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a b s t r a c t

In ocean environment, the sound speed gradient of seawater has an important influence on far field
sound propagation. The FEM/BEM is used to decouple the vibroacoustic radiation of the spherical shell,
and the Green function of the virtual source chain is adopted for decoupling. For far field radiated Sound
Pressure Level (SPL), the Beam Displacement Ray normal Mode (BDRM) is employed. The vibration and
near-/far-field radiated SPL of spherical shell is analyzed in shallow sea uniform layer, negative/positive
gradient, negative thermocline environment, and deep-sea sound channel. Results show that the
vibroacoustic radiation of spherical shell acted at 300Hz can be analogous to dipole. When the radiated
field of the spherical shell is dominated by large-grazing-angle waves, it can be analogous to vertically
distributed dipole, and the far field radiated SPL is lower; while similar to horizontally distributed dipole
if dominated by small-grazing-angle waves, and the far field SPL is high.

© 2020 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The acoustic radiation Huang et al., 2020 of structure is an
interactive process of structure and the surrounding fluid Huang
et al., 2020. Therefore, the acoustic environment is an important
affecting factor. Sharma (Sharma et al., 2019; Sharma et al., 2018)
studied the hygrothermal effect on vibroacoustic behavior of
sandwich structure. The acoustic radiation in low frequency of
underwater elastic structure is not only determined by the inter-
action between the structure and surrounding water, but also
strongly influence by the sediment of seabed and sound speed
profile of sea water. In the decoupling calculation of fluid-structure
interactive acoustic radiation, the Finite Element Method coupled
Boundary Element Method (FEM/BEM) is a universally applied
method (Zou and Zhao, 2005). In order to take the influence of free
surface and seabed under consideration, the Green function of
virtual chain model (Liu and Jia-yu, 2010) can be employed for near
field zone. Zou (Zou et al., 2013) considered the seabed as a rigid
reflector to study the influence of the depth of the sea on the

natural frequencies and modal shapes of underwater structure.
However, for the liquid seabed of continental shelf sediment, the
reflection property (Jensen et al., 2011) is fundamentally different
from rigidity. For near field analyses, the reflection coefficient of
liquid seabed can be approximated to be a constant in the range (0,
0.5) (Liu and Jia-yu, 2010), which is employed by Zou (Zou et al.,
2014) to investigate structural acoustic radiation in near field
Pekeris waveguide environment. Chen (Chen and QiShang, 2014)
expressed the seabed reflection as a function of seabed density and
sound speed, so that the precision of far field radiation is increased,
and investigated the far field acoustic radiation induced by struc-
tural vibration using Wave Superposition Method (WSM). Zhou
et al. (2018) introduced the Green function based on normal
mode theory into WSM and reconstructed the radiated field of
complex underwater structure, but the far field results are shown to
be of large error. Also, Huang (Huang et al., 2019) combined the
WSM and normal mode method to model the far field acoustic
behavior induced by vibrating axial symmetric structure consid-
ering the influence of vertical sound speed profile and seabed
density and sound speed. Jiang et al. (2018) employed normal mode
method in FEM/BEM to calculate the structure-fluid interactive far
field acoustic radiation and propagation in typical shallow sea
negative and positive gradient profiles. Zhang et al. (2020) adopted
the three-parameter seabed reflection model in far field acoustic
simulation of slender structure, so that the influence of seabed
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sediment attenuation coefficient is under consideration, and far
field noise modeling is more approximated to real uniform shallow
water environment. In ocean acoustic propagation studies, it is
widely acknowledged that the computation of complex eigenvalue
and eigen function is highly complicated, R Zhang (Zhang and Li,
1993; Zhang et al., 1994) and L Zhang (Zhang et al., 2007) com-
bined the general phase-integral (WKBZ) normal mode approach
and Beam Displacement Ray normal Mode (BDRM) theory and
deduced a general expression of phase correcting at the referencing
interface, and the BDRM theory can be applied to more generalized
vertically layered shallow water environment.

