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Abstract: Traditional porous media such as melamine foam absorb sound due to their
three-dimensional porous struts. However, the acoustic properties at low frequencies are greatly
related to its thickness. In this paper, a novel type of thin and lightweight sound absorber composed of
melamine foam and hollow perforated spherical structure with extended tubes (HPSET) is introduced
to enhance the sound absorption performance at low frequencies. A theoretical model for the normal
absorption coefficient of the HPSET with melamine foam is established. Good agreements are
observed between the simulated and the experimental results. Compared with the virgin melamine
foam, the proposed absorber can greatly improve the low-frequency sound absorption and retain the
mid- to high-frequency sound absorption, while the thickness of the proposed absorber is less than
1/28 of the wavelength.

Keywords: hollow perforated spherical structure with extended tubes; low frequency sound absorption;
melamine foam; wideband sound absorber

1. Introduction

Melamine foams are porous materials widely used in the transport and civil engineering industries
for their remarkable properties of sound absorption and special abilities to withstand extreme
environments (such as heat insulation, fire protection and environmental protection). At present,
the research on this type of foam material has produced a series of papers, and the manufacturing
process is protected by a large family of patents [1,2]. However, in practical noise applications, such
as rail locomotive vehicles, the internal noise of the vehicle is mainly dominant in the low-frequency
noise of 100–1000 Hz. If a single layer of melamine foam is used to absorb the low frequency noise
inside the cab, the foam materials usually require a relatively large space and material thickness [3].
Many researches focused on the optimization of the pore size of porous foams, since the sound energy
dissipation mechanism of porous materials originates from the visco-thermal dissipation of micropores.
Perrot [4] studied the sound absorption properties of the open-cell foam metal structure based on
the Kelvin structure. He pointed out that the pore size directly determines the flow resistivity of the
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material. When the pore size is small, the flow resistivity of the material increases, and the sound
wave is not easy to enter the material; when the pore structure is large, the flow resistivity is very
small, and the large-size micropores cannot provide sufficient damping for the incident sound waves.
Later, Trinhet et al. [5] studied the sound absorption of polyurethane foam with membrane in the pore
network, and their results show that decreasing the openness of the membrane could enhance sound
absorption performances of the material in low frequency ranges. Park et al. [6,7] built a multiscale
numerical model to optimize the sound absorption properties of PU foams, they found that the acoustic
damping at low frequencies could be improved with an optimum mean cell size and cell openness.

Optimization of the geometrical parameters of the porous structure could improve the sound
absorption of the porous foams to some extent; however, their first sound absorption peak frequency is
still determined by its quarter wavelength resonance frequency. In recent years, much attention has
been paid on developing meta-acoustic materials to enhance the low frequency absorbing performance.
Kidner and Fuller experimentally investigated the use of heterogeneous (HG) acoustic materials to
improve low frequency insertion loss of blankets [8]. An active-passive method, which, based on
FOAM-PVDF structure, was also introduced by Fuller to enhance the transmission loss of foam
materials [9]. Fuller and his colleagues further [10] used meta-materials that are composed of small
masses and poro-elastic media to improve the sound absorption of the porous materials at low
frequencies. Based on numerical analyses of the finite element method, Groby et al. [11,12] conducted
several studies on periodic inclusions embedded in the porous layer to improve the sound absorption
bandwidth. However, their effective sound absorption bandwidth of the composite absorber still lies
in the mid-or high-frequency range (>1000 Hz).

Relying on the multi-layer resonance system, the sound absorption bandwidth of porous media
could be significantly broadened by using the perforated plates. Lin [13] studied the structure of the
sound-absorbing material behind the micro-perforated plate, and their results revealed that, when the
sound-absorbing material occupied the entire cavity, the combined structure had a broader sound
absorption band. Li et al. [14] studied theoretically and experimentally the sound absorption coefficient
of sound-absorbing materials combined with micro-perforated plates by using the transfer matrix
method. They analyzed influences of different placement of sound-absorbing materials on the sound
absorptive performance for the composite absorber, and proposed a wideband sound-absorbing
configuration in which the sound-absorbing material was placed in front of the micro-perforated plate.
However, the composite absorber still requires a large installation space.

