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A B S T R A C T

Despite the growing interest in Sonic Black Holes (SBHs), existing research predominantly focuses on their sound 
absorption properties. However, real-life SBH structures, which consist of a finite number of concentric rings, 
inherently involve both sound absorption and reflection, which differ from the ideal SBHs designed for perfect 
absorption. Exploration of the muffling characteristics as well as the underlying mechanisms of SBHs are scarce, 
leaving their properties and underlying principles remain unclear. To bridge this gap, the above issues are 
investigated numerically and experimentally in this paper, in the context of a linear SBH connected to the main 
duct as a side branch. Numerical analyses reveal that SBH demonstrates multi-peak, broadband muffling char
acteristics, and outperforms the muffling performance of traditional quarter-wavelength tube. It was found that 
when the sound pressure distribution inside the SBH roughly matches odd quarter wavelengths pattern, both the 
absorption and reflection effects are maximized, resulting in the occurrence of muffling peaks. The SBH induced 
slow wave effect lowers muffling peak frequencies, creating multiple muffling peaks within the analyzed fre
quency band. The internal thermal-viscous dissipation effect ensures the broadband muffling performance. The 
numerically predicted noise attenuation results are validated through comparisons with experimental mea
surements. While shedding light on the underlying sound attenuation mechanisms, this study leverages the 
combined effects of partial absorption, reflection, cavity resonances and slow wave phenomena in practical SBHs 
to develop compact, broadband, low-frequency silencers, providing practical guidelines for future SBH-based 
muffler designs.

1. Introduction

Duct noise control has attracted considerable attention in the field of 
acoustics due to its potential negative impacts on the environment and 
human health [1–5]. While traditional duct noise control methods 
[6–11] effectively attenuate noise within certain frequency bands, 
achieving low-frequency and broadband noise reduction remains a 
major challenge. The rapid advancement of industrialization has 
significantly increased the demand for effective noise control solutions, 
calling for innovation and progress in duct noise cancellation 
technology.

In recent years, acoustic black holes (ABHs) [12] have emerged as an 
innovative wave control technique. These structures, inspired by the 
astrophysical concept of black holes, are designed to decelerate wave 
velocity to zero as waves approach the end of the structure, resulting in 
effective wave attenuation [12–18]. ABHs are generally classified into 

Vibrational Black Holes (VBHs) and Sonic Black Holes (SBHs). VBHs are 
intended for flexural wave manipulation inside vibrating structures, 
where the structural thickness is tailored according to a power-law 
relationship. In contrast, SBHs are a variation of ABHs for acoustic 
wave manipulation in air or fluids. Since the inception of the SBH 
concept in 2002 [19], substantial efforts have been dedicated to 
exploring its acoustic properties and practical applications [20–40]. 
Experimental validations [26–29], including investigations into SBH 
absorption and reflection performance, have provided crucial insights 
into SBH behavior. Innovative approaches, such as the transfer matrix 
method [30,31], fractional-order analysis [25], thermal-viscous analysis 
[32,33] have further enriched our understanding of SBH characteristics 
and their potential applications.

Recent studies have expanded the scope of SBH research, exploring 
acoustic characteristics of open-ended SBH structures [34], enhanced 
sound absorption in combined SBH structure [35], SBH-conical micro- 
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perforated panel structure [36,37], folded cavities with SBH [26], and 
multiple SBHs embedded in waveguides for low-frequency ultra-wide
band sound absorption [38]. These endeavors significantly advance our 
understanding of SBH and pave the way for diverse applications in noise 
control engineering. It is important to note that most existing studies 
strive for total sound absorption on idealized SBHs, which differ from 
real-life implementations. In this paper, we show that the unique 
physical properties of practical SBHs, including imperfect absorption, 
partial reflection, resonance and slow sound effects, can be leveraged to 
design compact, broadband, low-frequency mufflers.

While SBHs demonstrate broadband sound absorption capabilities 
and substantial progress has been made in understanding their sound 
absorption mechanisms, research on their muffling properties and un
derlying mechanisms is fairly limited, with only a few scholars exploring 
this area. Bravo et al. [39] investigated a pipe muffling structure made 
up of annular ring resonators with axial gradient of cavity depths. Their 
simulations and experiments demonstrate effective attenuation and 
absorption across a wide frequency range, supported by optimized 
design parameters. Lee et al. [40] proposed a meta-silencer containing a 
coiled multi-slit to generate acoustic black hole effect, and a cavity at the 
end to further reduce low-frequency noise. Experimental and numerical 
analyses confirmed that the design provided effective broadband low- 
frequency noise attenuation. Although, these structures, including 
annular ring resonators with gradient axial cavity depth and coiled 
multi-slit configuration, generate acoustic black hole effects, they differ 
significantly from conventional SBH designs. Research on the muffling 
characteristics and mechanisms of the traditional SBH structure is still 
lacking.

