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ABSTRACT 
Some synthetic materials commonly used in noise control systems, such as absorbent 
fibres, can have a potential harmful effect on human health and the environment. 
For this reason, searching of new sound absorbent materials is an active field of 
research. In the current work, natural fibres are presented as a potential alternative 
to the traditional fibrous materials, since the sound attenuation performance of the 
former can be good and these fibres can also be easily recycled from industrial scrap. 
The main goal of this work is the acoustic characterization of natural fibres. The 
procedure here proposed focuses on measuring the flow resistivity of these materials 
through a steady flow experimental setup. This technique has been previously 
implemented by the authors, showing good agreement with theoretical models for 
fibreglass. Finally, a Delany and Bazley type theoretical acoustic model is proposed 
for coconut and sisal fibres through an experimental curve fitting method, since the 
results available in the bibliography are not accurate enough. Also, these properties 
are validated by comparing experimental measurements of the transmission loss 
(TL) of a silencer prototype with FEM computations. 
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1. INTRODUCTION 

According to the World Health Organization, nowadays noise is one of the most 
widespread forms of environmental pollution, as it has harmful effects on health [1]. For 
this reason, the use of noise control devices is essential, as it is the case of silencers [2] 
[3]. 
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The air conditioning systems on buildings consist of fans, ducts, area changes, as 
well as gates and other elements needed for the air renewal generating noise during the 
process. For this reason, it is necessary to provide them with noise control elements and 
devices such as silencers, which reduce the level of sound produced [3] - [5]. 
Traditionally, dissipative silencers usually contain synthetic materials, such as fibreglass 
or rockwool [2], [3]. However, this type of fibres can be pollutant due to the drag 
produced by the air flow [6] - [9]. For this reason, the use of natural fibres with relatively 
large diameter in this kind of systems can be interesting. 

The natural fibres considered in this work have the advantage of being less 
polluting to the environment since they are biodegradable.. Additionally, fibres from 
industrial scrap that would otherwise be wasted, could be used. Another additional 
advantage is the potential increase in income of producing countries [10], [11]. 

 
2. ACOUSTICAL MODEL 

In recent works [12] the two-source method with simultaneous excitation [13] has 
been successfully used to obtain the wavenumber 𝑘 and the characteristic acoustic 
impedance 𝑍 of both synthetic and natural fibres. The former was Owens Corning’s 
texturized Advantex fibreglass and the latter coconut and a mixture of coconut-sisal fibre. 
The experimental results were compared with the well-known Delany and Bazley model 
[14], 
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where 𝑘 𝜔 𝑐⁄  is the air wavenumber, 𝑍 𝜌 𝑐  is the air characteristic 
impedance, 𝜔 2𝜋𝑓 is the angular frequency, 𝑓 is the frequency, 𝑐  is the speed of 
sound, 𝜌  is the air density and 𝑅  the static flow resistivity of the absorbent material. 

The coefficients 𝑎  and the static flow resistivity of the synthetic fibre employed 
are published in previous works [15]. Thus, the experimental results obtained in [12] 
could be compared with theoretical predictions showing good agreement.  

However the same parameters for natural fibres are less known. Garai [16] 
obtained experimentally the optimal value of coefficients 𝑎  of Equations 1 and 2 for 
different polyester fibres. Later, Berardi [17] measured the sound absorption coefficient 
and the static flow resistivity of natural fibres and compared the experimental results with 
theoretical models employing the Garai’s coefficients because the mean diameter and the 
density of polyester are close enough to the tested fibres. The conclusion of [17] was that 
theoretical models allow to predict the general trend, but they could not be accurate 
enough due mainly to the high heterogeneity of the physical properties of natural fibres. 
For this reason, in the previous work of the authors [12], only the measurements of 
coconut fibre was compared with the theoretical predictions with the coefficients 
provided by Garai.  

Regarding the static flow resistivity of coconut fibre, the value  𝑅
1500 N s/m  measured by Berardi [17] was employed in [12], corresponding to the mean 
value of fibre density 𝜌 60 kg m⁄ . In the case of a different density of coconut fibre 
and coconut-sisal fibre, the measurements showed similar behaviour and an expected 
trend since the attenuation increases with the density of fibre. Finally a prototype of a 
dissipative silencer with coconut fibre with 𝜌 60 kg m⁄  was constructed and its TL 
was measured. The experimental TL was compared with the numerical calculations with 



the Garai coefficients showing fairly close values. Additionally, the results supported that 
the coconut and coconut-sisal fibres present acoustic properties that make them potential 
candidates for uses in acoustic attenuation devices. 

