ARCHIVES OF ACOUSTICS

Research Paper

A Hybrid Finite Element Method — Kirchhoff Approximation Method
for Modeling Acoustic Scattering from an Underwater Vehicle Model
with Alberich Coatings with Periodic Internal Cavities

Fan YANG®| Zilong PENG(M):®)* Hao SONG®, Yuhang TANG®), Xuhong MIAO®)

M School of Energy and Power, Jiangsu University of Science and Technology
Zhenjiang, China

@ Systems Engineering Research Institute
Beijing, China

G) PLA Unit 92578
Beijing, China

*Corresponding Author e-mail: zIp just@sina.com

(received July 17, 2023; accepted November 25, 2023; published online February 20, 2024)

Anechoic tiles can significantly reduce the echo intensity of underwater vehicles, thereby increasing the
difficulty of detecting such vehicles. However, the computational efficiency of conventional methods such as
the finite element method (FEM) and the boundary element method (BEM) has its limitations. A fast hybrid
method for modeling acoustic scattering from underwater vehicles with anechoic tiles with periodic internal
cavities, is developed by combining the Kirchhoff approximation (KA) and FEM. The accuracy and rapidity
of the KA method were validated by FEM. According to the actual situation, the reflection coefficients of
rubber materials with two different structures under rigid backing are simulated by FEM. Using the KA
method, the acoustic scattering characteristics of the underwater vehicle with anechoic tiles are obtained by
inputting the reflection coefficients and the target’s geometric grid. Experiments on the monostatic target
strength (TS) in the frequency range of 1 to 20 kHz and time domain echo characteristics of acoustic scattering
on a benchmark scale model with anechoic tiles are conducted. The research results indicate that the TS values
and echo characteristic curves of the KA solutions closely approximate the experimental results, which verifies
the accuracy of the KA method in calculating the TS and echo characteristics of underwater vehicles with
anechoic tiles.

Keywords: anechoic tile; Kirchhoff approximation; target strength; echo characteristic.

@ Copyright © 2024 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/).

Vol. 49, No. 2, pp. 209-219 (2024), doi: 10.24425/a0a.2024.148777

1. Introduction

Anechoic tiles are widely used in underwater com-
bat platforms such as underwater vehicles. In the un-
derwater acoustic environment, considering the influ-
ence of temperature, salinity, pressure, and viscos-
ity (WrTos, 2019; ESFAHANI et al., 2023; ESFAHANI,
SUN, 2023), laying the anechoic tiles on the subma-
rine’s surface not only absorbs incident sound waves
but also reduces structural noise. Therefore, anechoic
tiles play an important role in the acoustic stealth of

underwater vehicles (YAO et al., 2007; HUANG et al.,
2015; XU et al., 2004). With the development of mod-
ern sonar technology and in-depth research of acoustic
stealth technology around the world, studying acous-
tic scattering and echo characteristics simulation of un-
derwater vehicles equipped with anechoic tiles has be-
come a crucial mission.

Many scholars have studied the scattered sound
field of underwater complex targets using numerical
methods such as finite element method (FEM) and
boundary element method (BEM). In 2013, WEI et al.
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simulated the acoustic scattering of rigid spheres and
infinite cylinders based on BEM. In 2015, XU et al.
used the BASIS method to simulate the scattering of
the BeTSSi model at a frequency of 200 Hz. In 2018,
FENG et al. employed BEM to analyze the target
strength (TS) of the rigid boundary benchmark model
in the low-frequency range. In the same year, CHEN
and Luo (2018) deduced the Helmholtz formula for
the scattered sound field of underwater targets based
on the boundary element theory.

FEM and BEM require extremely dense meshes
to ensure accurate calculation, and this mesh den-
sity increases with higher computing frequencies (LIU
et al., 2019). As the mesh density increases, the com-
putational time for both methods at high frequen-
cies progressively extends. To solve this problem, FAN
and TANG (1999) proposed a Kirchhoff approxima-
tion (KA) method for calculating TS. Subsequently,
FAN and ZHUO (2006) introduced a KA method for
graphic visualization, considering occlusion, secondary
scattering (ZHENG et al., 2011; MARSTON, SUN, 1995),
ray tracing, and multiple iterations (WANG et al.,
2021).

