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Abstract: As a hot content of research in recent years,
acoustic black holes have bright application prospects
in the field of vibration and noise reduction. In this
article, based on the acoustic black hole theory, we carry
out a study on the dynamic characteristics of a typical raft
structure. The manuscript gives the simplified method of
the acoustic black hole model, verifies the validity of the
method by the structure natural frequency and vibration
response, and discusses the influence of the main para-
meters such as acoustic black hole tip cutoff ratio and
damping thickness ratio on the vibration characteristics
of the raft frame structure. The better values of the para-
meters were applied to the raft structure on this basis,
and the results showed that the peak value of some fre-
quency points decreased by about 10 dB after the acoustic
black hole was laid in the raft structure, which improved
the vibration isolation performance of the raft.

Keywords: acoustic black hole, raft structure, vibration
analysis, underwater vehicle

1 Introduction

The quality of vibration and noise is the important index
to evaluate modern ship equipment. With the continuous
development of large-scale, lightweight, and high-speed
ships, the requirements for vibration and noise reduction
are also increasing. The dynamic excitation force gener-
ated by a large ship power plant will cause large vibration

of the hull, and the noise will propagate through the air
and structure. At this stage, the control methods of vibra-
tion and noise [1,2] can be divided into two categories:
active control and passive noise reduction. Passive noise
reduction has been more widely used because of its
simple design and no additional energy consumption
compared to active control.

A floating raft vibration isolation system [3] is a
common passive control method. The multi-type equip-
ment is installed on the same mass and then connected
with the base, thereby reducing the transmission of
vibration in the structure. Experts and scholars have
carried out a lot of research. Tang et al. [4] constructed
a flat plate structure with microfloating raft arrays to
solve the random vibration problem of the plate. Wang
et al. [5] implemented the design of a flexible foundation
floating raft vibration isolation system using elastic
beams and investigated the relationship between flex-
ibility and vibration isolation effect. Fang et al. [6] intro-
duced the periodic truss device into the ship floating
raft and carried out experimental research. It is con-
cluded that the periodic truss floating raft with the
same mass has a better vibration isolation effect than
the plate floating raft. The vibration isolation perfor-
mance of the raft is not only related to the vibration
isolator connecting the equipment and the base but
also greatly influenced by the structure of the raft. Redu-
cing the reflection of elastic waves on the edge of the raft
structure is one of the effective means of vibration
reduction, and the essence is to control the transmission
characteristics of elastic waves in the structure. Similar
methods include phononic crystal [7], acoustic metama-
terial, and acoustic black hole (ABH). The above con-
cepts open up a new way for structural vibration control
methods.

As a typical periodic structure, phononic crystal can
achieve the effect of vibration and noise reduction by its
bandgap characteristics [8]. In the bandgap frequency
range, the propagation of the elastic wave is suppressed,
and in the passband frequency range, the elastic wave can
propagate without loss under the effect of the dispersion
relation. The formation mechanism of phononic crystal
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bandgap mainly includes Bragg scattering mechanism [9]
and local resonance mechanism [10]. Researchers have
conducted in-depth research on its energy band structure
and formed a variety of bandgap calculationmethods such
as Transfer Matrix method [11], Plane Wave Expansion
method [12], and Finite Difference Time Domain method
[13].

Although the phononic crystal structure has excel-
lent elastic wave operation characteristics, its internal
structure is complex and the Bragg bandgap is difficult
to obtain the low-frequency bandgap below 1 kHz under
small periodic size conditions, which is difficult to solve
the problem of low-frequency vibration and noise caused
by the operation of mechanical equipment. The ABH
structure proposed by analogy with the concept of the
black hole in astrophysics has outstanding elastic wave
manipulation characteristics of the simple structure.

In the study of the ABH, Krylov and Shuvalov [14],
Krylov and Tilman [15], and Krylov and Winward [16]
analyzed the propagation and reflection characteristics
of elastic wave in the ideal wedge edge based on geo-
metric acoustic theory and discussed the influence of
damping material on the reflection coefficient of the
acoustic black. The semi-analytical method is a relatively
mature calculation method, which can simulate the free
and forced vibration of the structure. It is well verified in
the solving process of the classical Euler–Bernoulli ABH
beam with rectangular section [17,18] and the classical
Euler–Bernoulli ABH beam with circular section [19].
Deng et al. used the Rayleigh–Lize method to better
describe the displacement field of the ABH area and car-
ried out the vibration response research of the beam [20],
plate [21] and shell [22] structures of the ABH. Gao et al.
[23] discussed the periodic nested ABH phononic struc-
ture is presented and different complex band structures
and corresponding evanescent Bloch wave propagation.
Sheng et al. [24] periodically set the ABH structure along
a single direction and analyzed its vibration characteris-
tics by using the transfer matrix method. According to the
analysis results, the structure was optimized to meet the
stiffness requirements. Conlon et al. [25] embed the two-
dimensional (2D) ABH into the thin plate periodically and
establish the finite element model and boundary element
model of the composite structure. The vibration response
and acoustic characteristics of the structure are obtained
by simulation.

