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The acoustic performance of a Helmholtz resonator (HR) with a sonic black hole (SBH) neck is investigated in this
study both theoretically and experimentally. The proposed SBH neck for a HR consists of a cylindrical tube with a
set of rigid thin rings. When the inner radius of the ring is linearly decaying, the SBH effect can be obtained. The
sound absorption performance of the proposed HR is then derived based on the transfer matrix method (TMM).
Finally, the proposed HRs under different sizes are fabricated by a 3D printing apparatus. The analytical acoustic
absorption results are compared to the experimental data obtained from an impedance tube setup. The absorption
coefficients from TMM and experiments show a reasonable agreement. When compared to the traditional HR,
he main advantage of the proposed HR with a SBH neck is that the broadband sound absorption in a non-HR-

resonance frequency range can be achieved.

1. INTRODUCTION

The Helmholtz resonator (HR) has been widely used for
passive control of narrow-band low frequency noise due to its
simple structure.'™ It is well-known that the effective sound
absorption frequency range of a HR is around its resonance
frequency. However, the absorption performance of the HR is
deteriorated rapidly in the non-resonance frequency ranges.

To efficiently enlarge the effective sound absorption band-
width of the HR, a great number of modifications on the
HR geometry parameters have been examined. For instances,
Tang’® showed that a HR with a tapped neck can dramatically
improve the sound absorption characteristics. Park® introduced
micro-perforated panels backed by the HRs to enhance sound
absorption. Shi and Mak’ analyzed the HR with a spiral neck,
and the results showed that the natural frequency of the HR
with a spiral neck can be effectively lowered without changing
the cavity volume. Selamet and Lee® introduced an extension
of the neck into the cavity, the calculated and experimental re-
sults showed that the HR natural frequency can be shifted by
changing the length, shape, or perforation porosity of the ex-
tended neck. Huang et al.’ further demonstrated that a HR with
an extended neck in a cavity can obtain perfect absorption per-
formance. Zhu et al.!” showed that the HR with a serrated neck
can obtain a better sound absorption performance than that of
the traditional HR under a high-intensity sound excitation. Se-
lamet et al.!' investigated the physical parameters of fibrous
materials in the HR cavity effect on the resonance frequencies
and the transmission loss properties of the HR.

Notice that the sound absorption performance is only appli-
cable to a constant specific frequency as the HR is fabricated.
Huang et al.'> showed that neck-embedded curled HRs can
enlarge the tunability of the operating low-frequency sound
absorption band. Furthermore, it is found that increasing the
thickness of a HR proposed by Huang et al.'?> can effectively
enlarge the absorption bandwidth. Bedout et al.!> have pro-
posed a tunable HR to extend effective absorption bandwidth
by adjusting the cavity volume. Currently, various configu-
rations of tunable HRs, including the HR neck length adjust-
ing or opening adjusting, have been reported.'*'® Recently, a
HR with sweeping natural frequency was proposed by using a

time-varying Proportional-Integral (PI) controller.!” The noise
can be blindly controlled in the sweeping frequency range of
the sweeping HR.

The intention of enlarging the resonance frequency band-
width of a HR, (two degrees of freedom (two-DOF) HR) by
using a pair of neck and cavity connected in series has also
been widely investigated. For examples, Doria!® presented an
analytical two-DOF HR model, the results showed that the nat-
ural frequencies of a two-DOF HR depend on the individual
natural frequency of each HR and volume ratio. Xu et al.'’
presented the closed-form expression for the transmission loss
of the two-DOF HR. Tang et al.?* presented the experimen-
tal sound absorption performance for a two-DOF HR based on
the impedance tube method. The two-DOF HR can also be
designed by replacing the rigid wall of the cavity with a flexi-
ble end panel.?!"??> Following consideration of the application
under the multiple natural frequencies, the HR array with dif-
ferent natural frequencies has also been frequently used as a
basic concept in the design of broadband acoustic metamateri-
als and acoustic metasurfaces.?326

Generally speaking, the effective sound absorption band-
width of HR-based acoustic absorbers depends on their nat-
ural frequencies. How to design a modified HR with effective
sound absorption performance in other frequency ranges re-
mains an important question to be answered.

