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Abstract 
The airflow resistivity is a key parameter to predict accurately the acoustical properties of 
fibrous media. There is a large number of theoretical and empirical models which can be used 
to predict the airflow resistivity of this type of porous media. However, there is a lack of 
experimental data on the accuracy of these models in the case of multi-component fibrous 
media. This paper presents a detailed analysis of the accuracy of several existing models to 
predict airflow resistivity which make use of the bulk density and mean fibre diameter 
information. Three types of polyester (PET) materials made using regular PET, hollow PET 
and bi-component PET with a range of densities are chosen for this study. It is shown that some 
existing models largely under- or overestimate the airflow resistivity when compared with the 
measured values. A novel feature of this work is that it studies the relative performance of 
airflow resistivity prediction models that are based on the capillary channel theory and drag 
force theory. These two groups of models are then compared to some purely empirical models. 
It is found that the prediction error by some models is unacceptably high (e.g.  >20-30%). The 
results suggest that there are existing models which can predict the airflow resistivity of multi-
component fibrous media with 8-10% accuracy.  
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1. Introduction 
 
The airflow resistivity is one of the most critical parameters determining the sound 

absorption properties of a porous absorber. It is a measure of how easily air can enter a porous 
absorber and the resistance that airflow meets within a structure. Once the airflow resistivity is 
known, a series of theoretical or empirical models can be applied to predict the impedance and 
absorption coefficient of fibrous media [1]. The values of airflow resistivity vary largely 
between various type of common porous absorbent materials. It therefore gives some sense of 
how much sound energy may enter the material pores to be lost due to viscous and inertia 
effects. According to the direct airflow method detailed in the standard ISO 9053-1991 [2], the 
airflow resistivity is determined by an experiment where a sample of a porous material is placed 
in a tube, and a steady airflow is passed through the sample. The airflow velocity, u, the 
pressure drop between two sides of the sample, ∆p, and the thickness of the sample, h, are 
measured [2]. The airflow resistivity, ߪ, of the material is then defined: 
 

p

uh
σ ∆
= ,       (1) 

 
Polyester fiber materials are innovative products which are becoming widespread sound 

absorbers. These recyclable and long lasting materials are replacing traditional glass wool and 
rock wool in many noise control applications. Traditionally, polyester fiber materials used in 
sound absorption applications were manufactured from mono-size fibres or single-component 
fibrous materials, i.e. materials composed of fibres with identical or similar diameter and shape. 
Recently, multi-component polyester materials have started to become more popular replacing 
single component polyester materials. However, there is limited amount of data on the 
acoustical and related non-acoustical properties of multi-component polyester materials [3]. 
Therefore, the major objective of this study is to measure the airflow resistivity for a 
representative range of fibrous media and use data to understand better the effect of fiber 
diameter distribution on the accuracy of model predictions.  
 
2. Review of previous works on airflow resistivity models 

 
There are a large number of theoretical and empirical models to predict the airflow resistivity 

for fibrous and granular media. Good reviews of some of these models can be found in refs. 
[4-6]. These models can be grouped into two main categories: theoretical models and empirical 
models. In this section, the previous works on airflow resistivity models will be introduced and 
we will review mathematical expressions from some existing models for the airflow resistivity 
for completeness. In section 3 we will use these models to predict the measured flow resistivity 
of multi-component polyester fibre.  
 
2.1. Theoretical models 

 
There are two main theories in airflow resistivity theoretical models: capillary channel theory 

and drag force theory. The airflow resistivity models established using capillary channel theory 
are based on the works of Hagen-Poiseuille, Kozeny and Carman, where the flow through the 
porous material is treated as a conduit flow between parallel cylindrical capillary tubes [7,8]. 
Davies presented a model to fit his own transverse permeability data for the flow through 
porous fibrous materials having a high fabric porosity (as high as 0.7) [9]. The airflow 
resistivity of fiber orientation along the flow direction was in the same form as the Kozeny-
Carman equation, and the airflow resistivity of fiber orientation perpendicular to the flow 



direction was obtained using the lubrication approximation, assuming that the narrow gaps 
between adjacent cylinders dominate the flow resistance [10,11]. Pelegrinis et al. modified the 
Kozeny-Carmen model to obtain more accurate prediction for the airflow resistivity of uniform 
fiber diameter polyester material [12]. Lind-Nordgren and Göransson presented a scaling law 
applied to the airflow resistivity of porous materials having a porosity and tortuosity close to 1 
[13]. However, it has been argued that those models based on capillary channel theory can be 
unsuitable for high porosity media in which the porosity is greater than 0.8 [8]. Airflow 
resistivity models based on capillary channel theory are summarized in Table 1. 
 
