Ultrasonics 95 (2019) 45-51

journal homepage: www.elsevier.com/locate/ultras

Contents lists available at ScienceDirect

Ultrasonics

Sound regulation of coupled Helmholtz and Fabry-Pérot resonances in R

labyrinth cavity structures

Check for
updates

Yan Liu®, Hui Zhang"", Jian Yang”, Xiang Zhang®, Shu-yi Zhang", Li Fan®, Gen Gu®

@ Key Laboratory of Modern Acoustics, MOE, School of Physics, Nanjing University, Nanjing 210093, PR China
® Jiangsu Key Laboratory for Design and Manufacture of Micro-Nano Biomedical Instruments, School of Mechanical Engineering, Southeast University, Nanjing 211189,

PR China

ARTICLE INFO ABSTRACT

Keywords:

Sound attenuation
Coupling resonance
Helmholtz resonance
Fabry-Pérot resonance

Traditional acoustic regulations in practice are used to have major obstacles in low frequency range, for which
absorbers or suppressors have thicknesses that are comparable to their working wavelength. We present an
acoustic structure-based “coiling-up space” to achieve outstanding sound regulation of acoustic waves in the
extremely low frequency region. The structure is composed of an open waveguide and with a spiral throat tube
and a cavity. The acoustic structure excites Helmholtz and Fabry-Pérot resonances in labyrinth cavity structures,

coupling of an open waveguide, which produce Fano-like resonances respectively and a broadband low-trans-
mission spectrum in the 120-3100 Hz range. During sound regulation, the existing open waveguide can also
maintain natural ventilation through the structure. In addition, the sound transmission properties are shown to
be sensitive to the structural parameters, which can be used to provide a tunable sound control method for

acoustic devices.

1. Introduction

Acoustic regulation has always been a challenging problem in ap-
plications including acoustic attenuation, acoustic shielding, noise
control and vibration damping, particularly when the regulating ma-
terial’s thickness is much smaller than the wavelength [1,2]. Recently,
considerable effort has been devoted to the design of acoustic absorbers
or acoustic attenuators that use locally resonant structures to increase
absorption rates and provide superior absorptive characteristics when
compared with conventional acoustic absorptive materials, e.g., porous
materials [3-5]. However, acoustic attenuation at low frequencies re-
mains challenging when using only Bragg scattering or the local re-
sonance [6-10]. However, regardless of whether Bragg scattering or
local resonance is used, acoustic attenuation is constrained within a
narrow frequency range. Therefore, novel considerations, including use
of acoustic holey structures, acoustic membrane structures and acoustic
spiral tubes have been proposed for sound regulation over a broad band
in the low frequency range [11-15].

The aim of this work is to propose an ultra-thin composite structure
that can regulate broadband sound while allowing free ventilation. In
the proposed structure, an open waveguide, a labyrinth cavity (com-
posed of a spiral throat tube and a cavity) were designed to realize
coupling of resonances and control of low sound transmission over a
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broad frequency band.

As shown in Fig. 1(a), the composite structure is composed of two
different units, where the labyrinth cavity (the spiral tube and the
cavity) form a locally resonant unit and the open waveguide acts as a
continuous sound unit. Consequently, the labyrinth cavity structure
reduces the proposed device thickness substantially. As can be seen
from Fig. 1 (b) and Table 1, the device thickness (i.e., the length of the
open waveguide) is only [ = 0.0265 mm, which is far less than one half
of the wavelength at the frequency below 4000 Hz. Therefore, an open
waveguide is a continuous system in the frequency range.