LEE and SEONG (2009) derived the time domain
solution of Kirchhoff’s formula for impedance poly-
gons. PIGNIER et al. (2015) used the KA formula to
study multiple scattering problems of external radi-
ation noise from moving ground vehicles through ob-
jects such as roads, buildings, and noise-shields. ABAW1
(2016) used KA to establish a method for solving
the frequency and time domain solutions of scattered
sound fields from arbitrarily shaped targets. To im-
prove the computational speed of the KA method,
LAVIA et al. (2018) proposed the concept of replac-
ing the flat facets with curved triangles. Additionally,
L1u et al. (2023) established a highlight model that
can reflect the real lines and scattering characteristics
of underwater vehicles.

The traditional KA method is primarily applied
to calculate the echo intensity of rigid targets. While
FEM can solve the acoustic scattering problem of the
targets laying anechoic tiles, the modeling process be-
comes increasingly time-consuming, especially when
dealing with complex anechoic tiles and the varying
shapes of underwater vehicles. Therefore, whether it
is modeling or calculation, FEM will require a sub-
stantial time investment. In this paper, the reflection
coefficients of anechoic tiles with periodic cavities are
calculated by FEM at different angles and frequen-
cies. To overcome the time constraints associated with
FEM, we integrate the target grid information and re-
flection coefficient matrix into the KA method, origi-
nally designed for rigid targets. This enables the quick
and accurate calculation of the TS for models with
anechoic tiles containing periodic internal cavities. By
combining FEM and the KA method, the modeling
work of laying anechoic tile on the submarine model

can be omitted, and the spatial characteristics of the
scattered sound field are studied.

2. Theoretical research and calculation model

2.1. Physical method of geometrical acoustic
scattering of underwater target

As shown in Fig. 1, the plane wave is incident from
M, to the surface s, then the scattered acoustic poten-
tial function satisfies the following Helmholtz integral
equation (FAN et al., 2012):
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where s is the surface of the scatterer, n is the exter-
nal normal of the surface, k = 27 f/c, where the sound
velocity c¢ is a nonlinear function of temperature, am-
bient pressure, and salinity. In the case of free sound
field and horizontal detection, where the target, trans-
ducer, and hydrophone are all situated at the same
depth, the sound velocity under the circumstances can
be considered constant; r{ and ry are the incident point
radius vector and the scattering point radius vector, re-
spectively; 67 is the angle between r; and n, 65 is the
angle between r, and n.

M;

Sound source

Sound receiving

Fig. 1. Schematic diagram of the integral region, where O is
the origin of coordinates, generally considered to be the
geometric center of the target. The light green triangle ds
represents the integral grid. Point M; represents the sound
source, and point My represents the sound receiving point.

In the monostatic configuration, where r; =ry =r,
0> =61 =0, and A is the amplitude, the far-field scat-
tered sound field ¢ can be approximated as (FAN
et al., 2012):

_ A ikor Zkr— 1
¢s——§fe (71‘3 cos@)ds. (2)

For near-field acoustic scattering, considering the
plate shown in Fig. 2, point o is the target’s center
and origin of coordinates. Point ¢, selected as a refer-
ence point on the plate, has a vector diameter denoted
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Sound receiving

Sound source

Fig. 2. Near-field sound scattering.

as r., commonly representing the geometric center of
the plate. Point @) is an arbitrary point on the plate.
The vector diameter from point o to point @ is r, the
vector diameter of the transmitting transducer is rp,
and the vector diameter of the receiving transducer
is rp. There are r1= r—rp, unit vector rig = (r-rr)/ry;
rs =T —Trg, unit vector rog = (r—rg)/ro; Ry =r.—rr,
unit vector Ryp = (r. — rr)/R1; Ra = r. — rg, unit
vector Ry = (r. —rr)/Ra.

Where n is the unit normal vector of the plate.
For small plates, it can be considered that the incident
sound wave is a plane wave, allowing for the following
approximations: r1 ¥ Ry = |[r.—r7|, r10 ¥ Ry, r2 =
Ry = [re—r7[, ro0 ® Rog; 11 » Ry ~Ryg - &, T2 »
Rz -Roo - Evrw Evrc =r—Trec.

In the monostatic configuration, the near-field scat-
tered sound field ¢y, is

A 42kJR1 ZkR]_ - 1 —2’k‘R1 ,arc
Dsm :_727r62 R° U'Rlofe P06 ( g,
(3)

1
For the near-field KA method, the key to the aforemen-
tioned formula is to find the area integral:

S

I= / ¢ 2RR10Ere (4)
S

Assuming that the integral plane is a plane polygon sg
in the XOY plane, and the normal of the plane is Rig =
u'i+v’j+w'k, &, = ri+yj, then the integral operation
above can be converted to a summation for an exact
expression of the result by the following equation (Liu,
2020):

Ip _ [ 62ik(u'z+7j'y) dl’dy
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= (u+ Pyorv)(u+ Po)
and ' = 2ku, v’ = 2kv, w' = w, py = LU py = BB
ps = 2222, po = 2222, where n is the number of poly-

gon vertices and (z,,,y,) is the coordinates of polygon
vertices.

