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Abstract

Packed granular materials absorb sound. In previous studies, granular materials sized a
few millimeters and samples of grain size as a powder were studied; however, the grain
sizes in between have not been addressed. In this study, the sound absorption coefficients of
materials ranging from granular materials with a grain size d = 4 mm to powder materials
with d = 0.05 mm were analyzed theoretically and experimentally. In addition, five packing
types were studied: four types of regular packing and random packing. For these packing
structures, the propagation constants and characteristic impedances were substituted
within a one-dimensional transfer matrix for sound wave propagation, from which the
normal-incidence sound absorption coefficient was calculated. Furthermore, our analysis
accounted for particle longitudinal vibrations due to sound pressure. According to analyses
of cross-sectional CT images considering tortuosity, the theoretical values for random
packing tended to be close to the experimental values for d = 0.8 mm and smaller. For
random packing structures with d = 0.3 mm or smaller, the experimental values were
closer to the theoretical values for simple cubic lattice than the theoretical values for
random packing.

Keywords: solid spherical granule; packing structure; grain diameter; sound absorption
coefficient; tortuosity; vibration

1. Introduction
Packed granular materials absorb sound. For example, low-noise pavements [1,2],

ballasted tracks [3], zeolite-packed sound-absorbing structures [4], and mats packed with
silica gel granular material for acoustic equipment [5] are used to reduce noise. The primary
mechanism of sound absorption in these materials involves the attenuation of acoustic
energy through viscous friction within the velocity boundary layer near the walls of the
granular material when sound waves are incident to the packed structure. Packed granular
materials with continuous pores exhibit acoustic properties based on the same principle as
those of porous sound-absorbing materials. These properties are strongly influenced by the
packing structure, grain size, grain shape, and associated void volume. Therefore, from an
engineering perspective, the computational prediction of the acoustic properties of packed
granular materials is useful.

Extensive research has explored the sound absorption properties of packed granular
structures. Previous works include experimental studies on the sound absorption properties
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of various granular materials [6], the sound absorption properties of recycled rubber
powder [7–9] and granular cork [10], and the acoustic properties of loosely packed granular
structures [11,12]; prediction of the acoustic properties of face-centered cubic structures [13];
numerical analysis of regular packing structures using commercial software [14]; and
studies on the sound absorption properties of random close packing [15]. Moreover,
research has explored metamaterial absorbers with structures where the cross-sectional
shape of the voids varies periodically [16–19].

Previous studies related to the current research include theoretical analyses of the
sound absorption coefficients of powder layers [20], fundamental studies on sound absorp-
tion by gaps in hexagonal close-packed and face-centered cubic lattices [21], and theoretical
analyses of random packing using microcomputed tomography (CT) images [22]. In pre-
vious studies, granular materials sized a few millimeters were studied for viscous sound
absorption in boundary layers [21,22]. On the other hand, powders with a grain size of
d = 120 µm or smaller were studied for sound absorption via longitudinal vibration [20].
However, the grain sizes in between have not been addressed. Therefore, it is valuable
to verify whether the same theoretical estimation is generalizable over a wide range of
particle sizes to determine its applicability and validity.

In this study, the sound absorption coefficients of materials spanning from coarse
granules (d = 4 mm) to fine powders (d = 0.05 mm) were analyzed theoretically and
experimentally. In addition, five packing types were explored: four types of regular
packing (hexagonal close-packed, face-centered cubic lattice, hexagonal lattice, and simple
cubic lattice structures) and random packing.

Sound absorption coefficients were measured for the hexagonal and simple cubic
lattices with grain sizes of 8 and 4 mm. For the 4 mm granules to the 0.05 mm powders,
the sound absorption coefficient was measured for random packing. A two-microphone
impedance tube was used to determine the normal-incidence sound absorption coefficient.

