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Abstract: A particular structure that consists of four parallel-arranged perforated panel absorbers
(PPAs) is proposed for the low frequency sound absorption within a constraint space. The apertures of
the perforated panels are set to ≥1.5 mm, and the number of orifices is much less and therefore easier
to be produced in comparison with that of the micro perforated panel (MPP). A simple approximation
model by using acoustic-electrical analogy is described to calculate the sound absorption coefficient
of such device subject to normal wave incidence. Theoretical and experimental results demonstrate
that the device can provide more than one octave sound absorption bandwidth at low frequencies.

Keywords: perforated panel; absorber array; low frequency absorption

1. Introduction

For an acoustical wave in the low frequency range, due to its large wavelength and super
penetrating power, it is difficult to be handled by a thin structure. Micro perforated panel has been
widely used as a wideband sound absorber replacing of traditional porous materials in circumstances
requiring fireproof and environmental protection [1–3]. MPP absorber has sufficient acoustic resistance
and small acoustic reactance provided by its sub-millimeter perforation, and can provide a bandwidth
of one or two octaves near the resonance for sound absorption in comparison with other resonance
based sound absorbers. One deficiency is that the MPP absorber requires larger cavity depth for low
frequency sound absorption. Newly developed sound absorbers need to reduce the cavity depth while
similar or better acoustical performance to the MPP absorber. Furthermore, although MPP absorber has
tremendous potential for wide-band absorption up to 3 or 4 octaves when the aperture is set between
0.1–0.3 mm [4], the orifices are too many to be produced at low cost. For example, if a MPP absorber
has aperture of 0.3 mm, the average sound absorption coefficient in the frequency range of 200–750 Hz
could reach above 0.7. But an amount of 190,000 holes per square meter need to be punched on a panel
with a thickness of 0.5 mm. Thus, wide application of MPP in low-frequency noise control is being
hampered by high-cost manufacturing technology.

In recent years, for the purpose of expanding the absorption bandwidth, a series of extended
structures based on MPP in parallel or series have been presented to introduce additional resonances.
The combined structure of double or multi-layered MPPs and air cavities arranged in tandem along the
direction of sound wave propagation were proposed successively [2,5–8]. The results show that the
absorption bandwidth is extended to lower frequencies due to the additional resonance peak, while at
the cost of increased air cavity. An alternately approach to extend the sound absorption bandwidth
is to introduce multi-resonance through a compound MPP absorber array. Zha et al. [3] designed a
parallel structure of the MPPs with two different cavities and measured its normal incidence absorption
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coefficients by impedance tube. They also explained that the appearance of two different resonance
peaks is due to different cavity depths. Sakagami et al. [9] later proposed a combination of two different
MPP absorbers for obtaining a wideband absorption device, such as the same MPPs with different
air-cavity depths or different MPPs with the same air-cavity depth. Its absorption characteristics
by considering the excess attenuation caused by the impedance discontinuity was described. The
physical absorption mechanisms of an MPP absorber array consisting of three MPP absorbers with
different cavity depths was investigated by Wang et al. [10]. They concluded that strong local resonance
occurs due to different reactance matching conditions for the component MPP absorbers and the
resonance frequencies shift due to inter-resonator interactions. Moreover, the oblique incidence sound
absorption of parallel arrangement of four MPP absorbers in diffuse field was also investigated both
numerically and experimentally [11]. Although the parallel MPP absorber array have the potential
to improve sound absorption bandwidth due to multi-resonance of component MPPs, the reported
perforation aperture is limited to 0.3–0.8 mm, and therefore the cost for the massive processing will be
extremely high.

