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Abstract: Compared with traditional steel materials, sandwich panel has been widely applied in
underwater vehicle structure because of the high specific strength, excellent acoustic performance and
strong design ability. Based on the acoustical-solid coupling finite element method, the vibration and
acoustic radiation characteristics of underwater vehicle superstructure are analyzed in this paper. On
this basis, the effect rule of shell thickness parameters on the vibration and acoustic radiation
characteristics of underwater vehicle superstructure is explored, and the acoustic optimization design
plan of superstructure with sandwich panel is proposed, so as to provide reference for the acoustic
design of superstructure.

Introduction

The sandwich panel has excellent mechanical properties, such as high strength, high rigidity and
fatigue resistance, which can greatly reduce the weight of the underwater vehicles, it can reduce the
center of gravity and increasing the speed while satisfying the mechanical performance requirements
[1]. Superstructure is an important part of underwater vehicles, compared with the traditional steel
material, when sandwich panel used in the underwater vehicles superstructure, the effect of vibration
and acoustic radiation performance of the underwater structure of the underwater acoustic
performance is the focus of the study. At present, the superstructure of the composite material mostly
adopts the sandwich panel structure, which is mainly composed of two thin fiber skins and a middle
thicker low density material. The structure of the sandwich plate is smple and the preparation
technology is mature, it has been widely used [2]. At the same time, the mechanical properties of the
sandwich panel structure are smple, a variety of dynamic and static mechanical properties have been
widely studied, such as in-plane extrusion, shear, out of plane bending deformation, fatigue, vibration
and noise and explosion impact [3,4]. Meanwhile, the effect of the thickness of skin layer, the order of
the plies, the angle of ply and the thickness and material of the material on the mechanical properties of
the sandwich structure [5,6] were also studied. Therefore, this article takes underwater vehicle
structure as the research object, the composite stiffened sandwich structure used in the superstructure,
based on the acoustic-mechanical coupling finite element method to carry out structural underwater
acoudtic radiation characteristics analysis, found the characteristics of composite materials on the
superstructure underwater acoustic radiation characteristics of the law, it provides a reference for low
noise design of underwater vehicle structure.

Theoretical formulations
According to the acoustic theory, the acoustic wave equation in the flow field is as follows:

- 1112p
N?p=— . 1
p 2 (1)

where p is the instantaneous sound pressure, t is the time variable, cis the speed of sound, N? is
Laplacian operator.
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The fluid is discretized into numbers of finite elements, the sound pressure and particle velocity at
any point in the element and the derivatives of the time can be calculated by the pre-defined shape
function that the sound pressure and particle velocity on the element node, in the last formula, the
variation of sound pressureis approximated, and the finite element equation matrix of the sound field in
the fluid region can be obtained as follows:

M B+K, P+r RE=0. )

where M ; is the fluid equivalent mass matrix, K, is the fluid equivalent stiffness matrix, Ris the

fluid-structure coupling matrix, and & is the second derivative of the unit node displacement U versus
time, Oisazero matrix.

Equation (2) needs to be introduced into the acoustic absorption term when there is a damping
sound absorption material at the boundary of the fluid region and at the interface between the fluid and
the structure. The damping matrix equation can be obtained by derivation similar to the previous one:

M. B+C P+K,P+r R&=[0]. (3)

where C; is the acoustic damping matrix.

It exists the interaction between the fluid and the structure at their interface when the structure is
placed in the fluid medium. According to the principle of virtual work, the facial force can be
transferred to the element node equivalently, so we can get the coupled vibration matrix equation of
structure and flow field as follow:

M&+cUd+KU=F +F,. 4

where M, K, C, represent the mass matrix, stiffness matrix and damping matrix of the structure,
respectively. F.istheload vector of the structure, F, = R"P.
By substituting equations (3) and (4), it can be summed up in a matrix form as follows:

&M, [0 idj a€, [0]6jU§ aK, -R'GUy_jF.i

S

&R M%W%[O] Cfﬁ{:ﬁngg[o] K, 5P 1ol (5)

According to the discretized matrix equation (5), which is the coupling between superstructure and
fluid in the composite, the displacement at the surface of the structure and the pressure in the flow field
can be obtained.

