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for better sound absorption by compres-
sion and microperforation of porous
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The compressed and microperforated
porous metal panel absorber could
achieve better sound absorbing coeffi-
cient.

The constructed semi-empirical model
was validated to achieve optimal acous-
tic absorber by two replication experi-
ments.

Micromorphology of the proposed
acoustic absorber gave intuitive expla-
nations for its sound absorption
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1. Introduction

Noise pollution, air pollution, water pollution, and solid waste pollu-
tion were considered as the four major environmental problems all over
the world [1,2]. The noise can result in pathological changes to auditory
organ, visual organ, internal organ, and central nervous system of the
human and animals [3,4]. Along with the development of advanced ma-
terial and precision manufacturing, many acoustic metamaterials have
been proposed, which aim to reduce the increasingly serious noise pol-
lution [5-10]. Acoustic metasurface with hybrid resonances was devel-
oped by Ma et al. [5,6], which could achieve robust impedance matching
and a perfect absorption in characteristic frequency. Composite 3D-
printed metastructure was fabricated by Matlack et al. [7], which
could obtain low-frequency and broadband vibration absorption.
Hilbert fractal acoustic metamaterials (HFAMMSs) with self-similar
fractal structure was prepared by Zhao et al. [8], which was proved
to be effective in the transformer noise reduction. A novel ultrathin
Ashoka Chakra like acoustic metastructure was reported by Kumar
et al. [9], which could demonstrate broad bandwidth and high ab-
sorption characteristics. The layered acoustic metamaterial which
included two critically coupled membrane-type acoustic metamate-
rials sandwiching a porous material layer was proposed by Wang
et al. [10], and it could obtain perfect absorption at 312 Hz with
thickness of 15 mm. however, fabrication of these acoustic metama-
terials is high-cost and time-consuming, because their structures are
complicated and their accuracies are high, which limit their large-
scale practical applications in the noise reduction field. Meanwhile,
these acoustic metamaterials are inherently constrained by the nar-
row frequency band character and hence are somewhat limited in
their usefulness [11]. Therefore, development of the practical acous-
tic absorber with low-cost and simple fabrication process is still chal-
lenge for the researchers around the world and research focus in the
noise reduction field.

Microperforated metal panel and porous metal are two common
materials used in the noise reduction, and both of them have the advan-
tages of a low manufacturing cost, excellent machinability, fine fire re-
sistance, high strength, and convenient for transportation, installation,
application and maintenance [12-17], which make them the promising
candidates for practical acoustic absorber in noise reduction field. A per-
forated composite panel utilizing recycled rubber was developed by Xu
et al. [12], and it was proved to be efficient for sound absorption espe-
cially for frequency domain lower than 1000 Hz. The multiple-layer
microperforated panels were fabricated and investigated by Bucciarelli
et al. for broadband sound absorption at low frequency [13]. The cellular
titanium foam and reticular titanium foam were prepared by Liu et al.
through slurry-immersed sintering for excellent sound absorption per-
formance [14]. Modelling and optimization of sound absorption in
replicated microcellular metals were conducted by Otaru et al. ac-
cording to Wilson's poroacoustic model [15]. Acoustic absorption of
a 3D printed microperforated panel backed by a porous material
was experimentally measured by Liu et al. [16], and the obtained
measurement results agreed fairly well with the theoretical model.
Absorption properties of the thin microperforated partitions lined
with anisotropic fibrous materials were examined by Bravo and
Colina [17]. These researches on the investigation and optimization
of sound absorption performance of the microperforated panel, or
the porous material, or composite of them two promote their
applications in noise reduction field. In particular, the composite
structure of these two materials could obtain a high sound absorbing
coefficient and wide absorption band, which is obviously superior to
the single absorber with the same total thickness. Therefore,
developing the composite acoustic absorber is main trend in the
noise reduction field.