An elongated tube arrays of flexible tube bundles [12–15] or rigid extended tubes [16,17] attached
to the perforated panel or MPP were designed to improve the low frequency sound absorption in a
limited space. Among them, a perforated panel by parallel-arranged extended tubes (PPET) designed
by Li et al. achieved more than one octave absorption bandwidth at low frequencies in a constrained
space of 100mm. When the diameter of extend tubes were set at 2.9–5.1 mm and the length of extend
tubes were 20–51 mm, the average sound absorption coefficient in the range of 120–250 Hz was more
than 0.7. Although the perforation apertures of PPETs are much larger and the holes numbers are
much less in comparison with that of the MPP absorbers, the lattice arrangement of a bundle of extend
tubes makes the structure more complex and difficult to be manufactured.

In this paper, a composite structure of parallel-arranged perforated panel absorbers (PPAs) with
unequal apertures of 1.5–4 mm is designed to improve low-frequency sound absorption in a limited
space. The sound absorption performance of the designed absorber is almost equal to that of PPET
in [16], and it is more practical because this device is simply a perforated panel of different apertures
backed with same air cavity, without the extended tube bundle. As follows, a theoretical model of a
particular structure consisting of four parallel-arranged perforated panel absorbers is described in
Section 2, and the optimization parameters are given in in Section 3. After that, the test verification is
shown in Section 4 and the conclusion is in Section 5.

2. Theoretical Model

2.1. Acoustic Impedance of the Perforated Panel

A perforated panel is regarded as a parallel connection of numerous millimeter-level tubes with
a certain depth. Therefore, the acoustic impedance of the perforated panel is equal to the acoustic
impedance of a single tube divided by its perforation ratio. At first, Rayleigh studied the sound wave
propagation in the tube, Crandall later simplified the sound wave propagation for short tubes [18].
When the diameter and length of the tube are far less than the wavelength of sound wave, the specific
acoustic impedance of the single tube is defined as

z =
∆P
u

= jωρt
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where ∆P is the sound pressure difference between the two ends of the tube, u is the average velocity
across the cross-section of the tube, k = d/2

√
ωρ/η is the ratio of the inner radius to the viscous

boundary layer thickness inside the tube, ω = 2π f is the angular frequency, ρ is the air density, d and t
are the diameter and length of the tube.
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For Equation (1), Maa [1] further gave the approximate formula of the acoustic impedance of the
tube for all k values, which is expressed as

z =
32ηt
d2
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)−1/2 (2)

For this design, the perforated panel of a certain thickness is assumed to be acoustically rigid,
and the vibration effect of the plate under acoustic load is ignored. In addition, due to the acoustic
radiation at both ends of the tube and the air flow friction on the surface plate, the correction of the
acoustic resistance and the acoustic mass of the tube should be added to Equation (2). Therefore, the
normalized characteristic impedance for the perforated panel with the perforation ratio p is written as
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2.2. Acoustic Impedance of the Parallel-Arranged Perforated Panel Absorber

The perforated panel absorber array consists of four sub-PPA arranged in parallel, its structure
diagram is shown in Figure 1a. Using the electrical equivalent circuit model in Figure 1b, this
perforated panel absorber is regarded as a parallel combination of four RLC branch. Moreover, the
back cavity is divided into four sub-cavities by the rigid clapboards to avoid the interaction between
the sub-perforated panel resonators. Then, the normalized acoustic impedance for each sub-perforated
panel absorber is expressed as

Zi = ri + jωmi − j cot(ωDi/c) (4)

ri =
32ηti
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The total acoustic impedance of the four parallel-arranged PPAs is written as

Z =

 4∑
i=1

φi

Zi


−1

(7)

where the subscript i = 1, 2, 3, 4 denotes the number of sub-perforated panel, pi is the perforation ratio
of each sub-perforated panel, η is the viscous coefficient of the air, c is the speed of sound wave in
air and ρc is the characteristic impedance in air, ri and mi are the normalized acoustic resistance and
reactance of sub-perforated panel respectively, ti is the thickness of each sub-perforated panel, Di is the
depth of the back cavity of each sub-perforated panel.