To address this gap, the muffling properties and underlying mecha
nisms of a practical SBH structure with a finite number of concentric 
rings are scrutinized numerically and experimentally. Unlike some 
previous studies targeting perfect absorption, our aim is to investigate 
how the combination of partial absorption, reflection, resonance and 
slow wave effects in real-life SBH structures can be exploited and 
leveraged for low-frequency and broadband silencing applications. 
Specifically, the scenario of an SBH connected to the main duct as a side 

branch is considered in this paper.
The rest of the paper is organized as follows: the models and equa

tions used for SBH silencing performance assessment and inside sound 
wave phase velocity distribution derivation are first presented in Section 
2. Numerical analyses are then conducted to investigate the muffling 
properties of SBH alongside the underlying mechanisms in Section 3. 
Subsequently, the effects of structural parameters on the muffling 
characteristics of the SBH are fully investigated in Section 4 to provide 
practical design guidelines. In Section 5, experiments are conducted to 
validate the established SBH silencing performance assessment FEM 
model, before major conclusions are summarized.

2. Model

2.1. Conceptual design model

The Sonic Black Hole (SBH) structure investigated in this study, as 
shown in Fig. 1, comprises a series of rings with varying internal radii, 
housed within a rigid cylindrical tube. The SBH is characterized by its 
length L and radius R, with a finite number of embedded rings. The inner 
radius r of these rings decreases linearly along the axial direction from 
the inlet to the end of the structure, following the relationship: 

r(x) =
R
L

x (1) 

where x represents the longitudinal position along the SBH axis. In this 
study, the SBH is designed with the following parameters: R = 30 mm, L 
= 200 mm, and a ring thickness of 2 mm. The last ring is positioned 20 
mm from the end, while the remaining rings are spaced 18 mm apart, 
giving a total of nine rings.

2.2. Muffling performance analysis model

As illustrated in Fig. 2a, the scenario in which the SBH is flush- 
mounted on the duct wall as a side branch is considered for the inves
tigation of its silencing performance. To ensure an accurate evaluation, 

Fig. 1. Investigated SBH structure: (a) overall view; (b) detailed internal configuration; (c) schematic diagram.

X. Zhang et al.                                                                                                                                                                                                                                   Applied Acoustics 240 (2025) 110949 

2 



the Thermo-Viscous Acoustics interface in commercial software COM
SOL Multiphysics was employed. This approach accounts for the 
thermo-viscous dissipation within the SBH by solving the Linearized 
Navier-Stokes (LNS) equations.

The schematic diagram of SBH acoustic characteristics calculation 
model is shown in Fig. 2b. A plane wave with an amplitude of 1 Pa was 
applied at the duct inlet, while a plane wave radiation boundary con
dition was applied at the duct end. This ensures that the end of the duct 
can be treated as an ideal boundary, eliminating reflections.

Two acoustic pressure monitor points are positioned upstream the 
sample. The sound pressure at point 1 and point 2, donated as p1 and p2, 
can be written as: 

p1 = PIeik0z1 + PRe− ik0z1 (2) 

p2 = PIeik0z2 + PRe− ik0z2 (3) 

where z1 and z2 are the distances from the sample to points 1 and 2, 
respectively; PI and PR are the amplitudes of the incident wave and re
flected wave in the duct; i is the imaginary unit; k0 = ω/c = 2πf/c is the 
wave number; c is the sound speed; ω is the angular frequency of the 
acoustic wave; f is the acoustic wave frequency.

By solving Eqs. (2) and (3), the sound energy reflection coefficient r 
can be determined as follows: 

r =
P2

R
P2

I
(4) 

The energy transmission coefficient τ and the sound absorption co
efficient α are given as: 

τ =
P2

T
P2

I
(5) 

α = 1 − |r| − |τ| (6) 

where PT represents the transmitted sound pressure, which corresponds 
to the sound pressure at point 3.

Transmission loss (TL) of SBH can be determined as: 

TL = 10lg
1
τ (7) 

The analyzed frequency range is constrained by the plane wave 
assumption. The maximum frequency for analysis should below the 
cutoff frequency of the rectangular duct, which is determined through 
equation (8) below. 

fc =
c

2Lx
(8) 

where Lx denotes the side length of the square duct. In this study, Lx =
100 mm, fc = 1715 Hz.

Thermo-viscous dissipation primarily occurs within the viscous 
boundary layer, making proper meshing of this region essential for 

thermal-viscous acoustic simulations. Conventionally, the boundary 
layer thickness, δ, determined through Eq. (9), guides the design of the 
mesh dimensions in the acoustic boundary layer: 

δ =

̅̅̅̅̅̅̅̅
2μ

ρ0ω

√

(9) 

where μ is the dynamic viscosity.
The thickness of the boundary layer is frequency-dependent, 

decreasing as the frequency increases. At a maximum incident fre
quency of 1600 Hz under standard atmospheric conditions (20◦C, 1 
atm), with air density ρ0 = 1.21 kg/m3 and dynamic viscosity μ = 1.8 ×
10–5 Pa-s, the boundary layer thickness at this highest frequency is 
approximately 0.055 mm. Additionally, the slowing acoustic wave ve
locity toward the SBH end leads to a further reduction in the boundary 
layer thickness. Based on our previous research [33] this reduced 
thickness is approximated as one-sixth of its normal value. To ensure 
precision, a five-layer grid with an expansion coefficient of 1.2 is applied 
to the boundary layer region, with the minimum layer thickness of 
0.0012 mm. Beyond the acoustic boundary layer region, a guideline of at 
least six cells per wavelength is followed to discretize the computational 
domain, ensuring accurate resolution of acoustic wave fluctuations. To 
ensure truthful representation of the geometrical details inside the SBH, 
a minimum mesh size of approximately 1/60 of the maximum element 
size, around 0.55 mm, is adopted. Given that the smallest internal 
diameter of the SBH inside rings is about 6 mm and the thickness of the 
rings is 2 mm, the selected minimum mesh size guarantees sufficient 
resolution of the SBH internal features. This refined meshing strategy 
enables high-fidelity acoustic analysis, capturing the critical thermo- 
viscous effects essential for evaluating silencing performance of SBH. 
The discretized computational domain is shown in Fig. 3.

