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Composite materials made from palmyra palm fruit fiber (PPFF) were formed using urea–formaldehyde
(UF) and polyvinyl acetate (PVAc). We prepared two sets of five different cylindrical samples with varying
PPFF contents. The PPFF composites’ normal-incident sound absorption coefficient (SAC) and transmis-
sion loss (TL) were measured by using the impedance tube method. The sample with higher PPFF content
shows a lower SAC spectrum. It is the opposite for the TL, where a sample with high PPFF content demon-
strates a higher TL spectrum. We conducted the least-square fitting method on the experimental SAC and
TL spectra utilizing the Johnson-Champoux-Allard (JCA) equivalent fluid model. Non-acoustic parameters
were acquired from the fitting. The optimized porosity (/), viscous characteristic length (K), and thermal
characteristic length (K0) are inversely proportional to the PPFF content. The airflow resistivity (r) and
tortuosity (a1), on the other hand, demonstrate a direct correlation with the PPFF content. Even though
the UF samples have an average density of 14.7 % higher than the PVAc samples, their r;K0 , and a1 are
just 7.7 %, 4.5 %, and 0.39 % higher than PVAc samples. On the other hand, PVAc samples show higher
average K and / of 1.4 % and 0.73 %, respectively. The optimized porosity values obtained from the
JCA model (/JCA) are coherent with ones from the direct estimation method assuming adhesive-coated
fiber (/fa). It can be concluded that the adhesive’s quantity and density contribute to the composites’
porosity value, ultimately affecting material acoustic properties. Researchers can control and predict
how the SAC and TL of fibrous sound absorbers would behave by varying the quantity and density of
an adhesive.

� 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Noise is an unpleasant or distracting sound, including traffic,
building sites, factories, and even noise inside a household. There
are two sorts of noise to consider in most cases. The first is internal
noise, such as sound reverberation. It occurs when a sound wave
reflects in a closed space with multiple reflecting bodies, causing
sound perception to be distracted. The second is noises generated
externally, such as those from a busy street or a construction site,
propagating into households. Two types of noises require different
ratings. For the internally generated noise, the sound absorption
coefficient (SAC) is a rating of how much sound material can
absorb (on a scale of 0 to 1). On the other hand, for the externally
generated noise, the sound transmission loss (TL) is a number rat-
ing of how efficiently a material attenuates airborne sound.

Glass wool and rock wool have been in the industry for a long
time [1–3]. Not only are they used as solutions for reducing rever-
beration sound, but they are also used in sound insulating in the
form of multilayer structures. However, both materials have severe
effects on the environment since they are difficult to get eradicated
[4]. Furthermore, the production and application of these materials
deteriorate the health of people who have associated [5].

Alternative sound absorbers were required since substitutions
were necessary for the glass and rock wools. In 2002, Koizumi
et al. [6] investigated the sound absorption performance of bam-
boo fiber materials by varying parameters, including panel thick-
ness, apparent density, and fiber diameter. Bamboo fiber exhibits
sound absorption property equivalent to glass wool. Their work
has motivated researchers to investigate the potential of natural
acoustic materials further. In 2003, Yang et al. [7] examined the
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Fig. 1. (a) Fresh palmyra palm fruit fiber (PPFF) where juice is not yet extracted (b)
dried PPFF after juice extraction and convection drying.

Fig. 2. a) Optical microscopic image and b) scanning electron microscopic image
(SEM) of palmyra palm fruit fiber.
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sound absorption property of rice straw-wood composites. The
composites with a specific gravity of 0.4 show normal-incident
sound absorption coefficient (SAC) values greater than 0.6 at a fre-
quency above 2000 Hz. From the study of Zulkifli et al. [8], and
Hossein et al. [9], coconut coir fiber also shows excellent sound-
absorbing properties. The coir panel with 30 mm thickness demon-
strates an average SAC greater than 0.7 at frequencies above
600 Hz. By combing the coir fiber and the perforated plate as mul-
tilayer absorbers, sound absorption seems to improve at low fre-
quency. On the other hand, the combination reduces the value at
the medium frequency. In 2012, Kang et al. [10] proposed the study
where rice hull-sawdust composite board showed higher SAC than
the commercial gypsum board. For the sample with 400 kg=m3

density, the SAC is around 0.40–0.55 at the frequency over
1000 Hz.

Recently, natural materials, especially those from agricultural
leftovers, attracted interest from researchers. In 2020, Taban
et al. [11] reported sound absorption behavior of the composites
made from kenaf fiber. The noise reduction coefficient (NRC) of
the sample with 45 mm thickness is 0.65. They used Delany-
Bazley (D-B) model [12] and the best-fit inverse law [13] in
describing sound absorption behavior in a mathematical approach.
Similar research extended towards fibrogranular composites made
from kenaf fiber and rice husk granule [14], chrome shave and cof-
fee silver skin [15], date palm fiber [16], and sugarcane bagasse
[17]. According to these investigations, natural materials have a
lot of potentials to be used as sound-absorbing materials.

