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Abstract

Acoustic screens used in industrial enterprises for noise reduction and creation of comfortable working
conditions are considered. It is proposed to use a new design of a portable lightweight soundproofing panel
with a corrugated diamond-shaped structure. The results of mathematical modeling of the process of sound
transmission and distribution in a portable lightweight soundproof panel are presented. Simulation of sound
distribution in the studied medium was performed by applying a mesh model with concentrated parameters. The
mathematical model is a system of differential equations, the solution of which makes it possible to determine the
mechanical behavior of the system based on the given parameters. The Runge-Kutta second order method was
used for the numerical implementation of the mathematical model. An analytical formula for the nodes in the
design scheme depending on the parameters of the sound-isolating panel under study is obtained. The developed
model, due to its versatility, allows modeling the sound distribution with a wide variety of characteristics. Three
types of sounds for conducting basic computer experiments were selected: sinusoidal, single pulse of rectangular
shape, single pulse of Gaussian shape. The calculation of sound absorption characteristics is performed. An
algorithm for the passage of sound through a sound-isolating panel has been developed. Initial and boundary
conditions, model assumptions are given. The software implementation of the model has been performed.
The results of computer modeling, proving the effective sound absorption of the proposed portable lightweight
soundproof panel are presented and analyzed.
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AnBHOTanIMA

Hccnenytorcst  aKycTHdeckme  CBOHCTBA — 3BYKOH3OJSIHOHHBIX — 9KPAHOB,  HCIOJB3YEMBIX  HA
IPOMBIIIJIEHHBIX HPEIPHATHSIX /I CHHXKEHHsSI YPOBHS IIyMa H CO3JaHHs TPEOYyeMbIX YCJIOBHIH TDyIa.
IIpenmaraercst ucmob30BaTh HOBBIH THII MOPTATHBHOI JIETKOH 3BYKOH3OJISIHOHHON ILTHTHI C TOPUPOBAHHOL
POMOOBHIHOI CTPYKTYPOIi. PaccMoTpeHsr pe3yibraTbl MOJEIHPOBAHIS MIPOIECCa MePeJadn H PACIPOCTPAHEHHS
3BYKa B IOPTATHBHBIX JIETKHX 3BYKOH3OJISIUOHHBIX maHessx. (Cerdaras pacdeTHas MOAENb C JUCKDPETHBIMI
mapaMeTpaMHi  HCHOJIB30BaJIaCh I MOJEJIHPOBAHUA DPACOPOCTPAHEHNS 3BYyKa B HCCIEAYeMOIl  cpeJe.
Maremarnyaeckass Mozesnp cocrout u3 CHCTEMBI g pepeHuaabHbIX yPABHEHHIIE, PEIIeHHe KOTOPOI MO3BOJISIET
OIIPenesIsITh MEXaHHIeCKOE ITOBEEHIE CACTEMbI Ha OCHOBE 3a4aHHbIX mapamerpoB. Merorx Pyrare-KyTrer Broporo
MOPSITKA HCIIOJIB30BAJICS JIJIST IACIE€HHON peaanu3allii IPEITOKEeHHON MaTeMaTHIeCcKoi Moaen. B cooTBeTcTBIm
¢ mapaMeTpaMH HCCJIeYyeMOi 3BYKOH3OISIHOHHON IJIHTHI OblyIa MOJIy9eHa aHAJIUTHYIECKasT (DOPMYJIa JJIst y3/I0B
B pacderHoii cxeme. IlpemioxxenHast Moqesn, GJarogapsi CBOei yHHBEPCAJIHHOCTH, MO3BOJISIET MOJETNPOBATH
pacrnpocrpaHeHue 3ByKa C CaAMbIMH DAa3HOOODA3HBIMH XapPAKTEPHCTHKAMIU. Ilpu nposenennn 6a30BbIx
KOMITBIOTEDPHBIX IKCIIEPHMEHTOB OBbLIH BBHIOPAHBI TPH THIIA 3BYKOB: CHHYCOWJAJIbHBIE, OJUHOYHBIH HMILYJIHC
IPSIMOYTOJIBHONH (POPMBI H OQHHOYHBIIH HMILYJIBC TayCCOBOI (popMbl. B pe3yibrare npOBEIEHHBIX HCCIEJOBAHHIT
OBLIH ONpEeIEIeHBI XapAKTEePUCTHKH 3BYyKOMOr/IomeHns. BpL1 pa3paboran aJropurM mMpoOXoXK I€HUs 3ByKa, depe3
3BYKOH3OJSIUOHHBIE MaHean. B crartbe mpuBeneHsl HadajabHBIE H TPAHWYHBIC YCAOBUS W JIOMVIICHHS IS
moznesn. Ilocie mporpammHOI peasm3anuu MoAe Hd ObLIN IIPOAHAJHU3UPOBAHBI PE3YJIbTATHI KOMIIBIOTEDPHOIO
MOJEJHPOBAHHUsI, IIO3BOJISIOIIHE CAEIaTh BBHIBOL O 3(PQEKTHUBHOCTH 3BYKOIIOIVIOMIAIONIEH CIIOCOOHOCTH

