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Abstract 
Fibrous materials, such as mineral wool or glass wool, are commonly used for thermal insulation and sound 

absorption, because of their low cost and high performance (sound absorption coefficient very high at mid-

high frequencies). However these performances worsen when a fibrous layer is compressed and hence its 

thickness is reduced. In this paper installation effects on acoustic properties for a commercial soundproofing 

material have been studied in the low frequency region. Acoustical properties of glass wool fibres blankets 

have been experimentally evaluated, in terms of sound absorption coefficient and flow resistance by means 

of a Kundt’s and a piston-tube apparatus (as proposed by Uno Ingard) respectively. The two measurements 

have been then efficiently correlated thanks to the Delany-Bazley and Miki empirical models. The results 

are very interesting indicating that increases in compression ratio usually decrease the absorption coefficient 

in the low and medium frequency range. 

1 Introduction 

Modern air transportation has benefitted from technological advances to increase flight safety and reliability. 

However, airlines are also competing to attract more passengers by means of offering various levels of 

design, services and prices. A number of studies [1,2] have shown that improving the sense of comfort 

associated with a trip results in an increase in the proportion of passengers who wish to use the same vehicle 

(aircraft) on future occasions. For this reason, in the past twenty years human comfort plays an important 

role in their acceptance and airliners have paid great attention to noise and vibration, as well as the air quality 

aspects, all addressing the human sensations of comfort [3]. 

Aircraft noise is generally divided into two sources: external and internal noise sources. Internal noise field, 

affecting passenger comfort and crew performance, is mainly due to intense Boundary Layer Noise, high 

engine noise levels transmitted into the aircraft via the structure and/or air as well as very annoying noise of 

the internal systems due to air-conditioning, ventilation and ducts. For what concern the external sources, 

indeed, the main components contributions are the propellers, the wings and the Low Pressure Compressors 

(LPCs) [4, 5]. 

Noise attenuation methods involve active and passive controls. The main purpose of the active sound control 

is to provide higher noise reduction at low frequencies by installing many microphones and speakers within 

the room to cancel the noise. At higher frequencies standard solutions are applied, and they are based on the 

application of absorbing properties of the materials, such as: porous, foams, wood 

fibres, vibrating and perforated resonant absorbing panels which are chosen in terms of material types and 

dimension and also based on the frequency of sound to be controlled [6].  

The addition of trim materials is one of the most common solutions, usually introduced in the latest phases 

of a design project in order to guarantee satisfactory noise reduction performance. Most of the porous sound-

absorbing materials commercially available are fibrous and they have been used increasingly in the 

construction of aircraft, spacecraft and ships because of their low weight and effectiveness when used 

correctly. A not adequate/good installation of this material affects its performances [7-9]. For instance, the 

seat padding in the vehicle is subjected to compression/expansion cycles due to the passenger’s weight 
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which results in squeezing down the porous materials with negative effects on acoustic performances. Under 

compression the various fibres in the mat are brought nearer to each other without any deformation (without 

any change in fibres size) resulting in a decrease of thickness. Numerous studies, that dealt with sound 

absorption in porous materials, have concluded that low frequency sound absorption has direct relationship 

with thickness: 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. The increase of sound absorption with thickness 

is valid only at low frequencies. At higher frequencies thickness has insignificant effect on sound absorption. 

Above reduction in thickness the compression of a material leads to the variation of other important physical 

parameters. Castagnede et al. [7] found that compression resulted in an increase in tortuosity and airflow 

resistively, and a decrease of porosity and thermal characteristic length (shape factor).  

In the present work, the installation effect of the traditional soundproofing material (glass wool fibres) on 

different acoustic parameters is experimentally and numerically investigated. An overview of the theoretical 

basis and of the measurements is provided in Section 2. Hence, the analytical model is described in section 

3 while the effect of compression on sound absorption coefficient and flow resistivity is reported in section 

4. Finally, in section 5, some concluding remarks are given. 

2 Flow resistivity and absorption coefficient measurements 

Sound absorption coefficients of a glass wool fibres were measured by means of an impedance tube at 

different compression conditions. These results have been used as reference to validate, by means of 

analytical equations, a piston-tube device for flow resistivity measurements.   

2.1 Experimental setup for Sound Absorption Coefficient 

An impedance tube (Fig. 1) is used to measure the normal incidence sound absorption coefficient of the 

samples according to regulations [10-11]. The tube has been designed and produced by the Department of 

Industrial Engineering at University of Naples Federico II. The two-microphone transfer-function method 

in used to determine the acoustical impedance of the glasswool fibres and evaluate the sound absorption 

coefficient. The loudspeaker generates random sound waves which propagate as plane waves in the tube 

and are partially reflected off by the sample surface. 