Optimization of structural parameters of the composite acoustic ab-
sorber is critical step to realize the practical perfect acoustic absorber.
Taken the practical application into consideration, the composite

acoustic absorber will be more practical when its total thickness is
smaller, because it is propitious to reduce the costs in fabrication, trans-
portation, installation, application, and maintenance. Moreover, it will
be better if structure of the composite acoustic absorber is simple, al-
though this conflicts with the common knowledge that more complex
structure generates better sound absorption performance. Fortunately,
it had been proved that sound absorption efficiency of the porous
metal was improved by the compression, and thickness of the com-
pressed porous metal could be below 1 mm [18], which indicated that
the compressed porous metal was potential to be treated as plate in
the microperforated panel. According to this method, acoustic absorber
fabricated by compression and microperforation of the porous metal
was proposed, which combined the porous metal and the
microperforated panel into one absorber. The utilized porous copper
was prepared with the electrodeposition method [19], and it was com-
pressed by universal testing machine and further microperforated by
spark-erosion drilling [20]. Sound absorption performance of the pro-
pose acoustic absorber with different cavities was measured based on
standing wave method [21]. Simultaneously, sound absorption perfor-
mances of the original porous metal, the compressed porous metal,
the microperforated spring steel panel, and the microperforated un-
compressed porous metal were also measured for contrast. Afterwards,
theoretical analysis on sound absorbing coefficient of the com-
pressed and microperforated porous metal panel absorber was con-
ducted based on the Johnson-Champoux-Allard model [22] and
Maa's theory [23], and a fourth-order polynomial function was
treated as coupling function to describe the superposition absorp-
tion effect of porous structures and microperforated structures in
the compressed and microperforated porous metal panel absorber.
Micromorphology of the proposed acoustic absorber was investi-
gated by the scanning electron microscope, which supplied intuitive
evidences to explain the reason for amelioration in sound
absorption.

2. Materials and measurement

The utilized porous metal used in this study was porous copper,
as shown in Fig. 1(a). Its structural parameters, which included
thickness dp, porosity ¢, and static flow resistivity o, were 5 mm,
90%, and 9524 Pa-s-m™ 2, respectively. The thickness d, was mea-
sured by the vernier caliper. The porosity ¢ was calculated by the
Eq. (1). Here p; is density of the metal, which is measured by drain-
age method; M is mass of the porous metal sample, which is mea-
sured by electronic balance; p, was density of the porous metal; V
was volume of the porous metal sample, which can be obtained by
measuring its diameter and thickness. The static flow resistivity o
was measured by water tank method, which was calculated by the
Eq. (2). Here Ap is pressure difference between two surfaces of the
sample; v is velocity of the flow in the sample; t is thickness of the
sample.
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Afterwards, the porous metal was extruded with the CTM2050
universal testing machine (Wuxi City Bleecker Trading Co., Ltd.,
Wuxi, Jiangsu, China) with pressure 10 kN [18]. After the compres-
sion, thickness of the sample was reduced from original 5 mm to
0.5 mm, as shown in Fig. 1(b). Later, the sample was further
microperforated by the spark-erosion drilling [20], and it was
shown in Fig. 1(c). Distribution of the holes in this microperforated
sample was square array, and diameter of the hole d and distance be-
tween the neighbor holes b were 0.75 mm and 4.5 mm, respectively.
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(a) Original porous metal

(b) Compressed porous metal

(c) Compressed and microperforated porous metal panel

(d) Microperforated spring steel panel

(e) Microperforated uncompressed porous metal

Fig. 1. Actual pictures of the five prepared samples.

It could be calculated based on the Eq. (3) that the perforating rate &
was 2.18%, which satisfied the common requirement of 1%-3% for the
perforating rate in usual microperforated panel absorber [24].

-1(ey

Meanwhile, a microperforated spring steel panel was also prepared
for contrast, as shown in Fig. 1(d). Its parameters, such as thickness of
the panel, diameter of the hole, and distance between neighbor holes,
were entirely consistent with those of the compressed and
microperforated porous metal panel absorber respectively. Moreover,
the original porous metal in Fig. 1(a), the compressed porous metal
without the microperforation in Fig. 1(b), and the microperforated un-
compressed porous metal in Fig. 1(e) were treated as the contrasts.
Sound absorption in the compressed and microperforated porous

metal panel was superposition absorption effect of porous structures
and microperforated structures. Therefore, conductions of the control
experiments aimed to compare contribution degrees of these two struc-
tures and check the distribution of superposition absorption effect.
Sound absorbing coefficients of the samples with different cavities
were measured by AWA6128A detector (Hangzhou Aihua Instruments
Co., Ltd., Zhejiang, China) based on standing wave method [21], and
Schematic diagram of the detection system was shown in Fig. 2. The
sample was installed in the sample fixer, and length of the postposition
cavity was controlled by the cavity adjuster. The audio power signal was
supplied by the workstation and given to the loudspeaker box, which
was transformed to plane wave in the standing wave tube. The plane
wave was reflected by the sample, which resulted in standing wave
field in the tube. Maximal value and minimal value of the sound pres-
sure were measured by the acoustic probe, and the sound absorbing co-
efficient in the normal incidence was calculated by the software in the
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Fig. 2. Schematic diagram of the AWAG6128A detector.

