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Abstract

Various empirical models have emphasized the dependence of sound absorption coe�cient on static

air�ow resistivity, and thus its measurement becomes essential. In this paper, the two-cavity and two-thickness

indirect acoustic methods are implemented based on a standard impedance tube for evaluating the static �ow

resistivity of foam. A comparison is made between the resistivity results obtained by the two-cavity and two-

thickness method, and later validated with results of an alternating air-�ow test setup which is developed as

per the ISO 9053 guidelines. Further, the empirical relations are utilized to estimate the absorption coe�cient

from measured values of �ow resistivity and are compared with measured absorption coe�cient in an impedance

tube. The results discussed in this study presents the feasibility and suitability of the indirect acoustic methods

for evaluating the �ow resistivity.

Keywords: Static �ow resistivity, Two-cavity, Two-thickness method, Impedance Tube, Absorption

Coe�cient.
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Ðàçëè÷íûå ýìïèðè÷åñêèå ìîäåëè ïîä÷åðêèâàþò çàâèñèìîñòü êîýôôèöèåíòà çâóêîïîãëîùåíèÿ
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ñòàòè÷åñêîãî óäåëüíîãî ñîïðîòèâëåíèÿ ïðîäóâàíèþ äëÿ ïåíû ðåàëèçîâàíû êîñâåííûå àêóñòè÷åñêèå

ìåòîäû äâóõ ïîëîñòåé è äâóõ ñëîåâ. Ïðîâåäåíî ñðàâíåíèå ðåçóëüòàòîâ èçìåðåíèÿ óäåëüíîãî

ñîïðîòèâëåíèÿ, ïîëó÷åííûõ ìåòîäîì äâóõ ïîëîñòåé è äâóõ ñëîåâ, à çàòåì ïîäòâåðæäåííûõ ðåçóëüòàòàìè

ðàáîòû èñïûòàòåëüíîé óñòàíîâêè ïåðåìåííîãî âîçäóøíîãî ïîòîêà, ðàçðàáîòàííîé â ñîîòâåòñòâèè

ñ íîðìàìè ISO 9053. Äàëåå ýìïèðè÷åñêèå ñîîòíîøåíèÿ èñïîëüçóþòñÿ äëÿ îöåíêè êîýôôèöèåíòà

ïîãëîùåíèÿ ïî èçìåðåííûì çíà÷åíèÿì óäåëüíîãî ñîïðîòèâëåíèÿ ïðîäóâàíèþ è ñðàâíèâàþòñÿ ñ

èçìåðåííûì êîýôôèöèåíòîì ïîãëîùåíèÿ â èìïåäàíñíîé òðóáå. Ðåçóëüòàòû, ðàññìîòðåííûå â íàñòîÿùåì

èññëåäîâàíèè, ïîêàçûâàþò öåëåñîîáðàçíîñòü è ïðèãîäíîñòü êîñâåííûõ àêóñòè÷åñêèõ ìåòîäîâ äëÿ îöåíêè

óäåëüíîãî ñîïðîòèâëåíèÿ ïðîäóâàíèþ.

Êëþ÷åâûå ñëîâà: ñòàòè÷åñêîå ñîïðîòèâëåíèå ïðîäóâàíèþ, äâóõïîëîñòíîé ìåòîä, ìåòîä äâóõ

ñëîåâ, èìïåäàíñíàÿ òðóáà, êîýôôèöèåíò ïîãëîùåíèÿ.

Introduction

The empirical models [1, 2, 3, 4] have been extensively used for estimating the sound
absorption coe�cient of a homogenous sound absorbing material. These empirical relations
require the knowledge of the material's static �ow resistivity as a prerequisite which could be
readily determined by using various standards or methods. Delany and Bazley [2] recommended
the use of simple power law functions to represent the normalized characteristic impedance and
propagation constant as a function of the frequency parameter (ratio of frequency to �ow
resistivity) for �brous absorbent materials. It was observed that �bre size and bulk density are
the two important parameters in�uencing �ow resistivity of �brous materials. The power law
functions could be appropriately used for values of frequency parameter ranging from 0.01 to
1 m3/kg. The empirical relations recommended by Delany and Bazley could not be con�dently
used to determine the intrinsic properties for small values of the frequency parameter [1]. Hence,
Bies and Hansen [1] further extended the Delany and Bazley empirical relationships to approach
the correct limits for small, medium and large values of the frequency parameter. Dunn and
Davern [3] followed the Delany and Bazley approach and proposed new regression constants
for open-pore polyurethane foams. Thus, depending on the material and frequency considered
for the study, a suitable empirical equation could be utilized to estimate the sound absorption
coe�cient from the known value of static �ow resistivity. So, one of the required acoustic
material properties is static �ow resistivity for estimating sound absorption coe�cient using
empirical equations. The methods available for measuring the �ow resistivity can be categorized
as a direct or steady air�ow method [5, 6], the alternating air�ow method [6, 7], the comparative
method [8] and the acoustic method [9, 10, 11, 12, 13].