The convergence of the solution in relation to the meshing is con
ducted and the results indicate that convergence can be achieved by 
using 200,000 elements to ensure the accuracy needed for transmission 
loss prediction.

2.3. Phase velocity derivation model

2.3.1. WKB model
As shown in Fig. 4, the SBH under investigation here can be 

considered as a series of cavities tightly interconnected in sequence. The 
dashed line in Fig. 4b forms the waveguide with varying cross section 
and wall admittance along the wave propagation direction. In such, 
considering x-axis as the symmetry axis of the waveguide and a thin air 
layer of thickness dx, the law of conservation of mass gives: 

d(ρ0Sv) + (2πrv+ρ0)dx +
∂ρ
∂t

Sdx = 0 (10) 

where v is the sound particle velocity; S is the cross-sectional area of the 
thin layer, r is the inner radius; and v+ is the projection of the particle 

Fig. 2. Schematic of (a) SBH flush-mounted on the duct wall as a side branch; (b) SBH acoustic characteristics calculation model.
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velocity at wall admittance along the direction perpendicular to the axis 
of symmetry.

The relationship between the velocity v+ and the pressure p is: 

v+ = Yjp (11) 

where Yj denotes the admittance of the waveguide wall in cavity j.
According to Newton’s second law and equation of state, we have 

−
∂p
∂x

= ρ0
∂v
∂t

(12) 

∂ρ
∂t

=
1
c2

∂p
∂t

(13) 

For pressure varying harmonically in time, after combining the 
above four equations we obtain: 

pʹ́ + pʹ(lnS)́ + p
(

k2
0 +

2Yjρ
r

(iω)
)

= 0 (14) 

where k0 is the wave number in the air.

For a realizable SBH structure composed of a limited number of 
discrete concentric rings, the finite spacing between the rings leads to 
discontinuities in the surface admittance of the waveguide formed in 
SBH, and thus, a discretized impedance boundary treatment should be 
adopted. This differs from the idealized SBH model studied in reference 
[19], where a large number of closely spaced rings allow for continuous 
description of the surface admittance. This results in a different form of 
wave number expression and sound velocity compared to that in [19]. In 
our case, the impedance of the wall of the waveguide in cavity j can be 
written as [41]: 

Ztotal− j =
Z0Sj

k0Vj
i = Bji (15) 

where Z0 is the characteristic impedance of the air; Sj is the area of the 
surface impedance boundary in cell j and Vj is the volume of the backing 
cavity. 

(lnS)́ =
1
S
Sʹ =

2πrŕ
πr2 =

2rʹ

r
= 2(lnr)ʹ (16) 

Yj =
1

Ztotal− j
(17) 

After taking into account of the above relations (Eqs. (16) and (17)), 
Eq. (14) is simplified as follows, 

pʹ́ +2pʹ(lnr)́ + p
(

k2
0 +

2ρ0ω
rBj

)

= 0 (18) 

The Wentzel-Kramers-Brillouin (WKB) approximation is used to 
solve Eq. (18). We assume that p(x) ∼ exp(ikx) and substitute this 
expression into Eq. (18). Then, Eq. (18) can then be rewritten in terms of 
the local wave number k as follows: 

− k2 +2ik(lnr)́ +

(

k2
0 +

2ρ0ω
rBj

)

= 0 (19) 

Solving Eq. (19) yields the local wave number kj (x) in cell j as: 

kj(x) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

k2
0 +

2ρ0ωL
Rx Z0Sj

k0Vj

−
1
x2

√
√
√
√ (20) 

The corresponding phase and group velocities can be obtained as: 

cp =
ω
k
=

2πf
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
k2

0 +
2k0Vjρ0ωL

Z0SjRx − 1
x2

√ (21) 

cg =
dω
dk

=

(
dk
dω

)− 1

(22) 

Equations (20) − (22) are critical in determining the spatial variation 

Fig. 3. Sketch of the discretized computational domain.

Fig. 4. SBH inside cavities: (a) 3-dimensional view; (b) 2-dimensional view.
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of wave velocity and provide insights into the phase velocity, group 
velocity, and phase velocity distribution of sound wave inside the SBH 
structure. In particular, the reduction in phase velocity illustrates the 
slow wave effect induced by the SBH, which plays a vital role in 
generating muffling peaks on TL curves. Equations (20) − (22) relate the 
resulting phase delay to the formation of muffling peaks and quanti
tively explain the appearance of peak frequencies in TL spectra, the 
underlying mechanism of SBH-induced broadband and low-frequency 
sound attenuation and support the physical interpretation of the simu
lation and experimental results presented in later sections.

