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Abstract

The stealth needs of underwater vehicles are increasing, therefore the control of
mechanical vibration noise becomes more important. Initiating from a conventional
metallic base, this investigation employs finite element simulation techniques to
assess the vibration isolation performance of a metallic base. Designed are compo-
site material base and damping steel-metal base, mirroring the structural typology
of metallic base. Optimization of the vibration isolation performance of the com-
posite material base is achieved through the modification of the rib structure, deter-
mining the fundamental structural form by integrating simulation results with
weight reduction considerations. Fabrication of base models using three distinct
material systems, alongside the establishment of test methodologies and assessment
standards, reveals that the optimized composite material base excels in vibration

isolation performance, surpassing the metallic base by approximately 4.7 dB
(within 10 kHz). This investigation reveals the contribution of composite bases in
vibration and noise reduction for underwater vehicles, which contributes to the ap-
plication of composite bases in engineering.
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1. Introduction

The base plays a crucial supporting role in connecting equipment to the hull of a ship [1]. Apart from its function in securing
equipment, the base also serves as a vital channel for transmitting vibrations. Vibrations generated by machinery pass
through various stages such as the equipment itself, the vibration isolation system, the base, and the hull, forming a complex
vibration transmission chain system [2]. During the process of vibration transmission, various forms of radiated noise are
produced. These noises not only exacerbate marine noise pollution and affect the health of crew members but also signifi-
cantly reduce the stability and stealthiness of the vessel. Therefore, introducing bases with high vibration isolation perfor-
mance to attenuate the transmission of vibrations holds significant importance for the development of ships [3].

The technology of base isolation vibration has been studied by numerous scholars in recent years. Wen [4] designed a
module that incorporates four supporting bases and studied the impact of the internal base structural form and layout posi-
tioning on the magnitude of the transmitted acceleration response of the shell. They also presented the distribution laws of
the shell's mechanical admittance. Pang [1] employed ANSYS for the optimization design of the base, and the findings
demonstrated that the web plate of the base exerts a substantial influence on the vibration transmission characteristics,
whereas the effects of the base panel and rib plates are comparatively minor. Based on this, an optimal combination of the
thicknesses of the panel, web plate, and rib plates was identified. Sekulski [5] developed an optimization algorithm based
on a scalar objective function for the problem of ship structural design, conducting multi-objective optimization of topology
and size for the structural components of a large vessel.

DOI: 10.26855/jamc.2024.09.003 210 Journal of Applied Mathematics and Computation


https://www.hillpublisher.com/journals/JAMC/

Junwei Wei, Shuailong Zhou, Hongbo Tao, Liang Zhang

Currently, most ship bases are made of ordinary steel [6, 7]. However, their low damping and weak stiffness character-
istics make their vibration reduction effects less than ideal [3, 4]. In order to effectively reduce the noise level of ships, it
is necessary to use materials with high specific strength, high specific modulus, and good damping properties in the design
of bases. This helps to reduce the weight of the base and suppress vibration transmission [7]. Therefore, this paper takes
metal material bases as the research input and composite material bases as the research target, aiming to meet the important
requirements of weight reduction and noise reduction.

This paper focuses on the base of the ballast water pump inside a diesel generator room as the research subject. Initially,
starting with a conventional metal base as the optimization baseline, a damping steel base with the same structure was
designed. A composite material base was then designed with equal stiffness or total weight constraints, using the metal
base as a reference. The optimization parameters included the thickness of the upper panel and rib plate of the composite
material base. A finite element model was established to evaluate its vibration isolation characteristics, comparing the
vibration isolation properties of various material systems and different structural bases. Based on the optimization results,
a model was manufactured, vibration experiments were designed, and the final optimization design of the composite ma-
terial base was completed.