In addition, the researchers also carried out a large
number of experimental studies on ABH structure. Bowyer
and Krylov [26] explored the influence of machining error
on ABH effect using experimental method. Yan et al. [27]
used the laser to generate Lamb waves to study the

propagation process in a plate containing a 2D ABH.
Conlon and Feurtado [28] concluded through tests that
the treatment of embedded ABHs can significantly increase
the damping of plates. Du et al. [29] tested the sound
insulation performance of a 2D ABH plate, revealing that
the influence of the damping layer on the sound insula-
tion performance is mainly concentrated in the damping
control region of the thin plate.

The dynamic characteristic of structures is a common
concern for designers and users. Numerical methods are
one of the effective ways to study the vibration and noise
characteristics of structures. Pang et al. [30] analyzed the
vibration characteristics of composite rocket launchers
under transient impact load by FEM. Dehghan and Bar-
adaran [31] analyzed the vibration characteristics of com-
posite laminates with a certain thickness using the hybrid
FEM. Gao et al. [32] analyzed the vibro-acoustic charac-
teristics of a submerged stiffened cylindrical shell. Avi
et al. [33] applied FEM to ship vibration analysis and dis-
cussed the optimal modeling method. Du and Gao [34,35]
used a unified method to study the vibration characteris-
tics of plate structures under different states, and verified
the accuracy of the method through experiments. Pang
and his team [36–38] solved the free vibration of compo-
site structures under different boundary conditions by a
semi-analytical method.

According to the above research, experts and scho-
lars have carried out a lot of research work on the theory,
numerical, and experimental of the ABH and achieved
fruitful results. In fact, the solid element modeling ana-
lysis method used in most literature is a generally applic-
able numerical research method, which seriously affects
the efficiency of calculation and analysis. An efficient
model simplification method needs to be proposed. At the
same time, the ABH has been well applied in the vehicle
engineering and construction field, but the research on
vibration and noise reduction of ships is not enough.
The determination of structural parameters and sys-
tematic application process of the ABH in practical engi-
neering have not been well solved. Therefore, this article
takes the ABH as the research object, proposes the
model simplification method, and applies it to the ship
raft to carry out the dynamic analysis of a typical raft
structure, which has certain engineering significance.

2 Theoretical equations

The ABH structure is a new bending wave control tech-
nology. When the bending wave enters the structure
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whose thickness follows the exponential relationship and
gradually decreases to zero, the phase velocity decreases
and the wave propagation slows down. The time that the
wave reaches the tip is infinitely prolonged, and the ABH
edge does not reflect, to achieve the purpose of vibration
reduction. Researchers have described this phenomenon
in detail [39,40], and the basic principle of the ABH is
derived as follows (Figure 1).

2.1 Propagation characteristics of one-
dimensional (1D) acoustic black hole

Taking the simplest ABH structure as an example, the
structure is shown in Figure 2. Taking the end of the
ABH structure as the coordinate origin, the thickness of
the black hole structure satisfies the equation h(x) =
εxm(m ≥ 2), ε is a constant, and the elastic wave is trans-
mitted to the origin along the negative direction of the
x-axis. According to the geometric acoustic theory, the
overall wave phase from any point of the ABH section
to the coordinate origin is shown in the following
equation:

ϕ k x xd ,
x

0

( )∫= (1)

where k(x) is the bending wave in structure, and the spe-
cific value is:

k x k εx12 ,p
m1 4 1 2 1 2( ) = ( )/ / − / (2)

k ω c ,p p= / (3)

c c c c2 1 ,p t t l
2 2 1 2( )= − / / (4)

where kp is the wavenumber of symmetric plate wave, cp
is the wavenumber of the wave; ct and cl are the wave
velocity of the longitudinal wave and shear wave propa-
gating in the structure, respectively. At a specific fre-
quency, kp is a constant. When m ≥ 2, x → 0, k(x) tends
to infinity. At this time, the overall wave phase φ is infi-
nite, indicating that at the tip of the structure, the local
wavenumber tends to infinity and the wavelength tends
to 0. The bending wave can never reach the tip of the
structure, and the reflection phenomenon will not occur.