The direct air�ow method requires measurement of two parameters, i.e., the pressure
drop across the test specimen and the volume velocity of steady air�ow through the test
specimen. On the other hand, the alternating air�ow method requires only the measurement
of pressure drop across the test specimen for a known volume velocity. In case of the ISO
9053 alternating air �ow method, the pressure drop is measured at a low frequency of 2 Hz.
Dragonetti et al.[7] proposed an alternating method in which the �ow resistivity is estimated by
using imaginary part of transfer function between two microphones kept in two cavities coupled
by a speaker. This method eliminates the need for special instrumentation and calibration as
required in case of ASTM C522 and ISO 9053 standards. Thus, the pressure measurements
can be performed at frequencies greater than 2 Hz. Stinson and Daigle [8] developed the
comparative method based on an electronic system involving two resistive elements placed in
series for the measurement of �ow resistance. The two elements consist of one with calibrated
resistance and the other with unknown resistance. Since, the volumetric �ow of air across the
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elements is constant, the ratio of the pressure drops across each element is the same as the ratio
of the values of �ow resistance.

The acoustic methods for �ow resistance measurement is normally carried out in
impedance tubes which can be broadly classi�ed as indirect and inverse methods. The inverse
method [9] relies on a sound absorption coe�cient, while the indirect method [10, 11, 12, 13]
requires evaluation of two intrinsic acoustic properties such as e�ective density and e�ective
bulk modulus of the material. The indirect acoustic methods can further be classi�ed as
two-microphone and three-microphone methods. Ingard and Dear [11] proposed that at
low frequencies the ratio of the sound pressures on both sides of the specimen measured
in tube-like structure can be used to estimate normalized static �ow resistance of acoustic
material. Woodcock and Hodgson [13] adopted the two-cavity [14] and two-thickness [15]
methods for evaluating the characteristic impedance and propagation constant of �brous
materials and then utilized the Delany and Bazley inverse equations for calculating the
e�ective �ow resistivity. Tao et al. [12] proposed an acoustic method based on the impedance
transfer function for determination of the static air�ow resistivity using a standard impedance
tube used in ISO 10534.2 [16]. Doutras et al. proposed three-microphone impedance tube
method to evaluate non-acoustic properties like �ow resistivity, tortuosity, viscous and thermal
characteristic lengths by measuring material's e�ective density and bulk modulus [10].

The main aim of this research is to discuss the existing �ow resistivity measurement
methods and to �nd the feasibility of acoustic methods in measuring static �ow resistivity.
In this paper, the two-cavity method with arbitrary air-gap and the two-thickness method
are implemented for measuring the static �ow resistivity of foam samples. In addition, a
test setup has been developed as per the ISO 9053 alternating air�ow method guidelines for
validation of the obtained static �ow resistivity values. The performance of the implemented
methods is assessed based on the absorption coe�cient estimated from their respective static
�ow resistivity. The results and discussion presented in this study will help in the selection of
a suitable method for measuring the static �ow resistivity.

1. Methodology

The material's �ow resistivity can be basically categorized as dynamic and static.
The dynamic �ow resistivity varies with frequency. However, it tends to remain constant at
low frequencies and hence is termed as static �ow resistivity [17]. Panneton and Olny [18]
expressed the dynamic �ow resistivity as a function of the material's intrinsic properties, i.e.
the propagation constant (complex wave number) and characteristic impedance. The real part
of the low-frequency limit of the dynamic resistivity yields the static �ow resistivity (Ns/m4)
as follows [18],

σ = Re
[
lim
ω→0

(γYp)
]

(1)

σ = Re
[
lim
ω→0

(jkpYp)
]

(2)

Where, γ, kp and Yp are the propagation constant (m−1), complex wave number (m−1) and the
characteristic impedance (Pa·s/m) of acoustic material, respectively.