More specifically, the labyrinth cavity forms a local Helmholtz-like
unit at low frequencies, which thus produces Helmholtz resonance. At
higher frequencies, the spiral throat tube length (I; ~ %) is about twice

the cavity height (I, = %) and Fabry-Pro resonance can thus be gener-
ated. The interaction between the continuous sound field state (gen-
erated in the open waveguide) and the resonant vibration (generated in
the labyrinth cavity) results in peak-dip Fano-like resonances. Between
the two Fano-like resonances, a broadband low-transmission spectrum
is formed in the 120-3100 Hz range. The composite structure can
therefore excite several discrete resonant states, including the
Helmholtz and Fabry-Pérot resonances, which are applicable to reg-
ulation of sound transmission over a broad frequency range.
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Fig. 1. Schematic diagram of the composite structure. (a) Three-dimensional view. (b) Three-dimensional cross-section view, half axisymmetric 2D cross-sectional

view and equivalent 2D cross-section view. The composite structure (height I, wall thickness b ~ 1.5 mm, diameter dy = 2r. + d,, + 4b, radius ry and sectional area

dy? .
z 2 ) regarded as a continuous

2
So = ”dTO) is composed of two different units. One is the open waveguide (length I = I, +b, diameter d,,, radius r,, sectional area S,, =
7{d,:2

sound field unit. The other is a locally resonant unit consist of the spiral tube (length l;, diameter d,, radius r;, and sectional area S, = .

7(do? - di?)
4

) and the circle cavity (cavity

height [, effective diameter d. ~ \Jdo? — d;?, circle radius r. and cavity sectional area S, ~ when the thin wall thickness is ignored).
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Table 1
Background medium properties and structural dimensions used in the simulations.
p (Kg/m?) co (m/s) dy = 25, (mm) dy = 25, (mm) 7e (mm) Iy (mm) le (mm) L (mm) L (mm)
1.21 344 6 5 34 48 24 1.5 25
2. Methods 4
Tp = IR/Pl = ,
T ®

2.1. Theoretical model of wave propagation

In the theoretical model, the plane wave is assumed to be radiated
on the device. The parameters used in our investigations are listed in
Table 1. As shown in Fig. 1(b) the equivalent cross-section view, the
spiral throat tube is straightened, connecting the open waveguide the
cavity. The device thickness (i.e., the length of the open waveguide) is
only I =L + L, = 0.0265 mm. The spiral throat tube effective length is
about twice the cavity height. In the junction position x = 0, i.e., the
connection between the open waveguide and straightened long tube
with cavity, the sound pressures are the same, it can be obtained that

A+ A=A + A, = As, (@)

The volume velocities of the outflow and the inflow in the junction
are equal, which satisfies the relation [8]

(A — A)/Zy = (A3 — AY/Zy + AslZ,, )

where Z, represents the effective impedance of the shunt resonator
(labyrinth cavity), and Z, represents the distributed acoustic im-
pedance of open waveguide.

On the other hand, there is the continuity of the sound pressure and
volume velocity related to the incident sound field:

P+ B = Ajef + Aye it 3

(P, — B)/Zy = (A1 — Ayemh)/Z,, ()]

If a free sound field is considered at the outlet end, there is only
transmission wave in the outlet end. Therefore the sound pressure and
volume velocity can be given as

A3e—iklz + A4eiklz — Pts (5)

(Ase™*2 — A, e/ 7, = B/ Z,, ()

where P, Band B denote the sound pressure of the incident, reflected
and transmitted sound fields, respectively. Z, denotes the structure
acoustic surface impedance. [, and I, are the distances from the input
and output surfaces to the center of the connection point between the
spiral throat tube and the open waveguide.

Thus, the general solution can be written as

B[A1AA3A4AsBRIT = P, )
where
1 1 0 0 -1
0 0
0 0 1 1 -1 0 o
Zw_1 - Zw_1 - Zw_1 Zw_1 — Z,,_1 0 0
B= ekl e—ikih 0 0 o —10 B
Zo Zw—leikll -7 Zw—le—ikll 0 0 0 1 0
0 0 e—iklz eiklz 0 0 -1
0 0 ZOZW—le—iklz _ ZOZW—leiklz 0 0-—-1

and P = [0001100]"P,

2.2. Transmission coefficient and the shunt resonator impedance Z,

To illustrate the working mechanisms of the proposed composite
structure more clearly, we investigate its sound transmission properties
from the above matrix. The composite structure’s transmission coeffi-
cient [16,17] can be given as

where E = 4cos(kl) + 2isin [kl(ﬁ + é)
Zo  Zuw

F= %{cas[kl(% + ;—:)] + 2isin (kl) — cos[kAl(% - %)]}, k is
the wave vector. [ =15 + L, Al =L —I;. A detailed depiction of the
structure is shown in Fig. 1. The transmission coefficient T, has a close
relationship with the shunt resonator (labyrinth cavity) impedance
Z,and the acoustic components impedance Zg, where the subscripted
B =0, w, t, and ¢ denote the surface, the open waveguide, the spiral
throat tube and the annular cavity, respectively.

