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Abstract. The excessive noise of machines and devices could be reduced with the use of acoustic enclosures. Additional
requirement for enclosures: free air circulation through construction walls, which is important for device ventilation.
The acoustic properties of the construction parts are essential to model their ability to reduce noise. The basic prop-
erties of airborne sound insulation of construction walls and absorption of used material should be experimentally
tested. In this article, sound reduction modelling of acoustic enclosure with recycled materials covered walls was pre-
sented. Sound pressure level reduction of enclosure was modelled with Odeon software. A 3D model was created that
includes the acoustic properties of the materials used. The enclosure walls consist of two different constructions. The
side walls and roof were made from a single plasterboard covered with recycled rubber material. The back and front
walls were constructed as louver construction, which plates were mounted with the ability to change the tilt angle
which allows to create an air transparent construction. Acoustic properties of the materials used were tested in differ-
ent ways. Sound absorption properties of 50 mm thick sample of recycled rubber and transmission loss parameters of
used sound insulating walls were measured in the impedance tube. The results of the experimental test of the construc-
tion parts were included in the 3D model. The modelling results represented a decrease in sound pressure levels with
an increasing distance from the enclosure on different sides. Four different enclosures with different tilt angle of louver
plates (0°, 15°, 30°, 45°) were modelled. Results were presented in the 125-4000 Hz frequency range. According to the

results, efficiency of enclosure sound reduction with 45° tilted plates could reach up to 12 dB.

Keywords: enclosure, sound absorption, sound insulation, sound attenuation, multi-layered baffles.

Introduction

High sound levels negatively influence human health and
cause an increase of annoyance, sleep disturbance (Blume
et al., 2022), physical stress, hearing loss, and cardiovas-
cular diseases (Kou et al., 2021; Vienneau et al., 2022).
From the physical side, sound and noise are the same
thing, but when sound is defined as a noise, it can cause
negative health effects (King & Davis, 2003). Nowadays,
due to industrialization, many different sound sources in
our environment can generate high noise levels. Increas-
ing traffic noise in cities is one of the biggest problems.
On the other hand, there are many other sound sources,
which generates noise in the environment. Different ma-
chines or devices such as HVAC systems (Singh & Mo-
hanty, 2018), electric generators and other systems could
generate different sound levels (Farhan et al., 2021),
which depends on device properties. Mostly such devices
generate the highest sound levels in low and middle fre-
quencies. This is due to engine piston movement inside
the cylinder which produce noise through this operation.

Engine works at 2000-3000 revolutions per minute, so it
generates low frequency noise (30-50 Hz) (Farhan et al.,
2021). The human ear reacts differently to sound levels of
different frequencies, and there has been some research,
which have been done in this scientific field. An example
is Fletcher-Mundson measurements. It was stated, that
human hearing is less sensitive to low, frequency sounds
and it is much more sensitive to middle and high fre-
quencies (Long, 2014).

One of the problems analysed in this article were
mobile noise sources, such as portable diesel generators.
Such devices are often used at various exhibitions, fairs,
in order to ensure power supply to the devices. Genera-
tors operating in such places cause a high level of noise,
which reduces acoustic comfort in the environment. To
reduce noise caused by stationary noise sources, stand-
ard solutions such as acoustic barriers, acoustic curtains,
etc. are used (Tsouvalas & Metrikine, 2016). However,
to reduce the sound of portable noise sources, mobile
solutions must be used, enclosures that can be installed
in different places. Also it is very important to ensure
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free air circulation for device ventilation. For that reason,
louvered construction in enclosure could be used. Stand-
ard design of the louvers is specified in terms of blade
width, blade angle and air gap. Louver construction
should be composed with sound absorption material.
The main disadvantage of this construction, low sound
insulation in low frequencies (Viveiros & Gibbs, 2003).
Mobile acoustic enclosures are currently rarely used, so
this is a topic that needs to be explored.

