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This study used experimental measurements and the finite-element method (FEM) simulations to inves-
tigate transient underwater radiated noise induced by the impulse excitation of water surrounding a water-
tight steel-structured circular cylindrical shell submerged in the 176× 8× 4 m towing tank. The excitation was
caused by dropping an iron block onto a structural bracket in the shell to generate structural vibration. The
experimental results were found to be consistent with the FEM results, with the difference between the ex-
perimental and simulated sound pressure levels being less than 3 dB. Moreover, it was determined that the
structural vibration also generated airborne noise in the cylindrical shell, but this contributed much less than
the impulse excitation to the induction of underwater radiated noise. Finally, analysis of the sound field of the
underwater noise radiation showed that it was influenced by the wall thickness of the watertight steel cylindri-
cal shell and that of the reinforced bracket seat structure. In particular, the structural reinforcement position
proved to be the diffusion breakpoint of the underwater sound radiation. This demonstrates that compared
with the studied structure, a thicker and more complex reinforced structure will transmit less or incomplete
sound radiation into water.
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1. Introduction

Understanding the characteristics of noise radiated
from underwater vehicles is a key research challenge.
As underwater noise radiation is influenced by the
structure of underwater vehicles, vehicle-induced un-
derwater noise can be predicted by model simulation,
and underwater noise and structure-borne noise caused
by vibrating structures can be determined by test-
ing experimental models. In this study, hydrophones
were used to measure the underwater noise-radiation
sound field caused by an impulse-induced vibration in
a model underwater vehicle. In addition, the underwa-
ter noise-radiation sound field was numerically simu-
lated using the finite-element method (FEM).

The underwater radiated noise was generated by
dropping an iron block onto a section of a model under-
water vehicle inside a watertight steel circular cylindri-
cal shell submerged in water in the 176× 8× 4 m tow-
ing tank. The experimental setup was remotely con-

trolled and a hydrophone line array was used to mea-
sure radiating noise in the towing tank. In addition,
FEM was used to simulate underwater radiated noise
induced by the impulse vibration of a submerged and
watertight steel circular cylindrical shell. The effects of
the cylindrical shell’s structural configuration and the
wall thickness on the sound radiation field were inves-
tigated. Previous experimental and FEM simulation
studies in this area are reviewed below.

In (Wawrzynowicz et al., 2014), the acoustic
sound insulation performances of cement and foamed
composite materials were studied via FEM simulation
to analyze the transient and steady states of two-
dimensional and three-dimensional models. In addi-
tion, experimental measurements were made to com-
pare sound absorption rates. The results generated
by the both models for both transient and steady
states agreed with the experimental curve. In (Rawat
et al., 2015), the vibration response of a three-di-
mensional cylindrical liquid tank subjected to three-
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dimensional transient seismic waves was studied by an
acoustic-structural FEM. This was used to explore how
the force induced by liquid shock water pressure cou-
pled with the vertical force of the seismic wave to dy-
namically affect the tank bottom.

In (Junger, Feit, 1986), two thin-shelled cylindri-
cal shells with different aspect ratios were subjected to
an excitation force, and an analytical solution was ob-
tained for the sound pressure level (SPL) in the far
field. In (Wu, Too, 2021), underwater steady-state
noise was generated and measured in a watertight steel
circular cylindrical shell submerged in a towing tank,
and the simulation results of the towing tank were con-
sistent with the experimental results. This verified that
FEM is feasible for the analysis of underwater sound
radiation induced by continuous machine vibration in
a towing tank. Thus, experimental measurements and
FEM simulation can be used to analyze the radiated
sound field generated by an underwater vehicle con-
taining an operating machine. In an earlier study (Wu
et al., 2022), the characteristics of the boundary was an
important factor to the accuracy of measurements and
simulations for underwater radiation in a towing tank.
The experiment was conducted to vibrate the water-
tight cylinder and to measure the underwater sound
field, which was significantly impacted by reflections
from the tank walls. The experimental measurements
and underwater sound field simulations were consistent
with each other at 45 and 250 Hz. The simulation and
experiment were slightly larger in the 500 Hz case. The
result was the simulations investigated the factors af-
fecting the towing tank’s boundary effects. In (Leader
et al., 2013), the sound and vibration of a torpedo-
shaped structure under axial force excitation were ex-
perimentally investigated, and in (Wang et al., 2000),
machine vibration-induced underwater acoustic radia-
tion was studied. The simulation theories in the present
study and the FEM for fluid-structure interaction have
also been applied in (Wu, 1989; Wu, Chen, 2017; Et-
ter, 2018).

