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The acoustic properties of anechoic layers with a singly periodic array of cylindrical scatterers are investigated. A
method combined plane wave expansion and finite element analysis is extended for out-of-plane incidence. The reflection
characteristics of the anechoic layers with cavities and locally resonant scatterers are discussed. The backing is a steel
plate followed by an air half space. Under this approximate zero transmission backing condition, the reflection reduction is
induced by the absorption enhancement. The absorption mechanism is explained by the scattering/absorption cross section
of the isolated scatterer. Three types of resonant modes which can induce efficient absorption are revealed. Due to the
fact that the frequencies of the resonant modes are related to the size of the scatterers, anechoic layers with scatterers of
mixed size can broaden the absorption band. A genetic optimization algorithm is adopted to design the anechoic layer with
scatterers of mixed size at a desired frequency band from 2 kHz to 10 kHz for normal incidence, and the influence of the

incident angle is also discussed.
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1. Introduction

Acoustic anechoic layers that are attached to underwa-
ter structures are often used to reduce reflections of sound
energy. To achieve good sound absorption performance, on
one hand, the characteristic impedance of the layer material
should be close to that of the water. Ideally, if they are equal
to each other, when sound wave is incident upon the surface
of the layer, no reflection will occur. On the other hand, when
the sound energy goes into the layer, it is desirable to let the
sound energy dissipate as much as possible to prevent further
reflections at other boundaries and eventually going back to
water. For impedance matching, rubber materials, whose char-
acteristic impedance is close to water, are often used to fabri-
cate underwater anechoic layers. However, its compressional-
wave absorption is not as efficient as its shear-wave absorp-
tion. Hence, rubber layers are usually embedded with scatter-
ers to induce scattering and wave mode conversion which can
enhance the sound energy absorption. Cavity-type scatterers
were used already in the Second World War, [ and have re-
ceived much attention over the past several decades.>13 Re-

U4] which consist of a soft

cently, locally resonant scatterers,
coating layer and a heavy core, have been introduced into the
design of anechoic layers and shown efficient low-frequency
absorption, [15-20]

Traditionally, the scatterers in the anechoic layers are ar-
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ranged in a doubly periodic lattice, however, the anechoic lay-
ers with singly periodic lattice have seldom been discussed.
Recently, the rubber layer with a singly periodic array of in-
finite cylindrical cavities is investigated using layer-multiple
scattering method.!® It has been shown that such anechoic
layers with several millimeters in thickness can provide sig-
nificant reflection reduction over the frequency band between
8 kHz and 20 kHz. The author concludes that the anechoic
layer with a singly periodic array of infinite cylindrical cavi-
ties can be much thinner than the anechoic layer with a doubly
periodic array of spherical cavities for achieving efficient re-
flection reduction in the desired frequency range, under steel
half space backing condition.

Besides the layer-multiple scattering method, a combined
plane wave expansion (PWE) and finite element (FE) method
can also be used to analyze the acoustic scattering of a singly
periodic structure, >!l however, only the in-plane propagation
problems were investigated, the out-of-plane propagation is
rarely considered.

In the present paper, anechoic characteristics of the vis-
coelastic layers embedded with singly periodic cavities and
locally resonant scatterers are investigated by the combined
PWE and FE methods. For practical consideration, the back-
ing condition is assumed to be a steel plate followed by air half
space (steel plate-backing). For the case of oblique sound in-
cidence, the FEM is extended to the case of out-of-plane prop-
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agation. The absorption mechanism is investigated by analyz-
ing the scattering and absorption characteristics of the scat-
terers. A genetic optimization algorithm is adopted to design
the anechoic layer with scatterers of mixed size at a desired
frequency band from 2 kHz to 10 kHz for normal incidence.
Finally, spacial oblique incidence of acoustic waves is also dis-
cussed.