Then, for the normal incidence condition, the sound absorption coefficient of the parallel-arranged
PPAs is expressed as

α =
4Real(Z)

(1 + Real(Z))2 + (Imag(Z))2 (8)
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mm) and MPP (d = 1.5 mm) with the same ratio (t/d = 1.3) are plotted in Figure 2. By contrast, it can 
be seen that sound absorption coefficient of the perforated panel is significantly higher than that of a 
single MPP (d = 0.7 mm), and the resonance peak moves to the lower frequency. The perforated panel 
has a higher sound absorption coefficient because the acoustic resistance of the perforated panel 
matches the characteristic impedance of air by reasonably adjusting the ratio of the larger aperture 
and plate thickness. From Figure 2b, it can be confirmed that the normalized acoustic resistance of 
the MPP is much higher than 1 because of the overdamping caused by the tiny aperture, while that 
of the perforated panel is close to 1 in the range of 100–200 Hz. In addition, Figure 2c shows that the 
normalized zero acoustic reactance of the perforated panel occurs at 185 Hz, and the normalized zero 
acoustic reactance of MPP occurs at 220 Hz. This intuitively explains that the resonance frequency of 
the perforated panel is lower than that of MPP. In other words, the shift of resonance to lower 
frequency is mainly attributed to the increase of acoustic mass with the increase of aperture depth. 

Figure 1. Schematic diagram and electrical equivalent circuit model: (a) Schematic of the four
parallel-arranged perforated panel absorbers. (b) The electrical equivalent circuit model of the four
parallel-arranged perforated panel absorbers.

3. Model Optimization and Comparison

Simulated annealing is an effective, fast and straightforward general probabilistic algorithm,
which is widely used to obtain the best possible configuration for sound absorption systems due to its
global optimization [19,20]. Similarly, in this paper, the parameters of sound absorption structure are
optimized by simulated annealing method to seek the maximum average sound absorption within a
specific frequency range.

3.1. Comparison of Sound Absorption between Perforated Panel and MPP in Low Frequencies

In the frequency range of 100–300 Hz, the sound absorption of single perforated panel (d = 0.7 mm)
and MPP (d = 1.5 mm) with the same ratio (t/d = 1.3) are plotted in Figure 2. By contrast, it can be
seen that sound absorption coefficient of the perforated panel is significantly higher than that of a
single MPP (d = 0.7 mm), and the resonance peak moves to the lower frequency. The perforated
panel has a higher sound absorption coefficient because the acoustic resistance of the perforated panel
matches the characteristic impedance of air by reasonably adjusting the ratio of the larger aperture
and plate thickness. From Figure 2b, it can be confirmed that the normalized acoustic resistance of the
MPP is much higher than 1 because of the overdamping caused by the tiny aperture, while that of
the perforated panel is close to 1 in the range of 100–200 Hz. In addition, Figure 2c shows that the
normalized zero acoustic reactance of the perforated panel occurs at 185 Hz, and the normalized zero
acoustic reactance of MPP occurs at 220 Hz. This intuitively explains that the resonance frequency
of the perforated panel is lower than that of MPP. In other words, the shift of resonance to lower
frequency is mainly attributed to the increase of acoustic mass with the increase of aperture depth.
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Figure 2. Comparison of the sound absorption of single perforated panel and MPP: (a) sound absorption
coefficient; (b) normalized acoustic resistance; (c) normalized acoustic reactance. The parameters of the
single optimized perforated panel are as follows: d = 1.5 mm, t = 2 mm, D = 100 mm and p = 0.46%;
the parameters of the single optimized MPP are as follows: d = 0.75 mm, t = 1 mm, D = 100 mm and
p = 0.33%.

However, an obvious defect is that the effective sound absorption bandwidth of single perforated
panel is narrow. Therefore, a combined structure of multiple perforated panels in parallel needs to be
designed and optimized to expand the sound absorption bandwidth for the low frequencies.

