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This article compares two methods for determining the airflow resistivity of porous and coating materials
— a key parameter in sound absorption modelling. The analysis involves a modified static airflow measurement
procedure in accordance with International Organization for Standardization [ISO] (2018), using a linear ap-
proximation algorithm (PLA), and a reverse method consisting of matching the measured absorption coeflicient
in an impedance tube to the Miki model. The analysis was conducted on both porous materials utilised in
acoustic panel fillings and thin coverings. It is evident that both methods yield analogous outcomes for materials
exhibiting low resistivity. However, for materials characterised by higher resistivity, discrepancies of up to 50 %
were observed. Nevertheless, a high degree of agreement was obtained between the calculated and measured
absorption coefficients. For thin coating materials, an air gap of at least 70 mm is required. For materials with
a thickness of up to approximately 30 mm, differences in resistivity do not significantly affect the absorption
coefficient. It is evident that both methods can be used to determine the airflow resistivity of porous materials
and layered structures, supporting the effective selection of materials according to requirements.
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1. Introduction TAO et al., 2021). Porous structures present excep-
tional sound-absorbing properties in the mid-to-high-
Porous media are used in various practical ap- frequency ranges (CAO et al., 2018; ZHAO et al., 2016).
plications such as sound absorption and noise con- Porous materials are mesh-like structures with inter-

trol (ALLARD, ATALLA, 2009; GIBSON, ASHBY, 1997; connected pores (OLiva, HONGISTO, 2013). The pro-
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cesses inside the pores, associated with the fluid’s vis-
cosity, generate heat from sound energy (CROCKER,
2007; HUANG et al., 2023). Porous structures can be
organic, inorganic, or mixed composite materials, in-
cluding stone, wood, sponge, foam, rubber, non-woven
fabrics, and textiles (DOUTRES et al., 2010; JOHNSON
et al., 1987; LAFARGE et al., 1997).

The basic parameter describing the sound-absorb-
ing properties of a material is its sound absorption co-
efficient a, defined as the part of incident energy that
is not reflected (ALLARD, ATALLA, 2009):

Er (1)

a=1- ,
Etot

where E, and Fi. are the acoustic energies of the re-
flected and incident waves, respectively.

The sound absorption coefficient can be determined
by measurements in an impedance tube, using either
the standing wave method (ISO, 1996) or the trans-
fer function method (ISO, 2023). Measurements in the
impedance tube are characterized by very good ac-
curacy, cost-effectiveness, and testing flexibility. The
sound absorption coefficient can also be established in
a reverberation room (ISO, 2003; VORLANDER, 2008).
This procedure allows for the measurement of both
flat and spatial elements, including auditorium chairs
(CUENCA et al., 2022; RUBACHA et al., 2012). How-
ever, this technique requires the use of specialized re-
verberation rooms. As an alternative to physical mea-
surements, the sound absorption coefficient can also
be determined using empirical models. These models
are based on a large number of measurements of dif-
ferent materials, and the interpretation of the phys-
ical processes occurring in these materials. DELANY
and BAZLEY (1970), and later MIkI (1990) proposed
the simplest empirical models, which require only one
parameter: airflow resistivity. JOHNSON et al. (1987),
as well as ALLARD and CHAMPOUX (1992), sug-
gested a more accurate physical model (the Johnson—
Champoux—Allard (JCA) model) with five input pa-
rameters. Unfortunately, these parameters are usually
difficult to estimate accurately. BONFIGLIO and POM-
POLI (2013) presented an inverse method for determin-
ing the physical parameters of porous materials for use
with the JCA model. Also, VORLANDER (2008) dis-
cussed the difficulties in determining the parameters
of porous media due to the complexity and variability
of these materials, including factors such as geometri-
cal configuration, porosity, and tortuosity for the JCA
model. This means that more complex models may give
worse results, with errors that are difficult to estimate.