The coordinates of points in the original coordinate
system are transformed into a new coordinate system.
A coordinate transformation is performed for points 1,
2, 3 to obtain their coordinates in the new coordinate
system, which are 22(n), y2(n), 22(n) (n=1,2,3). In
the new coordinate system, the unit vector from the
receiving point to the center of the plate is represented
as ul +vj + wk, with v’ = 2ku, v’ = 2kv, W' = w, k =
27 £ /1500.

According to the transformation of z2(n), y2(n),
22(n) (n=1,2,3),

N -ie2(n)+2(n)) Pn-1 =P
_ —1(x2(n)+y2(n n-— n
¢ w,;le (u + pp_1v') (U + ppv’)’ (6)
_ ¥2(2)-y2(1) _ ¥2(2)-y2(2) _ ¥2(1)-y2(3)
and py = 32(2)—3;2(1)’ b2 = 22(3)—22(2)7 b3 = i/2(1)—ayc2(3)7
Po =Ps3-

2.2. Research on time domain echo characteristics
of target based on the linear transfer network model

In the framework of linear acoustics, the problem of
target scattering can be described using acoustic trans-
fer theory. The target can be regarded as a linear
time-invariant network. In this network, the incident
signal is the input, and the echo signal is the out-
put. The time-domain transfer function of this linear
transfer network is h(7,ry,rs,p), where 7 is the de-
lay, r1 and ry are the radius vector of the incident and
scattering point, respectively, and p is the radius vec-
tor of the target. The frequency domain transfer func-
tion H(f,r1,rs,p) of the transfer network is denoted
as the ratio of the scattering wave potential function
to the incident wave potential function, where f is the
frequency. In the monostatic configuration, ry = ro,
and the transfer functions in the time domain and fre-
quency domain are h(r,r,p) and H(f,r,p), respec-
tively.

When z(t) represents the time-domain incident sig-
nal, X(f) represents the frequency-domain incident
signal, and Y'(f) represents the frequency domain
echo signal. The time domain echo signal of the tar-
get can be expressed as (L1u, 2020):

y(t) = z(t) ® h(r,r,p), (7)

where ® denotes the convolution operation. Then, the
echo signal in the frequency domain is given by:

y(t) = FY ()] (9)

The time-domain echo signal can be obtained by
taking the inverse Fourier transform of the frequency-
domain signal. This framework allows for the indi-
rect extraction of the time-domain echo characteris-
tics of underwater targets by calculating the frequency-
domain signals.
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2.3. Materials and model

Achieving semi-infinite air and water by adding
a perfectly matched layer, the materials used are shown
in Table 1.

In Fig. 3, the benchmark model (NELL, GILROY,
2003) is chosen for conducting the acoustic scattering
and TS prediction of the target after laying different
anechoic tiles.

The acoustic wave is incident horizontally, and the
specific parameters of the benchmark model are shown

in Fig. 3b. To satisfy the far field condition, the simu-
lated distance is 10 km.

2.4. Application of Floguet theory
in solving acoustic scattering
from elastomers

The challenge of the FEM in solving the acoustic
scattering problem lies in the inability to create in-
finitely long waveguides. As shown in Fig. 4a, Floquet-
Bloch theory imposes boundary conditions on the com-

Table 1. Material parameters.

. Densit, Young’s modulus . . Sound velocit, Thickness
Material ke /mgi g[Pa] Poisson ratio [m/s] Y [mm]
Rubber (XU et al., 2004) 1090 3 x 107 (1 + 0.249i) 0.49 - 50
Steel 7800 2.13 x 1011 0.3 - 8
‘Water 1000 - - 1500 Semi-infinite
Air 1.21 - - 343 Semi-infinite
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Fig. 3. a) Benchmark model and incident direction of the plane wave; b) specific dimensions of the benchmark submarine.

a)

[ : Floquet periodic
\ boundary

b)

Fig. 4. a) Computational unit; b) schematic diagram of multiple units.
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putational unit to simulate infinitely long waveguides.
In the FEM, the equation is (TONG et al., 2020):

st (7, 4) = Ugre (2, y)e Kr (FastTare) (70

where ug,. and rg. are the displacement and coordi-
nate of the source boundary, and ugg; and rgs; are the
displacement and coordinate of the target boundary.
Floquet periodic boundary conditions are applied on
both sides of the model, and different traveling wave
numbers kp are input to simulate the finite length re-
gion as an infinite length waveguide. The anechoic tile
model after incorporating the Floquet periodic condi-
tion along with a schematic diagram of multiple units
are shown in Fig. 4.