However, the convergence of the ABH tip thickness to
zero is difficult to achieve due to the processing limita-
tions. Usually, the ABH structure is truncated at the tip
position, so the ideal state of the 1D ABH cannot be rea-
lized. At this time, the lower limit of the integration phase
of the whole wave is the truncation length x0 of the ABH.
So the 1D ABH tip reflectivity R0 is as follows:
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It can be found that even if the tip position of the ABH
model is truncated to a very small length, the value of
reflectivity R0 will reach 50–70%, and the non-reflection
characteristics of the ABH will be greatly reduced. The
adverse effects caused by the truncation of the tip of the
model are usually added to the damping material with a
thickness of Δ at the tip of the structure. In order to
explore the influence of the damping layer on the vibra-
tion characteristics of ABH structure, symmetric and
asymmetric ABH structures with additional damping
materials are considered, as shown in Figures 2 and 3.
In practice, the symmetrical ABH structure requires
complex cutting on both sides at the same time, and
the damping layer can be selectively attached to the
flat side, so in practice, it is more inclined to the asym-
metric ABH structure with additional damping material
in Figure 4.

First, the thin damping layer is analyzed, consid-
ering only the energy attenuation characteristics of the
damping layer structure, the bending deformation and
longitudinal displacement in the plate satisfy the fol-
lowing equation.

Figure 1: ABH: (a) 2D; (b) 3D.

h
X

0

Figure 2: 1D ABH.
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u z u x .x z
2 2 2( )= − ∂ /∂ (6)

Then, the physical properties of damping materials
are analyzed, and it is considered that the physical prop-
erties of damping materials are linearly related to the fre-
quency, and the dimensionless constant ν is defined as the
energy loss factor. A damping material with a thickness of
Δ is attached on both sides of a plate with a thickness of h,
and the additional loss factor is shown below.
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In the equation, ν is the loss factor of the damping
material itself, E1 and E2 are the elastic modulus of
ABH plate material and damping material, respectively.
Considering that the thickness of damping material is
small enough to satisfy α δ h 12 = / ≪ , β α 12 2 ≪ , the
additional loss factor ζ can be simplified to:

ζ α β v δ h E E v6 6 .2 2 2 1( )( )= = / / (9)

The damping material is attached to the two sides of
the symmetrical ABH structure, and the imaginary part of
the bending wave propagation wavenumber in the struc-
ture is expressed as follows:
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where h(x) is the local thickness of the ABH structure,
and η is the loss factor of the main structure of the
ABH. When the thickness of the ABH structure conforms
to the quadratic power function, h(x) = εx2, the reflection

coefficient R0 of the tip of the ABH structure with thin
damping material can be obtained by introducing equa-
tion (9).
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For the ABH structure with unilateral additional
damping material, the expression form of the reflection
coefficient is consistent with equation (11), and only μ is
replaced by the following equation:
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2.2 Propagation characteristics of 2D
acoustic black hole

For the rectangular plate of 2D ABH structure shown in
Figure 5, the polar coordinate system is established with
the center of ABH as the origin of coordinate, and the
propagation path of bending wave in the structure can
be expressed in the following form.

r
θ

r
α

d
d

1
tan

,= (15)

n r αsin const.( ) = (16)

In the equation, α is the angle between the propaga-
tion vector of the bending wave and the coordinate axis r
in the polar coordinate system, n(r) is the refractive index
of the bending wave in the ABH region, and the refractive

index n(r) can be expressed as n r h h r0
1 2 1 2( ) ( )= // / , h(r) is the

power exponential function satisfied by the thickness of
the ABH. For the bending wave starting outside the ABH
region, the above equation can be rewritten as follows:

h
X
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δ
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Figure 3: Symmetrical ABH structure with damping material.
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X
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Figure 4: Asymmetric ABH structure with additional damping
material.
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Figure 5: Polar coordinate diagram.
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n r α r α psin sin ,0 0( ) = = (17)

where p is the newly introduced parameter to describe
the trajectory of bending waves with different incident
angles. For rectangular plates without black hole structure,
given parameters r0 and α0, the propagation trajectory of
the bending wave is a straight line. But for rectangular
plates with 2D ABHs, the trajectory will no longer be a
straight line. When the thickness of the ABH plate satis-
fies h x εx m 2m( ) ( )= ≥ , the |p| of all bending waves will
be less than the critical value, and the bending wave will
deflect to the center of the black hole, so the bending
wave energy accumulation phenomenon appears at the
center of the black hole, as shown in Figure 6. For the
ABH structure, the thickness of the center area tends
to zero infinitely, and the bending wave will gather in
the center position and no longer propagate, so as to
achieve the purpose of vibration and noise reduction.

The above bending wave propagation trajectory only
appears in the ideal ABH structure. However, it is difficult
to realize the structure with zero center thickness in prac-
tical engineering. Researchers usually cut in a certain
area of the center of the ABH structure and replace it
with an equal thickness circular plate, as shown in
Figure 7.