The intrinsic properties are evaluated using the indirect acoustic methods based on
standard impedance tube method, viz. the two-cavity method [14] and two-thickness method
[15]. The two-cavity method involves measurement of the surface impedances for the conditions
of the specimen when backed by rigid termination and an arbitrarily chosen back cavity of depth
L and the complex wave number and characteristic impedance of acoustic material are evaluated
as follows [12],
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kp =
1

2l
tan−1

(√
Z22

Z11

− Z12[Z22 + Z11]

[Z11]2

)
(3)

Yp = jZ11 tan 2kpl (4)

Where, Z11 and Z12 are the speci�c acoustic impedance (Pa·s/m) at the front surface of the
specimen of thickness l when the specimen is backed by rigid termination and arbitrarily chosen
back cavity. On the other hand, Z22 is the acoustic impedance at the back surface of the test
specimen when backed by the arbitrarily chosen back cavity and is written as [20],

Z22 = −jρc cot kL (5)

Where, ρ is the air density (kg/m3), c is the speed of sound (m/s), L is the arbitrarily chosen
back cavity depth (m) and k is the wave number de�ned as k = 2πf/c, where f is the frequency.

In case of the two-thickness method, the acoustic impedances are measured at the
front surface of the specimen having two di�erent thicknesses, in which it is experimentally
convenient to make second specimen thickness twice of the other. The surface impedance of
the specimen is estimated from the measured pressures at two locations along the length of
impedance tube using standard impedance tube technique. In this method samples are backed
by rigid termination and the intrinsic properties are obtained as follows [15],

γ =
1

4l
ln

(
1 + a

1− a

)
(6)

Yp =
√
Z11(2Z12 − Z11) (7)

a =

√
2Z12 − Z11

Z11

(8)

Where, Z11 and Z12 are the speci�c acoustic impedance (Pa·s/m) at the front surface of the
specimen having thickness 2l and 4l, respectively.

Tao et al. [12] evaluated the speci�c acoustic impedances utilizing the transfer function
method [19, 20, 21] based on the ISO 10534.2 standard impedance tube. Another way of
evaluating impedance is to record the individual complex pressures at the two microphone
locations and then utilize the analytical formulation given below,

Z = ρc

[
A+B

A−B

]
(9)

Where, A and B are the complex pressure amplitudes of the incident and re�ected wave,
respectively. Figure 1 depicts a standard impedance tube design according to ISO 10534.2.
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Fig. 1. ISO 10534.2 standard impedance tube

To validate the static �ow resistivity results evaluated using the two-cavity and the two-
thickness method, a test setup has been developed in compliance with the ISO9053 alternating
air�ow method guidelines. A sinusoidal alternating air�ow is generated with the help of motor-
driven piston cylinder arrangement at a frequency of 2 Hz. The piston movement leads to
volume modulation which in turn results in pressure modulation in the vessel whose end is
closed by means of a sound absorbing material. The quantity of pressure modulation is directly
related to the air�ow resistivity. Figure 2 depicts the schematic diagram of ISO9053 alternating
air�ow setup.

Fig. 2. Schematic diagram of ISO 9053 alternating air�ow setup

Once the static �ow resistivity is evaluated and validated. Then, characteristic
impedance and propagation constant can be estimated using empirical equations given by
Delany and Bazley [2].

Yp = ρc

[
1 + 0,051

(
σ

f

)0,75
]
− 0,077jρc

(
σ

f

)0,73

(10)

Y = jkp = 0,175k

(
σ

f

)0,59

+ jk

[
1 + 0,086

(
σ

f

)0,70
]

(11)

The surface impedance, re�ection and absorption coe�cient could be deduced as
follows [22],

Z = −jYp cot 2kpl (12)
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R =

[
Z − ρc
Z + ρc

]
(13)

α = 1− |R|2 (14)

2. Results and discussion

Initially, the two-cavity method with arbitrary air-gap was implemented and the
individual pressure measurements were carried out for foam sample at the two microphone
locations. The speci�c acoustic impedance was analytically evaluated from the pressure
measurements. The frequency range considered is 100-500 Hz by setting the microphones at
wide spacing.

Fig. 3. Impedance tube foam test sample of 100 mm diameter with 22 mm thick

As per the impedance tube requirement, a 100 mm diameter foam sample is prepared
from a 22 mm thick sheet. The dynamic �ow resistivity for 22 mm thick foam sample subjected
to 50 mm back cavity depth is depicted in Fig. 4.

