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ABSTRACT

The acoustic black hole (ABH) structure can be an option as a vibration damper by providing a tapered
wedge at the end of a beam or plate. However, not much work has been done on design to yield an effective
ABH design for such a plate. We attempt to optimize the shape of the ABH to effectively attenuate the
bending vibration in the frequency bands of interest. A preliminary study is also conducted to find the relation
between the vibration reduction in a whole plate and the wedge parameters, like various dimensions of the
wedge and the damping material property covering the wedge, to understand the general behavior of an ABH
structure. With constraints on the range of flare constant, truncated length of the ABH thin end, and thickness
of damping material, the wedge profile and parameters are optimized. All computations are based on the
three-dimensional finite element modeling of finite plates having ABH structure, and a surrogate model is
employed to facilitate the optimization. The results show that the optimized ABH shape without damping is
not much better than the non-optimized one, but that with damping exhibits a significant improvement
compared to the non-optimized ones, with and without damping.
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1. INTRODUCTION

The acoustic black hole (ABH) structure is a relatively new method to reduce the unwanted
vibration within a main structure, which utilizes the reduction of reflected waves from the structural
edge (1). If the thickness of structure decreases gradually by a power-law profile, the phase speed of
bending waves propagating to the edge decreases, and the wave does not reach the edge. However, this
is only true for the ideal razor sharp end, whereas, in practice, the edge truncation with a finite
thickness is inevitable, which results in wave reflections. To reduce the reflection due to edge
truncation, damping material covering the tapered wedge can be used (2). Many research works have
been conducted for the characterization and analysis of ABH; however, not much work has been done
on the design method to yield an effective ABH for the practical application. In this work, a study to
optimize the finite, truncated ABH plate is done to design an effective ABH plate that will have the
largest attenuation of vibration energy in the frequency bands of interest. With the practical
constraints for the design parameters, the wedge shape and damping layer are optimized. The
evaluation of the effectiveness of ABH is based on the magnitude of resonant peaks in the driving
point mobility, and also on the mean-squared, spatially-averaged velocity. All computations in this
study employ the three-dimensional finite element modeling of finite ABH plate.
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2. BASIC ANALYSIS BASED ON THE ACOUSTIC BLACK HOLE THEORY

2.1 General features of ABH

For a wedge comprising an edge of a plate with gradually decreasing thickness in a direction as
depicted in Figure 1, the phase speed of bending waves is given by

¢, = (Eo* (h(x))* [12p(-v*)) ", (1)

where A(x) is the thickness of the wedge, @ the angular frequency, E the Young’s modulus, p
the density, and Vv the Poisson ratio of the plate material.

h(x) =ex™(m = 2)
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Figure 1 — The ABH plate with an infinitesimally thin edge of the tapered wedge. E, is the Young’s
modulus, 77, the damping loss factor, p, the density of plate, and 4, the thickness of base plate.

If the change in wavelength during the propagation within the wedge is very small, the bending wave
speed approaches zero as the thickness vanishes. In this case, the wave does not reach at the end of the
edge, thus preventing the wave from being reflected. A necessary condition is that the following
smoothness condition is satisfied:

dAx)|_| 1 dk(x)
de | |KFP(x) dx

‘<<1. )

1
k* dx
normalized wavenumber variation (3,4). This smoothness condition can be satisfied by the wedge with
a thickness profile following the power law equation as
h(x)=ex", (m=2) 3)
where x is the distance from the wedge, /(x) the local thickness of the wedge, m a positive
rational number, and & a constant.
However, in reality, an edge is truncated, as illustrated in Figure 2.

Here, k is the local wavenumber, A denotes the local wavelength, and kN = is called the

h(x) = ex™ (m = 2)
hy

[ ! Epnpy
I | I x

0 xg x1

Figure 2 — The ABH plate with a truncated wedge, in which the truncation exists at x,,.

This will spoil the perfect ABH configuration, and thus results in wave reflection from the edge. The
reflection coefficient can be written as

R(x)= exp[-z I Im &(x) dx] . 4)

Xo

Here, k(x) denotes the complex wavenumber. If the truncated wedge is coated with a damping layer,

the reflection coefficient decreases by increasing the imaginary part of the wavenumber. Thus, by treating
the tapered wedge part with damping layer, the ABH plate becomes much more effective for the reduction
of vibration energy (2). The reflection coefficient depends on the design parameters such as the wedge

2404



INTER-NOISE 2016

shape and damping layer. Because a large amount of reflections from the edge causes an accumulation of
the large vibration energy in the whole plate, the relation between the vibration reduction in the whole plate
and the wedge parameters can be identified too.

2.2 Numerical model for the simulation

In the simulation, a commercial finite element code is adopted for the computation of vibration
response in a finite ABH model subject to a harmonic point force P, which is normal to the surface.
The quadratic isoparametric hexahedral element is used in the FE model and the mesh size is chosen
to be smaller than the /6 of the smallest wavelength in the frequency bands of interest (5).

