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Abstract

A Helmbholtz resonator is a passive acoustic resonator classically used to control a single frequency resulting
from the cavity volume and the resonator neck size. The aim of the proposed study is to present a new concept
and strategy allowing real-time tunability of the Helmholtz resonator in order to enhance acoustic absorption
performances at low frequencies (< 500 Hz). The proposed concept consists in replacing the resonator rigid
front plate by an electroactive polymer (EAP) membrane. The first proposed strategy consists on a change in
the mechanical properties of the membrane resulting from the applied electric field. This induces a resonance
frequency shift. A second strategy is based on a well-located spring, which could direct the membrane deformation
following the axis of the resonator to obtain a cavity volume variation. Both strategies allow variation of the
resonance frequency of the device. Experimental measurements are performed to determine the potential of this
concept for improvement of low-frequency performances of the acoustic devices.
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1. INTRODUCTION

Helmholtz resonators (HR) are devices designed to cancel a single frequency, whose value is related to their
geometrical dimensions.'™ The high impedance produced by the cavity and the neck attenuates the incident
wave.? Large values of Transmission Loss (TL) and absorption (a) result from the blocked incident wave.®”
Helmholtz resonators are proposed as a solution to control the acoustic performances of a structure such as an
aircraft fuselage.®? There are multiple means of integrating passive resonators into an aircraft wall to control its
acoustic TL.1% 1! These passive resonators being efficient only at tuning frequency, solutions based on active and
semi-active strategies allowing real time controllability have emerged. Several attempts can be found for design-
ing adaptive HR exhibiting tunability through the adjustment of the resonance frequency. Among others, a HR
with a variable volume is presented in.'?> A DC motor controls a movable wall, which modifies the cavity volume.
An interesting concept based on an in-situ, tunable-impedance of an electromechanical compliant-backplate HR,
has been proposed.!® Results obtained by'* show that two resonance frequencies were obtained resulting from
the HR and the backplate vibration. The diaphragm geometry has a significant influence on the TL because of
changes in effective cavity volume.

Electroactive polymers (EAPs) have recently emerged as smart materials with various potential and distinct
industrial applications such as actuators,'® artificial muscles'® and the design of innovative acoustic resonators
exhibiting real-time controllability. EAPs can be divided into two major categories based on their activation
mechanism: driven by electric field referred as electronic and ionic which requiring diffusion of ions.'”An EAP
material is composed of a Dielectric (DE) membrane (in our case the 3M VHB 4910) sandwiched between two
compliant electrodes. The applied voltage reduces the material thickness and changes its stiffness. An area
expansion is then observed. This type of membrane offers interesting mechanical and electrical properties. Such
membranes exhibit lightness, highly energetic density, high strain rate up to 400%, and also fast response time
(< 1 ms).!® The acoustic performances of a duct silencer formed with a DE membrane and back cavity were
experimentally investigated by.'® Results show that the obtained resonance peaks could be adjusted and de-
pends on the pre-stretch ratios (A) of the DE membranes. A metamaterial comprising an array of resonators
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was investigated by. The peaks in the TL curves can be shifted towards lower frequencies when the applied

voltage increases.

a) HR1: Passive b) HR2: Active ¢) HR3: Variable volume

Figure 1. Studied Helmholtz resonators

In this study, numerical and experimental investigation of a tunable HR using an EAP membrane is studied.
Three different configurations are presented. Acoustic absorption («) of a passive front-wall HR integrated in
an ultralight melamine foam matrix is first studied. A numerical model is proposed only in the case of passive
membrane. Results are compared with the experimental. The second device is a tunable HR. The integrated
membrane is activated by an applied voltage. Its variation allows to shift the desired resonance frequency included
in the operating intervals of the acoustic resonator. The third device is a variable volume HR. Experimental
results are presented to show the volume change effect on the resonance frequencies. All dimensions were chosen
to allow the design of a characteristic acoustic treatment on a 100 mm diameter impedance tube. The proposed
treatment combines a tunable HR (targeting low frequencies < 500 Hz) and an ultralight melamine foam matrix
(for medium and high frequencies > 500 Hz).?

2. FEM MODELING OF AN EAP-BASED HR

The first study focuses on the FE modeling of the passive resonator HR1 (Fig.1 a). Acoustic properties defined
by « are numerically investigated, based on the two microphones?? method. COMSOL software with Acoustic
and Solid Mechanics packages was used?* to model the passive membraned HR embedded in a melamine foam
(Fig.3). A plane wave is added as sound source at one end of the tube. The chosen frequency range of the
impedance tube is [10 — 1200] Hz.

2.1 Mechanical modeling of the membrane

The HR1 is a passive HR. The rigid front-wall is replaced by a 3M”™ VHBTM 4910 acrylic membrane. The 3M
Tape is 1 mm thick, acrylic adhesive on both sides. It offers powerful ability to deform to a variety of surfaces.
In this study, this material is used to make circular membranes which are integrated as a component of a new
kind of tunable HR.