2.5. Validation of the KA method

To determine the accuracy and efficiency of the KA
method in calculating the acoustic scattering from the
target equipped with anechoic tiles with air cavities,
a verification study was conducted. In Fig. 5a, a cylin-
drical shell with a radius of 0.2 m, height of 1 m, and
thickness of 0.008 m is selected. The cylindrical shell
is made of steel with air inside, there are several ane-
choic tiles, each 0.05 m thick with a grating spacing of
0.03 m outside the cylindrical shell. The center of each
anechoic tile contains a longitudinally cylindrical cav-

a)
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The direction
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b) 5
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/[Hz]

Fig. 5. a) Verification model; b) comparison of the FEM
results and the KA solutions.

ity with a radius of 0.005 m and a height of 0.025 m.
The domain being studied is meshed with tetrahedral
elements, with a maximum mesh size of A\/6 (LU, 2014),
where \ = ¥7 with f representing the frequency and
c representing the velocity.

In Fig. 5b, a comparison of the TS for the ver-
ification model, covered with anechoic coatings with
cylindrical cavities, is presented between the FEM re-
sults and KA solutions, when « is 0°. In the frequency
range of 200 Hz—3 kHz, the average values of the re-
sults calculated by the FEM and the KA method are
—-13.75 and -13.61 dB, respectively. This validates the
accuracy of the KA method in modeling the acoustic
scattering of underwater vehicles with anechoic coat-
ings containing cavities. The total calculation time of
the FEM is 25.391 s, while the KA method only takes
15.35 s, indicating that the computational speed of the
KA method is roughly 1654 times faster than the FEM
method. This significant difference highlights the ra-
pidity of the KA method. The research process of this
study is shown in Fig. 6.

FEM
Computational Floq"l::ﬁl:il - PML
element periodicity
condition
Acoustic scattering calculation method of middle-high
frequency large-scale model
Reflection Transmission Absorption
| Multilayered
] medium
i KA —
: Monostatic TS
i
L
Acoustic scattering calculation results
Scattered sound Time domain
TS
field echo

Fig. 6. Flow chart of acoustic scattering characteristics
of underwater vehicle with Alberich coatings.

3. Numerical simulation of underwater vehicle
with anechoic tiles

3.1. Reflection coefficients of different rubber
structures

The reflection coefficients of homogeneous medium
and rubber with air cavities at different angles and
frequencies (f) are calculated by FEM, as shown in
Fig. 7.

As illustrated in Fig. 7, the calculated frequency is
in the range of 200 Hz—20 kHz with a step of 200 Hz.
The cavity significantly impacts the acoustic charac-
teristics of the anechoic tile. The resonance effect of
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Fig. 7. Comparison of reflection coefficients of different anechoic tiles at different angles:
a) 0°; b) 45°%; ¢) 60°; d) 75°.

the cavity not only accelerates the convergence speed
of the reflection coefficient but also makes the reflec-
tion peak to move towards the low-frequency direction,
which enhances the middle and low-frequency perfor-
mance of the structure. The cavity structure makes
the reflection coefficient more stable in the high fre-
quency range. However, in practical applications, ane-
choic tiles with air cavities generally require more com-
plex processing and manufacturing procedures compa-
red to homogeneous medium anechoic tiles. Addition-
ally, as the depth of the submarine increases, the pres-
sure of the seawater medium also rises, leading to al-
terations in the acoustic performance of anechoic tiles
with air cavities.

3.2. TS of the submarine model with homogeneous
rubber and rubber with periodic internal cavities

The reflection coefficients, as shown in Fig. 7, are
substituted into the KA method to obtain the TS of the
benchmark model after applying different kinds of ane-
choic tiles. This process yields a TS angle-frequency

spectrum, with the horizontal axis representing the an-
gle, and the vertical axis representing the frequency.