3.2. Comparison of Sound Absorption between PPAs and Other Resonant Structures in the Same Depth Cavity

In order to compare the sound absorption performance of the parallel-arranged PPAs and the
existing resonant absorption structures in the same frequency range, the maximum average sound
absorption coefficient in the range of 120–250 Hz was selected for comparison. Table 1 lists optimized
parameters of the parallel-arranged PPAs, PPETs [16] and MPP absorber. The sound absorption
coefficients of the three comparative structures are plotted in Figure 3.

Table 1. Optimization parameters of three sound absorption structures.

Parameter
PPAs PPETs [16]

MPP
PPA1 PPA2 PPA3 PPA4 PPET1 PPET2 PPET3 PPET4

d (mm) 3.1 2.8 2.2 2 5.1 3.5 3.1 2.9 0.8
p (%) 0.32 0.46 0.62 0.93 3.26 3.74 5.31 4.43 0.41

t (mm) 2.5 2.5 2.5 2.5 51 40 40 20 2
D (mm) 100 100 100 100 100 100 100 100 100

Due to the nature of its own Helmholtz resonator, the absorption bandwidth of MPP occurs near
the resonance, while the absorption deviating from the resonance drops rapidly. The parallel-arranged
PPAs extends the absorption bandwidth through four resonances. For the parallel-arranged PPAs, four
resonances and three anti-resonances occur due to each sub-PPA as a resonator and its coupling with



Materials 2019, 12, 2099 6 of 11

each other. As shown in Figure 3, the four resonant frequencies occur at 130 Hz, 160 Hz, 190 Hz, and
230 Hz, and their sound absorption coefficients are 0.87, 0.96, 0.96, and 0.96 respectively. Moreover,
the effective sound absorption bandwidth of the parallel-arranged PPAs is about 130 Hz (the sound
absorption coefficients of 121–251 Hz are higher than 0.7). In the same restricted space of D = 100 mm,
the sound absorption of the parallel-arranged PPAs is significantly better than that of a single MPP
in the frequency ranges of 110–165 Hz and 215–250 Hz. That is, in comparison with that of a single
MPP, the improvement of the bandwidth is about 55 Hz under 165 Hz and about 45 Hz above 215 Hz.
Therefore, this proposed structure can obviously extend the sound absorption bandwidth compared
with a single MPP in the same frequency range.

In the range of 120–250 Hz, the sound absorption performance of the parallel-arranged PPAs is
close to that of PPETs absorber [16]. Although the sound absorption coefficients of the first resonance
and anti-resonances are slightly lower than that of PPETs, they are greater than 0.7, especially the
transition between anti-resonance and resonance becomes flatter as the frequency tends to be higher.
Besides, by comparing geometric parameters, the aperture of the parallel-arranged PPAs is between
2–3.1 mm, and that of PPETs is between 2.9–5.1 mm. Even though the aperture of the parallel-arranged
PPAs is smaller than that of PPETs, its depth diameter ratio is much lower than that of the latter.
Considering the processing technology, the hole with smaller depth diameter ratio is more convenient
to be processed by common machining. Also, the perforation rate of the perforated panel absorber is
lower than that of the PPETs. As for the parallel-arranged PPAs, about 57 holes per square decimeter
are drilled on a panel; while for the PPETs, about 193 thin hollow tubes of different lengths per square
decimeter are attached to a perforated panel in parallel. So, the designed structure is not complicated
and simple to manufacture.
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absorber in the frequency range of 120–250 Hz.

3.3. Comparison of PPAs with Different Cavity Depth

Figure 4 shows the sound absorption optimization of the four parallel-arranged PPAs with different
cavity depth. The four solid lines (from left to right) represent the optimized sound absorption of four
different cavities of 100 mm, 70 mm, 50 mm and 35 mm, corresponding to four different frequency
bands, such as 200–450 Hz, 300–550 Hz, 400–650 Hz, and 400–750 Hz respectively. And the sound
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absorption coefficient of each peak and peak valley is above 0.85. The effective absorption bandwidth
is about 3–4 1/3 octaves. Besides, the apertures of the PPAs ≥ 1.5 mm and the maximum thickness of
the plate is 2.5 mm, as listed in Table 2. Therefore, when the aperture is designed to be ≥1.5 mm, this
four parallel-arranged PPAs structure can be applied to different frequency bands for sound absorption
at low frequencies by adjusting the depth of the back cavity and optimizing structural parameters.
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Figure 4. Optimization of the parallel-arranged PPAs with different cavity depth.