The theoretical analysis covered the regular and random packing structures. The
model of each regular packing structure was divided into the smallest analysis units, which
were then divided into 100 units in the direction of the sound waves. For random packing,
micro-CT cross-sectional images were used as analysis units. In each unit, the surface area
of the wall and the volume of the void were approximated as the clearance between two
parallel planes, enabling the calculation of the propagation constant and characteristic
impedance in the void. These parameters, determined using the effective density with the
measured tortuosity applied, were then substituted into a one-dimensional transfer matrix
for sound wave propagation, and the normal-incidence sound absorption coefficient was
calculated using the transfer matrix method. Furthermore, the longitudinal vibration of the
particles due to sound pressure was accounted for by particles with diameters of 0.3 mm or
smaller, where sound absorption due to the longitudinal vibration of the granular material
was observed.

The theoretical values for the regular and random packing structures were compared
with experimental values.

2. Sound Absorption Coefficient Samples
The sound absorption coefficients were measured for the hexagonal lattice, simple

cubic lattice, and random packing structures. The measurement samples are shown in
Figures 1–3, and their specifications are in Table 1. Stainless steel spheres with grain sizes of
8 and 4 mm, respectively, were utilized as the hexagonal and simple cubic lattice samples
(Figures 1 and 2, respectively). For random packing, glass beads with grain sizes of 4, 2, 1,
0.8, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1, and 0.05 mm were used. Three random packing samples with
grain sizes of 4, 1, and 0.05 mm are shown in Figure 3.
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For the regular packing structures, the granules were regularly arranged using a
special specimen holder. The wall surface of this sample holder had regularly arranged
hemispherical convexities, and the regular packing structures were formed by placing the
granular material in the corresponding positions. The specimen holder was made using
light-cured resin and a Formlabs Form2 optical 3D printer. For the random packing tests,
an aluminum alloy sample tube with a 29 mm inner diameter was packed with glass beads.
The normal-incidence sound absorption coefficient was then measured using a Brüel &
Kjær, Narum, Denmark, Type 4206 two-microphone impedance tube.

  
(a) (b) 

Figure 1. Test sample (hexagonal lattice) with different grain sizes d: (a) d = 8 mm; (b) d = 4 mm.

  
(a) (b) 

Figure 2. Test sample (simple cubic lattice): (a) d = 8 mm; (b) d = 4 mm.

   
(a) (b) (c) 

Figure 3. Test sample (random packing): (a) d = 4 mm; (b) d = 1 mm; (c) d = 0.05 mm.
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Table 1. Specifications of test samples.

Packing Structure Grain Size
(mm)

Length
(mm)

Aperture Ratio of
Sample Holder

Packing
Fraction

Measured
Tortuosity Figure

Hexagonal lattice 8 24 0.54 0.6 1.12 Figure 1a
4 24 0.57 0.6 1.12 Figure 1b

Simple cubic lattice 8 24 0.58 0.52 1.14 Figure 2a
4 24 0.58 0.52 1.14 Figure 2b

Random packing

4 20 1.00 0.6 1.45 Figure 3a
2 20 1.00 0.6 1.45 -
1 20 1.00 0.6 1.45 Figure 3b

0.8 20 1.00 0.6 1.45 -
0.6 20 1.00 0.6 1.45 -
0.5 20 1.00 0.6 1.45 -
0.4 20 1.00 0.6 1.45 -
0.3 20 1.00 0.6 1.45 -
0.2 20 1.00 0.6 1.45 -
0.1 20 1.00 0.6 1.45 -

0.05 20 1.00 0.6 1.45 Figure 3c

3. Tortuosity Measurement Results
The tortuosities of the hexagonal lattice, simple cubic lattice, and random packing

structures were measured experimentally using ultrasonic sensors. The tortuosity deriva-
tion method and measurement apparatus are detailed in previous reports [21,22]. Tortuosity
α∞ was determined from the sound velocity c0 in air and the apparent sound velocity c in
the packing structure, as expressed by Equation (1) [23].

α∞ =
( c0

c

)2
(1)

Figure 4a–g show the tortuosity measurements for a hexagonal lattice sample, a
simple cubic lattice sample, and random packing samples of several grain sizes. The
y-intercept of an approximate straight line is the tortuosity α∞ of each packing structure.
As reported previously [21,22], α∞ = 1.44 for a hexagonal close-packed structure with
d = 4 mm, α∞ = 1.43 for a face-centered cubic lattice with d = 4 mm, and α∞ = 1.45 for a
random packing structure with d = 2 mm. Accounting for these tortuosities brings the
theoretical values closer to the experimental values.

