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ABSTRACT

It has been shown previously that a panel comprising a cellular array can yield a normal incidence transmission
loss in a specified low frequency range that is significantly larger than that of a homogeneous panel having
the same mass per unit area. The cellular metamaterial considered consists of a periodic arrangement of unit
plates held in a grid-like frame. However, when the incident sound field is diffuse, the relative advantage of
the metamaterial barrier is reduced or eliminated. Here it will be shown through a sequence of experimental
measurements that the relative advantage of the metamaterial barrier can be restored by creating a hybrid
system consisting of a layer applied to the front surface of the material that causes sound to approach the barrier
at normal incidence, and a layer on the rear surface of the material that compensates for the transmission loss
minimum that normally follows the peak in a metamaterial barrier transmission loss. In the implementation
considered here, the front layer consists of a lattice structure, and the rear layer consists of high performance
glass fiber. The role of each of these components will be illustrated using measurements of transmission loss
of a 1.2 m square panel system.
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1. INTRODUCTION

Air-borne noise produced by many real life applications such as aircraft (1), home appliances (2) etc.,
has a significant low frequency component which needs to be controlled. Conventional barrier materials
require high mass per unit area for effective noise reduction in this inertia-controlled frequency region (3).
Lightweight barrier solutions have been proposed by researchers addressing this challenge using the ideas
of acoustic metamaterials since they were first published by Liu et al. (4). Notable solutions include a slab
matrix having distributed resonating elements, typically a heavy mass coated with a soft rubber coating (4, 5),
membrane-based materials (6, 7) and plate based materials (8). Investigations were performed employing
analytical, computational and experimental methods with a majority of the works using computational and
analytical methods (9). But, the proposed solutions were mainly examined subjecting them to a normally
incident sound field (4, 10, 7, 11, 12, 13). Experiments were performed using a bench-top setup, namely, a
standing wave tube apparatus (14) or a modified version of it (15) to observe their sound transmission loss
(STL) characteristics. The standing wave tube apparatus may not provide the best representative characteristics
that can be expected of the proposed solutions in real life applications because in real life applications, the
sound field is seldom uni-directional and more often diffuse (3, 16). It is known from investigations conducted
on conventional barrier materials that the STL that can be achieved in a diffuse field is 5 dB lower than
the STL predicted in a normally directed sound field (3). Xiao et al. (8) analytically studied the behavior
of metamaterial-based thin plates with attached resonators using the methods of plane wave expansion and
effective medium and predicted that the benefit in STL of these materials in a diffuse sound field will be lower
than in a normally incident sound field.

The objective of this work is to examine the concept of a Hybrid Metamaterial Panel (HMP) at an
application-scale subjecting it to a diffused sound field with its primary constituent being a planar cellular
metamaterial (17) proposed by the same authors sandwiched between a sound normalizing layer towards
the incident side and a sound absorbing mat on the transmission side. A design of the size 1.22x1.22 m
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is studied and compared with the behavior of a representative limp panel, again obtained from experiment.
Their performance is also compared to their predicted behavior from normal sound incidence based numerical
models described in (17).

2. MATERIALS

Figure 1 shows a schematic of the HMP studied in this work, and its components: (a) a sound normalizing
layer, (b) a cellular panel, and (c) a sound absorbing mat. The system is oriented such that the sound field is
incident on the normalizing layer. The sound normalizing layer is a two-dimensional grid with square unit

1.22m (4ft)

Figure 1 — A schematic of the hybrid metamaterial panel studied in this work with (a) sound normalizing grid
(b) cellular panel and (c) sound absorbing mat.

cells of edge length 63.5 mm made from balsa wood strips of thickness 3.175 mm (0.125 in.) and 101.6 mm
(4 in.) wide. It acts like a waveguide to make the incident sound field normal by allowing only plane waves to
propagate normal to the grid . An ideal rigid-walled grid allows for only those waves which have a propagating
component in its normal direction and standing wave modes along the transverse directions (18) for sound
frequencies below the cut-off frequency of the lowest non-zero mode: i.e., ¢/2L where c is the speed of sound
in air and L is the longer transverse dimension of the grid unit cell. The chosen edge length of the unit cell of
the grid creates a plane wave field for sound waves below 2700 Hz. The overall dimensions of the grid are
such that it spans the entire space of the test window exposed to the incident sound field.

