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Abstract: Based on the three-parameter approximate JCAL analytical model (hereinafter
referred to as the three-parameter model), this study conducted an in-depth analysis of
the effects of porosity, median pore size, and pore size standard deviation on the acoustic
performance of porous materials and developed a composite porous material composed of
glass fibers and zeolite particles. Experimental results indicate that the pore size distribution
significantly affects the acoustic performance of fibrous porous sound-absorbing materials.
Specifically, smaller pores lead to better sound absorption at mid-low frequencies, with the
optimal sound absorption performance observed when the median pore size is between
60 and 80 um. Increasing the material density and decreasing the fiber diameter help reduce
the internal pore size, thereby improving the material’s sound absorption performance.
Additionally, the appropriate addition of zeolite can further optimize the internal pore size
and effective sound-absorbing interface, thus enhancing the material’s sound absorption
performance. When the material density is 120 kg/m? and the zeolite substitution rate is
around 10%, the material exhibits the best acoustic performance, with a noise reduction
coefficient (NRC) reaching 0.65, which is a 10.17% increase compared to the material
without zeolite. Comparing the simulation data from the three-parameter model with
the actual measurement data shows that the model has excellent predictive performance
for the sound absorption coefficient (SAC) of single-fiber porous materials (with an error
of approximately 5%). However, for composite porous materials, due to the complex
changes in interfaces, there is a certain prediction error (with the maximum error reaching
12.81%), indicating that the model needs further optimization and correction when applied
to composite materials.

Keywords: composite materials; sound absorption; pore size distribution; fiber diameter;
inorganic particles

1. Introduction

With the continuous development of industrialization and urbanization, the surge
in traffic volume, frequent construction activities, operation of industrial equipment,
and the rise in recreational activities has significantly increased noise generation [1,2].
Noise pollution has become a focal issue across multiple fields and disciplines. Re-
searchers from various domains, including materials science [3-5], environmental
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engineering [6-9], architectural design [10,11], and urban planning [12-14], are actively
exploring more effective noise absorption and reduction materials.

Among various sound-absorbing materials, fiber-based porous materials are widely
used in noise reduction due to their elongated morphology, which provides a high specific
surface area and an open, continuous pore structure. However, these materials typically
exhibit less effective sound absorption at mid-to-low frequencies compared to high fre-
quencies, which limits their application scope. To address this limitation, significant efforts
have been devoted to the design and fabrication of porous sound-absorbing materials,
including modifications to fiber surface roughness [15], gradient pore structures [16-18],
folded structures [19], and fiber cross-sectional shapes [20]. In recent years, porous compos-
ite materials [21-23] have garnered widespread attention due to their excellent physical
properties, non-flammability, and acoustic performance. Fibro—granular composites are
a new category of porous composite materials that are composed of granular material
embedded in a fibrous matrix. These materials are typically lightweight, highly porous,
and cost-effective. By leveraging the complementary sound absorption properties of dif-
ferent components and optimizing their overall acoustic performance through diverse
structural and material combinations, fiber—granular composites demonstrate superior
acoustic properties compared to single-component fiber or particle-based porous materials.
However, the underlying mechanisms of fiber—particle composites in acoustics are limited
in research.

In order to delve into the propagation characteristics of sound waves in different
media and to better predict the acoustic performance of materials, numerous scholars have
established sound absorption models. To date, research on fiber-based porous materials
has primarily focused on D-B type empirical models [24-27] and Johnson-Champoux—
Allard (JCA) type semi-phenomenological models [28-32], analyzing parameters such as
porosity, flow resistivity, viscous characteristic length, thermal characteristic length, and
tortuosity. Generally, models with a larger number of parameters are better equipped to
accurately describe the dissipation of acoustic energy within porous media, thus enabling
more precise predictions of their sound absorption coefficients. However, the inclusion of
more parameters increases the complexity of the models. Some of these parameters are
extremely challenging to measure directly and are often inferred from fitted data, which
poses certain challenges for studying the microstructure of porous media.

In recent years, Horoshenkov et al. [33] demonstrated through theoretical and experi-
mental studies that the acoustic impedance of porous media with a pore size distribution
approximating a log-normal distribution can be predicted using only three parameters:
porosity, median pore size, and the standard deviation of the pore size. This significantly
simplifies the process of predicting the acoustic characteristics of porous media. Consider-
ing complexity and prediction accuracy, the three-parameter model is one of the most ideal
models for sound absorption performance prediction, and it is widely used in the prediction
of the sound absorption performance of foam [34,35] and particle [36,37] porous materials.
However, the application of the three-parameter model in fiber and its composite porous
sound absorption materials is limited. Hurrell [38] used this model to predict the acoustic
behavior of nanofiber membranes, expanding the understanding of the relationship be-
tween the acoustic properties of nanofiber media and related non-acoustic characteristics;
Begum [39] utilized the three-parameter model to elucidate the high sound absorption and
thermal insulation performance of fiber felts impregnated with aerogel powders, thereby
extending the application of the three-parameter model to the field of composite materials.
Nevertheless, the empirical application and verification research using this model to link
the acoustic characteristics of fibrous porous media with the pore size of fibrous porous
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materials is still insufficient. The specific impact of characteristic pore size on the acoustic
performance of fibrous porous materials requires further in-depth research.

