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ARTICLE INFO ABSTRACT

Edited By: Sirish Namilae This paper explores the use of a flat array of covered Helmholtz resonators (CHRs) as a metamaterial for
enhancing the acoustic transmission loss (TL) of aircraft fuselage sidewall. The benefits of CHRs are twofold: (i)
decreasing the Helmholtz resonance frequency, thereby targeting lower frequencies, and (ii) providing precise
control over the resonant frequency of the metamaterial when integrated into a fuselage sidewall. In this paper,
we first examine the vibroacoustic behavior of a single CHR, observing a significant decrease in resonant fre-
quency as the covering plate approaches the neck entrance. Subsequently, we evaluate arrays of CHRs, with
different filling factors, and their impact on the TL of an aircraft fuselage sidewall. Placing the CHRs meta-
material in the dead space between stringers improves the TL by up to 10 dB at the panel’s ring frequency,
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demonstrating their potential for low-frequency noise reduction in aircraft.

1. Introduction

Reducing noise inside aircraft is a paramount concern in modern
aviation, driven by the need to limit passengers’ and crew’s exposure to
high noise levels, which can cause discomfort and long-term hearing
damage. Aircraft noise originates from engines, aerodynamic in-
teractions, and mechanical systems. Conventional acoustic insulation
treatments used in aeronautics generally consist of one or more layers of
porous materials, placed between the aluminum skin panel and the trim
panel of the fuselage sidewall. Although effective at mid and high fre-
quencies, these treatments are limited at low frequencies due to the
ability of long wavelengths to penetrate them.

To overcome this issue, numerous subwavelength vibroacoustic
metamaterials have been proposed in the literature as they can be finely
tuned to target specific low-frequency ranges while having small
thickness-to-wavelength ratio [1]. Those metamaterials include locally
resonant sonic materials [2,3], membrane-type/plate-type meta-
materials [4-6] or structured resonators [7,8]. In particular, different
strategies have been explored to integrate Helmholtz resonators (HRs)
into double wall structure to enhance system insulation at their resonant
frequency. For examples, Narang [9] used studs supporting the walls to
create small resonant slits, Mason & Fahy [10] incorporated a frame
containing HRs into a double wall structure, and May et al. [11], Prydz
etal. [12] and Kuntz et al. [13] used one of the walls to form or attach an
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array of HRs. Although these solutions yield significant gains at the HRs’
resonant frequency, they often compromise the overall performance of
the double wall across the frequency range [10,12]. However, installing
absorbent material between the walls can mitigate this issue [14].
While effective at low frequencies, HR integration requires space
within a double wall. Solutions have been devised to lower HRs’ reso-
nant frequency without increasing their size. The presence of porous
material within the HR cavity allows for lowering the resonant fre-
quency and broadening the transmission loss (TL) peak but reduces its
amplitude [15]. Additionally, the neck shape significantly influences the
acoustic response of HRs. Extending the neck into the cavity was pro-
posed [16], and a spiral-shaped neck was explored [17]. Conical or
parabolic necks were proposed to enhance the absorption of HRs but
slightly increase the resonant frequency [18,19]. Furthermore, the
behavior of an HR depends on the surrounding environment, and the
proximity of a structure can influence the radiation of the HR’s neck.
The resonant frequency of an HR installed in a double wall structure can
therefore differ from the HR’s intrinsic resonant frequency (obtained
when the neck radiates into a semi-infinite space). Although it is not
explicitly analyzed in this way in ref [13], the results suggest that the
resonant frequency of the HR array shifts towards lower frequencies,
and the associated TL peak slightly decreases when the HR necks are
close to the sound package in the fuselage sidewall. The effect of the
environment at the HR necks’ openings can also significantly reduce the
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efficiency of an array of HRs, which relies on the assumption that all
resonators should resonate at the same frequency. While detuned reso-
nators can broaden the frequency range over which the TL increases,
they also reduce the peak amplitude of the TL gain [10]. In practice,
installing HRs close to a surface (whether absorbent or not) within a
structure is difficult to control, and the efficiency of the HR array can be
significantly reduced as all HRs may resonate at different frequencies.
Based on these observations, the concept of covering HRs with a plate
placed in front of the HRs neck emerged within our research team as a
metamaterial to enhance the TL of aircraft fuselage sidewalls. The
benefits of covered HRs, referred to as CHRs, are twofold: (i) decreasing
the resonant frequency of the HRs, thereby targeting lower frequencies,
and (ii) providing precise control over the resonant frequency of the HRs
when integrated into a fuselage sidewall, ensuring the optimal efficiency
of the proposed metamaterial.