If the viscous friction is considered, the acoustic impedance Zz can
be given by

Y PR
Zg= 55 {1+ . 1-@ 1)/){]},

9
where p and ¢, are the density of air and the sound velocity in the air,
respectively; Sg denotes the cross-sectional area of different parts of the
structure; rz represents the effective radius for each of the different
structures; d,, = \/2u/pw is the thickness of the viscous boundary layer,
where u = 1.568 X 10~> m?/s is the air viscosity and  is angular fre-

quency; the Prandtl number y=.B, where B =0.702;
a = (1 — i)/~/2; and the heat capacity ratio y = 1.4.
Normally, Zz will not be zero. In particular, if Z, =0,

Tp = IR/Pl = ﬁ = 0; the transmittance will be zero.

The shunt resonator (labyrinth cavity) impedance Z, is closely re-
lated to its structure and frequency. As shown in Fig. 1(b), the resonator
consists of the spiral tube and the cavity. When the cavity bottom is a
rigid wall, the impedance at the bottom can be considered as infinite.
According to the acoustic impedance transfer formula, the impedance
at the cavity open side (That is, the junction between the spiral tube and
the cavity.) is Z, = —iZ.cot (kl.). Then Z, is transferred to the spiral tube
other opening (That is, the junction between the spiral tube and open
waveguide.) to get Z, = Z[%. Then, we can find

_ —iZccot (kle) + iZgtan (klp) . . . . .
Z, = T+ el Z0)Gan (k) tantkie))” I. is the cavity height, L,is the spiral tube

effective length. Z, and Z, are distributed impedance of spiral tube and
cavity respectively, which can be calculated from Eq (9). The cross-
sectional area of the cavity is much larger than that of the the spiral
tube and Z, < Z; can be deduced.

At low frequencies, the denominator 1+
Zc [ tan(kl) \ Ze (ki . . epe
Z(im(klc)) ~1+ 7 (klc) ~1, Z, is simplified to

iZ,tan (kl;) — iZ.cot (kl.). As shown in Table 1, [; and I, are fixed values
and I, ~ 2. At high frequencies, the denominator
Ze (tan(kly)\ _ Z 2 _ —iZccot (k) + iZgtan (k)
+ Z,(mn(klc)) =1+ Z:(1+tan2(klc)) and Z, = Le14 % 2 - The
2t \ 1+ tan?(kle)

value of tan?(kl.) is between 0 and positive infinity. When

tan? (kl.) € [0,+0), the value of — 2 is between 0 and 2, and
1+ tan=(klc)
142 2

Z. < 7y, 7 Tr iy~ 1, then Z, =~ iZtan(kl,) — iZ.cot(kl.).
Therefore, Z, can be simplified whether in the low frequency range or
in the high frequency range.
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3. Results
3.1. Fano-like sound transmission profile results at low frequencies

As shown in Fig. 1(b), the connection point is close to the side at
which the sound is incident, i.e., L, > [, the input impedance of the
proposed composite structure can be given approximately as
Zin = Zfﬁr Z;C, where Z, = iZ,tan(kl) represents the open waveguide
acoustic impedance at the connection point. Normally, Zg will not be
zero for b, is far less than one half of the wavelength. In this case, when
Z, ~ iZitan(kly) — iZ.cot(kl.) ~ 0, Z;, ~ 0 means that there is impedance
mismatch on the incident side of the composite structure. At low fre-
quencies, tan (kl;) and cot (kl.) can be simplified to the forms kl, and i,

respectively. k = % is the wave vector and w = 27zf is angular fre-

quency. When Z, = 0, Zkl, = szL Consequently, transmission coeffi-

2

Lo | S
27\ IeleSe
is induced when ignoring the viscous friction.

