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In Memoriam

Janusz Woéjcik Professor of the IPPT PAN

1957-2023

Janusz Wéjcik was born in the heart of Poland near
Czarnolas in August 1957. He obtained an M.Sc. Eng.
degree at the Warsaw University of Technology in 1983.
From 1984 until the last days of his life, he worked at
the Institute of Fundamental Technological Research
Polish Academy of Sciences in Warsaw. He received his
doctoral degree on the basis of the dissertation “Non-
linear Envelope Waves in The Vlasov-Maxwell Plasma”
in 1990. In 2004, he was given a permanent position of
IPPT PAN professor and a year later he was appointed
Head of the Ultrasound Introscopy Laboratory at the
Department of Ultrasound.

From the beginning of his work his scientific activ-
ity was focused on the thermodynamics of ultrasonic
waves in tissues modeled as fluids. The theoretical de-
scription of thermal effects occurring under the influ-
ence of ultrasonic waves on tissues is of fundamental
importance not only in planning thermal therapies (hy-
perthermia) used in medicine but also in the elucida-
tion of attenuation phenomena to improve the quality
of medical ultrasonography.

Among the many issues addressed by Professor
Janusz Wojcik, one included, e.g., the quantitative de-
termination of the transient temperature increase in
lithotripsy (1991), the temperature increase in focused
Gaussian ultrasonic beams at various insonation times
(1993), the temperature increase for three-layer and

four-layer two-layer model of obstetric tissue in cases
of non-linear and linear ultrasonic propagation (1999).
He computed also possible temperature effects for
acoustic microscopy used for living cells (2004), ana-
lyzed the phenomena related to the nonlinear reflec-
tion and transmission of plane acoustic waves (2001),
and solved theoretically and numerically the aspects of
nonlinear reflection—transmission phenomena in acous-
tics (2018).

The most important scientific achievement of Pro-
fessor Janusz Wojcik was the introduction, for the first
time in the world, of non-local equations for a liquid
lossy medium, published in the article “Conservation
of energy and absorption in acoustic fields for linear
and nonlinear propagation”, JASA, 1998.

In 2000, he completed his habilitation thesis “En-
ergy Transport in the Feld of Ultrasonic Waves”, which
summarized the above results.

In the following years, Professor Wojcik studied
the scattering of scalar waves in complex media, mod-
eled systems processing scalar waves in stochastic me-
dia, and built a numerical solver for such calculations.
He developed a numerical environment for modeling sto-
chastic tissue structures and determining echoes of
scattered scalar ultrasonic waves in tissues to search
and study the correlation of structure features with
the statistical characteristics of echoes. These studies
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were focused on improving diagnostic tools for patho-
logical changes in the structure of spongy bone and in
arterial walls, and heart tissue dynamics.

Professor Janusz Wojcik was the author and co-
author of nearly 100 scientific papers published in the
best acoustics journals and several dozen papers pre-
sented at international conferences. His works consti-
tute an important contribution to the foundations of
understanding the phenomena of nonlinear fluid dy-
namics; in particular, they allowed the study of the
influence of nonlinearity on the thermal effects of son-
ication and ultrasonic streaming phenomena in fluids.

The center of Janusz Wojcik’s interests has always
been the fundamentals of physics and mathematics
in applied acoustics. He was passionate about them
until the end of his life, even in poor health, he was
discovering new paths and scientific truths, his two
recent publications are the best proof of this. The first
of these publications, “Analytical Solution of the Non-
linear Equations of Acoustic in the Form of Gaussian
Beam” (2022) makes a significant contribution to ap-
plied mathematics by proposing an analytical form
of solving nonlinear acoustic equations in the form of
a Gaussian beam, and the second publication, “Deriva-
tion of Acoustical Streaming Equations for Nonlinear
and Dispersive Fluids” (2023) constitutes a theoreti-
cal basis for explaining and modeling the physical phe-

nomenon of the so-called acoustic streaming. In the
second paper, he obtained formulas that generalize
the known descriptions of the form of forces driving
streaming and extend their application to the case of
nonlinear propagation.

It should be emphasized that Professor Janusz
Wojcik was able to cooperate with other scientists,
he was always full of enthusiasm and willing to help
in solving problems. He passed on his knowledge and
made his numerical software available to both his col-
leagues and younger science students, for whom he lec-
tured during their doctoral studies at IPPT PAN.

Professor Janusz Wojcik was the Deputy Editor-
-in-Chief of Archives of Acoustics.

His scientific contribution to the nonlinear acoustic
allows us to remember the Horatian non omnis moriar.

We will remember Janusz Wojcik not only as a great
scientist, but as a man with a big heart, cheerful, kind
to everyone, and, above all, incredibly heroic in the last
months of his serious illness, working until the last days
of his life.

Janusz Wojcik passed away on September 4, 2023.

We have lost a dear colleague and sincere friend.

Barbara Gambin, Andrzej Nowicki,
and the Editorial Board of Archives of Acoustics
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Using the tunderwater corner reflector (CR) to simulate the acoustic scattering characteristics of the
military target is a new technology to counter active sonar detection. Existing underwater CRs only have
the ability to interfere with the acoustic field, but have limitations in acoustic wave modulation. Therefore,
acoustic metasurfaces applied on CRs to enhance the ability of acoustic wave modulation has a great application
prospect. A fast prediction method based on the Kirchhoff approximation (KA) and the ray tracing theory
is proposed to calculate the acoustic scattering characteristics of CR with acoustic metasurfaces in grooves array
type. The accuracy of the method is verified by the finite element method (FEM) simulation. The modulation
effect of CR with grooves array in different gradient combinations on the structural scattering acoustic field
is analyzed. The research shows that the CR with different combinations of the acoustic metasurface has an
obvious modulation effect on the amplitude of the acoustic waves and the deflection of acoustic field. In par-
ticular, the grooves array in combination with positive and negative gradients has an obvious deflection impact

on the scattering acoustic field.

Keywords: acoustic scattering; metasurface; ray tracing; corner reflector; virtual source method.

® Copyright @ 2023 The Author(s).
This work is licensed under the Creative Commons Attribution 4.0 International CC BY 4.0
BY (https://creativecommons.org/licenses/by/4.0/).

1. Introduction

The radar corner reflector (CR) is an effective pas-
sive jamming device to counter radar detection, which
can be used to blanket the genuine target signal to pro-
tect valuable facilities. The radar CR generally consists
of three rigid plates, which are welded together verti-
cally. The CR with a special geometric structure can
cause an incident electromagnetic wave to be scattered
in it, multiplied and then reflected back to the original

direction. Therefore, CR has a strong backward radar
cross section (RCS), which can cause obvious jamming
and deception impacts on radar-guided weapon sys-
tems (HUANG, 1993; XIONG, 2008); and CR has advan-
tages such as low cost, wide frequency bandwidth, long
operating time, and obvious interference that make it
widely used in protection of important facilities.
Considering excellent performance in countering
radar detection, CRs have shown promising prospects
in underwater applications. The detection and iden-
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tification of low noise level targets in water is based
on an active sonar, and the receive-respond approach
is used as the traditional method to counter the ac-
tive sonar by receiving, processing, and transmitting
back the active sonar detection signal (CHEN, ZHAO,
2014; XU et al., 2017; Lu, 2009). The prospects for
engineering applications are limited by the complex-
ity of the method, and the difficulty in the simula-
tion of a real echo of the target. Therefore, the pas-
sive jamming devices, especially CRs, have recently
attracted a lot of attention from researchers. It was dis-
covered that elasticity or rigidity has no influence on
strong scattering capacity of underwater CRs (CHEN
et al., 2018; CHEN, Luo, 2019). Moreover, the struc-
tural characteristics indicate that multiple scattering
of acoustic waves must be taken into account in calcu-
lation. Therefore, the “shooting and bouncing acoustic
beams” method based on the planar element method
(PEM) is proposed to calculate the scattering sound
field of an underwater CR (CHEN, 2012; CHEN, SUN,
2013). However, this is only an approximate numerical
calculation, problems such as non-convergence of cal-
culation results and idealistic analysis conditions still
exist. MOLLER and TRUMBORE (1997) proposed a fast
algorithm to judge whether a ray passes through a par-
ticular triangle, which makes it possible to introduce
the virtual source method into PEM to calculate the
multiple scattering acoustic field.