2. Model and method

2.1. Model: three-dimensional acoustic scattering of singly
periodic anechoic layer

Figure 1 shows the model of the anechoic layer under a
steel plate-backing. The viscoelastic polymer slab contains a
line lattice of infinite long cylindrical scatterers. The periodic
distance of the scatterer line, i.e., the lattice constant is de-
noted as a. The backing consists of a steel plate followed by
half-infinite air space. The whole structure can be regarded
as a sequence of different layers perpendicular to the y axis.
The geometry of the structure is characterized by the contin-
uous translational symmetry in the z direction, and the dis-
crete translational symmetry with period a in the x direction.
A plane compressional harmonic wave is incident from the

| water
T scatterer

incident plane wave
(a)

y+
Iy

It
(b)

Fig. 1. (a) The structure includes a viscoelastic layer and a steel plate-
backing. (b) An unit cell of the singly periodic structure.

water half space in front of the anechoic layer. For brevity, the

common time factor e 7%’ is suppressed. The expression of

the incident wave with angular frequency  is

pi(x,y,2) = poexp[j(kex +kyy +k2)], )]

where, ky = ksin 6 cos @, k, = ksin@sin@, k; = kcos 8 is the
wave number in the x, y, z directions respectively; 6 and ¢ are
the polar angle and the azimuthal angle of the incident wave
vector; the total wave number of the incident wave k is given
by k = w/c, where c is the sound speed of water. The inci-
dent sound is scattered by the structure. The scattered sound
contains the reflection to water and the transmission to air. The
goal is to design the anechoic layer to minimize the reflections.
Calculation for the scattered sound is the first step which will
be discussed in this section.

2.2. Combined plane wave expansion and finite element
method

The in-plane propagation problem, i.e., the case of k, =0,
(6 = 0), has been discussed in Ref. [21] by using a combined
plane wave expansion and finite element method. In the fol-
lowing, it will be extended to solve the out-of-plane propaga-
tion problem, i.e., the case of k, # 0, (6 # 0).

The key point to make this extension is utilizing the con-
tinuous translational symmetry of the structure in the z direc-
tion. According to the wave propagation theory, the compo-
nents of the wave vector along the continuous translational
symmetry directions are conserved qualities. This means that
the physical fields F such as displacement u, stress o in the

solid, acoustic pressure p in the fluid, etc. can be written as

F(x,y,z) = F(x,y) exp(jk;z). 2

Because the z-dependent component of the physical fields is
known as exp(jk;z), the unknown (x,y)-dependent compo-
nent F(x,y) needs to be calculated. Hence, the original three-
dimensional problem which is (x,y,z)-dependent can be re-
duced to a two-dimensional problem, i.e., (x,y)-dependent.
According to the well-known three-dimensional (x,y,z)-
dependent wave equations of acoustic medium and solid
medium, we can drive the governing equations for the (x,y)-

dependent physical fields by using the relation (2),

V2p(x,y) + K 4P (x,y) =0,
V.o (x,y)+o’pu(x,y) =0, 3)

where V = [d/dx,d/dy]T, V= [0/dx,0/dy,jk,]T. The kf
is the component of the acoustic wave vector along the x—y
plane, and equal ky, for water, k;, for air. o (x,y) is the (x,y)-

dependent component of the stress in solid. It is a function of
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displacements u(x,y),
o (x,y) = A(V-u(x,y))I +p[Vulx,y) + (Va(x,y)], @)

where A, p represent the Laméelastic constants. The com-
pressional and shear wave speeds c¢; and ¢; are related to the

Laméconstants via

[A+2u m
= 5 = — 5
Cy Ds Ct D, ()

The principle of virtual work for the acoustic medium and

solid medium yields the variational equations for the domain

of the unit cell of the structure as shown in Fig. 1(b),
[, {8 - 0201/ oo/ )pix)]
+Vép(x,y)- Vp(x,y)}d.Q
+ /F {8ple)Vplxy) oy }ar

- /F {8px,) Vo) iy} (©)
and
f, {5uteo) -t
+ Wou(ry):o(x) fag
- [ {uley) (o n}ar
= | {8u(xy)-(o(x.)-m)}dr, )

where 0p(x,y) and Su(x,y) represent admissible variations of
the unknown acoustic pressure and of the unknown displace-
ment vector, respectively. ¢ is the sound speed of the acoustic
medium, c; = ¢ for water domain, c¢; = ¢’ for air domain. Q¢
and g are the fluid domain and the solid domain, I is the
solid—fluid interface, I is the fluid—fluid interface which con-
tains the periodic boundary of the fluid part and the boundaries
I} and Ffﬁ (see Fig. 1(b)), and I3 is the solid—solid inter-
face which contains the periodic boundaries of the solid part.
n represents the out normal unit vector of the boundary. n
represents the normal unit vector of the acoustic—solid inter-
action boundary with direction from solid towards fluid. 7,
and n ,, are two-dimensional vectors. 72,y is composed of the
x- and y-components of the spacial vector 1, and n x, of spa-
cial vector m,. The spatial differential operator V is defined as
V =1[9/dx,d/dy, —jk,]".