In typical ocean acoustic environment, sound wave is distorted
because of the vertical sound speed gradient and reflected and
absorbed by seabed, of which the absorption coefficient is deter-
mined by parameters as seabed density, sound speed, attenuation
coefficient. In order to model the far field propagation behavior of
fluid-structure interactive vibration, the sound field Green function
based on BDRM theory is imported into the boundary integral
equation to solve the far field radiated sound pressure; while the
near field radiation is still solved using Green function based on
virtual source chain method. This hybrid algorithm can be termed
FEM/BEM-VSC/BDRM (virtual source chain/beam displacement ray
normal mode) method. Using this algorithm, the near/far field
acoustic behavior of a spherical shell is calculated in environment
of shallow waters including uniform layer, positive/negative
gradient, negative thermocline gradient, and deep ocean acoustic
channel.

2. Theoretic model

2.1. Decoupling of radiation source strength

The finite elementmodel of the elastic structure is developed for
modal analyses to obtain the modal displacement u!r ¼�
ur vr wr qxr qyr qzr

�T , in which r is the order of modes,
and the first three elements in fg signify linear displacements along
axial directions, and the last three elements signify the angular
displacements rotating about the x; y; z axes. According to the
continuity condition of fluid-structure interaction (Zou et al., 2014)

vfr

vn
¼ iu

�
urnx þ vrny þwrnz

�
(1)

inwhich f signifies the velocity potential, and ðnx;ny;nzÞ is the unit
normal vector of wetted surface. The radiation source strength
sð r!Þ can be deduced using Hess-Smith equation revised by closed
virtual impedance surface method (Zou et al., 2018)

in which Gð r!; r!0Þ means the Green function of sound field be-
tween the pulsating spot r!0 and the affected spot r!, v=vnmeans to
take the normal derivative, and uni2 and ZS are the normal vibration
displacement and impedance of the closed virtual impedance

surface Si2, and S is the wetted surface of the elastic structure, as is
shown in Fig. 1.

By choosing proper value of ZS and the dimension of the closed
virtual impedance surface, the irregular frequency problem
induced by boundary element discretization can be removed. Since
the underwater structure is of finite length, the distance between
the pulsating spot r!0 and affected spot r! on the wetted surface is
small so that the bending effect of acoustic ray induced by sound
speed profile of sea water is negligible. Therefore, the Green func-
tion in Eqn (Jensen et al., 2011) can be applied into Eqn (Sharma
et al., 2018).

The fluid-structure interactive dynamic equation is assembled
as (Zou et al., 2014)

h
� u2ð½a� þ ½A�Þ þ iuð½b� þ ½B�Þþ ð½c� þ ½C�Þ

i
fqg¼ffeðuÞg (3)

using the matrices of dry structure mass ½a�, damping ½b� and
stiffness ½c�, and the matrices of added mass ½A�, added damping ½B�
and general restoration force ½C� of the surrounding water, in which
ffeðuÞg is the excitation force acted on the structure. The elements
of matrices ½A�, ½B� and ½C� can be deduced from the Bernoulli
equation of the non-steady irrotational case as (Zou et al., 2014):

8>>>>>>>>>>>><
>>>>>>>>>>>>:

Arj ¼
r0
u2 Re

2
4∬ S n

!, u!r,iufjds

3
5

Brj ¼ �r0
u

Im

2
4∬ S n

!, u!r,iufjds

3
5

Crj ¼ �r0∬ S n
!, u!rgwjds

(4)

in which r and j are the order of modes. It can be observed that the
dry modal shapes are non orthogonal in underwater vibrating
cases. From Eqn (Zhou and Joseph, 2005) the modal coordinate
response fqrg can be acquired, which is the weighting coefficient of

Fig. 1. The wetted surface and closed virtual impedance surface.