The sound transmission dip can also be explained by the occurrence
of a resonant vibration in the labyrinth cavity (the spiral tube and the
cavity). In general, the spiral tube and the cavity can be regarded as a
Helmbholtz cavity in the low frequency regime, where the two compo-
nents are analogous to an acoustic capacitor (where C = #, V=S5

cient Tp is close to 0 (a transmission dip) from Eq (8) and fa =

and an acoustic mass (M = Sﬁl, ), respectively. The resonant frequency
t

o [5

2\ lleSe
f.4» thus demonstrating that the transmission dip at around 120 Hz can
be attributed to the resonant vibration in the cavity and the spiral tube.
As shown in Fig. 2(a), there is phase change from negative to positive in
the propagating and a transmission dip around the resonant state of this
resonant unit.

However, the open waveguide can be always regarded as a con-
tinuous unit at low frequencies. When the spiral tube and the cavity
form a resonant unit at 120 Hz, the continuous unit is coupled to the
resonant unit. As shown in Fig. 2(b), the Fano-like sound transmission

of the Helmholtz cavity is given by f , = , which is equal to
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profile of composite structure near 120 Hz can then be excited [18-20]
in this case, for which sound interference occurs between the resonant
unit and the continuous unit. On the other hand, the open waveguide
(continuous unit) length is much smaller than the wavelength at low
frequencies, so the Fano-like sound transmission profile can be freely
tuned via adjustment of resonant unit (he spiral tube and the cavity)
structural parameters.

3.2. Fano-like asymmetric profile results at high frequencies and impedance
analysis

It has previously been proven that a single Helmholtz resonator
(HR) can form a narrow-band notch filter to restrain sound. To achieve
broadband sound reduction, new modes must be excited to broaden the
resonator’s bandwidth via multi-mode coupling.

At higher frequencies, when tan(kl;)and cot(kl.) are zeros respec-
tively, the shunt resonator impedance Z, ~ iZ;tan(kl;) — iZ.cot(kl.) is O
and transmission coefficient Tp is close to 0. The term of tan(kl;) = 0
yields to kI, = nz, I, = n1/2(n = 0, 1, 2, 3---), where 1 = % is the wa-
velength. The term of cot(kl.) =0 yields to
kl. = (2m + 1)m/2,l, = 2m + 1)A/4(m = 0, 1, 2, 3---). Considering the
actual processing and manufacturing, I; = 2l = 1/2(n = 1, m = 0). At
this case, the shunt resonator impedance is further simplified to
Z, ~ iZ;tan(kl;) and the spiral tube in the composite structure can be
approximately assumed to be connected to both free sound fields. Thus,
if Z, = 0, the spiral tube forms a resonant unit with resonance fre-
quencies of f, ; = nco/2l;(n = 1, 2, 3---) ideally, which are equal to the
frequencies of Fabry-Pérot resonance [21]. In this case, the spiral throat
tube effective length (I, = %) is about twice the cavity effective height

(e~ %) and Fabry-Pérot resonance is excited in the spiral throat tube.
As shown in Fig. 2(c), the resonant unit has a transmission peak (which
has a symmetric Lorentzian profile) and a phase change at the Fabry-
Pérot resonance at approximately 3300 Hz considering the viscous
friction.

10 10 1.0 ; . Fig. 2. Transmission spectra of the re-
: ' : (b) ' sonant unit, its phase change, and the
—Tp : Fano-like sound transmission profile (the
=== Phase 405 _ : resonant unit is coupled to the con-
E_ : tinuous unit) versus low or high fre-
2 1 W-o.___ 3z 120Hz : quency. (a) Transmission dip of the re-
] GhEETN E 100 & ; sonant unit (the shunt Helmbholtz-like
i resonator) and its phase change around
405 : 120 Hz. (b) The Fano-like sound trans-
] mission profile of the composite struc-
\ \ \ , , ture around 120Hz. (¢) Transmission
0.0 100 150 200 2561‘0 0.0 100 200 300 peak of the resonant unit (the spiral
Frequency(Hz) tube) and its phase change around
q 4 FrequeHCY(HZ) 3300 Hz. (d) The Fano-like sound trans-
(a) (b) mission profile of the composite struc-
ture around 3300 Hz.
1.0 1.0 0.3 T r T
—Tp :
=== Phase(Tp) f] ~~-ccccc-a 405 -
> 02F : .
a : T . |
= 05F ' 0.0 g :
' = B 5
' - 0.1F i FP Dip T
............ ' -0.5 Vo
' : K
A} ()
\ v
00" - -1.0 0.0 v y
3000 F H 3500 3000 3500
requency(Hz) Frequency(Hz)
(c) )
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Fig. 3. (a) Transmission spectrum below 4000 Hz for the composite structure and the reciprocal of the resonant unit impedance Z,. (b) The real part, the imaginary

