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1. Introduction

Noise is one of the undesirable environmental factors. 
The largest sources of noise are transporting highways [1, 2]. 

Noise protection screens are one of the most effective means 
of reducing transport noise. 

The levels of the sound field behind a screen are influ-
enced by a large number of parameters, primarily the geo-
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ESTIMATING THE INFLUENCE 
OF DOUBLE-SIDED ROUNDED 
SCREENS ON THE ACOUSTIC 

FIELD AROUND A LINEAR 
SOUND SOURCE

This paper reports a study into the acoustic field 
of transport flow around noise protection screens 
located on both sides of the sound source.

Most research on noise protection involving 
noise protection screens relates to the assessment 
of the effectiveness of screens located on one side 
of the noise source. The influence of the second 
screen on the effectiveness of the first one has been 
investigated only experimentally. Therefore, it is 
a relevant task to assess the mutual impact of the 
two screens between which the linear sound source 
is located.

A problem was stated in such a way that has 
made it possible to derive an analytical solution and 
find a sound field around a linear sound source. In 
this case, the sound source was limited on both sides 
by acoustically rigid screens with finite thickness. 
The screens' cross-sections were shaped as part of 
a ring with arbitrary angles and the same radius.

The problem was solved by the method of partial 
domains. This method has made it possible to obtain 
an infinite system of algebraic equations that were 
solved by the method of reduction. Such an approach 
to solving a problem allows a given solution to be 
applied for different cases of the mutual location of 
screens, source, and territory protected from noise.

The study results help estimate a field between 
the screens, the dependence of increasing sound 
pressure on the road on the geometric size of the 
screen and the width of the road. In addition, the 
solution resulted in the ability to assess the impact 
of one screen on the efficiency of another in the 
frequency range of up to 1,000 Hz. It has been 
shown that the mutual impact of screens could 
reduce the screen efficiency by 2 times.

The study reported here could make it possible 
to more accurately calculate the levels of the sound 
field from traffic flows when using noise protection 
screens, which is often performed in practice when 
designing new and reconstructing existing highways
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impact of one screen on the effectiveness of another one was 
not actually resolved.

Article [18] proposes to apply the method of partial 
domains for finding analytically the acoustic field in areas 
of complex shape. The authors of [19] even partially man-
aged to model the field around screens on both sides of the 
road. In work [20], the preceding model was improved by 
accounting for the presence of dense infrastructure behind 
the screens. However, the methods for evaluating the sound 
field that were given in those works have not been practical 
applied and the reported results cannot be compared with 
data by other researchers.

Thus, stating and analytically solving the problem could 
make it possible to determine not only qualitative but also 
quantitative characteristics of the mutual impact of screens 
in a wide range of frequencies.

3. The aim and objectives of the study

The purpose of this study is to assess the impact of 
screens on both sides of the sound source on the acoustic 
field. This could improve forecasting sound levels when de-
signing noise protection screens.

To accomplish the aim, the following tasks have been set:
– to state and solve a mathematical problem to deter-

mine a sound field from a linear sound source with two 
rounded screens; 

– to identify the influence of the second screen on the 
efficiency of the first one, and to define significant factors 
influencing the change in screen efficiency.

4. The study materials and methods

To determine an acoustic field from the sound source 
around two screens, it was necessary to solve the Helmholtz 
equation considering the corresponding boundary conditions. 
To this end, such a configuration of the sound source of the 
screens and the surface of the earth was proposed that made it 
possible to split the entire area into several canonical parts. In 
each part of the field, we managed to notate a solution to the 
Helmholtz equation in a general form, which makes it possible 
to conjugate these areas at their common boundaries.

The areas are conjugated on the basis of sound pressure 
and fluctuation velocity corresponding to the speed poten-
tial (Φ) and the first derivative from the potential of the 
speed for a coordinate.

The solution to the problem employs the property of 
orthogonal functions, which makes it possible to move from 
a system of functional infinite series to an infinite system of 
algebraic equations to be solved by the method of reduction. 
To obtain sufficient accuracy of the results, it is necessary to 
process several hundred equations, which is why the system 
was solved and the sound fields were constructed in the 
MATLAB (USA) programming environment.

