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Abstract: The primary goal of this research was to study transmission loss and absorption of fluted
PVC panels using experimental and theoretical methods. During these studies, the link between panel
size, thickness, transmission loss, and absorption was considered. We measured the transmission loss
and absorption in reverberation rooms according to ISO standards. Hansen’s theoretical model was
also used to predict the transmission loss. Agreement between TL prediction according to Hansen’s
model and measured results for some of the studied panels were observed. However, the analytical
prediction, according to Hansen’s model, for heavy fluted PVC panels must be used with caution.
The absorption properties of the studied fluted PVC panels are also connected with their resonance,
and, in addition, the resonance frequency is associated with the space between the ribs and wave
propagation in the panel’s plane.

Keywords: PVC panels; transmission loss; absorption coefficient

1. Introduction

One of the major blocks of the European Green Deal is the Circular Economy Action
Plan (CEAP). The plan targets product design, circular economy processes, and sustainable
consumption. This causes the industry to play a leading role in ecological transition
by reducing its carbon and material footprint. Further actions include implementing
circularity across the economy [1] and also by the management of waste, especially plastics
or polymer materials [2]. Because of this, the industry uses waste polymer materials more
and more for automotive, aeronautics, and space applications considering their mechanical
properties and low weight [3]. Polyvinyl Chloride (PVC) is one of the most popular
polymers in the industry, possessing a versatile nature, and it broadly applies to technical
solutions including in building, transport, packaging, electrical/electronic, and healthcare
applications as well as everyday items. Although recent works have shown that PVC
production harms the natural environment and human health [4,5], it is universally used
and will continue to be used.

A critical problem during the design, construction, and exploitation of vehicles, build-
ings, or machinery is not only the energy efficiency but also good fire or sound insulation.
Determination of the sound absorption (absorption coefficient-a) and sound transmission
loss (TL, insulation parameter) of materials have become a necessity because of the technical
progress and thus increased number of noise sources. Currently, noise pollution is one of
the world’s leading environmental problems, and approximately 40% of European Union
(UE) residents are exposed to noise [6]. The latest research demonstrated that long-term
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exposure to noise in urban areas has a negative impact on health, causing 12,000 premature
deaths and contributing to 48,000 new cases of ischaemic heart disease every year across
Europe [7]. Different actions are taken to ensure the reduction of noise pollution, for ex-
ample, by correcting the noise wave propagation to exposed people using panels, barriers,
and screens to block the direct path of sound.

Some of the earliest works focus on PVCs acoustic insulations in different forms: foam,
fibre, composites, or a mix with additives. Cheng et al. indicated that the addition of
flame retardants polymer composite to PVC does not influence the acoustic insulation [8].
Yang et al. studied the honeycomb weave fabric/PVC composite material, showing that
repetitions of weave have a great influence on the acoustic insulation [9]. Liu et al. no-
ticed that adding fillers to PVC deteriorates mechanical properties and has little effect on
acoustics [10]. Huang et al. showed that PVC fibre panels could reduce the noise of air
conditioning more effectively as compared to an alone absorption material [11]. Xue et al.
found that a sound insulation cover made from PVC/PET fibre can effectively reduce the
noise of the compressor [12]. Pulgern et al. studied WPVC (Wood /Polyvinyl Chloride) com-
posite panels, showing that those panels reduce sound pressure levels by approximately
15-19dB [13]. The other works focus on sound absorption and sound insulation of the
PVC in different building applications, such as floor coverings [14], blocks mixed with fine
PVC [15], PVC foam materials [16], or PVC windows [17]. This resulted in several papers
about PVC'’s capacity for acoustic barriers for machinery or transport systems. Fang et al.
found that PVC panels caused noise reduction in refrigerators [18]. Agyeman-Prempeh [19]
studied the reduction of noise levels of coconut fibre combined with polyvinyl chloride as
sound-insulating panels. The noise insulation system for high-rise buildings using PVC
foam on wood, concrete, and glass was studied [20]. The results showed that concrete
mixed with PVC foam has the highest noise insulation effectiveness.

Roschke and Esche examined another acoustics parameter of materials-insertion
loss (IL) and studied various polymer barriers [21]. Macbain et al. [22] studied barriers
from various recycled plastic and found their performance to be better at lower frequen-
cies (100 to 250 Hz). The combination of tyre rubber, PVC grains, and nylon fibres with
polyurethane as a binder resulted in a good absorption coefficient [23].

Another way to improve the performance of the noise barrier was to change its shape
using additional elements on the top of the barrier, made from different materials, such as
T-shaped and Y-shaped caps [24,25], cylindrical caps [26,27], multiple-edge caps [28], and
tilted caps [29]. These design variants changed the effective acoustic length of the barrier
or modified the diffraction points of the screen. Additionally, the application of scattering
acoustic barriers in cities was studied. It aimed to reduce the transmitted transport noise
that affected buildings [30].