part and the phase of Z,; and the phase of the locally resonant unit Z,.
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Fig. 4. (a) Experimental setup used to measure the transmission spectrum of the composite structure. (b) and (c) show the transmission spectra around 120 Hz and
3300 Hz, where the downward arrows indicate the frequencies of the Helmholtz dip and the Fabry-Pérot dip, respectively.

However, the open waveguide length is still less than one half of the
wavelength, i.e., there is no standing wave resonance in it, and the open
waveguide is still a continuous unit. Consequently, the Fabry-Pérot
resonant states in the spiral tube can be coupled to the continuous states
in the open waveguide, which results in a Fano-like asymmetric
transmission curve profile (peak around 3200 Hz, dip around 3350 Hz),
as shown in Fig. 2(d). At the transmission peak of the Fano-like sound
transmission profile, the composite structure produces destructive in-
terference near the input side, which then guides more of the acoustic
energy into the output side. At the transmission dip, the composite
structure produces enhanced interference near the input side; as a

49

result, most of the acoustic energy is reflected and very little acoustic
energy can then be transmitted to the output side.

To provide further confirmation of the above analysis, the trans-
mission curve and the reciprocal resonator impedance 1/Z, are in-
vestigated. Fig. 3(a) shows that 1/Z, has a value that is close to infinity
at the transmission dips (Tp are close to 0), indicating that resonances
occur and thus further verifying the analysis results. In addition, the
resonator impedance phases are investigated, are shown in Fig. 3(b).
The first black vertical dashed line (around 120 Hz) represents Helm-
holtz resonance frequency, and the second black vertical dashed line
(around 3350 Hz) represents Fabry-Pérot resonance dip. As can be seen
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Fig. 5. Transmission spectra below 4000 Hz for various spiral tube length (I,), various cavity height (I.), various open waveguide radius (1,) and various composite
structure radius (). The insets in Fig. 5(b)—(d) are half of the axisymmetric two-dimensional cross-section, showing how to change the parameters. The spiral tube
length (I;) can be increased or shortened directly for the spiral tube is coplanar and other parameters remain unchanged. The inset in Fig. 5(b) shows the cavity height
(l¢) can be reduced by increasing the thickness of the cavity bottom inner side and other parameters of the device remain unchanged. The inset in Fig. 5(c) shows the
waveguide inner radius (r,) can be reduced by increasing the waveguide inner wall thickness and other parameters of the device remain unchanged. The inset in
Fig. 5(d) shows the composite device radius (1) is increased by increasing the device outer wall thickness, while other parameters remain unchanged.

from Fig. 3(a) and (b), at these two frequency positions, the local re-
sonant unit impedance Z, ~ 0 and the phase of the local resonant unit
(Z,) reverses from negative to positive and as a result the sound
transmission dips are to be generated.

In addition, the relationship between the normalized input im-
pedance and its phases is investigated. The normalized input acoustic
impedance on the input side is Z; = %, in which Z,, can be calculated
from Eq (9). As shown in Fig. 3(b), ‘f)etween two discrete Fano-like
resonances, the acoustic resistance (i.e., Real(Z.¢)) radiates the energy
out and the acoustic reactance (i.e., Imag(Z)) reflects the energy back.
When the phase of the normalized input acoustic impedance (i.e.,
(phase(Zeff)) is not zero, the acoustic energy oscillates in the device,
and the transmittance is low. When the frequency is about 2200 Hz and
the phase(Z¢) = 0, it means that Z.; is the pure acoustic resistance
excluding the acoustic reactance. However, the acoustic resistance also
reaches its maximum and transmission is low.

