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(54) AN ACOUSTIC PANEL HAVING A PROPERTY OF SHAPING A DIRECTIVITY
CHARACTERISTIC OF A REFLECTED ACOUSTIC WAVE

(57) Anacousticpanel (1), comprising: a rearwall (3),
sidewalls (4) anda frontwall (2) havinga longitudinal and
a transverse direction and comprising an area consisting
of elongated cellular elements (7) connected by their
longer sides in the transverse direction of the front wall
(2), wherein each of the cellular elements (7) contain at
least one mirror-like sound-reflecting surface (5) and at
least one recess (6) changing the phase of a reflected

acoustic wave, characterized in that the recess (6) chan-
ging the phase of the acoustic wave has a shape of awell
(8) towhichat least oneacoustic resonator (9) is attached
substantially perpendicularly, wherein at least two cellu-
lar elements (7) constitute a system having property of
shaping dissymmetrically the directivity characteristic of
the reflected acoustic wave.
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Description

Technical Field

[0001] The subject of the invention is an acoustic panel comprising: a rear wall, side walls and a front wall having a
longitudinal and transverse direction and comprising an area consisting of elongated cellular elements connected by their
longer sides in the transverse direction of the frontwall, wherein eachof the cellular elements comprise at least onemirror-
like sound-reflecting surfaceandat least one recess changing thephaseof a reflectedacousticwave.Suchapanel canbe
used to shape theacoustic space, e.g. asaceilingpanel in concert halls, but alsoasadevice for redirectingacousticwaves
wherever such redirection is beneficial, e.g. in production halls, especially around noise sources.

Background Art

[0002] Commonly used acoustic structures include sound-absorbing structures designed to absorb excess acoustic
energy in rooms and the environment. The second type of structures are scattering structures, most often in the form of
Schroeder diffusers and their variousmodifications, designed to reflect the acoustic wave evenly in all directions. Another
type of sound-reflecting structures are flat reflective panels that direct the wave in a manner consistent with Snell’s law of
reflection, i.e. with the dominant share of mirror reflection.
[0003] From document JP 2020187219 A, there is known a solution of an acoustic system that controls the acoustic
wave by means of many cellular elements filled with Helmholtz resonators, including those with elongated necks. Such
structure functions as an element that dampens acoustic wave in a wide range of low frequencies. The solution
encompasses a set of cellular elements absorbing acoustic wave connected in series or forming an array. The elements
controlling the acoustic wave may have an elongated neck, i.e. reaching into the centre of the Helmholtz resonator. The
thickness of the cellular element may be less than one-quarter of the wavelength affected. Also, the total thickness of the
structuremay be less than thewavelength. Each cellular element achieves amaximum reduction of its acoustic energy at
its resonant frequency. Cellular elements can be made of metal or resin material.
[0004] ThedocumentEP3570560A1discloses a solution of an ultra-thin broadband acousticwave scattering structure
with many elements. Thewaveguide-shaped cavities that focus the acoustic wave have a variable cross-section and end
with a rigid closure. The maximum length of a path for wave propagation in these waveguides can reach hundreds of the
thickness of the scattering structure. These cavities can take the form of folded andwrapped labyrinth structures with one
inlet arranged on one layer or in multiple layers.
[0005] From the patent specification PL 227198 B1 there is a known solution of an above-stage reflective panel
reflectingsoundwith recesses in thesideparts of the faceofa rectangular structure.Diffusingelements in the formofwells,
modelled on one-dimensional Schroeder diffusers, are organised at the edges of the acoustic panel, so that its surface
directedat theacousticwaveconsists of a scattering surface, a reflecting surface, and thenascattering surfaceagain. The
surfacewidth of Schroeder diffusers is greater than themaximum length of the scatteredwave and is defined by the lower
and upper cutoff frequencies. The main function of this panel is to widen the frequency range of sound reflection and to
prevent the formation of a comb filter.

Detailed Description of the Invention

Technical Problem

[0006] If achieving proper acoustic conditions of the interior requires installing an overhead or wall panel of appropriate
thicknessand inclination, inmanyspaceswith complexarchitecture such installation canbeadifficult to achievechallenge
and is often not possible due to space constraints.
[0007] The invention aims to provide an acoustic panel that allows the acoustic wave to be directed to the desired
angular rangewithout theneed to tilt it,whichwill shape theacoustic directivity characteristic of the reflectedacousticwave
for a wide range of acoustic wave frequencies, while having a small thickness, compared to the conventional solutions
used so far.