Sound-insulating enclosures are mostly constructed
from multilayer panels. Control of sound transmission
through a multi-layered structure is an interesting topic
of research. (Li, 2010) Depending on the area of use, the
structural elements can be sound-absorbing or sound-
insulating (Kosata et al., 2020). Most often, the baffle con-
struction consists of two sound-insulating panels, which
can be steel, wood, gypsum panels, and a sound-absorbing
material which is placed between the two panels (Wang
& Ma, 2021; Kosala, 2019). In most cases, mineral wool,
foam and polyurethane are used, but there have been
studies in which recycled rubber has also been used (Ju-
lia et al., 2013). In order to investigate the ability of such
panels to isolate sound, their acoustic properties must be
investigated (Lin et al., 2022). The sound insulation and
absorption properties of such panels must be tested under
laboratory conditions (Wszotek, 2007). In order to ensure
that mobile soundproofing structures provide adequate
sound insulation, they must be designed to cover the fre-
quency range of the noise emitted by the sound source.
The construction of mobile soundproof enclosures must
be light, thin and easily transportable. However, based
on theoretical models mass law, Sharp, Davy (Kosata,
2022), such structures better insulate medium and high
frequency sound (Tang & Yan, 2017b), and almost do not
have sound insulation ability when the wavelengths of
sound waves are significantly longer than the thickness of
the material (Shao & Yan, 2022; Tang & Yan, 2017a). To
ensure low frequency sound insulation, heavy and thick
structures must be used.

In order to evaluate the effectiveness of the enclo-
sures, the reduction of sound in the environment can
be modelled. Different programs are used to perform
such simulations, which are based on different methods:
ray tracing (Lovstad et al., 2014; Rindel & Christensen,
2007), sound attenuation modelling (Riddoi, 2014). The
data of acoustic parameters are used to describe sound-
absorbing and sound- insulating structures. Modelling
of sound propagation in the environment allows to
estimate the reduction of sound pressure at different
distances from the noise source. The aim of this article
was to model the propagation of sound to the environ-
ment in the X and Y axes and to evaluate how the sound
propagation from the noise source changes, using an
acoustic enclosure with different configurations. Enclo-
sure should ensure that sound pressure levels not exceed
the values (<65 dB) represented in Hygiene Norm HN
33:2011 (Lietuvos..., 2011).

1. Methodology

The enclosure 3D model was drawn by using Skechup
Pro software. Dimensions of the enclosure (Figure 1):
Height - 0.65 m, length — 1.0 m, width - 0.65 m.

Figure 1. 3D model of the enclosure

The back and front wall of the enclosure was formed
as a louvered construction, which consisted of 6 plates,
covered with 50 mm thick rubber material. Plates had
the ability to change the tilt angle from 0 to 45 degrees.
Enclosure constructions, which have different acoustic
properties were created as different layers, which allowed
to assign different materials to every layer. After that, the
model was uploaded to ODEON software.

The first step in ODEON was to create sound sources
and receivers. In this article, one sound source was used
as a diesel generator. The sound power levels of the diesel
generator were presented in Table 1.

Table 1. Sound power level of the diesel generator (British
Standard, 2009)

Sound power level in frequencies, dB

125 Hz | 250 Hz | 500 Hz | 1000 Hz | 2000 Hz | 4000 Hz
102 97 92 90 86 87

Sound pressure level in frequencies at 10 m, dB

125 Hz | 250 Hz | 500 Hz | 1000 Hz | 2000 Hz | 4000 Hz
71 66 61 59 55 56

10 different receiver points were created. The distance
between receivers was 1 metre. 1-5 receivers were placed
on the X axis, which was along the openings, and 6-10
receivers were positioned in Y axis, which was along the
enclosure side wall (Figure 2).