Airflow resistivity is one of the basic parameters
describing porous and nonwoven materials. It is used
as input parameter for models, enabling the calcu-
lation of the sound absorption coefficient of single-
and multi-layer materials using the transfer matrix
method (Cox, D’ANTONIO, 2016; DELL et al., 2021;

HERRERO-DURA et al., 2019; Hou et al, 2017).
KAMISINSKI et al. (2012) showed that it can also be
used to calculate the sound absorption coefficient of
materials with coverings. The measurement of airflow
resistivity is conducted according to two standards:
ASTM (522-03 (2022) and ISO 9053-1 (2018). The
primary distinctions between these two standards per-
tain to the measurement conditions specified for assess-
ing airflow resistivity. ASTM C522-03 allows measure-
ments in flow directions other than perpendicular, pro-
vided the airflow remains constant. On the other hand,
ISO 9053-1 allows variable airflow measurements, but
solely for flow that is perpendicular to the sample.

Both standards mandate measurements to be con-
ducted under laminar flow conditions, ensuring the air-
flow resistance remains constant as flow speed varies.
The ISO standard specifies that airflow resistance
should be determined at a flow speed of 0.5-1073m/s,
either directly or by extrapolation from higher values
if direct measurement is unfeasible at such a low veloc-
ities. Meanwhile, the ASTM standard mandates mea-
surements at three different laminar flow rates, each
differing by at least 25 %.

MELNYK et al. (2018) proposed a modification to
the standardized method of measuring airflow resistiv-
ity. They suggested using the previous linear approx-
imation method (PLA) method to improve the accu-
racy of the technique for measuring airflow resistance
under static airflow conditions. Moreover, they ana-
lyzed an inverse method for determining airflow resis-
tivity based on fitting sound absorption coefficients.

Similarly, SEBAA et al. (2005) proposed a method
for determining the airflow resistivity of porous ma-
terials by analyzing the reflection of a plane wave
from the porous material. The described method in-
volves fitting the measured impulse reflected from the
tested material to an impulse calculated with a time-
domain model. The model, developed by JOHNSON
et al. (1987), integrates porosity and airflow resistivity
and was used in the computations. Sensitivity analy-
sis showed that sound reflection is most sensitive to
airflow resistivity, while the influence of porosity is
minimal. JEONG (2020) also presented a parallel tech-
nique for estimating airflow resistivity. However, his
method was based on fitting the measurements of the
sound absorption coefficient acquired in a reverbera-
tion chamber. Currently, machine learning (ML) tech-
niques are widely used in the inverse method to charac-
terize porous acoustic materials (MULLER-GIEBELER
et al., 2024; ZEA et al., 2023).

This paper aims to compare two methods used to
estimate airflow resistivity. The first one is a modi-
fied standardized method that calculates static airflow
through a porous material. The second method is an
inverse method, based on fitting the sound absorption
coefficient calculated from the airflow resistivity to the
values measured in an impedance tube. The paper also
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includes an extension of the inverse method for deter-
mining airflow resistivity in thin upholstery materials.
The obtained results allow for an analysis of the accu-
racy of the investigated methods for determining air-
flow resistivity across different types of materials.

2. Methods for determining airflow resistivity
2.1. Standardized method — static airflow method

The standardized method for testing the airflow re-
sistivity of porous materials, as outlined in (ASTM,
2022; ISO, 2018), is based on static airflow. This
method involves the control of the airflow through the
sample under examination while simultaneously mea-
suring the pressure before and after the sample. The
measurement should be conducted with airflow veloc-
ities ranging from 5-10"*m/s to 4-103m/s (ASTM,
2022) or 50mm/s (ISO, 2018). By recording the sound
pressure drop Ap and the volumetric airflow rate q,,
it is possible to calculate the airflow resistance R:

_Ap
Q@

R (2)
Then, the specific airflow resistance (R;) is deter-
mined, a parameter independent of the area of the sam-

ple:
RSZR.A:%.A: _Ap

Ap A ’
Qv Au U

- (3)
where u = ¢,/A is the airflow velocity, and A is the
area of the sample perpendicular to the airflow.
Finally, a parameter independent of the thickness
of the sample — the airflow resistivity r is determined:

rs = 67 (4)

where D is the thickness of the material.

