Acoustic inerter: Ultra-low frequency sound attenuation in a duct
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Abstract

This letter reports a new class of acoustic metamaterial exhibiting a unique sound pressure
amplification mechanism for ultra-low frequency sound attenuation. The system is constructed by
integrating a flexible panel into the side-branch duct of a Herschel-Quincke (HQ) tube. A new
peak emerges in the Sound Transmission Loss (STL), at a frequency far lower than the frequencies
of the HQ tube-induced STL peaks. Neither can it, after careful comparisons, be attributed to any
local resonances, including structural resonances of the flexible panel or air resonances inside the
side-branch cavities. To explain the underlying physics, several numerical simulations are
performed. The results reveal that analog to a mechanical inerter, a “push-pull” force is created by
the sound pressure difference between the sub-cavities, in which a pressure amplification
mechanism is generated at the interface of the embedded panel. This force is large enough to
activate an out-of-plane motion of the flexible panel, trapping the incident sound power in a
circulation around the duct-branch loop. The unique phenomenon is successfully reproduced in
experiment, where the flexible panel is made of carbon fiber. The proposed acoustic metamaterial

can be used as silencing components for ultra-low frequency noise control in duct.
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| Introduction

Attenuating sound in the very low-frequency region is challenging. Acoustic ducts, widely
used to achieve that goal, must be long enough to match the acoustic wavelength. Attenuating a
very low-frequency sound renders an unrealistically long, and thus physically unachievable duct.
Acoustic metamaterial has been proposed as a new way to solve the problem, which typically
consists of periodic Helmholtz resonators as side-branches along a duct.! The collective
resonance of those resonators, whose frequency could be tuned as desired, causes substantial
attenuation of the incoming sound and creates a peak in the Sound Transmission Loss (STL) of
the duct.** However, although this peak is high, it only spans a quite narrow frequency range,
limiting the practicality of the acoustic metamaterial.”® Therefore, many researchers are

investigating alternatives, '

among which the membrane-type acoustic metamaterial has

attracted massive attentions.!>"'> This new type replaces the Helmholtz resonator with a pre-
Yp p p

stretched membrane decorated by a centered mass. The pliable membrane makes the stop band of

the acoustic metamaterial starts at a low frequency, and the centered mass helps maintain the stop

band over a wide band.'®!”

However, the membrane-type acoustic metamaterial is not an ideal solution. The membrane
is vulnerable to loading, heat and chemical erosion.'® Its in-duct installation also obstructs fluid
flow or air ventilation. This motivates us to seek a new mechanism for acoustic metamaterial
design, referred to as “acoustic inerter” that is similar to the mechanical inerter. The idea of
“inerter” was first introduced in the area of vibration isolation, as a new way to design vehicle
suspensions.!” It generates an inertial force proportional to the relative acceleration between the
excitation and the receiver, through an inertia-like coefficient that could be larger than the system’s

actual mass.?>*! The inerter couples the mass of its two ports through its inertance, just as a spring



element couples the stiffness of its two ports through its compliance. Later, the inerter was used in

2225 and was further employed for longitudinal vibration control in rods.?® The

phononic crystals,
inerter was then transformed to an equivalent bar-and-hinge mechanism and periodically
embedded on a host beam, creating a wide stop band of flexural waves in the low frequency
region.””?’ Likewise, the inerter could also be realized, acoustically, as a side-branch duct
segregated by a flexible panel and connected by two nodes to a main duct, manifesting the
Herschel-Quincke (HQ) tube-shaped acoustic inerter as we initiated in this paper.>® A classical HQ
tube uses the longer-travelled, and thus phase-lagged, side-branch sound waves to cancel those in
the main-duct, destructing all sound waves before they arrive at the outlet. We will demonstrate

the low-frequency performance of the acoustic inerter through numerical simulations and

experimental investigations. An explanation of its working mechanism will also be provided.
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FIG. 1. Schematic of the acoustic inerter with pressure amplification mechanism. The inset shows analogy to a

mechanical inerter.



II.  Simulation and experiment

A schematic of the proposed acoustic inerter is shown in Fig. 1. It is built by segregating the
side-branch of a HQ tube with a flexible panel, mimicking the mechanical inerter shown in the
inset of Fig. 1. The main duct and the side-branch have same cross-sectional dimensions of

h=w=0.1 m . The entrance and exit of the side-branch also have same cross-sectional
dimensions of a =b=0.05 m. Their height is e=0.1 m. The lengths of the side-branch before
and after the flexible panel are {; =0.2 m and l, =0.3 m. The flexible panel is made of carbon-
fiber, with density p, = 2000 kg/m®, Young’s modulus E =70 GPa, Poisson’s ratio »=0.3, and
thickness t =0.3 mm. Its four edges are seamlessly constrained by the side-branch walls with
simply-supported boundary conditions. The flow medium inside the acoustic inerter is air,
characterized by its density p; =1.225 kg/m® and speed of sound ¢, = 340 m/s . The coordinate

system has its origin at the center of the main duct inlet.