Resear ch on vibration and acoustic radiation characteristics of underwater superstructurewith
composite sandwich panel

Numerical Analysis of the establishment of the model. The underwater vehicle structure is mainly
composed of the main structure of steel cabin and the superstructure shell structure of composite
material, of which the cabin structure isadouble-shell structure composed of stiffeners and steel frame,
the length of the cabin structure L = 5.4m, rib spacing | = 0.6m, the shell diameter D = 4.3m, the inner
shell diameter d = 2.8m, from the cabin structure of bow to stern end, the distance between any two
adjacent steel framesis A | = 1.8m, and the pillar with the size of ®46* 12 under the crossing position of
the steel frame is used as the supporting member. A schematic diagram of the superstructure of
composite materialsis shown in Figure 1.
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Figure 1 .Composite materials superstructure diagram

Due to the sandwich panel structure reinforced with composite materials, the performance of
different layered materials plays a decisive role in the results. Table 1 shows the performance
parameters of composite materials superstructure.

Table 1.composite materials performance parameters of each layer™@!”

Common
Name Steel GFRP PVC stiffener (T300/3234)
Density(kg/m®) 7850 1780 450 790
E=12.0 E=128
Elastic Modulus(Gpa) | 210 E,=10.0 0.08 E,=8.7
E,=6.0 E=8.7
Gy=4.0
Shear modulus(Gpa) | — |Gy=G=G,~=2.5 —_— G=4.0
G,=4.0
PR,=0.15 PR,=0.32
Poisson'sratio 0.3 PR.=0.2 0.2 PR.=0.32
PR,=0.15 PR,=0.3
Structural damping |0.0005 0.06 0.02 0.03

Study on vibration and acoustic radiation characteristics of underwater superstructure with
composite materials. This section analyzes the material parameters of steel, acoustic materials and
composite materias, in which the thickness of the steel superstructure shell thicknessis 5mm, and the
acoustic material scheme is to lay acoustic materials on the steel superstructure, considering the mass
effect of the acoustical material, the areal density of the acoustic material is 28.6 kg/n, while the
thickness ratio program of the composite materials superstructure is 6/32/6. Acoustic materials and
composite materials superstructure are shown in Figure 2- Figure 3.

Zrrzr77

Figure 2. Acoustic materials superstructure Figure 3. composite materials superstructure

In this section, vertical unit concentrated force is applied to the center of the superstructure shell,
and the mean sguare vibration velocity and sound source level of the shell surface are adopted as the
assessment parameters of structural underwater vibration and radiation noise. Figure 4 shows the
variety curve which the vibration and acoustic radiation characteristics of underwater superstructure
with different materials.
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sguare vibration
Figure 4. Contrast curves of vibration and acoustic radiation characteristics of underwater

superstructure

(b)Sound source level comparison curve

It can be seen from Figure 4, the underwater acoustic radiation characteristics of the superstructure
change obviously when different materials are used. in the frequency range of 200Hz-400Hz, the level
of underwater vibration of acoustics superstructure level is high, and the level of underwater radiation
noise arethelargest in the entire frequency range. The noiselevel of underwater vibration of composite
superstructure is lower than steel superstructures in certain frequency range. Overall, the level of
underwater radiation noise is low when the structure of superstructure is used, and the level of
radiation noise is higher when using acoustic materials.

In order to quantify the calculation results better, the total band-level situation of the underwater
acoustic vibration characteristics of the three superstructures is shown in Table 2.

