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Abstract Acoustic structures based on fibre slabs must be protected from mechanical damage. It is also
important to protect the user from dust, the source of which may be the fibrous material (rock or glass
wool). In individually manufactured panels, due to special aesthetic or functional qualities, it is necessary
to select alternative coverings to those used in publicly available panels, whence arose the need to analyse
different materials that could be used for coverings and determine their effect on the acoustic properties of
the base material. The study was carried out analytically, numerically, and experimentally on two different
porous materials and one fibrous material. Eleven different coverings were analysed, including four
impermeable ones. The results made it possible to demonstrate the magnitude of the effect of the covering
material on the sound absorption coefficient of the base material and to develop recommendations for the
selection of the covering material depending on the base material.
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1. Introduction

Porous and fibrous acoustic panels are designed to reduce sounds of medium and high frequencies. Fiber
fill made of mineral wool (glass or rock) is highly resistant to fire, hence it can also be used on surfaces
above people's heads without additional fire protection. In the case of porous materials (polyurethane foam,
or melamine foam), this is unfortunately not possible, due to the lower class of fire resistance. Foams,
despite additional fire protection, can only be used on wall surfaces.

One of the most important limitations of mineral wool is its low resistance to mechanical damage and
its dustiness. Therefore, it cannot be used without additional protection, especially in areas where the
material may come into contact with humans. It is necessary to use protective layers separating the user
from the wool fibers, increasing the mechanical resistance of the material, and protecting it from dusting.
Coverings made of suitable material further enhance the visual appeal of raw mineral wool, transforming it
from a building material into an interior finishing material. Adequate protection of the fibrous material is
also necessary when using inside ventilation ducts, where there is an air flow with significant flow velocities.
The material used for the coverings must be of high strength to effectively protect the wool fibers from
being torn out by the airflow.

Melamine foams, due to their very high porosity and thin pore-forming walls, also have low mechanical
resistance. That is why most uses of this type of foam also require protection against mechanical damage.
The most mechanically resistant are polyurethane (PU) foams. In the case of appropriately selected foam
structure and not too complicated shape, it is impossible to accidentally destroy them due to contact with
unsharpened tools. Thus, the protection of the foams mainly performs an aesthetic function.

In mass-produced panels, the most common covering is glass tissue, which, due to its very low thickness
and surface weight (e.g., 35 g/m?), protects only against dusting without providing protection against
damage [1]. Much better protection against deterioration is provided by glass fiber fabric used in wall
panels [2]. In panels produced on a smaller scale or where greater individualization of the final product is
needed, microfiber coverings are used [3].

Previous scientific work on the coating of porous or fibrous materials mainly deals with single
combinations of base materials with face materials. In a paper by Witczak et al. [4], six different coverings
made of polypropylene or polyester fibers with different woven fabric structural parameters were analyzed.
The coverings were characterized by surface densities ranging from 216 to 320 g/m?2. Glass wool with
a thickness of 50 mm and a density of 80 kg/m3 was used as the base material. The high density of the base
material resulted in low sound absorption coefficients (maximum a= 0.8 at a frequency of 1000 Hz), so any
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surface material applied to the surface of the base material improved its acoustic properties. The worst
results were obtained for the material with the lowest air permeability and thickness.

In the paper [5], the authors showed that for all tested combinations of coverings made of textured,
staple, and twisted polyester yarn types, the best acoustic performance was achieved in each case by plane
weave, and the worst by sateen weave.

The present study analyzed 11 different coverings applied to three different porous or fibrous base
infills with thicknesses of 30 and 50 mm, which is typical for this type of panel. The study began by
determining the sound absorption coefficient in an impedance tube. Then the flow resistance of the base
materials and coverings was determined by matching characteristics obtained from measurements and
theoretical models. Further, based on the modeling results, the reverberant sound absorption coefficient
was determined, and the weighted sound absorption coefficients were determined to allow single-number
comparison of the obtained results. Further, the most favorable solutions were indicated both in terms of
base materials and coverings and their combinations.