The existing underwater CRs only have the ability
to interfere with the sound field, limitations still ex-
ist in modulation of sound waves, which can be com-
pensated by utilization of acoustic metasurfaces. Such
structures are theoretically based on the generalized
Snell law and acoustic wave modulation can be real-
ized through surface phase changes (LI et al., 2013;
ZHAO et al., 2013; 2018; TIAN et al., 2020). With ref-
erence to optical metasurfaces, acoustic metasurfaces
was first proposed in 2013, in which a structure with
a phase abrupt change was used to make incident waves
conform to the generalized Snell law, thus achieving an
anomalous refraction and reflection on the interface of
different mediums (YANG et al., 2022; YUAN et al.,
2020; ZHAO et al., 2020). CHRISTENSEN et al. (2007)
proposed a grooves array structure and used the cou-
pling of the surface acoustic wave (ASW) to achieve
the acoustic field control. Since then, the ability to
modulate acoustic waves of acoustic metasurface has
attracted widespread attention.

The dihedral CR is one of reflectors with strong
multiple scattering ability (LU et al., 2020). In this
paper, a dihedral CR embedded with acoustic meta-
surface is designed based on the generalized Snell law,
and the metasurface itself is grooves array whose depth
varies in gradient. An improved PEM combining the
Kirchhoff approximation (KA) and ray tracing is pro-
posed to calculate the scattering acoustic field of CR
with acoustic metasurface. Furthermore, the influence

of different combination of an acoustic metasurface on
the dihedral CRs scattering acoustic field is discussed.

2. Relevant theories and models
2.1. Acoustic metasurface

Different from the traditional Snell law, the modu-
lation effect of phase variation on the acoustic wave was
first proposed in the generalized Snell law, the modu-
lating mechanism of which is expressed as:

. . Ao dP(z)

sinf,. —sin6; = 5 dg (1)
where 6, and 6; are the reflection and incident angles,
d®(z)/dz is the surface phase gradient, and \g is the
wavelength.

The dihedral CR with an acoustic metasurface was
designed based on the generalized Snell law. In order to
realize the phase change of the surface acoustic wave,
a group of grooves whose depth varies in gradient are
constructed on the surface, as shown in Fig. 1. The sur-
face whose thickness usually less than the wavelength
is called acoustic metasurface (YU et al., 2021). The
relationship between the reflection and incident angles
of an acoustic wave scattered by a metasurface can be
written as:

0, = arcsin (sin6; + 2g) , (2)

where 0, is the reflection angle, g is the gradient of
grooves array (ZHU, 2018). The dihedral CR with an
acoustic metasurface was designed based on the gen-
eralized Snell law (Fig. 1). The gradient of grooves is
g = dh;/dz =0.1. When the frequency of the incident
acoustic wave fy is 10 kHz, the acoustic phase varia-
tion ranges of the grooves array according to Eq. (1)
is 0~27, and the step size is 7/5.

Reflected waves

“ Incident waves

i

N
[ 2> Positive gradient direction

1 2 3...i..N-1

Fig. 1. Calculation model on scattering acoustic field of
acoustic metasurface unit.

In this paper, an improved PEM is proposed using
the Snell law combined with the virtual source method
and the ray tracing method to calculate the directional
modulation effect of CR with acoustic metasurfaces.
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2.2. Improved planar element method

PEM mainly uses the KA theory, which is called
the physical acoustic method (FAN et al., 2012). This
approximation method has two basic assumptions:

1) the scattering surface can be divided into illumi-
nated areas that has contribution to acoustic scat-
tering and shadow areas that has no contribution
to acoustic scattering;

2) each part of illuminated area can be treated as
a plane and the reflected wave conforms to reflec-
tion rule.

As shown in Fig. 2, S is the entire outer surface of
scattering object; r; and ry are the vectors from the
unit surface d.S to the incident point M7 and receiving
point Ms; 61 and 05 are the angles between the surface
normal vector n and ry, ra, respectively.

Fig. 2. Kirchhoff approximation theoretical model.

Assuming that the incident acoustic potential is ¢,
the scattering acoustic potential satisfies the following
Helmholtz integral equation, which is expressed as:

1 a9 [ el*r: O eI*r2
¢S(r2)—47rsf[¢ian( - )— 5 1 ]dS. (3)

Considering the scattering object as a rigid surface,
the expression of scattering acoustic pressure is

jk(ri+rs)
¢s(r2) __7/[ = (cosfy +cosfy)dS. (4)

riry

In the monostatic case, |r1] = |r2| = |r|, |r10] = |r20] =
[ro|, Ary = Are = Ar, and 6; = 65. Equation (4) be-
comes

jk2rg
¢s(r) = jk € f/ eIF2AT 050, d S. (5)

The phase variation caused by the grooves array
can be expressed as:

@i (i € the grooved region),
o= 2kh; = { (6)

0 (7 € the non-grooves region),

where h; is the depth of the i-th groove.

When calculating the scattering sound pressure
of the acoustic metasurface, the corresponding phase
variation should be considered. Therefore, the scat-
tering acoustic wave potential function at the i-th
groove is:

P, = Psi- e’ (7)

The target strength (TS) is calculated by summing
the scattered acoustic wave potential functions, which
is expressed as:

) ®)

where r is the distance from the incidence point to the
center point of the plate.

TS = 20 loglo (

g 2
!

Z ¢S,i r

i=1

2.8. Dihedral CR with acoustic metasurface

The double acoustic scattering phenomenon in the
dihedral CRs makes the solution of the scattering
acoustic field more complicated. It can be simplified
as the double scattering problem between two discrete
rigid plates, as shown in Fig. 3. In the monostatic case,
where T is the incidence and receiving point, 7" is
the geometric symmetric point of T with respect to
plate 1, M and P are the centers of plates 1 and 2;
n; and n, are the outer normal vectors of plate 1 and
plate 2, respectively; ry is the vector from the incident
point T to M, rs is the vector from the incident point T’
to any point @ on plate 2, and rj5 is the vector from
the center of plate 1 to arbitrary point () on plate 2.

Virtual source point

\ Sound source point
T

r \\ Plate 1

n,

Plate 2

Fig. 3. Schematic of double scattering diagram
between discrete plates.

In the monostatic case, the acoustic wave from the
incidence point T is scattered by the plate 1 to plate 2,
then reflected by plate 2 and finally comes back to the
receiving point 7. The process can be equivalent to
the situation that an acoustic wave comes from the
virtual source point 7" to the plate 2, and then is scat-
tered to the receiving point 7. Furthermore, the mul-
tiple scattering acoustic field between plates can be
calculated by combining PEM with the virtual source
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method, and the double scattering potential function
can be expressed as:

e]k(r +r12+r2)
/] (cosf + cosf)dS.

(I‘l + 1‘12)1‘2
(9)

The dihedral CR with an acoustic metasurface can
be achieved by the grooves array, and the single scat-
tering acoustic field is shown in Fig. 4a. Where 6,1,
0i2, 0,1, and 0,5 are the incident angles and reflection
angles of the acoustic wave of face I and face II, respec-
tively. This paper only considers the monostatic case,
thus the incident angle of the single reflection and the
reflection angle are on the same side of the normal
vector. The single scattering acoustic field consists of
two parts, which is the acoustic pressure reflected by
grooves regions and non-grooves regions, respectively.

The double scattering acoustic field includes the
scattering acoustic wave from face I to II and face II
to I. As shown in Fig. 4b, for symmetry of geometry
and an angle of incidence, only the scattering acoustic
field from face I to II is described.

¢S(I‘2) =

AZ
a) Incident waves on II

Reflected waves on 11

'fzr_z Reflected waves on |

0, " Incident waves on I
[
1

N 0,
1
:
]
1
1

Secondary reflected waves
from I to II

" n2-6,
e Incident waves on [
) W20,

II

—

X

Fig. 4. Reflection of a dihedral reflector:
a) single; b) double.

When the acoustic wave is incident on the surface I
and scattered on the surface II, the acoustic pressure
at the grooves is modified by multiplying phase fac-
tors according on Subsec. 2.2, and the double scatter-
ing acoustic field of the dihedral CR is acquired by
utilizing the improved PEM algorithm combined with

the virtual source method and the ray tracing method,
which can be expressed as:

1 II_ (Z

where M is the number of planar elements in face I
from which an acoustic wave can be scattered to face II,

fg ITis the corresponding potential function. Assuming
that the acoustic wave incident to the planar 1 in the
face I and then is scattered to planar 2 in face II, hy
is the depth of the corresponding groove if planar 1
is in the grooves’ region, hy = 0 if planar 1 is in the
non-grooves’ region. The determination of ho follows
the similar process by considering situation in face II.
P; can be expressed as:

2jk(h1,7;+h2,i)) (10)

6jk(r;,i+rm,i)
Pi = T no - (
‘rq7i| |rm7i|

Yo +tmi)] s (1)

where r/ ; is the local coordinates of a virtual source
,

point of the incident point about planar 1, r,, ; is the
local coordinates of receiving point, ns is the normal
vector of planar 2, the scattering contribution Iy - H
written as:

_JkR [rqo itmg,i] dS, (12)
SI-11

where r; ; and ry,,; are the unit vectors of rf ; and
', respectively.

