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Recent years have seen a growing interest in the potential for the use of sonic crystals as noise barriers.
The frequencies with the highest attenuation can be determined by assuming that an integer number of half
wavelengths fits the distance between the scatterers. However, this approach limits the usefulness of sonic
crystals as a viable noise barrier technology, as it necessitates a significant increase in the overall crystal size
to cover a broader frequency range for noise reduction. Based on developed theoretical models, geometrical
assumptions were made for the physical models of the acoustic barrier in terms of the materials used and
the dimensions of structural elements. Three physical models were developed to verify the design intent. The
method involved measuring the transmission loss (TL) and insertion loss (IL) of the sonic crystal structure and
comparing these results with theoretical models. The aim of this work was to perform free-field measurements on
a real-sized sample in order to verify the strengths and weaknesses of applying layered structures of sonic crystals
based on calculations and measurements. The results of the conducted measurements showed satisfactory
noise reduction by the developed physical models for key components of the analysed spectrum. It was also
demonstrated that layered structures of sonic crystals can achieve greater noise reduction (up to 3.5 dB)
and a wider frequency range of attenuation (up to the range of 2000 Hz—5000 Hz) compared to single-layer
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structures.
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1. Introduction

Sonic crystals have received significant attention
from the acoustical community over the past decade
because of their unique acoustic properties. The abil-
ity of sonic crystals to function as stop-band filters in
the audible frequency range, i.e., to attenuate waves
within frequency bands known as band gaps, is the
most attractive and extensively studied property of
such materials. Further advantages of sonic crystal
barrier in comparison to traditional sound barriers,
include their ability to allow light to pass through
and, uniquely, their non-obstruction of the free flow
of air. The existence of band gaps in sonic crystals
was demonstrated in early works (MARTINEZ-SALA
et al., 1995; RUBIO et al., 1999; SANCHEZ-PEREZ et al.,
1998). However, barriers made from these “conven-
tional” somnic crystals suffer from the major disadvan-
tage of providing attenuation only within a relatively

narrow frequency band and are therefore unsuitable
as barriers for broad-band noise attenuation. To en-
hance the sound insulation properties of sonic crys-
tals, researchers have recently focused on systems in
which both Bragg scattering and local resonant phe-
nomena are present (ELFORD et al., 2011; FUSTER-
GARCIA et al., 2007; GOFFAUX, SANCHEZ-DEHESA,
2003; HIRSEKORN et al., 2004; HO et al, 2003; Liu
et al., 2000; ROMERO-GARCIA et al., 2013; HU et al.,
2005; CASTINEIRA-IBANEZ et al., 2012). These investi-
gations showed that periodic arrays of scatterers com-
posed of a small number of elements are capable of
achieving sound attenuation values large enough to
compete with other acoustic barriers.

To measure the effective screening effect of a bar-
rier, MORANDI et al. (2016) proposed using transient
sound signals and a suitable windowing technique,
which is now standardised in EN 1793-6 (CEN, 2012).
The paper aims to conduct laboratory testing of scat-
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terers to experimentally determine their acoustic per-
formance. According to two studies (MORANDI et al.,
2015; 2016), the availability of standardised values al-
lows a direct comparison of the sound insulation and
reflection properties of the sonic crystal noise barri-
ers related to other classical. However, the results of
measurements presented in the paper indicate that the
number of measurement points according to EN 1793-6
(CEN, 2012) may not be sufficient.

In previous research (RADOSZ, 2019), the author
explored the potential of sonic crystals as noise bar-
riers, highlighting their ability to create band gaps
that attenuate sound waves. The study focused on
a multiple-resonance band gap system to enhance
sound attenuation properties, using six concentric
C-shaped resonators. However, the research identi-
fied limitations in the frequency range of attenuation,
primarily due to the specific lattice parameters and
packing fraction of the sonic crystals used. Further re-
search is needed to evaluate layered structures of sonic
crystals in terms of increasing sound insulation with
a possible synergy effect of layers.

2. Materials and methods

The study is organised as follows. According to
data obtained from measurements of a compressor unit
(Fig. 1), single unit cells are studied by means of finite
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element (FE) Bloch-type analyses in order to investi-
gate the band structure of the unit cells to identify
those capable of generating band gaps.