In this paper, we explore the application of CHRs as a metamaterial
to increase the TL of aircraft fuselage sidewall by taking advantage of the
dead space between the stringers, where flat resonators can be accom-
modated. First, we study the vibroacoustic behavior of a single circular
CHR both numerically through finite element (FE) simulations and
experimentally through impedance tube measurements, with a partic-
ular focus on the influence of the distance between the covering plate
and the HR. Second, we analyze the effect of an array of CHRSs, either
circular or rectangular, with varying filling factors, on the TL of an
aircraft fuselage sidewall in both single (skin panel only) and double
wall (skin and trim panels) configurations, under diffuse sound field
excitation.

2. Methods
2.1. Geometry of CHRs

Fig. 1(a) illustrates the positioning of the CHRs in the dead space
between the stringers of the skin panel of a fuselage sidewall. Two
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versions of the CHR are considered: (i) a circular version that fits in a
100 mm diameter impedance tube to study the system’s vibroacoustic
behavior (see Fig. 1(b)), and (ii) a rectangular version with larger di-
mensions to fill the space available between the stringers of the skin
panel (see Fig. 1(c)). Both CHRs are designed with a re-entrant neck to
maintain a flat profile. Draft angles of at least 9 degrees were incorpo-
rated to facilitate demolding during manufacturing (detailed in Section
2.3), and sharp edges were avoided. The covering plates for both circular
and rectangular CHRs are circular, with a diameter of 60 mm and a
thickness of 1 mm, centered on the neck and located at a distance A; (see
Fig. 1(d)). Both versions share the same neck geometry; the only dif-
ference lies in the volume of the circular and rectangular cavities.
Without the covering plate, both HRs have a thickness of 17 mm to fit
within the dead space (22 mm depth) between the stringers of the skin
panel.

2.2. Modeling of the circular CHR

In this work, we developed a numerical model of the circular CHR
placed in a virtual impedance tube setup using the FE method in
COMSOL Multiphysics® 6.1 (Sweden) to study the vibroacoustic
behavior of the system. Fig. 1(e) shows the 3D FE model of the CHR in a
100 mm diameter tube filled with air and having acoustically rigid walls.
The “Port” boundary condition was applied to set up an incident plane
wave at the entrance of the tube (the source) and to prescribe a nonre-
flecting condition at the end of the impedance tube (the outlet). Only the
plane mode propagates in the waveguide. The normal sound trans-
mission loss (nSTL) was computed by the difference between the inci-
dent power level (Ly ;) at the tube entrance and the transmitted power
level (Lw,) at the end of the impedance tube such that:

nSTL = Ly; — Lw,. (@D)]

Two cases are considered. In the first case, the resonator is treated as
a rigid material, and the model is purely acoustic, governed by the

panel
arf;;tof Stringers
CHRs
Covering
(b) e plate (©) )
(e)
e =2omm Outlet —<, _— Tmpedance
Slit| _TA, boundary T tube
Imm 100mm
. ¥ i Source
! 37mm Circular
Axisymmetric axis CHR boundary

