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ARTICLE INFO ABSTRACT

The present study deals with the acoustic performance of natural fibres originated from the date palm empty
fruit (DPEFB) fibres which is mainly considered as agricultural waste. The fibres were processed and fabricated
to be sound absorber samples with two different densities of 100 kg/m® and 200 kg/m® and with thicknesses of
10-40 mm. The normal incidence absorption coefficients of the sound absorbers were measured using an im-
pedance tube based on ISO 10534-2. The effects of fibre density and sample thickness are discussed. The findings
reveal that for density of 100 kg/m? the absorption coefficient is 0.6-0.8 above 1.5 kHz for the samples with the
thickness of 20 mm and 30 mm. For the thickness of 40 mm, the values even reached the value of 0.9. The values
can reach 0.7-0.8 above 1 kHz for the density of 200 kg/m®. Mathematical model using the optimized Delaney-
Bazley model with Nelder-Mead simplex method is shown to successfully predict the sound absorption coeffi-
cient of the fibre samples. The Johnson-Champoux-Allard model follows the trend of the absorption coefficient,
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but underestimates the measured data at high frequencies above 2.5 kHz.

1. Introduction
1.1. The main properties of natural fibres

Currently, engineering noise control measures such as the use of
noise-absorbing materials are widely used to reduce the exposure levels
of at-risk populations. Glass fibres, mineral wool, open cell foams and
acoustic tiles, are among the mineral and synthetic fibrous or porous
commercial absorbers that are usually employed to dissipate the sound
energy in their interstices by visco-thermal phenomena. These synthetic
absorbers have shown to be highly strong and durable, less thermal
conductive and relatively fire retardant as well as resistant to the
moisture absorption and the growth of bacteria and fungi [1]. Despite
all these benefits, the application of such absorbers and insulators
comes at a price. The production and use of these synthetic materials
not only have negative impacts on the environment, mainly by con-
tributing to global warming, but also poses significant risks to human
health and well-being [2].

In order to tackle such shortcomings, a large number of studies have
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recently been progressing around the theme of using natural, biode-
gradable, recyclable and sustainable alternatives for the synthetically
made acoustic absorbers. Table 1 summarises several recent studies
conducted on the levels of acoustic absorption of some natural fibre
materials.

Compared to the synthetic fibres, the use of their natural alter-
natives, either stand-alone or as a component of composite materials
will offer considerable advantages, particularly in terms of environ-
mental issues. Natural fibres are relatively cheap, available, abundant
and usually have low densities. They are also a renewable resource, less
abrasive to machines, equipment or tools and involved in enhanced CO,
sequestration, lower emission of toxic fumes and gases during manu-
facturing or incineration as well as minimised dermal and respiratory
irritation [21,22]. Such properties have therefore made these materials
an innovative source for developing thermal and acoustical insulating
materials, particularly in building sector of developing countries where
the lack of proper recycling policies is a great concern [23].

Natural fibres are totally derived from animal, mineral or plant
sources; of which the fibres with plant origin mainly consist of cellulose
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Table 1
A summary of recent studies investigating the acoustic absorption properties of several natural fibre materials.

Year  Fibres Key findings References

2019 Olive The fabricated samples showed high levels of sound absorption coefficients particularly at higher frequencies as well as  Martellotta [3]
good agreement with predicting phenomenological models.

2019  Coir Thicker samples with constant densities showed increased levels of the sound absorption, especially at lower frequencies  Taban [4]
(< 1000 Hz).

2018  Corn Husk Natural corn husk fibre is capable of absorbing the sound energy and is appropriate for noise control purposes. Xiong Yan [5]

2018  Pineapple Average acoustic absorption coefficient for PALF is 0.9 above 2 kHz for thickness 20 mm and 0.8 above 1 kHz for Putra [6]
thickness 30 mm for the constant fibre density

2018  Kenaf For the samples with the bulk density of 140-150 kg/m> and thickness of 25-30 mm, the absorption coefficient is above ~ Putra [7]
0.5 starting from 500 Hz and can reach 0.85 on average above 1.5 kHz.

2017  Oil palm Sound absorption performance can be improved by increasing the thickness of the sample and also by having optimum  Khai Hee Or [8]
densities of fibres.

2017 Broom As generally expected for this type of materials, increase in the sample thickness brought about superior sound absorption  Berardi [9]
at lower frequencies.

2016  Sugarcane Decreasing the fibre size leads to the increase in the flow resistivity and the acoustic absorption coefficient. Mohamed Taktak [10]

2016  Flax The flax fibre reinforced composites come up with 25% higher sound absorption coefficient when compared to the glass  Prabhakaran [11]
fibre reinforced composites at lower frequency range.

