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The research described in the article addresses the problem of measurement, prediction and practical use of
the acoustic properties of materials determined in an impedance tube. The aim of the research was to develop
a simple calculation model for the insertion loss of small machinery enclosures, based on the normal incidence
sound transmission loss and the normal incidence sound absorption coefficient of porous and fibrous materials.
Both experimental and model tests were carried out on materials such as mineral wool, melamine foam and
rebonded polyurethane foam.

Assessing the absorption properties of the tested porous and fibrous materials was performed using selected
theoretical models, relating the calculations of the normal incidence sound absorption coefficient to measure-
ments of this parameter conducted using an impedance tube. The application of the modified Allard and
Champoux model brought the best results with the smallest discrepancies of the obtained results in relation
to the experimental tests.

Assessing the sound-insulating properties of the tested mineral wool was carried out using the proposed
calculation model for the normal incidence sound transmission loss, relating the obtained results to measure-
ments conducted using an impedance tube. The assessment of the sound-insulating properties of porous and
fibrous materials was performed using the proposed calculation model for insertion loss, which was validated
using two prototype test stands for determining the insertion loss of cubic enclosures, in this case with walls
made of porous and fibrous materials. Satisfactory results were obtained for engineering applications in the
calculation results using the proposed models with respect to measurements. The results may have practical
applications in assessing the effectiveness of acoustic enclosures, in which the basic construction material is an
appropriate porous or fibrous plate, selected to have both sound-absorbing and sound-insulating properties.
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Acronyms

α – random incidence sound absorption coefficient,
αf – normal incidence sound absorption coefficient,
f – frequency,
h – specimen thickness,
IL – insertion loss,
mp – surface density,

nTL – normal incidence sound transmission loss,
PCC – Pearson’s linear correlation coefficient,

r – airflow resistivity,
R – sound reduction index,

RMSE – root mean square error,
RS – airflow resistance.

1. Introduction

In issues related to the construction of anti-noise
protection, such as acoustic barriers, enclosures or
shields of noisy sound sources, both materials resis-
tant to the penetration of sound waves and absorbing
sound energy are used (Engel, Sikora, 1997; Fiebig,
Dąbrowski, 2020; Morzyński, Szczepański, 2018;
Ver, Beranek, 2006). The basic acoustic parameter
determining the properties of sound-insulating or sound-
absorbing and insulating baffles, from which these
protections are constructed, is the sound insulation.

Porous and fibrous materials are used in anti-noise
protection, mainly as cores or sound-absorbing linings
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in the construction of sound-absorbing and insulating
baffles. The use of single materials, such as felt, can be
found, among others, in the screening of office spaces at
workstations in open-space rooms. Usually, the study
of the acoustic properties of porous and fibrous materi-
als consists of determining the sound absorption coeffi-
cient for the case of a sound wave incident perpendicu-
larly on the specimen, which takes place during prelim-
inary tests, especially for new materials, or for the ran-
dom incidence of the sound wave on a specimen of rela-
tively large size. Less frequently, studies are conducted
to determine the extent to which these materials are
resistant to sound wave penetration. The effectiveness
of porous and fibrous materials in this respect is asso-
ciated with increased density, and thus the airflow re-
sistance, and with their appropriately large thickness,
when insulation for lower frequency bands is desired.

The normal incidence sound absorption coefficient
(αf ) of porous and fibrous materials can be determined
using the semi-phenomenological and macroscopic
empirical calculation models (Cox, D’Antonio,
2017). Modelling sound propagation using a semi-
phenomenological approach is more complicated and
harder to use than an empirical one. Calculation of the
characteristic impedance and propagation wavenum-
ber requires knowledge of many material properties,
such as porosity, airflow resistivity, tortuosity, viscous
and thermal characteristic lengths, which are obtained
by considering the microscopic propagation within the
pores. An example of the semi-phenomenological ap-
proach is the model developed by Allard and Cham-
poux (1992). The best-known empirical models in-
clude the model developed by Delany and Bazley
(1970) and models of other researchers such as Miki
(1990), Mechel (1988), and Qunli (1988). In these
models, the impedance and wavenumber were deter-
mined empirically. To predict the absorption of sound-
absorbing materials using these models, it is necessary
to know the specific airflow resistivity and material
thickness.

