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Abstract: Acoustic black holes have good application
prospects in the field of vibration and noise reduction.
Based on engineering practice, this study proposes a sys-
tematic process method for the application of acoustic
black hole structure in raft structure, which provides
new ideas and references for improving the vibration iso-
lation performance of floating raft system and reducing
the level of ship vibration and noise. The influence law of
each parameter on structural vibration and the recom-
mended value range of each parameter are given, which
provides support for the systematic method and process
of the application of acoustic black holes in the raft struc-
ture. Then, the acoustic black hole process is applied to a
floating raft system. According to the characteristics of
the raft structure, an application scheme of the acoustic
black hole in the raft structure is formed, and the vibra-
tion level drop of the floating raft vibration isolation
system before and after the acoustic black hole is embedded,
calculated, and analyzed. The changes further improve the
vibration reduction and isolation performance of the raft
system and effectively reduced the mechanical noise level
of the ship’s cabin.
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1 Introduction

The United States took the lead in applying floating raft
vibration isolation technology to submarines, which reduced
its underwater radiated noise by about 35dB; the former
Soviet Union proposed to place multiple devices on a single
raft structure to achieve centralized vibration isolation of the
equipment. The technology has reduced the underwater
radiation noise of multiple warships to 125-130dB [1]. In
Italy, the raft structure was changed to a slender longitu-
dinal raft, and multiple devices were installed on the long-
itudinal raft [2]. In terms of using new materials to improve
the vibration isolation performance of floating rafts, Zhang
et al. designed a carbon fiber raft structure. Research shows
that carbon fiber materials can not only improve the vibra-
tion reduction and isolation performance of the floating raft
vibration isolation system but also reduce the structural
quality to achieve a lightweight design of the structure [3].

In summary, it can be seen that the floating raft
vibration isolation system is widely used in the field of
ship and ocean engineering, has good vibration reduction
and isolation performance, and can effectively reduce the
vibration and noise level of ships; research in the field of
improving the vibration isolation performance of the floating
raft system is also relatively large. The emerging vibration
reduction and isolation technology is developed and being
constantly applied to the floating raft system. It is of great
significance to further develop the research on improving
the vibration isolation performance of the floating raft
system.

The acoustic black hole effect usually includes a local
reduction in the thickness profile of the structure, asso-
ciated with a thin viscoelastic coating placed in the area
of minimum thickness [4]. For the structure of acoustic
black holes, the current theoretical analysis theories
mainly include: geometric acoustics theory, impedance
matrix theory, and wavelet decomposition energy prin-
ciple. The above theory can be used to explain the prin-
ciple of one-dimensional acoustic black hole structure
effect, but for two-dimensional acoustic black holes, the
theoretical research content is relatively small. Based on
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the geometric acoustic theory, the propagation trajectory
of bending waves in the two-dimensional acoustic black
hole structure can be solved. In addition, Krylov et al.
[5-7] also conducted theoretical modeling of acoustic
black hole structures with damping layers. Based on
the Ross—unar—kerwin theory [8], Georgiev et al. pro-
posed a method that will not be affected by the assump-
tions in the geometric acoustic theory, that is, based on
the impedance transfer matrix method [9,10]. And the
space is numerically calculated and solved, and the
expression of the reflection coefficient matrix is given
[9,10]. In terms of theoretical research on the two-dimen-
sional acoustic black hole structure, Krylov analyzed and
discussed the propagation trajectory of bending waves in
the two-dimensional acoustic black hole structure based
on the approximation method of geometric acoustic theory
[11]. At different rates, the trajectory of the bending wave
will be deflected to the center of the acoustic black hole [11].
A typical two-dimensional acoustic black hole structure is
composed of a constant thickness area, an acoustic black
hole area, [12] and the circular plate [13] embedded with a
two-dimensional acoustic black hole. Analysis and research
results show that the embedded two-dimensional acoustic
black hole structure can effectively reduce the structure’s
mid- and high-frequency vibration response. Lian et al. [14]
studied the low-frequency sound insulation characteristics
of thin acoustic black holes by numerical and experimental
methods. Yan [15] derived the phonon metric and effective
action using displacement transformation and functional
integration methods to describe the fluctuations of phonon
field in quantum fluids. Chakraborty and Majumdar [16]
derived the precise precession frequency of a free precession
test gyroscope for a (2 + 1) dimensional rotating acoustic black
hole simulation of space-time. Chakraborty and Majumdar
[16] designed a new structure that approximates the acoustic
black hole effect of curved waves. The structure has a rod/
plate with grooves, the depth of the grooves increases gradu-
ally, and the flexural stiffness decreases gradually as a certain
bulk density is maintained. In order to facilitate machining and
engineering applications, Mironov [17] designed acoustic black
hole wedge plate superstructures and found that these acoustic
black hole superstructures had an average sound insulation
strength of 30dB in the frequency range of 50-1,600 Hz.
Zhou et al. [18], Yu et al. [19], Liu et al. [20], and Yu et al. [21]
used the transfer matrix method to study the vibration and noise
transfer characteristics of the structure, and passed it. In terms
of vibration and acoustic analysis, Li et al. [22], Pang et al. [23],
and Li et al. [24-26] used semi-analytical methods to analyze
the vibration characteristics of various structures.

