% applied sciences ﬁw\p\py

Article
Suppression of Sound by Polyurethane Mats in Ventilation
Ducts—A Study with a Laboratory Model Setup

Krzysztof Nowacki 119, Karolina Lakomy ', Eliza Kotodziejczyk (2 and Wojciech Marczak %*

Department of Production Engineering, Faculty of Materials Engineering, Silesian University of Technology,
Akademicka 2A, 44-100 Gliwice, Poland; krzysztof nowacki@polsl.pl (K.N.); karolina.lakomy@polsl.pl (K.L.)
Faculty of Science and Technology, Jan Dlugosz University, Al. Armii Krajowej 13/15,

42-200 Czestochowa, Poland; eliza kolodziejczyk@op.pl

*  Correspondence: w.marczak@ujd.edu.pl

Featured Application

Comparison of the sound-deadening materials in conditions mimicking those in industrial
installations, the mechanical ventilation systems in particular. The measurement method with
a setup based on a commercial apparatus, which is easy to apply by practitioner engineers.

Abstract

Suppression of noise by sound-deadening linings inside ventilation ducts is a complex the-
oretical problem. Apart from the material constants, such as the coefficients of attenuation
and reflection, the geometry of both the duct and the lining must be considered. For these
reasons, an easy-to-implement method of measurements can be a desirable practical solu-
tion for engineers interested in a comparison of potentially appropriate materials. Vendors
of the latter rarely, if ever, provide a customer with full acoustical characteristics of the
sound-deadening material. We built a simple model ventilation duct for determining such
characteristics rather than just material constants. Apart from the duct itself, only commer-
cial apparatus were used. The duct, however, is simple enough to be built in a mechanical
workshop. We tested this setup and determined the sound-deadening characteristics of
primary and rebond polyurethane mats. The mats mounted on the inner walls of the duct
showed distinct suppression of sound waves of frequencies from 0.7 to 7 kHz. For the
third-octave band of 1.6 kHz, the attenuation reached 40 dB. The frequency characteristics
of the suppression of sound indeed differed from the respective function of the attenuation
coefficient. The original and rebond polyurethane mats similarly suppressed noise.

Keywords: sound-deadening material; noise; ventilating duct; PUR; PUT; foam; sound
attenuation; sound absorption
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Many materials of various types are used for internal acoustic insulation of pipelines

for gaseous media:

Fibrous materials, e.g., mineral wool, glass fibers, fibrous mats, technical nonwovens,

nanofibers [5];

Open-cell foams, e.g., polyurethane foams, silicone foams, open-cell metal foam (in

special applications) [6];

Perforated inserts/panels [7,8];

Metamaterials and metasurfaces (ultra-thin, “slow-sound” structures) [9].

Typical applications, advantages, and disadvantages of the most popular lining mate-

rials are reported in Table 1.

Table 1. Materials used for the inner lining of gas pipelines.

Material

Typical Applications

Advantages

Disadvantages

Excellent absorption of

Not resistant to high
flow rates—risk of cell
erosion (a perforated

e Air duct silencers sound waves of medium cover is required if
e  Fan and compressor and high frequencies turbulent flow)
Polyurethane foams housings Very low weight, easy to Flammable
(PU, open-cell PU foam) e Air expansion chambers process and shape (flame-retardant versions
for mild environmental Adjustable density, required)
conditions thickness, and stiffness Weakened by oils,
Relatively low price hydrocarbons, and
temperatures above
80-100 °C
e  High-temperature a(1)r High thermal and
ducts (e.g., 150-200 °C) . . . .
- e Inert/oxidizing process chemical resistance Higher price than PU
Open-cell silicone foams as ducts Good absorption of Lower absorption
& . sound waves of medium compared to the best PU
e  Silencers in HVAC . .
o and high frequencies
systems in fire zones
e Very high gas flow rates, Very high thermal and prer absorption of
turbulent flow d . high-frequency sound
. mechanical resistance . .