The continuity of the normal component of the particle

displacement and the stress at the acoustic—solid interaction

boundary leads to

1
-V X, M :a)z’u, X, Mg xy,
5, VP(E:)) sy (o) msos (el ®

o (x,y)-ns = —p(x,y)ns,

Substituting Eq. (8) to the variational Egs. (6) and (7), a lin-
ear system can be induced by the standard finite element dis-
cretization approximation procedure. [*!

The process for dimension reduction is done, but the vec-
tor on the right of the linear system contains unknown com-
ponents corresponding to the physical fields at the periodic
boundaries and the boundaries I} and I}}". The procedure
for eliminating these unknown components can follow the ap-
proach presented in Ref. [21]. The idea is to utilize the dis-
crete translational symmetry of the structure in the x direction.
According to Bloch theorem in wave propagation theory, the
discrete translational symmetry with period a in the x direction
implies the physical fields F(x,y) satisfying the Bloch condi-
tion

F(x+a,y) = exp(jkea)F (x,y), ©

and the reflected sound p;(x,y) and transmitted sound p(x,y)
can be expanded as the summation of plane waves in a discrete

wave vector space,
Pr(%)’) = Z Ry GXPU (kxmx - kym)’)]a

pxy) = Z TmeXp[j(kxmx‘Fk;mY)]v (10)

m=—oo

in the above expressions, ky, = ky + 27wm/a, kym =
V=R Ky = \JKE =K and ke = /=R, Ky =
m, K =w/c, ¢ is the sound speed of air. For com-
putational consideration, one has to truncate the Fourier series
in Eq. (10) using a number of spatial harmonics large enough
to ensure convergence. The equations (9) and (10) are the key
points for calculating F (x,y) in the unit cell. Assuming 2M + 1
terms in plane wave expansions (10), the plane wave expan-
sion coefficients {R,, }__,, and {T;,}*__, can be calculated
by matching acoustic fields at two boundaries I}~ and I} "
(see Fig. 1(b)), when the acoustic field p(x,y) is solved.

The anechoic performance of the structure is character-
ized by the reflection coefficients & which is defined by the
ratio of the reflected energy per unit area of the structure per
unit time to the incident energy per unit area of the structure
per unit time.[>3] The time average power flux of the sound is
given by P = Re{ pv* } /2 . The incident energy per unit area
of the structure per unit time is given by the magnitude of the
y component of P, and the reflected energy per unit area of

the structure per unit time is given by the magnitude of the y
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component of P. By definition the reflection coefficient is

given by

/
Loz R *hym

% =
|P0|2ky

; (1)

where M’ represents the largest rank of the propagating plane
wave component of the reflected wave. Similarly, the trans-
mission coefficient .7 is defined by the transmitted energy per
unit area of the structure per unit time to the incident energy
per unit area of the structure per unit time, and given by

"
_ P Y | TR

T
p’|pol*ky

12)

)

where M" represents the largest rank of the propagating plane
wave component of the transmitted wave. The absorption co-

efficient of the structure is
A =1-R-T (13)

because of the energy conservation.

3. Anechoic characteristics and mechanisms

The analysis method proposed in Section 2 can be used
for analyzing the echo reduction performance of the anechoic
layer. An important advantage is the flexibility to model dif-
ferent types of structures. Anechoic characteristics of singly
periodic anechoic layers with scatterers of the cavity-type and
the locally resonant type will be discussed. The cross sec-
tions of the two types of scatterers are shown in Fig. 2. The
anechoic mechanisms will be analyzed by revealing the con-
nection between the absorption of the structure and the scat-
tering/absorption behavior of the scatterers.

Py Cis €y

(a)

Fig. 2. (a) Void cavity, (b) locally resonant scatterer.

3.1. Anechoic characteristics

In this section, the thickness of the steel plate and the ane-
choic layer are 30 mm and 10 mm respectively. The wave
speeds and the loss factors of the materials are assumed to
be constant in the analyzed frequency range, although they
should vary with frequency. The physical parameters of ma-
terials used here are listed in Table 1. 7y and 7, represent the
loss factors of the longitudinal module and the shear module
respectively.