Figure 3 shows the geometry of a finite ABH plate for the simulation. This ABH plate with
additional damping layer on tapered part is compared with two simple plates of different length as
depicted in Figure 4. The geometric characteristics and material properties of ABH plate and damping
material are described in Table 1. The unit point force is applied at ( x,, ¥,,2,) = (320, 107.5, 5) mm

avoiding the nodal lines of the plate modes.

Table 1 — Dimensions and material properties of the plate and damping layer used in the simulation.

. Material properties
Geometrical parameters
Plate Damping layer
L =280 mm, E =190 GPa E,=5GPa
L,=195 mm, £,=7850 kgm £,=950 kgm >
h,=0.2 mm, h=5mm 77,=0.001 17,=0.3
x,(/,)=50 mm v=0.3
(g, Vo. 20)
= (320, 107.5, 5)mm
‘D
¥y
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Figure 3 — Geometry of the ABH plate with the tapered part in the left side. Dimensions and properties are

exhibited in Table 1. The arrow denotes the position of a normal excitation force, P.

| la »

©
Figure 4 — Numerical test models. (a) Simple plate A, (b) ABH plate with additional damping applied at

the tapered wedge, (c) simple plate C. The arrow with P denotes the normal excitation force.

2405



INTER-NOISE 2016

2.3 Simulation results

Figure 5 shows a comparison of driving point mobility of three plate models. One can observe that
the amplitudes of resonant peaks of ABH plate with additional damping layer are decreased largely
above 3 kHz in comparison with the two simple plates.
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Figure 5 — A comparison of driving point mobility at three plate models as shown in Figure 4: ---, simple
plate A; —, ABH plate with additional damping; — - —, simple plate C.

In order to compare the reduction of vibration energy in more detail, the mean-square of the spatially
averaged velocity in the 1/3-octave frequency bands is calculated. As far as the frequency bandwidth
is selected to be wide enough to contain at least 5 resonant peaks, this quantity reveals a steady
vibration energy in the frequency band as (6)

<VZ>=T1W "V do. )

Here, v* is the square of spatially averaged velocity, @,,®, are the lower and upper frequency of
the band, respectively, and Aw=w, —®,. In Figure 5, one can see that the number of resonant peaks is

larger than 5 above 5 kHz in the 1/3-octave band center frequency for all three plates. Therefore, two
frequency bands (5 and 6.3 kHz bands) are selected as the frequency bands of interest. The
mean-squared values of spatially averaged velocity in those frequency bands are numerically
calculated and it can be used to analyze the vibration energy of the plate. The optimization is
conducted using this value, which is called the normalized vibration energy in the frequency bands of
interest.

3. OPTIMIZATION

Based on the ABH theory and the calculated normalized vibration energy, the design parameters
affecting the ABH performance are selected. The base equation to express the wedge profile is the

power law equation expressed as h(x)=h,+&(x—1,)",(m>=2), where Xx is the distance from the
wedge, m a positive rational number, /%, the minimum thickness, [/, the length of constant

thickness at the end of wedge, and & a constant. It is assumed that the maximum thickness and the
length of wedge are fixed in reasonable values for practical reason. The optimization scheme is
subdivided into two parts: One is the optimization of a tapered wedge profile, which defines the shape
of wedge. The other is the optimization of damping layer applied to the wedge. In order to find the
design variables which yield the minimum objective function, the optimization activity is conducted
using a surrogate model. It is noted that the surrogate model is applicable when all outcomes of the
design variables cannot be easily measured. In this work, the surrogate model employs the Kriging
method using a commercial toolbox (7). The objective function is chosen as a minimum value of the
mean-squared, spatially-averaged velocity, i.e., the vibrational energy of the plate, as follows:
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Min[ 3 <v,g>]. ©
f.=5kHz, 6.3kHz
3.1  Wedge profile

First, an ABH plate without damping layer is optimized by design variables related to the wedge
profile. Figure 6 illustrates the geometric model and parameters of wedge profile in an ABH plate. The
minimum thickness of the truncated part, the power law order, and the length of truncated part are
selected as the design parameters that affect the ABH performance and are related to the wedge profile.
Even though the smaller edge thickness gives the smaller reflection coefficient, it is practically fixed.
In this work, it is fixed to be 0.2 mm.

h(x) = hyp + g(x — Ip)™

hl

Eynupy

v
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Figure 6 — Structural model and design parameters for the optimization of wedge profile of ABH plate.
Here, h(x) is the taper equation in the wedge, /, the length of truncated part, /, the total wedge length,

h, the minimum thickness of the truncated part, and /4, the thickness of homogeneous plate.
The constraint of design variables is set as follows:

Design variable: m, [,; Constraints: 2<m<6 & 0< l,<l.