Corrugated or fluted panels have experienced an increasing number of applications as
construction elements for roofs, claddings, and walls of modern industrial buildings and
acoustic road panels. The range of profile shapes may be large and intended for different
situations. As corrugated and fluted panels are so widely used for industrial applications,
their acoustic parameters are of considerable interest. Engineers need this information to
estimate the expected community noise levels at the building or construction design stage.

Corrugated or fluted panels are referred to as orthotropic because they are stiffer
along one direction than the other. Heckl [31,32] analyzed sound transmission through
orthotropic panels. He derived some approximate solutions for the transmission coefficient
for panels of the infinite extent, with the effects of panel damping neglected. The earliest
works focus on the calculation of moments of area of the profiled metal sheet [33], on
the sound absorption and TL of single metal skin cladding with varying profiling and
thickness [34], on the dependences of the profile to critical frequency [35], or the application
of finite element and boundary element analysis to predict the TL of a corrugated and
fluted steel sheet [36].

Because of the development of the plastics processing industry, those materials are
used even more frequently. Manufacturing specifics and material additives cause the



Appl. Sci. 2022,12, 5732

3 0f20

acoustical parameters for different plastics to remain in the cognitive phase. Therefore, the
major goal of this paper focuses on an experimental study of the absorption coefficient
and transmission loss of fluted PVC panels, considering the panel size and thickness. Such
panels are commonly used in construction engineering, so their acoustical parameters
with no absorption material are also important. Through the development of the plastics
processing industry and the possibility of the creation of the new shapes of panels, this
industry now creates new materials for wide applications. So, the acoustical parameters
of such materials are important in technical use. In our studies, the Z-type and Q-type
corrugated panels, with special strength and patented joining between single modules,
were studied as potential acoustical materials. Transmission loss and absorption coefficient
were measured using ISO methods. The experimental results of transmission loss (TL)
are compared with Hansen’s theoretical model to calculate the TL widely used in the
fluted/ corrugated /ribbed panels for checking this model for the tested panels. The quick
conversion of the loss coefficient through the use of a simple theoretical model could replace
experimental studies and also computer simulations. Discovering the acoustic parameters
of single fluted PVC panels will allow for finding an idea or method for improving their
sound insulation capacity.

2. Materials and Methods
2.1. Analytical Model for Infinite and Finite Homogeneous Orthotropic Panel

According to Hansen [37], for thin, homogeneous, orthotropic panels, the wave
impedance Z,,4, can be expressed by:

2
Loty = jwm |1 — (fcosz(p—i— fsinzfp> sin49(1 +jn) 1)
fa fe
where: w

f= py= ()

2 [m
fcl - E B7x (3)

2 Im
fc2 — E ny (4)

The panel loss factor is #, the frequency of the panel is w, the mass per unit area of the
panel is m, the speed of sound in air is —c, and the angles 6 and ¢ are defined in Figure 1.

z

)

Figure 1. Panel coordinate system indicates incident wave.
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The f.1 and f;; are known as the critical frequencies, at which the speed of bending
wave propagation is equal to the speed of acoustic wave propagation in the surrounding
medium. The corrugated panel commonly found in construction engineering is stiffer
along the direction of the ribs than across the ribs. Orthotropic panels are characterised by
a range of bending wave speeds caused by the two different values of the cross-sectional
second moment of area per unit width. Therefore, for the thin corrugated trapezoidal panel,
the bending stiffness about the X and Y axis, By and By, in Equations (3) and (4) is given by:

W+W W2 — b2
By 1_1/2 Zb i + 7 " c0s26 (5)

EK3
%:a—ﬂﬂzm ©

n
where L and b, are defined in Figure 2, v is Poisson’s ratio, and z, is the distance from
the neutral axis of the panel cross-section to the centre of the panel segment 11, where the
neutral axis is defined such that:

@)

Figure 2. Corrugated plate profile.

The transmission coefficient for a wave incident at an angle (6, ¢) to the panel is given
in terms of the panel impedance by:

Zortn€oso |~

e ®)

qu, = ‘14—

The transmission coefficient for normal incidence, Ty, is found by substitution 6 = 0
in Equation (5). The diffuse field transmission coefficient, 74, is found by determining a
weighted average for T (6, ¢) over all angles of incidences using the following relationship:

2

1
= [dg
0

The cosf term accounts for the projection of the cross-section area of the panel wave
that is incident upon a unit area of the wall at an angle, 0, to the wall-normal. The sinf
term is a metrical coefficient, which arises from the use of spherical coordinates. For the
orthotropic panel, Equation (3) becomes:

T/ 1
% 0/ /T(G,go)d<sin29> (10)

0

T(6, p)cosBsinfde 9)
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Substituting Equation (5) into (7) gives the diffuse field transmission coefficient for an
infinite panel, as given by Heckl [32]:

:HN

/2 1 o

9d
// (sin ® a1
00 1

+ mcos@‘

This equation can be approximate for various ranges of frequency. For frequencies
containing the lowest panel resonance frequency and for f < f.1/2, Equation (1) may be
approximated by assuming the panel behaves as a limp mass and wave impedance Z,,4,
can be written:

Zorth = jwm (12)

Thanks to this, Equation (11) becomes:
7, =« 2log, (1 + 042), where o = (1tfm)/(pc) (13)

For frequencies between f;1 and f;», provided that n = 0, Heckl also gives an approxi-

mation to Equation (11):
— f cl 4f
“= zear (7)) &

Additionally, also for f > f», the diffuse field transmission coefficient can be calculated

from the equation:
_ (g) Viafe (15)
2u f

The transmission loss of panel, TL, is defined in terms of the transmission coefficient-t;:

TL = *10l0g10Td (16)

Transmission loss is commonly observed by testing in a reverberation room. The
transmission loss is usually measured by placing the panel in a window between two
adjacent reverberant rooms. Noise is introduced into one of the rooms (the source room),
and part of the sound energy is transmitted through the test panel into the second room
(receiver room). So, during measurements, panels are not of an infinite extent.

It is possible to perform numerical integration of Equation (11) for various ranges of
frequency, and transmission loss can then be calculated by substituting 7; in Equation (16).
Panels are not of infinite extent, and results obtained by these equations do not agree
well with results measured in the laboratory. Davy [38] showed that this limiting angle
depends on the size of the panel and that good comparisons between prediction and mea-
surement transmission loss can be obtained if the upper limit of integration of Equation (11)
is changed so that the integration does not include angles of 8 between some limiting angle
and 90°. This allows the use of some approximations [33], such as in our studies. For a
corrugated panel, as an orthotropic panel, with critical frequencies f.1 and fc, the prediction
scheme as a function of frequency could be taken into account, which should give reason-
ably good agreement with the experiment, according to Hansen'’s studies. At frequency f =
fe1/2, it may be assumed that the panel behaves as a limp mass and transmission loss TL
can be calculated as:

TL = 20logyofc1m — 54 (dB) (17)

For fo1 < f < fe2/2, the following approximation can be used:

TL = 20log1of + 10log19(m) — 10logig fe1 — 20l0g10 [logg;f} —13.2 (dB) (18)
cl
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For f = 2f.», transmission loss TL is calculated from:
TL = 10log19m + 10log10 fer — 5log1ofe1 — 17 (dB) (19)
Above 2f;p, the TL is given by:
TL = 20log1of + 10log19m — 5log1ofe1 — 5logiofez — 23 (dB) (20)

The transmission loss between 0.5f.; and f.1 and between 0.5fc; and 2fc; is approxi-
mated by connecting points corresponding to the frequency with a straight line [33].

Another way to determine the acoustical parameters of panels is a computer simula-
tion. Acoustic computer simulation is widely used in building acoustics. They can predict
the acoustic performance of buildings or construction materials before they are built, which
is helpful in modifying the acoustic design if necessary. The finite element method (FEM)
can be applied to large and complex structures with various boundary conditions. It is
the most popular method among numerical techniques for panels. FEM is proposed by
various researchers for the structural analysis of corrugated plates of uniform thickness
and equivalent rigidities [39—42]. These techniques apply if the dimensions of the whole
corrugated panel are much larger than the period of the corrugations. Additionally, when
there is no access to transmission loss test measurements, numerical simulations of plates
or panels can be an important alternative. Modelling transmission loss was performed
using deterministic methods such as Finite Element (FEM) or Boundary Element (BEM) for
low and middle frequencies. However, the size of the discretised models can be huge for
sufficiently high frequencies. Several works regarding the modelling of transmission loss
of the simple plate were conducted. For example, the transmission loss of a thin plate in a
duct by a coupled Rayleigh-Ritz-BEM approach was computed by Piscoya et al. [43,44].
The discretised model and size of the elements ensure accuracy of the results only up to
500 Hz. Another problem was the damping of the plate. Poor or no convergence was
obtained at the resonant frequencies of the plate during the calculation if no damping in
the plate is considered. In another work, the coupled FEM-BEM approach to calculate
the transmission loss of corrugated plates was conducted, and the difference between the
numerical and theoretical models was between 2-4 dB. The results show that only the first
eigenfrequencies of the plate are calculated with reasonable accuracy, and the values of
the transmission loss tend to be overestimated [45,46]. The FEM and coupled FEM-BEM
simulations of the more complex rib-stiffened panel structures were also investigated [47],
giving the predicted TL compared with corresponding measurements of the sample panel
with the good agreement above 400 Hz. Some researchers focused on the simulation of the
acoustic field theory in composite materials or plastic materials [48-51]. For example, the
sound transmission loss across composite material, especially orthotropic laminate, was
examined using the transmission matrix simulation method and experimental measure-
ments. In the low to mid-frequency region, the error was less than 5 dB. Systematic errors
were seen in the low-frequency range due to the finite size of the experimental panel, and
at frequencies above 1500 Hz [51].