To further verify the applicability of the three-parameter model to fibrous compos-
ite porous sound-absorbing materials and to supplement the empirical research on the
relationship between the acoustic performance and characteristic dimensions of fibrous
and particulate composite porous sound-absorbing materials, this study also aims to de-
velop a composite material with good sound absorption performance in the mid-to-low
frequency range. Based on the three-parameter model, this paper analyzes the effects of
fiber diameter and pore size distribution on the sound absorption performance of porous
materials and prepares and optimizes a new type of porous sound-absorbing material
composed of glass fibers and inorganic particles. The goal is to enhance the material’s
sound absorption performance in the mid-to-low frequency range without increasing the
material thickness, thereby overcoming the deficiency of the weak low-frequency sound
absorption performance of single-glass-fiber materials.

2. Model Analysis

The predictive model used in this study is the Horoshenkov three-parameter
model [33], which simplifies the JCAL six-parameter model by expressing the two charac-
teristic lengths and two permeability parameters in terms of the median pore size and the
standard deviation of the pore size. Specifically, the model is expressed as follows [33]:

A — 5o 3(0s log2)? (1)
A = 5¢3 (s log2)? )
=2
_ 5P _6(c; log2)?
k — g 3
0= B’ ®3)
K — §2(P 66((75 log2)? (4)
0™ Boteo
Koo = 84(05 10g2)2 (5)

where @ is the porosity, 5 is the median pore size, 05 is the standard deviation of pore size, A
is the viscous characteristic length, A’ is the thermal characteristic length, kg is the viscous
flow resistance, k{, is the thermal flow resistance, and « is the tortuosity factor.

Compared to other semi-phenomenological models, this model requires fewer pa-
rameters (the complete formula of the three-parameter model is shown in Supplementary
Materials S1), and key parameters such as porosity, median pore size, and pore size standard
deviation can be directly measured. This significantly simplifies the process of predicting
acoustic performance. Furthermore, its predictions are almost identical to those of the
Johnson-Champoux—Allard-Lafarge (JCAL) model.

To thoroughly investigate the specific effects of three key parameters—porosity, av-
erage pore diameter, and pore diameter standard deviation—on the sound absorption
performance of materials, this section employs COMSOL Multiphysics 6.1 software for
simulation analysis. A three-dimensional (3D) finite element model of porous materials
was developed using the Pressure Acoustics module, as illustrated in Figure 1. The model
incorporates both the air layer and porous material section of an impedance tube, complete
with mesh generation and sensor field point establishment. The impedance tube configura-
tion features a plane wave radiation source at one end and a rigid wall boundary condition
at the opposite end. The porous medium acoustic model utilizes the three-parameter
approximation “JCAL” model. The simulation encompasses 626 frequency points from
50 to 6300 Hz with 10 Hz increments, during which parametric sweeps were conducted for
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material porosity, average pore diameter, and pore diameter standard deviation to compre-
hensively analyze their individual and combined effects on sound absorption performance.

Microphone
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Figure 1. Finite element model diagram.

To simulate the acoustic performance of actual fiber porous materials, specific parame-
ter ranges were defined based on a previous actual test. The porosity was set within the
range of 90-98%, the median pore size ranged from 40 pm to 120 um, and the pore size
standard deviation ranged from 0.1 to 0.3, as shown in Table 1. The thickness of the studied
materials was fixed at 3 cm, and the sound absorption performance was calculated over
the frequency range of 50-6300 Hz. When analyzing the effect of a single parameter on
sound absorption performance, the other two parameters were set to the midpoint of their
respective ranges to eliminate interference.