2. Methods

2.1. Measurements

Acoustic measurements were made following ISO 10534-2 standard [6], that is, using the acoustic transfer
function method. The tests were conducted for three base samples and 11 coverings. To obtain the required
frequency bandwidth used to describe materials in room acoustics, tests were carried out for samples with
two diameters: 100 and 29 mm. The results for both sizes were averaged over an overlapping frequency
band. A Briiel & Kjeer type 4206 impedance tube was used in the tests. Signal generation, waveform
collection for the two microphones, and determination of the transfer function and subsequent sound
absorption coefficients were performed in the dedicated Briiel & Kjaer PULSE software.

2.1. Acoustic modelling

Due to the impossibility of determining the detailed geometric parameters of the base materials or covering
materials, the empirical Miki model [7] was used to model the acoustic properties of the structures. Miki
model is a modification of the Delany-Bazley empirical model, with the possibility of determining the sound
absorption coefficient more accurately, also for lower frequencies. In both cases, the only parameter
determining the mechanical properties of a porous or fibrous material is the airflow resistivity o, from
which the characteristic impedance of the material can be determined:
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where f is the frequency. Apart from the Z(f) also propagation constant k(f) is required:
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where w is an angular frequency, and c is the speed of sound in the air.
From these two quantities, the impedance at the surface of the material can be determined:
2 = Z(f) cot(k(f)d), ®)
and the reflection coefficient:
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where ¢ is the incident angle and p is the density of the air.
Finally sound absorption coefficient is calculated using equation:
a=1-|RJ ®)

The coverings were modeled as an oscillating membrane with a specific flow resistance:
J@PcovTcov (6)
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where p.,y is the surface density of the material used for the covering, and 7., is the flow resistance of the
covering material.

Measurements were made in the pressure field for a normal incidence acoustic wave. In rooms, the
absorption coefficient determined in a reverberation chamber for a random angle of incidence of an acoustic
wave for a certain sample size is used for acoustic calculations. The inclusion of these parameters in the
numerical model is made possible by taking into account the shape impedance z, introduced by Thomasson [8]:

VA
2 4R(z,) . 7
Agize = 2 fo %+ 2 () sin(¢) do, ()
where ¢ is the incidence angle of the acoustic wave. Application of equation (7) in some cases gives a sound
absorption coefficient above 1.0 because of the limited size of the sample and not perfect diffusiveness of
the sound field [9]. Results can be compared with measurements according to ISO 354 standard used in the
room acoustics [10]. The single-number evaluation of acoustic structures was based on the weighted sound
absorption coefficient «,, determined based on EN ISO 11654 [11].

The flow resistivity of the base materials was determined by comparing the sound absorption coefficient
determined from measurements in the frequency range of 100 - 6400 Hz, with a resolution of 2 Hz, averaged
to 1/12 octave bands, with the values determined from the model. The comparison consisted of determining
the minimum value of the root mean square of the differences between the frequency characteristics. The flow
resistance of the covers was also determined by comparison with values from measurements. The previously
determined flow resistivity of the base material and the surface mass of the coating were fed into the model.

3. Results

3.1. Parameters of base materials and coatings
Parameters of base materials are shown in Table 1.

Table 1 Parameters of base materials.

Material Symbol Thickness [mm] Flow resistivity [Pa:s/m?]
Melamine foam ME30 30 10850
Poliuretan foam PU50 50 14650
Mineral wool W50 50 33650

Covering materials were selected to cover a wide range of possibilities used in practice, and to have
varying parameters that have a significant impact on the total sound absorption coefficient. All relevant
parameters for modeling are summarized in Table 2. The four covering materials presented were
impermeable to air - three foils of different thicknesses and Polyester 2, a waterproof material.

Table 2 Parameters of covering materials.