B e  High-temperature o . waves in comparison
Open-cell metal foams ti diti Combination of acoustic ith pol th
(aluminum, nickel) operating conditions damping with with polyurethanes

(200-600 °C) h High cost
cooling/heat transfer : .
e  Exhaust systems, process capabilities Require precise
lines, turbomachines P machining and assembly
Excellent acoustic
absorption over a wide Require a perforated
. . range of wave housing (erosion
Fibrous materials : ED;C;rilii)I:i;ZEb}eﬁAC frequencies protection)
(mineral wool, glass fiber, . AbI:s,or tion silencers for Low price Risk of dust and fiber
technical nonwovens) medi I;n velociti Resistant to emission
edrim gas veloctiies temperatures up to Less suitable for high
250-600 °C (mineral flow rates
wool)
e Ducts with effective High cost

Acoustic metamaterials/
“slow-sound” coatings

attenuation of the
low-frequency sound
waves

Installations in a limited
space

Very high low-frequency
efficiency at low
thickness

Can be applied as a thin
coating on pipe walls

Precise manufacturing
technology is required
Industrial solutions are
still in the initial
implementation phase
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In this paper, we report the sound suppression in a model ventilation duct lined with
sound-deadening materials. The test stand was designed and constructed in our laboratory.
The measurements were similar to those mentioned by Beranek [10] but covered a wider
range of the acoustic wave frequency, from 0.1 to 20 kHz. Apart from the ventilation
duct, all apparatus were commercially available: the white noise generator, the sound
meter/analyzer, and the microphone calibrator. The conditions in the model ventilation
duct mimic those in industrial installations, mechanical ventilation systems in particular.
We assumed that both the material constants and the geometry of the sound-deadening
material determined the measured total suppression. We are not aware of a similarly
simple method for the assessment of the acoustic properties of lining mats, which can be
applied in small-scale manufacturing. The new, commercial acoustic apparatus is easy-to-
operate and inexpensive. This makes the measurements sufficiently easy to be performed
by practitioners in industry. The small and medium ventures often cannot afford the costly
measurements in external testing facilities because they specialize in small-scale or even
piece production. Such measurements would substantially increase the unit cost.

We studied three types of mats made of various polyurethane foams, characterized
in Table 2. Our main goals were (i) to test the measurement setup and to work out a mea-
surement methodology, (ii) to analyze how the suppression depends on the placement of
polyurethane mats in the model duct, and (iii) to check whether the density and rebonding
of the polyurethane substantially influence its applicability as a noise-deadening material in
ventilation ducts. Answers to the second and third questions are important from a practical
point of view. For example, the rebond polyurethane mats are usually durable but more
expensive than those made of the original polyurethane. On the other hand, the use of
polyurethanes recycled by rebonding is beneficial for the natural environment [11,12].

Table 2. Test materials—polyurethane mats [13].

Apparent Thickness Hardness Tensile Elongation at Permanent
Type Density, ! (Min.), Strength Break (Min.), Deformation
kg/m® cm N/mm? (Min.), kPa % (Max.), %
T-40 (PUT) 40 2 N/A N/A N/A N/A
R-220 (PUR) 220 2 3400 300 60 15
R-220 (PUR) 220 4 3400 300 60 15

2. Experimental
2.1. Materials

The research material consisted of commercial polyurethane (PU) foam boards, both
primary (T) and rebond (R) types, supplied by JAG Sp. z 0.0. (Liskéw, Poland). In this paper,
they were designated as PUT and PUR, respectively. Rebond polyurethane is a material
obtained from granulated polyurethane foams and suitable binders, usually polyurethanes
as well. Commonly, the compressed mixture forms blocks or boards. Unlike primary
foams, rebond foam shows significantly improved performance, increased flexibility, and
elasticity in particular [13]. The characteristics of the research material, i.e., mats for acoustic
insulation, are presented in Table 2. However, the properties of rebond foams depend
on the recyclables used in the manufacturing. Thus, we verified the apparent densities
declared by the manufacturer by weighing ten samples of each polyurethane foam. Our
results were equal, within the range of —20 to +13%, to the values reported in Table 2.

