 5 – hole

6

03

Two-chamber

1 – inlet pipe, 2 – outlet pipe, 
3 – hollow chamber, 
6 – partition with perforation

8

04

Three-chamber

1 – inlet pipe, 2 – outlet pipe, 
3 – hollow chamber, 
6 – partition with perforation

11

Single-chamber

1 – inlet pipe, 2 – outlet pipe,
 3 – hollow chamber, 
7 – perforated pipe

8

05

Five-chamber

1 – inlet pipe, 2 – outlet pipe, 
3 – hollow chamber, 
4 – partition, 5 – hole

12

06

Four-chamber

1 – inlet pipe, 2 – outlet pipe, 
3 – hollow chamber, 
6 – partition with perforation

14

07

Single-chamber with sound-absorbing material

1 – inlet pipe, 2 – outlet pipe, 
3 – hollow chamber, 8 – sound-
absorbing material

13

08

Silencer with Venturi tube

1 – inlet pipe, 2 – outlet pipe, 
4 – partition, 
9 – Venturi tube

9

09

Silencer with an end asymmetric arrangement of
the pipes

1 – inlet pipe, 2 – outlet pipe, 
3 – hollow chamber, 
10 – central axis of the silencer,
11 – end walls

8

10

Silencer with a side symmetrical arrangement of
pipes

1 – inlet pipe, 2 – outlet pipe, 
3 – hollow chamber, 12 – side
wall (shell)

6

11

Silencer with a side asymmetric arrangement of

1 – inlet pipe, 2 – outlet pipe, 
3 – hollow chamber, 11 – end
walls, 12 – side wall (shell)

7
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reduces the sound pressure levels by 4-7 dB in the high-fre-
quency range (1000-8000 Hz).

3.2 Influence of the number of silencer chambers
In practice, silencers generally have from one to four 

chambers separated by a partition. Partitions can be ei-
ther with single holes or with perforation. The test results of  
one -, two-and three-chamber, etc. silencers of various types 
are shown in Tab. 2.

Tab. 2: Acoustic efficiency of silencers with different number of 
chambers

When comparing the test results, we note that partitions 
with single holes are less effective than partitions with per-
forations. A two-chamber silencer with a partition with a sin-
gle hole is only 1-3 dB more efficient than a hollow chamber. 
The same muffler with a perforated partition is more effective 
than a hollow chamber by 4-5 dB. The influence of partitions 
affects the high-frequency range (1000-8000 Hz). The grea-
ter the number of partitions, the more effective the silencer 
is. Thus, a four-chamber silencer with perforated partitions 
is more effective than a hollow chamber by 10-14 dB in the 
medium-high frequency ranges (500-8000 Hz). A five-chamb-
er silencer, where single holes are located in the partitions, is 
more effective than a hollow chamber by 6-10 dB in the high-
-frequency range. Approximately, the presence of each parti-
tion with a perforation, and, consequently, an increase in the 
number of chambers in the silencer, increases its efficiency by 
2-3 dBA. The mechanism of action of partitions, both with per-
foration and with a single hole, is the effect on the jet of esca-
ping gases, so they are effective in the high-frequency range.

 
The relative values of the back pressure of the silencers, 

where the back pressure in the hollow chamber is assumed to 
be 100%, are shown in Tab. 3.

Tab. 3: Relative values of the back pressure of one -, two- and mul-
ti-chamber silencers

There is a certain regularity in the back pressure values: star-
ting with two-chamber silencers, the introduction of each par-
tition increases the back pressure by 50-75%. Partitions with 
perforations have approximately 50% more resistance to flow 
movement than with a single hole.

In silencers, along with perforated partitions, perforated tu-
bes are also widely used. Comparative tests of such silencers 
were performed (Tab. 4).

Tab. 1: The main design schemes of the tested silencers

3. INFLUENCE OF STRUCTURAL ELEMENTS 
ON ACOUSTIC EFFICIENCY AND BACK PRE-
SSURE

3.1 Influence of the expansion chamber volume
The expansion chamber is the main structural element of 

any noise muffler. The tests were carried out on hollow cham-
bers, the volume of which was selected in the ratio of 0.5:1:4. 
The results are shown in Fig. 3. An increase in the volume of 
the expansion chamber significantly affects the acoustic 
efficiency of the muffler, mainly in the low-frequency range 
(31.5-250 Hz). There is a certain pattern: with each doubling of 
the chamber volume, the efficiency at individual frequencies 
increases by 3-5 dB. With an increase in volume of almost 10 
times, the effectiveness of the muffler at low frequencies inc-
reases by 5-14 dB.
Fig. 3. Acoustic efficiency of the expansion chamber of the silencer 

