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Abstract

Ventilation window is one of the critical elements in sustainable building development,
although frequently, outdoor factors such as environmental noise can limit their use. It is
necessary to develop windows with both natural ventilation and noise mitigation functions.
Acoustic Metamaterials (AMMSs) set a new trend in solving physical challenges related to
sound wave control, which can find their applications in ventilation window. This study
presents a design based on acoustic metacage concept to enhance the window’s natural
ventilation and acoustic performance. Finite Element Method (FEM) is used to study and
optimise the acoustic performance of the metacage window. The ventilation is evaluated at
the same time following predefined guidelines related to the window’s opening ratio and air-
flow directivity. The metacage window structure finally, reduces the noise transmission with a
mean value of 30 dB within a frequency range of 350-5000 Hz and has an opening ratio of the
33% compared to the whole system surface. The front panel gives a mean high frequencies
TL contribution of 17 dB (2000-5000 Hz). Additional lateral constraint and cavities increase
the TL performance up to 70% on a wider lower frequency range (350-5000 Hz). Thanks to
the cavities, the resonant unit cells among the acoustic metasurface (AMS) significantly
suppress sound from exiting the structure in broadband frequencies and allow bigger opening
on the lateral side. This significantly contributes to the natural ventilation potential of the
metacage window, which in the long term, becomes equally effective to the conventional open
windows.

Keywords Ventilation window, Acoustic metamaterial, Destructive interference, Phase
change, Finite element method.
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1. Introduction

Natural ventilation is an energy-efficient approach. [1], [2] People in modern times spend over
70% of their day indoors, which emphasizes the importance of a comfortable indoor
environment. [3], [4] However, indoor comfort through natural ventilation is frequently limited
by outdoor inputs, such as noise sources. Different noise mitigation windows can reflect or
absorb the incident acoustic energy. Active noise control can be used to create low-frequency
stopbands. [5], [6] Rolling shutter boxes are shown to be a reasonable noise control passive
system. [7] For both active and passive systems, an increased thickness is usually needed to
obtain a wideband attenuation in the frequency range between 350 and 5000 Hz. [8], [9] These
methods do not guarantee the required airflow, precluding their usage in applications where
ventilation is required.

Thanks to the development of acoustic metamaterials (AMMs), a brand new diversity of
manipulating the sound wave have come up. The subwavelength structure of metamaterials
determines more effective acoustic properties according to their structural shape rather than
their constitutive materials. Acoustic metamaterials for wave-front modulation [10], [11], sub-
diffraction imaging [12], and acoustic cloaking [13] have been demonstrated and may be
considered for building uses. [14], [15] In the mechanical engineering research area, acoustic
metamaterials have inspired a series of acoustic ducts for noise reduction [16]-[20], the
applicability of which may be extended in buildings structures. Their inherent large spatial
footprint of duct limits their versatility and flexibility during implementation. For these reasons,
improvements are needed to align ventilation and noise control targets to the buildings (and
so windows) requirements in a broader range (350-5000 Hz).

Natural ventilation is generally meant to be performed according to three window parameters:
the opening size (or opening ratio), the air-flow directivity, and the time addressed for the
ventilation. [21], [22] For the first parameter, generally bigger opening induces larger air mass
flow, higher air change rate (ACR) and CO: removal rate. [1] Secondly, the normal direction
of the air-flow towards the window wall (horizontal pivot or turning window) has been proved
to be the best solution for obtaining an efficient ACR in a short amount of time [2], [21], while
lateral air-flow direction (such as in tilt or awning windows) requires a longer amount of time
to reach the same ACR. Ventilation time as the final parameter determines the exposition of
the indoor environment to the inputs (such as harmful noise) of the outdoor and vice-versa
according to the window characteristics. By combining these parameters, it is possible to
achieve window design for different indoor functions. In a perforated panel, for example, [17]
sound waves and airflow are blocked according to the orifice size. Smaller perforated holes
and perforation ratio will yield better sound insulation while poorer ventilation.