When the frequency is a little below 120Hz or a little below
3300 Hz (round 3200 Hz), the phase of the normalized input acoustic
impedance ((phase(Zeff)) goes from negative to positive. This means
that the system shifts from vibrating out-of-phase to in-phase with re-
spect to the external harmonic excitation. We also found the Fano-like
asymmetric transmission peak is below resonance and the phase dif-
ference of Z;; and Z, is close to 7 in Fig. 3(b). This phenomenon is in
agreement with the interference of both resonant and non-resonant
paths. It can be seen in Ref. [22] for more details. However, the im-
pedance Z,; phase goes from negative to positive, involved in the
coupling of resonances, which means that impedance matching occurs
around the resonances and the sound transmission peaks are thus
generated. Simultaneously, severe impedance mismatching occurs on

50

the input side over the range from 120 Hz to 3100 Hz and a broadband
low-frequency sound transmission occurs.

4. Experiments and discussions

The experimental measurements were carried out as shown in
Fig. 4(a). The measurement samples were fabricated from epoxy resin
using 3D-printing technology. A loudspeaker was used to excite the
acoustic waves in the main waveguide, and two tiny microphones were
set up to detect the acoustic pressure in front of the sample. The re-
ceived signals were then input into a computer via a data acquisition
unit (DAU) for subsequent processing. Fig. 4(b) and (c) show the sound
pressure transmission characteristics at normal incidence near fre-
quencies of 120 Hz and 3200 Hz, respectively. The sound transmission
characteristics show the dips that indicate the weakening of the trans-
mitted waves.

We have investigated the effects of structural parameters on sound
transmission to understand how sound transmission can be regulated
over a wide frequency range.

As shown in Fig. 5(a)-(b), the effects of [, and I, on the transmission
spectra produce different tendencies. For example, [, or [, can influence
the first dip and I, can change the Fano-like asymmetric transmission
profile obviously in the high frequency range. When [, is shortened, the
Helmholtz resonance frequency decreases slightly; however, for Fabry-
Pérot resonance, it means that one half of the wavelength decreases
greatly and the frequency decreases significantly. When [, is decreased,
the Helmholtz resonance frequency decreases slightly and the Fabry-
Pérot resonance frequency basically remains unchanged. This result
shows that when the cavity height (I.) varies in a limited range, it has
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little effect on the Fabry-Pérot resonance frequency, coinciding with the
previous numerical analysis. We can thus adjust I, to change the Fabry-
Pérot resonance in the high frequency range to regulate the bandwidth
of low transmission spectrum.

However, the attenuation of broadband low-frequency acoustic
transmission increases with the decrease of waveguide radius (1), as
shown in Fig. 5(c). When r,, decreases, the resonance frequency remains
unchanged and the ventilation rate will inevitably decrease. The
transmittance decreases for the friction.

In addition, Fig. 5(d) shows that as the radius () of the device
increases, the sound transmittance then decreases. The increase of the
device radius (r;) means that the device cross-section becomes larger.
Obviously, the equivalent incident impedance increases and the trans-
mittance decreases, but the resonance states remain unchanged.

This indicates that the transmission characteristics are sensitive to
the structural parameters, and the sound transmission can be adjusted
by adjusting the structural parameters. In addition, noise insulation
with a wide low frequency range and ventilation can be achieved by
coupling of the resonances between the continuous sound unit and the
resonant sound unit.

5. Conclusions

In summary, we report a composite acoustic structure that can be
used to regulate sound transmission. This structure has a sub-
wavelength thickness that is capable of blocking a broad frequency
range while also providing a high ventilation capability. These extra-
ordinary features are produced by coupling effects between the multi-
mode resonant states in the resonant sound unit and the continuous
states in the continuous sound unit. The transmission spectrum can be
controlled by adjusting the structural parameters, which offers poten-
tial for regulation of sound transmission over a much wider frequency
range.
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