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Abstract 

The importance of accurate airflow resistivity predictive models and a subsequent 
comprehensive database of acoustic material properties for designers cannot be 
underestimated. With the advances in Finite Element Analysis software, the development of 
physical prototypes for preliminary testing is becoming obsolete. This is due to the limited 
resources available and pressure on designers by industry to accomplish tasks in shorter time 
frames. Therefore, the primary purpose of this research was to develop a comprehensive 
database of acoustic material properties such as airflow resistivity, bulk density, fibre density 
and fibre diameter, for designers to draw from, since there is no comprehensive database 
currently in the literature. Secondly, this research attempts to provide a comprehensive list of 
available airflow resistivity predictive models, for the designer’s convenience. Furthermore, 
this research attempts to evaluate the accuracy of the available models by benchmarking each 
model against experimental data, this will allow for the correct implementation of the model. 
Finally, this research proposes a universal airflow resistivity predictive empirical model, this 
is necessary since the current available models are limited in their predictive range. Based on 
this model, it was found that the predicted percentage error of the airflow resistivity had no 
visible correlation with the bulk density and fibre diameter. Thus, the range (i.e. the bulk 
density and fibre diameter range) did not influence the percentage error between the 
measured and predicted airflow resistivity. Interestingly, it was found that the majority of 
high percentage errors that occurred came from inaccuracies in the data presented in the 
available literature. Finally, it was determined that further research to improve the body of 
knowledge is required. 
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1. Introduction 

The purpose of this study was to provide designers with a resource that can aid in their 
development and implementation of new sound absorbing products. This was thought 
necessary since there has been much development in Finite Element Analysis (FEA) over the 
years, and designers are utilizing these software packages for preliminary prototyping of new 
products. Without an adequate database of material properties, accurate FEA models become 
futile in the case of limited or no experimental testing to find material properties. Wu, did 
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attempt to produce a materials database, however, this database is rudimentary and only 
contains several commonly used materials [1]. Furthermore, there is no single comprehensive 
resource or database to which designers can turn to for acoustic material properties. Also, the 
available literature does not provide a sufficient study on the availability and accuracy of 
mathematical models for the prediction of airflow resistivity, which is necessary to utilize if 
material properties and experimental testing facilities are not available. Therefore, the 
primary focus of this study was to develop a comprehensive database of acoustic material 
properties. This was particularly challenging since in recent years there has been much 
development of environmentally friendly materials, of which there can be nearly countless 
variations. Secondly, this study attempted to provide a comprehensive list of available airflow 
resistivity predictive models. Furthermore, this study attempted to evaluate the accuracy of 
the available models by benchmarking each model against experimental data. Finally, this 
study attempted to provide a universal airflow resistivity predictive model. The use of the 
word universal implies that the developed model is suitable for application on any fibre type. 

2. Airflow resistivity models of porous fibrous materials 

Over the years several mathematical and empirical models, for the prediction of the airflow 
resistivity of porous fibrous materials, have been developed. These models are particularly 
useful during rapid prototyping and/or when experimental testing facilities are not available. 
This is advantageous since acoustic test equipment and experimental testing can be expensive 
both in cost and time. The airflow resistivity is an important property that is needed when 
using empirical-based models for the prediction of the sound absorption coefficient of 
poroelastic materials. The sound absorption coefficient is of particular importance, for the 
accurate determination of the sound pressure levels (SPL’s) within a vehicle cabin, since the 
vehicle trims, which for the most part act as sound absorbers, require the input of material 
sound-absorbing data [2]. However, this can be detrimental if the available models, being 
used for predicting acoustic properties, are not reliable in terms of their accuracy. Therefore, 
when modelling a vehicle cabin it is of utmost importance to have the correct sound 
absorption coefficient of the material for accurate prediction in FEA software. If the 
predictive models, for the sound absorption coefficient, have a low-accuracy this could cause 
delays in product development lead times. This ultimately affects the manufacturing 
company’s competitiveness and also leads to higher developmental costs. However, if 
mathematical and/or empirical models with high accuracy are available and their effective 
working range is well defined then their use in rapid prototyping can be implemented safely, 
this can be very beneficial. 

