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Abstract: Thin sound-absorbing materials are particularly desired in space-constrained applications,
such as in the automotive industry. In this study, we theoretically analyzed the structure of relatively
thin glass wool or polyester wool laminated with a nonpermeable polyethylene membrane and a
permeable nonwoven fabric sheet. We also measured and compared the sound-absorption coefficients
of these samples between experimental and theoretical values. The sound-absorption coefficient
was derived using the transfer matrix method. The Rayleigh model was applied to describe the
acoustic behavior of glass wool and nonwoven sheet, while the Miki model was used for polyester
wool. Mathematical formulas were employed to model an air layer without damping and a vibrating
membrane. These acoustic components were integrated into a transfer matrix framework to calculate
the sound-absorption coefficient. The sound-absorption coefficients of glass wool and polyester wool
were progressively enhanced by sequentially adding suitable nonwoven fabric and PE membranes.
A sample approximately 10 mm thick, featuring permeable and nonpermeable membranes as outer
layers of porous sound-absorbing material, achieved a sound-absorption coefficient equivalent to
that of a sample occupying 20 mm thickness (10 mm of porous sound-absorbing material with a
10 mm back air layer).

Keywords: wool material; permeable membrane; nonpermeable membrane; surface protection;
sound-absorbing

1. Introduction

Porous materials are widely used in various fields owing to their high sound-absorption
performance in the mid- to high-frequency range [1–4]. However, thin sound-absorbing
materials are particularly desired in space-constrained applications, such as in the automo-
tive industry. Generally, to control the sound-absorption curve of porous materials at low
frequencies, an increase in the thickness of the sound-absorption mechanism is required.

Thin porous sheets with a back air space also exhibit peak sound-absorption frequen-
cies that depend on the thickness occupied by the sound-absorption mechanism [5,6].
However, this configuration has the drawback that its peak sound-absorption curve is
sharper compared to a porous material of equivalent thickness.

Rayleigh [7] and many other researchers have investigated the prediction of the sound-
absorption coefficient of porous materials. Delany and Bazley [8] proposed an equation
using characteristic impedance, propagation constant, and flow resistivity derived from
extensive empirical data to predict the sound-absorption coefficient. Allard et al. [9]
validated the equation’s applicability to textile materials. Subsequently, Miki [10] and
Komatsu [11] enhanced Delany and Bazley’s prediction equation.
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The models developed by Miki and Komatsu are widely adopted for predicting the
sound-absorption properties of porous materials because they determine propagation con-
stants and characteristic impedances from empirical equations based on experimental data.

Glass wool, a typical porous material, is widely used for sound absorption owing
to its excellent performance enabled by continuous pores composed of glass fibers [12].
To mitigate its structural fragility, glass wool is sometimes coated with a thin protective
material on its surface [13]. Research indicates that this protective coating can enhance its
sound-absorption capabilities [14–16]. Studies have also examined the effect of membrane
adhesion conditions on sound absorption when porous sound-absorbing materials are
coated with a thin nonpermeable membrane [17]. Moreover, research has documented
enhanced sound absorption in permeable membranes achieved by reducing membrane
vibration [18]. Additionally, investigations have explored the impact of adhesion condi-
tions on sound absorption when porous materials are coated with both permeable and
nontransparent membranes [19]. While experimental studies have explored the effect of
surface protection materials on sound-absorption properties, there are few studies on the
underlying mechanisms and theoretical interpretations when multiple protection materials
are combined [20].

Building upon the above-mentioned background, in this study, we theoretically an-
alyzed the structure of relatively thin glass wool or polyester wool laminated with a
nonpermeable polyethylene membrane and a permeable nonwoven fabric sheet. The
sound-absorbing properties of this structure are believed to result from the combination
of glass wool or polyester wool with a thin porous material and a membrane vibration
sound absorber, each contributing to the overall sound-absorption performance. We also
measured and compared the sound-absorption coefficients of these samples between ex-
perimental and theoretical values. These materials lack mechanical strength to function as
structural components. However, the laminated structure is expected to slightly reinforce
the fragile surfaces of glass and polyester wool when using polyethylene film and nonwo-
ven sheets. In this study, to enhance the flame resistance of the materials, glass wool was
considered suitable, and both polyester wool and polyethylene were treated with a flame
retardant [21].