Summary of the Invention

[0008] The summary of the invention is to provide an acoustic panel comprising: a rear wall, side walls, and a front wall
havinga longitudinal and transversedirectionandcomprisinganareaconsistingofelongatedcellularelementsconnected
by their longer sides in the transverse direction of the front wall, wherein each of the cellular elements comprises at least
one mirror-like sound-reflecting surface and at least one recess changing the phase of a reflected acoustic wave,
characterized in that the recess changing the phase of the reflected acoustic wave has a shape of a well to which at least
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one acoustic resonator is substantially perpendicularly attached, wherein at least two cellular elements:

- areconnectedso that their acoustic resonators arealignedalong the transversedirectionof the frontwall andhave the
same orientation; and

- constitute a system having a property of shaping dissymmetrically the directivity characteristic of the reflected
acoustic wave in a plane normal to the longitudinal direction of the front wall.

[0009] A person skilled in the art understands the concept of dissymmetry as a technical feature that imposes on an
object the condition that the symmetry group of that object does not have symmetry elements being isometries that do not
preserve orientation (anti-conformal isometries). In other words, the skilled person can understand and recognise if the
directivity characteristic of a reflected wave is dissymmetrical by analysing the symmetry group of the directivity
characteristic for the presence of symmetry elements that do not preserve orientation among the symmetry elements
of this characteristic.Moreover, if the symmetry groupof a certain object doesnot haveanynon-trivial symmetry elements,
then such an object is not only dissymmetrical, but also asymmetrical.
[0010] The skilled person also knows the definition of dissymmetry of wave scattering as applied to light scattering and
canuse itmutatismutandis. For example, hemay use the definition thatwas published in the article: International Union of
Pure and Applied Chemistry - Physical Chemistry Division - Commission on Colloid and Surface Chemistry Including
Catalysis. Manual of Symbols and Terminology for Physicochemical Quantities and Units. Appendix II - Definitions,
Terminology and Symbols in Colloid and Surface Chemistry, Part 1.14: Light Scattering. Pure Appl. Chem. 1983, 55 (6),
931‑941. and ’dissymmetry of scattering’ [In:] IUPACCompendium of Chemical Terminology, 3rd Ed, International Union
of Pure and Applied Chemistry: 2006. Online version 3.0.1, 2019. https://doi.org/10.1351/goldbook.D01808.
[0011] The panel according to any aspect of the invention may preferably have the shape of any prism, particularly
preferably with a rectangular, square, or regular hexagonal base, and further preferably it may have the shape of a cuboid
plate.
[0012] In the case of a plate having symmetries other than cuboid, the distinguished directions should be understood as
the direction along the main symmetry axis of the front surface - where the said axis lies on this surface (longitudinal
direction), and as the direction perpendicular to the longitudinal direction (transverse direction).
[0013] Preferably, according to any aspect of the invention, the front wall may be in the shape of a flat surface.
[0014] Preferably, according to any aspect of the invention, the acoustic resonator may be attached to the well at any
height, preferably at a hight half the depth of the said well.
[0015] It is obvious to aperson skilled in theart that theacoustic resonator canalsobeattachedclose to thebottomof the
well or, in the sameor another embodiment, close to themouth of thewell. If - in a preferred embodiment - there are at least
twocellular elements, the resonator canbeplaced ineachof thecellular elementsat adifferent height or inall of themat the
same height relative to the depth of the well.
[0016] Preferably, according toanyaspectof the invention, theacoustic resonatormaybeanyacoustic resonator known
to a person skilled in the art, selected from the group comprising, inter alia: a Helmholtz resonator, a quarter-wave
resonator, a wrapped quarter-wave resonator, e.g. in the form of a waveguide, or combinations thereof. The group of
resonators that can be used is not limited only to the above-mentioned examples. A person skilled in the art can select in
each case the most appropriate type of acoustic resonator for particular embodiments of the invention.
[0017] Theconstruction andapplication of acoustic resonators aredescribed inter alia in the book:Kinsler, L. E.; Frey,A.
R.; Coppens, A. B.; Sanders, J. V. Fundamentals of Acoustics, 4th Ed.; JohnWiley&Sons: NewYork, 2000, in chapter 10,
on pages: 272‑301, to which reference is hereby made.
[0018] Preferably, different acoustic resonators may be attached to different wells in one embodiment of the present