Table 1. Physical parameters of materials used in this section. !

Material_ p/(kg/m’) _ci/(m/s) _e/(m/s) _m_ n
Steel 7890 5780 3220
Rubber 1000 1500 100 0.09 09
Silicon rubber 1300 80 10 0.03 03
Water 1000 1500
Air 1.29 340

Setting the lattice constant to be 100 mm, figure 3(a)
shows the frequency variation of the reflection (10log %) of
They
all provide one reflection trough in the considered frequency

the anechoic layers with cavities of different sizes.

range. It is observed that the reflection trough moves to lower
frequency while increasing the cavity size, meanwhile the am-
plitude of the trough increases gradually.

O~ T T T T
8 -10F- N St--7 .
~ \ s
=1 \ ’
Q \ ’
= N
2 -
S
T _ool -
~
(a)
| | | | | |
2 4 6 8 10 12
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X
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2 _10F * x -
3 x .
o
) x X
O
2
&=
CED —20 N x —
* (b)
—30 1 1 | | | |
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Lattice constant/mm

Fig. 3. (color online) (a) The reflection varied with frequency at nor-
mal incidence. The solid line, the dashed line, and the dot—dashed line
are reflection curves with cavity size of 2.5 mm, 2 mm, and 1.5 mm,
respectively. (b) The reflection varied with the lattice constant at the
frequency 6200 Hz, with the cavity size rc = 2 mm.

The frequency of the reflection trough of the anechoic
layer with cavity of r, =2 mm is 6200 Hz. Keeping r. =2 mm
unchanged, figure 3(b) shows the variation of the reflection
with the lattice constant at a chosen frequency 6200 Hz which
corresponds to the above reflection trough. It is observed that
the reflection decreases with the lattice constant decreasing
from 150 mm to 80 mm, and increases with the lattice con-
stant from 80 mm to 30 mm.

Figure 4(a) shows the variation of the reflection of the
anechoic layers with locally resonant scatterers of different
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sizes. In the present computation, the lattice constant is
50 mm. There exist two significant reflection troughs in the
considered frequency range. The frequency and the ampli-
tude of the reflection troughs increase with the scatterer size
decreasing. For analyzing the influence caused by the lattice
constant, we set the scattering size to be 4 mm, let the lattice
constant vary from 150 mm to 30 mm. The frequencies of the
two reflection troughs of the anechoic layer with locally reso-
nant scatterers of r, =4 mm are 1700 Hz and 5000 Hz. Fig-
ure 4(b) shows the reflection curves variation with the lattice
constant at frequencies of 1700 Hz and 5000 Hz respectively.
It is observed that the reflection decreases when the lattice con-
stant decreases for the case of the frequency equaling 1700 Hz.
For the case of the frequency equaling 5000 Hz, the reflection
decreases with the lattice constant decrease from 150 mm to
110 mm, but increases with the lattice constant decrease from
110 mm to 30 mm.

Reflection/dB

2 4 6 8
Frequency/kHz
0 T T T T T T
5P (b) « x X 0
(s X
s o .
= Q o )
3 x
2 10
8 ° °
=
3] (@) O
~ —15
o o)
—20 1 1 1 @ o | 1

40 60 80 100 120 140

Lattice constant/mm

Fig. 4. (color online) (a) The reflection varied with frequency at normal
incidence. The solid line, the dashed line, and the dot—-dashed line are
reflection curves with scatterer size r» of 4.5 mm, 4 mm, and 3.5 mm
respectively. The ratio ry/r; is fixed as 0.6. (b) The reflection varied
with the lattice constant, with the scatterer size r, =4 mm. The cross
markers and the circle markers are reflection curves for the frequency
of 1700 Hz and 5000 Hz respectively.

3.2. Absorption mechanisms

Due to the medium of the transmitted space is air, the
impedance of which is mismatched with steel critically, the
transmission .7 is almost zero. Hence, the relation o ~ 1 — %
is satisfied. The more the sound energy absorbed, the less the
sound energy reflected. The normal incident sound excites

compressional wave in rubber. The excited compressional

wave energy is scattered by the scatterers and the backing. If
the scatterers contain viscoelastic materials, the wave energy
can be absorbed by the scatterers. The rubber materials absorb
part of the scattered energy, the remainder of which goes back
into water and composes the reflection. The reflection or the
absorption characteristics of the anechoic layers should relate
to the scattering and absorption behavior of the single scatterer
which can be characterized by the scattering cross section and
the absorption cross section respectively.