npeaJaraeMorl NOPTATUBHOH JIETKOH 3BYKOU3O0IAIIHOHHON ILIUTHL.

KurroueBble cjoBa: aKyCTHYECKHe SKDAHbI, 3BYKOH3OJISIUs, IEPEHOCHAs OOJIerd6HHAasT
3BYKOH3OJIHPYIOIAsT MAHEIb C POMOOBHIHOIH CTPYKTYPOI, MaTEMaTHIECKOEe MOJEJTHPOBAHUE, KOMIIBIOTEDHBIH

9KCIIEPDUMEHT.

Introduction

Acoustic screens (hereinafter referred to as AS) have a noise-canceling effect, as they
effectively protect workers from the direct effects of noise. They are installed between the noise
sources and the workplace in order to create a shadow area where sound waves penetrate only
partially.

The sound-proofing properties of the screen material, which depend on its density, are
of great importance in the effectiveness of its application. As it is known, the greater the density
and thickness of the material, the higher the sound insulation of the structure.

Stationary acoustic screens in production workshops have not found wide application,
for the same reason as wall sound-proofing walls.

Portable acoustic screens for permanent and temporary workplaces are rarely used due
to:

- their large weight and dimensions;

- inconveniences of movement and transportation;

- difficulties arising in their storage and storage when there is no need to use them (for
example, at temporary workplaces).

Based on experimental studies, it was found that the design of a portable lightweight
soundproof panel (PLS panel) with a corrugated diamond-shaped structure is the most effective
one.

PLS panels with a corrugated diamond-shaped structure are proposed to be made from
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polymer film materials or from leafed pulp and paper materials, fabrics (Figures 1 and 2) [1].

Figure 1 shows a general view of the PLS panel in an axonometric projection. Figure 2
schematically shows the process of folding the panel during disassembly for storage or transfer
to another room. The PLS panel contains a diamond-shaped partition 1 enclosed between two
parallel flat partitions 2 and 3, which have bending lines 4.
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Fig. 2. Cross section of the PLS panel structure during the disassembly process

1. Simulation of the process of sound transmission and distribution in the
PLS panel

To study the process of sound transmission and distribution in the PLS panel, as
well as to confirm the acoustic efficiency of the developed structure, its computer simulation
considering certain assumptions and limitations is proposed. To simulate the propagation of
sound in the PLS panel and its scattering, the studied media were presented in the form of a
grid model with concentrated parameters (Figure 3).
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Fig. 3. Rectangular grid used in the model: a — indexing of grid nodes; b — separate
viscoelastic interaction; ¢ — the appearance of elastic forces when the grid nodes are displaced
from equilibrium positions