In the theoretical analysis, the sound-absorption coefficient was derived using the
transfer matrix method. The Rayleigh model [7] was applied to describe the acoustic behav-
ior of glass wool and nonwoven sheet, while the Miki model [10] was used for polyester
wool. These models simulate sound-wave propagation through complex structures such as
porous materials. Material specifications, including density, flow resistivity, and thickness,
were taken into account in each model. Mathematical formulas were employed to model
an air layer without damping and a vibrating membrane [18]. These acoustic components
were integrated into a transfer matrix framework to calculate the sound-absorption coef-
ficient. Experimental measurements were performed using a two-microphone acoustic
impedance tube.

2. Measurement Equipment and Samples
2.1. Measuring Equipment

The sound-absorption coefficient was measured using a Brüel & Kjær Type 4206 two-
microphone impedance measurement tube. Figure 1 illustrates the schematic diagram of the
setup. A sample was mounted onto the impedance measurement tube, where a sinusoidal
signal was generated by the signal generator in the fast Fourier-transform (FFT) analyzer.
This signal was then emitted into the tube via a loudspeaker. The transfer function between
the sound-pressure signals from the two microphones attached to the tube was captured
by the FFT analyzer. The measured transfer function was subsequently used to calculate
the vertical incident sound-absorption coefficient following the procedures outlined in ISO
10534-2 [22]. The critical frequency at which a plane wave is formed depends on the inner
diameter of the acoustic tube. For the sample holder used in this study, which has an inner
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diameter of 29 mm, the upper limit of the measurement range is 6400 Hz. The input signal
to the loudspeaker was set at 0.2 V.
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Figure 1. Schematic diagram of a two-microphone impedance tube for measuring the absorption
coefficient.

The ventilation resistance of nonwoven fabric, glass wool, and polyester wool was
measured using a Kato Tech KES-F8-AP1 ventilation resistance tester. Figure 2 shows a
block diagram of the ventilation resistance tester. Air was passed through the sample at a
constant volume velocity, with the air being discharged and aspirated in both directions.
The flow resistivity, R, was then calculated from the pressure loss in the airflow.
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Figure 2. Block diagram of ventilation resistance tester (Kato Tech KES-F8-AP1).

2.2. Measurement Samples

Figure 3a–l show photographs and schematic diagrams of the glass wool 74k, polyester
wool, nonwoven fabric, and PE film used to create the measurement samples, along with
the fabricated samples. It has been reported [23] that the sound-absorption curve slightly
changes for nonwoven fabrics with an uneven 2 mm thickness. However, the nonwoven
fabric surface used in this study was considered flat because its thickness decreases only in
the point bonding area, whereas the rest of the surface remains flat. Micrographs of the



Technologies 2024, 12, 195 4 of 15

measured samples (a)–(c) in Figure 3 are shown in Figure 4a–c. The materials were cut to a
diameter of 29 mm, matching the inner diameter of the sample holder.

Table 1 presents the properties of the materials used. Glass wool is used from
Paramount Glass Mfg. Co. Ltd., Sukagawa, Fukushima, Japan. The fiber diameter of
each measured sample (and the corresponding porosity) was determined using the mi-
crographs shown in Figure 4. The nonwoven fabric is 3A01A from Toyobo Co. Ltd.,
Kita-ku, Osaka, Japan, and the polyester wool sound-absorbing material is a prototype
with general specifications.

The ventilation resistance, R, was measured using the above-mentioned ventilation
resistance tester. The flow resistivity, σ, was calculated by dividing the ventilation resistance,
R, by the thickness, t.
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Figure 3. Test samples: (a) glass wool; (b) polyester wool; (c) PE membrane; (d) nonwoven fabric
3A01A; (e) nonwoven, glass wool; (f) PE membrane, glass wool; (g) nonwoven, polyester wool;
(h) PE membrane, polyester wool; (i) nonwoven, PE membrane, glass wool; (j) PE membrane,
nonwoven, glass wool; (k) nonwoven, PE membrane, polyester wool; (l) PE membrane, nonwoven,
polyester wool.
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Table 1. Specifications of materials.