The surrogate model obtained from varying the size of samples is evaluated. Figure 7 shows the
surrogate model obtained from 55 samples which are selected as a valid model. As can be seen in this
figure, ABH plate has minimum value of objective function in the interested frequency range when the
wedge profile satisfies the normalized wavenumber variation as
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Figure 7 - Contour map of mean-squared velocity for the frequency range of interest obtained from the

surrogate model made of 55 samples with normalized wavenumber variation: x, sample points; —,

k,=1; == ,k,=0.55; -~ -k, =045.

N
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One can find that the wedge profile satisfying this range of normalized wavenumber variation is
associated with a smaller mean-squared velocity compared to the other shape. However, it is not easy
to clearly ascertain the optimal design to exist within this range because the difference from other
design shapes is not significant.

3.2 Damping layer

After fixing the wedge profile following the optimum range, we have optimized the damping layer
at the truncated wedge. Figure 8 shows the optimization parameters and geometry for an ABH plate
with damping layer attached in the wedge part only. The thickness and length of damping layer are
defined as the design variables and the thickness of damping layer is assumed constant to remove the
mass loading effect. Then, the constraint of design variables is set as follows:

Design variable: £,, [,; Constraint: ph <0.8p, h(x).

h(x) = hg + e(x — Ip)™

Eynu,pq

hs x
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X
Figure 8 - Optimization model for damping layer of ABH plate, 4, is thickness of damping layer, and /,
is length of damping layer.

Figure 9 displays the normalized vibration energy contours obtained from a validated surrogate model
with the mass constraint function. As can be seen in the figure, two optimum regions can be defined by
the mass of damping layer per width. One corresponds to the damping layer mass of 10-20g/m, and the
other corresponds to that of heavier than 50g/m. The latter condition is achieved when the damping
layer covers the whole tapered part with maximum thickness. Although the damping layers at the two
optimum ranges yield similar normalized vibration energy, the damping layer with smaller mass is
prefered.
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Figure 9 - Contour map of mean-squared velocity for the frequency range of interest obtained from the
surrogate model made of 60 samples with normalized wavenumber variation: x, sample points; —,

ph, =08 ph(x); ---, p,hd,=10g/m; ———, p,h,d, =20g/m; — - — p,h,d, =50g/m.
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3.3 Optimization result

The ABH plate with optimized wedge profile and damping layer is compared with an initial wedge
profile and two simple plates with damping layers which are optimized for each plate models. Figure
10 exhibits the various configurations used in the comparison test. Table 2 lists the calculated
mean-squared, spatially-averaged velocity for each plate, and mass of damping layer per width. The
table reveals that the optimized wedge profile with optimized damping layer exhibits the smallest
vibration energy using the smallest amount of damping material among all plate models.
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Figure 10— Comparison of plate models with damping layer coating, which is individually optimized for
each plate. (a) Simple plate A, (I, h,) = (50, 5) mm; (b) initial ABH plate with damping coating on the
whole wedge surface, (m,l,) = (2.0, 0 m), (/,, h,) = (24, 0.67) mm; (c) optimized ABH plate with a
partial damping on the wedge, (m,[,) = (2.5, 0.012 m), (/,, h,) = (24, 0.67) mm; (d) simple plate C,

(1,, h,) =(50,5) mm. P denotes the normal excitation force.

Table 2 — Mean-squared velocity level of each plate with individually optimized damping layer within the

frequency range of interest, i.e., 4400-7070 Hz (v, =10~ m/s).

2 Mass density of dampin
Plate model fe=5 kﬂgﬁ kHZ<Vﬁ> layer per wiid]th ( pzhfdj
Simple plate A (Fig. 10(a)) 124.9 dB 237.5 g/m
Initial ABH plate (Fig. 10(b)) 124.2 dB 15.3 g/m
Optimized ABH plate  (Fig. 10(c)) 122.6 dB 15.3 g/m
Simple plate C (Fig. 10(d)) 124.0 dB 237.5 g/m

4. CONCLUSIONS

In this study, we design the ABH plates with a large attenuation of vibration energy in the
frequency range of interest. To achieve this goal, the effect of design parameters, which would affect

2409



INTER-NOISE 2016

the vibro-acoustic performance of the ABH structure, have been investigated numerically for the
finite ABH plate. From the simulation results, it is observed that the thickness profile of the tapered
part and the damping layer affect the acoustic black hole effect significantly, and, thus, it provides the
necessity for the optimization. Then, the thickness profile of the tapered wedge and the damping layer
applied on the wedge surface are attempted to be optimized. It is seen that the fully optimized ABH
plate from this study yields about 2-dB smaller normalized vibration energy than the initial
non-optimized ABH plate as well as the simple plates without ABH structures, at least within the
frequency range of interest.
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