The research conducted in this paper focused mainly on experimental methods to
obtain the transmission loss and absorption coefficient compared with Hansen'’s theoretical
model. Computational approaches to determine the vibration acoustic characteristics of
studied panels and standard wave approach to estimate their sound TL could be considered
after obtaining the construction drawings of the panels to build the simulation models.
Because the owner of the panels has a patent for their joining geometry between the panel,
talks on this topic are currently underway.

2.2. Studied Panels

Six commercially fluted panels were tested by mounting the panels in an aperture
between two reverberant test chambers. Sections of the tested panels are shown in Figure 3,
and the panel properties are included in Table 1.
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LIGHT

GW270

GW300

GW580 GW?OO (strengthened) GW458

GW610 GW610

Figure 3. Panel profiles were studied in this work.

Table 1. The parameters of studied fluted PVC panels.

Panel Commercial Young's Poisson’s  Cross-Sectional
Panel  Thickness mm Mark Modulus GPa Ratio Panel Height mm
h E v z
GW270 3.5 light 2.4 0.4 0.150
GW300 5.5 light 2.4 0.4 0.115
GW580 7.0 Z-type 2.4 0.4 0.240
GW700 9.0 Sﬂefétt{}e’fle " 24 0.4 0250
GW610 9.0 O-type 2.4 04 0.230
GW448 12.0 Z type 2.4 0.4 0.254

*undisclosed trade information.

Studied commercial fluted plastic panels are manufactured in moulding, otherwise
known as co-extrusion of polyvinyl chloride with additive substances refining its parame-
ters (toughness modifiers, UV, thermal stabilizers, etc.). The sheet is manufactured using
the extrusion moulding method as monolithic profiles or co-extrusion method, where
the core is made from a recycled construction type PVC with an outer layer of the de-
fault PVC material. Interlocking connections at the edges allow for production panels of
various widths.

2.3. Transmission Loss Measurements

The studies were conducted in the reverberation rooms of the Institute of Power
Engineering, OTC-Thermal Technology Branch ,ITC” in Lodz (Warsaw, Poland). Panels
were tested by mounting an aperture between two reverberant test chambers. The mea-
surement was performed by the current ISO standard: 10140-2:2021 Acoustics—Laboratory
Measurement of Sound Insulation of Building Elements—Part 2: Measurement of Airborne Sound
Insulation and 10140-4:2021 Acoustics—Laboratory measurement of sound insulation of building
elements—art 4: Measurement procedures and requirements. Both the source and receiving
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rooms were constructed to give a reverberant sound field with volumes of V = 237 m> and
an area of 231.5 m? for each.

The tested PVC panels (size 1.0 m x 1.0 m) in a frame were fixed to an aperture opening
between the two reverberation rooms. Panels had to be cut down to fit the aperture opening
dimension. Edges of each specimen were sealed tightly using soundproof silicone sealant.

White noise was produced using an all-in-one DO 203 omnidirectional noise source,
including a dodecahedron loudspeaker with a power amplifier and a noise generator.
Measured parameters were sound pressure level in both rooms and reverberation time (T¢)
in the receiver room. T is defined as the time required for the sound source to reduce to a
level of 60 dB when it is turned off in a closed room. Reverberation times were measured
in the frequency range of 50 Hz to 10,000 Hz. Sound pressure levels in the rooms were
sampled using two sets of 1/2-inch microphones, each coupled with a pre-amplifier and
fed to a SVAN 958 analyzer for 1/3 octave band spectrum analysis. The background level
was measured and calibrated using the Bruel & Kjaer 4231 calibrator before and after the
measurement procedure. The environmental conditions were also monitored by recording
the temperature, relative humidity, and atmospheric pressure.

Transmission loss was obtained using the equation for the transmission of sound
between two reverberant spaces:

TL=Ls—L,+ 1010g(i> (dB) (21)

where:
L,—spatial average sound pressure level in the source room, dB
L,—spatial average sound pressure level in the receiver room, dB
T L—reverberant field transmission loss, dB
S—the area of the transmitting surface, m?2
2

A—room constant in the receiver room, using the Sabine equation: A =0.16 x (V/Tg), m

2.4. Sound Absorption Measurements

The second phase of the test considered the examination of the absorption coefficient
of studied PVC panels. For every test, around 10 m? of the panel were placed on the floor
of the reverberation chamber according to standard ISO 354:2005-Acoustics—Measurement
of sound absorption in a reverberation room. Interlocking connections allowed us to build off
the PVC sheet of approximately 5 m in width. Before testing, panels were inserted into the
reverberation room for 24 h to acclimatize to the atmospheric conditions in the chamber,
see Figure 4. Measurements were conducted using a rotating microphone boom Nor265
with an integration time of 30 s for each microphone position. The 1/3 octave bands were
measured using Nor140. The microphone was calibrated before the acoustic test.