vfð r!Þ
vnð r!Þ ¼ �1

2
sð r!Þ þ 1

4p
∬
S
sð r!0Þ

vGð r!; r!0Þ
vnð r!Þ ds� 1

4p
∬ Si2

iuuni2ð r!0Þ
vGð r!; r!0Þ
vnð r!Þ � ZSuni2ð r!0Þ

r0

v2Gð r!; r!0Þ
vnið r!0Þvnð r!Þ ds ; r!2S (2)
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the contribution of the r-th dry mode in the dynamic coupling.
With the modal radiation source strength srð r!0Þ and modal co-
ordinate response fqrg, the radiated acoustic pressure of receiving
spot can be calculated using the equation below

for near field where the sound speed profile is of little influence, the
Green function Gð r!; r!0Þ shown in Eqn. (Jensen et al., 2011) is
adopted; for far field where the acoustic rays are bended because of
the sound speed profile, Eqn. (Zou et al., 2014) will be a proper
choice.

2.2. Virtual source chain model for near field

For near field analyses, the impact of sound speed profile can be
neglected, and the virtual source chain model (Liu and Jia-yu, 2010)
is of enough precision:

Gðr; z; z0Þ¼
X∞

n¼0

½�Vð4Þ�n
�
expðikRn1Þ

Rn1
� expðikRn2Þ

Rn2

þ V
expðikRn3Þ

Rn3
� V

expðikRn4Þ
Rn4

�
(6)

in which n is the number of reflection of seabed, z and z0 are the
depths of receiver and source, respectively, r is the horizontal dis-
tance between the source and the receiver, the distance Rn1 � Rn4
can be calculated according to Liu (Liu and Jia-yu, 2010):

8>>>>>>>>>>>><
>>>>>>>>>>>>:

Rnj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ z2nj

q
; j ¼ 1;2;3;4

zn1 ¼ 2nH þ z� z0

zn2 ¼ 2nH þ zþ z0
zn3 ¼ 2ðnþ 1ÞH � z� z0
zn4 ¼ 2ðnþ 1ÞH � zþ z0

(7)

in which n ¼ 0;1;2;…;20. As a function of grazing angle 4, seabed
reflection Vð4Þ is determined by three parameters: the critical
grazing angle 4*, the reflection coefficient V0 at 4 ¼ p=2, and the
inclination Q of lnjVð4Þj to 4 at 4 ¼ 0. These three parameters are
functions of seabed density rbed, sound speed cbed, and attenuation
coefficient a of seabed sediment. The seabed reflection coefficient
can be expressed as (Liu and Jia-yu, 2010)

�lnjVð4Þj ¼
8<
:

Q40<4 < 4*�lnjV0j
4*<4 <

p

2

(8)

2.3. Beam displacement ray mode

In vertical layered ocean channel, the Green function of sound
field can be expressed as the superposition of a series of normal

modes (Zhang and Li, 1993):

GðR; zs; zÞ¼
ffiffiffiffiffiffiffiffiffiffiffi
8p=R

p
eip=4,

X
l

Fðzs; nlÞFðz; nlÞ
ffiffiffiffi
nl

p
eimlR�blR (9)

in which R, zs, z are the horizontal distance between source and
receiving spot, depth of source and receiver, and Fðz; nlÞ is the eigen
function. The complex eigen value is nl ¼ ml þ ibl, in which ml and bl
are horizontal wavenumber and the decay of normal mode,
respectively. Below the negative thermocline layer, the eigen
function can be approximated via WKBZ solution (Zhang et al.,
1994).

Above the negative thermocline layer, the eigen function can be
deduced using normal mode method according to the continuum
condition of eigen function in the negative thermocline layer. The
eigen equation of normal mode is (Zhang et al., 1994):

2
ðzl2

zl1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2ðzÞ � m2l

q
dzþ41ðmlÞþ42ðmlÞ¼2lp l¼0;1;2;/

(10)

bl ¼
�lnjV1ðmlÞV2ðmlÞj

SðmlÞ þ d1ðmlÞ þ d2ðmlÞ
(11)

in which zl2 and zl1 are the upper and lower depths of the l-th
normal mode, and SðmlÞ is the span of the l-th eigenray, while 41ðmlÞ
and 42ðmlÞ , d1ðmlÞ and d2ðmlÞ are the phase shifts and beam dis-
placements of eigenrays at sea surface and seabed, respectively.