 

  

Figure 1: Impedance tube 

This leads to a standing-wave interference pattern resulting from forward and backward travelling waves 

inside the tube. 

 

 

𝑝1(𝑥1, 𝑓) = 𝑝𝑖(𝑓)𝑒−𝑗𝑘𝑥1 + 𝑝𝑟(𝑓)𝑒𝑗𝑘𝑥1 

𝑝2(𝑥2, 𝑓) = 𝑝𝑖(𝑓)𝑒−𝑗𝑘𝑥2 + 𝑝𝑟(𝑓)𝑒𝑗𝑘𝑥2 

(1) 
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From the sound pressure measured at two microphone locations, the transfer function is calculated:  

 

𝐻 =
𝑝2(𝑓)

𝑝1(𝑓)
=  

𝑒𝑗𝑘𝑥2 + 𝑅(𝑓)𝑒−𝑗𝑘𝑥2  

𝑒𝑗𝑘𝑥1 + 𝑅(𝑓)𝑒−𝑗𝑘𝑥1
 

 

 

 (2) 

The Transfer Function (H) needs to be corrected for any mismatch (in amplitude and phase) present between 

the two microphones. This is done by repeating the measurements with the microphone locations 

interchanged and calculating a correction factor: 

 

𝐻𝑐 = |𝐻𝐶|𝑒𝑗φ𝑐 = (𝐻𝐴𝐻𝐵)1/2   (3) 

 

 

From the Transfer Function (H), the reflection coefficient (R) and therefore the normal sound absorption 

coefficient (α) are calculated: 

        

𝑅(𝑓) =  
𝐻(𝑓) − 𝑒𝑗𝑘𝑑

𝑒−𝑗𝑘𝑑 − 𝐻(𝑓)
𝑒2𝑗𝑘𝑥1 

 

        (5) 

 

α = 1 − |𝑅|2         (6) 

 

2.2  Experimental setup for Flow Resistivity 

The Piston-Tube apparatus is a simple device for the evaluation of the steady flow resistivity as proposed 

by Uno Ingard [12] Errore. L'origine riferimento non è stata trovata.. A prototype of this instrument has 

been designed and produced by the Department of Industrial Engineering at the University of Naples 

Federico II (Figure 2).  

Uno Ingard has proposed an apparatus for estimating the flow resistance of a specimen simply by means of 

a stop watch and does not require any flow moving device, flow rate meter, or pressure gauge. The flow is 

indeed produced by a piston of known weight, which falls under the influence of gravity through a vertical 

tube covered at one end with the porous sample to be tested [12].  

|𝐻| =
|𝐻𝑇|

|𝐻𝐶|
 (4) 
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Figure 2: Impedance tube 

The air inside the volume, enclosed between the tube walls, the falling piston and the porous specimen, will 

be compressed by the falling piston, forcing the flow through the sample. The piston will therefore be 

subjected to the following forces: the gravity force, the friction between the piston and the tube and the 

pressure gradient between the volume under the piston, and the external environment. This pressure gradient 

is directly linked to the flow resistivity, and the momentum equation reduces to an algebraic balance of 

forces in the hypothesis that the piston has reached a constant speed. 

 𝑀𝑔 = (𝑃 − 𝑃0)𝐴 + α𝑣 (7) 

where P is the pressure between the piston and the sample and P0 outside the tube and on the top of the 

piston, v is the velocity of the piston. The term αv represents the friction force between the piston and the 

tube wall and is not known a priori. However, it can be readily determined from the travel time t0 in the case 

of open tube. If it is the case indeed, then P= P0 and v is simply given by L/ t0. 

 
α =

𝑀𝑔

𝑣0

=
𝑀𝑔𝑡0

𝐿
 

(8) 

The other equation to take into account is the conservation of mass applied to the air volume between the 

sample and the piston. 