workstation [18,21]. According to the requirements in GB/T 18696.1-
2004 and ISO 10534-1:1996, the sample with diameter of 96 mm was
measured for sound absorbing coefficients in the frequency range of
90-2075 Hz, and that with diameter of 30 mm was measured for
sound absorbing coefficients in the frequency range of 1500-6640 Hz
[18,21]. Thus, taking testing accuracy and measurement capability of
the equipment into consideration, the measured sound frequencies
were 100 Hz, 200 Hz, 300 Hz, 400 Hz, 500 Hz, 600 Hz, 700 Hz, 800 Hz,

950 Hz, 1100 Hz, 1300 Hz, 1500 Hz, 1800 Hz, 2000 Hz, 2300 Hz,
2600 Hz, 2900 Hz, 3200 Hz, 3500 Hz, 3800 Hz, 4100 Hz, 4400 Hz,
4700 Hz, 5000 Hz, 5300 Hz, 5600 Hz, and 6000 Hz, which included 27
frequency points. In order to reduce the test error, each test was re-
peated by 10 times, and it was also the requirement marked in the in-
struction of the detector. Following this scheme, the five prepared
samples, which included the original porous metal, the compressed po-
rous metal, the compressed and microperforated porous metal panel,
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(c) The compressed and microperforated porous metal panel

Fig. 3. Distributions of sound absorbing coefficients of the five samples with different cavities.
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100 T T T

—tCavity=5mm
-©- Cavity=10mm
Cavity=15mm
—¢ Cavity=20mm
-5~ Cavity=25mm
-0~ Cavity=30mm

Sound absorbing coefficient (%)

1 1

1
500 1000 1500 2000 2500

I I I I
3000 3500 4000 4500 5000 5500 6000

Frequency (Hz)

(e) The microperforated uncompressed porous metal

Fig. 3 (continued).

the microperforated spring steel panel, and the microperforated un-
compressed porous metal, were measured for the sound absorbing coef-
ficients with the cavities changing from 5 mm to 30 mm at the interval
of 5 mm.

3. Results and discussions

Sound absorbing coefficients of the five samples with different cavi-
ties were summarized in Fig. 3. It could be observed that along with in-
crease of length of the cavity, the peak absorption frequency decreased
gradually for each sample, which was consistent with normal sound ab-
sorption principle of the porous metal and that of the microperforated
panel respectively [12-17,21-24]. The peak absorption frequencies
judged from the experimental data were summarized in Table 1.

It could be found that the peak absorption frequency of the
microperforated spring steel panel was smallest with certain cavity,
which indicated that it had relative better sound absorption perfor-
mance in the low frequency range. In contrast, peak absorption fre-
quency of the original porous metal was biggest with certain cavity,
which indicated that its absorption advantage was in the high frequency
range. It could also be discovered from distributions of the sound ab-
sorbing coefficients for the five samples that when length of the cavity

was 30 mm, the sound absorbing coefficient rose again along with the
increase of frequency in the high frequency range of 5000-6000 Hz,
which indicated that the second peak absorption frequency would ap-
pear at the further higher frequency.

