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ABSTRACT

Introduction: Environmental and health concerns regarding synthetic sound absorbers necessitate natural,
sustainable alternatives. Agricultural waste like walnut shells is promising due to its inherent porosity.
This study evaluates the acoustic properties of walnut shell composites, investigating the influence of key
design parameters like thickness and chopping level on sound absorption performance.

Material and Methods: Porous granular samples were fabricated from walnut shells at three chopping
levels (minimally, moderately, finely) and four thicknesses (20, 40, 60, and 80 mm). The sound absorption
coefficient was measured via the impedance tube method. Field Emission Scanning Electron Microscopy
(FESEM) analyzed the material’s morphology, and results were validated with Slanted Slit (SS) and Non-
uniform Pore Size Distribution (NUPSD) mathematical models.

Results: Both increased thickness and chopping level significantly enhanced sound absorption. For finely
chopped samples, increasing thickness from 20 to 80 mm shifted the absorption peak from 2000 Hz to
630 Hz. At a constant 80 mm thickness, intensified chopping boosted the absorption coefficient at 630
Hz from 0.48 to 0.97. This improvement correlated directly with increased density, tortuosity, and airflow
resistivity. Model predictions showed the best agreement for the most finely chopped samples.
Conclusion: Walnut shell waste, especially after intensive mechanical processing, is a highly effective and
sustainable sound-absorbing material. The chopping process optimizes the acoustic structure by activating
the material’s inherent micro-porosity, yielding excellent performance in the speech frequency range
(500-2000 Hz). This material shows significant potential as a green alternative to synthetic absorbers for
indoor noise control.
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1. INTRODUCTION

Urbanization has intensified noise pollution,
which contributes to health issues such as hearing
loss, cardiovascular problems, and reduced
work performance. One effective solution is
using sound-absorbing materials, historically
beginning with asbestos (later banned for health
risks) and followed by synthetic fibers like glass
and mineral fibers. Although effective, synthetic
fibers raise environmental concerns due to non-
biodegradability, toxic emissions, and high energy
demands during production. In response, research
has shifted toward natural fibers and granular
materials (e.g., jute, flax, cotton, coconut, wood
fibers, wool, and animal hair). These show good
sound absorption, especially at mid-to-high
frequencies (2500 Hz), and offer advantages such
as biodegradability and low toxicity. However,
they have limitations: poor performance at low
frequencies, low durability, and restrictions in
sensitive environments like hospitals. Granular
materials like fruit stones and nutshells are
seen as promising alternatives. Walnut shells, in
particular, are durable, abundant as agricultural
waste, and environmentally friendly, yet their
acoustic properties remain largely unexplored. This
study, therefore, investigates the sound absorption
performance of walnut shells using impedance
tube measurements and mathematical modeling
(slanted slit and non-uniform pore size distribution
approaches).

2. MATERIAL AND METHODS

This study utilized walnut shells in three forms—
minimally, moderately, and finely chopped—
sourced from industrial and household waste due
to their abundance, durability, and recyclability.
The shells were cleaned, treated with boric acid
to resist fungal and insect damage, and oven-
dried at 70 °C for 24 hours. Panels were fabricated
with polyvinyl alcohol (PVA) as an eco-friendly
adhesive, using minimal quantities, and molded
into 10 cm diameter discs at four thicknesses (20,
40, 60, and 80 mm) with bulk densities of 400-700
kg/m?>.

Surface morphology was analyzed using FE-
SEM after gold sputtering. Acoustic performance
was evaluated by measuring the sound absorption
coefficient (SAC) with an impedance tube (ISO
10534-2 standard) under controlled conditions.
Each sample was tested multiple times, with
averages taken as results. Airflow resistivity (o) was
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also measured in line with ISO 9053 to assess its
influence on SAC.

In addition to experimental testing, two
mathematical models—the uniform parallel
slanted slit (SS) model and the non-uniform pore
size distribution (NUPSD) model—were employed
to estimate and compare the absorption behavior
of the walnut shell panels, providing predictive
insight into their acoustic performance.

For SS model, as per Stinson et al., the
expressions for the complex density and complex
compressibility within a uniform pore of any shape
are formulated as:

p(@)=p,/ H(4) (1)

>

c(o)=(R) [r--0H(W,)] @

~Theequation involves the time-dependent factor
e, where w stands for the angular frequency.
The function £ (1) possesses established analytical
formulations for various ideal pore shapes, with A
representing a dimensionless parameter.
resistivity of a medium featuring uniform

parallel slits is expressed as follows:

o= 3uc,
o’ (3)
In equations (6) and (7), ¢ denotes porosity
while «, represents tortuosity.
If the slits are uniform, parallel, and inclined at
an angle 0 to the surface normal:

a, :1/(0050)2'

(4)