Research on materials of the porous and fibrous
structures, used as linings or sound-absorbing cores in
baffles, generally focuses on determining their absorb-
ing properties. The problems of sound insulation prop-
erties of such materials are also investigated, although
on a smaller scale (Bies, Hansen, 2009). Sound in-
sulation and sound absorption parameters of materi-
als and baffles are determined primarily by laboratory
tests (Batko et al., 2017; Berardi, Iannace, 2015;
Nurzyński, 2022; Putra et al., 2015), while, with
material data, they can also be estimated using calcu-
lation models (Davy, 2009; Sharp, 1973; Trinh et al.,
2022; Kosała et al., 2020a).

The article focuses on the research into a certain
group of sound-absorbing materials in the form of
plates, which also have sound-insulating properties,
especially when they are high-density materials, above

100 kg/m3, and with a large thickness of at least
50 mm.

While increasing the thickness of porous and fi-
brous materials, better absorption towards lower fre-
quencies is obtained. An increase in the density of the
material causes a decrease in the maximum absorp-
tion, which for this type of material occurs in higher
frequency bands, and an increase in absorption in the
region of lower frequencies, for which the sound ab-
sorption coefficient is generally low.

The sound insulation of baffles is defined by the
sound reduction index R (International Organization
for Standardization [ISO], 2021), which is determined
in laboratory conditions, with the specimen placed in
the measurement window separating coupled reverber-
ation, transmitting and receiving rooms.

The sound reduction index R (also known as the
sound transmission loss, TL) is defined as:

R = 10 log10 (
1

τ
) = 10 log10 (

Wi

Wt
), (1)

where τ is the transmission coefficient defined by the
sound power, the ratio of the transmitted power Wt

and the power Wi incident on the specimen.
For laboratory measurement using sound pressure,

R is calculated from the equation:

R = L1 −L2 + 10 log10 (
S

A
), (2)

where L1 and L2 are the average energy sound pressure
level in dB in the source and receiving room, respecti-
vely, S is the area in m2 of the free test opening in
which the specimen is installed, and A is the equivalent
sound absorption area in the receiving room, also in m2.

It is assumed that the sound fields are diffuse and
that only sound radiated into the receiving room is
from the specimen.

The parameter insertion loss (IL) is used to de-
termine the effectiveness of acoustic enclosures, as the
difference between the sound power levels of the un-
enclosed and enclosed sound sources (Ver, Beranek,
2006), according to the formula,

IL = 10 log (W0

WE
) = LW0 −LWE , (3)

where W0 and WE are the sound power radiated by the
unenclosed and enclosed sources, respectively, while LW0

and LWE are the corresponding sound power levels.
Laboratory methods for the determination of IL of

small machine enclosures are specified in (ISO, 2009).
Evaluating the IL of acoustic enclosures with lined
slits, using this standard, is shown in one work (Nie-
radka, Dobrucki, 2018). Research on the properties
of sound-insulating and sound-absorbing and insulat-
ing enclosures using a prototype test stand developed
for this purpose is shown in some works (Kosała et al.,
2020b; Kosała, 2022).
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In the case of porous or fibrous structures, the
sound insulation properties of such materials, for
conditions in which the sound wave falls perpendi-
cularly on the specimen, can be determined using an
impedance tube (Jiang et al., 2017; Kunio et al.,
2009; Kosała, 2021), determining the normal in-
cidence sound transmission loss parameter (nTL)
(ASTM E2611-19, 2019), which is defined as ten times
the common logarithm of the normal incidence sound
transmission coefficient’s reciprocal.

Two different parameters, nTL and R, cannot be
compared with each other because they concern the
normal or random incidence of sound on the specimen,
respectively. Currently, there are no known methods
to determine the correlation between these parameters.
The method of determining nTL is used to compare the
insulating properties of small specimens.

The purpose of the research described in the ar-
ticle is to determine the acoustic properties of single
baffles made of porous and fibrous materials, which re-
late to the absorption and resistance of these materials
to sound penetration. Acoustic tests were carried out
using an impedance tube and two prototype stands
for determining the IL of cubic enclosures, in this case
with walls made of porous and fibrous materials.

Calculation models for the nTL of mineral wools
and for the IL of an acoustic enclosure in the form of
a cube using plates with the porous and fibrous struc-
tures were proposed. The calculation model for the IL
for porous and fibrous materials can be used when their
basic acoustic parameters in the form of the αf and the
nTL are known. For baffles made of fibrous materials,
in the form of mineral wool, material data, including
airflow resistance, is sufficient to determine the IL of
the enclosure. Validation of the calculation models was
carried out using two developed prototype stands for
determining the acoustic properties of enclosures.