More recent work has laid foundations of improving the low frequency sound absorption
performance by using extended tube resonators [15–19]. Li et al. [16–18] presented a kind of multiple
extended tube resonators to enhance the low frequency range from 100 to 1600 Hz in a constrained
space of 100 mm. In order to further improve the low frequency sound absorption of a thin layer
melamine foam below 500 Hz, a new type of resonant absorber comprised of hollow perforated
spherical structure with extended tubes is introduced in the present work. Hence we theoretically
and experimentally investigated the low sound absorption performance of the combined absorber,
and found that the coupling between the Helmholtz resonance and the quarter wavelength resonance
shows a great potential to ameliorate sound absorptive performance of a traditional porous foam at
low- and mid- frequencies. Meanwhile, the sound absorption in low frequency range could be greatly
enhanced by tuning the tube parameters. Our proposed sound absorber reaches the same sound
absorption performance of PPETs-PSAM [17,18], while it is more practical in noise control application
since this device is simply made of a thin and lightweight hollow perforated spherical structure,
and could be easily combined with porous foams. In what follows, we firstly conduct a theoretical
analysis of the performance of combined absorber in Section 2, and then focus on parametric studies in
Section 3. Section 4 is aimed at experimental verifications by impedance tube. Finally, Section 5 draws
some conclusions.
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2. Theoretical Analyses

2.1. Impedance Model of Melamine Foam

Following the well-known JCAL model proposed by Johnson et al. [20] and Lafarge et al. [21],
the equivalent density ρeq(ω) and modulus Keq(ω) of the porous fluid are

ρeq(ω) =
α∞ρ0

φ

1− j
σφ

ωρ0α∞

√
1 + j

4α∞2ηρ0ω

σ2Λ2φ2

 (1)

Keq(ω) =
γP0/φ

γ− (γ− 1)
[
1− j φη

k0′Nprρ0ω

√
1 + j

4k0′
2Nprρ0ω

ηΛ′2φ2

]−1
(2)

where ω is the angular frequency, ρ0 is the density of the air, η is the viscosity of the air, σ is the airflow
resistivity, P0 is the mean ambient pressure, φ is the porosity of the material considered, Npr is the
Prandtl number of the air, and γ = Cp/Cv is the specific heat ratio, in which Cp and Cv are the specific
heat capacities at constant pressure and at constant volume respectively. The JCAL model involves
six characteristic parameters: the static viscous permeability k0, the porosity φ, the tortuosity α∞,
the viscous characteristic length Λ, the static thermal permeability k0

′ and the thermal characteristic
length Λ’.

According to formula (1) and formula (2), the wave number ks and characteristic impedance Zs of
the equivalent fluid medium is

Zs(ω) =
√
ρeq(ω)Keq(ω), and (3)

ks(ω) = ω
√
ρeq(ω)/Keq(ω) (4)

For the melamine foam with a thickness of H, the surface impedance at x = H of the sample backed
by a rigid wall (see Figure 1) is given by

ZPM(ω) =
− jZs(ω) cot(ks(ω)H)

φ
(5)
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Figure 1. Illustration of HPSET and melamine foam installed at an impedance tube. The thickness of
the foam is H, and the inner diameter of the HPSET is 2R. The diameters and the maximum length of
the extended tubes are d0 and t. All extended tubes inlets are shaped to follow the sphere curvature.
The cross-sectional areas of HPSET and impedance tube are S and S0.
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In this paper, an experimental characterization approach, which requires direct measurements of
φ and k0 and an impedance tube technique [22–24], is adopted to characterize the transport parameters
of melamine foam [25,26]. Parameters of the melamine foam are listed in Table 1. The porosity φ is
measured by a porosimeter, the air-flow resistivity σ is directly measured by resistivimeter, and the
remaining four transport parameters (α∞, Λ, Λ′, k0

′) are determined by the inverse characterization
techniques using a three-microphone impedance tube [24]. We use a commercially available software
RokCell (v3.0, MATELYS, Lyon, France) [27] to automatically obtain the estimations of the parameters.

Table 1. Parameters of the melamine foam.

Parameters σ (Pa·s/m2) φ α∞ Λ (µm) Λ’ (µm) k0
′

(×10−10 m2)

Melamine
foam 9354 ± 390 0.993 ± 0.001 1.04 ± 0.02 107 ± 5 223 ± 23 23 ± 2

2.2. Impedance Model of the Hollow Perforated Spherical Structure with Extended Tubes (HPSET)

Figure 1 illustrates the placement of the HPSET and melamine foam in an impedance tube.
According to the well-known Maa model [28,29], the acoustic impedance of a single extended tube can
be expressed as

Z =
∆P
u

= jωρ0(t + 0.85d0)

1− 2
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√
− j

J1(x
√
− j)
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√
− j)

−1

+

√
2ωρ0η

4
(6)

where x = d0
√
ωρ0/(4η) is the ratio between the perforation radius and the viscous boundary layer

thickness inside the tube of the perforations (also named “perforation constant”), d0 is the inner
diameter of the extended tubes, t is the maximum length of the tubes, η is the viscosity of the air,
ω denotes the angular frequency, j =

√
−1 represents the imaginary unit, ρ0 is the mass density of the

air, and J0, J1 are Bessel’s functions of zero and first order.