400

The standard method for measuring the pressure
drop involves the use of the smallest possible value
of airflow velocity, u = 5-10"*m/s. An alternative ap-
proach involves a gradual reduction of the airflow ve-
locity. In this approach, the relationship between air-
flow resistance and airflow velocity is determined for
each sample using linear regression R,(u), and the fi-
nal value of R, is taken at 5-107*m/s.

2.2. Modification of the standardized method

MELNYK et al. (2018) conducted a study that pro-
posed modifications to the airflow resistivity measure-
ment method described in ISO (2018). Their research
demonstrated that at low airflow velocities u, there
is a significant nonlinearity in the relationship be-
tween the airflow resistance R and airflow velocity u
(see Fig. 1). As a result, applying linear regression
for extrapolation at low airflow velocities can lead to
substantial errors. To circumvent this issue, a mod-
ification to the static airflow method was proposed,
called the PLA iteration method. This method in-
volves first the determination of a polynomial that de-
scribes the relationship between airflow velocity and
pressure drop ¢(Ap), followed by the transformation of
this polynomial into a linear approximation of airflow
resistance as a function of airflow velocity. The process
commences at the highest airflow velocity, and in each
iteration, the range is extended to include lower air-
flow velocity values. The error between the measured
results and the linear regression model is calculated at
each iteration, and iterations continue until the error
does not exceed a predefined value. Finally, the deter-
mined polynomial is extrapolated to obtain the airflow
resistance value at u=5-10""m/s.

Figure 1 illustrates the relationship between airflow
resistance and the linear velocity of a porous ma-
terial, as determined in the experiment. The graph also
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Fig. 1. Airflow resistance Rs of a porous material as determined in the measurement and a comparison of the regression
line determined for the entire measurement range with the proposed PLA interpolation method.
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presents regression lines calculated for the entire set of
measurement data (yellow line), as well as for the data
sets restricted by the proposed PLA method (red line).

The proposed PLA interpolation method, improves
the alignment of the regression line with the measure-
ment data in comparison to the linear approximation
over the entire range of linear velocities u. This method
effectively identifies the range of linear relationship be-
tween airflow resistance and airflow velocity by elimi-
nating outliers. Consequently, it enhances the accuracy
of airflow resistance determinations.

To automate the process of measuring airflow re-
sistance, the laboratory setup (Fig. 2) uses sensors
that are compatible with data acquisition cards. The
measurement procedure involves the following steps:
first, the test sample is mounted inside a cylinder. Air
is then passed through the sample while simultane-
ously recording both the airflow rate and the pres-
sure difference across the sample. For each test sample,
a graph is created to illustrate the relationship between
pressure and airflow. Finally, the airflow resistance at
a linear velocity u = 5-107*m/s is determined using
the PLA method.

Airﬂo sensors
Honeywell
AWM5104 B

0 min—20 V/min

f Pressure sensors
Sontay PA-60-2-HA

Fig. 2. Laboratory stand for determining the airflow
resistivity of porous materials.

2.3. Inverse method for determining the airflow
resistivity of porous materials

The proposed inverse method involves determin-
ing the flow resistivity through fitting the theoretical
sound absorption coefficient to the measured value.
To estimate the theoretical sound absorption coeffi-
cient, the Miki empirical model (MIkI, 1990) was em-
ployed, which is a modification of the Delany—Bazley
model (DELANY, BAZLEY, 1970). The empirical model
is based on experimental results and is a simplified de-
scription of the complex acoustic phenomena that oc-

cur in porous materials. It describes the relationship
between key acoustic parameters of porous materials,
such as characteristic impedance and propagation con-
stant, and the physical parameter of airflow resistivity.
The accuracy of the model is limited by the range of
experimental data from which it was developed.