The following parameters are used for grid nodes:

- parameter of the medium type k;; (for the panel material k;; = 1, for the air medium

- the mass parameter m;;, wherein m = pdg, p is the volume density of the medium;

- the Cartesian components of the displacement z;;, y;; represent the displacement of
the node from its equilibrium position in the horizontal and vertical planes;

- the Cartesian components of the velocity v,;, v,;; describe the displacement velocity
of the node in the horizontal and vertical planes;

- the coefficient of rigidity of the interaction c¢;; determines the degree of rigidity of the
connection between the nodes of the grid;

- the viscosity coeflicient of the interaction d;; reflects the degree of damping of the
connection between the nodes.

Below, the grid dimensions are denoted by n x m (i =1 ... n, j =1 ... m). Figure 4
shows the model representation of the media through which the sound passes.

a | b

Fig. 4. Model representation of the medium for sound distribution in the form of a
straight-angle grid with nodes of two types (air and material of the panel are, respectively,
white and black circles): a — fully simulated system (three panel element cells); b — enlarged
middle panel cell
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Equations (1) constitute a system of differential equations, the solution of which makes
it possible to determine the mechanical behavior of the system based on the given parameters

(masses, stiffness, friction coefficients, etc.).
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Second order differential equations (1) are solved by the second order Runge-Kutta
method [2]:

T+1 __ 2 /9.
=l + vm] At + ag,; - (At)7/2;
T 1 T .
U = xij + Qgij At? (2)

zij

yfj“ = Y + vy - At—{—aw (At)2/2; v;;]Tl = Uy + ag;; - At,

wherein xz;;, v, a;; are the coordinate, speed, acceleration of the node, respectively; At is the
time integration step; ij are the node indices, 7 and 7 + 1 are the indices of the current and

next time step.

2. Model representation of the soundproof panel

We set the node type k;; = 1 (panel material) to those nodes that fall into the geometric
area corresponding to the panel. For the other nodes, the node type k;; = 0 (the air) is set.



NOISE Theory and Practice 87

We obtain an analytical formula for £;; depending on the parameters of the soundproof panel
(panel thickness a; cell size b; thickness of the front /rear wall d¢, the thickness of the partition
dn) (Figure 5).
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(3)
wherein Ng is the panel cell number (in most calculations, Ng took the values —1,0,1).

The main cell of the soundproof panel is located in the center of the model space
(Figure 5): the point O has the coordinates (n/2-dy, m/2-dy).
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Fig. 5. Model representation of the soundproof panel

3. Model representation of the sound source and receiver

The developed model can be used to study the propagation of sound in various media,
such as air, water, solids and others. It also takes into account various physical properties of the
medium, such as the density and speed of sound. Due to this, the model can be used to analyze
and predict sound phenomena such as noises, echoes and resonance. It can also be used to
optimize the acoustic design of rooms and the development of sound-absorbing materials [3,4].

The high versatility of the developed model makes it an effective tool for exploring and
improving the sound environment.

For basic computer experiments, the model reproduces the incident of a plane sound
wave on a sound-absorbing panel, for which the coordinates of nodes located in the leftmost
row (having indices ¢ = 1, j — arbitrary) are simultaneously changed. The sound source is given
by a mathematical expression for the function z;(?).

Three types of sounds were selected for carrying out the basic computer experiments:

a) sinusoidal, given by the formula
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%ﬂn:Awm(%?>, (4)

wherein A3 and f3 are the amplitude and frequency of sound;
b) a single pulse of rectangular shape:

0, t <t
w(t) = Au 1, ty <t <ty +tu; (5)
0,  t>ty+tu,

wherein Ay is the pulse amplitude; ¢y is the moment of time at which the pulse is emitted; ¢ty
is the pulse duration.
¢) a single pulse of Gaussian shape:

_(t—tg)?

x1;(t) = Aye ™| (6)

wherein 7y is the parameter describing the pulse duration (the pulse duration is approximately
equal to 67y); to is the moment when the pulse amplitude reaches its maximum.