2.2. Apparatus and Methodology

The experimental setup is shown in Figure 1. The model ventilation duct is a square-
sectioned tube, 150 cm in length and with a 30 cm long side of the square, made of
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2 mm-thick steel. At the opposite ends of the tube, right in their centers, the loudspeaker
and the microphone are installed. The loudspeaker—microphone collinearity was checked
with a laser light beam emitted by a diode placed in the center of the former. The studied
polyurethane mats were placed within the steel tube in various configurations. Figure 1
shows the mat fixed to the walls. The mats were also placed perpendicularly to the tube
axis at a distance r from the speaker and both on the walls and perpendicularly.
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Figure 1. The experimental setup for the measurements of the noise suppression by polyurethane
mats. [—the distance between the loudspeaker and the microphone; r—the distance between the
loudspeaker and the polyurethane mat fitted perpendicularly to the tube longitudinal axis (omitted
for picture clarity). The gaps between the tube walls and the loudspeaker were insulated with the
polyurethane mat, as shown in the schematic diagram, or left empty.

Directivity of the acoustic wave at the microphone end of the tube was analyzed using
the SPLs recorded by a microphone located in five spots within the tube and four spots
outside of it, as shown in Figure 2.

0O, O/\©)
O,
OY® OY®

Figure 2. Microphone locations for the measurements of the directivity of the acoustic waves

transmitted through the square-sectioned steel tube.

Moreover, we measured the suppression of sound by the polyurethane mats placed
directly on the loudspeaker grille, without the steel tube. The setup is shown in Figure 3.

https:/ /doi.org/10.3390/app16010385
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Figure 3. The experimental setup for the measurements of the noise suppression by polyurethane
mats placed on the speaker grille in an “open space”.

We applied the following procedure to all the measurements reported in this study.
A Bedrock TalkBox BTB65 (Bedrock Audio BV, Rijswijk, The Netherlands) generated the
white noise of the total sound pressure level (SPL) of 72 dB and 60 dB. A Svantek SVAN
979 (Svantek Sp. z 0.0., Warsaw, Poland) class 1 sound and vibration analyzer compliant
with the standard [14], equipped with a GRAS 40AE 12" microphone (GRAS Sound &
Vibration, Holte, Denmark), recorded the SPLs in the 1/3 octave-wide frequency bands.
We checked the Svantek meter with a class 1 Sound Calibrator SV36 (Svantek) according
to the standard [15] immediately before and after each series of measurements. The
noise generator, sound analyzer, and microphone had valid certificates of calibration. All
measurements were performed in a laboratory room providing the background SPL at least
30 dB lower than the generated SPL of the white noise.

Each measurement lasted 10 s and consisted of collecting 10 successive values of the
SPLs averaged for the 1 s-long interval in the 1/3 octave-wide frequency bands. Then, the
results for each band were checked for consistency and averaged by applying the principle
of additive acoustic energies.

Suppression of sound by the polyurethane mat in the 1/3 octave bands of center
frequency f was calculated from the following formula:

ALf:L?c_Lf/ (1)

where Lfo and Ly are the values of SPL measured without and with the attenuating mat,
respectively, for a given configuration of loudspeaker and microphone.

3. Results and Discussion
3.1. Assessment of the Attenuation Coefficient of a PUR Mat

The suppression of sound by polyurethane mats placed on the loudspeaker grille
in the manner shown in Figure 3 is reported in Supplementary Tables S1 and S2 and
Figures 4 and 5. Note that negative values of AL at low frequencies are not evidence of
a sound amplification. Most probably, the reason is the very small differences between
the SPLs measured for the covered and uncovered loudspeaker in comparison with the
range of the Ly values averaged for the 1 s-long measurement time. The average L; range
is 1.5 dB in the 1/3 octave bands with center frequency from 400 to 800 Hz and reaches
3 dB in unfavorable cases. For lower frequencies, the ranges are even bigger. Thus, the
combined measurement error may exceed the observed suppression for frequencies below
1 kHz. For the 1/3 octave-wide bands with center frequencies of 1 kHz and above, the
average range is 0.5 dB and seldom exceeds 1 dB.