A three-dimensional finite element model of the acoustic inerter is developed using the
commercial package COMSOL Multiphysics 5.4. The acoustic cavities are meshed by linear
tetrahedral elements with element size of 5 cm, delivering an accurate result up to 1000 Hz. The
flexible panel is uniformly discretized to triangular shell elements, whose front and back surfaces
are subjected to full structural-acoustic coupling boundary conditions. Harmonic plane wave is
excited at the inlet, propagates along either the main duct or the side-branch without viscous
dissipation, and reaches the outlet where it is totally absorbed by a perfectly matched layer. A
frequency response analysis is carried out from 10 to 500 Hz with a resolution of 5 Hz. As a key
performance indicator of the acoustic inerter, the STL is calculated from the logarithmic ratio

between the incident and transmitted sound power.
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FIG. 2. (a) An acoustic inerter prototype. (b) The carbon-fiber panel that segregates the sub-branch. (c¢) Experimental

set-up for STL measurement of the acoustic inerter.

The acoustic inerter prototype made by using acrylic material and laser cutting is shown in
Fig. 2(a). A close view of the carbon-fiber panel is given in Fig. 2(b). The STL of this prototype
was measured using the experiment set-up shown in Fig. 2(c). It consists of an in-house built
impedance tube with two pairs of microphones (model 130E20, PCB Piezotronics) positioned
before and after the test piece respectively. Signals from these microphones were recorded during
a two-load measurement (open-end and semi-anechoic terminations), and further processed to give
the STL. Removing that panel simplifies the acoustic inerter to a HQ tube, whose STL was

measured in a same way.
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FIG. 3 (a) Simulated (solid curve) and measured (circle) STLs of the HQ tube. (b) Simulated (solid curve) and
measured (circle) STLs of the acoustic inerter. (c) Simulated sound pressures (real part) at two points on the axis of
the HQ tube side-branch and their difference (dotted curve). Probe 1 (solid line) and Probe 2 (dashed line) have the
same distance with the location of the flexible panel. (d) Simulated sound pressures (real part) at the centers of cross-
sectional surfaces (Probe 1 before the panel, solid line; Probe 2 after the panel, dashed line) in the acoustic inerter and

their difference (dotted curve). In all figures, HQ denotes the HQ tube and Al the acoustic inerter.

III. Results and discussions

The simulated STL of the HQ tube is shown in Fig. 3(a) against its experimental counterpart.
Two curves are in good agreement, except small mismatches probably caused by imperfections of
the in-house built impedance tube. It can be seen that destructive interferences create two peaks at
170 Hz and 400 Hz, where the magnitude and phase of the volumetric flow from the side-branch

cancels that of the wave propagating along the main duct.*® Inserting the flexible panel transforms



the HQ tube to the acoustic inerter, whose simulated and measured STLs are shown in Fig. 3(b).
Comparing to the HQ tube STL, one can notice that the two distinct peaks remain, but a new peak
emerges interestingly at 80 Hz. Given its low-frequency nature, a reasonable hypothesis would be
the new peak is attributed to some local resonances, either structural resonances of the flexible

panel or air resonances inside side-branch sub-cavities. The analytical formula for the (M, N)-th
order natural frequency of a  simply-supported panel is  expressed as
farw = (7/2)V/ D/p,t [((M/w)*+ (N/h)?] (M,N=1,2, ---), where D= Et*/[12(1—v?)] is the
flexural rigidity. Coupling with fluid medium with a very low mass density—in this case, air—
usually alters those natural frequencies slightly. Using this formula yields the lowest natural
frequency of the panel, the (1, 1)-order, at 180 Hz, which is much higher than the frequency of

the new peak. On the other hand, the two sub-cavities of the side-branch, if the panel is assumed

as acoustically rigid, form two Helmholtz resonators. Their resonance frequencies can be
approximately determined by f; = ico/4l, i =1,3, -, in which [ is the length of the resonator.

This formula gives the lower one at 210 Hz, which still deviates largely from that frequency. Thus,

the new peak emerged at 80 Hz must be attributed to some traditionally unknown mechanism.

For further study, we draw in Fig. 3(d) the sound pressures at the centers of two surfaces
before and after the flexible panel (probe 1 and probe 2, respectively, both 0.02 m away from the
panel). Sound pressures inside the HQ tube at the same locations are given in Fig. 3(¢). In both
figures, the relative pressures of the two points are also plotted. While the sound pressure barely
changes from probe 1 to probe 2 in the HQ tube, the relative pressure of the two probes in the
acoustic inerter undergoes a much stronger fluctuation over the whole frequency range. This strong
fluctuation is manifested by two extremums at 80 and 270 Hz. By contrast, the relative pressure is

almost null at 170 Hz, which reveals that the attenuation mechanism of the second rising peak at
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170 Hz is similar to that of the HQ tube. The other two peaks at 80 and 270 Hz must be relevant

to the involvement of the flexible panel.