A similar process can be used to obtain qu I The
total scattering acoustic field is the summation of
the potential function of single reflection and double
reflection:

¢ =5+ s +d5 +hy (13)
where rj)l and QSH are the potential function of single
reflection from face I and II, respectively; I T and

#4371 are the potential functions of double reﬂection
from face I to IT and II to I, respectively.

3. Simulation

The acoustic scattering characteristics of the di-
hedral CR with an acoustic metasurface are studied
to verify the control effectiveness on the scattering
acoustic field of the structure, and the accuracy of
the improved PEM. The schematic of the dihedral
CR with and without acoustic metasurface is shown
in Figs. 5a and 5b. Calculation results of TS of the
dihedral CR with an acoustic metasurface and CR it-
self using the finite element method (FEM) is shown
in Fig. 5¢c. Comparison of dihedral CRs with acous-
tic metasurfaces calculated with FEM and improved
PEM proposed in Sec. 2 is shown in Fig. 5d. All the
calculation is under monostatic situation, as a result,
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—o—FEM acoustic metasurface
—o—FEM plate

-20 T T T T T
0 15 30 45 60 75 90

01°]

b)

= i

30

=—o=mproved PEM
251 ——FEM

T
15 30 45 60 75 90
o1

Fig. 5. a) Model of dihedral CR; b) model of dihedral CR with acoustic metasurface; c¢) calculation results of TS of
dihedral CR with acoustic metasurface and CR itself using FEM; d) comparison of dihedral CRs with acoustic metasurfaces
calculated with FEM and improved PEM proposed in this article.

f in Figs. bc and 5d is both an incident angle and a re-
flection angle. The effect of different structural com-
binations and periodic arrangements on the scattering
acoustic field is studied in Subsecs. 3.1 and 3.2.

When frequency is 25 kHz and 6 is 0°~90°, the
scattering acoustic field of the dihedral CR (Fig. 5a)
and the dihedral CR with the acoustic metasurface
(Fig. 5b) were analyzed using FEM, respectively, as
shown in Fig. 5¢c. The TS of the dihedral CR reaches
the peaks values of 14.98, 17.33, and 14.98 dB at 6 = 0°,
0 =45°, and 0 = 90°. The TS of the dihedral CR with an
acoustic metasurface reaches peak values of 13.86 dB
at @ = 6° and 0 = 84°. The dihedral CR with an acoustic
metasurface has significantly decreased the TS ampli-
tude 6 ranges from 7.5° to 83.5°. The results show that
the dihedral CR applying an acoustic metasurface can
significantly decrease their TS in most incident angle
ranges and change the directivity.

Figure 5d shows that the TS of the acoustic meta-
surface dihedral CR calculated by the improved PEM
and the FEM fits well, which verifies the accuracy of
the improved PEM, but there are still some errors.
The main reason is that the improved PEM calculation
merely considers the effects of acoustic metasurface
as phase changing, while the multiple reflections be-
tween the bottom and the side walls of the grooves are

not considered, which is taken into account by FEM.
Therefore, that is the reason why two methods have
errors under certain incident angles.

3.1. Grooves array in single-period gradient

Based on the generalized Snell law, the acoustic
reflection angle is not only related to the acoustic inci-
dent frequency, but also to the gradient of the metasur-
face groove array. When the frequency of the incident
acoustic wave is f = 10 kHz and the angle of incidence
ranges 6; = 0°~90°, the effect of the gradient magni-
tude and direction of the grooves array gradient on the
scattering acoustic field of the dihedral CR is discussed
and analyzed in this section.

8.1.1. Gradient magnitude

The reflection angle of acoustic waves can be ad-
justed by changing the magnitude of the grooves array
based on the generalized Snell law, thus the grooves
array gradient can be used to modulate the reflection
direction of an acoustic wave. The designed gradients
of the grooves array are g = 0.1, 0.2, 0.3, respectively.
Figures 6a—6¢ show the dihedral CR models and TS
results of the grooves array in different gradients. As
shown in Figs. 6d—6f, the dihedral CR with different
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a) b)

)

d) e) f)
25 25 25
20]  —o— Dihedral CR with acoustic metasurface, g = 0.1 0] — Dihcdral CR with acoustic metasurface, g = 0.2 20] = gi:Cgra: (L:: with acoustic metasurface, g = 0.3
5] __ Dihedral CR 151 o= Dihedral CR 5] o= Dihedra!
10 104 ) .
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Fig. 6. Models and TS calculation results of grooves array in different gradient magnitude: a) g =0.1; b) g = 0.2; ¢) g = 0.3;
d)—f) are calculation results for model a)—c), respectively.

gradients of grooves array has different modulation ef-
fects on the scattering acoustic field of the target. The
TS amplitude is modulated at most incident angles,
and increases or decreases with an incident angle. By
comparing dihedral CR with acoustic metasurface and
dihedral CR itself, the results show that the corre-
sponding angles of peaks change significantly.

As shown in Figs. 6d—f, when g = 0.1, the TS of the
dihedral CR with acoustic metasurface is significantly
higher than CR itself at the angle range of 3°~30° and
60°~87°, and has peak values near the incident angles
of 5° and 85°. When g = 0.2, the TS of the dihedral CR
with acoustic metasurface is significantly higher than
CR itself at the angle range of 8°~15° and 75°~82°,
and has peak values at 12° and 78°. When g = 0.3,
the TS of the dihedral CR with acoustic metasurface
is significantly higher than CR itself at the angle range
of 14°~20° and 70°~76°, and has peak values at 17.5°
and 72.5°.

Comparing the calculation results in Figs. 6d-6f,
the corresponding angle of the peak varies with the
magnitude of the gradient of the grooves array, which
indicates that magnitude of gradients can change the
main direction of an acoustic scattering field. It can
also be seen that the TS amplitude is reduced most ef-
fectively when g = 0.3. Therefore, it is possible to re-
alize enhancing or reducing the TS of the underwater
simulator within a large range of incident angles.

8.1.2. Gradient direction

Without changing the gradient magnitude of the
grooves array (gradient magnitudes are g = 0.1), the TS
of the dihedral CR of the grooves array with different
gradient direction combinations is calculated and ana-
lyzed. Figure 7 shows schematic of a calculation model
and comparison of calculation results between the di-
hedral CRs and dihedral CRs with an acoustic meta-
surface in different combinations of the gradient direc-
tion. It can be seen that TS of all the dihedral CRs with
an acoustic metasurface in different gradient combina-
tions have been significantly reduced in a certain range
of angles, which proves that all the three structures are
effective in modulation of the scattering acoustic field.

As shown in Fig. 7d, the whole TS curve of the
structure in a positive-negative gradient has a ten-
dency to approach to 6 = 0°, which means that the
phase change has occurred in the process of wave prop-
agation of the structure, and the main reflection direc-
tion of acoustic scattering is significantly changed. Fig-
ure 7e shows that the T'S amplitude of the structure in
the negative-negative gradient has decreased obviously
in most angles, with valley values of 35.4 dB at 6 = 35°
and 0 = 55°, respectively. Figure 7f shows the structure
of combination of positive-positive gradient has en-
hanced TS amplitudes at 6 = 5°~35° and 6 = 55°~ 85°,
and the peak values appear at § = 6° and 6 = 84°.
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Fig. 7. Models and calculation results of grooves array with different gradient combinations: a) positive-negative
gradient model; b) negative-negative gradient model; ¢) positive-positive gradient model; d)—f) are calculation
results for model a)—c), respectively.

From the above results, it is shown that all three
structures have different effects on modulation of
acoustic scattering. The structure in positive-negative
gradient has a more obvious modulation effect on the
directivity of an acoustic wave. And the model of
negative-negative gradient has a more apparent modu-
lation effect on the TS reduction of the target. There-
fore, the application of dihedral with an acoustic meta-
surface is of great value in modulation of the scattering
acoustic field.

3.2. Grooves array in double-period gradient

The dihedral CR with the double-period gradient
acoustic metasurface is composed of the acoustic meta-
surface whose gradient is g = 0.1 as the unit, as shown
in Figs. 8a—8c. The acoustic scattering characteristics
with different combinations are studied, and the results
are shown in Figs. 8d—8f.

As shown in Fig. 8d, the TS directivity curve has
a tendency to approach to # = 0°, and the TS am-
plitude decreases significantly at 6 = 9°~81°, while
increases significantly at § = 82°~87°. The modula-
tion of the main reflection direction and the TS am-
plitude of an acoustic scattering wave is more obvious
compared with Fig. 7d. Figure 8e shows that the TS
amplitude of the dihedral CR with the double-period

negative-negative gradient is obviously decreased at all
incidence angles, and the decrease effect is more obvi-
ous comparing with Fig. 7e. The TS amplitude of the
double-period positive-positive gradient combination
of dihedral CR decreases between 8° and 82°, while
increases significantly at the incidence angle of 3°~7°
and 83°~87°, as shown in Fig. 8f. Moreover, the range
of angles at which the T'S decreases is larger compared
to the single-period (Fig. 7f).