Fig. 1. (a) Schematic of the CHRs positioned between the stringers of the skin panel of an aircraft fuselage sidewall. Geometry of the (b) circular and (c) rectangular
CHRs. (d) Cross-sectional view of the circular CHR. (e) FE model of the circular CHR in the impedance tube setup.
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Helmholtz equation. The air is modeled as a compressible fluid domain
with density p, = 1.2 kg.m™ and sound speed ¢, = 343m.s%. Visco-
thermal losses that occur in the neck and in the slit formed between the
HR and the covering plate are accounted for using a low reduced fre-
quency model [20]. In the second case, the resonator is modeled as
polycarbonate with the following material properties: Young’s modulus
E; = 2.3 GPa, density p; = 1200 kg.m'?’, Poisson’s ratio v; = 0.4, and
structural loss factor #, = 0.01. Sound propagation in solid domains is
governed by the linear elasto-dynamics equation, which relates the
linearized displacement field, strain tensor, and stress tensor at all points
within the solid domains [21]. At the interface between mechanical and
acoustical domains, continuity of stress and normal displacements is
assumed. The geometry is meshed using a criterion of at least six
10-noded (quadratic) tetrahedral elements per wavelength at 1.2 kHz
(the maximum frequency of interest) to ensure convergence.

2.3. Manufacturing and experimental setups

The circular (Fig. 2(a)) and rectangular (Fig. 2(b)) HRs were both
thermoformed from a polycarbonate sheet with a thickness of 1 mm.
Polycarbonate material was selected for its lightweight nature, ease of
forming, and its existing use in aircraft fuselages to offset insulation
blankets from the fuselage skin, thereby reducing moisture buildup [22].
Fig. 2(c) displays the mold used for thermoforming the circular HRs. The
circular and rectangular molds were created via 3D printing (fused
deposition modeling) using carbon fiber-reinforced nylon with a 100 %
infill rate. To minimize thermal deformation during fabrication and
ensure repeatability, metal beams were attached to the back of the
molds. The covering plates for both circular and rectangular CHRs were
cut from polycarbonate sheets using a hole saw. Spacers of 3 mm length
were glued between the HRs and the covering plates, setting A; to 3 mm

Fig. 2. (a) Circular and (b) rectangular CHRs made of thermoformed poly-
carbonate. (c) 3D printed mold for the circular CHRs. (d) Impedance tube setup
for measuring the nSTL of circular HRs. (e) Large-scale test setup using a
fuselage skin panel covered by either (f) circular or (g) rectangular CHRs.
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in the experiment. A template was used to center the covering plates
onto the HRs. The circular CHRs weighed approximately 22 g, while the
rectangular CHRs weighed approximately 47 g.

To assess the nSTL of the circular HRs with and without covering, we
used a commercial impedance tube (Mecanum, Canada) as shown in
Fig. 2(d), following the ASTM E2611-09 standard [23] and [Ref. 24].
Three samples of circular HRs with and without the covering plate were
tested to quantify fabrication variability. Each circular HR was held
vertically in the impedance tube using a reusable putty-like adhesive
(Blu-tack). Note that the nSTL of rectangular HRs was not assessed using
the impedance tube setup as their dimensions significantly exceeded the
cross-sectional area of the tube.