Recently, Acoustic black hole (ABH) has been investigated
intensively due to its excellent ability on broadband struc-
tural vibration control and sound insulation. Notice that there
are two types of ABH structures considered in previous pub-
lications.?’! The wedge-shaped structures, where bending
waves propagate with decreasing velocity as their amplitude
increases, have been termed as ABH.2"-28 A tube with graded
retarding rings for sound absorption is normally termed as
sonic black hole (SBH).3%3! The recent review papers give
an exhaustive literature survey on ABH structures for vibra-
tion control.?”-?8 Zhou and Yu?’ introduced ABHs panel in a
HR cavity to broaden the bandwidth of the natural frequency.
On the other hand, Air-borne SBH proposed by Mironov and
Pislyakov®® has a wide effective sound absorption frequency
range in air due to the slow-sound effect. SBH absorber studied
by Mironov and Pislyakov’ contains a cylindrical duct com-

460 https:/doi.org/10.20855/ijav.2023.28.42006

(pp. 460-468)

International Journal of Acoustics and Vibration, Vol. 28, No. 4, 2023



L. Peng, et al.: HELMHOLTZ RESONATOR WITH SONIC BLACK HOLE NECK

prised of a series of rigid rings with gradually decreasing inner
radius. The sound speed through SBH will gradually decrease
through the structure leading to the SBH effect. Ideally, the in-
cident waves do not reflect back because the sound speed will
tend to be zero at the end of the SBH. Mironov and Pislyakov3!
presented the experimental sound absorption performances for
various modifications of SBH structures.

In recent times, the transfer matrix method (TMM) has
been imposed to study the reflection coefficient for linear
and quadratic SBH.3>3% The SBH physical parameters (such
as ring thickness, the number of rings, the minimum radius of
the rings, and damping loss factors) effect on absorption per-
formance was discussed. Hollkamp and Semperlotti** imposed
a fractional order model to analyze the absorbing performance
of a duct with SBH termination. Zhang and Cheng,® Li et
al.,’® and Liang et al.*’ introduced micro-perforated panels in
a SBH cavity to create hybrid acoustic absorber and achieve
broadband and low-frequency sound absorption. In addition,
the viscous and thermal losses as well as the role of resonances
of the side-cavities in SBHs influence on absorption perfor-
mance has been analyzed in detail >0

Mi et al.*! introduced an open-end quadratic SBH with-
out rigid termination. The calculated and experimental results
showed that sound reflection and transmission of the open-
ended SBH can be simultaneously reduced. In a recent work,
by Mi et al.*? the sound transmission loss for a periodic open-
ended SBH both analytically and experimentally were studied
further.

Considering the sound absorption properties of the HR and
SBH, it is possible to establish a coupled acoustic absorber by
combining the HR and SBH. In this study, an open-end SBH
is used as a HR neck to achieve effective broadband sound ab-
sorption in non-HR-resonance frequency ranges. The goal of
the present study is twofold. First, it is the goal to investigate
theoretically and experimentally the acoustic performance of a
HR with an SBH neck. Second, it is also the goal to examine
the influence of geometrical parameters of the proposed HR on
sound absorption performance.

The study starts with describing the geometric design of a
HR with an SBH neck; then, an analytical prediction method
is established to evaluate the sound absorption performance of
the proposed HR based on the TMM. Third, the numerical and
experimental results are given, and their performance is com-
pared to validate the effectiveness of the model. Fourth, the
influence of HR geometrical parameters on sound absorption
are studied. These include the length of an SBH neck, inner
radius of the end ring in an SBH neck, the damping factor and
the length of an additional neck. Finally, some useful conclu-
sions are drawn and illustrated.

2. GEOMETRIC DESIGN OF HR WITH SBH
NECK

A schematic diagram for the proposed HR with an SBH neck
model is shown in Fig. 1(a). Unlike the traditional HR, the
SBH neck considered in this study is a cylindrical tube with an
array of N regularly-spaced rigid-walled thin rings. The inner
radii of the rings are linearly decreasing. In the analysis of the
proposed HR, for simplicity, the HR is assumed to have rigid
walls and the cross section of the HR is circular. The thickness
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Figure 1. (a) Geometry illustration for HR with SBH neck;
(b) Cross-sectional view of HR with SBH neck; (c) Detailed
schematic of nth element of the SBH neck.