The results show that the TS amplitude of these
three double-period combinations is significantly re-
duced in most of the incident angle ranges and in-
creases in a small angle range. Compared with the sin-
gle period, the dihedral CR with double-period com-
bination has more complex TS directivity curve and
more peaks, and the modulation effect of acoustic scat-
tering characteristic is more obvious. Therefore, in-
creasing of the periodicity of the grooves array has
a positive effect in reduction of the TS amplitude and
enhancing of the main direction of acoustic scattering.
The modulating effect of the grooves array on the di-
hedral CR acoustic field is the reason of the reduction
effect of TS amplitude. On the one hand, as the grooves
increase the propagation distance of acoustic wave
compared to the flat plate, which causes a decrease in
the sound pressure amplitude. On the other hand, the
phase change caused by the acoustic wave in the groove
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leads to an abnormal relationship between the incident
and reflected angles, creating a change in the acoustic
field.

4. Conclusion

A dihedral CR with an acoustic metasurface is de-
signed by the generalized Snell law, to realize modu-
lation of the underwater scattering acoustic field. An
improved PEM method, taking into account the phase
variation caused by grooves, is proposed to calculate
the TS of the structure. By comparing the simula-
tion results and PEM results, the effectiveness of the
calculation method is verified. The scattering acous-
tic field and the modulation effects of dihedral CR
with an acoustic metasurface in different combina-
tions of the gradient and period is calculated and dis-
cussed. The results show that single-period and double-
period grooves array can be applied to dihedral reflec-
tors to modulate the amplitude and the main direction
of acoustic scattering. In particular, the combination of
positive-negative gradient grooves array is more effec-
tive in modulating the main direction of acoustic scat-
tering, and the combination of negative-negative gradi-
ent grooves array is effective in reducing the TS ampli-
tude of the target. Increasing the periodicity can fur-
ther reduce the TS amplitude and enhance the modu-

lation effect of the main direction of an acoustic field.
As the dihedral CR is the structural basis of underwa-
ter CRs, it is important to study the modulation mech-
anism of the scattering acoustic field from the dihedral
CR, which establishes the foundation of the innovative
design of underwater passive acoustic decoys.
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For a simplified sonar dome model, an optimization method for internal gradients of functionally graded
material (FGM) acoustic windows is proposed in this paper. This method can be used to design optimized FGM
acoustic windows with better turbulent self-noise suppression and sound transmission performances. A theoret-
ical model of FGM acoustic windows to evaluate the reduction of self-noise caused by the turbulent boundary
layer (TBL) pulsating pressure and the sound transmission loss (STL) is derived through the double Fourier
transform and the wavenumber frequency spectrum analysis, respectively, based on the transfer matrix idea
and the classical elastic theory. The accuracy of the theory is verified by the finite element results of COMSOL
Multiphysics. Utilizing the genetic algorithm (GA) and taking the monotonic gradient as the constraint condi-
tion, the internal gradient optimization method of FGM acoustic windows obtains the optimization variables in
the Bernstein polynomial when the optimization objective is minimized by iterating the optimization variables
in the deviation function represented by the Bernstein polynomial that is introduced in the gradient function.
The STL, the turbulent self-noise reduction or a weighting function of the STL and turbulent self-noise re-
duction of FGM acoustic windows is chosen as the optimization objective. The optimization calculation of the
sound transmission or turbulent self-noise suppression performances is carried out for the FRP-rubber FGM
(FGM with fiber reinforced plastic (FRP) as the substrate material and rubber as the top material) acoustic
window. The optimized results show that both the sound transmission and turbulent self-noise suppression
performance are effectively improved, which verifies the effectiveness of the optimization method. Finally, the
mechanism of the sound transmission and self-noise suppression characteristics before and after optimization
are explained and analyzed based on the equivalent model of graded materials. The research results of this
paper provide a reference value for the future design of FGM acoustic windows for sonar domes.
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1. Introduction

When underwater vehicles operate, a sound per-
meable enclosure, which is known as the sonar dome,
is usually configured outside the sonar array to avoid
the impact of water flow on the array and prevent
direct interference from exposure to turbulent self-
noise (LAVENDER, 1994; SRIVASTAVA, 1998). The suit-
able design of a sonar dome ensures sufficient strength
and a favorable linear shape but requires good sound

transmission and turbulent self-noise suppression per-
formance; in particular, the sound transmission loss
(STL) of the external acoustic signal or the transmit-
ting signal of the internal matrix should be reduced
as much as possible. The turbulent self-noise suppres-
sion characteristics require that the acoustic window
can suppress “pseudo-sound”, that is, filter out the
structural vibration noise caused by external turbu-
lence. Early designs of acoustic windows used stainless
steel, but the turbulent self-noise suppression char-
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acteristics were poor. In the 1970s and 1980s, the
subsequent use of rubber material improved the tur-
bulent self-noise reduction, but the stiffness was not
sufficient. Currently, fiber reinforced plastic (FRP) is
mostly used as an acoustic window material with good
sound transmission performance and strong stiffness;
however, its turbulent self-noise reduction needs to be
improved (HOFFMANN, 1998; BURTON, 1998). Schol-
ars have found that the effect of multilayer composite
plates is better than that of single-layer structures in
terms of both sound transmission and turbulent self-
noise suppression performance. Compared with a sin-
gle material, a composite plate can benefit from the
advantages of different materials (CREMER et al., 2005;
HAM et al., 2018; LEE et al., 2010; YU et al., 2005) and
thus, can provide more performance improvements.
However, the impedance discontinuities at the inter-
faces of different materials have a certain influence on
the acoustic-vibration characteristics of simple sand-
wich composite plates.

The functionally graded materials (FGMs) (MoOR-
TENSEN, SURESH, 1995; POMPE et al., 2003; Liu
et al., 2004; PRAKASH, GANAPATH, 2006), which are
widely used in the fields of aviation, optics, and en-
ergy, have smooth and continuous material proper-
ties along the thickness direction, can achieve continu-
ous impedance transitions and impedance connection
matching, and can potentially be applied in acous-
tics (LANE, 1981). There have been few studies on
the sound transmission characteristics and turbulent
self-noise suppression characteristics of FGMs; and
most studies have focused on structural acoustic radi-
ation (GEORGE et al., 2016; HOSSEINI-HASHEMI et al.,
2010; ZHAO et al., 2009; IQBAL et al., 2009; KUMAR
et al., 2009). SHANG (1965) studied the acoustic re-
flection performance of a gradual absorption layer in
1965, deduced a general expression for acoustic reflec-
tion of a gradual absorption layer, and concluded that
an absorption layer with a linear gradual change in
material parameters provided good acoustic absorp-
tion performance. CHANDRA et al. (2014; 2015) used
a simple first-order shear deformation theory to in-
vestigate the displacement, velocity, acceleration, ra-
diated sound level, radiated sound pressure level and
radiated efficiency of FGM plates with power-law ex-
ponential changes. The acoustic transmission loss of
FGMs with different incident angles and power-law
exponents was studied in detail. The simulation re-
sults showed that the transmitted sound power level
increased monotonically with an increasing power in-
dex in the low frequency range of 0-500 Hz, with a dif-
ference of more than 10 dB(A). RABBANI et al. (2019)
established a thick-walled FGM cylindrical shell theory
model to solve the deformation and stress in cylindri-
cal shells by using the state space method based on
the three-dimensional elastic theory and the piezoelec-
tric elastic theory and calculated the acoustic trans-

mission loss caused by the piezoelectric effect of thick-
walled piezoelectric composite cylindrical shells un-
der plane wave excitation. The results were verified
through COMSOL. In the area of turbulent self-noise
suppression, ZHOU et al. (2020) used FGM to carry
out research on sonar self-noise reduction. The Cor-
cos model, which considered the excitation source of
the sonar structure, was adopted to establish a hydro-
dynamic noise prediction model of a uniformly coated
layer and conduct research on turbulent self-noise re-
ductions. The effect of FGM on the turbulent self-noise
suppression performance was analyzed for four typical
distribution characteristics: linear, parabolic, power-
law, and exponential functions. According to the lit-
erature results, FGMs have good research prospects in
both sound transmission and turbulent self-noise sup-
pression. However, these characteristics have not previ-
ously been considered simultaneously in previous FGM
research.