The normalized impedance of the spherical resonating cavity is ZD = − j cot
(
ω
c
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S

)
, then the

normalized impedance of HPSET absorber is given as
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with

rp =
32ηt

ϕpρ0cd02

(1 + x2

32

)1/2

+

√
2xd0

64t

 (8)

ωmp =
ωt
ϕpc

1 +
(
9 +

x2

2

)−1/2

+ 0.85
d0

t

 (9)

where ρ0c denotes the characteristic impedance of the air, c is the sound speed in the air (m/s),
φp = NA0/S corresponds to the perforation ratio of the HPSET (N denotes the number of extended
tubes, A0 = πd0

2/4 denotes to the inner cross-sectional area of the extended tubes, S = πR2 is the
cross-sectional area of the HPSET. d0 is the inner diameter of the extension tubes and R is the inner
radius of the HPSET). V = 4πR3/3 and Vtubes = πtNd0

2/4 are the volume of the perforated ball and
the extended tubes, respectively.

2.3. Normal Incidence Sound Absorption of HPSET with a Melamine Foam

Considering the sound waves impinges vertically on the composite absorber as illustrated in
Figure 1. As the HPSET is embedded within the melamine foam, the equivalent impedance is the



Appl. Sci. 2020, 10, 8978 5 of 11

parallel of the HPSET and the melamine. Based on the impedance transfer formula [30], the specific
acoustic impedance of the melamine foam at the surface of the composite absorber can be calculated as

Z′PM =
ZPM(ω) + jρ0c tan(ks(ω)(R−H))

ρ0c + jZPM(ω) tan(ks(ω)(R−H))
(10)

Then, the characteristic impedance of the composed absorber is given as

Z′ =
(

1−ϕb

Z′PM
+

ϕb

ZHPSET

)
(11)

where ϕb = S/S0, and S0 denotes the cross-sectional area of the impedance tube, S denotes the
cross-sectional area of the HPEST. The normal incidence sound absorption coefficient of HPSET
combined with melamine foam installed at an impedance tube is calculated as

α =
4Real(Z′)

(1 + Real(Z′)2) + Imag(Z′)2 (12)

3. Simulation Results and Discussion

3.1. Analytical Study of Normal Incidence Sound Absorption Coefficient of the HPSET with a Melamine Foam

Figure 2 illustrates the analytical results of the normal incidence sound absorption coefficient of the
HPSET with a melamine foam obtained from Equation (12), in which the sound absorption of HPSET
and a single layer melamine foam are also shown for a comparison. In the following simulations,
the inner diameter of the HPSET is 2R = 65 mm, the number of perforations is N = 2, the diameters
and lengths of the extended tubes are d0 = 4.9 mm and t = 10 mm, respectively. The Helmholtz
resonance absorption peak of the HPSET is found at 380 Hz and the anti-resonance frequency of
this combined absorber is observed at 500 Hz, while the quarter wavelength resonance frequency
of the porous material is around 1500 Hz. It is shown in Figure 2a that the sound absorption of the
composite absorber is superior to the single layer melamine foam and HPSET. It is clear that the sound
absorption of a single layer porous foam is less than 0.5 below 500 Hz. While the composite absorber
reaches a wideband sound absorption (greater than 0.5) in the frequency range from 350 Hz to 2000 Hz,
hence combination of HPSET with melamine foam could greatly enhance the low frequency sound
absorptive performance of the melamine foam.

It is revealed from Figure 2b that the relative resistance of single layer melamine foam and HPSET
are less than 1, which is less than the combined absorber in the frequency range from 360 Hz to 2000 Hz.
Hence, the present absorber could improve the acoustic resistance and enhance the sound absorption.
Meanwhile, the relative acoustic reactance of this combination is nearly zero at the resonance frequency
of 380 Hz and 1500 Hz, which ensures the wideband absorptive performance of the proposed absorber.
The low frequency sound absorptive performance could be further enhanced by combining multiple
HPSETs with different resonance frequency.