of the ring is sufficiently thin and thus can be reasonably ne-
glected. The cross-sectional view of the proposed HR model is
presented in Fig. 1(b). Ry, and Ly, are the radius and length
of the SBH neck, respectively; r,, is the inner radius of the nth
ring; d,, is the distance between the (n — 1)th and nth ring. An
additional neck with length L, is used to connect the SBH
neck and the backing cavity. The radius of the additional neck
is Rycck, Which is equal to that of the SBH end ring. Ly and
Ry are the length and radius of HR cavity, respectively. Axes
of symmetry of the SBH neck, additional neck and the cavity
are assumed to coincide. From Fig. 1(b), the inner radius of
nth ring can be written as:

Rspn — TN .
ry = ——— | Loy — d; | +ry,mn=0,1,2,..., N.
= ( S )+
(1)

3. THEORETICAL MODEL FOR THE HR
WITH SBH NECK

Assume that the characteristic dimension of the HR is much
smaller than the acoustic wavelength for the frequencies of in-
terest. This allows the plane wave propagation in a HR. The
TMM can be used to evaluate the acoustic impedance of the
proposed HR shown in Fig. 1. Then the sound absorption co-
efficient can be determined based on the acoustic pressure and
particle velocity at the HR mouth.

The proposed HR can be divided into three regions, i.e., the
SBH neck (I), the additional neck (II) and the backing cav-
ity (II), as presented in Fig. 1(b). The SBH neck is further
divided into NN longitudinal cylindrical duct elements. Each
element can also be divided into two parts, such as the core
of the duct between the two neighbouring rings and the hol-
low part between two rings, as shown Fig. 1(c). According to
the papers of Guasch et al.,>>33 the transfer matrix for the nth
cylindrical element can be expressed as Eq. (2). Where p,,_1,
u,—1 and p,, u, and are the acoustic pressures and acoustic
particle velocities at the (n — 1)th and nth ring, respectively;
Y, is the cavity admittance due to the hollow part shown in
Fig. 1(c); S, = 7r2 is the cross-sectional open area of the
nth ring; d,, is the distance between (n — 1)th and nth ring; j
is the imaginary unit. Z.ys, and keyy, ,, are respectively the
effective impedance and the effective wavenumber of the nth
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Pn-1 | _ cos (ke fndyn)
Up—1 jSZTL (keff,ndn) S’ﬂ/ZeffJI

cylindrical element, with the expression of:*3

w

Zeff,n = PeffnCeffn and keff,n = (3)

Ceffm’
where w is the angular frequency, pc s, and c.; ¢, are respec-
tively the frequency-dependent complex density and sound
speed of air in the nth cylindrical element. Based on the equiv-
alent fluid model,*3 Peffn and cqpy n can be expressed as,

Po Fa/n
Pespn = o and Coppn = oy [ = p—s ()
a,n ,n

. 2J1 (rn/—Jjwpo/ 1o
with F,,, = 1 — : (o ,) o
rny/=3wpo/ o Jo (Tn\/—wpo/uo) '
2J1 (T'n.'\/ *jw’vpocuo/lio)
1 — 4 : ; where pg =
—jwypoCuo/KoJo (Tn\/ —]W’Yl)ocuo/KU)

1.21 kg/m? is the air density; cog = 340 m/s is the lossless

speed of sound; v = 1.4 is the ratio of specific heat; puy =

1.8 x 1075 Pa is the dynamic viscosity; C,o = 718 J(kg.K)

and kg = 0.0258 W/(m.K) are the heat capacity at constant

volume and the thermal conductivity, respectively. J; and Jy

are the zero and the first order Bessel functions of the first kind.
The cavity admittance Y;, can be approximated by:3>4!

w

Yn = ] Vcav; (5)

cav (CCQ’U ) 2 "
Peffm\Ceffn

where V7% is the volume of the nth hollow part, which can be
considered as the difference of a cylinder and a truncated cone,
such as,

1
V:av — ﬂ'dn |:R2 — g (7",,% + 7‘3+1 + rnrn+1):| . (6)

Based on study of Stinson,* the plane-wave propagation in
the nth hollow part by Stinson** is employed in this study. The

effective air density pg%'; ,, and sound speed c¢%% ,, in Eq. (5)
for the nth hollow part can be expressed as,

cav Po
pe?’[f,n = Faa (7)
F,
cav — o . 8
R P S VY ®

where F, = 1 — tanh((d"/z)m)
(dn/2)3/3wpo/ 1o
tanh ((dn /2)y/7o7poCuo/r0 )
(dn/2)7/7wrp0Cuo/r0

From Eq. (2), the overall transfer matrix of the SBH neck
(region I) can be obtained by connecting each SBH element
through Eq. (9).