This model requires only a single parameter: the
flow resistivity of the porous material. The model as-
sumes that the solid phase is perfectly rigid and only
considers the motion of the fluid. It is applicable to
fibrous porous media with a porosity close to unity
and provides the best fit to the experimental data in
the range 0.01 < (f/rs) < 1. These models enable the
prediction of the acoustic properties of porous materi-
als, including specific impedance (z.) and propagation
constant (k).

In order to solve the inverse problem, it is necessary
to find the minimum of the cost function U(rs), which
is defined as follows:

n
2 (ol firra) - am(f3))®
i
U(rs) = ~ ; (5)
where ay(f;,rs) is the predicted sound absorption co-
efficient for the i-th frequency band and for a given
airflow resistivity rs; a.,(f;) is the experimental sound
absorption coefficient for the i-th frequency band,
and N is the number of frequency bands. The bisec-
tion method is used to find the minimum of the cost
function U(r,). By subdividing the initial interval into
ten subintervals, calculations are accelerated, leading
to faster results. The algorithm is fully detailed in the
comprehensive study by MELNYK et al. (2018).
According to Miki’s model, the propagation of
sound in an isotropic, homogenous material is deter-
mined by two complex quantities:
— the characteristic impedance:

ze(f) = poco [R(f) +5X(f)], (6)
— the propagation constant (wavenumber) k.(f):
ke(f) =+ jp. (7)

Based on the airflow resistivity rs for a given ma-
terial, the characteristic quantities can be determined
using:

R(f) = poco [1 +0.070 (7{:)_0'632], (8)
X(f) = poco [om(f)] (9)
a= ;[1 +0.109(i)_04618]7 (10)

Ts

B = ;[0.160(10)_0'618]7 (11)
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where w = 27 f, f is the frequency, pg is the air density,
cp is the sound speed in air, and r; is the airflow resis-
tivity. Equations (8)—(11) were derived from regression
models fitted to the relationship between the real parts
R(f) and a(f), and the imaginary parts X(f) and
b(f), of the acoustic impedance and propagation con-
stant, respectively, with respect to the normalised flow
resistance — expressed as (f/rs) (MIk1, 1990). The val-
ues for flow resistivity, acoustic impedance, and prop-
agation constant were determined from measurements
conducted on different materials (DELANY, BAZLEY,
1970).
The surface impedance is then determined by

Zw = =1 z¢ - cot (kc- D), (12)

where D is the thickness of the material.
The formula to calculate the sound reflection coef-
ficient R is

R o COS (0)-1 (13)
- - cos () + 1’

where 6 is the incidence angle, and for normal incidence
0 =0.

The formula for the sound absorption coefficient
Qg g is

o =1-|R?. (14)

2.4. Inverse method for determining the airflow
resistivity of covering materials

The inverse method has also been used to calculate
the airflow resistivity of covering materials. Similar to
porous materials, a numerical model is required to find
the sound absorption coefficient. For porous materials,
it was assumed that the sound absorption coefficient
can be determined for a model of the covering material
placed on an air gap with a thickness of D. Therefore,
the model describing the acoustic impedance of the
surface of the material z,, placed at a distance, was
used to determine the sound absorption coefficient:

_ —jzs0zccot (kL) + 22
20— jzecot (k.L)

w , (15)
where z50 = —jzg cot (koL) is the surface impedance at
the top of the air layer of thickness L behind the mate-
rial, zg = poco is the acoustic impedance of air, kg is the
wave number in air, and z., k. are the characteristic
impedance and wave number of the covering material,
respectively. Then, using Egs. (13) and (14), the re-
flection coefficient R and sound absorption coefficient
a;; were calculated. The values of airflow resistivity
were determined by the inverse method by finding the
minimum of the cost function.

2.5. Sensitivity analysis of the porous material models

A sensitivity analysis was conducted for both the
porous material model and the covering model where

the covering material is mounted with an air gap be-
hind, to investigate their applicability for the inverse
method. The sensitivity of the models to changes in
airflow resistivity was investigated. To evaluate the
sensitivity of the models, the sensitivity index S; was
determined using the following relationship (SALTELLI
et al., 2004):

Oay Ty

Si (16)

ors a;

(823

where the differential grs was calculated numerically
for the sound absorption coefficient a; at the i-th fre-
quency for a given airflow resistivity rs. The index pro-
vides a non-dimensional measure of sensitivity, show-
ing how much the sound absorption coefficient is af-
fected by a unit change in airflow resistivity. A higher
S; value indicates greater sensitivity, meaning that
small variations in airflow resistivity lead to signifi-
cant changes in the sound absorption properties of the
material.