It should be noted that the WKB approximation is valid when the 
coefficient in Eq. (18) shows only slight variations within the wave
length range. Consequently, this leads to the following two inequalities 
[41]: 

C1 = |k| −
⃒
⃒
⃒
⃒
1
x

⃒
⃒
⃒
⃒ > 0 (23) 

C2 = |k| −
⃒
⃒
⃒
⃒

2L2

x
(
L2 − x2

)

⃒
⃒
⃒
⃒ > 0 (24) 

2.3.2. Time-domain FEM model
To investigate the acoustic wave propagation behavior inside the 

SBH, time-domain FEM analysis is conducted. The model is shown in 
Fig. 5, in which Pressure Acoustics Transient Physics is applied 
throughout the entire model. A sinusoidal wave with one period at a 
given frequency is incident into the duct from the left-hand side. A 
Perfectly Matched Layer (PML) is applied at the end of the main duct to 
ensure a reflection-free boundary condition. Point probes are positioned 
along the center axis of the SBH at intervals of L = 20 mm to calculate the 
phase velocity of the acoustic wave based on the displacement–time 
relationship. The meshing process follows the method described in 
Section 2.2.

3. Results and analyses

3.1. Muffling performance analysis

The calculated TL curve of SBH within the frequency range of 
100–1600 Hz is presented in Fig. 6. A cavity structure, modeled as a 
traditional quarter-wavelength tube with identical length and radius to 
the SBH, was also analyzed using identical arrangement and methods. 
The TL curves of both structures are compared and presented in Fig. 6.

As shown in Fig. 6, the SBH structure exhibits five distinct muffling 
peaks within the analyzed frequency range. These peaks occur at 280 
Hz, 550 Hz, 870 Hz, 1220 Hz, and 1570 Hz, with each peak amplitude 
exceeding 5 dB. The highest peak observed at 870 Hz, reaches 9.4 dB. 
Between these peaks, the SBH structure demonstrates broadband 

muffling, with an average muffling level of 1.6 dB. Overall, the SBH 
structure exhibits broadband and multi-peak muffling characteristics.

In contrast, the TL curve of the cavity structure shows muffling peaks 
only at 400 Hz and 1190 Hz within the analyzed frequency range. At 
non-peak frequencies, the muffling level is nearly zero, indicating highly 
frequency-specific and narrowband muffling behavior.

Quantitatively, the mean muffling capacity of the SBH is 2.13 dB per 
frequency, while that of the cavity is 1.01 dB. The muffling capacity of 
the SBH muffler is 2.12 times greater than that of a traditional quarter- 
wavelength tube, demonstrating superior sound attenuation 
performance.

3.2. Muffling mechanism analysis

Fig. 7 shows the sound absorption and reflection coefficients for the 
SBH and the cavity structures. The results reveal that the SBH exhibits 
high sound absorption and reflection coefficients at peak muffling fre
quencies, with both effects contributing to its overall muffling perfor
mance. Even at non-peak frequencies, the SBH maintains certain sound 
absorption, which underpins its broadband muffling characteristics. In 
contrast, conventional cavity structure relies solely on sound wave 
reflection for muffling, completely lacking sound absorption capabil
ities. As a result, the cavity achieves muffling effects only at specific 
frequencies, exhibiting narrowband muffling behavior.

We define the total power dissipation density as Δ (SI unit: W/m3), 
which represents the energy dissipated per unit volume through both 
viscous and thermal effects, as described in [42–45]: 

Fig. 5. Schematic diagram of time-domain FEM analysis model.

Fig. 6. Comparison of TL curves between SBH and cavity structure.

X. Zhang et al.                                                                                                                                                                                                                                   Applied Acoustics 240 (2025) 110949 

5 



Δ = Δv +Δt = τ : ∇u1 +
κ
T0

(∇T1)
2 (25) 

where τ:∇ u1 is the viscous dissipation function; “:” denotes the double 
dot operator (or total inner product); τ is the viscous stress tensor; Δv 
and Δt are the viscous and thermal contributions to the dissipation 
function, respectively.

The total power dissipation density, Δ, calculated at different peak 
frequencies using Eq. (25), is presented in Fig. 8 to quantify the thermo- 
viscous dissipation in SBH. The results reveal that, upon entering the 
SBH, the sound wave experiences substantial thermo-viscous dissipa
tion. This dissipation, primarily due to viscous effects, converts a portion 
of the acoustic energy into thermal energy, enhancing the sound ab
sorption performance and significantly contributing to the broadband 
muffling effect.