https:/ /doi.org/10.3390/app16010385
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Figure 4. Suppression of sound in 1/3 octave-wide bands by the 2 cm-thick PUR mat placed on the
speaker grille, measured for five distances between the speaker and microphone from 25 to 200 cm.
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40t

30+

ALs/ dB

fl/ kHz

Figure 5. Suppression of sound in 1/3 octave-wide bands by the 4 cm-thick PUR mat placed on the
speaker grille, measured for five distances between the speaker and microphone from 25 to 200 cm.

The distance between the loudspeaker and the microphone does not influence the
measured ALy value. As expected, the 4 cm-thick mat suppresses sound much more
strongly. However, the two foams virtually do not attenuate the low-frequency waves, up
to the 1/3 octave bands with center frequencies of 1000 Hz and 800 Hz for the 2 cm- and
4 cm-thick mat, respectively. The attenuation increases with the wave frequency in the
remaining bands.

The ALy values obtained in this experiment and the reflection coefficients k measured
earlier using Kundt’s tube [16] were applied to assess the attenuation coefficients « of the
4 cm-thick rebond polyurethane mat. This was possible for just nine 1/3 octave-wide bands
with the center frequency from 1 to 6.3 kHz. The center frequency of 6.3 kHz was the
highest one attainable in the Kundt’s tube measurements. For simplicity, we neglected
the attenuation in air. The latter is just 0.03 dB on the 1.5 m-long distance between the
loudspeaker and microphone for the most unfavorable case of f = 6.3 kHz, as calculated in
the manner recommended by Beranek [17]. An explanatory Figure 6 illustrates the energy
loss of a plane wave perpendicular to the flat attenuating material. The incident acoustic
energy Eg splits into two parts on the air-mat boundary: the reflected and the transmitted
one. Energy transferred through the boundary,

Ei = Eo(1—k), 2)

https:/ /doi.org/10.3390/app16010385
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subsequently dissipates within the material, which results in the exponential decrease in
the acoustic energy. Thus, the acoustic energy is equal to E; at the mat-air phase boundary:

E; = Ejexp(—ax), 3)

where x is the distance equal to 4 cm for the studied PUR mat and « is the sound absorption
coefficient. There, the energy drops again due to the reflection, and the following energy
reaches the microphone:

E; = Ex(1—k), 4)
and the measured value of ALf is
Eg
AL = log —. 5
f =08 E, )
T S S — Eo
08}
2 os} g :
T R frosrosemronenceeonas E,
% : Polyurethane ‘
o 04} mat
hv
02f i P 1e,
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr : Es

0.0

Distance (cm)

Figure 6. Explanatory graph of the acoustic energy loss due to the reflections on the air—polyurethane
phase boundaries and the attenuation of sound waves within the 4 cm-thick polyurethane mat. See
text for the explanation.

Such a simple model sufficed for the higher frequency waves. For the less-damped
low-frequency ones, we considered multiple reflections and several passages through
the PUR mat. The assessed sound attenuation coefficients a of the 4 cm-thick rebond
polyurethane mat in the 1/3 octave-wide frequency bands are collected in Table S3 and
plotted in Figure 7. Note, however, that the reported values of a are just approximate ones
because of the model assumptions and simple experimental setup.

16+

1.2+

alcm™

0.8+

04+F

0.0

f/ kHz

Figure 7. The assessed sound attenuation coefficient « of the 4 cm-thick rebond polyurethane (PUR)
mat in the 1/3 octave-wide bands with center frequency from 1 to 6.3 kHz. Points—experimental
data, Line—logarithmic function.
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3.2. Empirical Characteristics of the Acoustic Beam Propagating Through the Model
Ventilation Duct

The sound pressure level measured at the end of the model ventilation duct (Figure 1)
with no polyurethane mats inside is higher than that measured at the same distance from
the loudspeaker in the approximately open field conditions of the laboratory room. The
illustration for the white noise with the total SPL of 72 dB is plotted in Figure 8, while the
recorded Ly values are collected in Table 54. With increasing wave frequency, the difference
between the recorded SPL values decreases due to the higher directivity of the shorter
waves, which is illustrated in Figure 9.