Table 1  
Airflow resistivity models established using capillary channel theory. 
Method                   Airflow resistivity 

Davies CN [9] ߪ = 1െ)ߟ64 ଵ.ହ[1(ߝ + 56(1െ ଷ]݀ଶ(ߝ  

Kozeny-Carman [8] ߪ = 1െ)ߟ180 ଷߝଶ݀ଶ(ߝ  

Lind-Nordgren [13] ߪ = 1െ)ߟ128 ߝଶ݀ଶ(ߝ  

Doutres et al. [14] ߪ = 1െ)ߟ128 ଶ݀ଶ(ߝ  

Pelegrinis et al. [12] ߪ = 1െ)ߟ180 ଶ݀ଶ(ߝ  

Note: ߟ is the air dynamic viscosity, ߝ is the material porosity and d is the fiber diameter. 
 

There are also a number of airflow resistivity models which are based on drag force theory. 
In these models the fibers in the porous material that form the walls of the pores in the structure, 
are treated as obstacles to a straight flow of the fluid and it is assumed that the frame is rigid 
and that the fibers cannot be displaced [15]. The sum of all the ‘drags’ is assumed to be equal 
to the total resistance to flow in the porous material. Unlike capillary flow theory, drag force 
theory and unit cell models demonstrate the relationship between permeability and the internal 
structural architecture of the porous material. In drag force models, the fibers are assumed to 
be aligned unidirectionally in a periodic pattern such as a square, triangular or hexagonal array. 
The airflow resistivity of unidirectional fibrous materials can then be solved using the Navier-
Stokes equation in the unit cell with appropriate boundary conditions [4]. One of the earliest 
equivalent dimensionless permeability for flow parallel to an array of fibres was developed by 
Langmuir [16]. Tarnow presented a new way to calculate the airflow resistivity of randomly 
placed parallel fibers based on Voronoi polygons [17]. In his study, Tarnow discussed a two-
dimensional model consisting of parallel fibers randomly spaced for flow parallel and 
perpendicular to the fibers.. A summary of these models is given in Table 2. 
 
Table 2 
Airflow resistivity models established using drag force theory. 
Method Airflow resistivity 
Langmuir [16] ߪ = 1െ)ߟ16 ଶ[െ݀(ߝ ln(1െ െ(ߝ 1.5 + 2(1െ െ(ߝ (1 െ ଶ(ߝ

2
]

 

Hasimoto [18] ߪ = 1െ)ߟ32 ଶ(െ݀(ߝ ln(1െ െ(ߝ 1.476) 
Kuwabara [19] ߪ = 1െ)ߟ32 ଶ[െ݀(ߝ ln(1െ െ(ߝ 1.5 + 2(1െ (ߝ െ (1 െ ଶ(ߝ

2
]

 



Happel [20]  
A. Flow parallel to fibers ߪ = 1െ)ߟ72 ଶ[െ݀(ߝ ln(1െ െ(ߝ 3 + 4(1െ (ߝ െ (1െ  [ଶ(ߝ
B. Flow perpendicular to fibers ߪ = 1െ)ߟ72 ଶ[െ݀(ߝ ln(1 െ െ(ߝ 1െ (1െ ଶ(ߝ

1 + (1െ  [ଶ(ߝ
Tarnow [17] Flow parallel to fibers 

A. Square lattice ߪ = 1െ)ߟ16 ଶ[െ݀(ߝ ln(1 െ (ߝ + 0.5െ  [ߝ2
B. Random lattice ߪ = 1െ)ߟ16 ଶ[െ1.280݀(ߝ ln(1െ (ߝ + 0.526െ  [ߝ2
Flow perpendicular to fibers 
C. Square lattice ߪ = 1െ)ߟ16 ଶ{ln[(1െ݀(ߝ ଵି(ߝ ଶΤ ]െ ߝ0.5 െ  {ଶߝ0.25
D. Random lattice ߪ = 1െ)ߟ16 ଶ[െ0.640݀(ߝ ln(1െ (ߝ + 0.263െ  [ߝ