The palmyra palm (Borassus flabellifer L.) is a type of palm plant
native to South and Southeast Asia, particularly in dry, coastal, and
low-altitude areas. The husk color of ripe palm fruit is purplish-
black, while the mesocarp pulp around the seeds is fibrous, yellow-
ish, and oily [18]. The palmyra palm is commonly used for fruit and
juice consumption [19]. However, the leftover mesocarp is typi-
cally discarded. Therefore, it is intriguing to see what else it could
perform after recycling since the act of waste recycling can have
economic, social, and environmental benefits. Due to its fibrous
characteristics, it can be used as a substitution for rock/glass wool
as an acoustic absorber.

In this study, we manufactured the sound absorbers made from
palmyra palm fruit fiber (PPFF) binding by two different adhesives;
urea–formaldehyde (UF) and polyvinyl acetate (PVAc). The sam-
ples’ normal-incident sound absorption coefficient (SAC) and
transmission loss (TL) were measured and reported. Five essential
non-acoustic parameters, including the airflow resistivity (r),
porosity(/), tortuosity(a1), viscous characteristic length (K), and
thermal characteristic length (K0) were optimized from the least-
square fitting of the Johnson-Champoux-Allar (JCA) equivalent
fluid model [20,21]. The optimized parameters were analyzed to
reveal the effects of adhesive on the material’s acoustic properties.

This article is ordered into five sections; the following Section 2
focuses on the preparation of the samples and the measurement of
material acoustic properties. The experimental results are pre-
sented and explained in Section 3. In Section 4, experimental
results are interpreted and discussed. Finally, Section 5 summa-
rizes the main findings of this study.
2. Materials and methods

2.1. Sample preparation

In this study, we collected the Palmyra palm fruit fiber (PPFF)
from the dried palm fruits as demonstrated in Fig. 1. The fiber
length was controlled by cutting fiber to be around 50 mm. Accord-
ing to Fig. 2, the average diameter of fibers is around 60 � 18 lm
obtained from SEM images using ImageJ software [22]. Palm fiber
2

was dried in an air-circulating oven at 60 oC for 120 min. Commer-
cial urea–formaldehyde (UF) adhesive powder (Bosny brand, Eng-
land) and polyvinyl acetate copolymer emulsion (PVAc) adhesive
(TOA brand, Thailand) were utilized in this study. The density of
the dried UF and PVAc adhesives were measured to be around
1282 and 1190 kg=m3 for UF and PVAc adhesives, respectively.
The UF adhesive powder was dissolved in water with a 2:1 adhe-
sive to water ratio. We prepared the cylindrical specimens with
29.0 mm diameter and 40.0 mm thickness using the stainless steel
mold. The PPFF contents in the test specimens were varied by 4.0,
4.5, 5.0, 5.5, and 6.0 g. Meanwhile, the UF adhesive and water



Fig. 3. (a) Samples with PPFF and urea formaldehyde (UF) adhesive (b) Samples
with PPFF and polyvinyl acetate (PVAc) adhesive.

Fig. 4. Impedance tube diagram for sound absorption coefficient (SAC) measure-
ment (two microphone method) according to ASTM E1050-98 [23] and ISO 10534-2
[24].
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content were fixed at 3.8 g and 1.9 g, respectively. In contrast to
the UF adhesive, the commercial PVAc was initially polymerized
and already in water emulsion form. From our observation, 8.0 g
of the PVAc emulsion is reduced to approximately 1.9 g after dry-
ing. The Variation of PPFF content is the same as in UF samples,
while the PVAc emulsion adhesive was fixed at 8.0 g (1.9 g dried
weight). After properly combining the components, we put the
wet mixture inside the mold.

The proper load was placed above the mold edge during prepa-
ration to keep the wet composites from overflowing. Next, we put
the wet specimens in an air-circulating oven set to 60 oC for
120 min to remove the excess moisture. Then, all specimens shown
in Fig. 3 were stored in dried sample storage for five days. After
drying, the samples’ weight, surface density, and bulk density were
measured and displayed in Table 1.