2. Optimized Design
2.1 Model Establishment

Based on the actual needs of ships and using the metal base of a currently in-service vessel as the research object, this study
adopts the acceleration response level and level drop of vibrations transmitted to the hull as the evaluation indicators for
the damping effect of the base. Utilizing the finite element analysis software ANSYS [8], multiple finite element models
of the base were established, covering different material and structural forms. Under the same constraints and excitation
conditions, a comprehensive comparative analysis of the vibration isolation effects of these bases was conducted, followed
by experimental validation. To simulate the contact surface between the base and the hull, a steel metal bottom plate with
dimensions of 1.2mx1.08m was introduced below the model, simulating the vessel in actual working conditions. Symmet-
rical boundary conditions were set around the metal bottom plate to simulate an infinitely large metal hull bottom.

The structural model of the base adopted ordinary steel, as shown in Fig. 1. Based on this, multiple base schemes were
designed by adjusting the material and thickness of the upper plate, belly plate, and lower plate of the base, and a detailed
analysis of their damping effects was carried out.

Figure 1. Base structure model.

In ANSYS software, the model is meshed using Shell 181 shell elements, with specific settings of a mesh size of 15mm
for the bottom plate and 10mm for the base. The finite element structural diagram is shown in Fig. 2. Subsequently, a
harmonic response analysis was performed using the full method. The calculation frequency range was set from 10 to
10000Hz with a frequency step of 10Hz.

Regarding boundary conditions, the perimeter of the bottom plate was fixedly supported. A-unit excitation forces in the
Z-direction were applied to the upper panel of the base; these forces are perpendicular to the panel. For solving the harmonic
response, four points were selected on the surface of the upper panel of the base and four points on the bottom plate as
monitoring points to obtain the Z-directional acceleration information of the base. The positions of the applied excitation
forces and monitoring points are illustrated in Fig. 2 and Fig. 3, respectively.
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Figure 2. Location of applied excitation force.

Figure 3. Location of monitoring points.

2.2 Base Scheme Design

To optimize the structure and material of the base, changes were made to the material and thickness of the model, and
several schemes were designed as shown in Table 1.

Table 1. Design proposal

Materials upper panel belly plate bottom plate Weight
Scheme 1 steel 8mm 6mm 6mm 55.2kg
Scheme 2 damped steel 8mm 6mm 6mm 56.5kg
Scheme 3 composite material 40mm 32mm 24mm 55.1kg
Scheme 4 composite material 40mm 24mm 32mm 48.7kg
Scheme 5 composite material 40mm 24mm 24mm 46.5kg
Scheme 6 composite material 40mm 24mm 18mm 44.7kg
Scheme 7 composite material 40mm 18mm 24mm 40.2kg

Scheme 1 represents the baseline scheme, while Scheme 2, without altering the dimensions of the steel base structure,
changes the material from steel to damping steel to enhance its vibration damping performance. Schemes 3 to 7 are all
composite material base, with the same type of composite material. While maintaining the external dimensions of the steel
base, the thicknesses of the base panels, belly plates, and bottom plates were changed. The thickness of the upper panel
was taken as 5 times that of the steel base's upper panel, which is 40mm, for Schemes 3 and 4. In Schemes 5 and 6, the
thicknesses of the belly plate and bottom plate were taken as 4 times and 4 times, respectively, compared to the steel base's
belly plate and bottom plate thicknesses. In Scheme 7, the thicknesses were taken as 3 times and 4 times, respectively. The
material parameters of the base are shown in Table 2.
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Table 2. Material properties

Elastic modulus

(Gpa) Shear modulus (Gpa) Density (kg/m?) Poisson’s ratio Damping
Steel 196 7850 0.3 0.002
Damped steel 205 8081 0.3 0.025
Composite material 18 18 6 5 5 4 1850 0.12 0.12 0.04 0.05

3. Results and Discussion
3.1 Calculation Criteria

The vibration damping effects of each base scheme were calculated, and the comparison chart of the acceleration response
level of the bottom plate under the seven base schemes is shown in Figure 5. The vibration acceleration response energy
average value of the upper panel of the base was extracted using Eq. 1. Eq. 2 evaluates the vibration acceleration response
level at evaluation points, while Eq.3 synthesizes the acceleration response levels at various frequency points. Eq.4 repre-
sents the drop in vibration acceleration response level.