To further explore the multi-peak muffling behavior of the SBH, the 
sound pressure distributions along the center axis of the SBH and the 
cavity structures at their peak frequencies are presented in Figs. 9 and 
10. The short orange lines are approximate in length, which is manually 
placed at pressure extrema and zero-crossings. They serve as a visual 
tool to facilitate counting quarter-wavelength segments; their irregular 

spacing reflects the position-dependent wave speed variation. Precise 
calculation based on local wavenumber was not performed to determine 
the exact position of these markers. Fig. 10 shows that at cavity muffling 
peak frequencies of 400 Hz and 1190 Hz, the sound pressure distribution 
along the center axis of the cavity corresponds to 1/4 and 3/4 wave
lengths of the incident wave. According to reference [46], when odd 
multiples of 1/4 wavelength of incident wave enter the cavity, the re
flected wave returns to the main duct and superimposes with the inci
dent wave of opposite phase, resulting in totally cancellation and a peak 
muffling effect. Fig. 9 shows that the acoustic wave propagating inside 
the device undergoes compression, with its wavelength gradually 
shortening as it approaches the SBH end, and the wave pattern is dis
torted and significantly different from that in the straight duct section. 
After compression, the sound pressure distributions inside SBH corre
spond to 1/4, 3/4, 5/4, 7/4, and 9/4 wavelength patterns at five TL peak 
frequencies. The wave patterns in SBH at peak muffling frequencies are 
consistent with those of cavity structure observed at its TL peaks, indi
cating that the muffling mechanism due to reflection at TL peaks is 
identical for the SBH and the cavity structure. However, the TL peaks of 
the SBH are significantly shifted to lower frequencies compared to cavity 
structures, and the intervals between adjacent TL peaks are notably 

Fig. 7. Comparison of acoustic properties between SBH and cavity: (a) absorption coefficient; (b) reflection coefficient.

Fig. 8. Power density inside the SBH at different peak muffling frequencies.
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smaller, resulting in a greater number of TL peaks appear within the 
analyzed frequency range.

To gain further insight into the underlying causes of the observed 
downshifting of SBH TL peaks, time-domain FEM analysis, as detailed in 
Sec. 2.3, was conducted. This approach enables the observation of 
transient wave phenomena, such as local phase delay and slow sound 
effects, which are difficult to capture using frequency-domain methods. 
The CFL (Courant–Friedrichs–Lewy) condition was strictly satisfied in 
the simulations. The time step was set to 0.01 ms, and a minimum mesh 
size of approximately 1/60 of the maximum element size, namely 
around 0.55 mm, was adopted. This results in a CFL number of 
approximately 6. However, it should be noted that as the sound wave 
propagates into the SBH structure, its velocity decreases gradually, 
causing a further reduction in the CFL number. Dense meshes with 
minimum size are located near the end of the SBH, where the wave 
velocity decreases to less than 1/5 of its initial value. Consequently, the 
CFL number further reduces to near 1 in the critical regions, which is 
sufficiently small to ensure numerical stability in transient simulations. 
Fig. 11 depicts the sound pressure distribution curves inside the SBH at 
different monitor points in time, corresponding to different TL peak 
frequencies. The results illustrate that over time, the sinusoidal wave 

undergoes morphological changes, including variations in both ampli
tude and period. The peak of the sound wave shifts slightly forward in 
time, while the valley moves significantly farther, resulting in a gradual 
reduction in the peak-to-valley distance. This observation indicates that 
the wavelength of the sound wave is compressed, leading to a reduction 
in the wave velocity, which is proportional to the wavelength, as it 
propagates through the SBH.

In previous studies, such as Umnova et al. [47], the sound wave 
phase velocity distribution inside SBH structures was analyzed primarily 
to qualitatively explain the observed shift in the peak frequencies of 
sound absorption for different SBH profiles. In this work, we intend to 
quantitatively investigate the influence of internal wave velocity dis
tribution on the formation of TL peaks. To this end, the phase velocity 
distribution of sound wave within the SBH is first calculated using both 
the FEM and WKB models, as described in detail in Section 2.3. Ac
cording to Eqs. (23) and (24), the WKB approximation is valid when the 
frequency exceeds 500 Hz. Consequently, this paper starts the calcula
tion from the frequency of the second TL peak, which is 550 Hz. The 
reliability of the results is ensured by comparing the WKB-derived phase 
velocity profile against time-domain FEM simulations across the fre
quency range of interest. The comparison of results, presented in Fig. 12, 

Fig. 9. Sound pressure distributions along the center axis of the SBH at different peak frequencies. The short orange lines discretize and segment the sound pressure 
waveform into 1/4 wavelength regions, with each pair of lines corresponding to a 1/4 wavelength.

Fig. 10. Sound pressure distributions along the center axis of the cavity at different peak frequencies. The short orange lines discretize and segment the sound 
pressure waveform into 1/4 wavelength regions, with each pair of lines corresponding to a 1/4 wavelength.
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Fig. 11. Sound pressure distribution curves inside the SBH at various monitor points over time at different TL peak frequencies.

Fig. 12. Variation in the phase velocity inside the SBH at different frequencies.

X. Zhang et al.                                                                                                                                                                                                                                   Applied Acoustics 240 (2025) 110949 

8 



reveals a minor difference between the sound velocities calculated by 
the two models, except for a notable discrepancy observed near the end 
of the structure. This discrepancy arises from the interference of re
flected waves at the end of the structure in the FEM method. In the 
remaining sections, the velocities calculated by both models align 
closely.