Comparisons of sound absorbing coefficients of the five samples
with the same cavity were shown in Fig. 4, and the calculated average
sound absorbing coefficients were summarized in Table 2. It could be
found that sound absorption performance of the porous metal was re-
markably improved through compression and microperforation. Espe-
cially when length of the cavity was 20 mm, average sound absorbing
coefficient of the compressed and microperforated porous metal panel
reached 59.69%, which was more than two times of that of the original
porous metal and almost double of that of the microperforated spring
steel panel. After compression, thickness of the sample was 0.5 mm,
which indicated that resonance sound absorption was realized by the
existing connected micropores in the compressed porous metal. That's
why the sound absorption performance was obviously improved by the
compression. However, these connected micropores were not standard
holes, which indicated that their resonance sound absorption effects
were smaller than those of the microperforated holes. That's why the
sound absorption performance could be further improved through the
microperforation. It could also be found that the sound absorption

Table 1
The peak absorption frequencies of the five samples with different cavities.
Cavity

Sample 5 mm 10 mm 15 mm 20 mm 25 mm 30 mm
Original porous metal 6000 Hz 5000 Hz 4400 Hz 4100 Hz 3800 Hz 3200 Hz
Compressed porous metal 6000 Hz 4400 Hz 3200 Hz 2600 Hz 2300 Hz 1800 Hz
Compressed and microperforated porous metal panel 5600 Hz 4700 Hz 3200 Hz 2600 Hz 2000 Hz 1800 Hz
Microperforated spring steel panel 4100 Hz 2900 Hz 2000 Hz 1800 Hz 1500 Hz 1300 Hz
Microperforated uncompressed porous metal 6000 Hz 6000 Hz 4100 Hz 3800 Hz 2600 Hz 2600 Hz
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performance was decreased after microperforation of the uncompressed
porous metal. We supposed there were two major reasons. Firstly, thick-
ness of the uncompressed porous metal was 5 mm, which indicated the
microperforation did not realize the resonance sound absorption similar
with the microperforated panel. Secondly, the microperforation
destroyed some porous structures, which resulted in decrease in the
sound absorption performance. Thus, the microperforated uncompressed
porous metal was eliminated in further study.

Meanwhile, it could be observed that the average sound absorbing
coefficient did not always increase along with increase of the cavity,
which indicated that there was an optimal cavity for the sample with
a certain requirement of average sound absorbing coefficient. Suppos-
ing the requirement of sound absorbing coefficient was 50%, the satis-
fied frequency band for each sample could be judged from the
experimental data (except microperforated uncompressed porous
metal) and summarized in Fig. 5. It could be found that sound absorbing
coefficient of the original porous metal with the varied cavity was all
below 50% in the whole frequency range of 100-6000 Hz. After com-
pression, there was an obvious improvement on the satisfied frequency
band, which was further increased a bit after the microperforation. It
could also be found that satisfied frequency band for the compressed
porous metal and that for the compressed and microperforated porous
metal reached their maximal values when length of the cavity was
20 mm, which were consistent with the results in Table 2. With respect
to the microperforated spring steel panel, its satisfied frequency band
was reduced gradually along with the increase of length of the cavity,
which was consistent with the normal sound absorption principle for
common microperforated panel absorber [12,13,23,24]. It could be con-
cluded that relative to the original porous metal and the
microperforated spring steel panel, compression and microperforation
of the porous metal could remarkably improve its sound absorption per-
formance, both in the average sound absorbing coefficient and the satis-
fied frequency band. Therefore, the compressed and microperforated
porous metal panel absorber could be treated as an effective product
for practical application in the noise reduction field.

4. Theoretical analysis

Sound absorption of the compressed and microperforated porous
metal panel absorber was realized by superposition absorption effect
of the porous structures and microperforated structures, which was dif-
ferent from sound absorption mechanism of the composite structures.
For the composite structures, the sound absorption effects of each ab-
sorber acted sequentially, while those in the compressed and
microperforated porous metal panel absorber acted simultaneously.
Thus, these traditional methods, such as the transfer matrix method
[25,26], equivalent circuit method [27], and impedance transfer method
[28], were not suitable to predict sound absorbing coefficient of the
compressed and microperforated porous metal panel absorber. Correc-
tion factors had been applied in the sound absorbing models to improve
the prediction accuracy [18,21,29]. Therefore, a similar fourth-order
polynomial function was treated as the coupling function to express su-
perposition absorption effect of the two structures, which was obtained
by data fitting. Meanwhile, sound absorbing coefficient of the original
porous metal + cavity absorber was calculated based on the Johnson-
Champoux-Allard model [22] and that of the microperforated panel
+ cavity absorber was derived based on the Maa's theory [23]. In this
way, the preliminary theoretical analysis of sound absorbing coeffi-
cients of the compressed and microperforated porous metal panel ab-
sorber was conducted. According to transfer matrix method [25,26],
sound absorbing coefficient oy, of the porous metal + cavity structure
and that ap of the microperforated panel + cavity structure could be
calculated by the Egs. (4) and (5), respectively. Here T, is total transfer
matrix of porous metal + cavity structure; Tp is total transfer matrix of
microperforated panel + cavity structure; p is density of the air,
1.21 kg/m?; c is the acoustic velocity in air, 343 m/s; P is transfer matrix