3.2. Parametric Study of the Sound Absorption Coefficient of HPSET with a Melamine Foam

Since the sound absorption of HPSET-Melamine foam absorber is influenced by many parameters,
we take the same analytical process and investigate the main parameters in this section. The resistivity
of the melamine foam is a key factor which dominates the sound absorption. It is demonstrated in
Figure 3a that the resistivity of the melamine foam will greatly influence sound absorption both at
the anti-resonance frequency and the quarter wavelength resonance frequency. When increasing the
resistivity of the melamine foam, the sound absorption at the anti-resonance frequency is enhanced,
while the sound absorption at the quarter wavelength resonance frequency is firstly increased and
then decreased. The absorption peak at Helmholtz resonance frequency decreases slightly with the
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increase in resistivity. Hence, a reasonable resistivity is required to match the specific resistance of the
incident sound waves for the composite absorber.
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Figure 3b demonstrates the variation of the diameter of extended tubes on the overall sound
absorption of the present absorber. The tube diameter is a critical factor which controls the sound
absorption performance of the sound absorption of HPSET. When the tube diameter is too large,
the relative resistance is less than 1, and the sound absorption is decreased. On the opposite,
a small-diameter will induce overlarge acoustic resistance which will also decrease the sound absorption.

As illustrated in Figure 3c,d, the low frequency sound absorption peak of the combined absorber
is greatly shifted to lower frequencies by decreasing the tube number or increasing the tube length,
while the high sound absorption peak remains the same. It is noted that the low frequency sound
absorption of the HPSET is due to the increase in mass reactance, and the resonance frequency could
be tuned via optimizing the tube parameters.
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4. Experimental Validation

The normal-incidence sound absorption coefficient of the HPSET with melamine foam is
measured by an impedance tube (B&K 4206, see Figure 4) based on the transfer function method.
The measurements are manipulated according to the ISO 10534-2 standard [31], and the experiment
set up is shown in Figure 4. The distance between the two microphones is 50 mm and the measured
frequency range is from 0 to 1600 Hz. The inner diameter of the impedance tube is 100 mm. The room
temperature is 17.5 ◦C, the atmosphere pressure is 1.01 × 105 Pa, and the relative humidity is 66.4%.
The hollow perforated spherical structure used in the experiments is made of plastic, and the extended
tubes are made of copper. Parameters for the HPSETs are shown in Table 2. Thickness of hollow
perforated spherical structure and extended tubes is 0.5 mm. The thickness of the foam is 50 mm,
and the average densities of the HPSET with foam are 47.1 kg/m3.

Table 2. Parameters of the tested samples of HPSETs.

Parameters d0 (mm) t (mm) N 2R (mm)

HPSET1 4.9 10 2 65
HPSET2 4.9 10 5 65
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Figure 5 shows the comparison of the experimental result and the calculation result for the sound
absorption coefficient of the melamine foam. The calculation result uses the inverse characterization
techniques described in Section 2.1 (inversion method-based parameters are listed in Table 1). It is
shown that the calculation result is highly consistent with the actual experimental result, which verifies
the reliability of this inversion characterization method.
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Figure 5. Sound absorption coefficient of the melamine foam. The red solid line and blue dashed line
represent the calculated results by inversion method and directly measured results, respectively.

The measured and calculated sound absorption coefficient curves of HPSET with melamine
foam are shown in Figure 6. Good agreement is observed between the measurement and calculation.
The HPSET combined with a porous foam in a limited thickness of 65 mm reaches a good sound
absorption property in the frequency range from 200 to 1600 Hz. The thickness of the porous material
is only 1/28 of the sound wavelength, which realizes the purpose of controlling the large wavelength
with thin layer materials.
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5. Conclusions

A thin and lightweight sound absorber is presented to improve the acoustic properties at low
frequencies of melamine foams. The absorption performance of the compound absorber is validated
experimentally by using an impedance tube, and the measured results are consistent with the calculation
results. Our research implies that the tube diameter and the resistivity are critical factors controlling the
absorption performance. When decreasing the tube number or increasing the tube length, the resonance
frequency is greatly shifted to lower frequencies. Both theoretical and measured results show that
the HPSET combined with a melamine foam can keep good sound absorptive performance in the
frequency range from 200–1600 Hz in a limited thickness. Compared with conventional absorbers,
the proposed absorber is practical in noise control applications such as in domains of rail vehicles,
aircrafts cabin and automobiles.
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