5. Results of studying an acoustic field around a linear 
sound source with two screens 

5. 1. Problem statement and solution
Noise protection screens’ cross-sections can take the 

shape of a rectangle (vertical or inclined) and more complex 

metric dimensions of the screens and the mutual location of 
the screen sound source, as well as the noise-protected area [3].

Also important is the design of the noise protection 
screen, its soundproofing [4] and sound absorption proper-
ties [5]. In particular, many studies addressed the arrange-
ment of Helmholtz resonators as an effective absorber of 
low-frequency sound [6, 7]. A great impact on the noise re-
duction by a screen is exerted by heterogeneous atmospheric 
conditions [8]: wind direction and strength, air temperature 
gradient, etc.

The factors also include the presence of another screen on 
the other side of the sound source. The existence of screens 
on both sides of the road is due to the need to reduce noise 
levels on both sides of the transport highway. This is a typ-
ical case when the highway or railway passes through the 
settlement. As a result of the reflection of sound from one 
screen, the reflected sound wave begins to spread in the di-
rection of the second screen, and, therefore, the sound levels 
increase while the sound field changes its structure.

Thus, it is a relevant task to study analytically the effect 
of two-sided screens on the acoustic field around a linear 
sound source.

2. Literature review and problem statement

Systemic studies into the effectiveness of noise protec-
tion screens started in the second half of the 20th century. 
Paper [9] reports the results from experimental studies of 
the field around single screens and gives empirical formulas 
to determine the effectiveness of screens for point and linear 
sound sources. Later, article [10] proposed a formula for 
determining the effectiveness of the screen, which made it 
possible to find the effectiveness of screens in a wide range of 
frequencies with sufficient accuracy at that time. However, 
those studies did not take into consideration the presence 
of roads and other reflective surfaces. Later, work [11] ana-
lyzed the propagation of a sound wave between two parallel 
screens with the ground surface between them using a laser. 
Sound levels on the “illuminated” side of the screen were 
predicted.

Subsequently, paper [12] proposed a model of the sound 
field around rigid parallel screens. The model was based on 
finding a sound field from imaginary sound sources. Arti-
cle [13] compared the results of finding a field by the method 
of imaginary sources and a numerical method of boundary 
regions. Thus, spatial and spectral characteristics of reduc-
ing the levels of sound behind the screen were obtained, 
which indicated the nature of the change in sound pressure 
behind the screen. However, that approach is limited in its 
application because a radiation theory of sound propagation 
is known to have limitations in the low-frequency domain. 
The method of boundary regions is a numerical method with 
a non-predefined accuracy.

In addition, experimental studies into the influence of 
two-sided screens on the acoustic field around sound sourc-
es were also carried out. Study [14] showed that the effect 
of the second screen on the effectiveness of the first one is 
negligible. The authors of work [15] also made the same 
statement. However, other studies [16] at a similar distance 
between screens of 50 m revealed a decrease in the efficiency 
of one of the screens by 2.8 dB. Paper [17] also reported the 
results of full-scale studies that found a decrease in screen 
efficiency by up to 4.4 dB. Therefore, the assessment of the 
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forms, including a sector of the ring. Screens can be located 
both on one side and on both sides of the road.

The surface of the road along which vehicles move is 
most often made of asphalt or concrete coating, so it can be 
considered an acoustically rigid material. The surface behind 
the screen is also typically horizontal and acoustically rigid.

In addition, traffic in our study is considered as a con-
tinuous source of sound whose characteristics do not change 
along the entire length. 

All these conditions and approximations result in the 
problem whose geometry is shown in Fig. 1.

Fig. 1 shows how all the airspace around the screen was 
divided into three regions. The regions were split so that one 
can record a solution to the Helmholtz equation and meet 
the boundary conditions for them.