of porous metal; M is transfer matrix of microperforated panel; S is
transfer matrix of cavity. Meanwhile, Re() and Im() in the Egs. (4) and
(5) represent the real part and the imaginary part of one complex num-
ber, respectively.
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According to the Johnson-Champoux-Allard model [22] and
Maa's theory [23], transfer matrixes P, M, and S of the porous metal,
the microperforated panel, and the cavity could be calculated by
the Egs. (6), (7), and (8), respectively. For the porous metal, kj, is
the wave number in it; d, is its thickness; Z, is its characteristic
impedance; these parameters can be calculated by the series of equa-
tions in the Eq. (9). For the microperforated panel, Zs is its acoustic
impedance, and it can be calculated by the series of equations in
the Eq. (10). For the cavity, o is angular frequency; c is acoustic
velocity in air; D is length of the cavity. Meanwhile, j is symbol of
imaginary number.
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In the Eq. (9), @ is also the angular frequency; p(w) is the complex
effective density; K(w) is the complex effective bulk modulus; fis the
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acoustic frequency; vy is specific heat ratio of the air, 1.40; p is also den-
sity of the air; P, is static pressure of the air, 1.013 - 10° Pa; Pr is the
Prandtl number, 0.71; N, is the Nusselt number, 4.36; ¢ is porosity of
the porous metal, 90%; o is static flow resistivity of the porous metal,
9524 Pa-s-m~2 [18,21,30]. Meanwhile, In the Eq. (10), R and X are the
real part and the imaginary part of the acoustic impedance of the
microperforated panel; p is viscosity coefficient of the air, 1.506
- 107> m?/s; v represents temperature conduction coefficient of the
panel, 2.0 - 107> m?/s; p is also density of the air; ¢ is the perforating
rate, 2.18%, which is obtained by the Eq. (3); k; is acoustic resistance
constant; o is also angular frequency; k;, is acoustic mass constant; k
is perforated panel constant; d is diameter of the hole, 0.75 mm; b is dis-
tance between the neighboring holes, 4.5 mm,; t is thickness of the
panel, 0.5 mm.

The fourth-order polynomial function Ppy;, which was obtained by
fitting the experimental data and shown in the Eq. (11), was treated

as the coupling function and utilized to express the superposition ab-
sorption effect of porous structures and microperforated structures. In
this way, sound absorbing coefficient ap of the proposed acoustic ab-
sorber could be calculated by the Eq. (12).

6.558 3.524 0.0404 —4729-107° —3.047-107°
—2.348 —0.6427 —0.0027  2.852-107° 0
Ppy=| 05343 0.034 —4.04-107° 0 0
—0.0209 —4346-107* 0 0 0
2.409-107* 0 0 0 0
(11
!
acp=[1ap o &f of] Py-[1 ay o o3 o (12)

Taking actual parameters of the proposed acoustic absorber to the
constructed semi-empirical model in the Eq. (12), comparisons of the
experimental data and the theoretical data were shown in Fig. 6. It
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Fig.4 (continued).

could be observed that consistency of the experimental data and the
theoretical data was excellent, especially when the cavity was 20 mm.
The total departure of the regressive average value R? was used to quan-
titatively evaluate prediction accuracy of the model, and it could be

obtained by Eq. (13) [18]. Here c; was actual sound absorption coeffi-
cient obtained by experiment; N was numbers of the measured fre-
quency points, 27. It could be calculated that values of R? for the
compressed and microperforated porous metal panel absorber were

Table 2
The average sound absorbing coefficients of the five samples with different cavities.
Cavity

Sample 5 mm 10 mm 15 mm 20 mm 25 mm 30 mm
Original porous metal 20.03% 24.16% 26.35% 25.70% 25.51% 24.23%
Compressed porous metal 36.69% 51.08% 55.97% 57.14% 54.72% 50.91%
Compressed and microperforated porous metal panel 38.85% 54.16% 58.87% 59.69% 57.36% 53.31%
Microperforated spring steel panel 34.77% 33.53% 32.41% 31.49% 30.38% 30.91%
Microperforated uncompressed porous metal 20.12% 23.13% 25.04% 25.05% 22.67% 22.77%
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Fig. 5. The satisfied frequency bands with the requirement of sound absorbing coefficient at 50%.