Average vibration acceleration response at monitoring points [3, 4, 7]:

=14 Q)

Where m is the number of monitoring points and a;is the acceleration value at the monitoring points.
The acceleration vibration levels at each frequency point can be synthesized [3, 4, 7, 9]:

L=20lg (aio) Q)

Where a, is the reference acceleration, a, = 107°m/s?.
The overall acceleration vibration level can be expressed as [3, 9],

Li
Lo = 101g (5L, 105 o) 3)

Where N is the number of sampling points, L;is the acceleration vibration level at the sampling point, and Af is the
step size for the harmonic response calculation.
The drop in acceleration vibration level (L,,) can be expressed [3, 9]:

Lp=20lgZL )
a;

Where, a@;and ajare the overall acceleration levels of the upper and lower panels of the base, respectively.

3.2 Numerical Results

The comparison chart of the vibration level drop for the seven base schemes is shown in Figure 6. From Figures 5 and 6,
it can be observed that in most frequency bands, the damping effect of the steel base is the poorest, followed by damping
steel, while the composite material base exhibits the best damping effect. Particularly, Scheme 6 (with an upper panel
thickness of 40mm, belly plate thickness of 24mm, and bottom plate thickness of 18mm) shows the best damping effect
among all schemes.

For the convenience of comparing and analyzing the damping effects of the seven base schemes, Table 3 lists the total
acceleration levels (TAL) of the upper panel and the bottom plate for each scheme, and calculates the total level drop in
acceleration for each scheme. Comparing the acceleration level of the bottom plate, Scheme 6 shows the maximum reduc-
tion in the total level, which is 47.8 dB. Additionally, comparing the total level drop between the upper panel and the
bottom plate for each scheme, Scheme 6's composite material base also exhibits the largest level drop, approximately 24
dB. In Scheme 6, the composite material base has the thickest upper panel and thinnest bottom plate, with the belly plate
thickness lying between the two.
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Figure 4. Comparison of acceleration vibration levels of the bottom plate.
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Figure 5. Comparison of acceleration vibration levels differences.

Table 3. Statistical table of overall acceleration level

TAL of the base upper TAL of the base bottom TAL difference/dB TAL difference compared to
panel/dB (L1all) plate/dB (L2all) (L1all- L2all) steel base/dB

Scheme 1 172.5 169.2 33

Scheme 2 143.5 137.3 6.2 31.9
Scheme 3 151.1 132.6 18.5 36.6
Scheme 4 151.8 131.6 20.2 37.6
Scheme 5 153.2 139.8 12.4 29.4
Scheme 6 146.6 121.8 24.8 47.4
Scheme 7 152.8 129.6 232 39.6

To further investigate the vibration isolation patterns, the damping effects of schemes 3, 5, and 7 were analyzed. In these
three schemes, the thickness of the upper panel and bottom plate of the base remains constant, with only the belly plate
thickness being varied. Through comparative analysis, it was observed that the damping effect of the base does not linearly
change with the thickness of the belly plate. When the belly plate thickness is 18mm, the total level drop of the base is 23.2
dB. As the belly plate thickness increases to 24mm, the total level drop decreases to 12.4 dB, indicating a decrease in
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damping effectiveness. However, as the belly plate thickness continues to increase to 32mm, the total level drop of the base
increases to 18.5 dB, showing an increasing trend in level drop.