Table 1. Ranges of different parameters.

porosity 0.90 0.92 0.94 0.96 0.98
median pore size (um) 40 60 80 100 120
standard deviation in pore size distribution 0.10 0.15 0.20 0.25 0.30

The sound absorption performance after parameterized scanning of different factors
is shown in Figure 2. Figure 2a—c illustrates the effects of changes in porosity, pore size
standard deviation, and median pore size on the sound absorption coefficient, respectively,
while Figure 2d—f depicts the corresponding noise reduction coefficient (NRC) and average
sound absorption coefficient (AAC). Within the specified parameter ranges, when the
material’s porosity exceeds 90%, the sound absorption performance remains relatively
stable across different porosities, indicating that changes in porosity have a limited impact
on sound absorption performance under these conditions. For glass-fiber-based porous
materials, prior experiments have shown that under uniform material conditions, the pore
size standard deviation remains below 0.3 and varies between 0.1 and 0.3. As observed
in the figures, within this range, the NRC shows a gradual increase as the pore size
standard deviation increases. Simultaneously, the peak sound absorption coefficient slightly
decreases, while the mid-to-low frequency sound absorption coefficients slightly improve.
Overall, the average sound absorption coefficient exhibits no significant change. However, a
moderate broadening of the pore size distribution is beneficial for enhancing the mid-to-low
frequency sound absorption performance of porous materials.

Compared to porosity and pore size standard deviation, changes in median pore size
have a more significant impact on sound absorption performance. The two-dimensional
curves of sound absorption coefficients under changes in median pore size can be found
in Figure S1. As the median pore size increases, the frequency of the first peak in the
sound absorption coefficient shifts slightly toward higher frequencies, and the peak sound
absorption coefficient first increases and then decreases. This indicates that under the
same porosity and pore size standard deviation, smaller median pore sizes are beneficial
for low-frequency sound absorption performance [3]. However, excessively small pore
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sizes can lead to a reduction in overall sound absorption performance. This phenomenon
occurs because smaller pore sizes result in a higher number of fibers per unit area, increas-
ing the likelihood of sound waves colliding with the fiber surfaces within the material.
Consequently, the friction between sound waves and the air within the material increases,
prolonging the propagation time of the sound waves inside the material and converting
a substantial amount of acoustic energy into thermal energy, leading to its dissipation.
However, overly small pore sizes can significantly increase the material’s density, leading
to excessively high flow resistivity. This, in turn, causes a large amount of sound wave
reflection, negatively affecting the acoustic performance of the material [40].
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Figure 2. Effects of different parameters on the sound absorption coefficient: (a) porosity, (b) standard
deviation of pore size, (c) median pore size; effects of parameter variations on NRC and average
sound absorption coefficient: (d) porosity, (e) standard deviation of pore size, (f) median pore
size; pressure acoustics simulation results: (g) 280 Hz, (h) 800 Hz, (i) 2500 Hz, where (i-v) rep-

resent the scattered pressure fields for median pore sizes of 40 um, 60 um, 80 um, 100 um, and
120 um, respectively.
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To intuitively demonstrate the impact of median pore size on sound propagation
behavior, simulation results for representative frequencies in the low-, medium-, and high-
frequency ranges—280 Hz, 800 Hz, and 2500 Hz—were compared. Figure 2g—i shows the
scattered sound pressure fields in the absorption domain under different median pore sizes.
In the scattered sound pressure maps, red and dark blue regions represent areas of high
sound pressure [41], with color intensity reflecting the strength of sound wave energy. By
comparing the scattered sound pressure fields at the same frequency but with different
pore sizes, it can be observed that the degree of attenuation in scattered sound pressure
varies. At low frequencies, smaller pore sizes result in weaker scattered sound pressures,
indicating that at these frequencies, smaller pores lead to more complete absorption of the
incident sound waves. As the frequency increases, excessively small pore sizes exhibit
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higher scattered sound pressures compared to other pore sizes. When the median pore size
is 80 um, the scattered sound pressure at 2500 Hz is nearly zero, indicating that the incident
sound wave is almost completely absorbed. This suggests that there is an optimal range
for median pore size. Combined with Figure 2f, which depicts the NRC and the average
sound absorption coefficient, it can be concluded that a median pore size in the range of
60-80 um achieves the best sound absorption performance.

3. Materials and Methods
3.1. Materials and Preparation

In this study, glass fibers with diameters of 5 um and 7 pm were selected, along with
potassium silicate (AR) and zeolite particles (74 um). The densities of the glass fibers and
zeolite particles were 2491.7 kg/m3 and 1100 kg/m?, respectively. The main chemical
compositions of the materials are shown in Table 2.

Table 2. Chemical composition of glass fiber and zeolite raw materials (wt%).

