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Factors Influencing Acoustic Performance of Sound Absorptive Materials

Hoda S. Seddeq

Housing & Building Research Center, Acoustic Department, Egypt.

Abstract: Today much importance is given to the acoustical environment. Noise control and its

principles play an important role in creating an acoustically pleasing environment. This can be

achieved when the intensity of sound is brought down to a level that is not harmful to human ears.

Achieving a pleasing environment can be obtained by using various techniques that employ different

materials. One such technique is by absorbing the sound. Fibrous, porous and other kinds of materials

have been widely accepted as sound absorptive materials. This paper review and describes how the

physical prosperities of materials like fiber type, fiber size, material thickness, density, airflow

resistance and porosity can change the absorption behavior. The effect of surface impedance,

placement / position of sound absorptive and compression, on sound absorption behavior of materials

was also considered. The sound absorption of different fibrous materials was experimentally tested.

The results shows the relationship between the sound absorption and airflow resistance, material

thickness, air gap and attachment film. Higher airflow resistance always gives better sound absorption

values but for airflow resistance higher than 1000 the sound absorption have less values because

difficulty movements of sound wave through the materials. The creation of air gap, 5mm, 10 mm

behind the absorptive material increases sound absorption coefficient values in mid and higher

frequencies. There is not much difference seen between 5 mm air gap sample and 10 mm air gap

sample. Moreover, maxima peak for different air gap is different (higher the air gap distance, maxima

peak shift towards lower frequency

Key word: sound absorptive materials - sound absorption coefficient – fibrous materials - Porosity -

Airflow Resistance-Tortuosity

INTRODUCTION

Materials that reduce the acoustic energy of a sound wave as the wave passes through it by the

phenomenon of absorption are called sound absorptive materials. They are commonly used to soften the

acoustic environment of a closed volume by reducing the amplitude of the reflected waves. Absorptive

materials are generally resistive in nature, either fibrous, porous or in rather special cases reactive resonators

Lewis H. Bell, (1994) Classic examples of resistive material are nonwovens, fibrous glass, mineral wools, felt

and foams Porous materials used for noise control are generally categorized as fibrous medium or porous foam.

Fibrous media usually consists of glass, rock wool or polyester fibers and have high acoustic absorption.

Sometimes fire resistant fibers are also used in making acoustical products Claudio, (1998). An absorber, when

backed by a barrier, reduces the energy in a sound wave by converting the mechanical motion of the air

particles into low-grade heat. This action prevents a buildup of sound in enclosed spaces and reduces the

strength of reflected noise Lewis H. Bell., (1994).

Application of Sound Absorptive Materials:

Acoustical material plays a number of roles that are important in acoustic engineering such as the control

of room acoustics, industrial noise control, studio acoustics and automotive acoustics. Sound absorptive

materials are generally used to counteract the undesirable effects of sound reflection by hard, rigid and interior

surfaces and thus help to reduce the reverberant noise levels (Beranek Leo L., 1960; Bruce, 1981). They are

used as interior lining for apartments, automotives, aircrafts, ducts, enclosures for noise equipments and

insulations for appliances (Knapen and Lanoye, 2003; Youn Eung Lee, Chang Whan Joo, (2004). 

Sound absorptive materials may also be used to control the response of artistic performance spaces to

steady and transient sound sources, thereby affecting the character of the aural environment, the intelligibility

of  unreinforced  speech  and the  quality  of  unreinforced musical sound Frank Fahy, (2001). Combining
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absorptive materials with barriers produces composite products that can be used to lag pipe or provide

absorptive curtain assemblies. All noise control problem starts with the spectra of the emitting source.

Therefore, sound absorbing materials are chosen in terms of material types and dimension, and also based on

the frequency of sound to be controlled Francisco Simon and Jaime Pfretzschner, (2004)

Factors Influencing Sound Absorption:

Fiber Size:

Koizumi et al. (2002) reported an increase in sound absorption coefficient with a decrease in fiber

diameter. This is because, thin fibers can move more easily than thick fibers on sound waves. Moreover, with

fine denier fibers more fibers are required to reach equal more fibers for same volume density which results

in a more tortuous path and higher airflow resistance, Sun, Banks-Lee. and Peng, (1993). A study by Youn

Eung Lee et al. (Youn Eung Lee and Chang Whan Joo, 2003) concluded that the fine fiber content increases

sound absorption coefficient values due to an increase in airflow resistance by means of friction of viscosity

through the vibration of the air. A study by Koizumi et al. (2002) also showed that fine denier fibers ranging

from 1.5 to 6 denier per filament (dpf) perform better acoustically than coarse denier fibers. Moreover it has

been reported by Koizumi, T. that, micro denier fibers (less than 1 dpf) provide a dramatic increase in

acoustical performance.

Airflow Resistance:

One of the most important qualities that influence the sound absorbing characteristics of a fibrous material

is the specific flow resistance per unit thickness of the material. The characteristic impedance and propagation

constant, which describes the acoustical properties of porous materials, are governed to a great extent by flow

resistance of the material Mingzhang Ren and Finn Jacobsen, (1993). Fibers interlocking in nonwovens are the

frictional elements that provide resistance to acoustic wave motion. In general, when sound enters these

materials, its amplitude is decreased by friction as the waves try to move through the tortuous passages. Thus

the acoustic energy is converted into heat (Conrad, 1983). This friction quantity which can be expressed by

resistance of the material to airflow is called airflow resistance and is defined in following equation as:

where: 

R1    = Specific flow resistance, mks Rayls/m

u     = Particle velocity through sample, m/sec

Ä p = Sound pressure differential across the thickness of the sample measured in direction of particle velocity,

newtons/m2

Ä T = Incremental thickness, m (Beranek Leo L., 1960).

Based upon the airflow test, ASTM D-1564-1971, flow resistance R of the sampleis obtained from the

following equation:

where: P = Static pressure differential between both faces of the sample, dyn/cm  (10  Pa)2 -1

v = Air velocity, cm/s

l = Thickness of sample, cm

The airflow resistance per unit thickness of a porous material is proportional to the coefficient of shear

viscosity of the fluid (air) involved and inversely proportional to the square of the characteristic pore size of

the material. For a fibrous material with a given porosity, this means that the flow resistance per unit thickness

is inversely proportional to the square of the fiber diameter (Uno Ingard, 1994).

Porosity:

Number, size and type of pores are the important factors that one should consider while studying sound

absorption mechanism in porous materials. To allow sound dissipation by friction, the sound wave has to enter

the porous material. This means, there should be enough pores on the surface of the material for the sound

to pass through and get dampened. The porosity of a porous material is defined as the ratio of the volume of

the voids in the material to its total volume (Allard et al., 1989). Equation (3) gives the definition for porosity

(H).
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where: 

Va = Volume of the air in the voids

Vm = Total volume of the sample of the acoustical material being tested 

Shoshani et al. (2003). stated that, in designing a nonwoven web to have a high sound absorption

coefficient, porosity should increase along the propagation of the sound wave.

Tortuosity:

Tortuosity is a measure of the elongation of the passage way through the pores, compared to the thickness

of the sample. According to Knapen et al. (2003), tortuosity describes the influence of the internal structure

of a material on its acoustical properties. Con Wassilieff Con Wassilieff, (1996) describes tortuosity as a

measure of how far the pores deviate from the normal, or meander about the material. Horoshenkov et al.

(2001) stated that, tortuosity mainly affects the location of the quarter-wavelength peaks, whereas porosity and

flow resistively affect the height and width of the peaks. It has also been said by the value of tortuosity

determines the high frequency behavior of sound absorbing porous materials.

Thickness:

Numerous studies that dealt with sound absorption in porous materials have concluded that low frequency

sound absorption has direct relationship with thickness. The rule of thumb rule that has been followed is the

effective sound absorption of a porous absorber is achieved when the material thickness is about one tenth of

the wavelength of the incident sound Michael Coates and Marek Kierzkowski, (2002). Peak absorption occurs

at a resonant frequency of one-quarter wavelength of the incident sound (ignoring compliance effect) Timothy

Hirabayashi, David J. McCaa, (1999).

A study by Ibrahim et al., (1978). showed the increase of sound absorption only at low frequencies, as

the material gets thicker. However, at higher frequencies thickness has insignificant effect on sound absorption.

Density:

Density of a material is often considered to be the important factor that governs the sound absorption

behavior of the material. At the same time, cost of an acoustical material is directly related to its density. A

study by Koizumi et al. (2002) showed the increase of sound absorption value in the middle and higher

frequency as the density of the sample increased. The number of fibers increases per unit area when the

apparent density is large. Energy loss increases as the surface friction increases, thus the sound absorption

coefficient increases.

Moreover, they showed the following effect of density on sound absorption behavior of nonwoven fibrous

materials.

• Less dense and more open structure absorbs sound of low frequencies (500Hz).

• Denser structure performs better for frequencies above than 2000 Hz.

Compression:

Not much has been published on the influence of compression on sound absorption behavior. A paper by

Bernard Castagnede et al. (2000) showed that, compression of fibrous mats decreases the sound absorption

properties. He explained that, under compression the various fibers in the mat are brought nearer to each other

without any deformation (without any change in fiber size).

This compression results in a decrease of thickness. More interestingly he also found the other physical

variation that occurs during compression. Castagnede et al. (2000) found that compression resulted in an

increase in tortuosity and airflow resistively, and a decrease of porosity and thermal characteristic length (shape

factor). Despite these physical parameter variations in the compressed material, he stated that the reason for

a drop in sound absorption value is mainly due to a decrease in sample thickness. The influence of

compression on sound absorption can play an important role in the field of automotive acoustics. The seat

padding in the vehicle is subjected to compression / expansion cycles due to the passenger’s weight. This

results in squeezing down the porous materials (fibrous or cellular) which in turn results in variation of the

above physical parameters.
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Surface Impedance:

The higher the acoustic resistively of a material, the higher is its dissipation, for a given layer of thickness.

At the same time the surface impedance of the layer also increases with resistively, resulting in a greater

amount of reflections on the surface layer, giving a lower absorptive capability. Moreover the whole process

is frequency dependent, so that for lower frequency bands the necessary layer thickness increases as resistively

decreases Francisco Simon and Jaime Pfretzschner, (2004).

Placement / Position of Sound Absorptive:

Placement / position of sound absorptive materials is a known fact that sound absorption of a material

depends also on the position and placement of that material. It has been reported by Alton Everest, Alton,

(2001). that if several types of absorbers are used, it is desirable to place some of each type on ends, sides

and ceilings so that all three axial modes (longitudinal, transverse and vertical) will come under their influence.

In rectangular rooms it has been demonstrated that absorbing material placed near corners and along edges of

room surfaces is most effective. In speech studios, some absorbents that are effective at higher audio

frequencies should be applied at head height on the walls. In fact, material applied to the lower portions of

high walls can be as much as twice as effective as the same material placed elsewhere Everest Alton, (2001).

Moreover, it is recommended that untreated surfaces should never face each other.

Performance of Sound Absorbing Materials:

For porous and fibrous materials, acoustic performance is defined by a set of experimentally determined

constants namely: absorption coefficient, reflection coefficient, acoustic impedance, propagation constant, normal

reduction coefficient and transmission loss. There are different methods available to determine these acoustical

parameters but all of these methods mainly involve exposing materials to known sound fields and measuring

the effect of their presence on the sound field.

The performance of sound absorbing materials in particularly is evaluated by the sound absorption

coefficient (á) [Horoshenkov and Swift, (2001) Lewis, (1994). Alpha (á) is defined as the measure of the

acoustical energy absorbed by the material upon incidence and is usually expressed as a decimal varying

between 0 and 1.0. If 55 percent of the incident sound energy is absorbed, the absorption coefficient of that

material is said to be 0.55. A material that absorbs all incident sound waves will have a sound absorption

coefficient of 1. The sound absorption coefficient (á) depends on the angle at which the sound wave impinges

upon the material and the sound frequency. Values are usually provided in the literature at the standard

frequencies of 125, 250, 500, 1000 and 2000 Hertz (Takahashi et al., 2005). Other important acoustic

parameters that need to be considered while studying the acoustical absorptive properties are:

• Sound reflection coefficient: ratio of the amount of total reflected sound intensity to the total incident

sound intensity.

• Acoustic impedance: ratio of sound pressure acting on the surface of the specimen to the associated

particle velocity normal to the surface.

In comparing sound absorbing materials for noise control purposes, the noise reduction coefficient (NRC)

is commonly used. NRC is the average usually stated to the nearest multiple of 0.05, of the coefficient at four

frequencies 250, 500, 1000 and 2000 Hz. It is intended for use as a single number index of the sound

absorbing efficiency of a material. This NRC values provides a decent and simple quantification of how well

the particular surface will absorb the human voice (Harris, 1979).

Excremental work:

Measurement of Sound Absorption Coefficient:

A number of measurement techniques can be used to quantify the sound absorbing behavior of porous

materials. In general one is interested in one of the following properties: sound absorption coefficient (á),

reflection coefficient (R), or surface impedance (Z). 

Measurement techniques used to characterize the sound absorptive properties of a material are Takahashi

et al., (2005):

• Reverberant Field Methods

• Impedance Tube Methods
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Several of the fiber materials were needle punched blends of cotton or plastic fibers (“shoddies”) have

been investigated. Many of these consist of post-industrial recycled fibers. Several blown plastic fiber materials

were tested as well. Polyester and polypropylene are common plastic materials used in absorbers. Most of the

plastic fiber absorbers tested in this study was made of polyethylene terepthalate (PET). Some of the materials

were lightweight micro fibers. These materials also consist of blown plastic fibers, but have a higher loft and

smaller fiber diameters. Many of the samples were materials with no scrims or embedded layers. However,

many of them had scrim or film layers. Some had layers of scrim or barrier embedded inside the material.

Fiberglass materials were also tested. Table 1 shows the tested fibrous materials and its prosperities.

Table 1: Tested sound absorptive materials

M aterial type M aterial Type Thickness Range (m m) Flow Resistively (m ks rayls/mm)

A PET 8-26 21-2573

B Lightweight M icrofiber 7-24 279- 1643

C Shoddy 11-27 124- 1426

D PET 10-27 139.5- High

E PET 7-21 139.5- 1333

F PET 7-26 124- 2263

G Fiberglass 6-23 62-682

H Lightweight M icrofiber 10-32 124- 1054

I Shoddy 11-27 155-320

J PET 7-37 83-816

The sound absorption coefficient is measured using the two-microphone method where a sample of the

material to be tested is placed in a sample holder and mounted to one end of a straight tube. A rigid plunger

with an adjustable depth is placed behind the sample to provide a reflecting surface. A sound source, typically

a high-output acoustic driver, is connected at the opposite end of the tube. A pair of microphones is mounted

flush with the inner wall of the tube near the sample end of the tube. The sound absorption coefficient is

measured according to ASTM E1050 

Fig. 1:  Relationship between specific air flow resistance and sound absorption coefficient

RESULTS AND DISCUSSION

Influence of Specific Air Flow Resistance:

Figure 1 shows the relationship between specific air flow resistance and average sound  absorption

coefficient for thin (lower curve) and thick materials(the upper curve). It can be inferred that, higher airflow

resistance always gives better sound absorption values but for airflow resistance higher than 1000 the sound

absorption have less values because difficulty movements of sound wave through the materials. 
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Influence of Thickness:

Influence of felt thickness is demonstrated in figure 2 which shows that thicker the material better sound

absorption values. Moreover, the importance of thickness on low frequency sound absorption that is based on

the physics – low frequency means higher wavelength and higher wavelength sound can be absorbed if the

material is thicker.

Fig. 2:  Relationship between thickness and sound  absorption coefficient

Influence of Film:

Perforated screens, woven fabrics and films are used to cover the porous and fibrous sound absorbing

materials in order to prevent the material from detrimental environments or to meet the aesthetic performances

Voronina, (1996). Sometimes these coverings are used to prevent the fall of fibers from product. Films are

highly reflective to the sound waves and thus have a dramatic influence on absorptive properties of porous or

fibrous materials. Therefore it is necessary to study the effect of film on sound absorption, when it is attached

to fibrous or porous sound absorbing materials. In this study, two kinds of films namely polyvinyl chloride,

PVC is used to analyze its influence on acoustic absorptive properties. The results of sound absorption of

(PVC) film is given in the Figure 3.

Fig. 3:  Influence of film

Influence of Air Gap:

Sound absorption measurement calculations were performed with and without an air gap of 5 mm and 10

mm between the rear of sample and the backing of the movable plunger of the impedance tube. The results

for the Figure 4, states that, for the same amount of material, it is much better to have an air gap behind the

layer, which coincides with the results. The creation air gap increases sound absorption coefficient values in

mid and higher frequencies, in spite of showing minima at certain frequencies. There is not much difference

seen between 5 mm air gap sample and 10 mm air gap sample. Moreover, maxima peak for different air gap
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is different (higher the air gap distance, maxima peak shift towards lower frequency). This indicates that there

is an optimum value for an air gap beyond which there is not much influence seen in sound absorption

properties. 

Fig. 4: Influence of air gap

Conclusion:

The influence of various factors of a fibrous material on sound absorption is presented in this paper. Some

of the important conclusions of this research are:

• sound absorption coefficient increased with a decrease in fiber diameter, micro denier fibers (less than 1

dpf) provide a dramatic increase in acoustical performance

• one of the most important qualities that influence the sound absorbing characteristics of a fibrous material

is the specific flow resistance per unit thickness of the material. In general, It can be inferred that, higher

airflow resistance always gives better sound absorption values but for airflow resistance higher than 1000

the sound absorption have less values because difficulty of movements sound wave through the materials

• tortuosity mainly affects the location of the quarter-wavelength peaks, whereas porosity and flow resistively

affect the height and width of the peaks. It has also been said by the value of tortuosity determines the

high frequency behavior of sound absorbing porous materials.

• fiber surface area and fiber size have strong influence on sound absorption properties. higher surface area

and lower fiber size increases sound absorption. 

• less dense and more open structure absorbs sound of low frequencies (500Hz), denser structure performs

better for frequencies above than 2000 Hz.

• the creation air gap increases sound absorption coefficient values in mid and higher frequencies. At the

same time, creation of airgap will have minima at various frequencies for various airgap distances.

• films such as PVC attachment increase sound absorption at low and mid frequencies at the expense of

higher frequencies
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Abstract  Sound absorption properties of natural kapok fibers have been investigated. Kapok fibrous assemblies with 
different bulk density, thickness, fiber length and orientation were manufactured, and their acoustical performances were 
evaluated by using an impedance tube instrument. Results show that the kapok fiber has excellent acoustical damping 
performance due to its natural hollow structure, and the sound absorption coefficients of kapok fibrous assemblies are 
significantly affected by the bulk density, thickness and arrangement of kapok fibers but less dependent on the fiber length. 
Compared with assemblies of commercial glass wool and degreasing cotton fibers, the kapok fiber assemblies with the same 
thickness but much smaller bulk density may have the similar sound absorption coefficients. Theoretical modelling of the 
acoustical damping performance of kapok fibers shows a good agreement with the experimental data. All the results 
demonstrate that kapok fiber is a promising light and environment-friendly sound absorption material. 
 
Keywords: Kapok fiber; Hollow structure; Sound absorption coefficient; Bulk density. 
 

INTRODUCTION 

Noise pollution has great adverse effects on human health such as hearing impairment, disturbance of rest and 
sleep, psychophysiological, mental-health and so on[1]. Therefore, the requirements of human health drive the 
need to manufacture economical and environment-friendly acoustical materials to control the noise pollution. 
Traditional acoustical materials generally include fibers, foams, perforated panels, membranes and their 
composites. Fibrous material is one of the most widely used in various fields, e.g. architecture[2], automotive 
industry[3] and audio equipments[4] due to its low cost and excellent noise reduction properties. Fibrous sound 
absorption materials involve natural fibers such as cotton[5, 6], wood[7, 8], tea-leaf-fiber[9], rice straw[10]; inorganic 
fibers like glass wool[11−13]; metal fibers represented by aluminium fiber[14] and synthetic fibers typically as 
polypropylene[15], polyacrylonitrile[16] and polyester fiber[17, 18]. Among these fibrous materials, inorganic fibers 
have potential hazard to the environment and human health; the cost of metal fibers is high; most of the synthetic 
fibers are not degradable, therefore more and more attention are paid to the environmental-friendly and 
renewable natural fibers. Koizumi[19] found that the bamboo fibers had acoustic properties equivalent to those of 
glass wool and the bamboo fiberboard possessed superior acoustical performance than the plywood with similar 
density. Ersoy and colleagues[9] evaluated the sound absorption properties of industrial tea-leaf-fibre waste 
material. They found that a 1 cm thick tea-leaf-fibre with backing provided the similar sound absorption with 
that of six layers of woven textile cloth. 
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Different from other fibers, kapok fiber has large lumen and thin cell walls, which endow it with 
extraordinary properties in the field of stuffing, buoyancy and oil-absorbing. The special structure of kapok fiber 
would also be beneficial for the sound absorption since it increases the chance of friction between sound waves 
and fibers. Besides, kapok fiber has some ecological characters such as environment-friendly, biodegradable, 
renewable, safe fiber handling and low energy consumption. It also has excellent chemical stability making it 
have potential applications in noise reduction field. However, to the best of our knowledge, there are few reports 
on the acoustical property of the kapok fiber. 

The aim of this work is to investigate the acoustical performance of natural kapok fibers and study the 
relationship between the physical and acoustical characteristics. Kapok fibrous assemblies with different bulk 
density, thickness, fiber length and orientation were manufactured, and their acoustical performance was 
evaluated. Comparison with commercial glass wool and degreasing cotton fibers was performed and the sound 
absorption coefficients of kapok fibrous assemblies were also calculated by employing modified Delany and 
Bazley’s empirical equation. All of these results demonstrate that kapok fiber promises a potential application in 
noise reduction as a light and environment-friendly acoustical damping material. 

EXPERIMENTAL 

Materials 
Natural kapok fibers were obtained from Qingdao Suitable Pillow Co., Ltd., China. Glass wool was purchased 
from Beijing Salable Environment Engineering Technologies Co., Ltd., China. Degreasing cotton fibers 
(Density: 2330 kg/m3) were supplied by Shandong Caoxian Huanu Medical & Health Material Co., Ltd., China.  

Equipments and Methods 
Surface morphology of the fibers was observed by a Hitachi S-4300 field emission SEM (Hitachi Japan) 
operated at 15.0 kV. Kapok fibers were cut off by electric grinder (Hangzhou Electrical Equipment Co., Ltd, 
China). Kapok fibers were orientated by a double-edged fine-toothed comb and observed under a microscope 
(Olympus BX51). The density (ρ) of the kapok fiber was measured by using a pycnometer at room temperature, 
and the measured value of the kapok fiber is 370 kg/m3. 

Normal incidence absorption of kapok fibrous assemblies was measured by Type SW 466 Impedance Tubes 
(BSWA Technology Co., Ltd., China) based on the method of ISO10534-2:1998(E) (Acoustics-determination of 
sound absorption coefficient and impedance in impedance tubes — Part 2: Transfer function method). The 
acoustical measurement system contains a tube, two microphones and a Frequency Analysis System MC3242 
(Fig. 1a). The principle of testing normal incidence absorption of kapok fibrous assemblies is shown in Fig. 1(b). 
Broadband random sound waves are generated by a loudspeaker at the end of the impedance tube, and then the 
waves transmit to the surface of sample at the other end. The reflected signals are picked up by the sensors. The 
sound absorption coefficient is defined as the ratio of the acoustical energy not reflected by sample    
(Iincident − Ireflected) to the acoustical incident energy (Iincident). The large tube (60 mm) can measure the sound 
absorption coefficients in the frequency range of 100−2500 Hz while the small one (30 mm) can give the sound 
absorption coefficients in the frequency range of 1600−6300 Hz. The sound absorption coefficients in the full 
frequency range (100−6300 Hz) are the combination of the values measured in the two tubes. The acoustical 
measurement system can also give the sound absorption coefficient at the one or 1/3 octave frequency. The 
environmental conditions were included as follows: temperature T0 = 30°C, pressure P0 = 1.01325 × 105 Pa. 
During the experimental measurement, the samples were all backed by the stiffness wall. The samples for the 
sound absorption measurement were prepared by compressing the kapok fibers appropriately into cylindrical 
shapes with a diameter of 6 and 3 cm, respectively. The bulk density of the sample discussed later is defined as 
the mass per unit volume of the sample (kg/cm3). It should be noted that the bulk density is referred to the 
prepared kapok fibrous assembly, which is different from the density of the single kapok fiber. The bulk 
densities of the samples can be changed accordingly with the different compressing degrees at a fixed thickness, 
or otherwise the thickness of the prepared samples can be tuned with the bulk density unchanged. 
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Fig. 1  Photo of the impedance tube (a) and schematic diagram of the acoustical measurement system (b) 

RESULTS AND DISCUSSION 

Effect of Hollow Structure on the Sound Absorption Property 
Kapok fiber is different from other natural fibers for its large lumen and thin cell walls. As shown in Fig. 2(A), 
the outer diameter of the kapok fiber is about 15−23 �m and the thickness of the wall is less than 1 �m. The large 
hollow structure endows the kapok fiber a porosity of more than 80%. For a comparison, the degreasing cotton 
fiber shows a compressed morphology (Fig. 2B). The structure parameters of the kapok fiber are listed in    
Table 1. This large hollow structure is beneficial for acoustical energy dissipation. As shown in Fig. 2(C) (curves 
a and b), the kapok fiber has a better sound absorption performance than the degreasing cotton fiber at the 
similar bulk density (8.3 kg/m3) throughout the entire range of sound frequencies. Besides, it also exhibits that 
kapok fiber has much smaller bulk density than that of degreasing cotton fiber when they obtain almost 
comparable sound absorption behavior (curves a, c and d). The reasons can be explained as follows: first, the 
large and straight hollow structure increases the frictional resistance between sound waves and kapok fibers, 
resulting in energy dispersion of the waves. Second, the special structure of the kapok fiber makes air vibrations 
of the waves transfer to fiber vibrations more easily since the density of the kapok fiber is much smaller than that 
of the degreasing cotton fiber. As a result, compared with the degreasing cotton fiber, kapok fiber converts the 
acoustical energy into the mechanical energy more efficiently. Third, air compression and expansion of the 
sound waves might occur not only among but also in kapok fiber tubes, and the acoustical energy dissipates due 
to the thermal diffusion, while it is generated only among degreasing cotton fibers as compared. 

 
Table 1. Structure parameters of the kapok fiber 

Outer diameter (�m) Thickness of the wall (�m) Length (mm) Porosity (%) Average density (kg/m3) 
15−23 0.7 10−25 84−99 370 
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Fig. 2 SEM images of kapok fibers (A) and degreasing cotton fibers (B); (C) sound 
absorption behavior of kapok fibers and degreasing cotton fibers 

Effect of Bulk Density on the Sound Absorption Property 

H.F. Xiang et al. 

Bulk density is an important parameter that noise control engineers often concern about. Variable bulk densities 

may result in different behavior of noise reduction since the bulk density has great influence on the porosity of 

fibrous assemblies. The porosity, a; of kapok fibrous assembly is calculated as follows: 

a = [1-�J x 1 00 (1) 
where PI is the bulk density of kapok fibrous assembly (kg/m3) and P2 is the density of kapok fiber (kg/m3). 

Sound absorption coefficients of kapok fibrous assemblies with different bulk densities at one octave 

frequencies had been measured. The results listed in Table 2 show that the average noise absorption coefficient 

of kapok fibrous assemblies increases from 0.627 to 0.646 when the bulk density increases from 8.3 kg/m3 to 

25.0 kg/m3. Continuously increasing the bulk density leads to the decrease of sound absorption coefficients since 

every fibrous acoustic damping material has an optimal range of bulk density for obtaining best noise reduction 

behavior. The decrease in sound absorption coefficients is due to the dense packing of fibers leading to the 

reduction of porosity and the increase of reflection of sound waves by the materials. 

We can also explain this phenomenon by using the impedance matching concept. The kapok fibrous 

assemblies have good acoustical damping performance only when the acoustic impedance of air and the 

assemblies are matched. As the latter one relates to the bulk density, an optimal impedance matching can be 

realized when the bulk density is about 25.0 kg/m3. Further increase in bulk density will lead to the impedance 

dismatching between air and the kapok assemblies, resulting in the decrease of the sound absorption coefficients. 

Thus, kapok fibrous assemblies are expected to use as efficient acoustical damping materials with an optimal 

bulk density ca. 25.0 kg/m3. 
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Table 2. Noise absorption coefficient of kapok fibrous assemblies with different bulk densities 
Bulk 

density 
(kg/m3) 

Thickness 
(mm) 

Porosity 
(%) 

Sound absorption coefficient 
Average sound absorption 

coefficient 125 
(Hz) 

250
(Hz)

500
(Hz)

1000
(Hz)

2000
(Hz)

4000
(Hz)

8.3 60 97.7 0.117 0.164 0.570 0.948 0.964 0.999 0.627 
25.0 60 93.2 0.220 0.374 0.542 0.827 0.930 0.984 0.646 
42.0 60 88.7 0.238 0.298 0.636 0.662 0.861 0.965 0.610 
58.0 60 84.2 0.188 0.243 0.304 0.520 0.727 0.903 0.481 

Effect of the Thickness on the Sound Absorption Property 
The sound absorption coefficients of kapok fibrous assemblies increase with their thickness, as shown in    
Table 3. For the same bulk density (range: 5−20 kg/m3), the average sound absorption coefficients of kapok 
fibrous assemblies with a thickness of 40 mm is by 29%−70% larger than that of the assemblies of 20 mm thick. 
The tendency is in agreement with the results of a previous study[20], the thicker the material, the better the noise 
absorption behavior, particularly for the low frequency sounds. This is because the sound waves in the low 
frequency transmit mostly through thicker materials and they are absorbed along the air path and through the 
materials[21]. 

 
Table 3. Sound absorption coefficients of kapok fibrous assemblies with different thickness and bulk densities 

Bulk density 
(kg/m3) 

Thickness
(mm) 

Sound absorption coefficient Average sound 
absorption 
coefficient 

125 
(Hz) 

250 
(Hz) 

500 
(Hz) 

1000 
(Hz) 

2000 
(Hz) 

4000 
(Hz) 

5 20 0.059 0.078 0.105 0.170 0.344 0.674 0.238 
5 40 0.078 0.107 0.186 0.411 0.764 0.883 0.405 

10 20 0.067 0.082 0.127 0.297 0.619 0.918 0.352 
10 40 0.081 0.126 0.308 0.714 0.977 0.963 0.528 
15 20 0.065 0.090 0.160 0.413 0.785 0.996 0.418 
15 40 0.107 0.143 0.397 0.864 0.984 0.959 0.576 
20 20 0.071 0.094 0.185 0.549 0.893 0.997 0.465 
20 40 0.109 0.204 0.443 0.905 0.946 0.979 0.598 

Effect of Fiber Length on the Sound Absorption Property 
To investigate the influence of fiber length on the sound absorption property, kapok fibers were cut with the 
length reduced from 10−25 mm to 0.5−5 mm. Figure 3 shows that the acoustical performances of the kapok 
assemblies of long and short fibers are comparable to each other except a slight decrease in sound absorption 
coefficients for short kapok fibers at high frequencies, indicating that the sound absorption property of kapok 
fibers shows little dependence on the fiber length. 

 
Fig. 3  Sound absorption behavior of kapok assemblies with long and short kapok fibers 
Thickness: 30 mm; Bulk density: 10 kg/m3 
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Effect of Fiber Orientation on the Sound Absorption Property 
Photos of oriented and randomly packed kapok fibers are shown in Figs. 4(a) and 4(b), respectively. The 
microscope images (Figs. 4c and 4d) reveal that the fibers orient along the the direction of the sound source 
while in the natural assemblies the fibers are randomly packed. Figure 4(e) exhibits that the sound absorption 
propery of randomly packed kapok fibrous assembly is superior to that of the oriented one. One reason is due to 
that random packing of kapok fibers increases the possibility for sound waves to interact with kapok fibers, 
leading to the more dissipation of acoustical energy than that of oritented fibers. The other is maybe that more 
entanglements exist in the randomly packed assembly, which causes strong friction between the fibers. 

 

       
 

       
 

 
 

Fig. 4  Photos of the oritentional (a) and random structure (b) of kapok fibrous assemblies; (c) 
and (d) the macroscope images of (a) and (b), respectivly (The arrow in c indicates the oritention 
direction.); (e) comparsion of kapok fibrous assemblies with random and oritention structures in 
sound abosrpiton behavior (Bulk density: 2.6 kg/m3; Thickness:75 mm) 

Comparison between Glass Wool and Kapok Fibers  
Glass wool is one of the most commonly used acoustical damping materials in architecture, although it is 
suspected to have a risk in the enviroment and human health[22]. The glass wool is a solid fiber with a diameter in 
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the range of 2−50 �m and a bulk density of 54 kg/m3, as shown in Fig. 5(A). The sound absorption coefficients 
of the samples exhibited in Fig. 5(B) demonstrat that kapok fibers have much smaller bulk density (curve b,    
10 kg/m3) than that of the glass wool (curve a, 54 kg/m3) when they obtain approximate acoustic damping 
behavior. The sound absorption performance of kapok fibers of 15 kg/m3 over 1500 Hz is much better than that 
of glass wool with bulk density of 54 kg/m3. Clearly the special sturcture of the kapok fiber (such as large lumen, 
thin cell walls) are more effective for acoustical energy dissipation. 

          
Fig. 5  SEM images of glass wool (A) and the sound absorption coefficients of glass 
wool and kapok fibrous assemblies with a thickness of 17.4 mm (B) 

The Theoretical Modelling of Acoustical Performance for Kapok Fibers  
According to the Bies and Hansen’s model[23], the value of flow resistivity can be expressed as a function of bulk 
density and fiber dimeter: 

 2m
2 1 K�rd K =−  (2) 

where r is the air flow resistivity (Pa s/m2), ρm is the bulk density (kg/m3) and d is the mean fiber diameter (m). 
For glass fiber K1 = 1.53 and K2 = 3.18 × 10−9. Bies and Hansen also pointed out that the Eq. (2) was suitable for 
the fibers with uniform diameter (< 15 �m) and neligible binder content. Garai and coworkers[24] modified the 
equation in order to fit polyester fibers with larger and more dispersed diameter. They changed the Eq. (2) into 
another form: 

 BAr mρ=  (3) 

Compared to Eq. (2), A = K2(d)−2, B = K1, A and B are free parameters in Eq. (3). In this paper, the modified 
power-law relations-new impedance model (NMI model) proposed by Garai and Pompoli[24] was used to 
calculate the sound absorption coefficients of kapok fibers. The expressions are as follows: 
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where ZR is the real part of the characteristic acoustic impedance, ZI is the imaginary part of the characteristic 
acoustic impedance, α is the real part of propagation constant γ, β is the imaginary parts of the propagation 
constant γ, ρ0 is the air density and f is the frequency. For a rigid backed fibrous layer of thickness l, 
characteristic acoustic impedance can be obtained using the equations as follows:  
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The parameters C1 to C8 in NMI models are listed in Table 4. The air flow resistivity of kapok fibers could 
be calculated from the Eqs. (4) to (9) using the sound absorption coefficients, frequency, bulk density, thickness 
and C1 to C8, then the power-exponential fitting method is used to calculate A and B in Eq. (3). The results are A 
= 221.35 and B = 1.63. We used the value of A and B to obtain the air flow resistivity with different bulk 
densities, and calculated the sound absorption coefficients of kapok fibrous assemblies with different bulk 
densities at the thickness of 60 mm. Results show a good agreement with the experimental curve with a small 
fitting average relative errors between the theoretical and experimental values, demostrating the modified model 
is suitable to predict the sound absorption coefficients of kapok fibers with different bulk densities (Fig. 6).  

 

 
Fig. 6  Comparison of the theoretical and experimental sound absorption curves of 60 mm thick kapok fibrous 
assemblies with different bulk densities (a) 10 kg/m3, (b) 15 kg/m3, (c) 20 kg/m3 and (d) 30 kg/m3 
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Table 4. The parameters C1 to C8 in NMI models 
Parameters C1 C2 C3 C4 C5 C6 C7 C8 
NMI model 0.078 0.623 0.074 0.660 0.159 0.571 0.121 0.530 

CONCLUSIONS 

The acoustical properties of kapok fibers have been evaluated. Results show that the kapok fiber has good 
acoustical damping performance due to its hollow structure. The sound absorption behavior of kapok fiber 
assemblies is significantly affected by the bulk density, thickness and arrangement of kapok fibers but less 
dependent on the fiber length. Compared with assemlies of glass wool and degrassing cotton fibers, the kapok 
fiber assemblies with much smaller bulk density may have similar acoustical properties. The theoretical 
modeling shows a good agreement with the experiment results. All the results demonstrat promising application 
of the natural kapok fibers in the noise reduction field. 
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Sound-Absorption Properties of Kapok Fiber
Nonwoven Fabrics at Low Frequency

Xueting Liu, Xiong Yan, Li Li, and Huiping Zhang
Key Laboratory of Textile Science and Technology, Ministry of Education,

College of Textiles, Donghua University, Shanghai, China

In this study, the sound-absorption properties of kapok fiber nonwoven fabrics were investigated in the
frequency region of 100–2500 Hz using the impedance tube method. The effects of physical parameters
including fiber mixing ratio, bulk density, and thickness on sound-absorption properties of composites
were studied. The comparisons of kapok fiber with polypropylene fiber and hollow polyester fiber indi-
cated that as a natural fiber, kapok fiber had superior acoustical properties at low frequency. A new
simple model had been developed to predict the sound absorption coefficient of kapok fiber nonwoven
composites at low frequency.

Keywords: sound absorption, kapok fiber, natural fiber, nonwovens, fabrics, low frequency

INTRODUCTION

The noise pollution has been one of the major factors threatening human health to the develop-
ment of modern industry and transportation industry today. It drives the need for the development
of more efficient sound absorption materials. Nonwovens are widely used in noise control (Vasile
2004); however, nonwovens have an obvious problem that the sound absorption at medium and high
frequency is good, but very poor at low frequency. In the automotive sector, people’s requirements
for quietness within the car are increasingly higher and higher. However, the sound absorption at
low frequency of sound-absorbing materials which are used in cars is poor. Therefore, the sound
absorption of nonwoven fabric materials at low frequency becomes an important research topic.
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Many researchers, such as Ballagh (1996), Parikh et al. (2006), Jiang et al. (2009), Youngjoo
and Gilsoo (2010), and Thilagavathi et al. (2010), have studied the sound absorption of fiber
nonwovens, and that is attributed to the importance of nonwoven fabric materials for commercial
sound-absorbing products. Merve and Yasemin (2012), Tascan (2008), and Narang (1995) investi-
gated the influence of structural parameters of nonwoven materials on acoustical properties, namely
thickness, weight per area, air permeability, fiber types, the amount of fiber per unit area, and fabric
density. Voronina (1994–1999) and Garai and Pompoli (2005) used fiber diameter and porosity to
estimate quantitatively sound absorption of fiber nonwoven materials. Kino and Ueno (2007–2009),
Attenborrough (1983) investigated the influence of macrostructural parameters, such as tortuosity,
characteristic length, and shape factors, on the sound absorption of nonwoven materials.

Many research papers can be found in the scientific literature devoted to the development of
acoustic models of fiber materials. The most basic macroscopic models commonly use two fun-
damental magnitudes known as characteristic impedance and propagation coefficient. These values
are used to predict the interaction of propagation and sound absorption inside the materials. One of
the most used models has been that proposed by Delany and Bazley (1970) for fibrous absorbent
materials which is based on a large number of impedance tube measurements and curve fitting.
A series of researches had been reported by Voronina (1994–1999) that characterized sound absorb-
ing materials based on their physical parameters such as tortuosity and structure factors such as
pores, density, porosity and fiber diameter. Garai and Pompoli (2005), Romina et al. (2012) further
developed Delany and Bazley model for polyester fiber materials and recycled foam respectively and
their findings demonstrated that the parameters in Delany and Bazley model need to be corrected
for different sound absorbent materials.

Kapok is a natural fiber from which materials can be made for acoustical purposes. Kapok is a
hollow fiber and its hollow degree can reach to 80%–90%. However, scientific literature is lacking
on the studies of the physical and acoustical characteristics of kapok fiber nonwoven fabrics at low
frequency. Therefore, the main goal of this work is to explore the relationship between the structure
parameters and sound absorption properties of kapok fiber nonwoven fabrics at low frequency. The
authors compared the sound absorption properties of kapok/hollow polyester fibers with those of the
PP fiber, PP/hollow polyester fibers, and neat hollow polyester. A new acoustical model for kapok
fiber-based nonwoven fabrics was also developed by correcting the parameters of the Delany and
Bazley model.

MATERIALS AND EXPERIMENTS

Sample Preparation

Nonwoven fabrics containing kapok fiber and hollow polyester fiber in different weight ratios,
densities, and thickness were produced by carding, followed by needle punching. Hollow
polyester/polypropylene (PP), PP, and hollow polyester nonwoven composites were prepared for
comparisons. Samples and their composition are: kapok and hollow polyester in weight ratios of
50/50, 60/40, 70/30, 80/20, and 90/10; PP and hollow polyester in weight ratio of 90/10. The
samples and their technical properties are listed in Table 1.

Measurement

Air permeability. Air permeability properties of the composites were assessed by using YG461E/II
digital air permeability apparatus, according to ASTM D737 standards by applying 260 Pa constant
air pressure. The results are listed in Table 1. Air permeability results are air permeability per unit
volume.

http://ec91108916.sale.eecer.de/pz63aef23-yg461e-digital-air-permeability-tester.html
http://ec91108916.sale.eecer.de/pz63aef23-yg461e-digital-air-permeability-tester.html
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TABLE 1
Technical properties of the samples

Sample ID Fiber content
Average

thickness (mm)

Average mass
per area
(g/m2)

Average mass
density

(kg/m3)

Average
air-permeability

(mm/s)/unit volume

1# 50% kapok/50% Hollow
polyester

20 289 14.45 0.0045

2# 60% kapok/40% Hollow
polyester

20 289 14.45 0.0040

3# 70% kapok/30% Hollow
polyester

20 289 14.45 0.0033

4# 80% kapok/20% Hollow
polyester

20 289 14.45 0.0034

5# 90% kapok/10% Hollow
polyester

20 289 14.45 0.0033

6# 20 139 6.95 0.0080
7# 20 231 11.55 0.0036
8# 20 364 18.22 0.0035
9# 90% kapok/10% 20 657 32.86 0.0098
10# Hollow polyester 20 888 44.41 0.0088
11# 5 66 13.2 0.0495
12# 10 132 13.2 0.0115
13# 20 264 13.2 0.0049
14# 100% Hollow polyester 5 238 47.75 0.0587
15# 10 459 53.21 0.0137
16# 20 954 55.76 0.0032
17# 100% PP 5 238 47.75 0.0695
18# 10 459 53.21 0.0328
19# 20 954 55.76 0.0085
20# 90%PP/10% hollow

polyester
5 238 47.75 0.0624

21# 10 459 53.21 0.0258
22# 20 954 55.76 0.0047

Sound absorption. To determine the sound absorption property of the nonwoven fabrics, the
sound absorption coefficients were assessed by using a two-microphone transfer-function method,
according to ISO 10534-2 standards. The testing apparatus was a part of a complete acoustic sys-
tem SW260 (BSWA Technique Company, China). Each value represents the average of three times
measurements of samples.

RESULTS AND DISCUSSION

The impedance tube measurement of test samples consisted of measurement of sound absorption
properties of kapok fiber nonwoven fabrics at lower frequency (100–2500 Hz). Then the com-
parisons of kapok fiber with hollow polyester fiber and PP fiber, which have been widely used
in automotive industry for acoustic purposes, were made.

Effect of the Fiber Mixing Ratio

In order to study the effect of fiber mixing ratio of kapok/hollow polyester nonwoven fabrics on the
sound absorption at low frequency, five samples with different fiber mixing ratios having the same
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FIGURE 1 Effect of fiber mixing ratio on the sound absorption coefficient.

mass and thickness were prepared and their sound absorption coefficients were measured with the
impedance tube. The samples produced contained kapok fiber blended with hollow polyester fiber,
which weight ratios are: 50/50, 60/40, 70/30, 80/20, and 90/10.

Figure 1 shows the sound absorption coefficient as a function of the sound frequency of the
five sample ratios for kapok/hollow polyester nonwoven fabrics. Figure 1 indicates that the sound
absorption coefficients of the kapok fiber nonwoven fabrics increases with the frequency at low fre-
quency. This increasing trend meets the sound absorbing mechanism of porous materials (Rao et al.
2011). That is, when the sound wave strikes the fibrous materials, the pressure produced by sound
wave drives fibers and air contained in the fibrous materials to move, and the frictional resistance
between fibers and air is created, which then transforms sound energy into heat energy that dis-
sipates into the surroundings environment. The frictional resistance increases with the frequency,
resulting in higher sound absorption. Therefore, sound absorption at lower frequency is lower than
that at higher frequency. As the thickness of materials is increased until they approach to a quarter
of sound wavelength, the sound absorption of materials at lower frequency may improve (Zwikker
et al. 1949).

Figure 1 also indicates that the sound absorption coefficient increases along with increase in
content of kapok fiber at a given sound frequency. When the content of kapok fiber is 90%, the
sound absorption coefficient of the nonwoven composite reaches to 0.83 at 2500 Hz. Increasing
the content of kapok fiber helps to improve the sound absorption properties of nonwoven fabrics.
In other words, the hollow structure of kapok fiber has a great influence on sound absorption of
materials at low frequency.

Effect of the Density

To further examine the influence of the bulk density on the sound absorption, the absorption coef-
ficients of samples with varying with the bulk density were compared, as shown in Figure 2, at
the same mixing ratio (90% kapok/10% hollow polyester) and thickness. The density of nonwoven
fabrics varied among 6.95, 11.55, 18.22, 32.86, and 44.41 kg/m3.
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FIGURE 2 Effect of bulk density on the sound absorption coefficient. 90% kapok/10% hollow polyester nonwoven
fabrics, with thickness 20 mm. The densities of samples are respectively: 6#–6.95 kg/m3, 7#–11.55 kg/m3, 8#–
18.22 kg/m3, 9#–32.86 kg/m3, and 10#–44.41 kg/m3.