Several studies have conducted underwater struc-
ture-borne radiated noise experiments and acoustic-
structural coupling simulations (Yoshikawa, 1993; Ru-
gonyi, Bathe, 2001; Matthew, 2004; Tong et al.,
2007; Qian et al., 2012; Zhang et al., 2016). These stud-
ies have used the FEM or the boundary element method
to analyze underwater noise and study the fluid-struc-
ture coupling vibration performance of a submerged
double-cylindrical shell of a ship. The vibroacoustic re-
sponse of a shaft-hull system was also numerically and
experimentally investigated (Lin et al., 2016).

In a boundary study (Sacks et al., 1995), the per-
fectly matched layer approach (PML) was devised –
in which the acoustic pressure on a peripheral bound-
ary is set to 0 – to indicate that the acoustic pres-
sure on a radiation boundary was completely absorbed.
This means that an appropriate increase in the ab-

sorption coefficient of the main control equation en-
ables the control equation of the absorption layer to be
transformed. In (Alvarez-Aramberri et al., 2014),
a method for performing calculations for the automati-
cally matched layer (AML) approach, an advanced ver-
sion of the PML technology, was devised. PML calcu-
lation accuracy is affected by absorbing layer parame-
ters, which are determined by researchers. In contrast,
the AML approach does not require the manual defi-
nition of the absorption layer grid. Instead, the absorp-
tion layer parameters are automatically defined based
on a model, such that they meet the infinite domain
boundary.

2. Basic methodology

Theoretically, the wave equation can obtain the tran-
sient and steady-state solutions of acoustic-fluid cou-
pling, and the Helmholtz equation is only suitable
for solving steady-state solutions. In this study, the
steel block dropped onto the steel cylindrical shell is
the transient solution to solve the fluid-solid coupling.
Therefore, the ABAQUS software uses the wave equa-
tion to derive the transient acoustic-fluid coupling so-
lution first, and then derives the fluid-solid coupling
solution.

The response of underwater noise generated from
transient structural vibration can be directly derived
from the wave equation. That is, the response is dis-
cretized from the sound domain, and thus the coupled
transient acoustic-structural equation can be derived.
The structure is regarded as an elastic body sur-
rounded by fluid, such that structural vibration gener-
ates a fluid load at the fluid-solid interface and sound
pressure generates an additional force on the struc-
ture. Therefore, the structural dynamic equation and
the wave equation in the fluid domain must be cal-
culated. The displacement and sound pressure on the
fluid-structure interface are obtained via model dis-
cretization and from the wave and motion equations,
as in (ABAQUS, 2014). Then, based on the assump-
tion that the fluid is an ideal acoustic medium, the
wave equation of sound pressure in a three-dimensional
space is expressed as:

∇2P − 1

c2
∂2P

∂t2
= 0, (1)

where P is the instantaneous sound pressure, t is a time
variable, and c is the velocity of sound in the medium,
and

∇2 = ( ∂2

∂x2
+ ∂2

∂y2
+ ∂2

∂z2
). (2)

The law of finite elements is used as an approxi-
mation method to calculate and obtain the solution of
the wave equation. Equation (1) is thus rewritten as:

∇ ⋅ (∇P ) − 1

c2
∂2P

∂t2
= 0. (3)
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By applying the Galerkin approximation method,
multiplying a sound pressure function of a boundary
condition Φ, and integrating on the sound domain Ω,
Eq. (4) is obtained:

∫
Ω

Φ [∇ ⋅ (∇P )]dΩ − ∫
Ω

Φ [ 1

c2
∂2P

∂t2
]dΩ = 0. (4)

From the chain rules of gradients:

u (∇ ⋅ v) = ∇ ⋅ (uv) − (∇u) ⋅ v, (5)

where v is the vector notation and u is a unit direction
vector, therefore Eq. (4) can be written as:

∫
Ω

∇ ⋅ (Φ∇P )dΩ − ∫
Ω

∇Φ ⋅ ∇P dΩ

− ∫
Ω

Φ [ 1

c2
∂2P

∂t2
]dΩ = 0. (6)

From the divergence theorem:

∫
Ω

∇ ⋅AdΩ = ∫
Γ

A ⋅ ndΓ, (7)

where Γ is the boundary, A is an arbitrary vector, and
n is the vector perpendicular to the boundary. In the
fluid-structure interaction problem, Γ represents the
water-structure contact surface; accordingly, Eq. (6)
can be written as follows:

∫
Γ

Φ∇P ⋅ ndΓ − ∫
Ω

∇Φ ⋅ ∇P dΩ

− ∫
Ω

Φ [ 1

c2
∂2P

∂t2
]dΩ = 0. (8)

By considering the water and the structure in the
normal direction of the contact surface, the relation-
ship between the water pressure gradient and structure
is expressed as:

n ⋅ ∇P = −ρn(∂
2u

∂t2
), (9)

where u is the displacement vector of the structure on
the boundary surface. Equation (9) can also be writ-
ten as:

∫
Γ

Φ∇P ⋅ ndΓ = ∫
Γ

Φ(−ρn∂
2u

∂t2
)dΓ. (10)

Substituting Eq. (10) into Eq. (8) gives the follow-
ing sound fluid equation:

∫
Ω

Φ [ 1

c2
∂2P

∂t2
]dΩ + ∫

Ω

∇Φ ⋅ ∇P dΩ

= −∫
Γ

Φρn(∂
2u

∂t2
)dΓ. (11)

The known structural motion equation is:

[Ms] {Ü} + [Cs] {U̇} + [Ks] {U} = {Fs} . (12)

The sound fluid equation (Eq. (11)) is discretized
and divided into several finite elements. Any point in
the sound pressure elements and the displacement
of the mass point are discretized with respect to time.
This discretization can be performed through the inter-
polation of the corresponding value at the node of the
element, and the sound pressure boundary condition
function Φ can be eliminated. Equations (11) and (12)
are thus combined into an acoustic-structural coupling
equation as:

⎡⎢⎢⎢⎣

[Ms] [0]
ρ [R]T [Mf ]

⎤⎥⎥⎥⎦

⎡⎢⎢⎢⎣
{Ü}
{P̈}

⎤⎥⎥⎥⎦
+ [

[Cs] [0]
[0] [Cf ]

]
⎡⎢⎢⎢⎣
{U̇}
{Ṗ}

⎤⎥⎥⎥⎦

+ [
[Ks] [0]
[0] [Kf ]

] [
{U}
{P}

] = [
{Fs}
[0]

], (13)

where [Ms] is the mass matrix of the structure; [Mf ]
is the mass matrix of the fluid; [R] is the coupling
factors; [Cs] is the damping matrix of the structure;
[Cf ] is the damping matrix of the fluid; [Ks] is the
stiffness matrix of the structure; [Kf ] is the stiffness
matrix of the fluid; and {Fs} is the structural load
vectors.

The explicit dynamic-solver-analysis method is used
with an extremely small time-step increment, as the set-
ting of the time-step increment directly affects the
simulation result in dynamic analysis. The central dif-
ference integration algorithm is used in the dynamic
analysis to solve the overall balance equation for the
entire operational process. Then, the dynamic equa-
tion is used to calculate the dynamic state of the next
time-step increment. The dynamic balance equation
for a single-degree-of-freedom system is expressed as:

mü + cu̇ + ku = p (t) . (14)

From the central difference theorem:

u̇i =
ui+1 − ui−1

2∆t
, (15)

üi =
ui+1 − 2ui + ui−1

(∆t)2
. (16)

Substituting Eqs. (15) and (16) into Eq. (14) yields:

m
ui+1 − 2ui + ui−1

(∆t)2
+ cui+1 − ui−1

2∆t
+ kui = pi. (17)

Equation (17) can be rewritten as:

[ m

(∆t)2
+ c

2∆t
]ui+1 = pi − [ m

(∆t)2
− c

2∆t
]ui−1

− [k − 2m

(∆t)2
]ui. (18)
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According to Eq. (18), the displacement at a moment
is related to that at the previous moment. The dis-
placement, velocity, and acceleration of the model
nodes are related to the incremental learning at each
step. Therefore, ABAQUS/Explicit uses a very small
initial time increment and many increment steps to
complete the central difference method.