NaZO MgO A1203 SIOZ 503 Kzo CaO TiOZ F8203 P205 MnO
Fiber 16.07 3.22 1.87 67.15 0.30 0.53 10.43 0.08 0.24 / /
Zeolite 1.04 2.31 16.37 65.14 / 428 5.22 0.59 4.62 0.14 0.13

The glass fiber porous materials and composite materials were prepared using a
lamination method. During the preparation process, a 20% concentration of potassium
silicate solution was sprayed onto the surface of the glass fibers. The samples were then
dried in an oven at 85 °C for 10 h to ensure complete drying and shaping. The com-
posite fiber sound-absorbing materials were fabricated using the same molding method,
with a layer of zeolite particles uniformly added between every two fiber layers. In this
study, the thickness of the fiber porous materials was uniformly controlled at 30 mm.
Five types of fiber porous materials with different densities (60 kg/m?, 80 kg/m?,
100 kg/m?, 120 kg/m?3, and 140 kg/m?) were prepared.

3.2. Experiment Test Method
3.2.1. Porosity Test Method

First, the volume and mass of the porous material are measured. The porosity of
the porous sound-absorbing material, defined as the volume percentage occupied by the
internal network structure, can be obtained by dividing the mass of the porous material by
the mass of the dense solid corresponding to the porous material with the same volume
as the material. The corresponding volume percentage of air is the porosity. To ensure
accuracy, measurements should be taken at least three different positions for each sample,
and the average values should be used. The calculation formula is as follows:

M
=(1- 100%
® ( Vps)x 00% (6)

where ¢ is porosity (%), M is the mass of the sample (kg), V is the volume of the sample
(m3), and py is the density of the corresponding dense solid material (kg/m?3).

For composite materials, the average density calculation method is applied to deter-
mine the porosity:

M 0,
@ = (1_VP0) x 100% 7)
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Here, pg is the average density of the composite material, which can be calculated by
the following formula:
l _ Wiber + Wzeolite

00 Pfiber Pzeolite

(®)

where wyiper and woepire are the mass fraction of the glass fibers and zeolite particles,
respectively, pgper is the density of the glass fibers, and p,qjte is the density of the
zeolite particles.

3.2.2. Microscopic Morphology

In this experiment, the microscopic morphology and structure of the fiber porous
materials and composite material samples were observed using a scanning electron mi-
croscope (SEM) (Zeiss Sigma 300). Additionally, the elemental composition of the porous
materials was analyzed using energy-dispersive spectroscopy (EDS).

3.2.3. Pore Size Testing

(1) Multiple SEM images of the same porous material were selected for pore size mea-
surement. The pore sizes were determined by measuring the diameters of inscribed
circles formed by fiber overlaps in the images, using Image] 1.54f software. The pore
sizes were then statistically analyzed to calculate their distribution, and a pore size
distribution chart was generated. The median pore size was calculated based on
the measurements.

(2) The median pore size and pore size distribution of the fiber porous materials were
tested using a CFP-1500AE capillary pore size analyzer (Porous Materials Inc.,
Ithaca, NY, USA), following the ASTM F316-03 (2019) standard [42].

3.2.4. Measurement of Sound Absorption Coefficient

The sound absorption coefficient of the porous materials was measured using the two-
microphone transfer function method. The setup consisted of an impedance tube (AWA8551
model), a multi-channel noise analysis tester (AWA6290M model), and pulse analysis
software. The measurements were performed at a constant temperature (23 °C = 1 °C).
The impedance tube system included two tubes:

A large tube with a diameter of 100 mm, used for testing absorption coefficients in the
frequency range of 50-1600 Hz.

A small tube with a diameter of 20 mm, used for testing absorption coefficients in the
frequency range of 500-6300 Hz.

The testing method complies with the national standard GB/T 18696.2-2002 [43],
“Acoustics-Determination of sound absorption coefficient and impedance in impedance
tubes-Part 2: Transfer-function method”. Figure S2 illustrates the schematic diagram of the
sound absorption device.

Before testing, the AWA6223 sound calibrator (Hangzhou Aihua Instruments Co., Ltd.,
Hangzhou, China) was used to calibrate the sensors. The 1/3 octave band method was
applied to measure the sound absorption coefficients. Three samples were tested for each
density, and each sample was measured three times. The average value of these measure-
ments was taken as the sound absorption coefficient for that type of sample. The testing
frequency range was 50-6300 Hz.

The noise reduction coefficient (NRC) was determined according to the American
standard ASTM C634-13 (2021) [44]. NRC is calculated as the average of the 1/3 octave
band sound absorption coefficients at 250 Hz, 500 Hz, 1000 Hz, and 2000 Hz, using the

following formula:
o250 + 0500 + X1000 + X2000

RC =
NRC 1

©)
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4. Results and Discussion

4.1. Morphology and Porosity Structure of Porous Materials
4.1.1. Morphology and Pore Size Distribution of Single-Fiber Porous Materials

The morphology of the fiber porous material is shown in Figure 3a. Observations
reveal that fine particles are attached to the fiber surfaces, giving them a rough texture (the
detailed microscopic surface morphology images of the fibers are presented in Figure S3).
The fibers are bonded to each other through potassium silicate (spot analyses by EDS
revealed the presence of K in these particles; see Table S1 for details), forming interconnected
pores. These pores act as transmission channels for sound waves to enter the material. When
sound waves penetrate the porous material, they continuously collide with the fiber surfaces
and undergo friction with the pore walls and air molecules. These interactions, combined
with multiple reflections and refractions within the porous structure, lead to significant
energy dissipation, thereby enhancing the material’s sound absorption performance.