Although there are several previous works attempting ventilation and noise reduction through
AMMs [16], [21], it is still rare to see the substantial potential for window application in a wide
frequency range. For this reason, this study aims to 1) proving sound reduction and ventilation
performances of a tunable AMM structure to be used for window design, and 2) investigating
which are the determinant factors for such vital features. Following the sub-structuring
approach of Yu et al. [23], and starting from the concept of AMM, ventilated unit cells with local
resonant cavities are chosen to allow better ventilation and sound reduction, ideally offering
high flexibility for geometric tuning and subsequent acoustic optimization. Through some
preliminary analyses on the acoustic properties of the proposed unit cell, the geometry is fixed,
and its sound attenuation in TL is characterized. Afterwards, an array of unit cells is analysed
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as acoustic metasurface (AMS) which, folded into an octagonal shaped acoustic metacage
[14] creates the AMM. Different geometrical configurations of the AMM are then compared in
terms of TL and ACR to establish which is the optimal one.

2. Acoustic unit cell characterisation

2.1 Design of acoustic unit cell

The AMM window is based on a hierarchical geometry at the base of which, there is the unit
cell. Considering the schematic in FIG. 1, which is composed of two symmetric resonant parts
characterised by inclination a and several cavities decreasing in lengths along the z-axis and
open towards a central duct. The tailoring of the inner structure creates local resonances in
order to form a stop-band. The unit cell can be considered as a waveguide attached with
periodic scatterers in the lateral direction for flow exit. This specific system is based on the
theoretical wave propagation and the existence of stop-band related to both constant and
linear structures such as the AMMs based on the resonant tubular array and the acoustic black
hole (ABH). [24], [25]

Table 1: Geometric variables involved in the acoustic unit cell characterisation process

(a) Rotation (n) Cavities Number
angle 4 5 6 7 8 9 10
(a) Cavities Width (b) Unit cell

height
45° 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.066

55° 6 3 1 9 8 7 6
0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.077

9 5 3 1 9 8 7

Plane wave radiation Unit Cell Air impedance

— Air

Iaged

FIG. 1 Geometrical settings and boundary conditions for the particular of the acoustic unit
cell with cavities width (a), tip height (b), tube width (c), smaller tip base (d), tube length (e),
rotation angle (a).

In order to suppress sound wave, the resonators lined along the duct in a unit cell provide
locally resonant stopbands, while exerting minimal airflow interruption. In Table 1 are shown
the three parameters that define the structure and which are investigated: the inclination of
the unit cell’s lateral sides (‘rotation angle’), number of cavities, and width of the cavities. The
tube used for this parametric study has a length of 0.6 m and a width of 0.05 m (Table 1 and
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FIG. 1). The smaller unit cell base (‘d’ in FIG. 7) is 0.055 and 0.080 m when the rotation angle
is respectively 45° (FIG. 2.a) and 55°(FIG. 2.b).

2.2 Numerical study on the acoustic unit cell

Two-dimensional simulations are carried out by COMSOL Multiphysics, Pressure Acoustics
Module, in order to understand the TL characteristics of the unit cell. A plane wave incidence
is applied to the left end of the 2D tube (incident pressure = 1 Pa), and the walls of the tube
and resonant cavities are set as sound hard boundary. At the tube outlet, air impedance is
given to allow sound wave exiting with no reflections. The mesh size is determined according
to the FEM criterion, where at least six nodes are used to simulate a wavelength in air. The
maximum allowable element size is 343/6/5000=0.0114 m, in order to reach 5000 Hz. The
frequency domain analysis covers a frequency range from 350 Hz to 5000 Hz with a step size
of 100 Hz. The frequency range between 350 and 5000 Hz is chosen to be a realistic
approximation of the average environmental noise. [26] The averaged incoming sound power
at the inlet boundary, and outgoing sound power at the outlet boundary are used to calculate

Win

the TL, following the equation TL = 10log,q (

) [dB]. An increase in the TL curve will thus

Wout

indicate less efficient sound transmission because sound energy is more confined in the
cavities.