 
2.2. Empirical models 

 
An empirical model of airflow resistivity was first introduced by Nichols, who suggested 

that the flow resistance, ( )1 2/
x

h h dσ ρ + , where the adjustable parameter is 0.3≤ x ≤1. This 

parameter value depends on the distribution of the fibers in material [21]. Based on the work 
by Nichols, Bies and Hansen presented a simple model which allows the calculation of the 
airflow resistivity of fibreglass starting from the values of its bulk density and fiber diameter 
[22]. Garai and Pompoli investigated the airflow resistivity of double fiber component 
polyester materials and extended the Bies and Hansen model to predict the flow resistivity of 
polyester fibres [23]. Manning and Panneton analyzed the acoustic behavior of shoddy fiber 
materials manufactured by three different methods: mechanical bonding, thermal bonding, and 
resin bonding. They established three simple airflow resistivity models based on weight-of-
evidence approach [24]. A summary of the equations for these empirical models is given in 
Table 3. 
 
Table 3 
Airflow resistivity models established using empirical method. 
Method Airflow resistivity 

Bies & Hansen [22] ߪ = 3.18 × 10ିଽߩଵ.ହଷ݀ଶ  

Garai & Pompoli [23] ߪ = 2.83 × ଵ.ସସ݀ଶߩ10ି଼  

Manning & Panneton [24] 

Mechanically bonded     ߪ = ଶ.ଷ×ଵషఴఘభ.రఴఱௗమ  

Resin bonded                  ߪ = ଷ.ଵ×ଵషవఘభ.ఴబరௗమ  

Thermally bonded          ߪ = ଵ.ଽସ×ଵషఴఘభ.ఱభలௗమ  

 



3. Materials and Methods 
 
One polyester nonwoven material prepared by vibrating perpendicular technology [25] at 

the Technical University of Liberec, Czech Republic, as well as two types of commercially 
available polyester nonwoven materials which were separately made by vibrating 
perpendicular technology and rotating perpendicular technology were selected for this study. 
Sample WM was prepared by rotating perpendicular technology; samples ST T1 and ST T2 
were produced by vibrating perpendicular technology [26]. Fig. 1. (a) is  photographs which 
illustrate the dominant angle of fibre orientation of samples WM, ST T1 and ST T2. In this 
study, the fibre orientation angle was defined as the angle between the dominant fibre axis (see 
areas in Fig. 1(a) highlighted in green) and the surface of the material specimen. This angle 
was dependent on the degree of compression/material density in the fibrous specimen. Fig. 1 
(b) shows scanning electron microscope image of sample WM taken at 200x magnification. 
The latter is one of 150 collected SEM images which were used to analyze fiber diameter 
distribution.  
 

 

 
Fig. 1. Cross-sectional macroscopic images of samples WM, ST T1 and ST T2 (a) and the scanning 

electron microscope (SEM) image of sample WM (b). 
 

In order to produce polyester material samples with different thicknesses and densities, the 
heat-pressing method was applied. Samples WM, ST T1, and ST T2 were compressed under 

600 Pa pressure at 130 ˈ for 5 min. Thickness gauges were applied to measure the thickness 
attained in this process. The characteristics of the polyester specimens are listed in Table 4. All 
of the samples in this study have the same fiber content. The sheath part of bi-component fibers 

WM 

ST T1 

ST T2 

56.07° 

87.26° 

79.09° 

(a) 