Then, acoustic materials were assigned to each layer.
Construction acoustic properties were measured un-
der laboratory conditions. The properties of transmis-
sion loss of side walls and sound absorption coefficient
of the devulcanized rubber material were measured in
an impedance tube. The side walls were created as noise
transmitting walls, which transmission loss values were
presented in Table 2.
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Figure 2. Receiver points on X and Y axis

Opening plates were created as a sound-absorbing
construction. Sound absorption coefficient depended on
the thickness of the devulcanized rubber layer. Sound
absorption results of rubber composite were presented
in Table 3.

After layer characterisation, a calculation grid was
created. Two different grids were created - horizontal
and vertical. Grid size 0.3x0.3 m (Figure 3).

The results were presented as the SPL(A) grid re-
sponse and the sound pressure levels in the 1/3 octave
frequency band of every receiver point were presented
as graphs.

Figure 3. Calculation grid

Table 2. Transmission loss values of the side wall

2. Results

Modelling was made with construction, which plates
were covered with 50 mm thick devulcanized rubber ma-
terial. The opening plates were angled from 0° to 45° in
15° steps. In addition, sound attenuation was modelled
at distance without any enclosure.

2.1. Sound attenuation at distance without any
enclosure

First, the sound attenuation was modelled in a free field
without any enclosure Figure 4, Figure 5. According to
the results of the modelling, the attenuation of the sound
pressure level was the same in all sides. According to
the literature, sound pressure level decreases 6 dB for
every doubling of distance and could be described by
the formula:

L, =L, -10lg(r?)-101g(Q), (1)

where: L,, - sound power level, dB; R - distance, m; Q -
directivity factor.

Analysing the results, it could be stated, that sound
pressure level values matched the formula. Difference
between sound pressure level 1 meter from sound
source and 2 meters from sound source was 6 dB. The
same result was obtained between the measurement

Figure 4. Sound pressure levels without any enclosure

50 mm rubber composite between two gypsum boards
100 Hz 125 Hz 160 Hz 200 Hz 250 Hz 315 Hz 400 Hz 500 Hz 630 Hz
32 34 36 37 42 48 43 46
800 Hz 1000 Hz 1250 Hz 1600 Hz 2000 Hz 2500 Hz 3150 Hz 4000 Hz
50 53 53 48 62 78 68
Table 3. Sound absorption values of rubber composite
Sound absorption coefficient
125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz
Devulcanized
rubber 50 mm 0.07 0.13 0.92 0.52 0.61
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Figure 5. Sound pressure levels in frequencies of every receiver point without any enclosure

points at 2 and 4 metres. Due to the characteristics of
the sound source (diesel generator), the highest sound
pressure values were at middle frequency and reached
up to 78 dB.

2.2. Modelling results of enclosure, which
construction was with 50 mm thickness rubber
composite

Construction opening plates were covered with 50 mm
thick devulcanized rubber. Side wall construction was
15 mm gypsum board, 50 mm devulcanized rubber
layer, 15 mm gypsum board. Results were presented in
Figure 6, Figure 7.

When the plates of the enclosure openings were in
horizontal position, on Y axis, where was 6-10 meas-
urement points, the reduction of the sound pressure
level depended on the distance. 1 metre from the sound
source, the sound pressure levels reached 70 dB in the
middle frequencies. At higher frequencies, sound pres-
sure levels were lower and reached 57-66 dB. Increasing
the distance by 1 m, sound level pressure decreased by
3-5 dB in the whole frequency spectrum. The enclosure
reduced sound levels from 4 to 8 dB in low and middle
frequencies (63-500 Hz) and from 9 to 11 dB in high
frequencies (1000-8000 Hz) compared with modelling
result without any enclosure. In positions 1-5, which
were along X axis, sound pressure levels in 1 m from

>2860
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Figure 6. Sound pressure levels of the enclosure with 0° tilted plates
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Figure 7. Sound pressure levels in frequencies of every receiver point when plates were tilted at the angle of 0°
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Figure 8. Sound pressure levels of the enclosure with 15° tilted plates

