Document downloaded from:

http://hdl.handle.net/10251/192661
This paper must be cited as:

Rodriguez-Vercher, J.; Alba, J.; Arenas, JP.; Del Rey, R. (2022). Estimating the airflow
resistivity of porous materials in an impedance tube using an electroacoustic technique.
Applied Acoustics. 201:1-8. https://doi.org/10.1016/j.apacoust.2022.109089

The final publication is available at

https://doi.org/10.1016/j.apacoust.2022.109089

Copyright E|sevier

Additional Information



Estimating the airflow resistivity of porous materials in
an impedance tube using an electroacoustic technique

Juan C. Rodriguez®, Jesis Alba®, Jorge P. Arenas**, Romina del Rey®

4Institute of Acoustics, Univ. Austral of Chile, PO Box 567, 5090000, Valdivia, Chile
bUniversitat Politécnica de Valéncia, Campus de Gandia, C/Paraninfo 1, 46730 Grao de
Gandia, Valencia, Spain

Abstract

Airflow resistivity is an essential parameter for characterizing air-saturated porous
sound-absorbing materials theoretically and selecting sound-absorbing materials
in practice. Although standardized methods can determine this non-acoustic pa-
rameter in the laboratory, many indirect alternative methods have been proposed
to measure it. One of them is the technique presented in the 1980s by Ingard and
Dear using a standing wave tube, a loudspeaker, and two microphones. This pa-
per suggests an electroacoustic procedure based on a modification of the Ingard
and Dear setup. Equations are derived through the transfer matrix method. Af-
ter a simple calibration, the airflow resistivity of a material sample is indirectly
estimated from the total electric impedance measured at the loudspeaker input
connection terminals. Thus, implementing the proposed method is straightfor-
ward and inexpensive, since microphones and complex instrumentation are un-
necessary. The method is tested by comparing measured values of the airflow
resistivity of different material samples with those obtained through the Ingar
and Dear approach and the ISO standardized method. Reasonably good agree-
ment is observed, confirming the validity of the electroacoustic method.

Keywords: airflow resistivity, porous materials, electroacoustics, impedance
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1. Introduction

Since airflow resistivity is related to air permeability through porous materi-
als, it is one of the main non-acoustic parameters used to characterize a porous
material’s sound absorption properties. Several equivalent fluid theoretical mod-
els for porous materials with rigid frames use this property [1-5]. Airflow re-
sistance is the ratio of the pressure differential across a material specimen to the
normal volumetric air flow through it [1]. Airflow resistivity is defined as the air-
flow resistance per unit of material thickness. Because this property is directly
related to the acoustic energy absorption of a porous material, airflow resistivity
is also used for selecting sound-absorbing materials for diverse acoustical appli-
cations.

Some authors prefer to use static permeability, which has the dimension of a
surface (m?). Static permeability is defined as the ratio of the dynamic viscosity
of air (n ~ 1.84x10° Ns/m? at ambient temperature and pressure conditions) over
the static airflow resistivity. Thus, air permeability decreases with increasing
airflow resistivity. When compared to resistivity, permeability is independent of
the fluid’s characteristics.

Both ISO and ASTM have described standardized procedures for measur-
ing airflow resistivity [6—8]. The methods explained in ISO 9053-1 and ASTM
(C522-03 require a steady airflow passing through a material sample. The pres-
sure drop across the material under study can then be accurately measured. An-

other method in which the airflow is alternated has been described in the more
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recent ISO 9053-2. In this case, the alternate component of the pressure produced
by an oscillating piston in a volume occupied by the test specimen must be mea-
sured. Nevertheless, implementing these standardized procedures requires rather
complex and special instrumentation, and it is necessary to measure sound pres-
sures at a frequency below the audible range. In addition, pressure differential
measurement at particularly low airflow velocities is essential to avoid turbu-
lent flow effects in the material’s pores. These experimental complexities have
led many researchers to suggest complementary techniques to measure airflow
resistivity [9-18].