As shown in Fig. 8, different types of anechoic tiles
exhibit varying degrees of suppression on the TS of
underwater vehicles at different incident angles and
frequencies. Similar to the trends observed in the re-
flection coefficient, anechoic tiles with periodic internal
cavities demonstrate superior sound absorption in the
low and specific middle frequency ranges compared to
homogeneous mediums under the resonant interaction
of the air cavity.

In Fig. 9, the directivity diagrams of TS for the
benchmark model are presented at different frequencies
before and after the applications of anechoic tiles, and
the figure also illustrates the impact of different types
of anechoic tiles on the TS of the model.

In Fig. 9, the variation trend of the TS presents
a butterfly shape with the azimuth angle changing.
The highest TS values are observed in the abeam di-
rection of the underwater vehicle, primarily due to
mirror reflections on the hull surface and acoustic re-
flections from the conning tower. With the existence
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Fig. 8. TS angle-frequency spectrum of benchmark model with different anechoic tiles:
a) homogeneous medium anechoic tiles; b) anechoic tiles with air cavities.
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Fig. 9. TS directional diagrams of benchmark model with different anechoic tiles at different frequencies:
a) 1 kHz; b) 5 kHz; ¢) 10 kHz; d) 20 kHz.

of cavity resonance, anechoic tiles with air cavities ex- ularly in the middle and low frequency ranges. Under
hibit a more effective sound absorption effect compared  the condition of high frequency, the silencing effect of
to anechoic tiles with homogeneous mediums, partic- different anechoic tiles becomes consistent.
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4. Comparisons of acoustic scattering
characteristics between the KA solutions
and experimental results

4.1. Acoustic scattering characteristic test instrument
and arrangement

By conducting a lake test of the benchmark scale
model with anechoic tiles, the variation of echo char-
acteristics concerning the horizontal azimuth and fre-
quency of the incident wave is quantitatively analyzed,
providing data support for verifying the accuracy of
the KA method. Figure 10 shows the benchmark scale
model and the test site.

LU |
>

Fig. 10. Benchmark scale model and test site photos.

According to Fig. 11, the Agilent 33220A signal
generator is primarily employed to produce acoustic
signals with specified parameters, including frequency,
amplitude, and pulse width. The JYH1000A power
amplifier amplifies the acoustic signals generated by
the signal generator to ensure that the transmitted
signals meet the requirements for underwater acous-
tic detection. The transducer converts the electrical
signal into the acoustic signal and transmits it for
target detection. The hydrophone is the device that
converts the acoustic signal into an electrical signal,
utilized for receiving the echo signal from the under-
water model and converting it into an electrical rep-
resentation. The charge amplifier amplifies the echo
signal from the hydrophone. The China Orient Insti-
tute of Noise & Vibration INV3062A1 data acquisi-

Data collection

Synchronous

Signal source

Power | amplifier

ﬂﬁc-lﬁgﬁm H

Benchmark
submarine

1 1 1
! r,=3.65m ' r=715m I

Fig. 11. Schematic diagram of the test equipment
arrangement.

tion system is responsible for receiving and storing the
output echo signal from the charge amplifier, allowing
for subsequent analysis and interpretation. The spe-
cific parameters of the benchmark model are shown
in Fig. 3b. The scaling ratio used in this experiment,
relative to the original model, is 1:15. The thickness
of the shell is 3 mm, the length is 4.13 m, and the ra-
dius of the midship is 0.25 m. The signal pulse width
is set to 1.5 ms, the signal length is 500 ms, and the
sampling frequency is 80 kHz. Anechoic tiles with a ho-
mogeneous medium are laid on the surface of the ex-
perimental model. The thickness of each anechoic tile
is 10 mm, and its Young’s modulus, density and Pois-
son’s ratio are 4.41 x 10° Pa, 1100 kg/m? and 0.48, re-
spectively. The transmitting transducer, hydrophone,
and research model are aligned in a straight line. The
distance between the transducer and the hydrophone
is 7.15 m, and the distance between the hydrophone
and the research model is 3.65 m. All three are located
at an underwater depth of 8.95 m. At the beginning of
the test, it is ensured that the research model is facing
the transducer in the abeam direction, and a horizontal
uniform rotation of 360° during the rotation process is
maintained.

4.2. Benchmark scale model monostatic TS
experimental data analysis

The TS azimuth characteristics of the benchmark
scale model obtained by the experiment and the KA
method are shown in Fig. 12.