The analysis of porous materials was performed for
materials with:

~ low airflow resistivity (r, = 5000 Pa-s/m?),
— medium airflow resistivity (75 = 15000 Pa-s/m?),
— high airflow resistivity (r, = 50000 Pa-s/m?)

for two material thicknesses: 15 mm and 30 mm (Figs. 3a
and 3b, respectively). For the covering material (thick-
ness D = 2.5mm), the analyses were performed with
no distance behind the material and with a distance
L = 100 mm behind the material (Figs. 3¢ and 3d, re-
spectively).

The obtained results show the frequency ranges
where the sound absorption coefficient is the most sen-
sitive to changes in airflow resistivity. These results
were used to formulate recommendations for the in-
verse method for determining airflow resistivity.

The analysis shows that the sensitivity index S;
of the sound absorption coefficient for porous materi-
als changes with frequency and depends on the airflow
resistivity rs and the material thickness D (Figs. 3a,
3b). Sensitivity analysis has revealed that for materi-
als with low airflow resistivity, the greatest sensitiv-
ity to changes in airflow resistivity occurs in the fre-
quency range where the sound absorption coefficient
increases from 0 to its maximum value. In contrast,
for materials with high airflow resistivity, the range of
greatest sensitivity shifts to the range where the ab-
sorption coefficient reaches its maximum. The value of
airflow resistivity also determines the maximum value
of the sound absorption coefficient and the frequency
at which the maximum occurs. As a result, the value
and frequency of the maximum absorption coefficient
serve as key indicator for adjusting the sound absorp-
tion characteristics.

On the other hand, high negative values of the sen-
sitivity index .S; can be observed in the low-frequency
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Fig. 3. Sensitivity indexes S; of the sound absorption coefficient model to changes in airflow resistivity calculated for

porous materials and covering materials across different airflow resistivity ranges. The results of calculations for porous

material thicknesses: a) D = 15mm, b) D = 30mm; and for the covering material with thickness D = 2.5 mm: ¢) with no
gap behind the material (L = 0mm), d) with a gap (L = 100 mm).

range, indicating relatively large changes in the ab-
sorption coefficient. However, the absolute change in
the absorption coefficient is small. Therefore, in this
frequency range, the effect of changes in airflow resis-
tivity is minimal, making it less significant when fitting
the absorption characteristics to the measured values.
To increase the accuracy of the inverse airflow resistiv-
ity determination, it is advantageous to fit the results
over a frequency range that includes both the range
in which the absorption coefficient increases and the
region of the local maximum of the absorption coeffi-
cient.

In the case of thin materials and coverings that are
directly backed by a rigid surface, the frequency at
which the maximum occurs may be outside the mea-
surement range (Figs. 3a, 3c). It is therefore advanta-
geous to fit the sound absorption coefficient of a mate-
rial sample placed over an air gap. The presence of an
air gap behind the material has been shown to result
in a shift of the sound absorption coefficient’s maxi-
mums to lower frequencies (Fig. 3d). This effect serves

to enhance the frequency range in which sensitivity
is high, thereby facilitating improved matching across
a broader frequency range.

3. Comparison of the methods

This section is concerned with a comparison of the
two methods for determining airflow resistivity. The re-
search was performed on seven different kinds of thick
materials, which are primarily used as acoustic panel
fillings, and two thin materials — polyester felts, which
are mostly used as acoustic panel coverings or furniture
upholstering (Fig. 4).