invention. For example, a Helmholtz resonator may be attached to the first well, a quarter-wave resonator to the second
well, and a Helmholtz resonator to the third well.
[0019] The invention is not limited to embodiments inwhich only one acoustic resonator is attached to eachwell. Among
the preferred embodiments of the invention, there are those in which at least two acoustic resonators are attached to one
well.
[0020] Preferably, according to any aspect of the invention, thewell has the shape of a cuboidal trough. The longitudinal
axis of this trough may be located parallel to the longitudinal direction of the front wall.
[0021] It is obvious to the skilled person that the well may also have a different shape. In the longitudinal direction of the
front wall, the well may have a dimension equal to the width of the plate, i.e. start on one of the side walls and extend to
another side wall, but it is also possible to have an embodiment in which the wells have a dimension in the longitudinal
direction such that they can form a two-dimensional grid.
[0022] Preferably, according to any aspect of the invention, the acoustic panel consists of a material with an acoustic
impedance of not less than 150 000 kg·m‑2·s‑1.
[0023] Preferably, according to any aspect of the invention, the material is selected from the group of materials
comprising an EPS polystyrene material with a fibreglass surface, wood, wood-like materials, aluminium, composite
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materials, in particular resin composite materials, and combinations thereof.
[0024] A material suitable for producing the acoustic panel according to the invention can be obtained in numerous
ways. It can preferably be produced by casting in a mould, machining, extrusion, or 3D printing, e.g. by laminating
subsequent layers of material in accordance with a pattern saved in the 3D printer’s memory. The last methodmentioned
above is particularly preferable due to the freedomofdesignof thematerials producedby thismethod. In the caseof plastic
materials, it is also preferable to use the extrusion method, preferably hot melt extrusion (HME).
[0025] Preferably, according to any aspect of the invention, at least two mirror-like sound-reflecting surfaces form a
common plane. In other words, these surfaces may be flush with the surface of the front wall. A person skilled in the art
knows that an embodiment in which the sound-reflecting surfaces are not flush is also possible. In such an embodiment,
the cellular elementsmaybe separated byoptionalwalls projecting substantially perpendicularly to the surfaceof the front
wall.
[0026] Preferably, according to any aspect of the invention, the acoustic panel comprises at least 5, preferably at least
20, further preferably at least 30 cellular elements.
[0027] It is obvious to a person skilled in the art that in a preferred embodiment it is also possible to place the cellular
elements in the panel in such away that theywill forma two-dimensional grid (array), whichmeans, theywill be connected
in series in both distinguished directions of the front wall (longitudinal and transverse), and that they will form a periodic or
aperiodic flat tessellation system, e.g. tessellation 63.
[0028] Preferably, according to anyaspect of the invention, for the directionof incidenceof the acousticwaveat anangle
of incidence of 0°, the directivity characteristic of the reflected acoustic wave is shaped so that for an angle in the range of
from +30° to +60°, the average level of sound pressure is higher by at least 6 dB relative to an average level of sound
pressure reflected from the reference panel for an angle in the range of from +30° to +60°, further preferably the average
level of sound pressure is higher by at least 12 dB.
[0029] Herein, the ‘referencepanel’ shouldbeunderstoodasaflat panelwithdimensionsandacoustic impedanceequal
to the dimensions and acoustic impedance of the acoustic panel according to the invention.
[0030] ‘Angle of incidence’ as used herein has a meaning commonly accepted in the technical field and is to be
understood as the angle made by the direction of incidence of the wave to the normal to the surface upon which the wave
falls.
[0031] By the term ‘shaping the directivity characteristic of an acoustic wave’, as used herein, a person skilled in the art
understands the change in the directivity characteristic relative to the directivity characteristic of a perfectly flat surface
reflecting sound in accordance with Snell’s law of mirror reflection, or relative to a surface isotropically scattering sound in
all directions equally. The directivity characteristics that lie between these two extreme situations are each shaped by the
geometric shape of the surface from which the sound is reflected or scattered.
[0032] The directivity characteristic of an acoustic wave is a function assigning the levels of sound pressure of an
acoustic wave normalised to the maximum value, expressed by the formula:

to values of observation angles ranging from ‑90° to +90°. A directivity characteristic is usually plotted in a polar coordinate
system. The normalised levels of sound pressure of an acoustic wave at a given frequency are plotted along a radial
coordinate, while the observation angle is plotted as an angular coordinate ranging between ‑90° and +90°. Typically, the
directivity characteristic is prepared for an angle of incidence equal to 0°, and the direction for this angle is drawn vertically
upwards on the plot, so that the plot ultimately has the shape of a semicircle limited at the bottom by the diameter. For the
acoustic panel according to the invention, it is generally sufficient to plot the characteristic in a plane normal to the
longitudinal direction of the surface of the front wall according to the invention.
[0033] Unless explicitly stated otherwise, herein and elsewhere in the description, if an angle is mentioned, e.g. +30°,
‑90°, etc., such notation should be understood as the directed angle that is between the normal to the surface of incidence
and the other side of an angle, counting from the normal positive semi-axis to the positive semi-axis forming the other side
of an angle. Herein, the direction ’normal to’ and the ’transverse’ direction of the front wall surface of the acoustic panel
according to the invention have distinguished arrow-heads, in such a way that the angle from the positive semi-axis of the
said normal to the positive semi-axis of the transverse axis is a positive angle. Herein and elsewhere in the description, the
arrowheadof theaxis of the transversedirection is such that the cellular elementsaccording to the invention lie on it in such
away that the wells ‘precede’ the resonators. Thus, an angle of +30°will lie ’to the right’ of the positive semi-axis of normal
to the incident surface,while anangleof ‑30°will lie ’to the left’ of it when lookingat thepanel, such thatwhen the transverse
direction of the surface is placed horizontally, each cellular element will have a well on the left side and a resonator on the
right side.Adoptingsuchaconventionmeans that positiveangles, i.e. thosedirected ’to the right’, correspond to theangles
located in the right part of the directivity characteristic plot, while negative angles, i.e. angles directed ’to the left’,
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correspond to angles located in the left part of the directivity characteristic plot.
[0034] In particular, knowing how to draw a plot of the directivity characteristic of a reflected acoustic wave, the skilled
person is easily able to notice that when the ‘right part’ of the plot is non-superimposable with the mirror image of the ‘left
part’ and vice versa, the directivity characteristics are dissymmetrical.
[0035] Preferably, according toanyaspectof the invention, the reflectedwavehasa frequency in the rangeof from800 to
4000 Hz, preferably from 1000 to 3150 Hz, and further preferably from 1250 to 2500 Hz.
[0036] Herein and elsewhere in the description, unless expressly stated otherwise, a single frequency value should be
understood as determined with precision to the one-third octave band, i.e. as the middle value of this one-third octave
band. It should therefore be understood that the given value determines the range of values of the one-third octave band.
For example, if the description refers to the frequency of 315 Hz, it should be understood that this is an acoustic wave
whose frequency is in the range of valueswithin themeasurement one-third octave for which themiddle value is the value
of 315 Hz, i.e. in the range of 280.6 to 353.6 Hz.
[0037] Moreover, if the descriptionmentions the frequency range from 315 to 1000 Hz, it should be understood that the
lower limit of this rangemay vary in the range from 280.6 to 353.6 Hz and the upper limit in the range from 890.9 to 1122.5
Hz, which means that the entire range is between the 15th and 20th measurement one-third octave.
[0038] Preferably, according to any aspect of the invention, the depth of the recess changing the phase of the reflected
acoustic wave may be less than one-quarter of the length of the acoustic wave affected.
[0039] Preferably, according to any aspect of the invention, the thickness of the acoustic panelmay be less than 70mm.
[0040] Unless expressly stated otherwise, all values of physical parameters except frequency, which are defined by
measurement one-third octaves, herein and elsewhere in the description are to be understood as values determined with
an accuracy of ±10 % of the stated value. This means that if the description mentions a length of 10 mm, it should be
understood as a length in a range of from 9 to 11 mm inclusively.
[0041] All angle measurements should be understood as being determined to an accuracy of ±5° and the expression
‘substantially perpendicular’ as ’at an angle of (90 ± 5)°, i.e. from 85° to 95°’.
[0042] Preferably, according to any aspect of the invention, the acoustic panel has a value of the normalised sound
diffusion coefficientdn for an incidence angle of 0° and the frequency ranging between 1000 and8000Hz, being in a range
of from 0.30 to 0.70, preferably from of from 0.40 to 0.60.
[0043] A person skilled in the art understands the expression ‘normalised sound diffusion coefficient’ dn as the diffusion
coefficientdn determined in accordancewith the ISO17497‑2standardentitled:Acoustics ‑Soundscatteringproperties of
surfaces ‑ Part 2: Measurement of the directional diffusion coefficient in a free field, to which reference is hereby made.
[0044] Preferably, according to any aspect of the invention, the rear wall of the panel and the side walls constitute a
uniform, sound-impermeable layer.
[0045] Preferably, according to any aspect of the invention, the side walls may be equipped with elements enabling the
panels according to the invention to be connected together into larger systems having a property of shaping the directivity
characteristic of the reflected acoustic wave.
[0046] Herein and elsewhere in the description, unless it is expressly stated otherwise, the phrase ’from ... to ...’ in
relation to the range of numerical values should be understood as amutually closed range, whichmeans that the extreme
values also belong to the mentioned range.
[0047] It is obvious to the skilled person that all features that are ’preferred according to any aspect of the invention’ are
optional features and may or may not be present in embodiments of the invention and may be freely combined
independently of each other as long as it does not contradict the laws of physics and is technically realizable.
[0048] Herein and elsewhere in the description, a person skilled in the art understands that 1° means the angular
measure of the plane and phase angle equal to 1/360 part of the full angle, and that bel and decibel, equal to one-tenth of a
bel, are used to express the logarithmic values of quotient quantities whose numerical values are based on decimal
logarithm. The statement LX =m dB = (m/10) B (wherem is a number) is interpreted asm = 10log10(X/X0) as defined in:
International System of Units (SI) Brochure, 9th ed. the International Bureau of Weights and Measures (BIPM), 2019
(version V2.01 December 2022) in Table 8 on page 145 and in the description of this Table, to which reference is hereby
made.