Large-scale tests were conducted in coupled reverberant-anechoic
rooms of the CRASH (Centre de Recherche Acoustique-Signal-Humain)
at the University of Sherbrooke (Fig. 2(e)) following the E-2249-02
standard [25]. A fuselage skin panel measuring 1.7 x 1.45 m? with a
thickness of 1.3 mm was used. The fuselage, including its stiffening el-
ements, had an equivalent mass per unit area of 8.68 kg/m?. For the
circular CHRs, micro-perforated film was stretched between the
stringers (see Fig. 2(f)), and the CHRs were attached to the strips using
double-sided adhesive tape. A total of 158 circular CHRs were posi-
tioned on the skin panel, resulting in a filling ratio r, of 30 % and an
added mass of 16 % compared to the skin panel alone. For the rectan-
gular CHRs, Velcro was used between the stringers and the surface of the
CHRs to allow for a quick and removable attachment. A total of 142
rectangular CHRs were used, increasing r, to over 70 % with an added
mass of 31 % due to their larger size. To mimic an aircraft fuselage
sidewall, a porous material mattress (50 mm thick) and a second wall
made of composite material with a honeycomb structure were installed
above the resonators, forming the double wall configuration. For both
single and double wall configurations, careful control of mounting
conditions was applied to avoid acoustic leaks. White noise ranging from
100 Hz to 4 kHz was generated by speakers placed in the reverberant
room to create the incident diffuse field. The sound transmission loss
(STL) was determined from spatially averaged sound pressure level L,
measured in the reverberant room (source side) and spatially averaged
sound intensity level L; measured using an intensity probe in the
semi-anechoic room (receiver side) such that 25,

STL =L, — L — 6 — 1010g,4(Sn / S), )

where S is the effective skin panel area (source side), approximately
equal to the scanning area Sy, (receiver side). To compare the influence
of CHRs in single and double wall configurations, the insertion loss (IL)
was calculated as the difference between the TL of a given configuration
(single or double) with CHRs (circular or rectangular) and the TL of a
baseline configuration (single or double) without CHRs, such that:

IL = TLcunf - TLba.seline- (3)
3. Results and discussions
3.1. Acoustic behavior of a single CHR

We first analyze the influence of the covering plate on the vibroa-
coustic behavior of a single CHR. Fig. 3(a) displays the nSTL of the
circular CHR as a function of frequency for different distance A; between
the HR and its covering plate, computed using the purely acoustical FE
model. This system behaves as a single degree of freedom (DOF) reso-
nant system, with maximum nSTL observed at the resonant frequency.
The resonant frequency decreases from 1005 Hz when the covering plate
is far from the neck entrance and does not influence its acoustic
behavior, to 500 Hz when the covering plate is 1 mm from the HR. This
significant decrease in resonant frequency, depending on the distance
between the covering plate and the HR, demonstrates the benefit of such
a system for targeting low frequencies in a minimal volume. It also
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Fig. 3. (a) nSTL of the acoustically rigid circular CHR as a function of frequency for different distance A; from the covering plate (FE model). (b) Acoustic pressure
field of the circular HR with and without covering plate (FE model). (c) Resonant frequency of the circular CHR as a function of the distance A; (FE model and Eq. (4)
of the analytical model). (d) nSTL of the polycarbonate circular HR with and without covering (experimental data versus FE model).

highlights the necessity of precise control over the distance A, as the
resonant frequency is significantly impacted by this distance.

To further understand the acoustic behavior of the system, Fig. 3(b)
displays the sound pressure field inside the CHR in two scenarios: (A)
when the covering plate is far from the HR, effectively absent, and (B)
when the covering plate is close to the neck of the HR. In the absence of
the covering plate, the system behaves as expected: the acoustic pressure
varies linearly in the neck, corresponding to the acoustic mass, and is
almost homogeneous in the cavity, which acts as the acoustic compli-
ance. When the covering plate is close to the neck of the HR, the radial
slit formed between the plate and the HR acts as the acoustic mass, while
the former neck together with the cavity act as the acoustic compliance
of the system. The maximum nSTL observed in Fig. 3(a) at the resonant
frequency of the HRs (whether covered or not) is explained by the fact
that, at resonance, the HR placed in the impedance tube imposes a
pressure node at the entrance of the neck (i.e., minimum acoustic
pressure, as shown in the pressure fields in Fig. 3(b)), leading to mini-
mum acoustic impedance. Consequently, a large part of the acoustic
energy is reflected back toward the source, resulting in maximum nSTL.
This phenomenon, purely reactive in nature, is typical of the behavior
observed in reactive mufflers (see Ref. [26], Section K).