Table 1. Geometrical dimensions of the studied devices

lneck Tneck lcavity Tcavity
(mm) | (mm) | (mm) | (mm)
HR 15.7 6.75 70 30




When the membrane is exited by an harmonic acoustic pressure pe?®?, its out-of-plane vibration is governed
by the following equation:
Ty 7° w(z,y) + wtmpmw(z,y) = Ap (1)

where w(z,y) is the complex amplitude of the membrane displacement in the z direction; Ty is the in-plane
tension, p,, is the material density and t,, the membrane thickness.

The material was stretched three times on both directions making a stretch ratio of A = 3, which gave a thin
membrane of 0.11 mm thick.

The inner stress of the pre-stretched membrane is given by:

Om = T()tm.

Mechanical properties of the 3M VHB 4910 material?® are listed in the Tab.2.

Table 2. 3M VHB 4910 mechanical properties

Shear modulus | Density Poisson’s ratio
1t (kPa) p (kgm™?%) | v
25 960 0.49

2.2 Acoustic model of the foam

Johnson-Champoux-Allard model (JCA) model provides the expression of the dynamic compressibility K (w)
and the effective density p(w) of the fluid saturating the porous medium?®2® using five intrinsic properties of
the material; the flow resistivity o, the porosity ®, the tortuosity a.., the viscous characteristic length A, and
the thermal characteristic length A, given in Tab.3. It is used to model the melamine foam behavior and the
viscous loss in the resonator neck.??

Table 3. Johnson-Champoux-Allard model parameters of the ultralight melamine foam

o o s | A A
(N.s.m™*) (pm) | (um)
Foam | 8432 0.99 | 1.02 | 138 | 154

The neck of the resonator is also modeled with JCA model in order to take into account the viscous losses
related to the small diameter of the neck. The five JCA parameters are as follows:

(Dneck = ]-;

Qneck = 178

Oneck = —z—; 1: Air viscosity
neck

Aneck = Tneck;
/
Aneck = Tneck-

In the case of absorption coefficient estimation, two microphones (referred as M1, and M2, in Fig.2) measure
the acoustic pressure allowing to calculate the reflection coefficient R using the transfer function method. The
absorption coefficient « is then deducted from the reflection coefficient R?? .

a=1-|R)?



2.3 Identification of the membrane tension

In order to use the model, the value of the membrane tension Ty must be known. An optimization process is
used in order to identify its optimal value. All other parameters are known from Tab.1 and Tab.2.

Based on the computations of the absorption coefficient as a function of frequency freq (Hz), and given N pairs
of measurements («;, freg;), i = 1..N, the values of the model parameters which best fit the measured data are
considered to be those which minimize the total squared error e based on the following equation:

N

e= Z(a(freqi) — ;)2

=1

The LMS (Least Mean Square) algorithm?® is used to identify the membrane in-plane tension Tp.

3. EXPERIMENTAL SETUP

Three different Helmholtz resonator configurations based on the same geometrical dimensions given in Tab.1 are
studied: a passive front-wall membrane HR referred as HR1 (Fig.1 a), an Electroactive membraned resonator
HR2 (Fig.1 b) and a variable volume resonator HR3 (Fig.1 ¢). The resonators are integrated in a cylindrical
melamine foam matrix. A loudspeaker installed in a 100 mm diameter tube generates a white noise wave. In
order to power the EAP membrane, a NI — 6009 A/D converter (0 — 5V) controls a DC high voltage converter
generating 0 to 5 kV (Fig.2).
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Figure 2. Experimental setup for the tunable resonators characterization using an impedance tube

The two microphones method is used to determine . Acoustic data acquisitions were operated by a sound
card (Focusrite 18i20) on the frequency range of [10 — 1200] Hz.

4. RESULTS
4.1 Passive Helmholtz resonator (HR1)

The front rigid wall of the rigid HR is replaced by an EAP membrane as shown in Fig.1 (a). Dimensions are listed
in Tab.1. The cylindrical cavity is 70 mm depth and 30 mm radius. The dimensions of the circular membrane
are 30 mm radius and 0.11 mm thickness.

A FEM model combined with an optimization process is used to fit the experimental results. The acoustic



pressure (Pa) computed in the system at a frequency of f = 200 Hz (which corresponds to the first resonance
frequency) is shown in Fig.3.

TO(1)=37 Nfm freq(15)=200 Hz
Surface: Total acoustic pressure field (Pa)
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Figure 3. Sound pressure level obtained from the FEM model of HR1 embedded in a melamine foam

At this frequency, the acoustic pressure observed inside the HR1 is way less than in the rest of the tube,
demonstrating, thus, the ability of the device to attenuate certain frequencies.

In Fig.4, numerical and experimental absorption coefficient («) curves are compared. The value of the in-plane
tension T that fits best the experimental data is Ty = 37 N/m.
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Figure 4. Experimental and fitted curves comparison: « of the passive Helmholtz resonator HR1



The Acoustic device depicts two main peaks at the resonance frequencies of the resonator. The first one
is around f.; = 206 Hz. It corresponds to the classical Helmholtz resonance, while the second arising around
fres = 700 Hz is a membrane resonance.?* The FE model agrees well with experimental curves in terms of gen-
eral tendencies as well as resonance locations. Yu used the same material and stretch ration in,?' he advocates a
T0 = 24.4 N/m. The obtained deviation could be explained by the experimental errors due to the manufacturing
process of the membrane, the mounting of the neck ( Not used in Yu’s work)and its bonding supports.