0.989, 0.9958, 0.9986, 0.9987, 0.9947, and 0.9809 corresponding to the
cavities of 5 mm, 10 mm, 15 mm, 20 mm, 25 mm, and 30 mm, which
verified effectiveness of the semi-empirical model.

N L N2
RZ —1— Zi:l ((IXVEI ?CP!) (13)
>ing O

Through the constructed semi-empirical model, evolution of the cal-
culated average sound absorbing coefficient of the proposed acoustic
absorber with different cavities was shown in Fig. 7. It could be found
that when the investigated frequency range was 100-6000 Hz (the
blue solid line in Fig. 7), there were four maximal values (corresponded
to the cavities of 20 mm, 49 mm, 76 mm, and 95 mm) and three mini-
mal values (corresponded to the cavities of 29 mm, 56 mm, and
86 mm) in length range of the cavity 1-100 mm. these extremums
were generated by the continued appearance of higher order resonance
frequency for the proposed acoustic absorber along with increase of
length of the cavity, which could also be judged from distributions of
sound absorbing coefficients in Figs. 3, 4(f), and 6(f). Meanwhile, it
could be observed that maximal value of the average sound absorbing
coefficient was gradually increased from 56.58% (corresponding to the
cavity of 20 mm) to 63.15% (corresponding to the cavity of 95 mm),
which was consistent with the universal sound absorption principle of
normal microperforated panel [12,13,23,24]. The validation of predic-
tion reliability of the averaged sound absorbing coefficient was con-
ducted by measuring the proposed acoustic absorber when length of
the cavity was 60 mm, and the result was shown in Fig. 8. The theoret-
ical data was consistent with the experimental data, and the calculated
actual average sound absorbing coefficient was 60.08%, which was close
to that of 59.41% in theory and could further validate the effectiveness
and accuracy of the constructed semi-empirical model. It was known
that there would be more absorption peaks along with increase of
length of the cavity [12,13,23,24]. It could be judged from the experi-
mental data for the compressed and microperforated porous metal
panel with cavity of 30 mm in Fig. 4(f) that the first resonance absorp-
tion frequency was 1800 Hz, and the second resonance absorption fre-
quency would appear when the cavity was larger. Therefore, when
length of the cavity was 60 mm in Fig. 8, 900 Hz was the first resonance
absorption frequency and 3500 Hz was the second resonance absorp-
tion frequency. It could be predicted that the third resonance absorption
frequency would appear when length of the cavity was larger. There
was also another absorption peak at 1600 Hz in Fig. 8, and its corre-
sponding wavelength was 214 mm, which was close to four times of
length of the cavity 60 mm. We supposed that there was an absorption
peak when one quarter of the wavelength was close to length of the

cavity. The average sound absorbing coefficient was not only affected
by the given length of the cavity, but also be influenced by the investi-
gated frequency range, which could be judged from the evolution of av-
erage sound absorbing coefficients when the investigated frequency
range was 2000-6000 Hz (red dashed line in Fig. 7) and when the inves-
tigated frequency range was 100-2000 Hz (purple dotted line in Fig. 7).