This methodology has been already proved several times by Yu et al. showing the
effectiveness of such numerical prediction validated efficiently by experimental test. [16], [23]
So it is reasonable to consider that, in this case, with similar boundary conditions and
simulation settings, the numerical study is an efficient instrument for accurate acoustic
performance prediction. Further experimental validation could improve the methodology but is
not a fundamental part at this stage.
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FIG. 2 Transmission Loss related to a= 45°(a), and a= 55° (b), for the sake of simplicity, only
even numbers of the cavities parametrisation results, are shown.

The parametric study highlights interesting correlations between the cavities and the duct’s
width and the consecutive TL behaviour. For example, FIG. 2shows the TL results for 4,6,8,10
cavities number combination. From these graphs, it is observed that as the inclination angle
increases, the peaks are higher since the cavities are more prolonged, producing more
substantial resonance effect. In this case, a broader average TL is achieved. At the same time,
the TL peaks rise when the cavities number is less. Generally, the frequencies with effective
sound attenuation are shown to be significantly affected by the resonator geometry.

This part of the study shows how the unit cell geometry is characterised and which parameters
combination is best in terms of ventilation potential and noise reduction. So the system with
the angle o= 55°, and n= 4 (see FIG. 2.b) is considered in the further numerical analysis, due
to broad TL capacity combined with a wider central duct (so higher ACR potential).
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3. Resonance-induced localised modes in the AMM: Physics principles behind the
acoustic metacage window

FIG. 3.a shows the transversal section of the developed metamaterial. The model has an
axisymmetric configuration concerning the directions passing through the centre of the
metacage window o with a pace of krt/4 with a transversal uniform thickness of t (x-direction).
For the sake of simplicity, the use of a second axial reference such as z’y’ is necessary to
study the wave propagation in a radial reference system (see FIG. 3.b). In this reference
system, z’is each direction passing through the centre o with a pace of kn/4, starting from the
axis z, and y’is the perpendicular direction. The incoming pressure (Pi), the density (00), and
the velocity in the medium (air) (co) are considered as uniform in the transversal section (FIG.
3.a). Therefore, a specific impedance and refractive index can be assigned to the different
geometrical areas of the metacage window. Region 1 (approximately r< r1, FIG. 3.b) is
characterised with an acoustic impedance of Z; and refractive index of n; and region 2
(approximately r1 <r <r2) has an acoustic impedance of Z> and refractive index of n.. Due to
the contrast in refractive indices of the two regions, while the sound wave travels through
towards the unit cell, in region 1 it remains in a continuum state (we assume the reflection on
plane xy like a constant). On the contrary, when the sound waves travel through region 2, it
interacts with the relative resonance-induced localised modes. After passed region 2, it will
result in an out-of-phase condition. The incident acoustic wave travelling through the
metacage window will enter region 2 having a small phase shift, with a consequent destructive
interference on the transmission sides of the metamaterial unit cell (FIG. 3.b).

1
(a) | (b) | (c)
Incident k] Refraction
: Air Air
A
Y| ;
9]
Pin [ 0 l——-’ o BT e .
Co v kn/4 =z Z1,m Z2,m2 ke
Oi o [
ko |
[
|
[
[ |
| |

t

FIG. 3 Schematic of the physical characteristics according to the metacage window geometry:
a)Transversal section of the whole structure (plane xy), b) particular of the frontal section of
the AMM (plane zy), highlighting different gradient metamaterial grating with both sides of the
AMM that are air, c) iso-frequency contours for § = G = 2K,

In this case, the grating order should be considered as in the generalised Snell’s law for
metasurfaces.[27] The particular studied system is composed of one internal cavity with eight
unit cells with four different cavities (sub-unit cells) in one period p, which in this case
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correspond to rs and rz. The relative wave with the angle of incidence 6; and the refraction
angle 6; can be calculated using the generalised Snell’s law [10]

(sin 6;- sin B)ko= & + nG (1)