Similarly, the transfer matrices for regions II and III shown
in Fig. 1(b) can be expressed by Egs. (10), (11), (12). Where
PN, UN and Ppeck, Uneck are the acoustic pressures and particle
velocities at the input and output end of the additional neck,

1 —

, Fg =

jsin (keff,ndn) Zeffm/sn 1 0 Pn .
cos (keff,ndn) Y, n=12,....N. (2)

1 Up,

respectively. pc, uc are the acoustic pressures and particle
velocity at the end wall of the HR cavity. Z; and kj, (h =
neck or HR) are the effective wavenumber and the effective
impedance for the neck and cavity, respectively. Z; and kj,
can be obtained by using Eq. (4).

By connecting T{q BIH> Tffeck and ng{,ity and based on the
TMM approach, the inlet acoustic pressure pg and particle ve-

locity ug for proposed HR can be obtained as:

Do I 11 II7 pbc pc
|: :| = TSBHTnecchavity |: :| = Ttotal |: ue :| )

U uc
(13)
_ gl II pIII
where T'totar = TspuTneck T cavity 1S the overall transfer

matrix for the HR.

Considering the end wall of the backing cavity of the HR is
rigid, it means that the particle velocity u¢ is equals to zero.
From Eq. (13), the effective acoustic impedance of the HR can
be expressed as,

_ bo _ Tyotar (1, 1)

Zip = =2 = ,
‘ (%) Ttotal (27 1)

(14
where Tiotq1(1, 1) and Tiorar(2, 1) are the elements of T'yorq;-

Once the effective acoustic impedance Z;,, in Eq. (14) is de-
termined, the normal sound absorption coefficients of the HR
can be expressed as,

2

Zin *ZO/SO (15)

a=1-|Zm—20/>
‘Zm-i-Zo/So

4. ACOUSTIC CHARACTERISTICS OF HR
WITH SBH NECK

4.1. Absorbing Performance
(Model Validation)

4.1.1. Experimental Setup

Validation

For the experiment, four HR samples were made of photo-
sensitive resin material by using 3D printing technology. The
HR samples were arranged in a cylindrical case with an outer
diameter of 99 mm to fit in the impedance tube, as shown in
Fig. 2. The SBH necks in all samples have 30 rings. The
thickness of each ring is 0.7 mm. The distance between ad-
jacent rings is 2.3 mm. The inner radii of the SBH neck and
cavity are 47.5 mm. Other geometric parameters for each sam-
ple are listed in Table I. Based on the two-microphone transfer
function method according to the ISO standard 10534-2,* the
sound absorption coefficient was measured in an impedance
tube (AWAS8551T, Aihua Inc., China) with inner diameter of
100 mm. The experimental setup photo is shown in Fig. 3. The
distance between the loudspeaker, two microphones and the
sample are also presented in Fig 3. The valid frequency range
is 60-1600 Hz based on this setup arrangement. Two free-
field microphones (AWA 14435, Aihua Inc., China) with built-
in pre-amplifier (AWA14614E, Aihua Inc., China) were used.
A dynamic signal analyzer (AWA6290B, Aihua Inc., China)
was used to acquire the measured output signals of two mi-
crophones. Finally, a post-processing software (AWA6290B,
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n=1
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[ jS’Ln (keff,ndn) Sn/Zeff,n
matrix for SBH neck.

where T{L =

TII Y, = |: Ccos (kneck:Lneck)
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Figure 2. Photographs of fabricated samples.

Figure 3. The experimental setup photo for measurement of
sound absorption coefficient by using impedance tube.

Table 1. Physical parameters of the HRs. (unit: mm).

Sample A | Sample B | Sample C | Sample D
Lypeck 13 6 6 7
Ryeck 3 4.5 4.5 3
Lyr 48 48 25 48

Aihua Inc., China) was used to obtain the experimental sound
absorption coefficients.

4.1.2. Experimental Results and Validation

To demonstrate the validity of the proposed HR analytical
model in Section 3, the calculated sound absorption coefficient
is first compared with that obtained from experiment.

The predicted and measured sound absorption coefficients
of the HRs are presented in Fig. 4. For comparison, the results
for traditional HR (removing SBH neck) are also presented in
Fig. 4.