Figure 4g is a summary of the tortuosity results for the random packing samples with
d = 2, 0.8, 0.3, 0.2, 0.1 mm. According to a previous study [15], “all the tortuosities are
constant with the particle diameter. The average values for these constant tortuosities are
α∞ = 1.437” [15]. In Figure 4g, the tortuosities of the random packing samples of varying
grain sizes are concentrated around α∞ = 1.45, which is close to the previously reported
value of 1.437 [15]. Therefore, α∞ = 1.45 at d = 2 mm [22] was used in this paper. (In Figure 4f,
α∞ = 1.23 at d = 0.1 mm, but the low signal-to-noise [S/N] ratio of the measurement made
it unreliable. Furthermore, the α∞ value for random packing with d = 0.05 mm was not
measurable due to the low S/N ratio.)
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Figure 4. Measured tortuosity α∞: (a) α∞ = 1.12, hexagonal lattice; (b) α∞ = 1.14, simple cubic lattice;
(c) α∞ = 1.45, random packing, d = 0.8 mm; (d) α∞ = 1.45, random packing, d = 0.3 mm; (e) α∞ = 1.48,
random packing, d = 0.2 mm; (f) α∞ = 1.23, random packing, d = 0.1 mm; (g) result summary for
random packing.

4. Overview of Theoretical Analysis
The theoretical analysis procedure for the regular packing structure is detailed in

previous reports [21,24,25]. This analysis was conducted using the transfer matrix method
based on the one-dimensional wave equation for the gaps in the granular packing struc-
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ture. The analysis units for the regular packing structures are shown in Figure 5. The
cross-sectional shape of each regular packing structure changed periodically in the plane
perpendicular to the x-axis direction (direction of sound wave incidence). The analysis unit
was the range where the cross-sectional shape changed in a single period. Similarly, in
the y- and z-axis directions, the analysis unit was the area where the cross-sectional shape
changed for one‘cycle.

  
(a) (b) 

  
(c) (d) 

x 
z 

y 

x 
z 

y 

x 
z 

y 

x 
z 

y 

Figure 5. Analysis unit per regular packing structure: (a) hexagonal close-packed; (b) face-centered
cubic; (c) hexagonal lattice; (d) simple cubic lattice.

Figure 6a,b show the outlines of the approximation used in the theoretical
analysis [21,24,25]. The analysis unit was divided into 100 units perpendicular to the
incident sound waves, as shown in Figure 6a. Each divided unit was approximated as the
clearance between two planes having the same length l in the x-direction, the same void
volume Vn, and the same wall surface area Sn, as shown in Figure 6b. The clearance bn

between the two planes was calculated using Equation (2). The sound absorption coefficient
was then evaluated assuming the sound waves propagate through the clearance.

bn =
2Vn

Sn
(2)

 
(a) (b) 

x 
z 

y 

l Vn 

Sn 

 

l 
Vn 

bn 

Sn 

x 
z 

y 

Figure 6. (a) Divided analysis unit; (b) approximation of the clearance between two planes.
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The theoretical analysis procedure for random packing is detailed in a previous
report [22]. In random packing, a mathematical model is difficult to construct because of
the irregular arrangement of the granular material. Therefore, the theoretical analysis of
the random packing samples was performed using CT images of a range of rectangular
bodies. These bodies were imaged such that they were sliced in a plane perpendicular
to the direction of sound wave incidence (x direction). The number of images used was
4000 for d = 0.5 mm, 10,000 for d = 0.2 mm, and 40,000 for d = 0.05 mm for an x direction of
20 mm, for example. Pitch l in the x direction of the images was 5 µm for d = 0.5 mm, 2 µm
for d = 0.2 mm, and 0.5 µm for d = 0.05 mm. Therefore, the diameter at each grain size was
divided by n = 100, as in the case of regular packing.

In addition to the abovementioned analysis, which considered sound wave attenuation
due to boundary layer viscosity, this study considered sound absorption due to longitudinal
vibrations of the particles for d = 0.3 mm and smaller. The analysis method is also detailed
in previous reports [20].