Here ko is the wavenumber in free space, £ = dF/d z’= 2m/p is the phase gradient along the
surface (along the z-direction in FIG. 3.b) on the right outgoing interface, n is the integer
representing the order of diffraction (or grating order), and G=2m/p is the reciprocal lattice
vector (depending by the reciprocal lattice of the cavity and the unit cells). It is noted that only
when the period is comparable with the wavelength A the term nG appears [10], for large
angles of incidence. Comparing the unit cell system with the supercell developed by Quian et
al., the physics related to both can be studied through the example case of p = A/2 by the
assumption that the period is less than half the wavelength (p < A/2).[28] Since in this case ¢
=G =2m/p = 2 ko, €q. (sin Bt-sin Bi)k0=¢ + nG (1)
can be rewritten as

sin Bi=sin 6; +2(1+n) (2)

The iso-frequency contours for § =2 ko in FIG. 3.c are employed to study the importance of
different incident angles on the propagation character of the incident wave impinging on the
unit cell (solid circle). As demonstrated by Quian et al., if £ = 0, there are no phase shifts
introduced along with the interface (black dashed circle in the refraction part of FIG. 3.c).
Consequently, a black dashed circle displacement of ¢ =2koappears when phase shifts are
introduced along with the interface. So in FIG. 3.c the lower blue circle corresponds to n =0
in eq. (2), while the red circle corresponds to n = 2in eq. (2). Generally, the incident wave
couples more easily with such two propagation orders (n =0, 2) rather than higher ones. The
incoming wave to couple into propagating modes has a critical angle expressed as 6. = sin
1(1- € /ko) for Oth order diffraction (i.e., n=0). When the period p is a minimal value, i.e., p< A/2,
then & =2m/p > 2 ko. For this reason, and since |1 — ¢ /ky| > 1, the critical angle 6.becomes
an imaginary number, meaning that the propagating mode for an arbitrary angle of incidence
6;and n=0 is not allowed through the AMM. On the other side, for arbitrary non zero value of
n+1 (nis an integer), the mode-coupling method can be used to interpret the transmission
coefficients. [14] The nth-order diffracted wave (recalling that {=2m/p) has an y component of

the wave vector defined by the equation k,,, = \/k — [kz, +2“(n+1)]

, Where k,, is the
component of the wave vector on the xaxis. Since p< A/2 for an arbitrary non zero value of

k,, + 20D 21T(n+1) | >3 = =k, (note that |k, | < 27“ ), meaning that k,,,

n+1, we shall have

becomes imaginary for any non- zero value of n+1. For this reason, the transmitted waves are
evanescent and decay exponentially along the z’ direction on the plane z’y’. Nevertheless,

since ky,n (kz, +2“(Z+1)) is still a real number, it is essential to stress further that the

propagation of surface waves in the y’ direction is still possible. For n=-1, although the
propagating waves are allowed, their transmission is minimal due to destructive interference
[14]. In conclusion the transmission trough the AMM for p< A/2 is small regardless of the angle
of incidence for any value of n, and the AMM design can be used as an omnidirectional sound
barrier for all-angle incoming waves.
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4. Development of the metacage and the acoustic performance

4.1 Sub-structural design of the acoustic metacage window

As depicted in FIG. 4, an array of 8 unit cells can be considered as an Acoustic Metasurface
(AMS) [23], where identical unit cells with the same resonance and phase properties can allow
homogenous sound isolation effect. The AMS can be folded into a ring shape to realise an
acoustic metacage [14] to confine acoustic transmission in all directions. Based on the chosen
unit cell geometry, 8 unit cells form an octagon-shaped metacage, which is applied to separate
two acoustic domains, as shown in FIG. 4.b. The domain with incoming waves is denoted as
the “noisy” side, and the transmission side is denoted as “quiet”. The octagonal opening of the
metacage opens fully to the noisy side, allows air to enter with sound waves. The metacage
front facing the quite side is closed with a rigid panel, which forces sound to exit through the
eight lateral unit cells, thus interacting with the resonant cavities. Analytical and numerical
analyses are performed, to investigate the system effectiveness according to each part
contribution in terms of TL (configuration without the metacage window, configuration with only
the front panel, configuration with lateral constraint, configuration with cavities). Finally, in the
discussion, the ventilation capacity of the final model is compared with other ordinary window
models to address the ventilation parameters mentioned above. The efficiency of the opening
ratio combined with the noise reduction is analytically and numerically demonstrated, and a
new technique for long term consistent ventilation and noise reduction on the middle-high
frequency range (350-5000 Hz) is defined.
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FIG. 4 Metacage window system: a) AMM geometrical concept and b) schematic of the flow
and the wave propagation.