The scattering cross section of a scatterer is defined as the
ratio of the time-averaged power flux scattered in all directions
by the scatter to the intensity of the incident plane wave f;,**

1
PZ /L = lim —

O =
se — r—oo [

Im{la)uic . a’sc} -ndS.  (14)
S 2

In the case where the scatterer is infinitely long cylindrical,
S; represents the cylindrical surface of r-radius and one-meter
length. The absorption cross section is the ratio of the time-
averaged power transferred into the region with unit-length
surface S; that contains the scatterer to the intensity of the in-

cident plane wave, >4l

1

1 -
O =— | —Im< —ou* o ;- -nds. (15)
L Js, 2

The scattering cross section and the absorption cross section
have analytical expressions which can be deduced by cylindri-
cal wave expansion method. Assuming that the incident wave
is compressional,

Uin = Uin exp(jK : T‘)é(K) (16)

The incident plane wave and the scattered wave can be written
[25-27]
as

Zano']nﬁ r, 9)

mehm r0), (17)

uin(r,0)

Usc(r, 0)

where j,o(r,0) and h,s(r,0) are vector cylindrical wave
functions. The scattered wave coefficients b, can be solved
by T-matrix method.>! Using the orthonormal relation and
the asymptotic expressions of the cylindrical wave functions,
we can get the following simple expressions for the scattering
cross section and the absorption cross section,

%Y Ibuol?, (18)

|m

Oup = —W Y {Re{a; bur} + [bur|* +ban* } - (19)
n

Figure 5 shows the scattering cross section curves of the
cavities mentioned in Subsection 3.1. It is observed that there
exists one resonance peak at the frequency near the reflection
trough. Hence, it is concluded that the reflection trough is
caused by the resonance scattering of the cavity. The scattered
wave is dissipated by the rubber materials, then the reflection
is reduced significantly.
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Moreover, the intensity of the total scattered wave by the
lattice of cavities is not only related to the cavity size, but also
related to the lattice constant due to the multiple scattering ef-
fect between the cavities. The multiple scattering effect can
be strengthened by reducing the lattice constant. Figure 3(b)
shows that, when the lattice constant is large enough (between
80 mm—150 mm), the wave energy scattered by the cavity lat-
tice can be absorbed efficiently. As a result, the reflection de-
creases with the decrease of the lattice constant. When the lat-
tice constant is not large enough (between 30 mm—-80 mm),
the total scattered wave cannot be absorbed efficiently, and
therefore the reflection increases with the decrease of lattice
constant.

0.20

0.05

Scattering cross section

Frequency /kHz

Fig. 5. (color online) The scattering cross sections of the cavity, the
solid line, the dashed line, and the dot—dashed line correspond to the
cavity sizes 2.5 mm, 2 mm, and 1.5 mm, respectively.

Figure 6(a) shows the scattering cross sections of the lo-
cally resonant scatterers mentioned in Subsection 3.1, and fig-
ure 6(b) shows the corresponding absorption cross sections. It
is observed that there exists one peak in the scattering cross
sections curve, and the peak frequency is close to the sec-
ond reflection trough in Fig. 4(a). As shown in Fig. 6(b),
there exist two peaks in the absorption cross sections curve,
and the frequencies of the two peaks are close to the two re-
flection troughs in Fig. 4(a) respectively. One can conclude
that the first reflection trough of the structure is mainly caused
by the resonant absorption of the locally resonant scatterers.
The steel core exhibits a rigid body resonance as shown in
Fig. 7(a). The motion of the core forces the coating to vibrat-
ing accordingly, then the wave energy is dissipated in the coat-
ing. The second reflection trough of the structure is caused by
the resonant scattering and absorption of the locally resonant
scatterers. The steel core presents much less vibration than
that of the coating, the coating presents resonant vibrating, as
shown in Fig. 7(b). The incident wave is dissipated in the coat-
ing and scattered back into the rubber matrix. For the first res-
onant mode, the wave energy is mainly trapped and absorbed
in the scatterers, the multiple scattering among the scatterers is
weak. Hence, the reflection decreases with the lattice constant
decreasing at the first resonance frequency, which is shown as

the cross mark curve in Fig. 4(b). Because the second reso-
nant mode presents resonant scattering, the multiple scattering
among the scatterers is enhanced. The reflection of the locally
resonant structure with the variation of lattice constant (the cir-
cle mark curve in Fig. 4(b)) follows a similar pattern as that of
the cavity-type anechoic structure (Fig. 3(b)).