The above-described physical model is reduced to the 
following problem. There is a half-space, which is limited 
by an acoustically rigid surface. In this half-space, there are 
two noise protection screens of the same thickness d. The 
screens are formed by sectors of two infinitely long cylindri-
cal surfaces with a radius D having a common axis, which 
is located on the surface of an acoustically rigid half-plane. 
One end of the screens is also located in an acoustically rigid 
plane, the other one is at angles α1 and α2. The screens are 
acoustically rigid.

The sound source, S, is in the form of an infinitely long 
cylinder of an infinitely small radius, operating at zero 
oscillation mode and emitting a harmonious sound wave 
of frequency f. This source is at a distance rS from the axis 
of cylindrical surfaces and at angle αS to an acoustically 
rigid plane.

It is required to find an acoustic field at any point P, 
which is at any distance r from the axis of cylindrical surfac-
es and at any angle θ to the horizontal plane. 

Given the geometry of the problem, we shall place the 
polar coordinate system at point O, which coincides with the 
axes of cylindrical surfaces. 

As is known from [21], in the polar coordinate system, 
the Helmholtz equation for the velocity potential Φ takes 
the following form:

2 2
2

2 2 2

1 1
0.c r

t r r r r

 ∂ Φ ∂ ∂Φ ∂ Φ − + =   ∂ ∂ ∂ ∂θ 
 	 (1)

A numerical solution is represented in the following 
form:

( ) ( ) ( )
( ) ( )

(1) (2),

cos sin

b b b b b

b b

r A H kr B H kr

C b D b

 ϕ θ = + × 
 × θ + θ  	 (2)
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( ) ( )

( , )

cos sin ,

b b b b b

b b

r A J kr B N kr

C b D b

 ϕ θ = + × 
 × θ + θ  	 (3)

where, hereafter, (1),bH  (2),bH  bJ  and bN are the designa-
tions of cylindrical functions, namely, Hankel function of 
the 1st and 2nd kind, Bessel function, and Neiman function, 
respectively; k=ω/c is the wavenumber. Moreover, using any 
solution is arbitrary and depends on the boundary condi-
tions and the geometry of the problem.

Region I. 
Region I takes the form of an area outside a circle with 

a radius of D+d under the following boundary conditions:

0
∂ϕ

=
∂θ

 
at

 0, ,

, .

r D d

r D d

θ = > +
θ = π > +

	 (4)

For this region, we shall apply a solution to the Helm-
holtz equation in form (2). In this solution, the function (1)

bH  
describes waves propagating from the coordinate origin; the 
function (2)

bH  – waves coming from infinity.
 

 

Fig. 1. Estimation geometric model of double-sided rounded noise protection screens



41

Applied physics

Given the radiation condition by Sommerfeld at infini-
ty, one can reject the function ( )(2)

bH kr  in equation (2) as, 
according to the geometry of region I, there are no waves 
coming from infinity. 

Then, to meet the conditions at the border θ=0 and θ=π.

( )
( )
( )
( )

( )

( )

0

sin

cos 0 0

sin 0sin

cos 0

0
a trivial case, 

0
0,

0
,  0, 1, 2...

sin 0

b

b b

bb

b

b

b

b
b
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D b D
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D

C
D

D
b n n

b

θ=

θ=π

− θ +

+ θ = =
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+ θ =

 =
 =  =⇒ ⇒  =   = = ± ±  π =

Record:

( ) ( ) ( )(1) (1), cos ,n n nr A H kr nπϕ θ = ⋅ ⋅ π ⋅θ  0, 1, 2...n = ± ± 	 (5)

The full solution to the equation consists of the full sum 
of partial solutions. 

In addition, since multipliers (1)
nA  are unknown, it is pos-

sible to divide each term of the amount by ( )(1)
nH k D dπ ′  + 

; that would simplify the expressions when the conjugate 
conditions are met:

( )
( )
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Region II. 
Region II is a sector of the ring with radii D and D+d 

under the following boundary conditions:

1

2

 , ,
0 at 

 , .

D d r D

D d r D
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=  θ = α + ≥ >∂θ 

	 (7)

The screen boundaries at 1θ = α  and 2θ = α  are acousti-
cally rigid. 