Advantageous Technical Effects

[0049] The use of a passive sound diffuser with subwavelength characteristics, and therefore of small thickness in
relation to the acoustic wave it affects, allows for the control of the first sound reflections, and thus allows shaping the
propagation of acoustic waves in rooms or the environment.
[0050] Individual resonators forming the panel introduce local changes in the phase of sound reflection, whichmakes it
possible to shape the directivity characteristic of thewave reflected from the panel surface. By changing the cell geometry,
thickness andwidth of the panel, it is possible to shape the panel parameters depending on the user’s needs, in particular
the frequency range of the directed sound. Broadband sound diffusion with dominant non-mirror reflection is possible,
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which overcomes the limitation of a mirror-like reflecting panel, i.e. the need to tilt the panel. This allows the panel to be
placed more freely in the space above the stage and in the wall area.

Brief Description of Drawings

[0051] The invention will be described below with the help of preferred embodiments shown in the drawing, in which:

Fig. 1 shows a cross-section of an acoustic panel according to the invention with 30 cellular elements in a plane
perpendicular to the longitudinal direction of the cellular elements, as described in Example 1,

Fig. 2 shows a perspective view of the panel according to the invention with seven cellular elements in a schematic
view from above,

Fig. 3 shows a schematic cross-sectional view of a single cellular element projected in the same plane as in Fig. 1.

[0052] The preferred embodiments of the invention shown in the Figures and Examples are intended to illustrate the
invention and are in no way intended to limit the invention. It will be obvious to the skilled person that both the number of
cellular elements and the individual parameters of each of these cellular elements can be adjusted to their needs without
undue burden, as well as to the spatial conditions where the acoustic panel according to the invention is used, each time
using the procedure described in the Example below.

Example 1

[0053] The acoustic panel 1 was formed as a flat, cuboid productmade ofmaterial with dimensions (length l1: width w1:
thickness h1) of 100× 150× 6.5 cm, having a rear wall 3, four side walls 4, and a front wall 2. The front wall 2 is equipped
with thirty cellular elements7having flat sound-reflecting surfacesandsound-scattering recesses6 in the formofwells 8 in
the shapeof elongated troughsof variousdepths arrangedalong the longitudinal direction of the frontwall 2 of the panel so
that each trough startswithanopeningononesidewall 4 andendswith anopeningon theopposite sidewall 4.Anacoustic
resonator 9 is attached to each of these troughs at half the depth of the trough. The shape parameters of thewell 8 and the
resonator 9 are presented in Table 1:

Table 1.