Material Thickness Surface density Flow resistance
[mm] [g/m?] [Pa-s/m]

Cotton 0.91 290 350
Foil 1 0.005 3 o
Foil 2 0.02 14 o
Foil 3 0.05 33 0
Flax 0.48 213 200
Canvas 0.44 246 150
Polyester 1 0.10 53 150
Polyester 2 0.18 100 0
Corduroy 0.85 323 1300
Upholstery 0.95 320 800
Wool 1.25 470 720
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3.2. Results of measurements

Melamine foam with a thickness of 30 mm achieved the lowest sound absorption coefficient, which was
a direct result of its smaller thickness than the other materials tested. For the comparatively determined
flow resistance of 10850 Pa-s/m?, high agreement between the model and the measured results was
obtained (Fig. 1a). Similarly high agreement was obtained for mineral wool (Fig. 1b), which, due to its
greater thickness (50 mm), obtained higher sound absorption values for frequencies of 500 - 1000 Hz.
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Figure 1. Comparison of modelled and measured values for base materials: a) Melamine foam (ME30),
b) Mineral wool (W50). Calculations and measurements for normal incidence acoustic wave.

Comparing the measured results with the values obtained by modeling for combinations of base materials
with different coverings, it can be seen that for low frequencies, high agreement was achieved for almost all
material combinations (Fig. 2). In the case of air permeable coverings (Fig 2a and Fig 2b), the changes in sound
absorption coefficient compared to the value without coverings (Fig. 1) were not significant. For air-
impermeable coverings, namely Foils and Polyester 2, changes were observed only for materials with higher
surface mass. For materials with low surface mass (Foil 1, 2), the system reduced sound absorption only for
the highest frequencies. For the covering made of Polyester 2 with a surface weight of 100 g/m3, there was
a significant deterioration in acoustic properties. The character of sound absorption changed to resonant, and
the sound absorption for high frequencies decreased significantly. The resonant frequencies for the
subsequent base materials for Polyester 2 were 700 Hz (ME30), 430 Hz (PU50) and 520 Hz (W50).
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Figure 2. Comparison for modelled and measured values for covering materials with base:
a) ME30 + Flax, b) PU50 + Cotton, ¢) ME30 + Foil 1, d) ME30 + Polyester 2. Calculations and
measurements for normal incidence acoustic wave.
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3.3. Sound absorption for air-permeable coverings

Based on the calculated results of the flow resistance of the base materials and coverings, comparative
analyses were carried out for the different coverings used for the analyzed base materials. Figure 3 shows
the results of the reverberant sound absorption (determined for a 3 x 3.5 m measurement sample located
in a diffuse field according to equation (7)). Interestingly, in each case, the sound absorption coefficient for
the original sample, i.e., without covering, increased after the application of air air-permeable covering. This
is mainly due to the small thickness of the sample, and thus the low sound absorption coefficient for the
base sample. Values above 1.0 are possible because of the limited size of the sample and not perfect
diffusiveness of the sound field. The sample was least affected by materials with low flow resistance (Linen,
Canvas, Polyester 1), for which there was an improvement in the mid-frequency range.
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Figure 3. Random-incidence absorption coefficient for Melamine foam with non-airtight covering.

The largest increase in sound absorption coefficient for mid frequencies (500 - 1000 Hz) was for
Corduroy, the material with the highest flow resistance (1300 Pa-s/m). However, note the decrease in
absorption for the highest frequencies with this type of covering. For the ME30 base material, the most
favorable covering turned out to be wool with a flow resistance of 720 Pa:s/m, where an increase in the
weighted sound absorption coefficient was achieved from 0.35 for the base material to 0.65.

When air-permeable coverings were used for 50 mm-thick polyurethane foam, a similar trend was
observed (Fig. 4). Here again, all air-permeable coverings improved the acoustic properties of the base
material, allowing for very high sound absorption at 500 Hz for Corduroy. Again, wool had the greatest
impact on improving the weighted sound absorption index, raising this parameter from 0.60 to 1.00, the
highest possible value.
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Figure 4. Random-incidence absorption coefficient
for Polyurethane foam 50 mm thick with air-permeable covering.