Based on the acoustic black hole theory and experi-
mental research status, acoustic black hole structure has
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been initially applied in engineering practice. The test
structure shows that after the introduction of the acoustic
black hole composite structure, the vibration response
and internal stress of the engine fan blades are signifi-
cantly reduced [27]. In the automotive field, Browyer
embedded a two-dimensional acoustic black hole struc-
ture in the engine shell. Experiments have proved that
the two-dimensional acoustic black hole can significantly
reduce the noise level in the car [28]. In the field of energy
recovery, Zhou and Semperlotti combined the acoustic
black hole structure with the Helmholtz resonator, and
successfully improved the energy absorption efficiency
and operating frequency range of the Helmholtz reso-
nator through experiments [29]. In addition, Zhao et al.’s
piezoelectric transducer is connected to the central area of
the acoustic black hole by pasting. Experiments have
shown that the energy recovery efficiency is higher when
the two-dimensional acoustic black hole is added com-
pared with the ordinary flat plate structure [30].

In summary, it can be seen that there are relatively
many studies on floating raft vibration isolation systems.
In terms of improving the vibration isolation performance
of floating raft systems, the research on raft structure design
and parameter optimization is relatively mature, based on
new composite materials, phononic crystals, and acoustics.
The research on the vibration reduction and isolation per-
formance of metamaterials of floating rafts mostly relies on
the development of new materials, which is more difficult,
and the acoustic black hole structure only needs to change
its own structural thickness, which has a good application
prospect in the field of improving the vibration reduction
and isolation performance of the floating raft system. At
present, the vibration and noise reduction characteristics
of acoustic black hole structures have been well applied
in some fields, but there are relatively few applications in
the shipping field, and few research on how to select
acoustic black hole parameters in engineering practice
and the systematic application process of acoustic black
holes. It has not been solved well yet.

2 Acoustic black hole effect based
on geometric acoustic theory

2.1 Propagation characteristics of one-
dimensional acoustic black holes

The structure of acoustic black holes means that the con-
cept of acoustic black holes is based on the concept of
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black holes in astronomy. Taking the end of the acoustic
black hole structure as the origin of the coordinates,
the thickness of the black hole structure h(x) satisfies the
relationship h(x) = ex™ (m > 2), and ¢ is a constant. The
bending wave propagates to the origin along the negative
direction of the x-axis. According to the geometric acous-
tics theory, the overall wave phase from any point of the
acoustic black hole’s cross section to the origin of the
coordinate is shown in the following equation.

¢ = Ik(x)dx, (1.1)
0

where k(x) is the local beam of the bending wave on the
structure, and its specific value is

k(x) = 12145,V 2(exm)1/2, (1.2)

where k, = w/c,, is the wave number of the symmetrical plate
wave. ¢, is the wave number, and ¢, = 2¢(1 — c?/c/?)Y?,
where ¢; and ¢; are the wave speeds of longitudinal and
transverse waves propagating in the structure, respectively.
Among them, at a given frequency, k, is a constant, and
under the condition that m is greater than or equal to 2,
when x tends to 0, k(x) tends to infinity. At this time, the
overall wave phase ¢ is infinite, indicating that at the tip of
the structure, the local wave number tends to infinity, and
the wavelength tends to zero. That is, bending waves can
never reach the tip of the structure, and reflections will not
occur, thereby realizing the vibration reduction effect of the
acoustic black hole structure.

