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Full-scale metamaterial window for building application
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ABSTRACT

The research on acoustic metamaterials (AMMSs) has progressed rapidly over the last decades.
One of the applications is for noise control and airflow in duct-like systems. These are useful
features for natural ventilation window design; however, the visual impact between indoor and
outdoor environment, as another key factor of windows, makes the existing AMMs not directly
useable for this application due to their geometrical complexity and size limitations. In this
research, an AMM previously developed by the authors is exploited for full-scale window
design. The AMM is packed only in the window frame so that the window transparency is not
compromised. A broadband attenuation performance is obtained by the resonant unit cells
constituting the AMM. The effect of the geometric variation on the window performance in
terms of both acoustics and the airflow is analysed numerically through Finite Element Method
(FEM) models. The performances of different AMM windows are evaluated and compared with
those of conventional window designs. The simulation results show that this new AMM-based
window design can overcome the limitations of the conventional windows, with great potential
in real applications.
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1. INTRODUCTION

Noise transmission is a significant factor when considering indoor comfort in building designs. [1]
Nowadays, increasing noise issues are limiting building functions from different aspects. Active
systems have been designed to improve the indoor comfort, leading for example, to mechanical
ventilation and active noise control systems. [2] Windows, as an essential building element, play an
essential role in addressing this issue, and relevant studies have been extensively investigated. [3],
[4] Increasing window thickness could be a solution; however, it inevitably results in a bulky
structure. Screening related systems (like rolling shutter boxes) have been proposed to overcome the
thickness issue[5], and active noise control has been demonstrated to achieve effective low-frequency
attenuation.[2] On the other hand, natural ventilation and air change rate (ACR) are highlighted as
key factors to quantify passive energy requirements[6], [7] as contemporary architecture and
engineering research are focusing primarily on energy-efficient approaches. With this aim, the latest
development of AMMs managed to achieve tailored acoustic properties depending on the material
geometrical structure more than the constituent material properties itself. [8], [9] The frequency
ranges of application result in many cases limited by their large spatial footprint. For these reasons,
it is necessary to further investigate an ideal design and application of AMM in order to address both
noise control and natural ventilation, adaptable to different environmental situations.

Our previous study has investigated a promising acoustic metacage window with significant results
in a frequency range of 300-5KHz (see Figure 1.a). [10] The tunability of the AMM unit cells
constituting the metacage window, related to a few geometric parameters, has been demonstrated
through parametric studies. Later, a preliminary realistic adaptation was speculated as acoustic
metawindow (AMW) unit (see Figure 1.b). The acoustic metacage window geometry was better
approximated to standard window design and tested both numerically and experimentally. The main
conclusion is that significant noise reduction can be achieved while allowing 30% of opening ratio
(OR).

This study aims to numerically investigate the applicability of previously used AMM on a full-
scale window model (see Figure 1.c) and optimise the parameter settings according to different
acoustic conditions (depending on the frequency range). Three specific targets are to be considered
in the design, including visual impact, acoustics, and ventilation. The visual impact is addressed by
using transparent glass as the central panel (dimensions 1.2x0.6 m). The acoustics and ventilation
functions are fulfilled by integrating AMM unit cells in the window frame. The window performances
are then characterised by different geometric parameters of the window and the AMM unit (described
in the following section). The combined variables define different acoustic impact and ACR of the
window system on the indoor environment. Finally, the parametric study results are compared to a
standard sliding window to show the design benefits. Significant improvements from the standard
window design performances could be found and a new AMM based windows set for building
engineering or architecture applications.
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Figure 1 Geometrics and physics concept-flow from the acoustic metacage window, to the AMW unit
and finally AMW as per its full-scale application (cross-sections).