Fig. 4. Flow resistivity as a function of frequency for 22 mm thick foam subjected to 50 mm
back cavity depth in two-cavity method
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The value of static �ow resistivity is expected to be acceptable when the measurement
frequency is few hundreds of Hz or lower [12]. Due to poor signal to noise ratio below 200 Hz,
the static �ow resistivity was evaluated in the 200-300 Hz frequency range. The mean and
standard deviation (%) of �ow resistivity values for 22 mm thick foam in the 200-300 Hz range
are listed in Table 1. Mean value can be considered as the static �ow resistivity.

Table 1

Static �ow resistivity for 22 mm thick foam in two-cavity method

Static Flow Resistivity (Ns/m4) in 200-300 Hz frequency range
Acoustic Material Mean Standard Deviation (%)

Foam 12069 25,62

Thus, the static �ow resistivity results for 22 mm thick foam sample was measured
using the two-cavity method with 50 mm back cavity depth. The back cavity was arbitrarily
chosen and could be subject to changes depending on the availability and the experimenter's
rational. Thus, it becomes very much essential, to study the e�ect of a change in air-gap on
�ow resistivity. For the same reason, the 22 mm thick foam sample was subjected to varying
air-gaps; 50 mm, 100 mm and 125 mm and the �ow resistivity as a function of frequency is
evaluated as shown below.

Fig. 5. E�ect of change in air-gap on �ow resistivity for 22 mm thick foam

From Fig. 5, it could be seen that the change in �ow resistivity with respect to a
change in air-gap is insigni�cant and the larger air-gap leads to more stable results. The same
is depicted in tabular form (Table 2),

Similarly, the e�ect of a change in thickness of sample on measured �ow resistivity
is studied. Two foam samples are chosen with thickness of 22 mm and 44 mm and provided
an air-gap of 50 mm in the impedance tube. The measured �ow resistivity as a function of
frequency is shown in Fig. 6.
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Table 2

E�ect of change in air-gap on static �ow resistivity of foam in two-cavity method

Air Gap 50 mm 100 mm 125 mm
Static Flow Resistivity (Ns/m4) 12069 13043 12896

Standard Deviation (%) 25,62 8,23 8,58

Fig. 6. E�ect of change in thickness on �ow resistivity of foam subjected to 50 mm back
cavity depth in two-cavity method

From Fig. 6, it could be seen that the change in �ow resistivity with respect to a
change in thickness is insigni�cant and the larger thickness leads to more stable results. The
measured values of static air�ow resistivity for two di�erent thicknesses are shown in Table 3.
In addition, the e�ect of a change in air-gap and thickness on �ow resistivity is summarized
in Table 4.

Table 3

E�ect of change in thickness on static �ow resistivity and measured standard deviation of foam
in two-cavity method

Thickness 22 mm 44 mm
Static Flow Resistivity (Ns/m4) 12069 13051

Standard Deviation (%) 25,62 15,34

From Table 4, it could be seen that larger air-gap and thickness leads to improved �ow
resistivity results in case of foam. Also, change in either condition doesn't seem to signi�cantly
a�ect the mean static �ow resistivity values for the implemented two-cavity method.
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Table 4

E�ect of change in thickness on static �ow resistivity and measured standard deviation of foam
in two-cavity method

Air Gap 50 mm 125 mm
Thickness 22 mm 44 mm 22 mm 44 mm

Static Flow Resistivity (Ns/m4) 12069 13051 12896 13304
Standard Deviation (%) 25,62 15,34 8,58 6,44

Fig. 7. Flow resistivity as a function of frequency evaluated using two thickness method for
22 mm and 44 mm thick foam in the 100-500 Hz range

The two-thickness method was also implemented for 22 mm and 44 mm thick foam
samples in the 100-500 Hz frequency range. The complex impedance data was analytically
evaluated from the individual pressure measurements at the two microphone locations and the
dynamic �ow resistivity as a function of frequency is shown in Fig. 7. It is observed that �ow
resistivity values in the 100-500 Hz range are �uctuating more as compared to the two-cavity
method. The mean and the standard deviation (%) of the measured dynamic �ow resistivity in
the 200-300 Hz frequency range as chosen in the two-cavity method is listed in Table 5. Mean
values is considered as static �ow resistivity.

Table 5

Static �ow resistivity for foam evaluated using the two-thickness method

Static Flow Resistivity (Ns/m4) in 200-300 Hz frequency range
Acoustic Material Mean Standard Deviation (%)

Foam 11357 91,68

A comparison is made between the �ow resistivity values evaluated using the two-
cavity method with arbitrary air-gap and the two-thickness method for foam samples in the
200-300 Hz frequency range.
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Fig. 8. Comparison of �ow resistivity as a function of frequency evaluated using two-thickness
and two-cavity method (125 mm back cavity depth) for foam in the 200-300 Hz range

The mean and standard deviation of the �ow resistivity values in the 200-300 Hz
frequency range of two methods are compared in the Table 6.