2.2. Sound absorption measurement

The normal-incident sound absorption coefficients (SAC) of
materials were measured using the two-microphone impedance
tube explicitly designed according to ASTM E1050-98 [23] and
ISO 10534–2 standard [24]. It was designed as a one-size impe-
dance tube where a sample with only one diameter size is required
in the measurement [25]. The internal tube diameter of the
cylindrical-shaped impedance tube is 29.0 mm, and made of stain-
less steel. Two 1/4-inch measurement microphones (GRAS 40PP)
are hermetically sealed against the tube’s wall. The first and second
microphones have a distance of 20 mm, resulting in measurable
results at frequencies between 100 and 5,000 Hz [23] [24]. A gen-
eric full-range speaker is set at the end of the impedance tube to
provide a broadband sound signal inside the tube. The length of
100 cm, the distance between the sound source and the first micro-
phone, is considered sufficient for sound waves to become normal-
incident while reaching the sample’s surface. The cylinder-shaped
sample was firmly inserted into the sample holder, which was
attached to the tube’s opposite end. Next to the sample, an echoic
hard backing plate was placed to prevent sound waves from leak-
ing out. Fig. 4 shows the diagram of the impedance tube. Signals
from both microphones are acquired using the data acquisition
device (NI-9230 DAQ, National Instrument) as shown in Fig. 5.
PYTHON’s data acquisition module examined the transfer function
(H12) of the signals between two microphones. Equations below
explain the calculation of the sound absorption coefficient using
the transfer function H12:

R ¼ H12 � e�jk0s

ejk0s � H12
e2jk0x1 ð1Þ

SAC ¼ 1� jRj2 ð2Þ
where R is the complex sound reflection coefficient. j is the complex
number

ffiffiffiffiffiffiffi
�1

p
: k0 is the wavenumber. x1 is the distance between the

first microphone (Mic 1) and the sample. s is the distance between
Table 1
UF and PVAc sample information.

Sample name PPFF content Dried adhesive content
- mf (g) - ma (g)

UF-1 4.0 3.8
UF-2 4.5 3.8
UF-3 5.0 3.8
UF-4 5.5 3.8
UF-5 6.0 3.8
PVAc-1 4.0 1.9
PVAc-2 4.5 1.9
PVAc-3 5.0 1.9
PVAc-4 5.5 1.9
PVAc-5 6.0 1.9

3

two microphones, and SAC is the normal-incident sound absorption
coefficient, which ranges from 0 to 1. Typically, the SAC is reported
as a spectrum since the incident wave frequencies substantially
influence the sound absorption coefficient.
Dried sample mass Surface density Bulk density
(g) (kg=m2) kg=m3

�
)

6.4 9.7 247.6
7.4 11.2 276.7
7.6 11.5 281.1
8.6 13.0 310.2
9.0 13.6 325.2
5.8 8.8 230.5
6.2 9.4 231.7
6.3 9.5 235.5
6.8 10.3 248.8
7.7 11.7 282.7



Fig. 5. a) Impedance tube instrument b) cylindrical sample specimen inside the
sample holder of the impedance tube.

P. Chanlert, S. Tongyoo and C. Rordrak Applied Acoustics 198 (2022) 108984
2.3. Transmission loss measurement

Transmission loss (TL) defines how efficiently an acoustic panel
can attenuate the amplitude of sound waves traveling from one
side to the other. The value of TL is measured in decibels (dB)
reduction. The four-microphone impedance tube is used to mea-
sure the normal-incident TL using the transfer matrix method
based on the ASTME2611 standard [26]. The measurement config-
uration is similar to that of the normal-incident SAC, except that
there are four microphone positions. The sample specimen is
placed between the second and third microphone, as displayed in
Fig. 6. The microphones are placed at four positions to measure
the acoustic pressure (p) and particle velocity (u). ASTME2611
standard requires two measurements using two different termina-
tions (Termination a and b). Therefore, the transfer matrix (Tn) can
be estimated as:

T11 ¼ p0auda � p0buda

pdaudb � pdbuda
; T12 ¼ p0bpda � p0apdb

pdaudb � pdbuda

T21 ¼ u0audb � u0buda

pdaudb � pdbuda
; T22 ¼ pdau0b � pdbu0a

pdaudb � pdbuda

Tn ¼ T11 T12

T21 T22

� � ð3Þ

where T11; T12; T21 and T22 are four components of 2 x 2 transfer
matrix. p0a;p0b;pda and pdb are acoustic pressures at position x ¼ 0
and x ¼ d. u0a;u0b;uda and udb are particle velocities at x ¼ 0 and
x ¼ d. Thus, the sound transmission coefficient and normal-
incident transmission loss (TL) can be determined as [26]:

t ¼ 2ejk0d

T11 þ T12=qcð Þ þ qcT21 þ T22
ð4Þ
Fig. 6. The impedance tube diagram of the transmission loss (TL) measurement
(four microphone method) according to ASTME2611 [26].

4

TL ¼ 20log10
1
t

����
���� ð5Þ

where t is the sound transmission coefficient. d is the sample thick-
ness. q is the static air density, and c is the sound velocity. In this
study, the measurements have been conducted using frequencies
ranging from 100 to 5000 Hz.