4.2 Numerical analysis: unit cell, AMS, and AMM

After the analytical analysis of the AMM structure, the 3D simulation is defined as semi-infinite
acoustic conditions are applied to the spherical geometrical boundaries as depicted by FIG.
5. The overall boundary sphere has a diameter of 0.7 m and is centred with the analysed
geometry. The metacage window has a total height of 0.6 m (maximum distance between two
opposite unit cell tips). The background pressure field is defined in the noisy side as incoming
waves, while the entire semi-sphere surfaces are assigned with free wave radiation conditions
(see FIG. 5.b). The walls of the metacage and material cells are set as interior sound hard
boundaries. Sound transmission through walls of the metacage and possible viscous-thermal
effect in the narrow resonator channels are neglected in this study. The 3D domain is filled
with air, where air density and sound speed at room temperature are used. TL is calculated
by the reduction of sound power through the metamaterial interface (in decibel). Regarding
the mesh size for the 3D study, this model results very complex and, since the convergence
of results is proved, simplification is needed. So the maximum allowed element size is
increased at 343/6/2500=0.0228 m. In the results, the TL and SPL distribution are shown
linearly and superficially within the simulation frequencies.
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Internal sound hard boundaries Background pressure field
(a) (b)

Y
\qu Spherical wave radiation
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—unit cell =-=-- AMS —e—AMM

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (Hz)

FIG. 5 3D boundary conditions in the FEM settings: a) internal sound hard boundary, b)
background pressure field, where a=0.1 m, and b= 0.05 m; and c) TL results of the unit cell,
AMS, and AMM for a frequency range of 0-5000 Hz expressed in dB.

Results of TL related to the unit cell, AMS and AMM are presented in FIG. 5, where the array
of 8 unit cells considered as a metasurface, is investigated with the same 2D physical
boundary condition of the unit cell. The unit cell TL analysis shows peaks at 1700, 2500, 3300,
and 4700 Hz (FIG. 5). The AMS determines a higher TL in the lower frequencies with peaks
at 1200, 1900, 2500, and 3400 Hz, and the mean value of ATL=2dB compared to the unit cell
mean TL. Finally, by folding the AMS in a loop (generating the AMM), a broader increase of
the TL is achieved (mean value of ATL=22dB compared to the AMS TL). This phenomenon is
probably due to the three-dimensional configuration characterised by a front panel (FIG. 4)
that contributes to reflecting the sound wave backwards. This and other AMM configurations
contribution need to be further investigated. The comparison between them can give insights
into the sound attenuation mechanism and reveal the critical parts determining the
effectiveness of the overall system.

4.3 Numerical analysis: different AMM configurations comparison.
As a comparison, four configurations are studied, as illustrated in FIG. 6.a-d. The first
configuration (FIG. 6.a) includes only the opening between the two acoustic domains. The

second configuration (FIG. 6.b) inserts a rigid frontal panel, but sound can still exit freely from
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the lateral side. The third configuration (FIG. 6.c) includes the structure with nozzle shaped
unit cells, but the resonant cavities are missing. This is quickly done by removing the interior
flanks inside the unit cells. The last configuration (FIG. 6.d) is the proposed 3D acoustic
metacage window design. The TL curve in FIG. 6 shows that for Configuration 1, there is no
significant TL. This is typically between 0-3 dB and sets a reference value for other
configurations. Note that if the front and back panels of the metacage are both opened, the
acoustic effect is similar despite the presence of any unit cell elements. For the other three
configurations, the TL results in FIG. 6.e show a dome-like behaviour, typically appearing in
the TL pattern of expansion acoustic ducts. [19] Since the expansion ratio and unit cell volume
characterized by the primary dimension is almost the same, the tendency of the slopes in the
three configurations is similar, with peaks appearing near 1100, 2100, 3000, 3300, and 4500
Hz. The amplitude of TL is, however, different due to reasons to be discussed later. For
example, as stated in the previous analytical considerations, the comparison between curve
1 and 2 in FIG. 6 shows the crucial importance of the front panel for sound reflection. As
showed by FIG. 7.a, when the acoustic wave interacts with this part of the metacage window,
it is partially reflected back and partially passes through the lateral space between the front
panel and the division towards the quiet environment. The barrier performance of the second
configuration is only effective by cutting the direct “line of sight” between source and receiver.
[29] The results also show that along with the common knowledge, high-frequency sounds are
more incline to be attenuated by the front panel than low-frequency sounds due to their low
wavelength. A longer wavelength sound will easily pass through the barrier by diffraction (FIG.
6.e).
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(a)Sound hard boundary  (b) Opening (c) Rigid lateral constraint  (d) Flanks