The thickness variation of structural plate satisfies
the following equation:
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For thin plate h x y,( ) with variable local thickness,
the 2D motion equation of bending wave is shown in
equation (19):
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where w is the transverse displacement of the plate, D is the
bending stiffness of the structure, E is Young’s modulus of

the structure, ν is Poisson’s ratio, ρ is the material density,
and ω is the circular frequency. Based on the theory of geo-
metric acoustics, the solution of equation (19) is as follows.

w A x y ik φ x y, exp , .p( ) ( ( ))= (21)

Bringing equation (18) into equation (21), ignoring
the second-order small quantity, the bending wave path
function equation shown in equation (22) is obtained.

φ x y k φ x y kp n x y, , , ,4 4 4 4∣ ( )∣ ( ) ( )∇ = / = (22)

n x y h h x y, , ,2
1 2( ) ( ( ))= / / (23)
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Figure 6: Propagation trajectory of bending wave.
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where n x y,( ) is the refractive index, which is only related
to the thickness of the ABH structure and independent of
the bending wave frequency.

Suppose that r(s) is the position vector of a point on
the curved wave ray propagation trajectory and ds is the
different segment of the point trajectory (Figure 8); then,
equation (22) can be rewritten as follows:

φ x y n x y r s, , d d .( ) ( )∇ = / (24)

Simultaneous derivation on both sides of the equal
sign leads to the propagation trajectory equation of the
flexural wave:

s
n x y r

s
n x yd

d
, d

d
, .⎛

⎝
( ) ⎞

⎠
( )= ∇ (25)

Through the above derivation and combined with
previous research results, it can be found that for the 2D
ABH structure with tip truncation, although the bending
wave cannot be perfectly aggregated at the center of the
ABH, it still has a certain aggregation effect on the bending
wave. The aggregation effect is related to the structural
characteristic parameters of the ABH structure, including
the power–law relationship between the model truncation
length and the model thickness. As the model truncation
length increases, the aggregation effect of the ABH struc-
ture weakens, and the tip truncation will have a negative
impact on the damping effect of the ABH structure.

3 Numerical results and discussion

3.1 Simplified method of acoustic black hole
modeling

The thickness of ABH structure conforms to a specific
power–law relation. The thickness of each part in the
ABH area is not the same, and the surface element cannot
be used for modeling and analysis. However, the solid
element modeling will lead to a huge calculation scale
and seriously affect the analysis efficiency. Therefore, the
manuscript used a modeling simplification method (step
simplification method) of ABH structure to improve the
speed of simulation calculation of ABH structure.

The ABH region is evenly divided into finite intervals
of length L, and each interval is simplified to the same
thickness d. At this time, surface elements with different
thickness attributes can be used to model the ABH struc-
ture. Figures 9 and 10 are the process of model simplifi-
cation for the 1D ABH using this idea. For the modeling of

2D ABHs, the ladder simplification method is also applic-
able, and 2D ABHs are composed of finite rings with dif-
ferent thicknesses.

3.2 Validation of simplification method

In order to verify the effectiveness of the stepped simpli-
fied modeling method of ABH, a set of FEMs before and
after the simplification of different ABH structures are
established. Based on ABAQUS finite element calcula-
tion environment, the vibration modes and vibration
responses before and after the simplification of the
ABH model are compared, and the differences before
and after the simplification of the model are analyzed
to determine the effectiveness of the simplified method.

3.2.1 Comparative analysis of vibration modes before
and after simplification

The difference between the simplified model and the ori-
ginal model in terms of vibration characteristics is

XY

Z

Figure 9: 1D ABH model (before simplification).

XY

Z

Figure 10: 1D ABH model (after simplification).

Figure 11: FEM before and after simplification of ABH: (a) 2D ABH
model before simplification (273,451 elements); (b) 2D ABH model
after simplification (31,564 elements).
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compared and analyzed. The calculation models of the 2D
ABH shown in Figure 11 are set. The mesh with the same
size is used to discrete the model. Since the simplified
model is a surface element model, the number of meshes
is significantly less than that of the solid element model
before simplification, which significantly improves the
computational efficiency of the ABH model.

The radius of ABH is 100mm. The thickness of ABH
accords with function h r r6 10, 0002( ) = / , and r is the dis-
tance to the center. Cut off the x < 10 mm range of ABH
center position. The material is marine steel. The vibra-
tion characteristics of the 2D ABH structure model under
free boundary conditions are calculated. The natural fre-
quencies and vibration modes of the ABH model before
and after simplification are compared and analyzed. The
calculation results are shown in Table 1.

By analyzing the first four modal shapes and natural
frequencies of the 2D ABH before and after simplification,
it can be found that they are in good agreement, and the
calculation error of natural frequency is controlled by
3.0%. It is enough to illustrate that the simplified 2D
ABH model can effectively simulate the vibration charac-
teristics of the original structure. It is effective to simplify
the ABH by the ladder simplification method.