Figure 3. Microscopic morphology of fibrous porous materials: (a) Microscopic image of fiber
interlocking, (b) EDS analysis, (c) 7 um diameter, 80 kg/ m3, (d) 7 um diameter, 100 kg/ m3, (e) 7 um
diameter, 80 kg/ m3, (f) 5 um diameter, 80 kg/ mS.

For fibers with the same diameter, taking the fiber with a diameter of 7 pm as an
example, the pore size of the porous material decreases as the density increases, as shown
in Figure 3c,d. Similarly, for a constant density, taking 80 kg/m? as an example, a reduction
in fiber diameter also leads to smaller pore sizes, as shown in Figure 3e,f. It can be observed
that decreasing the fiber diameter increases the number of fibers per unit area, resulting in
tighter fiber overlaps. This increases the porosity and specific surface area of the porous
material. Consequently, due to greater viscous losses and thermal losses [45], the dissipation
of sound waves within the material becomes more significant.

From the SEM image in Figure 3, it can be observed that the pore structures formed by
fiber intersections are highly complex. To analyze the pore size distribution of the porous
material, the diameters of inscribed circles within the polygonal pores created by fiber
overlaps were used to represent pore sizes [46]. SEM images of fiber porous materials
with a fiber diameter of 7 um at densities of 80 kg/m3, 100 kg/m3, and 120 kg/m?> were
imported into Image]J software for analysis. Figure 4a—c shows the partial SEM top view
of porous materials with 7 um fiber diameters under three densities, respectively. These
images reveal a large number of pores with varying sizes.
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Figure 4. Pore size distribution of fibrous porous materials, where (a—c) are the SEM top views of

the porous materials at density of 80 kg/m?3, 100 kg/m?, and 120 kg/m?3, respectively; (d—f) show

the statistical results of their pore size distributions; and (g,h) illustrate the pore size distributions of

porous materials with fiber diameters of 7 um and 5 um at different densities.

By measuring and statistically analyzing the diameters of the inscribed circles within
the polygonal pores, the pore size distributions and median pore sizes of the fiber porous
materials were obtained. The statistical results are shown in Figure 4d—f. It can be seen that
as the density increases, the median pore size decreases progressively, which is consistent
with the results of the SEM observation.

The pore size distribution of porous sound-absorbing materials was further tested
by the capillary pore size analysis technique. The test results are shown in Figure 4g,h,
where it can be observed that the pore size distribution of the fiber porous materials
follows an approximately normal distribution, consistent with the application rules of the
three-parameter analytical model [33]. Additionally, Table 3 lists the specific porosity and
median pore size of the porous sound-absorbing materials. The pore size of the porous
sound-absorbing materials primarily falls within the macropore range [47] (50 nm < pore
size < 100 um). As the density increases from 60 kg/m3 to 140 kg/m?, the median pore size
of the materials gradually decreases, with a maximum reduction of 45.82%. A comparison
of the median pore size obtained from the two testing methods (SEM and capillary pore
size analysis) shows minimal deviation (maintain within 7%), confirming the accuracy of

the measured median pore size in this study.

Table 3. Median pore size of single-fiber porous materials.

density 60 80 100 120 140
porosity (%) 97.59 96.79 95.98 95.18 94.38

median pore 7 pm 97.6425 91.7545 76.7821 68.5024 52.9058
size (um) 5 pm 74.4599 69.4861 65.9613 58.1597 46.5611
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4.1.2. Morphology and Pore Size Distribution of Composite Porous Materials

As previously mentioned, for materials with the same density, smaller fiber diameters
result in better sound absorption performance. Therefore, in the optimization experiments,
glass fibers with a diameter of 5 um were chosen as the subject for optimization. By adding
zeolite particles (200 mesh, 74 um) to alter the pore structure of the fibrous porous material,
composite porous materials were prepared to further optimize the sound absorption
performance of the porous material.

Taking the density of 100 kg/m? as an example, the pore morphology of the composite
porous materials is shown in Figure 5, which can be categorized into three distinct cases:
zeolite particles uniformly dispersed within the fiber pores (10% addition), partial blockage
of pores by zeolite particles (20% addition), and extensive blockage of fiber pores by zeolite
particles (30% addition).