3.1. Covering materials

The airflow resistivity of thin materials was deter-
mined by employing both of the previously described
methods. Measurements were taken for two different
polyester felts, each with fibers of a different diame-
ter and, presumably, different airflow resistivities. The
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Polyester fabric I
D =30mm, p = 45kg/m®

Polyester fabric 11
D =30mm, p = 25kg/m>

Polyurethane foam
D=20mm, p=15kg/m®

Mineral wool with a fiberglass veil
D =30mm, p = 50kg/m®

Glass wool
D =20mm, p = 125 kg/m®

Melamine foam I
D =17mm, p = 9kg/m®

Melamine foam II
D =30mm, p =9.6kg/m*

Polyester felt 1
D =2.5mm, p = 120kg/m?

Polyester felt 11
D =3mm, p=170kg/m?

Fig. 4. Description of the measurement samples.

sound absorption coefficient was measured by plac-
ing the felts at the back of the impedance tube, with
a distance ring to maintain the desired air gap L.
The measurements of the sound absorption coefficient
were performed for 10 different distances within the
range L = 10 mm-200 mm (Fig. 5).

The matching was performed separately for three
frequency ranges: f = 50 Hz—1600 Hz, which corresponds
to measurements in the impedance tube of a large di-
ameter (¢ = 100mm), f = 1600 Hz-6400 Hz (small im-
pedance tube, ¢ = 29 mm), and for the wide frequency
range f =100 Hz—6400 Hz.

As the results show, increasing the air gap be-
hind the sample L produces more local maxima as-

sociated with quarter-wavelength resonances (Fig. 5).
In the inverse method, these maxima represent impor-
tant points for obtaining more accurate matching. The
choice of the frequency range for which the matching
was performed is also important. The results from the
large tube (Fig. 5a) include both the range in which
the sound absorption coefficient increases and, depend-
ing on the distance L, also the local maxima. In con-
trast, the results from the small tube contain mainly
local maxima, not always including the range in which
the sound absorption coefficient increase starts from
a minimum (Fig. 5b). Choosing a wide frequency range
ensures that both the information about the sound ab-
sorption coefficient increase and the local maxima are
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Fig. 5. Sound absorption coefficient of 2.5 mm-thick felt, where L is the air gap behind the specimen and f is frequency
range: a) for large (¢ = 100 mm) diameter tube, b) small (¢ = 29 mm) diameter tube, c) for wide frequency range — combined
results from both tubes.

acquired (Fig. 5¢). As a result, the choice of the air gap
behind the sample L and the frequency range trans-
late into the value of airflow resistivity determined by
matching the sound absorption coeflicient.

The influence of the air layer L behind the mate-
rial on the calculation of airflow resistivity using the
inverse method is shown in Fig. 6.

The analysis showed that the 3 mm-thick felt with
thinner fibers has significantly higher airflow resistiv-
ity. For the large tube, the results are mainly lower
than those from the small tube. The results of the
calculations performed for the wide frequency range
are the average of the airflow resistivity obtained from

both large and small tubes (Fig. 6). The obtained re-
sults of airflow resistivity differ most for air gaps of
10 mm and 50 mm for both felts. For the remaining air
gaps, the results did not change significantly with the
change of L. This confirms that the air gap improves
the repeatability of the inverse method for determining
airflow resistivity.

Table 1 compares the airflow resistivity values ob-
tained with both methods. The results for the in-
verse method are the average values calculated for
all the air gaps. A comparison of the determined air-
flow resistance values for both coverings reveals that
the 2.5 mm-thick felt obtained values that are approx-
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Fig. 6. Airflow resistivity of the porous materials, depending on the air gap behind the measurement sample
and the frequency range (impedance tube measurement).

Table 1. Airflow resistivity of the covering under study.

Density Thickness Ts Ts
No. Material P D [Pa-s/m?] [Pa-s/m?]
[kg/m?] [mm] (Inverse method) (PLA — static airflow)
Polyester felt 1 120 2.5 49309 36 864
2 Polyester felt II 170 3 114913 142189

imately 25 % lower when measured using the PLA al-
gorithm, while the 3 mm felt obtained values are 23 %
higher for this method.