2. Specimens’ material data

Three high-density materials, above 100 kg/m3,
were tested, i.e., mineral wool and rebonded polyure-
thane foam, and a material with very low density and
high absorption, i.e., melamine foam. All materials had
comparable thicknesses of 50 mm or 60 mm. Figure 1
shows specimens of materials whose round shape re-
sulted from the tests carried out on them, which were
tests of air flow resistance (discs with a diameter of

Table 1. Specimens’ material data.

ID Material Density
[kg/m3]

The size of the side
of a square plate

[m]

Plate thickness (h)
[m]

The airflow
resistance (RS)
[Pa ⋅ s ⋅m−1]

The airflow
resistivity (r)
[Pa ⋅ s ⋅m−2]

MW151 Mineral wool 151.4 0.55 0.06 6417.8 106963.3
MW100 Mineral wool with glass fleece 100.2 0.7 0.05 1811.0 36220.8
ME Melamine foam 9 0.7 0.05 669.2 13384.8
PU Rebonded polyurethane foam 214.4 0.55 0.05 2394 47880

100 mm) and the αf and the nTL (discs with a diam-
eter of 34.9 mm).

Fig. 1. Material specimens of mineral wool (MW151), min-
eral wool with glass fleece (MW100), melamine foam (ME),

and rebonded polyurethane foam (PU).

Table 1 shows the material data of the specimens
made of the same materials as shown in Fig. 1, but
in the form of plates, whose square shape was as-
sociated with their use as walls of acoustic enclo-
sures in the shape of cubes with wall dimensions of
0.55 m× 0.55 m× 0.55 m and 0.7 m× 0.7 m× 0.7 m.

3. Testing methods and test facilities

3.1. The airflow resistance

In order to determine the airflow resistance of ma-
terials RS (ISO, 2020), the Norsonic Nor1517A stand
was used, which is the equipment of the laboratory for
testing the acoustic properties of materials and struc-
tures at the Department of Mechanics and Vibroacous-
tics of the AGH University of Science and Technology.
The tests were carried out using alternating airflow
methods (ISO, 2020), using material specimens with
a diameter of 100 mm, as shown in Fig. 1. The mea-
surements of the RS , were carried out for the atmo-
spheric conditions prevailing in the laboratory, i.e., at
a temperature of 22 ○C and an atmospheric pressure
of 1002 hPa.

Due to the fact that the theoretical calculation
models for the αf , used in further sections of the ar-
ticle, do not use the RS values obtained directly from
the measurements, but the airflow resistivity, the val-
ues of this parameter were also calculated. The airflow
resistivity (r) is defined as the airflow resistance (RS)
per unit length, which is the specimen thickness (h):

r = RS

h
. (4)

The obtained values of RS and r for the four analysed
materials are shown in Table 1.
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3.2. Normal incidence sound absorption coefficient
and the normal incidence sound

transmission loss

The experimental tests were carried out in the lab-
oratory for testing the acoustic properties of materials
and structures, in accordance with the relevant stan-
dards: (ISO, 2001) for the αf , and (ASTM E2611-19,
2019) for the nTL. Both parameters were determined
using a Mecanum Inc. impedance tube, which enabled
the determination of the values of these parameters
in the lower and higher frequency ranges for mate-
rial specimens of one diameter, 34.9 mm. The measur-
ing apparatus was identical to the tests described in
(Kosała, 2021).

The specificity of the laboratory stand used, with
a Mecanum Inc. impedance tube, the Siemens LMS
SCADAS Mobile analyzer, a computer with Simcen-
ter Testlab software, and type 378A14 PCB measuring
microphones, spaced 65 mm or 29 mm apart, respec-
tively, for the low and high frequency ranges, allowed
the acoustic parameters to be determined, after aver-
aging the results, in the range of 50 Hz to 5700 Hz.