with a volume of: 1 – 0,05 m3, 2 – 0,1 m3, 3 – 0,4 m3

Returning once again to the processes of noise formation 
of the free exhaust (Fig. 1), we note that the volume change 
affects mainly the processes associated with noise formation 
in the engine cylinders. But, at the same time, the volume also 
has a certain effect on the gas jet, slowing down its speed. This 

pipes
12

Silencer with flow rotation at the outlet

1 – inlet pipe, 2 – outlet pipe,
11 – end walls,  12 – side wall
(shell)

10

13

Silencer with a side asymmetric arrangement of
pipes with perforated tubes

1 – inlet pipe, 2 – outlet pipe, 
7 – perforated pipe

9

14

 
Two-chamber silencer with a resonant chamber

1 – inlet pipe, 2 – outlet pipe, 
7 – perforated pipe, 13 – blind
partition,  14  –  resonant
chamber

10

Number 
of 
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Type of 
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Acoustic efficiency, dB, in octave bands with average geometric 
frequencies, Hz Acoustic 

efficiency, 
dBA
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63 12
5
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00
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00

1 - 4 2 7 9 6 5 4 6 7 5
2 Single hole 4 1 7 8 7 6 7 7 10 6

2
Perforation in 
the partition

5 2 9 8 10 7 9 10 12 8

3
Perforation in 
the partitions

5 3 8 10 14 9 12 14 15 11

5 Single holes 4 2 9 9 15 11 14 17 17 12

4
Perforation in 
the partitions

3 4 10 11 18 15 16 20 19 14

Number of cameras Type of opening in the partition Relative back pressure, %
1 - 100
2 Hole 175
2 Perforation 225
3 Perforation 300
4 Perforation 350
4 Hole 300
5 Hole 350
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Fig. 5. Venturi tube: 1 – nozzle, 2 – diffuser

Fig. 6. Acoustic efficiency of a silencer with a Venturi tube (1) com-
pared to a hollow chamber (2)

3.5  Influence the location of the inlet and outlet pipes
In most silencer designs, the inlet and outlet pipes are lo-

cated in the end walls of the silencer on the same axis. Other 
types of arrangement can also be used to slow down the gas 
jet:

unsymmetrically to the central axis;
on the side walls of the silencer;
 on the front end wall (inlet pipe) and on the side wall 
(outlet pipe).

The results of comparative tests of silencers are presented in 
Table 5 and shown in Fig. 7.

Tab. 5: Results of comparative tests of silencers with different po-
sitions of inlet and (or) outlet pipes

Tab. 4: Comparative results of acoustic efficiency of mufflers with 
perforation of internal elements

It should be noted that the efficiency of perforated structu-
res almost does not differ from each other (with approximately 
equal perforation area). At the same time, the back pressure 
of a single-chamber silencer with a perforated tube is almost 
50% higher than that of a two-chamber design. This is due to 
the irrational organization of the gas flow movement in a sin-
gle-chamber muffler with a perforated tube. The organization 
of the gas flow movement in the muffler is a significant factor 
affecting the acoustic efficiency and back pressure. 

3.3 The effect of sound absorption
Sound absorption is often used in mufflers. Fig. 4 shows 

the effect of sound absorption on the acoustic efficiency of 
the muffler. Noise reduction is observed in a wide frequency 
range from 125 to 8000 Hz, i.e. in the low -, medium-and high-
-frequency ranges from 2 to 7 dB. Especially effective sound 
absorption in the high-frequency range (5-7 dB). When using 
sound absorption in silencers, there is no increase in back pre-
ssure, which makes this measure one of the most effective, re-
ducing sound levels to 8 dBA.

Fig. 4. The effect of sound absorption on the acoustic efficiency 
of the muffler: 1-a hollow chamber, 2-a chamber with sound ab-
sorption

3.4 Venturi Tube Effect 
The diagram of this device is shown in Fig. 5. The device 

affects the flow: the flow rate changes, causing a change in 
pressure. In this case, a pressure drop occurs, which can be 
considered as a certain damping of the jet. Figure 6 shows the 
efficiency values of a silencer with a Venturi tube mounted in a 
partition. The highest efficiency is noted in the low-frequency 
range of 63-125 Hz, which is 6-8 dB, in the range of 250-8000 
Hz, the efficiency of the device is 2-3 dB. The Venturi tube is 
one of the few devices that reduce sound pressure levels in 
the low-frequency range. At the same time, a slight increase 
in the back pressure of the silencer with a Venturi tube was 
recorded (150%).
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side (at the maximum
distance)
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the effect of perforation is noticeable at high frequen-
cies.