As illustrated in Fig. 12, the TS is highest in the
abeam direction, which is =7~ -3 dB. In the bow di-
rection it is —14 ~ -6 dB, and in the stern direction it
is the smallest, measuring —16 ~ -9 dB. It can be seen
that except for the range of 210-330°, the KA solutions
are basically consistent with the experimental results
in trend and magnitude, demonstrating the reliability
of the KA method in predicting the monostatic TS of
underwater vehicles with anechoic tiles. In the range
of 210-330°, because of the model processing and sus-
pension problems, there will be some discrepancies be-
tween the experimental results and the KA solutions.

4.3. Experimental data analysis
of the time domain echo spreading characteristics
of the benchmark scale model

The benchmark scale model with anechoic tiles
used in the test has the directions of incident waves
within the angle range of 0-360° (where the abeam
direction corresponds to incident directions of 0 and
180°, and the bow and stern correspond to 90 and 270°
incident directions, respectively). The experimental re-
sults of time domain echo characteristics in different
frequency ranges are compared to the KA solutions.
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Fig. 12. Comparisons of TS between the experimental results and the KA solutions at different frequencies:
a) 5 kHz; b) 10\;kHz; ¢) 15 kHz; d) 20 kHz.

The comparisons of acoustic scattering echo char-
acteristics between the benchmark submarine scale
model’ experimental results and KA solutions are
shown in Figs. 13 and 14. Echo characteristics of the
bow, elevator, conning tower and stern of the model

Echo time [s]

AW S G N

0 45 90 135 180 225 270 315 360
or]

can be clearly observed in the experimental results
and KA solutions, and the characteristics of each com-
ponent can be accurately reflected in the echo time.
However, there are still some differences between the
experimental results and KA solutions. For example,

Echo time [s]

%1073

o ©
o ©o o

3 = -70
0 45 90 135 180 225 270 315 360
o]

Fig. 13. Comparisons of the echo characteristics of the benchmark submarine scale model with anechoic tiles in the
frequency band of 1-10 kHz between the experimental results and KA solutions: a) experimental results; b) KA solutions.
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Fig. 14. Comparisons of the echo characteristics of the benchmark submarine scale model with anechoic tiles in the fre-
quency band of 10-20 kHz between the experimental results and the KA solutions: a) experimental results; b) KA solutions.

the experimental results exhibits obvious highlights
in the position of the elevator, and there are several
more characteristic curves near the abeam direction
which are presumed to be the echo characteristics from
ropes, buckles and the beam used when hoisting the
model. The above factors make the experimental re-
sults have more echo characteristics than the KA so-
lutions.

5. Conclusions

In this study, the KA method is used to evaluate
the TS and echo characteristics of a target after lay-
ing anechoic tiles. The rapidity and accuracy of the KA
method are confirmed through comparisons with FEM
and experimental results. This investigation achieves
fast acoustic scattering prediction for targets with ane-
choic tiles, which makes a significant contribution to
improving the acoustic stealth technology of the un-
derwater vehicle.

From the research on underwater vehicles with ane-
choic tiles, we can come to the following conclusions.

The cavity significantly affects the resonance char-
acteristics of anechoic tiles, especially in the case of
vertical incidence, which not only reduces the reflection
coefficient peaks, but also makes the reflection coeffi-
cient peaks move to the low frequency direction. This
trend becomes more pronounced at frequencies below
10 kHz. However, acoustic tiles with internal cavities
also require more complex processing and manufactur-
ing processes, and the acoustic performance exhibits
greater sensitivity to changes in environmental condi-
tions, such as sound pressure. Therefore, in practical
applications, a thorough assessment of the advantages
and disadvantages of both methods is imperative to en-
sure the selection of an acoustic tile design that aligns
with specific requirements.

In the experimental results and KA solutions, the
TS and echo characteristics of the benchmark sub-
marine model with anechoic tiles at different incident
frequencies are approximately consistent. The bench-
mark submarine model with anechoic tiles can produce
clear echo characteristics at the bow, elevator, conning
tower, hull, and empennage, and several echo curves of
the experimental results and KA solutions exhibit good
agreement in terms of echo time, brightness, and shape.
This alignment accurately reflects the external charac-
teristics of the submarine model with anechoic tiles.

By investigating the sound absorption character-
istics of anechoic tiles with cavities, we have gained
profound insights into detection and stealth capabili-
ties of underwater vehicles. The KA method enables
rapid and precise evaluation of the TS after the appli-
cation of anechoic tiles with periodic internal cavities.
The significant reduction in computational time pro-
vides an efficient tool for the acoustic parameter design
and optimization of anechoic tiles, thereby advancing
underwater vehicle acoustic stealth and detection tech-
nology.
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