2. METHOD
2.1. Geometric setting for acoustic and ACR analysis

Numerical simulations are used to evaluate the performance of the proposed full-scale AMM
window. Both acoustic and ACR simulations are performed based on the same 3D geometric settings;
however, the physics models have different governing equations and boundary conditions (specified
in the following section). For each analysis, Finite Element Method (FEM) is used to perform the
parametric study. The geometric elements considered in this study are: a spherical boundary of 0.9 m
radius, a 0.13m division in the middle (representing the building’s wall), and the AMW attached to
one side of the division (see Figure 2.a). The sphere’s partitions are considered as the indoor and
outdoor environments. The “inner wall” is where the AMW geometry is placed. The dimension of
the central transparent panel of the AMW is 1.2 x0.6 m and is constant for all the parametric studies.
The input wave (modelled as background pressure field or air velocity) passes through the AMW and
radiates in through the distributed ventilation holes along the AMM units surface. As depicted in
Figure 2.a, few parameters are considered for this study.

The first parameter T represents the AMW frame thickness starting from the inner side of the
division (see Figure 2.a). The 3D window system can be viewed, indeed, as a protrusion from a 2D
plane placed on the inner wall. The previous studies highlighted that T influences the frequency range
of acoustic application. However, beforehand, there has never been such a parametric study to
understand which T dimension can activate the noise reduction on specific frequency bands. In this
research T varies within these values: A, T=0.13 m; B, T=0.11 m; C, T=0.09 m; D, T=0.07 m; E,
T=0.05m; F, T=0.03 m. A variation of T determines a variation of the total opening areas of the
AMM units in the AMW frame (see Figure 2.a). They vary as 0.14 m? (T=A), 0.12 m? (T=B), 0.10
m? (T=C), 0.08 m? (T=D), 0.05 m? (T=E), 0.03 m? (T=F).

The second parameter, depicted in Figure 2.b, is the frame height (H), which varies in a range of
0.04 m (H=4), 0.05 m (H=5), 0.06 m (H=6), 0.075 m (H=7.5), 0.10 m (H=10), 0.15 m (H=15). A
variation of H results in a variation of the frontal area of each window (see Figure 2.b) without varying



the central transparent panel dimensions. The frontal area changes within this range: 0.88 m? (H=4),
0.91 m? (H=5), 0.95 m? (H=6), 1.01 m? (H=7.5), 1.12 m? (H=10), 1.35 m? (H=15). A third parameter
to evaluate our study is the OR. This unit represents the percentage ratio between the total opening
areas of all the AMM units in the AMW frame and the frontal area of each window (see Figure 2);
so, the combination of different T and H generates a variation of the OR. These variations are: 30%
(T=A=0.13 m), 25% (T=B=0.11 m), 20% (T=C=0.09 m), 16% (T=D=0.07 m), 11% (T=E=0.05 m),
7% (T=F=0.03 m). This specific definition of the OR will allow comparing on a later stage the
AMW?’s performance with common window design’ ones (see Section 2.2 and 3.1).

(a) AC+AF: Internal hard boundaries AC: Background pressure field (b)
AF: Air flow inlet
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Figure 2 a) 3D representation of boundary conditions and parameters used in both acoustics (AC)
and airflow (AF) studies. b) 2D AMW section to show the variation of the H parameter.

2.2. Boundary Conditions and Study Settings

The numerical model is implemented using commercial FEM software Comsol Multiphysics
under Acoustics and Fluid Dynamics modules. For the first parametric investigation, semi-infinite
acoustic conditions are applied to the two boundary sides of the sphere (see Fig. 2.a). Free spherical
wave radiation conditions are applied to all the spherical geometry. The separation walls and the
AMW geometry are considered as interior sound hard boundaries. Sound transmission through walls
of the AMW 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. The outdoor boundary is characterised by a background pressure field directed towards the
indoor with a pressure amplitude of 1 Pa and an airspeed of the sound of 343 m/s. TL is calculated
by the reduction of sound power through the metamaterial interface (in dB). The extra sound
attenuation (called ATL) of the AMW compared to the standard window’s one is defined to show our
design benefits, and it is calculated as:

extra attenuation = ATL = TLpyy — TLgy (dB) 1)



where:
. TLayw= AMW’s transmission loss (dB)
. TLgy, = Standard window’s transmission loss (dB)

Regarding the mesh size for the 3D study, this model results very complex, and, since the
convergence of results is proven, simplification is needed, so the maximum allowed element size is
343/6/2000=0.0286 m. The study is a frequency domain analysis from 0 to 5000 Hz with a step size
of 100 Hz. In the results, the TL is shown linearly within the simulation frequencies.