Name
Ventilation
Resistance

R [kPa·s/m]

Thickness
t [mm]

Resistivity
σ [kPa·s/m2]

Areal
Density

ρa [g/m2]

Density
ρ [kg/m3]

Fiber
Diameter

[µm]
Porosity *

Glass wool 74k 0.425 10 57.3 738.5 73.85 12.4 0.029

Polyester wool 0.218 10 21.8 900 90.00 20 0.065

Nonwoven fabric
(3A01A) 0.336 0.4 880 103 257.5 12.1 0.19

PE membrane 0.017 16.15 950

* The actual density of the glass fibers in glass wool was 2.55 g/cm3, and that of the fibers in polyester wool and
nonwoven sheet was 1.38 g/cm3.

2.3. Sample Holder

Figure 5a,b present a photograph and a schematic diagram of the sample holder. The
holder is made of aluminum alloy and has an inside diameter of 29 mm and an outside
diameter of 49 mm. The sample is placed at the bottom of the sample tube, as shown in
Figure 5b, for measuring the normal-incidence sound-absorption coefficient.
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3. Theoretical Analysis
3.1. Analytical Model for Each Stacked Structure

In this section, the sound-absorption coefficients of the samples described in Section 2
are derived through theoretical analysis using the transfer matrix method for sound pres-
sure and volume velocity.

Figure 6 displays schematic diagrams corresponding to the samples (a)–(l) in Figure 3a–l.
Figure 7 shows the equivalent circuits represented by electrical four-terminal networks
corresponding to the samples and schematic diagrams in Figures 3a–l and 6. Each four-
terminal network is cascaded in the order of the material lamination. Let TGW represent the
transfer matrix of glass wool, TPW the transfer matrix of polyester wool, and Tn the transfer
matrix of nonwoven fabric. The propagation constant γ and characteristic impedance Zc of
the glass wool and nonwoven fabric were calculated using the Rayleigh model [7], while
those of the polyester wool were determined using the Miki model [10]. The transfer matrix
TPE for the PE membrane was calculated considering the single DOF (degree of freedom)
vibration model [18]. Additionally, to maintain a total sample thickness of approximately
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10 mm, a theoretical analysis model without glass wool or polyester wool was assigned a
layered transfer matrix Tb, corresponding to a 10 mm thick back air space.
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3.2. Transfer Matrix Based on One-Dimensional Wave Equation

The transfer matrix of an acoustic element is expressed by the wave equation of a
one-dimensional sound field in which a plane wave propagates. Let p1 be the sound
pressure and u1 be the particle velocity at the plane of incidence of the sound wave; let
p2 be the sound pressure and u2 be the particle velocity at the end plane, and let S be the
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cross-sectional area of the acoustic element. The transfer matrix T for the sound pressure
and volume velocity between the incident and end planes is expressed as follows [24]:[

p1

Su1

]
= T

[
p2

Su2

]
=

[
A B
C D

][
p2

Su2

]
(1)

where the four-terminal constants A, B, C, and D in the transfer matrix T are derived from
the one-dimensional wave equation as follows:

T =

[
A B
C D

]
=

[
cosh(γl) Zc

S sinh(γl)
S
Zc

sinh(γl) cosh(γl)

]
(2)

where γ is the propagation constant, Zc is the characteristic impedance, and l is the length
of the acoustic element.

3.3. Transfer Matrix of Back Air Space

The transfer matrix of the back air space can be expressed by neglecting attenuation in
the transfer matrix, using the one-dimensional wave equation in Equation (2) as follows:

Tb =

[
cos kL j ρc

S sin kL
j S

ρc sin kL cos kL

]
=

[
Ab Bb
Cb Db

]
(3)

where k is the wavenumber, ρ is the density of air, c is the speed of sound in air, and L is the
length of the back air space.