2015  Kapok Increasing the level of greater porosity and creating pores with smaller diameters improves the sound absorption at lower ~ Xiong Yan [12]
frequencies.

2015  Kenaf/Hemp/ Employing the natural fibres for sound absorption applications in buildings is beneficial. Berardi [13]

coconut
2015 Luffa Samples fabricated from luffa fibres yield higher sound absorption coefficients even for sample with smaller thickness Koruk [14]

(i.e. t = 12mm).
2014 Banana
250 Hz-4000 Hz with average value of 0.55.

2012 Hemp
2011  Jute
2011  Coir

20 mm, 30 mm and 40 mm, respectively.
2009  Tea-leaf fibre

The maximum noise reduction coefficient is observed in the bulk density of 154 kg/m? at frequency ranges
Alkalization of the fibres under higher temperatures increases the flow resistivity and sound absorption performance.
Compared to the glass fibres jute fibres show fair levels of acoustical attenuations and fire-retardant properties.

Average absorption of 0.8 for f > 1360 Hz, f > 940 Hz, and f > 578 Hz observed for samples with thicknesses of

The experimental data indicated that a 1 cm thick tea-leaf-fibre waste material with backing provides sound absorption

Tholkappiyan [15]
Yilmaz [16]
Fatima [17]
Fouladi [18]

Haluk Kiiciik [19]

which is almost equivalent to that provided by six layers of woven textile cloth.

2002 Bamboo

The values of sound absorption coefficients increased in the mid and high-frequency range when the density increased.

Koizumi [20]

fibrils embedded in lignin matrix and usually based on what part of the
plants they are created from, these lignocellulosic natural fibres are
divided into general categories of bast fibres, leaf fibres, seed hair fibres
and fruit [24].

Despite all the advantages of the natural fibres, certain drawbacks
such as poor water and fire resistance, weak fibre matrix bonding, and
lower durability are associated with the use of them particularly in
industrial settings. Therefore, different strategies including the phy-
sical, mechanical and chemical pre/treatments of the raw fibres have
been proposed to modify or enhance their structural and surface
properties; sometimes as composite materials.

Additionally, various types of binders and adhesives (usually made
of bio-degradable materials) such as latex, poly vinyl alcohol (PVA),
corn starch, glue, white cement, etc. have also been used to principally
improve the levels of bonding between the natural fibres in the pre-
pared samples.

For instance, biodegradable binders such as PVA have shown fair
interaction with the natural fibres, resulting in satisfactory composite
properties and acceptable performance. The PVA/natural fibres re-
inforced composites have also demonstrated good fibre/matrix bonding
along with high tensile strength and Young's modulus [25]. Chen et al.
[26] showed that coating the windmill palm fibres with PVA will sig-
nificantly improve their sound absorption capability.

Othmani et al. [10] showed that the decrease in the binder content
(resin) of the samples made from sugarcane wastes based materials
resulted in an increase in the level of flow resistivity and thus an in-
crease in the values of acoustic absorption coefficient. They concluded
that minimizing the proportion of the binder in the composite would
create more porosity and higher sound absorption coefficients.

The results from the study conducted by Wong et al. [27] indicated
that the introduction of natural rubber latex as the binder to the sam-
ples made of spent tea leaves would relatively improve their acoustic
properties. Although the addition of latex binder had blocked most of
the pores of the samples with the finest fibres hence suppressing the

absorption performance, the samples made of coarser fibres demon-
strated better sound absorption coefficients mainly because of being
more porous and dissipating sound waves by friction. They also re-
ported that the samples fabricated with the finest fibres had the most
significant absorption performance in terms of frequency with the
maximum sound absorption coefficient shifting to relatively lower
frequency range.

In reviewing the literature, determination of the acoustic absorption
coefficients of natural fibres have been routinely conducted by methods
such as the direct measurement with an impedance tube or numerical
study using the empirical models of sound propagation in these mate-
rials [13].

Dunne et al. [27] in a review article investigated the factors that
influence the sound absorption and the available empirical models for
the prediction of the sound absorption coefficients of natural porous
fibrous materials. Although the authors concluded that the available
empirical models are not perfectly adequate for the prediction of sound
absorption coefficient for several types of natural fibres, it is evident
that these models are able to provide the designers with a general in-
sight into the acoustic properties of such materials particularly in terms
of reducing the costs and saving time during the design phase.

For instance, referring to the limits of Delany-Bazley model, Berardi
et al. [29] employed a best-fit approach to fit their experimental results
(normal incidence sound absorption coefficients of several natural
materials) to the formulas of this model in order to inversely determine
the eight numerical coefficients using an optimization process by the
Nelder-Mead simplex method.