From the Figure 2, we can see that sound absorption coefficient increases along with bulk density
of nonwoven fabrics with lower bulk density of 6.95, 11.55, and 18.22 kg/m3, respectively. This
phenomenon is interpreted by Bies and Hansen (1980) theory, the equation being:

γ d2 ρm
−k1 = k2 (1)

Where γ is flow resistance, d is fiber diameter, ρm is bulk density of materials, and k1, k2 are con-
stants. The higher sound absorption is due to higher flow resistance resulting from higher bulk
density of materials.

The sound absorption of the sample with 32.86 kg/m3 density increases with the frequencies
of between 100–1250 Hz, reaching a peak value of 0.86 at 1250 Hz. For frequencies higher than
1250 Hz, a slight decrease was observed and the sound absorption coefficient decreased to a level
of 0.82 at 2500 Hz. A similar trend for the sample with 44.41 kg/m3 density is observed. However,
a different phenomenon was observed in sound absorption behavior in that the material exhibits the
first peak of 0.83 at 1250 Hz and then decreases slowly down to 0.8 at 1600 Hz and then increases,
reaching to 0.84 at 2500 Hz. In other words, the sound absorption of nonwoven fabrics with den-
sities of 32.86 and 44.41 kg/m3 are lower than those of nonwoven fabrics with lower densities at
medium frequency. As the bulk density of the material increases, i.e., the number of fibers per unit
volume increases, the interaction of fibers and sound wave is enhanced, resulting in increase in sound
absorption. However, if the bulk density value is too great, the surface of the material become dense,
leading to reflection of the sound wave instead of them passing through the material. This property
resulted in the decrease in sound absorption of the material (Tascan et al. 2008).

Figure 2 also reveals that there generally exists an optimal value of bulk density at a given thick-
ness for kapok fiber nonwoven fabrics. If the density of the materials exceeds the optimal value, the
sound absorption coefficient decreases.
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FIGURE 3 Effect of materials thickness on the sound absorption coefficient.

Effect of Materials Thickness

To study the effect of thickness of nonwoven fabrics on the sound absorption, samples having three
different thickness (5, 10, and 20 mm) but similar density were produced and the sound absorption
coefficient was measured using the impedance tube. The results are shown as Figure 3.

A 5 mm thick kapok/hollow polyester nonwoven fabric sample showed a steady increase in
sound absorption coefficient at the frequency range 100–2500 Hz reaching a maximum sound
absorption coefficient of 0.62 at 2500 Hz. A 10-mm-thick sample exhibited a similar trend, but
reached a higher sound absorption coefficient of 0.8 at 2500 Hz. The sound absorption coefficient
of 20-mm-thick sample increased faster when compared to that of 5-mm and 10-mm-thick samples,
and reached to the maximum of 0.84 at 2500 Hz. This trend followed that of the sound absorbing
mechanism of porous materials as stated above. This is so because the low and medium frequencies
sound waves have longer wavelength, and generate diffraction attenuation after increasing thick-
ness of materials, which results in the more attenuation of sound energy (Attenborough 1983; Garai
et al. 2005). Therefore, increase in the thickness of sound-absorbing materials contributes to the
improvement of sound absorption at low frequency.

Comparison of Kapok with PP and Hollow Polyester

Comparisons of kapok fiber with such fibers that are normally used in industrial nonwovens was
undertaken to contribute further to the investigation of the acoustical properties of kapok fiber
nonwoven fabrics. PP fiber and hollow polyester fiber were used for comparisons purposes in this
paper. The results are shown as Figures 4–6.

From Figure 4, we can see that the sound absorption of kapok/hollow polyester nonwoven fabric
is superior to that of PP, hollow polyester, and PP/hollow polyester nonwoven fabric of 5 mm
thickness, in the frequency region of 100–2500 Hz. And there is no significant difference between
the curves of PP and PP/hollow polyester nonwoven fabrics.
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FIGURE 4 Comparison of sound absorption of nonwoven fabrics with 5 mm thickness.

FIGURE 5 Comparison of sound absorption of nonwoven fabrics with 10 mm thickness.

Figure 5 shows that the kapok/hollow polyester fabric sample with 10 mm thickness has higher
sound absorption coefficient compared to PP and PP/hollow polyester fabric but no significant
difference was observed in sound absorption property to those of hollow polyester fabric with the
same thickness at the frequency range 100–2500 Hz.
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FIGURE 6 Comparison of sound absorption of nonwoven fabrics with 20 mm thickness. 

Figure 6 indicates that for the samples of 20 mm thickness, the sound absorption coefficients 

of kapok/hollow polyester fabric and hollow polyester fabric samples were comparable and higher 

than those of PP and PP /hollow polyester fabrics, respectively, in the frequency range 100-2500 Hz. 

Figures 4-6 show that the sound absorption of kapok fiber nonwoven fabric has advantage over 

PP fiber and hollow polyester fiber at low frequency, and that kapok fiber can be used for acoustic 

purpose instead of PP, hollow polyester, and other commonly used fibers. 

Theoretical Models 

The predictive model for the normal-incidence sound absorption coefficient had been derived from 

the well known Delany-Bazley (1970) power-law relations (D-B model): 

(2) 

(3) 

Where y and Zo are propagation constant and characteristic acoustic impedance, Po is the air density, 

Co is velocity of sound, POCo is the characteristic impedance of air, f is the sound frequency, and a 
is the flow resistance of materials. 

According to Zwikker and Kosten theory (1949), the sound absorption coefficient at normal inci

dence for a rigidly backed fibrous layer of thickness I could be obtained using the well-known 

formulas: 

Z = Zo coth(yl) (4) 
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α = 1 −
∣∣∣(Z − ρ0c0)/

(Z + ρ0c0)

∣∣∣2
(5)

The eight coefficients C1, . . ., C8 in equations (2) and (3) are unknown parameters varying from
the materials. In this work, optimal values of these eight parameters were found by least-squares
best-fitting the values of the sound absorption coefficient calculated from equations (4) and (5) using
the values as measured in the impedance tube. The results are shown as Table 2. The model was
derived from equations (2)–(5) with the new eight parameters for kapok fiber nonwoven fabrics.
It had been called the new model.

Figures 7–9 show the comparisons between the experimental values of sound absorption coeffi-
cient for the different kapok fiber nonwoven fabrics and theoretical values using the new model.
From the figures, it can be seen that the calculated values using the new model are closer to
experimental values than those using D-B model.

Figure 7 shows a comparison between theoretical values and measured values of kapok fiber
nonwoven fabric with 14.45 kg/m3 density and 20 mm thickness. The mean deviation between
measured values and calculated values using new model is 2.2%, but a greater deviation of 8.8% is

TABLE 2
Coefficients obtained from the models

Model C1 C2 C3 C4 C5 C6 C7 C8

D-B model 0.189 0.595 0.098 0.700 0.057 0.754 0.087 0.732
New model 0.073 0.803 0.118 0.950 0.020 1.205 0.081 1.026
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FIGURE 7 Predictions of sound absorption coefficients versus frequency compared with the measured values. 90%
Kapok/10% hollow polyester nonwoven fabrics, with bulk density 14.45 kg/m3 and thickness 20 mm.
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FIGURE 8 Predictions of sound absorption coefficients versus frequency compared with the measured values. 90%
Kapok/10% hollow polyester nonwoven fabrics, with bulk density 18.22 kg/m3 and thickness 20 mm.

produced using D-B model. A comparison between theoretical values and measured values of kapok
fiber nonwoven fabric with 18.22 kg/m3 density and 20 mm thickness is shown as Figure 8. The
predicted curve of sound absorption coefficient using the new model results in mean deviation of
6.6% from the measured values, whilst it is 13.6% using D-B model. In the case of the sample of
Figure 9, with 13.2 kg/m3 bulk density and 20 mm thickness, the mean deviation between measured
values and calculated values using the new model is 3.9%, compared to 10.1% using the D-B model.
In other words, the new model gives a better characterization of the sound absorption properties of
kapok fiber nonwoven fabrics.

CONCLUSIONS

In this research, the sound absorption of kapok fiber nonwoven fabrics at low frequency was studied.
The effects of content of kapok fiber, bulk density and thickness on the sound absorption were
investigated.

The increase in content of kapok fiber or thickness of nonwoven fabrics results in increase in
sound absorption. The nonwoven fabric had an optimal bulk density for sound absorption. The sound
absorption of nonwoven fabric increased with density, but decreased when the density exceeded the
optimal values.

Kapok fiber-based fabrics exhibited a better sound absorption at low frequency compared to PP
fiber, and kapok fiber-based fabrics with 5 mm thickness exhibited a better sound absorption at low
frequency than hollow polyester fiber with the same thickness. Kapok fiber is natural, renewable,
and environmentally benign material and has advantage over some commonly used fibers for sound
absorption at low frequency.
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FIGURE 9 Predictions of sound absorption coefficients versus frequency compared with the measured values. 90%
Kapok/10% hollow polyester nonwoven fabrics, with bulk density 13.2 kg/m3 and thickness 20 mm.

The new model had a better performance than older models developed for classical fibrous
materials like glass fiber and mineral wool.

Further work has already been planned to study the relationship between material pore parameters
and sound absorption at low frequency for further investigating the sound-absorbing mechanism of
fiber nonwoven acoustical material at low frequency.
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The use of kapok fibre with polypropylene fibre for the 
development of sound absorptive nonwoven materials has been 
explored. Three different blend ratios of kapok and polypropylene 
fibres, namely 30:70, 40:60 and 50:50 have been used. The 
composites are characterized for their physical properties, namely 
thickness, density, porosity and sound absorption characteristics 
in the frequency range 250 - 2000 Hz. The values of sound 
absorption coefficient and noise reduction coefficient obtained 
indicate that the kapok fibre composites possess very good  
sound absorption behaviour in the entire frequency range. The 
uncompressed kapok/polypropylene nonwoven composite of 
30:70 blend ratio with high bulk density and low porosity is  
found to give the best performance when used by providing air 
gap behind the composite.  
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Nonwoven composite, Porosity, Polypropylene,  
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Noise refers to the irregular and chaotic sound  
which disturbs people’s work and impairs their health. 
There are several methods to decrease noise and one 
of them is the use of sound absorption materials.  
The absorption of sound results from the dissipation 
of sound energy, owing to the viscous friction and 
heat exchange when sound waves propagate through 
the flexible porous structure. Many authors have 
explained this dissipation mechanism in the past1. 

The factors that chiefly determine sound absorption 
property of textile structures are fibre type, fibre size, 
material thickness, density, porosity and air flow 
resistance2. Reports show that the use of nonwoven 
materials for noise reduction is based on inbuilt 
advantages such as porous fibrous structure, light 
weight, bulky in nature, economically low price and 
their versatility3-6.  

Currently, commercially available sound absorption 
materials for acoustic treatment consist of glass, 
mineral or synthetic fibres and these fibres behave 
alike7. A composite structure with a combination of 
perforated panel, rubber particle, porous material, 
polyurethane foam and glass wool are found to 
demonstrate significant sound attenuation8. However, 
when the issue of safety and health are considered, 
they pose interference to human health and mainly 
affect lungs and eyes.  

Many studies have analysed the suitability of jute, 
hemp, banana, bamboo, coir, kenaf, cotton, ramie, 
palm, etc. as a raw material for acoustic panel9-14. It is 
reported that the characteristics of rice straw-wood 
particle composite boards are most suitable than wood 
based materials in the frequency range 500-8000 Hz, 
due to low specific gravity and porous nature of the 
boards15. The industrial tea leaf fibre waste materials 
are also found to possess good sound absorption 
properties at high frequencies16. Though the behaviour 
of few natural fibres has been investigated, the 
acoustical characteristic of kapok fibre is rarely 
studied. It has a hollow structure with central  
lumen comprises 77 % of total fibre volume17  
with absolute and bulk densities of 1474 kg/m3  
and 384 kg/m3 respectively18,19. However, it is found 
that the scientific data on acoustics properties of 
kapok fibre composites is not available. Hence, the 
present study has been carried out to develop and 
investigate the sound absorption characteristics of 
kapok/polypropylene fibre nonwoven composite. 
 
Fibres 

Kapok fibres with effective length of 21.4 mm 
were procured from southern part of India. The 
polypropylene fibres with 2.2 den and 40 mm length 
were supplied by Zenith Fibres Ltd., India.  
 
Preparation of Nonwoven Composite 

Kapok fibres were blended with polypropylene 
fibre in different blend proportions as shown in  
Table 1 following the stack mixing method. Card 
laying technology was used for the web formation. 
Miniature carding machine (Trytex Machine Co, India), 
operated with process parameters such as feed  
rate 0.27 m/min, licker-in speed 149 rpm, cylinder 
speed 350 rpm, doffer speed 2 rpm and delivery  
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rate 1.15 m/min, was used. The carding action was 
performed twice for better and random distribution  
of fibres. The web was thermally bonded in a hot  
air oven (Inlab equipments, India) at 168° C ± 2° C 
for 5 min and cooled under ambient conditions. Two 
different types of nonwoven composite samples, 
namely uncompressed form (UC) under zero load 
condition and compressed form (C) with the 
application of 33.33 kg/m2 load were produced. This 
load was selected with a view to reduce the thickness 
of around 30% compared to uncompressed form.  
 
Physical Characteristics 

Thickness (mm) of the nonwoven composite (t) 
was determined using thickness gauge as per the 
ASTM D 5736 standard. Average of 80 observations 
was taken for each sample. Bulk density (�b) was  
calculated using the following relationship: 
 

�b = W/t kg/m3  

 

where W is the weight per unit area, determined 
following the standard method ASTM D 3776. 

Specimens with 10 cm diameter and 78.5 cm2  
area were cut randomly and weighed. Average of  
5 observations was taken for each sample and 
expressed in kg/m2.  

Porosity (H) is calculated using the following 
equation20: 
 

H = 1- (�b/ �a)  
 

where �b is the bulk density of nonwoven composite 
(kg/m3); and �a , the weight average absolute density 
of fibres in the composite (kg/m3). �a was calculated 
using the following formula:  
 

�a = (PKFDKF+PPPDPP)/(PKF+PPP) kg/m3  
 

where PKF and PPP are the % blend proportion  
of kapok and polypropylene fibres respectively;  
and DKF and DPP, the absolute densities of kapok  
(1474 kg/m3)19 and polypropylene (0.900kg/m3)21 
fibres respectively. 
 
Sound Absorption Characteristics 

Standing wave tube apparatus (Fig. 1), a facility 
available at Indian Institute of Technology Madras, 
India, was used for the determination of sound 
absorption coefficient (SAC) and noise reduction 
coefficient (NRC) in the absence and presence of  
air between the sample and rigid backing, following 
the procedure described by Russell22. The air gap  
used is kept 20 mm. The frequency values, such as 
low (250 Hz), lower middle (500 Hz), upper middle 
(1000 Hz) and high (2000 Hz), were selected as they 
are harmful to human ear. After generating the 
required frequency using the waveform generator,  
the microphone probe attached to microphone car  

Table 1 — Blend proportions of nonwoven composites 

Blend proportion Sample code 

Kapok fibre 
% 

Polypropylene fibre 
% 

S1UC 30 70 

S2UC 40 60 

S3UC 50 50 

S1C 30 70 

S2C 40 60 

S3C 50 50 

UC – uncompressed, C – compressed. 

 
 

Fig. 1 – Standing wave tube apparatus 
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was moved back and forth to measure the minimum 
and maximum sound pressure levels. Standing  
wave ratio (SWR) was calculated using the following 
relationship22: 
 

SWR = Maximum sound pressure/Minimum sound 
pressure. 

SAC (�) was calculated using the following 
relationship: 
 

� = 1- [(SWR-1)2 / (SWR+1)2]  
 

NRC was determined using the following 
formula20, 21: 
 

NRC = (�250 Hz +�500 Hz +�1000 Hz +�2000 Hz)/4  
 
Physical Characteristics Analysis 

Table 2 shows that as the content of kapok fibre  
in the composite increases from 30% to 50% (from  
S1 to S3), the bulk density of compressed and 
uncompressed samples decreases. Further, it can be 
observed that the bulk density of compressed 
composites is higher than that of uncompressed 
composites. Increase in kapok content in the blend 
increases the porosity but it decreases on 
compression. 
 
Sound Absorption Characteristics Analysis 

The values of SAC and NRC for uncompressed and 
compressed composites obtained in the absence and 
presence of air between the sample and the rigid 
backing are given in the Table 3. 

Performance in the Absence of Air 
 

Uncompressed composites  

The increase in the kapok content in the composite 
does not show appreciable change in SAC, at all the 
frequencies. These composites have good absorption 
behaviour towards 250 Hz and 2000 Hz and moderate 
to low behaviour at mid frequency levels. However, 
the difference in behaviour of the composites with 
respect to frequency levels is not reflected in its NRC. 
 

Compressed composites 

With respect to kapok content, these composites 
are found to behave like uncompressed composites. 
Their behaviour on sound absorption at different 
frequency levels are also found to be the same as in 
uncompressed composites, but absorptions at lower 
and mid frequency levels, and at high frequency  
level are lower and higher than in uncompressed 
composites respectively. The NRC values obtained 
are found to be almost the same as in uncompressed 
composites. 
 
Performance in the Presence of Air 
 

Uncompressed composites 

The increase in kapok content in composites does 
not have effect at low and upper middle, and high 
frequencies, whereas it has a distinct effect at lower 
middle frequency (500 Hz). These composites have 
good absorption behaviour at upper middle and  
high frequency levels compared to that at low mid 
frequency. However, these effects are not appreciably 
reflected in the NRC values. The overall performance 
of these composites with respect to SAC and NRC is 
better than that of uncompressed and compressed 
samples in the absence of air.  
 

Compressed composites 

Kapok content in these composites does not show 
any effect at low and high frequency levels, whereas 

Table 2 — Physical characteristics of nonwoven composites 

Sample Thickness  
mm 

Bulk density (�b) 
kg/m3 

Porosity  
(H) 

 UC C UC C UC C 

S1UC/S1C 9.21 6.34 122.69 182.02 0.89 0.83 
S2UC/S2C 9.29 6.44 105.92 156.83 0.91 0.86 
S3UC/S3C 9.36 6.45 75.11 113.33 0.94 0.9 

Table 3 — Sound absorption characteristics 

Sample Absence of air gap  Presence of air gap  

 SAC NRC SAC NRC 

 250 Hz 500 Hz 1000 Hz 2000 Hz  250 Hz 500 Hz 1000 Hz 2000 Hz  

S1UC 0.94 0.34 0.53 0.90 0.68 0.93 0.80 0.87 0.87 0.87 
S2UC 0.96 0.35 0.54 0.89 0.68 0.95 0.71 0.88 0.89 0.86 
S3UC 0.97 0.36 0.57 0.87 0.69 0.97 0.57 0.94 0.91 0.85 
S1C 0.86 0.30 0.44 0.96 0.64 0.87 0.74 0.65 0.64 0.73 
S2C 0.87 0.34 0.45 0.94 0.65 0.88 0.50 0.75 0.68 0.70 
S3C 0.91 0.34 0.60 0.89 0.68 0.89 0.47 0.80 0.71 0.72 

SAC—Sound absorption coefficient, and NRC—Noise reduction coefficient. 
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it decreases at low mid frequency and increases at 
high mid frequency levels. Sound absorption is found 
to be higher at low frequency levels compared to that 
at all other frequency levels. It is also found that the 
sound absorption of these composites is lower than 
that of uncompressed samples at all frequencies. In 
this case also, the variation with respect to absorption 
at different frequency levels is not found to reflect 
appreciably in NRC but the values obtained are lower 
than that of uncompressed composites. 

Considering kapok content in the composites and the 
role of compression on the behaviour of composites in 
the absence and presence of air with respect to SAC at 
different frequency levels and NRC, it can be said that 
the maximum sound absorption at any given frequency 
between 250 Hz and 2000 Hz and maximum 
absorption of sound waves with varying frequency  
in the above frequency range can be obtained from  
the uncompressed kapok/polypropylene nonwoven 
composite of 30:70 blend ratio having high bulk 
density and low porosity (Table 2). This might have 
resulted in higher tortuosity of the composite (a desired 
property for sound absorption20), in presence of air  
gap behind the composite. As the potential for sound 
absorption appears bright, further exploration in  
the direction of understanding the kapok fibre 
behaviour in the composite would certainly lead to  
an improved solution for noise reduction. 
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In this paper, a method for measuring and evaluating the bending property of kapok fibers was developed and
analyzed further. Fibrous sheets of kapok and three other kinds of fibers were prepared to measure the bending
rigidity by the KES-FB2 tester and then the bending property of a single fiber was calculated from the obtained values
of the bending rigidity of fibrous sheets. The results indicated that the average bending rigidity of a single kapok fiber
is 0.823 
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. Compared with cotton
and some hollow synthetic fibers, the bending rigidity of a single kapok fiber is lower, whereas its relative bending
rigidity is much higher. The results also indicated that the dependence of the bending rigidity of single kapok fiber
on its linear density is in a linear relationship.
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Introduction

 

Kapok fiber is obtained from the seed pods of the kapok
tree (

 

Ceiba pentandra

 

) and has a hollow structure with
a large lumen. The properties and industrial applications
of kapok fibers have been illustrated in the existing liter-
atures. Over the past years, some researchers (e.g. Danda,
2003; Khalili, Daniel, & Nilsson, 2000; Mishra &
Elangovan, 1994; Nakamura, 1981; Sunmonu, 2003;
Sunmonu & Abdullahi, 1992; Xiao, 2006) have investi-
gated the chemical contents and structural characteriza-
tion of kapok fibers, whereas some researchers have
reported that kapok fibers can be utilized as buoyancy
materials, liquid absorption materials, and composite
fabrics (e.g. Lim, 2007; Mwaikambo, Martuscelli, &
Avella, 2000; Wehr & Girton, 1982). In recent years, the
research has focused on the batting, spinning, and weav-
ing of fabrics of kapok fibers (Sun, 2006; Wang, 2006a;
Zhao & Wang, 2007), as well as on the manufacturing
of functional kapok fibers, such as kapok phase-change
materials and flame-resistance kapok fibers (Chung et al.,
2009; Wang, 2008). However, due to its short, fine, and
fragile structure, its usage is limited in some particular
fields. Few researchers have paid attention to its bending
property, which is an important mechanical property
that determines the processing behavior and end use of
kapok fibers. In this paper, the bending rigidity of single
kapok fiber was obtained by the established method,
which will be useful to conduct deeper research on kapok
fibers and to extend its applications in other fields.

 

Experiment

 

Samples and test preparation

 

The detailed information about the samples is listed in
Table 1. Both the kapok fiber and the two other kinds of
synthetic fibers (seven-hole polyester and four-hole
polyester) have hollow structures (as shown in Figure 1),
whereas the cross-sectional shape of the polytrimethyl-
ene terephthalate (PTT) fiber is solid cylindrical.

 

Figure 1. Cross-sectional shape of kapok, seven-hole, and four-hole polyester fibers.

 

A KES-FB2 tester was utilized to measure the bend-
ing rigidity of fibrous sheets of kapok and to obtain the
bending rigidity of single fiber. As we know, the KES-
FB2 tester is mainly used to test and evaluate the
bending property of fabrics or other plane materials
(Kawabata, 1980). Therefore, in order to arrange the
scattered fibers such as the fibers in fabrics or plane
materials, several thousands single kapok fibers are
needed to be arranged parallel at a grade. Preparation of

 

*Corresponding author. Email: guangbiao_xu@dhu.edu.cn

Table 1. Specifications of samples.

Samples
Linear density 

(dtex)
Hollow 
rate (%)

Cross-sectional 
shape

Kapok fiber 0.625 80.90 Hollow round 
or ellipse

Seven-hole 
polyester

11.11 44.32 Hole round

Four-hole 
polyester

8.89 37.78 Hole round

PTT fiber 1.67 0 Solid round
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suitable samples is one of the key points in measuring
the bending property of kapok fibers and other linear
materials successfully (Lou, 2006). The method of
sample preparation is illustrated as follows.

Taking kapok fibers as an example, first, a 1 cm 

 

×

 

18 cm square hole is made in a sheet of paper according
to the requirement of the standard sample and then a
double-sided adhesive is pasted along the two sides of
the hole, as shown in Figure 2(a). Later, kapok fibers
are put parallel and evenly on the adhesive from left to
right, as shown in Figure 2(b). In the end, the parallel
kapok fibers pasted on the adhesive are fixed by the
sheet pasted with the double-sided adhesive. It is neces-
sary to comb the scattered kapok fibers as much as
possible to keep them parallel to each other. When the
measurement begins, both the edges of the paper are
snipped to make sure that the fibrous sheet is able to
bend freely.

 

Figure 2. Kapok fibrous sheet preparation for the bending test.

 

According to the method described above, five
fibrous sheets of kapok fiber were prepared. Consider-
ing the evenness of chemical fibers, four fibrous sheets
for three other kinds of synthetic fibers were prepared
respectively. For all the samples, several thousands of
fibers are arranged parallel to each other to make sure
that the reliability of the bending property of single
fiber is high.

 

Bending curve and data

 

A typical bending curve of fibrous sheets is shown in
Figure 3. It can be observed from Figure 3 that besides
a little fluctuation, the overall curve is similar to that of
yarn sheets or fabrics, as measured by the KES-FB2
tester. And it is possible to accurately calculate the

Figure 1. Cross-sectional shape of (a) kapok, (b) seven-hole, and (c) four-hole polyester fibers.

Figure 2. Kapok fibrous sheet preparation for the bending test.

Figure 3. Bending curve of the kapok fibrous sheet.
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bending rigidity and the bending hysteresis of fibrous
sheets according to the curve (Wang, 2000).

 

Figure 3. Bending curve of the kapok fibrous sheet.

 

Once all fibrous sheets are tested, the fibers between
the gaps of the two sides were snipped and collected for
weighing. The data of the bending property and the
weight of fibers are listed in Table 2.

Here, the bending rigidity (cN.cm

 

2

 

) of single fiber
is defined as the bending moment on a unit change in
the fiber curvature (cm

 

−

 

1

 

), indicating the ability of the
fiber to resist bending. The relative bending rigidity
(cN.cm

 

2

 

.tex

 

−

 

2

 

) of a single fiber is defined as the bend-
ing moment of unit linear density on unit change in the
fiber curvature (cm

 

−

 

1

 

), indicating the ability of the
fiber to resist bending at unit linear density. The bend-
ing hysteresis (cN.cm) is defined as the difference
between the top and bottom values of the bending
curve on the 

 

Y

 

-axis at the curvature value, indicating
the viscosity of the fiber material during bending. The
fibrous sheets were assumed as the fibers parallel to
each other and the bending moment evenness. The
bending property of single fiber can be obtained by
Equations (1)–(4).

According to the definition of tex (a unit for
expressing linear density, equal to the mass in grams of
1 km of fiber), we assumed the fibrous sheet as one
single fiber, then the tex was computed as: 

Then, the total number of fibers can be computed as: 

and then, the bending rigidity of single fiber is: 

The relative bending rigidity of single fiber is: 

The computed total number of fibers and the bend-
ing property of single fiber are listed in Table 2.

 

Results and discussion

 

Feasibility of the method for testing the bending 
property of a single fiber

 

The relationship between the bending rigidity and the
mass of a fibrous sheet is shown in Figure 4. From

N tex of fibrous sheet
fibrous sheetweight

length
= ×1000. (1)

n
N

N
= tex of fibrous sheet

tex of single fiber

(2)

  
Bending rigidity (3)single fiber

fibrous sheetBending rigidity
=

n

R rigidity

(4)
tex of single fiber
2

elative bending

Bending rigidity

gle fiber

gle sheet

sin

sin .=
N

 

Table 2. The tested and calculated data of bending property of all four kinds of fibers.

Fibrous sheets Single fiber

Samples
Specimen 

no.

Bending 
rigidity 

(cN.cm

 

2

 

)

Bending 
hysteresis 
(cN.cm) Weight (g)

Fiber 
no.

Bending 
rigidity 
(

 

×

 

 10

 

−

 

5

 

) 
(cN.cm

 

2

 

)

Average 
bending 
rigidity 
(

 

×

 

 10

 

−

 

5

 

) 
(cN.cm

 

2

 

)

Relative 
bending 
rigidity 
(

 

×

 

 10

 

−

 

4

 

) 
(cN.cm

 

2

 

 
.tex

 

−

 

2

 

)

Average 
relative 
bending 
rigidity 
(

 

×

 

 10

 

−

 

4

 

) 
(cN.cm

 

2

 

 
.tex

 

−

 

2

 

)

Bending 
hysteresis 

 

(×

 

 10

 

−

 

5

 

) 
(cN.cm)

Kapok fiber 1 0.299 0.294 0.0227 36,320 0.823 0.823 21.07 21.06 0.809
2 0.267 0.281 0.0203 32,480 0.822 21.04 0.865
3 0.245 0.242 0.0186 29,760 0.823 21.08 0.813
4 0.228 0.217 0.0173 27,680 0.824 21.09 0.784
5 0.209 0.179 0.0159 25,440 0.822 21.03 0.704

Seven-hole 
polyester

1 0.773 0.489 0.0262 2354 32.841 32.45 2.661 2.629 20.775

2 0.678 0.417 0.0233 2097 32.329 2.619 19.884
3 0.597 0.344 0.0201 1809 32.998 2.673 19.014
4 0.480 0.270 0.0169 1517 31.649 2.564 17.802

Four-hole 
polyester

1 0.901 0.743 0.0324 3645 24.722 24.66 3.128 3.120 20.387

2 0.781 0.598 0.0283 3183 24.534 3.104 18.785
3 0.688 0.492 0.0243 2736 25.144 3.182 17.981
4 0.598 0.424 0.0219 2466 24.247 3.068 17.192

PTT fiber 1 0.436 0.360 0.0732 43,832 0.995 0.938 2.487 2.345 0.821
2 0.331 0.280 0.0602 36,048 0.918 2.296 0.777
3 0.321 0.260 0.0572 34,251 0.937 2.343 0.759
4 0.288 0.212 0.0533 31,916 0.902 2.256 0.664



 

The Journal of The Textile Institute

 

123

 

Figure 4(a), it is observed that the bending rigidity of
the fibrous sheet has a linear correlation with the mass
of the sheet: the bending rigidity increases with the
increase in the mass of the fibrous sheet. The tested
results indicate that the method is stable and accurate.
Figure 5(b) shows another relationship between the
bending rigidity of single fiber and the mass of a fibrous
sheet. It is easily observed that the bending rigidity of
single fiber has almost no correlation with the mass of
the fibrous sheet as the values are randomly distributed,
indicating that it is not feasible to obtain the bending
rigidity of single fiber indirectly from the bending rigid-
ity of a fibrous sheet. Besides, approximately 2000–
40,000 single fibers in one fibrous sheet could ensure
the reliability of the bending rigidity of single fiber
achieved from that of the fibrous sheet.

 

Figure 4. Relationship between the bending rigidity and the mass of fibrous sheet: (a) bending hysteresis of fibrous sheet; (b) bending hysteresis of single fiber.Figure 5. Relationship between the bending hysteresis and the mass of fibrous sheet: (a) bending hysteresis of fibrous sheet; (b) bending hysteresis of single fiber.

 

The bending hysteresis of single fiber can also be
obtained from the bending curve achieved by the KES-
FB2 tester. Figure 5 illustrates the relationship between

the bending hysteresis and the mass of a fibrous sheet.
It is observed that, for both the fibrous sheet and the
single fiber, the bending hysteresis has a linear relation-
ship, which increases with the increase in the mass of
the fibrous sheet, as shown in Figure 5(a) and 5(b). The
results presented here show that the bending hysteresis
of single fiber cannot be measured by the KES-FB2
tester. The possible reasons for this are the bending
hysteresis of the fibrous sheet (mainly originating from
the fibers themselves) and the friction between the
fibers in the fibrous sheet. With the increase in the mass
of the fibrous sheet, the chances of interaction between
the fibers increase and the greater friction between the
fibers results in an increase in the bending hysteresis, as
shown in Figure 5. Therefore, the method for testing
the bending hysteresis of a fibrous sheet does not
reflect the bending hysteresis of single fiber and so the
bending hysteresis will not be focused in the following
discussion.

Figure 4. Relationship between the bending rigidity and the mass of fibrous sheet: (a) bending hysteresis of fibrous sheet; 
(b) bending hysteresis of single fiber.

Figure 5. Relationship between the bending hysteresis and the mass of fibrous sheet: (a) bending hysteresis of fibrous sheet; 
(b) bending hysteresis of single fiber.
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The bending rigidity of kapok fiber

 

From the data listed in Table 2, it is observed that the
average bending rigidity of single kapok fiber is 0.823

 

×
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−
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 and its average relative bending rigidity
reaches 21.06 
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 10
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4
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2

 

.tex

 

−

 

2

 

.
The bending property of kapok fibers is compared

with the bending property of cotton fibers, as shown in
Figure 6 (Yu, 2001). Figure 6(a) illustrates an obvious
difference in the bending rigidity of the kapok fiber and
the cotton fiber, although both of them are natural fibers
with several similar characteristics, as listed in Table 3
(Lou, 2006). It is clear that the bending rigidity of the
kapok fiber is about one-sixth of that of the cotton fiber.
The lower bending rigidity of the kapok fiber is mainly
because of its low linear density, which is about half of
that of the cotton fiber, and this enables an easier
handling of kapok fibers than cotton fibers. For the rela-
tive bending rigidity, the comparison is shown in Figure
6(b). The relative bending rigidity of the kapok fiber is
about ten times that of the cotton fiber, indicating that
kapok fibers are harder to bend and more fragile than
cotton fibers.

 

Figure 6. Comparison of the bending rigidity of the kapok and cotton fibers: (a) bending rigidity; (b) relative bending rigidity.

 

The bending rigidity of kapok fibers was also
compared with the bending rigidities of three other
kinds of synthetic fibers, as shown in Figure 7. The
bending rigidity of the kapok fiber is lower than that of
the other two hollow synthetic fibers and that of the
PTT fiber, which has a low modulus (Wang, 2006b).
The relative bending rigidity of the three synthetic
fibers is almost the same, but their relative bending
rigidity is only about one-tenth of the bending rigidity
of the kapok fiber, indicating that kapok fibers are
easier to bend and more fragile than hollow and nonhol-
low synthetic fibers.

 

Figure 7. The bending rigidity of kapok and three other types of fibers: (a) bending rigidity; (b) relative bending rigidity.

Figure 6. Comparison of the bending rigidity of the kapok and cotton fibers: (a) bending rigidity; (b) relative bending rigidity.

 

Table 3. Some characteristics of kapok and cotton fibers.

Characteristic Kapok fiber Cotton fiber

Cellulose content (%) Approx. 64 Approx. 80
Hollow rate (%) 80.90 10
Crystallinity (%) Approx. 33 Approx. 54
Degree of polymerization Approx. 10,000 Approx. 10,000
Refractive index 1.718 1.596

Figure 7. The bending rigidity of kapok and three other types of fibers: (a) bending rigidity; (b) relative bending rigidity.
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Relationship between bending rigidity and fiber 
parameters

 

The dependence of the bending rigidity on the parame-
ters of kapok fibers was investigated and is depicted in
Figures 8 and 9. It can be observed from Figure 8 that
the bending rigidity has a close correlation with the
fiber’s linear density, increasing with the increase in the
fiber’s linear density. Figure 9 shows randomly scat-
tered values of the bending rigidity with different
hollow rates of the fiber.

 

Figure 8. Relationship between the linear density and bending rigidity of the kapok fiber.Figure 9. Relationship between the hollow rate and bending rigidity of the kapok fiber.

 

Conclusions

 

From the discussions above, four points about the
bending property of kapok fibers were achieved as
follows. First, the method for measuring the bending
property of a kapok fiber was developed to obtain the
bending rigidity by measuring the fibrous sheet via a
KES-FB2 tester. Second, the average bending rigidity
of single kapok fiber is 0.823 

 

×

 

 10

 

−

 

5

 

 cN.cm

 

2

 

, and the
relative bending rigidity of single kapok fiber reaches
21.06 

 

×

 

 10

 

−

 

4

 

 cN.cm

 

2

 

.tex

 

−

 

2

 

. Third, compared with three
other kinds of fibers, the bending rigidity of single
kapok fiber is lower, whereas its relative bending rigid-
ity is higher than that of both cotton fibers and

synthetic fibers. Last, the bending rigidity of single
kapok fiber shows a linear increase with the increase in
its density, whereas it has little correlation with its
hollow rate.
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Kapok/Capok fibre is one of the natural cellulosic fibres which grow on the kapok plant. It has a

hollow body and a sealed tail, which are desirable features of candidates for functional textiles of

this nature. However, the low volume weight of kapok is (specific density 0.29g/cm3), and the

short length and smooth surface of the fibres, causing poor inter-fibre cohesion, have prevented

kapok from being processed by modern spinning machines.

Kapok fiber is one of the natural cellulostic fibers which grow on the kapok plant. It has a hollow

body and a sealed tail, which are desirable features of candidates for functional textiles of this

nature. However, the low volume weight of kapok is (specific density 0.29g/cm3), and the short

length and smooth surface of the fibers, causing poor inter-fiber cohesion, have prevented kapok
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from being processed by modern spinning machines.

Kapok are silky fibers that clothe the seeds of the ceiba tree of

the family Bombacaseae. Kapok fibers have rich oiliness and do

not have high strength and, therefore cannot be spun

economically. It is conventionally used as a stuffing, especially

for life preservers, bedding, and upholstery, and for insulation

against sound and heat.

The Kapok fiber has a hollow structure with external radius around 8.25 (±4) _m, internal

diameter around 7.25 (±4) _m, and length around 25 (±5) mm. Combined with the specific

material density of 1.3 g/cm3 , large pore volume in Kapok assembly is available for NAPL

sorption. Typical analyses indicate that the Kapok fibers comprise 64% cellulose, 13% lignin and

23% pentosan. Besides these constituents, they also contain wax cutin on the fiber surface

which makes them water repellent notwithstanding they are preponderantly composed of

cellulose

The Kapok tree is a deciduous tree that can be

found in the forests of Asia and Middle America.

It grows up to 70m and it has capsular fruits, which

are picked and opened by hand.

The fibers of the fruits are air-dried and not treated

with chemicals.

Kapok is a natural fiber that is completely

biodegradable.

The natural bitter constituents of the Kapok fiber are anti-bacterial and anti-microbial

therefore

Moths, mites and other microorganisms cannot infest the toy.

Kapok finds use in bedding and upholstery industries, in the

production of life-saving equipment, and in the construction of

thermally insulated and soundproof covers and walls. On

account of its buoyancy, freedom from water-logging and

weight-bearing capacity, it is the material par excellence for the

manufacture of lifebuoys and belts, waistcoats and other naval

life-saving appliances. The buoyancy of kapok is about five times as great as that of cork and

about three times that of reindeer hair. During the war, kapok was employed for insulating tanks,

for lining aviation suits, for filling floats of army assault-bridges, and generally for replacing cork

-— 2 —-



wherever lightness, moisture-resistance and floating power were needed.

The kapok fiber once used in floatation vests and has been used as building insulation has a

hollow fiber and looks like glass fiber under the microscope. The hollow fiber has air inside

allowing combustion deep inside the material. Smoldering fire and open flame travel quickly

within the material.

Kapok was considered unsuitable for textile purposes, because the fibre is brittle, smooth

and slippery.

Refined kapok seed oil is used for the same purposes as refined cottonseed oil. The wood

is light and soft and is suitable for making canoes and toys. It is used for matches. The root

bark yields a fibre.

Kapok fibre is light, brittle, elastic, lustrous and white or pale yellow in colour. Individual fibres

are cylindrical, each being a single cell with a bulbous base. The cells of the inner epidermis of

the epicarp form the fibres, which are about 1-2 cm long. The air-filled lumen is broad and the

wall rather thin. The fibre is, therefore, fragile, which together with smoothness of the outer

surface, makes spinning impossible.

Characteristics Kapok Cotton Air

Average linear density 0.064tex 0.12tex -

Average diameter 20.5µm 14µm -

Average length 20mm 48mm -

Moisture regain 10% 8~13% -

Mass density - - 1.17kg/m3

Thickness - - 1mm

Specific heat - - 1027W·s/kg·K

Conductivity - - 0.026

(/articles/370/alpaca-fibres) Coir or Coconut Fiber (/articles/372/coir-or-coconut-fiber-the-seed-fiber) 
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Abstract 

Kapok is a natural cellulosic fibre found in selective regions of the world that was once 

used for technical application rather than apparel purpose. They have limited use to market and 

have faded away due to the upper hand of the manmade fibres like polyester, polypropylene and 

other substituting fibres. In this paper, information regarding the fibres in various sectors like 

harvesting areas, structure of fibre with the chemical composition of material, the various 

properties that would makes the fibre suitable for end use and the advantages along with 

limitations where researchers and technicians have to work on for making this natural 

environmental fibre back to track. 

 

Keywords: Acoustic insulation, natural cellulosic fibre, oil absorbent, vegetable fibre 

 

1. Introduction 

          Kapok fibre is soft silky cellulosic fibre but different from other cellulosic fibre. They 

have significantly homogeneous hollow tube shape. The chemical composition of kapok fibre 

were studied and two different results were obtained one result stated 64% cellulose, 13% lignin 

and 23% pentose (by Kobayshi et al 1977) the other result stated that it is composed of cellulose 

(35 % dry fibre), xylan (22%), and lignin (21.5%) by Hori et al [2]. Due to the presence of large 

amount of lignin and wax content and bitterness, they are inherently mold free and free from 

pesticides.   

mailto:vigneshdhanabalan@hotmail.com
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                                 Fig 1.1                                       Fig 1.2 

          In figure 1.1 and 1.2 the nature of kapok fibre is shown. Kapok is a fibre extracted from 

the seedpod of the kapok tree. The tree is grown chiefly in mainland Asia and in Indonesia. 

Sometimes called silk cotton or Java cotton, the kapok can grow up to 4 meters (13 feet) per 

year, eventually reaching a height of 50 meters (164 feet). Individual fibres are 0.8 to 3.2 cm (0.3 

to 1.25 inches) long, averaging 1.8 cm (0.7 inch), with diameters of 30 to 36 micrometers (a 

micrometer is about 0.00004 inch) and has a density of 0.29g/cm3 [1]. 

2. Structure of kapok fibre 

Kapok fibre wall is different from that of cotton fibres both in the lateral and the 

longitudinal sections of the fibre. The cell wall is divided into five basic walls or layers: an outer 

skin S, a primary wall W1, secondary wall W2, tertiary wall W3 and an inner skin IS. IS is thin 

(40–70 nm) and acts as a protective layer for the fibre. W1 is thicker than S, but thinner than 

both W2 and W3 its thickness varies from 160 to 240 nm, with an average of about 200 nm. The 

thickness of W2 is about 500 nm, which is similar to that of W3. The inner skin IS is very thin 

and uneven in thickness, with an average thickness of about 40 nm that could be distinguished 

easily in the cross-sections. Additionally, there were transition layers L1 and L2, observable 

between W1 and W2 and between W2 and W3 respectively. 
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Fig 2.1      Fig 2.2 

 The fig 2.1 and 2.2 shows SEM and TEM images of kapok fibre respectively. 

Kapok fibres are characterized of having high levels of acetyl groups (13.0%). Usually cell walls 

of plants contain about 1%–2% of acetyl groups attached to non-cellulosic polysaccharides. 

Kapok fibre are significantly super hydrophobic and do not get wet with water [2].  

(a) SEM images of kapok 

          The SEM images of kapok fibre shows homogenous circular cross section with wide air 

filled lumen having wall thickness of about 1-2µm. the homogenous hollow wall thickness 

ranged from 0.8 to 1.0µm making water difficult to penetrate. The average area occupied by 

lumen contributes around 64% which does not collapse after harsh mechanical action. Kapok 

fibre requires low energy for production as they have low trash and foreign contaminant and 

hand opening & hand cleaning is sufficient enough [3] . 

(b) FTIR of kapok  

         The infra red spectra of kapok showed intense broad band 3364.96 cm
-1

 corresponding to 

OH strong stretch, this is due to intermolecular hydrogen bonding. Similarly band 2917.46 cm
-1

 

corresponding to C-H strong stretch and peak at 1739.87 corresponding to C-O double bond 

strong stretch was revealed. Peak at 1374.34 was due to C-H bending due to bonded acetyl group 

and similar peaks at 1244 and 1057 corresponded to O-H and C-H due to weak bonding and 

weak stretching respectively [4]. 
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(c) Cellulose: 

Cellulose is the most abundant organic polymer on Earth, which is an organic compound 

with the formula (C6H10O5)n, it is  a polysaccharide consisting of a linear chain of several 

hundred to over ten thousand β(1→4) linked D-glucose units the degree of polymerization varies 

between 200 to 10000 but it generally lies around 3000 degree of polymerization depends on 

method of isolation and purification. Hemicellulose is the generic term of polysaccharides that is 

in vegetable fibre other than cellulose, the degree of polymerization of hemicelluloses ranges 

around 100. Cellulose is an important structural component of the primary cell wall of green 

plants. Cellulose is used to make water-soluble adhesives and binders such as methyl cellulose 

and carboxymethyl cellulose which are used in wallpaper paste, The presence of lesser amount 

of hydroxyl group in kapok (cellulose content) makes the fibre hydrophobic. 

(d) Lignin: 

Lignin or lignen is a complex chemical compound most commonly derived from wood, 

and an integral part of the secondary cell walls of plants (C9H10O2, C10H12O3, C11H14O4). Lignin 

plays a crucial part in conducting water in plant stems. The polysaccharide components of 

plant cell walls are highly hydrophilic and thus are permeable to water, whereas lignin is more 

hydrophobic. The crosslinking of polysaccharides by lignin creates an obstacle for water 

absorption to the cell wall. 