(b) 



is low-melting polyethylene terephthalate (PET). The polyester materials were made of three 
types of polyester fibers. The resin embedding technology was used to get the cross-sectional 
slice of fibers, microscope was then applied to get the cross-sectional microscopic images (see 
in Fig. 2). The content percentage of samples is based on weight. Fabric thicknesses were 
measured with an Alambeta device (SENSORA, Liberec, Czech Republic). Fabric areal 
density was determined according to ISO 9073-1:1989 [27]. Sample porosities were 
determined according to ASTM C830-00 [28]. The voids in hollow fibers were not included in 
the analysis, because these closed pores have little or no effect on the airflow flow resistivity 
and sound absorption (e.g. [29]). In terms of fibre orientation, it can be seen that a majority of 
fibres in an uncompressed sample are vertically orientated and parallel arranged as illustrated 
in Fig. 1. (a). The fibre orientation angle decreased during the heat-pressing process that 
resulted in a reduced specimen thickness and increased material density.  

100 mm diameter circular shape samples were cut with an ELEKTRONISCHE 
STANZMASCHINE TYPE 208 machine to measure the airflow resistivity using a standard 
setup. In the present study, the airflow resistivity was measured with an AFD300 AcoustiFlow 
device (The Gesellschaft für Akustikforschung Dresden mbH, Dresden, Germany) according 
to ISO 9053:1991 [2]. Ten samples were measured for each polyester nonwoven fabric to study 
the reproducibility of the airflow resistivity experiment and scattering in the obtained data. The 
results are summarized in Table 4. The relative density quoted in Table 4  was calculated as 
the ratio of the material bulk density, ρ , to the fibre density, fρ , i.e. / fρ ρ , where the value 

of the fibre density set to 876.53 kg/m3. A relatively low fibre density is explained by a 
relatively high proportion of hollow fibres in the mixture. The flow resistivity is plotted against 
this parameter in section 4. 
 
Table 4 
Characteristics of polyester materials. 

Sample
s 

Fiber 
contents 

Mean 
fiber 

diamete
r 

 (݉ߤ)
Porosit
y (%) 

Relativ
e 

density 
(%) 

Bulk 
density 
(kg/m3) 

Thicknes
s (mm) 

Surfac
e 

density 
(g/m2) 

Airflow 
resistivity 
(Pa·s/m²) 

Fibre 
orientation 

angle 
(º) 

WM 

30%-
Hollow 

PET 
45% ii-

PET 
25% iii-

Bi-
componen

t PET 

18.65 
 

97.60 2.40 21.07 24.09 507.5 5757 ± 589 56.07 
WM 97.21 2.79 24.45 20.76 507.5 7319 ± 243 45.65 
WM 96.95 3.05 26.71 19.00 507.5 8630 ± 408 40.88 
WM 96.86 3.14 27.54 18.43 507.5 10329 ± 376 39.41 
WM 95.94 4.06 35.56 14.27 507.5 14990 ± 285 29.44 
WM 95.91 4.09 35.87 14.15 507.5 15410 ± 167 29.17 
WM 94.80 5.20 45.56 11.14 507.5 22230 ± 433 22.56 
ST T1 98.08 1.92 16.87 28.36 478.3 4011 ± 316 87.26 
ST T1 97.31 2.69 23.54 20.32 478.3 7498 ± 332 45.70 
ST T1 97.20 2.80 24.54 19.49 478.3 7412 ± 328 43.35 
ST T1 96.47 3.53 30.94 15.46 478.3 13400 ± 277 32.99 
ST T1 95.79 4.21 36.88 12.97 478.3 16750 ± 442 27.18 
ST T2 98.07 1.93 16.93 27.48 465.2 4108 ± 199 79.09 
ST T2 97.78 2.22 19.49 23.87 465.2 5337 ± 217 58.53 
ST T2 97.44 2.56 22.48 20.69 465.2 7029 ± 356 47.67 
ST T2 96.85 3.15 27.61 16.85 465.2 10180 ± 259 37.02 
ST T2 96.01 3.99 34.95 13.31 465.2 13370 ± 199 28.40 
ST T2 94.91 5.09 44.60 10.43 465.2 20470 ± 687 21.88 

PET: polyethylene terephthalate.  



 

   
 
Fig. 2. Cross-sectional microscopic pictures of polyester fibers: (a) hollow PET; (b) PET; (c) bi-
component PET.  
 