Figure 5. SEM images of different zeolite additions at 100 kg/ m3: (a) 10%; (b) 20%; (c) 30%.

Figure 6 shows the median pore sizes and pore size distribution of porous materials
with different zeolite addition levels across three densities (the median pore sizes for the
remaining densities are provided in Table S2). It can be observed that at the same density,
the median pore size of the porous material first increases and then decreases with the
increase in zeolite replacement content. This phenomenon can be attributed to the fine
particle characteristics of zeolite. At low replacement levels, zeolite particles partially
substitute glass fibers, reducing the number of fibers required to form pores in the same
volume. This results in a slight increase in the median pore size of the porous material.
However, as the zeolite replacement level continues to increase, the excessive addition of
zeolite particles leads to particle agglomeration and pore blockage within the material, as
shown in Figure 5c. This causes the median pore size to decrease. These results clearly
demonstrate that the addition of particles has a significant impact on the pore structure of
fiber porous materials.
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4.2. Effect of Fiber Diameter on the Sound Absorption Performance of Porous Materials

Figure 7a,b illustrates the acoustic properties of porous materials made from fibers
of two different diameters under varying densities as a function of frequency. Figure 8c
summarizes the corresponding NRC results (the specific values of NRC can be found in
Table S3). This study found that as density increases (leading to a reduction in pore size), the
NRC first increases and then decreases. The sound absorption coefficient curves show that
increasing the density improves the low- and mid-frequency sound absorption performance
of fiber porous materials, while the high-frequency performance decreases. This trend is
attributed to friction effects between the air and external pore walls (the surfaces of adjacent
fibers) [14]. This phenomenon is more pronounced with fibers of smaller diameters. Due to
the improvement in sound absorption performance at low frequencies and the decrease
at high frequencies, the overall improvement in NRC between adjacent densities is not
significant, with a maximum increase of 5.36%. The NRC reaches its maximum value at a
density of 120 kg/m?, corresponding to median pore sizes of 68.50 pm and 58.16 um for
the two fiber diameters, respectively. When the density is 140 kg/m3, the median pore
size further decreases, and the sound absorption performance declines. This suggests
that the sound absorption performance of fiber-based porous materials in the low- and
mid-frequency ranges improves as pore size decreases, but there exists an optimal pore
size range. Exceeding this range can lead to reduced performance. This observation aligns
well with the theoretical analysis presented in Section 2.
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Figure 7. Sound absorption performance test results of single-fiber porous materials: (a) sound
absorption coefficient of 7 um fiber porous material; (b) sound absorption coefficient of 5 um fiber
porous material; (c) Percentage Increase.
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Comparing the sound absorption coefficients of the two materials at the same density,
it is evident that a reduction in fiber diameter results in smaller pore sizes and better
sound absorption performance. This improvement is due to the increase in the contact
area between the internal pores and air as the fiber diameter decreases, leading to more
frequent collisions of sound waves with the material’s surface, which enhances energy
dissipation. Fiber porous materials with a diameter of 5 pm achieve a comparable sound
absorption performance at a density of 60 kg/m? to that of fiber porous materials with a
diameter of 7 um at a density of 100 kg/m3. At this point, the median pore sizes of the
two materials are also similar, further confirming that pore size significantly influences the
sound absorption performance of fiber porous materials. As the pore size decreases, the
sound absorption performance first improves and then diminishes, with an optimal pore
size of approximately 60 pm exhibiting the highest sound absorption performance.

4.3. Effect of Lightweight Particles on the Sound Absorption Performance of Composite
Porous Materials

Figure 8 shows the sound absorption coefficient curves for porous materials with vary-
ing amounts of zeolite added under five different densities, all prepared using fibers with a
diameter of 5 um. Among them, Figure 8f summarizes the NRC for the various samples
(the specific values are provided in Table S4). At lower densities (60 kg/m?> and 80 kg/m?),
the addition of zeolite particles reduces the sound absorption performance of the porous
materials, with the performance degradation becoming more pronounced as the zeolite
content increases. Although the introduction of zeolite helps to form a favorable median
pore size, the limited number of fibers at low densities combined with the substitution
effect of zeolite prevents the formation of an effective space structure for sound absorption
within the material. As a result, while sound waves may penetrate the material, they are
less effectively dissipated, leading to reduced sound absorption performance. Further-
more, as the amount of zeolite increases, excessive zeolite particles tend to agglomerate
(Figure 5c from Section 4.1), blocking the pores of the porous material and impairing its
acoustic performance.