 ρAv = ρSv + ρ𝑆𝑎𝑣𝑎
𝜋𝑟2 (9) 

or in terms of flow resistances: 

 

ρ𝐴𝑣 = ρS
ΔP

𝑟
+ ρ𝑆𝑎

ΔP

𝑟𝑎

 
(10) 

where: 

• P is the pressure gradient 0PP − ; 

• v/Pr = is the Flow Resistance of the specimen; 
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• aa v/Pr = is the Flow Resistance relative to the leakage through the gaps between the piston and 

the tube; 

• S  is the area of the specimen; 

• aS  is the area of the annular gap between piston and tube; 

• P)r/S(  is the mass flow rate through the specimen: 

• P)r/S( aa  is the mass flow rate leaking through the annular gap. 

aa r/S  is not known a priori but can be determined from the measurement of the travel time t of the piston 

when the tube is closed (corresponding to the case where  =r ), therefore: 

 
ρA𝑣∞ = ρ𝑆𝑎

ΔP

𝑟𝑎

 
(11) 

Neglecting the friction force between piston and tube, the delta pressure can be substituted by Mg/A, 

therefore: 

 𝑆𝑎

𝑟𝑎
=

𝐴2𝑣∞

𝑀𝑔
=

𝐴2𝐿

𝑀𝑔𝑡∞
 (12) 

 

Combining these equations, neglecting a term t0/tinf << 1, and substituting v with L/ts Uno Ingard obtained 

an algebraic expression for the flow resistance (r) in terms of the only measurable variable ts = time needed 

for the piston to travel the distance at its terminal (constant) speed. 

𝑟 =  
𝐶𝑀𝑔𝑆

𝐿𝐴2
𝑡𝑠 

 (13) 

where, 

 

r = flow resistance, in (N·s)/m3 

C = (1-t0/ts)/(1-ts/tinf) = correction factor for the loss of pressure estimation 

M = piston mass, in kg 

g = gravitational acceleration, in m/s2 

S = airflow exposed surface, in m2 

A = piston section, in m2 

L = piston covered distance, in m 

ts = falling time, in s 

 

It is important to specify that this discussion is based on the assumption that the terminal speed has been 

reached when the measurement of ts starts. If the time ts is measured by starting the clock when the piston 

is released, then the velocity will not have yet reached its terminal value, and therefore the governing 

equation of motion of the piston will be a differential equation which must be solved numerically [12]. 

3 Validation of the Piston-Tube apparatus measurements 

In order to assess the reliability of the Piston-Tube apparatus for the flow resistivity measurements a first 

trial test has been set. The flow resistivity of a specimen of glass wool fiber of thickness 30 mm and mass 

6.6 grams has been retrieved by in-house piston-tube apparatus. The very low deviation percentage from the 

average value (1.45 %) certifies the repeatability of the measurements (Table 1). It has been found out that 

the main factor affecting the measurement variations is the mechanism of piston release. By perfecting this 
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aspect, lower values of measurement deviations have been achieved which can still be improved by better 

design of the whole apparatus. 

sample mass thickness Flow resistivity [Ns/m4] Average 

value 

Standard 

deviation 

# [grams] [mm] Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8 Test 9 Test 10  % 

Unpressed 6,6 30 23318 22533 23115 22929 22168 22867 22667 22532 22980 22781 22789  

 

Table 1: Flow Resistivity values corresponding to 10 different tests. 

Once known the flow resistivity value, the sound absorption coefficient of the investigated glass wool fibre 

sample can be evaluated analytically by means of the empirical models of Delany-Bazley [13] and Miki 

[14] for fibrous porous materials. We report here the empirical power laws found by Delany-Bazley and 

Miki in Equations (14) and (15) respectively, thanks to which it is possible to retrieve the characteristic 

impedance 𝑍𝑐 and the characteristic wave number 𝑘𝑐 of the equivalent fluid model of the rigid porous 

material [14]. Based on 𝑍𝑐 and 𝑘𝑐 it is possible to calculate the normal impedance of the rigid porous material 

[14], from which the absorption coefficient computation is straightforward (see Equations (16)). 

 

 
𝑍𝑐 = 𝜌0𝑐0 [1 + 9.08 (103

𝑓

𝜎
)

−0.75

− 𝑗11.9 (103
𝑓

𝜎
)

−0.73

] 

𝑘𝑐 =
𝜔

𝑐0
[1 + 10.8 (103

𝑓

𝜎
)

−0.70

− 𝑗10.3 (103
𝑓

𝜎
)

−0.59

] 

  

 (14) 

 

 
𝑍𝑐 = 𝜌0𝑐0 [1 + 5.50 (103

𝑓

𝜎
)

−0.632

− 𝑗8.43 (103
𝑓

𝜎
)

−0.632

] 

𝑘𝑐 =
𝜔

𝑐0
[1 + 7.81 (103

𝑓

𝜎
)