2.2 Propagation characteristics of two-
dimensional acoustic black holes

For a rectangular plate with a two-dimensional acoustic
black hole structure, as shown in Figure 1, the polar coor-
dinate system is established with the center of the acoustic
black hole as the coordinate origin, and the propagation
path of the bending wave in the structure can be expressed
in the following form:

o
d9 tana’

n(r)sin a = const.

(1.3)

(1.4)

where a is the angle between the flexural wave propaga-
tion vector and the coordinate axis r in the polar coordi-
nate system, n(r) is the refractive index of the flexural
wave in the acoustic black hole region, and its value is
equal to Cy/C,, and C, is the phase velocity of the bending
wave outside the acoustic black hole region and C(7) is
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Figure 1: Diagram of polar coordinates of two-dimensional acoustic
black hole structure.

the phase velocity of the bending wave in the acoustic
black hole region. Since the thickness of the acoustic
black hole structure conforms to a specific power expo-
nential function, its refractive index n(r) can be expressed
as n(r) = hy/?/h(}?, b is the power exponential function
that the acoustic black hole thickness conforms to. For
bending waves whose starting point is outside the area of
an acoustic black hole, equation (1.4) can be rewritten as
follows:

n(r)sina = ry sin ag = p, (1.5)

where p describes the trajectory of bending waves with
different incident angles. The physical meaning of this
parameter is the straight line distance between the flex-
ural wave trajectory and the polar coordinate center. For
a rectangular plate without black hole structure, given
the parameters ry and a,, the flexural wave propagation
trajectory is a straight line. But for a rectangular plate
with a two-dimensional acoustic black hole structure,
the existence of the acoustic black hole will have an
impact on the trajectory of the bending wave, and its
trajectory is no longer a straight line. The analysis of
the above equations (1.3)—(1.5) shows that when the black
hole structure is thick when m is greater than or equal to
2 in the power exponential function satisfied by the
change, |p| of all flexural waves will be less than a certain
critical value. At this time, the flexural waves will be
deflected toward the center of the black hole, resulting
in a phenomenon of flexural energy accumulation at the
center of the black hole, as shown in Figure 2. For a
perfect acoustic black hole structure, the thickness of
its central area will be close to 0. At this time, the bending
wave will converge at its central position and will not
continue to propagate, and its energy will gradually dis-
sipate and disappear, achieving the purpose of vibration
reduction and noise reduction. And a certain damping
material can be added at the center position to achieve
efficient energy absorption and dissipation, to improve
the efficiency of structural vibration suppression, and at
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Figure 2: Propagation trajectory of bending wave in perfect acoustic
black hole structure.

the same time simulate structural damage caused during
the model processing.

3 Research on the influence of
acoustic black hole’s
characteristic parameters on
structural vibration

The acoustic black hole structure has the effect of gath-
ering and dissipating flexural waves, and achieves the
suppression of structural vibration, but the vibration sup-
pression effect is affected by the combination of multiple
parameters such as the cut-off length, the selection of
damping materials, and the number and location of
acoustic black holes. In order to better apply the acoustic
black hole structure to engineering practice, this section
will carry out the analysis of the influence of the above
parameter changes on the structural vibration, and point
out the law of the influence of the parameter changes on
the structural vibration and the recommended value range
of the parameters, thereby provide support for the appli-
cation of the acoustic black hole in the raft structure later.

3.1 Analysis of the influence of one-
dimensional acoustic black hole
characteristic parameters on structural
vibration

3.1.1 Analysis of the influence of one-dimensional
acoustic black hole tip cut-off ratio on structural
vibration

Acoustic black hole tip cut-off ratio A = Ly/L, where L is
the length of the perfect acoustic black hole structure,
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and L, is the acoustic black hole tip cut-off length. In
this article, three acoustic black hole calculation condi-
tions with different cutoff ratios are designed in combina-
tion with actual engineering. The vibration acceleration
transfer function of the model origin is used as an assess-
ment index to study the influence of one-dimensional
acoustic black hole tip cutoff ratio, and those with different
tip cutoff ratios. The schematic diagram of the one-dimen-
sional acoustic black hole model is shown in Figure 3. The
material parameters are shown in Table 1.