On the contrary, for higher densities (>100 kg/m?), a small amount of zeolite substitu-
tion can enhance the sound absorption performance of the material. The improvement of
sound absorption performance can be attributed to two main factors. On one hand, com-
pared to low-density porous materials, higher-density materials contain a greater number
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of fibers. This means that the substitution of fibers with a small amount of zeolite does
not significantly reduce the structural complexity of the material. Instead, the addition
of zeolite particles modifies the pore size distribution, creating an optimal pore size. The
synergistic effect between the particles and fibers results in a significant pressure diffusion
effect [48], thereby enhancing sound absorption performance. On the other hand, the
addition of zeolite introduces two distinct interfaces within the porous material, due to the
difference in acoustic impedance between these two interfaces, and sound waves undergo
strong reflection and refraction as they transition from one interface to another. This pro-
cess increases the dissipation of sound energy within the material, further improving its
acoustic performance.

4.4. Model Validation

The sound absorption simulation of the 5 uym diameter fiber porous material was
conducted at three densities: 80 kg/m?, 100 kg/m?, and 120 kg/m3. The results were then
compared with the actual measurements, as shown in Figures 9-11. The experimental
and simulated data for the single-fiber porous materials at these three densities showed a
high degree of consistency, with errors maintained at about 5% (4.95%, 5.26%, and 5.88%,
respectively). These results confirm the effectiveness of the three-parameter model in
predicting the acoustic performance of single-fiber porous materials. However, for fiber—
particle composite materials, the three-parameter model exhibits some deviation. At a
density of 80 kg/m?, the composite material shows the maximum error of 12.81% when 30%
zeolite particles are added. At densities of 100 kg/m? and 120 kg/m?, the maximum errors
occur when the zeolite addition is 20%, with errors of 12.43% and 12.08%, respectively.
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Figure 9. Comparison between the measured and simulated results of the sound absorption coefficient
of porous materials with different zeolite additions at 80 kg/m?: (a) zeolite: 0%, (b) zeolite: 10%,
(c) zeolite: 20%, (d) zeolite: 30%.



Appl. Sci. 2025, 15, 3104

14 of 19

~
o
~
—-
o

Sound Absorption Coefficient

0.0

~
o
~
-
>

Sound Absorption Coefficient

0.0

®)
—=—Real data. steeeey = —s—Real data. SO0 e ee
—=&—Three Param., 2 ~—#—Three Para
L 2 o8l
010 % ’ g
o Error e o2 Error
7 oos o
r / = = 0.6 0.16
/ 2
i/ 5006 2 0.2
/i = =
I / o004 2 04 | -
=
/ 002 < 0.04
L ¥ So02t
0.00 g 00
S I RO ORS 2 RO PRIROIRUSOFOROI
Frequency (Hz) 177] Frequency (Hz)
. L . L . 0.0 L . L 1 L
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Frequency (Hz) Frequency (Hz)
(d) 10
—=— Real data. panpoeososy —=—Real data.
—&— Three Param, - —o— Three Param.
E
- Z 08
]
/"”fuo g
o Error g Error
L S0 < 0.6k
/ =
ol 020 2
f o B £
| Y E 015 2 04
/ 010 “
/ =
/ 005 E
- 2021
/ 0.00 ] / 0.00 S
4/ N (S S FOE POPE O ROSTIROROIY
) X . Freqnlenc_v (Hz)I 0.0 j ) X . Frequlency (}Iz)I
500 1000 1500 2000 2500 3000 ’ 500 1000 1500 2000 2500 3000
Frequency (Hz) Frequency (Hz)

Figure 10. Comparison between the measured and simulated results of the sound absorption

coefficient of porous materials with different zeolite additions at 100 kg/m3: (a) zeolite: 0%,
(b) zeolite: 10%, (c) zeolite: 20%, (d) zeolite: 30%.
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Figure 11. Comparison between the measured and simulated results of the sound absorption

coefficient of porous materials with different zeolite additions at 120 kg/m3: (a) zeolite: 0%,
(b) zeolite: 10%, (c) zeolite: 20%, (d) zeolite: 30%.