Reference [19] presented a discussion and a comparison between the results
of experiments using the ISO standard and those of experiments using the alter-
native methods developed by Ingard and Dear [10] and Dragonetti et al. [17].

Garai and Pompoli [20] analyzed the results of an interlaboratory test of air-
flow resistivity measured according to the ISO standard in ten European labora-
tories. In one case, they employed an acoustic method not described in the stan-
dard [9]. Their study proposed amendments to the ISO standard to improve re-
producibility between laboratories. They also confirmed that the acoustic method
provides repeatable and acceptable results compared to the standardized proce-
dure.

Two approaches to obtaining airflow resistivity from measurements carried
out in impedance tubes were compared by Woodcock and Hodgson [11]. The re-
searchers measured the surface acoustic impedance of a fibrous material accord-
ing to the two-cavity and the two-thickness methods. They then used their results
to determine the material’s propagation constant and characteristic impedance.
They obtained effective airflow resistivity by combining these results with the

Delany and Bazley’s empirical power-law relationships [21].
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In a method described by Tao et al. [22], the airflow resistivity of a material
sample is determined indirectly from the measurement of its surface impedance
in two conditions in a traditional impedance tube having a perfectly reflecting
end. The transfer functions between the two microphones are measured by plac-
ing the test sample with and without a well-defined backing air cavity. Thus, the
propagation constant and the characteristic impedance of the material under test
are obtained. Finally, the airflow resistivity is determined at a sufficiently low
frequency, assuming that the thickness of the sample is small compared to the
wavelength.

The use of a three-microphone impedance tube setup for measuring the prop-
erties of a porous material, regarded as a fluid equivalent, was reported by Doutres
et al. [23]. The technique was used first to determine the material’s acoustic prop-
erties, and later, non-acoustic properties, including the airflow resistivity in the
low-frequency range, were indirectly determined.

The experimental setup for measuring the flow impedance presented by In-
gard and Dear [10] is essential for the electroacoustic method proposed in this
paper. Their design comprises two measuring microphones and a cylindrical
standing wave tube closed with a loudspeaker and a hard reflecting surface at the
opposite end. A material sample is placed at a fixed location along the tube, and
the complex ratio of the sound pressures is measured at two strategic positions
inside the tube. Ingard and Dear theoretically showed that the airflow resistance
could be obtained from the imaginary part of the sound pressure complex ratio.
From a practical point of view, this approach is straightforward to implement and
does not present the low-frequency limitation of the ISO alternated flow method.
The method was explored further by Ren and Jacobsen [12] for measuring the

dynamic flow impedance of porous materials.
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The following sections of this paper present a simple method for measuring
the airflow resistivity of a material. This parameter is indirectly estimated in the
Ingard and Dear tube from the electric impedance measured at the loudspeaker
terminals. Thus, the technique does not require measuring microphones. The
authors of this paper have presented a similar approach [18], but applied it to the
device proposed by Dragonetti et al. [17]. Preliminary results of this approach
were also reported in a congress [24].

This paper is organized as follows. The theoretical details of the proposed
approach are detailed in Section 2, while the experimental setup and the materials
used to test the method are described in Section 3. The experimental results are

reported in Section 4. Finally, Section 5 summarizes the main conclusions.

2. Theory

2.1. The Ingard and Dear acoustic method

In 1985, Ingard and Dear described an alternative method for measuring a
porous material’s airflow resistance and reactance [10]. Their approach is based
on measuring the sound pressure using two microphones placed at two points
inside a cylindrical tube with rigid walls and a perfectly rigid termination. The
tube’s opposite end is closed by an electrodynamic loudspeaker, which acts as
a sound source of plane waves. The researchers’ experimental arrangement is
shown schematically in Figure 1a.