The calculation frequency domain is 4 Hz to 8 kHz,
the calculation step is 4 Hz, and the above three models
with no tip cut-off length and the origin vibration transfer
function of the ordinary plate are obtained as shown in
Figure 4.

It can be seen from the origin transfer function curve
in Figure 4 that the model tip cutoff ratio has a greater
influence on the origin transfer function peak value and the
peak corresponding frequency, but all the three acoustic
black hole models with cutoff ratios of 5, 10, and 20% can
effectively reduce the peak value of the origin vibration
transfer function. Among the three groups of acoustic black
hole models, when the model cut-off ratio is 5%, the
acoustic black hole has the best vibration reduction effect,
and the vibration reduction effect of each peak is generally
more than 35dB. As the model cut-off ratio increases, the
corresponding frequency of the origin transfer function
peak increases, the peak position shifts to the right, and
the peak size increases, indicating that the larger the
acoustic black hole structure cut-off ratio, the worse the
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Figure 3: The calculation conditions of acoustic black holes under
cut-off lengths. (a) Condition 1 A = 5%. (b) Condition 2 A = 10%.
(c) Condition 3 A = 20%.
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Table 1: Material parameter table

Structural material Damping
(steel) material
Density t-mm™ 7.85x 1077 11x107°
Poisson’s ratio 0.3 0.46
Young’s 2.1x10° 250
modulus N-mm~
Structural damping 0.005 0.3
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Figure 4: Vibration transfer function of the assessment point under
various conditions.

vibration reduction effect. However, when the tip cut-off
ratio is 5 and 10%, the effect of the acoustic black hole
structure’s vibration reduction system is relatively small,
and the difference in peak size is about 3—-5dB. It can be
seen that under the premise, a perfect acoustic black hole
structure cannot be achieved, the acoustic black hole tip
comparison is excessively reduced and the improvement
of its damping effect is small.

In summary, when designing the acoustic black hole
structure, the cutoff ratio of the model should be mini-
mized to achieve the best vibration reduction effect.
However, considering the difficulty of model processing,
model strength, and other factors, it is recommended that
the cutoff ratio be about 10%.

3.1.2 Analysis of the influence of damping layer length
ratio on structural vibration

The acoustic black hole structure has an elastic wave
reflectivity of 0 in theory. Since the tip thickness is close
to 0, the tip of the acoustic black hole needs to be trun-
cated when the acoustic black hole is used in engineering
to reduce the processing difficulty of the acoustic black
hole model, and the acoustic black hole’s vibration damping
performance will be greatly reduced. Therefore, an acoustic
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damping material needs to be added to the tip junction to
absorb and consume energy to achieve the vibration and
noise reduction characteristics of the acoustic black hole.
Acoustic black hole damping length ratio ¢ = L,/L, where
L, is the length of the damping layer material.

In order to explore the length of the additional damping
material in the acoustic black hole structure, three sets of
calculation conditions were designed for the length ratio of
the damping layer, namely, 5, 15, and 25%, respectively.
The cut-off ratio of the acoustic black hole structure is all
10%. The other parameters are as shown in Table 1, and the
schematic diagram of the calculation conditions is shown in
Figure 5.

Using the steady-state dynamics analysis module in
the finite element software, the vibration transfer func-
tion curves at the origin of the assessment point are cal-
culated as shown in Figure 6.