2.4. Least-square fitting and Johnson-Champoux-Allard (JCA)
equivalent fluid model

To optimize the acoustic characteristics of porous absorbers, the
relationship between non-acoustic and acoustic parameters must
be studied. Several acoustic models describe sound propagation
inside porous materials considering different morphological
parameters [20,21,27,28]. According to the work of Johnson et al.
[20], and Allard and Champoux [21], the semi-phenomenological
Johnson-Champoux-Allard (JCA) equivalent fluid model has been
proposed. The non-acoustical parameters include static airflow
resistivity (r), porosity(/), tortuosity(a1), viscous characteristic
length (K), and thermal characteristic length (K0), are used widely
to describe the propagation of sound wave inside porous materials.
According to the equivalent fluid approach of the JCA model [29–
33], the equivalent dynamic density (qeq) and the equivalent
dynamic bulk modulus of the air (Keq) inside rigid-frame materials
containing air-filled parallel cylindrical pores can be described as
functions of angular frequency (x) as follows:

qeq xð Þ ¼ a1q0

/
1þ r/

jxq0a1
1þ 4ja12gxq0

rK/ð Þ2
 !1=2

2
4

3
5 ð6Þ

Keq xð Þ ¼ cp0

/
c� c� 1ð Þ 1þ 8g

jK02xq0Npr

1þ jq0NprK
02x

16g

 !1=2
2
4

3
5

�1
0
B@

1
CA

�1

ð7Þ
where c is the specific heat ratio of the air. g is the dynamic viscos-
ity of the air. p0 is the atmospheric pressure, and Npr is Prandtl num-

ber. In this study, c ¼ 1:4;g ¼ 1:85� 10�5; p0 ¼ 1:0132� 105 N=m2,
and Npr ¼ 0:702, respectively [21].

Thus, the characteristic wave number kc xð Þ and the character-
istic impedance Zc xð Þ can be determined by:

kc xð Þ ¼ x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qeq xð Þ
Keq xð Þ

s
ð8Þ

Zc xð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qeq xð ÞKeq xð Þ

q
ð9Þ

The surface acoustic impedance (Zs xð Þ) at normal incidence for
hard-backed materials with the thickness of d can be estimated
using:

Zs xð Þ ¼ �jZc cot kcdð Þ ð10Þ
Thus, sound absorption coefficient (SAC) at normal incidence

can be determined by:

SAC ¼ 1� Zs � q0c0
Zs þ q0c0

����
����
2

ð11Þ

where c0 is the sound speed in the air.
In the case of porous material, the normal-incident transmis-

sion loss (TL xð Þ) can also be determined using the transfer matrix
method [29,34,33]. According to Liu et al. [35], the transfer matrix
(Tn) of the porous materials can be described as:



Fig. 7. Normal-incident sound absorption coefficient (SAC) spectra of UF samples.
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Tn ¼ cos kcdð Þ jZc sin kcdð Þ
j sin kcdð Þ=Zc cos kcdð Þ

� �
ð12Þ

The normal-incident transmission loss (TL) can be estimated
according to the study of Luu et al. [34] as:

TL ¼ 20log10 cos kcdð Þ þ
j Zc þ 1

Zc

� �
2q0c0

sin kcdð Þ
������

������ ð13Þ

The least-square method involves minimizing the sum of the
squares of the residuals of the data points from the curve to obtain
the curve or line that best fits a set of points. In this study, the
least-square method optimizes the five non-acoustic parameters
(r;/;a1;K, and K0) within the JCA model (Eq. (11) and (13)) to
make curves that best fit the experimental SAC and TL. We used
the non-linear least-square optimization method (LMFIT) for
PYTHON [36]. However, Optimizing all parameters as independent
variables sometimes provides out-of-range results. By applying
parameter conditioning, the fitting becomes achievable and rea-
sonable. In this study. we treated /;K, and K0 as independent
parameters. On the other hand, r and a1 were treated as depen-
dent parameters. The conditioning was conducted according to
Eq. 14 and 16.

The airflow resistivity (r) can be conditioned as the function of
porosity as described by the Carman-Kozen model [37]. The equa-
tion for estimating the r of the fibrous materials as introduced by
Pelegrinis et al. [38] is as follows:

r /ð Þ ¼ 180g 1� /ð Þ2
d2
mix/

3
ð14Þ

where dmix is the diameter of the adhesive-coated fiber. For the
fiber-adhesive sound absorber, the actual fiber diameter can be esti-
mated using this equation [38]:

dmix /ð Þ ¼ df þ df/
� 	 ð15Þ

where df is the average diameter of the PPFF. For the tortuosity
(a1), it is conditioned using the Berryman’s formula [39] as follows:

a1 /ð Þ ¼ 1þ 1� /
2/

ð16Þ

SAC (Eq. 11) and TL (Eq. 13) derived from the JCA model will be
used in the least-square fitting method on the experimental SAC
and TL. Finally, the discussion section will describe the curve-
fitting results and the optimized non-acoustic parameters of all
PPFF: adhesive composites.

3. Results

This section discusses the measurement of general sample
information and acoustic properties, including sound absorption
coefficient (SAC) and transmission loss (TL), according to designed
experiments.