The reverberation time of the room was measured in two conditions:

e  when the reverberation room was empty;
e  when the studied panels were inside.

Once the material is placed in the reverberation room, a lower reverberation time can
be observed. The difference in reverberation times is a measure of the amount of absorption
caused by the studied panels.



Appl. Sci. 2022,12, 5732 9 of 20

Figure 4. Reverberation room with the studied panel.

3. Results and Discussion
3.1. Transmission Loss

Figure 5 show the measured TL values for the studied fluted PVC panels. For studied
panels, the transmission loss is influenced by four factors: size, stiffness, mass, and damping.
In Figure 5, similar TL spectrums are observed. In the low and medium frequencies, the
three visible peaks are observed: around 100 Hz, 160 Hz, and 315 Hz, and dip at 125 Hz
and 200 Hz. These dips can be interpreted as a specific vibrational mode of the panel or the
lowest acoustic coincidence of the panels. At low frequencies, the transmission depends
heavily on stiffness, as can be observed for GW700 panels under 63 Hz. With greater
bending stiffness and a shorter span, the transmission loss is the highest. However, the
measured transmission loss of all fluted panels indicates no distinct lower critical frequency
shift with the change of panel shape. The low-frequency response of panels of different
depths is similar.

45.0

40.0 2-GW458 -%GW610 -+~GW700 —-GW580 --GW270 -e-GW300 /

35.0 /

o 300
©
% 250
Ke)
S 200
7.}
£
2 150
S
p_
10.0
5.0
0.0
AN JIPSL I PN DK IS XS IS SR PR PR PN A PR PR BPAN PR SN BN AN SRS SN IR, SN R
OOV OL NSO
NIRRT W 0T ol I O R N I S @ S,

f, Hz

Figure 5. Measured transmission loss (TL) of studied PVC panels.



Appl. Sci. 2022,12, 5732

10 of 20

However, at the frequency of the incident, the wave increases and the panels will
resonate at a series of frequencies, such as resonance or eigenfrequencies. This is because
the panels have a finite boundary and edge fixing. The resonance frequencies comprise a
fundamental frequency and integer multiples of this called harmonics. At the fundamental
resonance, f1 1, the sound transmission through the panel is enhanced, and the transmission
loss drops significantly. Damping, as an isolation material, provides the only means to
control resonance. Presently, damped materials (such as rubber, fibrous substances, plastic
sheets, mastic solutions, and adhesive films) specifically planned to minimize resonance
problems are widely used. Highly damped materials also excel at controlling or preventing
rebound, thus making damped isolation mounts ideal for controlling shock problems. The
fundamental resonance frequencies, f1 1, of a supported rectangular orthotropic panel of
width a and length b were calculated according to:

o7 Byi*  Byn*  By,i?n?
fi,n2m1/2\/( i e T (22)

1
By =5 (va +Byv+ Gh3/3) (23)

where G = E/[2(1 + v)] is material modulus rigidity, E is Young’s modulus, v is Poisson’s
ratio, 2 and b are panel dimensions, and / is the panel thickness (Table 1).

Above 800 Hz, the sound transmission depends on the mass inertia of panels and
is independent of its stiffness. In this frequency region, part of the acoustic energy is
transmitted through the panel, and the rest is reflected. A direct relationship exists between
panels’ weight and the resulting transmission loss, except for the GW300 panel. Generally,
an increase in transmission loss is expected with increasing mass because the heavier the
panel, the less it vibrates in response to the sound waves, and hence the less sound energy
it radiates on the other side. The mass law predicts that the transmission loss will increase
by approximately 6 dB for each: doubling of the surface mass or doubling of the frequency.
The mass can be increased using thicker material or denser material. Theoretically, all noise
control problems could be solved by increasing the partition mass. However, practical
considerations limit the usefulness of this option.

In our case, the way of joining the panels and their corrugated construction causes
the sound insulation to not be improved only by an increase in mass. One of the most
critical factors affecting the sound insulation across building elements is sound transmission
through narrow or joining gaps that occur in the joining of construction elements (panels,
windows, doors, floor panels, etc.). The sound leakage through such gaps deteriorates the
sound insulation performance of the elements. The effect of sound transmission through
the gaps or apertures was investigated theoretically [52-55].

Leaks introduced through the slits can significantly reduce the sound insulation
properties of the panel or enclosures. In our studies, a decreased TL spectrum in the
frequencies was observed for GW300. This result reveals that the drop in the TL values
might be caused by setting an air space along the gap which exists between the panels and
depends on the size of the gaps.

However, increasing panel mass lowers resonance frequencies and raises the critical
frequencies. For the studied panels, as an orthotropic panel, two critical frequencies were
calculated, according to Hansen, and shown in Table 2.