A sample of the porous material under test, with thickness d, is inserted at a
distance L, from the loudspeaker. L, is the distance between the backside of the
material (denoted as position 2 in Fig. 1a) and the rigid termination (position 3).
One microphone is placed in front of the porous material (indicated as position

1 in Fig. 1a). The second microphone is located in front of the rigid termination.
5
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Figure 1: a) Ingard and Dear’s experimental arrangement for the measurement of the airflow re-

sistance of a porous material; b) experimental setup used to calibrate the electroacoustic method.

An audio signal generator connected to an amplifier is fed to the loudspeaker
to produce a low-frequency sinusoidal sound, so that the microphones measure

the resulting sound pressures at positions 1 (p;) and 3 (p3). The sound frequency

is chosen so that L, is an odd number of quarter wavelengths, i.e., f, = %,
where n = 1, 2, ... and ¢y is the speed of sound inside the tube. If the tube

diameter is D and A is the wavelength, condition 4 > 1.7D ensures that only
plane waves are propagated inside the tube.

Considering that losses inside the tube and material’s airflow reactance are
negligible at low frequencies, the specific airflow resistance, R;, can be deter-
mined as

R, = poco10En=Lrs)120, (1)

where py is the air mean density in the tube and L,, and L, are the sound pres-
sure levels corresponding to p; and ps, respectively. In Eq. (1), it is assumed that
the microphones are carefully calibrated to have the same sensitivity and phase.

The system can be described in the low-frequency regime by the transfer
6



1

+ matrix method from inspection of Fig. 1a, as

pi| |1 Z cos(koLly)  jZosin(koLy) || p3 )
Ul o 1 )|ysintkeLy) /Zo  cos(koly) |\ Us)

115 where kg = w/cy 1s the wavenumber in the air; j is the imaginary unit; U; and

e Uj are the volume velocities at points 1 and 3, respectively; Z4 is the acoustic

1

7 impedance of the porous material, and Z;, = pocy/S is the acoustic impedance
ns of air, where S is the cross-sectional area of the tube. It is noted that the re-
119 duced transfer matrix in Eq. (2) is valid when k.d << 1, where d is the material
120 thickness and k. is the characteristic wavenumber of the porous material.

Since the acoustic impedance at the rigid end is infinite (U; = 0), Eq. (2)

becomes

D1 Ccos (k()Lz) + jZA%;kOLZ) _]Z() sin (koLz) + ZA COS(k()Lz) P3

Ui JsintkoLa)/Zo cos(koLy) 0
121
pi| _|cos (koL,) + JZA%;"OLZ)
an jsin(koLy) p3- (3)
1 Z—o
122 Ingard and Dear method uses the ratio between the complex sound pressures

123 at microphone positions 1 and 3, which can be obtained from Eq. (3) as

iZ sin (koL
Pl _ os (koLy) + M, 4)
Ps3 0
124 and Z, is given by
Zy = —jZo| B ———— — cot (koLo) |. )
p3 sin (koLy)
125 For frequencies at which L, is precisely an odd number of quarter-wavelengths,
126 the cotangent in Eq. (4) cancels out, and Z, is given by
Zy =+ jZ 2L (6)
Ps3
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The normalized flow resistance, 6, is determined from Eq. (6) as the absolute

value of the imaginary part of the sound pressure ratio:

0= ‘Imﬂ . 7

p3

Thus, the airflow resistance can be determined from Eq. (1) at low frequen-

cies and the airflow resistivity, o, determined by dividing Eq. (1) by the sample
thickness:

o =R/d. ()

A comparison between the Ingard and Dear method and two other approaches

for measuring the airflow resistivity was presented in [19].

2.2. The proposed electroacoustic method

Alba et al. [18] developed an electroacoustic method based on the device
presented by Dragonetti et al. [17]. The Ingard and Dear device can also be
modified using the same rationale. Therefore, the device shown in Fig. 1ais now
considered without measuring the sound pressure at the microphone positions.
Instead, the total electric impedance is measured directly at the two terminals of
the speaker over the frequency range in use.