3.4. Transfer Matrix of Porous Materials

Nonwoven fabric 3A01A, glass wool, and polyester wool are treated as porous mate-
rials in the transfer matrix. The characteristic impedances Zn and ZGW and propagation
constants γn and γGW of the nonwoven fabric and glass wool, respectively, are expressed
using the Rayleigh model [7]. The characteristic impedance ZPW and propagation constant
γPW of polyester wool are expressed using the Miki model [10]:

Zn = ρc
√

1 +
σn

jωρ
(4)

ZGW = ρc
√

1 +
σGW
jωρ

(5)

ZPW = 0.160
ω

c

(
f

σPW

)−0.618
+ j

ω

c

{
1 + 0.109

(
f

σPW

)−0.618
}

(6)

γn =
jω
c

√
1 +

σn

jωρ
(7)

γGW =
jω
c

√
1 +

σGW
jωρ

(8)

γPW = ρc

{
1 + 0.0699

(
f

σPW

)−0.632
}
− jρc

{
0.107

(
f

σPW

)−0.632
}

(9)

where σn, σGW, and σPW are the flow resistivity of nonwoven fabric, glass wool, and
polyester wool, respectively. The transfer matrices Tn for nonwoven fabric, TGW for glass
wool, and TPW for polyester wool are obtained by substituting Equations (4)–(9) into
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Equation (2). Additionally, tn, tGW, and tPW are the thicknesses of nonwoven fabric, glass
wool, and polyester wool, respectively.

Tn =

[
cosh(γntn)

Zn
S sinh(γntn)

S
Zn

sinh(γntn) cosh(γntn)

]
=

[
An Bn
Cn Dn

]
(10)

TGW =

[
cosh(γGW tGW) ZGW

S sinh(γGW tGW)
S

ZGW
sinh(γGW tGW) cosh(γGW tGW)

]
=

[
AGW BGW
CGW DGW

]
(11)

TPW =

[
cosh(γPW tPW) ZPW

S sinh(γPW tPW)
S

ZPW
sinh(γPW tPW) cosh(γPW tPW)

]
=

[
APW BPW
CPW DPW

]
(12)

3.5. Transfer Matrix of PE Membrane

The analytical model of the vibrating membrane represents a one-degree-of-freedom
vibration system. The acoustic impedance ZPE, neglecting the impedance of the spring
section, is expressed as follows [18]:

ZPE =
2ξ
√

mK
S2

PE
+ j

ωρPESPE

S2
PE

(13)

where ρPE is the areal density of the PE film, ζ is the damping ratio, ω is the angular
frequency of the sound wave, m is the mass of the PE film, and SPE is the cross-sectional
area of the PE film. The attenuation ratio was calculated for each sample using the half-
width method.

When the back space of the PE film is filled with air, as depicted in Figure 6d, K in
Equation (13) is the spring constant of the air, ka, and is expressed as follows:

K = ka =
Γp0Sp

L
(14)

where Γ is the specific heat ratio, p0 is the atmospheric pressure, and L is the length of the
back air space.

Here, for instance, when the PE film is backed by glass wool, as illustrated in Figure 6f,
K in Equation (13) represents the complex volume modulus of glass wool, denoted as
KGW. It is expressed by the following equation using the characteristic impedance ZGW
and propagation constant γGW of glass wool. Similarly, in the case of polyester wool, as
depicted in Figure 7h, K in Equation (13) denotes the complex volume modulus of elasticity
KPW of polyester wool, which is expressed using the characteristic impedance ZPW and
propagation constant γPW of polyester wool.