It can be seen from Figure 7 that the length ratio of
the damping layer has a great impact on the peak value of
the origin transfer function and the corresponding fre-
quency of the peak values, and the three acoustic black
hole models can effectively reduce the peak value of the
vibration transfer function. In the three acoustic black
hole models, when the length ratio of the damping layer
is 30%, the acoustic black hole has the best vibration
reduction effect, with each peak vibration reduction gen-
erally reaching more than 30 dB. As the length ratio of the
damping material increases, the peak value of the origin
vibration transfer function decreases, and the vibration
damping effect of the acoustic black hole structure
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Figure 5: Calculation conditions with different damping layer length
ratios: (a) Condition 1 ¢ = 10%. (b) Condition 2 ¢ = 20%.
(c) Condition 3 ¢ = 30%.
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Figure 6: The origin vibration transfer function under different
damping length ratios in the full frequency range.

increases. In the frequency domain below 2,000 Hz, the
vibration reduction effect of the damping layer length
ratio of 30% is about 5-10 dB higher than that of the
damping length ratio of 20%. The damping effect of the
three models above 2,000 Hz is similar, and the peak
difference is about 1-2dB, indicating that as the length
of the damping material increases, the increase in the
damping effect gradually decreases.

In summary, when designing the acoustic black hole
structure, the length of the damping material should be
increased as much as possible to achieve the best vibra-
tion reduction effect. An excessively large damping length
ratio will lead to higher material cost, increased structural
weight, and other negative effects. At the same time, the
improvement in the medium- and high-frequency vibra-
tion damping effect is small. It is recommended that the
damping layer length ratio is about 20%. If attention is
paid to the damping effect in the low frequency range, a
larger damping layer length ratio should be used.

3.2 Research of the influence of two-
dimensional acoustic black hole
characteristic parameters on structural
vibration

3.2.1 Analysis of the influence of the size of the two-
dimensional acoustic black hole on structural
vibration

Two-dimensional acoustic black holes are based on one-
dimensional acoustic black holes. Two-dimensional acoustic
black holes are more complex in terms of structure. In addi-
tion to parameters such as cut-off length, damping layer
material thickness, and length, there are also factors such
as the size, the number, and arrangement of acoustic black
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Figure 7: Calculation conditions of acoustic black holes with dif-
ferent damping layer thicknesses. (a) Condition 1 y = 10%, (b)
condition 2 y = 20%, and (c) condition 3 y = 30%.

holes. For this reason, based on the above research, the
unique parameters of two-dimensional acoustic black holes
are further studied. First the following dimensionless
parameters are defined. In Figure 8, R is the radius of
the largest circle that can be embedded in the area, R is
the radius of the acoustic black hole, and the dimen-
sionless parameter y is defined as the ratio of the radius
of the acoustic black hole, y = Ro/R.

There are three calculation models as shown in Figure 9.
The acoustic black hole radius ratios are 80, 64, and 40%,
respectively. The cut-off length of the model is 10% of the
radius of the black hole region. The damping layer covering
radius is 20% of the black hole region radius. The main scale
of the model, the size of the excitation load, the location of
the excitation point, and the location of the assessment point
are consistent with the previous article. At the same time, in
order to improve the calculation efficiency, the step simpli-
fication method is used to model the acoustic black hole
models of different sizes, and the acoustic black hole area
is equally divided into 45 parts.

Acoustic black

hole area
N | ’

|
~. | =

Figure 8: Diagram of the definition of two-dimensional acoustic
black hole parameters.
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Figure 9: Acoustic black hole plate models with different sizes: (a) y = 80% model diagram, (b) y = 80% model diagram, (c) y = 64% model
diagram, (d) y = 64% model diagram, (e) y = 40% model diagram, and (f) y = 40% model diagram.

The calculated results are shown in Figure 10. The
vibration response of the assessment points P;-P; is aver-
aged to represent the average vibration response at
the edge of the structure, as shown in Figure 10(a).
The vibration response of the assessment points P¢—Pg
is energy-averaged to represent the average vibration
response of the area near the excitation force, as shown
in Figure 10(b).

From Figure 10, it can be seen that there are many
peaks in the vibration response curve of the acoustic
black hole plate with a radius of 50 mm, and the peak
size is significantly higher than that of the 80 mm radius.
The vibration damping effect is relatively poor under
80 mm conditions and 100 mm radius conditions. The
vibration response of the acoustic black hole plate with
a radius of 80 mm and the acoustic black hole plate with
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Figure 10: Vibration response curve of each working condition
assessment point: (a) average vibration response of P;—P5 and
(b) average vibration response of P¢—Pg.

a radius of 100 mm are relatively close, and the peak size
is relatively close. Among them, the acoustic black hole
plate with a radius of 100 mm has a slightly lower vibra-
tion response peak, and the vibration reduction effect is
slightly better than that of the operating condition with
a radius of 80 mm.