Cell number

Parameter value [m]

18 w8 ln9 wn9 lc9 wc9

1 0.0550 0.0068 0.0115 0.0348 0.0167 0.0382

2 0.0199 0.0339 0.0059 0.0065 0.0050 0.0086

3 0.0370 0.0334 0.0054 0.0099 0.0054 0.0169

2 0.0387 0.0235 0.0077 0.0228 0.0120 0.0276

5 0.0543 0.0268 0.0092 0.0418 0.0067 0.0420

6 0.0286 0.0310 0.0071 0.0129 0.0063 0.0137

7 0.0509 0.0328 0.0061 0.0225 0.0058 0.0309

8 0.0501 0.0140 0.0127 0.0308 0.0112 0.0384

9 0.0577 0.0146 0.0112 0.0208 0.0157 0.0357

10 0.0204 0.0274 0.0089 0.0069 0.0065 0.0092

11 0.0256 0.0087 0.0079 0.0107 0.0205 0.0108

12 0.0532 0.0319 0.0069 0.0189 0.0051 0.0303

13 0.0531 0.0124 0.0070 0.0222 0.0165 0.0353

14 0.0584 0.0084 0.0123 0.0442 0.0093 0.0467

15 0.0150 0.0334 0.0061 0.0050 0.0052 0.0050

16 0.0310 0.0333 0.0051 0.0178 0.0055 0.0196

17 0.0479 0.0336 0.0052 0.0077 0.0053 0.0220

18 0.0571 0.0337 0.0059 0.0421 0.0051 0.0444
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(continued)

Cell number

Parameter value [m]

18 w8 ln9 wn9 lc9 wc9

19 0.0598 0.0237 0.0107 0.0455 0.0092 0.0464

20 0.0512 0.0151 0.0116 0.0317 0.0092 0.0407

21 0.0550 0.0079 0.0235 0.0123 0.0122 0.0247

22 0.0210 0.0336 0.0055 0.0088 0.0054 0.0096

23 0.0291 0.0269 0.0123 0.0123 0.0055 0.0154

24 0.0495 0.0230 0.0098 0.0102 0.0088 0.0169

25 0.0162 0.0291 0.0074 0.0052 0.0064 0.0059

26 0.0278 0.0348 0.0050 0.0137 0.0050 0.0157

27 0.0433 0.0339 0.0058 0.0256 0.0050 0.0285

28 0.0575 0.0337 0.0052 0.0446 0.0051 0.0466

29 0.0502 0.0179 0.0151 0.0266 0.0066 0.0392

30 0.0588 0.0192 0.0144 0.0277 0.0068 0.0314

wherein l8, w8, ln9, wn9, lc9, wc9 mean respectively: well depth l8, well width w8, length of resonator neck ln9, width
of resonator neck wn9, length of the resonator cavity lc9, width of the resonator cavity wc9. In those cases where the
value of the wn9 parameter is approximately equal to the value of wc9 (e.g. for well no. 15), the acoustic resonator 9
is a quarter-wave resonator type, in other cases, when wn9 is smaller than wc9, the acoustic resonator 9 is a Helm-
holtz resonator type.
[0054] The cellular elements 7 connected in series are flushwith the front wall 2, i.e. the outer front flat reflecting surface
of thecellular elements7hasacommonaxis and thegeometryof thecellular elements7variesalong thedepthdimension.
In this version, the acoustic resonator 9 is attached at half the depth of the trough on one of its side walls.
[0055] Dimensions that effectively direct sound reflection to the selected angular range for the acoustic panel according
to the invention can, for example, be obtained using a selected optimization algorithm, e.g. a particle swarmalgorithmwith
a population equal to at least the number of cellular elementsmultiplied by the number of searched parameters and a cost
function maximizing sound reflection in a given angular range, defined as:

wherein:

where:

j cost function maximizing sound reflection over a given angular range;
θk k-th observation angle for the reflected acoustic wave;
fn frequency of the n-th analysed acoustic wave;
N number of analysed frequency ranges for which optimisation is performed;
ps(θk,fn) sound pressure depending on the angle of observation and the frequency of the analysed acoustic wave.

[0056] InExample1, the valuesof the six parameters shown inTable1 for thirty cellular elementswereoptimizedusinga

particle swarmalgorithm. The rangeof analysed frequencieswas from f0 =800Hz to f7 = 4000Hz ( , i.e.
the analyzed frequency f increases with increasing n in a geometric progression at third intervals, i.e. ⅓-octave), the
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angular range was analysed with a resolution of 1° (degree).
[0057] Parameter values were searched in the ranges:

8: from 0.015 to 0.060 m;
w8: from x to (d7 - 0.015) m;
ln9: from x to (d7 - w8 - 0.010) m;
wn9: from x to (l8 - 0.010) m;
lc9: from x to (d7 - w8 - 0.010) m;
wc9: from wn9 to (l8 - 0.010) m,

wherein x was 0.005 m and d7 is the width of the cellular element, which in Example 1 was 0.05 m.
[0058] Theacoustic panel 1 according toExample 1 ismade of aluminium. The acoustic impedance valuewas: 900 000
kg·m‑2·s‑1. The width of the panel allows for a construction with many recesses of different from each other shapes.
[0059] The normalized sound diffusion coefficient dn measured in accordance with the ISO 17497‑2 standard for an
incidence angle of 0° in the range of frequency from 1000 to 8000 Hz was 0.50.
[0060] The results of measuring the dissymmetry of the directivity characteristic of the reflected acoustic wave are
presented in Table 2, which lists the values of the gain function, described by the formula:

where:

Xf(θk|kl, ku) gain relative to the level of sound pressure of the wave reflected from the reference panel in the range
from θkl to θku expressed in dB;

θk k-th angle of observation for the reflected acoustic wave;
f acoustic wave;
kl lower range of the analysed angular range for which the gain of the level of sound pressure of the wave

f was measured relative to the reflection from the reference panel;
ku upper range of the analysed angular range for which the gain of the level of sound pressure of the wave

f was measured relative to reflection from the reference panel;
ps(θk,f) sound pressure reflected from the panel depending on the angle of observation for a given acoustic

wave frequency;
pref(θk,f) sound pressure reflected from the reference panel depending on the angle of observation for a given

frequency of the acoustic wave,

wherein the reference panel is a flat plate with dimensions of 100× 150 × 6.5 cm with an impedance equal to the panel
impedance (like the panel but without grooves).

Table 2. Shaping the directivity characteristic of the reflected acoustic wave for Example 1 according to the invention

f -
frequency

[Hz]

Xf - gain [dB]

for angles
from ‑90° to
‑60°

for angles
from ‑60° to
‑30°

for angles
from ‑30° to

0°

for angles
from 0° to

+30°

for angles from
+30° to +60°

for angles from
+60° to +90°

kl = 0 kl = 30 kl = 60 kl = 90 kl = 120 kl = 150
ku = 30 ku = 60 ku = 90 ku = 120 ku = 150 ku = 180

800 Hz ‑3.2 6.8 ‑1.8 ‑2.1 9.5 10.6

1000 Hz 8.5 5.6 ‑4.2 ‑3.2 6.2 14.0

1250 Hz 10.6 11.9 ‑4.6 ‑2.0 12.3 9.7

1600 Hz 6.1 8.2 ‑4.0 ‑7.3 16.3 16.0

2000 Hz 9.9 6.0 ‑6.1 ‑2.1 16.5 12.2
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(continued)

f -
frequency

[Hz]

Xf - gain [dB]

for angles
from ‑90° to
‑60°

for angles
from ‑60° to
‑30°

for angles
from ‑30° to

0°

for angles
from 0° to

+30°

for angles from
+30° to +60°

for angles from
+60° to +90°

kl = 0 kl = 30 kl = 60 kl = 90 kl = 120 kl = 150
ku = 30 ku = 60 ku = 90 ku = 120 ku = 150 ku = 180

2500 Hz 9.6 10.9 ‑4.7 ‑1.5 16.5 15.6

3150 Hz 11.6 16.6 ‑1.6 ‑2.5 18.9 16.3

4000 Hz 20.1 13.9 ‑0.5 ‑3.1 15.3 13.1

[0061] Ascanbe seen from theTable above, for the valuesof the angles corresponding to the symmetrical reflections ’to
the left’ and ’to the right’ relative to the direction of incidence of the acousticwave, the valuesof the gain function are clearly
higher for angles outside the range from ‑30 to +30.
[0062] Thismeans that the reflectedacousticwave is directed dissymmetricallywith respect to the surfacenormal to the
surface and perpendicular to the longitudinal direction of the front wall (2) of the acoustic panel (1) according to the
invention.

Industrial Applicability of the Invention

[0063] The panel according to the invention can be used to shape the acoustic space in concert halls, e.g. as a ceiling
panel replacing traditionally usedacoustic reflectors.Moreover, it canbeusedasadevice for redirectingacousticwaves in
production halls around noise sources in order to reduce noise annoyance.