−0.618

− 𝑗11.41 (103
𝑓

𝜎
)

−0.618

] 

  

(15) 

  

𝑍𝑛 = −𝑗𝑍𝑚𝑐𝑜𝑡𝑔(𝑘𝑐𝑑) 

𝛼 = 1 − |𝑅|2 = 1 − (
𝑍𝑛 − 𝜌𝑐0

𝑍𝑛 + 𝜌𝑐0
)

2

 

   

(16) 

The sound absorption coefficient thus determined, has finally been compared to the measurement of an 

impedance tube (Figure 3).   
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Figure 3: Absorption coefficient for a glass wool fiber specimen of 6.6 grams and 30 mm of thickness: 

measured and predicted curve. 

The good agreement between the measured values of sound absorption coefficient (𝛼) and the analytical 

curve resulted from the application of the Delany-Bazley model to the flow resistivity, allows for confidently 

operating the prototype of Piston-Tube apparatus, following the Ingard’s guidelines. 

4 Effect of compression on sound absorption coefficient and flow 

resistivity 

The installation effect upon the acoustic properties of porous materials is investigated by applying three 

different levels of compression on a sample of glass wool fiber of mass 14.2 grams and thickness 65 mm. 

The compression levels have been accomplished by placing three different weights on the specimen, each 

one applied for 60 seconds resulting in final thicknesses pairs to 51 mm and 40 mm.  

The absorption coefficient and the flow resistivity of the compressed samples have been measured with the 

impedance tube and the Piston-Tube prototype respectively. The two measurements have been then 

correlated as described in Section 3. The different levels of compression result in different thicknesses of 

the samples. Castagnède et al. [7,8] have provided simple formulas to predict the changes of the poro-

mechanical parameters due to compression. Based upon ultrasonic techniques, they found that the measured 

flow resistivity followed the law reported in Equation (14) for a 1D compression. 

𝜎(𝑛) = 𝑛 𝜎(0) (14) 

where 𝜎(𝑛) and 𝜎(0) are the flow resistivity of the specimen before and after the compression respectively, 

and 𝑛 is the compression rate factor given by the ratio of the initial thickness to the final thickness.  

The values of the flow resistivity corresponding to the three different levels of compression (uncompressed, 

compressed 1, compressed 2) are reported in Table 2, together with the values corresponding to 

Castagnède’s law. As can be noted the higher the compression, the higher is the deviation of the empirical 

value of flow resistivity from the predicted one by Equation (14). 

 

sample mass  thickness  
empirical flow 

resistivity, σ 

Compression 

rate  
σ(n)=n*σ(0) 

# [grams] [m] [Ns/m4] n=thi/thf [Ns/m4] 

Uncompressed 14.2 0.065 15777.07 - - 

Compressed 1 14.2 0.051 21750.47 1.24 20108.03 

Compressed 2 14.2 0.040 28751.19 1.27 25637.74 

 

Table 2: Empirical values of flow resistivity relative to different level of compressions and Castagnède 

predictions. 

The higher compression and the lower thickness of the sample increase the values of flow resistivity. The 

curves of the absorption coefficient at different levels of compression (and relative thickness), measured by 

an impedance tube, are reported in Figure 4. 
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Figure 4: Absorption coefficients corresponding to three compressions of glass wool fiber of mass 14.2 

grams. 

As can be noticed, by compressing the specimen the sound absorption coefficient decreases especially in 

the lower frequency range and, as noticed by Castagnède et al [7], the thickness reduction is the main 

responsible of the decreasing of the absorption properties, rather than the augmentation of flow resistivity. 

As done for the previous test, a comparison of the experimental value carried out by means of the piston 

tube apparatus and the analytical values obtained by using Miki and Delany-Bazley models, for the three 

different levels of compression of the glasswool fibres are reported in the Figures 5,7 and 9 with respectively 

absolute error in Figures 6,8 and 10. 

 

 

Figure 5: Absorption coefficient curves for uncompressed glass wool fiber of 14.2 grams             

(thickness 0.065 m, flow resistivity=15777 [Ns/m4]). 
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Figure 6: Predicted and measured error values of absorption coefficient of the uncompressed specimen 

(thickness 0.065 m, flow resistivity=15777 [Ns/m4]). 