5. Comparison of Experimental and Theoretical Values
5.1. Comparison of Experimental and Theoretical Values for Regular Packing Structures

In this section, the experimental and theoretical values of the normal-incident sound
absorption coefficient are compared for samples with different packing structures and grain
sizes. First, the validity of the experimentally determined tortuosity was examined for the
case of regular packing structures. Figure 7a,b and Figure 8a,b show the comparisons for
the hexagonal lattice and the simple cubic lattice, respectively, for d = 8 mm and d = 4 mm.
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Figure 7. Comparison of theoretical and experimental values for hexagonal lattice with sample length
l = 24 mm: (a) d = 8 mm, aperture ratio: 0.54; (b) d = 4 mm, aperture ratio: 0.57.
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Figure 8. Comparison of theoretical and experimental values for simple cubic lattice with sample
length l = 24 mm: (a) d = 8 mm, aperture ratio: 0.58; (b) d = 4 mm, aperture ratio: 0.58.
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First, the experimental values are compared with the theoretical values without con-
sidering tortuosity. In all cases in Figures 7 and 8, the theoretical values consistently shifted
toward higher frequencies compared with the peak frequencies of the experimental val-
ues. In all cases, the theoretical values had lower peak sound absorption values than the
experimental values.

As for the theoretical values considering tortuosity, in all cases in Figures 7 and 8, the
peak frequencies decrease and the peak sound absorption values increase as tortuosity
increases. The decrease in the peak frequencies in the theoretical values may be because an
increase in tortuosity corresponds to an increase in the apparent sample length. The peak
frequency and peak value of the sound absorption coefficient vary with sample thickness,
apparent sound velocity, and tortuosity. As per the relationship [26] first absorption peak
frequency = sound velocity/(4 × sample length), for a sample thickness of 24 mm and sound
velocity of 340 m/s, the first absorption peak frequency is approximately 3550 Hz. In
practice, the absorption peak appears at a lower frequency because the apparent sound
velocity decreases owing to tortuosity and the viscosity of the boundary layer near the
solid wall surface. The difference between the theoretical and experimental values decrease
when tortuosity is taken into account. Therefore, the measured tortuosity values of 1.12
and 1.14 for the hexagonal and simple cubic lattices, respectively, are reasonable.

5.2. Comparison of Experimental Values for Random Packing and Theoretical Values for Each
Packing Structure

In this section, the experimental values of the normal-incident sound absorption
coefficient for random packing with varying grain sizes are compared with the theoretical
values for each packing structure. Figure 9a–k show a comparison of the experimental and
theoretical values for d = 4–0.05 mm.

For d = 4, 2, 1 mm, the theoretical values for random packing are close to the ex-
perimental values, with the difference between the experimental and theoretical values
increasing with d (Figure 9a–c). This trend, which is observed for gaps larger than the
millimeter scale, was also observed in a basic study [27] on the theoretical analysis and
measurement of gaps between two planes.

For d = 0.8, 0.6, 0.5, 0.4 mm, similar trends are observed for the theoretical values for
random packing and the simple cubic lattice and the experimental values (Figure 9d–g).

For d = 0.3, 0.2, 0.1, 0.05 mm, the smaller the grain sizes are, the theoretical values for
the simple cubic lattice are closer to the experimental values than the theoretical values for
random packing (Figure 9h–k). This trend, which is observed for gaps smaller than a few
tens of micrometers, was also observed in the basic study [27].

For the grain sizes of 4 and 2 mm, the theoretical values for random packing have
higher sound absorption peaks and lower peak frequencies than the experimental values
(Figure 9a and 9b, respectively). This may be due to a problem in the experiment, possibly
an error in the packing of the granular material in the sample. Regarding the measurements
of the glass beads, a sliding cut was made 20 mm from the rigid wall at the bottom of the
measurement tube after the granular material was packed into the tube, and the experiment
was performed using a 20 mm layer thickness. The grain diameter accounts for more than
10% of the sample thickness, particularly for d = 2, 4 mm, so the actual layer thickness is
less than 20 mm in many regions of the sample, which may have caused the difference
between the theoretical and experimental values.