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (Hz)

FIG. 6 Geometrical settings of 4 different internal boundary configurations: No Metacage (a),
Only front panel (b), No flanks (c), Metacage (d); and Transmission Loss related to these
configurations (e).

Although the front panel plays a fundamental role in noise reduction, the TL can be improved
further, by adding the lateral geometrically designed constraints. Indeed, a significant TL step-
up is made on the acoustic performance of the system when the lateral part is added. This
particular feature differentiates the metacage window from the previous window technology
attempt. [29] Thanks to their cone shape of the unit cells, their acoustical responses become
exponentially divergent when they propagate in the narrowing area direction. [30]The SPL
results confined in the internal geometry and within the quiet environment results much
lowered (FIG. 7.b), although significant lateral SPL concentration may interfere in the
metacage window performance. The final improvement of the model comes with the cavities
(FIG. 6.d and FIG. 7.c), which, as proved before, at specific frequencies function as
resonators. As depicted in FIG. 6.d, the TL has a much broader dome-like behaviour with this
configuration with considerably higher peaks and slightly lower depths. The frequencies of
effectiveness are still the same (1100, 2100, 3000, 3300, 4500 Hz) since the thickness and
distance from the division is still kept the same (0.1 m). The behaviour of the slopes results
slightly varying for higher values of TL probably due to simulation imprecisions, for which
correction through mean value might be performed. As stated in the previous analytical
analysis section, the dimension of the folded AMM period makes it more suitable for middle-
high frequencies (1000 — 5000 Hz). However, if paired with the front panel and the lateral
constraints, it can cover a broader frequency range even at lower frequencies (350 — 1000
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Hz). As showed by FIG. 7.c, when the acoustic wave interacts with this part of the metacage
window, it is drastically reduced by the destructive interference between the central duct and
the lateral resonant sides of each unit cell. The overall SPL in the quiet environment results
reduced and more uniformed than the previous configurations.

Front panel Division

100
90
80
70
60
50
40
30

20
Z
L
X (a) Only front panel (b) Lateral constraints (c) Ccavities SPL (dB)

FIG. 7 SPL related to the configuration with (a) only the front panel, (b) with the front panel
and the lateral constraints, and (c) with the front panel, the lateral constraints, and cavities
involved in the noise reduction through the opening. The colour legend refers to dB as a
measuring unit, and 3300 Hz is the analysis frequency.

5. Ventilation analysis

As mentioned in the introduction, natural ventilation is a central feature of the AMM here
presented. The technique used is buoyancy, which only requests the presence of one or two
openings on an external building wall, placed systematically to create a natural airflow system.
In particular, buoyancy ventilation results from the difference between interior and exterior air
density. This change causes the warm air to rise above the cold air, and create an upward air-
stream, of which the ventilation rate can be calculated as:

q=AC, / (TA,TJZ;;) (m¥s) (3)

where A is the area of each opening (m?), C, is the discharge coefficient (typically 0.6), T; is
the internal temperature (°C), AT is the difference between internal and external temperature
(°C), g is the gravitational force (m/s?), and h is the height between openings (m). According
to Bayoumi [22], (where the thermal comfort and heating and cooling energy demand are also
considered) natural ventilation would occur by an opening in the building when the outdoor
temperature is within £3 °C of the indoor temperature (i.e., within +3 °C in heating; within -3
°C in cooling). So this technology is widely applicable in the majority of the environments (from
a temperate climate to slightly cold or hot climate).