From the above calculation results, it can be seen
that when the radius is 50 mm, the size of the acoustic
black hole is smaller, resulting in a smaller area that can
effectively absorb and converge flexural waves. Some
flexural waves are less affected by the acoustic black
hole effect during the propagation process, so the vibra-
tion response of the acoustic black hole plate with a
radius of 50 mm is the largest among the three working
conditions. When the radius is 100 mm, the acoustic
black hole area is larger, and the ability to capture and
dissipate medium and high frequency bending waves is
strong, although it is generated at about 500 Hz, a new
and larger peak is achieved, but the acoustic black hole
plate with a radius of 100 mm has the best damping effect
in the full frequency range.

In summary, when using the embedded two-dimen-
sional acoustic black hole to control the vibration response
of the structure, the selection of the acoustic black hole
radius will affect its vibration reduction effect, and
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increasing the acoustic black hole structure radius too
large will improve the vibration reduction effect. And by
reducing the radius too small will bring about negative
effects such as structural strength reduction. It is recom-
mended that the acoustic black hole radius ratio should
not exceed 80%.

3.2.2 Analysis of the influence of two-dimensional
acoustic black hole layout on structural vibration

Different from the one-dimensional acoustic black hole,
the one-dimensional acoustic black hole structure can only
be applied to the edge of the structure and will form a sharp
tip. In the application process of the two-dimensional
acoustic black hole, the position of the acoustic black
hole can be anywhere in the structure, so it involves
turning to the problem of the layout of two-dimensional
acoustic black holes. This article explores the layout of
two-dimensional acoustic black holes. Five calculation
conditions are designed, as shown in Figure 11, and the
finite element model is shown in Figure 12.

Using the finite element steady-state dynamics fre-
quency domain analysis, the calculation results of the
above working conditions are obtained as follows.
Among them, the vibration response of the assessment
points P1-P5 is energy-averaged to represent the average
vibration response at the edge of the structure, as shown in
Figure 13. The vibration response of the assessment points
P6-P8 is averaged to represent the average vibration
response of the area near the excitation force, as shown
in Figure 14.

Condition 1 is a single large-size acoustic black hole,
Condition 2 is 4 small-size acoustic black holes, but the
area of the acoustic black hole area of Conditions 1 2 is
the same, and the quality of the damping material is the
same. It can be seen from Figures 13 and 14 that the
overall response curve of a single large-size acoustic
black hole is smoother and has fewer peaks, while the
introduction of four small-size acoustic black holes
results in a rich natural frequency of the structure as a
whole, and an increase in the peak value of the response
curve of each test point. In the low frequency range
below 1,000 Hz, the peak value of working Condition 2
is less than that of working Condition 1 by about 3-7 dB,
indicating that the design of multiple acoustic black
holes will improve the low frequency. The ability to cap-
ture bending waves improves the damping effect in the
low-frequency range of acoustic black holes; in the fre-
quency range above 1,000 Hz, the response curve of
each test point in the second working condition has
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Figure 11: Acoustic black hole plates with different arrangements. (a) Condition 1. (b) Condition 2. (c) Condition 3. (d) Condition 4. (e)

Condition 5.

multiple prominent peaks, and the damping effect is not
as good as the first working condition. In summary, the
number of acoustic black holes can be determined according
to requirements such as the frequency range, processing
difficulty, area size, and other factors. A single large-size
acoustic black hole design is preferred. If the design require-
ments of floating raft vibration reduction and isolation
requirements cannot be met, a single large dimensional
black hole is replaced with multiple small-sized acoustic
black holes to further improve the vibration isolation per-
formance of the raft.