In this paper, the turbulent self-noise suppression
and sound transmission characteristics of acoustic win-
dows made from FGM are studied simultaneously for
the sonar dome. Through the internal gradient op-
timization design, optimized FGM acoustic windows
with better turbulent self-noise suppression and sound
transmission performance are obtained. The main sec-
tions are arranged as follows. In Sec. 2, based on
the classical elastic theory and the transfer matrix,
a theoretical model on FGM acoustic windows to eval-
uate the turbulent self-noise caused by external tur-
bulent boundary layer (TBL) pulsating pressure and
STL towards an incident plane wave is derived utiliz-
ing the double Fourier transform and the wavenumber-
frequency analysis, and the accuracy is verified by the
finite element results of COMSOL Multiphysics. In
Sec. 3, specific internal changes in the gradient opti-
mization method for FGM acoustic windows are pro-
posed based on the twin consideration of the turbulent
self-noise suppression and sound transmission perfor-
mance, which enables design of an optimized FGM
acoustic window with higher turbulent self-noise re-
duction and lower STL. In the optimization method,
a monotonic gradient is taken as the constraint condi-
tion. Upon combining a genetic algorithm (GA), five
optimization variables in the Bernstein polynomial,
when the optimization objective is minimized, are ob-
tained by iterating optimization variables in the devia-
tion function represented by the Bernstein polynomial
introduced in the gradient function. The optimization
objective is expressed as the STL, the turbulent self-
noise reduction or a twin weighting function of the
STL and turbulent self-noise reduction of FGM acous-
tic windows. In Sec. 4, optimization calculations of the
sound transmission or turbulent self-noise suppression
performances are carried out for an FRP-rubber FGM
based on the proposed gradient optimization method.
In Sec. 5, the mechanism of the sound transmission
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and turbulent self-noise suppression characteristics of
the FRP-rubber FGM acoustic window before and af-
ter optimization are explained based on the spectral
method and a thin-plate model, using the equivalent
model of graded materials. In Sec. 6, the conclusion is
provided.

2. Theory model of turbulent self-noise and STL
for a simplified sonar dome
with FGM acoustic windows

The sonar dome structurally consists of an acoustic
window, a cavity in the dome and a sonar array sur-
face; a simplified two-dimensional sonar dome model
(Yu et al., 2005; MAIDANIK, 1968; CRIGHTON et al.,
1992) composed of flat plates and parallel cavities can
be adopted. In this model, the acoustic window is a flat
plate made from FGM. Because the material prop-
erties of FGM change with thickness, the most effi-
cient method to calculate the vibro-acoustic perfor-
mance is to use discrete N-layer approximation ma-
terials. Each layer is an infinitely homogeneous and
isotropic medium. The cavity between the sonar ar-
ray and the acoustic window is idealized as a liquid
layer. The sonar array surface is idealized as a plane
with a surface acoustic reflection coefficient of R. Out-
side the sonar dome is a semi-infinite acoustic medium,
which is affected by a stationary random TBL pulsat-
ing pressure and an incident plane wave. The theo-
retical analysis model and the z-z coordinate system
of the sonar dome are shown in Fig. 1. The thickness of
the acoustic window is H, the total number of layers
is N, and the index is numbered from the outer surfa-
ce (z = 0) to the inner surface (z = H) of the dome.
The 1st layer, i.e., the upper interface, is called the
top layer (symbol t). The N-th layer, i.e., the lower
interface, is called the base (symbol b). The external
water layer is the 0 layer. The sonar cavity water layer
is the N+1 layer with height L. The time factor is e .

Here, pj, is the incident plane wave with an inci-
dent angle 6;; p, within a reflection angle 6, and p;
with a refraction angle 6; are the reflected wave and
the sonar cavity acoustic field caused by the incident
plane wave, respectively; and pg and py.1 are the ex-
ternal acoustic field and the sonar cavity acoustic field
caused by the TBL pulsating pressure F', respectively.
According to the principle of linear superposition, the
self-noise caused by the TBL pulsating pressure F' and
the transmission acoustic field caused by the external
sound source can be calculated separately.

2.1. Theoretical model of the wavenumber-frequency
response function of the turbulent self-noise excited
by TBL pulsating pressure

Although the TBL pulsating pressure F is ran-
dom in time and space, it is stable and fixed in the
wavenumber-frequency space after statistical analysis.
Therefore, the sonar self-noise caused by the TBL
pulsating pressure F' is calculated as the vibration-
acoustic radiation in the wavenumber-frequency space.
The double Fourier transform of the TBL pulsating
pressure F' on the acoustic window is:

F(x,z,t):ﬁﬂﬁ(k,w,z)ei(w—“t)dkdw, (1)

where F is the excitation force amplitude in the wave-
number space, k is the wavenumber in the z-direction,
and w is the angle frequency. For the medium from 0 to
N+1, the velocity potential function must satisfy the
scalar or vector wave equation:
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Fig. 1. Theoretical analysis model of the simplified two-dimensional sonar dome.
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where ¢y, and cr are the p-wave and s-wave veloci-
ties of the medium, respectively. The 0 layer and the
N+1 layer satisfy only the scalar wave equation, and
any layer of a FGM acoustic window must satisfy the
scalar and vector wave equation. A double Fourier
transform is applied to Eq. (2) to obtain the general
solution form of the velocity potential of each layer in
the wavenumber-frequency space:

al(k,w,z) = Ale_i\/wz + B[@i\/wz’
%(k,w, Z) = Cle_i\/wz + Dleimz’

where [ is any intermediate layer of an FGM acous-
tic window, kr; and k7; are the wavenumbers of the
corresponding longitudinal wave and shear wave, re-
spectively; A;, By, C;, and D; are the general solution
coefficients. Then, the general solution in layer 0 is

do(k,w,z) = Age VFLo7F*2 The general solution in
layer N+1 needs to satisfy the reflection coeflicient of
the sonar array surface:

Aore- VoL

R=

(3)

(4)
By,ie'VFina kL ’

then

$N+1(ka Z) = ANy (ei v RL 1=k (2=h)

+ Re2VFE v R L =in/kE k2 (2-h) )

is the general solution in layer N+1.

Here, kro and kpn.1 represent the wavenumbers
of the longitudinal wave in layer 0 and layer N+1,
respectively. According to the transfer matrix idea
(SKELTON, JAMES, 1997; BREKHOVSKIKH, 2012), for
any intermediate layer [:

‘735 1 [ Al + Bl 1
V! A - B
=1|z =z ,
oL, Ci =Dy
ol ] | C1+ Dy |
~ (5)
Vag_l ] [ A; + B ]
‘721_1 I | Al - Bl
=1lz=2IB )
ot Ci- Dy
O'lz,;l ] | Cl + Dl ]

where V!, V!, oL, 0!, and V"1, VL oot olot are
the results of the double Fourier transforms of the
velocity and stress components of the upper inter-
face (z = z;;) and the lower interface (z = z;,) of the
[ layer, respectively. The appendix describes the con-
struction of matrix I. The boundary region of the elas-

tic medium satisfies the continuous conditions of the

velocity and stress. Then, the relationship between
the physical quantity of the lower interface of the N-th
layer (z = zy) and the upper interface of the first layer
(z=0) is as follows:

vy vy vy

v TNT T v F v (6)
=AININ-1---11 = )

ol 0. 0.

O'N 0'0 O‘O

zZT

where Ty =I|z =2, T |z = 2 and F = TyTn_y...T}.
The conditions of the velocity and stress continuity
are satisfied on the inner and outer boundaries of the
acoustic window. After performing the double Fourier
transform, the following conditions are satisfied:

z=0: _ipowao + F(kvwvz) = 52za
9o . _
- — =V0, 7Y =0,
az - z zZT
o ™
z=h: —ipNWON+1 =Ty,
SO0l gy Gy g,
0z |,

Through the six continuous conditions of Eq. (7)
and transfer matrix Eq. (6), the unknown coeflicients
Ap and Apn,q of the acoustic field inside and outside
the acoustic window are obtained. The acoustic field
outside and inside the acoustic window can be expres-
sed as:

Po = ~ipowdo = —ipowAge Vo R*2,
ﬁN+1 = _iPN+1W$N+1
= i Ay prsiwe’ VR TR G
' (1 + Re2 /kf\]+1—k2[L—2(z—h)])

where ko = 2, kni1 = 5 and po, co, pn+1, and ey
are the density and acoustic velocity of the 0-th and
(N+1)-th layers, respectively. Then, Ay and Ay, are:

(8)

Ayi (Ca3 = PC33)F(k,w, 2)
\/ kg - kQ(OQQ - PC’32)+p0w(023 - Png) ’

\/k% - k2C32A0+033 (poOJAQ - Z'Fv(k,w, Z))

. b
Prs1w (1 +Re”'V ’“?V“’kzl)

AN+1=

where
i w2 g2

1—R62 kN+1 k l)

P=- iy/k2 k21 ’
pN+1w(1+Rem N+1~ ) (10)

_ Fy;Fin
Cij = Fij - Ty
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According to Eq. (5), the acoustic pressure on the
surface of the sonar array can be obtained at z = h+ L.
Then, the spatial filter function of the acoustic window
G(k,w) can be expressed as:

G(k:,w) :—’L'pN+1W$N+1 |Z=h+L. (11)

Furthermore, the wavenumber-frequency spectrum of
the TBL pulsating pressure needs to be obtained
as the excitation source for evaluating the vibration-
acoustic response of the structure. The Corcos model
(CA1AZzZ0, DESMET, 2016; TANG et al., 2020), the ear-
liest and most widely used model of the TBL pul-
sating pressure, is adopted in this paper. The model
reflects the migration characteristics of the TBL pul-
sating pressure. The cross-spectrum density can be ob-
tained by integrating the Fourier transform:

] (w)ozlozng
2y (k) = 5=

(=) + () ) (B +(as2))

where a7 =0.09, ag = Tarq, and U, = 0.6U.