80t

L;/dB

20+

0.1 1 10
fl kHz

Figure 8. The sound pressure level recorded at a distance of 150 cm from the loudspeaker emitting
the 72 dB white noise. Solid black line—the approximate open field condition in the laboratory room,
dashed red line—at the end of the model ventilation duct in the same room.

30 T T

ALl dB

0 5 10 15 20
f/ kHz

Figure 9. Difference between the sound pressure levels at a distance of 150 cm from the loudspeaker
emitting the 72 dB white noise recorded at the end of the model ventilation duct and in approximate
open field conditions in the laboratory room. Points—experimental data for the 1/3 octave-wide
frequency bands, line—simple regression.

Thus, the SPL is higher at the end of the model ventilation duct than in the open field
because of the reflections from the walls. Indeed, the tube collimates the acoustic beam
that is evident in the difference between the SPLs recorded inside and outside of its outlet,
reported in Table S5. The measurements showed that the SPLs at the spots marked 2, 3, 4,
and 5 in Figure 2 are close to one another and substantially higher than those at spots 6, 7,
8, and 9 outside of the tube. The difference reaches 20 dB for the 1/3 octave band with the
center frequency of 16 kHz. An illustration is given in Figure 10. The SPL in the center of

https:/ /doi.org/10.3390/app16010385
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the tube outlet is significantly higher than that in the vicinity of the walls for the waves of
higher frequency only.

L;/dB

i—--J Microphone location:
i — center
- - - corner inside H
sor e corner outside
0.1 1 10
flkHz

Figure 10. White noise SPL measured in 1/3 octave-wide frequency bands at the end of the model
ventilation duct. Microphone locations are shown in Figure 2. Center—location #1; corner inside—
location #2; corner outside—location #6.

3.3. Suppression of Sound by a PUR Mat Perpendicular to the Longitudinal Axis of the Model
Ventilation Duct

We compared the SPLs for three distances r between the loudspeaker and the 4 cm-
thick rebond PUR mat tightly fitted in the model ventilation duct perpendicular to its
longitudinal axis (cf. Figure 1). The measurement results are collected in Table S6. Figure 11
illustrates that the SPLs are independent of the distance between the loudspeaker and the
PUR mat, particularly for the high-frequency waves.

80
70} r_l H
% E-_'::.'_:—I_,j'
< 60
= =
Distance:
---38cm i
50 — 75cm =
----- 112 cm to-
40 111 1 1 T T S T B 1 1 1 T N T W B 1
0.1 1 10

f/ kHz

Figure 11. Sound pressure levels in 1/3 octave-wide frequency bands measured at the end of
the model ventilation duct in its center. The emitted white noise with the total SPL of 72 dB was
attenuated by the 4 cm-thick rebond polyurethane mat (PUR) tightly fitted in the tube perpendicular
to its longitudinal axis at three distances from the loudspeaker.

However, the attenuation by the PUR mat in the tube differs from that by the same mat
placed directly on the loudspeaker grille. The AL values in the 1/3 octave-wide frequency
bands calculated from Equation (1) are reported in Table S7 and plotted in Figure 12. The
difference is obvious. Probably, the high-frequency waves cause resonance vibrations,
which transmit the energy along the tube, diminishing the damping effect of the mat.

https:/ /doi.org/10.3390/app16010385
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AL;l dB

o1 1T

f/ kHz
Figure 12. Suppression of sound in 1/3 octave-wide bands by the 4 cm-thick rebond polyurethane mat
(PUR). Solid black line—the mat on the speaker grille (cf. Figure 3); dashed red line—the mat fitted
perpendicularly in the steel tube, r = 75 cm (cf. Figure 1). In both configurations, the loudspeaker
emitted the white noise with a total SPL of 72 dB.