According to the statistical results, the error of the composite material in the mid-

to-low frequency range is significantly greater than in the high-frequency range. For

composite materials with a high amount of zeolite, the experimental values in the mid-to-

low frequency range are generally lower than the simulated values, while for materials
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with a small amount of zeolite, the experimental values are higher than the simulated
ones. This is because high-frequency sound waves are primarily absorbed at the surface
of the material, while low-frequency sound waves are absorbed deeper inside the mate-
rial [49]. When a large amount of zeolite is added, the particles block the pores of the
porous material, restricting the penetration and absorption of sound waves, leading to the
low-frequency experimental sound absorption coefficients being lower than the simulated
values. Conversely, when a small amount of zeolite is added, it does not obstruct sound
wave penetration and creates a significant pressure diffusion effect, and the actual sound
absorption effect will be higher than the simulation value. Thus, these are two distinct
effects, resulting in larger errors in the low-frequency range compared to the high-frequency
range. Additionally, the discrepancy may also be attributed to the unique layered structure
of the composite porous material. As observed in the experiments, the composite material
consists of multiple layers of ultrafine glass fibers and zeolite particles stacked together.
During the stacking process, the uneven surfaces of the glass fiber layers and zeolite particle
layers can introduce small air layers between the fiber layers, as illustrated in Figure 12a.
Additionally, the presence of inorganic particles attached to the fiber layers further com-
plicates the interface. Due to the reflection of sound waves at the boundary between the
air layer and the sound-absorbing material layer, the sound wave is reduced by the inter-
ference of the wave in the air layer [50]. On a microscopic level, this layered structure can
be conceptualized as numerous “three-layer” units composed of a “loose (fiber)—dense
(fiber + zeolite particles)—loose (fiber)” structure. Additionally, Figure 12b illustrates the
sound absorption mechanism of the composite material. The left side presents an overall
schematic of sound wave propagation within the composite material, while the right side
provides a detailed mechanism of horizontal sound wave propagation. In the diagram,
red lines represent incident sound waves, and blue lines denote reflected sound waves.
When sound waves penetrate the composite material, a portion of the sound energy is
converted into kinetic and thermal energy, while the remaining portion continues to diffuse
and propagate. The presence of air gaps between adjacent layers and the dissimilarity
of materials in different layers create impedance mismatches at the interfaces, increasing
the probability of sound wave reflection at these boundaries [51]. Therefore, the sound
propagation path in the sound-absorbing composite increases, resulting in more air friction,
and effectively dissipates the energy of the sound wave. This unique layered structure
is likely the main reason for the discrepancies between the experimental and simulated
data for the composite materials. Thus, whether the three-parameter model is applicable
to composite sound-absorbing materials still requires extensive experimental validation.
Furthermore, the model may need to be optimized for different types of porous materials
to better account for the specific structural characteristics of composite materials.

Figure 12. Cont.
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Figure 12. (a) Interlayer microstructure of composite materials; (b) Schematic illustration of the sound
absorption mechanism of composite materials.

5. Conclusions

This study, based on the three-parameter approximation of the JCAL model, investi-
gated the effects of fiber diameter variation and zeolite particle addition on the pore size
distribution of porous materials and analyzed their influence on the acoustic performance
of glass fiber porous materials. The following conclusions were drawn:

Smaller pore sizes improve the low-frequency sound absorption performance of
glass fiber porous materials. However, excessively small pores increase density and flow
resistivity, resulting in significant sound wave reflection and negatively impacting acoustic
performance. Thus, the sound absorption performance of fiber porous materials exhibits
an optimal pore size range, with the best acoustic performance observed for pores between
60 and 80 um.

Both density and fiber diameter influence pore size and, consequently, the acous-
tic performance of sound-absorbing materials. As the density of fiber porous materials
increases, the median pore size decreases, leading to improved mid-to-low-frequency
sound absorption performance. The best acoustic performance is achieved at a density of
120 kg/m?3. At the same density, smaller fiber diameters reduce pore size and enhance
acoustic performance.

For composite porous materials made of glass fibers and zeolite particles, zeolite
replacement reduces acoustic performance at low density. Conversely, at higher densities,
a small amount of zeolite improves acoustic performance by optimizing the pore structure.
The best sound absorption performance is achieved at a density of 120 kg/m3 with a zeolite
replacement ratio of 10%, yielding a noise reduction coefficient (NRC) of 0.65.

The comparison between experimental and simulated results using the JCAL three-
parameter model shows a high degree of agreement for single-fiber porous materials.
However, for composite materials, discrepancies arise due to their complex microstructural
changes. Particularly in composite materials, the interfacial structures between layers and
the interaction between fibers and particles introduce complexities in predicting acoustic
impedance, leading to deviations between experimental and simulated data.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app15063104/s1, Figure S1: Sound absorption coefficient curves
under different median pore size; Figure S2: Schematic Diagram of the Sound Absorption Testing
Device; Figure S3: SEM image of potassium silicate attached fiber surface. Table S1: Averaged
normalized mass percentages measured by EDS; Table S2: Median pore size of composite porous
materials with different volumetric weight, Table S3: NRC of single fiber porous material under
different volumetric weight, Table S4: NRC of fiber composite porous materials under different

volumetric weight.
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