Therefore, the wavenumber-frequency spectrum
density function of the sonar array surface under the
TBL pulsating pressure excitation can be obtained as:

() = [ @g(hw) Gl Ak, (13)

where g (k,w) is the wavenumber-frequency spec-
trum of the TBL pulsating pressure and G(k,w) is the
spatial filter function of the sonar dome.

The frequency spectrum density function of the
TBL pulsating pressure in the absence of an acoustic
window is:

P (w) = f@ﬁ-(k,w)dk. (14)

The turbulent self-noise reduction of an acoustic
window can be defined as:

(ppp(w)

NR =10log .
Lop(w)

(15)

The turbulent self-noise suppression effect of two
kinds of acoustic windows is defined as the difference
in the turbulent self-noise reduction:

NR' = NR; - NRs. (16)

2.2. Theoretical model of the STL for the sonar dome
under plane wave excitation

With the plane wave as the excitation source,
the sound field outside the FGM acoustic window is

the sum of the incident velocity potential function ¢;
and the reflection potential function ¢,. The sound
field outside the acoustic window obtained by the dou-
ble Fourier transform is:

ao(k,w, z) ai(k,w, z)+ ar(k,w, z)

= oiVkEk2z T age /lcg—k2z7 (17)

where ko = ::% and k = kgsinf with incident angle 6.

The acoustic field inside the sonar cavity excited by the
incident plane wave is similar to:

brs1(k,w,2) = ansi (eiv R =k (=)

+ReQi\/k?\,H—k?le—i\/klz\,ﬂ—k?(z—h))' (18)

The general solutions of the scalar potential func-
tion and vector potential function of the intermediate
elastic gradient material are consistent with Eq. (3),
similar to the matrix transfer relation. Combined with
boundary conditions, the following is obtained:

z=0: —ipowgo =5,
_ 9% =0 39 =0
az z zZT )
z=0
B (19)
2=h: —ipowini =L,
_ a$n+1 _ f/'vn " =0
az h z ) zT N

With the redundant components eliminated, the
acoustic field inside and outside the acoustic window
can be expressed as:

- . ~ . i/k2-k2z —in/k2 k22
Do = —ipowdo = —ipow (6 0 +age V'O ),

DPrntl = —IPN+1WPn+1

. (20)
= —laN+1PowW (ez\/ ke =k (z=h)
+ RV KL i kfvﬂ—k?(z—h))’
where a¢ and an41 are given as:
w oV k2 — k2 (Caz — pCs2) — pow (Caz — pCs3)
0~ ’

VvV k% - k2 (Ca2 - pC3z) + pow (023 - pC33)

(21)

VEE = E2Cs2 (1 - ag) + powCss (1 + ag)
P (1 + Re2i\ /k?v“—k?L)

The matrix C is consistent with Eq. (10), and

p=- ‘ .
P (1 + R /kfm—k%)

AN+1 =

(22)
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To evaluate the sound transmission performance
of FGM acoustic windows, the STL (insertion loss)
should be calculated. When acoustic windows do not
exist, the acoustic pressure at the z = h position
should be:

P N+1 = —iwpo (ei\/ FonRh | Ret k?\’+1_k2(h+2L)). (23)

The STL is:

DN+1

~

STL = -201log (

) . (24)

Py

2.3. Verification of the theoretical model
of the wave-frequency response

function of the turbulent self-noise
and STL for FGM acoustic windows

The turbulent self-noise caused by the TBL pul-
sating pressure can be simplified to the acoustic field
in the sonar cavity with the acoustic window excited
by a point force. The STL of the acoustic window un-
der the plane wave excitation is calculated in the usual
way. A linear FRP-rubber FGM acoustic window with
N =50 is selected to verify the theoretical results. The
material properties setting of every layer are shown
in Eq. (28). The material parameters of the FRP and
rubber are shown in Table 2.

In Fig. 2, the depth of the sonar cavity is 0.5 m,
and the reflection coefficient of the sonar array surface
is 0.3. The thickness of the perfectly matched layer
(PML) is 0.1 m, and H,, Hs, L1, and Lo are 0.5, 0.3,
100, and 0.5 m, respectively. The theoretical and sim-
ulation results of the STL of the linear FRP-rubber
FGM acoustic window are shown in Fig. 3.

a)

Frequency [Hz]

Incident angle [°]

a)
H\, Point force External acoustic field N
PML
Linear FRP-rubber FGMs Internal acoustic field
t H, Sonar array surface |>/

L |

b)

Incident plane wave

_
i \
h Fl%%l:‘fgig(e);lod & External acoustic field H1¢ \

Linear FRP-rubber FGMs Floquet period condition PML

>
Transmission acoustic field

Sonar array surface H, #
L>

Fig. 2. Calculation setting of the linear FRP-rubber
FGM acoustic window in COMSOL Multiphysics soft-
ware: a) wave-frequency response function; b) STL.

For the acoustic field in the sonar cavity with the
linear FRP-rubber FGM acoustic window excited by
a point force, the wavenumber-frequency spectrum re-
sults of the acoustic pressure on the sonar array surface
are selected for comparison, which is shown in Fig. 4.

The results in Figs. 3 and 4 show that the sim-
ulation and theoretical results are in complete agree-
ment, both in the calculation results of the STL and
in the wavenumber-frequency spectrum results of the
acoustic field in the sonar cavity for the linear FRP-
rubber FGM acoustic window. Therefore, the accuracy
of the theoretical model of the wavenumber frequency
response function of the turbulent self-noise and STL
are verified for the sonar dome.

b)

Frequency [Hz]

Incident angle [°]

Fig. 3. Comparison results of the STL of the linear FRP-rubber FGM acoustic window:
a) theoretical result; b) simulation result.
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Fig. 4. Comparison results of the wavenumber-frequency spectrum of the acoustic pressure on the sonar array surface
in the sonar cavity: a) theoretical result; b) simulation result.

3. Internal gradient optimization design
for FGM acoustic windows based
on turbulent self-noise suppression
and the sound transmission performance

The material properties of FGM are mainly dete-
mined by the substrate, top material and an internal
gradient form. Different forms of the internal gradi-

ents result in different material properties. Therefore,
by studying the internal gradient of the FGM, an
optimization method of internal gradients that can
design an optimized FGM acoustic window with
better turbulent self-noise suppression and sound
transmission performance is proposed in this paper
(Fig. 5). The existing gradient design mainly includes
parabolic functions, power-law functions and expo-
nential functions, but none of them offer a favorable
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Fig. 5. Overall flow chart of the gradient optimization design method.
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function change space. Therefore, in the optimization
method, the space layout of the gradient change is
readjusted by introducing a deviation function term
expressed by the Bernstein polynomial on the basis of
the original linear gradient. In addition, upon combin-
ing the GA and taking the monotonic gradient as the
constraint condition, the results of five optimization
variables carried by the Bernstein polynomial when
the optimization objective is minimized are obtained
in the optimization method by iterating the gradient
function. The optimization objective is expressed as
the STL, the turbulent self-noise reduction or a weight-
ing function of the STL and turbulent self-noise reduc-
tion of FGM acoustic windows.

3.1. Internal gradient function design
of FGM acoustic windows

The existing internal gradient change functions of
FGMSs mainly include parabolic, power-law and expo-
nential functions. These functions have a small adjust-
ment range for the gradient change space, and only
convex or concave functions can be selected, which lim-
its the gradient change. Therefore, a deviation function
expressed by the Bernstein polynomial is introduced on
the basis of the original linear gradient function. By ad-
justing different parameters in the Bernstein polyno-
mials, the overall coverage of the space range of the
optimized gradient is achieved to seek the overall op-
timal solution (Fig. 6).