In the parametric airflow study, the same geometric boundaries are used for a laminar flow study
in order to calculate the air changes per hour (ACPH). An air change is the number of times the air
enters and exits a room from the heating, ventilating and air conditioning (HVAC) system in one
hour. ACPH is a measurement of air volume that is added to (or removed from) a room divided by
the total volume of the room; so, it measures how many times the air in the room is replaced. Higher
ACPH values result in adequate ventilation. The formula is as follows:

ACPH = % (h%) 2)
where:
. Q = Volumetric flow rate of air in cubic metres per hour (m3/h) =3600-A - v
. V = Space volume L x W x H in cubic metres (m?3)
. A = Cross-sectional area of the duct (m?)
. v = airflow velocity (m/s)

This unit allows comparing the AMW performances to the standardised value for public
buildings[11]. Moreover, with an easy time unit adaptation, air change per minute (ACPM) can be
calculated in order to describe more precisely the extra opening time that AMW requires when
compared to the standardised value for offices. In this case, for example, ACPH= 6 h [11] while
ACPM=0.1 min. From this unit, another time-based indicator, air change requirement in minute
(ACRM), can be defined as:

ACRM = ACPM (min) (3)
So for ACPH=6 h*!, ACPM=0.1 min*, and ACRM=10 min. ACRM is then calculated for all the
different AMW model, according to each T and H combination. Finally, the extra time needed for the
AMW to reach the standard window (SW) ACR performance is calculated as:

extra time = AACRM = ACRM 4w — ACRMgy, (min) (2)

where:
. ACRM 4pw = AMW’s ACRM (min)
. ACRMgy,= Standard window’s ACRM (min)

For boundary conditions definition, the 3D geometry is filled with air where air density at room
temperature is used. Inlet conditions are applied in the outdoor boundary surface. Normal wind
velocity flow at the inlet is 1.132 m/s according to Asfour and Gadi criteria[12] depending on the
height above the ground (20m) and the room height (3m). The indoor boundary is characterised with
outlet conditions with 0 Pa pressure. In this analysis as well, the walls of the AMW and material cells
are set as interior hard boundaries. The mesh size for this 3D study is defined by a maximum element
size of 0.18 m and a minimum element size of 0.03m. Indoor average air velocity is analysed in this
parametric study to define ACPH for each configuration.



3. NUMERICAL RESULTS
3.1. Thickness variation and frequency range parametric study

Table 1.a shows the ATL mean value according to different H and T. ATL goes from a minimum
of 19.37 dB to a maximum of 39.75 dB showing increasing values in relation with high H; so this
parameter might be significant in the determination of the ATL amplitude and a more specific
frequency related analysis is needed. In Table 1.b, individual bands (low= 0-500 Hz, middle= 500-
2000 Hz, high=2000-5000 Hz) are analysed. From a first look at this table, mostly higher frequencies
result significantly affected by the AMW performance in terms of ATL; however, focusing on the
frame height, the results show that when H increases together with the dimensions of the AMM units,
they affect more significantly the low frequencies component of the soundwave.

Models with H=7.5, 10, 15 generates a cut off frequency in the low band, up to a significant mean
ATL of 10.94, 16.10, and 12.3 dB, respectively. At the same time, bigger AMM units, also determine
a significant ATL at the higher bands (500-2000 and 2000-5000 Hz) making their application
effective on the broad frequency range. In conclusion, within the same audible spectrum, the noise
reduction performance of full-scale AMW is better than a comparable sliding window, regardless of
the different thickness (or OR). Moreover, H=10 results to be the overall best performing model.