(e) Xylan: 

Xylans are polysaccharides made from units of xylose (a pentose sugar). Xylans are 

almost as ubiquitous as cellulose in plant cell walls and contain predominantly β-D-xylose units 

linked as in cellulose. Xylan is found in the cell walls of some green algae, 

especially macrophytic siphonous genera, where it replaces cellulose. Similarly, it replaces the 

inner fibrillar cell-wall layer of cellulose in some red algae 

The chemical parameters of various vegetable fibres are depicted in table No 1 
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Table 2.1: Chemical Composition of vegetable fibres. 

S.no Fibre 
Cellulose 

% 

Hemi-

cellulose % 

Pectin  

% 

Lignin  

% 

Extractives 

% 

Moisture 

% 

1 Cotton 94.0 2.0 2.0 - 2.0 8.0 

2 Kapok 35-65 23.0 23.0 13.0 - 0.0 

3 Flax 71.2 18.5 2.0 2.2 6.0 9.0 

4 Hemp 74.3 17.9 0.9 3.7 31 8.76 

5 Ramie 76.2 14.5 2.1 0.7 6.4 - 

6 Jute 71.5 13.3 0.2 13.1 1.8 9.93 

7 Sisal 73.2 13.3 0.9 11.0 1.6 6.2 

8 Pineapple 69.5-71.5 - 1.0-2.0 4.4-4.7 5.2 6.1 

9 Murva 70.09 - - 12.86 - 9.1 

10 Furcraea 80.00 - - 18.0 2.0 7.6 

 

Physical characteristics of various natural fibres are shown in table No 2 

Table 2.2: Physical parameters of natural fibers’ 

S.no Fiber 
Fineness 

Denier 

Tenacity 

g/den 

Relative 

weight 

Elongation 

at break 
Fibre color range 

1 Cotton 2.0 2.5 200 8.0 Cream white 

2 Kapok 0.4-0.7 1.4-1.74 - 1.8-4.23 
Ivory white to camel 

brown 

3 Jute 20 3 167 1.5 
Creamy white to grey 

brown 

4 Flax 5 5 100 1.5 
Bleached white to 

grayish brown 
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5 Hemp 6 4 125 2.0 
Light brown to 

grayish brown 

6 Ramie 5 5 100 4.0 
Bleached white to 

grayish brown 

7 Sisal 290 4 125 3.0 
Creamy white to 

yellowish brown 

8 Pineapple 27 41.4 - 2.4 - 

9 Murva 60 5.8 - 1.4 - 

10 Abaca 190 5 100 3.0 
Creamy white to dark 

brown 

11 Henequen 370 3 167 5.0 
Creamy white to 

yellowish brown 

12 Istle 360 2.5 200 5.0 
Nearly white to light 

reddish yellow 

 

3.1 Properties of kapok fibre 

(a) Absorbency of kapok 

The absorbency of the material is based on two factors the surface tension and the surface 

energy of the materials. The lesser amount of cellulosic content (hydroxyl group) present on the 

wall of kapok makes it hydrophobic. Water has a high surface tension (72 dynes/cm) and Oil has 

a surface tension of 30–35 dynes/cm. The absorption takes place with nullification of the surface 

tension by surface energy of the material but the very low surface energy of kapok fibre makes it 

hydrophilic and the presence of waxy hollow structure makes it oil absorbent.  The Sorption 

capacities of the packed kapok assemblies are very much dependent on their packing densities 

[6]. With better packing densities the sorption levels increase and decreases vise versa. The 

properties like cohesion and capillary action plays an important role in absorbing and retaining of 

fluid, adhesion refers to attraction of one material to another. The retaintivity value of the 

material is very high losing nearly 8 to 12 percent of the absorbed oil based compounds after 1 
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hour of dripping. On repeated usage at fourth cycle the retentivity decrease to only 27- 30% of 

the parental value at packing density of 0.02 g cm
−3.

 The oil recovery rate increases with increase 

in thickness of the oil layer in feed stream [7].                 

                                        

    Table 3.1.1: Absorbancy of Kapok fiber 

When oil thickness exceeds 60 mm, a constant flux of 3.8–5.0 L/(m
2
 min) can be achieved by the 

kapok wall of 55-, 75- and 95-mm thick respectively under the natural pressure gradient. The 

hydrophobic/oleophilic characteristics of the kapok fibre could be attributed to its waxy surface 

while its large percent of lumen contributed to its excellent oil absorbency and retention capacity 

[1]. 

(b) Sound absorption 

Kapok fibres have very good acoustic damping property due to its natural hollow 

structure. The sound absorption is directly affected with bulkiness of the fabric, thickness and 

arrangement of fibres but less dependent on fibre length [8].  

(c) Compressibility of the kapok fibre 

The compressive nature of the fibre is not great even on having hollow structure because 

of high crystallinity. They are brittle and tend to break out. The fibre gets backs to the original 

position literally but 90% fibres in the wet-treated assemblies (unpressured) remained circular 

shapes (c/s wise), but more than 80% of fibres in the wet-pressure-treated assemblies seemed 

apparently crushed (c/s). The loss of interspaces among fibres and the hollow structure of kapok 

fibre in the dry pressure- treated assemblies is much less than that of the wet-pressure-treated 

samples. The pressure treatment greatly affects the hollow status of kapok fibres [9]. 
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    3.1.2: Kapok fabric for upholstery purpose 

(d) Thermal behavior of kapok fibre 

Heat is transferred by means of conduction convection and radiation. Of these, 

conductivity is the most important mechanism of heat transfer. The heat insulating performance 

of wadding is usually represented by the combination of conductivity and heat convection. The 

conductivity coefficient (W/m°C) of immobile or trapped air can be regarded as a major 

contributor to the thermal property. The properties and the structural configuration of the fibrous 

materials play a very important role in thermal behavior. The heat retention of kapok was better 

than that of other fibres due to the static immobile air held in the large lumen region of kapok. 

The kapok's conductivity dregs between 0.03 and 0.04 W/m.ºK for density which varies between 

5 and 40 kg/m3. Taking also into account year average diffusivity of 17.1x10G7 m2/s, kapok has 

good heat insulator. [10]. 

(e) Spinnability 

Kapok fibre because of its short length of low intensity of cohesive property difference 

and lacking of elasticity so that it is difficult to solely spinning these deficiencies limits the 

textile clothing in the aspect of application and development. Using kapok fibre and other fibre, 

product with super high heat preservation, strong and fast moisture conductivity can be achieved. 

(f) Weavability 

The Weavability of kapok fibre is not possible because of very smooth surface of the 

fibre this leads to less cohesive force creating a slippage between the fibres, surface roughening 

has to be done by removal of waxy particle by means of plasma treatment or use of chemicals, it 
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can also be done by blending of kapok fibre with other cellulosic materials like cotton, hemp, 

flax, jute or other material.  

(g) Dyeability of kapok fibre 

The material being hydrophobic in nature does not allow water based dye molecules to 

color the fibre and the wax on its surface is also a hindrance to dyeing. The surface has to be 

modified to makes it dyeable. The anionic dye such as reactive active dye is used to overcome 

the low rate dyeing performance.  

Dyeing of kapok comprises the following steps: pre-treating kapok textile so as to 

remove some waxy substances, impurities and the like on the surface of the kapok fibre and 

achieve certain whiteness; and then adding a complexion rare earth mordant into a dye bath of 

the pretreated kapok textile, and mordant dyeing the kapok textile. Rare earth elements ions and 

the dye of fibre and other compounds of the hydroxyl group azo group or sulfonic acid group and 

so on to form the compound of the rare earth are used for printing and dyeing because of the rare 

earth element the fibre and the impurity on the complex containing the element crack impurity 

form the complex compound after washing. They are then dispersed into the solution to improve 

the capillary effect [11]. 

3.2 Applications of Kapok fibres 

 Kapok is considered unsuitable for textile purposes, because the fibre is brittle, smooth 

and slippery. They are used in bedding, upholstery industries, in the production of life-saving 

equipment and in the construction of thermally insulated and soundproof covers and walls. On 

account of its buoyancy, freedom from water-logging and weight-bearing capacity, it is the 

material par excellence for the manufacture of lifebuoys and belts, waistcoats and other naval 

life-saving appliances [12]. 

 Oil absorbent-Kapok fibres have very good oil absorbency, this property making it the 

best natural material for separation of oil based products from water in case of oil spills in 

sea with best durability and retentivity of oil material . 

 Buoyancy suit/anti drown suit-The hollow structures have air immobilized within them 

making it a good buoyant material which is used for making anti drowning suits. 
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 Filter media- These air filled structures air the basic design for filter medium making 

them good filter objects for oil and air filtration. 

 The hollow fibre has air inside allowing combustion deep inside the material. Flame 

travel quickly within the material which makes it unsuitable for apparel wears.  

Kapok apparels 

a. Kapok Jersey Fabric- Jersy knit - suitable under layer, thin, breathable and comfortable. 

b. Kapok Double Fabric-Double knit - thick, warm mid layer, yet still breathable.  

c. Kapok Oxford Fabric Oxford weaves - a paradigm specialty, thin and dense, suitable 

casual shirting fabric, or outerwear. - This weave keeps you warm while wet or dry. 

 

The natural bitter constituents of the Kapok fibre are anti-bacterial and anti-microbial 

therefore Moths, mites and other microorganisms cannot infest the material. 

 

3.3 Advantages of kapok fibre 

 The hollow structure makes the material light weight and has 8 times the density lower 

than cotton. 

 The waxy surface makes it hydrophobic and the air entrapped into the fibre makes it to 

have good buoyancy effect. 

 The resiliency effect of the fibre is also high due to hollowness which helps it to retain its 

shape even after cyclic loading. 

 Having waxier surface it has non soiling property by nature. 

 Cushioning materials made from kapok give much higher comfort level due to its flexible 

nature and can retain their shape after use. 

 Having air entrapped inside this acts as good thermal insulating material and good 

acoustic insulator. 

 Since kapok fibres are covered with a thin film of wax they prevent the growth of insects 

and tiny organisms, it is not necessary to spray the trees with chemicals or pesticides and 

does not get affected on long storage of end product. 

 Being a natural material they have no environmental flaws. 
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 Ceiba pentandra bark decoction has been used as a diuretic, aphrodisiac, and to treat 

headache, as well as type II diabetes[13] 

 

3.4 Limitations of Kapok fibre 

 The fibres are fragile and break easily; therefore they are not suitable for weaving or 

spinning to textile fabric Being waxier on surface the slipperiness makes it difficult to 

weave. 

 The fibres are very fine and are airborne in minutes; this property makes it irritant to 

lungs and needs extra care during work. 

 The air entrapment in the fibre makes it support combustion and the wax content on the 

surface helps it be much more inflammable. 

 

3.5 Prospects of kapok 

The market of kapok fibre usage has seen downfall in the recent 30 years time due to the 

various features of polyester material which gives a better competition in all aspects. But 

developments in technology have overcome the drawbacks to certain limits by making it 

spinnable along with cotton in 2:3 ratios. Furthermore advancement is expected to tack this in a 

better usage. 

 

4. Conclusions 

Considering the environmental pollution as a major drawback of manmade material the 

need for natural material to replace the existing synthetically manufactured materials is at a high 

preference and one such fibre is kapok fibre which has been let down by user due to its failure as 

apparel product and some relative chemical behavior.. 

 The chemical behavior of fibre has been studied to analyze the hydrophobic/oleophilic 

behavior, thermal behavior, acoustic insulation and various other parameters to support its 

enduse. The advantages and its limitation along with future forecast based on research work that 

have been carried out to bring back the material to better use. 
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Many bio-based materials, which have lower environmental impact than 
traditional synthetic materials, show good sound absorbing and sound 
insulation performances. This review highlights progress in sound 
transmission properties of bio-based materials and provides a 
comprehensive account of various multiporous bio-based materials and 
multilayered structures used in sound absorption and insulation products. 
Furthermore, principal models of sound transmission are discussed in 
order to aid in an understanding of sound transmission properties of 
bio-based materials. In addition, the review presents discussions on the 
composite structure optimization and future research in using co-extruded 
wood plastic composite for sound insulation control. This review 
contributes to the body of knowledge on the sound transmission 
properties of bio-based materials, provides a better understanding of the 
models of some multiporous bio-based materials and multilayered 
structures, and contributes to the wider adoption of bio-based materials 
as sound absorbers.  
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INTRODUCTION 
 

Noise reduction is a must, as noise has negative effects on physiological processes 
and human psychological health. The crowded and active nature of modern society is 
making noise control engineering increasingly important. Effective noise control can be 
achieved with a comprehensive understanding of sound phenomenon. For sound to be 
produced, three components are needed: a sound source, a medium, and a detector. The 
sound source is a vibrating body that produces a mechanical movement or sound wave. 
The medium, such as air, transfers the mechanical wave. The detector, such as an ear, 
detects the sound wave. Accordingly, noise control can be achieved by three means. 
Primary methods include alterations at noise and vibration sources. Secondary methods 
include modifications along the sound propagation path, and tertiary methods deal with 
sound receivers. Primary methods are constrained by technical and economical 
parameters, while tertiary methods necessitate that each receiving person is treated 
individually. This makes the secondary methods that include vibration isolation, noise 
barriers, noise absorption, and dissipative silencing relatively practical and cost-efficient 
(Kuttruff 1995).  

The acoustic energy that is incident on the object is converted into reflected 
acoustic energy, energy loss, and transmitted acoustic energy. The ratio of reflected 
acoustic energy to incident energy is defined as the reflectivity, and the ratio of the sum of 
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energy loss and transmitted energy to incident energy is defined as acoustic absorption. 
The ratio of transmitted energy to incident energy is defined as acoustic transmissibility 
(Lee et al. 2009). This paper focuses on the absorption and insulation phenomenon of 
bio-based materials. 

The materials and structures using sound absorption and insulation materials to 
reduce ambient noise have received much attention. Noise-absorbing materials absorb 
unwanted sound by dissipating sound wave energy when it passes through and also by 
converting some of the energy into heat, making them very useful for the control of noise 
(Delany and Bazley 1970).  

Although all materials absorb some incident sound, the term “acoustical material” 
has been primarily applied to those materials that have been produced for the specific 
purpose of providing high values of absorption. Stacy defined sound absorption as a 
measure of the propagation of sound energy that falls on a surface and is not reflected 
(Stacy 1959). Absorption coefficients range between 0 and 1 and are often evaluated at 
many frequencies in the audible range in order to create a performance curve for the 
material throughout the audio spectrum. The noise reduction coefficient (NRC) is the 
average of an acoustic material’s absorption coefficients at a specified set of frequencies, 
typically 250 Hz, 512Hz, 1024 Hz, and 2048 Hz in accordance with the type of tube and 
acoustic measuring instrument used for the tests. The sound insulation ability of a 
material is measured by sound transmission loss (TL), which can be defined as the 
difference between the sound power level of the incident wave and the transmitted sound 
power.  

Most practical sound absorbing products used in the building industry consist of 
glass-fiber or mineral-fiber materials. In the 1970s, public health concerns helped change 
the main constituents of sound-absorbing materials from asbestos-based materials to 
synthetic fibers (Arenas and Crocker 2010). Because of the dominance of these materials 
in the commercial market, the study of sound propagation in alternative materials has 
been limited. However, these non-biodegradable materials not only cause pollution of the 
environment, but also contribute significantly in increasing the CO2, contributing to 
global warming. Therefore researchers have now directed their attention to finding 
sustainable and eco-friendly materials to be alternative sound absorbers. In the current 
society, sustainable development becomes an increasingly significant goal in the 
evaluation of construction proposals.  

A sustainable product is one that can be manufactured repeatedly over a long 
period of time without generating negative environmental effects, without causing waste 
products or pollution, and without compromising the wellbeing of workers or 
communities. At present, the bio-based materials, which are either completely natural or 
made of vegetable particles, also are renewable and store carbon dioxide over a long 
period (Asdrubali 2006). Bio-based products can be considered as the most ideal 
acoustical products because of their low cost, light weight, avoidance of pollution, and 
highly efficient sound absorption capability.  

In the past few years many new sustainable bio-based materials for noise control 
have been studied as alternatives to the traditional ones. Their performance in sound 
absorption and sound insulation has been demonstrated. The objective of this review is to 
present an updated survey on the acoustical transmission properties of bio-based 
materials, including raw materials, structured composites, mechanism, and models, which 
have been described in a wide range of recent publications.  
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SOUND MEASUREMENT METHODS 
 
Standing Wave Tubes 

In most studies, the instrumental method for testing sound TL of bio-based 
materials is ASTM Work Item 5285. This method describes the use of an impedance 
tube, four microphones, and a digital frequency analyzer for measuring material TL. The 
Brüel and Kjær TL tube Type 4206T (Fig.1-a) is designed for the TL measurement. This 
tube set is actually an extension of the Type 4206, including an additional pair of 
microphones and two extended tubes, a large tube (diameter 100 mm) for measuring 
sound frequencies within the range 50 to 1600 Hz, and a small tube (diameter 29 mm) for 
measuring sound frequencies from 500 to 6400 Hz. 

The TL test procedure is divided into two steps. In the first step, no sample is 
placed between the impedance tubes. In this case, the results should be 100% 
transmission and 0% reflection. In the second step, a material sample is placed between 
the source tube and receiving tube to provide a barrier to the incident plane waves. TL 
measurement is done with four microphones positioned at up- and down-stream positions 
relative to a test sample, as shown in Fig. 1 (b).  

 
 

 
 

Fig. 1. The impedance tube system for sound transmission measurements. (a) Typical 
Transmission Loss Tube and (b) TL measurement with four microphones 
 
 

In this system, sound pressures at the four measurement locations x1 to x4 can be 
expressed as super-positions of positive and negative directed plane waves (±jkx)(Jones 
1979; Olivieri et al. 2006): 

 













+=

+=

+=

+=

−

−

−

−

44

33

22

11

4

3

2

1

jkxjkx

jkxjkx

jkxjkx

jkxjkx

DeCeP

DeCeP

BeAeP
BeAeP

                                  (1) 
 

where k is the wave number in ambient air. The letters A, B, C, and D are coefficients that 
represent complex amplitudes of the sound waves in the field of the normal incidence 
sound wave tube. This equation can be rearranged to solve for the respective coefficients 
in terms of the four sound pressures (P1 to P4) as (Song and Bolton 2000):  
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      The TL is defined as(Chen and Jiang 2009): 

                                  (3) 

 
Reverberation Room 
      The reverberation time, which characterizes the rate of sound decay, is 
considered to be the most important acoustic parameter for various kinds of rooms 
(Kanev 2012). Measured absorption coefficients in a reverberation room are estimated 
from the decay of sound under measurement conditions. The overall sound decay in a 
room consists of a number of normal modes of vibration, each having its own attenuation 
characteristic depending on its orientation with respect to the absorbing wall and the 
normal impedance of the absorbing material (Jeong 2010). Measurements of absorption 
coefficients in the reverberation room according to ISO 354 are performed by 
measurement of the reverberation time with (T2) and without (T1) the presence of the test 
sample. By using the Eq. (4), the random-incidence absorption coefficient αs of the test 
sample can be obtained (Vorländer and Mommertz 2000), 

                               (4) 

 
where V is the room volume, c is the speed of sound, and S is the area of the test sample. 
 
 
SOUND INSULATION MATERIAL 
 
Natural Fibers as Efficient Sound Insulation Materials 

Natural fibers are supposed to have the same mechanism for acoustic absorption 
as other conventional synthetic fibrous materials, such as glass fiber and mineral wool. 
These fibers are often light and they are not harmful for human health and can therefore 
be used as sound absorbers in room acoustical products and noise barriers. Furthermore, 
many of these materials are currently available on the market at competitive prices 
(Asdrubali et al. 2012). The sound absorption coefficient for bamboo fiber diameters of 
90-125 µm, 125-210 µm, and 210-425 µm was tested. The sound absorption coefficient 
increases as the bamboo fiber diameter decreases. The energy loss increases as the 
surface friction increases, because the number of the bamboo fiber increases per the unit 
area when the bamboo fiber diameter decreases, the sound absorption coefficient 
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becomes high (Koizumi et al. 2002). Meanwhile, tests of the sound absorption behavior 
of natural fibers have shown that their cell-lumens allow them to embrace more 
diversified modes to attenuate sound wave energy. Figure 2 (left) compares the 
cross-sections of natural fibers and synthetic fibers. It is found that a single sisal fiber is 
made up of a bundle of hollow subfibers that have lumen within them. However, glass 
fiber has the same regular and solid construction. Figure 2 (right) further indicates the 
unique structural characteristics of natural fibers. Therefore, natural fibers are porous 
fiber materials, which contain many connected air cavities, and those air cavities might 
be the major contributors of sound energy absorption (Yang and Li 2012).   
 

 

Fig. 2. Comparison of sisal fiber(a) with glass fiber(b) (Yang and Li 2012). Figure republished from 
Yang and Li (2012) with permission from Springer 

 
The mechanism by which nature fiber materials absorb sound energy mainly 

involves three physical processes. First, when the sound wave is incident on the fibers, 
the viscous effect between fiber frame and numerous air cavities will attenuate part of 
sound energy and convert it into heat. Second, heat transfer will happen due to 
temperature distinction between different fibers caused by friction, which is an isothermal 
process (Sagartzazu et al. 2008). And this process will further dissipate sound energy. 
Third, the vibration of air in the bulk materials will also lead to the vibration of fibers 
(Allard and Daigle 1994; Voronina 1994). The sound wave could propagate by vibration 
through the air spaces and inside the lumen of natural fibers. Thus the unique lumen 
structure endows the natural fibers with superior sound absorption ability, compared to 
glass. Moreover, it can be realized that natural fiber possesses a multi-scale structure, as 
shown in Fig. 2 (right). A single sisal fiber is made up of a bundle of hollow subfibers. 
The cell wall of a subfiber is made up of millions of nanofibers (Li et al. 2010). In the 
presence of nanofibers, fine morphology involving more cells with smaller size can be 
achieved. Due to formation of this fine morphology, more paths for passing sound waves 
can be created, and also higher absorption of sound energy, because of higher created 
friction between sound waves and internal cell walls, can be dissipated (Bahrambeygi et 
al. 2013). On the other hand, the nano-sized fibers would also lead to the extra vibrations, 
which result in more dissipation of sound energy (Yang and Li 2012).  

 

 
Zhu et al. (2014). “Bio-based sound insulation,” BioResources 9(1), 1764-1786.  1768   
 

Owner
Highlight



PEER-REVIEWED REVIEW ARTICLE  bioresources.com 

One-layer Structured Natural Fiber Composites for Sound Insulation 
Despite their good acoustical absorption coefficients, natural fibers may not be 

used commercially in their natural form. Generally they need to be mixed with additives 
to keep them in shape and improve characteristics such as fire retardancy and stiffness. In 
the view of adding value to current natural fiber composites, considerable attention has 
been paid on the utilization of natural composite materials in sound absorption products. 
One-layer structured natural fiber composites are defined here as these made through 
one-step cold/hot compacting of natural fibers and/or natural fiber-bonding agent blends. 
These composites are divided into two general categories: low-density insulation panels 
and hot pressed medium to high-density composite panels. 

 
Low-Density Insulation Panels 

In the low-density insulation panels, natural fibers are compacted together to form 
highly porous structures. The sound insulation properties of low-density panels are 
controlled by inter-fiber voids and within-fiber voids (cell-lumen). Number, size, and 
type of pores are the important factors that one should consider while studying sound 
absorption mechanism in porous materials. To allow sound dissipation by friction, the 
sound wave has to enter the porous material. Thus, there should be enough pores in the 
material for the sound to pass through and to get dampened. The porosity of a porous 
material is defined as the ratio of the volume of the voids in the material to its total 
volume (Allard et al. 1989). Variable densities may result in different behavior of noise 
reduction since the density has great influence on the porosity of fibrous assemblies. The 
density is an important parameter that noise control engineers often are concerned about. 
Among many reported studies, the sound absorption coefficient for the bamboo fiber with 
apparent densities of 80 kg/m3, 120 kg/m3, and 160 kg/m3 were measured. It was 
confirmed that the sound absorption coefficient was increased as the density of the 
sample was higher (Koizumi et al. 2002). The sound absorption coefficients of kapok 
fibrous assemblies were also measured. The results showed that the average noise 
absorption coefficient of kapok fibrous assemblies increased from 0.627 to 0.646 when 
the bulk density increased from 8.3 kg/m3 to 25.0 kg/m3 (Xiang et al. 2013). The 
maximum absorption coefficient increases monotonically with the fiber mass density for 
the cashmere and acrylic fibers, while for the kapok there is an optimal fiber mass density 
that maximizes the absorption coefficients (Yang et al. 2011). The number of the natural 
fibers increases per the unit area when the density is large. And compaction increases the 
chance of friction between sound waves and fibers. When the sound energy loss increases 
in passing the inter-fiber voids as the surface friction increases, the sound absorption 
coefficient becomes high. A summary of relevant published data for the acoustic 
properties of some traditional and natural fiber materials and their composites is given in 
Table 1. 

 
Hot-pressed Medium to High Density Composite Panels 

Hot-pressed natural fiber composites with medium or high density are made with 
resin coated fiber, particulate particle strands, and veneers of natural materials such as 
kenaf, flax, sisal, hemp, cork, sheep wool, bamboo, or coconut fibers, which have shown 
good absorbing performance, as given in Table 2. 

Structural arrangement in these composites differs significantly. For example, fiber 
and particle-type composites are made to form a relatively homogeneous mat through 
thickness and hot pressing. Strand and veneer type composites are made by orienting 
face/core strands or veneers to take advantages of strength/expansion properties of wood 
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along the longitudinal direction. The hot pressing process results in a distribution of 
density across the panel thickness with a highly compacted face layer and less-highly 
compacted core layers, as shown in Fig. 3. Compared to natural fibers, the sound 
absorption properties of hot-pressed composites generally are reduced. Natural fibers 
possess excellent sound absorption properties by themselves, whereas the free spaces 
within and between fibers can be significantly diminished in the case of hot-pressed 
composites. Meanwhile, the resin would occupy some effective volume of airflow, as 
well as cavities between fibers and inside lumens, which tend to become compressed by 
the pressure applied during the process of composite manufacturing. The sound 
absorption behavior of the resin system is very low. Additionally, the sound absorption 
properties largely depend on the frequencies of the sound waves (Yang and Li 2012). The 
higher the frequency, the shorter the sound wave length and the longer the propagation 
path of sound wave in the composites. Therefore, more dissipation of sound energy 
happens in the composites at high frequencies. This explains why natural fiber 
composites have the best sound absorption performance at high frequencies. 
 
 
Table 1. Acoustic Properties of Some Traditional and Natural Fiber Materials 

Fiber 
Material 

Thickness 
(mm) 

FD[a]  
(um) 

BD[b] 
(g/cm3) 

NRCs 
(-) 

AC[c] 

(-) Acoustical property Reference 

Cotton 

50 

13.5 0.04 0.62 0.50 The most promising 
natural sound 
absorber fibers are 
those for which the 
average diameters 
are small and which 
are capable of being 
well compacted 

(Oldham et 
al. 2011) 
(Yang and 
Li 2012) 

Flax 21.8 0.08 0.55 0.40 
Ramie 24.4 0.10 0.55 0.40 
Wool 37.1 0.10 0.35 0.20 
Jute  81.2 0.07 0.35 0.20 

Sisal 213.0 0.04 0.16 0.10 

Bamboo  50       

90-1
25 0.18 0.68 0.60 The NRC increases in 

the middle and high 
frequency range as 
the density becomes 
higher.  

(Koizumi et 
al. 2002) 

125-
210 0.12 0.58 0.40 

210-
425 0.06 0.48 0.30 

Kapok 60 

- 0.01 0.63 0.57 Continuously 
increasing the bulk 
density leads to the 
decrease of NRC 
since every fibrous 
acoustic damping 
material has an 
optimal range of bulk 
density for obtaining 
best noise reduction 
behavior.  

(Xiang et al. 
2013) 
 

- 0.02 0.65 0.54 
- 0.04 0.61 0.64 

- 0.06 0.48 0.30 

Glass wool 
40 

- 0.03 0.56 0.40 
 (Asdrubali 

2006) Mineral wool - 0.07 0.65 0.7 
Polystyrene - 0.07 0.17 0.1 
[a] FD=Fiber Diameter; [b] BD=Bulk Density; [c] AC= Absorption coefficient at 500 Hz 
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Table 2. Chronological Events in the Exploration of Sound Transmission of 
Various Natural Fiber Composites  

Year Composite 
Types SG[a] Methods of fabrication Acoustical property Reference 

1996 Wood-based 
material 

0.65 
0.80 

Loose fibers or flakes, 
plus suitable resin 
binders, are compressed 
into a high-density panel. 

It is viewed as inherently 
sound reflecting, rather 
than sound absorbing.  

(Wassilieff 
1996) 

2003 

Rice 
straw–wood 
particle 
composite 

0.4 
0.6 
0.8  

Mixing cut pieces of rice 
straw and wood particles, 
was slowly sprayed with 
UF resin adhesive.  

It has higher AC than 
particleboard and plywood 
in the 500–8000 Hz 
frequency range.  

(Yang et al. 
2003)  

2009 

Tea-Leaf 
fiber 
composites 

0.02 
Composite samples are 
prepared by mixing 
tea-leaf fibers with a 
polyurethane formulation. 

The 1 cm thick sample with 
backing, provides sound 
absorption which is almost 
equivalent to that provided 
by six layers of woven 
textile cloth.  

(Ersoy and 
Küçük 
2009) 
(Ekici et al. 
2012)  

2010 
Coconut coir 
fiber 
composite 

0.82 
The industrial prepared 
coconut fibers were mixed 
with binder to keep it in 
shape 

The fresh coir fiber has an 
AC of 0.8. But the samples, 
which mixed with binder 
had lower AC. 

(Hosseini 
Fouladi et 
al. 2011) 
(Zulkarnain 
et al. 2011)  

2011 Hemp 
concrete 

0.40 It is the result of the 
mixing of hemp particles, 
binder and water.  

It has high porosity that 
combines the microscopic 
pores of its binder and its 
vegetable particles. 

(Glé et al. 
2011). 

2012 Kapok fiber 
composite 

0.12 
Kapok fibers were 
blended with 
polypropylene fiber 

The special large lumen 
and thin cell walls structure 
would be beneficial for the 
sound absorption since it 
increases the chance of 
friction between sound 
waves and fibers. 

(Veerakum
ar and 
Selvakuma
ra 2012). 
(Xiang et 
al. 2013) 

2012 Corn 
particleboard 

0.33 

Bind corn cob particles 
with wood glue according 
to the ratio of 1:4 (glue: 
corn cob particles).  

A gain in terms of impact 
sound insulation capacity 
by applying it on the floor 
of the emitting room. 

(Faustino 
et al. 2012) 

2012 
Ramie, Flax 
and Jute 
composites 

1.09 

1.12 

1.04 

Three kinds of natural 
fibers reinforced epoxy 
composites were made by 
hot press.  

The multi-scale and hollow 
lumen structures 
contributed to the high 
sound absorption 
performance. 

(Yang and 
Li 2012). 

2002 
Bamboo 
fiberboard 

0.40 

0.50 

0.60 

The bamboo fiberboard 
was formed using 10% 
binders of material weight 
by hot press molding. 

The AC is higher in the 
high frequency than 
plywood, because it has 
both the characteristics of 
a board and cavities.  

(Koizumi et 
al. 2002) 

[a] SG=Specific Gravity 
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Fig. 3. Typical vertical density distribution of hot-pressed natural fiber composites with highly 
compacted fact and less-highly compacted core 
 
Composites with Other Additives and/or Polymer Matrix Systems 

Activated carbon fiber (ACF) composites have two levels of porous structures: 
macropores among fibers and yarns and micropores on the surface of activated carbon 
fiber. The diameter of an ACF cross-section is usually at a level of about 10 µm. After 
carbonization and activation, the unique slit-shaped micropores are produced on the 
surface of ACF with an average pore width of 2 to 3 nm. More porous area means a 
greater volume of air allowed to flow into the ACF non-woven structure (Amaral-Labat 
et al. 2013; Suzuki 1994).  

When incident noise waves hit the non-woven composite, air vibration would 
happen in both the macroporous areas and the microporous areas. This unique fabric 
architecture renders a great potential for the ACF fabrics to be used as high-performance 
acoustical materials. The ACF composites exhibit an exceptional ability to absorb normal 
incidence sound waves in comparison to composites with either glass-fiber or cotton fiber 
or ramie fiber, as illustrated in Fig. 4 (Chen and Jiang 2007). Considering the light weight, 
biodegradability, and low cost of the raw material, activated carbon products have 
potential to be used as high-performance and cost-effective acoustical materials. 
 

 
Fig. 4. TL of PP-based composite (a) and Cotton-based composite (b). Figure redrawn from the 
data of (Chen and Jiang 2007) 

 
Recently, particulate-filled polymer composites having good sound absorption 

and insulation characteristics besides light quality and high specific strength have been 
received much attention as sound materials. Fillers occupying appropriate positions and 
with optimum size may achieve a better effect in soundproof performance (Ni et al. 
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2008). The presence of calcium carbonate can increase stiffness of the composite, 
providing better absorption of sound waves (Liang and Jiang 2012; Suhawati et al. 2013). 
The sound transmission loss of precipitated calcium carbonate (PCC)-filled wood plastic 
composite (WPC) was studied. The results showed that the TL of WPC increased with an 
increase in sound frequency and PCC weight ratio. The improvement of sound insulation 
was attributed to the mass increase, sound scattering enhancement by the fillers, and PCC 
weight ratio. Larger inorganic particle size led to higher TL, but its effect was not 
obvious at lower frequency ranges (Li et al. 2013). Rubber composites as sound 
insulators were prepared by incorporation of two types of fillers, namely kenaf and 
calcium carbonate. That combination exhibited excellent sound absorption properties 
with sound absorption coefficient values up to 0.87. The presence of kenaf in the 
composite was found to create void sections during the drying process, hence increasing 
the absorption coefficient value of the composite. The presence of calcium carbonate that 
was scattered on the walls of voids had increased stiffness of the composite, providing 
better absorption of sound waves (Liu et al. 2013; Suhawati et al. 2013).  

 
Multilayer Structured Composites for Sound Insulation 

The development of materials both rigid and light with high damping effect and 
acoustic insulation is possible by using a multilayer panel with viscoelastic material. The 
layered absorbing structure is composed of different sound absorption materials 
according to certain parameters, making the acoustic attenuation in the absorbing layer 
structure achieve good sound absorption. The object vibrates according to the change of 
the atmospheric pressure when sound impacts it. This vibration energy dissipates during 
the transmissible process from inside to outside of the object and increases according to 
the increase of the weight of the object. This relation is called the Mass Law of Sound 
Insulation (Heckl 1981). Over the years, a great deal of research has been carried out in 
identifying the TL characteristics of different panel constructions. Unique approaches to 
achieving high TL within mass limitations include the "shear wall" developed by Kurtze 
and Watters (1959), and the "coincidence wall" developed by Holmer (1969). These 
designs are based on an understanding of coincidence effects in the interaction of the 
incident sound field with the vibration response of the panel. Coincidence involves a 
matching of wave speeds between the incident sound fields as it propagates across the 
surface of the panel and the wave speed of vibratory motion within the panel. It results in 
a reduction in acoustic TL performance of the panel. 
 
Sandwich Structure 
      Due to the high stiffness-to-weight and strength-to-weight ratios, sandwich 
composite materials consisting of two thin and stiff skin sheets and a lightweight core 
without adding an excessive mass are widely employed for sound absorption and 
vibration damping in various structural applications including aircraft, spacecraft, 
automotive, wind-turbine blades, and so on. Kurtze and Watters (1959) suggested that a 
sandwich panel might be a useful way to increase the sound insulation between adjoining 
spaces over that which could be obtained using a homogeneous plate. The results are 
based on an elementary model of sandwich behavior, wherein the core acts as a spacer 
that has mass and that does transmit shear, while the skins respond as elementary bent 
plates (Moore and Lyon 1991). 

Natural cork agglomerate can serve as a core material, coupled with carbon fiber 
face sheets, in sandwich structures. Results showed vastly improved sound and vibration 
performance over traditional synthetic sandwich structures. More combinations of other 
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types of natural materials have been explored in a sandwich structure configuration. 
Cotton, bamboo, and carbon fiber based composites are chosen as face sheets, while balsa 
wood, pine wood and synthetic foam are used as core materials in sandwich composite 
materials. These results suggest that, if optimized, natural material based sandwich 
composites could be an environmentally friendly solution to the sandwich structure-noise 
radiation problem (Sargianis et al. 2013). The structural–vibrational performance of 
carbon-fiber face sheet sandwich composite beams with varying core materials and 
properties were investigated. It was determined that low shear modulus cores have 
similar material damping values to structural damping values. However as the core’s 
shear modulus increases, the percent difference between these values was found to 
increase linearly. It was also observed that high structural damping values correlated to 
low wave number amplitudes, which correspond to reductions in the level of noise 
radiation from the structure (Sargianis and Suhr 2012). 

 
Honeycomb Structure 

A honeycomb panel is a thin lightweight plate with a honeycomb core with 
hexagonal cells. Layered laminates are bonded to both sides of the core. Each component 
is by itself relatively weak and flexible. When combined into a sandwich panel the 
elements form a stiff, strong and lightweight structure. The facings carry the bending 
loads and the core carries the shear loads. In general, the honeycomb core is strongly 
orthotropic. The laminates are not necessarily symmetric and are usually orthotropic. The 
core acts as a spacer between the two laminates to give the required bending stiffness for 
the entire beam. The bending stiffness of the core itself is in general very low. The cells 
in the core give an orthotropic structure. The dynamic characteristics should be expected 
to vary in all directions.  
      A new honeycomb core design has been used to improve the noise transmission 
loss. In comparison to a cement panel of the same mass, the honeycomb panels have 
higher TL at low frequencies between 100 and 200 Hz due to higher stiffness and 
damping. The honeycomb panels have more significant vibration responses above 500 Hz 
but these are limited by damping (Ng and Hui 2008). Thin continuous rolls were 
produced in conical twin-screw extruders that were then thermoformed into half 
hexagonal or sinusoidal profiles. The corrugated profiles were stacked and then bonded 
using ultrasonic methods to form cores for sandwich panels. The characteristic sound 
absorption of these panels at particular frequencies, coupled with good mechanical 
properties, make them eco-friendly and suitable in automobile, aerospace, packaging and 
building/construction industries (Rao et al. 2011) 
 
 
APPLICATIONS OF THE MODELING METHODS 
 

To predict the acoustic behavior of bio-based materials and structures, models 
with the power of predicting the noise absorption coefficient have been investigated 
(Shoshani and Yakubov 1999). One of the first fundamental works on the bending of 
sandwich plates was published by Hoff (1950). Hamilton's principle was used to derive 
the differential equations governing the bending of rectangular sandwich panels. Another 
classic paper develop a simple model to predict the sound transmission through sandwich 
panels (Kurtze and Watters 1959). The laminates are described as thin plates. The thick 
core is isotropic, and only shear effects are included. A more general description of the 
bending of sandwich beams is given by Nilsson (1990). The general wave equation is 
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used to describe the displacement in the core. Most of the models that have been found to 
be useful for predicting acoustical properties fall in one of two categories: theoretical 
micro-structural and empirical phenomenological models (Cox et al. 2004). These 
modeling categories are explained in the following sections. 

 
Transfer Matrix Method 

The matrix method is used to systematize the analysis and to present the equations 
in a form suitable to compute the transmission of a plane elastic wave at oblique 
incidence through a stratified solid medium (Thomson 1950). It is a very powerful 
technique that can be applied to single or multiple layer absorbers (Cox et al. 2004). This 
approach is especially useful for determining surface impedance values of layered porous 
materials with impervious screens. The screens can be located inside the material or at 
the surface (Lauriks et al. 1990). It is also shown that the present transfer matrix obeys 
the necessary checks to categorize the physically symmetric multi-layer plate as 
dynamically symmetric. Expressions are derived to obtain the wave propagation 
parameters, such as the transmission, absorption and reflection coefficients, in terms of 
the elements of the transfer matrix presented. The transfer matrix, relating with sound 
pressures (P) and particle velocities (V) at the two surfaces (front and rear) of the test 
sample, extending from x=0 (front) to x=d (rear) as shown in Fig. 1 (b), has the following 
form (Olivieri et al. 2006), 
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where, Tij are frequency-dependent quantities, related to the acoustical properties of the 
test sample. Thus, the P and V at the two surfaces of the test sample can be effectively 
expressed by the positive and negative plane wave components (± jkx and complex 
coefficients),  
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where, ρ0 is ambient air density and c is the speed of sound in air. When the plane wave 
components are known, based on the measurements of complex pressures at the four 
locations, the P and V values at the two surfaces of the test sample can be determined. 
Consequently, when a two-load method with a perfectly anechoic termination (i.e., D=0) 
is used, TL can be calculated as (Jones 1979; Olivieri et al. 2006): 
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A modified transfer matrix method, for evaluating normal incidence sound 

transmission loss of multilayer solid materials, is presented by Lee and Xu (Lee and Xu 
2009). The original transfer matrix was measured directly via a standing wave tube 
method, but modified for solid layers, in accord with data from the vibration of thin 
plates and the mass law effect. The feasibility of this method was validated through 
experiments on several different kinds of materials. 
 
Finite Element Method 

However, the transfer matrix methods are not adapted to predict the 
vibro-acoustic behavior of finite skew plates. On the contrary, the finite element method 
(FEM) used by Panneton and Atalla (1996) to predict the sound transmission through 
finite multilayer systems with poroelastic materials is well adapted to model complex 
finite geometries. These models, while accurate, lead to large frequency-dependent 
matrices for three-dimensional problems, necessitating important setup time, computer 
storage, and solution time. Various finite element methods are often proposed for 
describing the vibration of sandwich panels. For example, Liew et al. (1995) used a finite 
element model for the numerical evaluation of frequency response functions of 
honeycomb panels. Structures with and without delamination were considered. A finite 
element vibration analysis of composite beams based on Hamilton's principle is presented 
by Shi and Lam (1999). A standard finite element method code is used by Cummingham 
et al. (2000) to determine the eigenfrequencies of curved sandwich panels. The 
agreement between predicted and measured eigenfrequencies is found to be very good.  

 
Patch-mobility Approach 
      Nevertheless, the main drawback of finite element models comes from the 
significant computational time required. The patch-mobility method (PMM), which is 
used to couple acoustic linear problems, is presented by Ouisse et al. (2005). It allows 
one to consider several acoustic subsystems, coupled through surfaces divided into 
elementary areas called patches. These subsystems have to be studied independently with 
any available method, in order to build a database of transfer functions called patch 
transfer functions, which are defined using mean values on patches, and rigid boundary 
conditions on the coupling area. Indeed, the use of a mobility technique makes it possible 
to characterize each component of the vibro-acoustic problem separately, either 
analytically or numerically, and then to calculate the global response, solving the 
interaction equation. If one element is modified, then only its own characterization has to 
be calculated before solving interaction equations (Chazot and Guyader 2007).  

 
Capillary Pore Model 

The most often applied microstructure model for porous materials is a rigid solid 
matrix through which cylindrical, capillary pores with a constant radius run normal to its 
surface, as illustrated in Fig. 5(a).  
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Fig. 5. Illustration of capillary pore (a) and parallel cylinder model (b). Figure redrawn from 
(Mechel 1988) 

 
Strutt and Rayleigh (1877) were the first to use the capillary pore approach. Since 

then, there have been many later theories, which generalized this approach and 
introduced phenomenological parameters. Some of the most important contributions 
carried out on the capillary pore model are listed in Table 3. 

 
Table 3. Important Event of the Capillary-Pore Model  
Year Event Reference 

1877 Introduced capillary pore model (Strutt and 
Rayleigh 1877) 

1941 Presents a theoretical description of porous materials saturated with 
a viscous fluid. 

(Biot 1941) 

1943 The first work regarded a porous medium as a mixture of two 
phases.  

(Zwikker et al. 
1943) 

1944 Introduced effective mass and flow resistance. (Morse and Bolt 
1944) 

1956 Identified of three types of waves for continuous material in 3D: two 
compression waves and one shear wave. 

(Biot 1956) 

1985 Established a matrix formulation for pulse propagation through a 
fluid-saturated porous media by using Biot’s theory. 

(Chin et al. 1985) 

1989 A simpler model was derived with transfer matrices which described 
the sinusoidal wave propagation in a layered porous material. 

(Allard et al. 1989) 

1993 A five parameters model, which yields the noise absorption 
coefficients of fiber webs as a function of their thickness and porosity. 

(Allard, Herzog et 
al. 1993) 

1993 Studied the wave propagation in an anisotropic layered fluid 
saturated porous medium backed by an impervious surface at 
oblique incidence 

(Sun et al. 1993). 

1998 A novel exact mixed displacement pressure formulation. It has the 
form of a classical coupled fluid-structure problem. 

(Atalla et al. 1998) 

1999 The model yields the noise absorption coefficient of nonwovens as a 
function of thickness and porosity.  

(Shoshani and 
Yakubov 1999) 

2008 Two simplified models make it possible to evaluate the contributions 
of the compressional and shear waves in the solid phase.  

(Nennig et al. 
2008) 

2008 The solid/fluid model of Biot’s theory is transformed to an equivalent 
fluid/fluid model.  

(Chazot and 
Guyader 2008) 

2009 Study on the sensitivity analysis of porous materials models. (Bolton and Hong 
2009) 

2010 A suitable theoretical model for calculating the sound absorption 
coefficient of weft knitted fabrics with complex structures 

(Honarvar and 
Jeddi 2010). 