The study performed by Othmani et al. [28] which employed the
Delany-Bazley, Lafarge-Allard and Johnson-Allard models to estimate
the absorption coefficient of the samples fabricated from sugarcane
wastes also revealed significant sound absorbing coefficients for these
samples as well as good agreement between the measured values by the
impedance tube and the ones predicted by Johnson-Allard the model.

The objective of this paper is to study the acoustic absorption
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coefficient of the natural fibres extracted from the date palm empty
fruit bunches (DPEFBs). To the best of our knowledge, although several
studies have already investigated the acoustic properties of the samples
made from date palm fibres [29-32], no research in particular has yet
considered the sound absorption characteristics (experimentally or
theoretically) of natural fibres originated from DPEFBs.

In the first section of the paper, the sample preparation process and
physical characteristics of each sample is detailed. In the second sec-
tion, the experimental setups for the measurement of the absorption
coefficient are presented. Mathematical sound absorbing models aiming
to predict the absorption properties of these samples are also presented
in this paper. In the last part of this paper, the effects of physical
parameters on sound absorption are reported and the theoretical and
experimental results are compared.

1.2. Date palm fibres

Iran has always been the home to vast plantations of date palm
(Phoenix dactylifera L.) since ancient times and over the course of
history. In fact, Iran is the second largest producer of fresh date in the
world by producing more than 1000,000 metric tons annually [33].
According to the Iranian Ministry of Agriculture, there are more than
400 species of dates all over the country, but only a few of them are
commercially available. It is estimated that the waste from pruning
each palm tree in Iran is about 17-34 kg. Therefore, by considering the
fact that more than 20 to 27 million palm trees exist in Iran, around
200,000 tons of wastes from the date palms in the form of fibrous lig-
nocellulosic materials are produced annually. Table 2 shows the
average proportion of the contents of each date palm wastes. Although
there have been attempts to utilize date palm tree by-products, since
there are no proper alternative applications for such staggering amount
of wastes and due to poor agricultural waste management, they are
usually considered as a nuisance by many Iranian farmers and large
quantities of them are either burned or buried within the plantations
[34,35].

2. Materials and methodology

2.1. Preparation of samples

The date palm natural fibre originated from the empty fruit bunches
of the palm trees were obtained from a date palm plantation located in
the city of Tabas, South Khorasan province, Iran. The DPEFB fibres were
first cut into small pieces using a manual shredder and then dried in an
autoclave at 70°C for 24 h. The fibres were then sieved through a
2.0 mm mesh size sieve and were stored in desiccators to decrease their
moisture content to less than 10% before the sound absorption test was
performed. In order to meet the set densities of 100 and 200 kg/m?, the
DPEFB fibres mass was measured accurately.

The DPEFB fibres were then soaked with polyvinyl alcohol (PVA) in
order to bind them to one another. PVA is a widely used suitable binder
owing to characteristics such as biodegradability, high polarity, good
mechanical properties and easy processability [25]. In order to prepare
the PVA solution, 5g of PVA powder (99.000 g/mol - Sigma-Aldrich)

Table 2
Proportion of the contents of date palm wastes.

Contents Amount (Kg)  Proportion of each content to the
total amount of wastes (%)
Leaves (Leaflets, Rachis, 18 52.94
Spines)

Empty fruit bunches 6 17.65

Petioles 7 20.59

Trunk fibres 3 8.82

Total 34 100
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was dissolved in 100 ml of distilled water in a beaker placed on a
magnetic stirrer (500 rpm) at 80 °C for 3 h per the body. The prepared
solution was then applied to the DPEFB fibres and the fibre mixture was
fitted into two cylindrical stainless-steel moulds with internal diameters
of 30 and 100 mm prior to compression process in a manual hydraulic
press machine (200 bars, 30 min). Each mould consisted of two half-
cylinders with a bottom plate to the one side. While two rings were used
for fixing the two halves of the mould, the fibres were pressed inside by
applying pressure on top surface of them with a punch. Use of several
inner spacer plates facilitated the formation of the samples with dif-
ferent thicknesses within the mould. The prepared cylindrically-shaped
samples were eventually transferred to an anechoic chamber for con-
ducting the acoustic absorption coefficient measurement using an im-
pedance tube. Fig. 1 illustrates the steps from the sample preparation
process along with the experimental testing.

2.2. Measurement of physical properties

2.2.1. Porosity

Porosity is one of the most important physical parameters influen-
cing the acoustic absorption of the materials. It is usually defined as the
ratio of pore volume to the total volume of a porous material.

The porosity of the samples fabricated from DPEFB fibres in this
study was determined indirectly from the fibre density data, pgpre and
the bulk density, ppux given by

Poute = (1 = ©)Ppipye 1)

where ppy can be calculated from the ratio of mass of the sample to its
total volume (including the volume of the pores).