We note that the rigidly terminated standing wave tubes in Fig. 1 are closed
by a loudspeaker. A direct-radiator loudspeaker is an electrodynamic transducer
that converts an electric current into a mechanical vibration. It works by the
interaction of the electric current passing through a moving coil and the magnetic
field of a permanent magnet. The coil is located in the air gap of the magnet, and
it is rigidly attached to a diaphragm that serves as the sound radiating element.
To establish the electroacoustic method, we must now consider the effect caused
by the interaction between the loudspeaker and the mechanical impedance of the

acoustic load on its diaphragm.
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In an electrodynamic transducer, the total electric impedance, Zgr, of the
device in Fig. 1a is given by [25],

(BI)®

Zgr =Zp + Z =Zp+ ——=,
ET E MOT E ZArsz

®)

where Zyor is called the motional impedance, Z is the pure electric impedance

of the loudspeaker given by
Zg = Rp + jwLg, (10)

R and Lg are, respectively, the electric resistance and inductance of the voice
coil, w is the angular frequency, S is the diaphragm effective area (considered as
equal to the cross-sectional area of the tube at low frequencies), Bl is the loud-
speaker’s force factor, and Z,r is the total acoustic impedance of the system.
In this case, Z,7 is the mechanical impedance of the acoustic load on the loud-
speaker, Z,0S?, plus the effect of the mechanical impedance of the loudspeaker,
Zu, so Eq. (9) is written as:

(Bl

Zor = Zu+ —20
ET E ZM+ZA()SZ

(11)

2.3. Estimating the airflow resistance and reactance

In the electroacoustic method, two measurements are needed to determine
the airflow resistance of a sample material: one without and one with the sample
material in the tube. The measurement without the sample is used to calibrate

the system.

2.3.1. System without the sample
In addition to the values of Zg and B! of the loudspeaker, the mechanical

impedance of the mechanical elements in the loudspeaker, Z,;, must be known.
9
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This impedance can be obtained in a calibration process by measuring the total
electric impedance at the loudspeaker’s terminals without the material sample in
the tube (see Fig. 1b).

The acoustic impedance of an empty lossless tube of length L; and termi-
nated with a rigid end (infinite impedance) is purely reactive, and is given by the
equation [1, 25]:

P1

Zy = U —JjZocot (koLy) . (12)
1

Taking into account the effect of the loudspeaker, which is mechanically
loaded by this empty tube [see Eq. (11)], the total electric impedance at the

terminals of the loudspeaker is:

Zpr = Zp + (BD” (13)
BT 2E ZM - jZ()COt (k()Ll)SZ.
If the frequency of the sound is selected such that f, = %, Eq. (13)
becomes:
By’
ZET:ZE+( ) . (14)
Zy

Note that when the frequency approaches zero (DC), the loudspeaker elec-
tric impedance approaches the voice coil resistance asymptotically so that Rg
can be determined directly from the impedance curve. At such frequencies, the
loudspeaker’s electrical reactance, wLg, becomes neglectable. There are several
possible methods for measuring the value of Bl [25]; however, loudspeaker man-
ufacturers commonly provide this parameter. After the total electrical impedance
has been measured without the sample as a function of the frequency, the values
of the mechanical impedance, Zy;, can be obtained using Eq. (14). These values

will later be used to determine the acoustic impedance of the porous materials.