3.1. General information of the samples

We manufactured samples with ten formulas from the UF and
PVAc adhesive. The numbers at the end of the sample name reflect
the PPFF contents. PPFF contents of 4.0, 4.5, 5.0, 5.5, and 6.0 g are
labeled by the numbers 1, 2, 3, 4, and 5, respectively. The general
information, including sample name, PPFF content (mf ), dried
adhesive content (ma), dried sample mass, surface density, and
bulk density, is explained in Table 1.

Samples with higher PPFF contents have higher surface and
bulk density. Generally, UF samples have more elevated surface
and bulk density than PVAc samples because the amount of PVAc
5

in the samples after drying (approximately 1.9 g) is lower than
UF adhesive (3.8 g). Therefore, UF samples generally have a higher
average bulk density than PVAc samples by about 14.7 %.

3.2. Sound absorption coefficient spectra

The normal-incident sound absorption coefficient (SAC) is por-
trayed as frequency dependence. The frequency range is from
100 Hz to 5000 Hz due to the instrumental limitations of the impe-
dance tube [25]. Fig. 7 displays the SAC spectra of UF-1 to UF-5.
Since all UF samples possess the porous absorber characteristic,
SAC is low at low frequencies and becomes higher while increasing
the frequency [13–16]. The SAC generally becomes virtually steady
once it reaches saturation [16,40]. By increasing the PPFF content,
the SAC spectra of the samples become lower. It suggests that the
PPFF content is vital in determining the SAC. The noise reduction
coefficient (NRC) provides a good and straightforward estimation
of how effectively the particular material can absorb noise. The
NRC can be estimated by averaging the values of SAC at the fre-
quencies of 250, 500, 1000, and 2000 Hz [41]. These values encom-
pass the fundamental frequencies and first few overtones of typical
human speech. This study assumed that most PPFF samples
become saturated at around 1000 Hz. Sound absorption at satura-
tion (asat) is calculated by averaging all SAC values at the octave
frequencies from 1000 to 5000 Hz. The values of NRC and asat are
described in Table 2.

According to Table 2, UF-1 displays the highest SAC spectra
among all UF samples. It is the same for PVAc samples as presented
in Fig. 8, where PVAc-1 shows the highest SAC spectra. The NRC,
which represents average sound absorption at the frequency of
250–2000 Hz, ranges from 0.54–0.62 for UF samples and 0.45–
0.63 for PVAc samples, as displayed in Table 2. Besides PVAc-2
and PVAc-5, all PVAc samples show higher NRC than UF samples
with the same PPFF contents. The average NRC of PVAc samples
is simply 0.68 % higher than UF samples.

UF-1 also shows the highest asat (0.92) among UF samples. It is
the same for PVAc-1, where asat is the highest (0.91) among all
PVAc samples. For other UF and PVAc samples, the asat becomes
lower with higher PPFF content. asat between UF and PVAc samples
with the same PPFF content are not remarkably different. However,
the exception is for UF-5 and PVAc-5, where the asat is diverse.

Some UF and PVAc samples possess similar values of sample
bulk density (UF-1 and PVAc-4, and UF-3 and PVAc-5); the SAC
spectra between these samples are different. It suggests that den-
sity alone does not determine a material’s SAC. More analysis is



Table 2
Noise reduction coefficient (NRC), sound absorption at saturation (asat), TL at 5000 Hz
(TL5000), and TL increasing rate (TLrate)

Sample NRC asat TL5000 TLrate
(dB) (dB/kHz)

UF-1 0.60 0.92 16.0 1.9
UF-2 0.62 0.86 18.5 2.6
UF-3 0.59 0.80 20.8 2.6
UF-4 0.56 0.68 29.3 3.7
UF-5 0.54 0.64 36.6 4.6
PVAc-1 0.63 0.91 17.4 1.9
PVAc-2 0.60 0.86 18.4 2.3
PVAc-3 0.63 0.79 20.3 2.7
PVAc-4 0.62 0.78 24.4 3.6
PVAc-5 0.45 0.42 37.8 4.2

Fig. 8. Normal-incident sound absorption coefficient (SAC) spectra of PVAc
samples.

Fig. 9. Normal-incident transmission loss (TL) spectra of UF samples.

Fig. 10. Normal-incident transmission loss (TL) spectra of PVAc samples.
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necessary to explain the acoustic characteristics of PPFF compos-
ites made from UF and PVAc samples. In this study, the Johnson-
Champoux-Allard (JCA) equivalent fluid model was used to
describe how non-acoustic parameters, including flow resistivity
(r), porosity(/), tortuosity(a1), viscous characteristic length (K)
and thermal characteristic length (K0), contribute to the character-
istics of SAC spectra. We use the least-square fitting of the JCA
model on the experimental SAC spectra to obtain all mentioned
parameters. The transmission loss (TL) spectrum of the same sam-
ple is necessary for more accurate parameter optimization. The
result of the TL spectra will be presented and described in the fol-
lowing subsection.