Measurements based on the Scanning Electron Microscope (SEM)
revealed that the outer diameter of the DPEFB fibres was within the
range of 200-720 um and the thickness of the cell wall was less than
5um (see Fig. 2). The average diameter and the average density of the
fibres together with the binder mixture are 465um and 930 kg/m?,
respectively. This measured fibre density and the bulk density for each
sample provide the values of porosity () to be more than 80%. As
observed in Fig. 2, the hollow structure in the DPEFB fibres also con-
tributes to the porosity of the sample.

2.2.2. Static airflow resistivity

Flow resistivity is defined as the pressure drop of a fluid flow with a
given velocity when it passes through a material. The air flow resistivity
of the sample is calculated as

o=A(p, - p)/Qd 2)

where d is the sample thickness, A is the cross-sectional area and p;and
p» are the values of pressure at front and back surfaces of the sample
when the air passes across with volumetric flow rate Q.

The air flow resistivity of the samples was measured according to
the ISO 9053 standard [36]. For each sample, the measurement process
was repeated three times and the average value was recorded.

2.2.3. Tortuosity

Tortuosity, a.. is a dimensionless parameter which delineates the
spatial orientation of adjacent internal pore structures in a porous
material in relation with the macroscopic velocity of the fluid flow
through the material [37]. Tortuosity represents the complexity of
acoustic path in a porous material. The more complex the path, the
greater the sound energy loss in the material.

2.2.4. Viscous and thermal characteristic lengths

The viscous characteristic length, A is the parameter firstly in-
troduced by Johnson et al. [38] to be used to predict the frequency
dependent, dynamic tortuosity and the dynamic density in the pores,
especially for a porous medium with a network of non-intersecting



E. Taban, et al.

Building and Environment 161 (2019) 106274

Dissolve PVA in magnetic stirring
Crushing and Sieving

Comporsite press machine

DPEFB Sample DPEFB sound absorber sample (20mm thick) Impedance tibe
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Fig. 1. DPEFB Sample preparation and acoustic absorption testing.
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Fig. 2. The cross section of sample made from DPEFB fibres under SEM.
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Fig. 3. Schematic diagram of the acoustical measurement system (BSWA, China).

tubes with a uniform cross-section. For materials with non-uniform
pores, another parameter which is the thermal characteristic length, A’
needs to be accounted and this was proposed by Champoux and Allard
[39] through dynamic bulk modulus. The combination of the dynamic
tortuosity, dynamic density and dynamic bulk modulus is usually called
the Johnson-Champoux-Allard model.

While it is difficult to physically interpret the viscous characteristic
length, the thermal characteristic length might be related the internal
surface area of the pore. Nonetheless, Horosenkhov et al. [40] proposed
asymptotic models to relate these two parameters specifically, to the
pore size distribution in the materials which can be conveniently
measured non-acoustically, namely the media pore size and the stan-
dard deviation in the pore size.

2.3. Measurement of absorption coefficient

The measurement of normal incidence absorption coefficient was
carried out according to ISO 10534-2 using an impedance tube. Fig. 3
shows the experimental set up for the measurement of the sound ab-
sorption coefficients. The impedance tube equipped with two micro-
phones, a loudspeaker and a frequency analysis. Located at one end of
the tube, a loudspeaker generated broadband random sound waves
which were then transmitted to the surface of the sample fitted in a
sample holder at the other end. The reflected signals were recorded by
the microphones mounted at two fixed points on the tube wall prior to
the calculation of normal incidence absorption coefficient by the ana-
lyser. BSWA VA-Lab4 Basic software was employed to perform the data
processing. Before the measurement, the microphones were calibrated
with BSWA calibrator at frequency of 1 kHz and 114 dB sound pressure
level.

The impedance tube system used in the experiment consisted of a
large diameter tube (100 mm) and a small diameter tube (30 mm) to
measure the absorption coefficients at low frequencies (63-1600 Hz)
and high frequencies (1600-6300 Hz), respectively. The full frequency
range for the sound absorption coefficients presented in this report is
the combination of the values measured in the two tubes which gives
the measured frequency range of 63-6300 Hz.

The samples with different thicknesses and bulk densities were ap-
propriately fitted into the holders of the smaller and larger tubes where
the sample or the cavity behind the sample could be adjusted by a rigid
plunger. The measurement of the sound absorption coefficient was
performed at least three times for each sample. In order to minimize the
risk of error due to the misalignment of the samples inside the sample
holder, for each sequence of sampling, the sample was taken out from

the tube and again reinstalled into the holder. All the tests were con-
ducted at controlled atmospheric conditions of (20 * 2) °C relative
humidity of (45 + 10) % and pressure of 1.01325 x 105 Pa.