Density/Young's modulus/Poisson's ratio
'y

Substrate material

Deviation function

<4————— Original gradient

» Thickness

Top material

Fig. 6. Optimization gradient design schematic.

The deviation function expressed by the Bernstein
polynomial is shown in Eq. (25):

M . .
Az=) Cis' » (1-5)M=9), (25)
i=0

The optimization results often depend on the order
of the Bernstein polynomials. The more orders that
are selected, the finer and better the results that may
be obtained. However, the time required for the op-
timization calculation increases exponentially. More-
over, unsatisfactory optimization results become more
likely. Therefore, M = 5 is selected to obtain better
optimization results. The boundary of ¢ = 0 is omitted,

ensuring that the properties of the substrate material
and the top material remain unchanged in the opti-
mization process. The deviation function is shown in
Eq. (26):

5 h % h (5-1)
AE=(E;-FE Cil=1| |1-—= . 26
BB Y0 () (1-5) (26)
The gradient function is shown as:

E,-E
E= thh+Eb+AE. (27)

The specific gradient functions of the density,
Young’s modulus and Poisson’s ratio are:

Pt = Pb
=———h+
P o Pb

5 h 4 h (5-1)
o me (1) ()
‘ Z; H H

LBy - Ey

E-= h+ Ep
H
5 h 7 h (5*1) (28)
E,-FE =] 11-—= ,
+ (B b);C(H)( H)
Ozat_abh+Ub

omgals) ()

3.2. Optimization algorithm, constraints
and variable range

To obtain the global optimal solution, a GA is used
in this paper. The GA is a kind of stochastic global
search and optimization method that simulates the
natural selection and genetic mechanism of Darwin
evolution. The GA is essentially an efficient, parallel,
and global searching method, that can automatically
acquire and accumulate information about the search
space and adaptive control of the search process to ob-
tain the best solution (Fig. 7). When enough initial
random samples are satisfied, the globally unique op-
timal solution can be obtained.

Random initial

population 1

Linear/nonlinear
constraints »

Next generation «

population Inherit

I
I
I
|
I
I

Fig. 7. Optimization flow of the GA.
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The termination conditions include population ge-
netic algebra and tolerance. Most of the existing FGMs
meet the monotonic variation trend. Therefore, a non-
linear gradient constraint is applied to the GA:

dE

— 2>0. 29

a (29)
According to Eq. (28), the gradient function in the

optimization process is regulated by five optimization

variables. Table 1 shows the initial value and varia-

tion range of each optimization variable.

Table 1. Range setting of the optimization variables
in the gradient function.

Optimization Initial Minimum Maximum
variables value value value
C1 0 -25 25
Ca 0 -25 25
C3 0 -25 25
Cy 0 -25 25
Cs 0 -25 25

3.3. Optimization objective function

The design of FGM acoustic windows should not
only consider the effect of turbulent self-noise suppres-
sion in sonar cavities but also meet the requirement
of sound transmission performance. Therefore, the op-
timization objective function should be designed con-
sidering turbulent self-noise reduction and STL at the
same time. In the engineering design of sonar acoustic
windows, the STL in the incident angle range of 0-75°
should be as small as possible, and the turbulent self-
noise reduction should be as high as possible. There-
fore, the objective function of optimization is shown as:

where f; is the initial frequency, f; is the termination
frequency, §; is the initial optimization angle, 6; is the
end angle, and C' is a constant; TL is the transmis-
sion loss in the optimal frequency range (f; - f;) and
angle range (6; —60;); F; (i = 1,2,3) is the objective
function of the optimization. F} and F5 can achieve
the optimal sound transmission performance or turbu-
lent self-noise suppression performance for FGM acous-
tic windows, respectively, when the turbulent self-noise
suppression performance or sound transmission perfor-
mance remains unchanged. The minimum optimization
objective function F3 can achieve the effect of the max-
imum turbulent self-noise reduction and minimum the
STL for FGM acoustic windows.

4. Optimization results of the internal gradient
of FGM acoustic windows

According to the designed internal gradient opti-
mization method of FGM acoustic windows, the exist-
ing FRP-rubber FGM acoustic window is optimized.
The materials and properties involved are shown in
Table 2.

Here, the optimization results of the internal gradi-
ent design for the FRP-rubber FGM acoustic window
are presented with H =3 cm, L =0.5 m, and R =0.3.

Moreover, the theoretical model of the turbulent
self-noise suppression and sound transmission char-
acteristics of the sonar dome proposed in this paper
is solved by discretizing the continuous medium into
a layered medium of the acoustic window. Differences
in layering affect the calculation accuracy of the the-
oretical results. Figure 8 shows the layered N conver-
gence calculation results with respect to the turbu-
lent self-noise reduction and STL of the linear FRP-

9. .
F = 1010g( ZJ: i 10TL(f»‘9))7 rubber FGM. With increasing N, these parameters
0=0; f=f; gradually converge. To ensure the calculation efficiency
£ and accuracy, the ratio of the corresponding wave-
Y (NR(f))=C, length to the thickness of a single layer is selected to
f=fi be above 250, corresponding to N =50 at f = 10 kHz.
fi
Py = j;' (NR(£)), 4.1. Optimization of sound transmission performance
' 0, f; (30) with turbulent self-noise suppression
1010g( > 1OTL(f’9)) =C, performance unchanged
0=0; f=f;
9, 1, According to the optimization method proposed
1010g( S 10TL<fﬂ>) in this paper, the STL of the FRP-rubber FGM
Fy = 0=0: f=1i 7 acoustic window is taken as the optimization objective
% (NR(f)) function to carry out the calculation when the turbu-
=1, lent self-noise reduction remains unchanged, as shown
Table 2. Materials and properties.
Material E{;I/l:ltgi Younﬁ\}s/ E;)]dulus Poisson’s ratio Longitudinfail ;vszfve velocity Shear V\[?:/es]velocity Loss factor
FRP 1620 1.74e10 0.2 3455 2116 0.03
Rubber 1030 1.67e9 0.33 1550 781 0.3




484

Archives of Acoustics — Volume 48, Number 4, 2023

5.0

494

4.8

TL [dB]

4.7

4.6 1

b)

4.5

Fig. 8.

1700

T T
100 200

T T
300 400 500

M(WIN)

1600

1500

1400

1300

Density [kg/m?]

1200

1100

1000

— Original gradient
- --- Optimized gradient

b)

0.00

15 20 25 30

Thickness [mm)]

-0.05

-0.10

-0.15

Loss factor

-0.20

-0.25

Original gradient
===~ Optimized gradient

15 20 25 30

Thickness [mm]

NR' [dB]

Young's modulus [MPa]

Poisson's ratio

2.0

20000

T T
100 200

T T
300 400

2(hIN)

500

Convergence relationship with the wavelength to monolayer thickness ratio: a) STL; b) turbulent self-noise reduction.

18000 4

16000

14000

12000 4

10000

8000

6000

4000

Original gradient

- === Optimized gradient

0.35

T

15

T T
20 25

Thickness [mm]

30

0.30

0.25

0.20

0.15

—— Original gradient
- === Optimized gradient

15

20 25

Thickness [mm]

30

Fig. 9. Comparison results of the FRP-rubber FGM acoustic window before and after the sound transmission performance
optimization: a) density; b) Young’s modulus; c) loss factor; d) Poisson’s ratio.

in Eq. (30)1. The incident angle range of the STL opti-
mization is selected to be 0-75° with a step size of 1°.
The optimization frequency range of the STL and

turbulent self-noise is selected to be 0.2-10 kHz with
a step of 0.1 kHz. The main frequency of the calcu-
lation computer is 4.5 GHz, the memory is 64 GB,
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and the total optimization computing time is 3.45 days.
The optimized parameters are shown in Table 3.

Table 3. Calculation results of the gradient optimization
variables of the FRP-rubber FGM acoustic window with
sound transmission performance optimization.

Optin.nization c Cs Cs Cy Cs
variables

Optimization | 9345 | 6.4928 | 9.8355 | —0.8583 | 0.1961
results

The comparison results of the density, Young’s mo-
dulus, the loss factor, and Poisson’s ratio of the
FRP-rubber FGM acoustic window before and after
the sound transmission performance optimization are
shown in Fig. 9.

The comparison results of the self-noise suppres-
sion and the sound transmission performance of the
FRP-rubber FGM acoustic window before and after

)

Frequency [Hz]

10000 . 4
9000 g
8000
7000

25
6000
5000 :
4000 15
3000

1
2000

0.5
1000

0

0 10 20 30 40 50 60 70

the sound transmission performance optimization are
shown in Fig. 10.