A thorough literature review was conducted to determine the number of airflow resistivity 
models that have been developed. From the literature, the following airflow resistivity models 
were found as listed in Table 1. Through the literature search, 24 airflow resistivity models 
were found. These models were developed for the prediction of the airflow resistivity for 
varies materials. A number of the models did not specify their working range. This makes it 
difficult to implement in real-world problems since the accuracy of the model will be directly 
related to the material properties. Never the less, the accuracy can be determined if the model 
is benchmarked against reliable experimental data. 

2.1. Accuracy determination of predictive models 

Since the accuracy of these models are so important for the prediction of the sound 
absorption coefficient and ultimately the SPL’s in FEA software, the authors thought it 
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necessary to benchmark all the models in Table 1 against experimental data. The airflow 
resistivity models were benchmarked using a variety of different fibrous materials, including 
both synthetic and natural fibres, with various material properties. The materials used to 
benchmark the airflow resistivity models were selected from Table 3. Note, not all the 
materials in Table 3 were used but rather a subset of the most reliable data was used. The 
reliability criteria was based on the material properties that were given. Furthermore, these 
material properties, such as fibre diameter, were benchmarked against established data such 
as that given in [20], to establish their reliability. The order of the models in the below table 
follows the same order as the above table. 

It should be noted that the average percentage error in Table 2, was calculated using: 

         (1) 

where APE is the average percentage error, PEmeas is the measured percentage error and PEpred 
is the predicted percentage error. It can be seen from Table 2 that out of the 24 models listed 
only five of the models predicted the airflow resistivity with reasonable accuracy. This result 
was not expected. Possible reasons for the inability of the listed models to accurately predict 
the airflow resistivity could be that many of the models were developed using a very specific 
range of materials, and hence can only perform in that range. Also, it could be the case that 
some of the models did not go through a rigours verification process using independent data. 
This can lead to the model's capability being severely limited. Which is the case for many of 
the models listed in Table 2. 

It can be seen, in Table 2, that the Bies model predicted the airflow resistivity of the kapok 
material extremely accurately. 

The authors of this data (the kapok data) may have originally used the Bies model to predict 
the airflow resistivity for their research, hence, the low percentage error obtained in Table 2. 

2.2. Acoustic material database 

The acoustic materials database presented below in Table 3, Table 4 were compiled using a 
variety of sources such as journal articles, book chapters, dissertations and theses. Table 3 is 
arranged in the order of lowest airflow resistivity to highest airflow resistivity. 

The predicted glass wool fibre diameters listed in Table 3, were acquired from a figure in [6], 
that relates airflow resistivity to fibre diameter. This figure was developed specifically for 
glass fibres, hence the reason for it being used. These values were cross-referenced using the 
Bies model, which predicted the values within an average percentage error of 4.6%. 

It should be noted that some of the fibre densities given in Table 2, were determined by 
making use of the porosity. Hence, higher than expected densities may occur due to the 
manufacturing process used and the type of binding matrix applied to the composite. 

It has been noted by Bies and Hansen, that a decrease in fibre diameter results in an increase 
of the flow resistivity and an increase in the sound absorption of the material [9]. This is 
evident in Table 3. However, the data presented by [19], shows an increase in the airflow 
resistivity with an increase in fibre diameter. Caution should be exercised with such data 
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since these results are contrary to the prevailing trend demonstrated by the majority of 
experimental results presented in the literature. 

Table 4, offers a comprehensive list of fibre diameter ranges and fibre densities. This data is 
essential for the accurate prediction of the airflow resistivity of a poroelastic fibrous material. 
Although this data is essential for accurately predicting the airflow resistivity, it is 
unfortunately aften not supplied. 