The cellular panel was designed using the geometry-based mass apportioning approach of planar cellular
metamaterial (17). The outer dimensions of the cellular panel measure 1.22 m (4 ft) x 1.22 m (4 ft). The area
of the panels are spanned by 18 by 18 unit cells and surrounded by a frame of width 4 cm on all four edges.
The outer dimensions of the unit cells of the design was taken to be L, +2W; = 63 mm (see Fig. 2). The
thickness of the unit cell plate (¢,) was chosen to be 1 mm and the in-plane dimension of the unit cell plate
(Lp) was chosen to be 51 mm such that the expected high sound transmission loss (STL) region occurs around
1000 Hz. Optically clear cast-acrylic sheet was used to make the design taking into consideration its easy
availability and machinability using a CNC Router. The rectangular sheet measures 1.22m x 1.22 m with an
average measured thicknesses of 12.03 mm. The pockets were milled out of the stock material using a CNC
Router. Due to the variation in the thickness of the stock material provided by the vendor and the machining
tolerances, the mean thickness of the unit cell plate turned out to be 1.81 mm with an averaged mass per unit
area of 5.73 kg/m2 and a mass contrast, i.e., the ratio of the mass of the frame of the unit cell to the mass of
the plate of the unit cell, u, of 3.5. The elastic modulus of the material was determined to be 3.04 GPa through
three-point bend tests which falls within the modulus range specified by the vendor (2.93 — 3.27 GPa).

A glass fiber mat (Microlite AA Noise Reduction blankets with a thickness of 25.4 mm (1 inch) and a mass
density of 8 kg/m?) procured from Johns Manville was used as the sound absorbing layer.

The HMP was configured by attaching the sound normalizing layer on the sound incident side and attaching
two layers of the mat on the transmitted side using an aluminum tape along the edges of the panel adding an
areal mass of 0.45 kg/m>. The total areal mass of the HMP considered in this work is 6.18 kg/m?, neglecting
the mass of the sound normalizing layer.

An aluminum panel (Al alloy 1100) with a measured average thickness of 2.35 mm (can vary between
2.16 — 2.41 mm according to the vendor) was used as the representative conventional limp panel. It has an
averaged mass per unit area of 6.14 kg/m?. For a comparative study, a hybrid conventional panel system
(HCP) was constructed by replacing the cellular panel with the aluminum panel and retaining the other two
components in HMP. The total areal mass of the HCP is 6.59 kg/m?.
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Frame

(a) (b)

Figure 2 — (a) A schematic of the cellular panel. (b) A cut-section of the unit cell with the dimensions L,: Edge
length of the cell interior, #,: Thickness of the plate, W;: Width of the frame and #: Thickness of the frame.

3. METHODS

3.1 Experimental setup and measurement procedure

Intensity based methods (19) were used to experimentally study the STL behavior of the specimens
subjected to a diffused or randomly incident sound field. The experimental setup (see Fig. 3) primarily consists
of a reverberation room and a semi-anechoic termination connected through a window where the test sample
is placed. The reverberation room has hard concrete walls with a volume of 254.9 m? (9000 ft3). It has an
open window of dimensions 1.22 m (4 ft) by 1.22 m (4 ft) to hold the test specimen. Noise is generated inside
the room using two loud speakers (Altec Lansing Model 902 - 8 A/B). The speakers were oriented towards
the walls away from the window to generate a diffused sound field through multiple reflections by the hard
concrete walls. The speakers are driven by two separate random white noise signals generated by B&K Pulse
Labshop software interface. The signals have a frequency span of 6.4 kHz with their center frequency being
3.2 kHz, and they were amplified by an SC audio stereo amplifier with Model number 1080. A microphone
(B&K pre-polarized free field 1/2 inch of Type 4189) was stationed in the reverberation room to monitor
the sound pressure level inside the room. The test panel was fixed in the window by two wooden frames on
either side of the panel which are in turn tightly held in place by clamps from outside. The frame inside the
reverberation room is permanently fixed and only the frame on the other side is operated in conducting the
experiments. The part of the panel held by the frames is immovable and therefore it is assumed that it does not
contribute towards the observed STL. The area of the panel exposed to the incident sound field was hence
reduced to 113.4 by 113.4 cm. The panel was sealed all along the edges using an adhesive tape to prevent air
leaks from corrupting the intensity probe measurements. The semi-anechoic termination is an assembly of
movable walls having thick cones of absorbing material as indicated in the schematic (see Fig. 3) enclosing
the window holding the test specimen. A sound intensity probe consisting of a pair of 1/2 inch B&K Type
4197 microphones separated by a spacer of size 12 mm was used to measure the sound intensity emanating
normal to the test panel. The choice of the spacer is the best for a 12.7 mm (1/2 inch) microphone pair to have
minimum error in the intensity measurements up to a frequency of 10 kHz (20). A square array of twenty
five uniform probe positions were used to sample the intensity of sound at the surface with the aid of a grid
constructed using dental floss. The measurements were taken at a distance of 12.7 cm (5 in.) away from the
panel on the anechoic termination side as shown in the schematic (see Fig. 3) At the start of each experiment,
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Figure 3 — A schematic of the reverberation room setup for generating a purely diffuse field.