K = KGW = jω
ZGW
γGW

, K = KPW = jω
ZPW
γPW

(15)

Thus, the transfer matrix TPE for an oscillating PE film is expressed as:

TPE =

[
1 ZPE
0 1

]
=

[
1 2ξ

√
mK

S2
PE

+ j ωρPESPE
S2

PE
0 1

]
=

[
APE BPE
CPE DPE

]
(16)

3.6. Overall Transfer Matrix and Sound-Absorption Coefficient

The transfer matrix Tall of the entire acoustic system is constructed by multiplying the
transfer matrices of each element starting from the sound-wave incident side. For instance,
as depicted in Figure 7i, when TPE, Tn, and TGW are connected sequentially from the
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sound-wave incident side, the transfer matrix Tall of the entire acoustic system is expressed
as follows:

Tall =

[
APE BPE
CPE DPE

]
×

[
An Bn
Cn Dn

]
×

[
AGW BGW
CGW DGW

]
=

[
Aall Ball
Call Dall

]
(17)

The sound-absorption coefficient is calculated using the transfer matrix Tall. The
four-terminal constants of Tall correspond to the four-terminal constants A, B, C, and D of
the transfer matrix T in Equation (1). Under the condition of a terminal rigid wall where
u2 = 0, Equation (1) is expressed as: [

p1

Su1

]
=

[
Aall p2

Call p2

]
(18)

The specific acoustic impedance Z of this acoustic system, as viewed from the incident
plane, is given by:

Z =
p
u

(19)

where, from p = p1 and Su = Su1, the specific acoustic impedance Z is expressed as:

Z =
p
u
=

p
Su

S =
p1

Su1
S =

Aall
Call

S (20)

Here, the relationship between specific acoustic impedance Z and reflectance R is
defined by the following equation:

R =
Z − ρc
Z + ρc

(21)

The sound-absorption coefficient α is expressed using the reflection coefficient R
as follows:

α = 1 − |R|2 (22)

4. Experimental and Theoretical Values of Sound-Absorption Coefficient
4.1. Sound-Absorption Coefficient of Individual Materials

Figure 8 displays the experimental and theoretical sound-absorption coefficients of
each material represented by solid and dashed lines, respectively. A 10 mm thick back air
space was provided behind both the nonwoven fabric and PE membrane in each sample,
resulting in an approximate sample thickness of 10 mm. The theoretical analysis of samples
(a)–(d) corresponds to the transfer matrices depicted in Figure 7a–d, respectively.
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Figure 8. Comparison of experimental and theoretical values (single layer) (b.a.s. = back air space
10 mm).
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Figure 8 demonstrates consistent experimental and theoretical trends for each material.
Owing to the inner diameter limitation of the acoustic tube used, the upper-frequency limit
for measuring the sound-absorption coefficient is approximately 6400 Hz. Consequently,
experimental values for samples (a)–(c) do not confirm the sound-absorption peak. The
theoretical values indicate peaks at approximately 11,000 Hz for glass wool, 10,000 Hz for
polyester wool, and 8300 Hz for nonwoven fabric.

4.2. Sound-Absorption Coefficient of Samples with Two Materials Stacked Together

Figure 9a displays the experimental and theoretical values for samples (e) and (f),
where nonwoven fabric and PE film are used as the glass-wool skin, respectively. Figure 9b
shows the experimental and theoretical values for samples (g) and (h), respectively. The
theoretical analysis in Figure 10a,b corresponds to the transfer matrices illustrated in
Figure 7e–h.
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Figure 9. Comparison of experimental and theoretical values (two layers): (a) combination with glass
wool; (b) combination with polyester wool.
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The theoretical values for samples (a) and (b) in Figure 9a,b indicate that the peak
sound-absorption frequency of the porous sound-absorbing material alone lies in the high-
frequency range. However, when membranes are stacked, as in samples (e) and (f), the peak
sound-absorption frequency approaches that of a single membrane in samples (c) and (d) in
Figure 8. In essence, stacking the membranes causes the peak sound-absorption frequency
of the porous sound-absorbing material to shift to a lower frequency.

4.3. Experimental and Theoretical Values for Samples with Three Material Stacks

Figure 10a displays the experimental and theoretical values for samples (i) and (j),
while Figure 10b shows the experimental and theoretical values for samples (k) and (l),
respectively. The theoretical analysis in Figure 10a,b corresponds to the transfer matrices
depicted in Figure 7i–l.