The current sound level zy(t) x N(t) perceived by the model ‘receiver’ is determined
by averaging the horizontal displacements x,;(¢) of nodes with the index ‘nj’ (index i = n
means the maximum index in the direction i):

n

1
el = - S (0] @
j=1
wherein m is the maximum index of nodes in the vertical direction ( j =1 ... m).
The amplitude of the received sound Ay is defined as the maximum value of the function

xy(t): .
Ag = max (% Z | T, (t)|) (8)

Jj=1

From comparing the amplitude of the sound of the transmitter A3z and the sound of the
receiver Ar, we can conclude about the effectiveness of sound absorption when passing through
the medium. Quantitatively, this efficiency is expressed in terms of the logarithmic attenuation
increment 6 = lg(A3/Ap) and is expressed in decibels (dB).

Each step of the calculation is based on the previous values and uses numerical methods
to approximate the desired parameters. That is, the model uses numerical methods and
algorithms to calculate output characteristics based on sampling of input data. Analytical
models, on the contrary, are based on analytical transformations of mathematical equations,
which may be impossible for complex simulated processes. A simplified calculation algorithm
is presented in the flowchart (Figure 6).
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Fig. 6. The algorithm of sound transmission through the soundproof PLS panel

4. Calculation of sound absorption characteristics

Because the developed model reproduces sound distribution at the level of vibration
of individual nodes, there are ample opportunities to determine various characteristics of the
sound transmission process through the panel. In particular, the following characteristics are
used for further analysis:

a) the amplitude of the sound after the passage of the panel Ay (or the logarithmic
decay of the sound during the passage of the panel § = lg(A3/An));

b) the dependence of the sound amplitude along the line perpendicular to the plane of
the panel A(z).

¢) the dependence of the displacements of the control elements on time z;;(¢).

d) the scheme of the current displacements of the elements of the medium z(i,j,t);

e) the scheme of the current energy distribution in the medium E(z,y,t), defined as
follows:

E (%?/aﬂ =FE (idoajd077) = ElTIij + EIT(ij = % <<$;)2 + (y;)2> + n;ij <<U;z’j)2 + (U;ij)2) ) (9)

wherein Fr;; and Fy;; is the potential and kinetic energy of the element 7j.

5. Initial and boundary conditions, model assumptions
5.1. Initial conditions

At the initial moment of time, the offsets x,y and node velocities are equal to zero:
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0 _ 0 _ 0 _ 0 _
L =0, Y =0, vy =0, Uy = 0.

5.2. Boundary conditions

Nodes on the upper (j = m), lower (j = 1) and right (i = n) boundaries of the model
space are fixed:

Tir = 0;Yis = 03 Tim = 0;Yim = 0525 = 05y = 0;

Vgir = 05051 = 05 Vgim = 0; Vyim = 0; Ugnj = 0;0y; = 0.

Nodes on the left boundary (i = 1) of the model space move according to a given law
(see above) — in accordance with the nature of the sound being supplied.

5.3. For the model, we introduce the following assumptions:

- the environment is considered as solid;

- the physical properties of the medium extend to all nodes and the connections between
them;

- the interaction between nodes is considered linear viscoelastic, which means that the
connections between nodes have both elastic and viscous characteristics;

- the nodes of the model perform mechanical movement near equilibrium positions
according to the laws of classical dynamics, that is, the movement of the nodes is determined
by Newton’s laws;

- the modeling does not take into account the effect of gravity on the environment,
which means that the gravitational influence is not taken into account when calculating the
model;

- the mechanical properties of the material depend only on five parameters of the
elements: mass, diameter, viscosity coefficients, stiffness coefficients and interaction constraints.
This means that the properties of the material used in the model are determined only by these
five parameters.