The presence of a resonant chamber in the silencer inc-
reased its efficiency to 5 dB at a frequency with an average 
geometric value of 2000 Hz.

4. DESIGN OF SILENCERS

There are two main noise reduction mechanisms in engine si-
lencers, one of which is associated with the reduction of inter-
nal noise generated outside the silencer, which manifests itself 
mainly in the low-frequency and partly in the mid-frequency 
ranges. The second mechanism is associated with a decrease 
in the noise formation of the jet by reducing, first of all, its spe-
ed, which manifests itself mainly in the high-frequency range.

When creating silencers, the results obtained by the re-
search can be used, the main ones of which include:

changing the volume of the silencer has the greatest 
effect on its efficiency in the low-frequency range (the 
first noise reduction mechanism), so when the volu-
me is increased by 8 times, an increase in efficiency to  
6 -13 dB is recorded at certain frequencies. Increasing the 
volume of the silencer is the most effective way to inc-
rease its efficiency in the low-frequency range. We note 
a slight decrease in the hollow chamber and high-fre-
quency noise (up to 5 dBA), i.e. the sudden expansion and 
narrowing of the flow reduces its speed (the second noise 
reduction mechanism also works);
an increase in the number of silencer chambers leads to 
an increase in its efficiency in the high-frequency range 
(the second noise reduction mechanism), while perfora-
ted partitions are the most effective. Each hollow cham-
ber with this type of partition increases the muffler effi-
ciency by about 4 dBA, while there is an increase in back 
pressure by about 50-75% for each new chamber;
 the use of sound absorption in the design of a muffler is 
one of the most effective measures to increase its efficien-
cy in a wide frequency range (125-8000 Hz), where both 
mechanisms operate, the greatest reduction to 8 dBA at 
high frequencies (in accordance with the acoustic charac-
teristic of the sound-absorbing material). Sound absorpti-
on is one of the few elements, the use of which does not 
increase the back pressure of the muffler;
 The use of a Venturi tube in the design of a muffler is a 
reliable method of increasing its efficiency in a wide fre-
quency range (63-8000 Hz), where both noise-muffling 
mechanisms operate. The efficiency of such a device 
reaches 7-8 dB in the low-frequency range (63-125 Hz), 
but does not exceed 4-6 dB in the high-frequency range  
(4 dBA);
the effectiveness of silencers is significantly related to the 
location of the input and output pipes; with their symme-
trical arrangement (on the same axis) on the side covers 
of the silencer, the resistance is minimal, but the efficiency 
is also low (about 5-6 dBA). If they are not symmetrical, 
the second noise reduction mechanism operates, the jet 
speed is further reduced when interacting with the back 
cover, and an additional increase in efficiency is up to  
2-3 dBA. When the pipes are arranged symmetrically on 
the side walls (shell), an additional increase in efficiency is 

Fig. 7. Comparative data on the acoustic efficiency of silencers:  
1 – direct-flow, 2 – with the flow turning to 90°

With an asymmetric arrangement of the inlet and outlet 
pipes, additional transformations of the jet movement occur, 
at first it hits the wall, which further reduces its energy. In all 
these cases, there is an increase in the effectiveness of the 
muffler in the medium and high-frequency ranges on average 
from 3 to 6 dB. The greatest effect is observed when the input 
is located in the end, and the output is located in the side parts 
of the muffler, i.e. the flow additionally turns by 90°. Increase 
in acoustic efficiency in the medium-high frequency ranges 
(500-8000 Hz) from 4 to 8 dB. (fig. 7). The efficiency according 
to the integral indicator is 10 dBA. In all the cases considered, 
the back pressure of the muffler increases approximately twi-
ce.

We also note an increase in the muffler efficiency by  
3-5 dB in the low-medium frequency ranges (125-500 Hz), 
when the ratio m (m=D/d, D is the diameter of the muffler, d is 
the diameter of the inlet pipe) increases sharply, i.e. the inlet 
and outlet pipes are located in the side walls of the muffler 
shell. 