We shall use solutions (3) to the Helmholtz equation. Then, 
to meet the conditions at the boundary θ=α1 and θ=α2.
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Following the transformations similar to the solution for 
the first region, one can write down the velocity potential 
ΦII for region II in the following form:

( )
( )

( )
( ) ( )1 1

1 1

(2) (3)
1

0

cos ,n n
II n n

n n n

J kr N kr
A A n
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 
Φ = ⋅ + δ θ 

  
∑ 	 (8)

where 

1
2 1

.
π

δ =
α − α

Region III. 
Region III is a half-circle of radius D under the following 

boundary conditions:

0
r

∂Φ
=

∂
 at 

0, ,

, .

r D

r D

θ = ≤
θ = π ≤

	 (9)

Since region III hosts the origin of coordinates, we shall 
also use solution (3) to the Helmholtz equation (1). 

Given that the Neumann function (N) at the coordinate 
origin tends to minus infinity, and the Bessel function ( J) ‒ 
to unity, the term BbNb(kr) in solution (3) is discarded be-
cause the field at the coordinate origin is finite. Then, having 
conducted similar mathematical computations, we obtain:

( )
( ) ( )(4)

3
0

cos .n
n

n n

J kr
A n

J kD

∞
π

= π

Φ = ⋅ π θ
′∑ 	 (10)

Diffraction field from the sound source.
For ambiguity, we shall assume that the sound source is 

in region III, that is, rS<D.
The diffraction of an infinite cylindrical sound source of 

small wave dimensions on a wedge with acoustically rigid 
surfaces and an opening angle π is described by the following 
expression from [22]:
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∑
	 (11)

where Φ0 is the potential of fluctuation velocity emitted by 
the source;

1,  0,

2,  0.n

n

n

=
ε =  >
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Then the field in region III is determined as follows:

III 3 0.Φ = Φ + Φ 	 (12)

We shall write down the conditions for field conjugation 
at the boundaries: 

Since the Helmholtz equation is a differential equation of 
the 2nd order, the conjugation of regions must be performed 
based on the velocity potential – which corresponds to the 
sound pressure, and based on the first derivative from the ve-
locity potential – corresponding to the fluctuation velocity 
of the particles of the medium. 

For pressure:

I II,Φ = Φ  ,r D d= +  [ ]1 2, ,θ ∈ α α 	 (13)

II III,Φ = Φ  ,r D=  [ ]1 2, .θ ∈ α α 	 (14)

For velocity:
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1 2
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∂Φ = θ ∈ α α∂Φ  ∂= ∂  = θ ∈ α ∪ α π

	 (16)

Substituting expressions (6), 
(8), (10) to (12) in conjugation 
conditions (13) to (16) and us-
ing the properties of orthogonal 
functions, as described in [4, 23], 
one can derive an infinite system 
of algebraic equations relative 
to unknown (1)

nA – (4),nA  which 
is solved by the method of re-
duction.

5. 2. Assessment of the im-
pact of the second screen on the 
efficiency of the first one

5. 2. 1. General provisions
The evaluation of the results 

was to build a field of efficiency of 
noise protection screens and ana-
lyze numerical values of efficien-
cy. Screen performance, similarly 
to  [3‒5], means the difference in 
the sound pressure levels of the 
field without the screen and with 
the screen:

20lg ,with

out

p
dL

p

 
=   

	 (17)

where pwith is the sound pressure 
when using screens, determined 
from the velocity potentials ΦI–ΦІІІ 
(6), (8), (12), in the appropriate 
region; pout is the sound pressure 

in the absence of screens, determined from the velocity 
potential Φ0 of the sound source (11).

In this case, the sound pressure without a screen and 
with the screen was derived for 25 frequencies (23), which 
are evenly distributed in the octave band. This approach 
has made it possible to model the noise signal and elimi-
nate a pronounced interference pattern, which is charac-
teristic only of tonal signals [4, 24]:

( )
25

2

1

,i
i

p p f
=

 =  ∑ 	 (18)

where p(fi) is the field of sound pressure at the i-th frequency 
within the one-octave band, Pa;  

p  is the average sound pressure in the octave frequency 
band, Pa. 