Table 2. Optimization parameters of PPAs with different cavity depth.

Parameter
D = 100 mm D = 70 mm

PPA1 PPA2 PPA3 PPA4 PPA1 PPA2 PPA3 PPA4

d (mm) 2.4 1.5 1.5 1.6 3.5 1.5 1.6 1.5
p (%) 0.74 2.94 1.63 1.01 1.20 1.79 1.18 3

t (mm) 2.3 2.3 2.3 2.3 2.1 2.1 2.1 2.1

Parameter
D = 50 mm D = 35 mm

PPA1 PPA2 PPA3 PPA4 PPA1 PPA2 PPA3 PPA4

d (mm) 1.7 3.1 1.5 1.5 1.8 1.5 1.5 4
p (%) 1.44 1.39 3 1.98 1.66 3 2.19 1.81

t (mm) 2.2 2.2 2.2 2.2 2.5 2.5 2.5 2.5

4. Experimental Validation

The proposed structure can be made of metallic materials (stainless steel, aluminum) or
non-metallic materials such as plastic wood and etc. The aperture of the PPAs is not less than
1.5mm and the maximum depth of the hole is 2.5 mm. For stainless steel or aluminum, mechanical or
laser drilling can be used for bulk processing. The focus of this research is on the configuration and
implementation of the structure, thus, a perforated plate made of resin produced by 3D technology is
considered for verification.

The measurements are carried out in an impedance tube (SW422) according to ISO 10534-2 [21],
and the instruments used in the experiment are shown in Figure 5. Based on the transfer function
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method, this device measures the sound pressure at two locations using two microphones and calculates
the normal incident sound absorption coefficient. When two microphones connected to the data
acquisition instrument are installed at position 0 and position 2 of the impedance tube, the sound
absorption coefficient of 63–500 Hz is measured; when two microphones are placed in position 1 and
position 2, the absorption coefficient of 400–1600 Hz is measured. The samples in the experiment are
composed of perforated panel, clapboard and cylindrical shell, and an integrated structure of resin
materials produced by 3D technology. The thickness of clapboard and cylindrical shell is 2mm and 2
mm, respectively. Besides, the sample must be sealed and mounted at the back of the impedance tube
to ensure the presence of multiple resonance peaks.
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Figure 5. The experimental Setup.

In order to illustrate the sound absorption characteristics of the perforated panel absorber
in different frequency range, two structures with different parameters are made for experimental
verification. Sample A with aperture of 2.1mm, 2.5mm,3 mm is used for 120–300 Hz, and sample B
with aperture of 1.5 mm,1.6 mm and 2.2 mm is used for 150–450 Hz.The parameters of samples are
listed in Tables 3 and 4, respectively.

As plotted in Figures 6 and 7, it can be seen that the theoretical prediction is in a relatively good
agreement with the experimental results. The measurement results in Figure 6 show that sample A has
an effective sound absorption bandwidth of 140 Hz within 135–275 Hz, and this compact structure
can absorb large wavelength when the thickness is only 1/27 of the incident wavelength. Besides, the
measured absorption coefficient of sample B exceeds 0.6 from 155–455 Hz, and the effective absorption
bandwidth is extended to about four 1/3 octaves, as shown in Figure 7. Therefore, it is further confirmed
that this designed perforated panel absorber has great potential in extending the sound absorption
bandwidth at low frequency.

Table 3. Parameters of the four parallel-arranged PPAs for 120–250 Hz.

Sample A d (mm) p (%) t (mm) D (mm)

PPA1 3 0.36 2.5 100
PPA2 2.5 0.50 2.5 100
PPA3 2.1 0.64 2.5 100
PPA4 2.1 0.96 2.5 100

Table 4. Parameters of the four parallel-arranged perforated panel absorbers for 150–450 Hz.