Figure 10 shows that the optimized FGM acous-
tic window is superior to the initial linear FGM
acoustic window in the sound transmission performan-
ce when the turbulent self-noise suppression perfor-
mance remains unchanged. From Fig. 10b, the peak of
the STL of the optimized FGM acoustic window com-
pared to that of the initial linear FGM acoustic win-
dow decreases by approximately 0.8 dB at f = 10 kHz,
which corresponds to an 17% increase in the sound
transmission performance. Moreover, the optimized ef-
fect is not ideal at lower incident angles because the
optimization objective function Fj is the total STL
of the optimization angle range without considering
every angle optimization effect separately. The value
and position changes of the STL peak before and after
optimization, and whether it is benefit for the sound
transmission performance are explained in Sec. 5.

w
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Original gradient
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Fig. 10. Comparison results of the turbulent self-noise reduction and STL of the FRP-rubber FGM acoustic window
before and after the sound transmission performance optimization: a) STL of the optimized FGM; b) STL at f = 10 kHz;
¢) comparison of the turbulent self-noise reduction.
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4.2. Optimization of the turbulent self-noise
suppression performance while maintaining
the sound transmission performance

According to the optimization method proposed in
this paper, the turbulent self-noise reduction of the
FRP-rubber FGM acoustic window is taken as the op-
timization objective function to carry out the calcu-
lation when the STL remains unchanged, as shown in
Eq. (30)3. The angle and frequency range of the sound
transmission performance optimization and the fre-
quency range of the turbulent self-noise suppression
optimization are consistent with the above. The com-
puter parameters are consistent with those above,
and the total optimization computing time is 3.95 days.
The optimized parameters are shown in Table 4.

The comparison results of the density, Young’s mo-
dulus, the loss factor and Poisson’s ratio of the FRP-
rubber FGM acoustic window before and after the tur-
bulent self-noise suppression performance optimization
are shown in Fig. 11.

The comparison results of the turbulent self-noise
suppression and sound transmission performance of
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Table 4. Calculation results of the gradient optimization
variables of the FRP-rubber FGM acoustic window for tur-
bulent self-noise suppression performance optimization.

Optin.aization c Cs Cs Cy Cs
variables

Optimization | 9579 | 4.4406 | 0.9231 | ~5.1370 | —0.9862
results

the FRP-rubber FGM acoustic window before and af-
ter the turbulent self-noise suppression performance
optimization are shown in Fig. 12.

Figure 12 shows that the optimized FGM acoustic
window is superior to the initial linear FGM acoustic
window in turbulent self-noise suppression performan-
ce when the sound transmission performance remains
unchanged. From Fig. 12c¢, the turbulent self-noise
reduction of the optimized FGM acoustic window
is significantly higher than that of the initial FGM
acoustic window. Moreover, the self-noise reduction
gradually increases with increasing frequency, and the
highest self-noise reduction is approximately 0.4 dB at
f = 10 kHz, which corresponds to a 25% improvement
in the turbulent self-noise suppression performance.
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Fig. 11. Comparison results of the FRP-rubber FGM acoustic window before and after the turbulent self-noise suppression
performance optimization: a) density; b) Young’s modulus; ¢) loss factor; d) Poisson’s ratio.
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Fig. 12. Comparison results of the turbulent self-noise reduction and STL of the FRP-rubber FGM acoustic window
before and after the turbulent self-noise suppression performance optimization: a) STL of the optimized FGM; b) STL at
f =10 kHz; ¢) comparison of the turbulent self-noise reduction.

In addition, it can also be seen that there is a cer-
tain difference for the STL in the higher incident angle
range before and after optimization. The reason is that
only the total TL is considered in the optimization ob-
jective function Fy, which is basically unchanged be-
fore and after optimization. The STL at higher incident
angles is so small that it makes little contribution to
the total STL, which is ignored by the optimization
method.

4.3. Optimization of turbulent self-noise suppression
and sound transmission performance

According to the optimization method proposed in
this paper, the turbulent self-noise reduction and STL
of the FRP-rubber FGM acoustic window are taken
as the optimization objective function to carry out the
calculation, as shown in Eq. (30)5. The angle and fre-
quency range of the sound transmission performance

optimization and the frequency range of the turbulent
self-noise suppression optimization are consistent with
the above. The computer parameters are consistent
with those above, and the total optimization comput-
ing time is 6.75 days. The optimized parameters are
shown in Table 5.

Table 5. Calculation results of the gradient optimization
variables of the FRP-rubber FGM acoustic window with
turbulent self-noise suppression and sound transmission

performance.
Optin.1ization C Co Cs Cy Cs
variables
Optimization | g339 | 50562 | 12.2603 | 0.4194 | ~1.0000
results

The comparison results of the density, Young’s mo-
dulus, the loss factor and Poisson’s ratio of the FRP-
rubber FGM acoustic window before and after opti-
mization are shown in Fig. 13.
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Fig. 13. Comparison results of the FRP-rubber FGM acoustic window before and after the turbulent self-noise suppression
and sound transmission performance optimization: a) density; b) Young’s modulus; c) loss factor; d) Poisson’s ratio.

The comparison results of the self-noise suppres-
sion and sound transmission performance of the FRP-
rubber FGM acoustic window before and after opti-
mization are shown in Fig. 14.

Figure 14 shows that the optimized FGM acoustic
window is superior to the initial linear FGM acous-
tic window in both turbulent self-noise suppression and
sound transmission performance. From Fig. 14b, the
peak value of the STL of the optimized FGM acous-
tic window compared to that of the initial linear FGM
acoustic window decreases by approximately 0.6 dB at
f = 10 kHz, which corresponds to a 12% increase in
the sound transmission performance. Figure 14c¢ shows
that the turbulent self-noise reduction of the optimized
FGM acoustic window is significantly higher than that
of the initial FGM acoustic window. Moreover, the self-
noise reduction gradually increases with increasing fre-
quency, and the highest self-noise reduction is approx-
imately 0.2dB at f = 10 kHz, which corresponds to
a 13% improvement in the turbulent self-noise sup-
pression performance.

5. Analysis of the sound transmission
and turbulent self-noise suppression
characteristics of FGM acoustic windows
before and after optimization

Section 4 indicates that the sound transmission and
self-noise suppression performances of the optimized
FGM acoustic window is improved. To analyze the rea-
sons, mechanism studies of the sound transmission and
turbulent self-noise suppression characteristics of the
FRP-rubber FGM acoustic window are carried out.

5.1. Sound transmission analysis
of FGM acoustic windows before
and after optimization

To analyze the sound transmission mechanism of
FGM acoustic windows, the dispersion curve of FRP
is calculated based on the spectral method (KARPFIN-
GER et al., 2008; 2010). The critical angles of various
elastic waves under Snell’s law are calculated based on
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Fig. 14. Comparison results of the turbulent self-noise reduction and STL of the FRP-rubber FGM acoustic window before
and after the turbulent self-noise suppression and sound transmission performance optimization: a) STL of the optimized
FGM; b) STL at f =10 kHz; ¢) comparison of the turbulent self-noise reduction.

the obtained phase velocity dispersion curve, as shown
in Fig. 15.

The vertical narrow fringe with a strong STL ap-
pears near the critical angle (28°) of the total internal
reflection of the longitudinal wave in the FRP. The lon-
gitudinal wave formed by the refraction of the incident
wave propagates along the surface of the plate, and the
critical angle corresponds to the velocity of the longitu-
dinal wave. The curved fringe on the left of the critical
angle is caused by the high-order Lamb surface wave
in the elastic plate, of which the trajectory can be pre-
dicted according to the phase velocity of the high-order
elastic wave. The internal material properties of the
functional gradient materials gradually change along
the plate thickness. The internal material properties
of the functional gradient materials can be approxi-
mated as a single material by gradual changes along
the plate thickness direction (BREKHOVSKIKH, 2012).
The equivalent Young’s modulus F, is:

N
E.=Y E:h/H.

i=1

(31)

The other equivalent acoustic parameters are also
calculated based on Eq. (31). Then, according to
Eq. (31) and Snell’s law, the equivalent longitudinal
wave velocity ¢7_ = (1—5% and the estimated critical

angle 0 = arcsin(i) of the FGM acoustic windows
before and after the optimization are shown in Table 6.

As shown in Table 6, the critical angle predicted
by the equivalent longitudinal wave velocity is basi-
cally consistent with the actual critical angle, indicat-
ing that the peak value position of STL is derived
from the critical angle of the equivalent longitudi-
nal wave, which can be predicted precisely. To ana-
lyze the peak values of the STL of the FGM acoustic
windows before and after optimization, thin-plate the-
ory ignoring secondary factors is selected for analysis
(BREKHOVSKIKH, 2012). When the acoustic wave is
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