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ABSTRACT 

Air-flow resistivity is a very important parameter for characterizing porous 

sound absorbing materials. A number of theoretical models are dependent on values 

of air-flow resistivity. Air-flow resistivity has also been used in the selection of 

materials for noise insulation and room acoustic applications. However, direct 

measure of air-flow resistivity is not simple. To overcome this problem, several 

indirect alternative methods have been proposed, such as the one proposed by 

Ingard & Dear in a standing wave tube. In this work, an electroacoustic procedure 

is proposed to determine this parameter from the method devised by Ingard & Dear. 

It is shown that, under certain conditions, the air-flow resistivity can be obtained 

from direct measurements of electric impedance. 
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1. INTRODUCTION 

Most sound-absorbing materials, regardless of the material from which they were 

made of, are porous. A large body of research has been presented on the acoustic energy 

absorption mechanisms of porous materials [1]. In [2] several of these models are 

referenced, which, from 1970 to nowadays, have described the acoustic behavior of an 

absorbing material by means of the characteristic impedance and the propagation 

constant. In developing these models, the air-flow resistivity is a fundamental magnitude. 

The air-flow resistivity and the sound absorption coefficient are part of the acoustic 

characterization for the marketing of new materials based on natural or recycled fibers 

[3–5]. These materials are widely used in practical applications in civil engineering and 

architecture. The air-flow resistivity is also an important parameter in the field of 

technical textiles. Indeed, specific methods applied to both woven and non-woven textiles 

of high air-flow resistivity and very low thickness can be found, such as the one proposed 

by Jaouena & Becot [6]. Formulas for its prediction have also been derived from 

electronic circuits, as proposed by Pieren [7]. Recent works on the prediction of sound 

absorption of textiles based on air-flow resistivity, such as that carried out by Tang et al. 

[8], show that this is also a subject of great interest in the industry. 

The air-flow resistivity is the resistance experienced by air while going through a 

material per thickness unit. It can be obtained either in a laboratory by following the 

standardized method described in the ISO 9053:2018 standard [9], or by using alternative 

methods as proposed by different authors [10–13]. Some studies [14] have proposed 

corrections to the standard to improve the reproducibility between laboratories. 

The authors of this work have carried out a recent study on the electroacoustic 

measurement of the air-flow resistance [15], based on the method described by Dragonetti 

et al. [13]. In this work, an electroacoustic method for determining the air-flow resistivity, 

based on the device proposed by Ingard & Dear [11] is presented. Based on the 

measurement of the total electric impedance of the system (measured at the input 

terminals of the loudspeaker), the air-flow resistivity is determine using an indirect 

method. 

2. INGARD & DEAR’S METHOD 

In 1985, Ingard & Dear presented an acoustic method for the air-flow resistance 

measurement [11]. In their method, the air-flow resistance is measured by using a 

cylindrical tube closed with a perfectly rigid termination at one end, a loudspeaker that 

closes the opposite end, and two measurement microphones. Figure 1 shows a diagram 

of the measurement device. 



 

Figure 1. Ingard & Dear’s measurement device 

 

The absorbing material, with thickness d, is inserted near the middle of the tube. L2 is 

the distance between the rear side of the material and the rigid termination. One of the 

microphones is placed just at the front of the material sample (P1), for measuring the 

sound pressure level at that point. The second microphone is placed at the front of the 

rigid termination of the tube (P3) for measuring the sound pressure level at that point. The 

loudspeaker produces a low-frequency sinusoidal tone, whose frequency is selected with 

the purpose of generating an odd number of quarter-wavelengths along the d+L2 distance, 

from the rigid termination to the end of the material sample. This phenomenon occurs at 

frequencies 𝑓𝑛 =
(2𝑛−1)𝑐𝑜

4𝐿2
, where 𝑛 is a natural number and 𝑐0 corresponds to the speed 

of sound inside the tube. The condition λ ≫  1.7D must be met, where λ is the sound 

wavelength and 𝐷 is the diameter of the tube. 

Considering that losses inside the tube can be neglected, that the microphones are 

calibrated for having the same sensitivity, and that the flow reactance is small at low 

frequencies, the air-flow resistance is determined as 

𝜎 = 𝜌0𝑐010
(𝐿𝑝1−𝐿𝑝3)

20 , 
(1) 

where  is the air mean density in the tube and Lp1 and Lp3 are the sound pressure levels 

corresponding to P1 and P3, respectively. 