3.3. Transmission loss spectra

According to ASTME2611 standard [26], transmission loss (TL)
spectra were measured using the four-microphone impedance
tube method. The TL spectra of UF and PVAc samples are displayed
in Fig. 9 and 10, respectively. Fig. 9 shows the TL spectra of UF-1,
UF-2, UF-3, UF-4, and UF-5. In the same way, Fig. 10 displays the
TL spectra of PVAc-1, PVAc-2, PVAc-3, PVAc-4, and PVAc-5. The
characteristics of the TL spectra are similar for all samples. At
low frequency, the TL is controlled by material stiffness (stiffness
controlled region) [42] resulting in the drop of TL while frequency
increases. After that, the dimension constraints of the impedance
tube wall affect the TL behavior resulting in resonance (resonance
region) [43]. Then, the TL increases while the frequency rises
because the mass of the sample per unit area (sample surface den-
sity) plays a significant role (mass controlled region) [43].
6

From Fig. 9 and 10, the spectra show the characteristic of the
region, including the stiffness (< 500 Hz), resonance (500–
1000 Hz), and mass controlled (>1000 Hz) regions. The appear-
ances of the TL curves are similar for most samples, especially
the stiffness and resonance regions, even though they are at differ-
ent offsets. The values of TL at 5000 Hz (TL5000) of all samples are
explained in Table 2. It shows that the values of TL5000 are directly
variable with the PPFF content. The highest TL5000 is 36.6 (UF-5)
and 37.8 dB (PVAc-5) for UF and PVAc samples, respectively. UF
samples collectively have higher TL5000 than PVAc samples since
their average TL5000 is higher than those from PVAc by 2.4 %.

The TL spectra at the mass control region are almost linear with
positive slopes. With higher PPFF content, the samples show higher
slopes. The slopes of the TL spectra along the mass control region
for UF and PVAc samples are approximately 1.9–4.6 dB/kHz and
1.9–4.2 dB/kHz, respectively. The change of slope is in direct vari-
ation with the PPFF content, while the variation due to adhesive
type (UF and PVAc) is not significant.

The following section will emphasize the utilization of the
least-square fitting on experimental SAC and TL spectra using the
JCA model. Non-acoustic parameters obtained from the fitting will
be discussed and analyzed.
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4. Discussion

4.1. Results of least-square fitting

Fig. 11 and 12 show the least-square fitting of the experimental
SAC and the TL using the JCA model. The average of the absolute
differences (Dabs SACð Þ;Dabs TLð Þ) between the experiment and the JCA
model are presented in Table 3.

For UF samples, as displayed in Fig. 11, the fittings are mostly in
good agreement with the experimental results. From Fig. 11(e), the
fitting result of the UF-5 sample shows the highest disagreement
between the experimental and theoretical values. Dabs SACð Þ and

Dabs TLð Þ of UF-5 are 0.046 and 1.152 dB, respectively.
For PVAc samples, as shown in Fig. 12, the experimental and

theoretical values are also in decent agreement for most samples.
However, the difference is considerably explicit in the case of the
PVAc-5, especially the SAC fitting. As displayed in Fig. 12(e), the fit-
ting of the SAC result is in agreement with the frequency below
1000 Hz. However, at a higher frequency, they are explicitly differ-
ent. Dabs SACð Þ of PVAc-5 is 0.200 which is 5–8 times larger than aver-

age Dabs SACð Þ of other PVAc samples. On the other hand, the fitting of
the TL spectrum is in good agreement for the PVAc-5 with the
Dabs TLð Þ of 0.572.

Next, the non-acoustic parameters obtained from the fittings
will be discussed and analyzed. The acquired parameters are
denoted in Table 4.
4.2. Analysis of the optimized non-acoustic parameters

Five non-acoustic parameters, obtained from the least-square
fitting of the experimental results and JCA model, are presented
in Table 4. The development of each parameter toward PPFF con-
tent is emphasized in Fig. 13.

The airflow resistivity (r) and tortuosity (a1) are the dependent
parameters where the values of r and a1 are corresponding to the
value of / as explained in Eq. 14 and 16, respectively. Referred to
Fig. 11. The experimental sound absorption coefficient (black solid line) and transm
Champoux-Allard (JCA) equivalent fluid model (blue and red dashed line for SAC and TL
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Fig. 13(a) and (c), both r and a1 shows direct variation with the
PPFF content. However, the changes between samples are more
exponential-liked in the case of r than a1. The average airflow
resistivity of UF samples is higher than PVAc samples by 7.7 %. In
the same way, their average tortuosity is around 0.39 % higher than
the PVAc samples. They correspond with graphs illustrated in
Fig. 13. It is reasonable since materials with less porous structure
should exhibit higher flow resistance and tortuosity than those
with higher porosity.