Table?. The total band-level situation of the underwater acoustic vibration characteristics (dB)

The mean square vibration velocit
frequency level on th;qwrface of the shdll platsg Thelevel of Sound source
band(H2) Steel ?n(:t?grsitélc Composites Steel ?n(:t?grsitélc Composites
10-100 92.6 98.3 92.2 130.9 152.3 130.6
100-200 96.6 96.0 88.9 148.1 158.2 142.7
200-300 86.7 95.2 84.6 150.3 170.6 144.4
300-400 95.4 96.7 88.5 152.5 169.3 148.4
10-400 99.6 102.0 95.3 155.4 173.2 150.7

It can see from Table 2 that the influence of material parameters on underwater acoustic radiation
characteristics of superstructure is different in different frequency bands. Compared with the steel
superstructure, in the frequency range of 10Hz-400Hz, when the superstructure adopts composite
meaterial, the mean sgquare vibration velocity on the shell surface decreases 4.3dB and the total sound
source level decreases 4.7dB; When the superstructure uses acoustic materials, the mean square
vibration velocity of the shell surface increases 2.4dB and the total sound source level increases
17.8dB.

Study on the influence of shell thickness parameters on the underwater acoustic vibration
characteristics

Composites shell structure of the superstructure is a typical stiffened sandwich structure, the
thickness of the upper and lower GFRP surface layer is 6mm, the thickness of the middle layer of the
PV C foam core layer is 32mm, the width of the ribs set to 60mm ordinary stiffener structure, the
general diffener structure extends over the entire composites superstructure shell structure. As an
important factor to influence the underwater acoustic radiation characteristics of composites
superstructure, it includestwo important parameters: the thickness of the shell dab and the thickness of
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the dab core. Therefore, in this section, the reference structure of composites superstructureistaken as
the research object. The influence of the thickness parameters of the shell plate on the underwater
acoustic radiation characteristics of the composite superstructure is studied by changing the shell
thickness and the core thickness.
The parameters of surface thickness. This section takes the composites superstructure as the
research object, on the basis of stable thickness of the core layer, there are three kinds of thickness, the
thickness of the surface layer is 4mm, 5mm and 6mm, the vibration and acoustic vibration
characteristics of underwater were studied respectively.

Under the vertical unit force in the center of the superstructure, the mean square vibration velocity
of the wet surface of the shell structure and the sound source level contrast curve are shown in Figure
5.
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Figure 5. Contrast curves of vibration and acoustic radiation characteristics of underwater

superstructure

(b)Sound source level comparison curve

As shown in Figure 5, the trend of the mean sgquare vibration velocity and the sound source level
vary with the frequency is basically the same that in the case of different surface thickness of the
superstructure surface. With the thickness of the shell increase, the stiffness of the shell increase and the
mean square vibration velocity of the surface shiftsto theright, the level of sound source also decrease.

In order to quantify the calculation results better, Table 3 shows the case of vibration and acoustic
radiation characteristics of underwater vehicle superstructures with changing the thickness of the layer
in different frequency bands.

Table3. Frequency range of vibration and acoustic radiation characteristics of underwater (dB)

The mean square vibration velocity
';r:r?gfgg level on the surface of the shell Sound source level

4/32/4 5/32/5 6/32/6 4/32/4 5/32/5 6/32/6

10-100 92.2 91.7 90.9 1315 131.4 130.6
100-200 90.2 89.5 88.8 1435 1435 142.7
200-300 85.6 84.6 84.2 145.3 144.8 144.4
300-400 91.6 90.2 88.5 151.7 150.6 148.4
10-400 96.5 95.3 95.1 152.6 151.8 151.1

Asshownintable 3: in the frequency range of 10Hz-400Hz, with the thickness of the superstructure
surface layer increase, the level of vibration and acoustic radiation characteristics of underwater is
decreasing. When the thickness of the surface layer increasing from 4mm to 6mm, the mean square
vibration velocity of the shell plate decreases 1.4dB, and the sound source level decreases 1.5dB. The
change of acoustic radiation characteristics in the frequency range of 100Hz-300Hz is significantly,
especialy in the frequency range of 300Hz-400Hz, the mean square vibration velocity of the shell
surface decreases 3.1dB, and the sound level decreases 3.3dB.
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The parameters of core thickness. In this section, the basic structure of the superstructure of
composite materials is taken as the research object. Three kinds of core layer thickness are setting
without changing the thickness of the surface layer (6mm), the thickness of the core layer is set as
32mm, 36mm and 40mm. The vibration and acoustic radiation characteristics of underwater about
three structures were analyzed respectively.