2.4. Modelling of absorption coefficient

In order to predict the sound absorption coefficients of the samples
made from DPEFB fibres three different models were employed in this
study.

2.4.1. Delany-Bazley's model

The model presented by Delany and Bazley (D&B) in 1970 is the
very first of its kind and provides a simple, fast and semi-empirical
approach for calculating the surface characteristic impedance and the
propagation constant as a function of the flow resistivity of porous
materials [41]. It was developed by using power-law relations by curve
fitting a large amount of measured data of fibrous materials. This model
utilizes the following formulation for the approximation of acoustical
characteristics:

—0.732
Z. = poco[l + 0.0571(X)075 — io.087(f’0f /U) ]

3)
—0.59
K=, [1 +0.0978(X)07 — i0.189(p0f /G) ’ S] @
X = Pof/a (5)
Zs = —jZ, cot(kd) 6)
_ Zs = P
Zs + pyCo @

where p, is the density of air; ¢, is the speed of sound in the air; Z. is the
characteristic impedance; K, is the propagation constant; f is the fre-
quency; w is the angular frequency; o is the static airflow resistivity; R is
sound pressure reflection coefficient; Z; is the surface impedance; d is
the thickness of the sample.

The absorption coefficient is calculated by

a=1-|RP (8

Despite the benefits and simplicity of D&B model for predicting the
sound absorption coefficient of several types of mineral and synthetic
materials, it has been shown to be limited in terms of its range of va-
lidity as well as being unable to perfectly predict the acoustic
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Table 3

Revised expressions of the Delany-Bazley power-law functions for DPEFB fibres in this paper.
Sample ID Thickness Density Cl Cc2 C3 C4 C5 Cc6 Cc7 Cc8
Sample #1 10 100 0.3656 1.6636 —0.2736 0.8318 0.3007 0.3417 —0.0549 —1.6011
Sample #2 200 0.0004 3.0089 0.1141 1.3838 0.3903 0.9245 —0.0600 —0.1013
Sample #3 20 100 1.2062 3.1018 0.0004 —8.2030 0.5877 1.2099 0.0450 3.1514
Sample #4 200 —0.0183 —3.2380 0.3181 1.3523 0.1872 2.1282 —0.0923 3.2940
Sample #5 30 100 0.6925 1.1046 —0.0038 3.1181 0.2893 0.3427 0.1986 —1.9305
Sample #6 200 0.4333 1.1175 —0.4956 0.4389 0.4099 —1.1589 0.1161 1.3536
Sample #7 40 100 0.0914 1.7678 0.4359 1.4095 0.5856 0.9796 —0.0730 —2.1863
Sample #8 200 0.0003 2.210 0.0662 0.8461 0.1987 0.5472 0.6399 —0.6002

absorption of samples made of thicker natural fibers [13,42]. Moreover,
the accurate measurement of airflow resistivity as the main parameter
of this model seems to be fairly demanding for natural fibres due which
is mainly to the presence of non-laminar air flow and dealing with very
low pressure difference on the two sides of the sample.

Due to these shortcomings, several attempts by many authors have
been made to either improve the validity of prediction or extend such
validity to broader range of materials. For instance, Miki [43] and
Komatsu [44] introduced several constraints to the D&B's model for-
mulation to achieve more physically valid values for the propagation
coefficient and characteristic impedance as well as improving D&B's
original measured data at lower frequencies.

In this paper we followed the best-fit inverse methodology proposed
by Berardi and colleagues [45] as the starting point to obtain the ¢;
(withi =1, 2, ... 8) coefficients by fitting the experimental results to D
&B's formulas. Through an optimization process by Nelder-Mead sim-
plex method, the c; coefficients are obtained (Table 3). The squared
difference between the measured sound absorption coefficient and the
corresponding estimated absorption coefficient are then calculated
using Egs. (9) -(11) in order to determine the error function.

—C2 —C4

Zc:poco[l +C1(po) —jxc3(p0f) ]

o o ©)

—C6 —cg
K= w/co [Cs(pif) +Jjx (1 + q(’olf) )}

‘ c 10

& _ % 0ni
—=2)) (tyi—Qn)—==0 i=1, .., 8

2.4.3. Johnson-Champoux-Allard's model

Johnson-Champoux-Allard's model (JCA) [46] is a phenomen-
ological rigid frame model, which assumes that the fibres are more rigid
and heavier than the fluid and thus the porous medium can be ap-
proached as an ‘equivalent fluid’ inside a rigid frame. This model takes
into account five physical parameters in the calculation, namely the
airflow resistivity o, porosity ¢, tortuosity a.., viscous characteristic
length A, and thermal characteristic length A'. Accordingly, the fol-
lowing formulations of effective density, p(w) and bulk modulus, K (w)
are used and are given by

o dia2nwp, )
p(w) = awpy| 1 + = 4 (1+ = 20)
JOP) Ao (cAp) 12)
' siaz Ny o) X
K(@) = kpo|k — [k = 1[|1+ —Z2 |1 4 ZE=Tbr
WPy oo Npr (0'Kep)
13)
with
8
-
N (14)