Equation (19) shows that in the time integration,
the time increment directly affects the solution accu-
racy. The upper limit of the time increment is there-
fore used to obtain the stable value. In the absence of
damping, the stable value of the time increment can
be expressed as:

∆tstable =
2

ωmax
. (19)

However, several factors affect the frequency of
a system, and sometimes its highest frequency cannot
be accurately calculated. Therefore, another method is
adopted to obtain a stable value, as shown in Eq. (20):

∆tstable =
Lε

Cd
, (20)

where Lε is the minimum length of the grid element,
and Cd is the material wave velocity. Therefore, as the
size of grid elements reduces, the time increment de-
creases accordingly, consistent with the time-stable in-
cremental value.

In the FEM calculation, Eq. (13) is solved via the
explicit integration method, and the derivatives of ac-
celeration and velocity are replaced by central differ-
ence using the central difference method. Then, the
state variable equation for the time before the small
increment time is solved, and the effective load ma-
trix and the effective load vector are calculated. This
method can be used to calculate the dynamic in-
stantaneous displacement condition of the next time
increment within each tiny time increment, as in
(ABAQUS, 2014).

In the ABAQUS software to perform transient
micro-time step calculations, the software itself must
have a high number of cores. This study only used
a high-performance notebook computer CPU using
8 GB of RAM and one core calculations. Using the
explicit dynamic solver, and setting the time period to
0.05 s, and each increment to 0.0001 s, the total calcu-
lation of 0.05 s took about 3 to 4 days. The operation
time depends on the complexity of the structure and
the length of the operation time. To speed up the com-
puting speed, that can increase the computing cores of
the software and increase the computing cores of the
hardware.

3. Experimental measurement
and analysis procedure

In this study, impulse excitation measurements
were conducted to obtain the underwater radiation

sound field. The architecture of the entire process was
established via several experiments and simulation.
The experimental measurement and analysis of the
impulse-induced structural noise are described below.
The procedure of the impulse-induced structural noise
experiment is shown in Fig. 1.

Towing tank 
environment survey

Measurement equipment 
and experimental design

Pre-test calibration

Background noise 
measurement

Measurement of inner 
airbone noise of the steel 

circular cylinder

Hydrophone underwater 
noise measurement

Reading of real-time data

Data post-processing analysis

Simulation calculation
and experiment comparison

Conclusion and discussion

Fig. 1. Procedure of watertight steel circular cylindrical
shell underwater measurement, and comparison with sim-

ulation results.

First, the towing tank was surveyed to confirm that
it was sufficient to contain the watertight steel circu-
lar cylindrical shell. To ensure the feasibility of the
experiment, the detailed experimental conditions were
considered, such as the depth, environment, and back-
ground noise of the towing tank, and the capability of
the tank to be hoisted on an experimental vehicle.

Second, the measuring vehicle was assembled and
prepared. The 1 kg iron block was magnetically at-
tached to the inside roof of the submerged watertight
steel circular cylindrical shell and could be dropped
by remote control to generate a vibration and noise
that simulated an impulse-induced vibration noise ra-
diated from an actual submerged vehicle (Fig. 2).
The watertight steel circular cylindrical shell was de-
signed (Fig. 3) so that it could be operated underwater
and in air. The measuring instruments (a hydrophone,
a sound level meter, and a microphone) were calibrated
before measurement.

At the beginning of the underwater measurement,
the background noise of the towing tank was measu-
red. The sound level meter was used to measure the
SPL of the airborne noise generated by the impulse
excitation, and the underwater sound field of the hy-
drophone was measured. All measured values were con-
verted via the fast Fourier transform (FFT) to obtain
the frequency spectrum, and the values of repeated
measurements were assessed to evaluate stability.

Many data were post-processed and analyzed to
obtain the SPL of the underwater sound field. These
data were compared with the FEM simulation data
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a) b)

h = 500 mm

Iron block

Inner 
bracket

Fig. 2. Photograph of iron block magnetically attached to the roof inside a watertight steel circular cylindrical shell (a)
and diagram of the full setup (b).

a) b)

Fig. 3. Photograph of the watertight steel circular cylindrical shell being loaded into the towing tank (a)
and the B&K 8104 hydrophone used to measure underwater noise (b).

for the water course direction of the towing tank. Fi-
nally, the characteristics of underwater sound radiation
and the structural configuration of the vehicle were ex-
plored.