Sample B d (mm) p (%) t (mm) D (mm)

PPA1 2.2 0.39 2 100
PPA2 1.6 0.63 2 100
PPA3 1.6 2.52 2 100
PPA4 1.5 1.26 2 100
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5. Conclusions

A parallel-arranged perforated panel absorber for low frequency sound absorption is investigated.
A theoretical model is described to predict the acoustic properties. The sound absorption performance
of the parallel-arranged PPAs with that of the existing resonant structure is discussed, which provide
the basis to illustrate the feasibility of the designed structure. Samples for two frequency bands of
120–250 Hz and 150–450 Hz are designed and measured. The effective sound absorption covers the
frequency range from 135 Hz to 275 Hz and 155–455 Hz respectively. Theoretical and experimental
results prove that a wideband sound absorption of more than one octave can be achieved by a parallel
combination of perforated panels with same cavity depth at low frequencies. Further work is to study
the sound absorption performance of perforated panels with different cavity depth for low-frequency
acoustic absorption and the perforated panel array in diffuse field.

Author Contributions: For this research, X.L. designed and conducted the experiments, and finished the
manuscript. Q.W. and L.K. provided some useful suggestion in the experiments and manuscript editing. B.L. gave
technical guidance and supervision in this design.

Funding: This study was co-supported by Taishan Scholar Program of Shandong (No. ts201712054), Shandong
Provincial Natural Science Foundation, China (No. ZR2018BEE020) and A Project of Shandong Province Higher
Educational Science and Technology Program (No. J18KA018).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Maa, D.Y. Theory and Design of Microperforated Panel Sound-Absorbing Constructions. Sci. Sin. 1975, 18,
55–71.

2. Maa, D.Y. Wide-Band Sound Absorber Based on Microperforated Panels. Chin. J. Acoust. 1985, 4, 3–14.
3. Cha, X.; Jian, K.; Zhang, T.; Zhou, X.; Fuchs, H. Application Approach for Microperforated Panel Sound

Absorbers. Acta Acust. 1994, 19, 256–265.
4. Maa, D.Y. Potential of Microperforated Panel Absorber. J. Acoust. Soc. Am. 1998, 104, 2861–2866. [CrossRef]
5. Maa, D.Y. Microperforated-Panel Wideband Absorbers. Noise Control Eng. J. 1987, 29, 77–84. [CrossRef]
6. Sakagami, K.; Morimoto, M.; Koike, W. A Numerical Study of Double-Leaf Microperforated Panel Absorbers.

Appl. Acoust. 2006, 67, 609–619. [CrossRef]
7. Sakagami, K.; Matsutani, K.; Morimoto, M. Sound Absorption of a Double-Leaf Micro-Perforated Panel

with an Air-Back Cavity and a Rigid-Back Wall: Detailed Analysis with a Helmholtz-Kirchhoff Integral
Formulation. Appl. Acoust. 2009, 71, 411–417. [CrossRef]

8. Sakagami, K.; Yairi, M.; Morimoto, M. Multiple-Leaf Sound Absorbers with Microperforated Panels:
An Overview. Acoust. Aust. 2010, 38, 76–81.

9. Sakagami, K.; Nagayama, Y.; Morimoto, M.; Yairi, M. Pilot Study on Wideband Sound Absorber Obtained
by Combination of Two Different Microperforated Panel (Mpp) Absorbers. Acoust. Sci. Technol. 2009, 30,
154–156. [CrossRef]

10. Wang, C.; Huang, L. On the Acoustic Properties of Parallel Arrangement of Multiple Micro-Perforated Panel
Absorbers with Different Cavity Depths. J. Acoust. Soc. Am. 2011, 130, 208. [CrossRef] [PubMed]