Table 6

Comparison of static �ow resistivity for foam in the 200-300 Hz frequency range

Indirect Acoustic Method Two-Thickness Two-Cavity (125 mm air-gap)
22 mm thick 44 mm thick

Static Flow Resistivity (Ns/m4) 11357 12896 13304
Standard Deviation (%) 91,68 8,58 6,44

From Table 6, the static �ow resistivity evaluated using the two-thickness and the
two-cavity method seems to be in good agreement. Though the mean values appear close,
from Fig. 8, it could be seen that the variation in �ow resistivity with respect to the frequency
obtained from the two-thickness method is large as compared to the �ow resistivity evaluated
using the two-cavity method with arbitrary air-gap. Thus, for the foam samples (in the 200-
300 Hz frequency range), it could be summarized that the implementation of the two-cavity
method with arbitrary air-gap leads to a more stable trend in �ow resistivity than the two-
thickness method.

The static �ow resistivity evaluated using the two-cavity and the two-thickness method
is validated by means of the developed test setup as per the ISO 9053 alternating air�ow method
guidelines. The 44 mm thick foam specimen was tested using the developed setup and the
air�ow resistivity was measured as 10608 Ns/m4. A comparison is made between the static
�ow resistivity results obtained using the two-cavity method, two-thickness method, and the
developed alternating air�ow test setup and shown in Table 7.



NOISE Theory and Practice 17

Table 7

Validation of static �ow resistivity results for foam

Measurement Method Two-Cavity Two-Thickness Alternating Air�ow Setup
(125 mm air-gap)

Static Flow Resistivity (Ns/m4) 13304 11357 10608

From Table 7, it could be seen that the maximum di�erence between the static �ow
resistivity results obtained ranges around 25%. The acceptability of this variation could be
determined based on the variation in the estimated absorption coe�cient values.

Fig. 9. Comparison of absorption coe�cients estimated from �ow resistivity values of 13304
Ns/m4 (two-cavity method) and 10608 Ns/m4 (alternating air�ow method)

Fig. 10. Comparison of measured and estimated absorption coe�cients as a function of
frequency for 44 mm thick foam



Clarence F. Lobo, Deepak C. Akiwate, B.Venkatesham, M. B. Mandale

A Performance Study on Indirect Acoustic Flow Resistivity Measurement Methods 18

The Delany and Bazley empirical relations are used to estimate the absorption
coe�cients from the �ow resistivity values given in Table 7, and are shown as a function of
frequency in Fig. 9. It could be seen that the estimated absorption coe�cients are in good
agreement despite the 25% variation in the static �ow resistivity values. This indicates that
the 25% variation may be reasonable for estimation of absorption coe�cient. The absorption
coe�cients for the 44 mm thick foam sample are also directly measured using the impedance
tube and the results are compared with the estimated absorption coe�cients. The measured
and estimated absorption coe�cients seem to be in good agreement from Fig.10.

Conclusions

The two-cavity method with arbitrary air-gap and the two-thickness method were
implemented for evaluation of characteristic impedance and propagation constant and hence
�ow resistivity for foam samples in the 100-500 Hz frequency range. The �ow resistivity was
found to be constant, i.e. static in the 200-300 Hz range and hence the post-analysis was carried
out considering this frequency range. In case of a two-cavity method with arbitrary air-gap,
the e�ect of a change in air-gap and thickness on mean static �ow resistivity was insigni�cant.
Larger air-gaps and thicknesses resulted in a more stable trend in �ow resistivity plot as a
function of frequency. The static �ow resistivity values evaluated using the two-cavity and
the two-thickness method for foam in the 200-300 Hz range was found to be in reasonable
agreement. Though the mean values appear close for the two methods, the variation in �ow
resistivity with respect to frequency for the two-thickness method was signi�cantly large as
compared to the two-cavity method. The �ow resistivity results were validated using a test
setup developed based on ISO 9053 alternating air�ow method guidelines and the maximum
variation was in the range of 25%. This variation was found to be acceptable due to a close
agreement between the absorption coe�cients estimated from the �ow resistivity values using
the Delany and Bazley empirical relations. In addition, the estimated absorption coe�cients
for foam samples were found to be in good agreement with the absorption coe�cients directly
measured using the impedance tube, thus indicating good suitability and feasibility of the
considered static �ow resistivity measurement methods.
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