2012 A more general model for calculating the absorption coefficients of 
double layered nonwovens  

(Su 2012). 
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Solid Cylinders Models 

As the capillary pore model does not provide an accurate representation of fibrous 
absorbers, models consisting of solid cylinders in a fluid medium have been developed. 
These models include either arrays of parallel cylinders or stacks of cylinders. Another 
classification of the “solid cylinders in fluid medium” models may be made as discrete 
and continuous models. In discrete models, the porous material is divided into “finite 
elements” which contain both the fluid and the solid phases, whereas in continuous 
models, the material is considered as a suspension of cylinders in a fluid medium. 
Beranek (1947) was the first to assume a model of rectangular cells as finite elements. 
The rectangular cells are divided into rigid solid and fluid parts in conformity the porosity. 
Attenborough and Walker (1971) suggested a multiple-scattering model. The model 
includes an array of parallel, elastic cylindrical fibers in air. The mechanism of sound 
dissipation was explained as that the incident waves being converted to viscous and 
thermal waves during scattering at the fiber periphery. The multiple-scattering model can 
benefit from the open-cell model for the evaluation of the scattered wave field. Mechel 
(1988) investigated parallel cylinder models as the sound waves propagating parallel 
versus perpendicular to fiber axis. He examined the transversal sound wave approach in 
three different modes: closed-cell, open-cell, and multiple-scattering modes. In 
closed-cell mode, the cell walls, as illustrated in Fig. 5(b), are transparent to the incident 
wave but impermeable for the scattered waves. In the open-cell model, the cell wall is 
transparent to both incident and scattered waves. 

 
Empirical Models  
      Due to structural and geometrical complexities, it is extremely hard to define the 
acoustical behavior of most sound absorbers based on theoretical models (Fahy 2003). 
Thus, a number of empirical models have been developed for sound absorption behavior 
(Cox et al. 2004; Oldham et al. 2011). One of the most used empirical models for 
absorbent materials has been proposed by Delany and Bazley (1970). They obtained 
simple power-law relations by best fitting a large amount of experimental data for a range 
of fibrous porous absorbers. The empirical model is a good and fast approximation to the 
theoretical calculations because the model needs only one input parameter, the airflow 
resistivity. Bies and Hansen (1980) extended the lower and upper frequency ranges of 
validity of this model. Further updates and improvements were recommended by Miki 
(1990a, b). The model of Allard and Champoux (1992) is derived purely from a more 
rigorous theoretical basis. The range of validity extends further than that of Delany and 
Bazley, but it is also limited to fibrous materials. The main reason for these models being 
restricted to fibrous material only is due to the two other important material parameters, 
porosity and tortuosity, being significantly different from unity. 

Unlike upon models developed for particular absorbing materials and frequency 
ranges, the Johnson-Champoux-Allard model is a generalized model for sound 
propagation over a wide range of frequencies. The model of Johnson-Champoux-Allard 
is based on five intrinsic properties of the porous medium: the flow resistivity, the 
porosity, the tortuosity, the viscous characteristic length, and the thermal characteristic 
length. While the open porosity and airflow resistivity can be directly measured, the 
measurements of the three remaining properties are usually complex. To solve the 
problem, an inverse characterization method based on impedance tube measurements is 
proposed. It is shown that this method can yield reliable evaluations of the tortuosity, the 
viscous and thermal characteristic lengths (Atalla and Panneton 2005). 
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In addition, Garai and Pompoli (2005) developed an empirical model based on a 
number of measurements upon polyester fibers. Due to the differences of fiber diameters 
and the densities of the matrix materials, they corrected some parameters in order to 
apply the calculations of polyester fibers effectively. The model due to Delany and 
Bazely was found to predict values of absorption coefficients for fibers with a large range 
of diameters that were in better agreement with measured values than predicted by the 
model of Garai and Pompoli. However, the latter model gave more accurate predictions 
for the case of wool, for which the fiber diameters were similar to those of the polymer 
fibers on which the Garai–Pompoli model was based. Both models were not effective 
when dealing with large diameter fibers. This failure may be due to the differences in the 
diameters of the fibers involved in their derivation from those of the coarser natural fibers. 
This could be resolved by a systematic study similar to that carried out by Delany and 
Bazely and Garai and Pompoli (Oldham et al. 2011). It should be pointed out that the 
diameter and density of polyester are similar to natural fiber. Thus, using the Garai and 
Pompoli model to predict the sound absorption parameter of natural fiber might give an 
accurate result (Yang and Li 2012).  
 
 
STRUCTURE OPTIMIZATION AND FUTURE WORK 
 

The sound transmission performance of the materials is of the utmost importance 
for noise control in automobiles, aircrafts, buildings, highway infrastructures, and several 
other engineering applications. There is a growing interest in optimizing and developing 
layered absorbing composite, which will meet the high stiffness-to-weight ratio and offer 
improved acoustic performance.  

In order to design noise absorbers including several layers with different 
properties, a theoretical generalization of the Zwikker and Kosten model was suggested 
(Shoshani and Yakubov 2000, 2001). The material and geometric properties of the 
structure are treated as the design variables with the objective to maximize the sound 
transmission loss across the beam. Appropriate constraints are imposed to maintain 
material and structural integrity (Thamburaj and Sun 2002). An optimization study of 
cylindrical sandwich shells to minimize the transmitted sound into the interior is 
presented. From the promising optimization results it is seen that the reinforcement 
angles in the composite sandwich layers are effective structural design parameters to 
minimize the sound transmission into the interior without giving up the structural rigidity, 
particularly at low frequencies where the structural damping is not effective (Denli and 
Sun 2008). The novel Discrete Material Optimization (DMO) formulation has been 
applied to achieve the design optimization of fiber angles, stacking sequence and 
selection of material for laminated composite plates. Several numerical examples are 
presented in order to illustrate this approach (Niu et al. 2010). 

The influence of morphologically altered cellulose fibers on the acoustic and 
mechanical properties was described (Neithalath et al. 2004). Three fiber morphologies 
for macro-nodules, discrete fibers, and petite nodules were considered. The acoustic 
absorption coefficient was found to increase with an increase in fiber volume for three 
fiber types investigated, though “macro-nodule” fibers were found to be the most 
effective. This suggests that there is an optimum fiber volume, which maximizes the loss 
modulus for saturated composites while the loss modulus is practically independent of 
fiber volume for dry composites (Neithalath et al. 2004). The acoustic absorption 
properties of four common fiber assemblies, including cashmere, goose down, and kapok 
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fiber materials, were studied (Yang et al. 2011). There generally exists a sound frequency 
maximizing the absorption capability of fiber assembly at a given fiber mass. In addition, 
the characteristic diameter of effective pores, instead of the porosity or the fiber volume 
fraction, is the dominant factor on the sound absorption of the fiber assemblies. The 
results suggest that a fiber assembly with a lower fiber density and a smaller fiber 
average diameter leads to a better sound absorption performance (Yang et al. 2011). 

Recent development in wood/natural fiber filled plastic composite coextrusion 
technology allows creating multi-layer composites with different complementary layer 
characteristics, and in making properties of final products highly “tunable”. For example, 
target composite properties such as oxygen, sound and moisture barrier, shading and 
insulation, and mechanical properties can be achieved by incorporating one or more 
layers with target properties. In addition, coextrusion can significantly reduce material 
and production costs, and help recycle used material (Kim et al. 2012; Kim 2012; Yao 
and Wu 2010). Sound insulation application of co-extruded wood/natural fiber plastic 
composites can help develop new market opportunities for the materials in both exterior 
and interior uses. Future development in the field will include controlling composite 
morphology, density, and strength through layering, core foaming, and shell hardening, 
and developing/using sound absorbing and deadening materials such as nano fillers in the 
composite formulations (Fig. 6).   
 

 
 
Fig. 6. Co-extruded wood plastic composites (WPCs). a) Core-shell structured WPC for sound 
insulation applications; b) microstructure of foamed WPC core (density=0.55 g/cm3), and c) 
microstructure of unfoamed WPC core (density=1.05 g/cm3). Photographs taken by Q. Wu.  
 
 
SUMMARY STATEMENTS 

 
1. Examination of the acoustical characteristics of a range of natural fibers has 
confirmed their effectiveness as porous sound absorbers. The most promising natural 
fibers for use are those for which the average diameters are small and which are capable 
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of being well compacted, since compaction increases the chance of friction between 
sound waves and fibers. 

2. The sound insulation properties of natural fiber based composites are controlled by 
inter-fiber voids and within-fiber voids. Variable densities may result in different 
behavior of noise reduction since the density has great influence on the porosity of 
fibrous assemblies. 

3. Activated carbon materials and nano-composites are ideal for use as high- 
performance adsorbents, because of their very high specific surface area and a high 
micropore volume. 

4. The sandwich panel is a useful way to increase the sound insulation, wherein the core 
acts as a spacer construction that has mass and that does transmit shear, while the skins 
respond as elementary bent plates. 

5. The available theoretical and empirical models were not effective when dealing with 
large diameter fibers. This failure may be due to the differences in the diameters of the 
fibers. This could be resolved by a systematic study similar to that carried out by Garai 
and Pompol, which is suitable to predict the sound absorption parameter of natural fiber. 

6. There is a growing interest in optimizing and developing a new sandwich composite, 
which will meet the high stiffness-to-weight ratio and offer improved acoustic 
performance. The layered absorbing structure can produce a sufficiently satisfying sound 
absorption level in a cared frequency range.  

7.  There are still technical challenges for the best combination of cellulose-based 
materials and structures of different densities to deal with the low frequency noise 
effectively. 
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Abstract: This research report to the thermophysical characterization of the kapok and the kapok-plaster

mixture. To carry out this characterization, we used the method off limp in permanent given to mode the

conductivity and also the Degiovanni model. This study shows that the kapok's conductivity dregs between 0.03

and 0.04 W /m.ºK for density which varies between 5 and 40 kg/m3. Taking also into account year average

diffusivity of 17.1x10�7 m2/s, kapok has good heat insulator. Associated with the plaster, it makes it possible

to improve the thermophysical characteristics off the  plaster. 

Keywords: Conductivity, degiovanni model, diffusivity, flash, thermal insulation, kapok and permanent mode

INTRODUCTION 

The worldwide consumption of energy records very

a strong growth. The thermo isolation is an important

factor as well for the countries with climate moderated to

protect itself from the cold as for the tropical to secure

heat and to preserve certain food products and

pharmaceutical countries using the cold.

Endogenous materials good selected would make it

possible to reduce in a very significant way the

manufacturing costs of the apparatuses and to practically

divide by three the consumption of electricity for the

refrigeration.

Within the framework of this study, we chose the

characterization of a material very little used in Africa and

in the majority of the Asian countries which produce it:

kapok or called the wool of kapok.

The object of this study is to characterize from the

point of view thermo isolation, a neglected local material

and less expensive in order to show than it shows

characteristics better than the other heat insulators.

The characterization of the thermophysical properties

of this material would make it possible to facilitate its

choice as an insulating material following the example

glass wool and also to solve a problem encountered by the

farmers in the fields invaded by this resource, that of

uncontrolled fires, kapok being very flammable.

Kapok resulting from the silky sleeping bag, which

surrounds seeds of the kapok trees or cheesemongers, tree

of the family of is bombacées which one finds in the

tropical zone (M anohar et al., 2006).

In kapok, Ceiba pentandra (L.) Gaertn or

Eriodendron anfractuosa cd., (Bombacaceae), it is the

capsule which provides a light sleeping bag around seeds.

The tree is the kapok tree; he pushes in the Indies, in Java,

in Africa and South America. 

Kapok is a single natural fiber from its

characteristics. It consists of unicellular fibers, like cotton,

but they are seven times less dense (Manohar et al., 2006)

that those of this last and have buoyancy being able to

carry up to twenty times its weight. It presents

advantageous properties: hydrophobic subject, resistant to

the fungic and bacterial attacks, little snuffed rodents and

it is also very soft.

Its main difficulty of use resides is  its inflammability

or in even more exactly of dust than it generates during its

handling. Kapok is distinguished from cotton by the fact

that its fiber, very short, is of 10 with 23 mm, is

cylindrical and nontwisted.

The notorious lightness of kapok offers the

characteristics hereafter to him:

Buoyancy: clothing and material of survival were

manufactured starting from kapok before the arrival of

polystyrene and foams expanded which are used in this

field currently.

Capacity insulating: thanks to its form, kapok is the best

insulating among the natural fibers which can compete
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Fig. 1: Diagrammatic sight of the measuring cell

with manmade fibers such as polyester as regards thermal

comfort.

Softness: Possibly due to the presence of the waxy

cuticle;

Absorption: As regards absorption, kapok can compete

with polypropylene and absorbent cotton.

The major disadvantage of kapok is its excessive

inflammability.

MATERIALS AND METHODS

This study was led to the laboratory of energetics

applied of the Ecole Polytechnique to the University

Cheikh Anta Diop of Dakar of Senegal between 2005 and

2008 to samples of kapok of Burkina Faso.

By assimilating the porous environment,

heterogeneous by nature, to a homogeneous continuous

medium “are equivalent”, and by neglecting the influence

of the phase shift on the thermal field, at the low

temperatures, the phenomena of heat transfer within a

porous material saturated by a motionless fluid are

described by the fundamental equation:

(1)

with 

� : Thermal conductivity of the medium, CP: thermal

conductivity.

In general, conductivity is a tensor of order 2 . This

last is reduced to a scalar for a homogeneous medium,

isotropic and of which the thermal characteristics are

independent of the space coordinates and of the

temperature. The Eq. (1) takes the form:

(2)

The ratio   defines the thermal diffusivity of

the medium and it is expressed in m2.s�1.

Measure of thermal conductivity

Thermal conductivity is an intrinsic property of

material; it characterizes the diffusion of heat in the

material (Murdocco, 1999). The propagation velocity of

heat in a body thus makes it possible to distinguish the

drivers and insulators.

There exist several methods of measurement of

apparent thermal conductivity in permanent mode. One

can quote:

� Method of the kept hot plate (Tye, 1969; Clark and

Taylor, 1975)

� Method of radial flow (M aillet et al., 1993)

� Method of the coaxial cylinders 

� The method of limp (Tye, 1969)

These methods call upon a transfer of heat in

permanent mode, the sample constitutes a system in

thermal balance then. These methods allow obtaining

thermal conductivity with a good precision. On the other

hand, they require a very long time of experimentation.

The method of limp, developed at the university

Claude Bernard of Lyon, allows determining apparent

thermal conductivity in permanent mode with a time of

experimentation much less long and a precision

comparable with the other methods is 6%. 

It is a question of carrying out a known heat flow

one-way, through the sample to test then to take the

temperature measurements after obtaining the permanent

mode. While cooling A and by heating B, one creates a

variation in temperature between two environments so

that the convective exchanges on the two faces of the

sample are negligible. With this intention one uses the

assembly of Fig. 1.

All the samples studied must be a parallelepipedic

form  27  cm  dimensioned  and  a thickness of 2 to 7 cm.
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They are placed between the box and the isothermal

capacity. 

By analogy with the walls of a habitat, the sample

presents a hot face and a cold face. The hot face is side of

the interior of limps and the cold one on the side of the

isothermal capacity.

We made so that the heat gradient is in this direction

in order to eliminate the phenomena of convection on the

two faces.

The acquisition of measurements is done through a

power station of measurements HP 34970A having a

multiplexer with reinforcement with 20 ways HP 34901A.

With this chart and the power station of measurement, one

as well measures the terminal voltage of heating film as

the various temperatures.

The system of acquisition of measurements is

managed by a microcomputer using an application, which

was worked out to control the power station of

measurement and to calculate diffusivity or conductivity.

Apparent thermal conductivity in permanent mode is

given by: 

(3)

where:

E: Thickness of the sample

S: Useful surface of the sample

U: Tension applied at the boundaries of heating

resistance

R: Value of heating resistance

DT: Variation in temperature enters the two faces heat

and cold

DT': Variation in temperature enters the interior and the

outside of the box

(4)

(5)

Measure of thermal diffusivity: Thermal diffusivity is

the most important parameter, which makes it possible to

characterize the propagation velocity of a periodic thermal

wave through a given wall. Its knowledge is paramount in

all the problems of thermal inertia.

Its measurement results from the resolution of the

equation of transfer of heat in transitory mode, by an

analytical method. This one is used as support for the

settling of experimental methods, which can lead to the

measurement of thermal diffusivity while being based on

the recordings of the change of the temperature in

transitory mode. Its measurement is delicate and there

does not exist universal device allowing its measure to all

temperature ranges.

Several methods were worked out to measure

thermal diffusivity. For a one-way heat transfer and when

the thermal parameters are independent of the

temperature, the equation of FOURIER, in transitory

mode, is written in the form:

(6)

is thermal diffusivity (m2.s�1) correspondent in an

isotropic homogeneous medium.

Where � is Thermal conductivity (W.m�
1.K�

1) and �c is

Voluminal heat (J.m�
3.K�

1).

In the case of bi or three-dimensional, the preceding

equation is written according to the Laplacian �T, that is

to say:

(7)

In a more general way, when thermal conductivity

depends at the same time, of the coordinates of space and

the temperature, the equation of generalized heat is

written:

(8)

There exist several methods allowing direct

measurement of thermal diffusivity. Although using all

the same principle, founded on the answer in temperature

in a point of a sample, of which one of the faces is

subjected to a condition of temperature or heat flow. 

They can nevertheless be classified in two

categories, according to the nature of the request applied.

One distinguishes the methods of the periodic signal and

the methods impulse.

Contrary to the stationary method, which requires

times of setting in very long mode to measure thermal

conductivity, the nonstationary or periodic methods, for

the measurement of thermal diffusivity, have the

advantage of being fast.

Periodic method with the advantage of allowing to

calculate the thermal diffusivity in two different ways;

however, it is valid only for one perfectly sinusoidal

thermal excitation and an one-way flow. Thus, we rather

used the method “flash”.

Parker et al. (1961) proposed impulse methods or

“Flash” present many advantages whose principal ones

are the speed, the simplicity of implementation and the

suppression of the systematic errors (Degiovanni, 1997).

It was the object of many developments related to the

methods of calculating and estimates of parameters, with

the sensors, the devices of acquisition and data

processing.

The principle consists in tackling a thermal system

by a disturbance more or less localized in time and space

and, to raise, on the not irradiated face, the evolutions of
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Fig. 2: Thermogram for the measurement of diffusivity

temperature according to time, i.e. the thermograms. From

these data, one determines diffusivity by the method of

part times. 

The method of part times exclusively uses the

ascending part of the thermogram, for which the

sensitivity of diffusivity is most important.

In practice, Degiovanni (1997) introduces particular time

t*

a  corresponding   to   �   time   of   the  maximum  rise

 in temperature,  reduced  (�*

max)  and  starting  from

 ratio  of times calculated starting from the model and of

the ratios of experimental times , as shown in the

Fig. 2.

We have:

(9)

(10)

(11)

With the standardized experimental thermograms:

(12)

Where Tmax is the maximum temperature reached?

Diffusivity is then given by:

 

With:

(13)

(14)

(15)

RESULTS AND DISCUSSION

Measurements of the thermophysical properties

were carried out on samples of kapok of Burkina Faso and

a combination of the plaster like binder with kapok. In the

case of the samples of kapok + plaster, we manufactured

plates of 27cmx27cmx5.2cm.

To measure the thermal characteristics of kapok in

a fibrous state, we used a special framework having the

shape of a test-tube, making 27 on 27 cm side and 5 cm

height. With dimensions ones of the framework are out of

plexiglass 1 cm thickness, whereas the faces are formed

by two aluminum plates of 1.5 mm, which one can screw

by the edges on the framework. The unit is a sandwich

metal-fiber-metal, easily adaptable to our experimental

device as shown in the Fig. 3. 

The choice of the plates - aluminum support is

justified by the value of the coefficient of the thermal

conductivity of the aluminum, which is very high in front

of that of the fibrous mediums considered. Indeed, a study

former with copper plates showed that all occurs as if the

heat flow were directly applied to material and that the

taking of temperature is also carried out it, directly on

fibers.

We studied the influence of the apparent bulk

density  on thermal conductivity with average

temperatures close to the room temperature. After

measurements, one obtains the results hereafter. 
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Fig. 3: Elements of the framework used for fibrous materials

Fig. 4: Variation of the conductivity (W/m.K) of kapok
according to the density (kg/m3)

Fig. 5: Conductivity (W/m.K) of the kapok mixture + plaster

according to the density of kapok (kg/m3)

It is noticed that the conductivity of kapok and kapok

mixture + plaster presents an optimum point where it is

weakest according to the mass of kapok contained in the

support i.e. according to the density as Fig. 4 and 5.

As in the case of the measurement of the

conductivity   of   all   alone   kapok  without binder, one

notices that here also that the conductivity of the mixture

presents a minimum.

Table 1: Diffusivity of the samples of kapok

De nsity  of kapo k in k g/m
3

Dif fusiv ity has in m ²/s

6.66 1.81x10
-6

13.73 1.65x10
-6

16.66 1.65x10
-6

What gives us an average diffusivity of the kapok of 17.1.10
-7

 m ² /s.

Table 2: Diffusivity of the samples of kapok + plaster

Density of kapok in the Dif fusiv ity has in m ²/s

mix ture in  kg/m
3

2.56 2.77.10
-7

7.68 1.10.10
-6

10.25 2.67.10 -7

12.81 2.46.10
-7

One finds a diffusivity average of kapok + plaster equal to 4.73.10
-7

m²/s.

The diffusivity measured by the method of limp is

summarized in the Table 1 and 2.

CONCLUSION

Taking into consideration result obtained, kapok has

a very good conductivity. It can then be used as insulator

in the systems of production or of conservation of cold in

particular compared to the polystyrene or glass wool

which has an average conductivity of 0.04 W /m.K. 

Moreover, the measurement of its diffusivity shows

that it is clearly with the top of insulating materials

having the same order of conductivity.

It has should be noted as kapok allows improves,

into weak quantity, the thermophysical characteristics of

the plaster.
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1. Introduction 
Previous researchers [1, 2, 3, 4] successfully produced sound absorption panels using 
agricultural wastes. These panels play important role both in noise absorption and heat 
insulation preserving the comfort of indoor living spaces. Yang et al. [4] produced rice 
straw-wood particle composite boards. They found that the sound absorption coefficient of 
these boards is higher than other wood-based materials in the 500-8000 Hz frequency range. 
Reason was the low specific gravity of composite boards having high amount of porosity 
compared to wood-based materials [4]. Another study by Davern [5] aimed at producing 
airspace layers and examined the influence of porosity on the acoustic properties of 
materials. He found that the porosity of the perforated plate and the density of the porous 
material would significantly affect the acoustic impedance and sound absorption coefficient 
of the panel, in which case, the frequency band near the resonance frequency achieved high 
acoustic absorption. In addition to Davern’s study, Lee and Chen [6] reported that the 
acoustic absorption of multi-layer materials is better with a perforated plate backed with 
airspaces. Other usages of natural fibres are in reduction of sound propagation in 
automotive interior spaces, or to improve the control of outdoor noise propagation [7, 8]. 
Recent studies show that researchers are focusing on coir fibre and oil palm fibre in 
replacing synthetic-based fibres for sound absorption applications simply due to their 
abundance in tropical countries such as Malaysia.  

Acoustics, as science, deals with sound creation and transmission through materials. Sound 
and light waves share same vibrational system as these waves creating pressure during 
propagation due to the nature of fluctuation in the material. However, unlike 
electromagnetic waves, sound cannot travel through a vacuum. Consequently, sound wave 
has become important in many applications in materials science, medicine, dentistry, 
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oceanology, marine navigation, communications, petroleum and mineral prospecting, 
industrial processes, music and voice synthesis and animal bioacoustics. Sound in the audio 
frequency range of approximately 20 Hz–20 kHz can be heard by humans. Excessive levels 
of sound can cause permanent hearing loss while continuous exposure could be 
physiologically and psychologically deleterious to one’s well-being. This study, amongst 
many others, is very important in ergonomics since it is closely related to the sense of 
hearing; the crucial in our daily routine whether we are in schools, factories, offices and 
theaters. These places are in high demand for materials that are able to reduce noise level at 
various frequency ranges. When sound propagates in an enclosed room, the frequencies and 
decibel levels are subjected to reflections which lead to echoes. An acoustic absorption panel 
can be used to prevent echoes and reduce the intensity of the sound that is heard outside the 
room. Acoustic absorption panels are normally filled up with porous layers of materials 
capable of controlling reverberation and background noise [9]. The energy of incident sound 
is transformed into heat and vibration of fibers, and eventually dissipated [10]. 

Acoustic absorption panel is placed on ceilings and walls to improve the comprehensibility 
of speech in the room. Commercial acoustic panels are made from synthetic fibers that may 
be hazardous to health and environment. Current trend is to replace them with natural 
fibers that are cheap, environmental friendly and free of health risks. Nowadays, the concept 
of green technology has been incorporated in many fields in the industry. Companies are 
constantly researching for alternatives to further improve their choice of materials that are 
more environmental friendly. These waste materials should have reasonable absorption 
performance compared to synthetic fibers. Studies are going on the sound absorption of coir 
(Cocos nucifera) and palm oil (Elaeis Guinnesis) fibers at various thicknesses and frequency 
bands [11]. On the other hand, there are still other local agricultural resources that their 
acoustical properties are yet to be determined like sugar cane (Saccharum), corn (Zea mays) 
and grass (Axonopus compressus) fibers. Hence, the focal point of this project is to study the 
sound absorption coefficient of four different fibers; coir, corn, sugar cane and dry grass 
with different panel thicknesses. 

2. Methodology 

Coir, corn and sugarcane fibers were obtained from the wet market whereas grass was readily 
attained from a field and then dried out. Corn and Coir fibers were purchased in loose forms 
(see Figure 1 for coir and corn fiber). Samples were compressed separately into disks of 
diameters of 100 and 28 mm by fitting into molds of cylindrical shapes (Figures 2(a) coir fiber, 
(b) corn fiber) according to impedance tube diameter of 100 and 28 mm for low and high 
frequency measurements, respectively. In order to better observe the fiber structures, a 
magnified picture was taken for each type, see Figure 3(a) for coir fiber, (b) for corn fiber. 
Figure 4 shows the molds that were used to prepare samples in disk forms. Molds were 
manufactured using steel tubes while the punchers were made of wood. Samples were 
compressed using hydraulic compressor machine with an average pressure of 45 kg/cm2. The 
absorption coefficient of fibers was evaluated using impedance tube apparatus as shown in 
Figure 5. For comparison of results, two different thicknesses of each sample were tested. 
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Figure 1. Loose forms (a) Coir Fiber (b) Corn Fiber 

 

 
Figure 2. Fibers in disk forms (a) Coir fiber (b)Corn fiber 

 

 
Figure 3. Fibers under microscope (a) Coir fiber (b) Corn fiber 



 
Modeling and Measurement Methods for Acoustic Waves and for Acoustic Microdevices 164 

 
Figure 4. Steel molds and wooden punchers were used to fabricate the samples. 

 
Figure 5. Measurement apparatuses consisting of impedance tubes, noise generator and 01dB analyzer. 

Porosity is the ratio of the volume of openings to the total volume of the sample and affects 
the absorption efficiency of each sample. Mass, thickness and fiber diameter of each sample 
determines the porosity and can be calculated using Eq. (1): 

 � � �� �
��	
�

�����
 (1) 

where������ and������� are the bulk density of sample and fiber density, respectively. The 
quantity ����� is the ratio of mass and volume of each sample as a disk, whereas ������ 
depends on physical properties of the fiber itself. 

The impedance tube (Figure 5) creates sound by a generator mounted at one end, in the 
form of broadband stationary random waves. The generated sound travels to hit the sample 
which is attached at the other end. The sound pressure is measured at two fixed points 
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using two ¼� microphones. An analyzer calculates the complex transfer function in order to 
obtain the sound absorption coefficient of material. The sensitivity of microphones was 
calibrated utilizing calibrator type GRAS-42AB at 114 dB levels and 1 kHz. The frequency 
span of experiment was 100-4500 Hz with 3 Hz resolution and it took approximately 10 
seconds for the instrument to achieve the absorption spectrum. Based on Delany-Bazley 
model, the acoustic absorption coefficient, � can be defined as [12]: 

 � � �
�����������

���������� �!"
# ��$� ����"�

# (2) 

where, %& is speed of sound,�0 density of air, '� and (� real and imaginary components of 
surface acoustic impedance.  

3. Results & discussion 

First step was to obtain the physical characteristics of fibers. Masses of samples were 
measured by a precise electronic balance. Length and diameter were measured by caliper 
and used to calculate each fiber’s volume assuming that they have perfect cylindrical shape. 
The last column in Table 1 is the ratio of mass and volume as the fiber density (������). A 
number of 15 samples from each batch were selected and results averaged. The quantity 
����� was calculated based on mass and volume of a disk-shape sample and together with 
������ were put in Eq. (1) to calculate the porosity of the sample. They are presented in Table 
2 and 3 for 1 and 2 cm thicknesses, respectively. 

Figure 6 and 7 show that acoustic absorption of fiber was improved as thickness of sample 
increased. The reason is observable from Table 2 and 3; in which, the porosities of fibers are 
decreased as the corresponding thicknesses increased. Basically more amounts of fibers 
were used to fabricate the 2 cm thickness samples and they have higher bulk density 
compared to 1 cm samples. According to Eq. (1), the increase in bulk density reduces the 
porosity of sample; i.e. less perforation exists which improve the absorption coefficient of 
sample and moves the resonance peaks to lower frequencies. Therefore resonance peaks of 
sugar cane and corn fiber samples were shifted from 3800 and 3200 Hz in Figure 6 to 1000 
and 2800 Hz in Figure 7, respectively. Coir and grass do not show significant absorption 
behavior in Figure 6 but it is very much improved for higher thickness in Figure 7 as both 
having resonance peaks around 2000 Hz. 

Fig. 7 is chosen to compare the absorption coefficient of fibres as the patterns are more 
significant in this plot. Coir and grass absorbed more than 70% of incident sound at 
frequencies higher than 1300 Hz whereas corn presented similar behaviour above 1800 Hz. 
For sugar cane absorption is generally lower than 70% except for a small region around 1000 
Hz that the structural resonance happens because the diameter of sugar cane fibre is around 
400 �m which is larger than the rest. A sample made of fibre with larger diameter does not 
show significant elastic behaviour; also have lower flow resistivity because there are more 
hallow spaces when putting fibres together. Reduction in flow resistivity decreases the 
absorption coefficient of sample. 
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Sample No. Mass (mg) Length 
(mm) 

Diameter 
(�m) 

Volume 
(mm3) 

Density 
(kg/m3) 

1 0.8 151 450 5.44 147.17 
2 3 180 350 5.04 595.24 
3 3.4 190 380 5.78 588.64 
4 3.2 185 390 5.77 554.40 
5 2.8 159 370 4.71 594.93 
6 3.2 162 350 4.54 705.47 
7 3.3 191 370 5.59 590.08 
8 3.5 195 400 6.24 560.90 
9 3.6 202 370 5.98 602.09 
10 2.9 183 350 5.09 569.22 
11 3.1 191 350 5.35 579.66 
12 3.8 217 350 6.08 625.41 
13 2.5 181 330 4.78 523.19 
14 1.3 175 290 4.03 322.42 
15 1.8 170 260 3.59 501.34 

  
Average Diameter (�m): 357  
Average Density (kg/m3): 537  

Table 1. Physical characteristics of corn fiber 

 

Type of Fiber Porosity (%)
Sample Diameter

100 mm 28 mm 
Coir 89.38 93.41 
Corn 97.83 97.50 

Sugar Cane 96.32 95.20 
Grass 96.93 96.86 

Table 2. Porosities of samples with thickness of 1 cm. 

 

Type of Fiber Porosity (%)
Sample Diameter

100 mm 28 mm 
Coir 88.67 89.68 
Corn 96.12 96.24 

Sugar Cane 95.91 94.71 
Grass 94.22 96.07 

Table 3. Porosities of samples with thickness of 2 cm. 

Comparing the synthetic materials in Table 4 with natural fibres in Table 5 proves the 
possibility of implementing these natural materials in acoustic panels. Apart from fibre glass 
board; carpet, plywood and drapery generally have lower absorption coefficient than the 
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selected natural fibres throughout the frequency spectrum which the difference is even more 
significant above 1000 Hz. 

 
Figure 6. Acoustic absorption coefficient of 1 cm sample for the four types of fibers. 

 
Figure 7. Acoustic absorption coefficient of 2 cm sample for the four types of fibers. 

Synthetic Materials Frequency (Hz)
125 250 500 1000 2000 4000 

Carpet 0.01 0.02 0.06 0.15 0.25 0.45 
Plywood (19 mm) 0.2 0.18 0.15 0.12 0.1 0.1 

Drapery (340 g/m2) 0.04 0.05 0.11 0.18 0.3 0.35 
Fiberglass board (1" thickness) 0.06 0.2 0.65 0.9 0.95 0.98 

Table 4. Absorption coefficients of some common building and acoustic panel materials in octave 
bands [13]. 
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Natural fibres Frequency (Hz)
125 250 500 1000 2000 4000 

Coir 0.04 0.06 0.12 0.46 0.97 0.78 
Corn 0.04 0.06 0.16 0.28 0.81 0.90 
Grass 0.11 0.08 0.14 0.45 0.98 0.70 

Sugarcane 0.07 0.05 0.13 0.88 0.63 0.78 

Table 5. Absorption coefficients of natural fibres of thickness 20 mm obtained from tests in octave bands. 

Fibreglass shows better results in comparison with the abovementioned natural fibers. 
Unfortunately, there have been serious health issues related to fiberglass that may occur 
immediately or within a few days of exposure such as skin irritation and redness, eye, nose 
and throat irritation. Not only that, breathing in fiberglass dust may result in coughing, 
bronchitis, shortness of breath, and even permanent lung disease if exposure is too excessive 
[14]. Therefore fiberglass is not a good option despite its good acoustical absorption 
characteristics. Natural fibers not only exhibited good absorption behavior but also play an 
important role in design for ergonomics. They maintain a comfortable environment by 
reducing noise level and health risks at the same time.  

There are possible measurement errors due to deformation and expansion of samples in 
impedance tube. The reason is absence of binder that enhances surface strength of the 
sample and maintains fibers together. This study was aimed at solely investigating the 
properties of pure natural fibers and any use of additives was prohibited.  

4. Mechanism for the process 

In Physics, resonance is defined as ”the increase in amplitude of oscillation of an electric or 
mechanical system exposed to a periodic force whose frequency is equal or very close to the 
natural undamped frequency of the system”[15]. All structures have natural frequencies and 
when a similar vibrational mode exists, resonance occurs. Guitars and electronic devices are 
designed to resonate with external mode in order to detect that specific mode of frequency. 
When resonance occurs, the corresponding systems are able to store and easily transfer 
energy at resonance frequency modes. As the energy transfer between these modes, it is 
expected that the system losses some energy which entirely depends on damping factor. If 
the damping factor is small, the resonance frequency is approximately equal to the natural 
frequency of the system. Resonance phenomena have become the corner stone of so many 
applications in medicine, science and technology such as nuclear and electron spin resonance.  

The study of the resonance phenomena in fibers is essential in improving their acoustical 
properties. Design of sound absorbers depend on the resonance frequency of the fiber or, in 
more complicated system, a perforated fiber panel. One of the factors that considerably 
change the acoustic impedance and absorption coefficient of the acoustic absorber is the 
porosity. Baranek and Ver [16] presented a compact expression for acoustic impedance of 
perforated plates. The expression indicated that the influence factor include thickness of the 
sample, hole radius, hole pitch, and porosity of the perforated plates and air contained in 
the holes. For porous material, the complex wave propagation constant and characteristic 



 
Utilizing Malaysian Natural Fibers as Sound Absorber 169 

impedance could be expressed in terms of the flow resistivity, wave number, air density, 
and sound frequency. Sound absorption characteristic of porous material is not so much a 
function of type material but airflow resistivity and how well material construction can be 
executed to achieve desirable properties for sound absorbers [17]. 

Research is not only focusing on measuring the resonance frequency, but also its prediction. 
Within the frame of this approach, mathematical models were presented showing how the 
acoustical properties of fibrous materials are related to their characteristic impedance. The 
Delany-Bazley and Miki [17] models are well known as conventional prediction models. The 
methodology of preparing these models and subsequent mathematical formulas are not so 
different from each other when it comes to the scientific basis but they are different only in 
the values of coefficients and degrees in the formulas. The acoustic panel exhibits a shift of 
the absorption coefficient peak to lower frequency range when the thickness of the samples 
is increased. This mechanism depends on the physical properties of the fibers such as 
diameter and density.  

5. Conclusions and recommendations 

Current trend in green technology is to replace synthetic materials with natural alternatives 
that have similar functionalities. This study aimed at enlightening the acoustic behavior of 
natural fibers seeking possibility of implementing them as absorbers in acoustic absorption 
panel. The selected fibers were coir, corn, sugar cane and grass that are vastly available in 
tropical countries such as Malaysia. They were compressed into cylindrical samples prior to be 
tested in impedance tube. Physical characteristics of samples were measured and used to 
calculate their porosities. By using the same compression ratio, samples with larger thickness 
possessed lower porosity value. Impedance tube measurements revealed that samples with 1.0 
cm thickness had generally absorption coefficient below 70% in the frequency span of 3000 Hz. 
Increasing the thickness to 2.0 cm reduced their porosity and improved the absorption 
coefficient. For this thickness; coir, corn and grass absorbed more than 70% of the incident 
sound at�) *1300 Hz. Sugar cane had same amount of absorption only for a narrow band 
around 1000 Hz and was not considered as a good absorber. Comparing the absorption 
coefficient of coir, corn and grass (20 cm thickness) in various octave bands with common 
building and acoustic panel materials showed that they are outstanding alternatives. 
Fiberglass was an exception; it had best absorption coefficient among the all but also known to 
have risks to health and environment and is advised to be replaced in the future.  
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NOMENCLATURE 

Q length of a side of the square sample 

C phase velocity of sound 

d thickness of material 

* frequency 

F " temperature in degrees Fahrenheit 

J 
k compressibility of medium 

K' = modulus of e lasticity of medium 

'" integer number 

n integer number 

p pressure 

fief = acoustic reference pressure 

Q flow rate 

r reflection coefficient 

'Rt = flow resistance 

'Rs flow resistance per unit thickness 

S area 

SIN", = standing wave ratio 

t time 

U particle velocity 

v particle velocity 

� coordinate axis 

y coordinate axis 

Z coordinate axis 

Z specific normal acoustic impedance 

x 



NOMEN:LATURE CONTINUED 

0( ; absorption coefficient 

(l ; phase constant 

1( ratio of specific heats at constant pressure and at 
constant volume 

change in density 

S propagation constant 

e ; angle designation 

� wavelength 

� angle designation 

S normalized specific 

I' density 

<Y' attenuation constant 

� velocity potential 

't' ; phase angle 

D porosity 

acoustic impedance 

xi 
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ABSTRACT 

A free field method for measuring the specific normal impedance 

and absorption coefficient of a material at oblique incidence has 

been investigated. The surface pressure method, developed by Ingard 

and Bolt, compares the pressure and phase of an incident wave at a 

point on the surface of an absorbent material to a similar measure

ment at the surface of a perfectly reflecting boundary. A contin

uous recording of these quantities as a function of angle of inci

dence yields the impedance and absorption coefficient for oblique 

angles. Measurements were taken with a six foot square sample 

mounted in an anechoic chamber. Due to the finite size of the 

sample, the measurements are limited both with respect to frequency 

and angle of incidence because of diffraction effects. Without 

having analyzed the diffraction problem, the limitations of this 

method are determined from experimental results. The low frequency 

limit for measurements is inversely proportional to the sample size 

which must be large enough relative to the wavelength so that it 

behaves as an infinite surface. The upper frequency limit is de

termined by the accuracy in measuring the phase angle, upon which 

the results depend strongly. Further limitations including diffrac

tion effects, sample geometry, and temperature problems are also con

sidered with recommendations included for improvement of the surface 

pressure method. 

The absorption characteristics of several fibrous materials of 

the Owens Corning 700 Fiberglas Series were measured to determine the 

variation in impedance as a function of incident angle of the sound 
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wave. The results indicate that the fibrous absorbents behave as 

extended reacting materials. The poor agreement between measurement 

and theory for sound absorption based on the parameters of flow re

sistance and porosity indicates that this theory does not adequately 

predict the acoustic behavior of fibrous materials. A much better 

agreement with measured results is obtained for values calculated 

from the bulk acoustic parameters of the material. 
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CHAPTER I 

INTRODUCTION 

1.1 Sound Absorbing Materials 

Several types of sound absorbing materials are currently avail

able for noise control applications. These materials are generally 

of a porous nature , constructed either from plastic foams or from 

organic or glass fibers held together with a binder, and are avail

able in the form of flexible blankets or semi-rigid and rigid sheets. 

Materials of woven and sintered metals or perforated sheet metals are 

also used for special noise control applications under adverse environ

mental conditions. 

There are four factors to be considered in choosing a sound ab

sorbing material for a particular noise control problem - acoustic 

performance, environment ,  appearance, and price. Since the primary 

purpose of these materials is to control the sound reflection from 

a surface and thus reduce the overall noise level, the most important 

factor is the acoustic behavior of the material. Secondly, the envi

ronment in which the material will be used must be considered so that 

it will not interfere with its acoustic performance. As a minor fac

tor, the appearance of the material becomes important in certain ar

chitectural applications. Finally, the cost of the material must be 

considered so that a material which meets the desired acoustic stand

ards is an economically feasible solution to the problem. 

The sound absorbing properties of a material are most often de

scribed by two parameters - the absorption coefficient and the specif

ic normal impedance. When a sound wave impinges on the surface of an 
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absorbing material, part of it is reflected and part of it is absorbed 

and dissipated. The amount of sound energy dissipated is called the 

absorption coefficient, which ranges in value from zero for a perfect

ly reflecting surface to 1.0 for a totally absorbing surface. If the 

material is placed in a diffuse field where sound waves are incident 

at all angles, the random incidence or statistical absorption coef

ficient is used to describe the amount of sound energy absorbed by 

the material. The specific normal impedance is the ratio of the acous

tic pressure to the normal particle velocity at the surface of the 

material. These two properties are a function of the surface charac

teristics, internal structure and thickness of a material, the mount

ing conditions, the frequency, the sound intensity, and the angle of 

incidence for the sound wave. 

1.2 Methods for Measuring the Sound Absorption of Materials 

The absorption characteristics of a material are commonly measured 

using two standard techniques. 

1. Standing Wave Tube Method 

If a sample of material is placed at one end of a rigid

walled tube and a sound source at the other, an incident wave 

will be reflected from the surface of the material and, for pre

ferred modes of propagation, will generate a standing wave be

tween the source and the material. The properties of the 

standing wave can be measured to yield the absorption coefficient 

and impedance of the sample for a 'plane wave at normal incidence 

to its surface (I). 

2. Reverberation Room Method 

The reverberation time - the time for the sound pressure to 
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decay to a value one thousandth of its original value - is mea

sured for a room with acoustically highly reflecting surfaces. 

When a large sample of material is placed in this room, the 

statistic al absorption coefficient of the sample can be deter

mined from the change in reverberation time ( 2 ) .  

Several relationships and graphs ( 3 )  are available for calculating 

the statistical absorption coefficient from data obtained with the 

standing wave tube method. 

The majority of work with sound absorbing materials has been 

restricted to absorption at normal incidence. This is because ex

perimental procedures become much more difficult when considering 

sound absorption at oblique incidence. A few of the more common 

measurement techniques for determining the acoustic behavior of a 

material at oblique incidence are listed. 

1. Interference Pattern Method 

A large sample is mounted in an anechoic chamber in the 

presence of an obliquely incident sound wave. An interference 

pattern similar to the pattern generated in a standing wave tube 

is investigated to determine the absorption characteristics of 

the material at oblique incidence ( 4 ) .  

2. Pulse Method 

If a sound source located a distance from a material at an 

angle to the normal to the surface emits a short sound pulse, 

a microphone can be positioned to measure two pulses - the direct 

pulse from the source and the reflected pulse from the sample 

surface. A consideration of the geometrical configuration and 

the measured intensities reveals the absorption coefficient of 
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the material for a particular angle of incidence. A large sample 

and free field conditions are required for this method ( 5 ) .  

3 .  Standing Waves in a Rec tangular Room 

The natural modes of a rectangular room determine the angles 

of incidence for plane waves reflected at the walls. By covering 

certain walls of the room with a sound absorbing material, the 

absorption coeffic ient can be determined for specific angles of 

incidence and frequencies ( 6 ) .  

4 .  Acoustic Waveguide 

Similar to an e lectromagnetic waveguide, an acoustic wave

guide is a rigid walled duct which limits wave propagation 

within i t  to its prinCipal and transverse modes. If a sample 

of material is placed at one end of the tube and a sound source 

at the other, the oblique incidenc e behavior of a material can 

be measured by employing the transverse modes of the duc t 

( 7, 8 ,  and 9 ) .  

5. Surface Pressure Method 

A sample is mounted in an anechoic chamber in the presence 

of obliquely inc ident sound. The pressure and phase of the 

incident wave at the surface of th e absorbing material are 

compared with similar measurements at the surface of a perfectly 

refl ecting boundary. From this data, the absorption character

istics can be determined as a function of inc ident angle ( 10 ) .  

In all of these measurement techniqu es , it is important to first 

determine the limitations inherent with each method before the absorp

tion characteristics of a material can be measured. The surface 

pressure method will be the subjec t of further study and is discussed 
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in detail in Sec tion 4 . 3 .  

1. 3 Statement of the Problem 

5 

Of all the sound absorbing materials commercially available, 

glass fiber absorbents are one of the most economical products in 

terms of noise reduction per cost of material. These materials are 

fairly inexpensive and possess high absorption c haracteristics over 

a very broad frequency range. Although the absorption c haracteristics 

of these materials at normal incidence are fairly wel l  known, their 

oblique inc idence acoustic behavior has not been completely investi

gated. This is because measurements at oblique incidence are much 

more difficult to perform than measurements at normal incidence. 

Therefore, a suitable oblique incidence measurement technique should 

be investigated for determining the acoustic properties of these 

materials at oblique angles of inci dence. 

It would also be helpful to be able to predict the acoustic 

absorption of a fibrous material from a knowledge of its physical 

properties and parameters. Although several theories for sound 

absorption by a porous material have been developed, these theories 

cannot be universally applied to all materials because the mathematic 

models characterize some absorbents better than others. Therefore, 

the limitations of these theories with respect to fibrous materials 

must be determined . 