10
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2.3.2. System with the sample
The tube with the material sample of acoustic impedance Z, (se Fig. 1a) is

described using the transfer matrix method by the following equation,

)

Lsibola)  cog(koLy) |\ Us

Po cos(koLy) jZosin(koLy) || 1 Za |[cos(koLy) jZosin(koLy) || p3
Uy Lol cos(koLy) J{0 1 %
(15)

Zy

and the acoustic impedance, Z,, is obtained as

cos (ko(L, + L)) + j4 cos (koL,) sin (koLs)
Zu =2 =-jz, 2 .36
Uy sin (kg (Ly + Ly)) + jz—gsin (koL1) sin (koL,)

If the frequency of the sound is selected to be the same as in the calibration

process, f, = %, then cos (kgL;) = 0 and sin (koL;) = +1, and Eq. (16) is
written as
+sin (koL,) Zy

+cos (koLy) + j%sin (koL,) - jcot (koLa) — %
Now, if L; = L, Eq. (17) is simplified to

Zpo = —Z—g. (18)

Zy
By substituting Eq. (18) into Eq. (11), we get
(Bl

Ly
Zy -2

Zao = ~JZy (17)

ZET = ZE + (19)

In Eq. (19), we may identify the term —(Z,S )>/Z, as a material mechanical
impedance, denoted here as Z,,,. We can now solve Eq. (19) for Z, using the
value of Z,,; obtained during the calibration process, the measured values of Zgr
and Zg, and the value of Bl provided by the loudspeaker manufacturer. The
specific airflow resistance corresponds to the real part of Z, for those frequencies
chosen in the same way as in the Ingard and Dear method. Finally, the airflow

resistivity of the material is obtained from Eq. (8).
11
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Figure 2: Custom-made experimental device to implement the electroacoustic method.

3. Materials and method

An experimental setup based on the Ingard and Dear device was built to im-
plement the method described in the previous section (see Fig. 2). The device
was made of a 5 mm-thick polymethylmethacrylate (PMMA) cylindrical tube
with an inner diameter of 42 mm. The cut-off frequency for this diameter is
around 4800 Hz. The standing wave tube entrance was closed with an electrody-
namic loudspeaker (Beyma CP-800Ti). An adjustable 25 mm-thick acoustically
rigid termination was used to close the tube end. The perforations used to insert
the two microphones in the Ingard and Dear method were sealed. Other parts
of the device were also carefully sealed to avoid the effects of air leaks on the
results. After the test sample was placed, the tube was divided into two equal
sections of length L; = L, = 89.1 cm by adjustment of the rigid termination.

A 100 Q reference resistor was connected in series between the variable fre-
quency sine wave generator and the loudspeaker. The impedance magnitude
and phase were estimated by measuring the voltage across the reference resis-
tor and the loudspeaker connection terminals. The results were obtained using
computer-based loudspeaker impedance measurement software (LIMP from Ar-
talabs [26]) running on a USB-connected laptop with a Behringer UMC202HD

audio interface set to 48 kHz sampling rate and 24-bit resolution. The system’s

12
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SNR, according to manufacturer specs, is 100 dB. The two audio interface chan-
nels were calibrated before each data set to reduce the error caused by potential
channel level differences and ensure less than 0.1 dB of difference between them.
The software uses the remaining difference after calibration to determine the gain
that will be applied to each channel when measuring the impedance.

To ensure a high measurement signal/noise ratio, a stepped sine wave signal
with 1/48 octave increments covering a frequency range from 5 to 1000 Hz was
used to excite the system. The equations for determining the airflow resistivity
that were outlined in Section 2.3 were implemented into Matlab codes to calcu-
late the results. The tests were conducted at room temperature, and py = 1.18
kg/m?, and ¢ = 345 m/s were considered during the experiments.

Six different porous materials with different thicknesses and bulk densities
ranging between 8.7 and 130.2 kg/m? were used to test the electroacoustic method.
They included four samples of foam and two fibrous materials commercially
available for sound absorption applications, and represented a wide range of air-
flow resistivity values. Table 1 presents the thickness and bulk density values,
and Fig. 3 shows photographs of each material. Note that the samples tagged as
AFM1, AFM2, and TFB are recycled materials.