In Figure 9c–g (d = 1, 0.8, 0.6, 0.5, 0.4 mm), the theoretical values for random packing
have lower sound absorption peaks and higher peak frequencies than the experimental
values. The two possible causes for this discrepancy are as follows.
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Figure 9. Comparison of theoretical and experimental values for random packing, l = 20 mm:
(a) d = 4 mm; (b) d = 2 mm; (c) d = 1 mm; (d) d = 0.8 mm; (e) d = 0.6 mm; (f) d = 0.5 mm; (g) d = 0.4 mm;
(h) d = 0.3 mm; (i) d = 0.2 mm; (j) d = 0.1 mm; (k) d = 0.05 mm.

The first possible cause is an error in the theoretical values due to the CT image. The
edge of the CT image used in this study shows a portion of the particle (Figure 10a). On
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the contrary, the sound absorption coefficient was measured experimentally using random
packing with perfect spheres. Thus, the difference between the theoretical model and the
actual one for corner particles may have caused the difference between the theoretical and
experimental values. Moreover, the glass beads in the CT image should be circular, but
at the top and at the bottom where the diameter of cross-section is small, the circles are
distorted. The spheres in some areas are close, sometimes seemingly attached, to each
other. In X-ray CT measurements, the smaller the diameter, the larger the image appears
relative to the actual dimensions [28]. These errors between the CT images and the actual
dimensions may have caused the difference between the experimental and theoretical
values of the sound absorption coefficient.

  
(a) (b) 

Figure 10. Images of glass beads: (a) CT image (d = 2 mm); (b) microscopic image (d = 0.05 mm).

A second possible cause is error due to the approximation of the entire structure as
the uniform clearance between two planes. The grain gaps in random packing can be
narrow or wide, but the approximation averages them to a uniform gap. Because of this
approximation, the viscosity of the boundary layer in narrow gaps is difficult to consider,
possibly causing the theoretical sound absorption peak to shift to a higher frequency relative
to the experimental value. Similar trends have been observed in previous reports [27].

In Figure 9d–k (d = 0.8 mm and smaller), the difference between the theoretical and
experimental values for random packing increases as the grain size decreases, possibly due
to the difference between the actual glass beads and the CT images used for the theoretical
analysis. Figure 10a shows a CT image of the d = 2 mm glass beads used in the theoretical
analysis for random packing, and Figure 10b shows a microscopic image of d = 0.05 mm
glass beads separated by gaps, captured at 40× magnification. Each cross-section of a
d = 2 mm glass bead is almost a perfect circle in the CT image (Figure 10a), indicating that
the particles are spherical. However, in Figure 10b, many of the d = 0.05 mm glass beads
have distorted shapes and different sizes. (Visual observation confirmed the presence of
fewer distorted glass beads at d = 1 mm or larger.) Therefore, the proportion of distorted
glass beads increases as the grain size decreases. However, the distorted particles were
difficult to isolate visually or remove by sieving because of their large number at small
grain sizes. This may be one of the reasons for the difference between the theoretical and
experimental values for random packing with a decrease in grain size.

From Figure 9a–k, the particle sizes yielding sound absorption peak values closest
to 1 are d = 1 mm for random packing, d = 4 mm for hexagonal close-packed structures,
d = 2 mm for face-centered cubic and hexagonal lattices, and d = 0.8 mm for simple cubic
lattices. In all cases, the peak frequencies were observed around 3000 Hz. Considering
the bandwidth, random packing, hexagonal lattice, and simple cubic lattice demonstrated
relatively better sound absorption characteristics. However, because small particles are
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difficult to arrange regularly, random packing is considered the more practical option.
Furthermore, for random packing, reducing the particle size below d = 1 mm lowers
the peak sound absorption value but shifts the peak absorption frequency toward lower
frequencies and widens the bandwidth. Consequently, random packing with particle sizes
of d = 0.8, 0.6, or 0.5 mm may also be advantageous, depending on the application.

5.3. Comparison of with and Without Considering Tortuosity

In Figure 11a–k, the theoretical results for random packing and the simple cubic lattice
(Figure 9a–k) are compared with experimental values, with and without considering tortuosity.