If ml > k0, the eigenray reverses under the reference interface,
and therefore named reversing ray. The phase shifts can be
expressed adopting Airy function AiðtÞ and BiðtÞ as (Zhang et al.,
2007):

41 ¼
p

2
þ arctan

	
AiðtÞ
BiðtÞ



þ arctan

	
Ai0ðtÞ
Bi0ðtÞ



ml > k0 (12)

in which t ¼ m2
l �k20
b2=30

and b0 ¼
�����
dk2ðzÞ
dz

�����
h

.

If ml � k0, the ray reflects at the reference interface, and there-
fore termed reflecting ray. The phase shifts are deduced according
to the continuum of eigen function at the reference interface. The
region 0 � z � hþ dh is discretized uniformly into nþ 1 grids, of
which the width is dh, zj ¼ jdh, where h is the depth of reference
interface. Therefore, the eigen function of the j-th layer Fjcan be

pð r!Þ¼ � iur0
4p

Xm

r¼1

qr

0
B@∬ SGð r

!
; r!0Þsrð r!0Þds� ∬ Si2iuur;ni2ð r

!
0ÞGð r!; r!0Þds

1
CA� iur0

4p

Xm

r¼1

qr∬ Si2
vGð r!; r!0Þ

vn
Zs
r0
ur;ni2ð r!0Þds (5)
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obtained iteratively using finite difference method. With the
following expressions (Zhang et al., 2007):

in which B ¼ 2:152, D ¼ 1:619, bh ¼
�����
dk2ðzÞ
dz

�����
h

, and bhþdh ¼
�����
dk2ðzÞ
dz

�����
hþdh

. The phase shifts can be expressed as (Zhang et al.,

2007):

41 ¼ 2 arctanðZ cscðDaÞ � cotðDaÞÞ ml � k0 (14)

3. Numerical analyses

The algorithm proposed in Part 1 is a combination of Fluid-
Structure Interactive (FSI) vibroacoustic radiation and acoustic
propagation considering ocean acoustic channel. The algorithmwill
be verified by comparingwith the result provided byHuang (Huang
et al., 2019). The verification is followed by some applications in
shallow waters and deep ocean environment. For near field
investigation, the bending of acoustic rays induced by Sound Speed
Profile (SSP) can be neglected and the virtual source model is of
acceptable precision; for far field calculation, the BDRM theory is
applied to analyze the influence of SSP. The criteria of near field
here is distinct from that in FSI vibroacoustic radiation, which is
illustrated in detail in Fig. 1. The evanescent waves only affect the
area within several wavelengths surrounding the structure, which
is usually included in the near field area of “radiation& propagation
problem”. It should be clarified that although the near field here is
not defined by whether the wave is evanescent or propagating, the

evanescent wave in near field can be still observed using virtual
source theory only by meshing the sound field of near area finer.

3.1. Verification of algorithm

The algorithm proposed in this paper is verified using a case of
elastic spherical shell in shallow water acted at the bottom of the
shell. The frequency response function of the radiated SPL of the
spherical shell shown in Fig. 2 is simulated. The shell is 0.5 m in
radius, 0.9 mm in thickness, and the elasticity modulus, Poisson
ratio and density, damping factor of the material are 2.1 � 1011N/
m2, 0.3, 7800 kg/m3, and 0.002, respectively. The depth of the sea is
20m, and the depth of the shell is 5 m. The density of seawater and
seabed are 1025 kg/m3 and 2600 kg/m3, and the sound speed of sea
water and seabed are 1500 m/s and 1620 m/s. The dimensions of
the FE model and BE model are 0.03m and 0.05m, respectively. If
the irregular frequency is within the interested bands, the area of

Fig. 2. Criteria of near and far field for investigation.