The comparison of sound absorption coefficients
calculated using the airflow resistivities determined for
both presented methods are shown in Fig. 7. The re-
sults of the sound absorption coefficients calculated
and measured for the 3 mm-thick felt with a 70 mm
air gap are in a good agreement for medium and high
frequencies. Larger differences (though still not exceed-

ing 0.1) can be observed at frequencies below 500 Hz.
This means that the model is not very sensitive to
changes in airflow resistivity and the value of sound
absorption coefficient can be determined with reason-
able accuracy.

3.2. Porous materials for filling acoustics panels

As demonstrated in Table 2, the values of airflow
resistivities obtained by the inverse method and the

14 o =4 e o o
S 13 o ~ ® ©
T T T T T T
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o
w
T

m— |mpedance tube (measurement)
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1
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Fig. 7. Sound absorption coefficients measured and calculated based on the airflow resistivity determined with the inverse
method and airflow resistivity measurement (PLA algorithm) for a 3 mm-thick polyester felt mounted at a 70 mm air gap.
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Table 2. Airflow resistivity of materials used for filling the acoustic panels.

Density | Thickness Ts Ts Relative error
No. Material o D R? [Pa-s/m?] [Pa-s/m?] d

[kg/m?) [mm] (Inverse method) | (PLA - static airflow) [%]

1 Polyester fabric I 45 30 0.993 2436 2435 0.04

2 Polyester fabric II 25 30 0.973 5024 4840 3.80

3 | Mineral wool with fiberglass veil 50 30 0.983 16474 18 603 11.44

4 Glass wool 125 20 0.960 102893 126 154 18.44

5 |Polyurethane foam (CME = CV) 15 20 0.965 5099 5040 1.17

6 Melamine foam I 9 17 0.995 6941 7922 12.38

7 Melamine foam II 9.6 30 0.988 8701 8652 0.57

static airflow measurement method (PLA algorithm)
for a wide frequency range are shown. In order to eval-
uate the results, the relative error between the values
obtained from the two methods was determined. This
was done by using the following equation:

5 _ |Tsl - T52|

: (17)
T's1

where rg; is the airflow resistivity from the inverse
method and 74 is the value obtained from modified
static airflow measurements. It is acknowledged that
the true value of airflow resistivity is unknown, so the
relative error serves a comparison between the two
different measurement techniques. The analysis of
airflow resistivity shows that for materials with low air-
flow resistivity (up to around 10000 Pa-s/m?), the dif-
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Fig. 8. Sound absorption coefficient: measured and calculated based on the airflow resistivity determined with the inverse
method and with the airflow resistivity measurement method (PLA algorithm) for: a) mineral wool, b) glass wool.
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ferences in the determined values of airflow resistivity
do not exceed 12%. However, as the airflow resistiv-
ity values increase, the discrepancy between the values
obtained by the two methods also increases, reaching
up to 18 % for glass wool.

However, the comparison of the sound absorption
coeflicient values determined and measured for mineral
wool and glass wool shows good agreement (Fig. 8).

The largest differences between the determined val-
ues do not exceed 0.1 and can be observed at high fre-
quencies. Mineral wool demonstrates a better match
compared to glass wool, particularly in the range where
the absorption coefficient is increasing (Fig. 8a). To
improve the fitting of the curves, a different model
specifically developed for glass wools could be used
(Fig. 8b). Similarly to the covering materials, the cal-
culation model is not very sensitive to changes in air-
flow resistivity, and even for large changes in airflow
resistivity, the values of the sound absorption coeffi-
cient can be determined with good accuracy.

4. Discussion

The findings of the research indicate that both
methodologies employed for the estimation of the air-
flow resistivity of porous materials, with densities rang-
ing from 9.6 kg/m? to 45kg/m?, facilitate the precise
calculation of the sound absorption coefficient. How-
ever, a higher discrepancy is observed in the estimation
of airflow resistivity for materials characterized by high
density and high airflow resistivity (Table 2).