The WKB method reveals that the phase velocity within each cavity 
of the SBH is approximately linearly distributed, while the overall phase 
velocity distribution across the SBH is non-linear. Based on this obser
vation, the mean phase velocity of sound wave cj for the j-th cavity is 
calculated by averaging the phase velocities at its two ends. Further
more, to effectively characterize the overall propagation behavior and 
identify the locations of the TL peaks, the harmonic mean [48], which is 
defined as the reciprocal of the arithmetic mean of the reciprocals of 
individual measurements, is introduced to account for the non-linear 
spatial variation of wave velocity and determine the overall mean 
phase velocity in the SBH. It is especially useful for calculating the 
average velocity in sections with varying speeds and enables the quan
titative prediction of TL peaking frequencies, thereby providing a more 
comprehensive understanding of the sound attenuation mechanisms in 
SBHs. The time tj = lj/cj for the sound wave to pass through the j-th 
cavity of SBH with length lj is first determined. The total time for the 
sound wave to traverse the entire SBH is then obtained by summing tj 
over all cavities. The overall mean phase velocity of sound wave within 
the SBH is calculated by dividing the total length of the SBH by the total 
passage time. This process is mathematically expressed as: 

ch =
mlj
∑m

j=1

lj
cj

=
m
∑m

j=1

1
cj

(26) 

where m denotes the number of cavities in SBH.
The SBH achieves muffling peaks when the internal wave patterns 

correspond to odd multiples of one-quarter wavelength, expressed as: 

n
4

λ = L(n = 1, 3,5, 7,9⋅⋅⋅⋅⋅⋅) (27) 

Based on the relationship between frequency, the overall mean phase 
velocity and wavelength, the frequency of SBH muffling peak is deter
mined as: 

f =
ch

λ
=

mn
4L

(
∑m

j=1

1
cj

)− 1

(28) 

Table 1 presents a comparison of the muffling peak frequencies 
calculated using Eq. (28) with those derived from the TL curves in Fig. 6, 
calculated from FEM model. The results indicate that the muffling peak 
frequencies predicted by the Average Waves Velocity method through 
Eq. (28) are in close agreement with those obtained from FEM model, 
with a maximum relative difference Δ =

⃒
⃒fFEM − fASS

⃒
⃒/|fFEM| below 15 %. 

This confirms the accuracy and reliability of the Average Wave Velocity 
method for predicting SBH muffling peak frequencies. The differences 
primarily arise from the complexity of wave propagation at the SBH end. 
The above analysis provides a qualitative explanation of the relationship 
between phase velocity of and the location of TL peak frequency. The 
overall mean phase velocity of sound wave in the SBH at five TL peak 
frequencies calculated through Eq. (26) are 194.5 m/s, 128.5 m/s, 
143.8 m/s, 147.4 m/s and 142.3 m/s, all lower than the nominal wave 
velocity, suggesting that the down-shifting of the SBH muffling peak 
frequency is primarily associated with the reduction in sound wave 

velocity.
In summary, the SBH exhibits both broadband and multi-peak 

muffling characteristics. The broadband muffling arises primarily from 
thermo-viscous dissipation within the SBH, enabling sound absorption 
and ensuring an effective broadband muffling effect. The SBH achieves 
muffling peaks when the internal sound pressure distribution pattern 
corresponds to odd multiples of 1/4 wavelengths. This multi-peak 
muffling behaviour is ascribed to SBH-induced slow wave effect, 
which compresses the waves entering into SBH, effectively increases the 
SBH length and lowers the frequency of the muffling peaks, thereby 
enabling the structure to exhibit multi-peak muffling within a specified 
frequency band.

4. Effects of structural parameters

4.1. Effect of ring number

To provide guidance for the SBH muffling performance optimization, 
the effects of its structural parameters are scrutinized. The influence of 
the number of inside embedded rings is examined first. The TL curves of 
SBHs with 6, 9, 14, and 19 rings, while maintaining the total length, ring 
thickness, and cavity radius constant, are computed and presented in 
Fig. 13.

Fig. 13 illustrates that the 6-ring SBH exhibits four TL peaks, whereas 
the 19-ring SBH displays six TL peaks and the mean muffling effects 
within the analyzed frequency range for the SBH structures with 6, 9, 14, 
and 19 rings were 2.31 dB, 2.13 dB, 2.24 dB, and 2.32 dB, respectively. 
As the number of rings increases, the TL peaks are down-shifted to lower 
frequencies, the number of muffling peaks increases, and the bandwidth 
of these peaks widens. However, the amplitudes of these TL peaks 
decrease. In general, the total muffling performances for SBHs with 
different numbers of rings remain relatively consistent. To better un
derstand the downshifting of TL peaks, as an example, the phase velocity 
distributions inside SBHs with different number of rings at their fourth 
TL peak frequency were calculated. The results, shown in Fig. 14, along 
with the calculated overall mean wave velocity listed in Table 2, indicate 
that as the number of rings increases, the wave velocity within the SBH 
decreases. Consequently, the TL peak frequencies decrease, leading to a 
downward shift in the TL peaks as the number of rings increases. It 
should be noted that Eq. (22) describes phase velocity distribution for a 
practical SBH structure with a finite number of rings, in which the 
surface impedance of the inner waveguide wall is treated as discontin
uous due to the discrete ring arrangement. As the number of rings in
creases and the distance between adjacent rings decreases, the discrete 
SBH structure gradually approaches the ideal continuous SBH case. In 
this situation, the impedance distribution and the internal waves ve
locity profile tend to be continuous. This explains why, as observed in 