1.4 Purpose of the Research 

The purpose of this s tudy is to d etermine the validity of the 

surface pressure method as a technique for measuring the specific 

normal impedanc e and absorption coefficient of a material at oblique 
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incidence. It is hoped to determine under what conditions and over 

what frequencies this technique provides reasonable measurements of 

the acoustic characteristics of a material. The behavior of fibrous 

absorbents of the Owens Corning 700 Fiberglas Series is investigated 

to determine the variation in specific normal impedance as a function 

of incident angle. Furthermore, measured values of absorption are 

compared with calculated values to determine if theories for porous 

absorbents adequately predict the acoustic behavior of glass fiber 

materials. 



CHAPTER II 

MATERIALS AND THEIR PROPERTIES 

Because of the low cost and the high acoustic absorption of glass 

fiber materials, the acoustic properties of several samples of this 

type material were investigated. These samples are marketed by Owens 

Corning as the Fiberglas 700 Series of Industrial Insulation and are 

used for insulating duct work and equipment operating at high tempera

tures. The Fiberglas 700 Series products are constructed of inorganic 

glass fibers held together with a binder and pre-formed into semirigid 

and rigid rectangular boards of varying densities. These materials 

are available in 24" x 48" boards and in thicknesses of 1 "  to 4 "  with 

1/2" increments. Although these products have been designed as insu

lation materials, they also possess highly desirable sound absorbing 

properties. However, the acoustical properties of each material are 

quite variable, both within manufacturing tolerance specifications 

and from one position to another in the same board or in different 

boards. The acoustical properties of greatest importance will be 

described. 

The porosity of a sample is defined as the ratio of the volume 

of voids within the sample to the total volume of the sample. The 

porosity of a fibrous material can be calculated if the densities of 

the material and the glass fibers which comprise it are known. For 

a fibrous material, the weight and volume of the binder which cements 

together the densely packed fibers must also be included. For a 

material with negligible binder by weight, the porosity fl is 

1 



where 

v = volume 

rn mass 

! = density 

JL" \-

The subscripts q ,In, and ,\: refer to the voids wi thin the material 

8 

(2 . 1 ) 

( 2 . 2 )  

( therefore air) , the mater ial ,  and the fibers respectively. Since 

the density of the material is much greater than the density of air, 

we will assume that the mass of the material is approximately equal 

to the mass of the fibers. 

m�m 
In + 

This i s  a reasonable assumption as can be seen by considering the 

error for the extreme cases of a porosity of . 90 and .99 for the 

materials. The relationship between the mass of the material and 

the mass of the fibers is 

= \ ;-

For a porosity of . 90 we have 

lfIn. :=- \ + 0,004 ;::0 
m� 

( 2 .3 )  

( 2 .4 ) 

where the density of air was taken a s  1.18 k g/m
3 

and the density of 

the fibers as 2 . 5 x 10
3 

kg/m
3

• Similarly , for a porosity of . 99 



lY1", = \ + 0.041:::'! 
In-f 

Therefore, the express ion for porosity ( 11) can be written as 

where 

I", dens ity of material 

t� (2.5 x 10
3 3 

= dens ity of glass fibers kg/m ) 

9 

(2.5) 

The spec ific flow res is tance of a layer of material is defined 

as the pressure drop across the specimen divided by the partic l e  

vel ocity of air through and perpendicular to the two fac es o f  the 

layer. Thus, 

where 

u. 

2 
pressure drop across the sample (dynes/cm ) 

partic le v elocity (cm/sec) 

The units Of"R.t are dyne-s ec /cm
3 

or CGS rayls. For bulk materials , 

the flow resis tivity or spec ific flow resistanc e per unit thickness 

of material is commonly used. Thus, 

"K = !:L S d 
where d is the thickn ess of the material. In all future work, the 

term "flow resistance" as applied to a sound absorbing material will 

mean the specific flow resistance per unit thickness. The flow re-

sistanc e is essentially cons tant for values of U from 0 to some small 

value and increases rapidly with increasing values of U. above this 

linear range. 
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Table 1 lists the performanc e characteristics of the Owens Corning 

700 Fiberg las Series including flow resistance values ( 12, 13). Due to 

the manufacturing tolerances in both density and fiber diameter for 

these materials , a corresponding range of flow resistance values would 

be expec ted. The discontinuity in the flow resistance versus density 

curve for the 704 and 705 samples is due to a coarser fiber for these 

two produc ts. The statistical absorption coefficients determined by 

the reverberation chamber method for these materials mounted with a 

rigid backing are listed in Table 2 for data furnished by Owens 

Corning ( 14) . 



TABLE 1 

Performance Characteristics o f  �ens Corning 700 Series Fiberglas 

Specific Flow Resistance - (cgs rayls/inch thickness) 
Density Average Density and Range Within Manufacturing 

� (lb/ft3) Porosity Fiber Diameter Specifications 

701 1.58 .990 26 19-35 

702 2.25 .986 38 27-56 

7 03 3 . 00 . 981 60 42-87 

704 4 . 20 .973 45 35-57 

705 6.00 . 961 7 8  60-99 

!-' 
!-' 



TABLE 2 

Statistical Absorption Coefficient 
Series Fiberglas Materials Mounted 

Statistical 

� Thickness 250 Hz 500 Hz 

701 1" . 20 . 57 

2" . 58 . 92 

702 1 "  . 19 . 50 

2" .54 . 91 

703 1 "  . 22 . 62 

2 "  . 59 . 93 

704 1" . 18 . 51 

2 "  . 4 7  . 90 

705 1" . 19 .57 

2 "  . 5 5  . 91 

for OWens Corning 700 
with a Rigid Bac king 

Absorption Coeffic ient 

1000 Hz 2000 Hz 

. 88 . 86 

. 93 . 86 

. 85 . 85 

. 97 . 8 7  

. 95 .90 

. 98 . 87 

. 8 9  . 88 

. 97 . 86 

. 93 . 90 

. 97 . 87 

12 

4000 Hz 

. 79 

. 79 

. 76 

. 77 

. 82 

. 78 

. 80 

. 78 

. 83 

. 78 
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CHAPTER III 

THEORETICAL BACKGROUND 

3 . 1  Introductory Theory 

We begin the theoretical analysis of sound waves and acoustic 

absorption by considering the simplest case of a plane wave at nor-

mal incidence to the surface of an absorbing material as in Figure 1. 

The wave equation for the pressure p 

::: 

has a solution of the form 

-p j(wt-Kx) 
f'= \ie -+ 

( 3 . 1 )  

"'0 �(wt+\(x\ 
\ r e ( 3 . 2 )  

The first term represents an incident wave propagating in the positive 

x direction Pi and the second term represents a reflected wave �" so 

that 

( 3 . 3 )  

( 3 . 4 )  

The particle velocity for a plane wave in terms of the pressure is 

�� 
'rIfC dx v • ( 3 . 5) 

Since the velocity is also a solution to the wave equation, we have 

-po �\wt-\<X) -p l'wt ... kx) v� -' e __ I-_e 
fC fC ( 3 . 6) 

where the incident particle velocity is Vi and the reflected particle 

velocity is Vr, 

( 3 . 7) 
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(3.8) 

The minus sign in Equation 3.6 occurs because the velocities are vector 

quantities traveling in opposite directions. The acoustic properties 

of a material are defined by the specific normal impedance Z which is 

the ratio of the pressure to the normal partic le velocity at the sur-

face. Unless otherwise noted, the term "impedance" as used in this 

study will refer to the specific normal impedance defined above and 

3 
will have the dimensions of Nt sec/m or MKS rayls. If the pressure 

and velocity are out of phase , the impedance wil l  be complex, having 

a real and imaginary component. 

Z-=""R+jX ( 3 . 9 )  

'R is called the resistance and X is called the reactance .  Thus , we 

have 

Z = 

z = 
1", + 1>r 
1'i _ rI
fe f'-

Rearranging Equation 3. 11 yields the reflec tion coefficient r 

_ 1> .. _ r - -
'Pi 

z - pC 
Z + fC 

(3.10 ) 

(3.11) 

(3.12 ) 

The absorption coefficient is a measure of the energy absorbed by the 

material and is defined by 

<x"" 1_11'1'- ( 3.13 )  

In terms of the impedance of the material and Equations 3.12 and 3 .13 , 

the absorption coefficient is 
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4'RfC 
(3.14 ) 

The impedance and absorption coefficient for plane waves at normal 

incidence to a material are not constant but are a func tion of several 

factors including frequency, material properties and thickness , and 

mounting conditions. 

For some materials, the impedance and absorption coefficien�s are 

also a function of the incident angle of sound (15 ) .  A material is 

termed locally reacting if the impedance is independent of the angle 

of incidence, while extended reaction occurs for materials whose 

impedance varies with angle of incidence. For a plane wave incident 

at an ang le e to the normal to the surface in Figure 2, the impedance 

is Pi'" h Z .. =-
'I', . ... V, "1.�O n 

Ze=-
n + I'\.. 

0 . 15 ) 
-PI cos e -p� cos €I 
r· r-

From the diagram, \I •• are the normal components of the incident 

and reflected partic le velocities so that 

\I; : " 
? 

-'- COS e 
fC-

Vr = - 1'1' COS e • f" 
Therefore, the impedance is 

and the reflection coefficient r is 

0.16 ) 

0 . 17 )  

(3.18) 



" 
--

" . 

)(=0 

16 

'-

Figure 1 Plane Wave Propagating Normal to the Surface of Material 

Figure 2 Plane Wave Propagating at Oblique Incidence 
to the Surface of Material 



ZQc,ose - fC 
Z&cos9+fv 
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( 3.19)  

If the material is locally reacting, then for all angles of incidence, 

we have 

z 0 Z a ( 3.20 ) 

If the impedance for any angle e is known, the absorption coefficient 

can also be determined. From Equation 3 . 13 ,  the absorption coefficient 

for oblique angles is 

( 3 . 21) 

where the plane wave reflection coefficient r is defined by Equation 

3 . 19. 

It would be highly desirable to be able to predict the acoustic 

behavior of material from knowledge of its physical properties. Sev-

eral theories for sound absorption based on the acoustic properties of 

a porous material have been developed. The theories of both Beranek 

and Ford have used the parameters of flow resistance and porosity to 

predict normal and oblique incidence behavior of a material. Using 

normal impedance measurements, Pyett has determined the bulk acoustic 

parameters of a material which are used in predicting the acoustic be-

havior at oblique incidence. Each of these theories will be presented 

in the following sections. 

3 . 2  Beranek's Theory for Porous Materials 

Beranek ( 16 )  has developed an expression for the specific normal 

impedance of a porous material in terms of three constants - the flow 

resistance, porosity, and the density of the enclosed air. The 
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continuity equation and force equation are derived and then combined 

to give the wave equation for propagation within the material .  We 

begin by considering the incremental volume of material in Figure 3 .  

This volume 5o.X contains a volume of solid matter S,�X� and a volume 

of air 50.)(,,+ S,o.x, such that the porosity is 

where 5 � S,+ 5 • z 

n =- \ 
+ ,S,/SJ ( 3 . 22 ) 

The continuity equation for the air passing through the material is 

( 3 . 2 3 )  

which becomes 

"0 ( 3 . 24 ) 

Beranek assumes that the cycles of condensation and rarefaction of the 

enclosed air in the materi al occur isothermally , which he states is 

valid for many acoustic materials and especially for frequencies below 

2000 Hz. Therefore, for an isothermal process at atmospheric pressure 

to. t>. o.\; 
( 3 . 2 5  ) = 

Po \J 
and 

t. ", " � ( 3 . 2 6 )  Po f 
If 6. po is the acoustic pressure t', the continuity equation becomes 

=-0 ( 3 . 27 )  

which for steady state conditions is 

::'0 ( 3.2 8 )  

The net force applied to the incremental volume of Figure 3 is 



/ 
/ 

/ 
/ 

Figure 3 
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r-- "X, 

Incremental Volume of Material 
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( 3 . 2 9 )  

This force wil l  be opposed by the sum of the mass times the accelera-

tion of the air and solid particles in the incremental volume and by 

a force dependent on friction - therefore the flow resistance. If � 

is the average velocity of particle motion through the face 5, then 

the following continuity equation holds 

Su'" 5,1.1., + S�u� ( 3 . 30 )  

where 1.1, is the velocity of partic le motion through S, and I.l, is the 

velocity of the solid matter of area �,. The f low resistance of the 

material introduces a force that will oppose the air flow through 

the material. This force due to friction F� is then 

where 1\ is the specific flow resistance per unit thickness. Since U, 

will be zero for non-moving solid , we have 

and 

The forces on the areas 5, and 5, are 

-pS ::foS,I).X,dl.l>. -+K S /).x (\.I -u) 
I '1. � ,  , dt 

2 I 2 2. , 

( 3 . 32 ) 

( 3 . 3 3 )  

( 3 . 34 ) 

(3.35) 
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where p. is the density of the solid matter. Therefore , the force 

equation becomes 

_ �Sll.)(. '" pSC>.x, 'aU + fS,b.X� dll, +t�S C>.X �\\� 
ax at ilt '  2. CIt 

( 3 . 36 ) 

Using Equations 3 . 30, 3 . 34, and 3 . 3 5, �, and U.can be e liminated and 

for steady state conditions we have _k=.WfU[I+ 5.b.X.(P"_I) I J ( 3 . 3 7 )  ax J S,C>.)( ? (t+s,jS,)+J\I-.Q)(wPyR,;) 
If P.»f and (\ - n'K U) Pv�3 >:> 1, the equation yields 

or 

where 

( 3 . 38 ) 

(3.39) 

( 3 . 40 )  

( 3 . 4 1 )  

It can be shown that the approximations �, = 1\" and P, = f are valid 

for the materials we are interested in. Combining the force equation 

and c ontinuity equation , we obtain a wave equation 

( 3 . 42 ) 
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with 

( 3.43 ) 

This is of the form of the wave equation in free air 

( 3 . 44 )  

with k now being a complex quantity k to account for losses as the 

wave propagates in the material 

and 

c -2.-

The solution to the wave equation can be written in the form 

where 

� l(",t-h) " J(",t"k'>(') 
I' = ,,�e -\- ,,_ e 

( 3 . 4 5 )  

0 . 46 ) 

0 . 47 )  

( 3.48 )  

I\� and PI._ are the amplitudes of the forward and backward traveling 

waves respectively. The normal component of velocity is obtained 

from the force Equation 3 . 3 9 ,  and the ratio of \" to L\ at the surface 

of the material gives the impedance 

The value of � is obtained by boundary conditions for the material 

as determined by its mounting procedure. For the rigid wall backing 
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of Figure 4, U. o at )<. = 0, so that Zo = CO at )( O. Therefore, the 

impedance with a rigid wall backing is 

(3.50 ) 

For a plane wave incident at an arbitrary angle e as in Figure 5 ,  we 

assume that Snell's law holds 

(3.51) 

and derive the impedance for any angle of incidence. By applying the 

boundary conditions for a rigid wall backing, the impedance is ( j'1<, yt 
Zd" p,C, L'- P;W) co"th [j �. cos G� dJ 

n>. c,os e� � 

and from Equation 3.51 

cos 8. = 
<. ..3. 

C· I 

3 .3 Ford's Theory for Porous Materials 

...I.. 
>. \< Sin e J 

(3.52 ) 

(3.53 ) 

Ford, Landau, and West (17 ) derive an expression for the reflec-

tion coefficient and impedance of a hard porous absorbent in terms of 

the porosity and flow resistance of the material. An air wave incident 

at the surface of the absorbent propagates through and within the pores 

of the rigid material. It is assumed that the pores are interconnected 

in a random manner and are of variable diameter and also that the 

porosity is constant over an area which is small compared to a wave-

length. 

We begin by examining the force equation and continuity equation 

for the porous material. Introducing a coefficient of viscous friction 

�s (or flow resistance per unit length), the force equation for an 
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incremental volume of material is 

- 'Jrnd 1', � f ��t + 'Rs 'J-I, " - f 3r<l.ct � d()�t ) 
- �rnd Pt =lwp 'it + "Rs \i" = - j wf �rQ"d h 

where �t is the velocity potential in the material. 

Therefore 

where 

(\- �) pw 
The equation of continuity for propagation within the material is 

( 3 .54 ) 

( 3 .55) 

( 3 .56 ) 

( 3 .57 ) 

From Morse and Ingard ( 18) , the following expressions are developed 

( 3 . 58 ) 

c' = _I-
lk 

( 3 . 59)  

where K is the compressibility of the medium, f is the density, 'i, is 

the change in density, and C is the speed of sound in the medium. 

From Equation 3 . 57 ,  we have 

_1- cliv V-t-= 
K 

Using Ford's notation, this becomes 

K' div \Jt = 

( 3 . 6 0  ) 

( 3 . 6 1 )  

where k' is the modulus of elasticity of the air in the pores. _Sub-

stituting Equations 3 .54 and 3 . 55 in Equation 3 .61 results in the 

wave equation 



z 

'/ 1>t + 
(j)f' �1; =- () 'K'D 

Now , we let 
.L ..L 

C - (�Df� ( 1<./ f r 2. - ,j'Rs \ -
f W  

The speed of sound for isothermal ( -( = 1 . 0 )  and 

conditions is CT and Cs respectively so that 

!1. I 
C "f ;: --

f 'r<.T 

"
C = s 

I 

f 'Ks 
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0 . 62 ) 

0 . 63 ) 

adiabatic ( \ =  1 . 4 )  

( 3 . 6 4 )  

( 3 . 6 5 )  

where k T  and k s  are the isothermal and adiabatic compressibility of 

the medium. Since KT =1' Ks , the speed of sound for either condition 

or for a value of -( between these two extremes is 

( 3 . 66 )  

where the speed of sound for adiabatic conditions Cs is the same as 

the speed of sound in air. The speed of sound in the material becomes 

where 

( 3 . 68 )  

The field in air is described by a velocity potential 1 such that 

the pressure and velocity are given by 

( 3 . 69 ) 



• 
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( 3 . 70 )  

Similarly , the field in the absorbent is characterized by a potential 

�t so that the resulting pressure and velocity are given by 

( 3 . 7 1 )  

( 3 . 72 )  

where D is the coefficient derived from the force equation. Consider-

ing the absorbent with a rigid backing in Figure 6, the fields can be 

described by the following potentials. 

l � (:2.- d\c.ose - J � (z-d\ cos� ) - l l<x sl'� e 

ip = l\ ( e + r e t, 

We now apply the boundary conditions and introduce Snell ' s  law 

sI n e  -= si n e. 
C, Ct 

( 3 . 73 ) 

( 3 . 75 ) 

( 3 . 76 ) 

Continuity of pressure from Equations 3 . 69 and 3. 71 requires that at 

where 
13 T = 
f>.. 

( 3. 77) 

( 3 . 78 )  
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Continuity of normal flow from Equations 3 . 70 and 3 . 72 requires that 

at 2 = d 

From Equations 3 . 78 and 3 . 80 ,  we solve for r to obtain 

\" :::. 
f c+. COS e c.ot h \ j �'td CCS Elt) + ]).0 fC c.oS €I .. 
f Ct cos e co-th  (j K .. d toS E4.) - J) D. f e  CoS et 

( 3 . 79 )  

( 3 . 80 )  

( 3 . 81 )  

Using the potential � ,  the impedance at the surface for a plane wave 

incident at an angle e is 

? I · -V z > d  z = d  
z '" Jolf ( I H) 

d. _ .� \(  ces e ( 1 - r \  

From equation 3 . 81 ,  w e  obtain 

= fC .. cot h C J  \(t d cos et) 
]) .0.. cos e-t 

For normal incidence, e = 0, this becomes 

z " ec .. cO't h ( j Kt d) 
d J) Sl.  

3 . 4  pyett · s  Theory for Non-isotropic Porous Materials 

( 3 . 82 )  

( 3 . 8 3 )  

( 3 . 84 )  

Pyett ( 7 )  has derived an expression for the specific normal im-

pedance in terms of two experimentally determined propagation para-

meters of a homogeneous porous material . A treatment of wave 
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propagation in an isotropic medium is first presented and then general-

ized to the case of propagation in a non-isotropic medium using tensor 

notation. 

The force equation for propagation of an acoustic wave in an 

isotropic medium such as air is 

(3.85 ) 

where f and 4 are the acoustic pressure and velocity respectively. 

The equation of continuity is 

_1_ <li\J 1.\ 
K 

I df 
f �t (3.86) 

(3.87) 

(3.88) 

where k is the compressibility of the medium. Now, taking the diver-

gence of Equation 3 . 85 and the derivative with respect to time of 

Equation 3.88 and combining , we obtain the wave equation 

(3. 89) 

Assuming a time dependence 

(3. 90) 

where 

(3. 91 ) 

The characteristic impedanc e Z of the medium will be defined as 

<3. 92 ) 



From the force equation 

we obtain the velocity 

I 1-- yad F = i ulf lA  = {f K  ) ' j'  1.\ 

- �ro.cl \" = Z. f \.\ 

u = - _I - � rad  f 
S z.  

The quantity t has a real and imaginary component 
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( 3 . 93 ) 

( 3 . 94 )  

( 3 . 95 ) 

where � is the attenuation constant and � is the phase c onstant which 

corresponds to � in air. For a plane wave propagating in the positive 

x direc tion , the pressure and velocity are 

-0 J" wt - ;S x  
f' = I e  ( 3 . 96 )  

( 3 . 97 ) 

For an anisotropic medium, f and K' may depend on the direction of 

u so it is necessary to use tensor notation for Equations 3 . 85 and 3 . 88. 

These relations in tensor form become 

( 3 . 98 )  

( 3 . 99 )  

I f  the f and �' tensors are both symmetric and have the same principal 

axes, then , referred to these axes , both matrices are diagonal . The 

wave equation becomes 

( 3 . 100 ) I 
1< " " 

II 



with 

and 

The velocity is now given by 

Z ; " 

U· =' -, 

-'-
I ) " ( p .. K " I II t \ 

I d f  
f· z· d)(,' , , 

3 1  

( 3 . 10 1 )  

0 . 102 ) 

( 3 . 10 3 )  

The specific normal impedance of a thickness d of a homogeneous 

porous material can now be calculated for a plane wave incident at 

ang le e to the normal. The layer is assumed to be backed by a rigid 

wall having an infinite impedance as shown in Figure 7. If the p lane 

of the incident acoustic ray makes an angle 11 with the y axis, then 

the sum of the sound pressures of the incident and reflected waves is 

_ ( -�k\( ccsg l Kx ccse ) lk (y s in �  " 1. sll\�) !i l n 6  
f, - A l  e ... ll, e e 0 . 104 ) 

where the time factor 
'jwt 

e wil l  be omitted. The transmitted pressure, 

inc luding the component reflected from the rigid backing is 

where 

Substituting the 

( - q �  'U 9"\ 'ry 1- sz. 
f ::  � e  + .u e J e  

pressure in Equation 3 . 100 , we obtain 

"''>. 2. s2. r-0\-
r 

+ 
.f 2.  

� 

'f "  � y z 

( 3 . 10 5 )  

( 3 . 10 6 )  

( 3 .107 ) 

( 3 . 10 8 )  
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Figure 7 Wave Propagating at Oblique Incidence to Material 



The velocity in the x direction is 

II = )l 
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( 3 . 109)  

We now apply the boundary conditions at the surface and backing of 

the material. Continuity of pressure across the surface l'- = 0 requires 

Because of the rigid backing, \I .  = 0 at X = d and 

Therefore, the specific normal impedance at X = 0 is 

The value of � from Equation 3 . 108 is 

\ -+ k S',o S � [ � 2 \'��<" 
SA y +�D 

( 3 . 110 ) 

( 3 . 11 1 )  

( 3 . 112 ) 

t 
( 3 . 1 1 3 )  

The expression for 9 can be simplified if either � = 0 or �y = '3z 
\ 

• 'i ( \ + \{\in'e )2 
'1 " \ 'S .  � 

We define an arbitrary angle � by 

( 3 . 114 ) 

( 3 . 1 1 5 )  

The angle � has n o  meaning beyond the above definition except for the 

case of zero attenuation cI =  0 ,  when it is identical with the ang le of 

refraction given by Snell ' s  law 

( 3 . 1 16 )  



34 

When a;. and cr'y are small compared wi th � and �1 ' Equation 3.114 

becomes 

'I = � [cos'l.cP + sin'q, � l + � �.cos 4> < 3 . 117)  
ccs <\> cr; � d 

Furthermore, when (l""V�y = �/�. Equation 3 . 117 is simplified to 

( 3 . ll8 ) 

The two propagation parameters for the material are 9 ' the propagation 

constant, and Zx , the characteristic impedance. For normal incidence 

e = 0 and 9 = :ix , and Equation 3 . 112 becomes 

Z ( d , o) = Z .... coth \ ;)"dl  ( 3 . 119) 

The two propagation parameters can be determined from normal impedance 

measurements for samples of different thickness. If the .thickness of 

the samples are in the ratio of 1 to 2 ,  and the samples are backed by 

a rigid wall, the impedance will be 

so that 

Z (d , o) _ \ + cosh (Z:)"dJ 
Z (�d , o) CO'sll (ZSxdl 

Rearranging Equation 3 . 12 2 ,  we have 

where 

! ' X! 
c..OS h ( ;(:5  c\) = 

i<- -+ J = \J -+- i \I � \'R- "K' ) + � \X _ X/ ) � 

\I '" x \ 'R - "K' ) - "K' \ X - X' ) 
\"R -�' );! + \ X - X ' )< 

< 3. 120 ) 

< 3.121)  

( 3 . 122 ) 

< 3 . 123 ) 

( 3 . 124) 



v '" x' ("'K-'R ') - "R' ( x  - '/ ') 
('"R _ "'R' )4;. (,>< _ )<.' )4 

3 5  

( 3. 12 5 )  

Using a standing wave tube for normal impedance measurements, the 

I , 
measured values of �, X , "R , and )<. from Equations 3 . 120 and 3 . 12 1  

are inserted in Equations 3 . 124 and 3 . 125.  The values of :<' �xQ in 

Equation 3 . 12 3  may be determined from nomograms for the hyperbolic 

cosine of a complex argument ( 1 9 )  or, as in this case, determined by 

an iteration technique ( 2 0 )  for complex numbers using the IBM 3 70 

computer. This iteration technique is discussed in Appendix A. From 

Equation 3 . 95 ,  the value of S is 

( 3 . 126)  

Once :S" has been determined, Zx may be calculated from Equation 3 . 119. 

Using these values, the impedance can be calculated as a function of 

incident angle from Equations 3 . 112 and 3 . 118. The validity of these 

theoretical approaches will be discussed in Section 5.4  in connection 

with the presentation of the experimental results . 



CHAPTER IV 

PROCEDURE AND TECHNIQUES 

4 . 1  Standing Wave Tube 

Measurements of the normal incidence behavior of absorbing 

materials can be made using a standing wave tube, also known as an 

impedance tube or constant length acoustic interferometer. A Bruel 

and Kj aer Type 4002 Standing Wave Apparatus , which meets the specifi-

cations of ASTM Standard C384-58 ( 1 ) , was used for measuring the 

impedance and absorption coefficients at normal incidence. The 

apparatus consists of a rigid walled tube with a sound source at one 

end and the sample of absorbing material to be tested at the other 

end as shown in Figure 8. The sound field in the tUbe is generated 

by the loudspeaker and pressure levels are measured with a moveable 

probe microphone . The formation of a reflected wave at the absorbing 

material generates a pattern of standing waves. The sound pressure 

at a distance X from the sample is the sum of the incident wave Pi 
and the reflected wave p .  ( 2 1 l . 

A i (I>lt -�x) i ( wt+\\ )() F "  e '  + "B e" 
, 

(4. 1 ) 

The wavenumber k is complex , to account for attenuation in the tube . 

However, if we assume that losses in the tube as the sound wave 

propagates are negligible, then the wavenumber � has only a real part 

\� so that \( = \<. = Ill/C. If we can determine the phase and magnitude 

of the reflected pressure amplitude �, relative to A ,  the specific 

normal impedance can be determined. If the reflected pressure ampli-

tude is complex, it may be written as 
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so that 

where K , " K)I + t and 'T. = wi + t .  

The acoustic pressure is the real part of Equation 4 . 3  
t \> "  [lA k- B\.t cos· K , +  ( FI- B'{ sin'.1.l<.] cos (-r;+ e )  

and the amplitude of the standing wave pattern is 
..J... 

-p =  [( A + f))�c.os�(�)( + � )  +(f\ -!» s;n\�>tt �)J 2 

3 8  

( 4 . 2 )  

(4 . 3 )  

( 4 . 4 )  

( 4 . 5 ) 

From Equation 4 . 5  pressure maximum and minimum will be located at 

antinodes and nodes respectively such that 

( 4 . 6 )  

(4. 7 )  

For the conditions of a minimum at a point X , Equation 4 . 7  indicates n 

that all nodes will be located at positions such that SI" \I<� + t-) 

will be a maximum. Therefore, 

and 

The wavelength � can be measured directly by taking the distance 

( 4 . 8 )  

( 4 . 9 )  

between successive minimums at X. and )( • The standing wave ratio ., n+l 

5\IJR is the ratio of maxiinum and minimum pressures 

I 
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SW1' 
fmQ", I -\- Irl 

:: :. (4. 10 ) 
1> min \ - \ r\ 

Thus, 

'r 1'> SIN R - l  
." -- ':: 

A 5W R + l  
(4 . ll ) 

The specific normal impedance at the surface of the material is then 

. �  
Z 1 + \r \ e J  

(4. 12 ) " 

I d e j <l>  pc I -
Finally, the absorption coefficient can also be determined and is 

01. =  \ - \ r\ 
>. (4. 13 ) 

A moveable probe microphone is inserted in the tube so that �n and SWR 

can be measured. 

ASTM Standard C384-58 lists specifications for low and high 

frequency limits of measurements based on impedance tube dimensions. 

The lower limiting frequency f L is determined by the length l of the 

tube in feet and is given by 

{ . :. L 
\ 00 0  

L 
( 4 . 14 )  

Similarly, the upper limiting frequency fu  for measurements is given 

by 

-1 : B OOo ( 4 . 1 5 )  U b 
where b is the diameter of the tube in inches. Within this frequency 

range higher order modes of propagation are restricted, and we have 

only plane wave propagation in the tube. Because of these limitations, 

two tubes of different sizes were used to take measurements over the 

frequency range of interest. These limits, together with the limits 

for measurements specified by Bruel and Kjaer (22 ) for each size tube, 
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are listed in Table 3 .  The standing wave tube provides a quick and 

inexpensive means of determining the relative absorption properties 

of many materials in a short period of time. However , the absorption 

of most materials is higher at oblique incidence than at normal inc i-

dence. Since propagation within the tube is limited to plane waves , 

the impedance tube measurement gives an absorption coefficient which 

is usually the minimum performance expected for a material. 

TABLE 3 

Frequency Limits for Standing Wave Tube Measurements 

Frequency Limits 

Bruel and Kjaer ASTM Standards 
Tube 
Size Length Diameter Low High Low High 

Large 40" 1 1/8" ( 3cm) 90 Hz 1800 Hz 99 Hz 2030 Hz 

Small 13 3/4" 3 7/8" ( lOcm) 800 Hz 6500 Hz 288 Hz 6780 Hz 

4 . 2  Flow Resistance 

The apparatus used for flow resistance measurements , shown in 

Figure 9 ,  follows specifications outlined in ASTM Standard C522-69 ( 2 3 ) .  

Since the fiberglass samples are not completely rigid , caution must be 

used in inserting the material in the sample holder because compressing 

the material would yield a high flow resistance. With the flow control 



Pressure 
Regulator 

� 

Micromanometer 

Sample 
Holder 

Reserve 
Tank 

Pressure 
Gauge 

Flow Meters 

Flow 
Control 

Valve 

Figure 9 Flow Resistance Apparatus 

Jet Nozzle 

Microvalve 

"" I-' 



42 

valve closed and the pressure regulator adjusted , the inlet supply 

valve is opened to fill the reserve tank. As the flow control valve 

is opened , flow through the jet nozzle causes a vacuum at its center 

section which draws air through the sample and the rotameters and then 

out the j et. With the rotameter valves fully opened , the flow control 

valve is opened until the maximum f low rate of 1700 cc /min is achieved. 

The flow can now be regulated from 0 to 1700 cc /min using the micro-

valve alone. Since the pressure drop across the specimen for these 

flow rates is on the order of thousandths of an inch of water , it is 

measured using a micromanometer. The pressure drop in units of dynes/ 

2 
em is 

where h is the pressure drop in inches of water. The particle veloc-

ity in cm/sec can be determined from the cross sectional area A of 

the sample and the flow rate Q in cc /min 

U = ( 4 . 1 7 )  

The specific flow resistance per unit thickness d in cgs rayls /inch 

is then 

= �  
Q d  

For an area of 8. 73 cm
2

, this becomes 

(4 . 18 ) 

(4. 1 9 )  
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where 

h pressure drop in inches of water 

Gl = flow rate in cc/min 

Since the flow resistance increases rapidly with U , it is important 

that measurements of flow resistance be performed within a range of 

values for U corresponding to particle velocities encountered in sound 

pressure levels appropriate to noise control problems. The sound 

pressure level in decibels, reo 0. 002 microbars, which corresponds 

to a certain particle valocity can be ' determined from the following 

equation 

S 'f' l 0 2 0  ( 4 . 20 ) 

51'L ': 2 0  \ o� " Q + 5 1 .  '0 
( 4 . 2 1 )  

and is listed in Table 4 for the range of flow rates used in testing. 

4 . 3  Surface Pressure Method 

Measurements of the absorption characteristics of a material 

at oblique incidence were taken using a free field measuring technique 

first presented by Ingard and Bolt ( 10). This method , known as the 

surface pressure method, compares the pressure and phase of a plane 

wave measured as a function of incident angle at a point on the sur-

face of an absorbent material to a similar measurement at the same 

point in space at the surface of a completely reflecting panel. A 

sufficiently large sample is assumed so that the theory of reflection 

from an infinite plane boundary can be used in the analysis. The 

two measurements are illustrated in Figure 10. In future use, the 



TABLE 4 

Flow Rate Versus dB Level, reo 0 . 002 Microbars, 
for Flow Resistance Measurements 

Flow Rate (cc/min ) dB Level 

10 7 1 . 8  

20 77.8  

40 83 . 8  

80 89. 8 

100 91. 8 

150 95 . 3  

200 97.8  

400 103 . 8  

600 107.4 

800 10 9. 9 

1000 111.8  

1200 113 .4 

1400 1 14 . 7  

1600 115 . 9  

2000 117.8  

44 
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pressures P,  and r" will be referred to as the hard wall pressure 

and the absorbing surface pressure respectively. Assuming the pressure 

of the incident wave is �i ' the following relationship can be written 

for � ,  and h .  
( 4 . 2 2 )  

( 4 . 2 3  ) 

The relationship between these expressions can be visualized by the 

vector diagram in Figure 11 , where I.\' = \It.. - 1f' ,  

4 . 22 and 4 . 2 3  

and from the vector diagram 

Now , combining Equations 4 . 2 6  and 4 . 2 7  

2. ;:, < 1', � I \"e l  � I .. + 
4 

Dividing Equation 4 . 28 by \ p ; \<' we obtain 

� ( ?s � _ 1'� COS '\' + _I ) 
'?,� 1', 4-

From Equation 

( 4 . 24 ) 

( 4 . 2 5 )  

( 4 . 2 6 )  

( 4 . 2 7 )  

( 4 . 2 8 )  

(4.29) 
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The absorption coefficient as a function of incident angle is then 

rX. " \ _ \ p  .. \2 
Eo \ �i \2 

<X.a: 4 "f.. (cos'\' - "?� ) ( 4 . 3 0 )  

"P, 'PI 

For an incoming wave at ang le e ,  the inc ident and reflected pressures 

are related from Equation 3 . 19 as follows 

Z e  c.o.s 9 - pC 
Z.  cos e + f C  

where Ze is the specific normal impedance of the material at the 

angle e .  Letting 5 = b and W = ..h. 
fC PI 

W =  S c.Ose 
s cos e + l  

we have 

Therefore ,  for measurements using the hard wall pressure ?� as a 

reference ,  the normalized impedance is given by 

W _,_ 
\ - w  C.OS e 

( 4 . 3 1 )  

( 4 . 3 2 )  

( 4 . 3 3 )  

I f  the reference pressure is measured for free field conditions instead 

of at the surface of the perfec tly reflecting boundary , we then have 

for the free field pressure t:s 

( 4 . 3 4 )  

The expressions for absorption and impedance , using a free field 

pressure as a reference , are now 

( 4 . 3 5 )  



= 

2. - W ('oS El 
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(4 . 3 6) 

Therefore , a reference pressure for measurements can be taken either 

for free field conditions or at the surface of a perfectly reflec ting 

boundary. 

The experimental arrangement for the surface pressure method is 

shown schematically in Figure 12 . The material to be tested is mounted 

on a panel and placed in an anechoic chamber . The measurements at the 

material surface and at the reflecting surface ( or free field position ) 

must be made at the same point in space so that no additional phase 

shift between the two is introduced. The surface of the material 

and the surface of the reflecting panel must then occupy the same 

plane in spac e .  A probe microphone located either at the surfac e of 

the material or at the surface of the reflecting boundary measures 

the pressure. The phase difference between the electrical driving 

voltage to the loudspeaker and the acoustic pressure at the reflec ting 

surface is '1', I The corresponding phase difference for the measure-

I ment at the surface of the material is �� . Thus , 

j , 

'I' � 4'2 - '1', ;:: 4'2 - 'l', ( 4 . 3 7 )  

A s  the sample rotates in the presence of an approximately plane wave , 

the pressure and phase are recorded continuously as a function of 

incident angle. 

A few differences exist between the surface pressure method as 

performed by Ingard and Bolt and as performed in this study. The 

"hard wall" used by Ingard and Bolt was an eight-foot square pane l 

rotated about a vertical axis at a speed of approximate ly one half 
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Figure 12 Schematic for Surface Pressure Method Tests 



revolution per minute . A large horn speaker was used as a sound 

source and the pressure at the surface of the material and panel 

was measured using a probe tube connected to a 640-AA condenser 

microphone . 
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The initial attempt to investigate this method was made using 

a three-foot square panel as the reflecting surface. To satisfy 

the conditions of a hard walled rigid surface , the panel was con

structed of a three quarter inch plywood board with a one-eighth 

inch thick aluminum sheet bonded to its surface. rhe panel was 

mounted on a turntable in the anechoic chamber and rotated about its 

vertical axis at a speed of approximately 1/3 revolution per minute. 

The pressure and phase were recorded continuously as a function of 

incident angle with a Bruel and Kjaer Type 4136 quarter inch con

densor microphone mounted at the center of the board . Preliminary 

tests concluded that the three-foot panel was too small for the assump

tion of an infinite reflec ting surface to be valid for the frequency 

limits of interest in this study. Limitations regarding sample size 

will be discussed in Section 5 . 3 .  As an alternative , a larger six

foot square panel of similar construction was used as the "infinite" 

reflecting surface. Due to the size and weight of this board , it 

was held stationary while the sound source was mounted at the end 

of a boom and rotated about the vertical axis of the board at a 

fixed distance of 8 ' 4".  The sound source , a CTS 4 1/2 " diameter mid

range speaker enclosed in a 4" x 4 1/2 " x 7 1/2" wooden box , was 

suspended from the boom as shown in Figure 13 at the s ame vertical 

height as the Brue l and Kj aer Type 4136 quarter inch microphone 

mounted at the center of the panel. 



5 1  

Figure 1 3  Sound Sourc e for Surface Pressure Method Tests 
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The distance between the source and microphone must be kept con

stant for testing samples of varying thicknesses so that no additional 

phase shift is introduced in the phase ang le measurement. The piston

type mounting arrangement shown in Figure 14 allows the panel to be 

moved horizontally so that the surface of the absorbing material and 

the reflecting boundary can be placed at the same plane in space for 

each measurement .  The positioning of the surface was facilitated by 

using a plumb bob suspended from a fixed point above the reflecting 

panel. The apparatus is shown in Figures 15 and 16 for a hard wall 

pressure and surface pressure measurement respectively. Since 

measuremerits of the pressure and phase for several different samples 

were recorded and then compared to a reference measurement ,  it was 

necessary to monitor temperature variations in the chamber. The 

effect of temperature changes on phase measurements will be shown 

in Sec tion 5 . 3 .  



5 3  

Figure 1 4  Mounting Arrangement for Reflecting Panel 
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Figure 1 5  Panel with Hard Wall Surface 

Figure 16 Panel with Surface of Sound Absorbing Material 
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CHAPTER V 

DISCUSSION OF RESULTS 

5 . 1  Standing Wave Tube 

The results of absorption measurements at normal incidence using 

the standing wave tube described in Section 4 . 1  are shown in Figures 

17 to 22 for one-inch thick samples of Owens Corning 703 , 704 , and 705 

Fiberglas. These three samples were taken from the materials used in 

the surface pressure method tests. According to limits set by both 

Bruel and Kj aer , and the ASTM Standards , measurements with our appara

tus should be possible for frequencies up to 6000 Hz. However , 

successive pressure minimums did not repeat at half wavelength inter

vals for measurements at 6000 Hz. This effect would tend to discredit 

absorption measurements at the high frequency limit of the standing 

wave tube. There is some question as to whether these limits are 

valid for measurements with both locally reacting and extended reacting 

materials. For an extended reacting material , the behavior at a point 

on the surface of the material is affected by the behavior. at an 

adj acent point. In this case, then , there is a possibility modes 

would be generated that would interfere with plane wave propagation 

within the tube. 

The agreement between measurements for an overlapping frequency 

range using the large tube and the small tube is quite good , indicating 

that the absorption of the fibrous materials is independent Of
. 

sample 

size. For each material ,  the resistive component of the impedance is 

positive , being essentially constant over the frequency range from 

500 Hz to 3000 Hz, while the reactive component of the impedance has 
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a large negative value at low frequencies which increases as the 

frequency is increased. Although the reactance is approximately the 

same for each of the 1 "  thick samples of Owens Corning 703 , 704 , and 

705 Fiberglas , the resistance for e ach sample is different. This can 

be explained by the difference in flow resistance for each material. 

In Section 5 . 4 ,  it will be shown that an increase in the flow resist-

ance of a material will raise the value of the real component of the 

impedance but will not affect the reactance. This result is consistent 

with the flow resistance measured for each sample and described in 

Section 5 . 2 .  

5 . 2  Flow Resistance 

The specific flow resistance per unit thickness of the material 

was measured using the apparatus discussed in Section 4 . 2 .  Each 

2 
sample tested was one inch thick and had an area of 8 . 73 cm . The 

samples were taken from the materials used for the surface pressure 

method tests and were removed from a position adj acent to the sample 

used for standing wave tube measurements. In this manner , a smaller 

variation in acoustic properties between the two samples would be 

expected. The flow resistance for two samples is shown as a function 

of the flow rate in Figure 2 3 , and is in general constant for the 

linear velocity range. The increase in flow resistance for low flow 

rates is due to the error in measuring pressure drops of only a few 

thousandths of an inch of water rather than to the properties of the 

material. The value of flow resistance per unit thickness for each 

of the fibrous materials was determined by taking the average of 

several measurements at the maximum flow rate of 1600 cc /min . These 

values are listed in Table 5 ,  together with the range of values 
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specified by Owens Corning for manufacturing tolerances. The measured 

values were roughly one third of the flow resistance values for nominal 

density and fiber diameter and were below the lower limit of the range 

of values for manufacturing specifications . These low values prompted 

further testing to determine the validity of these measurements. To 

guard against air leaking around the sides of the sample , vaseline 

was used as a seal between the material and the sample holder with no 

appreciable change in flow resistance measured. These abnorma lly low 

values c annot be explained unless the samples tested all c ame from 

high tolerance production runs. It will be shown later that neither 

the measured value or nominal value of flow resistance is high enough 

to calculate impedance values from theory that are comparable to 

standing wave tube measurements. This indicates that the flow resist-

ance for a fibrous absorbent does not provide a complete means of 

specifying its acoustic properties. This limitation wil l  be discussed 

in connection with the theoretical results in Section 5 . 4 .  

TABLE 5 

Flow Resistance Data for Owens Corning 700 Series Fiberglas 

Specific F low Resistance ( cgs rayls /inch ) 

Average Density and Range Within Manufacturing 

� Fiber Diameter Specifications Measured 

701 26 19-35 

702 38 2 7-56 12 . 83 

703 60 42-87 2 0 . 77 

704 45 35-57 1 5 . 5 5  

705 78 60-99 2 6 . 30 
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5 . 3  Surface Pressure Method 

Before considering the impedance and absorption coefficient 

measured by the surface pressure method , we will investigate the 

pressure and phase measurements. It is obvious that measurements with 

this method are limited both in frequency and angle of incidence due 

to diffrac tion effects from the finite size of the sample and the re-

flecting surface .  Not having analyzed the problem theoretically , 

these limitations will be determined from experimental results. 

The surface pressure \". measured as a func tion of incident angle 

at the center of a s ix -foot square sample of one-inch thick Owens 

Corning 705 Fiberg lass is shown in Figure 24 for several frequencies . 

As the incident angle increases from normal incidence ,  the pressure 

decreases s lowly until a cut-off angle is reached where the pressure 

drops rapidly. Furthermore , as the angle of incidence approaches 90 

degrees or grazing incidence ,  p;z. approaches zero. The pressure fa 
at the surface of an absorbing material with a specific normal imped-" 

anc e S is given by Equation 4 . 32 in terms of the pressure Pi at the 

reflecting surface. Thus , 

F. 
P ,  

5 cose 
S c..ose + I 

( 4 . 3 2  ) 

For a finite impedance , \'� will approach zero as e approaches 90 

degrees , and for a surface with an infinite impedanc e ,  f, approaches 

Fl . However , since we can never have an infinite impedanc e ,  even 

for the perfec tly reflecting surface , a similar pressure drop will be 

observed for the hard wall pressure as e approaches 90 degrees .  The 

angle at which this pressure drop occurs for the hard wall measurement 

will limit oblique incidence measurements. The experimentally 
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determined cut -off angles for measurements with the six -foot square 

reflecting surface are taken at the point where this pressure drop 

begins to occur and are listed in Table 6 .  