The recommendations given in the ISO standards for the determination of
airflow resistance were carefully followed for the preparation and fitting of the
samples [6, 7]. Measurement of airflow resistivity was carried out on three dif-
ferent samples of each material, and their arithmetic mean was recorded. In
addition, three sets of measurements were performed on different days to test
the repeatability of the experimental results. To minimize possible effects of the
samples’ internal structural characteristics, they were tagged after the first test to

repeat all the measurements in the same orientation.
13
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Figure 3: Photographs of the material samples used in the experiments: (a) Agglomerated
polyurethane foam (AFM1); (b) Agglomerated polyurethane foam (AFM2); (c) Polyurethane
foam (PFM); (d) Melamine foam (MFM); (e) Polyester fibers (PFB); (f) Textile fibers (TFB).
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Table 1: Thickness and bulk density of the material samples used in the experiments.

Thickness  Density
Material (mm) (kg/m?)

Agglomerated Polyurethane Foam (AFM1) 30 130.2 + 2.0

Agglomerated Polyurethane Foam (AFM2) 40 83.3+2.0

Polyurethane Foam (PFM) 40 222 +0.3

Melamine Foam (MFM) 20 8.7+0.1

Polyester Fibers (PFB) 36 154 £ 0.1

Textile Fibers (TFB) 14 54.1+44
4. Results

As described in the theoretical section, a calibration process is required to
determine the loudspeaker mechanical impedance by measuring the total electric
impedance with the empty tube. The measurement should be carried out at those
excitation frequencies at which the length of the tube is precisely an odd number
of quarter-wavelengths. Since L; = 89.1 cm, these theoretical frequencies are
96.8, 290.4, 484.0, 676.6 Hz, etc.

Figure 4 shows the results of the total electric resistance and reactance mea-
sured at the loudspeaker terminals as a function of the frequency.

The loudspeaker’s mechanical impedance, Zy, is obtained from Eq. (14)
using the previously measured values of Zg, (Rg = 5.52 ohms and Lg = 0.13
mH), Bl = 15 N/A (given by the loudspeaker’s manufacturer), and the measured
results of Zgr as shown in Fig. 4. Figure 5 shows the resulting loudspeaker’s

mechanical impedance when there is no sample in the tube.

15
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Figure 4: Total electric impedance (Zgr) measured during the calibration process when there is

no sample in the tube.
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Figure 5: Loudspeaker mechanical impedance (Z),) determined during the calibration process

when there is no sample in the tube.
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Figure 6: Total electric resistance measured at the loudspeaker terminals (Rg7) with different

sample materials inserted in the tube.

4.1. Airflow resistance measurement

After the system had been calibrated, the total electric impedance at the loud-
speaker terminals was measured with the sample material of thickness d, placed
inside a tube of length L; + L, + d. The measured results of the total electric
resistance and reactance are presented in Figs. 6 and 7, respectively.

The effects caused by the acoustic resistance provided by the different porous
materials, both in magnitude and in the frequency of the peaks, are observed in
the electric impedance curves. The corresponding plots for the material mechan-

ical resistance (R,,() and reactance (X,,o) are shown in Figs. 8 and 9, respectively.

The differences between the curves of the total electric and the total mechan-
ical resistance are better appreciated by focusing on the neighborhood of the
first frequency at which L, is precisely an odd number of quarter-wavelengths

(fi = 96.8 Hz). These values are shown in Figs. 10 and 11, respectively, to offer
17
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Figure 7: Total electric reactance measured at the loudspeaker terminals (Xg7) with different

sample materials inserted in the tube.
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Figure 8: Mechanical resistance (R,,o) determined from Eq. (19) with different sample materials

inserted in the tube.
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Figure 9: Mechanical reactance (X,,¢) determined from Eq. (19) with different sample materials

inserted in the tube.

more insight into measured data. At that frequency, we note that the highest value
of mechanical resistance is obtained for the material made of polyester fibers
(PFB), while the lowest value is obtained for the agglomerated polyurethane
foam of the highest bulk density (AFM1).