6. Software implementation of the model

The developed mathematical model is numerically implemented using the computer
program ‘A program for modeling the passage of sound through a lightweight soundproof panel
with a corrugated diamond-shaped structure’, which is developed in the Object Pascal language
in the integrated programming environment Borland Delphi 7.0 (Figure 7).

Fig. 7. The form of the output of the computer experiment results in the developed program
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The program is designed to study and simulate the passage of sound through panels
with a corrugated diamond-shaped structure. It can be useful when designing sound insulation
systems, such as insulation panels for rooms or sound-absorbing materials.

After the computer experiment was completed, the program recorded the main
characteristics of the process (the distribution of the sound amplitude in the direction
perpendicular to the plane of the panel, the time dependence of the amplitude of the vibrations
of air particles before and after passing the panel) in files on the hard disk of the computer.

7. Features of the computer experiment

The numerical experiment consisted in modeling the distribution of a given initial air
vibration through a soundproof panel and determining the nature of the air vibrations behind
the panel.

During the computer experiment, the disturbance of the air environment, initially
created on the left boundary of the model space, moved at a certain speed in the direction of the
panel, then the disturbance was transmitted to the panel itself, causing complex deformations
of the structure [5-8].

Spreading inside the panel, the disturbance at a certain point in time came out from
the right side of the panel, causing fluctuations in the air environment. At a given distance
from the panel, on the right side, there were a number of elements, the average displacement
of which determined the amplitude of the transmitted sound AP.

8. Investigation using the acoustic efficiency model of the PLS panel

8.1. Stages of the process of overcoming the PLS panel by the sound

To analyze the process of overcoming the PLS panel by sound using the developed
model, a sequence of energy distribution schemes E(x,y,t) and displacements z;;(z,y,t) at
several key points in time was obtained (Figures 8-11).
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Fig. 8. Scheme of the sound energy distribution as it passes through the PLS panel

For the convenience of visual analysis of the process, the passage of a Gaussian-shaped
sound pulse with a characteristic width of about 3 cm was simulated in the model.
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The width of the pulse was specially chosen for a comparable smaller panel thickness
(45 or 90 mm, depending on the purpose of the computer experiment), in order for the passage
of the pulse to be observed more clearly. In addition, for this computer experiment, the density
of the panel material was specially significantly reduced and amounted to 1/10 of the density of
air. The reason was that for the real density of the panel material, even one thin wall leads to a
significant decrease in the amplitude of the sound, which would complicate the visual analysis
of the energy distribution scheme s and the displacement of the medium.

Such steps to improve the presentation qualities of the model were made only for the
first computer experiments. For the main series of computer experiments, the density of the
panel material corresponded to the real density of polyethylene (or cardboard), and the width
of the sound pulses corresponded to the frequency of 1000 Hz (the most characteristic frequency
of sound).
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Fig. 9. Scheme of sound energy distribution as it passes through the PLS panel

It should also be noted that in Figures 10, 11 the displacements of the elements of the
medium are depicted magnified by 1000 times for the convenience of visual analysis. In reality,
the amplitude of the initial sound pulse was 100 dB.

Now consider the stages of the process of overcoming the PLS panel by the sound.
Initially, the sound is a Gaussian-shaped air disturbance moving at the speed of sound in the
air in the direction of the panel (Figures 8, 10, t = 70 microseconds).

At the moment of contact of the sound pulse with the panel’s outer wall, peculiar
membranes are formed on the wall — free sections of the wall resting on the junction of the wall
with the internal partitions (Figures 8, 10, t = 120 microseconds). The membranes partially
transmit the disturbance of the medium inside the panel (into the triangular air chamber),
partially reflect the disturbance from the panel. The junctions of the wall and partitions also
act as a secondary sound source and transmit perturbation both along the partitions and into
the air chamber of the rhombic section.