0.20

0.05

Scattering cross section

0
- T T T T
= (b)
= or }
o //\\
= ’ A
8 ’ NS
%) 7 . \\ N
w 4 I . ]
g ro N
= 4 :
Q ’ R \\ AN
o 4 ’ NN,
o 4 N ~
s 2K L0 SooTs A
2, N . < N
. ;N LT =]
Q //'
2
< 0 i | | | |
2 4 6 8
Frequency/kHz

Fig. 6. (color online) (a) The scattering cross sections of the locally
resonant scatterers; (b) the absorption cross sections of the locally reso-
nant scatterers. The solid line, the dashed line, and the dot—dashed line
correspond to scatterer sizes 4.5 mm, 4 mm, and 3.5 mm respectively.

0.1 0.2 0.3 0.4 0.5
(a)

| I
0.1 0.2 0.3 0.4

(b)

Fig. 7. (color online) The displacement amplitude fields at (a) the first
resonant frequency and (b) the second resonant frequency.

4. Optimal design

Efficient absorption performance can be obtained by em-
bedding cavities or locally resonant scatterers into the rubber
layer, but the bandwidth is narrow. The efficient absorption

104304-6



Chin. Phys. B Vol. 23, No. 10 (2014) 104304

is related to the resonance behavior of the scatterers, and the
resonance frequencies are varied with the size of the scatterer.
Hence, the bandwidth of efficient absorption may be broad-
ened by using scatterers of the mixed size. The structure con-
sidered here is shown in Fig. 8. The lattice constant is a.

Fig. 8. (color online) The structure of the anechoic layer with a single
periodic lattice of mixed size scatterers.

The genetic algorithm[8-301 is used to design anechoic
layers. When considering the balance of the worst perfor-
mance and the average performance through the frequency
range, the objective function of the optimization problem is
weighted average of the maximum and the mean value of the
reflection in the design frequency range [f1, f2] at normal inci-

dence,

Y(7) = q( sup %’(f;@)>
felfinfl

+<1—q>( ! fzﬁ(f;@)df>7 0)

f2_f1 il

where 2 represents the set of design variables, and the weight
q € [0,1]. The objective is to find the values of the design vari-
ables that can minimize the value of the objective function.
In the following discussion, the weight ¢ is set as 0.5 and the
frequency range is set from 2 x 103 Hz to 1 x 10* Hz.

For optimal design of the cavity-type anechoic layers,
the thickness is set as 10 mm, and the mechanical param-
eters of the rubber material are fixed as p = 1000 kg/m?,
c¢ = 1500 m/s, ¢, = 100 m/s, i, = 0.05, n; = 0.5. Three de-
sign variables, the radius of the larger cavities 7, the ratio
of the radius of the small cavities to the radius of the larger
cavities rp/r1, and the lattice constant a, are allowed in the
following search space: r| € [1.5,3] mm, ry/r; € [0.2, 1],
a € [20,120] mm. Table 2 shows the optimized values of the
design variables. Figure 9(a) shows the anechoic performance
of the optimized structure. It can be observed that the reflec-
tion of the optimized structure is below —7 dB, i.e., the absorp-
tion coefficients are above 0.8 in the design frequency range
2x10° Hz ~ 1 x 10* Hz.

Table 2. Specification of the optimized anechoic layer for the curve of
Fig. 9(a).

a/mm
77.6439

ri/mm r/r
2.9135 0.3381

m
T
)
g ~1o0F
e
13
=
)
S 15k .
—20 .
1 1 1 1
2 4 6 8 10 12
Frequency/kHz
0 T T T
(b)
A _10k /t
o
~
g
5]
ge]
134
2
% —20| .
o
—30 1 1 1
2 4 6 8 10
Frequency/kHz

Fig. 9. (color online) (a) Reflection of the cavity-type anechoic layer
obtained by genetic optimization at normal incidence; (b) Reflection of
the locally resonant-type anechoic layer obtained by genetic optimiza-
tion at normal incidence.