Fig. 2, a shows the default sound field around 
two-sided screens; Fig. 2, b depicts a field of efficiency. 
Negative values indicate that the sound pressure has  
increased.

As one can see in Fig. 2, a, the sound pressure be-
tween screens almost does not vary with a distance, 
indicating that the reflected sound from the screens 
is at significant levels. Increasing the sound levels on 
the road due to the influence of two screens for a fre-
quency of 125 Hz (Fig. 2, b) is in the range from 5 dB  
to 10 dB.

 
 

 

 
 

a

b	
	

Fig. 2. Sound fields around a linear sound source with two screens (frequency, 125 Hz; 
distance between screens, L= 30 m; screen height to the left, h1=3 m; screen height to 

the right, h1=5 m): a ‒ sound pressure level field; b – efficiency field
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5. 2. 2. The efficiency of noise protection screens
To analyze the sound field around noise protection 

screens, sound fields for three-octave bands of frequencies 
of mean geometric frequencies f – 31.5 Hz, 125 Hz, and 
500 Hz were calculated. In this case, the distance between 
the screens L was 10 m, 20 m, and 30 m; the height of screens 
h1

 and h2 was 3 m, 5 m, and 7 m (Fig. 3). The screen thickness 
d in all cases was 0.1 m.

Fig. 3, a‒c shows the effectiveness value of noise 
protection screens at a distance of 30 m from the sound 
source for octave frequency bands of a mean geomet-

ric frequency of 31.5 Hz, 125 Hz, and 500 Hz, respec- 
tively. 

Fig. 3, a shows that the efficiency of screens at a frequen-
cy of 31 Hz is quite insignificant; near the surface of the 
earth, it is in the range from 0 dB to 4 dB.

The lower boundary of the range corresponds to the 
screens with a height of 3 m, and the upper part of the 
range ‒7 m. One can also see that near the surface of the 
earth, the greatest efficiency of screens is observed at a dis-
tance between screens equal to 20 m. For distances of both 
10 m and 30 m between screens, their efficiency is lower.

 

  
 

 

 
 

a                                                                                              b

c	
	

Fig. 3. Efficiency of noise protection screens at a distance of 30 m from the sound source at different screen heights and the 
distance between screens: a – f=31 Hz; b – f=125 Hz; с – f=500 Hz
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With an increase in frequency to 125 Hz (Fig. 3, b), the im-
pact of the height of the screens and the distances between them 
becomes more significant. Thus, the efficiency of screens with a 
height of 3 m is in the range from 2 dB to 7 dB near the earth sur-
face and increases to 11–16 dB for screens with a height of 7 m.

With a further increase in the frequency to 500 Hz, fluc-
tuations in the efficiency of the screen in the range of 5–25 dB 
are observed, and it is quite difficult to trace any pattern.

In general, it can be argued that the presence of a second 
screen leads to a decrease in the efficiency of the first screen 
and, in general, the efficiency of the screens is limited to the 
magnitude of 20‒25 dB.

5. 2. 3. How one screen impacts the performance of 
another one

Article [26] reported stating and solving the problem 
of finding a sound field on a one-way rounded noise pro-
tection screen. The results of solving that problem were 
compared to the results of finding a sound field in the 
presence of two screens. The difference in the efficiency 
of one-way and two-sided screens is shown in Fig. 4. Cal-
culation results are given for points at a distance of 30 m, 
horizontally from the noise source. Negative values indi-
cate a decrease in screen performance as a result of having 
another screen.

   
 

 
 

 
 

f=31 Hz, h1=7 m f=500 Hz, h1=7 m 

c                                                                                        d 
	

Fig. 4. Influence of a second screen on the efficiency of a first one (calculation points at a distance of 30 m from the sound 
source): a – f=31 Hz, h1=3 m; b – f=500 Hz, h1=3 m; c – f=31 Hz, h1=7 m; d – f=500 Hz, h1=7 m

a                                                                                        b
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Fig. 4, a shows that the reduction in screen efficiency 
with a height of 3 m at a frequency of 31 Hz is in the range 
of 2‒4 dB and almost does not depend on the height of the 
other screen and the distance between them.