Another question was whether the measured suppression depends on the SPL of the
generated white noise. To answer this, we measured the attenuation of white noise with the
total SPLs of 72 and 60 dB by a 2 cm-thick rebond polyurethane (PUR) mat perpendicular to
the tube axis fitted at a distance of r = 75 cm from the loudspeaker (cf. Figure 1). Two series
of measurements were performed for each of the SPLs. The gap between the loudspeaker
and the tube walls was left empty in the first series, while it was insulated by the same
mat in the second one. The results are in Table S8. Figure 13 shows that the measured
ALy values (Equation (1)) do not depend on the white noise total SPL. The loudspeaker
insulation enhances attenuation in the six 1/3 octave-wide bands with the center frequency
from 1 to 2.5 kHz. However, the effect is rather small and does not exceed 5 dB.

30

251 total SPL = 72 dB:
— without insulation
- - - insulated

20 +
total SPL = 60 dB:
— without insulation

15 insulated

AL;/ dB

0.1 1 10
fl kHz

Figure 13. Attenuation of the white noise of 60 and 72 dB total SPL by the 2 cm-thick rebond
polyurethane (PUR) mat fitted perpendicularly in the steel tube, r = 75 cm (cf. Figure 1). Solid
lines—without the loudspeaker insulation; dashed lines—with the insulated loudspeaker.

3.4. Suppression of Sound by Polyurethane Mats in Various Configurations in the Model
Ventilation Duct

We studied the suppression of sound by 2 cm-thick mats made of original (PUT) and
rebond (PUR) polyurethane. The mats were placed in the model ventilation duct in the
following three configurations (cf. Figure 1):

e  Only the inner walls covered (referred to as “walls” from now on);

https:/ /doi.org/10.3390/app16010385
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AL;/ dB

AL;/ dB

50

40}

30

20

10

e The mat perpendicular to the tube longitudinal axis, fixed at a distance of r = 75 cm
from the speaker (referred to as “perpendicular”);
e  The mats were both on the walls and perpendicular (“walls + perpendicular”).

The ALy values are reported in Tables 59 and S10 and in Figures 14 and 15 for the
original and rebond polyurethane mats, respectively. For each configuration of the mats,
the measurements were performed twice, with the acoustic insulation of the loudspeaker
and the microphone and without it. The acoustic insulation consisted of closing the gaps
between the tube walls and the loudspeaker (or the microphone) with the mat. The
insulations did not significantly change the measured ALy values, which is illustrated by
the similar attenuation graphs (Figures 14 and 15).

— walls (w)

— w+p (measured
,,,,, w+p (calculated

..... perpendicular (p)

50

pr — walls (w)

P 40 - perpendicular (p)
— w+p (measured)
""" w+p (calculated)
30+ i e P —

)
)

20 | L= T

AL;/ dB

10} .

......

-10 Lo

0.1

50

40+

30

20+

10

L L S L 10 L L R R L S
1 10 0.1 1 10

Figure 14. Attenuation of the white noise of 72 dB total SPL by the 2 cm-thick PUT mat in the model
ventilation duct: (a) both tube ends open, (b) both ends acoustically insulated.

— walls (w)

----- perpendicular (p
— w+p (measured)
""" w+p (calculated)

50

— walls (w)
) E 401 - perpendicular (p)
— w+p (measured)
""" w+p (calculated)

30

20+

AL;/ dB

10t g B

10 L

0.1

L s Lo L 10 L s N R R s Lo
1 10 0.1 1 10

Figure 15. Attenuation of the white noise of 72 dB total SPL by the 2 cm-thick PUR mat in the model
ventilation duct: (a) both tube ends open, (b) both ends acoustically insulated.