To obtain the radiation underwater sound field, the
actual structural vibration of a fluid-structure interac-
tion sound field was simulated using a numerical model
and generated in an experimental model, with both
models being of the same size and configuration. The
underwater noise level was measured, and the results
were compared with the FEM simulation results. The
experimental measurement was conducted in the tow-
ing tank with a length of 176 m, width of 8 m, and
depth of 4 m. The center of the watertight steel circular
cylindrical shell was 1.5 m beneath the water surface.

Hydrophone 

Water surface 

Steel circular
cylinder

Towing tank length = 176 m

1.5 m

4 m

8 m
0.5 m 0.5 m 0.5 m 0.5 m

3.
5 

m

Fig. 4. Underwater configuration of hydrophone line array and the watertight steel circular cylindrical shell.

The B&K 8104 hydrophone (Fig. 3b) with a mea-
suring frequency of 0.1 Hz – 120 kHz was used for the
underwater noise measurement. The frequency range and
dynamic range of the microphone were 5–20 000 Hz
and 182 dB re 20 µPa, respectively. The SPL and fre-
quency ranges of the sound-level meter were 28–141 dB
and 20 Hz – 8 kHz, respectively. In the experimental
measurement, a four-by-one hydrophone line array was
installed in the watercourse direction at 0.5, 1, 1.5, and
2 m in the towing tank (Fig. 4).

The hydrophones were connected to the signal ex-
tractor through an analog-digital converter. The data
were collected at a sampling frequency of 100 kHz, the
frequency spectrum was obtained via FFT, and data
were transmitted to a computer for storage. In addi-
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tion, the SPL of the inner airborne noise in the wa-
tertight steel circular cylindrical shell was measured
using a sound level meter and was used to estimate
the airborne source noise power induced by structural
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Fig. 5. Towing tank background noise measurement in the frequency domain.
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Fig. 6. Measured time series data of underwater acoustic pressure at 0.5 m (a), 1.0 m (b), 1.5 m (c), and 2.0 m (d)
from the steel circular cylindrical shell.

vibration. The iron block had an initial velocity V0
of 0 mm/s and was positioned at a height of 500 mm
above the bottom of the inner bracket surface of the
watertight steel circular cylindrical shell. The velocity
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of the iron block immediately before its impact with
the bracket was calculated according to the conserva-
tion of energy from the roof to the impact point. The
airborne noise power and the velocity of the block be-
fore impact were used as inputs of the FEM model.

The experimental results revealed that the airborne
source noise contributed much less than the impulse-
induced vibration generated by the impact of the iron
block to the underwater radiated noise. Hence, the
contribution of airborne noise was ignored and only
the velocity of the iron block before its impact with the
bracket (i.e., before the impulse excitation) was used
as an input for the simulation. Previous studies (Wu,
Too, 2021) have indicated that the background noise
of this towing tank is low-frequency noise (<20 Hz) as
shown in Fig. 5; as this is much lower in frequency
than the impulse-induced vibration noise, the towing
tank background noise was ignored in the simulation
process.

The watertight steel circular cylindrical shell was
designed with the following specifications: a ring thin
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Fig. 7. Measured frequency spectrum of underwater acoustic pressure at 0.5 m (a) and 1.0 m (b) from the steel circular
cylindrical shell.
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Fig. 8. Nature frequencies of steel circular cylinder cylindrical shell in the water and 374 Hz
was the larger amplitude frequency.

shell of 8 mm, a two-sided thick shell of 12 mm, and
an inner bracket of 8 mm. It was also fitted with
watertight adapters and electromagnet device control
lines. The steel circular cylindrical shell (Fig. 3a) has
a weight of 284 kg, a diameter of 0.803 m, and a length
of 1 m. The loading balance block and iron block were
212 and 1 kg, respectively. The steel circular cylindri-
cal shell was suspended in the towing tank with remote
controlled cables and a hydrophone array.

Figure 6 shows the time series data measured from
the hydrophone line array in the watercourse direction
at 0.5, 1.0, 1.5, and 2 m. This indicates the magnitude
of the underwater impulse-induced vibration noise and
decay within 0.4 s. The measured time series data were
converted via FFT to obtain the frequency spectra at
0.5 and 1.0 m (Fig. 7). The transient vibration caused
by impulse excitation produced a broadband frequency
spectrum. This broadband frequency spectrum was
the nature frequencies of steel circular cylinder cylin-
drical shell in the water and the 374 Hz was the larger
amplitude frequency as shown in Fig. 8. Therefore, the
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peak magnitude of time series data was used for SPL
calculation. The experimental results were compared
with the FEM results, as presented in the next section.