Under the vertical unit force in the center of the superstructure, the mean square vibration velocity
of the wet surface of the shell structure and the sound source level contrast curve are shown in Figure
6.

1604 ——6/32/6
904 ——6/32/6| 150 ——6/36/6

—— 6/36/6 ——6/40/6
—— B/40/6

S SR e/
TR/ dB
3

T T T T T T T T
0 50 100 150 200 250 30 30 400 o 50 100 150 200 250 300 350 400

% M PR /e
(&) The velocity level contrast curve of the mean
sguare vibration
Figure 6. Contrast curves of vibration and acoustic radiation characteristics of underwater
superstructure

(b)Sound source level comparison curve

Asshown in Figure 6, the trend of the curve that vibration and acoustic radiation characteristics of
underwater superstructure have little changing with the thickness of the superstructure core layer
changing. With the increase of the shell core thickness, the stiffness of the shell structure increases, it
makes the curve shift to the right, while there is no significant difference between the sound source
level curves. In order to better quantify the calculation results, Table 4 showsin the different frequency
bands, the Influence of vibration and acoustic radiation characteristics of underwater superstructure
with core thickness changing.

Tabled. Frequency range of vibration and acoustic radiation characteristics of underwater (dB)

The mean squar e vibration velocity level on the

Frequency = surface of the shell y Sound sour ce level

band(H2) 6/32/6 6/36/6 6/40/6 6/32/6 6/36/6 6/40/6
10-100 90.9 89.8 88.2 1306 127.0 128.7
100-200 88.8 89.1 89.4 1427 1455 142.7
200-300 84.2 853 84.9 144.4 1431 1418
300-400 885 88.9 87.2 148.4 1487 148.9
10-400 951 945 932 151.1 150.7 1505

It is known from table 4 that: in the frequency range of 10Hz-400Hz the radiation noise
characteristics of underwater composites superstructure decreasing with the increase of the thickness
of the core layer. When the core thickness increases from 32mm to 40mm, the mean square vibration
velocity of the shell surface decreases 1.9dB and the sound source level decreases 0.6dB. However, in
the frequency range of 10Hz-100Hz, the radiation noise characteristics of underwater changes
obvioudly with the increase of the shell core thickness. The mean square vibration velocity on the shell
surface decreases 2.7dB and the total sound level decrease 1.9dB.

Conclusions

Compared with traditional steel superstructure, the changing of material properties will have agreat
influence on vibration and acoustic radiation characteristics of underwater after the underwater vehicle
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superstructure adopting composite sandwich panel. Based on the acoustic structure coupling finite
element analysis technology, this paper analyzed vibration and acoustic radiation characteristics of
underwater vehicle superstructure with composite sandwich panel, and the influence rule of shell
thickness parameters is further explored. The following conclusions are obtained:

1) When the superstructure adopts composite sandwich panel, the acoustic radiation characteristics
of the superstructure are much better than that of the steel material; when the superstructure adopts
steel material, the acoustic radiation characteristics of the superstructure are much better than that of
the Acoustic material. So, it is benefit that the underwater vehicle superstructure adopt composite
sandwich panel.

2) It isbenefit that increasing the thickness of the shell to improve the performance of vibration and
acoustic radiation characteristics of underwater vehicle superstructure. Increasing the thickness of the
surface is beneficial to improve the acoustic performance of the structure at high frequency
(300HZz-400H2Z), while increasing the core thickness can improve the acoustic performance of the
structure at low frequency (10Hz-100H2).
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