The independent variables, including viscous characteristic
length (K) and thermal characteristic length (K0), also demonstrate
inverse variation with the PPFF content, as demonstrated in Fig. 13.
From Fig. 13(d) and (e), it is difficult to conclude which UF or PVAc
samples individually exhibit higher K and K0. Considering their
average values, the average K of PVAc samples is around 1.4 %
higher than the UF samples. On the other hand, UF samples exhibit
a higher average K0 than PVAc by approximately 4.5 %.

Generally, K0 is always larger or equal to K. It is because K is
related to the width of the interconnection of the pore network
where viscous dissipation occurs, while K0 describes the bigger
pore size where the thermal dissipation of sound energy is pro-
nounced [44,45]. Allard and Champoux [21] proposed the relation-
ship between the viscous and thermal characteristic length of the
fibrous sound absorber. From their investigation, the thermal char-
acteristic length should be around two times larger than the vis-
cous characteristic length (K0 ¼ 2K) when the flow direction is
perpendicular to the fiber orientation [46]. According to the simu-
lation by Luu et al. [34], fibrous materials demonstrate K0 approx-
imately 1–2 times higher than the value of K. In our study, the
average values of K0=K are about 2.0 and 2.1 for UF and PVAc sam-
ples, respectively, which are consistent with the previous studies.

According to Fig. 13(b), the porosity (/), which is also an inde-
pendent fitting parameter, shows inverse variation with the PPFF
content. The average porosity of PVAc samples is approximately
0.73 % higher than UF samples. The in-depth investigation of
porosity will be discussed in the following subsection.
ission loss (black opened circle) spectra and the least-square fitting of Johnson-
, respectively) a) UF-1 b) UF-2 c) UF-3 d) UF-4 e) UF-5.



Fig. 12. The experimental sound absorption coefficient (black solid line) and transmission loss (black opened circle) spectra and the least-square fitting of Johnson-
Champoux-Allard (JCA) equivalent fluid model (blue and red dashed line for SAC and TL, respectively) a) PVAc-1 b) PVAc-2 c) PVAc-3 d) PVAc-4 e) PVAc-5.

Table 3
The average absolue differences (Dabs SACð Þ , and Dabs TLð Þ) between the experiment and
JCA model.

Sample Dabs SACð Þ Dabs TLð Þ dBð Þ
UF-1 0.028 0.512
UF-2 0.030 0.551
UF-3 0.021 0.587
UF-4 0.034 0.625
UF-5 0.046 1.152
PVAc-1 0.040 0.545
PVAc-2 0.024 0.485
PVAc-3 0.033 0.531
PVAc-4 0.049 0.600
PVAc-5 0.200 0.572
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4.3. Direct estimation VS the least-square optimization of porosity

Besides the least-square method discussed in the previous sub-
section, the porosity of the sample can also be directly estimated
using the equation mentioned in the earlier studies [16,44].

/f ¼ 1� qbulk

qf
ð17Þ
Table 4
Optimized Non-acoustical parameters obtained from the least-square fitting of the experi

Sample r /

(Pa:s:m�2)

UF-1 29800 (39) 0.7794 (0.0001)
UF-2 38530 (41) 0.7607 (0.0001)
UF-3 52294 (78) 0.7334 (0.0002)
UF-4 74806 (66) 0.7089 (0.0001)
UF-5 112202 (120) 0.6752 (0.0001)
PVAc-1 37000 (42) 0.7637 (0.0001)
PVAc-2 37576 (34) 0.7626 (0.0001)
PVAc-3 46999 (50) 0.7476 (0.0001)
PVAc-4 58087 (71) 0.7292 (0.0001)
PVAc-5 104263 (113) 0.6814 (0.0001)
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where qbulk denotes the density of the sample, and qf is the density
of the PPFF. Since PPFF is a type of natural fiber, its density is uncer-
tain. In this study, the measured value of qf is varied in between
670–998 kg=m3.

In this study, there are two components in the samples, includ-
ing the PPFF and the adhesive. We assumed that the adhesive coats
the surface of the fiber resulting in changes in apparent fiber den-
sity. To directly estimate the porosity, it is appropriated to consider
the adhesive-coated fiber density (qfa) instead of the fiber density
(qf ) alone. Since Ehsan et al. [14] have studied the acoustic prop-
erty of the composites consisting of two components, we modified
their equation to calculate the qfa which is the result of the
weighted average density between PPFF and the adhesive. qfa can
be estimated as follows:

qfa ¼
qfmf þ qama

mf þma
ð18Þ

where qa is the density the adhesive (1282 kg=m3 and 1190 kg=m3

for UF and PVAc, respectively). mf and ma are the mass ratios of the
PPFF and the adhesives presented in Table 1. Finally, the porosity of
the composites consisting of adhesive-coated fiber (/fa) can be
calculated as:
mental SAC and TL spectra and Johnson-Champoux-Allard (JCA) model.