The fiber diameter was required to predict the airflow resistivity with a theoretical model. In 
this study, the polyester nonwoven materials were made with three types of fiber. The fiber 
diameter has been determined using the ImageJ software based on the scanning electron 
microscope (SEM) images (see Fig. 1. (b)), so that the fiber diameter distribution for polyester 
nonwovens were obtained. 2358 fiber diameters from 150 SEM images were measured in total 
to ensure reproducible statistics. The fiber diameter distribution is shown in Fig. 3. The kernel 
density estimation was applied to get the distribution line in the image analysis. Obviously, 
some of the features are that it has at least two peaks and one tail at the large diameter end. A 
symmetric fiber diameter distribution on either side of the highest peak implies that the finest 
fiber is the key component which is 45% in polyester materials. An asymmetric fiber diameter 
distribution can be found at the second peak from the left and the slope of distribution line has 
a slight decrease after the peak. It indicates that there is another type of polyester fiber besides 
the two types of fiber which can be easily distinguished from the first and second peaks from 
the left. Thus, samples have triple fiber components with rough diameter of 13, 19 and 22 ݉ߤ. 
The mean fiber diameter of multi-component polyester materials was determined according to 
the following equation: 
 ݀ = σ ௗసభ   ,                                                         (2) 

where n is the total fiber count, ݀  is the diameter for each fiber. The mean diameter of 
polyester fibres was presented in Table 4. 

 

 

(a) (b) (c) 

Triple component 



Fig. 3. Fiber diameter distribution of polyester nonwovens WM, ST T1 and ST T2 obtained for 2358 
fiber diameter data.  
 
4. Results and discussion 

 
The accuracy of the airflow resistivity prediction models presented in Tables 1-3 was 

compared against the obtained experimental data. The accuracy of theoretical and empirical 
models was investigated by comparing the relative prediction errors. In this calculations the 
values of the material density, porosity and mean fibre diameter were taken from Table 4. In 
order to investigate the accuracy of airflow resistivity models, the relative prediction error was 
calculated according to the following equation: 
 ο= σ οಿసభே =

ଵேσ หఙ,ିఙ,หఙ,ேୀଵ   ,                                    (3) 

where ߪ is the predicted airflow resistivity, ߪ is the measured airflow resistivity, and N is 
the total number of material specimens studied (N=18). A relative error of 0.2 means a 
difference of 20% from the measured value. 
 
4.1. Prediction of airflow resistivity based on theoretical models 

 
Due to the same fiber content in samples WM, ST T1 and ST T2 the airflow resistivity was 

descried as a function of relative density which was determined as a ratio of the material density 
over the density of polyester. The predicted airflow resistivity values based on capillary 
channel theory (see the models listed in Table 1) are show in Fig. 4. (a) as a function of the 
relative density. The relative prediction errors of capillary channel theory models are compared 
in Fig. 4. (b). It can be seen that Doutres and Lind-Nordgren models predict similar values of 
the airflow resistivity. The Kozeny-Carman model agrees closely with that by Pelegrinis et al. 
This difference can be explained by the fact that the two sets of models make use of rather 
different coefficients in the flow resistivity equations: 180 for the Kozeny-Carman type models; 
and 128 for the Lind-Nordgren models. This difference in the predicted airflow resistivity 
increases proportional to the material density. The Davies CN model shows the highest value 
of predicted airflow resistivity and a relatively high error. It is observed that the maximum 
relative error for this model is 98.8%. The relative error of Kozeny-Carman model is relatively 
low, with a maximum value of 12.3%. The maximum error for the Pelegrinis et al. model is 
8.4% which is the lowest among the five models considered. It was also found that the 
Pelegrinis et al. model is more reliable when the material density is relatively low. However, 
it begins to overestimate the airflow resistivity as the relative density increases above 4%. 
 



 
 

Fig. 4. (a) Predicted airflow resistivity based on capillary channel theory and (b) the prediction error 
of airflow resistivity.  