3.2.2 Comparative analysis of vibration response before
and after simplification

In order to further verify the effectiveness of the simpli-
fied ABHmodel, the comparative analysis of the vibration
response of the model before and after simplification is

Table 1: Comparison of vibration modes before and after simplification of 2D ABH

Modes Before simplification After simplification Error (%)

1st 2.9

381.0 Hz 391.9 Hz
2nd 3.0

619.5 Hz 638.3 Hz
3rd 1.8

963.5 Hz 981.2 Hz
4th 2.9

1061.3 Hz 1092.1 Hz
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carried out. Considering the calculation cost and effi-
ciency, the 1D ABH is taken as the research object to
establish the calculation model of 1D ABH as shown in
Figure 12. The model is 290mm long, 50mm wide, 6mm
thick, and the total length of ABH area is 90mm. Structural
thickness follows the change of h(r) = 6r2/10,000 power
exponential function. Apply a unit force at point P0 on
the centerline of the length direction of the ABH model at
a distance of 50mm to the right. At the same time, observa-
tion points P1, P2, and P3 are set as in Figure 13.

Based on the stepped simplification method of the ABH,
the 1D ABH solid elementmodel and shell element model are
established, respectively. We made an evaluation of the
vibration response difference before and after the model sim-
plification under the action of unit force (Figure 14).

We can find that, in the frequency range of 10–2,000Hz,
the peak frequency is basically consistent, and the peak
value difference is 1–3 dB. In the middle- and high-fre-
quency range above 2,000 Hz, due to the difference in

natural frequency, the peak value of vibration response
deviates to a certain extent. The frequency error corre-
sponding to the peak value is less than 3.0%, and the
difference between the peak value is controlled within
5 dB. On the whole, the simplified model can better
reflect the vibration characteristics of the original model.
Especially in the low-frequency range, the average vibra-
tion acceleration level curves of the calculation model
before and after simplification are in good agreement;
the effectiveness of the method is verified.

3.3 Influence of 2D ABH characteristic
parameters on structural vibration

The ABH structure has the effect of bending wave aggre-
gation and dissipation and can suppress structural vibra-
tion. But the vibration suppression effect is affected by
many parameters such as cutoff length, dampingmaterial
parameters, and ABH size. Based on the step simplification
method, this section explores the influence of various
parameters of the 2D ABH on the vibration characteristics
of typical raft structures.

In order to simplify the description method of the ABH
structure, the truncated ABH parameters are defined.
Since the 2D ABH is obtained by 1D ABH rotating around
the structural tip for one week. The 1D ABH is easy to
describe, and the parameters of the 1D ABH are defined.

It is shown in Figure 15 that L is the length of the
perfect ABH structure, D is the maximum thickness of the
ABH, L0 is the truncated length of the ABH tip, and Ln and
Dn are the length and thickness of the damping layer. On
this basis, the following dimensionless parameters are

25mm 25mm 50mm 50mm

30
m

mP1

P2 P3

P0

Figure 13: The location of loading points and observation points.
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Figure 12: 1D ABH model.
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defined: ABH tip truncation ratio λ L L0= / , the ABH
damping length ratio φ L Ln= / , and ABH damping thick-
ness ratio μ D Dn= / .

The raft mainly includes the main structures such as
the upper panel, the lower panel, the vertical support
panel connecting the upper and lower panels, and the
isolator connection panel. Usually, in order to reduce the
overall height of the raft structure, the upper and lower
isolator connection panels are placed between the upper
and lower panels. As shown in Figure 16, the upper and
lower panels of the raft are 680mm in length, 580mm in
width, and 11mm in thickness. The thickness of the vertical
support plate is 12mm. The thickness of the upper isolator
connection plate is 18mm. The thickness of the lower iso-
lator connection plate is 11mm. The overall height of the
raft is 400mm. Thewhole raft ismade of Q235marine steel.

Combined with the isolator installation method, four
unit-force excitation points are set at the upper vibration
isolator panel, and the center point of the lower vibration
isolator panel is set as the vibration acceleration observa-
tion point. The shell181 element is used to discrete the
typical raft structure, with a total of 19,061 elements.

3.3.1 Vibration response analysis of typical raft
structure

First, the vibration response of a typical raft structure
without the ABH is calculated, and it is used as the

comparison benchmark for subsequent structural calcu-
lation. Apply the unit force at the excitation point to
extract the vibration acceleration response at the obser-
vation point, as shown in Figure 17.

It can be seen from the figure that the vibration
response of the connecting position of the lower isolator
has multiple peaks in the frequency domain of 1,000 Hz.
The corresponding peak frequencies before 500 Hz are
235, 335, and 405 Hz. The maximum vibration accelera-
tion level appears at 615 Hz, and the peak value is
147.4 dB. The vibration response diagrams at some fre-
quencies are as follows (Figue 18).