Further, the sound inside the panel passes through three mechanisms (Figures 8, 10, t
= 160 microseconds).
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When the disturbance reaches the center of the panel, the following effects occur
(Figures 8, 10, t = 210 microseconds):

a) in an air chamber of triangular cross-section, a focused disturbance acts on a strong
central node of the intersection of internal overheating. As a result, the sound energy spread in
the chamber air is significantly dissipated by internal friction in the partition material. Part of
the sound disturbance is transmitted to the central node, and it further acts as a point source
of sound in the second triangular air chamber;

b) the disturbance propagating along the partitions continues to spread further after
overcoming the central node, continuing to lose energy to internal friction in the material of
the superglue;

¢) in the rhombic chamber, the air disturbance has a width (judging by the dimming
on the energy distribution scheme) about twice as large as the outgoing sound pulse.

By the time the outer wall is reached, the following effects occur (Figures 9, 11, t =
250, 270 microseconds):

a) sound is focused in the rhombic chamber and the disturbance hits the solid junction
of the internal partitions with the far outer wall, due to which a significant damping of the
disturbance occurs;

b) disturbances moving along the internal partitions reach the junction of the partitions
with the far outer wall, and are transmitted to these nodes;

c¢) in the distant triangular chamber, the sound, propagating mainly from a point
source, is additionally blurred in time and the sound pulse has a width approximately three to
four times greater than the original pulse. This blurred pulse is transmitted to an extended
section of the far outer wall, which acts as a membrane, relying on the nodes of the connection
of the outer wall with internal partitions.

After contact with the outer wall, the disturbance of the medium is partially reflected
back into the panel, partially exits the panel and continues to propagate in the air in the form of
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a flat single wave (Figures 9, 11, t = 300, 360 microseconds). It should be noted that the sound
pulse after passing the panel is significantly blurred (judging by the width of the darkening
area - at least 4 times).
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Fig. 11. Offset of the PLS panel elements during the passage of sound
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As the sound disturbance passes through the PLC panel, due to the internal structure
of the panel, more than 10 effects are observed, each of which leads to a damping of the
disturbance energy, or to a blurring of the disturbance in time.

8.2. Influence of frequency and amplitude of sound

For practical use, the proposed PLS panel should provide sufficiently high sound
absorption in a wide range of frequency and amplitude of sound. In order to determine the effect
of the sound frequency f3 on the sound absorption efficiency, a series of computer experiments
on the passage of a sinusoidal sound wave in the following octave frequency bands f3 was
carried out: 125, 250, 500, 1000, 2000, 4000, 8000, 16000 Hz. Figure 12 shows the dependence
of the sound pressure level L after passing the panel from the speaker. For comparison, the
experimental dependence I(f3) is also depicted.

The dependence L(f3) has a maximum in the frequency range of 500-2000 Hz, which
indicates the lowest absorption capacity of the panel in this range.

The best absorption is observed in the frequency range of less than 500 Hz and
more than 4000 Hz. The model dependence coincides well with the experimental one both
qualitatively (the characteristic form of the curve with a wide maxim is reproduced) and
quantitatively (on average, the difference is about 7%).
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The greatest difference is observed in the low frequency region (in particular 125 Hz)
and is associated with the complexity of reproducing sound waves in the model with a large
wavelength significantly exceeding the size of the modeling area.

A good coincidence of model and experimental data indicates a high adequacy of the
model. In the entire range of frequencies under consideration, the PLS panel absorbs sound
quite effectively and has the greatest efficiency in the low and high frequency regions.
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Fig. 12. Influence of sound frequency on sound intensity after passing the panel

Conclusions

Within the framework of the developed model, the sound absorption efficiency AL
practically does not depend on the initial sound level. Apparently, this is because the model
based on linear initial laws (the dependence of the elastic force on displacement and the viscous
friction force on velocity) has a linear character.

With a fairly high degree of confidence, it can be argued that in a wide range of sound
levels, the PLS panel provides equally effective sound absorption.
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