11. Wang, C.; Huang, L.; Zhang, Y. Oblique Incidence Sound Absorption of Parallel Arrangement of Multiple
Micro-Perforated Panel Absorbers in a Periodic Pattern. J. Sound Vib. 2014, 333, 6828–6842. [CrossRef]

12. Lu, Y.; Tang, H.; Tian, J.; Li, H. The Perforated Panel Resonator with Flexible Tube Bundle. Acoust. Soc. Am. J.
2006, 119, 3249. [CrossRef]

13. Lu, Y.; Tang, H.; Tian, J.; Li, H.; Yang, J. The Perforated Panel Resonator with Flexible Tube Bundles and Its
Sound Absorption Measurements. In INTER-NOISE and NOISE-CON Congress and Conference Proceedings;
Institute of Noise Control Engineering: Chicago, IL, USA, 2001; pp. 4220–4226.

14. Simon, F. Low Frequency Sound Absorption of Resonators with Flexible Tubes. J. Acoust. Soc. Am. 2013, 133,
3265. [CrossRef]

15. Simon, F. Long Elastic Open Neck Acoustic Resonator for Low Frequency Absorption. J. Sound Vib. 2018,
421, 1–16. [CrossRef]

http://dx.doi.org/10.1121/1.423870
http://dx.doi.org/10.3397/1.2827694
http://dx.doi.org/10.1016/j.apacoust.2005.11.001
http://dx.doi.org/10.1016/j.apacoust.2009.11.014
http://dx.doi.org/10.1250/ast.30.154
http://dx.doi.org/10.1121/1.3596459
http://www.ncbi.nlm.nih.gov/pubmed/21786891
http://dx.doi.org/10.1016/j.jsv.2014.08.009
http://dx.doi.org/10.1121/1.4786054
http://dx.doi.org/10.1121/1.4805288
http://dx.doi.org/10.1016/j.jsv.2018.01.044


Materials 2019, 12, 2099 11 of 11

16. Li, D.; Chang, D.; Liu, B. Enhancing the Low Frequency Sound Absorption of a Perforated Panel by
Parallel-Arranged Extended Tubes. Appl. Acoust. 2016, 102, 126–132. [CrossRef]

17. Li, D.; Chang, D.; Liu, B. Enhanced Low- to Mid-Frequency Sound Absorption Using Parallel-Arranged
Perforated Plates with Extended Tubes and Porous Material. Appl. Acoust. 2017, 127, 316–323. [CrossRef]

18. Crandall, I.B. Theory of Vibrating Systems and Sound, 2nd ed.; D. Van Nostrand Company: New York, NY,
USA, 1927; p. 544.

19. Chiu, M.C.; Chang, Y.C.; Yeh, L.J.; Lan, T.S. Optimization of Perforated Double-Layer Absorbers Using
Simulated Annealing. J. Mar. Sci. Technol. 2007, 15, 351–359.

20. Ruiz, H.; Cobo, P.; Jacobsen, F. Optimization of Multiple-Layer Microperforated Panels by Simulated
Annealing. Appl. Acoust. 2011, 72, 772–776. [CrossRef]

21. Chung, J.Y.; Blaser, D.A. Transfer Function Method of Measuring in-Duct Acoustic Properties. Ii. Experiment.
J. Acoust. Soc. Am. 1998, 68, 914–921. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.apacoust.2015.10.001
http://dx.doi.org/10.1016/j.apacoust.2017.06.019
http://dx.doi.org/10.1016/j.apacoust.2011.04.010
http://dx.doi.org/10.1121/1.384779
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Theoretical Model 
	Acoustic Impedance of the Perforated Panel 
	Acoustic Impedance of the Parallel-Arranged Perforated Panel Absorber 

	Model Optimization and Comparison 
	Comparison of Sound Absorption between Perforated Panel and MPP in Low Frequencies 
	Comparison of Sound Absorption between PPAs and Other Resonant Structures in the Same Depth Cavity 
	Comparison of PPAs with Different Cavity Depth 

	Experimental Validation 
	Conclusions 
	References