Therefore the scope of this work is to obtain a proper model of the acoustic 
behaviour for coconut and coconut-sisal fibres, first measuring experimentally the static 
flow resistivity and later computing the Delany and Bazley coefficients by a semi-
empirical curve fitting method. The latter has been carried out through an optimization 
procedure using a genetic algorithm, since this has been proved to be efficient and robust 
when finding the optimal solution [8].  

 
3. EXPERIMENTAL SET-UP 

 
3.1 Static flow resistivity 

The static airflow resistivity is defined as the ratio between the pressure drop ∆𝑃 
and the flow velocity 𝑣 through a layer of material multiplied by the thickness of the 
specimen 𝑑. 

𝑅
∆𝑃

𝑑 𝑣
 (3) 

It is commonly expressed in 𝑁 𝑠/𝑚 . Equations 1 and 2 show that the acoustic 
response of fibrous materials is highly dependent on their airflow resistance values. 
Increasing values of resistivity generally imply a higher absorption of acoustic energy, 
until a saturation phenomenon occurs due to the reduction of interstices of the fibre. 

In this work the air flow resistivity is measured by a direct method based on the 
standardized procedure [18]. 

The experimental set-up to measure the static flow resistivity (Figure 1a)) is based 
on the standardized direct method [18]. The equipment consists of a blower that produces 
air flow at different velocities, a Pitot tube for measuring the air flow velocity and a 
differential manometer that measures the pressure drop across the specimen. Figure 1b) 
shows a specimen of coconut fibre. To avoid dragging the fibres, a tubular grid have been 
used. 

a) b) 

  
Figure 1 a) Experimental set-up for determining static flow resistivity by direct method, 

b) specimen. 

Due to the physical limitations of the equipment employed for producing air flow 
at 𝑣 0.5 mm/s, according to [18] a stepwise down airflow has been used. The static 
flow resistivity has been determined by extrapolating to 𝑣 0.5 mm/s. Figure 2 shows 
the results for coconut fibre (𝜌 87 kg m⁄ ) giving 𝑅 1695 N s m⁄  for this 
particular material sample.  



  
Figure 2 Static airflow resistivity of coconut fibre with 𝜌 87 𝑘𝑔 𝑚⁄ ;  

x x, measurements; - - -, linear regression. 
 
Table 1 shows the static airflow resistivity obtained from measurements for two 

different natural fibres and density. For each result, two tests have been done, giving 
similar results. The results on Table 1 correspond to the mean value of the two tests at 
25ºC. 
 

Table 1 Static airflow resistivity for natural fibres. 

 Density (kg/m3) Static airflow resistivity (N s/m4) 

Coconut fibre 41.36 402.65 

 87.29 1707.97 

Coconut-sisal fibre 55.23 620.57 

 95.15 1749.8 

  
The experimental results obtained in this work are consistent with those obtained 

by Berardi and Iannace [17] and Del Rey et al. [19]. 
For different density or temperature, the resistivity can be estimated with the 

following equations [6] [20] 
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where the coefficients 𝐴  and 𝐴  of Equation 3 are fitted from the experimental 
values on Table 1, 𝑅 /𝑇0

 is the resistivity at absolute temperatures 𝑇/𝑇0 respectively. 
Table 2 shows the values for natural fibres at T0 = 298.15 K. 

 
Table 2 Coefficients of static airflow resistivity of natural fibres. 

 𝑨𝟏 𝑨𝟐 

Coconut fibre 0.30006 1.93473 

Coconut-sisal fibre 0.29809 1.90525 

 
3.2 Two source method with simultaneous excitation 

An in-duct acoustic system can be modelled with its transfer matrix [21] that 
relates two state variables in both sides of the element under study. For a uniform rigid 
duct (Figure 3) the transfer matrix referred to pressure 𝑝 and particle velocity 𝑣, 
corresponds to the following expression 
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Figure 3 Uniform rigid duct. 
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where 𝑘 2𝜋𝑓/𝑐 is the wavenumber, 𝑓 is the frequency, 𝑐 is the speed of sound, 
𝐿 is the length of the duct, 𝑗 is the imaginary unit, 𝑍 𝜌𝑐 is the characteristic impedance 
and 𝜌 is the density of the medium (same for 𝑘, 𝑐 and 𝑍). 