The attenuation by the 2 cm-thick original polyurethane mat (PUT) was measured
once again after a half-year-long break to check the repeatability. The attenuation graphs
for various configurations of the mat in the model ventilation duct are plotted in Figure 16.
Indeed, the results are close to the previous ones (Figure 14).
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Figure 16. Attenuation of the white noise of 72 dB total SPL by the 2 cm-thick polyurethane mat
(PUT) in the model ventilation duct, measured for the second time after a half-year-long break. The
mat configurations: w—walls, the tube ends open, w + i—walls, both ends acoustically insulated,
w + p—walls + perpendicular, the tube ends open, w + p + i—walls + perpendicular, both ends
acoustically insulated.

The measured suppression of sound by the “walls + perpendicular” configuration
proved to be approximately equal to the sum of those for the “walls” and “perpendicular”
measured independently of each other. Both the original PUT and rebond PUR mats
suppress the noise similarly. Worthy of notice is the spectacular difference between the
AL£{f) characteristics for the “walls” and “perpendicular” configurations. The polyurethane
foams on the inner walls of the model ventilation duct effectively attenuate the noise in the
wave frequency range from 700 to 7000 Hz, those in the 1/3 octave-wide bands with the
center frequency of 1600 Hz and 2000 Hz in particular, cf. Figures 14 and 15. This maximum
probably results from two counteracting effects: both the directivity of the acoustic beam
generated by the loudspeaker and the sound absorption coefficient increase with the wave
frequency, cf. Figure 7. Thus, the moderate frequency waves are prone to damping because
the beam is wide enough to lose a substantial part of the initial energy due to multiple
reflections within the tube. The important and complex problem of the directivity of the
acoustic source (e.g., [18]) is not the subject of this study; thus, we did not discuss this
topic in detail. However, it is obvious that a knowledge of the material constants, i.e., the
coefficients of sound reflection k and absorption «, does not suffice for proper prediction
of the attenuation of sound in a real ventilation duct. Indeed, the results for the “walls”
configuration are of particular importance for practitioners.

Similar results were reported for other lining materials in ducts, such as a rigid rock-
wool sheet, fiberglass board, mineral wool, and sintered clay ceramic. These linings showed
the maximum attenuation at frequencies ca. 0.7, 1.5, 2.2, and 5 kHz, respectively [10], albeit
the wave frequency interval was narrower than in this study.

A comparison of the total attenuation effectivity, ALz, with that perceived by humans,
AL, is reported in Figure 17. The latter values were calculated using the A-weighted
sound pressure level, which is the common measure used in noise analysis despite its
limitations [19]. Indeed, ALA differs significantly from ALz when the polyurethane mat is
on the inner walls of the ventilation duct due to effective suppression of sound waves of
moderate frequency, from 700 to 7000 Hz, for which the human ear is most sensitive [20,21].
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Figure 17. Total attenuation effectivity of the 2 cm-thick PUT mat in three configurations within the
model ventilation duct, ALz, compared with the respective attenuation perceived by humans, AL, .

4. Conclusions

The model ventilation duct provides a simple assessment of the suppression of noise
by the sound-deadening materials in realistic conditions. The results confirmed that relying
solely on the coefficients of reflection (k) and attenuation («) as material constants led to
erroneous assessment. In particular, the frequency characteristic of the attenuated sound
depended on the material configuration in the duct. While the sound suppression by the
mat parallel to the wave front increased monotonically within the wave frequency range
from 450 Hz to 18 kHz, the lining on the inner walls effectively attenuated the noise in the
wave frequency range from 700 Hz to 7 kHz. A distinct maximum of ALy ~ 40 dB occurred
in the frequency range from 1.4 to 2.2 kHz. This maximum is in the range of the maximum
sensitivity of the human ear, evidencing the usefulness of the studied polyurethane mats as
sound-deadening linings in ventilation ducts.

The lining mats made of original and rebond polyurethane foam (PUT and PUR)
similarly suppressed sound. This suggests that the lining mat material could be less
important than its surface pattern for the sound-deadening effect in ventilation ducts.
However, the latter question requires further studies.
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Table S9: Attenuation of the 72 dB white noise by the 2 cm-thick PUT mat in the model ventilation
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