=]
o

~
«i

3
< 70
°
365 ——1
<4 >4
S 60 ——2
a
()
5 55 -3
©

4
S 50
3 —o—5

SN
«

N
o

125 250 500 1000 2000 4000
Frequency, Hz

~
v

3
=7 '/.—.\.\.—_.
T
%65 ./.\‘\'\.___. et
4
3 60 ./.\‘\‘\'___‘ ——7
2
4
5 55 /\_. —o—8
e}

9
S s0
8 —e—10

SN
«

N
o

125 250 500 1000 2000 4000
Frequency, Hz

Figure 9. Sound pressure levels in frequencies of every receiver point when plates were tilted at the angle of 15°

the sound source decreased from 4 to 8 dB in middle
frequencies and 10-13 dB in high frequencies, compared
to the modelling results without any enclosure. Due to
resonance, at 2-5 measurement points, sound pressure
values increased in low and middle frequencies. The
difference between the results with and without enclo-
sure reached 0.5 to 4 dB. On the other hand, enclosure
isolates high frequencies quite well, efficiency of sound
reduction was from 2 to 7 dB.

By changing the angle of the opening plates from 0°
to 15° (Figure 8, Figure 9), any difference between mod-
elling results were not found in Y axis, because side wall

construction was the same. Different angle of the open-
ing plates made difference only in 1-5 positions which
were along the X axis. When comparing the results of the
enclosure with 15° plates and horizontal plates, sound
pressure level decreased by about 1-3 dB in 1-3 points
in the whole frequency range. In fourth measurement
point, due to sound interferation, a higher sound pres-
sure zone occurred and the values were 1-2 dB higher
than previous construction. In the fifth position, sound
pressure values reached 66 dB in 250 Hz and 60 dB in
2000-4000 Hz, so the sound pressure level was 3-5 dB
lower than construction with horizontal opening plates.

SPL(A) (dB) >= 86

756

704

Figure 10. Sound pressure levels of the enclosure with 30° tilted plates
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Figure 11. Sound pressure levels in frequencies of every receiver point when plates were tilted at the angle of 30°

When the plates were tilted at 30° (Figure 10, Fig-
ure 11), the results on the Y axis were similar to previous
results. But the significant difference was determined at
1-5 measurement points along X axis. In all positions
sound pressure levels were lower than previous mod-
elling results (15°). At the first and second measure-
ment points, sound pressure levels decreased from 0.5
to 2 dB, compared to the last results. Better efficiency
was calculated in 3-5 points. The highest levels of sound
pressure reached 62-66 dB in the middle frequencies.
By changing the angle of the opening plates from 15° to
30°, sound pressure levels at 3-5 points decreased from
2 to 6 dB in all frequencies.

SR -5 a8

When the plates were tilted at 45° (Figure 12, Fig-
ure 13), there were no significant changes in sound pres-
sure levels on the Y axis, the results were similar to the
previous ones. When comparing the modelling results be-
tween the enclosure with 45° and 30° tilted plates, sound
pressure values decreased slightly in 1 and 2 points, the
difference reached 1-3 dB. The highest values of sound
pressure were in middle frequencies and reached 68—
70 dB. Modelling results showed that in 3-5 positions,
sound pressure level values decreased 6-8 dB in middle
frequencies and 3-4 dB in high frequencies compared
with 2nd measurement point and it was 2-7 dB lower
than enclosure with opening plates tilted at 30°.

Figure 12. Sound pressure levels of the enclosure with 45° tilted plates
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Figure 13. Sound pressure levels in frequencies of every receiver point when plates were tilted at the angle of 45°
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3. Discussion

Diesel generators generate noise mostly in low and mid-
dle frequencies. Average sound power level in low fre-
quency of diesel generators is 95-100 dB in low frequen-
cy range 63-250 Hz, 90-95 dB in middle frequency range
500-1000 Hz and 80-90 dB in high frequency range
(2000-8000 Hz). Quite thin constructions (75 mm),
such as baffles used in this research, do not have high
efficiency in low frequencies, because due to acoustic
theory, thick and heavy constructions should be used,
but they work quite well in middle and high frequencies
(500-8000 Hz). According to the Flecher-Munson curve,
it could be stated that midrange frequencies are loud-
est or most noticeable. On the other hand low and high
frequencies are less noticeable. For that reason, to reduce
sound pressure levels of machines, such as diesel gen-
erators, is very important to isolate mid frequency noise
(500-1000 Hz). Free air circulation inside the enclosure
is also very important, because air is required for genera-
tor operation. For that reason, the openings were formed
as a louvered construction, which plates were covered
with devulcanized rubber material. Devulcanized rubber