As can be seen from Figure 6, and especially from Figure 7, the values of absorption coefficient obtained 

through our empirical flow resistivity is always lower than 5%, except in the lower frequency region, where 

the error grows up to 7%. Specifically, there is a pick of error in the frequency band 500 – 600 Hz. From 

Figure 5 it can be noted that the Delany-Bazley model provides, in overall, a better approximation of the 

experimental values, than the Miki model. Same conclusions apply for the specimen subjected to the first 

compression level (see Figure 7 and Figure 8). In particular, the error increases in the frequency range of 

300-800 Hz up to 8.5% around 500 Hz. Same trend is confirmed by Figure 9 and Figure 10, where the error 

rises to 16% at 600 Hz. The errors between the 𝛼 predicted through the Delany-Bazley/Miki models based 

upon the Flow Resistivity, and the measurements obtained by the impedance tube, should not surprise us, 

as both the Delany-Bazley and Miki power laws are retrieved from measurements relative to fibrous porous 

materials with a porosity almost equal to 1 [14] and [15]. The compression of the specimen, on the contrary, 

evidently reduces the value of the porosity. Although we do not know the exact value of porosity for our 

specimen, the variation with the thickness can be estimated thanks to the formula provided by Castagnède 

[7] in Equation (17): 

 𝜙𝑛 = 1 − 𝑛(1 − 𝜙0)  (17) 

where 𝜙𝑛 and 𝜙0 are the porosities before and after the compression respectively. By giving as input the 

value of the compression rate 𝑛 (realized during our compressions), the value of 𝜙𝑛 will drop well below 1. 

Therefore, the reason of non-correspondence between the curves of 𝛼 in Fig. 6 must be sought in a consistent 

reduction of the porosity and the consequent inapplicability of the prediction models of both Delany-Bazley 

and Miki. Moreover, it is worth reminding the frequency range of applicability of these models: 

 

 
0.01 <

𝑓

𝜎
< 1  (17) 

The frequency limit reported in Equation (17) depends upon the flow resistivity. In our cases, it provides an 

additional restraint on the lower frequency of applicability of the above models. 
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Figure 7: Absorption coefficient curves for glass wool fiber of 14.2 grams subjected to first compression 

(thickness 0.051 m, flow resistivity=21750 [Ns/m4]).  

 

Figure 8: Predicted and measured error values of absorption coefficient of the specimen subjected to first 

compression (thickness 0.051 m, flow resistivity=21750 [Ns/m4]). 
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Figure 9: Absorption coefficient curves for glass wool fiber of 14.2 grams, subjected to second 

compression (thickness 0.040 m, flow resistivity=28751 [Ns/m4]). 

 

Figure 10: Predicted and measured error values of absorption coefficient of the specimen subjected to 

second compression (thickness 0.040 m, flow resistivity=28751 [Ns/m4]). 

4.1 Effect of compression on transmission loss 

Additional analyses were performed to evaluate the impact on the transmission loss of an aluminium panel 

with attached multilayer Noise Control Treatment (NCT) for different configurations (uncompressed and 

compressed). The studies have been performed by using the Hybrid tool FE/SEA of the commercial software 

Va-One and results are reported in Figure 11. It can be noted that the presence of a NCT increase the TL 

performances of the investigated plate in overall the frequency range and, at same time, it is possible to 

highlight that this increase is strongly related to the NCT compression. In fact, the highest value of TL is 

reached for the uncompressed configuration of NCT; the lowest value for the compressed configuration. 
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Figure 11: Effect of compression on transmission loss of  an aluminum flat plate with attached NCT. 

5 Conclusions 

The effect of compressing porous materials on their acoustic performance was investigated in this paper. 

First an impedance tube was used to measure the sound absorption coefficient of a glasswool fibre which 

has been used as reference for validate, indirectly, an in-house piston tube apparatus, developed at University 

of Napoli Federico II, for flow resistivity measurements. In fact, once known the flow resistivity value, the 

sound absorption coefficient of the investigated glass wool fiber sample was evaluated also analytically by 

means of the empirical models of Delany-Bazley and Miki for fibrous porous materials. A good correlation 

was found between the experimental and the analytical results. This validates the piston-tube apparatus. 

Then, the investigated glass wool fibre has been compressed for two different conditions and the sound 

absorption coefficient was seen to reduce in certain frequency regions. At same time, the air-flow-resistivity 

values of the porous materials increase when the materials were compressed. In this case the correlation 

between analytical and experimental results presents an error due to the reduction of porosity and the 

consequent non-validity of the Delany-Bazley and Miki prediction laws. Finally, the effect of the 

compression on Transmission Loss of a flat aluminium plate with NCT attached has been investigated 

numerically and results confirm the reduction of performances in case of compressed NCT.    
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