3.6 Influence of the resonant chamber
A considerable number of silencers use resonant chambers 

that increase efficiency at certain frequencies. One of these si-
lencers, in which the inlet and side pipes are located on the 
muffler shell, and also perforated tubes are used, was tested. 
The test results are shown in Tab. 6.

Tab. 6: Comparative test results of mufflers with perforated tubes 
and a resonant chamber

The experiment confirms the correctness of some of the pre-
vious conclusions:

an increase in the number m increases the efficiency of 
the silencer (compared to a hollow chamber with end-
-mounted nozzles) at certain frequencies of the low-fre-
quency range; 
the asymmetric movement of the jet in the silencer inc-
reases its efficiency at high frequencies;
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The relationship of the studied characteristics was revealed 
depending on the following design parameters:

the volume of the silencer chamber
the number of chambers
the presence of perforation
the presence of a Venturi tube
the presence of sound absorption
the presence of a resonant chamber
the location of the inlet and outlet pipes in the silencer
the presence of devices that change the flow direction in 
the silencer.

A recommendation has been developed for the design of si-
lencers, with the use of which a silencer design has been crea-
ted that provides high (about 40 dBA) acoustic efficiency and 
acceptable (about 1000 mm of water column) back pressure.
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observed at individual frequencies in the low-frequency 
range (up to 5 dB at a frequency of 125 Hz) – the action of 
the first mechanism due to an increase in the number of 
m. When the inlet pipe is located in the end cap, and the 
outlet is located in the side (on the opposite side), there is 
a maximum increase in efficiency (up to 10 dBA), the ac-
tion of the second mechanism with an additional rotation 
of the gases at the outlet of the muffler. In all cases of an 
asymmetric arrangement of the pipes, the back pressure 
increases noticeably (up to 200%).

Thus, the creation of highly efficient silencers follows the 
path of increasing their volume, the use of sound absorption 
and elements with Venturi tubes, the asymmetric arrange-
ment of the inlet and outlet pipes, the organization of multiple 
turns of the gas flow in the silencers. An example of a silencer 
design, in which the listed principles are most fully implemen-
ted, is shown in Figure 8, and the results of its tests are shown 
in Table 7. The silencer is multi-chamber with perforation, the 
presence of sound absorption, with a rotation of the gas flow 
at the outlet. The muffler efficiency reaches 23-34 dB at low 
frequencies and 36-52 dB in the medium-high frequency ran-
ges (40 dBA). The back pressure does not exceed 1000 mm of 
the water column. The silencer is recommended for serial use.

Fig. 8. Silencer of the release of the internal combustion engine 
that is installed on mobile
compressor stations: 1— the outlet; 2 — elliptical partition; 3 — a 
cylindrical glass; 4 — exhaust silencer; 5 — perforated partition; 
6 — vibration damping material; 7 — inlet; 8 — input camera; 
9 — partition; 10 — Central perforated tube; 11 – absorbing ma-
terial

Tab. 7: Efficiency of the muffler of the internal combustion engine 
exhaust noise

5. CONCLUSION

The description of two main mechanisms of operation of silen-
cers is proposed. The first one is associated with the low – fre-
quency range (partly with the mid-frequency), the second one 
describes the noise reduction at high frequencies. To develop 
the basic design principles of silencers, more than 100 models 
of prototypes were tested on a special stand. The characteris-
tics of acoustic efficiency, dB, in the normalized sound range 
(31.5-8000 Hz), as well as dBA were measured.

Characteristic

Sound pressure levels, dB, in octave bands with average geometric
frequencies, Hz

63 125 250 500 1000 2000 4000 8000

Release noise:
without a silencer
with a silencer

129
106

124
98

128
94

125
84

122
86

121
84

129
81

123
71

Muffler efficiency 23 26 34 41 36 37 48 52
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In Russia, boiler flues are often made of carbon steel and 
condensation on their internal surfaces can significantly redu-
ce the service life of the flue, as well as noise silencers, due to 
the intensification of low-temperature corrosion. The optimal 
value of the exhaust flue gas temperature for various fuels and 
boiler steam parameters are established on the basis of tech-
nical and economic calculations. Table 1 shows the ranges of 
optimal leaving flue gas temperatures for the most common 
types of fuels [1].

Tab. 1: Leaving flue gas temperatures for various types of fuels

The table (Tab.1) shows that for natural gas and coal, the 
temperature of leaving flue gases at stations should not fall 
below 120°C, and for fuel oil - not below 150°C. Ensuring this 
condition will guarantee not only the exclusion of condensa-
tion of water vapor, but also the preservation of the natural 
thrust of the gas path.