Since, at low frequencies, the acoustic impedance in the material is inversely
proportional to the mechanical impedance [see Eq. (19)], it was expected that the
highest value of airflow resistance would be obtained for the material denoted as
AFMI1. In contrast, the lowest value would correspond to the material made of
polyester fibers (PFB).

The specific airflow resistance of each material was determined as the real
part of their acoustic impedances obtained by Eq. (19). The three tests carried
out for each material, and their average results, are presented in Table 2. The
average results were calculated using the individual results of all the samples
for each material, combining the results of the three tests. The small differences

19
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Figure 10: Zoom-in of Fig. 6 to show the total electric resistance (Rgr) in the neighborhood of

f1 =96.8 Hz in detail.
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f1=96.8 Hz in detail.
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observed in the results of tests may have been caused by several factors, such as
slight material inhomogeneities, the fitting of the samples, and minor changes in

room temperatur c.

Table 2: Average results of airflow resistance for each material sample obtained in the experi-

mental tests.

Airflow resistance, R, (Ns/m?)

Material Test 1 Test 2 Test 3 Mean
AFM1 800.9 +259 778.0+30.5 769.9+16.5 7829 + 243
AFM?2 6869 +29.9 662.8 +32.6 7482+ 375 6993 +452

PFM 191.0+6.5 193.0+25 1772+24 187.1+7.9
MFM 3002+2.6 294115 2846+1.7 293.0+6.6
PFB 453 +£0.2 523+0.2 4443+04 473 +35

TFB 2947 +48.1 301.9+459 299.2+47.4 ?298.6+38.6

Subsequently, the values of airflow resistivity for each material were deter-
mined by dividing their resistance by the sample thicknesses [see Eq. (8)]. It is
worth mentioning that the thicknesses of all the samples were very small com-
pared to the approximate wavelength of 3.7 m, at which the results of airflow re-
sistance were estimated. For such a large wavelength, and assuming that kd = 0.2
is small enough to satisfy the theory, a maximum material thickness of about 11
cm would be measurable in the device.

The samples were also measured using the Ingard and Dear method to assess
the validity of the results obtained with the proposed method. These measure-
ments were made with the same setup, but now sound pressures were measured
at the front faces of the samples and the front of the reflecting termination us-

ing two high-precision 1/2-inch microphones and built-in preamplifiers (Bruel
21
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& Kjaer Type 4190-L-001). The microphone signals were previously calibrated
(Bruel & Kjaer Type 4231) and processed by a multichannel digital signal an-
alyzer (Bruel & Kjaer PULSE). Care was taken to measure the samples in the
same orientation as that used in the proposed method. Additionally, the airflow
resistivity of the samples was measured using the static airflow method described
in ISO 9053-1 [6]. The material labeled as PFB has a too small resistivity and
could not be possible to measure such a low-pressure drop across the test speci-
men with the equipment available.

Table 3 shows the comparison between the results obtained by all methods.

We can see reasonably good agreement between the results.

Table 3: Average airflow resistance and resistivity results for each material sample, obtained
using the Ingard and Dear method [10], the ISO 9053-1 method [6], and the proposed electroa-

coustic method.

Airflow resistance, R, (Ns/m?)

Airflow resistivity, o (kNs/m*)

Proposed  Ingard and Dear Proposed Ingard and Dear ISO 9053-1
Material method method method method method
AFM1 782.9 +24.3 785.0 £ 0.1 26.1 £0.8 26.2 0.1 27.0+2.1
AFM2 6993 +452 7049 +26.7 175+ 1.1 17.6 £ 0.7 170+ 1.3
PFM 187.1+7.9 181.5+ 6.8 47+£02 45+0.2 50+0.7
MFM 293.0 £ 6.6 291.8 £2.2 14.6 £ 0.3 14.6 £ 0.1 183 £2.1
PFB 473 +35 433+ 1.2 1.3+0.1 1.2+0.1 -
TFB 298.6 +38.6  3106+53.6 21.3+28 222 +38 23.0+4.1