Table 3, Table 4 are intended to provide a designer with a starting place when doing 
prototyping. These tables give a good indication of the performance of different fibre types 
and also illustrates the effect fibre diameter and bulk density have on airflow resistivity, 
which is fundamental to the materials ability to absorb sound. 

2.3. Development of an airflow resistivity model 

Due to the lack of universal accuracy, with regards to different fibrous materials, as depicted 
in Table 2, the authors attempted to develop a model that could be used to predict the airflow 
resistivity of any fibre type. Table 2, demonstrates that the currently available models are 
only effective on a limited range of fibres. In most cases, the presented models can only 
accurately predict the sound absorption coefficient of one fibre type. There are however a few 
acceptations to this, such as the Ballagh model, that can predict the airflow resistivity of 
several fibre types with relatively good accuracy. Never the less, there is space for 
improvement. The improvement can come through using the available data of many different 
fibre types to develop an airflow resistivity model. This is possible since the effect of fibre 
cross-sectional shape does not influence the material's resistance to flow when the aspect 
ratio of the cross-section is less than 3:1 [54]. This is the case for fibrous sound-absorbing 
materials since continues fibres are used in the manufacturing of sound-absorbing materials 
[20]. 

The data used to develop the model in this paper was obtained from Table 3. A subset 
consisting of 167 samples of data from Table 3 was extracted based on strict criteria. The 
data had to be original, hence predicted values were not used. Also, the data had to follow 
existing knowledge with regards to performance (e.g. increase in bulk density causes an 
increase in airflow resistivity). Once the subset of data had been extracted the data points 
were plotted. Thereafter, outliers in the data were identified and removed from the data set. 
Once the data set had been cleaned up MATLAB was used to fit a least-square regression 
power function to the data, as seen in Fig. 1. The curve had an R2 (coefficient of 
determination) value of 0.9654, which means that 96.54% of the total data variance is 
explained by the best-fit regression model. Also, the power function coefficients had a 
confidence bound of 95%. 
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Fig. 1. Power function fit to experimental data. 

The predictive model that was derived from Fig. 1 is depicted below in Eq. (2): 

           (2) 

where δ is the airflow resistivity, is ϕ the porosity of the absorber, d is the fibre diameter and 
pB is the bulk density of the absorber. The units of the fibre diameter are µm, and the units of 
the bulk density are kg / m3, this will give the airflow resistivity the unit Pa.s/m2. 

2.4. Benchmarking the development model 

After the model had been developed it was necessary to benchmark the model using an 
independent data set in order to determine the model's accuracy. The data set used to test the 
developed model was a subset consisting of 24 samples of data derived from Table 2. This 
subset of data was randomly chosen and consisted of polyester, glass, cotton, coir and date 
palm fibres. 

The airflow resistivity models used to benchmark the model developed in this study were 
selected based on their prediction accuracy. Therefore, the model developed in this paper was 
benchmarked against the four best performing models, as evaluated in Table 2. The 
prediction accuracy was determined using three criteria, firstly, the lowest average percentage 
error predicted value, secondly, the lowest minimum percentage error predicted value and 
thirdly, the maximum percentage error predicted value, for all samples tested. 

From Table 5, it is evident that the airflow resistivity model developed outperforms the best 
current available models with regards to all three criteria. Furthermore, the models in Table 5 
were evaluated against all the original data, 194 samples, in Table 3. It was found that the 
developed model predicted the airflow resistivity with an average percentage error of 3.23% 
lower than the lowest prediction produced by the currently available modes. 
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After a careful analysis of the predicted results produced by the model developed in this 
work, it was found that there is no correlation between percentage error and material 
properties such as bulk density and fibre diameter. This was established by grouping, into two 
separate groups, all the materials that produced the lowest percentage error and the highest 
percentage error. It was found that the range of bulk density and fibre diameter that produced 
the lowest percentage error coincided with the range that produced the highest percentage 
error. 