Equation 1 may be obtained from transfer functions, assuming that losses are 

negligible: 
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where 𝑘0 is the wave number in the air; 𝑈1 and 𝑈3 are the volume velocities at points P1 

and P3, respectively; ZA is the acoustic impedance of the tested material and 𝑍0 is the 

acoustic impedance of air, calculated as 𝑍𝑜 = 𝜌0𝑐0/𝑆, where S is the cross-section of the 

tube.  

The rigid wall closing condition (𝑈3 = 0) applied to Equation 2 gives: 
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From Equation 3, Ingard & Dear’s equation is obtained as 

𝑝1
𝑝3
= cos(𝑘0𝐿2) +

𝑗𝑍𝐴sin(𝑘0𝐿2)

𝑍0
, 

and 𝑍𝐴 can be obtained 

𝑍𝐴 = −𝑗𝑍0 (
𝑝1
𝑝3

1

sen(𝑘0𝐿2)
− cot(𝑘0𝐿2)). (4) 

As described in the work by Ingard & Dear, Equation 4 can be simplified for 

frequencies where the cotangent is canceled (𝑓𝑛 =
(2𝑛−1)𝑐𝑜

4𝐿2
, where 𝑛 is a natural number), 

and 𝑍𝐴 is given by  

𝑍𝐴 = ∓𝑗𝑍0
𝑝1
𝑝3
. (5) 

From Equation 5, the normalized flow resistance (𝜎) is obtained:  

𝜎 = |𝐼𝑚
𝑝1
𝑝3
|. (6) 

Equation 1 is then obtained from Equation 6. In [2], a comparison between this method 

and other two approaches has been reported. 

  



3. THE PROPOSED ELECTROACOUSTIC MODEL 

 

3.1. Electroacoustic transformation 

The proposed electroacoustic transformation is similar to the one described in Alba et 

al. [15]. The total electric impedance of the setup described in Figure 1, 𝑍𝐸𝑇 , can be 

obtained as 
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𝑍𝐸 = 𝑅𝐸 + 𝑗𝜔𝐿𝐸. (8) 

In Equations 7 and 8, 𝑍𝐸 is the pure electric impedance of the loudspeaker, where RE 

is the electric resistance of the voice coil and LE is the voice-coil inductance, S is the 

cross-sectional area of the tube, Bl is the electromagnetic coupling constant of the 

loudspeaker and 𝑍𝐴𝑇 is the total acoustic impedance of the system. In this case, 𝑍𝐴𝑇 is the 

load over the loudspeaker plus the effect of the mechanical impedance of the loudspeaker, 

𝑍𝑀, given by  

𝑍𝐸𝑇 = 𝑍𝐸 +
(𝐵𝑙)2

𝑍𝑀 + 𝑍𝐴0𝑆2
. (9) 

3.2. System without the sample 

In the case of the empty tube with length L (𝐿 = 𝐿1 + 𝐿2 +  𝑑), the impedance at P1 

can be used as a reference. From Equation 3, with 𝑍𝐴 = 0, 𝑍𝐴1 can be obtained as 

𝑍𝐴1 =
𝑝1
𝑈1
=
cos(𝑘0𝐿)

𝑗sin(𝑘0𝐿)
𝑍0

= −𝑗𝑍0 cotg(𝑘0𝐿). (10) 

Equation 10 is the classical equation for an empty tube without losses [16]. In this case, 

we have that 

𝑍𝐸𝑇 = 𝑍𝐸 +
(𝐵𝑙)2

𝑍𝑀 − 𝑗𝑍0 cotg(𝑘0𝐿) 𝑆2
. (11) 

Equation 11 can be used to calibrate the system, both the mechanical impedance of the 

loudspeaker and the length of the tube. We note that when the cotangent of the 

denominator cancels then 𝑓𝑛 =
(2𝑛−1)𝑐𝑜

4𝐿
, with n a natural number. 

 



3.3. System with the test sample 

When the test sample is introduced in the tube (see Figure 1), the total electric 

impedance is determined by 
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In Equation 12 we obtain those particular cases where cotangent cancels (i.e., 𝑓𝑛 =
(2𝑛−1)𝑐𝑜

4𝐿
, with n a natural number): cos(𝑘0𝐿1) = 0 and  ( sen(𝑘0𝐿1) = ±1), so 

𝑍𝐴0 = −𝑗𝑍0
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𝑗𝑍𝐴
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if L1 = L2 Equation 13 is 

𝑍𝐴0 = −
𝑍0
2

𝑍𝐴
. (14) 

  

Therefore, in this case we have that 

𝑍𝐸𝑇 = 𝑍𝐸 +
(𝐵𝑙)2

𝑍𝑀−
𝑍0
2

𝑍𝐴

 . (15) 

  

4. EXPERIMENTAL RESULTS 

 

4.1 Calibration 

Figure 2 shows the actual setup, where L1 = 89.1 cm and L2 = 85 cm. The tube diameter 

is 4.2 cm.  