3.3. Insertion loss of enclosure

In the Department of Mechanics and Vibroacous-
tics, a prototype stand for testing the acoustic proper-
ties of baffles and enclosures was developed (Kosała
et al., 2020b). So far, single rigid homogeneous baf-
fles of various thicknesses (steel, aluminium, plastics)
have been tested on this stand, which, together with
an omnidirectional sound source placed inside, imitat-
ing a noisy machine or device, constituted a sound-
insulating enclosure (Kosała et al., 2020b; Kosała,
2022), as well as two-layer baffles made of a rigid plate
and a layer of material in the form of mineral wool,
constituting the sound-absorbing and insulating enclo-
sure. This stand allows baffles with a thickness of 1 mm
to 90 mm and external dimensions of 0.7 m× 0.7 m to
be tested.

Another developed stand, also consisting of a steel
frame, enables the testing of baffles with the same
thickness range, but with external dimensions of
0.55 m× 0.55 m. The construction of the new stand for
testing baffles and enclosures is schematically shown
in Fig. 2. Five identical baffles form an acoustic enclo-
sure. As in the case of the former enclosure, an omni-
directional sound source placed centrally was used for
acoustic tests (Fig. 2).

The walls of the enclosure are pressed against the
steel frame using mechanisms and clamping frames,
similarly to the solution described in detail in some
works (Kosała et al., 2020b; Kosała, 2022), as
shown in Fig. 3, where material made of rebonded
polyurethane foam (PU) was used as the walls of the
enclosure.

Fig. 2. The scheme of the enclosure frame with a sound
source and five walls.

Fig. 3. Enclosure with walls made of PU boards
with dimensions of 0.55 m× 0.55 m× 0.05 m.

To test the acoustic properties of single homoge-
neous materials – plates made of porous and fibrous
materials, both stands were used, designed for walls
with dimensions of 0.7 m× 0.7 m and 0.55 m× 0.55 m.
The purpose of using these two stands was to check
whether, using the theoretical computational models
described in the article, it is possible to estimate the
spectral characteristics of ILs, taking into account en-
closures of different dimensions.

In order to determine the effectiveness of an acous-
tic enclosure built of five identical walls for the four
tested materials, the IL of the enclosure was deter-
mined using Eq. (3). The tests of the sound power
level were carried out in the measurement conditions
and with the use of measurement equipment identi-
cal to those described in (Kosała, 2022). The sound
power levels were determined in a room with a capac-
ity of 79 m3, using the survey method in accordance
with the standard (ISO, 2010).

4. Results of experimental tests

4.1. Normal incidence sound absorption coefficient
and the normal incidence sound

transmission loss

Due to the fact that the frequency range for the IL
of the acoustic enclosure made of the tested materials
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Fig. 4. Normal incidence sound absorption coefficient (αf) of materials: MW100, PU, ME, and MW151.

n

Fig. 5. Normal incidence sound transmission loss (nTL) of materials: MW100, PU, ME, and MW151.

was 100 Hz to 5000 Hz, the values of the αf and the
nTL were also presented in the 1/3 octave frequency
bands for the same frequency range as shown in Figs. 4
and 5, respectively.

The highest values of the nTL, amounting to 0.8–
0.98, were found in the material with the lowest den-
sity (9 kg/m3), which was the melamine foam for
the frequency range from 800 kHz to 5 kHz (Fig. 4).
The mineral wool with the highest density, MW151,
had the lowest values of the absorption coefficient
among the tested materials, but it was the best at ab-
sorbing sounds for low frequencies, 100 Hz to 200 Hz.
Usually, increased absorption in the lower frequency
range, at the cost of decreased absorption in the higher
frequency range, is obtained when the airflow resistiv-
ity is too high. For this reason, for mineral wool with
the highest airflow resistivity (r = 106.9 kPa ⋅ s ⋅m−2),
MW151, the shape of the spectral characteristics of the
αf differs significantly from the characteristics of other
materials, as shown in Fig. 4.

As expected, the material with the lowest density
(ME) showed the lowest values of the nTL, which for
the 1/3 octave frequency bands do not exceed 10 dB
(Fig. 5). With the increase in frequency, the increase
in the nTL for the ME specimen was the smallest

among the tested materials. The tests showed that
mineral wool with a density of 151 kg/m3 had the best
resistance to sound penetration with the perpendicu-
lar sound wave incidence on the specimen. The rebon-
ded polyurethane foam with a much higher density
(214 kg/m3) had weaker sound insulation proper-
ties compared to this mineral wool, depending on
the frequency of values, by about 5 dB to 15 dB.
It should be taken into account here that the rebonded
polyurethane foam is a less homogeneous material than
wool.