the microphone and the intensity probe were calibrated. The microphone was calibrated using B&K Type
4231 sound source. The intensity probe was calibrated for pressure, velocity and intensity measurements using
B&K Type 3541-A calibrator consisting of a piston phone sound source (B&k Type 4228) and a coupler. The
pressure-intensity index was checked using a white noise source (B&K Type ZL0055) and the coupler from
B&K calibrator Type 3541. The sound pressure level inside the reverberation room was monitored during
each experiment and an overall sound pressure level (SPL) of 105 dB was obtained in the reverberation room.
Sound intensity was measured at the twenty five probe positions without the panel in the window to determine
the intensity of sound incident on the test panel. Next, the panel was clamped in the window and the intensity
was measured again at the probe positions to determine the sound intensity on the transmitted side. The sound
intensity spectrum was measured in 1/ 12" octave bands with the lower and upper center frequencies being
19.31 Hz and 6.131 kHz, respectively. The averaged values of the sound intensity from the twenty five probe
points with and without the panel were used to calculate the averaged STL characteristics of the test panel
using the relation

STL = —10log,o([|Z /Io]])- )]

Here, I; and Iy are the averaged values of the measured intensities from all the probe points with and without
the sound panel in place, respectively.

3.2 Unit cell numerical models

Computer numerical models of the unit cells of the cellular panel design subjected to a normally incident
sound field were developed simulating the standing wave tube apparatus (14). These were used to predict the
normally incident STL characteristics of the cellular panels similar to the FE models used by the same authors
discussed in their work (17). The experimentally determined elastic modulus and the mass density were used
in the numerical model.

3.3 Analytical expression for diffused field STL of a limp panel

The analytical expression of diffused sound transmission loss T'Lg;¢ of a planar limp panel with a mass per
unit area of m, is given by

_ 2p()C

()= 2poc+ jomgcos (0)’ (22)
4p0202
O =ITO =575 (2b)
4po*c? + w*mg*cos (0)
90°

f:2/ 7(6)sin(0)cos(6)do, (2¢)

0

1

TLdif = 101g10 (f) . (Zd)

Here, 0 is the angle of incidence of a sound wave, pg is the density of air, ¢ is the speed of sound in air,
and @ = 271 f where f is the frequency in Hz. 7(0) is the transmission coefficient of a limp panel with an
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areal mass m; for a sound wave incident at an angle 0. The transmission coefficient at normal incidence is
given by 7(0) with the STL for normal incidence T'L,,, is given by the expression —101g;, (7 (0)). While the
diffused STL (TLdi f) defines the lower bound, the normal STL (7'L,,,) defines the upper bound of the STL
characteristics of a limp panel.

4. RESULTS AND DISCUSSION

Figure 4 compares the STL of the cellular panel when subjected to a diffused sound field to that of the
numerically predicted STL. The numerical predictions are based on a single unit cell model subjected to
a normally incident sound field (described in (17)). Since the cellular panel has a variation in its unit cell
thickness #,, STL predictions for the cases of (t,) ... o and () can s 2re plotted. Also, the analytically
predicted STL for a mass equivalent limp panel is plotted for reference. It can be seen from this result that (a)
the qualitative nature of the experimentally observed STL is consistent with the numerical predictions but the
improvement in STL at the peak is reduced, and, (b) the cellular panel performs better in terms of the sTL
at its peak region compared to its mass equivalent panel. This result indicates that the nature of the incident
sound field has a strong influence on the degree of benefit that can be realized at the peak region of the cellular
panels.
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Figure 4 — Comparison of STL characteristics of the cellular panel subjected to a random incident sound field
with that of the numerical predicted STL for a normally incident sound field.