2.5. The prediction of the sound absorption coefficient 

The need for the airflow resistivity of a poroelastic material stems from the desire to 
understand the effect these materials have on the noise level. As an example, the poroelastic 
materials (headliner, carpet etc.) implemented in the cabin of a vehicle have a direct effect on 
the sound pressure level (SPL’s) within the vehicle cabin (more information on this subject 
can be found in [2]). These materials have the ability to reduce the SPL’s within the vehicle 
cabin. The amount by which the material can reduce the SPL’s is dependent on the materials 
sound absorption coefficient, hence, is an important material property to have during the 
early design stage as discussed in section 2 of this paper. The sound absorption coefficient 
can be predicted by making use of the airflow resistivity of the material. The equation to 
determine the sound absorption coefficient is given by the following: 

          (3) 

          (4) 

where α is the sound absorption coefficient, Z8 is the surface impedance, and Zc is the 
characteristic impedance, kc is the characteristic wavenumber, c0 is the speed of sound 
through air, p0 is the density of air and d is the thickness of the composite [22]. The 
characteristic impedance and the characteristic wavenumber can be determined through the 
following equations: 
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       (4) 

        (5) 

where w is the angular frequency, f is the frequency, δ is the airflow resistivity of the 
material, and ci (with i = 1ꞏꞏꞏ8) are numerical coefficients as described in [55]. A detailed 
review with regards to the available sound absorption models can be found in [56]. 

It should be noted that there is still much work that needs to be done on widening the scope 
and improving the accuracy of the current empirical sound absorption coefficient models, 
therefore, caution should be used when implementing such models into FEA software. 

3. Conclusion 

This research was aimed at providing designers with a reliable source of information, with 
regards to acoustic materials, that can be used for preliminary design purposes. In so doing, 
the accuracy of many available airflow resistivity models were tested and a database, of 
acoustic material properties, was subsequently established. Also, a new airflow resistivity 
model was developed and benchmarked against the current best models available. Based on 
this new model, it was found that the percentage error and material properties have no visible 
correlation, to the author’s surprise. This may be attributed to the reason that the predictive 
model's major errors can only come from two main sources 1) the fibre diameter and 
materials bulk density ranges (meaning that the model is only accurate within a specific 
range) and 2) inaccuracies in measured data. It was shown that the range did not influence the 
percentage error, hence, the majority of high percentage errors must come from inaccuracies 
in the data presented in the available literature. However, a point of error could be that a 
considerable portion of journal papers cited in this work reported mean fibre diameters. This 
could be a source of error since the predictive models are very sensitive to fibre diameter. 
Therefore, it is advised that when attempting to use these predictive models the mean fibre 
diameter is not used. Since for accurate results, it is imperative to use the actual mean fibre 
diameter of the specific sample of sound-absorbing material being developed. 

In conclusion, it should be noted that the majority of the available literature, with regards to 
the sound absorption properties of fibrous materials, omit the fibre diameter, bulk density 
and/or the airflow resistivity, when reporting on the acoustic performance such as the sound 
absorption coefficient. The reason for this may be due to a lack of available test equipment. 
This makes it particularly difficult to test and use the developed airflow resistivity models. 
Also, although there has been much development in natural fibre environmentally friendly 
materials in recent years, surprisingly; the research shows inadequate availability of data with 
regards to the airflow resistivity of these materials, as is evident in Table 3. Therefore, the 
following points are proposed for future work that can be undertaken to improve this body of 
knowledge. 

 Comprehensive testing of acoustic materials (natural and synthetic) needs to be 
performed and reported on. 
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 The presented data should include, sound absorption coefficients, airflow resistivity 
values, material bulk densities, mean fibre diameters of each sample and porosity 
values. 

 The testing should be done in a systematic way to capture the affects bulk density, 
fibre diameter, material thickness and porosity have on the airflow resistivity and 
sound absorption coefficient. This can be achieved by varying each parameter a 
sufficient number of times. 

 Thereafter, a comprehensive database of acoustic material properties can be compiled. 
This will be of great benefit to designers. 

 Once a comprehensive error-free database is available accurate predictive models can 
be developed and be used by designers with confidence. 
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