4.2. Insertion loss of the enclosure

Figures 6 and 7 show spectral characteristics of
the IL in 1/3 octave frequency bands for materials in the
form of baffles with dimensions of 0.7 m× 0.7 m, which
were MW100 and ME, and baffles with dimensions of
0.55 m× 0.55 m, which were MW151 and PU.

Comparing the IL of the enclosure with walls made
of MW100 and ME plates, dimensions 0.7 m× 0.7 m
(Fig. 6), it can be seen that the differences are on av-
erage about 6 dB, for frequencies lower than 800 Hz,
and the range from 4 dB to 8 dB for a given centre
frequency of the 1/3 octave band. Above a frequency of
800 Hz, the IL difference increases with frequency from
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Fig. 6. Insertion loss (IL) of an acoustic enclosure with walls measuring 0.7 m× 0.7 m made of MW100 and ME materials.

Fig. 7. Insertion loss (IL) of an acoustic enclosure with walls measuring 0.55 m× 0.55 m made of MW151 and PU materials.

5.6 dB up to 12.5 dB. The average value of the differ-
ence for this frequency range is 9.5 dB.

In Fig. 7, which concerns IL for an enclosure with
smaller wall dimensions (0.55 m× 0.55 m), made of
MW151 and PU plates, the curve of this parameter
has a shape with a visible reduction in the IL value
for the frequency of 630 Hz. The reason for this phe-
nomenon may be the resonance of the enclosure cav-
ity, whose impact on the spectral characteristics of IL
is much more visible when we are dealing with rigid
plates constituting the walls of the sound-insulating
enclosures, which was considered in a previous work
(Kosała, 2022). The shape of the spectral character-
istics shown in Fig. 7 may be influenced by a certain
stiffness of the enclosure walls, which causes the tested
porous and fibrous materials (PU and MW151) to be-
have like stiff plates. It can be assumed that the na-
ture of the IL curves for MW151 and PU materials
(Fig. 7) is similar only in the frequency range from
100 Hz to 630 Hz. In this frequency range, the differ-
ences in IL values for individual centre frequencies are
relatively small and average about 3 dB, with a range
from about 1 dB to 5 dB. A significantly higher IL
value for the MW151 mineral wool compared to the re-
bonded polyurethane foam PU can be observed above
the frequency of 630 Hz. With the exception of the
centre frequencies of 4 kHz and 5 kHz, as the frequency

increases, the IL of the MW151 mineral wool also in-
creases, on average by about 10 dB, oscillating from
a difference of about 5 dB to about 14 dB.

5. Modelling of acoustic properties of porous
and fibrous materials

5.1. Calculation models of the normal incidence
sound absorption coefficient for porous

and fibrous materials

As part of the research described in this article,
it was checked which of the empirical models such as
Qunli, Mechel, Miki, and Delany and Bazley, is best
suited for the prediction of the tested porous and fi-
brous materials. In addition, the Allard and Cham-
poux model, modified by Oliva and Hongisto (2013)
was also used. This model, among the eight empiri-
cal ones tested in (Oliva, Hongisto, 2013), achieved
the best prediction accuracy, determined by compar-
ing the predicted and measured absorption coefficients
of 82 mineral wool configurations.

The results of calculations of the αf using empirical
models in relation to the results of laboratory tests,
described in Subsec. 3.2, are shown in Fig. 8.

In order to determine the discrepancies between
the calculations using the models and the results ob-
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Fig. 8. Normal incidence sound absorption coefficient (αf ) determined from measurements and using empirical models for
specimens: a) MW151; b) MW100; c) ME; d) PU.

tained from the measurements, root mean square er-
rors (RMSE) were calculated for each tested material
using the equation:

RMSE =

¿
ÁÁÁÁÀ

N

∑
i=1
(xi−x̂i)2

N
, (5)

where xi and x̂i are the values of the measured and
predicted acoustic parameter for the i-th centre fre-
quency of the 1/3 octave bands, respectively, and N is
the total number of the centre frequencies of the 1/3
octave bands.

The calculated values of RMSE, determining the
discrepancies between αf calculations using empirical

Table 2. RMSE for four tested materials, determining the discrepancies between αf calculations using the empirical models
and αf obtained from measurements.