Ze(@) = [Py K@) (15)

K(w)=w |—
\/Km) (16)

where N, is the Prandtl number for air, 7 is the air viscosity, k is the
special heat for air. It can be seen that the air condition is important in
the calculation of density and bulk modulus equivalent.

Finally, the surface acoustical impedance Z at normal incidence for
a sample with thickness d is given as
Zs = —i@. cot(K.(w). d)

¢ 17

As the porosity and air flow resistivity of the samples were obtained
from experiment, the other three physical properties, namely the tor-
tuosity, o.., the viscous characteristic length, A and the thermal char-
acteristic length, A” were obtained using the inverse acoustical char-
acterization approach [43]. We followed a technique based on the
method proposed by Atalla and Panneton [47] and Olny and Panneton
[48] which utilizes the measured absorption coefficient along with
coding in the MATLAB software and differential evolution algorithm in
order to calculate the three unknown properties until the difference
between the measured and the simulated absorption coefficient is
converging to a minimum value.

The values of the physical parameters which are required to de-
termine the absorption coefficients of the eight samples of the DPEFB
fibers through the mathematical modellings are summarized in Table 4.
The flow resistivity and porosity were obtained from measurement,
while the tortuosity and the characteristic lengths were calculated from
JCA model fitted with the measured absorption coefficient. The latter is
presented in Section 3.4.

3. Results and discussion

The measured data are discussed here based on the parametric study
of the density of DPEFB fibres. The effect of thickness is also presented
together with the comparison of results using the proposed existing
mathematical models as in Section 2.4. The measured absorption
coefficients of DPEFB fibers are also compared with those of several
other natural fibers in order to provide more insight about the acoustic
absorption of different samples.

3.1. Effect of density and thickness

The bulk density of a porous material (the total mass per its unit
volume) has a great influence on the porosity and flow resistivity of the
porous materials and therefore directly influences the sound absorption
performance. In this study, the samples were fabricated with two bulk
densities of 100 and 200 kg/m>, each with various thicknesses.

Fig. 4 demonstrates the effect of density on the sound absorption of
the samples fabricated from DPEFB fibers. Both densities show ab-
sorption coefficient greater than 0.5 above 1kHz, except for samples
with thickness of 10 mm.



E. Taban, et al.

Table 4
Basic Properties and physical parameters for the acoustic model.
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Sample ID Thickness (mm) Bulk density (kg/m?) Measured Flow resistivity o (Nm™s) Porosity @ (%) Tortuosity de Characteristic lengths (um)
A N
Sample #1 10 100 1940 89.23 2.33 153 311
Sample #2 10 200 5910 78.49 2.39 165 341
Sample #3 20 100 1785 89.76 2.8 189 414
Sample #4 20 200 5768 78.98 3.8 147 506
Sample #5 30 100 1673 90.23 1.91 149 566
Sample #6 30 200 5580 80.33 1.83 135 430
Sample #7 40 100 1535 90.58 1.18 112 413
Sample #8 40 200 5470 80.87 1.00 92 378

Average Diameter of fibre (um): 465
Average Density of fibre(kg/m?): 930

As already well-known, increasing the thickness of acoustic material
(while maintaining the fibre density constant) improves the absorption
coefficient both in terms of the amplitude and the frequency band-
width. Improvement towards low frequency range can be seen as more
sound energy with longer wavelength can be absorbed. The thicker the
sample, the greater dissipation of sound traversing the sample by visco-
thermal interactions contributes to the greater normal incidence ab-
sorption coefficient. For the thickness of 40 mm, the absorption coef-
ficients significantly increase to 0.9 on average above 1.5 kHz, while for
the thickness of 20 mm and 30 mm, the values are around 0.6-0.8.

For an acoustic panel with rigid back, the tortuosity can affect the
resonance within the materials and thus determines the absorption
performance. As presented in the study by Jiménez et al. [49], the layer
thickness can be strongly reduced below the quarter-wavelength re-
sonance. This effect becomes greater towards lower frequencies and
increases as the tortuosity increases. Table 4 shows the tortuosity value
obtained from the fitted JCA model where the tortuosity is almost si-
milar for each thickness with different densities except for thickness of
20 mm, where the fitted tortuosity for the 200 kg/m3 sample (3.8) is
higher than that (2.8) for the 100 kg/m® sample. The peak absorption
can be obviously seen to shift to a lower frequency for thickness of
20 mm in Fig. 4.