TABLE 6 

Cut Off Angles For Hard Wall Pressure Measurements 

Fre9uenc� Cut Off Angle 

1000 68° 

2000 75° 

3000 78° 

4000 800 

5000 82° 

6000 82° 

The pressure ratio �\ ;I? in decibels between the surface pressure 
• 

for a sample of Owens Corning 705 Fiberglas and the hard wall pressure 

is shown in Figure 2 5 .  The corresponding phase measurements are 

shown in Figure 26.  As seen by the curves , the surface pressure 

relative to the hard wall pressure approaches zero as e approaches 

90 degrees. 

The hard wall pressure measured as a function of incident angle 

at the center of a three-foot square perfectly reflecting panel is 

shown in Figure 2 7  for several different frequencies. As the incident 

angle is increased, the pressure alternately passes through a series 

of maximum and minimum values . As would be expected , the phase 
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component exhibits a similar pattern with a peak-to-peak phase varia

tion of 20 to 30 degrees. The behavior of this pattern indicates 

some sort of diffraction effects due to the finite size of the re

flecting panel.  As the frequency is increased , the magnitude of this 

pressure fluctuation decreases. Therefore, at high frequencies where 

the wavelength is much smaller than the dimensions of the surface,  

the reflecting panel better approximates an infinite surface and 

diffraction effects are less prominent. Recent work by Hughes (24)  

indicates that an incident wave diffracted by the sharp discontinuity 

at the edge of a finite size panel produces a significant secondary 

source at this edge. The wave from this secondary source travels 

along the face of the panel and is measured together with the incident 

wave by the microphone at the center. For certain angles of incidence,  

these pressures will combine so that the total pressure will have 

maximum and minimum values. From Appendix B ,  these maximums and 

minimums will be located at angles e such that 

where 

1 .  e = 900 

2 .  S I\'\ 0 h 

� the horizontal dimension of the panel 

'>-- the wavelength 

0 ,  1 ,  2 • • •  

The first condition is satisfied at grazing incidence where the pres

sure will approach zero as e approaches 90 degrees. This result 

was previously verified by the hard wall pressure measurements and 

by Equation 4 . 3 2 .  The second condition locates the maximum and 

minimum pressures as a func tion of incident angle. For a three-foot 

square panel , the angles at which the measured and predicted pressure 
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variations occur are listed in Tables 7 and 8. Diffraction patterns 

from perfec tly reflecting square baffles in an anechoic tank ( 2 4 )  

reveal pressure fluc tuations similar to those measured with the re-

flecting panel in air for equal ratios of the length of a side of the 

panel to the wavelength. ThUS , we would expec t similar results for 

tests at different frequencies and with different board sizes if the 

ratio between the length of a side of the panel C\ and the wavelength 

\ were the same. Therefore , comparing equal values of Ka , where k 

is the wavenumber , s imilar pressure patterns for measurements with 

different size reflecting surfaces would be obtained for frequenc ies 

related by 

(5. 1 )  

0. '  I 

- t  0. ( 5 . 2 )  

where -*- and Q are the frequency and horizontal dimension of the panel 

respectively for each measurement. These results are confirmed in 

Figure 28 for the hard wall pressure measurements at the surface of a 

two-foot square reflecting pane l .  

To reduce or eliminate the fluc tuations in pressure and phase 

due to di ffraction , several modifications were investigated us ing the 

three-foot square panel. Since the secondary pressure waves originate 

at the edges , it would seem that treating the vertical edges of the 

panel with sound absorbing material would eliminate the effect of 

diffraction. t�hen a three-inch thickness of Owens Corning 705 

Fiberglas was placed along each vertical edge of the panel , the 

results of Figure 2 9  indicate that this treatment has no appreciable 
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TABLE 7 

Pressure Maxima and Minima at 1 KHz, 3 -Foot Square Surface 

SCALe 

1 . 3 76 2 2 . 1  22 

2 . 752 4 8 . 6  4 9  

TABLE 8 

Pressure Maxima and Minima at 2 KHz, 3 -Foot Square Surface 

h h �  C1 
e

CALC 
9

MEAS ---
I . 188 10 . 8  10 

2 . 3 76 2 2 . 1  2 2  

3 . 564 3 4 . 3  3 5  

4 . 752 48 . 6  50 

5 . 940 70 67 
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effect on the hard wall pressure. This is because the discontinuity 

at the edge of the rigid panel is still present despite the fact that 

the material is highly absorbing . To remove this discontinuity, the 

edge mus t be completely covered by the material. With the edge of the 

panel covered , the incident wave is attenuated as it travels through 

the material to be diffracted at the edge. Furthermore ,  the diffracted 

wave is also attenuated as it travels outward through the material 

and toward the microphone at the center of the panel. The resulting 

pressure is shown in Figure 3 0 .  Modifications to the edges , such as 

rounding the corners , would have no effect on edge diffraction for 

the frequencies we are interested in. This would only become effective 

when the wavelength is the same size or smaller than the diameter of 

the rounded corner. The importance of ' surface geometry was investi

gated by measuring the pressure as a function of incident ang le at 

the center of a perfectly reflecting three-foot diameter circular 

board. The results , shown in Figure 3 1 ,  indicate that the geometry 

of the circular panel strongly reinforces the diffraction effects. 

In fact , this result would be expected since each secondary source 

at the c ircumference of the panel is the same distance from the 

microphone at the center. Since the pressure fluctuations are more 

pronounced for this geometry , a square or rectangular panel would be 

preferred for the reflecting boundary. 

As seen by the curves in Figure 2 7 ,  the magnitude of the fluctua

tion in pressure as a func tion of incident angle decreases as the 

frequency is increased. At high frequencies where the dimensions of 

the panel are large compared to the wavelength , the effect of 

diffraction is less pronounced , and the panel is a better approximation 
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to an infinite boundary. Therefore , the largest surface possible 

should be chosen for measurements with the surface pressure method in 

order that the assumption of an infinite boundary be valid at the 

lowest frequency of interest. Furthermore , the diffracted wave from 

the edge will be attenuated by the additional distance it must travel 

to the microphone at the center of a larger panel. It can be seen 

then that the use of a larger surface would reduce diffraction effects 

and also result in a lower limit for measurements. For these reasons , 

a six-foot square panel was used instead of the three-foot panel for 

all future measurements with the surface pressure method. The hard 

wall pressure measured as a function of incident angle is shown in 

Figure 32 for several frequencies with the larger surface. Despite 

the fact that the edges have not been treated , the improved performanc e 

for the larger surface , especially at high frequencies , can be seen. 

The pressure measured at the surface of an absorbing material as 

a function of incident ang le shows little evidence of the diffraction 

effects that were obtained with hard wall pressure measurements. This 

is because the material covering the surface of the rigid panel helps 

to eliminate the discontinuity at the edges and will attenuate a 

diffracted wave as it travels across its surface to the microphone . 

A further limitation and source of error for measurements with 

the surface pressure method are the temperature variations during 

testing . Although this variation has a minimal effect on the pressure 

levels , it has a direct relationship on the measurement of the phase 

angle. A change in temperature will affect the speed of sound and 

thus the wavelength. The speed of sound as a function of temperature 

is 
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where 

1.-
0 =  4'1.03 \ '159 . ",  + ' F ) '  

C = speed of sound in ft/sec 

OF = temperature in degrees Fahrenheit 

Since the wavelength \. is related to the speed of sound , 
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( 5. 3 )  

( 5 . 4 )  

i t  i s  also affected by a temperature change and will influence the 

measurement of the phase ang le. If the same phase measurement is 

made at different temperatures ,  a phase shift between the two .will 

be noted as shown in Figure 3 3 .  Al though there is only a very. small 

variation in one wavelength for the temperature change , this varia·tion 

is accumulated over a distance of several wavelengths. Therefore , 

over a distance of one wavelength , there is less error in the phase 

measurement than over a distance of two wavelengths. At high fre-

quencies , where there are several wavelengths between the loudspeaker 

and microphone , the probability of errOr in measuring the phase ang le 

becomes very high. The following expression corrects the phase errOr 

between similar measurements made at different temperatures lI, and 

where 

� the distance between source and microphone 

( , = speed of sound at temperature -r, 

C. = speed of sound at temperature T. 

(5. 4 )  
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To control temperature variation in the anec hoic chamber , the 

thermostat of the temperature control system for the room was set at 

a constant level during all measurements. Although the temperature 

was constant to within � O . S
o

F during each tes ting period , the actual 

o 
temperature leve ls between different tests could vary as much as 0 . 5  F 

to l
O

F .  The phase correction for measurements taken over a distance 

of 8 ' 4 "  between the source and microphone and for temperature varia

tions of 0 . 50 and 1 . O
o

F is listed in Table 9 for several frequencies. 

In the same manner , a temperature gradient between the source and 

microphone would further interfere with an accurate measurement of 

phase angle. Therefore , the phase measurement is especia lly sensitive 

to temperature changes.  

As mentioned previous ly,  measurements with the surface pressure 

method can be made using a free field pressure instead of the hard 

wall pressure as the reference measurement. However , there is some 

difference between the data obtained using each of these measurements . 

Since the same surface pressure was used for each measurement , the 

error must be due to the reference measurement s at the perfec tly 

reflec ting boundary and for free field conditions. As suming a 

pressure doubling effect for the incident pressure at the perfectly 

reflecting surfac e ,  the difference between the hard wall pressure and 

the free field pressure at the s ame point in space should be six 

decibels. For a perfectly reflecting surface with an infinite 

impedance ,  the phase component of the hard wall pressure should be 

the same as the phase components of the free field pressure. There-

fore , the difference between the phase components should be zero. 

The pressure ratio and phase difference between these measurements 
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TABLE 9 

Error in Phase Measurements Due to Temperature Variations 

Wavelength (em) Delta Phi (Degrees ) 

Freg I, � 76 . 0  , � 76. 5 
'-

i �  3 7 7 . 0  't'  i, i, . 13 

500 69. 177 69. 2 10 69. 242 0 . 6  1 . 2  

1000 34. 589 34. 60 5  34 . 62 1  1 . 2  2 . 5  

2000 17. 2 94 1 7 . 302 1 7 . 310 2 . 5  4 . 9  

3000 1l. 530 1l. 535 1l. 540 3 . 7  7 . 4  

4000 8 . 647 8 . 651 8 . 655 4 . 9  9. 9 

5000 6 . 918 6 . 92 1  6 . 924 6 . 2  12 . 3  

6000 5. 765 5 . 768 5. 770 7 . 4  14.8 

8000 4. 324 4 . 32 6  4 . 328 9. 9 19. 7 
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as a function of incident angle are shown in Figures 34 and 35.  The 

pressure ratios are on the order of six decibels and are relatively 

unchanged for angle of incidence. Only at 1000 Hz , where the length 

of a side of the six-foot square surface is approximately six times 

the wavelength is the pressure ratio much less than six decibels.  

This is because the assumption of an infinite surface is not valid at 

this frequency. The phase differences , on the other hand , vary 

considerably both with frequency and angle of incidence. Therefore , 

the phase angle is responsible for the error between measurements 

using a reference pressure at the reflecting surface and for free 

field conditions. A 3% error in the phase angle will result in a 

10 degree phase shift which will clearly alter the absorption proper

ties of the material. However , the error limits for absorption 

measurements cannot be quantitatively stated in terms of the error in 

measuring the phase angle. This is because the absorption properties 

are also dependent on the difference in pressure levels at the reflect

ing surface and material surface for each measurement. Nonetheless , 

it can be stated that the surface pressure method strong ly depends on 

an accurate measurement of the phase angle. 

It is obvious that by using a finite sample and reflecting sur

face , the assumption of an infinite boundary is not valid at low 

frequencies where the wavelength is on the order of the dimensions of 

the sample. Therefore , the low frequency limit for measurements with 

this method must be determined. Measurements by Ingard and Bolt using ' 

and eight-foot square ,panel indicate reasonable data for frequencies 

as I�Y as 500 and 700 Hz. Considering Equation 5 . 2  and comparing ' our 

results relative to those of Ingard and Bolt , reasonable measurements 
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with the six-foot panel used in this study should be obtained for 

frequencies as low as 700 and 1000 Hz. However , experimental results 

indicate that the low frequency limit for measurements occurs for a 

much higher frequency. Measurements at normal incidence with the 

surface pressure method were compared with measurements using a 

standing wave tube to determine the actual limits of this method. 

The absorption coefficient and impedance at normal incidence of a 

one inch thick sample of Owens Corning 705 F iberglas measured with 

a standing wave tube are shown by the curves in Figures 36 and 3 7  

respectively. The data points in these figures are the values at 

normal incidence measured by the surface pressure method for a six-

foot square sample of the same materia l .  The imaginary component of 

the impedance does not have a negative value until 3000 Hz for these 

measurements. At this frequency the length of the side of the sample 

is approximately 15 times the wavelength. It becomes apparent that 

for frequencies below this limi t ,  the wavelength becomes c omparable 

to the dimensions of the sample and the surface does not behave as an . 

infinite boundary. Therefore , the ratio of the horizontal dimens ion 

. 
of the sample to the wavelength at the lower limiting frequency 

should be at least 15 for the assumption of an infinite boundary to 

be valid. 

Using the surface pressure method and proceeding as outlined in 

Chapter 4 . 3 ,  the specific normal impedance of a one -inch thick sample 

of Owens Corning 705 Fiberglas was measured as a func tion of incident 

angle for several frequencies. The results are shown in Figures 36 

to 4 1 ,  where measurements . are compared for both the hard wall pressure 

and free field pressure used as a reference. The discrepancy between 
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these measurements is due to the difficulty in measuring the phase 

angle as stated previously. Both the real and imaginary components 

of the impedance increase from the values at normal incidence as the 

incident angle i s  increased from zero to 90 degrees. Similar results 

at each frequency indicate that the glass fiber material behaves as 

an extended reacting material. 

The absorption coefficients measured as a function of inciden.t 

angle for the same sample are shown in Figures 42 to 4 5 .  In each of 

these figures , data is again compared for measuremertts using both the 

hard wall pressure and free field pressure as a reference. Despite 

the difference in impedance values for these two measurements ,  the 

variation between absorption coefficient data is small. This is 

especially obvious at 3000 Hz , where the large discrepancy between 

impedance measurements in Figure 3 9  makes itself evident in Figure 43 

as only a small difference between the absorption coefficients . As 

the incident ang le increases from zero to 90 degree s ,  the absorption 

coefficient increases from its normal incidence value to a maximum 

value and then decreases as the incident ang le approaches grazing 

incidence .  At an oblique ang le of approximately 6 0  degree s ,  the 

absorption coefficient has a maximum value and the material is almost 

totally absorbent. The behavior of the absorption coefficient at 

grazing incidence is confirmed from our investigation of the pressure 

at the surface of the material as a function of incident ang le . From 

Equation 4 . 30 ,  the absorption coefficient as a func tion of incident 

angle is 

( 4 . 30 ) 
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Therefore , since -p� approaches zero as e approaches 90 degrees , Cl-e 

will approach zero at grazing incidence. 

Similar results for the absorption coefficient and specific 

normal impedance as a func tion of incident angle were obtained for 

other samples of Owens Corning Fiberglass but were not included 

since their behavior did not differ markedly from that for the 

Owens Corning 705 Fiberglas . 

5 . 4  Theoretical Results 

The expressions for the specific normal impedance of a porous 

material as derived by Beranek and Ford are quite similar as seen 

by Equations 3 . 50 and 3 . 84 respectively. Obviously , the main differ-

ence arises from Beranek ' s  assumption of isothermal conditions for 

wave propagation within the material. Another difference between 

these two expressions is that the porosity il does not appear as a 

part of the argument of the hyperbolic cotangent function in Ford ' s  

equation. This is because the c ontinuity equation used by Beranek 

and Ford respectively differ as shown below. 

( 5 . S )  

( 5 . 6 )  

As would be expected , the phase velocities for propagation within the 

material also differ and are given by the fol lowing expressions 

.l.. 

C :: 2. 
C \\�� ) � ( S . 7 )  
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( 5 . 8 )  

However , for the materials we will consider , the porosity has a value 

of . 96 to . 99 so that the difference in propagation ve locities should 

have a minima l effect on the results . Since the glass fiber materials 

of interes.t in this study resemble the mathematical model for a porous 

sound absorbing material as used in both Beranek ' s  and Ford ' s  theories , 

one should be able to use these theories to calculate their absorption 

properties. The results for each of these theories will be presented 

separately and compared with a standing wave tube measurement. 

Using Beranek ' s  theory , the sound absorbing properties of a one-

inch thick sample of Owens Corning 705 Fiberg las can be calculated 

in terms of its physical properties - namely, the porosity and flow 

resistance. These parameters which appear in Equation 3 . 50 are chosen 

to correspond to the properties of the material with both the nominal 

flow resistanc e of 78 cgs rayls /inch and the measured flow resistance 

of 2 6 . 3  cgs rayls /inch used in the calculations . The agreement be-

tween measurement and theory for the impedance and absorption 

coefficient at normal incidenc e for this sample is shown in Figures 

46 and 47. As seen by the curves ,  the theory underpredic ts the real 

component of the impedance and also the absorption coefficient. Since 

only two physical parameters , the porosity and flow resistanc e ,  

determine the acoustic behavior o f  the material ,  it would seem that 

this discrepancy is due to the value of one or both of these proper-

ties. To determine the effect each of these parameters has on the 

impedance , . calculations were made for a range of values in both 
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porosity and flow resistance that would be representative of the 

manufacturing tolerances for these materials. The impedance calculated 

from Beranek ' s  theory for a material with limiting values of . 94 and 

. 99 for porosity and a flow resistance of 26.3 cgs rayls /inch is 

shown in Figure 48. Similarly , for the same range of porosity , the 

impedance calculated for a flow resistance of 78 cgs rayls /inch is 

shown in Figure 49. These results indicate that a variation in 

porosity from . 94 to . 99 will have a negligible effect on the normal 

impedance of this material below 5000 Hz . For a constant porosity 

of . 961, the impedance and absorption coefficient of this material 

calculated for several flow resistance values are shown in Figures 

50 and 51. The variation in flow resistance affects only the real 

component of the impedanc e ,  and leaves the imaginary component 

relatively unchanged for frequencies below 2000 Hz. Considering 

the experimental results in Figure 2 1 ,  a flow resistance of nearly 

140 cgs rayls /inch would be necessary to calculate impedance values 

corresponding to those measured with the standing wave tube apparatus 

for a one-inch thick sample of Owens Corning 705 Fiberg las. Since the 

range of flow resistance values for this materia l  due to manufacturing 

specifications is 60 to 99 cgs rayls/inch , the value of 140 cgs rayls /  

inch i s  completely outside of this range. Therefore , the flow 

resistance as used in this theory does not account for the total 

dissipation within the material and other dissipation mechanisms 

must be present. Beranek has remedied this problem by introducing 

a "dynamic " flow resistance to compensate for this factor. This 

parameter is determined from standing wave tube measurements by 

fitting curves for the impedance calculated at different flow 
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resistance values to the experimental results. The dynamic flow re.

sistance is different from the measured static flow resistance and is 

partially explained by Beranek as being due to the nonisotropic nature 

of the materials. However , this new parameter does not really solve 

the problem since it bears no direct relationship to the static flow 

resistance and c an only be determined from impedance measurements. 

In Table 10 , the variations between these values as presented by 

Beranek are listed , with "dynamic " values being both above and below 

the measured static values for different materials. In short , the 

use of this new parameter does not seem to logically account for the 

dissipation within the materials. 

Ford ' s  theory for sound absorption by a porous material is also 

dependent on the flow resistance and porosity of the material ,  but 

introduces a new parameter l( to account for wave propagation within 

the material under isothermal or adiabatic conditions or any condition 

between these two extremes . To determine what effect this parameter 

has on the acoustic properties of the material , the value of Y will 

be chosen as 1 . 0  and 1 . 4  for isothermal and adiabatic conditions 

respectively and as 1 . 2  as an average between these two extremes . 

The values of porosity and flow resistance corresponding to the 

properties of a one-inch thick sample of Owens Corning 705 Fiberglas 

were used to calculate the impedance and absorption coefficient at 

normal incidence from Ford ' s  theory. Using the measured f low resist

ance of 2 6 . 3  cgs rayls /inch , the calculated results for the sample 

are shown by the curves in Figures 52 and 5 3 .  The calculated results 

for the same sample using the nominal flow resistance of 78 cgs rayls/ 

inch are shown in Figures 54 and 5 5 .  A s  seen by these curves , the 
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TABLE 10 

Beranek ' s  Flow Resistance Data 

Flow Resistance Ct<s/fC-l 

static Dynamic 

1 7 . 6  10 . 0  

1 . 7  4 . 5  

5 . 4  6 . 0  

13 . 9  10 . 0  

4 . 5 6 . 0  
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o . c .  705 Fiberglas -1 . 0" ,  1'1.5 = 2 6 . 3 , fl �  . 961 
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value of 1( affects only the imaginary component of the impedance and 

leaves the real component unchanged for frequenc ies below 4000 Hz. 

However , comparing these results with Figures 2 1  and 2 2 , the values 

calculated from Ford ' s  theory also underpredict the real component 

of the impedance and also the absorption coefficient. A change in 

the flow resistance would affect the absorption characteristics in 

the same manner as shown in Figures 50 and 51. This is obvious 

since both Equation 3 . 50 of Beranek ' s  theory and Equation 3 . 84 of 

Ford ' s  theory have the same dependence on the flow resistance. Thus , 

a flow resistance of 140 cgs rayls/inch would be required for the 

real componenent of the impedance to coincide with standing wave 

measurements for this material , and as noted previously, this value 

would not be consistent with the manufacturer ' s  quoted properties of 

the material. For the value of 1( chosen as 1 . 0 , i . e . , isothermal 

conditions , the values calculated from Ford ' s  theory are in close 

agreement with results from Beranek ' s  theory. This would be expected 

since Beranek ' s  theory limits wave propagation within the porous 

material to isothermal conditions only. 

The investigation of these theories for normal incidence acoustic 

absorption has revealed several important results in terms of the 

properties of a glass fiber material. These results will be stated 

in terms of their effect on the real and imaginary components of 

the impedance since the absorption coefficient is dependent on both 

of these parameters . The value of flow resistance will affect only 

the real component of the impedance ,  leaving the imaginary component 

unch·anged. For conditions of wave propagation within the material ,  

the value of 1( will alter only the imaginary component of the 
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impedance. Furthermore , the use of a flow resistance also does not 

account for the total dissipation in glass fiber materials and further 

dissipation due to viscous or thermal effects may be prominent for 

these materials . Due to the discrepancy between measurement and 

theory for normal incidence acoustic absorption , the extension of 

these theories to oblique incidence behavior was not included. This 

subject will be covered by Pyett ' s  theory. 

The oblique incidence acoustic behavior of a material can be 

calculated from Pyett ' s  theory in terms of two propagation parameters. 

These parameters are determined from normal impedance measurements 

with a standing wave tube for samples of different thicknesses. 

Figures 56 and 58 show the attenuation constant and phase constant 

for samples of Owens Corning 703 ,  704 , and 705 Fiberglas . as compared 

to the phase constant k for wave propagation in air. The impedance 

and absorption coefficient calculated at obl ique incidence for a one

inch thick sample of Owens Corning 705 Fiberglas are shown in Figures 

38 to 45 together with experimental results. The calculated impedance 

increases from its value at normal incidence as the incident angle 

increases from zero to 90 degrees. Henc e ,  the glass fiber material 

behaves as an extended reacting material. The absorption coefficient 

has a maximum value at an oblique angle of incidence of approximately 

60 degrees. This agrees favorably with experimental results for this 

material. Although the agreement between measurement and theory is 

fairly good , there are two disadvantages with this approach. First , 

several normal impedance measurements must be made in order to 

determine the bulk acoustic parameters for the material ; and second , 

due to the non-homogeneous nature of the material , it is possible 
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that the bulk acoustic parameters measured for a single sample may not 

be representative of the acoustic parameters for the entire materia l .  



CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

In summary ,  measurements of the absorption characteristics of a 

material at oblique inc idenc e by the surface pressure methods are valid 

within a certain frequency range. The low frequency limit is deter

mined by the size of the sample which must be large enough , relative 

to the wavelength , so that the surface behaves as an infinite boundary. 

The upper frequency limit is determined by the accuracy in measuring 

the phase angle upon which this method depends strong ly. However , due 

to the limitations of temperature variation and diffraction , the 

accurate measurement of the phase angle makes this method very diffi

cult to perform. 

The following recommendations can be made for future measurements 

using the surface pressure method. 

1. The sample should be as large a s  possible to insure that the 

surfac e behaves as an infinite boundary. The ratio of the length of 

the horizontal dimension of the sample to the wavelength at the lowest 

frequency of interest should be at least 15. 

2 .  The sample should be either square or rectangular in shape so 

that the geometry of the finite surface does not reinforce the effect 

of diffraction. 

3 .  The vertical edges of the perfectly reflecting surface should 

be covered with a sound absorbing material to reduce or eliminate 

diffraction from the edges . 

4. Measurements a t  very oblique angles are not valid because of 

the rapid drop in surface pressure for inc ident angles greater than 

80 degrees. 
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5 .  Adequate temperature stabilization between measurements must 

be assured and temperature gradients prevented so that no additional 

phase shift is introduced in the measurement of phase ang le. 

6 .  A theoretical analysis of the diffraction due to a finite 

sample would provide useful information on the limitations inherent 

with this method. 

Additional oblique incidence measurements using techniques presented 

in Section 1 . 2  should be performed with the same samples to judge 

the validity of oblique incidence data obtained using the surface 

pressure method. The interference pattern method presented by Sides 

and Mulholland ( 4 )  would be preferred for future tests since it 

eliminates the problem of measuring the phase angle. 

There was reasonably good agreement between oblique incidenc e 

absorption measurements with the surface pressure method and values 

calculated from Pyett ' s  theory for the glass fiber materials. This 

indicates the oblique incidence acoustic behavior of a material can 

be calculated from experimentally determined bulk acoustic parameters. 

However , as stated previously, there are two disadvantages with this 

method . Firs t ,  the bulk acoustic parameters for a material can be 

determined only from several normal impedance measurements with samples 

of different thickness ; and second , if a material is in any way in

homogeneous , the bulk acoustic parameters measured for one sample may 

not be accurate representation of the parameters for the entire 

material .  

It would be most advantageous to e liminate experimental measure

ments for an acoustic material and thus be able to predict its behavior 

for normal and oblique incidenc e from a knowledge of its physical 



properties . The theories of Beranek and Ford have attempted to 
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provide this type of analytical approach based on the parameters of 

porosity and flow resistance. However , considering the results for 

glass fiber materials , the agreement between measurement and theory 

is poor. Beranek has assumed that the compressions and rarefactions 

within the material occur for isothermal conditions rather than for 

adiabatic conditions which prevail for wave propagation in free air. 

This , he states , is true for many materials , especially below 2000 Hz . 

To modify this assumption , Ford has inc luded a parameter or in his 

theory which may have a value of 1 . 0  for isothermal conditions or 1 . 4  

for adiabatic conditions or any value between these extremes. However , 

even for the variation in this parameter , the results calculated from 

theory do not predict the increased attenuation measured experimentally 

for these materials. Therefore ,  the effect of the porosity and flow 

resistance terms must be investigated. For glass fiber materials , the 

range in value for porosity has little effect on the calculated results 

as was previously shown . The total sound attenuation within these 

materials is accounted for by the flow resistance , which is assumed 

to be constant within the range of, sound pressure levels generally 

encoUntered. The dependenc e of the impedanc e on flow resistance was 

presented in Section 5 . 4 .  In order that the impedance calculated for 

the glass fiber materials be in reasonable agreement with experimental 

values , the value of flow resistance must be greater than the upper 

limit of the range of values specified for manufacturing tolerances 

within the materia l .  This would indicate other dissipation mechanisms 

involved within the material that are not included in the flow resist

ance term. Due to the internal structure of glass fiber material s , 
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the attenuation due to viscous and therma l effects for individual 

fibers may have a pronounced effect on sound absorption. While the 

frame of the material is assumed to remain rigid in these theories , 

movement of individual fibers may also create increased attenuation. 

In short, viscous and thermal interactions within the material on the 

level of the microstructure have been neglected by these theories and 

the total dissipation is accounted for only by the flow resistance, 

a macroscopic property. Therefore , an investigation of the dependence 

of sound absorption on the internal microstructure of these materials 

would prove quite helpful in predicting their acoustic behavior. 

Attenborough ( 2 5 ,  2 6 )  has modeled a fibrous absorbent as a col lection 

of cylindrical scatters and has developed a scattering theory approach 

to determine the absorption characteristics in terms of fiber diameter 

and fiber spacing. A scattering cross section , which includes viscous 

and thermal effects , for a cylindrical obstacle is used in conjunction 

with a single scattering theory to determine the sound absorption of 

the glass fiber material. Further modifications include a multiple 

scattering treatment to account for the interactions among scattered 

waves. In this case , then , the dissipation mechanisms are due to : 

1.  Mode conversion to damped viscous and thermal waves in air 

at the fiber boundaries . 

2 .  The energy loss due to formation of the internal incoherent 

field due to multiple scattering. 

A logical continuation of this work should develop Attenborough ' s  

scattering theory to include shear and thermal wave interactions. 

Further consideration should include possible s tructure modifications 

of the model to give a more accurate representation of the actual 



1 1 7  

material. In addition , the inhomogeneous nature of these materials 

indicates that a statistical approach might also be used to treat 

variations within the microstructure for different samples of the 

same material. Beran ( 2 7 )  introduces flow through a porous media 

using Darcy ' s  Law and statistics to determine the permeability of the 

medium. Such an analysis based on the microstructure would thus pro

vide insight into the actual dissipation mechanisms involved within 

a material , and as an ultimate goal , would dictate which parameters 

are to be controlled in production in order to optimize results. 

These topics will be the subject of future research and study. 
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APPENDIX - A 

NEWTON-RAPHSON ITERATION METHOD 

The solution to an equation ma� be found using an iteration 

technique such as the Newton-Raphson method. According to this 

method , if X i  is an approximation to a root of the func tion , 

F ( x� = 0 

then a better approximation is given by � i. \  where 

120 

(Ao  1 )  

(A. 2 ) 

f'<.x,) denote"s the derivative of r\)< \ with respect to )(. evaluated 

at � i ' The root of Equation A. l can be obtained to the desired 

accuracy by iterating successive approximations. The use of an 

elec tronic computer renders this method very simple to performo 

In our case we are interested in solving the equation 

(A.3  ) 

for values of ;( S"d where \J and V are known . Since Sx is complex , 

this involves finding solutions for the complex argument of a hyper

bolic cosine function. If we introduce the complex numbers 1\ and � 

such that 

( A o 4  ) 
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(Ao  5 )  

(A. 6 )  

Equation A . 3 may be rewritten a s  a function of 13 

(A. 7 )  

The derivative o f  f (e.) with respect t b  B i s  

(A. 8 )  

Therefore , if 13 ,  is an approximation to the root of Equation A. 7 ,  

then a better approximation is given by 

c()sh "B', - A 
sillb "'B i  (A. 9) 

The root of r ( 5\ is obtained by taking succ essive approximations with 

the iteration formula of Equation A. 9. It must be noted that there 

are two solutions to Equation A. 7 since the hyperbolic cosine is an 

even function. 

"" = - 1:> .).)2 I 

(A. lO ) 

(A. l l )  

Furthermore , the hyperbolic cosine of a complex argument is invariant 

for mu ltiples of ;<11' added to or subtracted from the imaginary 
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component. Therefore , 

(Ao 12 ) 

(A. 13 ) 

are the set of all solutions. However , cons idering the physical as

pects of the problem , we are interested only in roots with a positive 

real component. This corresponds to the attenuation constant of the 

appropriate wave propagation parameters . 
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APPENDIX - B 

INTERFERENCE PATTERN CALCULATION 

To predict the location of the pressure maxima and minima , an 

incident plane wave is assumed diffracted at the edges of a finite-

sized panel. Three pressures - � I  and P3 ' the pressures diffracted 

from the edges , and P1 ' the pressure from the incident wave - will 

be measured by the microphone located at the center of the pane l .  The 

important consideration is the phase relationships between these pres-

sures as determined by the angle of incidence. Referring to Figure 5 9 ,  

the phase c omponent of each pressure will be taken relative to the line 

The pressure at 0 is the sum of these three pressures. 

time factor 
jwt 

e , we have 

J K � si n e  
e -\-

( B . l )  

( B . 2 ) 

( B . 3 )  

Omitting the 

( B . 4 )  
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Furthermore , we will assume that the amplitude of the pressure at each 

edge is the same so that "B = c. .  Multiplying p, by its complex conju-

gate , we obtain 

(B. 5 )  

The pressure fluctuations will have maximum and minimum values where 

the derivative with respect to e is zero. 

-- =  

For the derivative to be zero for some angle e , the following condi-

tions are found : 

I .  C.OS e � 0 (B. 7) 

8 =  1T' 3 1r  
z ,  � 

Z .  5 ' 0  \t � s, n e) = 0 

S i n e  = h 1-Q 

( B . 8 )  
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ABSTRACT 
 

Problem Statement:  The high level noise is harmful for all people especially in heavy factories. In accordance with ear 

human biodynamic response, health damages of body are resulting of hearing loss, with increasing blood pressure ,weakness 

and tired.  

 

Approach: This paper holds three works. First, it reviews an introduction on synthetic materials for absorption. Second, it 

summarizes on organic materials considerations for acoustic absorber in currently. Finally, it offers a review on research of 

using barrier and screens. 

 

Results and Conclusion: It is obvious that the need of absorption materials for attenuation noise via development and 

regeneration along with the need for innovative natural materials of their essential properties so as to meet the high level 

noise is today greater than ever. The motivation behind of this project is based on the fact that during the last few decades 

synthetic material has been used for sound absorption, but the study area has been dramatically changed. However at the 

same time there is a realization that certain parts of the synthetic material has been left because it causes many problems in 

health. Therefore, currently organic materials present good alternative to synthetic material providing good health with green 

environment as well as enhancing natural agricultural and growth. 
 

Keywords: synthetic material, organic material, barrier and screen. 

 

1. INTRODUCTION 

 

A comfortable environment free from unwanted noises is 

always dream of every person. One of the sources of 

unwanted noises is the sound emitted by vehicles, heavy 

construction machine, and heavy factories like electrical 

power plant. In heavy factories, workers are exposed to 

continuous noises the whole work day. This discomfort 

may leads to some injuries such as hearing loss 

(temporary or permanent), weakness in nerve, pain in 

internal tissues, heart problems, and even higher blood 

pressure in long term.  The most prominent physiological 

problem caused by unwanted noises is ear pain (HL). Not 

only that chronic contact to high noise levels, a common 

characteristic of many workplaces has also been  linked to 

excess danger of acute myocardial infarction (Babisch,; 

2000,; Davis, et al.,; .2003).  

 

The effect on blood pressure of occupational noise 

irritation and its mutual effect with social support at work, 

nightshift work, and work contentment were studied and 

an obvious effect of noise annoyance on diastolic blood 

pressure (DBP) was found. A long exposure to noise over 

85 dB (A) might be a dangerous factor for high blood 

pressure (BP), and it may induces major increases of (BP) 

among sensitive individuals. Studies on the effects of 

workplace factors and sources of unwanted noises and the 

characteristics of emitted noises on risk of injury have 

revealed that along hour exposure to constant noise may 

result in hearing loss and pain. Workers working in 

factories face higher risk, for example the boiler workers 

that are exposed to high level of noise while do their jobs. 

(Pan, et al., 2003; Fechter, et al., 2004; Pouyatos and 

Gearhart, 2005).   This type of negative exposure to high 

levels of noise not only leads to psychological and 

physiological problems; it also brings different kinds of 

negative influences. As a result, it will cause deterioration 

in working efficiency. 

 

2. SYNTHETIC ABSORPTION 

MATERIALS 

 

Utsuno et al. (1989) improved the measurement of sound 

absorption properties in the “two- cavity" of two different 

porosity substances.   By using the transmission function 

way for the wide frequency zones, it becomes easier for 
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measure impedance properties and propagation. In 

addition, the thickness of the porous substances and 

deepness of the vacuum antenna are two acoustic absorber 

factors that can affect sound impedance. 

 

Takahashi (1997) presented a novel theory to predict the 

organization of acoustic absorber with random mix of air 

gaps layer backing the rigid frame.  The impact of the 

diffraction phenomenon in this form is due to the 

interruption of surface resistance on the borders, which 

was neglected in previous studies.  Nevertheless, the 

empirical outcomes were consistent with the numerical 

outcomes within all the frequencies used empirically. 

 

Braccesi and Bracciali (1998) examined acoustic 

properties of porous materials, the effects of reflection 

coefficient of resistance to flow, and structural 

composition of porous materials though a simple test 

experimental.    The results were verified using the least 

square method. Kung and Fuchs (1999) presented the way 

theory to predict absorb interlace texture and envelope of 

synthetic materials with micro- holes backed via space air. 

Using the structures cited above, the outcomes showed 

full compatibility with the measurement, this means the 

absorption is high.  Normally, a multi-layer porous 

material can increase the noise absorption range to 4-5 

octaves instead of 3-4 octaves.  

 

Subsequently, Gardner et al. (2003) studied of neural 

networks of polyurethane foam to expect the acoustic 

characteristics.   He and his co-workers suggested a neural 

network model to gauge multiple parameters such as 

frequency, the flow of air resistance, and acoustic density.   

Meanwhile, Kosuge et al. (2005) examined sound 

absorption materials with non woven fabric and are 

composed of para-aramid fiber and polyester fiber instead 

of conventional materials such as glass wool, flame-

retardant foam, and flame-retardant PET fiber.   The 

flame-retardant properties were investigated using ISO 

9237 and Federal Motor Vehicle Safety Standard FMVSS 

302.  The sound absorption properties by normal 

incidence can be found in ISO10534-1. 

   

Chen et al. (2000) studied the sound absorption of 

porosity substance on different surfaces.  The sample 

panels were perforated using the efficiency of finite 

element formula derived from Galerkin residual method 

and Helmholtz wave propagation equation. Microphones 

were used to test the impedance tube which is in turn used 

for measuring absorber coefficient parameter important 

for Ingard and Dear impedance tube system.  The 

selection of porosity substances at four various forms 

such as triangular form, arc, curved, oblong and panel 

form appears to influence the flow resistance of sound. 

 

Yang et al. (2001), on the other hand, tried to improve the 

performance of a new component named porosity coated 

components substances (PLCM) which has lower melting 

point.  This type of component is very thin and light if 

compared to other materials.  Although prediction on the 

inflow resistance to further calculate the acoustic absorber 

characteristics can be done mathematically, the validation 

was done by simulating a model. Then, a comparison was 

done between experimental outcomes and simulated 

model.   Lee and Chen (2001) developed an analytical 

acoustic transmission analysis to evaluate the acoustic 

absorption of a multi-layer component which is consisted 

perforated plates, air spaces, and porous materials.  The 

velocity and the effects of continuity particles are taken in 

to account. This successful development has demonstrated 

the design of multi-layer acoustic absorbers. 

 

 
 

Figure 1:   The modified Ingard and Dear impedance tube 

system. 

 

Lee and Kwon (2004) investigated the validity of the 

performance of sound absorption coefficient for 

perforated plate by comparing the analysis of acoustic and 

electrical circuits using the matrix transfer method.  The 

results were also compared with the absorption coefficient 

which was analytically calculated using the tube 

resistance of two microphones. The two results were in 

complete agreement at low-pressure sound.  Furthermore 

the arrangement and dimensions of the plate and the 

number of holes effectively influenced the sound 

performance of perforated plate.  Congyun and Qibai 

(2005) calculated the acoustic impedance for multi-layer 

absorbers such as perforated plates and air space or 

perforated plates and porous materials by using an 

iterative method of three types of multi-layer absorbers to 

calculate the absorption coefficient.  Validated 

experimental results indicated that this method was 

feasible. 

 

Lee et al. (2005) studied the absorption of acoustic 

perforated panel using the analytical model and a suitable 

simplified formula.  The results were comparable with 

each other except for frequencies resonant to the higher 

values of the influence sound as the acoustic media was 

parallel to the surface of the perforated panel.  This 

caused the measurements and theory outcomes to be 
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consistent.   Hence, to diffuse the vibration energy, a 

suitable thickness, hole diameter, and the spacing between 

holes need to be selected to increase the sound absorption 

capability.   Also, the impact of structural damping can 

increase the absorption performance of resonance 

frequencies.   Meanwhile, Wang and Cho (2005) studied 

on the development of a theoretical formulation to find 

out the spreading of sound through a solid yet porous 

anisotropic material.   Based on the findings of the 

Amedin et al. where the results of isotropic and 

anisotropic materials were made and evaluated using the 

numerical analysis, the frequency and density of materials 

affect the spreading of sound and in addition, the 

anisotropy effect cannot ignore. 

 

 
 

Figure 2:  Configurations of the problem 

 

Sgard et al. (2005) presented establish rules for the 

development of practical design solutions of optimal noise 

control using two models: the analytical model based 

which is based on” homogenization techniques”, and the 

numerical models depends which depends on “finite 

element individualized domains".  Selection is made 

based on the assessment criteria, for example “resistance, 

porosity, tortuosity, microscopic medium".   These 

parameters are connected to the mesoporous materials’ 

thickness which in turn governs the appropriate choice of 

microscopic medium.  

   

Murugan et al. (2006) used recycled substances by 

conducting waste operations and re-casting the polyolefin 

mixture with metal chips.   With reduce volume bigger  

than 30 times  using two re-casting operations, the 

resultant product exhibited good characteristics of sound 

absorption and sound attenuation by adding 2-3% by 

weight coconut fiber core and polystyrene.    Pfretzschner 

et al. (2006)  also suggested the use of alternatives to help 

increase the absorption process of plate and the design of 

these alternatives   practically involves the selection  of 

two plates different which both contain numerous and  

distributed holes over the surface of plates.  The holes 

should not affect the structural mechanism. 

 

On the other hand, Zhou et al. (2006) estimated the 

performance micro-perforated absorber by equivalent 

circuit. There is also another method that adopted the 

coefficient absorption of double layer micro perforated 

using impedance transfer.   When these two methods are 

compared, experimental monograph showed that the 

impedance transfer method was better than equivalent 

circuit. 

 

 
 

Figure 3: Schematic of double-layer micro-perforated 

membrane (MPM) of oblique incidence 

 

Kino and Ueno (2007) proposed a new model which is 

more accurate than “Johnson-Allard” and suggested 

normal incidence for prediction of absorption coefficient. 

This is because the “Johnson-Allard” model, which is of 

rigid framed fibrous materials, can only measure related 

to the normal absorption coefficient.   These parameters 

are” porosity, flow resistivity, tortuosity, and two 

characteristic lengths”.   The outcome was relatively poor 

and to obtain more precise and better low flow resistivity, 

seven glass wool and six polyester fiber samples were 

tested.  

 

Panteghini et al. (2007) clarified their engineering 

analysis using the finite element method (FEM) to find 

out the absorption coefficient of ply wood, glass wool and 

perforated panel.   The test was done in a mid-size room 

and the response frequencies layer was less than 200 Hz.   

Using numerical methods, in perforated panels, the result 

is presented through describing the particles’ motion in 

term of their pressure-velocity relationship. Meanwhile, 

plywood and glass wool showed similar results. 

 

 
 

Figure 4:Typical structure of a perforated panel. 
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Despite the fact that many studies on the synthetic 

absorption materials have been published,  Hong et al. 

(2007) presented a new type of acoustic absorption by 

designing identical impedance to develop susceptibility 

acoustical absorbing ability. The impact damping of effect 

follows the basic of resonance through the visco-thermal 

mechanism.In this paper, it was stated that the impact of 

second- hand rubber particles are on the characteristics of 

compound acoustic absorption and estimation. The sound 

impedance was confirmed by analyzing the transport 

sound of components and coefficient of sound absorption 

in lower frequencies. 

 

 
 

Figure 5: Generalization of acoustic transmission analysis 

diagram of composite absorber. 

 

Meanwhile, Jaouen et al. (2008) provided an experimental 

method to characterize the acoustic properties of 

melamine foam.  The acoustical effectiveness depends on 

the frequency and damping characteristics.  The testing 

was done in five ways, and the deflection between of the 

melamine foam was recorded. The experimental outcome 

is not applicable to all porous materials, but it gives a 

preliminary estimate of the accuracy of the parameters. 

Also the testing procedure may be applicable for many 

substances through trial and error method. 

 

 

 

Figure 6:Electron microscope picture of the tested melamine 

foam. The solid phase, or skeleton, of the foam appears in 

white. 

3. NATURAL FIBER ABSORPTION 

MATERIALS 
 

In practical applications, most sounds absorbing materials 

are synthetic materials because they are available in the 

markets, but they induce health risks to lungs and eyes. 

Therefore, researchers have looked into natural and 

agricultural waste to find alternative materials.  This type 

of material has many benefits, for instance they are 

cheaper, nonabrasive, and renewable.  Also, these organic 

substances impose less health and safety issues during 

processing.  However, Jan et al. (2004) reviewed on the 

environment impact of natural fibers and concluded that 

the impact of waste generation such as organic production 

was found more than the synthetic products. 

 

Khedari et al. (2003) studied on new particle boards 

manufactured using durian peel and coconut coir fibers in 

order to achieve the lowest thermal conductivity to 

decrease heat transferred into space.   In terms of heat 

reduction, these agriculture wastes are an economical and 

interesting option that could be utilized for insulating 

ceiling and walls.   After a year,      Khedari et al. (2004) 

discovered a particle board of low thermal conductivity 

manufactured using a mixture of durian peel and coconut 

coir, at an optimum ratio of 90:10 (coconut coir to durian) 

by weight.  The density was 856kg/m³, thickness was 10 

mm, and the ratio of extracted coconut coir and durian 

fiber was quite low, with their differences between 0.0728 

and 0.1342 W/m K. 