RMSE [dB]
Modified Allard and Champoux Qunli Mechel Miki Delany and Bazley

MW151 0.0642 0.0648 0.0845 0.1068 0.1007
MW100 0.0432 0.0647 0.0601 0.0641 0.0755
ME 0.0327 0.0350 0.1007 0.0646 0.0863
PU 0.0442 0.062 0.055 0.086 0.086

models and αf obtained from measurements, are pre-
sented in Table 2.

As can be seen from Table 2, the application of the
modified Allard and Champoux model brought about
the best results in the form of the lowest RMSE val-
ues for all tested specimens, even though the tested
materials had different structures – porous or fibrous.

5.2. Proposal of a calculation model for normal
incidence sound transmission loss

for mineral wools

Based on the results of the nTL of 12 material
specimens in the form of mineral wool with a thick-
ness of 20 mm, 40 mm, and 50 mm, and a density of
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25 kg/m3, 70 kg/m3, 110 kg/m3, and 150 kg/m3 pub-
lished in (Kosała, 2021) and, additionally, mineral
wool with a thickness of 60 mm and a density of
151.4 kg/m3 (Fig. 1), it is possible to obtain a cal-
culation model for nTL, which is a function of the fre-
quency f and the surface density of the mineral wool
specimen mp.

The nTL spectral characteristics of the tested min-
eral wool can be determined using a linear function:

nTL = a ⋅ f + b. (6)

The dependence of the slope (a) on the surface mass
(mp) is shown in Fig. 9, however, dependence of the
intercept (b) on the surface mass (mp) is shown in
Fig. 10.

    y = 8e-05*x2 – 1e-05*x + 0.0005
 R2 = 0.9897

mp

a 
[–

]

Fig. 9. Dependence of the slope (a) on the surface mass
(mp) for 13 mineral wool specimens.

mp

b 
[–

]

  y = 2.1708*x + 0.7945
R2 = 0.9548

Fig. 10. Dependence of the intercept (b) on the surface mass
(mp) for 13 mineral wool specimens.

By substituting the polynomial function, shown in
Fig. 9, for a and the linear function, shown in Fig. 10,
for b in Eq. (6), the equation for nTL was obtained:

nTL = f (0.00008m2
p − 0.00001mp + 0.0005)

+2.1708mp + 0.7945 [dB], (7)

where f is the frequency, and mp is the surface density
of the mineral wool.

The nTL values calculated from Eq. (7) for the 1/3
octave frequency bands in the range of 100 Hz to 5 kHz
for 13 mineral wools with a density (d) from 25 kg/m3

to 151 kg/m3 and a thickness (h) from 20 mm to
60 mm are shown in Fig. 11.

Fig. 11. Normal incidence sound transmission loss values
for mineral wools with density d [kg/m3] and thickness h
[mm] calculated on the basis of the surface density of the

specimens.

In order to check the accuracy regarding the ex-
tent to which the nTL calculations using Eq. (7) differ
from the results of experimental tests of this param-
eter carried out in a previous study (Kosała, 2022)
for 12 mineral wool specimens and in this work (the
mineral wool MW151, corresponding to the designa-
tion d151h60 in Fig. 11), RMSE was calculated using
Eq. (5). Calculations of nTL using the proposed Eq. (7)
resulted in small discrepancies for the majority of min-
eral wool specimens compared to nTL results obtained
from measurements carried out in the impedance tube.
As shown in Fig. 12, RMSE ≅ 1–2 dB.

Fig. 12. RMSE for nTL calculations in relation to the values
measured for thirteen mineral wool specimens.

The exception was the specimen with the highest
density and thickness (d151h60), for which RMSE was
equal to 3 dB.
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5.3. Proposal of a calculation model for IL
for a cubic enclosure with walls made of porous

and fibrous materials

The IL for enclosures composed of sound-absorbing
and insulating walls can be calculated using a known
model based on the random incidence sound absorp-
tion coefficient of the lining material (α) and the sound
reduction index (R) of the entire panel (enclosure wall)
(Ver, Beranek, 2006), using the equation:

IL = 10 log (α) +R [dB]. (8)

The sound reduction index (R) of the sound-
absorbing and insulating baffles constituting the en-
closure wall can be obtained on the basis of laboratory
tests (ISO, 2021), provided that the dimensions of the
baffle are adjusted to the dimensions of the measure-
ment window of the coupled reverberation rooms. In an
approximate manner, R can be determined using the-
oretical calculation models appropriate to the given
construction and material solution of the baffle. The
validation of the model (Eq. (8)) was shown in the cal-
culations of the IL of the prototype sound-absorbing
and insulating enclosure in one work (Kosała et al.,
2020b).