Conditions 3, 4, and 5 are all two small-sized acoustic
black hole designs. The difference lies in the position of

the acoustic black hole. The position of the acoustic black
hole in Condition 3 is the farthest from the excitation
point, and Condition 5 is the closest. From Figures 15
and 16, it can be seen that the vibration response curve
trends of the assessment points of the three sets of test
conditions are basically the same, and the peak position
deviation is not obvious, but there are certain differences
in the peak size. Except for the peak near 3,000 Hz, the
peak value of working condition five is lower than that of
working conditions three and four, and the peak size is
reduced by about 5-10 dB. The reason for the large peak
near 3,000 Hz is due to the different positions of the acoustic
black hole structure, so that the structure produces a new
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. X i . Figure 15: Vibration response of test points P;—Ps for conditions 3-5.
vibration mode, but on the whole, the vibration response of
the condition 5 is lower than the condition 3 and condition
4, indicating that the acoustic black hole is arranged on
the right side, that is, when the acoustic black hole struc-
tureis arranged near the excitation point, the acoustic black
holewill have a certain improvement in the vibration reduc-
tion and noise reduction effect of the structure, so when
applying the two-dimensional acoustic black hole structure
for the vibration reduction and noise reduction design of
the structure, acoustic black holes should be placed as close
to the excitation point as possible.
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equipment, and its mass is 2.1t. Four-node shell elements
are used to model the raft structure and the base structure.
The main dimension of the raft is 3,500 mm x 2,000 mm x
400 mm. The spring damping system is used to model the
vibration isolator unit. There are 12 upper vibration isola-
tors and 6 absorption vibration isolators. The final finite
element analysis model of the floating raft vibration isola-
tion system is shown in Figure 17.

4.2 Application scheme of acoustic black
hole structure in floating raft system

According to the influence law of the acoustic black hole
structure position on the vibration reduction effect, the
acoustic black hole structure should be embedded in the
upper vibration isolator panel or bracket to obtain a
better vibration reduction effect. Because the panel needs
to be installed with vibration isolation devices, it is diffi-
cult to embed the acoustic black hole structure, and it is
finally determined to embed the two-dimensional acoustic
black hole structure at the bracket position.

Multiple large-size acoustic black holes will further
improve the damping effect of acoustic black holes in the
low frequency range, but at the same time it will greatly
increase the difficulty of the actual engineering applica-
tion. Therefore, when the acoustic black hole structure is
applied this time, a single acoustic black hole is used.
This will reduce the difficulty and cost of engineering
application.

The shape of this area is approximately triangular, and
the size of the acoustic black hole is about 80% of the radius
of the inscribed circle. After approximate rounding, the
radius of the acoustic black hole structure is determined
to be 90 mm, and the tip cut length is 10% of the radius,
that is, the tip cut length is 9 mm, The truncated area is filled
with a constant thickness plate to ensure that the thickness
of the acoustic black hole structure changes. Considering the
difficulty in processing, the power exponent parameter of

Figure 18: Raft model embedded with two-dimensional acoustic
black hole.
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the acoustic black hole is 2, and the length of the damping
layer is 20% of the radius. That is, a damping layer with a
radius of 18 mm is attached to the center of the acoustic
black hole structure, and the thickness of the damping layer
is 2mm (Figure 18).

4.3 Vibration reduction effect of acoustic
black hole structure applied in floating
raft system

In general, the evaluation methods for the vibration iso-
lation effect of the raft include: force transmission rate,
vibration level drop, vibration intensity, and power flow.
Among them, the vibration level drop evaluation method
is relatively simple and convenient, and it is widely used
in the field of evaluation of the vibration reduction and
isolation performance of the floating raft system in engi-
neering practice. At the same time, considering that the
floating raft vibration isolation system has multiple vibra-
tion isolation devices, the vibration level drop at one
location cannot fully reflect the vibration reduction and
isolation performance of the floating raft vibration isola-
tion system. Therefore, this article averages the energy of
multiple vibration acceleration levels to obtain the average
vibration acceleration level of the machine foot and the
average vibration acceleration level at the base panel.
The energy average formula is as follows:

n
Le=10 1g(12100~lif ,
i

where L; is the vibration acceleration level of the i-th
evaluation point. The average vibration acceleration level
L, of the 12 equipment foot vibration evaluation points
and the average vibration acceleration level L, of the 6
base panel evaluation points are calculated, respectively,
and the difference is L¢;—Ley. Thus, the vibration level
drop of the floating raft vibration isolation system is
obtained.