We note that the most significant errors of the approach presented here con-
cerning the method of Ingard and Dear occurred in the use of samples of fibrous
materials (polyester and textile waste fibers). These samples exhibited relative

error values between 4.0 and 8.3%. This fact may be related to the inhomogene-
22



321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

ity typical of these materials and inherent differences in the cutting and fitting of
the samples in the tube. The results were much better in the case of foams, where
the relative error of the new method did not exceed 4.4%. It is noted that several
sources of uncertainty may affect the measurement method, including electri-
cal impedances, environmental values, sample geometrical measurements, and

loudspeaker’s force factor. An uncertainty analysis is shown in the appendix.

5. Conclusions

This paper presented an electroacoustic method for indirectly measuring the
airflow resistivity of porous materials. The method follows the ideas for an al-
ternative method presented previously by the authors [18], which has now been
applied to the standing wave tube described by Ingard and Dear. The airflow re-
sistivity is determined by directly measuring the electric impedance at the loud-
speaker’s terminals after a simple calibration process. In this study, the airflow
resistivity of several porous materials with a wide range of airflow resistivity val-
ues was measured to validate the approach. Results were compared with those
obtained through the Ingard and Dear method and the ISO 9053-1 standard.

It was observed that the results of the proposed method are in reasonable
agreement with the results using the ISO standard and the Ingard and Dear
methodology, even though the new method seems more accurate for foams than
for inhomogeneous fibrous samples. Moreover, previous work has indicated that
the method developed by Ingard and Dear gives results comparable to those of
the ISO standardized method [19]. Thus, the proposed approach could be a po-
tential alternative to conventional methods.

Although it is simple and inexpensive to build, the experimental device may

be bulky compared to other setups. However, after a straightforward calibration
23
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of the device, an obvious advantage of the method presented in this paper is that
using microphones to measure sound pressure is unnecessary. In addition, the
use of complex measurement instrumentation is not required. For these reasons,
this method enables a low-cost process of estimating airflow resistivity in porous

materials with an acceptable degree of accuracy.
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Appendix

In the proposed method, the following equation is used for the calibration

process:
By’
ZET:ZE+( ) . (20)
Zy
and the measurement with the sample in the tube uses the equation
Bl Bl
ng:zE+—( ; :ZE+Z—( ) . 21)
Zy — 282 M+ Zo
Z

Combining Egs. (20) and (21), Z4 is determined as a function of the measured
data as

Z()S )2 ZET - Z’ET

Bl ) (Zyy — Ze)(Zgr — Z)

By substituting Ky = (Z)S/Bl)?*, Ky = Zgr — Zyy, K3 = Zp — Zg, and Ky =

Z = (22)

Zgr — Zg into Eq. (22), we get

KK

7, = .
47 KK,

(23)

Taking partial derivatives with respect to Zy, S, Bl, Zgr, Z;;, and Zg of
Ki, K>, K3, and K4, we obtain

0K, | = 27, (2—1)2 10Z0] + 28 (%)2 0S| + 2((213}9) 22 (B, (24)
|0K;| = 0Zgr| +10Zex |, (25)
|0K3| = |0Z7| + 0Zg], (26)
0Ky = |0Zg7| + |0Z|. (27)

Now, taking partial derivatives with respect to K, K>, K3, and K, of Eq. (23),
yields

K> K, KK, KK
0K, | + K| + ———0K;3| + ———
0K | 0K | (€] K(Ko P

10Z,4| =
T KK, KK, S KK

e (28)



Since the real part of |0Z,4] is |0R;|, the uncertainty of the airflow resistivity

measurement, oo = R/d, can be obtained by

|0R,|  R;|0d]|
+

ool =" "

: (29)
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