a1 K K0

(lm) (lm)

1.140 (0.010) 39.9 (0.6) 92.6 (0.4)
1.157 (0.001) 31.2 (0.2) 82.9 (0.4)
1.178 (0.001) 18.3(0.7) 19.0 (2.0)
1.205 (0.001) 14.8 (0.3) 41.5 (0.9)
1.241 (0.001) 10.1 (0.9) 11.0 (2.0)
1.155 (0.030) 32.0 (0.8) 80.3 (0.5)
1.156 (0.030) 30.8 (0.8) 52.0 (2.0)
1.171 (0.001) 22.4 (0.4) 22.8 (0.9)
1.186 (0.001) 21.0 (0.4) 57.0 (2.0)
1.230 (0.060) 9.7 (0.2) 23.7 (0.6)



Fig. 13. Non-acoustic parameters of JCA model as variations of sample PPFF content
a) airflow resistivity (r) b) porosity (/) c) tortuosity (a1) d) viscous characteristic
length (K) e) thermal characteristic length (K0).

Fig. 14. The porosity of the samples estimated from various methods including the
direct calculation from Eq. 17 (blue), Eq. 19 (red), and the least-square optimization
using JC.A model (black).
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/fa ¼ 1� qbulk

qfa
ð19Þ

The direct estimation of the porosity (/f and /fa) is shown in
Table 5.

From Fig. 14, since /f (blue color) has been calculated regardless
of adhesive effects, the PPFF samples with different adhesives
should exhibit no difference. On the other hand, the values of /fa

(red color) show the separation between the estimated porosity
of samples with UF and PVAc adhesives. It is because the quantity
and density of the adhesive play significant roles in determining
this value. / JCAð Þ (black color) obtained from the least-square fitting
demonstrate similar characteristics with /fa. The average /fa and
/ JCAð Þ of PVAc samples are collectively higher than UF samples by
2.1 % and 0.73 %, respectively. Furthermore, the coherence between
/fa and / JCAð Þ, according to Fig. 14, helps verify the reliability of the
least-square optimization method used in this study.

This is inferred that the quantity (ma) and density (qa) of the
adhesive contribute to the value of porosity of the PPFF compos-
ites. Since all non-acoustic parameters are correlated, the changes
Table 5
The porosity values estimated from the direct estimation methods (Eq. 17/f ), and 19
(/fa)) and the least-square method (/JCA) from Table 4

Sample /f /fa /JCA

UF-1 0.691 0.763 0.7794
UF-2 0.655 0.732 0.7607
UF-3 0.650 0.724 0.7334
UF-4 0.613 0.692 0.7089
UF-5 0.595 0.674 0.6752
PVAc-1 0.713 0.754 0.7637
PVAc-2 0.711 0.750 0.7626
PVAc-3 0.707 0.743 0.7476
PVAc-4 0.690 0.727 0.7292
PVAc-5 0.648 0.687 0.6814
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in porosity will ultimately result in changes in material acoustic
properties. By manipulating the quantity and density of an adhe-
sive according to Eq. 17 and Eq. 19, researchers can control and
predict the outcome of the SAC and TL of the designed fibrous
sound absorbers via the JCA model or other empirical estimations
that will be developed in the future.

5. Conclusion

As an alternative to conventional synthetic fibers, palmyra palm
fruit fiber (PPFF) has advantages, including sustainability, recycla-
bility, renewability, and abundance. This work examined and
investigated the acoustic properties of PPFF composites combined
with UF and PVAc adhesive using experimental and computational
methods. The conclusion can be written as follows:

� The normal-incident sound absorption coefficient (SAC) spectra
are higher in the samples with lower PPFF contents. The PPFF
composites could be a promising sound absorber with the high-
est NRC of 0.63.

� It is the opposite for the transmission loss (TL), where samples
with higher PPFF contents show higher TL spectra. The highest
TL5000 is 37.8 dB.

� The least-square fitting of the Johnson-Champoux-Allard (JCA)
equivalent fluid model is consistent with the experimental
SAC and TL results for most samples. The optimized airflow
resistivity (r) and the tortuosity (a1) show the direct variation
with the PPFF content. On the other hand, the porosity (/), vis-
cous characteristic length (K), and thermal characteristic length
(K0) demonstrate inverse variation with the PPFF content.

� The optimized porosity values obtained from the JCA model
(/JCA) are coherent with those from the direct estimation
method assuming adhesive-coated fiber (/fa). This is inferred
that the adhesive’s quantity and density contribute to the com-
posites’ porosity value, ultimately affecting material acoustic
properties. Researchers can control and predict how the SAC
and TL of specially engineered fibrous sound absorbers would
behave by varying the quantity and density of an adhesive.

� The direct measurement of airflow resistivity to make an empir-
ical acoustic model for PPFF composites and the application of
more recent semi-phenomenological models [28,27,45] are
worth being investigated in the future.
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