4. Comparison of FEM simulation results
with experimental results

The impulse-induced vibration noise radiated from
the submerged steel circular cylindrical shell was also
simulated via FEM, and the simulation results were
compared with the experimental results.

The simulation results of the towing tank are in rea-
sonable agreement with the experiment results, which
demonstrates that FEM is a feasible method for ana-
lyzing underwater radiated noise. The simulation pro-
cess is shown in Fig. 9.

Build all elements 
into the model

Set material parameters 
(e.g., density, Young's modulus)

Assemble the elements

Set the explicit 
dynamic analysis steps

Set the element contact 
conditions

Set the acceleration loading
and boundary condition

Build the mesh and perform 
convergence analysis

Perform model analysis 
and post-process data

Extract the underwater acoustic 
and visualization results

Fig. 9. Set the steps for the explicit dynamic analysis for
the underwater vibration noise of impulse-excited struc-

ture.

A simulated model of the steel circular cylindrical
shell was generated based on the experimental model
and is presented in Figs. 10a and 10b, and Table 1,
and the steel circular cylindrical shell payload was set
to ensure that its weight and buoyancy in water were
balanced, as shown in Table 2. The towing tank wa-
ter model was established under loading and boundary
conditions. The boundary condition of the water tank
set the acoustic impedance at the bottom and both
sides of the tank to approximately 4.3× 106 kg/m2s.
The towing tank front and real walls were far away
from the steel cylindrical shell and set non-reflection
boundaries. The water surface boundary represents the
pressure-release surface. The water surface was located
above the steel circular cylinder, which was set in the
center of the towing tank (Wu, Too, 2021). The tow-
ing tank model and boundaries were shown in Fig. 11
and the parameters were listed in Tables 3 and 4.

In the simulation, a dropped iron block modeled
on the top of the bracket (Fig. 10b), as in the experi-
ment. The impulse excitation caused a bracket vibra-
tion that was transmitted to the underwater radiated
sound field. The parameters of the simulation of the
iron block impulse excitation are listed in Table 5.

a)

b)

Fig. 10. Diagrams of the steel circular cylindrical shell
model (a) and steel circular cylindrical shell inner configu-

ration (b).

Table 1. Dimensions of steel circular cylindrical shell model.

Steel circular cylinder weight 284 kg
Thick round end-plate radius (a) 0.4015 m

Thick round end-plate thickness (t1) 0.012 m
Thin shell cylindrical length (b) 1 m

Thin shell thickness (t2) 0.008 m

Table 2. Dimensions of steel circular cylindrical
shell payload model.

Payload weight 212 kg
Payload thickness (t3) 0.01 m

Table 3. Properties of elements of the steel circular cylindri-
cal shell materials in the model.

Elements
Steel circular, cylindrical

shell, inner bracket, payload
block and iron block

Material Low-carbon steel
Young’s coefficient (E) [GPa] 205

Poisson’s ratio (υ) 0.3
Density (ρ) [kg/m3] 7 850

Table 4. Dimensions of the towing tank model.

Towing tank dimension 176× 8× 4 m
Water density 1.0× 109 tonne/mm3

Water bulk modulus 0.139 MPa
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a)

Front and rear boundaries = non-reflection

b)
water-free surface impedance = pressure-release surface

Steel circular cylinder 
and inner bracklet

Boundary impedance of the three walls 
= 4.3 × 10⁶ kg/m²s

Fig. 11. Diagram of towing tank water model (a)
and boundary conditions (b).

Table 5. Parameters of the simulation of the iron block
impulse excitation.

Iron block weight 0.001 ton
Iron block dropping height (h) 500 mm
Gravitational acceleration (g) 9 800 mm/s2

Initial speed (V0) 0 mm/s
Final speed (V1) 3 130.5 mm/s

Seed edges and gird types were set for the mesh grid
geometry. Three-dimensional solid elements were used
for analysis during the simulation. The mesh elements
and grid quantities are shown in Table 6.

Table 6. Types of mesh and grid quantities for elements.