Besides this, Von Grabe et al. [21] investigate the matter of natural ventilation accurately in
buildings through buoyancy and the flow directivity according to the window opening features.
The tested window types are several: double vertical slide window, turn window, tilt window,
awning window, horizontal pivot window and vertical pivot window. Different opening rates are
included for each window tests to allow a more extensive comparison, and the windows
performance is evaluated according to various criteria such as the mass flow and the air
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change rate and the CO. removal rate. In their study, Van Grabe et al. highlight how the
horizontal pivot window is the best performing type of window.

Due to the lateral airflow of the metacage window, this can be compared with the tilt or awning
windows. In the optimisation process of combining natural ventilation with noise reduction, it
was taken into account that lateral airflow such in tilt or awning windows is quite lower than
the horizontal pivot window, the double vertical slide window, and turn window. These last two
are meant to be better due to allowing faster air exchange since, in their design, the attenuation
of outdoor inputs such as noise sources is not guaranteed. So natural ventilation is generally
meant to be performed in the shortest amount of time to avoid indoor contamination with
negative factors such as outdoor noise. [21] However, from the metacage window acoustic
effect combined with 33% of the opening rate, a perpetual opening can be guaranteed in
several outdoor noise conditions. So if we compare the effects of the horizontal tilt window on
the short term with the one of the metacage window on the long term, they are equally valid.

6. Conclusions

In the presented study, a new metacage window which allows natural ventilation and noise
reduction was developed through the principle of Snell’s Law for AMS and investigated
through semi-infinite FEM Method. The geometry was first assessed by a parametric study to
determine which combination between rotation angle, cavities number and cavities width
would have been the optimal one for the scope. Afterwards, four acoustic configurations were
analysed to understand the impact of each part of the metacage window.

From the acoustics point of view, unit cell, AMS, and AMM have been evaluated through a
sub-structural approach. Overall the metacage window design allows a TL with a minimum of
8 dB and a mean value of 30 dB within a frequency range of 350-5000 Hz. The final opening
rate of the metacage window was 33%. The ventilation capacity was proved to be good
enough to allow buoyancy ventilation in the conditions considered by Bayoumi[22] and the
flow directivity discussed and investigated by Von Grabe et al. [21] Indoor comfort was
guaranteed by the perpetual opening of the window supported by the noise reduction effect.
The lateral ventilation was not the most efficient in the short term. [21] Nevertheless, in the
long one, it became equally effective.

Many factors influenced the overall performance of the acoustic metacage window. Regarding
the optimal combination for the structure of the unit cell, its constraints total dimension were
certainly a limit in terms of noise reduction wavelength. However, in combination with the
lateral metacage constraints and the front panel, they resulted in working significantly in the
high frequencies (2000-4500 Hz). The unit cell array (AMS) proved to be equally efficient in
the same frequency range. An additional improved performance was observed between 1000-
2000 Hz. The acoustic effectiveness increased by folding the AMS into an octagonal closed
shape and adding a front panel. Each part of the AMM demonstrated to give different TL
contribution. The front panel gave a mean power reduction of 17.5 dB with a peak value at
high frequencies. At the same time, the additional lateral constraint and the cavities increased
this performance of respectively 31% and 70% with also a significant contribution at middle-
low frequencies. The cavities of the unit cell played a vital role in the resonant stopband, so
they improved the previously considered configuration of 30%. The TL peaks frequencies were
due to the thickness of the AMM. Indeed, they were the same for all the configurations.
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Further optimisation steps might clarify if this mechanism can be adapted to multiple and more
conventional window’s shapes and additional laboratory tests are needed to prove the
effectiveness of real prototypes. However, the significant results in the acoustic part set a new
AMM generation with various merits over traditional windows, including effective long term
natural ventilation combined with customised noise reduction.
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