90

=)
«

©
o

I

material also worked as an sound absorbing material, so
it let to increase sound reduction efficiency, because part
of sound energy was absorbed. In this research, the at-
tenuation of the sound pressure level in distance was
modelled. 1-5 measurement points were on the X axis
along the enclosure opening, and 6-10 points were on
the Y axis alongside the wall.

Analysing the results of receiver points 6-10 on the
Y axis (Figure 14), it could be stated that sound pres-
sure levels were not dependent on the angle of the louver
plates. The sound reduction values of different enclo-
sure configurations were quite similar. The difference in
sound insulation only depended on the side wall con-
struction. Also, it could be stated that sound pressure
values decreased by increasing distance. 5 meters from
sound source sound pressure values was below 65 dB,
and this result met the requirements of Hygiene norm.

The results on the X axis, where 1-5 measurement
points were placed (Figure 15), sound pressure levels de-
pended on the enclosure configuration. It could be stated
that increasing the tilt angle of the opening plates, sound
pressure values decreased. In some cases, enclose open-
ings worked as a resonator, so sound pressure values

Equivalent sound pressure level , dBA
~ ~
o (%]

o
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15 (50 mm)

30 (50 mm) 45 (50 mm)
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Figure 14. Equivalent sound pressure level of Y axis receiver points, of every enclosure configuration
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Figure 15. Equivalent sound pressure level of X axis receiver points, of every enclosure configuration
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increased. Sound pressure levels decreased by increasing
the tilt angle of the opening plates. Just one configura-
tion, which plates were tilted at 15° due to sound reso-
nance, sound pressure levels increased compared with
construction which plates were in horizontal position. To
reach less than 65 dB of equivalent sound pressure level
4 meters from sound source, opening of the enclosure
should be tilted at 45° and covered with 50 mm thickness
devulcanized rubber material.

Concluding modelling results, it could be stated, that
there was dependence of the angle of opening plates —
the bigger inclination angle, the better sound reduction
was. It was because a larger area of absorbing material
was in the path of the sound when angle of the plates
increased, so efficiency of absorbing material was bet-
ter. Also, thickness of sound absorbing material was also
important. 50 mm thick devulcanized rubber sound ab-
sorption and sound insultation had high values in mid
ranges, what allowed to have good sound insulation re-
sults in mid frequencies.

Conclusions

1. Based on modelling results, it could be stated, that
sound attenuation depends on the direction from en-
closure. In receiver points, which were positioned on
the Y axis, sound reduction was mainly influenced by
the side wall construction and was not dependent on
the angle of louver plates. The sound pressure values
at different receiver points decreased by increasing
distance.

2. On the X axis, where 1-5 measurement points were
placed, sound pressure levels depended on the enclo-
sure configuration. It could be stated that sound re-
duction values depended on the tilt angle of the enclo-
sure opening plates. Sound pressure levels decreased
by increasing the tilt angle of the opening plates. The
difference of sound pressure level reduction by in-
creasing the angle by 15° reached 1-5 dB depending
on the receiver point distance from sound source.

3. To meet the requirements, equivalent sound pressure
level should not exceed 65 dB. According to the mod-
elling results, it could be reached with the enclosure,
which side wall construction was with 50 mm rubber
between two gypsum boards and opening plates were
covered with 50 mm thickness rubber material and
tilted at 45°. This configuration of enclosure reduced
sound pressure level to 65 dB at a distance of 4 m from
the enclosure.
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