For these types of panels, the critical frequency depends on the direction of the incident
acoustic wave. The range of critical frequencies is bounded at the lower end by the critical
frequency corresponding to a wave travelling in the panel’s most stiff direction and at
the upper end by the critical frequency corresponding to a wave propagating in the least
stiff direction.
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Table 2. Calculated properties of fluted (orthotropic) PVC panels.
Surface Effective Bendin First
Panel Type Weight kg/m? Bending Stiffness kg x m?/s? Stiffness kg x mzi 2 Critical Frequencies Hz . Resonance
requency Hz
m By By Beﬁ‘ fcl ch fl,l
GW270 7.2 44,599 13.7 780.5 238 13,594 136
GW300 14.3 35,282 65.8 1523.8 377 8728 86
GW580 23.6 224,863 142.4 5659.6 192 7621 168
GW?700 29.4 255,173 282.9 8496.1 201 6036 161
GWe610 22.6 219,878 266.8 7658.5 190 5450 170
GW448 30.7 529,198 692.2 19,139.6 143 3943 227
Calculated panel properties allowed for a comparison of the theoretical values and
measurement result, as shown in Figures 6-8, and values are given in Tables 3-6. The
results show that Hansen’s scheme provides a reasonable TL prediction in agreement with
measured results for studied GW270 and GW300, which could be connected with the
good results of Hansen'’s theoretical model for thin panels. For the rest of the panels, the
predictions differ from the measurement overestimating at higher frequencies. There are
also differences between theory and experiment at low frequencies. The first resonance
frequency of the studied panels varies from 80 Hz to 230 Hz. As this theory only applies
to frequencies well above the first resonance frequency of the panel, some discrepancies
are expected. However, this approach that was developed by Hansen cannot account for
localised vibration effects, as can be seen in Figures 5-8. The following behaviour, such as
the resonance of corrugated or fluted panels, is to be especially noted. A stiff construction
moves the first resonance to higher frequencies but the frequency of coincidence moves
to lower frequencies. Thus, the extent of the mass law region depends on the stiffness of
the panel.
50.0
4.0 w70
@ 40.0
. 35.0
v
v
° 300
c
o 250
&
= 20.0
£ -
c 15.0 {
K
10.0
5.0
0.0
o o o »v O © O o o o o
! ® N S <« O S w0 S v O o
™~ ™ wn o0 ™~ o i o o
o~ m wn 0

frequency, Hz

Figure 6. Cont.



Appl. Sci. 2022, 12,5732

12 of 20

Transmission loss, dB

Transmission loss, dB

50.0
45.0
40.0
35.0
30.0
25.0
20.0
15.0
10.0

5.0

0.0

50.0
45.0
40.0
35.0
30.0
25.0
20.0
15.0
10.0

5.0

0.0

GW300
o MmO O n © O n O O O O O O O 0O OO0 O o o © O
n O 0 O N O O - O O MO O WnW OO0 O wnmw o o O O O
- = -~ MmN OLOOANOVOUOW!mM—-HOOmO O
A NN TN O ® 8
frequency, Hz
—Infinite orthoropic panel theory - Experimental data
Figure 6. Measured (experimental) and predicted (theory) transmission loss (TL) for GW270 and
GW300 PVC panels.
GWS580
o o N o N o o o o o o o
wn o0 o~ o — o o N o N o o
i o m wn o0 ™~ o - o o
i o~ m wn o0

Figure 7. Cont.

frequency, Hz



Appl. Sci. 2022, 12,5732

13 of 20

Transmission loss, dB

Transmission loss, dB

50.0
45.0
40.0
35.0
30.0
25.0
20.0
15.0
10.0

5.0

0.0

45.0
40.0
35.0
30.0
25.0
20.0
15.0
10.0

5.0

0.0

GW700
O MO O NOOOWNMOO0OO0DO0OO0 000000 OO0 O O
n OV O N OO WM OO0 MO0 N OO0 O WINmW O OO O O
A AN ANMT N OO0 ONOVUOWnN—-HO0O0OmMOOo
HH A NN®Mm SO ® 0
frequency, Hz
— Infinite orthoropic panel theory —— Experimental data
Figure 7. Measured (experimental) and predicted (theory) transmission loss (TL) for GW580 and
GW?700 PVC panels.
GW610
omo o wmoO Qoo nooo0o0o00 0000000 CQg
h O woMNWOoOwnm 40O MO OO o omo oo o o
= A A NN mS N WwoOoONDOGNmAHO0OmOoo
W AN Nm S N0 O
frequency, Hz

Figure 8. Cont.