Fig. 3. Condition and Environment for Comparison (in accordance with Ref [10]).

8>>>>>>><
>>>>>>>:

Da ¼ �
ðhþdh

h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2ðzÞ � m2l

q
dz

Z ¼ Fnþ1

Fn
,

�
Bb4=3hþdh � Db2=3hþdh

h
k2ðhþ dhÞ � m2l

i
þ
h
k2ðhþ dhÞ � m2l

i21=8

�
Bb4=3h � Db2=3h

h
k2ðhÞ � m2l

i
þ
h
k2ðhÞ � m2l

i21=8

(13)
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the CVIS surface is set 0.1e0.4 times of the wetted surface and the
dimension of elements can be chosen in accordance to Zou (Zou
et al., 2018). The amplitude of the excitation force is 1 N, and the
band of excitation is 50e300 Hz. All the parameters mentioned
above are in accordance with Huang’s numerical investigation
(Huang et al., 2019).

For near field simulation, the Green function of virtual source
chain model is employed. The receiver is at the depth of 5 m, and
2 m away from the centre of the spherical shell. The result is shown
in Fig. 4, in which the black curve is the result of Huang (Huang
et al., 2019), and the red dashed curve is calculated using the al-
gorithm of this paper. It is shown that the two curves are almost
identical.

For the far field propagated sound induced by spherical shell
vibration, the Green function of BDRM theory is adopted. The
radiated SPL of the spherical shell is calculated considering 4 kinds
of typical shallow sea acoustical environment: uniform layer shown
in Fig. 3, positive/negative velocity gradient, and negative ther-
mocline velocity gradient shown in Fig. 5. The receiving spot is
1000m away from the centre of the shell, at the depth of 15 m, as is

selected in Huang’s paper (Huang et al., 2019). The comparison of
the calculated frequency response results in this paper (red dashed
curves) and results from Huang’s paper (Huang et al., 2019) is
shown in Fig. 6. It can be observed that the hybrid algorithm pro-
posed here using FEM/BEM and the Green function of BDRM theory
is of acceptable precision, compared with the WSM and Green
function of normal mode theory introduced by Huang (Huang et al.,
2019). The error is due to the difference between the adopted
propagation models.

3.2. Sound radiated in near field

The near field radiated SPL of spherical shell in typical shallow
sea is calculated and compared with that contributed by idealized
source in typical shallow water and that by spherical shell in free
field. The depth of shallow sea is 40 m, and the centre of the shell
and idealized source is 15 m, as is shown in Fig. 7. The density,
sound speed, and sediment attenuation coefficient are 1.77 g/cm3,
1623m/s, and 0.673dB/m-kHz (Zhang et al., 2020), respectively. The
material and geometry of the shell is identical with that in Section
2.1. As is shown in Fig. 7, a vertical single-point excitation force is
acted in XOZ plane of the shell, and the amplitude is 1 N. The acting
frequency is 300 Hz for the shell and idealized source. For Case M0,
the excitation spot is the bottom of the shell; for Case R90, the shell
is acted along the positive axis X; for Case L30, the angle between
the acting direction and negative axis X is 30�.