In Fig. 4, it is seen that the trend of the absorption coef-
ficient between the predicted and the measured results have a
good agreement at the low frequency region (below 600 Hz).
Compared to the traditional HR, the HR with an SBH neck has
lower first resonance frequency. However, it should be noted
that the thickness of the traditional HR is 90 mm shorter than
the HR with an SBH neck. If the SBH necks are replaced by
traditional HR necks, the first resonance frequencies for sam-

PN

|

cos (kegyndy)

|-117:]

.73”7' (kneckLneck) Sneck/Zneck

jsin(kurLur) SHr/ZurR

TSp [ - } : ©)

} { ;n (; }, TLoy = HnN:pT?Iz is the transfer

jS’Ln (kneckLneck:) Zneck/sneck: .
Ccos (kneckLneck) k (10)
jsin(kurLur) Zur/Sur | . an
coSs (kHRLHR) ’
Prneck | _ AnIII bc
) |: Uneck :| - Tcavity |: uc :| . (12)

ples A, B, C and D would be tuned from 106 Hz, 167 Hz,
237 Hz and 128 Hz to 47 Hz, 71 Hz, 99 Hz and 49 Hz, respec-
tively. It means that the SBH neck cannot lower the first reso-
nance frequency effectively. The levels of measured absorption
coefficients for all samples are generally higher than predicted
results above 600 Hz. The possible reason for these deviations
between experimental and predictions may result from the im-
perfect manufacture of the test samples and the inevitable gap
between the sample and the impedance tube. Nevertheless,
the calculated and the measured absorption coefficients have a
good agreement and general trend. The proposed HR with an
SBH neck can obtain effective acoustic absorption in wideband
non-HR-resonance frequency range. For example, additional
half-absorption bandwidth (absorption coefficient o > 0.5) for
HR with an SBH neck from 582 Hz to 1.60 kHz in Fig. 4(a),
from 635 Hz to 1.60 kHz in Fig. 4(b), from 666 Hz to 1.60 kHz
in Fig. 4(c) and from 658 Hz to 1.6 kHz in Fig. 4(d), can be
obtained based on the measured results. The acoustic perfor-
mance for a HR with an SBH neck is drastically different from
a traditional HR, because the traditional HR only has a narrow
effective absorption frequency band. The sound absorption co-
efficients for traditional HRs in the non-resonance frequency
ranges have almost no sound absorption effect.

Furthermore, broadband quasi-perfect absorption (the ab-
sorption coefficient &« > 0.9) can also be found in Fig. 4.
For example, broadband quasi-perfect absorption in [900,
1320] Hz and [1514, 1600] Hz are experimentally observed for
sample A (Fig. 4(a)). As presented in Fig. 4(b), sample B ex-
perimentally exhibits quasi-perfect absorption in [700 920] Hz,
[1110 1360] Hz and [1524 1600] Hz. Similar experimental re-
sults can also be found for samples C and D.

To  further investigate the  absorption  mecha-
nism of the proposed HR, the reflection -coefficients
R = (Zipn—20/50)/(Zin+ Zo/Sy) in the complex
frequency plane*>*® is analyzed by using the complex fre-
quency f. = f, + j7fi;- The additional damping in the system
can be introduced by the imaginary part f;. The color maps
of calculated 20log;(|R|) for four samples listed in Table 1
in the complex frequency plane are presented in Fig. 5. Three
pairs of zeros and poles can be found in the complex frequency
plane. Clearly, the real frequency values of these pairs of zeros
and poles are corresponding to the frequencies of the absorp-
tion peaks in Fig. 4. The first zero/pole pair is due to the HR
without the SBH neck, while the second and third zero/pole
pairs are due to the SBH effect. If distance from the real axis
to the pole is larger, a wider half-absorption bandwidth can
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Figure 4. The predicted and measured sound absorption coefficients of the HR with and without an SBH neck for (a) sample A;

(b) sample B; (c) sample C and (d) sample D.

be observed in Fig. 4. According to complex frequency plane
method,*>4® the perfect absorption can be realized when the
zero barely crosses the real axis. From Fig. 5, the perfect
absorption condition is basically satisfied by the first and
third zeros of all samples. All samples are under-damped
around the frequency of the second zero, because it is located
above the real axis. It is understandable because no additional
damping material is added in the proposed HRs.