Reference Signs List

[0064]

1 acoustic panel;
2 front wall;
3 rear wall;
4 side wall;
5 mirror-like sound-reflecting surface;
6 recess changing the phase of the reflected acoustic wave;
7 cellular element;
8 well;
9 acoustic resonator;
l1 length of the acoustic panel;
w1 width of the acoustic panel;
h1 thickness of the acoustic panel;
d7 width of the cellular element;
l8 well depth;
w8 well width;
ln9 length of resonator neck;
wn9 width of resonator neck;
lc9 length of the resonator cavity;
wc9 width of the resonator cavity.

Claims

1. An acoustic panel (1), comprising:

- a rear wall (3),
- side walls (4), and
- a front wall (2) having a longitudinal and transverse direction and comprising an area consisting of elongated
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cellular elements (7) connected by their longer sides in the transverse direction of the front wall (2), wherein each
of the cellular elements (7) comprises at least onemirror-like sound-reflecting surface (5) and at least one recess
(6) changing the phase of a reflected acoustic wave,

characterized in that the recess (6) changing the phase of the reflected acoustic wave has a shape of a well (8) to
which at least one acoustic resonator (9) is substantially perpendicularly attached, wherein at least two cellular
elements (7):

- are connected so that their acoustic resonators (9) arealignedalong the transversedirection of the frontwall and
have the same orientation; and
- constitute a system having a property of shaping dissymmetrically a directivity characteristic of the reflected
acoustic wave in a plane normal to the longitudinal direction of the front wall (2).

2. Theacousticpanel (1) according toclaim1,wherein theacoustic resonator (9) isattached to thewell (8) at aheight half
the depth of the said well (8).

3. The acoustic panel (1) according to claim 1 or claim 2, wherein the acoustic resonator (9) is an acoustic resonator (9)
selected from the group consisting of a Helmholtz resonator, a quarter-wave resonator, a wrapped quarter-wave
resonator, or a combination thereof.

4. The acoustic panel (1) according to any one of claims 1‑3, wherein the well (8) has the shape of a cuboidal trough.

5. The acoustic panel (1) according to any one of claims 1‑4, wherein the said acoustic panel (1) consists of a material
with an acoustic impedance of not less than 150 000 kg·m‑2·s‑1.

6. The acoustic panel (1) according to claim 5, wherein thematerial is selected from the group of materials consisting of
an EPS polystyrene material with a fibreglass surface, wood, wood-like materials, aluminium, composite materials,
especially resin composite materials, and combinations thereof.

7. Theacousticpanel (1) according toanyoneof claims1‑6,whereinat least twomirror-likesound-reflectingsurfaces (5)
form a common plane.

8. Theacoustic panel (1) according to anyoneof claims1‑7,wherein the frontwall (2) comprises thearea consistingof at
least 5 cellular elements (7).

9. The acoustic panel (1) according to claim 8, wherein the front wall (2) comprises the area consisting of at least 20,
preferably at least 30, cellular elements (7).

10. Theacoustic panel (1) according to anyoneof claims1‑9,wherein for thedirectionof incidenceof theacousticwaveat
an angle of incidence of 0°, the directivity characteristic of the reflected acoustic wave is shaped so that for an angle in
the rangeof from+30° to+60°, theaverage level of soundpressure ishigherbyat least 6dBrelative toanaverage level
of soundpressureof thewave reflected froma referenceplate for anangle in the rangeof from+30° to+60°, preferably
is higher by at least 12 dB higher.

11. The acoustic panel (1) according to claim 10, wherein the reflected wave has a frequency in a range of from 800 to
4000 Hz, preferably in a range of from 1000 to 3150 Hz, further preferably in a range of from 1250 to 2500 Hz.

12. The acoustic panel (1) according to any one of claims 1‑11, wherein the depth of the recess (6) changing the phase of
the reflected acoustic wave is less than one-quarter of the length of the acoustic wave affected.

13. The acoustic panel (1) according to any one of claims 1‑12, wherein the thickness of the said acoustic panel (1) is less
than 70 mm.

14. Theacousticpanel (1) according toanyoneof claims1‑13,wherein thesaidacousticpanel (1)hasanaveragevalueof
the normalised sound diffusion coefficient dn for an incidence angle of 0° and frequency ranging between 1000 and
8000 Hz, being in a range of from 0.30 to 0.70.

15. The acoustic panel (1) according to claim 14, wherein the said acoustic panel (1) has an average value of the
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normalised sound diffusion coefficient dn for an incidence angle of 0° and frequency ranging between 1000 and 8000
Hz, being in a range of from 0.40 to 0.60.
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