After determining the application scheme of the above-
mentioned acoustic black hole in the floating raft system,
based on the finite element analysis software ABAQUS, the
calculation of the vibration reduction and isolation perfor-
mance of the floating raft before and after the application of
the acoustic black hole is carried out. The calculation fre-
quency range is 5-1,000 Hz, the calculation step length is
5Hz, and the applied excitation load is the unit force
directly above the device. The final vibration response curve
of vibration isolation is shown in Figure 19.

(1.6)
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It can be seen from Figure 19 that whether or not an
acoustic black hole is embedded, the raft frame under
unit force has good vibration isolation performance in
the range of 5-1,000 Hz, and the vibration isolation per-
formance shows an upward trend with the increase in
frequency. The vibration level drop in the low frequency
range (0-250 Hz) is about 20-40 dB, and the vibration
level drop in the range of 250-1,000 Hz can reach about
70 dB. After being embedded in the acoustic black hole
structure, the trend of the vibration level drop curve in
the frequency range of 5-1,000 Hz has basically not
changed, but the peak value of the low-frequency line
spectrum of the multiple vibration level drop has increased.
The lowest frequency with obvious effect of vibration reduc-
tion is 80 Hz, and the effect of vibration reduction is increased
by 2.5 dB. In addition, the effect of vibration reduction is also
increased by 3-7 dB at frequency points of 140 Hz, 280 Hz,
315Hz, 625Hz, 670Hz and et al. It can be seen that the
embedding of acoustic black holes can effectively improve
the mid- and low-frequency vibration isolation performance
of the floating raft vibration isolation system.

5 Conclusion

Based on the simplification method of acoustic black hole
modeling, this article has carried out the research of one-
dimensional and two-dimensional acoustic black hole
vibration reduction effect with the change in parameters.
First, taking a one-dimensional acoustic black hole as the
research object, the vibration response of different struc-
tural parameter models were compared and analyzed
at the same assessment position under the action of
unit force, to verify the vibration damping effect of the
acoustic black hole structure. Second, taking the two-
dimensional acoustic black hole as the research object,
the influence law of the size, quantity, and location of the
two-dimensional acoustic black hole on the vibration

Acoustic black hole in floating raft vibration isolation system =— 899

reduction effect is explored. Finally, the acoustic black

hole was applied to the raft structure, and the vibration

reduction effect was verified. The specific conclusions are
as follows.

1) Asacoustic black hole tip cutoff ratio decreases, damping
layer length ratio increases, and damping layer thickness
ratio increases, the damping effect of acoustic black holes
improves, but the improvement of the acoustic black hole
structure damping effect by continuously optimizing the
above parameters will gradually decrease. The recom-
mended values are as follows: tip cut-off ratio A = 10%,
damping length ratio ¢ = 20%, and damping thickness
ratio u = 20%. When using the recommended values
of the above parameters, the peaks of the vibration
response curve of the one-dimensional acoustic black
hole flat panel test point drop by more than 30 dB

2) As the size of the radius of the acoustic black hole
structure increases, the number of acoustic black hole
structures increases, the distance from the excitation
point decreases, and the vibration reduction effect
of the two-dimensional acoustic black hole improves.
However, an excessively large acoustic black hole
radius will bring about negative effects such as insuf-
ficient structural strength. It is recommended that
the value not exceed 80% of the radius of the largest
inscribed circle in the area. Replacing a single large-
size acoustic black hole with multiple small-size
acoustic black holes will increase the damping effect
of the acoustic black hole structure in the low-fre-
quency range and increase the difficulty of con-
struction. In engineering practice, one large acoustic
black hole or several small acoustic black holes
should be selected according to the actual engi-
neering requirements.

3) Based on the systematic process method of the appli-
cation of acoustic black holes in the raft structure, an
application scheme of embedding a single large-size
acoustic black hole in the bracket of the raft structure
is formed. This solution increases the level drop of the
floating raft vibration isolation at multiple frequencies
by 2-7dB, the lowest operating frequency is 80 Hz,
and the level drop of this frequency is increased
by 2.5dB.
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