3.2. ACRH and time gap for optimal ventilation conditions

Table 1.c illustrates the difference in terms of AMW ACRM. These values represent the extra
opening time that AMW requires when compared to the standardise value for offices (ACRM= 10
min)[11]. The standard value in this analysis is initially defined by DIN 1946 part 2, which is set by
the German Institute for Standardisation and accepted worldwide[11], and where it is expressed in
ACPH. The specific function was taken into account as an example of a public indoor environment
where the acoustic and ventilation comfort is crucial for the occupants. In Table 1.c, negative values
mean that the performance of the studied model is even better than a standard window and that shorter
opening time is required to achieve the standard ACRM. Overall the shorter time required to satisfy
the ACRM standards is between -6.52 min (= -6’31”’) and -9.18 min (= -9’11”’). There is an
improvement for bigger T values (A, B, C) as the AACRM probably due to their OR. The ventilation
performances for these thickness values are the best among the AMW models. In future studies, the
AMW ACRM can be compared to standardised values of other indoor functions to have a broader
idea of its application in public buildings.



Table 1: a) ATL mean of the total value of the acoustic parametric study according to different AMW
T or OR; b) ATL mean by different frequency bands: low= 0-500 Hz, middle= 500-2000 Hz, high=
2000-5000 Hz; c) AACRM between standardised value for offices expressed in additional opening
window time (min).

@ ATL mean total (dB) (b) ATL mean freq. bands (dB)
4 5 6 7.50 10 15  Mean Freq.
A [1937 2123 2463 3004 3975 3411 2819 Bands > 6 7510 15 Mean
B | 2173 2253 2693 2963 30.47 3530 27.77 Low 24403040385 500 16.10 | 4.94
c - 2253 2716 2894 3236 3497 2737 A MID 1819 17.85 1857 19.66 31.75 3899 21.58
D | 2381 2715 2890 3147 3284 3588 3001 USSR 2334 2656 3179 BECECHNENN- A51
~_low | 149 216 3.08 424 499 412
£ BN 3086 RS AREES RSt 29.65 B MID 19.77 18.83 1833 17.97 19.24 | 40.60 20.37
F 31.43 3326 3531 3587 3628 34.17 3439 HIGH 2676 23.46 3600 2054 4118 3889
Mean | 22.37 25.05 2896 31.68 34.39 34.90 LOW 2.95 4.01 5.26 6.46 5.01
C MID 1869 1870 19.38 20.81 2846 4321 20.80
© AACRN (i) HIGH 21.23 2836 3567 37.74 39.49 36.85
LOW | 306 414 528 666 815 6.26
4 > 6 7.5 10 15 D MID 1417 1413 1477 2152 3126 4418 2239
A -9.16  -9.18 -9.15 -9.12 -892  -9.00 HIGH 32.78 3827 4069 4141 3858 37.65
B 902 -905 0.01 _8.08 894  -886 LOW | 402 515 658 825 10.08 8.65
E MID 767 753 867 1785 2555 36.44 2158
c -889  -8.85 -8.84 -8.82 -8.76  -8.68 HIGH 28.79 3532 46.81 47.48 4412 39.46
D 863 861 -8.59 857 849  -8.36 LOW = 754 710 882 1094 1320 12.30
F MID | 528 389 506 1421 2591 33.09 24.58
E -8.27  -8.22 -8.20 -8.11 -7.97  -7.81 HIGH 49.29 53.18 55.73 51.68 46.07 39.09
F -7.56 -7.46 -7.18 -6.99 -6.78 -6.52 Mean 1593 1753 20.18 22.86 26.61 28.18

4. CONCLUSIONS

This study has attempted to explore the applicability of a specific AMM for noise reduction and
natural ventilation in window systems. A total of 72 parametric analyses have been presented in order
to assess the effectiveness concerning two design parameters: frame’s thickness and height (T and
H). It has been shown that with a tailored AMM structure, noise attenuation can be achieved and
opening time can be increased or reduced mostly without depending on the outdoor acoustic stimuli.
Models with T=7.5, 10, 15 can achieve interesting TL value with optimal ACRM, making this design
suitable for most of the indoor public functions.
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