However, in some cases, short-term unfavorable modes of 
operation of the gas path may occur when the temperature 
of the outgoing flue gases decreases below the dew point 
temperature, especially near the walls of the flues as a result 
of heat exchange with the environment. Figure 1 shows the 
result of corrosion on the perforated plate wall of a dissipative 
noise silencer installed in the flue of an energy boiler of one of 
the combined heat and power plant, as well as on the wall of 
the gas path.

FEATURES OF NOISE REDUCTION IN GAS PATHS OF BOILERS 
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1. INTRODUCTION

To produce water vapor and hot water, organic fuel is burned 
in the furnaces of power and hot water boilers. In Russia, gase-
ous fuel has become the most widespread in power complexes 
for the operation of boilers due to its relatively low cost, high 
environmental and energy indicators. Fuel combustion is the 
process of exothermic oxidation of a combustible substance. 
Gaseous fuel is a mixture of combustible gases and impurities. 
The admixtures of gaseous fuels include water vapor, disper-
sed moisture, non-flammable gases, resins and dust. The most 
common gaseous fuel is natural gas. Natural gas contains me-
thane CH4 (75...98%), heavy hydrocarbons (ethane, propane, 
butane and others), hydrogen, hydrogen sulfide, oxygen, nit-
rogen, carbon dioxide and water vapor. When 1 m3 of metha-
ne is completely oxidized, carbon dioxide, water vapor and 36 
MJ of heat are formed.

If the flue gas temperature corresponding to the dew point 
is reached, condensation of water vapor occurs inside the gas 
paths. The dew point temperature is determined by the partial 
pressure of water vapor and depends on the sulfur content for 
liquid fuel and ash content for solid fuel.

When burning fuel oil in the condensate falling out on the 
walls of the flue, the sulfur dioxide formed during burning sul-
fur contained in the fuel oil is dissolved. The result of the di-
ssolution of sulfur dioxide in water is the formation of sulfuric 
and sulfurous acids. The contact of sulfuric and sulfurous acids 
with the metal surfaces of the flue leads to the intensive de-
velopment of low-temperature corrosion and damage to the 
surface of the flue up to its complete destruction. Therefore, 
it is important to prevent condensation of water vapor of flue 
gases, and to minimize the duration of unfavorable modes of 
operation of the gas path.

Item number Types of fuels Leaving flue gas
temperatures, °С

1. Natural gas 120-140
2. Fuel oil 150-160
3. Coal 120-150
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In order to increase the operational life of noise silencers, it 
is recommended to develop them in accordance with the fo-
llowing recommendations:

silencers must be made of corrosion-resistant steels (va-
rious stainless steels, for example, AISI 430, AISI 304);
the sound-permeable shell and the sound-absorbing ma-
terial must have non-hygroscopic properties;
the elements of dissipative noise silencers must be posi-
tioned vertically without lining the lower walls of the gas 
paths with sound-absorbing material;
at the lower points of the housing of noise silencers or 
flues in which noise silencers are installed, it is necessa-
ry to provide drainage connections for the discharge of 
accumulated condensate.

3. EXPERIENCE IN IMPLEMENTING  
EFFECTIVE AND LONG-LASTING NOISE  
SILENCERS

At one of the large thermal power plants in Moscow, an effi-
cient and durable sound attenuation system of the gas path 
of the TGMP-314 power boiler was installed behind the axial 
smoke pumps DOD-31.5 FGM in front of the flue with a height 
of 250 m [4]. The noise reduction system included (Fig. 2) the 
installation in the gas path of a dissipative silencer made of 
seven plates with volumetric elements [5] 4 m long and 200 
mm thick, sound-absorbing lining of the turn and the wall of 
the flue made of plates with volumetric elements [6] 100 mm 
thick and installation of guide concentric blades in order to 
compensate for the pressure losses formed by plate silencers.

The relative cross-section of the plate silencers of the boiler 
gas path silencing system was 71%.