The peak at 80 Hz has more physical significances, since effective STL at such an ultra-low
frequency is usually hard to achieve. To explain this peak, a careful inspection of Fig. 3(d) found
that the extremum at 80 Hz is much higher than that at 270 Hz. At 80 Hz, the sound pressure
experiences a much larger phase change across the panel—sound pressures of probe 1 and probe
2 are almost in 180° out of phase. This phenomenon has brought us back to the definition of the
inerter, where in mechanical system, an inerter is a two-node, one-port system where equal and
opposite force applied at the nodes is proportional to the relative acceleration between the nodes.
From standard analogy between mechanical and acoustic networks in which force (respectively,
velocity) corresponds to acoustic velocity (respectively, acoustic pressure), we further explain how
a similar relationship exists here between the panel displacement and the pressure difference at the
two nodes. Following a classical modal expansion approach and including the first panel mode

only, panel’s out-of-plane displacement can be expressed as w (y,z) = a,,@q,,(y.2) , Where ag,,

is the modal displacement amplitude and ¢, is the mode shape function
?.1(y.2)=sin(zy / w)sin(zz / h) . Since 80Hz is below the first natural frequency, the dynamic
behavior of the panel could be characterized by the first mode.

Substituting ¥ into the governing equation of panel motion, the displacement amplitude can

be obtained as>!

(P =P)e,, ldvdz 4, P -P
am):I - o Sy (1)

2 2 2 2 2
m(a)m)—a) ) mi (a)m)—a) )




where P, and p, are the pressures before and after the panel [probe 1 and probe 2 in Fig. 3 (¢)&(d)],
m is the modal mass m=p rwh /4 . After rearranging the above equation, the averaged panel

displacement can be obtained as

VI7 _ [Wdydz _ 64 (P -P) (2)

4 2 2
wh pir (a)(u) -—w)

Since P, and p, are directly linked to the pressure fields at the two nodes connecting to the main

duct, the proposed metamaterial works similar to an inerter, where the inertance is determined by
the relative motion of two nodes. The node locations where the panel embedded HQ tube is
connected to the inlet and outlet should play an important role in determining the rising peak

frequency, as we expect from the wave propagation pattern in the constructed duct network.
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FIG. 4. (a) Simulated vibration displacement of the flexible panel. (b) Simulated sound pressure contours of the
acoustic inerter drawn on the x-z plane, at the three STL peaks, overlaid by sound intensity flow diagrams (directed to

the arrows point and valued by their lengths). All simulations are performed by COMSOL Multiphysics.



The surface-averaged panel displacement is shown in Fig. 4(a). As expected, the curve
exhibits substantial changes at 80 and 270 Hz, confirming the panel’s role at the two peaks. The
panel displacement reaches its maxima at 80 Hz, where the sound pressure contour plotted in Fig.
4(b) shows that large sound pressures with opposite signs are driving panel motion. The panel
behaves like a piston as its vibration is uniformly distributed over whole surface. Such a piston-
like panel is the image of that small mass in a mechanical inerter (see Fig. 1). The energy flow in
the acoustic inerter also replicates what can be seen in its mechanical counterpart, as shown in Fig.
4(b). The piston-like motion of the panel pumps the incident acoustic energy in a circulation around
the main duct-side branch loop, stopping any sound from travelling downstream. This circulation,
if using the terms of a HQ-tube, creates an “infinite” phase lag of the sound pressure, thus pushing
the STL peak to an ultra-low frequency. For the second peak at 170 Hz, the pressure difference
vanishes and the panel vibrates gently. Note that the first panel mode at 180 Hz overlaps with the
original peak of the HQ tube, thus the attenuation peak occurs at the same frequency and inherits
the same behavior of destructive interference from the HQ tube. The peak at 270 Hz is most likely
due to the structural-acoustic coupling effect, air in one sub-cavity is compressed while in the other
it inflates, creating a phase change of sound pressure. This phase change is superimposed on the

one already created by the HQ tube, forming the STL peak at 270 Hz.

IV. Conclusion

In summary, we have proposed a new class of acoustic metamaterial by inserting a flexible
panel into the side-branch of a Herschel-Quincke tube. We call this new acoustic metamaterial
acoustic inerter since it is inspired by the mechanical inerter, a widely used device for vibration

isolation. With a special focus on a new, ultra-low frequency peak in its sound transmission loss,
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the sound attenuation characteristic of the acoustic inerter has been studied by both numerical
simulations and experimental investigations. It is found that in contrast to a standard Helmholtz
resonator which drains a portion of acoustic energy out of the main duct, the motion of that flexible
panel, driven by the drastic sound pressure difference across it, forces the acoustic energy circulate
in the loop formed by the acoustic inerter. Being trapped in such a circulation, the incident sound
energy couldn’t reach the outlet, giving rise to that new peak of sound transmission loss. As a final
remark, we point out more efforts are needed to expand the effective bandwidth of the ultra-low
frequency peak, which would be the focus of our future work. Potential measures include fine-

tuning of design parameters, introducing periodicity into the system, etc.
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