3.3.2 Influence of tip truncation ratio on vibration of
typical raft structure

In the practical application of ABH, it will be truncated at
a certain length position and filled with steel plates of the
same thickness as the truncated surface, so as to ensure
the thickness continuity. To investigate the effect of the
tip cutoff ratio of the ABH structure on the vibration
reduction performance of the structure, as shown in
Figure 19, a 2D ABH is placed at the center of the lower
isolator support plate. The radius of the ABH is 96mm,
and the ABH tip truncation ratios λ = 10%, λ = 15%, and
λ = 20% are set to carry out calculation and analysis.

The calculation results are shown in Figure 20. In
order to reflect the difference in results clearly, we draw
the figure in the range of 500–700 Hz. Due to the trunca-
tion of the model tip, the structural change is reflected in
the overall weight, resulting in the lag of the peak fre-
quency. The truncation part is relatively small in the
overall structure quality, and the offset of peak frequency
is limited. The three cutoff ratios models can effectively
reduce most of the peak values of vibration response
within 1,000 Hz and show the rule that the vibration
reduction effect of the ABH structure increases with the

L0

L

D

Ln

Dn

Figure 15: 1D ABH parameters after truncation.

Figure 16: Typical raft structure: (a) geometric model; (b) FEM.
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decrease of λ. The main peak damping effect is shown in
Table 2. Where f is the peak frequency, and Δ is the
difference in vibration response between the model
with different tip truncation ratios and the original
model.

The table shows that when λ 10%= , the vibration
reduction effect of the ABH at most frequency points
can reach 3–7 dB, and the vibration reduction effect at
some frequency points can reach more than 20 dB. The
ABH structure has a remarkable damping effect on the
peak frequency of 575 Hz, and the damping effect of
the ABH is 22.4 dB at the cutoff ratio λ 10%= . When
the cut-off ratio is λ 20%= , the damping effect of ABH
is 11.2 dB. There is a big difference between the two, and
the former is significantly better than the latter. The
vibration response figure of a typical raft structure at
615 Hz is extracted (Figure 21). The vibration response
at the center of the ABH is significantly higher than
that at the center, and the convergence of bending waves
occurs.
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Figure 17: Vibration response of typical raft structure.

R=96mm

r=9.6mm
Filling plate

(a)

R=96mm

r=14.4mm
Filling plate

(b)

R=96mm

r=19.2mm
Filling plate

(c)

Figure 19: Truncation ratio analysis model of ABH tip: (a) λ = 10%,
(b) λ = 15%, and (c) λ = 20%.

Figure 18: Vibration response diagram: (a) 335 Hz; (b) 615 Hz.
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3.3.3 Influence of damping length ratio on vibration of
typical raft structure.

Damping performance of ABH is greatly reduced due to tip
truncation. Therefore, we attach the damping material at

the center to realize energy absorption and consumption.
To investigate the effect of the ABH damping length ratio
on the damping performance of ABHs, the damping mate-
rial is added at the center of the ABH, and three ABH
models with damping length ratios φ 10%= , φ 20%= ,
and φ 30%= are calculated and analyzed. The vibra-
tion response curves are shown as follows (Figures 22
and 23).

It can be seen from the vibration acceleration level
curve that when the damping material replaces the ori-
ginal steel structure, the overall physical characteristics
of the structure have changed and are reflected in the
peak frequency. What is more, the response of the three
damping length ratio models is consistent with the trend
of frequency change within 1,000 Hz and can effectively
reduce the vibration of the observation point. In a certain
range, the damping effect of ABH structure gradually
improves as the damping length ratio increases. Table 3
shows the peak damping effect of the ABH response
curves with different damping length ratios. Here, f is

Table 2: Response of peak damping effect under different tip
truncation ratios (dB)

Peak
frequency
(Hz)

Original
model

λ = 10% λ = 15% λ = 20%

Value Δ Value Δ Value Δ

235 132.6 129.6 3.0 130.2 2.4 130.6 2.0
335 138.1 135.4 2.7 136.3 1.8 136.8 1.3
405 131.9 125.0 6.9 125.7 6.2 127.0 4.9
575 144.2 121.8 22.4 125.9 18.3 133.0 11.2
615 147.4 131.5 15.9 134.4 13.0 140.0 7.4
670 130.1 128.7 1.4 128.5 1.6 128.1 2.0
785 132.2 126.9 5.3 127.4 4.8 127.9 4.3
940 131.2 131.8 −0.6 131.7 −0.5 131.7 −0.5
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Figure 20: Vibration acceleration level figure: (a) 10–1,000 Hz; (b) 500–700 Hz.
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the peak frequency, and Δ is the difference of response
between the model with different tip truncation ratios
and the original model.