In the case of 50 mm thick mineral wool as a basis material with the highest weighted sound absorption
coefficient without covering (Fig. 5), it was not possible to obtain such a large improvement in the index
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due to its limitation at a value of 1.00. With similar trends as for the other two base materials, the maximum
value was obtained for as many as two covering materials (Wool and Upholstery). In both cases, the flow
resistance was similar (Wool - 720, Upholstery - 800 Pa-s/m).

Table 3. Weighted random-incidence absorption coefficient a,, for different bases and covering.

ME30 PU50 W50
w/o 0.35 0.60 0.80
Cotton 0.55 0.85 0.95
Foill 0.35 0.60 0.80
Foil2 0.35 0.65 0.80
Foil3 0.35 0.65 0.80
Flax 0.45 0.75 0.90
Canvas 0.45 0.75 0.85
Poliesterl 0.40 0.65 0.85
Poliester2 0.35 0.40 0.45
Corduroy 0.60 0.90 0.90
Upholstery 0.60 0.95 1.00
Wool 0.65 1.00 1.00
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Figure 5. Random-incidence absorption coefficient
for Mineral wool 50 mm thick with air-permeable covering.

In the case of air-impermeable materials, the results were more varied, as can already be seen in Table
3. Foils No. 1 and 2, with surface densities of 3 and 14 g/m?, respectively, did not noticeably affect the
characteristics or the weighted sound absorption coefficients. In the case of Foil 3, the single-number values
also did not change, while the nature of the curves changed (Fig. 6). A reduction in absorption for high
frequencies was observed for all three base materials. For the low-thickness melamine foam with low flow
resistivity, the formation of a second resonance was additionally observed for Foil 3 and Polyester 2.
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Figure 6. Random-incidence absorption coefficient for base materials with air-impermeable covering: a)
base material: melamine foam, b) base material: mineral wool.
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To facilitate the selection of air-impermeable material for different base materials, calculations of the
dependence of ,, on surface density of covering were performed. The results are shown in Fig. 7. Coverings
with surface densities up to about 50 g/m? are not destructive to weighted absorption indexes. They can
only negatively affect absorptions for high frequencies (Fig. 6). On the other hand, for higher surface
densities, the decrease in the single-number index occurs dynamically, reaching values as high as 0.05 for
very high surface masses of the coverage.
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Figure 7. Weighted random-incidence absorption coefficient for different base materials with air-
impermeable covering with different surface densities.

4. Conclusions

The research presented here deals with the applicability of coverings made of different types of materials
for three selected base materials. The results of the measurements were used to calibrate the numerical
models and determine the flow resistance of the materials (both base and covering), which were later used
in analytical modeling.

Of the air permeable materials, wool with a surface density of 470 g/m?2 and a flow resistance of 720
Pa-s/m proved to be the most favorable covering. For all base materials, there was an improvement in sound
absorption, while for the base with the lowest absorption (30 mm Melamine foam), the increase was the
highest.

Among the air-impermeable coverings, it was noted that if the covering has a low surface density (up to
about 50 g/m?), it does not worsen the single-number sound absorption index. It only affects the absorption
for high frequencies. Exceeding the value given above can lead to a significant deterioration of sound
absorption. In the case of measured samples, a Polyester 2 material with a surface weight of 100 g/m?
reduced the weighted indices by up to half (in the case of 50 mm Mineral wool).

In summary, the use of coverings on porous and fibrous materials is highly recommended and
sometimes necessary. If they are materials with a flow resistance of less than 1000 Pa-s/m, they do not
cause deterioration in sound absorption. On the contrary, in many cases, they can improve the performance
of the base material if only their flow resistance is properly selected.
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