The optimal length of the cavity for certain requirements could be
calculated by the constructed semi-empirical model. Noise frequency
ranges of one given air compressor in the working condition was
2000-5000 Hz, and the requirement of noise reduction was that the
sound absorbing coefficient in this frequency range should exceed
80%, which could be summarized in Eq. (14). According to the con-
structed semi-empirical model in Eq. (12), it could be derived that the
optimal length of the cavity was 17.91 mm. Owing to control accuracy
of the used AWAG6128A detector, the optimal length of the cavity was
selected 18 mm by approximating, and the corresponding experimental
results and theoretical results were shown in Fig. 9. It could be observed
that the obtained optimal results were exactly satisfied to the require-
ment. In the second case, requirement of the noise reduction in one
workshop was that the average sound absorbing coefficient exceeded
55% in the frequency range of 100-2000 Hz, which could be expressed
in Eq. (15). The calculated optimal length of the cavity in theory was
47.86 mm, which was approximated to 48 mm in actual experiment.
Judging from the experimental result and the theoretical result in
Fig. 10 it could be found that these two data were consistent. The actual
average sound absorbing coefficient was 56.61%, which met the require-
ment and was close to the theoretical average sound absorbing coeffi-
cient 55.39%. It could also be found that when length of the cavity was
48 mm, the first resonance absorption frequency was 1100 Hz and the
second resonance absorption frequency was 4300 Hz. The another ab-
sorption peak was round 2000 Hz, and its corresponding wavelength
was 171.5 mm. One quarter of the wavelength was 43 mm, which was
close to length of the cavity 48 mm. The two replication experiments in-
dicated that the compressed and microperforated porous metal panel
absorber was efficient in noise reduction and the optimal acoustic ab-
sorber could be achieved according to the constructed model.

D’ = min{D|acp(f)280%, fE[2000Hz, 5000Hz]} (14)

D™ = min{D|aver(acp(f))255%, f€[100Hz, 2000Hz]} (15)

5. Micromorphology

The samples were further investigated by scanning electron micro-
scope (JSM-6360LV (JEOL Ltd., Tokyo, Japan)), and their corresponding
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surface morphologies were shown in Fig. 11, which aimed to study the
sound absorption performance from the microstructure. It could be ob-
served from Fig. 11(a) that there were standard pore structures in orig-
inal porous metal [21], and these pore structures were destroyed by the
compression [18], as shown in Fig. 11(b). After further
microperforation, the compressed and microperforated porous metal
panel was obtained, as shown in Fig. 11(c). Compared with the
microperforated spring steel panel in Fig. 11(d), it could be observed
that the compressed and microperforated porous metal panel was not
solid, and there were many reticular gaps in its surface and interior.
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Therefore, besides the resonance absorption effect obtained by the mi-
cropore, there were also viscous effect and heat conduction in sound ab-
sorption process of the compressed and microperforated porous metal
panel absorber, which were realized by these reticular gaps. This super-
position absorption effect was more obvious in the high frequency
range, which could also be judged from comparisons of the sound ab-
sorbing coefficients in Fig. 4, because porous structure and reticular
gap was more effective at sound absorption in the high frequency
range. After compression, porosity of the sample was decreased and
its static flow resistivity was increased, because thickness of the sample
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Fig. 6. Comparisons of the experimental data and theoretical data for the proposed acoustic absorber.



P. Bai et al. / Materials and Design 167 (2019) 107637 11

90 T T T T

X80 ]
5
270 = — X: 76 . . .X95
& a7 s X: 58 - mYiE272 :;2?08— Y:63.15
© V8035 Y5863 e W T T E—]
g 60 i X: 29 /—’—'“:}-"-—m-—-— S =
. Y5209 P e EEE—————
c ] e
i) 50 P B
o T
240 g |
©
g
S 30 1
o
2]
%20 |
§ 10 —The investigated frequency range of 100-6000 Hz
< - —The investigated frequency range of 2000-6000 Hz

0 L | L | | |7~ The investigated frequency range of 100-2000 Hz

10 20 30 40 50 60 70 80 90 100
Cavity length (mm)
Fig. 7. Evolutions of average sound absorbing coefficients along with increase of length of the cavity.
100

Sound absorbing coefficient (%)
(o))
o

* Experimental data
— Theoretical data

| 1 | 1 | 1 |

500

|
1000 1500 2000 2500 3000 3500 4000 4500
Frequency (Hz)

5000 5500 6000

Fig. 8. Comparison of the theoretical data and the experimental data for the proposed compressed and microperforated porous metal panel absorber with length of the cavity 60 mm.

was reduced by the compression, which resulted in the deviations be-
tween actual sound absorption performance and theoretical sound ab-
sorption performance.