 

Zulkifli et al (2008) studied on the transmission loss index 

and acoustic absorption coefficient and made a 

comparison between them by using natural organic fiber 

perforated panels with or without filler.  The result from 

experimental works and simulation of multi-layer coir 

fiber showed good absorption coefficient in reducing 

noise in all spaces. 

 

 
 

Figure 7: Perforated panel using coir fiber as an absorption 

material 
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Meanwhile, Ersoy, and Kucuk (2009) investigated the 

sound absorption of an industrial tea leaves waste 

developed into three different layers with or without 

single backing layer of woven textile cloth to test 

experimental properties of sound absorption.  The data 

indicated that the sound absorption properties increased 

by increasing the thickness of the layer with single 

backing cotton cloth layer.  This means that the natural 

material and renewable material has positive sound 

attenuation properties and most importantly, it poses 

lesser or no harm to human health.  

 

On the other hand, Ayub et al. (2009) investigated the 

sound absorption capability of coir fiber and considered 

the effect of adding air gap to increase absorption at lower 

frequency range.   Experimental measurements by using 

impedance tube and calculated using Delany- Bazley 

equation at three different thickness  20mm, 35mm, and 

50mm with air gap of  20mm for panel, showed higher 

absorption coefficient when the air gap is from 0.6 to 0.95 

at low frequency range (1000Hz to 1500Hz). The” 

Johnson-Allard “model of perforated and multi-layer plate 

has been reported to give the best sound absorption 

capability at lower frequency. 

 

 
 

Figure 8: Experimental set up for experiment in impedance 

tube. 

 

In the same year, Zulkifli et al. (2009a,2009b) 

investigated  on the effect of various sizes and air gap 

thicknesses on perforated plate in receiving a sound 

emitted according to ISO standard 354(1985) for noise 

absorption in low and high frequencies.     Sakagami et al. 

(2009) considered analyzing model for the acoustic 

absorption of vibration on the microscopically perforated 

membranes plates’ surface. “Using an electro-acoustical 

equivalent circuit model”. He indicated that the plates can 

be converted through the control of ratio of perforator to 

understand the phenomenon of absorption through the 

plates.  

 

Boonen et al. (2009) presented the calibrating way to 

increase the precision analogy of sound impediment on 

the basis of measured impediment of the solid wall at 

different sites of the original section.  The transmission of 

many identical waves will get rid of the acoustic speed.  

Some sensors showed nil record when it is determining 

the properties of transport function among earphone in 

numerous original sites.  The result showed impedance 

between 30-40 dB. 

 

 
 

Figure 9:    Laboratory setup for acoustic impedance 

measurement 

 

Ayub et al (2009) explored the capacity of sound 

absorption of natural coir fiber using Delany-Bazley- 

model for three coir fiber samples by increasing the 

thickness, which means increasing the absorption 

coefficient. The performance is more promising at lower 

frequency.  Increasing  the air gap gives almost the same 

noise coefficient at lower frequency too, and by 

comparing the performance of samples with and without 

air gap, the result indicated that by increasing the 

thickness of sample with air gap, the absorption 

coefficient  increases more than that without air gap. 

 

Yang et al. (2011) studied the absorption coefficient of 

four fiber assemblies, cashmere, goose down, and kapok.  

These are natural and acrylic fiber. The natural fibers had 

distinctive internal structures which would influence the 

sound absorption coefficient, which were measured 

according to their mass, sound frequency, and air gap to 

check the contribution of solid fiber against air.   These 

fibers showed good performance at low to medium 

frequency, but the performance deteriorated at higher 

frequency. Therefore, at lower fiber density, and smaller 

diameter as well, the fibers are able to show good 

absorption coefficient performance. 

 

Fouladi et al. (2010) investigated the arrangements 

suitable to enhance the sound absorption.  The results 

showed that when perforated plate is backed by coir fiber 

and air gap, porosity of plate has great influence on the 

sound absorption capability at low frequency.  It was also 

derived that perforated plate might improve the low 

frequency absorption of coir fiber, but at the same time 

the medium frequency absorption was reduced.  This 

effect was noticed previously in coir fiber-air gap 

structures, when the air gap thickness increased.  The 

advantage of using perforated plate was that it assisted in 

greatly reducing the air gap thickness under the same 

acoustical performance.  Hence, it is an efficient tool to 
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reduce the thickness of acoustic isolators in practical 

purposes.  

In recently investigation, Zulkifli et al. (2010) analyzed 

the compression effect of porous layer on absorption 

feature of coir fiber, which can be used for automotive 

acoustical application. Meanwhile, Jailani et al. (2010) 

explored and analyzed the effect of various factors of coir 

fiber by using “Johnson-Allard” rigid frame modeling on 

the acoustic absorption.  The results indicated that the 

layer‘s thickness and fiber diameter have an important 

effect on the absorption behavior of coir fiber, while the 

effect of density has no any important effect. Mahzan et 

al. (2010), on the other hand, investigated the feasibility 

of composite from coconut coir, with addition of second-

hand tube rubber, for sound absorption material, as 

possible substitute of industrial and metal fibers. 

 

Arenas and Crocker [2010] compared among ancient and 

new substances for their acoustic porosity. New 

substances are developed at higher quality and perfected 

to become safer and thinner, thus they are more effective 

in decreasing noise. 

 

 
 

Figure 10:  The three main types of porous absorbing 

materials. 

 

Fouladi et al. (2011) studied on absorption coefficient for 

fresh and synthetic coconut fibers, mixed with a binder, 

and the analysis was performed using the typical 

“Delaney-Bazley and Biot-Allard analysis”.  Study found 

that the binder additive is not sufficient to improve the 

absorption coefficient for lower frequencies, so to 

improve the properties of the absorption sound, the added 

materials must be able to improve properties such” 

stiffness, fire retardant, anti-fungus and flammability”. 

 

4. BARRIERS AND SCREENS 

 

Barriers and mufflers are relatively new in noise 

attenuation research, but; serious effort has been 

intensively started on this subject.   A previous study was 

conducted using the barriers for the attenuation of noise 

emitted through highway by Kurze (1974).    Some 

experts in this field have worked on a full review of sound 

attenuation for the past twenty years, but Michael J. 

Kodaras is the one who made significant contributions 

during the last three years. For example, he had authored 

a book entitled. ”How to handle the road noise, via 

planning highway”.   In this book, the basic elements like 

the barrier length; height, thickness, and material density 

until the extent of its performance and effectiveness are 

investigated in -depth.   Finally, emphasis was placed on 

further research that focuses on the materials used in 

barriers and standard designs, as stated by May and 

Osman (1980). 

 

Chen (1996) discussed the calculation of sound 

transmission loss of a perforated screen at frequencies 

below 4 KHz by using a” two-dimensional plane wave 

theory and laboratory measurements from 125 to 4000 

Hz”.   The results showed that transmission loss through a 

perforated screen agrees well with measurements at 

frequencies above 315 Hz.  The transmission loss depends 

on the thickness and the percentage of perforation. 

 

Bies and Hansen [1995] calculated the insertion loss of a 

single indoors and outdoors barrier according to" ISO 

9613-2, ISO 10847, and ISO 11821".    They discovered 

that the barriers were ineffective in higher reverberant 

environment, but the efficiency of barriers at indoors 

improved by hanging absorption baffles from ceilings or 

by putting sound absorbing materials directly on the 

ceiling. 

 

Choi et al. [2004] suggested on how to integrate the 

elements of the noise in the context of analyzing direct 

current, through noise level prediction, which include 

traffic noise model (TNM) to get the best design through 

a   series of successful noise barrier analyses.  To best 

address the environmental side of noise in traffic, the 

valuation set up cost of the barriers to reduce noise is 

easier than evaluating other cost regions such as air 

pollution. 

 

 
 

Figure12: Overall Input Layout for S1 
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Toyoda et al. (2007) suggested numerous structures to 

improve the performance of sound insulation.  They were 

assumption panels supported in a channel of a limited 

cross section and using a force point harmonic.  The 

acoustic emission was studied beginning from point of 

sound power.  On mitigation properties, the device was 

support via simple supporting circular form.  The effect of 

a simple rectangular form as support was also 

investigated.  In the end, they suggested a novel method 

which uses air cavity in perforated models as an 

alternative.  The comparison was done between theory 

outcomes and obtained data in echo room in 1/5 scale. 

The outcomes are compatible.  

 

Egan et al. (2006) investigated on the upper edges of the 

barriers and how to improve the noise attenuation of these 

barriers using different forms of barriers and at different 

lengths.  The length of the barrier is a factor that 

influences the noise attenuation. The experiment was 

conducted using the “Boundary Element Method” which 

takes into consideration the cost for the barrier as well as 

the “degree of visual sequence” by adding absorber 

substance and geometric configuration.  The results and 

published data were compatible. 

 

 
 

Figure 13:   Barrier configurations 

 

In recent researchers, there are a few researchers that used 

reeds as natural porous materials.   Espada et al. (2007) 

found that the reed mats material have cavity between 

reeds especially when air paths were connected along the 

reeds mats. Meanwhile, Chilekwa et al. (2006) 

investigated the characteristic of small reed and 

discovered that they are good sound absorber.  The 

samples were investigated using impedance tube method 

by arranging the reed mats horizontal, vertical and 

perpendicularly.  The vertical direction gave the best 

results because it is parallel to the incident sound. 

Furthermore, Espada et al. (2006) carried out the 

procedures of measuring the acoustic absorption 

coefficient of reed mats in reverberation room by using 

EN ISO 354-2003 standard and the results indicated that 

the reed mats are good and can be used for acoustical 

enclosure. 

 

Greiner et al. (2009) investigated the shape of barrier to 

get the optimum shape that reduces noise especially near 

urban population.  The first step is to look for “a single 

robust shape design” that stops the noise mitigation 

simultaneously at various locations.   The second step is 

to use the boundary element method to design the 

optimum Y-shaped barrier.  In addition, the calculation of 

cost to the length of barrier is also essential to decrease its 

environmental brunt.   Atalla and Sgard (2007) presented 

a pure and generous forms equivalent to air form for 

perforate plate theoretically similar to the “Allard 

Johnson” model.   In order to find the exemplary 

conditions, the perforated plate has multi layers of air and 

cavities.  The coefficient of acoustic absorber for different 

forms is validated through comparison of assumed and 

experimental data. 

 

 
 

Figure 14:   Configuration of perforated plate excited by a 

plane wane and backed by an   infinite fluid medium. 

 

 
 

Figure 15: Physical phenomena involved in a perforated 

plate. 

 

Li et al (2007) investigated three types of polymeric 

micro- particle substance wasted rubber granulates 

polypropylene and polystyrene. These substances have a 

good acoustic absorption when their thickness is altered. 
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Figure16: Experiment setup and the assembled method of 

matching material 

 

Sakagami et al (2008) studied the experimental 

production of an acoustic absorber named "Micro 

perforated panel" which is a slim panel of metal or plastic. 

It is not enough for absorbing acoustic in the interior 

walls and increasing the thickness did not show better 

results.   Therefore,” tapered perforation profile” has been 

suggested instead. 

 

           
 

    (a)                          (b)  

 
Figure 17: (a) Photograph of specimens. (b)Results of 

normal absorption measurement 

 

Kavraz and Abdulrahimov (2009) studied the mitigation 

of noise in the workshops that have machines that emitted 

loud noises by placing barriers between these machines in 

various in various forms in U and L shapes made of one 

material or different materials, in multiple layers and also 

different lengths.   These barriers have been designed to 

be easily carried and transported from one place to 

another and the experimental results showed that the U 

barriers are better than L barriers.   Also, barriers made 

from perforated gypsum performed than glass wool 

barriers. 

 

Greiner et al (2010) described the optimum model of 

barrier via applied Boundary Element Method to mitigate 

acoustic, whereas the upper edge of figuration - Y 

working to absorbed sound, also reduce the value of the 

amounts of the barriers  at minimum acoustic pressure  . 

The outcomes compare among the systematic perfect is 

more efficiency and successes to develop designer of 

barrier robust. 

 

 
 

Figure 18:   Problem topology representation 

 

5. CONCLUSION 
 

A comfortable environment free from unwanted noises is 

always dream of every person. One of the sources of 

unwanted noises is the sound emitted by vehicles, heavy 

construction machine, and heavy factories like electrical 

power plant. In heavy factories, workers are exposed to 

continuous noises the whole work day. This discomfort 

may leads to some injuries such as hearing loss 

(temporary or permanent), weakness in nerve, pain in 

internal tissues, heart problems, and even higher blood 

pressure in long term. Hence, the understanding of noise 

elimination becomes an important issue to be studied. 

This paper has concentrated on noise attenuation 

consideration of absorption materials (synthetic, organic) 

or by using barriers.  These research works have come 

into view in the principal journals in this area in purpose 

of increasing the usage of organic materials which 

provide green and sustainable environment. It was 

concluded (from the review) that studying on noise 

eliminations by innovative material (date palm fiber) in 

experimental approach becomes a new area of study. 
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ABSTRACT 

 

This article is a bibliographical revision concerning acoustic absorbing materials, also known as 

poroelastics. These absorbing materials are a passive medium use extensively in the industry to 

reduce noise. This review presents the fundamental parameters that define each of the parts 

comprising these materials, as well as current experimental methods used to measure said 

parameters.  Further along, we will analyze the principle models of characterization in order to study 

the behaviour of poroelastic materials. Given the lack of accuracy of the standing wave method three 

absorbing materials are characterized using said principle models. A comparison between 

measurements with the standing wave method and the predicted surface impedance with the models 

is shown. 

 

 

KEY WORDS: poroelastic material, acoustic surface impedance, poroelastic characterization, 

models, sound absorption 

 

1.  INTRODUCTION 

The number of products that include a low noise level design increases daily. However, apart from the 

design itself, it is frequently necessary to use techniques that lower the level of noise in the product or 

industrial application. 



A variety of methods are available for noise reduction but they can be basically grouped as 

follows: passive and active mediums. Active mediums differ from passive mediums in that it is 

necessary to apply external energy in the noise reducing process. 

The absorbing materials, as such, are passive mediums that lower noise by disseminating 

energy and turning it into heat. Acoustic absorption depends on the frequency of the sound waves. In 

porous materials at high frequencies, an adiabatic process takes place that produces heat loss due to 

friction when the sound wave crosses the irregular pores. On the other hand, at low frequencies, 

poroelastic materials absorb sound by energy loss caused by heat exchange. This is an isothermal 

process. In general, poroelastic efficiency is limited to high frequencies.  

The absorption phenomenon differs from that of insulation or shock absorption. This process 

causes a vibrating movement to diminish in size with time. The origin can vary: due to friction between 

two surfaces, as a result of internal friction or hysteresis of the material itself, etc. 

Other passive mediums exist, such as resonators that reduce noise by transforming it in the 

vibration of the resonator itself. A noise resonator is nothing more than a system that begins to vibrate 

due to variations in sound pressure; the resonator begins to vibrate and produces losses in the form of 

heat. Resonators can be modelled as a forced and damped system with one degree of freedom, with 

an equivalent excitation strength, equivalent mass element, equivalent spring element and equivalent 

damping element.  

The equivalent strength is produced by the variations in sound pressure and the mass, spring 

and damping elements depend on the resonator to be modelled: the type of resonator, its dimensions, 

materials, etc. The mass consists of everything that is subject to movement and the spring to all that 

provides stiffness. The damping consists of everything that causes energy loss in the moving system.  

There are different types of resonators: Helmholtz resonators, panel resonators and punched 

plate resonators. Currently, active type resonators exist that vary their geometry depending on the 

variation of external noise to be lowered. 

There are also solutions consisting in actuators integrated in absorbing plates that are capable 

of producing vibrations that counter the original vibration (Nykänen, 2001).  

On the other hand, in active noise control, it is necessary to have a noise or vibration meter 

based on various sensors in order to act on the system via adequate actuators to cancel the noise or 



vibrations. This is why it is also necessary to have a form control to close the reader-control-actuator 

loop. Therefore, the various control algorithms will play a major role in active noise control. 

It is known that passive mediums act correctly at high frequencies while noise reduction in low 

frequency ranges require the introduction of active noise control techniques. The efficacy of each 

medium at different frequencies is shown in Figure 1. 

 

Figure 1: Range of working frequencies for active and passive mediums. 

 (Landaluze, Portilla, Pagalday, Martínez and Reyero, 2003). 

This bibliographical review focuses on the study of porous materials, and other passive mediums 

such as resonators or active mediums that combine actuators with absorbing materials are out of the 

scope of the present review. A standard technique to characterize these absorbing materials is the 

impedance tube. There have been a number of works into the accuracy of the standing wave tube 

method. Lauriks et al (1990) observed that only a free-field technique for the normal surface 

impedance could give valid results and proved that the standing wave method (or classical Kundt tube 

method) only roughly corresponded to the results obtained in the free field because the friction 

between the screen of the absorbing material and the tube caused extra attenuation. Allard et al 

(1991) also used a free-field technique to measure the normal surface impedance because the Kundt 

tube is not very accurate for resonant materials. Vigran et al (1997) carried out a comparison between 

measurement results of the acoustic absorption coefficient and impedance using two different 

methods, the standing wave tube and a free field method. They analyzed the effect of the constraints 

at the tube wall on the absorption coefficient of an elastic porous material. They conclude that the 



friction between the material and the tube was to stiffen the material and proved that impedance tube 

measurements should be used carefully in cases where the elasticity of the frame contributed to the 

surface impedance of the material. Pilon et al (2003) defined a new parameter named as Frame 

Acoustical Excitability and established a critical value below which the theoretical absorption could be 

efficiently measured using a standing wave tube. Recently Horoshenkov et al (2007) have carried out 

reproducibility experiments on the inter-laboratory characterization of the acoustical properties of three 

types of consolidated porous media. As main conclusions, they state that: 

“The existing ISO10534-21 should be revised to define more precisely: (i) the procedure for 

sample preparation and minimum number of tested specimen; (ii) the minimum size of the 

sample as a function of the material density, bulk modulus of the material skeleton and flow 

resistivity; (iii) the sample mounting conditions; (iv) the type of stimuli and signal processing 

method; and (v) the procedure for merging material data obtained in tubes of different 

diameters, a procedure that has not been discussed here. The revised standard procedure 

should enable quantification of the intrinsic experimental errors.” 

Therefore, since the agreement between the free-field measurements and the theoretical 

calculations based on Biot theory are good (Lauriks et al, 1990), this article will focus on describing 

two aspects in detail: the primary parameters that define absorbing materials and the characterization 

of said materials. The characterization of poroelastic materials includes the description of the 

parameters necessary to define the behaviour of the fluid in the pores, the skeleton of solid phase of 

the material and the coupling mechanism between both phases. In addition to the description of the 

parameters, we explain the tests necessary for their quantification. In like manner, we include different 

empiric and phenomenological models of mechanical behaviour of porous materials. In addition, we 

will show the agreement between Kundt’s tube measurements and theoretical calculations of the 

surface impedance for three absorbing materials: Acustec, Acustifiber P and Acusticell. Acustec is a 

material made of mineral wool with a high mechanical strength, meanwhile Acustifiber P is made of 

polyester fibre and Acusticell is an absorbing expanded polyurethane foam. 



2. DESCRIPTION OF POROELASTIC MATERIALS 

Poroelastic materials are divided into two phases: a solid phase known as the skeleton and a liquid 

phase that is normally air. 

There are different types of poroelastic materials: fibrous, such as cloth and rock wool, foam, 

granular and vegetable binders such as straw.  

Porous materials absorb acoustic energy by friction with the air that moves inside the pores. 

The details of the various structures of porous materials are shown in Figure 2.  

 

a) b) 

c) d) 

 

Figure 2: Structures of different porous materials: 

a) Reticulated foam. b) Partially reticulated foam. c) Mineral wool. d) Fiber glass. (Fahy, 2001). 

In order to characterize porous materials, it is necessary to know the parameters that define each 

part of poroelastic materials, that is, the liquid, the skeleton and the coupling between both of these 

phases. These parameters are described below. 

2.1 Parameters that define liquid properties 

The liquid parameters necessary for correct characterization of absorbing material are found below.  



2.1.1 Volume mass 

Volume mass, 0� , represents the mass of a body per unit of volume and is generally expressed in 

3kg/m . 

2.1.2 The ratio of specific heats 

The parameter, � , ratio of specific heats, is the quotient of specific heats at a pressure of, pC , and 

constant volumes, VC , VP CC�� . 

The specific heat of a body represents the amount of calorific energy that a substance must be 

supplied with per unit of mass to increase its temperature by one degree. Therefore, the units in the 

international system are )J/(kgK (Franco, 2004). 

The ratio between two specific heats are given by: rCC �� PV , where r is the specific 

constant of perfect gases that depends on the general constant of perfect gases and the molecular 

weight of the specific gas. For air, )J/(kgK287�r . In general, specific molar heats are used in 

order not to include molecular weight. 

In the case of air, 4.1�� , considered as an ideal diatomic gas. 

2.1.3 Sound velocity 

Acoustics assume that the process of propagation is isoentropic.  In the case of perfect gases (or their 

mixture, as in air), isoentropic processes are characterized by the law ��Cp �  where p , is 

pressure, �  is the density of the medium, � is the quotient of the specific heats at constant pressure 

and volume and C depends on the gas and also on the value (constant) of the specific entropy during 

the process (Kinsler et al, 2000). 

The speed of sound, c , is the speed at which a pressure wave travels in this medium. It is 

known that this speed is equal to the square root of the partial derivative of the pressure with respect 

to the density, when entropy remains constant, 0s , that is, 



� �00 ,
ˆ

spc �
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�

� , (1) 

where, ),(ˆ),(ˆ sppp �	� �� , 	  denotes absolute temperature and s  specific entropy (that is, 

entropy per unit of mass). 
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. Substituting the values for air at 0º C and 1 atm of pressure: 

m/s5.331)293.1/1001325.1402.1( 2
15

0 �

�c . 

For the particular case of perfect gases, the speed of sound can be estimated from its status 

equation: KrTp ��  where �  is density and r  is the specific constant of perfect gases.  

� � � � K0000
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For a temperature of 0 ºC, speed of sound is: m/s5.331)15.273287402.1( 2
1

0 �

�c . 

The speed of sound in a medium is also defined by the bulk modulus of the medium as:  

� � 21/ ��c � , (3) 

where the bulk modulus is: 

�
�
�
�

�
p�
ˆ

. (4) 

We must take into account that the status equation of perfect gases greatly depends on 

temperature, so that the response to efforts of compression depends on what happens to the 

temperature during the process. 

Two extreme cases can be considered. One in which the liquid compression process is 

performed very slowly, resulting in an exchange of heat with the skeleton and maintaining constant 

temperature. The response of the liquid to the compression effort will be determined by the isothermal 

compressibility modulus:  
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However, if the process is very fast, no heat exchange will take place. Therefore, the process 

will be adiabatic, that is, at constant entropy and the response of the fluid to the compression effort will 

be determined by the adiabatic compressibility modulus. 
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sp� . (6) 

Both moduli, isothermal and adiabatic, are related by the ratio of the specific heats, � , as 

follows: 

Ta �� �� . (7) 

2.1.4 Dynamic viscosity 

Viscosity represents the resistance to flow of a fluid. The common unit of dynamic viscosity, � , is the 

centipoise (cp), while the official unit is the Pascal second (Pa.s) equivalent to 1000 centipoises. 

The dynamic viscosity of the air at 0 ºC is 1.72x10-5 Pa.s. 

2.1.5 Prandtl number 

This is the quotient between kinematic viscosity and thermal diffusivity. Kinematic viscosity is the 

dynamic viscosity divided by density, while thermal diffusivity has to do with the thermal inertia of a 

body (greater or lesser capacity of a body to homogenize its temperature). If thermal diffusivity is high, 

thermal inertia is low and therefore, homogenization of body temperature will be rapid. 

Prandtl’s number, rP , (Allard, 1993) is an adimensional number defined according to 

�
�

��
�� P

P
r

C
C

P �� , (8) 

where � is the thermal conductivity measured in Kmºwatt . 

rP of air at 0 ºC is equal to 0.708. 



2.2 Parameters that define the properties of the skeleton of the porous material 

According to Langlois et al (2001), and following on Biot’s theory, the skeleton of an open-cell, 

poroelastic isotropic material can be defined by three elastic properties: The shear modulus (G ), 

Young’s modulus (E ) and Poisson’s modulus ( ). These three properties are generally complex and 

dependent on frequency due to skeleton viscosity. Simulations and experimental measurements 

performed on multi-layer materials show that, although in some cases the dynamic modulus (G orE ) 

can be greater than its static value, the use of constant elastic properties, measured at low 

frequencies, are well correlated (Allard, 1993, and Panneton,1996, taken from Langlois et al, 2001). 

Therefore, to characterize these properties, it is necessary to perform a dynamic test, but in most 

acoustic and vibro-acoustic problems it is sufficient to perform quasistatic measurements of the 

properties mentioned (Mariez et al, 1996, taken from Langlois et al, 2001). 

For open pore poroelastic materials, this characterization must be performed in a vacuum, 

since the movement of the fluid through the pores can affect the measurement (Ingard, 1994, taken 

from Langlois et al, 2001). There are also numerical methods that attempt to eliminate these fluid 

effects numerically (Melon et al, 1998, taken from Langlois et al, 2001).   

Another aspect to be considered when dealing with porous materials is their anisotropy. 

According to Dauchez (1999) and Dauchez et al (2000), taken from Langlois et al. (2001), when the 

degree of anisotropy of the material is not very high, it is shown that isotropic models show better 

results than anisotropic models. 

Numerous methods have been proposed to measure these properties. Some of them are 

based on uniaxial compression tests or transmissibility tests applied to a disc of material, in the 

assumption that it is equivalent to a spring with no mass or to a spring and mass system (Kim and 

Kingsbury, 1979; Wijesinghe and Kingsbury, 1979 and Okuno, 1986, taken from Langlois et al., 2001). 

Other methods such as shear tests use brick type materials (Hilyard and Cunningham, 1994, taken 

from Langlois et al. 2001). The measurements in these methods do not represent the true properties 

of the material due to the fact that the surrounding conditions are not taken into consideration. The 

validity of this approximation is inversely proportional to the size of the sample. To minimize the effect 

of the surrounding conditions Pritz (1982), taken from Langlois et al. (2001) proposes a method bases 

on a long slim sample of material. By doing so, Young's modulus would be determined by longitudinal 



vibrations and Poisson's modulus would be determined by the variation in diameter of the sample. In 

practice, the use of this long, slim sample is the limitation of this method, as it is not easy to obtain this 

type of geometry in porous commercial materials. On the other hand, obtaining disc or brick type 

samples is easier.  

So, to take into account the effects of sample size and those of the surrounding conditions, 

Mariez et al (1996) and Sim and Kim (1990), taken from Langlois et al.  (2001) have investigated 

characterization methods based on finite elements. 

In the work by Mariez et al. (1996), a cubic sample was compressed between two rigid plates. 

Afterwards, Young’s modulus � �)( �E  and Poisson’s modulus � �)( �  were adjusted in the finite 

element model until mechanical impedance � � � �� ��� 1dF  was obtained and the quotient between 

displacements � � � �� ��� 12 dd  measured in the experiment at angular frequency� . Where � ��F  is 

the force applied to the sample, � ��1d  is the vertical displacement of the sample and � ��2d is 

horizontal displacement. 

Angular frequency,� , will be sufficiently low for the quasi-static model to be a good 

approximation of the dynamic model. The method is applied for much lower angular frequencies than 

the first resonance of the sample. Section 2.2.1 presents the details of the experiments undertaken by 

Mariez et al (1996).  

However, the work by Sim and Kim (1990) is based on a transmissibility test using two discs 

with a different form factor. Form factor is defined as LR 2 , where R  is the sample radius and L  the 

thickness of the sample. The first disc has a small form factor, so a good estimate of Young’s modulus 

can be obtained from the measurement of transmissibility. Afterwards, a finite element model was 

constructed to simulate transmissibility of the second sample. Contrary to the first sample, the second 

sample has a large form factor. In order for the simulated transmissibility to coincide with the 

measurement, Poisson's modulus is adjusted. This modulus is used to repeat the estimate of Young’s 

modulus of the first sample and iteration is continued.  Iteration is interrupted when E and   have 

small changes and practically stable. 

The greatest limitation of these methods is that a finite element model has to be performed 

and solved iteratively with the time increase this supposes. 



After this bibliographic review of the experimental methods of characterization of porous 

material skeleton properties, we will comment the methods used by Mariez and Sahraoui (1997) and 

Langlois et al. in detail (2001). 

2.2.1 The Mariez and Sahraoui method 

With the methodology by Mariez and Sahroui (1997) presented below, we can obtain complex Young 

and Poisson modulus with a quasi-static compression test and with an inverse problem that is solved 

with finite elements. This methodology can be applied in both isotropic and anisotropic materials. 

2.2.1.1 Isotropic materials 

In this method (Brouard et al, 2004), the poroelastic material in the shape of a disc is placed between 

two rigid plates (see Figure 3).  

Fix support

Exciter

Fix support

Moving plate

Fix plate
Laser vibrometer 

Load cell

Porous sample

Displacement transducer

 

Figure 3: Diagram of the compression test. 

The face of the plates is covered with sandpaper to prevent the radial slipping between the 

discs. The sample is compressed using an exciter, (see Figure 4), and vertical displacement ( � ��1d ) 

is measured using a displacement meter while horizontal displacement ( � ��2d ) is measured with a 

laser vibrometer. 
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Figure 4: Compressed porous sample. 

From this experiment we obtain: 

� Sample stiffness 
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� The transfer function 
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Where, 

� ��F  is the force applied on the lower plate. 

� ��1d  is the vertical displacement of the lower plate measured with an inductive transducer. 

� ��2d  is the horizontal displacement measured with a laser vibrometer. 

For isotropic porous materials � ��*K  and � ��*T depend on � ��E  and � �� : 

� �)(),()(* ��� EKK �  (11) 

� �)(),()(* ��� ETT �  (12) 

To obtain values of � ��E  and � �� , a numerical simulation is performed using finite 

elements.  



2.2.1.2 Anisotropic materials 

If the porous material is considered anisotropic (Mariez and Sahraoui, 1997), to characterize porous 

material with an axisimetrical shape, five complex, independent functions are needed: )(�LE , 

)(�TE , )(�LTG , )(� LT  and )(� TT , where longitudinal and cross-section directions are named L 

and T, respectively.  

These five functions are experimentally defined in the frequency domain, thanks to mechanical 

impedance ( ))(*( �K ) and the transfer function ))(*( �T  that is obtained from the experimental 

measurements (described for the isotropic case).  

After the experiments, nine elastic constants that are functions of frequency are obtained from 

the skeleton of the porous material:  

Load directions  

(Primary axes) 

Modulus Ratios 

L (Longitudinal) 
LLK  LTT  and 'LTT  

T (Transversal) 
TTK  TLT  and 'TTT  

T’ (Transversal) 
''TTK  LTT '  and TTT '  

Table 1: Functions obtained from experimental measurements. 

Four of these parameters ( LTLTTT TTK '''' ,,  and 'TTT ) are used to confirm transversal isotropy. 

Afterwards, vector [ TTTLLTTTLL TTTKK ´,,,, ] can be used to obtain vector [ TTLTLTTL GEE  ,,,, ], 

resolving an inverse problem iteratively with finite elements. 

2.2.2 Quasi-static Christian Langlois et al. method  

The originality of the quasi-static Christian Langlois et al. method (2001) lies in the polynomial 

relations between the compression modulus [that will be defined in equation (18), Young’s modulus, 

Poisson’s modulus and the shape factor. The relations are established in a low frequency range, 

under the first resonance. Contrary to the methods explained until now, this methodology only requires 

a single measurement, called mechanical impedance. It should also be noted that no iteration is 

performed with any of the finite element models during the characterization of the properties. 



The configuration of Langlois et al. (2001) is the same as that of Mariez and Sahraoui (1997), shown 

in Figure 3. 

From this experiment, we obtain the transfer function or mechanical impedance defined in the 

following equation (13):  
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m �
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d
FZ � . (13) 

Where, )(�F is force measured in the upper plate. )(1 �d  is the displacement of the lower plate. 

To calibrate the system, a calibrated spring is placed between the two rigid plates.  Spring 

stiffness should be such that its resonance frequency is higher than the maximum of the band 

analyzed. In this range of frequencies, it is assumed that stiffness is constant and equal to its static 

stiffness value 0k . Therefore, the correction function cH of the experimental measurements is defined 

as: 

springd
F
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H
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Therefore, the equation (13) is: 
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At low frequencies, where fluid flow and thermal process are insignificant and applied 

deformation is less than 5% % (Hilyard and Cunningham, 1994 taken from Langlois et al. 2001), it is 

assumed that the measurements in the air are similar to the measurements in a vacuum. 

Mechanical impedance, given by equation (13), is a complex equation; it can therefore be 

written as a function of its real part and its imaginary part: 

)()()( mmmc ��� jXKZ �� . (16) 

Where, )(m �K  is the compression stiffness or the mechanical resistance to an angular frequency � . 

)(m �X is the mechanical reactance1.  



At low ranges, we assume that inertial effects are insignificant. Therefore, according to 

Langlois et al. (2001) we can obtain a close approximation of the reactance by multiplying the 

mechanical resistance by the material damping loss factor )(� . 

))(1)(()( mmc ���� jKZ �� . (17) 

In the quasi-static range, compression stiffness and loss factor are given by: 

))(Re()( mcm �� ZK � , (18) 

and 

))(Re(
))(Im()(

mc

mc

�
���

Z
Z

�  (19) 

2.2.2.1 Polynomial ratios 

Simulations of static finite elements: 

For a long slim sample (normally s <0.025, when s  is the shape factor), Poisson’s modulus and the 

surrounding conditions do not usually affect static compression stiffness and can be expressed as 

follows: 

L
EAK �0 . (20) 

Where, A  is the transversal section of the sample. L is the length of the sample. 

But when the sample is short (normally s >0.025), the effects of Poisson and the surrounding 

conditions have an effect. In this case, )0(mK is replaced by 0K  in equation (20) and isolating the 

apparent Young modulus )'(E  we obtain equation (21). 

)0(' mKA
LE � . (21) 

With equations (13), (20) and (21) a poroelastic material can be modeled in finite elements.  



So, introducing a Young modulus (E ) and Poisson’s modulus ( ) and with different shape 

factors ( s ), we obtain different compression moduli ( 0K ) using equation (20) . On the other hand, we 

introduce a force ( )(�F ), in the samples and obtain different displacements ( )(�u ) for different 

shape factors. With the latter, we can define compression stiffness ( )0(mK ) using equation (18). 

Dividing )0(mK and 0K we obtain the normalized the static modulus of compression, which is 

independent from Young’s modulus. The results obtained by Langlois et al (2001) in the simulation are 

shown in Figure 5:  

 

Figure 5: Variations of static compression stiffness depending on shape factor and Poisson’s modulus. (Langlois et al, 

2001). 

Each curve in Figure 5 can be written as an M order polynomial to create polynomial relations 

depending on the shape factor: 
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Where, 
iC are the coefficients of the curve referred to curve  . 

If, instead of expressing the polynomial relations dependent on the shape factor, they are 

expressed dependent on Poisson's modulus (N order polynomial): 
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Where, s
iD are the coefficients of the curve referred to curve s . 

If working under quasi-static conditions, the following substitution can be performed in equations 

(22) and (23) : )0()( mm KK ��  for 1�� �� . Where, 1� is the first resonance of the system. 

Determining Poisson’s modulus: 

If we take two samples (samples 1 and 2) of the same material, Young’s modulus E , Poisson’s 

modulus   and the damping factor �  are identical in both samples and combining the equations (20), 

(21), (22) and (23) we obtain: 
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Where, )(,m �
is

K and )(' �
is

E are the stiffness compression measurements and the apparent Young 

modulus of the sample at an angular frequency of � .
is

L  and 
is

A are the thickness and section of the 

samples ( 2,1�i ).  

In equation (25), the polynomial 
is
P  can be taken as a correction factor to apply in the 

apparent Young modulus to obtain the true value of Young’s modulus. 

Combining equation (24) for the case of two samples of the same material, we obtain the following 

equation: 
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As the apparent Young modulus is determined by the geometry and compression stiffnesses   

( )(
1,m �sK and )(

2,m �sK  ), equation (25) has only one unknown: Poisson’s modulus. 

Determining Young’s modulus: 



Once Poisson’s modulus has been calculated, Young’s modulus is directly determined by equation 

(24). 

Determination of the loss factor. 

This parameter is estimated from the real and imaginary parts of the mechanical impedance (see 

equation (19)). 

2.3 Parameters that define coupling between the fluid and skeleton 

The parameters that define the coupling between the two phases that comprise the porous material 

are as follow: porosity, resistivity, tortuosity, and viscous and thermal lengths. Also described for each 

is the experimental method for obtaining quantification. 

2.3.1 Porosity 

Materials such as fiber glass and polymer foams with open pores are elastic structures with 

surrounding air. Porosity, � , is the air volume quotient, fV , and the total volume, tV , of poroelastic 

material:  

tf VV�� . (26) 

In air volume, only the open pores are considered, and therefore the closed pores pertain to 

the volume of the elastic structure or skeleton. 

The value of porosity ranges between 0 and 1. For absorbing materials (polymer foams and fibrous 

materials it is 0.95<� <0.99). 

According to Champoux et al (1990), taken from Dauchez (1999), measurement of porosity is 

based on the Boyle-Mariotte law for perfect gases, and consists in supposing that ctepV � . In the 

diagram in Figure 6, is shown how a porosimeter works. The piston produces a variation in pressure 

from which is deduced the air in the material sample.  
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Figure 6: Diagram of Champux’s porosimeter. (Dauchez, 1999),  

where 0p , is the initial pressure and extV is the volume not occupied by the sample. 

Therefore, applying Boyle-Mariotte’s law, we obtain: 

� � � �� �ppVVVpVV ������� 0extf0extf , (27) 
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Once the air volume of the sample is obtained, porosity is determined: tf VV�� . 

2.3.2 Resistivity 

Resistivity, � , describes the viscous interactions dependent on frequency. Under a certain frequency, 

the thickness of the viscous layer is equal to  

��
��
0

2
� , (29) 

which is much greater than the size of the pore. Therefore, the viscous friction forces act throughout 

the fluid domain. The forces of inertia tend to be annuled. The sound wave generated a pressure 

gradient opposed by the viscous friction forces.  

Darcy’s law (Sánchez San Román, 2003) establishes that the flow,Q , which circulated 

through a conduit divided by a porous medium is equal to a constant known as permeability, per 

section, S , of the conduit and the hydraulic gradient (which is the difference in pressure, p� , per unit 



of porous medium thickness, l ). Permeability presents a negative sign, since the flow is a vectorial 

magnitud in the direction of decreasing p� : 

l
pSCQ �

� typermeabili . (30) 

This linear relation between the flow and the hydraulic gradient is not fulfilled for very low 

values of permeability (very high resistivity) or very high flow speed values. Beranek and Vér (1992) 

give a limit value of 0.5x10-4 m/s, after which resistivity depends on speed. 

Resistivity is the inverse of permeability as defined by Darcy and therefore equal to:  

Q
S

l
p�

��� . (31) 

Where, l is the thickness of the porous material, S is the section of the material and Q is the 

volumetric flow. The measuring units are rayls/m or, Ns/m4. 

Intrinsic permeability of porous material is equal to ���0k  in m2. 

For common absorbing materials 103 Nm-4s< �  <106 Nm-4s. 

The measurement of air flow resistivity is performed in accordance with ISO 29053 standard 

(1991), that defines two means of measurement:  by constant or variable flow. 

� By constant flow. 

The diagram of the resistometer for constant flow is shown in Figure 7. 
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Figure 7: Diagram of the resistometer for constant flow. (Dauchez, 1999). 



Two porous materials are placed serially, as explained by Dauchez (1999). The first material is 

used as reference, since its resistance to air flow is known, 1R . We wish to determine the resistance 

to flow of the second material, 2R , and as the section S and thickness l , are known, we can 

determine the resistivity to air flow by the ratio: 

l
SR2�� . (32) 

To determine 2R , we know that for a constant flow the following must be fulfilled: 
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Therefore, resistivity to air flow will be: 
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In this direct method of constant flow, a flow of stable air is passed through a test tube at a 

speed of 0.5·10-3m/s. The variation in pressure is measured with a manometer.  

Generating the air flow at constant speed is complicated. If performed using a vacuum pump, 

the flow may be irregular and spaced, so the pump must provide a regular, smooth air flow. The same 

occurs if a compressor is used, except that in this case we have to ensure that the air is clean and the 

flow passing through the material is laminar. If performed with a water column, the column should be 

large enough to allow time for measurement before it empties and the height variation should not exert 

too much influence on the speed of water feed.  

Achieving constant air flow and finding the measuring instruments are the major disadvantages 

of this method. 

� By variable flow. 

The diagram of the resistometer for variable flow is shown in Figure 8. 



 

Figure 8: Diagram of the resistometer for variable flow. (Dauchez, 1999). 

 

Figure 9: Resistometer for variable flow built in Ikerlan. (Mendibil, 2004). 

As explained by Mendibil (2004), this method measures the pressure with respect to the 

balance pressure. Since the piston generates an oscillating movement, the air pressure inside the 

measuring cell increases and decreases at the same frequency as the piston, and is measured with a 

condenser microphone. This microphone has to be calibrated with a pistonphone running at 2 Hz. 

Piston movement must be senoidal. This movement is achieved using a lever or a mechanical 

system. Recommended r.m.s. value of linear flow speed smru ..  should be between 0.5mm/s and 

4mm/s. 
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Where f is piston frequency, h the peak-to-peak range of stroke, pA piston surface area and 

2S the sample surface area. The flow generator has a variety of ranges, different from those of the 

pistonphone so it can work in the range of recommended speeds. 

Therefore, resistivity will be: 
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1� . (36) 

The disadvantage of the alternate flow method is the need to interpret the signal given by the 

microphone. Filters are necessary to isolate the 2 Hz signal and measure it. In addition, the 

microphone will have to be capable of good response to infrasonic frequencies. Normally, 

microphones are used to work between ranges of 20 Hz to 20 kHz, which is the range of frequencies 

heard by the human ear.  

2.3.3 Tortuosity 

Tortuosity, also known as the structure shape factor, is a parameter that takes into account the 

irregular shape of the pore and the non-uniform distribution of pores per unit of section throughout the 

thickness of the poroelastic material. 

The simplest way to calculate tortuosity is to suppose that the elastic material presents 

cylindrical pores at an angle of !  with respect to the direction of the thickness of the material. 
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Figure 10: Elastic material with cylindrical pores at an angle of ! . 

 



Figure 1: Elastic material with cylindrical pores at an angle of ! . 

If n is the number of pores per unit of surface area, porosity will be defined as: 

!
 �

cos

2rn
� , (37) 

where r is the radius of the pore. Poiseuille’s law, only valid in the laminar regimen, establishes that 

the pressure gradient, p� , in a circular tube with radius r is given by: 
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where Q is the volumetric flow in the conduit and � is the dynamic viscosity of the fluid. 

If we now have a volumetric flow that acts on a material surface with inclined cylindrical pores, 

the flow per unit of surface area will be, Q" . Therefore, in each of the cylindrical pores it will be: 
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On the other hand, we know that resistivity per flow per unit of surface area is equal to the 

pressure gradient, that is: 
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or:  
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Isolating 
Ql

p
"�

� 1
 from equations (39) and (41) we obtain,  
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cos
8

22rrn
� . (42) 

Introducing the porosity value, we have: 



!�
�� 22 cos

8
r

� . (43) 

However, Zwikker and Kosten (1949), taken from Fahy (2001), show us that in flow analysis in 

a cylindrical conduit with radius r , a parameter exists that describes the changes in viscosity, whose 

value is: 
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Isolating �2r  from equation (43) and substituting in equation (44) we obtain: 
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Where sk  is the tortuosity and its value for inclined cylindrical pores is equal to: 

!2cos1�sk . (46) 

Dauchez (1999) demonstrated that tortuosity is a parameter that describes inertial coupling, 

and translated into an increase in volume mass of the fluid at macroscopic level. From the equality of 

kinetic energies at both microscopic and macroscopic level, we obtain: 
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1 UkU s

�� �� � . (47) 

Where, mU�  is the microscopic speed of the fluid, mUU �� � is the macroscopic speed of the fluid, 0�  

is fluid density and  indicates mean volume. 

As the mean of the squares is greater than the square of the means, tortuosity is always 

greater than the unit.  

Johnson et al (1987), taken from Allard (1993), affirm that tortuosity so defined, i.e., as: 

22
m UUks ��� , (48) 



is not only valid for cylindrical pores but also for all types of structure geometry. 

Johnson et al. (1987), taken from Allard (1993) define effective density as � � 0��#� �  where 

� ��#  is dynamic tortuosity. This tortuosity is equal to sk when $�� . That is: 

sk�$# . (49) 

As the nomenclature of $# is more common in current literature, we will use it to refer to tortuosity 

hereafter. 

Experimentally, there is an electrical method to determine tortuosity of a porous material. The 

method is based on the measurement of resistivity of a porous sample saturated with conductor fluid, 

following the equivalence between the field of microscopic speeds of the fluid and the current fields 

(Brown, 1980, taken from Dauchez, 1999). 

The diagram of the tortuousity meter is shown in Figure 11. 
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Figure 11: Diagram of the tortuousity meter. (Dauchez, 1999). 

Tortuosity is given by: 

0e

e

R
R�# �$ . (50) 

Where 0eR  is resistivity measured without a porous sample and eR is resistivity with the porous 

sample.  

The quotient between resistivities is equal to: 
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Where, 1eU and 0eU are the voltages in the electrodes. 