For calibrating the system, a measurement is performed when the loudspeaker is 

mechanically-loaded by the empty tube of length L1 terminated with a rigid end (Figure 

3). Figure 4 shows the results of the measurement of the real and imaginary parts of the 

total electric impedance are presented as a function of frequency. Figure 5 shows the 

corresponding total mechanical impedance of the system. Under these conditions, the 



frequencies that satisfy 𝑓𝑛 =
(2𝑛−1)𝑐𝑜

4𝐿1
, with 𝑐0 = 345 m/s, are: 96.8 Hz, 290.4 Hz, 484.0 

Hz, 676.6 Hz, etc. At these frequencies, Equation 11 is given by 

𝑍𝐸𝑇 = 𝑍𝐸 +
(𝐵𝑙)2

𝑍𝑀
. 

Using 𝐵𝑙 = 15 N/A, as given by the loudspeaker’s manufacturer, the values of 𝑍𝑀 at 

these frequencies can be obtained and then used for the calibration of the device. In the 

case of the second harmonic, 𝑍𝑀 = 27.14 − 𝑗39.83 mec.

 

Figure 2. Experimental setup showing the full tube 

 

  

Figure 3. System with the closed-end tube of length L1 

 

 

Figure 4. Measurement of the total electric impedance with tube in Figure 3 

 



 

Figure 5. Total mechanical impedance with tube in Figure 3 

 

4.2 Measurement of material samples 

To test the device a set of nine material samples were measured. These materials were 

Polyester-based (I400-30, I400-40), made of coconut fibers (coco1, coco2, coco3), 

recycled foams (D80 and D150) and cork samples (corcho2, corcho3). These materials 

are similar to those studied in previous works [1,15,17–19].  

Figure 6 shows an example of the total electric impedance obtained for the I400-30 

material and the corresponding mechanical impedance is presented in Figure 7. 

 

Figure 6. Total electric impedance measured with a sample of I400-30 

 



 

Figure 7. Total mechanical impedance measured with a sample of I400-30 

Table 1 summarizes the results obtained for all materials, taking 290.4 Hz as the 

reference frequency, where the curves are stables. Results have been obtained using 

Equation 15, considering the calibration process, and assuming that L1 and L2 are similar. 

 Table 1. Results of specific air-flow resistivity 

MATERIAL Density 
(kg/m3) 

Thickness                                              
(cm) 

Airflow 
resistance 

(Ns/m3) 

 

(Ns/m4) 

I400-30 14 3,3 50 ± 1 1500 ± 80 

I400-40 10 3,9 53 ± 3 1340 ± 50 

coco1 125 2,4 51 ± 1 2160 ± 40 

coco2 100 2,9 52 ± 2 1750 ± 50 

coco3 73 5,2 50 ± 1 950 ± 40 

corcho2 140 2 650 ± 6 32400 ± 300 

corcho3 156 3 720 ± 200 24000 ± 6500 

D80 90 3,5 281 ± 12 8100 ± 350 

D150 192 3,3 1300 ± 170 29700 ± 5700 

 

Corresponding results obtained for materials labelled as I400-30 and I400-40 can be 

found in [15]. Standardized values using the ISO-9053 are 1500 and 1100 Ns/m4, 

respectively. Air-flow resistivity measurements for the material labelled as coco2 were 

presented in [15] reporting a value of  1900 Ns/m4. Results presented in Table 1 are 

coherent and very similar to those obtained by following the ISO 9053 standard. 

  



4.  CONCLUSIONS 

In this work, an alternative method for the measurement of air-flow resistivity of 

porous materials has been presented. It is based on the electroacoustic analysis of the 

Ingard & Dear’s device. After a straightforward calibration, the air-flow resistance is 

obtained from the measurement of the total electric impedance. The proposed method is 

simple and does not require complex instrumentation, so it could be considered an 

inexpensive alternative for the determination of this parameter. Experimental tests using 

the proposed method were very similar to those obtained using the ISO standard, and 

reported a very low deviation. 
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