 
The calculated airflow resistivity of multi-component polyester materials based on the drag 

force theory is presented in Fig. 5 (a) as a function of the relative density. Fig. 5 (b) presents 
the predicted errors. The keys to the model type can be found in Table 2. The results presented 
in Fig. 5 suggest that the model by Happel (Happel B model) for the airflow perpendicular to 
fibres significantly overestimate the resistivity by over 400%. The predictions by Hasimoto, 
Kuwabara, Happel A (airflow parallel to the fibers) and Tarnow C (airflow perpendicular to 
fibers arranged in the form of lattice) are very similar and overestimate the measured airflow 
resistivity by 180-210%.  The predictions by the Langmuir and Tarnow A (airflow parallel to 
the fibres arranged in square lattice) are almost identical but overestimate the airflow resitivity 
by approximately 40%. The predictions by Tarnow D model (airflow is perpendicular to the 
fibres arranged in random lattice) fall between the two latter groups. The most accurate model 
for the flow resistivity of this kind of fibres is the Tarnow B model (airflow is parallel to fibres 
arranged in random lattice). This model is accurate within 10%. In addition, it can be seen that 
the Tarnow B model is more accurate when the materials have relatively low density, however 
this model exhibits higher variation comparing to measured values at high density range. This 
phenomenon can be explained by the decrease of fibre orientation angle with increased density 
for high specimen compression as illustrated in Fig. 1(a). When the fibre orientation angle 
decreases, the airflow is no longer parallel to the fibres. When the orientation angle is close to 
0 the airflow becomes perpendicular to the fibres. For these materials the measured flow 
resistivity (see Fig. 5 (a)) is higher than that predicted with Tarnow A and B models which 
work better when the flow is parallel to the fibres.     
 

(a) (b) 



 
 

Fig. 5. (a) Predicted airflow resistivity based on drag force theory and (b) the prediction error of 
airflow resistivity. See Table 2 for the key to the model type.  

 
4.2. Prediction of airflow resistivity using empirical models 

 
The predicted airflow resistivity calculated from empirical models are presented in Fig. 6. 

(a). Fig. 6 (b) presents the prediction error data.The Bies-Hansen and Manning RB models give 
significantly underestimated airflow resistivity of multi-component polyester materials in 
comparison with measured values. This can be explained by the different materials and bonding 
method in their studies in comparison with in the current study [22, 24]. Garai, Manning MB 
and TB models exhibit similar results and relative good agreement by comparing the measured 
airflow resistivity. It is observed that the prediction errors for these three models range from 
11.1% to 15.7%. The predictions by Manning TB and Garai are very close, but Manning TB 
method shows better predictions. The relative error for Manning RB/TB and Garai models 
increase with the increased value of the relative density. The relative error for these models is 
below 10% when the relative density of the fibrous material is below 3%.  

 

  
Fig. 6. (a) Predicted airflow resistivity based on empirical models and (b) the prediction error of 
airflow resistivity. MB is mechanically bonded; RB is resin bonded; TB is the thermally bonded. 

 
5. Conclusions 

 

(a) (b) 

(a) (b) 



This work has studied the accuracy of commonly used airflow resistivity models for fibrous 
media. Those models have been grouped into two main categories: theoretical and empirical. 
In order to select the most reliable models for multi-component polyester materials, three types 
of polyester nonwoven samples were developed and studied with the relative density being in 
the range of 1.92 – 5.2%. The fiber diameter distribution was obtained using ImageJ software 
with mean fibre diameter being 18.65 µm. The airflow resistivity results have been carried out 
by AFD300 Acoustic Flow device. The effect of the fibre orientation angle on the flow 
resistivity of fibrous specimens was also studied. As expected, the flow resistivity increases 
with the decreased fibre orientation angle, i.e. when the flow becomes perpendicular to the 
fibres. However, this effect was found to be relatively small in comparison with the effect of 
material density. The error between predicted and measured airflow resistivity has been 
determined. The results indicate that the Pelegrinis et al.  model is the most suitable model for 
multi-component polyester material in those models established using capillary channel theory, 
and the relative prediction error is 8.43% for this class of fibrous media. For models based on 
drag force theory, one of the Tarnow models exhibits relatively high accuracy with a relative 
prediction error of 10.41%. It is observed that some existing empirical models are acceptable 
for multi-component polyester materials. One of the Manning model exhibits good agreement 
with the value of measured airflow resistivity, the prediction error is 11.1%.  
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