Figure 5 shows the experimentally observed STLs of three configurations, namely (a) cellular panel,
(b) cellular panel with the sound normalizing layer facing the incident sound field, and (c) with the sound
absorbing mat on the transmission side, along with the numerically predicted STLs for the same design. First,
it can be observed that the configuration with the sound normalizing layer has significantly improved the
benefit in the peak STL region confirming the influence of the nature of the sound field on the observed STL.
The improvement is particularly seen at the peak region. Second, the HMP having an absorbing mat on the
transmitted side further improved the STL. The improvement in the STL can be seen starting from 600 Hz
with the maximum improvement at the peak region. The STL at the dip region which is usually a concern
for all the proposed metamaterial solutions to-date has also been remedied through the addition of the sound
absorbing mat. This can be seen from Fig. 6 which compares the experimentally observed STL of HMP with
that of its mass equivalent limp panel. It can be seen from this plot that the STL of the HMP has a significant
improvement over its mass equivalent limp panel, particularly in the peak region. The STL at any frequency
including the dip frequency is at least equal to or higher than its mass equivalent limp panel.

Finally, Fig. 7 compares the experimentally observed STLs of the HMP versus the HCP. The HMP has an
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Figure 5 — Comparison of STL characteristics of (a)cellular panel, (b) cellular panel with sound normalizing
layer, and (c) cellular panel with sound normalizing layer and absorbing mat (HMP) subjected to a random
incident sound field. The numerically predicted STL of the cellular panel for a normally incident sound field is

also shown.
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Figure 6 — Comparison of STL characteristics of cellular panel with sound normalizing layer and absorbing
mat (HMP) with that of mass equivalent limp panel subjected to a random incident sound field.

areal mass of 6.18 kg/m? while the HCP has 6.59 kg/m? (6.6% higher than the HMP). From this result, it can be
seen that HMP performs better than HCP in a small region around its peak STL. The STL of the HMP is higher
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than or at least of the same value as that of HCP for all the frequencies below its peak STL frequency in spite
of having 6% lower areal mass than HCP. The relatively modest improvement in transmission loss produced by
the metamaterial barrier, in this case, is consistent with its small mass ratio of 3.5. Work previously reported
in Ref. (17) indicates that the transmission loss benefit increases as the mass ratio increases, approaching
a maximum benefit at a value of approximately 100. Thus it would appear that the current results could be
substantially improved upon by altering the metamaterial barrier configuration to increase its mass ratio.
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Figure 7 — Comparison of STL characteristics of HMP versus HCP subjected to a random incident sound field.

5. CONCLUSIONS

In this paper, the performance of a metamaterial barrier system under diffuse excitation has been considered.
It was found that the diffuse incidence performance of such a barrier is substantially reduced compared to
the predicted normal incidence behavior. It was also demonstrated that the performance of the barrier can
be improved by the addition of a "normalizing" grid to the front of the panel system, which constrains the
incident sound field to approach the panel at normal incidence. Further, the panel performance can be improved
by the addition of a sound absorbing mat to the transmission side of the panel system; this mat has the
effect of compensating for the reduction in transmission loss in the frequency range immediately above the
metamaterial’s peak transmission loss. It was further noted that the barrier system demonstrated here showed
only a slight improvement with respect to a limp panel of the same mass per unit area in the frequency range of
the predicted peak performance, and above that frequency, in fact, the performance of the metamaterial system
was worse than that of the corresponding limp panel system. This behavior is consistent with the relatively
small mass ratio of the metamaterial barrier considered here (i.e., the ratio of the mass of the cell frame to that
of the panel within the cell). Previous numerical work has demonstrated that the benefit of the metamaterial
barrier system increases as the mass ratio is increased to at least a value of 100. Thus, in future, it would be
desirable to experimentally examine the behavior of metamaterial barrier systems having substantially higher
mass ratios.
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