Element Mesh grid
type

Grid
quantity

Towing tank AC3D4 8 744 042
Steel circular cylindrical shell C3D4 9 190

Inner bracket C3D8R 1 872
Payload block C3D4 1 477
Iron block C3D8R 156

To confirm the correctness of the analysis results,
the FEM was used for the convergence analysis. The
grid quantity of a mesh directly affects simulation
accuracy: a smaller mesh division yields more accurate
analysis results than an larger mesh division. However,
a mesh grid that is too small may generate too many
nodes in a model, which may result in too many de-
grees of freedom and thereby make the model unstable
and increase computational costs.

For the simulation of the sound pressure magni-
tude, the first hydrophone was placed at a certain dis-

tance from the steel circular cylindrical shell in the
water tank. The comparison objects of grid quantity
were analyzed. The grid dimension sizes and quanti-
ties are shown in Table 7.

Table 7. Mesh grid types and quantity.

Grid dimension ∆x [mm] Grid quantity
mesh125 14 289 405
mesh150 8 744 042
mesh175 5 681 363
mesh200 4 221 977
mesh225 3 561 442
mesh250 3 015 747

The grid analysis comparison was based on the
sound pressure magnitude at 0.0008 s, and a conver-
gence analysis of the water grid was performed. Grid
dimensions ∆x of 250 to 125 mm were used in the con-
vergence analysis. The grid dimension was as shown
in Fig. 12a. At a grid size of 150 mm and a quan-
tity of 8 744 042, the sound pressure was 0.0017617 Pa.
At a finer grid size (125 mm) and a higher quantity
(14 289 405), the sound pressure magnitude did not
change significantly (Fig. 12b). Therefore, a water tank
grid size of 150 mm was chosen for further simulation
analyses.

a)

�x

b)

M
ag

ni
tu

de
 [P

a]

Mesh type

Fig. 12. Diagram of towing tank grid dimension ∆x (a) and
the convergence analysis of mesh types (b).

In the simulation study, four hydrophones revealed
that the main energy occurred at 0–0.01 s. The energy
gradually dissipated after 0.05 s and finally tended to
be static and stable. The analog data from 0 to 0.001 s
show that hydrophones at an interval of 0.5 m ex-
hibited a difference in the vibration start time ∆t.
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The first hydrophone firstly starts to vibrate, and the
second started to vibrate ∼0.0003 s later, and this trend
continued for the third and fourth hydrophones; ∆t
(0.0003 s) was exactly the time it took for the sound
to travel 0.5 m in the water, as shown in Fig. 13.

The simulation analysis time was 0.05 s, and each
increment was 0.0001 s. The underwater noise was
transmitted through the bracket to the bottom of the
steel circular cylindrical shell. The results show that
the energy was concentrated within 0–0.01 s, and the
energy gradually dissipated after 0.05 s (Fig. 14).
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Fig. 13. Simulation of four hydrophones at 0.5, 1, 1.5, and 2 m with time delay ∆t
versus energy magnitude during t = 0.01 s.
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Fig. 14. Simulated underwater acoustic pressure time series data at 0.5, 1, 1.5, and 2 m
from the steel circular cylindrical shell.
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Fig. 15. Peak SPL in the towing tank watercourse direction.

The transient vibration caused by impulse ex-
citation produced a broadband frequency spectrum.
Therefore, the peak magnitude of time series data was
used for SPL calculation. The peak SPL results of the
simulation were compared with the experimental re-
sults for each position of the underwater sound field.
The peak magnitude of time series data was used for
SPL calculation. The difference between the experi-
mental and the simulated SPL was within 3 dB (Fig. 15
and Table 8), which demonstrated the high accuracy
of the simulation.
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Table 8. Comparisons of the simulated and experimental
data of peak SPL in the towing tank watercourse direction.

Hydrophone location [m] 0.5 1.0 1.5 2.0
Experiment peak SPL [dB] 184.5 183.0 181.3 179.4
Simulation peak SPL [dB] 186.3 182.1 180.1 176.5
Discrepancy peak SPL [dB] +1.8 −0.9 −1.2 −2.9

5. Influence of structural configuration
on underwater sound radiation

In this section, the effects of structural configura-
tion on sound propagation in the steel circular cylin-
drical shell and its radiation into water are discussed.
The effects of the thickness, configuration, and shape
of the steel cylindrical shell structure on the sound
field are also discussed. The findings can be used as
a design reference for the structural configuration of
underwater vehicles. The effects are explored:

1) The dropping of the iron block to impact the base
caused the structure below the circular cylindrical
shell to vibrate and generate noise in water, which
was followed by propagation of a sound wave in
water (Figs. 16a–16c). A comparison of the thin

a) T = 0.0006 s b) T = 0.0010 s c) T = 0.0013 s

d) T = 0.006 s e) T = 0.0010 s f) T = 0.0013 s

Fig. 16. Simulation diagrams of underwater noise transmitted from the arc surface of the thin shell to the water,
where they form sound wave radiation.

a) T = 0.0004 s b) T = 0.0007 s c) T = 0.0010 s

d) T = 0.0014 s e) T = 0.0018 s f) T = 0.0023 s

Fig. 17. Reinforced position of the bracket base structure and the truncation point of sound radiation in water.

shell with the thick end cap shows that the wave
mostly came from the thin shell; that is, the main
underwater sound was radiated into the water via
the arc surface of the thin shell (Fig. 16).

2) After the impact of the iron block, the first acous-
tic sound wave radiated from the circular cylin-
drical shell bottom. The second sound wave was
circularly diffused by the top arc surface of the
thin shell of the cylindrical shell. The reinforced
position of the bracket base structure acted as
a truncation point for sound radiation in water
(Figs. 17a–17c). The underwater sound was radi-
ated from the perimeter of the unreinforced shell
of the thin shell arc. This noise radiation behav-
ior shows that the reinforcement position affected
the propagation of structural vibration and could
block the sound radiation integrity in water. The
time series in Fig. 17 shows the sound radiation
truncation, as indicated by the red arrows.

3) The underwater noise was radiated from the vi-
brating circular cylindrical shell to the bottom of
the towing tank. The noise was diffused and re-
flected on both sides of the bottom (as indicated
by the red circle in Figs. 18c and 18f).
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a) T = 0.0014 s b) T = 0.0016 s c) T = 0.0019 s

d) T = 0.0014 s e) T = 0.0016 s f) T = 0.0019 s

Fig. 18. Noise radiation patterns: noise diffusion and reflection on both sides of the bottom.

a) T = 0.0027 s b) T = 0.0048 s c) T = 0.0129 s

d) T = 0.0249 s e) T = 0.0455 s f) T = 0.0711 s

Fig. 19. Transmission of underwater noise from a structure with a gradually declining vibration energy.

4) When the vibration energy of the structure in the
circular cylindrical shell was large, the vibration
alternated from up to down and left to right. The
acoustic sound was transmitted by the arc surface
of the thin shell and the edges of both sides of the
thick end caps (Figs. 17a–17c). With increasing
reverberation time, the vibration energy gradu-
ally reduced and was transmitted only from the
arc surface of the thin shell (Figs. 19c and 19d).
Then, with decreasing vibration energy, the acous-
tic sound reverberated only in the circular cylin-
drical shell and ultimately disappeared (Figs. 19e
and 19f).

6. Conclusions

In this study, impulse-induced structural vibration
noise radiated by a watertight steel circular cylindrical
shell in a towing tank was measured. Then, this ex-
periment was simulated using the FEM. The accuracy
of the simulation results was improved by adding an
impulse speed to the loading conditions; as such, the
simulation results were consistent with the experimen-
tal results. This demonstrates that it is a reliable sim-

ulation method for predicting the radiation of an un-
derwater vehicle sound field caused by transient struc-
tural vibration. During the vehicle design process, the
underwater noise and observed noise radiation can be
predicted and analyzed via the finite-element method.

This study also explored the influence of structural
configuration on sound propagation in a circular cylin-
drical shell and the radiation of this sound into the
water. The thickness of the watertight steel cylindrical
shell and the reinforced bracket base affected the un-
derwater noise radiation. The thin shell of the struc-
ture was the main area from which sound was radi-
ated, while the structural reinforcement position was
the diffusion breakpoint of the underwater sound ra-
diation. Therefore, a thicker and more complex rein-
forced structure will radiate less and incomplete sound
into water.

According to the results of this study, although
large underwater vehicles have complex structures,
usually the main complex and large structures are in-
stalled at the bottom of the equipment. Therefore, re-
gardless of the shock vibration of the equipment or the
impact of the tool falling, the simpler structure of
the upper part of the underwater vehicle is the easi-
est to radiate noise. The sound-absorbing material can
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be covered in the appropriate position of the upper
structure. Future research should be able to use the
results of this study to conduct more in-depth research
and investigate the noise characteristics, structural ar-
rangement and sound-absorbing material performance
of specific underwater vehicles.
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