Appl. Sci. 2022,12, 5732 14 of 20

50.0
45.0
GW458
40.0
[aa}
T 35.0
a
6 300
-
0 250
0
£ 20.0
& 15.0
'_
10.0
5.0
0.0
o m o O wm o O oW o o o000 oo oo oo oo o oo
1 W O ™~N WO ;LS O o0 MmO oo O ownmo o ooo
N A NN M SN 000 O MN O O ;SO0 o Mmoo
freguency, Hz
—[nfinite orthoropic panel theory Experimental data

Figure 8. Measured (experimental) and predicted (theory) transmission loss (TL) for GW610 and
GW458 PVC panels.

Table 3. Measured and predicted transmission loss for GW270 and GW300 PVC panels.

GW270 GW300
Frequency Hz Calculated Experimental Calculated Experimental
dB dB dB dB

50 4.0 6.2 6.0 7.5

63 6.0 9.9 8.0 11.7

80 8.0 14.8 10.0 18.2
100 10.7 17.9 12.0 224
125 16.1 125 14.0 13.2
160 15.8 13.4 15.2 17.9
200 16.0 9.2 21.1 11.5
250 16.4 14.6 20.8 15.7
315 17.1 18.2 20.9 19.5
400 18.0 16.3 21.4 18.1
500 19.0 16.6 221 18.0
630 20.1 15.4 23.0 17.1
800 214 15.9 24.0 17.6
1000 22.6 194 25.1 214
1250 239 20.9 26.3 229
1600 253 22.7 27.6 25.8
2000 26.7 24.7 28.9 26.5
2500 28.1 254 30.2 27.3
3150 29.6 26.2 31.7 28.0
4000 31.2 284 33.2 30.8
5000 32.7 29.0 35.0 31.8
6300 34.2 31.6 37.0 34.6
8000 35.0 33.7 39.0 37.0

10,000 37.0 36.0 41.0 41.0




Appl. Sci. 2022,12, 5732 15 of 20

Table 4. Measured and predicted transmission loss for GW580 and GW700 PVC panels.

GW580 GW?700
Frequency Hz Calculated Experimental Calculated Experimental

dB dB dB dB

50 11.0 54 11.0 54
63 15.0 13.2 15.0 13.2
80 19.1 18.7 20.0 18.7
100 20.4 20.5 214 20.5
125 20.0 12.7 21.2 12.7
160 20.2 15.5 21.3 15.5
200 20.6 10.7 21.7 10.7
250 21.3 144 22.3 144
315 22.2 20.0 23.1 20.0
400 23.2 16.7 24.2 16.7
500 24.3 16.8 25.2 16.8
630 25.5 16.9 26.4 16.9
800 26.8 18.5 27.7 18.5
1000 28.0 20.8 28.9 20.8
1250 294 222 30.2 222
1600 30.9 249 31.8 249
2000 32.3 252 33.1 25.2
2500 33.7 254 34.6 254
3150 35.2 26.7 36.0 26.7
4000 37.0 29.1 38.0 29.1
5000 39.0 30.4 40.0 30.4
6300 41.0 33.7 42.0 33.7
8000 43.0 35.1 44.0 35.1
10,000 45.0 37.1 46.0 37.1

Table 5. Measured and predicted transmission loss for GW580 and GW700 PVC panels.

GWe610 GW458
Frequency Hz Calculated Experimental Calculated Experimental
dB dB dB dB

50 11.0 6.6 11.0 6.6

63 15.0 12.1 15.0 12.1

80 18.6 17.9 18.8 17.9
100 20.1 18.3 19.9 18.3
125 21.2 13.3 20.1 13.3
160 21.3 17.0 20.7 17.0
200 21.7 11.9 214 11.9
250 22.3 15.5 22.3 15.5
315 23.1 194 23.3 194
400 24.2 16.9 24.5 16.9
500 25.2 16.7 25.7 16.7
630 26.4 16.6 27.0 16.6
800 27.7 16.2 28.3 16.2
1000 28.9 20.8 29.7 20.8
1250 30.2 22.1 31.0 22.1
1600 31.8 24.2 32.6 24.2
2000 33.1 25.1 34.1 25.1
2500 34.6 25.2 35.0 25.2
3150 35.0 26.6 36.0 26.6
4000 36.0 29.2 37.0 29.2
5000 37.0 30.4 38.0 30.4
6300 38.0 33.8 39.0 33.8
8000 39.0 36.0 41.0 36.0

10,000 41.2 38.4 43.0 38.4
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Table 6. The measured absorption coefficient of studied PVC panels.