With tortuosity considered for the theoretical values in Figure 11a–c (d = 1 mm and
larger), the peak sound absorption frequency decreases and the peak sound absorption
value increases relative to those without considering tortuosity. When tortuosity is con-
sidered for the theoretical values in Figure 11d–k (d = 0.8 mm and smaller), both the peak
sound absorption frequency and the peak sound absorption value decrease.

The theoretical values for random packing for d = 0.5 mm and larger tend to be closer
to the experimental values when tortuosity is taken into account (Figure 11a–f). However,
for d = 0.4 mm and smaller, the theoretical values are closer to the experimental values
when tortuosity is not considered (Figure 11g–k).

As shown in Figure 11h–k, for d = 0.3 mm and smaller, the theoretical values for the
simple cubic lattice are closer to the experimental values than the theoretical values for
random packing.

The sound absorption performance changes with grain size. As the grain size gradually
reduces from 4 mm to 1 mm, the experimental sound absorption coefficient increases as the
grain size approaches 1 mm. However, the peak sound absorption value starts decreasing
when d = 0.8 mm and smaller. As shown in Section 4, the sound absorption properties
of the granular packed structure vary depending on the void volume of the structure
and the surface area of the spheres. This can be simplified as the clearance between two
planes having the same geometric parameters. If the packing structure remains unchanged,
the packing fraction is constant even when the particle diameter decreases; therefore, the
void volume within the packing structure does not change. However, the surface area
of the spheres increases as the particle diameter decreases. Due to this relationship and
according to Equation (2), the calculated clearance bn between the two planes decreases
as the particle diameter decreases. In other words, a smaller particle diameter can be
considered equivalent to a narrower clearance between two planes through which the
sound waves propagate. For d = 0.8 and smaller, the gap thickness in the void area becomes
smaller than the boundary layer thickness, which increases the incident impedance due to
excessive viscous resistance, preventing the sound waves from being incident [27].

An increase in the estimated boundary layer thickness is also a reason for the lower
theoretical peak sound absorption values considering tortuosity for d = 0.8 mm and smaller
(Figure 11d–k). Considering tortuosity produces an effect similar to an increase in the
sample thickness. This seeming increase reflects on the calculated sound absorption
value, causing the calculated sound absorption peak to shift to a lower frequency. In
general, the boundary layer thickness increases as the sound absorption peak decreases
in frequency [29]. In other words, if tortuosity is considered for d = 0.8 mm or smaller,
the calculated sound absorption peak shifts to a lower frequency and a larger boundary
layer thickness is assumed in the calculation. Consequently, the viscous resistance and
incident impedance of the boundary layer of the calculated gap are overestimated with
respect to sound absorption, which may result in a lower peak sound absorption value in
the theoretical analysis.
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Figure 11. Comparison between theoretical and experimental values for random packing, l = 20 mm:
(a) d = 4 mm; (b) d = 2 mm; (c) d = 1 mm; (d) d = 0.8 mm; (e) d = 0.6 mm; (f) d = 0.5 mm; (g) d = 0.4 mm;
(h) d = 0.3 mm; (i) d = 0.2 mm; (j) d = 0.1 mm; (k) d = 0.05 mm. (In Figure 11b,e,k, estimations of sound
absorption coefficients based on the Rayleigh and Miki models are presented.).

Prediction models and methods for the sound absorption coefficient of porous materi-
als include the Delany–Bazley model [30], empirical formula proposed by Allard et al. [31],
Rayleigh model [32], Miki model [33], and Komatsu model [34]. Unlike the method
employed in this study, which employs geometric parameters such as void volume and
spherical surface area, these prediction models calculate the sound absorption coefficient us-
ing the flow resistivity of the porous medium. Therefore, the theoretical values for random
packing derived from CT images in this study were compared with those estimated using
other models. Figure 11b,e,k show the theoretical values obtained from the Rayleigh and
Miki models for particle sizes d = 2, 0.6, and 0.05 mm (the Komatsu model was inapplicable
for most frequencies set in our study). The results indicated that the theoretical values for
random packing derived from CT images were generally closer to the experimental values
than those determined using conventional methods. The measured flow resistivity values
used to calculate the sound absorption coefficients in the Rayleigh and Miki models were
1.75 × 104 Ns/m4 for d = 2 mm, 5.37 × 104 Ns/m4 for d = 0.6 mm, and 1.32 × 105 Ns/m4

for d = 0.05 mm.