To calculate the IL for a cubic enclosure of an omni-
directional sound source, the walls of which are single
baffles made of porous or fibrous materials, a similar
formula was proposed, in which the simplification in
the form of the nTL of the baffle is used instead of R:

IL = 10 log (α) + nTL [dB]. (9)

In the case of the porous and fibrous materials
in question, most of which can be roughly described
as locally reacting materials (Allard, 1992; Cox,
D’Antonio, 2017), the attenuation of sound in the
material is so high that it limits the lateral transmis-
sion. The propagation direction within these materi-
als is normal to the surface, even for oblique incidence

Fig. 13. Insertion loss (IL) of the enclosure made of MW151 baffles obtained from measurements and calculations
using the proposed model.

sound, because of refraction (Cox, D’Antonio, 2017),
therefore the surface impedance is independent of the
incident wave nature. Hence, in Eq. (9), a simplifica-
tion was made by replacing R with nTL.

The normal incidence sound transmission loss of
such materials can be determined by testing a sam-
ple in an impedance tube, as described in Subsec. 3.2,
or using a calculation model for a material of infinite
extent in the lateral direction, since the boundary con-
ditions resulting from the dimensions of the enclosure
wall in the case of the materials in question are less
important. Such a model for calculating nTL, based
on surface mass, was proposed using Eq. (7).

The random incidence sound absorption coefficient
(α) is determined according to the standard (ISO,
2005) in laboratory reverberation conditions on a ma-
terial specimen of 10–12 m2. However, α can also be de-
termined using the approximate relationship between
this coefficient and the α′f , as given in (Everest et al.,
2013) in the shape of a graph. This relationship can
be calculated using approximation by a second-degree
polynomial with the coefficient of determination equal
to R2 = 0.9994 from the equation:

α = −0.97 (αf)2 + 1.97αf . (10)

The normal incidence sound absorption coefficient
(αf ) can be determined by measurement using an
impedance tube, as described in Subsec. 3.2, or by
using theoretical calculation models, as described in
Subsec. 5.1.

5.3.1. Validation of the proposed model for porous
and fibrous materials

The validation of the proposed model (Eq. (9)) was
carried out based on the results of experimental tests of
αf and nTL, carried out for the tested material speci-
mens with the use of an impedance tube. The test re-
sults of these parameters are presented in Subsec. 4.1.
The values of the (α) coefficient were calculated on
the basis of the αf values from Eq. (10). Figures 13–16
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Fig. 14. Insertion loss (IL) of the enclosure made of MW100 baffles obtained from measurements and calculations
using the proposed model.

Fig. 15. Insertion loss (IL) of the enclosure made of ME baffles obtained from measurements and calculations
using the proposed model.

Fig. 16. Insertion loss (IL) of the enclosure made of PU baffles obtained from measurements and calculations
using the proposed model.

show the IL values of enclosures with walls made of
MW151, MW100, ME, and PU baffles, obtained from
measurements and using the proposed IL calculation
model, defined by Eq. (9).

Table 3 shows the calculated values of Pearson’s
linear correlation coefficient (PCC) and RMSE, which
were used to estimate the discrepancies of the results
obtained from the IL calculations for the four tested
materials using the proposed model (Eq. (9)) and those
obtained from measurements.

For all tested materials, there is a very strong linear
correlation between the results obtained from the pro-

Table 3. PCC and RMSE for four tested materials, deter-
mining the discrepancies between IL calculations using the

proposed model and IL obtained from measurements.

PCC RMSE [dB]
MW151 0.9392 6.01
MW100 0.9734 1.38
ME 0.9551 1.30
PU 0.9581 2.34

posed model and those obtained from measurements.
For the MW151 specimen, the highest RMSE value
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was obtained among all specimens, which was mainly
due to large discrepancies at the lowest (f = 100 Hz)
and highest centre frequencies of the 1/3 octave bands
(f = 5 kHz).

5.3.2. Validation of the proposed model for mineral wool
specimens

Due to the wider scope of research on the acoustic
properties of mineral wool materials (Kosała, 2021),
compared to porous materials, it is possible to calcu-
late IL, defined by Eq. (9), without the need to use an
impedance tube. The knowledge of the material data
is sufficient to estimate the input parameters for cal-
culating IL, i.e., α and nTL.