In this work, the transfer matrix of a duct filled with the absorbent material has 
been obtained by means of the two source method with simultaneous excitation. Further 
information of the methodology can be found in [12]. Figure 4 shows the sketch of the 
set-up.  

 

 
Figure 4 Two source method with simultaneous excitation. 

 
The obtained transfer matrix relates pressure and velocity between sections U and 

D on Figure 4. Thus, taking into account Equation 5, the equivalent impedance 𝑍 and 
wavenumber 𝑘 of the specimen can be calculated as follows 
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where 𝑇 ,  is the term 𝑖, 𝑗 of the transfer matrix defined in Equation 5. 

 
4. ACOUSTIC CHARACTERIZATION 

 
4.1 Material model 
 An absorbent material can be modelled through its equivalent acoustic properties, 
such as the characteristic impedance 𝑍 and wavenumber 𝑘. These properties can be 
modelled by the empirical expressions of Delany and Bazley described in Section 1 and 
here repeated for the sake of clarity 
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The coefficients and exponents of the previous equations 𝑎  can be obtained by 
fitting a curve to the experimental data, since they depend on the fibre considered. In these 
case, they are fitted by means of an optimization process detailed in Section 3.2. 

 



4.2 Optimization of Delany&Bazley’s coefficients 
 The coefficients corresponding to the Delany and Bazley’s model are here 

obtained for the different fibres under study through an optimization procedure, whose 
scheme is presented in Figure 5. The coefficients are the input variables of the process. 
In the present work, they are allowed to vary between a lower and an upper bound of 0.01 
and 1, respectively, while the incremental step is 0.0001. 

 

 
Figure 5 Scheme of the optimization process. 

The optimization has been carried out by means of a genetic algorithm, whose 
main advantage is that it can escape from local optima and make a wide search within the 
design space. Besides it is not affected by pollution generated during the process. This 
method works with a population of solutions, called individuals, which make an effort to 
survive and reproduce. The basic unity of evolution is the individual, who is characterized 
by its genome. Computation time is divided into discrete steps, called generations. In each 
generation new individuals are generated (offspring) by recombination and mutation from 
their parents (the individuals of the previous generation). Each individual is evaluated in 
the environment by means of the assignment of a strength or health measurement 
(fitness). The main goal of the algorithm is finding the maximum strength.  

In the current work, the algorithm used is MOGA-II (Multi-Objective Genetic 
Algorithm), which belongs to the commercial program modeFRONTIER®. It is a genetic 
algorithm for multiple objectives, nevertheless considering several objectives reduces the 
computation speed. For this reason, in the current study, only one objective has been used. 
The function under study is the difference between the characteristic impedance and 
wavenumber experimentally obtained with those results computed by their respective 
Delany and Bazley’s models. However, these results depend on the frequency and for this 
reason, the average value has been obtained to evaluate the results in the whole frequency 
range of interest. Thus, this is the function to minimize, since the difference has to be as 
low as possible. It should be also noticed that minimizing the average value can be not 
the best choice because there can be a considerable dispersion of the results. Therefore, 
the standard deviation of the results is also processed and added to the previous average 
value in order to avoid undesirable solutions considering a single objective function to 
speed up the computations [8]. 
  
5. RESULTS 

 
5.1 Experimental results 

In this section the experimental results are presented. Four optimization analyses 
have been carried out for each fibre. The first two computations carried out allowed 



to obtain the coefficients for the real and the imaginary part of the characteristic 
impedance in an independent way, while the other two allowed to calculate those 
belonging to the wavenumber. 

For validating the procedure the measurements of fibreglass are compared with 
the Delany&Bazley model with the coefficients obtained by means of optimization. The 
same model but with the coefficients employed in previous works is also compared. 

 
5.1.1 Validation 

The coefficients shown on Table 3 correspond to Delany&Bazley’s model.  
 

Table 3 Comparison of Delany&Bazley’s coefficients for Owens-Corning fibreglass. 

 a1 a2 a3 a4 a5 a6 a7 a8 

OC [20] 0.18897  0.595 0.16 0.577 0.09534 0.754 0.08504 0.732 

OC fitting 0.2011 0.538 0.1141 0.7539 0.0794 0.6992 0.1285 0.5178 

 
Figure 6 shows the results for Owens Corning fibre with 𝜌 157 kg/m . 