Using the insights from the sound pressure field, it becomes
straightforward to approximately predict the resonant frequency of the
system in the two previous scenarios (A) and (B) using the classical
equation for a 1 DOF mass-spring system:

1

Jres = 272VM,C,

4

where M, is the acoustic mass of the system and C, is the acoustic
compliance of the cavity. M, incorporates the acoustic mass of the
effective neck M, and the acoustic mass of radiation M, ; at the entrance
and M, at the back of the neck, such that M, = M, + M;; + M;». In
scenario (A), when the covering plate is far from the HR, the acoustic

_ pohn

mass of the neck is given by M, = /2, while the acoustic masses of

radiation are approximated by M,; = %, where i € {1;2}, which is an
approximation from circular baffled piston. In scenario (B), when the
covering plate is close to the HR, the acoustic mass of the slit is given by

M, :#Allog(’zrz l-‘) while the acoustic masses of radiation M,; are

approximated using length corrections for a baffled rectangular orifice
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(see Ref. [26], Section F). In both scenarios, the acoustic compliance of
the system is given by C, = /T‘Z?, However, the effective cavity volume V
is equal to 5.2 x 10* mm? in scenario (A)and 6.2 x 10* mm? in scenario
(B).

Fig. 3(c) displays the resonant frequency of the system as a function
of the distance between the HR and the covering plate. It shows that Eq.
(4) provides accurate approximations of the resonant frequency of the
system computed using the FE model when the covering plate is either
(A) very far from or (B) close enough to the HR. At an intermediate
distance A; between the HR and its covering plate, analytically
computing the resonant frequency becomes more complex, and Eq. (4) is
no longer applicable. The effect of the covering plate is purely reactive
and can be interpreted as a neck extension, which increases the effective
acoustic mass M, of the system and lowers fs as A; decreases. For
instance, when A; = 3 mm, the acoustic mass of the CHR is M, = 111 kg.
m'4, compared to M, = 66 kg.m'4 without covering, and f.s reduces
from 1005 Hz to 723 Hz between the uncovered and covered HRs.
Nevertheless, decreasing A; also reduces the nSTL peak (see Fig. 3(a)), as
the energy advection of the HR is diminished by the decreasing radiating
surface due to the covering plate. Additionally, as the covering plate
approaches the HR, viscous losses increase, further contributing to the
reduction of the nSTL peak. However, these viscous losses do not
significantly influence the system’s resonant frequency for A; > 1 mm.

Thus far, the resonator has been considered acoustically rigid to
isolate the influence of the covering plate on its behavior. For practical

Baseline
[ |—=— Circular CHRs

Single wall

(
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application in aircraft fuselage sidewall without adding excessive mass,
the resonators were manufactured from polycarbonate. Fig. 3(d) dis-
plays the nSTL of the circular polycarbonate HR measured in an
impedance tube and simulated using the FE method, both with and
without covering. Simulations and measurements are in good agree-
ment. However, compared to the acoustically rigid structure (see Fig. 3
(a)), the resonant frequency of the polycarbonate HRs (with and without
covering, respectively referred to “Covering A; =3 mm” and “No
covering influence” in Fig. 3(a)), is shifted to higher frequencies by
around 100 Hz (see Fig. 3(d)), indicating a strong vibroacoustic coupling
between the vibratory behavior of the polycarbonate structure and the
acoustic mode of the HR. Despite this, the reduction in resonant fre-
quency induced by the covering plate is still observed, showing a fre-
quency shift of 200 Hz (see Fig. 3(d)), similar to the acoustically rigid
case (see Fig. 3(a)). Additionally, compared to the acoustically rigid
structure, the nSTL peaks are lower for the polycarbonate structure due
to structural losses that occur when the system deforms.