Frequency GW300 GW270 GW580 GW?700 GW610 Gwelo GW458
Hz (Reversed)
50 0.056 ~0.052 0.224 0.000 0.258 0.013 0.007
63 —0.007 —0.056 0.139 —0.201 0.145 —0.127 0.096
80 0.237 0.188 0.267 0.168 0.298 0.109 —0.047
100 0.296 0277 0.305 0213 0.224 0.261 0.187
125 0.295 0.287 0.457 0.342 0.393 0.364 0.240
160 0.317 0.182 0.191 0.089 0.222 0.206 0.221
200 0.253 0.185 0.171 0.190 0.315 0.242 0.148
250 0.164 0.140 0.150 0.152 0.159 0.221 0.181
315 0.248 0.137 0.131 0.233 0.111 0.130 0.124
400 0.205 0.079 0.122 0.115 0.066 0.059 0.167
500 0.224 0.070 0.075 0.090 0.049 0.060 0.018
630 0.192 0.094 0.104 0.098 0.071 0.072 —0.033
800 0.079 0.103 0.123 0.125 0.077 0.066 0.060
1000 0.036 0.106 0.090 0.152 0.098 0.098 0.004
1250 0.066 0.087 0.105 0.120 0.100 0.088 —0.093
1600 0.080 0.034 0.109 0.070 0.079 0.059 0.145
2000 0.099 0.039 0.078 0.101 0.081 0.061 0.093
2500 0.086 0.015 0.055 0.137 0.078 0.049 —0.048
3150 0.064 —0.001 0.019 0.122 0.044 0.008 ~0.086
4000 0.024 ~0.038 —0.006 0.162 0.021 ~0.017 —0.280
5000 —0.009 —0.080 —0.079 0.105 0.025 —0.058 —0.388
6300 0.038 —0.141 ~0.103 0.121 —0.034 —0.105 —0.827
8000 —0.009 ~0.161 ~0.118 0.089 —0.066 —0.096 ~1.308
10,000 —0.097 —0.242 —0.218 —0.094 ~0.133 —0.166 ~1.106

According to Bies and Hansen [33], there are two important points worth noting when
using prediction schemes for orthotropic panels. For small panels, the transmission loss of
0.7f¢1 is underestimated, the error becoming larger as the frequency becomes lower or the
panel becomes smaller. For common fluted or corrugated panels, there is nearly always a
frequency between 2000 and 4000 Hz where there is a dip of up to 5 dB in the experimental
transmission loss spectrum, which is not predicted by theory. This corresponds either to an
air resonance between the corrugations or a mechanical resonance of the flat panel between
the ribs.

The orthotropic plate theory predicts a shift of critical frequency (especially f.»), which
would make the TL below the critical frequency higher. This was not observed in the
experimental data.

The existence of a critical frequency range has an impact on the transmission loss of
orthotropic panels. In this case, the coincidence region may extend over two decades for
common fluted panels. Therefore, these types of panels should be avoided where noise
control is crucial. However, it may be expected that the damping of these panels can
improve by adding damping material (wool or others).

3.2. Absorption Coefficient

The results of the absorption coefficients are presented in Figure 9 in 1/3-octave
bands and are collected in Table 6. The results are the arithmetic average of the three
measurements and calculations.
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Figure 9. The measured absorption coefficient of studied PVC panels.
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The studied panels have enough acoustic absorption property in selected frequencies.
If the material sound absorption coefficient is above 0.4, it is considered to have good noise
absorbing properties. For the studied panel, some dependencies between the absorption
coefficient and their construction were found. It can be assumed that the shape of the panel
matters here. A similar spectrum for GW700, GW610, and GW580 was observed, with
o~ 0.4/0.45 at 125 Hz. For the GW610 panel, the second peak was observed at 200 Hz
(e = 0.3), similar to GW710 (« ~ 0.25 at 315 Hz). An increase in the absorption coefficient
was observed between 2000-8000 Hz for the GW710 panel. Panels GW270, GW300, and
GW448 have poor absorption below this range (x ~ 0.3). However, an advantage here is an
increased absorption between 100-400 Hz. A higher absorption coefficient was observed
in the frequency range, with a decrease in transmission loss. The absorption properties of
the studied fluted PVC panels are strictly connected with their resonance. In studied cases,
this dip could correspond to the resonance frequency associated with the space between
the ribs and wave propagation in the panel’s plane. This frequency is independent of
panel size, and although it can be calculated reasonably accurately, the magnitude of the
corresponding dip cannot be calculated at this research stage.

4. Conclusions

The results presented in this article demonstrated the transmission loss and absorption
co-efficient of fluted PVC panels. The single fluted PVC panels were studied in reverbera-
tion rooms. It was found theoretically and experimentally that the type of panel influenced
the transmission loss and absorption coefficient. In all cases, there are some discrepancies
in TL between the orthotropic plate theory (Hansen model) and experimental data of
fluted panels at low frequencies. The first eigenfrequencies of the panels were calculated
according to the Hansen model. Resonant characteristics were noticed in the absorption
and transmission loss results. The experimental transmission loss of the corrugated plate
increases and demonstrates some oscillations. For studied panels, the approach developed
by Hansen cannot account for localised vibration effects. The spectrum observed in the ex-
perimental data cannot be exactly explained using theory. The analytical prediction results
represent a smooth curve and must be used with caution for studying fluted PVC panels.
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