To experimentally investigate the damping materials influ-
ence in the sound absorption performance, Figure 6 shows
the calculated and experimental sound absorption coefficients
when the inner wall of the SBH neck for the sample A is cov-
ered with sponges of 2 mm thickness. Itis found that the sound

absorption performance above 600 Hz can be improved signif-
icantly when the porous material is adding to the proposed HR.
Good agreements can be observed between the prediction and
measured results when the complex sound speed in Eq. (4) is
chosen as ccfrn = co(l + 0.2655) in a calculation based on
TMM. However, compared Fig. 6 to Fig. 4(a), it can be found
that the absorption peak at first resonance is reduced from 0.85
to 0.58 according to measured results. It means that low fre-
quency sound absorption performance could be reduced due to
the sponges in the SBH neck. Optimizing the porous material
location in the SBH neck may achieve a better sound absorp-
tion effect, which needs to be further explored in future studies.
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Figure 5. Contour of 20log1o(|R|) in the complex frequency plane for (a) sample A; (b) sample B; (¢) sample C and (d) sample

D.

4.2. Acoustic Performance Influence
Geometric Parameters of a HR with the
SBH Neck

To further investigate the sound absorption performance of
the proposed HR, the geometric parameters of the HR effect on
absorption coefficient calculated from the proposed theoretical
model will be discussed in this subsection.

In Figs. 4, 5, 6 it is found that the four main geometric vari-
ables, such as length of SBH neck L, radius of additional
neck R,..r (equal to inner radius of the end ring ry of the
SBH neck, as shown in Fig. 1), damping factor ¢ and length of
additional neck L., have significant effects on the absorp-
tion performance of proposed HR. For simplicity, assume that
the radius of the SBH neck and a HR cavity, the ring number in
the SBH and the cavity length are the same as sample A (such
as Rsbh = RHR =475 mm, N = 30 and LHR =48 mm)
and are used for the following calculations. Figure 7 shows the
calculated absorption contours under different geometric vari-
ables. It was found that more absorption bands appear as the
length of the SBH neck Ly, increases for a given frequency
range (0-2000 Hz in this case). The absorption bands shift to
lower frequencies when Ly, increases. The shifting trend gets

less obvious for the first absorption band, as shown in Fig. 7(a).
By contrast, the absorption peaks shift to higher frequencies if
the radius of an additional neck R, is increased. Further-
more, the peak values of the first two absorption bands will
also be deteriorated along when the SBH radius rises, as pre-
sented in Fig. 7(b). It means that the relative long L, and
small R, are beneficial for low frequency absorption.

The effects of damping on sound absorption performance
have been presented in Fig. 7(c) by replacing cy¢,,, in Eq. (4)
and c¢%% . in Eq. (7) as different complex sound speed, such
as Ceffn = i, = co(1+(), Cis the damping parame-
ter with positive constant. It was found that sound absorption
performance is influenced significantly by damping factor (.
From Fig. 7(c), it can be found that adding damping can im-
prove the acoustic performance of the proposed HR. However,
the peak value of the first absorption band deteriorates rapidly.
This phenomenon can also been observed in the experimental
results (see Fig. 6).

If the length of additional neck L,,.x is increased, all ab-
sorption bands shift to low frequencies, as shown in Fig. 7(d).
The shifting trend gets more obvious for L, varied from 0 to
4 mm. As compared in Fig. 7(d) to Fig. 7(a), it was found that
increasing the length of the additional neck is a more effective
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Figure 6. The predicted and measured sound absorption coef-
ficients for sample A when the SBH neck is covered by a 2 mm
sponge.

way to decrease the first resonant frequency, while increasing
the length of the SBH neck can shift other absorption bands to
lower frequencies significantly.

5. CONCLUSIONS

In this study, acoustic characteristics of a HR with an open-
end SBH neck have been analyzed theoretically and experi-
mentally. A simple theoretical model based on TMM is es-
tablished to evaluate the sound absorption performance of a
HR with an SBH neck. Compared to the traditional HR, the
HR with an SBH neck can obtain effective acoustic absorp-
tion in a wideband non-HR-resonance frequency range. The
calculated and experimental results are presented to verify the
effectiveness of the TMM model. The influence of geomet-
ric parameters on sound absorption is also studied. It is worth
mentioning that the traditional HR can be easily modified by
adding an additional SBH neck, this has a potential applica-
tion for simultaneous control of tonal noise at a targeted low
frequency (< 400 Hz) and broadband noise at moderate and
high frequency ranges.
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