Instead of a classical Helmholtz resonator which is known to depict a single principal resonance,?? the pro-
posed one depicts two resonances. Since the mechanical behavior of the membrane may be tuned by the voltage
applied between the electrodes, it must be concluded that placing the EAP membrane on the front part of the
resonator seems to have a good potential to tune the resonator to low frequencies.

4.2 Active Helmholtz resonator (HR?2)

A carbon powder is used as electrodes of the membrane. The applied electric voltage varies from 0 to 4000 V.
The resonator is embedded in an ultralight melamine foam. The sound absorption («) under variation of voltage
is investigated. This analysis is performed in an open-loop.

Absorption coefficient of the HR2 are shown in Fig.5. The applied voltage on the EAP membrane changes its
stiffness and therefore its mechanical and acoustical properties.

0.9 : . . .

0.8

A |

Absorption coefficient (a)

i i i i
400 600 800 1000 1200
Frequency (Hz)

Figure 5. Effect on the absorption coefficient () under an actuation voltage of 0 to 4000 V in the case of HR2

Fig.5 shows several peaks in the case of HR2. In the case of 0 V voltage (blue curve) in Fig.5, the first
resonance frequency is around f,.s = 210 Hz and 80% absorption. The other following resonances in the interval
[600 — 1000] Hz are fairly clear with an amplitude up to 19 dB in the case of 4000 V are membrane resonances.
Helmholtz resonance frequencies resulting from the various applied voltages are listed in Tab.4.

Table 4. First resonance frequency as function of the applied voltage in the case of HR2

Res.freq|Voltage | 0kV | 1kV | 2kV | 3kV | 4kV
fres1[HZ] 210 207 203 197 190

The resonance shift phenomenon is shown in Fig.6. The change operates as a function of the applied voltage.
Both Helmholtz and membrane resonance peaks decrease to lower frequencies when voltage increases.
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Figure 6. Resonance frequency as a function of the applied voltages variation for HR2

The peak shifts can be explained by considering the interactions between the membrane stiffness variation
and the Helmholtz cavity resonances. A 10% variation in resonance frequency is obtained for 4000 V. « shift
mechanism is then found to be able to be controlled by the membrane resonance resulting from the change in
its inner stress.

4.3 Variable Volume Helmholtz resonator (HR3)

For HR3 shown in Fig.1(c), a spring is placed inside the resonator cavity, which applies additional prestressing to
the membrane making a potential variable volume HR. A change in volume ranging from 20% to 30% is targeted
by this concept. It is expected that a change in volume combined with a change in the membrane stiffness would
allow a wider control of the frequency band of the resonator.

The applied voltage varies from 0 to 3000 V. It makes the membrane move following an axial deformation (z
direction). An added volume is created, which changes the resonator acoustic performances. Variations on the
sound absorption coefficient is obtained as shown in Fig.7.
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Figure 7. Effect on the absorption coefficient under an actuation voltage of 0 to 3000 V in the case of the HR3



In the case of 0 V voltage (Fig.7; blue curve), the first resonance frequency is about f..s = 208.7 Hz and 73%
absorption ratio.

Table 5. Resonance frequencies vs applied voltage in the case of the Variable volume HR3

Res.freq[Voltage | 0kV | 1kV | 2kV | 3kV
fres1 | H?Z] 208.7 [ 206 | 201.3 | 196.8

The resonance shift (Fig.7) is obtained from the volume variation due to the applied voltage. The Helmholtz
and membrane resonance peaks decrease to lower frequencies when voltage increases. It is observed that the
amplitude of the obtained peaks in the case of the HR3 decrease compared to HR2.

The spring allows a volume variation of the resonator (approximately 5 to 10%). The applied voltage in the
presented case varies between 0 and 3000 V. The first resonance frequency is around 208.7 Hz for the HR3
whereas 210 Hz in the case of HR2. The same decrease trend is observed for the other frequencies when the
voltage changes.

Higher voltage (> 5000 V) will make a bigger volume. Larger shift in resonance can be observed.

5. CONCLUSIONS

Numerical and experimental results have shown the effects of the integration of a polymer acrylic membrane
and their potential to modify the Helmholtz resonator behavior. An EAP membrane is then used to tune the
resonators. The integration of the active membrane helps to vary the resonance at low frequencies by varying
the applied voltage. A 20% shift is then obtained for 4000 V. In addition, other resonance peaks are observed at
higher frequencies. This may be beneficial to improve the device Transmission Loss effect. Well located spring
shows a real potential to make a variable volume Helmholtz resonator.

Future work will focus on the development of a more complex model taking into account all involved physics
in order to define the real potential of a real time adaptive Helmholtz resonator based on the volume variation
process.
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