When the damping length ratio φ = 20%, the damping
effect of the ABH can reach 3–7 dB at most frequency
points, and the damping effect can reach more than
20 dB at some frequency points. Comparing the model
calculation results of three different damping length
ratios, the damping effect is optimal at φ = 30%, but
the damping effect is not much different from that at
φ = 20%, so the excessive increase in damping length
does not improve the damping effect significantly.

3.3.4 Influence of damping thickness ratio on vibration
of typical raft structure.

In this section, the influence of the damping thickness
ratio on the damping performance of ABH is investigated
by changing the damping thickness ratio of the ABH set
at the center of the lower isolator support plate. Three
calculation models of damping thickness ratios µ = 10%,
µ = 20%, and µ = 30% (Figure 24) are set to carry out the
calculation and analysis.

Figure 25 shows the vibration acceleration response
results in the frequency range of 1,000 Hz. The frequency
corresponding to the main peak is related to the natural
frequency of the structure. It can be found that the ABHs
with three damping thickness ratios can effectively
reduce the vibration response of the main peak. And
the damping effect of the ABH structure increases
with the increase in damping thickness ratio. Table 4
shows the damping effect of the three damping thick-
ness ratio conditions.

By comprehensively comparing the model calculation
results under three different damping thickness ratios, it is
found that the damping effect is the best when μ = 30%.
However, an excessive increase in damping thickness does
not significantly improve the damping effect.

3.3.5 Influence of power exponent m on vibration of
typical raft structure

It can be seen from the previous discussion that ABH thick-
ness follows power law h x εx m 2m( ) ( )= ≥ , and power
exponent m plays an important role in it. With the
increase in m, the damping performance is gradually

Figure 21: Typical raft structure vibration (615 Hz): (a) original model; (b) λ = 10%.
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R=96mm
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black hole
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(a) (b) (c)

Figure 22: Different damping length ratio models of the ABH: (a) φ = 10%, (b) φ = 20%, and (c) φ = 30%.
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strengthened in theory. However, it will make the center
of the ABH too thin to process and lead the decrease in
strength. In order to explore the influence of power

exponent m on the vibration reduction performance,
the ABH with a radius of 96 mm was set at the center
of the support plate of the lower isolator, and three

Table 3: Response of peak damping effect under different damping length ratios (dB)

Peak frequency (Hz) Original model φ = 10% φ = 20% φ = 30%

Value Δ Value Δ Value Δ

235 132.6 130.1 2.5 129.6 3.0 129.4 3.2
335 138.1 135.8 2.3 135.4 2.7 135.3 2.8
405 131.9 125.8 6.1 125.0 6.9 124.7 7.2
575 144.2 123.6 20.6 121.8 22.4 121.2 23.0
615 147.4 134.6 12.8 131.5 15.9 130.6 16.8
670 130.1 129.5 0.6 128.7 1.4 128.2 1.9
785 132.2 128.9 3.3 126.9 5.3 126.1 6.1
940 131.2 131.8 −0.6 131.8 −0.6 131.8 −0.6
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Figure 23: Vibration acceleration level figure: (a) 10–1000 Hz; (b) 500–700 Hz.
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groups of models were designed. The power exponents
are set as m = 2, m = 3, and m = 4 (Figure 26).

Most peak vibration responses can be effectively
reduced in the frequency range of 1,000 Hz regardless
of power exponent. At the same time, it can be found

that with the increase in m, the vibration reduction effect
of the ABH structure is better. Table 5 shows the peak
damping effect of the ABH response curves.

When the power exponent m = 2 and m = 3, the
vibration reduction effect at most frequencies can reach

Figure 24: Different damping thickness ratio models of the ABH: (a) μ = 10%, (b) μ = 20%, and (c) μ = 30%.
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Figure 25: Vibration acceleration level figure: (a) 10–1,000 Hz; (b) 500–700 Hz.
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3–7 dB, and the vibration reduction effect at some fre-
quencies can reach more than 20 dB. When m = 4, most
of the peak damping effect is only about 1 dB higher than
that of m = 3, and the vibration reduction effect is not
significantly improved.

3.4 Application of two-dimensional the
acoustic black hole in raft

According to the discussion and analysis above, the
optimal solution of each parameter of the ABH in the
practical application process is obtained. In this section,
the optimal parameters are applied to the raft, and the
application of the ABH in the raft is studied.

3.4.1 Calculation model of raft structure

In order to carry out the influence of the application of the
ABHs on the vibration characteristics of raft structure, the
raft model is first established as shown in Figure 27. The
main scale of the raft structure is 1,000mm × 1,500mm ×
300mm, and the thickness of the panel is 14mm. Four
columns and three rows of vertical support webs were set
with a thickness of 12 mm and spacing of 500mm. The
structural materials were all Q235 marine steel.
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Figure 26: Vibration acceleration level figure: (a) 10–1,000 Hz; (b) 500–700 Hz.