The discrepancy between the methods may be
attributed to the selection of the computational model
for the inverse method. Empirical models are fitted
to specific data sets, thus constraining their ability to
predict the behavior of materials with significantly
different properties or under conditions significant-
ly different from those under which measurements were
made (KomaTsu, 2008). Consequently, these models
may be less accurate in predicting acoustic properties
across a broader range of material parameters, such as
density or flow resistance. The accuracy of the inverse
method is contingent on the execution of the fitting
procedure within the applicable range of the rele-
vant approximations (BONFIGLIO, PompoLl, 2013).
Conversely, the outcomes derived from the inverse
method are also directly influenced by the quality of
the experimental data, such as the sound absorption
coefficient. Errors in the input data can propagate to
the inversion results (PELEGRINIS et al., 2016).

The complexity and imprecision inherent in the
determination of the physical parameters of porous
materials constitute a substantial challenge, espe-
cially for more complicated models (BoNFIGLIO, POM-
pPOLI, 2013). Consequently, the present study opted for
a more straightforward model that necessitates only
flow resistivity for the inversion method.

The flow resistivity measurement method under
discussion is subject to factors that can influence mea-
surement error, with one potential source of error be-
ing the leakage of air through the side of the mate-
rial sample mounted in the holder during the airflow
method. Other issues arise from non-linearities in the
relationship between airflow resistance R, and airflow
velocity u (MELNYK et al., 2018).

However, it is worthwhile to analyze the signifi-
cance of the observed discrepancies and their impact
on the prediction of sound absorption coefficients. The
findings for both upholstery and thicker porous mate-
rials demonstrate that the discrepancies in the deter-
mined airflow resistivity values for low-density mate-
rials (up to p < 50kg/m?) and low-resistivity airflows
(up to rs < 30000 Pa-s/m?) do not exceed 15% be-
tween the methods. For materials with higher densi-
ties and flow resistivities, the differences can reach up
to 18 %. Nevertheless, a comparison of sound absorp-
tion coefficients calculated from airflow resistivity val-
ues obtained by both methods with values measured
in the impedance tube revealed that these differences
do not significantly affect the sound absorption coeffi-
cient values. According to these results, the process of
determining airflow resistivity can be simplified by us-
ing the inverse method for measurement samples with
a diameter of 100 mm only. The study also investigated
the impact of the method used to mount thin and cov-
ering materials on the accuracy of determining airflow
resistivity using the inverse method. It was found that
mounting the material with an air gap is necessary
for obtaining accurate results, and that for achieving
repeatable results, a minimum distance of 70 mm is
required.

5. Conclusions

In the present study, two methods for determining
the airflow resistivity of porous materials were com-
pared and validated. The first method was a mod-
ified version of the standardized method based on
static airflow, as proposed by MELNYK et al. (2018).
In this method, a linear approximation was used to
improve the fit between the measured airflow resistiv-
ity and sound absorption coefficient results. The sec-
ond method, known as the inverse method, involved
matching the theoretical sound absorption coefficient
with the impedance tube measurement results. The
primary objective of the research was to evaluate the
accuracy of airflow resistivity measurement for certain
materials and to assess the effect of this parameter on
the agreement between the predicted sound absorp-
tion coefficient and the impedance tube measurement
results.

The study was carried out on different types of
porous materials with thicknesses ranging from 2.5 mm
to 30mm and densities from 9kg/m? to 170kg/m?>.
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Thin covering materials, used for upholstery, were in-
vestigated as well as thicker porous materials typically
used in acoustic panels or as furniture infill. The selec-
tion of materials for testing was based on their different
airflow resistivities.

The results of the research suggest that for porous
materials up to approximately 30-mm thick, variations
in measured airflow resistivity values do not have a sig-
nificant effect on the sound absorption coefficient. Con-
sequently, both methods can be used to determine the
airflow resistivity required to calculate the sound ab-
sorption coefficient of porous materials and layered
structures, including upholstery, without the need for
repeated measurements of specific configurations. This
will greatly speed up the process of selecting materials
and upholstery for specific acoustic purposes.
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