The vibration acceleration level of the wetted surface and near
field radiated SPL of the spherical shell is calculated, and the results
of Case R90 is shown in Fig. 8. It can be observed that, under the
low-frequency excitation force of 300 Hz, the shell is dominated by
the global reciprocating vibration along axis X, also, the sound field
in XOZ plane is also highly directional, which is stronger along axis
x, and quite weak along axes y and z. Therefore, the vibro-acoustic
behavior of the spherical shell highly resembles to that of dipole
source. So, the dipole source is selected as the idealized source for
comparison study. Dipole sources of three directions are listed in
Fig. 7. The angle between the vertical direction and the line con-
necting the two poles are: a) q ¼ 30�, b) q ¼ 0�, c) q ¼ 90�, corre-
sponding to Case L30, M0, and R90 of the vibrating spherical shell.
It should be noted that the radiated field of spherical shell is a little
bit stronger in positive axis X than in the negative direction, while
the angle between the weakest direction and positive axis X is
about 120�. Besides, it can be inferred that although the driven spot

Fig. 5. Sound Profiles for Comparison (in accordance with [Huang et al., 2019]).

Fig. 4. Comparison of near field spot.
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varies for Case M0 and L30, but the driving direction remains ver-
tical to the shell, so the distribution of wetted surface vibration and
radiated field remains but the direction changes simultaneously in
accordance to the location of driven spot.

In near field area, the influence of sound speed gradient can be
neglected; therefore virtual source chain model is applicable. The
near field radiation of dipole source and spherical shell is investi-
gated in shallow sea, of which the results are shown in Figs. 9 and
10. The directivity of radiated field of dipole is shown to be identical
to that of dipole sources shown in Fig. 6. Meanwhile, due to the free
surface reflection and seabed reflection and absorption, the

radiated field displays a typical interference property of alteration
of the strong and the weak. Therefore, when q ¼ 0�, the radiated
field is dominated by large grazing angle soundwave, and the small
grazing anglewave is weak; whereas the dipolewith q¼ 90�is quite
on the contrary and dominated by small grazing angle wave. The
radiated field of spherical shell also shows interference behavior
and strong directivity. For Case M0, the radiation is mostly directed
to surface and seabed, and the horizontal radiation is quite weak;
while for Case R90, the radiated wave is dominated by the small
grazing angle part.

3.3. Far field propagation behaviors in shallow waters

In far field zone, the influence of sound speed gradient to
propagation of radiated sound waves must be taken into consid-
eration. Four typical sound speed profiles of shallow sea are
considered for the calculation: uniform layer, negative thermocline
gradient, negative gradient, and positive gradient, as is shown in
Fig. 11. For the probation on the influence of grazing angle of sound
waves on far field radiation and propagation, the Case L30, M0 and
R90 of the spherical shell are calculated for far field investigation.
For comparison, the corresponding dipole sources are also
analyzed. The calculated zone is [40m, 3000m] in positive axis X
direction in XOZ plane.

The calculated contours are listed in Figs. 12e15, in which a), c)
and e) stand for Case R90, M0 and L30 for spherical shell, and b), d)Fig. 7. Cases and environment for calculation.

Fig. 6. Radiated SPL in typical shallow sea acoustic channel (the black curve: results of Huang et al., 2019]; the red dashed curve: results of the algorithm in this paper).
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and f) stand for q ¼ 90�, q ¼ 0�and q ¼ 30� of dipole sources. It can
be observed that:

(1) Far field propagated SPL contributed by Case L30 and M0 is
much lower than that by R90 in all four shallow water
environment. The results lies in that, for Case R90, radiated
wave mainly consists of small grazing angle part, which is
mostly reflected by seabed and little energy is absorbed; for
Case L30 and M0, radiation is dominated by large grazing

angle wave, which “hits” seabed more times in given range,
and seabed absorption effect is stronger for large grazing
angle wave, so the propagated wave decays much faster after
the multi-incidence.

(2) The far field radiated SPL of dipole source with q ¼ 0� is
higher than that of q¼ 30�.However, the far field radiated SPL
of Case L30 is slightly lower than that of Case M0 under all
four investigated shallow water environment. That is
because under Case L30, the excitation direction is about
120� away from the positive axis X, which is therefore the
weakest direction around the spherical shell in XOZ plane as
is shown in Fig. 8. So for Case L30, the radiated field mainly
consists of large grazing angle wave and the wave around
horizontal direction is the weakest.