When the screen height increases to 7 m (Fig. 4, c), the 
impact of the second screen becomes more significant. Thus, 
at a height of the second screen of 3 m, the decrease in the 
efficiency of the first one is 2‒3 dB and almost does not de-
pend on the distance between the screens. With an increase 
in the height of the second screen to 7 m, the decrease in the 
efficiency of the first screen is 4‒7 dB, the lower limit corre-
sponds to the distance of 10 m between the screens, and the 
upper ‒ 30 m between the screens.

When the frequency increases to 500 Hz, the impact of 
the second screen becomes more noticeable in general. For a 
3-m screen, having a different screen reduces performance by 
5 to 11 dB and is almost independent of the distance between 
screens. If the height of the first screen increases to 7 m, then 
the impact of the second screen increases and is in the range 
from 7 to 15 dB. Moreover, the lower limit corresponds to 
the height of the second screen of 3 m, the upper limit – for 
the height of the second screen of 7 m.

6. Discussion of results of studying the impact of two-
sided screens on the acoustic field

Applying the method of partial domains has made it pos-
sible to state and solve the problem of finding a field around 
a linear sound source, which is limited by an acoustically 
rigid half-plane and two acoustically rigid rounded noise 
protection screens of different heights. As shown by studies 
reported in [25], in the far-field, the results obtained for 
rounded screens may well be comparable to the results for 
straight vertical screens.

Therefore, it can be argued that a second screen makes 
a significant change in the nature of the sound field around 
the sound source, and leads to a decrease in the efficiency of 
screens.

It has been shown that the presence of a second screen 
at low frequencies leads to a decrease in screen efficiency by 
up to 6 dB (Fig. 4, c), which is more than half of the entire 
screen efficiency (Fig. 3, a).

At higher frequencies, the efficiency decrease is even 
greater and reaches the value of 15 dB (Fig. 4, d) for a fre-

quency of 500 Hz, compared to the remaining screen efficien-
cy (Fig. 3, c). That is, the loss of efficiency is also about 50 %.

It is clear that the resulting values are the maximum values 
in the assessment of loss of efficiency since, in the model, all 
surfaces were acoustically rigid and the absorption of sound 
pressure levels in the atmosphere was not taken into consid-
eration. In a real situation with impedance earth surfaces and 
surfaces of noise protection screens, the impact of the second 
screen on the efficiency of the first one should be less.

Within the framework of our work, the effect of sound 
absorption properties of screens on their acoustic efficiency 
was not assessed but, in further studies, this must be done. In 
addition, it is advisable to carry out full-scale measurements 
or laboratory tests involving the model. 

A given model could only be used for sound-reflecting 
noise protection screens in the low- and medium-frequency 
range with frequencies up to 1,000 Hz.

It should also be noted that the field between screens has 
also undergone significant changes compared to the field 
with one screen [24]. As shown in Fig. 2, b, the sound pres-
sure levels increased by an average of more than 5 dB, which 
also requires further research taking into consideration the 
more appropriate sound absorption properties of screens.

7. Conclusions

1. Owing to the application of the method of partial 
domains, it was possible to state and solve the problem of 
finding a field around a linear sound source with screens on 
both sides. Giving the screens a rounded shape has made it 
possible to reduce the number of regions and, accordingly, 
unknowns that must be derived when solving the problem 
compared to the problem for vertical screens [19]. In addi-
tion, such a problem statement makes it possible to set the 
real width of the screen, change the height of the screens 
independently of each other, and the distance between them, 
which allows expanding the practical scope of solutions.

2. Based on the calculation results, the influence of a sec-
ond screen on the effectiveness of a first screen was revealed. 
It has been shown that the decrease in screen efficiency 
could reach 50 % and depends on both the sound frequency 
and the distance between the screens, as well as their height. 
It is shown that the greater the distance between the screens, 
the lower their mutual effect, especially at low frequencies.
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