3.2. Effect of air gap

Introducing an air gap has been a well-established method in
practical application, particularly for a thin acoustic panel to improve
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the absorption coefficient towards the lower frequencies [50]. For a
panel where the thickness is much smaller than the air gap (thin sheet
or membrane), the absorption is maximum at the resonance frequency
equivalent to the quarter wavelength of the introduced air gap [51].
Similar treatment has been applied for a porous absorber with a finite
thickness and is found to be practically useful without having to add
more fibres to form a thicker absorber panel.

For the sake of brevity, we only present the effect of air gap on the
sound absorption coefficient of the samples with the thickness of 30 mm
and densities of 100 kg/m* and 200 kg/m? (as presented in Fig. 5). The
air gaps introduced behind the samples were 10 mm, 20 mm and
30 mm. As expected, introducing an air gap behind the samples shifted
the peak absorption coefficients towards the lower frequencies. Such
increase however is accompanied with the reduction of acoustic ab-
sorption coefficients at higher frequencies mainly due to the formation
of standing waves in the air gap behind the sample.

For the thicker samples of 20 mm, the peaks of absorption appearing
at around 1-2kHz are more obvious. These peaks however cannot be
expected to be exactly at the frequencies of the quarter wavelength of
the air gap, as the mechanism of absorption is different compared to the
thin panel where the resonance is determined by the local movement of
particle mass at the panel and the stiffness of the air layer behind the
panel.

As mentioned earlier, introduction of airgap can be an efficient
strategy to have thinner samples to behave more like thicker samples in
terms of acoustic absorption. For instance, Fig. 6 demonstrates that the
acoustic absorption levels provided by the sample with the thickness of
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Fig. 4. Sound absorption coefficients of the samples of DPEFB fibres with different densities and thicknesses.
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Fig. 5. Sound absorption coefficient of DPEFB fibres with thickness of 30 mm with different air gap backings.
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30mm and rigid backing is almost similar to the one with 10 mm
thickness and air gap of 20 mm.

3.3. Comparison with several other natural fibers

Providing more insight about the results, the sound absorption
coefficients of a sample fabricated from DPEFB fibers with a bulk
density of 100kg/m® and the thickness of 30 mm was compared to
several samples made of identical natural fibers (with the same thick-
ness) which were tested in the previous studies [4,8,28,52,53].

As can be seen in Fig. 7, although the results from the obtained
absorption coefficients of DPEFB sample is almost comparable to the
samples of coir and sugarcane particularly at frequencies below
2.5kHz, other samples such as the oil palm, hemp and kenaf have
generally come up with superior coefficients. In other words, this
comparison restates the fact that multiple parameters such as bulk
density and diameter of fibres are involved in shaping their acoustic
absorption behavior. While the oil palm sample with a bulk density
three times larger than our DPEFB samples showed greater absorption
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Fig. 7. Comparison of sound absorption coefficient of DPEFB with other natural
fibres (thickness = 30 mm).

coefficients, kenaf and hemp samples with almost same bulk density
with DPEFB fibres also demonstrated higher absorption coefficients.

3.4. Comparison with mathematical models

Figs. 8-11 present the absorption coefficients in terms of density
and thickness and these measured data are compared with the mathe-
matical models, namely D&B and JCA as explained in Section 2.4.

It should also be noted that the empirical formulae derived by
Delaney and Bazley was based on the measured results from fiberglass
and rockwool materials having short fibres smaller than 15 um in dia-
meter [41]. Given the limits of the D&B model for predicting the sound
absorption coefficients of the natural fibers, we took the best-fit inverse
approach proposed by Berardi and colleagues [45] in order to compare
the results with the ones achieved by the experiments. The MATLAB
coding along with the Nelder-Mead Simplex method was utilized to
determine the optimized c; coefficients of the D&B model formulas by
minimizing the error between the measured values and predicted ones.
Thereby, the acoustic impedance and the propagation constant were
obtained for predicting the normal sound absorption coefficients of the
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DPEFB samples within the frequency range of 0-6 kHz.

As can be seen in Figs. 8-11, the revised D&B model gives good fits
to the measured results, which is an indication that the derived coef-
ficients c; are sufficiently accurate to predict the acoustic absorption
levels of the samples. Such inverse approach again demonstrates that
the acoustic behavior of natural fibers can be modeled by simple models
that require only finite set of variables. Moreover, high density and high
flow resistivity of DPEFB samples resembles those of glassfibres and
rockwool and these may have compensated the non-similarity of fibre
size and hardness between these mineral materials and the natural
DPEFB fibres which ends up with good approximation on D&B em-
pirical prediction. The applied best-fit approach here however cannot
be generalized to the other types of natural fibers mainly due to dis-
tinctive fiber diameters, bulk densities and samples airflow resistivity.