Table 4: Response of peak damping effect under different damping
thickness ratios (dB)

Peak
frequency
(Hz)

Original
model

μ = 10% μ = 20% μ = 30%

Value Δ Value Δ Value Δ

235 132.6 131.2 1.4 129.6 3.0 128.4 4.2
335 138.1 136.6 1.5 135.4 2.7 134.5 3.6
405 131.9 127.7 4.2 125 6.9 123.6 8.3
575 144.2 127 17.2 121.8 22.4 118.9 25.3
615 147.4 136.1 11.3 131.5 15.9 130.2 17.2
670 130.1 128.8 1.3 128.7 1.4 128.5 1.6
785 132.2 128.7 3.5 126.9 5.3 126 6.2
940 131.2 131.7 −0.5 131.8 −0.6 131.6 −0.4
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We developed the finite element simulation model
based on the geometric model. Combined with the actual
installation of the raft, four unit-force excitation points
are set on its upper surface, and 10 observation points are
selected on its lower surface.

According to the above calculation and analysis,
taking λ = 10%, φ = 20%, μ = 20%, and m = 2 as the
main parameters of the ABH. According to the size of
the raft vertical support plate, the radius of the ABH is
determined to be 120mm, and the ABH tip is cut within
12 mm. The length of the damping layer is 24mm, and the

thickness is 2.4 mm. Embed the ABH into the raft struc-
ture, as shown in Figure 28.

3.4.2 Vibration analysis of the acoustic black hole raft
structure

Figure 29 shows the vibration response curve of the raft
structure in the frequency range of 1,000 Hz. In general,
the vibration acceleration curves of the observation
points of the two models increase with the increase in
frequency and are relatively smooth within 300 Hz, fol-
lowed by obvious fluctuations. Compared with the ori-
ginal model, the vibration response of the raft observation
point decreases to varying degrees after embedding the
ABH. The embedded ABH has little effect on the vibration
characteristics of the structure in the frequency range
of 300–400Hz, and the peak value decreases by about
2–3 dB. In the frequency domain range of 500–1,000Hz,
compared with the original model, the peak frequency
changes greatly, and there is a significant deviation.
Most peaks are reduced, and the decline amplitude
can reach more than 10 dB.

Table 5: Response of peak damping effect under different power exponents (dB)

Peak frequency (Hz) Original model m = 2 m = 3 m = 4

Value Δ Value Δ Value (Hz) Δ

235 132.6 129.6 3.0 129.1 3.5 128.8 3.8
335 138.1 135.4 2.7 132.4 3.0 131.9 3.5
405 131.9 125.0 6.9 126.0 5.9 127.0 4.9
575 144.2 121.8 22.4 119.9 24.3 118.8 25.4
615 147.4 131.5 15.9 130.1 17.3 126.8 20.6
670 130.1 128.7 1.4 126.5 3.6 125.3 4.8
785 132.2 126.9 5.3 127.3 4.9 126.8 5.4
940 131.2 131.8 −0.6 131.6 −0.4 131.2 0

Figure 27: Calculation model of raft structure: (a) geometric model; (b) FEM.

Figure 28: FEM of raft structure with ABHs.
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From the vibration response image of some fre-
quency points, it can be found that there is an obvious
energy aggregation effect at the center of the ABH. By
adding damping materials at the center of the ABH, the
energy gathered in the center of the structure is dissi-
pated, and the vibration response is greatly attenuated. It
is proved that the ABH has the effect of suppressing struc-
tural vibration, and the raft embedded with the ABH has
an obvious improvement in vibration reduction perfor-
mance (Figure 30).

4 Conclusion

In this article, the vibration characteristics of the typical
raft structure of the ABH are studied. The propagation

characteristics of the ABH are briefly introduced based
on geometric acoustic theory. The influence of various
parameters of the ABH on the vibration characteristics
is studied, and the optimal values of parameters are
obtained. In addition, the dynamic performance analysis
of the raft structure is carried out. The following conclu-
sions are drawn:
(1) The ladder simplificationmethod is applied to the ABH

modeling, which can greatly improve computational
efficiency. Compared with the original model, the nat-
ural frequency error is less than 3%, and the vibration
response curve is in good agreement. The method is
effective and feasible.

(2) When the cutoff ratio of the ABH tip λ = 10%,
damping length ratio φ = 20%, damping thickness
ratio μ = 20%, and power exponent m = 2 or 3, better
results can be obtained in both actual processing and
vibration performance.

(3) The optimal value of the main parameters of the ABH
is applied to the raft structure so that the average
vibration response peak of the raft is significantly
reduced, especially if the vibration acceleration level
in the frequency domain above 500 Hz is reduced by
about 10 dB, which significantly improves the vibra-
tion isolation performance of the structure.

(4) The ABH can effectively reduce the vibration response
of typical raft structure and has broad application pro-
spects in the field of ship vibration isolation devices.
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