The complex density (o(@)) and complex
compressibility (C(w)) for the bulk material
are determined from those for an individual slit
through equations (5) and (6):

pb(")):(“w/¢)/0(‘") (5)

C,(w)=¢C(w) (6)

The bulk propagation constant ((k(@) and
relative characteristic impedance (Z.(w)) of the
porous material, which comprises parallel slits
with a width of 2b and edge-to-edge separation of
b(1-¢)/¢, are computed using equations (7) and
(8).

k(@) =w\p,(®) C,(0) (7)
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Z (@) =(pycy )71 P (@)/C, (@) (8)

The surface impedance of a hard-backed porous
layer with a thickness of d is given by:

Z(d)=Z.()coth(~ik(w)d) )
The plane wave reflection coefficient, R(d),
and normal incidence absorption coeflicient, a(d),

for a hard-backed porous layer are expressed by
equations (10) and (11) respectively:

ey —Z(d)
R(d)_pOcO+Z(d) (10)

(11)

3. RESULTS AND DISCUSSION

Image analysis was used to determine particle
diameters and porosities of the walnut shell
samples, showing clear morphological differences
among minimally, moderately, and finely chopped
forms. Variations in surface roughness, elevations,
and hole depths strongly affected sound absorption,
as increased roughness and hardness enhanced
friction with airflow, promoting greater energy
dissipation. These structural differences also
altered tortuosity, which in turn shifted quarter-
wavelength resonance peaks and influenced overall
acoustic behavior. Noise Reduction Coefficient
(NRC) increased with sample thickness. Thicker
panels improved absorption efficiency and shifted
peaks toward lower frequencies. For finely chopped
samples, increasing thickness from 20 mm to 80
mm moved the absorption peak from 2000 Hz (a
=0.47) to 630 Hz (a = 0.97), with the absorption at
630 Hz rising from 0.09 to 0.97. This confirmed the
\/4 relationship, where thicker porous absorbers are
more effective at low frequencies due to increased
distance from the rigid backing surface. Density
also played a key role: at constant thickness, higher
density enhanced SAC because of greater airflow
resistivity and tortuosity. Elevated resistivity
imposed stronger resistance to airflow penetration,
thereby increasing frictional interaction between
air molecules and the material surface—an essential
factor for efficient sound absorption. The degree of
crushing significantly affected absorption. Finer
particles increased the effective surface area for
interaction with incident sound waves and altered

[ DOW!

internal structure, producing higher tortuosity
and airflow resistivity. These changes resulted
in enhanced absorption across the frequency
range, especially at lower frequencies. Notably,
increasing tortuosity from 2.217 to 2.42 shifted
the first resonance peak toward lower frequencies,
demonstrating its role as a mechanism to improve
low-frequency absorption—an inherent limitation
of porous absorbers. In summary, walnut shell
panels exhibited superior acoustic performance
with increasing thickness, density, and crushing
degree. These factors collectively improved surface
area, airflow resistivity, and tortuosity, leading to
substantial enhancements in SAC, particularly in
the low-frequency region. These findings align with
results reported in previous studies.

The results indicate that both the uniform
slanted slit (SS) and non-uniform pore size
distribution (NUPSD) models are promising
approaches for predicting the sound absorption
behavior of walnut shell panels. Their predictions
showed reasonable agreement with the
experimental data, comparable to those obtained
from the widely used Johnson-Champoux-
Allard (JCA) and Johnson-Champoux-Allard-
Lafarge (JCAL) models, but with the advantage
of requiring fewer input parameters. In addition
to sample thickness, the SS and NUPSD models
rely on porosity, airflow resistivity, and tortuosity.
Since tortuosity was not measured independently,
it was treated as an adjustable parameter and tuned
approximately by trial-and-error to align with
the measured absorption spectra. The predictive
accuracy of the models varied with the degree of
walnut shell crushing: they were least accurate for
minimally chopped samples, more accurate for
moderately chopped samples, and most accurate
for finely chopped samples. This trend highlights
the influence of particle size and internal structure
on model applicability.

4. CONCLUSIONS

This study evaluated walnut shell panels
in three chopping configurations and four
thicknesses using FE-SEM, impedance tube
testing, and SS/NUPSD modeling. Results
showed that walnut shells are a viable eco-friendly
alternative to synthetic absorbers, especially
within the speech frequency range. Increasing
thickness improved NRC and SAA and shifted
absorption peaks to lower frequencies—for
example, in finely chopped samples, the peak
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moved from 2000 Hz (20 mm) to 630 Hz (80 mm),
with the absorption coefficient at 630 Hz rising
from 0.48 to 0.97. Greater chopping enhanced
low-frequency absorption by increasing surface
area, tortuosity, and airflow resistivity. Among
the models, SS and NUPSD gave the most
reliable predictions for finely chopped samples,
confirming their potential for describing the
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acoustic behavior of walnut shell absorbers.
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