3.2. Influence of an array of CHRs on the TL of an aircraft fuselage
sidewall

We now investigate the benefit of using the CHRs to improve the STL
of an aircraft fuselage sidewall. For this purpose, Fig. 4(a) and (b) dis-
plays the STL in 1/12th octave bands of the single and the double wall
configurations, respectively, both including either no CHRs, circular
CHRs or rectangular CHRs. Note that the distance A; between the
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Fig. 4. STL of (a) single and (b) double wall with circular and rectangular CHRs array excited by diffuse sound field, and associated IL for (c) circular and (d)
rectangular CHRs. For both circular and rectangular CHRs, the distance A; between the HRs and the covering plates is set to 3 mm.
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covering plate and the HRs is fixed at 3 mm for both circular and rect-
angular CHRs (see Section 2.3), aimed at targeting low frequencies
(below 1 kHz) while maintaining significant STL peaks (see Section 3.1).
According to Fig. 4(a), the configuration with circular CHRs shows a 5
dB increase in STL around 850 Hz compared to the baseline configura-
tion, which aligns with the resonant frequency of the circular CHRs
measured in the impedance tube (see Fig. 3(d)). Hence, the nSTL peak
observed for normal incidence excitation of single CHRs in the imped-
ance tube is confirmed under diffuse field excitation of the aircraft
sidewall with the circular CHRs. For the configuration with rectangular
CHRs, an increase in STL of about 10 dB is observed around 690 Hz
compared to the baseline configuration. This frequency is close to the
ring frequency of the fuselage skin panel used in this study (see Ref. [8]),
which demonstrates the ability of the CHRs array to enhance the STL in
this frequency region. In the double wall configuration, similar results
are observed regarding the effect of both circular and rectangular CHRs
on the STL, as shown in Fig. 4(b).

To facilitate the comparison between the different configurations
(single vs. double wall, circular vs. rectangular CHRs), Fig. 4(c) and (d)
display the IL, calculated as the difference between the STL of a given
configuration including CHRs and the STL of the baseline configuration
without CHRs (see Eq. (2) in Section 2.3). It can be observed that the
resonant frequency of the rectangular CHRs (around 690 Hz) is signifi-
cantly lower than that of the circular CHRs (around 850 Hz) due to the
larger volume of their cavities. Additionally, the gain in STL for the
configuration using rectangular CHRs is notably higher than that for the
circular CHRs (10 dB versus 5 dB respectively). However, increasing the
filling ratio of CHRs adds weight, which is a critical limitation in aircraft
design. Overall, the STL remains almost unchanged across the frequency
range (except at the resonances of the CHRs), indicating that CHRs do
not significantly affect the acoustic insulation of the aircraft sidewall.
The mass added by the CHRs, either circular or rectangular, does not
substantially increase the STL of the fuselage panel as the enhancement
is sharply localized around their resonant frequencies. Around 500 Hz,
however, rectangular CHRs show a 3 dB reduction in the STL perfor-
mance of the aircraft sidewall. According to additional simulations (not
depicted here for the sake of conciseness), this effect originates from an
acoustic pressure build-up that occurs between the sidewall and the
covering plate. Nevertheless, these results demonstrate the effectiveness
of using CHRs in an environment representative of a large-scale aero-
nautical wall.

4. Conclusion

In this study, we examined the application of a flat array of CHRs as a
metamaterial to enhance the TL in double-wall structures, particularly
in aircraft fuselage sidewalls. As the covering plate approaches the neck
entrance, a significant decrease in the resonant frequency of the system
was observed. When the covering plate is close enough, the system
effectively transforms into an HR with a radial neck, presenting poten-
tial applications as a thin metamaterial for enhancing the acoustic TL of
structural walls at low frequencies. As a case study, we implemented an
array of these CHRs in the dead space between stringers on an aircraft
fuselage sidewall. This implementation led to an improvement in TL of
up to 10 dB at the panel’s ring frequency. The covering enables precise
control over the performance of the HR, independent of the mounting
conditions. By controlling the distance between the HR and its covering
plate, specific frequencies can be targeted, providing a versatile
approach to noise reduction in aerospace applications.
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