Table 1 
Comparison of TL peak frequencies calculated by Eq. (28) and FEM model.

f (Hz) Peak 1 Peak 2 Peak 3 Peak 4 Peak 5

FEM model 280 550 870 1220 1570
Average Wave Velocity method 243 480 899 1289 1675 Fig. 13. TL curves for SBH with different number of rings.
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Figs. 13 and 14, the resonance frequency shift when the number of rings 
increases from 14 to 19 becomes less significant, as compared with cases 
with a smaller number of rings, indicating that quasi-continuous state 
has already sufficiently approached using 14 or more rings. While 
increasing the number of rings inside the SBH has little effect on the total 
muffling performance, assuming the total length and radius remain 
unchanged, it enhances the waves velocity modulation ability of the 
SBH, resulting in a greater number of muffling peaks within a specific 
frequency range.

4.2. Effect of SBH radius

The effect of the radius (R) on the silencing performance of the SBH is 
subsequently examined. The radius is varied among 20 mm, 30 mm, 40 
mm, and 50 mm, while keeping the other structure parameters constant. 
Additionally, the inner radius of the rings was adjusted according to the 
relationship specified in Eq. (1). The calculated TL curves for each 
configuration are shown in Fig. 15. The mean acoustic attenuations for 

SBHs with different radii are quantified as 1.85 dB, 2.13 dB, 3.04 dB and 
3.48 dB. These results indicate that increasing the radius significantly 
improves the overall muffling performance of the structure, probably 
due to the increased contact area between the SBH and the duct, which 
enhances its interaction with the sound wave. These results indicate that 
increasing the radius significantly improves the overall muffling per
formance of the structure, probably due to the increased contact area 
between the SBH and the duct, which enhances its interaction with the 
sound wave.

To gain deeper insights, the proportions of absorbed, reflected, and 
transmitted acoustic energy during the propagation of acoustic waves 
through the SBH with different radii are calculated and presented in 
Fig. 16. The results show that the energy absorbed by the SBH slightly 
increases as the radius grows. However, the reflected energy exhibits a 
substantial rise, increasing from 4 % at R = 20 mm to 16 % at R = 50 
mm, which indicates a marked improvement in reflection. Conse
quently, increasing the radius of the SBH effectively improves its sound 
reflection capability, thereby enhancing its overall silencing 
performance.

4.3. Effect of SBH length

To examine the impact of structure length on the muffling perfor
mance, the SBH length is varied among 100 mm, 200 mm, 300 mm and 
400 mm, while keeping the number of rings and SBH radius constant. 
The inner radius of the rings is adjusted according to the relationship 
specified in Eq. (1). The TL curves corresponding to SBHs with different 
lengths were calculated and presented in Fig. 17.

The results indicate that as the length increases, the magnitudes of TL 
peaks rise, while the attenuation bandwidth near TL peak becomes 
narrower, making the peaks sharper and less smooth. The TL peaks shift 
to lower frequencies, and the frequency intervals between neighboring 
peaks decrease, as quantified in Fig. 18. As a result, more TL peaks 
emerge within the analyzed frequency range. Although the number and 
values of TL peaks increase, the narrower bandwidths around the peak 
frequencies makes increasing the SBH length has little effect on its 
overall acoustic attenuation performance. Within the studied frequency 
range, the mean noise reduction for the SBH structures with lengths of 
100 mm, 200 mm, 300 mm, and 400 mm were 2.20 dB, 2.13 dB, 2.30 dB, 
and 2.31 dB, respectively. As analyzed in Sec.3.2, the muffling peak 
occurs when the sound pressure distribution inside SBH corresponds to 
odd multiples of one-quarter wavelength. As the structure length in
creases, although the inside overall mean waves velocity increases, for 
instance, at 1000 Hz, as listed in Table 3, the inside sound pressure 
distribution corresponds to waves of a greater wavelength in longer 
SBHs. This ultimately results in a down-shifting of peak frequencies and 
the emergence of additional muffling peaks within the analyzed fre
quency band.

In light of the aforementioned analysis, we conclude guidelines for 
designing an effective silencing device by tuning the SBH structural 
parameters. Our findings suggest that enhancing the muffling peak 
performance of the SBH is contingent upon an appropriate augmenta
tion of its structure length and radius. While increasing the structural 
size of SBH and the number of internal rings can broaden the muffling 
bandwidth and improve the low-frequency muffling performance, when 
the available installation space is constrained, enhancing the number of 
embedded rings to improve its silencing performance is preferable to 
keep SBH compact.

5. Experimental validations

5.1. Prototype and Test-rig

Experiments were conducted to validate the SBH silencing perfor
mance prediction model. The test sample, depicted in Fig. 19, was 
meticulously designed and fabricated using aluminum alloy. A cylinder 

Fig. 14. Phase velocity distribution inside SBHs with different numbers of rings 
at the fourth TL peak.

Table 2 
Overall mean phase velocity of SBHs with varying number of rings at the fourth 
TL peak.

6 rings 9 rings 14 rings 19 rings

f_4（Hz） 1440 1220 1020 940
ch(m/s) 196.8 147.4 127.2 120.1

Fig. 15. TL curves for SBHs with different radii.