In order to further study microstructure of the compressed and
microperforated porous metal panel, its cross-sectional morphologies

were achieved by inclining the sample 30°, and the obtained results
were shown in Fig. 12. It could be observed that side wall of the micro-
pore was also not solid and there were some irregular micro-vias. These
irregular micro-vias were considered as one reason for the decrease of
sound absorbing coefficient of the proposed acoustic absorber relative

100 [ . ——
90 -
B0p=—==—=--=—--—-——-—-—---
70+
60 -
50 -
40 -
30

20 -

Sound absorbing coefficient (%)

10

I
I
I
I
I
I
I
I
I
I
|
|
|
|
|
|

0 1 1 | 1

* ;Experimental data
—iTheoretical data

1 | | |

0 500 1000 1500 2000 2500

3000 3500 4000 4500 5000 5500 6000

Frequency (Hz)

Fig. 9. The optimal compressed and microperforated porous metal panel absorber for the sound absorbing coefficient beyond 80% in the frequency range of 2000-5000 Hz.
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Fig. 10. The optimal compressed and microperforated porous metal panel absorber for the average sound absorbing coefficient beyond 55% in the frequency range of 100-2000 Hz.

to that of the microperforated spring steel panel in some frequency
points, especially when length of the cavity was small, which could
also be judged from the results in Fig. 4. In addition, the compressed
microperforated porous metal panel was a highly resistive structure
with a quarter-wavelength resonance at a much higher frequency
than the Helmholtz-type resonance of the microperforated spring
steel panel, and these resonances got close to each other when length

g
1.00mm

(c) Compressed and microperforated porous metal panel

of the cavity was larger, which also resulted in the decrease of its
sound absorbing coefficient in some frequency points.

6. Conclusions

Sound absorption performances of the five acoustic absorbers with
different cavity were investigated, which included original porous

V 13.0mm x30 SE(M)

(d) Microperforated spring steel panel

Fig. 11. Surface morphologies of the investigated samples obtained by scanning electron microscope.
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(a) With low magnification of x30

(b) With high magnification of x150

Fig. 12. Cross-sectional morphologies of the compressed and microperforated porous metal panel.

metal, compressed porous metal, compressed and microperforated po-
rous metal panel, microperforated spring steel panel, and
microperforated uncompressed porous metal. By the material fabrica-
tion, experimental measurement, results discussion, theoretical analy-
sis, and micromorphology investigation, the following conclusions
could be obtained in this study.

(1) Novel acoustic absorbers were developed by the compression
and microperforation of the porous metal, and original porous
metal and microperforated spring steel panel were treated as
the contrast. The evolution trends of sound absorbing coeffi-
cients of the five investigated acoustic absorbers with different
lengths of the cavity were consistent with normal sound absorp-
tion principle of the porous metal absorber and that of the
microperforated panel absorber, respectively.

(2) With same length of the cavity, sound absorption performance
could be obviously improved by compression and micro-
perforation of the porous metal. Especially when length of the
cavity was 20 mm, average sound absorbing coefficient of the
compressed and microperforated porous metal panel absorber
in the frequency range 100-6000 Hz was 59.69%, which was su-
perior to that 25.70% of the original porous metal absorber and
that 31.49% of the microperforated spring steel panel ab-
sorber.

(3) A fourth-order polynomial function was treated as the coupling
function to express superposition absorption effect of the reticu-
lar gaps and micropore in the compressed and microperforated
porous metal panel absorber. Comparisons of the theoretical
data and experimental data proved veracity and reliability of
the semi-empirical model. Two replication experiments with
given requirements proved that the compressed and
microperforated porous metal panel absorber was effective in
the noise reduction and the optimal acoustic absorber could be
achieved according to the constructed model.

(4) Surface morphologies of the investigated samples obtained by
the scanning electron microscope showed that the pore struc-
tures in the original porous metal was compressed to the reticu-
lar gaps, and there were irregular micro-vias on the micropore
fabricated by the further microperforation. Micromorphology of
the compressed and microperforated porous metal panel could
give the intuitive explanations to the improvement of its sound
absorption performance.

The proposed acoustic absorber obtained by compression and
microperforation of the porous metal can obtain excellent sound

absorption performance, and it can be optimized for certain require-
ment by the constructed semi-empirical model, which will be propi-
tious to promote practical application of the proposed acoustic
absorber in the noise reduction field.
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