In Figure 10, reversing the order of PE film and nonwoven fabric results in a slight
change in experimental values, while theoretical values remain largely unchanged. When
both nonwoven fabric and PE films are used as the outer layers, the peak frequency of sound
absorption shifts to the lower-frequency side compared to samples (a) and (b) individually.
Additionally, the sound-absorption curve broadens in the mid-frequency range compared
to the two-layer configurations (e)–(h) shown in Figure 9.

4.4. Sensitivity Analysis of the Theoretical Results for Different Nonwoven Fabric Thicknesses

Figure 11 shows the variation in the sound-absorption coefficient for sample j, as-
suming a variation in the thickness of the nonwoven sheet 3A01A without altering the
flow resistivity. For comparison, the experimental sound-absorption coefficient values for
sample j and the calculated values for the original ventilation resistance of 3A01A, which
have already been shown in Figure 10a, are also shown in Figure 11. We observe that as the
thickness of the nonwoven sheet increases (due to the increase in ventilation resistance), the
peak value of the sound-absorption coefficient decreases, thereby broadening the sound-
absorption curve. In other words, if the ventilation resistance of the nonwoven fabric sheet
is too high, the sound-absorption performance will decline.
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Figure 11. Sensitivity analysis with nonwoven fabric of the sound-absorption coefficient for different
thicknesses of the nonwoven fabric sheet.

4.5. Improvement of Sound-Absorption Coefficient by Addition of Thin Film

Figure 12a displays the experimental values for samples (a), (e), (f), (i), and (j), while
Figure 12b shows the experimental values for samples (b), (g), (h), (k), and (l). In Figure 9a,
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it is evident that the sound-absorption coefficient improves progressively with the addition
of PE film and then nonwoven fabric to the glass wool. Furthermore, the sound-absorption
coefficient of the stacked samples surpasses that of the glass wool alone across the entire
frequency range. This indicates that the sound-absorption coefficient of glass wool is
significantly enhanced using the PE membrane and nonwoven fabric as outer layers.
Similarly, Figure 12b demonstrates that the sound-absorption coefficient of polyester wool
improves incrementally (with some exceptions at high frequencies) by sequentially adding
PE film and nonwoven fabric to the polyester wool.
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Figure 12. Improved sound-absorption coefficient by stacked samples: (a) combination with glass
wool; (b) combination with polyester wool.

4.6. Comparison with Samples with an Occupied Thickness of 20 mm

Figure 13a,b compare samples with a total thickness of 20 mm against samples (j) and
(l) with a total thickness of approximately 10 mm. Here, the samples with a total thickness
of 20 mm consist of porous sound-absorbing materials with a 20 mm thickness, while the
10 mm thick porous sound-absorbing materials include a 10 mm thick back air layer.
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Figure 13a illustrates that sample (j), with a total thickness of approximately 10 mm,
achieves a sound-absorption coefficient comparable to that of 20 mm thick glass wool occu-
pying 10 mm, along with a 10 mm back air layer. Figure 13b demonstrates that sample (l),
also with a total thickness of about 10 mm, achieves a sound-absorption coefficient similar
to that of 20 mm thick polyester wool, particularly in the range from 1200 to 2000 Hz.
In the mid- and low-frequency range, the frequency range is wider than that of a sound-
absorption coefficient achieved by 20 mm, comprising 10 mm of polyester wool with a
10 mm air layer behind it.

5. Conclusions

The following conclusions were made regarding the use of permeable and nonperme-
able membranes as outer layers for porous sound-absorbing materials.

The sound-absorption coefficients of glass wool and polyester wool were progressively
enhanced by sequentially adding suitable nonwoven fabric and PE membranes.

A sample approximately 10 mm thick, featuring permeable and nonpermeable mem-
branes as outer layers of porous sound-absorbing material, achieved a sound-absorption
coefficient equivalent to that of a sample occupying 20 mm thickness (10 mm of porous
sound-absorbing material with a 10 mm back air layer).

Theoretical analysis of sound-absorbing materials with laminated permeable and
nonpermeable membranes enables estimation of the sound-absorption coefficient.
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