The first needed parameter α is calculated on the
basis of αf from Eq. (10), while αf can be deter-
mined using one of the known calculation models when
the r value of mineral wool of a given thickness is
available. For this purpose, it is proposed to use the
model developed by Allard and Champoux, modified

Fig. 17. Insertion loss (IL) of the enclosure made of MW151 (wall size 0.55 m× 0.55 m× 0.06 m) determined
from measurements and calculations using the proposed model based on material data.

Fig. 18. Insertion loss (IL) of the enclosure made of MW100 (wall size 0.7 m× 0.7 m× 0.05 m) determined
from measurements and calculations using the proposed model based on material data.

Table 4. PCC and RMSE for enclosures with walls made of mineral wools, determining discrepancies between IL calculated
and measured for αf and nTL obtained with the use of an impedance tube and calculation models.

Method of determining αf and nTL
Impedance tube Calculation models

PCC RMSE [dB] PCC RMSE [dB]
MW151 0.9392 6.01 0.8918 6.35
MW100 0.9734 1.38 0.9574 1.49

by Oliva and Hongisto (2013) into an empirical
model, which is much easier to use than the original
semi-phenomenological model, because there is no need
to determine the necessary properties of microscopic
material. The second parameter, nTL, can be deter-
mined from themp of the mineral wool plate constitut-
ing the wall of the enclosure, using Eq. (7), as proposed
in Subsec. 5.2.

The validation of the proposed model of IL (Eq. (7))
for enclosures with walls made of mineral wool plates,
based on material data, was carried out using MW151
with the dimensions of 0.55 m× 0.55 m× 0.06 m and
MW100 with dimensions of 0.7 m× 0.7 m× 0.05 m.
The IL values calculated and obtained from measure-
ments in 1/3 octave frequency bands are shown in
Figs. 17 and 18.

Table 4 shows a comparison of the application of
the proposed calculation model of IL, which was veri-
fied for fibrous materials in the form of MW151 and
MW100 for two cases. The first concerned the use of
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an impedance tube to determine αf and nTL of the
tested mineral wools. In the second case, αf and nTL
were obtained using the calculation models, the Al-
lard and Champoux, and those proposed by Eq. (7),
respectively.

As shown in Table 4, in the case of MW151, the IL
discrepancies in the form of RMSE obtained using the
calculation models for αf and nTL are about 6.3 dB
and are similar to the case when these parameters
were obtained from the impedance tube. For MW100,
the obtained linear correlation coefficients have simi-
larly high values for both cases. For the two analysed
methods of determining αf and nTL needed for IL cal-
culations, the discrepancies in the form of RMSE are
similar and relatively low (around 1.5 dB).

6. Conclusions

As part of the research, two developed stands were
used to enable the construction of cubic enclosures
made of walls of the tested materials, intended for
determining the acoustic efficiency from the penetra-
tion of sounds coming from a source placed inside. The
measure of acoustic efficiency was the IL of the enclo-
sure. The research has shown that it is possible, based
on known empirical models for the sound absorption
coefficient, the airflow resistance and the thickness of
material specimens, to calculate the IL of an enclosure
with walls made of a fibrous material, such as mineral
wool. In the case of materials with a different structure,
such as porous ones, for example polyurethane foam, to
calculate the IL using the proposed model, it is neces-
sary to use an impedance tube to determine the input
data. This data is in the form of the αf and the nor-
mal incidence transmission loss of the material. The
results of calculations of the spectral characteristics of
the IL, satisfactory for engineering purposes, were ob-
tained for the four tested materials. The study also
showed that among the empirical models such as De-
lany and Bazley, Miki, Mechel, Qunli, and Allard and
Champoux, the latter model yielded the best results in
calculating the αf for mineral wools, melamine foam
and rebonded polyurethane foam, in the form of the
smallest discrepancies obtained compared to the re-
sults obtained from laboratory tests.

The second proposed calculation model for the
nTL, using the surface density of a mineral wool spec-
imen, can be used not only for calculations of the
IL of the enclosure, but also for the initial estima-
tion of nTL for mineral wools, without the use of an
impedance tube. The results of the experimental and
model tests obtained as part of the article in the form
of acoustic parameters determining the acoustic prop-
erties of single porous and fibrous materials can also
be used in further research on the modelling of layered
baffles.
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