2.1. Analyses of band structures

Numerical analyses were performed to design a ba-
sic sonic crystal single-layer structure exhibiting a com-
plete band gap within the frequency range in which the
compressor noise spectrum shows a prominent peak
(see Fig. 1). The lattice constant is set in accordance to
Bragg scattering theory, looking for a band gap at ap-
proximately 2900 Hz and 4500 Hz corresponding to the
FFT spectrum of the compressor unit (see Fig. 1).
The resulting lattice constants for layers are 38 mm
(A-1) and 60 mm (A-2), given c,iy = 343 m/s, the speed
of sound in air at 20 °C. PVC pipes with radii of 28 mm
(A-1) and 44 mm (A-2) were considered as inclusion
placed at the centre of the unit cell. The properties
of the materials used in the calculations are listed in
Table 1.

Table 1. Properties of material and medium used
in the FE analyses.

Material/ | Density p Longitudinal Shear wave
i -3 wave cr, speed cg
pedivm | W | st | s
Air 1.25 343 -
pPvC 1400 2142 874
5000 6000 7000 8000 9000 10000

Frequency [Hz]

Fig. 1. Fast Fourier transform (FFT) spectrum at the measuring point at the inlets of an industrial compressor unit.
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Fig. 2. Band structures for air-PVC pipe unit cell in the first irreducible Brillouin zone (for ten eigenfrequencies solutions):
a) model A-1; b) model A-2.

The band structure was computed along the three
high-symmetry directions of the first irreducible Bril-
louin zone I'X, XM, and MT using the plane wave ex-
pansion (PWE) method with the use of MATLAB soft-
ware. Figure 2 presents the band structures in terms
%; k;a], where k,
and k, are the wave vectors in the x and y directions,
respectively.

of the reduced wave vector k = [

2.2. Design assumptions of physical models
of the acoustic barrier

It was assumed that the three physical models pro-
posed, based on selected theoretical models, are de-

1000.00

signed using commonly available materials with stan-
dardised dimensions (pipes, profiles, etc.). The phys-
ical model is made from PVC pipes (diffusers) with
a density of p = 1400 kg/m™3. The foundations of the
physical models are made from MDF boards. The di-
mensions of the physical models are shown in Figs. 3-5.

2.3. Measurement method

The measurements of transmission loss (TL) were
carried out using a laboratory stand, the scheme of
which is shown in Fig. 6. According to the adopted test
method, the stand was located in an anechoic chamber
in order to ensure acoustic conditions similar to those
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Fig. 3. Dimensions of the A-1 physical model of the acoustic barrier.
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Fig. 6. Scheme of the laboratory stand for measuring TL: S — sound source; Pi,, Poyt — measurements points;
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of a free field, which were used in the theoretical model
tests.

The tested physical models of the acoustic barrier
were situated on the floor structure. The positioning
of the sound source and microphones in relation to the
physical model corresponded to the setup adopted in
the computational model.

The sound source (Bose S1 PRO) was placed at
a distance of 100 cm from the model surface, with its
main radiation axis perpendicular to the surface and
passing through the centre of the model.

Microphones (DPA 4007) were placed successively
at five points, spaced 10 cm apart, on the horizontal
centreline of the module, at a distance of 10 cm from
the model’s surface.

The values of sound pressure levels for 1/3 oc-
tave bands were calculated from the impulse responses
obtained with the use of maximum length sequence
(MLS) signal (DIRAC software). Then, the values of
sound TL were determined according to the follow-
ing equation:

TL =Ly in — Ly out Ly.out [dB],

where L, i, is the mean sound pressure level from five
measurement points in front of the barrier, and L, out
is the mean sound pressure level from five measurement
points behind the barrier.

||"“ "
w lul”

q

The values of insertion loss (IL) were determined
based on the measured values of the sound pressure
levels in the space behind the screen m (mean value
from five measurement points) and in the space with-
out the acoustic barrier m (mean value from five
measurement points), assuming the same distances as
specified in the EN 1793-6 (CEN, 2012) (Fig. 7).

Figure 8 shows the highest values of the repeata-
bility standard deviation for three measurements per-
formed at each measurement point using the impulse
response with the MLS signal. These values did not
exceed 0.022 dB, which indicates a high repeatability
of the measurement method used.

2.4. Measurement results

Figures 9-11 present a comparison of TL (calcu-
lated as the average from five measurement points)
between theoretical models and physical models of the
acoustic barrier. The measurement results showed that
the occurrence of the band gap was consistent with the
results of theoretical calculations for the key spectrum
bands resulting from Bragg’s law.

For the case of the A-1 physical model (measure-
ments), the highest attenuation was obtained in the
third octave band with a centre frequency of 4000 Hz.
The measured TL was 19.7 dB, which differs by 0.7 dB

dyy ds
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a ]
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Fig. 7. Scheme of the laboratory stand for measuring IL: S — sound source; P; — measurements points;
hs=0.5m; hg =1m; dy =0.25m; ds =1 m.
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Fig. 11. Comparison of TL results for A-3 model.

from the theoretical model (calculations) for that band
(Fig. 9).