Furthermore, the damping effects of schemes 4, 5, and 6 were analyzed. In these three schemes, the thickness of the
upper panel and belly plate of the base remains constant, with only the bottom plate thickness being varied. Through
comparative analysis, it was observed that the damping effect of the base also does not linearly change with the thickness
of the bottom plate. When the bottom plate thickness is 18mm, the total level drop of the base is 24.8 dB. As the bottom
plate thickness increases to 24mm, the total level drop decreases to 12.4 dB, indicating a decrease in damping effectiveness.
However, as the bottom plate thickness continues to increase to 32mm, the total level drop of the base increases to 20.2 dB,
showing an increasing trend in level drop.

3.3 Structural Determination

From this analysis, it can be seen that for the design of the composite material base, there is a corresponding matching
relationship between the thickness of the belly plate and the upper panel. Simply increasing the thickness of the ribs cannot
achieve the expected vibration isolation effect; therefore, a coordinated design should be carried out based on actual re-
quirements.

Through the analysis of the damping effects of the seven base schemes, it can be determined that the optimal vibration
isolation effect required in this paper can be achieved with a composite material base (Scheme 6) with an upper panel
thickness of 40mm, a belly plate thickness of 24mm, and a bottom plate thickness of 18mm. This structure's base weight
is lower than that of a steel base and a damping steel structure. Within the frequency range of 10-10000Hz, the total level
drop is 24.8 dB, which is 21.5 dB greater than that of a steel structure and 18.6 dB greater than that of a damping steel
structure. Compared to a steel base, the total level drop in acceleration transmitted to the bottom plate decreases by 47.4
dB, and compared to a damping steel base, it decreases by 15.5 dB. This design satisfies both lightweight and vibration
reduction requirements.

4. Experimental

To validate the vibration isolation characteristics of the aforementioned optimal composite material base design, frequency
response tests were conducted on steel, damped steel, and composite material base. The boundary conditions, excitation
conditions, excitation points, and measurement points were kept consistent with their positions in the simulation. The cal-
culated and measured values of the total acceleration level are shown in Table 4 as follows. The absolute values of accel-
eration differ due to the different excitation signals used in calculation and measurement. However, a comparison can be
made based on the total level drop.

Figure 7. Vibration test site diagram of the base.
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From the table, it is evident that both in calculated and measured results, the total level drop and bottom plate acceleration
total level follow the pattern: steel base < damped steel base < composite material base. This indicates that improving the
damping characteristics of steel materials can effectively enhance the base's vibration isolation effect, with the composite
material base exhibiting the best vibration suppression effect. Comparing the simulation results with the experimental
results, it can be concluded that the optimized results from simulation can guide the design of composite materials effec-
tively.

Table 4. Statistical table of overall acceleration level

II;ALe;)f ;T;]l;g]sge TAL of the base bottom TAL difference/dB TAL difference compared to

pperp plate/dB (L2all) (L1all-L2all) steel base/dB
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Steel base 111.4 111.7 2.7
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Composite material 115.3 107.0 8.3 47
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Figure 8. Experimental test results.
5. Conclusion

The paper takes the metal base as the design input object and uses equal stiffness and equal weight as design criteria to
design different structures of composite material bases. Based on simulation calculations, the vibration characteristics of
different composite material schemes, metal schemes, and damped steel schemes are compared. Combining the simulation
results, the optimal composite material base scheme is determined. Finally, experimental validation was conducted to verify
the corresponding conclusions.

1)  For the design of composite material bases, there is a corresponding matching relationship between the thickness
of the ribs, panels, and belly plates. Simply increasing the thickness of the rib plates cannot achieve the expected
vibration isolation effect, and cooperative design should be carried out based on actual requirements.

2) Using equal stiffness and equal weight as optimization design constraints, the experimental results of different
structural bases are consistent with the simulation calculation rules. The order of total level drop and bottom plate
acceleration total level is as follows: steel base < damped steel base < composite material base.

3) Enhancing the damping characteristics of steel materials can effectively enhance the vibration isolation effect of
the base. Compared with steel bases, composite materials can not only reduce the weight of the base structure but
also improve the vibration isolation effect, thereby meeting both ship lightweighting and vibration reduction noise
reduction design requirements.
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