Experimental results are compared with theoretical predictions. The resistivity has been 
calculated with the Equation 3 where 𝐴 1.083099 and 𝐴 1.82587 [20]. These 
coefficients correspond to a resistivity of 4896 Nꞏs/m4 and 17378 Nꞏs/m4 for a 𝜌
100 kg/m  and 𝜌 200 kg/m  respectively, assuming a temperature of 25ºC. 

Figure 6 Fibreglass 𝜌 157 𝑘𝑔 𝑚⁄ : a) wavenumber [20], b) impedance [20], 
c) wavenumber optimized, d) impedance optimized;       ,  theoretical real part; x x, 

experimental real part;      , theoretical imaginary part;  x x , experimental real part. 

As expected, there is a considerable similarity between the classical and the 
optimized model due to the fact of the acoustic behaviour of this material is well known. 
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The small differences between the coefficients are not very relevant since the behaviour 
are close enough. Therefore the procedure can be considered adequate. 

 
5.1.2 Natural fibres 

The results of the different optimization processes applied to the natural fibres are 
shown in Table 4, where the usual values used by Garai [16] are also presented. 

 
Table 4 Comparison of Delany&Bazley’s coefficients for natural fibres. 

 a1 a2 a3 a4 a5 a6 a7 a8 

Garai  0.159 0.571 0.121 0.53 0.078 0.623 0.074 0.66 

Coconut fitting 0.1631 0.5849 0.1703 0.7274 0.2921 0.0431 0.1165 0.011 

Coconut-sisal fit. 0.1314 0.5574 0.1119 0.7446 0.2607 0.01 0.1018 0.096 

Figure 7 and 8 show the results for coconut and coconut-sisal fibre. Experimental 
results are compared with theoretical predictions. 

If the results shown in Figures 7 c) and 7 d) obtained through an optimization 
curve fitting are compared to those achieve using Garai’s coefficients (Figures 7 a) and 
7 b) ), it can be observed that the first considerably improves the estimation of the 
acoustical properties. The same conclusion can be inferred from Figure 8 that corresponds 
to coconut-sisal fibre. 

 

Figure 7 Coconut fibre 𝜌 87.3 𝑘𝑔 𝑚⁄ : a) wavenumber [16], b) impedance [16] 
c) wavenumber with optimized coefficients, d) impedance with optimized coefficients; 

      ,  theoretical real part; x x , experimental real part;      , theoretical imaginary part;  
x x  , experimental real part. 
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Figure 8 Coconut-sisal fibre 𝜌 95.7 𝑘𝑔 𝑚⁄ : a) wavenumber [16], 
b) impedance [16] c) wavenumber with optimized coefficients, d) impedance with 
optimized coefficients;      ,  theoretical real part; x x , experimental real part;      , 

theoretical imaginary part;  x x  , experimental real part. 

 
5.2 Practical application of natural fibres 

With the purpose of checking the validity of the proposed methodology, a 
prototype of a dissipative silencer with coconut fibre has been constructed. Its TL [21] is 
measured and also calculated with the new coefficients (see Table 2 and 4). Figure 9 
shows the prototype and its dimensions. 

a) b) 

 
 

 

Figure 9 Dissipative silencer with coconut fibre: a) prototype; b) dimensions. 

Figure 10 shows the TL obtained from experimental measurements using the two 
source method with simultaneous excitation [22]. The numerical prediction has been 
obtained by means of FEM calculations with an in-house code developed by the authors 
[8]. 
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Figure 10 TL of a dissipative silencer with coconut fibre with 𝜌 60 𝑘𝑔 𝑚⁄ ; 
x x, experimental;      , numerical calculation with optimized coefficients. 

Figure 10 shows that the numerical predictions and the experimental results 
present a similar trend. The discrepancies appearing between the TL curves can be due, 
among other reasons, to the uneven filling of the chamber with the coconut fibre since it 
is not easy to distribute it in a uniform way by hand as it can be deduced from Figure 9. 
 
6.  CONCLUSIONS 

The static flow resistivity of coconut and coconut-sisal fibres has been measured 
following a procedure based on the corresponding standard. The values obtained for 
natural fibres are consistent with the results found in the bibliography. Later an 
experimental curve fitting method has been applied to adapt the Delany and Bazley model 
to the natural fibres. The wavenumber and the impedance calculated with the new 
coefficients show good agreement with measurements. The new models have been 
employed to calculate the TL of a dissipative silencer constructed with coconut fibre 
trough FEM. Measurements and computations show a similar trend. 
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