X. Zhang et al.                                                                                                                                                                                                                                   Applied Acoustics 240 (2025) 110949 

10 



with an inner radius of 30 mm, an outer radius of 36 mm, and a length of 
200 mm was machined and bisected. Several grooves of 2 mm width and 
0.5 mm depth were created on the inner wall of the cylinder to 
accommodate mounting rings. The rings, with an outer radius of 30.5 
mm, were fabricated with inner radius of 27 mm, 24 mm, 21 mm, 18 
mm, 15 mm, 12 mm, 9 mm, 6 mm and 3 mm. One end of the cylinder 
featured internal threading, 5 mm in length, to facilitate attachment to a 
pipe. The first ring was positioned 15 mm from the threads, the last ring 
was 18 mm from the end of the SBH, and the remaining rings were 
evenly spaced 18 mm apart. The experiments also included a cavity 
structure with the same inner radius and length as the SBH, created by 
removing all rings. Both the SBH and the cavity structure were con
nected to the main duct via a small connector.

The Perfectly Matched Layer (PML) is utilized in finite element cal
culations to prevent reflections at the end of the duct. However, 
achieving complete sound absorption at the duct termination is chal
lenging in practice. Consequently, the two-load method [49] was 
adopted to measure the TL of SBH. The experimental setup, illustrated in 
Fig. 20, comprises a square duct made of acrylic with a wall thickness of 
19 mm and the cross section of 100 x 100 mm, a test sample, four 1/4- 
inch microphones (BSWA, MPA416), a loudspeaker, a signal generator, 
and a four-channel data acquisition board (National Instruments, model 
USB-4431). The sample is flushed-mounted on the duct wall. A loud
speaker connected with the signal generator was fixed at one end of the 
duct to generate white noise as acoustic excitation. Two microphones 
were flush-mounted upstream the SBH, and two others downstream. The 
separation distance between the microphones is 100 mm, and the 
spacing between the sample and the nearest microphone was 330 mm, 
both upstream and downstream. Two distinct end loads, as shown in 
Fig. 21, were employed: a rigid baffle and a duct stuffed with sound 
absorption material.

Fig. 16. Sound energy distribution for SBHs with varying radii.

Fig. 17. Comparison of TL curves for SBHs with different lengths.

Fig. 18. Frequency intervals between neighboring TL peaks for SBHs with 
varying lengths.

Table 3 
Overall mean phase velocity at 1000 Hz for SBHs of varying lengths.

L = 100 mm L = 200 mm L = 300 mm L = 400 mm

ch(m/s) 133.3 144.5 158.7 168.0
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5.2. Validations

The measured and simulated TL curves for the cavity and SBH 
structure are presented and compared in Fig. 22. The experimental re
sults indicated that the SBH achieved five muffling peaks between 200 
and 1600 Hz, with TL peak values ranging from 5-8 dB, and a broadband 
muffling characteristic of approximately 1.9 dB across the analyzed 
frequency range. Conversely, the cavity showed pronounced muffling 
peaks only at 370 Hz and 1080 Hz, with negligible muffling effects 
outside these peak frequencies, showing rather narrowband muffling 
performance. The comparisons show that the simulation results can well 
capture the TL peak magnitudes and locations. Observed discrepancies 
can mainly be attributed to the inevitable imperfections in the manu
factured sample and imperfect fitting of the structure to the impedance 

tube. Nevertheless, the discrepancies between the experimental and 
calculated results are deemed within an acceptable range, thus vali
dating the muffling ability of the SBHs.

6. Conclusions

The muffling characteristics and mechanisms of a Sonic Black Hole 
are investigated both numerically and experimentally. The investigated 
SBH structure exhibits five distinct muffling peaks within the 100–1600 
Hz range, with a maximum attenuation of 9.4 dB. Additionally, the 
structure maintains a consistent attenuation of approximately 1.6 dB 
across a broad frequency range, highlighting its wideband, multi-peak 
muffling characteristics. The thermo-viscous dissipation within the 
SBH contributes to its sound absorption capacity, ensuring effective 
broadband noise attenuation. It was found that when the sound pressure 
distribution inside the SBH corresponds to i/4 wavelength (where i is 
odd) pattern, both the absorption and reflection effects of the structure 
are maximized, resulting in the occurrence of muffling peaks. The slow 
wave effect within the SBH decreases the muffling peak frequency, 
leading to the emergence of multiple muffling peaks within the analyzed 
frequency band. Consequently, the structure exhibits muffling charac
teristics with multiple peaks and a broad bandwidth. Structural 
parameter studies reveal that increasing the number of internal rings 
reduce the internal phase velocity of sound wave, resulting in down- 
shifting and a greater number of muffling peaks within a specific fre
quency range. Increasing the radius of the muffler significantly enhances 
sound wave reflection, thereby enhancing the overall muffling effect. 
While the length of the SBH has minimal impact on the overall muffling 
effect, longer structures tend to lower the peak frequency, reduce the 

Fig. 19. SBH sample: (a) exterior view; (b) sectional view; (c) interior view.

Fig. 20. Experimental setup.

Fig. 21. Two different duct end loads.
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frequency intervals between muffling peaks and yield more peaks within 
the targeted frequency band.
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