For the A-2 physical model, the highest attenuation
was achieved in the 1/3 octave bands with centre fre-
quencies of 2000 Hz and 3150 Hz. The measured TLs
were 18.0 dB and 20.1 dB, respectively (Fig. 10). The
differences from the theoretical model for these bands
were 4.8 dB and 4.7 dB.

In the case of the A-3 physical model, the highest
attenuation was achieved in the 1/3 octave bands with
centre frequencies ranging from 2000 Hz to 5000 Hz.
The measured TLs varied from 13.3 dB to 23.2 dB
(Fig. 11). The differences with the theoretical model
in this range were between 1.0 dB and 10.6 dB.

Figures 12-14 present a comparison of IL (calcu-
lated as the average from five measurement points)
between theoretical models and physical models of
the acoustic barrier. The results of the measurements
showed that the occurrence of the band gap was con-

sistent with the results of theoretical calculations for
the key spectrum bands predicted by Bragg’s law.

In the case of the A-1 model, the highest attenu-
ation was observed in the 1/3 octave bands with cen-
tre frequencies ranging from 4000 Hz to 5000 Hz. The
measured ILs were 14.7 dB and 15.5 dB, respectively
(Fig. 12). The differences from the theoretical model
for the 1/3 octave bands with centre frequencies of
4000 Hz and 5000 Hz were 4.1 dB and 0.6 dB, respec-
tively.

In the case of the A-2 physical model, the highest
attenuation was achieved in the 1/3 octave bands with
centre frequencies ranging from 2000 Hz to 3150 Hz. The
measured ILs were from 13.0 dB to 16.4 dB (Fig. 13).
The differences from the theoretical model in this range
were from 2.3 dB to 3.4 dB.

In the case of the A-3 physical model, the highest
attenuation was achieved in the 1/3 octave bands with
centre frequencies ranging from 2000 Hz to 5000 Hz.
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The measured ILs were ranging from 10.3dB to
18.5 dB (Fig. 14). The differences from the theoreti-
cal model in this range ranged from 0.7 dB to 9.8 dB.

Figure 15 presents a comparison of the measure-
ment results for TL and IL across the three physi-

o
s

Transmission loss [dB]

Frequency [dB]

cal models of the acoustic barrier (A-1-A-3). In both
cases, it was shown that the layered physical model
(A-3) provides greater noise attenuation and a wider
frequency range of attenuation compared to the single-
layer structures (A-1 and A-2).
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Fig. 15. Comparison of TL (a) and IL (b) measurement results for three physical models.
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3. Conclusions

Compared to traditional partitions, barriers com-
posed of sonic crystal structures do not exhibit contin-
uous attenuation characteristics. The developed pro-
posals of physical models, including layered structures,
provide great opportunities for noise reduction in fre-
quency bands where industrial noise sources emit sub-
stantial acoustic energy and significantly increase the
frequency range of sound attenuation.

Three physical models were developed based on
theoretical models. A laboratory test stand was pre-
pared in a test room with conditions similar to a free
field. The effectiveness of noise attenuation for sonic
crystal structures was assessed using impulse response
measurements for samples measuring 1 m x 1 m.

The results of the conducted measurements showed
that the noise attenuation provided by the developed
physical models was satisfactory for the key compo-
nents of the analysed spectrum. It was also demon-
strated that the layered structure allows to increase
the noise attenuation (up to 3.5 dB) and increase the
frequency range of attenuation (up to the range of
2000 Hz-5000 Hz) compared to single-layer structures.
The measured of TL for the multilayer model was
23.3 dB, while the IL was 18.5 dB. The method used
produced repeatable measurement results, with a stan-
dard deviation of repeatability not exceeding 0.02 dB.

The design assumptions were verified by comparing
the measurement results of the physical models with
those from theoretical models. The comparison of the
results showed consistency in the occurrence of band
gaps for key spectral bands predicted by Bragg’s law,
for both the TL and IL. Despite this agreement and
the satisfactory effectiveness of noise suppression, dif-
ferences were observed between the values in TL and
IL between the physical and theoretical models. These
differences result from the fact that theoretical models
are 2D models and do not take into account the finite
height of the barrier and the influence of the ground.
The study results help estimate the influence of factors
such as sound reflections or diffraction, which are not
considered in 2D theoretical models.
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