For optimal design of the locally resonance-type anechoic
layers, the thickness is also set as 10 mm. For the rubber ma-
terial, except that the shear wave speed is allowed within the
search interval [100,200] m/s, the density, the compressional
wave speed, and the loss factors are fixed as p = 1000 kg/m?,
¢y = 1500 m/s, ny = 0.05, n;, = 0.5. For the silicon rubber,
the density and the loss factor are fixed as p** = 1300 kg/m?,
n;" = 0.03, n/ = 0.3, and the compressional wave speed
¢}’ and the ratio ¢;"/c}" are varied with the search intervals
[25,80] m/s and [0.1,0.3], respectively. For the locally reso-
nant scatterers, the ratio of the radius of the core to the radius
of the scatterer is fixed as 0.6, and the radius of the larger scat-
terer r; and the ratio of the radius of the small scatterer to the
radius of the larger scatterer are allowed in the search intervals
[2.5,4.5] mm and [0.3, 1] respectively. The search interval of
the lattice constant is set as [30,100] mm. Table 3 shows the
optimized values of the design variables. Figure 9(b) shows
the anechoic performance of the optimized structure. It can
also be observed that the reflection of the optimized structure
is below —7 dB in the design frequency range of 2 x 10° Hz
~1x 10* Hz.

Table 3. Specification of the optimized anechoic layer for the curve of
Fig. 9(b).

a/mm
92.9724

r /mm r2/r1
3.5663  0.4027

c;/(m/s)
111.2229

¢} /(m/s)
34.7965

e}

0.1353
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Fig. 10. (color online) Level curves for the value of the objective func-
tion as a function of direction of the incident wave. The horizontal axis
and the vertical axis represent the projection of a unit vector in the di-
rection of the incident wave to the x axis and the z axis respectively.
(a) For the cavity-type anechoic layer, (b) for the locally resonant-type
anechoic layer.

The optimization procedure is focused on the normal in-
cidence. In order to check the performance with the varia-
tion of the incident angle, the value of the objective function
defined in Eq. (17) at oblique incidence is computed and the
level curves for the results are shown in Fig. 10. The horizon-
tal coordinate and the vertical coordinate indicate the projec-
tion of the unit direction vector of the incident wave onto the
x axis and the z axis respectively. The results show that the
anechoic performance reduces with incident angle increasing,
however, the reduction is not significant. It is noticed that the
level curves are in approximately circular shape, which indi-
cates that the influence of the polar part and the azimuthal part
of the incident direction on the anechoic performance are very

similar.

5. Conclusions

We have extended the combined PWE and FE method for
out-of-plane incidence, and the reflection characteristics of the
anechoic layers with a singly periodic array of cavities and lo-

cally resonant scatterers are analyzed. By analyzing the scat-

tering and the absorption behavior of the scatterers, the absorp-
tion mechanisms of the anechoic layers are revealed. The effi-
cient absorption of the cavity-type anechoic layer is caused by
the resonant scattering of the cavities. For the locally resonant-
type structure, there exist two resonant modes which induce
significant sound absorption of the structure. The first mode
is the rigid body resonance of the steel core, and the wave ab-
sorption takes place mainly in the coating of the scatterer. The
scattered wave by the scatterers is weak. The second mode is
the coating resonance, the wave absorption is induced by the
resonance absorption and scattering of the scatterer. The re-
flection characteristics of the anechoic layer is related to the
lattice constant, due to the multiple scattering among the scat-
terers. The patterns of the influence of the lattice constant on
the resonant modes are different, and the reason is explained.
The resonant scattering of the cavities and the resonant
scattering/absorption of the locally resonant scatterers can lead
to efficient acoustic absorption, but the frequency band of effi-
cient absorption is narrow. Owing to the fact that the resonant
frequency is related to the size of the scatterers, we use the
structure with scatterers of the mixed size to broaden the band
of efficient absorption. The problem of structure design for
implementation efficient absorption from 2 kHz to 10 kHz is
solved by generic optimization algorithm. The optimized ane-
choic layer of the cavity type and that of the locally resonant
type achieves efficient absorption over the design frequency
range. The influence of the incident angle is also investigated.
The results show that the anechoic performance of the opti-
mized structures tends to get slightly worse as the incident
angle is increased. The influence of the polar part and the
azimuthal part of the incident direction on the anechoic per-

formance are very similar.
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