Melon and Castagnéde (1995), taken from Dauchez, 1999, propose a method to determine 

tortuosity based on ultrasonic waves. The method is based on the delay, � ��t� , originated by an 

ultrasound wave passing through the material. This delay is obtained by comparing the time needed 

by the ultrasound wave to go from one pickup to another, depending on whether a sample of 

poroelastic material is introduced or not between the two pickups.  

pickup 
porous sample 

 

Figure 12: The method proposed by Melon et al. determines tortuosity based on ultrasonic waves. (Dauchez, 1999). 

The refraction index, � ��n , is defined as the quotient between the two sound speeds in an 

acoustic medium )( 0c  and a porous medium ))(( �c : 
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If this refraction index is squared, we obtain: 
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Where �  is maximum viscous layer defined in equation (29) and +  and '+  are the characteristic 

viscosity and thermal lengths, respectively, defined in subsections (2.3.4 and 2.3.5). 

If we represent the square of the refraction index as a function of the limit layer, the ordinate in 

origen is tortuosity. 

This method, as stated by Ayrault (1999), taken from Dauchez (1999), in his thesis, is not valid 

in two situations: 

, When material resistivity is high, i.e., when the ultrasound wave is greatly dampened.  

, When wavelength is greater than the size of the pore. 

Fellah et al. (2003) propose a faster, non-destructive method to measure tortuosity and porosity. 

These measurements are based on using ultrasound waves that incide obliquely on a porous sample 

and measuring the reflected wave for a variety of incidence angles. Figure 13 shows the diagram used 

by Fellah et al. (2003), where the initials P.G correspond to the puls generator, H.F.F-P.A. to the 

preamplifier and high frequency filter, D.O to the digital oscilloscope, C to the ordinate and S to the 

porous sample. 

 

Figure 13: Porosity and tortuosity measurement using ultrasound techniques. (Fellah, 2003). 

These determine the tortuosity and porosity of the following equations: 
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where 1	  and 2	  are the incidence angles, and 1r  and 2r are the reflection coefficients for the 

respective angles. 
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for 2,1�i . 

2.3.4 Viscous characteristic length  

Viscous characteristic length, + , describes the effects of viscosity at high frequencies. Over a certain 

frequency, the forces of inertia dominate the forces of viscosity, in which the effect of viscosity is 

produced only in the proximity of the skeleton walls.  

This is associated with the flow regimen. In other words, when Reynolds number is equal to 

the quotient between inertial forces and viscous forces, at a certain frequency, inertial forces are much 

greater than viscous forces. 

Viscous forces produce shear forces on the surface that are proportional to the speed 

gradient.  At low frequencies, speed distribution goes from zero, at the conduit wall to a maximum on 

the interior of the wall. The region between both states is the limit layer. Therefore, we can define the 

limit layer as the region that separated the two states of minimum and maximum velocity. 

In a cylindrical conduit with a radius of r , at low frequencies, the limit layer,�  , is equal to the 

radius, while at high frequencies r�� , as shown in Figure 14: 



(a) (b) 

 

Figure 14: Dimension of the limit layer at both low frequencies (a) and high frequencies (b). (Dauchez, 1999). 

Dauchez (1999) establishes that the integration of viscous forces throughout the fluid domain 

fV  depends on the relation +/�  with 
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where iS  is the contact interface between the fluid and the skeleton. 

Johnson et al. (1987), taken from Allard (1993) give an expression for dynamic tortuosity at 

high frequencies: 
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The behavior of � ��#  depends on $# and + at high frequencies. 

Panneton (1996), taken from Dauchez (1999), defines a transition frequency, vfT  between the 

viscous effects at low and high frequencies, governed by permeability � ����0k  and+ respectively: 
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2.3.5 Thermal characteristic length 

Thermal characteristic length, +" , describes the thermal changes between the two pahses, solid and 

fluid, at high frequencies. Since thermal inertia of the skeleton is greater than that of the fluid, the 



modulus of compressibility of the fluid suffers a modification and takes on values between the 

isothermal compressibility modulus at low frequencies and the adiabatic modulus at high frequencies. 

In an analogous manner to what occurs with the viscous effect, there is a frequency after 

which the thermal effects only occur in the proximity of the skeleton walls. According to Dauchez 

(1999) the integration of these effects throughout the dominion depends on the quotient +""� , where 

the thermal limit layer: 

rP
�� �" . (59) 

Where �  is the viscous limit layer and rP  is Prandtl’s number. And the thermal characteristic length: 
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Where fV  is the fluid volume and iS is the interface fluid-skeleton contact surface. 

For common poroelastic materials, Dauchez (1999) estimates that +" is between two and 

threefold + . 

In recent studies, Lafarge et al (1997) define static permeability, '
0k , and another dynamic 

thermal permeability. The first is similar to viscous permeability, 0k . Using static thermal permeability 

and thermal characteristic length, they construct a model to estimate dynamic thermal permeability 

� ��'k  analogous to that defined by Johnson et al. (1987) for viscous dynamic permeability. 

Therefore, as an analogy, a transition frequency, tfT , can be defined between thermal effects 

at low and high frequencies, respectively governed by '
0k  and '+  so that: 
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where 0� and �  are the density and viscosity of the fluid, respectively, �  is the porosity and rP  

Prandtl’s number. 



However, Lafarge et al. (1997), in the conclusions of their work, conclude that due to the 

complexity of material structures, it was not possible to compare acoustically evaluated thermal static 

permeability with theoretical estimated values.  

A physical-chemical method exists to measure thermal characteristic length, known as B.E.T., 

based on the measurement of gas molecules that cover the skeleton pores (Lemarinier et al (1995), 

taken from Dauchez, 1999). Currently, ultrasound wave measurements are used.  

The thermal and viscous characteristic lengths are related with the square of the refraction 

index of equation (53), in such a way that, representing it as a function of the limit layer, its angle 

depends on these characteristic lengths. 

3. CHARACTERIZATION MODELS OF POROELASTIC MATERIALS 

The first models used to predict the behaviour of poroelastic models were based on empirical laws 

such as those developed by Delany and Bazley (1970), where rock wool surface impedance was 

estimated considering a rigid skeleton. 

There are other models that assume the rigid skeleton hypothesis, since this porous medium 

skeleton presents high stiffness as regards fluid.  These models are known as equivalent fluid models. 

A more complete theoretical model that takes into consideration movements of both phases 

using numerous parameters that are characteristic of the skeleton and fluid can be found in the works 

of Biot (1956a, 1956b).  Biot’s general theory is complex and predictive numerical models are often 

necessary. 

The purpose of all the models is to acoustically characterize fibrous absorbing materials by 

constant complex wave propagation, CC jk�. (where Ck  is the characteristic wave number of the 

material) and complex characteristic impedance, CZ . 

Establishing CZ  and C.  for a porous material allows complete characterization of its acoustic 

behaviour and to describe sound wave propagation in its interior. 

CCC ZjZZ ""�"� , (62) 



CCC . ""�."�. j , (63) 

 where C." is the attenuation constant, C. "" is the phase exponent, CZ " is the acoustic resistance and 

CZ ""  is the acoustic reactance.  

C."  is the dampening constant. This parameter is easy to measure with a microphone sensor. 

Decrease in sound pressure is measured (nepers/m)2 in a plane sound wave propagated in a thick 

layer of material. C. "" , is obtained measuring the phase change with distance. On the other hand, 

complex characteristic impedance is measured in an impedance tube. 

A more generic way of seeing these two impedance variables and wave number is as a 

function of the compressibility modulus, density and angular frequency. This way, we obtain: 

� � � �� � 21
C ����Z � , (64) 

� � � �� � 21
C ���� �k � . (65) 

The various models currently used attempt to determine the compressibility modulus and 

equivalent density for poroelastic material.  

3.1 Empirical models 

Empirical models estimate the impedance and complex propagation constant of material through 

knowledge of the secondary properties of the material. Following we describe the Delaney-Bazley 

model, that provides these values as a function of flow resistivity, the Mechel-Vér model and the 

Allard-Champoux model, both of which are corrections to the Delaney-Bazley model. 

3.1.1 Delany-Bazley model 

Delany and Bazley (1970) derived the empirical model that estimates the value of the propagation 

constant, Cjk , and characteristic impedance, CZ , as a function of material flow resistivity. 

After numerous measurements using Kundt’s tube or impedance tube for materials of varying 

resistivity and a specific frequency range, Delany and Bazley established the laws by which 



impedance and the damping constant are estimated as a function of the quotient between frequency 

and flow resisitivity.  

These laws are described in their work (1970) as follows (see the graphs and equations or 

laws for each, where R  and X  are the real and imaginary part of CZ  respectively; y # y / are the 

real and imaginary part of C.  respectively): 

 

(a)       (b) 

Figure 15: Normalization of the real part (a) and the imaginary part (b) of characteristic impedance as a function of the 

quotient between frequency and flow resistivity. (Delany and Bazley, 1970). 

 

(a)       (b) 

Figure 16: Normalization of the real part (a) and the imaginary part (b) of the attenuation constant as a function of the 

quotient between frequency and flow resistivity. (Delany and Bazley, 1970). 

These laws can be written as a function of an adimensional parameter that multiplies the 

density of the fluid by the quotient between frequency and resistivity, �� f0 , that Delany and Bazley 



called the normalized adimensional parameter. Allard (1993) uses the Delany-Bazley laws as a 

function of this parameter:  
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The model assumes that the absorbing material is fibrous and that the fibers are uniformly 

distributed. Delaney and Bazley establish a range of validity for the empirical curves obtained: 

100010 00 �f , where frequency, f , is expressed in Hz and air flow resistivity,� , in scmgr 3 . 

So a validity range can be established as a function of the normalized adimensional parameter: 

101.0 0 00 �� f . 

It must be borne in mind that all the fibrous materials considered in this model present porosity 

close to one. Delaney and Bazley explain that another normalization procedure should be performed 

for materials with lower porosity. 

3.1.2 Mechel-Ver model 

In Chapter 8, Beranek and Vér (1992) mention that the Mechel and Vér model is a more refined 

adjustment than the Delany-Bazley model. It differentiates two families of absorbing materials and two 

areas for the normalized adimensional parameter, that they call the normalized frequency parameter, 

�� fE 0� . 
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That is, 
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The values of the coefficients and exponents are summed up in Table 2: The values of the coefficients 

and exponents of the Mechel-Vér model . (Beranek and Vér, 1992).. The Mechel-Vér model is more 

precise at low frequencies than the Delany-Bazley model. 

Material Region a' #’ a'' #’’ b' /’ b'' /’’ 

E � 0.025 0.322 0.502 0.136 0.641 0.081 0.699 0.191 0.556

Rock wool and basalt 

E > 0.025 0.179 0.663 0.103 0.716 0.0563 0.725 0.127 0.655

E � 0.025 0.396 0.458 0.135 0.646 0.0668 0.707 0.196 0.549

Fiber glass 

E > 0.025 0.179 0.674 0.102 0.705 0.0235 0.887 0.0875 0.77 

Table 2: The values of the coefficients and exponents of the Mechel-Vér model . (Beranek and Vér, 1992). 

3.1.3 Allard-Champoux model 

One of the most recent empirical models is that of Allard and Champoux (1992), taken from Prieto and 

Bermúdez (2003). This model assumes that the thermal effects depend on the frequency. According 

to Tikander (2002) the equations by Allard and Champoux show better results at low frequencies that 

the previous models. 

The Allard-Champoux model (1992) defines dynamic density and the compressibility modulus 

as follows: 
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Where the functions � ����01G  and � ����02G  are: 
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Where, 0P is the balance pressure.  

These empirical models are used to estimate with good precision characteristic impedance 

and the material propagation coefficient. In Figure 17, Mendibil (2004) compares the models of 

Mechel, Delany-Bazley and Allard-Champoux with measurements taken in the impedance tube of a 

wool type material.  

 

Figure 17: Comparison of the models of Mechel, Delany-Bazley and Allard-Champoux with measurements taken in the 

impedance tube of a wool type material. (Mendibil, 2004). 

The empirical models estimate acoustic impedance and complex propagation constant values 

that are characteristic of the material.  In the measurement with an impedance tube, the material is 

usually placed against a rigid wall or with a layer of air between the material and the wall. The 

thickness of the sample is normally small.  



To know the impedance of finite thickness material in front of a rigid wall, knowing the values 

estimated with the models and to be able to compare it to the measurement in the Kundt tube, we use 

the following equation:  

� �djkZZ CC1 coth� . (75) 

Where d is the thickness of the sample. 

3.2 Models of cylindrical pore poroelastic materials  

Due to the complex geometry of pores in poroelastic materials, the first models that studied sound 

propagation assumed that the geometry was cylindrical. 

In the study of sound propagation in poroelastic materials, the basic effects to study and 

analyze are viscosity and thermal. It is important to study these effects in poroelastic materials with 

cylindrical geometry. 

Allard (1993) states that: 

“The Kirchhoff theory (1868) of sound propagation in cylindrical tubes provides a general 

description of viscous and thermal effects, but this description is unnecessarily complicated for 

many applications.  Moreover, the fundamental equations of acoustics that are used in the 

Kirchhoff theory can be very difficult to solve in the case of a non-circular cross-sections (page 

48).” 

Zwikker and Kosten (1949), taken from Allard (1993), completed a simplified model where they 

independently treated the effects of viscosity and thermal effects for circular section pores. According 

to Allard, based on other authors, the validity of this model is restricted to a pore radius range between 

0.001 cm to several centimeters in acoustic frequencies. 

Shown below are the effects of viscosity in a tube with a circular section following the Zwikker-

Kosten model and the thermal effects are explained folllowing Stinson’s model  (1991), taken from 

Allard (1993). 



3.2.1 Viscosity effect 

Due to viscosity, the air suffers shear stress parallel to axis 3x  that is proportional to the variation in 

speed as regards 1x . 

3x

1x)( 13 xv
)()( 11313 xxvxv ���

 

Figure 18 Effects of viscosity in a tube with a circular section following the Zwikker-Kosten model. 

The result of a force due to shear stress for a unit area will be: 

� � � �
1

113

1

13
3 x

xxv
x
xvF

�
���

�
�

�
��� �� . (76) 

Where �  is the dynamic viscosity and 3v is the fluid speed in the direction of 3x . 

Force per unit of air volume and assuming that speed generally depends on 1x and 2x , will 

be:  
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Using Newton’s second law, we have: 
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As the problem is axis-symmetric, we can write Newton’s law as follows: 
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Applying the surrounding condition that velocity must be null at surface Rr � of the cylinder, 

we obtain the following solution to equation (79): 
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Where 

� � 21
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and 0J is Bessel’s zero order function. 

Obtaining mean velocity, 3v  as: 
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and making use of the equivalence between Bessel's zero order and first order functions: 
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we obtain the following expression for mean velocity: 
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Where 
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So, the equation (84) can be written as follows: 
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obtaining an effective density equal to: 
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On the other hand, density 0�  can be used in Newton's equation as:  
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3.2.2 Thermal effects 

The thermal changes between the air and the structure modify the compressibility modulus of the air in 

the tubes. Stinson (1991), taken from Allard (1993), associates viscous and thermal effects to 

calculate this modulus, � . 

The linearized equation that describes thermal conduction in air is:  
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Where � is thermal conductivity, VC  and PC  are specific heats at constant volume and pressure, 

respectively, 0P , 0T  and 0�  are the pressure, temperature and density of reference, respectively, 

and 2 and 1  are, respectively, the variations in temperature and density compared to the reference. 

On the other hand, the equation of the air status, considered as an ideal gas, is: 
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Eliminating 1  from equations (89) and (90) and making use of   
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we obtain the following equation: 
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where � is the relation of specific heats and v" is: 
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Due to the fact that variations of 2 in the axial direction of the tube ( 3x ) are smaller than in the 

cross-section direction ( 1x and 2x ) and defining an angular frequency �"equal to: 
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�"

0�
���� , (94) 

we obtain a differential equation very similar to equation (78): 
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The quantity expressed by v"0��� is equal to Prandtl’s number. Some authors such as Allard 

express this number as 2B . 

Where the compressibility modulus is the product of density and pressure variation with 

respect to density, if this modulus is expressed as a function of mean density, 1  

1� p� 0� . (96) 

From equation (90) we obtain that mean density is equal to: 
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This way, analogously solving the differential equation for temperature, 2 , we obtain the following 

expression for the compressibility modulus: 
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3.3 Phenomenological models of equivalent fluid 

In the previous section, 3.2, we have been able to study sound propagation in porous materials, taking 

into consideration cylindrical geometry. However, pore shapes are very complex, and it is nearly 

impossible to have exact models. This is why it is said that the models that study sound propagation 

through porous materials are phenomenological models.  

The phenomenological models of equivalent fluid are those models that assume that the 

structure or skeleton of the porous material is rigid. 

Allard (1993) offers two equivalent formulations for effective density and the compressibility 

model. The first formulation is expressed as a function of Johnson et al. (1987), � ��JG  and � ��2J BG" . 

These functions are simpler and easier to calculate than functions � �sGC  and � �sBG "C . 

3.3.1 First formulation 
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Where, 
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3.3.2 Second formulation 
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Where, 
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where 0P  and 0�  are the reference pressure and density, respectively, �  is the angular frequency, 

�  is the fluid dynamic viscosity, 2B  is  Prandtl’s number, �  is the relation of specific heats, �  is the 



porosity, �  is air flow resistivity, $#  is the tortuousity, c is a parameter that depends on pore 

geometry (cross-section of the pore). c" is a parameter analogous to c ; c" is always smaller than or 

equal to c since + is smaller than or equal to +" . For a circular section, parameter c is equal to one. 

3.3.3 Simple models 

3.3.3.1 Attenborough model 

The expressions for effective density and the compressibility modulus given by Attenborough (1987), 

taken from Allard (1993) are as follows: 
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Where, 
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Expressions (110) and (111) are expressions of density and the compressibility modulus for a cylinder 

with a circular section with a radius of R  
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If the cylinder presents an inclined angle !  with the direction of propagation, tortuosity is 

equal to: 

!# 2cos1�$ . (114) 

The two characteristic lengths are equal to the radius. 



At low frequencies, the following approximation can be made: 
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substituting the value of 2s  
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Considering the expression of effective density above, we observe that the model predicts resistivity 

equal to 2b� instead of � . Therefore, the model is adequate when b is close to one. 

At high frequencies, the model is valid when the characteristic lengths are similar to each 

other ( +"�+ ). 

3.3.3.2 Allard simple model 

Allard’s simple model is actually the model developed by Allard et al (1986) and Allard et al (1989), 

taken from Allard (1993). 

Effective density and the compressibility modulus of this model are given by equations (105) 

and (106) respectively, but using s instead of s" in the calculation of the compressibility modulus. 

The characteristic lengths in the model are: 
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The low frequency limit is, 0�� : 
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As stated by the author, this model can be used when bcc 11 ��" . 



3.4 Poroelastic phenomenological models 

3.4.1 Biot model (taken from Allard, 1993) 

Based on the work by Terzaghi (1923), taken from Schanz (2003), Biot presents a theoretical 

description of porous materials saturated with a viscous fluid (Biot, 1941; taken from Schanz, 2003). 

This was the starting point of Biot’s theory of poroelasticity. In the following years, Biot expanded this 

theory for cases of anisotropic materials (Biot, 1955, taken from Schanz, 2003) as well as for 

viscoelastic porous materials (Biot, 1956a). Biot’s dynamic theory was published in 1956 in two 

articles. The first article includes the research done in the low frequency range (Biot, 1956b), while the 

second covers the high frequency range (Biot 1956c). One of the most significant results of Biot’s 

theory is the identification of three types of waves for continuous material in 3D: two compression 

waves and one shear wave.  

Biot’s theory considers completely saturated materials, while Vardoulakis and Beskos (1986) 

present an extension to materials partially saturated in fluid (such as water in sand, oil in rock or air in 

foams). 

Biot’s phenomenological model attempts to predict the behaviour of sound propagation in 

materials with a flexible skeleton. In practice, these porous materials have elastic skeletons that are 

capable of transmitting sound waves; therefore, displacement of the solid part is not insignificant.  

Tension and deformation in porous materials 

The trajectory of a molecule of fluid that passes through a layer of porous material is complicated. 

Therefore, it is generally not easy to describe the microscopic movements. Given this problem, it is 

more common to analyze macroscopic movements and deformations.  

If we assume that the porous medium is macroscopically homogeneous and isotropic, the 

pores are uniformly distributed in such a way that the properties of the material are the same in all 

directions.  

The displacement vectors for the skeleton and fluid are su  and fu respectively, while the 

corresponding deformations tensors are represented as s
ije and f

ije . So, the constitutive equations 

defining the tensions are:   



� � sfss 2)2( ijijij Ne�Q��NP� ����  , (120) 

fsf )( R�Q�p�ij ���� �  . (121) 

Where ij�  is Kronecker’s delta: 

1�ij�  if ji � , 

0�ij�  if ji 4 . 

(122) 

�  and p are porosity and pressure, respectively. s� and f� are skeleton and fluid dilatations, 

respectively. N , R ,P and Q are the scalar coefficients defined by Biot. 

If 0�Q , equation (120) is converted in the tension-deformation ratio of elastic solids. 

Therefore, the two terms, fQ� and sQ� , show the relation between air dilatation and the tension that 

originates in the skeleton and vice versa, that is, the relation between skeleton dilatation and pressure 

variation generated in pore fluid; or, in other words, coupling between fluid and skeleton. In 

conclusion, we can say that Biot’s coefficient Q   is the coefficient of coupling between the skeleton 

and the fluid of the pores. 

To define or calculate coefficients N , R ,P and Q  that appear in equations (120) and (121) 

Biot defines three ‘Gedanken Experiments’ or experiments that give an idea as to how to measure 

these coefficients. 

Experiments to obtain P ,Q ,N andR .  

Three experiments are performed to obtain these parameters.  

1. In the first experiment, shear force is applied to the material. Dilatations generated in both the 

skeleton and the air are 0fs �� �� , therefore, equations (120) and (121) can be expressed as 

follows : 

ss 2 ijij Ne� �  , (123) 



0f �ij�  . (124) 

From equation (123) we deduce that N  is the shear model since the fluid does not contribute to the 

shear force. 

2. In the second experiment, the material is covered with a flexible case and hydrostatic pressure 

1p  is applied. The air pressure inside the case remains constant and equal to 0p .  

 
1p  

0p  

 

Figure 19: The skeleton of the material is covered with a flexible case and submitted to hydrostatic pressure 1p while 

the air inside remains constant at 0p . 

This experiment provides the definition of the compressibility modulus of the porous medium:  
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Where, s
1	 represents skeleton dilatation.  

Considering that for hydrostatic pressure compression, we have the following equalities 
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Figure 19 equations (120) and (121) can be expressed as follows: 
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Where, f
1	 is the dilatation of the air in the material. 

3. In the third experiment, represented in Figure 20, the material that is not covered is submitted to 

a pressure increase of fp in the fluid. This pressure variation is transmitted to the skeleton and, 

therefore, the equation of skeleton tensions becomes: 

ijij p ��� )1(f
s ���  . (128)4 

Equations (120) and (121) can be expressed again as: 
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Where, s
2	 and f

2	 are the dilatations of the skeleton and the air, respectively.  

In this third experiment, the compressibility modulus of the skeleton (or the solid) is defined as: 

s
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f
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pK ��  . (131) 

It should be noted that in this last experiment, the material does not present changes in 

porosity, skeleton deformation is the same as if the material were not porous and it can be associated 

with a simple change of scale. 

 

 

Figure 20: Material submitted to pressure increase. 

The quantity f
2f 	p�  is the compressibility modulus of the fluid: 



f
2

f
f 	

pK ��  . (132) 

Operating mathematically on equations (125) to (132), we obtain the following system of 

equations with three unknowns: P , Q  and R . 
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Resolving the system, parameters P , Q  and R can be expressed as follows: 
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If we apply the following hypotheses on the porosity, �  and on the solid compressibility modulus, sK  

and on the porous medium bK :  

sb,1 KK ��5�  , (139) 

we obtain the following relations for coefficients P , Q  and R . 
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In the case of poroelastic materials, the compressibility modulus bK  can be evaluated as,  
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While fK represents the compressibility modulus of the air in the material, that is, the compressibility 

modulus denominated by K  until now. 

Wave equations 

The tension-deformation relation of an isotropic elastic medium is expressed as seen in equation 

(144): 

ijijij e67	�� 2��  . (144) 

Where,   

ij�  is Kronecker’s delta (see equation (122)). 

7  and 6  are Lamé’s coefficients. 

E ,   and G  are Young’s modulus, Poisson’s modulus and the shear modulus, respectively. 
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Taking into consideration that cubic dilatation, 	 , is expressed as follows: 
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 Where u is the displacement vector. 

The equation for the conservation of the linear moment is:  
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Where iX  are the volume forces. 

Substituting equation (144) in equation (148), we obtain the equation of movement of an 

elastic solid: 
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Substituting jie for � �jiij xuxu �����21  in la equation (149) we obtain the following movement 

equation for an elastic solid: 

� � ii
i

i Xu
xt

u
�3�

�
�3

��
�
� 2

2

2

667� u.
   3,2,1�i . (150) 

Where 23 represents the Laplacian operator: 2
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. Equation (150) represents the 

movement equation of an elastic solid.  

Biot’s model analyzes the behavior of porous materials. Starting with the equation of 

conservation of linear movement (148) and knowing that in porous material the tension tensor is 

equation (120), we obtain the movement equation of a porous material, for both its solid phase, 

equation (151), and its liquid phase, equation (152). 
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Where,  

0� : Fluid density. 

1� : Solid density (skeleton). 

a� : Inertial coupling term defined by tortuosity (see equation (162)). 

Biot defines the kinetic energy of a porous material as the sum of three terms; that of the solid, 

of the fluid and a term corresponding to the coupling between both mediums. 
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Where, 
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If we apply Newton’s second law to a fluid of density, 0� , not viscous (see equation (78) with 

viscosity 0�� ) travelling in a circular section tube at a speed in the direction of the tube axis 

)( 33 xv , we obtain the following expression for inertial forces:  
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Now, if we consider a porous medium with porosity of �  and cylindrical pores inclined at an 

angle of ! , as indicated in Figure 21, we obtain: 
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Figure 21: Elastic materials with cylindrical pores inclined at an angle of ! . 

Using equation (46) for tortuosity in porous mediums with inclined cylindrical pores, we obtain: 

� �xvkj
x
p

s0�����
�
�

. (160) 

Where sk  is the tortuosity. For general section pores and using the generalized nomenclature for 

tortuosity, this expression is equal to: 
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On the other hand, it is seen that these forces of inertia will be equal to f
22u��� . Where 

� �xvjuju �� �� ff ���  , obtaining 022 ��#� $�  and using equations (155) and (156) we obtain: the 

inertial coupling term )( a� as a function of tortuosity, 
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Substituting the volume forces for viscosity-dependent terms, the movement equations (151) 

and (152) can be expressed as follows: 
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Where, )(�G is )(J sG or )(C �G  defined in equations (102) and (107).  

Finally, considering the vectorial and harmonic shape of the displacements, tje �uu � , 

equations (163) and (164) are expressed5: 
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In equations (163) and (164), the last term of the equation represents the force produced by 

fluid viscosity inside the porous medium. Substituting function )(C sG  (see equation (107)) in equation 

(88), which is none other than Newton’s equation (78) with the solution under  Bessel’s functions and 

taking into account that 
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we obtain the following equation: 
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Comparing this equation with Newton’s equation (78), we obtain that the last term of equation 

(171) corresponds to the volume forces )( 3X . It should be noted that in equations (163) and (164) the 

2�  factor appears instead of � , this is because in equation (171) they refer to forces per unit of 

areas, while in Biot’s equations they refer to volume forces, which is why 2� appears. 

Waves in Biot’s model 

The displacement vector can be expressed as the sum of two vectors.  The first addend can be 

obtained from a scalar potential (irrotational part), while the second can be obtained from a vectorial 

potential (rotational part): 

rsis,s ,uuu ��  , (172) 

sis, !gradu �  , (173) 

srs, rot�u � . (174) 

Fields s!  and s�  are the scalar and vectorial potentials associated with the displacement of the solid. 

In like manner, the displacement of the fluid part can be divided into an irrotational and 

rotational part: 
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fif, !gradu �  , (176) 

frf, rot�u �  . (177) 

Taking into consideration the irrotational parts, that is, the scalar fields, starting with equations 

(165) and (166) and taking into account that !! 33�33 22 , we can obtain the following equations: 
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If we write matrixes �  and M as: 
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Equations (178) and (179) can be expressed as follows: 

� � � �� � � �!!�� 212 3�� �M . (182) 

If we calculate the eigenvalues 2
1(� and )2

2�  of the left side matrix of this equation, equation 

(182) is reduced to two Helmholtz equations that must be satisfied by eigenvectors � �1!  and � �2! : 
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This gives us the pressure waves equation: 
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Where, pressure is written as tjepp �~�  and deriving this expression twice in time, we obtain 

the following expression for equation (185): 
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Comparing equation (186) with equations (183) and (184) we conclude that the eigenvalues 

2
1(� and )2

2�  are the numbers of waves of the compression waves. Therefore, we obtain the complex 

velocities of each pair of waves as, 
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Where, 
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As a result, these equations prove that there are two types of waves that propagate at different 

speeds: 

1) One compression or expansion wave if,
1u in the fluid (respectively is,

1u  in the solid) that is 

propagated at a complex speed of 1,ic . 

2) One compression or expansion wave if,
2u  in the fluid (respectively is,

2u  in the solid) that is 

propagated at complex speed 2,ic . 



The characteristic impedance in the direction 3x  (see Figure 18) taking into consideration that 

the macroscopic movement occurs in this direction 3x , 
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From equation (178) we obtain: 
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that represents a ratio of skeleton and fluid speeds. 

By using equations (121) and (147), and taking into account that the displacement of a 

compression wave is tjjkx eueu �3
3 � , and having determined that k�� ; equation (190) is rewritten 

as: 
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However, the characteristic impedance associated with sound propagation in the skeleton can be 

expressed as seen in equation (194): 
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In an analogous manner, by using equations (120) and (147) and taking into consideration that 

displacement in a compression wave is tjjkx eueu �3
3 � , equation (194) can be rewritten for the two 

compression waves with different complex velocities: 
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The same way we have performed the operation until now to obtain compressions waves, by 

using the irrotational part of the movement equations, if we only consider the rotational part of 

equations (165) and (166): 
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If we solve the vectorial potential of the fluid, s� , from equation (198), we can write equation 

(197) as a Helmholtz equation, 
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Where the complex propagation velocity of the wave is: 
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Therefore, equations (197) and (198) prove the existence of a wave in each medium that 

propagates at the same complex velocity rc : A shear wave in the fluid, rf,u , and the corresponding 

shear wave in the solid, rs,u . 

4. COMPARISON BETWEEN STANDING WAVE TUBE MEASUREMENTS AND 

THEORETICAL CALCULATONS 

In this section we are going to report results of the measurements of the surface impedance in a tube 

of impedance made in Ikerlan according to ISO 10534-2: 1998, the surface impedance measured in 

the CTAG (Centro Tecnológico de Automoción de Galicia) laboratories using a commercial standing 



wave tube (Bruel and Kjaer Type 4206) and the impedance measured in laboratories of Katholieke 

Universiteit Leuven (Belgium). 

Figure 22. Tube of impedance made in Ikerlan, tube of CTAG (B&K Type 42061) and tube of KUL laboratories. 

Furthermore, in the laboratories of Katholieke Universiteit Leuven (Belgium) all parameters 

defined in section 2 have been measured. Hence, we have implemented the Allard-Biot model in 

Matlab in order to calculate the surface impedance of an absorbing material and to compare these 

theoretical results with the measurements mentioned above. 

The measurements and the calculation have been performed in three absorbing materials: 

Acustec, Acustifiber P and Acusticell. Acustec is a material made of mineral wool with a high 

mechanical strength, meanwhile Acustifiber P is made of polyester fibre and Acusticell is an absorbing 

expanded polyurethane foam. The data given by the supplier show the following thicknesses and 

densities for the different materials: 

• 25 mm of thickness and 2.2 kg m-2 of surface density for Acustec. 

• 40 mm of thickness and 15 kg m-3 of density for Acustifiber P. 

• 25 mm of thickness and 30 kg m-3 of density for Acusticell. 

The value of the poroelastic parameters of these materials is shown in table 3. 

Porous 

I 
Acustec 

I 
Acustifiber P 

I 
Thickness (10-" m) 24.4 39 

Air flow resistivity (Ns/m4) 29000 2000 

Porosity 0 > 0.95 > 0.95 

Tortuosity 0 1.08 1.03 

Viscous length (10-6 m) 30 420 

Acusticell 

24 

22000 

> 0.95 

1.38 

17 



Thermal length (10-6 m) 80 650 40 

Skeleton density (kg/m3) 69 17 26 

Young’s modulus (kPa) 1060 13 192 

Structural loss factor 0.08 0.23 0.13 

Poisson’s ratio 0.0 0.0 0.23 

Table 3: The values of the parameters of the absorbing materials measured in KUL laboratories. 

The material named Acustec has an impervious screen. This screen can be considered as a 

very thin porous material (0.0001 m) with a very high flow resistivity (2 107 Ns/m4). The effect of the 

screen on the absorption coefficient is the appearance of a resonance peak related to the elasticity of 

the porous material. The clamping of the sample in the tube, adds to the rigidity and the corresponding 

damping of the sample. Further information can be found in Vigran et al (1997). The screen was very 

carefully removed. The material parameters of Acustec that are provided in Table 3 were determined 

without the screen. 

The comparison between measured normal absorption coefficient in the three laboratories and 

the calculated one for the three poroelastic materials is herewith shown. For the material Acustec, only 

the second laboratory (lab2) measured with and without the impervious material. It is important to 

underline the third laboratory (lab3) carried out the characterization of the material until 1400 Hz. 



Figure 23. Comparison of normal absorption coefficient for the 

mineral wool Acustec with impervious screen. 

Figure 24. Comparison of normal absorption coefficient for the 

mineral wool Acustec without impervious screen. 

Figure 25. Comparison of normal absorption coefficient for the 

expanded polyurethane foam Acusticell. 

Figure 26. Comparison of normal absorption coefficient for the 

polyester fibre Acustifiber P. 

Moreover, the comparison between the real and imaginary part of the measured normalized 

acoustic surface impedance and calculated one is done. 



Figure 27. Comparison of real part of the normalized surface 

impedance for the mineral wool Acustec with impervious 

screen. 

Figure 28. Comparison of imaginary part of the normalized 

surface impedance for the mineral wool Acustec with 

impervious screen. 

Figure 29. Comparison of real part of the normalized surface 

impedance for the mineral wool Acustec without impervious 

screen. 

Figure 30. Comparison of imaginary part of the normalized 

surface impedance for the mineral wool Acustec without 

impervious screen. 



Figure 31. Comparison of real part of the normalized surface 

impedance for the expanded polyurethane foam Acusticell. 

Figure 32. Comparison of imaginary part of the normalized 

surface impedance for the expanded polyurethane foam 

Acusticell. 

Figure 33. Comparison of real part of the normalized surface 

impedance for the polyester fibre Acustifiber P. 

Figure 34. Comparison of imaginary part of the normalized 

surface impedance for the polyester fibre Acustifiber P. 

The results suggest that there are significant differences between the inter-laboratory 

measurements and also between the measurements and the calculations. Those differences, of 

course, depend on the poroelastic material. So, there is no noticeable dispersion in the normalized 

acoustic surface impedance in the case of the polyester fibre from 300 Hz until 2400 Hz. The most 

important difference is in the value of the resonant frequency of the material: around 3700 Hz for lab2, 

4700 Hz for lab1 and around 4100 for the calculation. Same results regarding the value of resonant 

frequency we have in the case of expanded polyurethane foam. But, now, we have substantial 

dispersion in the real part of the normalized surface impedance until 1600 Hz. The case of the mineral 



wool is completely different. Since Acustec has an impervious screen, the Kundt tube is not a very 

accurate way to measure its acoustic surface impedance. In Figure 27 we can see the large 

dispersion for the value of the real part of normalized surface impedance. However, the agreement 

between the imaginary data is better, but in any case the dispersion is noticeable. Until the resonant 

frequency value, the measured imaginary part of the surface impedance of Acustec in the three 

laboratories is quite similar. The resonant frequency effect is better characterized by lab2, although 

after that frequency lab1 shows better agreement with the calculated surface impedance. According to 

Figure 23, the measurements of the normal absorption coefficient in the second laboratory are closer 

to the calculated one, at least in its general tendency. Attending to the mineral wool without impervious 

screen, again we can see large dispersion in the real part and a quite good agreement in the 

imaginary part. It is important to underline the dispersion in the real part is not easy to understand 

since the tortuosity and resistivity values for the mineral wool without screen are not high enough. We 

think being the mineral wool stiff enough, the boundary effect in the interior of the wave standing wave 

could influence the value of its normalized acoustic surface impedance. 

Other interesting comparison is the one between different poroelastic material characterization 

models. We use three models. The first one is the Allard-Biot generalized model which considers the 

elasticity of the frame (used before when we compared normalized surface impedance calculations 

versus inter-laboratory data and explained in section 3.4.1), the second one is the Allard-Champoux 

model (explained in section 3.1.3) and the third one is the first formulation of the Allard model which 

considers the frame as stiff (explained in section 3.3.1). 



Figure 35. Comparison of real part of the normalized surface 

impedance for the mineral wool Acustec with impervious 

screen. 

Figure 36. Comparison of imaginary part of the normalized 

surface impedance for the mineral wool Acustec with 

impervious screen. 

Figure 37. Comparison of real part of the normalized surface 

impedance for the expanded polyurethane foam Acusticell. 

Figure 38. Comparison of imaginary part of the normalized 

surface impedance for the expanded polyurethane foam 

Acusticell. 



Figure 39. Comparison of real part of the normalized surface 

impedance for the polyester fibre Acustifiber P. 

Figure 40. Comparison of imaginary part of the normalized 

surface impedance for the polyester fibre Acustifiber P. 

Analysing the results of prediction, we can conclude that all three models give us similar 

results in the case of the polyester fibre, although the value of the measured (in lab2) resonant 

frequency and the predicted one do not agree. In the case of the polyurethane foam Acusticell we can 

confirm Allard-Champoux model is not valid since the elasticity of the frame needs to be considered. 

The results for this case suggest that the measured surface impedance in lab2 shows better 

agreement with the Allard First formulation model than Allard-Biot model. In contrast, the three models 

provide quite different results for the mineral wool Acustec with its impervious screen. The models not 

considering the elasticity of the frame give us similar results but they are very different to the results 

offered by the generalized Allard-Biot model. The measured results by means of the standing wave 

method for this kind of material are not accurate and according to Lauriks et al (1990) (where the 

theoretical results are validated versus free-field techniques) we can conclude that to describe the 

mineral wool Acustec with its impervious screen we need a model considering the elasticity of the 

frame. 

5. CONCLUSIÓN 

In Section 2 we describe the poroelastic materials using the parameters that define each of the two 

phases or mediums that comprise poroelastic material; the fluid phase, that is normally air, and the 

solid phase, or skeleton.  For correct characterization of these materials, besides knowing the various 



parameters that define the two phases, it is necessary to know the parameters that define the coupling 

between the two phases. 

If the parameters that define the properties of the fluid are density, the relation of specific 

heats, the speed of sound, dynamic viscosity and Prandtl’s number; the parameters that define the 

solid or skeleton are basically Young’s complex model and Poisson’s coefficient. 

It is important to bear in mind the parameters that define coupling between the two phases of 

poroelastic material. These parameters are porosity, resistivity, tortuosity and viscous and thermal 

characteristic lengths. We know that at high frequencies, parameters of porosity, tortuosity and 

characteristic lengths play a very important role, while at low frequencies, porosity, air flow resistivity 

and thermal permeability defined by Lafarge et al (1997) are the key parameters. Therefore, we can 

see that porosity if the parameter that plays an important role in the complete range of frequencies. 

All these parameters appear in Biot’s general model. 

In Section 3 we present the most representative models that characterize poroelastic 

materials.  The characterization of sound propagation in a poroelastic material can be performed on a 

microscopic scale, that is, if the pores are considered cylindrical on a scale of the distance between 

pore axes. However, due to the complexity of the geometry of poroelastic material skeletons, study at 

a microscopic scale is very difficult to perform. Therefore, work is done using the quantities that are 

related with sound propagation. This is carried out on a macroscopic scale on volumes that present 

dimensions that are large enough for the measurements to be significant. At the same time, however, 

these dimensions must be much smaller than the wavelength. 

Even on a macroscopic level, study of sound propagation in poroelastic material is very 

difficult to perform. For this purpose, there are empirical models that characterize porous materials, 

such as that of Delany and Bazley (1970) (later corrected by Mechel-Ver (Chapter 8 of Beranek and 

Ver (1992)) and Allard and Champoux (1992)). Delaney and Bazley (1970) wrote laws for fibrous 

absorbing materials that described impedance and the constant of propagation characteristic of 

material as a function of the quotient between frequency and resistivity. Mechel-Ver (Chapter 8 of 

Beranek and Ver (1992)) rewrote these same laws as a function of an adimensional parameter 

(density by the quotient between frequency and resistivity) and distinguished two type of material and 



the frequency range. Lastly, Allard and Champux (1992) improve the range of  the lowest frequencies, 

taking into account the thermal effect dependent on frequency. 

Zwikker and Kosten (1949) developed a model that considered the pores as having a circular 

section. The study of the viscous and thermal effects, the latter studied by Stinson (1991), determines 

the dynamic density and compressibility modulus necessary for the definition of characteristic 

impedance and propagation constant of the material. 

On the other hand, there are phenomenological models of equivalent fluid that assume that 

the skeleton is rigid and poroelastic phenomenological models that assume that the skeleton is elastic. 

All the coupling parameters intervene in the equivalent fluid models (porosity, tortuosity, air flow 

resistivity, thermal and viscous characteristic lengths).  The model that best describes skeleton 

elasticity is Biot’s model (1956), which also makes use of the parameters mentioned previously as well 

as of the parameters of the skeleton itself (Young’s modulus, Poisson’s modulus, shear modulus and 

damping).  

Biot’s general model (described in subsection 3.4.1) defines movement equations for 

displacement and deformation tensors of the fluid and the solid, or skeleton.  These equations include 

the parameters that describe coupling between the fluid and the skeleton. These coefficients can be 

identified with physical properties such as the fluid compressibility modulus, the elastic skeleton 

compressibility modulus, porosity or the shear modulus.  Biot also introduces coupled density as a 

function of tortuosity. Once these coefficients are determined, the movement equations can be 

resolved and both impedance and propagation velocity can be determined for each of the waves in 

each phase or medium of the material. 

Starting from the equations of skeleton and fluid movement, Biot defines three waves: 2 

compression waves and one shear wave.  

Allard (1993) states that: 

“For the case where a strong coupling exists between the fluid and the frame, the two 

compressional waves exhibit very different properties, and are identified as the slow wave 

and the fast wave (Biot (1956b) and Johnson et al. (1987)). The ratio 6  of the velocities of 

the fluid and the frame is close to 1 for the fast wave, while these velocities are nearly 

opposite for the slow wave. The damping due to viscosity is much stronger for the slow wave 



which, in adittion, propagates more slowly than the fast wave. With ordinary porous materials 

saturated by air, the coupling between air and frame is not great enough for these properties 

of the compressional waves to be verified. It is more convenient to refer to them as a frame-

borne wave and airborne wave. This new nomenclature is obviously fully justified if there is 

no coupling between frame and air. For such a case, one wave propagates in the air and the 

other in the frame. For the case where a weak coupling exists, the partial decoupling 

previously presented by Zwikker and Kosten (1949) occurs. With the frame being heavier 

than air, the frame vibrations will induce vibrations of the air in the porous material, yet the 

frame can be almost motionless when the air circulates around it. More precisely, one of the 

two waves, the airborne wave propagates mostly in the air, whilst the frame-borne wave 

propagates in both media. If the bulk modulus of the frame, bK , is also larger than the bulk 

modulus of the air, the wave number of the frame-borne wave and its characteristic 

impedance corresponding to the propagation in the frame can be close to the wave number 

and the characteristic impedance of the compressional wave in the frame when in vacuum. 

The shear wave is also a frame-borne wave, and is very similar to the shear propagating in 

the frame when in vacuum (page 133).”   

Characteristic impedance of fibrous material is shown in Figure 41. The material is a layer of 

glass wool.  

 

Figure 41: Impedance of a layer of fibrous material measuring 10 mm thick. Prediction with Biot’s theory___. Prediction 

for the same material but with a rigid skeleton ----.  Measurements ��� Allard (1993) 



The rigid skeleton model is valid in general terms, but there are certain deviations between 

Biot’s prediction and the prediction for the same material with a rigid skeleton, as shown in Figure 41 

at around 500 Hz. These deviations are due to the fact that rigid skeleton models, by definition, do not 

include skeleton resonances, but are included in Biot’s model. Therefore, Biot’s theory offers better 

results for these resonance frequencies. 

In the section 4 of this article we have proved these conclusions where three poroelastic 

materials have been described with three different models. 

Finally, it is important to underline that general models exist that are based on 

homogeneization methods that associate microscopic and macroscopic sound propagation. These 

more complex mathematical models have not been covered in this review. In addition, according to 

Allard (1983): 

“For the porous materials having a flow resistivity smaller than 50000 Nm-4s, the two 

theories are compatible at least at frequencies higher than 100 Hz [section 1 of Burridge and 

Keller (1985)] (page 118).” 

                                                          
1 The mechanical impedance of a simple resonator when a force, f , is applied whose harmonic frequency is �
is defined as �� jrmsxefez jwtjwt ���� )( 2 , where the mass is m , r is the damping and s is the 
stiffness. Being the mechanical reactance the imaginary part of the mechanical impedance, for the simple 
resonator case under forced excitation it results �r .
2 The neper unit is similar to bel, but use logarithm to base e instead of logarithm to base 10. 
3 There is an error in the formulation of the compressibility modulus by Attenborough (1987) written by Allard 

(1993), as 
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5Recalling the following algebraic ratios: 
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