Fig. 2: The noise reduction complex in the flue behind the smoke 
pumps DOD-31.5FGM in front of the flue of the TGMP-314 power 
boiler

The use of plates with volumetric elements in the noise re-
duction system was justified by the insufficient acoustic cha-
racteristics of plates with flat side walls at the average geo-
metric frequencies of octave bands[7]. In order to extend the 
service life of the silencing system, the rigid boxes of the si-
lencer plates and linings were made of stainless steel AISI 430 
and AISI 304. Non-combustible and non-hygroscopic mats 
made of basalt fiber with a density of 40 kg/m3 were used as 
the sound-absorbing material of the plates[8]. Stitched mats 
allow not to be covered with sound-absorbing material, thus 
preserving acoustic properties for a longer time. The results of 
the implementation of the sound attenuation system showed 
that the introduced difference in sound pressure levels was 
5.5-30.3 dB in the spectrum of octave bands with frequencies 

Fig. 1: Corrosion of the metal of the gas path of the boiler under 
the influence of condensate from flue gases

Ensuring the reliable operation of silencers, their long servi-
ce life, as well as the preservation of acoustic properties throu-
ghout the entire service life is the most important task. Reliabi-
lity is understood as the property of an object not to reach the 
limit state for some time or operating time with an established 
system of maintenance and repair. At the same time, the con-
dition of the object will be considered marginal when its ope-
ration is unacceptable due to exceeding the established noise 
standards in the area of operation of the equipment due to a 
decrease in the effectiveness of noise reduction [2].

A large amount of energy is used to transport flue gases 
from the boiler furnace to the environment. The reliability of 
energy complexes depends on the operation of gas paths, and 
its construction is associated with significant labor and mate-
rial costs [3]. The temperature of the flue gases has a decisive 
influence on the efficiency of the boiler, since the heat losses 
with the outgoing gases in the structure of the total losses are 
the greatest in value and can reach 12% of the available heat 
of combustion of fuel. For example, reducing the temperatu-
re of the exhaust gases by 12-16°C will lead to an increase in 
boiler efficiency by about 1%. The cooling of gases requires an 
increase in the size of convective heating surfaces or an inten-
sification of heat exchange.

2. RECOMMENDATIONS FOR IMPROVING THE 
DURABILITY OF GAS PATHS AND SILENCERS

To prevent condensation of water vapor from flue gases in the 
boiler paths, the following technical solutions can be used:

increase in the temperature of combustion products at 
the outlet of the boiler;
thermal insulation of flues;
increasing the speed of movement of combustion pro-
ducts in flues;
flue gas drying.
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4. CONCLUSION

The durability of silencers should be given special attention 
due to their critical impact on the reliability of power supply 
and heat supply of the entire system. The article provides re-
commendations for designing highly efficient noise silencers 
for gas paths of boilers with a long service life, as well as exam-
ples of implemented noise silencers made in accordance with 
these recommendations.
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of 31.5-8000 Hz and sound level of 24.9 dBA without reducing 
boiler performance [9].

In many cases, on existing power complexes, the gas paths 
of boilers do not have rectilinear sections of sufficient length 
where it is possible to install a silencer [10]. In such cases, 
sound-absorbing turn linings are used, but its effectiveness 
may be insufficient. To solve this problem, a new noise reduc-
tion device was proposed. Figure 3 shows the device of a com-
pact dissipative silencer for turning boiler flues, which can be 
used in the absence of rectilinear sections of gas paths when 
condensate falls out of flue gases [11,12].

Fig. 3: Noise silencer for turning the boiler flue

The noise silencer is a 90° stainless steel elbow of rectangu-
lar cross-section with inlet and outlet sockets. Inside the case 
of the noise silencer there is a sound-absorbing element ha-
ving a curvature in the longitudinal direction, a sound-absor-
bing lining and a hole for the removal of flue gas condensa-
te. A feature of the silencer is the presence of a streamlined 
sound-absorbing element, which, in addition to sound ab-
sorption, shields sound waves back into the channel. The in-
ternal surfaces of the sound-absorbing element and the lining 
are perforated, and the element and the lining are filled with 
sound-absorbing material. To prevent the sound-absorbing 
material from blowing out, the perforated sheets are covered 
with fiberglass[13]. The housing, inlet and outlet sockets, per-
forated cladding sheets are made of AISI 430 stainless steel. 
As a sound-absorbing material, a material with a density of  
60 kg / m3 of basalt fiberglass is used, which has fire-resistant 
and non-hygroscopic properties. According to the results of 
field tests, the effectiveness of noise reduction with a silencer 
was up to 30 dB in octave bands at high geometric frequen-
cies. The proposed device was implemented on several hot 
water boilers. The operation of these silencers has shown that 
such devices introduce low aerodynamic drag at flue gas flow 
rates up to 10 m/s[14].
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