5.4. Comparison of with and Without Considering Vibration

Small absorption peaks due to longitudinal vibration are observed in the experimental
sound absorption coefficients of the glass beads with d = 0.3–0.05 mm. Therefore, similar
to the analysis considering the boundary layer, sound absorption due to the longitudinal
vibration of the particles is taken into account [20], as described in Section 4.
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Figure 12a–d are comparisons of the theoretical values with and without considering
vibrations and the experimental values for all packing structures with d = 0.3–0.05 mm.
Tortuosity is taken into account for all theoretical values.
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Figure 12. Comparison between theoretical and experimental values for random packing, l = 20 mm:
(a) d = 0.3 mm; (b) d = 0.2 mm; (c) d = 0.1 mm; (d) d = 0.05 mm.

Due to the high density of the glass beads, no sound absorption due to longitudinal
vibration occurs in the experimental values throughout the frequency range. However,
a small peak of sound absorption due to longitudinal vibration occurs at a frequency
corresponding to the sample thickness.

With longitudinal vibration considered in the theoretical analysis, around the above-
mentioned small peaks, the sound absorption curves show a tendency closer to the experi-
mental values relative to the case where longitudinal vibration is not considered.

6. Conclusions
Theoretical sound absorption coefficients were estimated for the aforementioned

typical packing structures of granular materials. The normal-incidence sound absorption
coefficient was measured for the hexagonal lattice, simple cubic lattice, and random packing.
For the regular packing structures, the actual surface area of the curved surface of the
granular material and the actual void volume were determined using a mathematical
model. For random packing, the area of the sphere surface and the void volume were
determined from cross-sectional CT images and analyzed theoretically. Furthermore,
tortuosity was measured for each packing structure. The normal-incident sound absorption



Appl. Sci. 2025, 15, 11614 16 of 18

coefficient considering tortuosity was calculated and compared with experimental values,
and the following results were obtained:

• For the hexagonal and simple cubic lattices, the theoretical analysis was performed
using exact values for the granular surface area and void volume. For both packing
structures, the theoretical peak frequency considering tortuosity was lower than in
the case where tortuosity was not considered, consistent with the experimental values.
The measured tortuosity values were therefore reasonable.

• For the experimental results under random packing, sound absorption peaks due to
boundary layer viscosity were observed for d = 0.4 mm or larger, whereas sound
absorption peaks due to the longitudinal vibration of the particles appeared for
d = 0.3 mm or smaller. At d = 0.3 mm, both boundary layer viscosity and longitu-
dinal vibration produced sound absorption peaks. As the particle diameter decreases,
the weight of each particle decreases; therefore, it is considered that the absorption
effect due to longitudinal vibration gradually begins to emerge as a result [35].

• According to analyses of cross-sectional CT images considering tortuosity, the theo-
retical values for random packing tended to be close to the experimental values for
d = 0.8 mm and smaller—a size range that has not been examined in the literature. By
performing an analysis that accounts for the difference between the actual particle
dimensions and the CT-image-determined dimensions and separately evaluates the
sound absorption arising from small and large interparticle gaps instead of averaging
them, the accuracy of the theoretical values may be further improved.

• For random packing structures with d = 0.3 mm or smaller, the experimental values
were closer to the theoretical values for simple cubic lattice than the theoretical values
for random packing. This finding suggests that the sound absorption coefficient due to
boundary layer viscosity in the random packing structures of small-diameter particles
may be efficiently estimated by substituting an analysis based on the simple cubic
lattice model.

• Comparing the theoretical values with and without considering tortuosity, the theoret-
ical values obtained without considering tortuosity were closer to the experimental
values for d = 0.3 mm or smaller. This may be due to the shifting of the absorption
peak frequency to a lower value, due to tortuosity, which increases the calculated
boundary layer thickness. This results in an underestimation of the absorption peak
values in the theoretical results for d = 0.8 mm and smaller.
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