Apart from the 10 mm thick samples, which could be due to the
uncertainty from the characterized input parameters, the values pre-
dicted by JCA model can be seen to have fair agreement with the ex-
perimental results. The inaccuracy for 10 mm thickness might be con-
tributed by the uncertainty in the measurements of the porosity, air
flow resistivity or the absorption coefficient. The contribution of error

can also come from the panel resonance that is more likely due to tight
fitting of the sample inside the impedance tube, and due to the rela-
tively thin sample (compared to other samples) which could generate
the panel resonance. For the thicker samples, the model follows the
trend of the measured absorption coefficient in a reasonably good
agreement. However it should be noted that the JCA model under-
estimates the measured data particularly above 2.5 kHz. The disagree-
ment on the absorption level could be due to the presence of the micro-
pores in the fibers (see again Fig. 2) which can turn the DPEFB fibres
into double porosity media, and this is ignored in the JCA model. The
model for this type of media was proposed by Olny and Boutin [55]
which takes into account the connection between the pores and the
micro-pores. Thus notes must be taken on the underestimation of ab-
sorption coefficient at high frequencies when the fitted data obtained
from the JCA models are to be used for predictions.

However, it is worth mentioning that unlike the optimized empirical
model like the revised D&B model used in the present study, when
precise values of airflow resistivity and optimization of input para-
meters are taken into account, the JCA model presents more accurate
predictions even when applied to different types of sample materials.



E. Taban, et al.

Building and Environment 161 (2019) 106274

1.0 T T T T T T T T T T T T 1.0 T T T T T T
0.9 o — 0.9 4
. -
0.8 - Lo ° ~ - 0.8 -
e N /
1 ° 7
/ /
071 ) “o\e , 4 074
g ! \\ // =
S / ’ 8
S 06 / . ’ - éo.é-
S =~
S S
(3 0.5 - 8 0.5 4
I
= s
I S
£ 0.4 - d 4 5 04+
S S
a 1 8
< i 1 1 =< i
= 03 A < 0.3
1
’ -
024 // Experiment 7] 02 ’ Experiment
r = = = JCA model - - = JCA model
0.1 4 ® Revised D-B model 0.1 4 ® Revised D-B model
0.0 —_— — 0.0 — —
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Frequency (Hz) Frequency (Hz)

(a) Density of 100 kg/m?

(b) Density of 200 kg/m®

Fig. 10. Comparison of the sound absorption coefficients of DPEFB fibres samples (30 mm thickness) obtained from experiment vs. mathematical models.

1.0 —_— . . . . . 1.0 —_—

0.9 o 0.9 -

0.8 - 0.8 -
=~ ‘\
074 07 -
IS T IS
2 0.6 2 0.6 -
<] <
S 0.5 S 054 g
= B = 1

S

s 0.4 - B, 047 .
S S ,
3, 2 '
< 0.3 o < 0.3 -

027 Experiment 027 Experiment 7]

1 - - = JCA model | - - = JCA model
017 ® Revised D-B model 017 ® Revised D-B model
0.0 - T T T T T T T T T T T T 0.0 T T T T T T T T T T
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000

Frequency (Hz)
(a) Density of 100 kg/m’

Frequency (Hz)

(b) Density of 200 kg/m?

Fig. 11. Comparison of the sound absorption coefficients of DPEFB fibres samples (40 mm thickness) obtained from experiment vs. mathematical models.

This model has also been shown to successfully predict the sound ab-
sorption of wood-wool cement board, a material with inhomogeneous
characteristic consisting of randomly distributed wood-wool strands
with various dimensions [54] and the sound absorbers obtained from
olive pruning wastes [3].

4. Conclusion

The use of agricultural waste from date palm empty fruit bunch
(DPEFB) fibres for sound absorber has been reported. The experiment
shows that for density of 100kg/m> the absorption coefficient is
0.6-0.8 above 1.5 kHz for the samples with the thickness of 20 mm and
30 mm. For the thickness of 40 mm, the values even reached the value
of 0.9. The values can reach 0.7-0.8 above 1kHz for the density of
200 kg/m®. The optimization of D&B model provides good agreement
with the experimental data, while although the JCA model follows the
trend of the measured absorption coefficient, it underestimates the
measured data at high frequencies. The DPEFB fibers has also been
shown to have comparable sound absorption performance with several

10

other natural fibers.
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