(3) The far field propagation behavior of spherical shell consid-
ering the vertical sound speed gradient corresponds to that
of idealized source. According to Snell law, the sound ray
bends toward the direction of smaller sound speed. So, in
positive gradient profile, the radiated wave bends toward sea
surface and is less influenced by seabed, which benefits
propagation. While in negative profile, the rays bend toward
seabed and are more susceptible to seabed reflection and
absorption, which leads to faster decaying of sound waves.

(4) In negative thermocline profile, the thermocline layer is at
the depth range of [20m, 30m], and the spherical shell is
above this layer. Therefore, for Case R90, the energy carried
by radiated wave is mostly constrained at the layer above the
thermocline layer, which plays an important role as an
obstacle against sound, as is shown in Fig. 13a. While for Case
L30 shown in Fig.13e, the acoustic radiation in positive axis X
is the weakest and little of the sound wave is reflected at the
interface at the depth of 20 m, therefore the thermocline
layer does not act as an effective barrier and the SPL above
the thermocline layer is quite close to that under the layer.

3.4. Acoustic behavior in deep ocean environment

The depth of the ocean environment for investigation is 5000m,
and the sound speed profile is the typical Munk profile (Liu and Jia-

Fig. 9. Vertical near field radiated SPL contours of dipole source in XOZ plane.

Fig. 10. Vertical near field radiated SPL contours of spherical shell in XOZ plane.

Fig. 8. Vibration acceleration level and radiated SPL displacement of spherical shell of
Case R90 in free field.
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Fig. 13. Far field radiated SPL of spherical shell and dipole source in negative thermocline velocity gradient.

Fig. 11. Typical sound speed profiles in shallow sea: a) uniform layer; b) negative thermocline gradient; c) negative gradient; d) positive gradient.

Fig. 12. Far field radiated SPL of spherical shell and dipole source in uniform shallow waters.
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yu, 2010), of which the acoustic channel axis is at the depth of
1000m, as is shown in Fig.16. The seabed density, sound speed, and
sediment attenuation coefficient are 1.4 g/cm3, 1535 m/s, and
0.1dB/m-kHz, respectively. The spherical shell and the dipole
source are located at the depth of 200 m and 1000 m, respectively.

The spherical shell and the dipole source are displaced at the
depth of 200 m, and the results are shown in Fig. 17. It can be seen
that, the distribution of radiated SPL contributed by spherical shell
exhibits convergence zone, which is in accordance to the funda-
mental rule of acoustic propagation in deep ocean acoustic channel.
The 1st convergence zone appears at the range of [52.5 km,
62.5 km], and the 2nd appears at [105 km, 125 km]. For Case R90,
the radiated wave is dominated by small grazing angle part, which
mostly reverses at the depth of total reflection above seabed, which
benefits acoustic propagation and the radiated SPL in convergence
zone is higher, so this case is approximated to the dipole source of
q ¼ 90�. For Case L30 and M0, however, the radiated wave is

Fig. 15. Far field radiated SPL of spherical shell and dipole source in positive velocity gradient.

Fig. 16. Sound speed profile of deep sea acoustic channel.

Fig. 14. Far field radiated SPL of spherical shell and dipole source in negative velocity gradient.

J.-x. Duan et al. / International Journal of Naval Architecture and Ocean Engineering 12 (2020) 680e690688



Fig. 17. Radiated SPL of spherical shells and dipole source at the depth of 200m in deep sea acoustic channel.

Fig. 18. Radiated SPL of spherical shells and dipole source at the depth of 1000m in deep sea acoustic channel.
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dominated by large grazing angle part, which is mostly incident
into seabed and absorbed due to the “soft” seabed sediment,
therefore the radiated SPL in convergence zone is much lower. Due
to similar mechanism of cases in shallow sea environment, the
radiated wave of Case L30 is slightly lower than that of Case M0.

The spherical shell and the dipole source are displaced at the
depth of 1000 m, and the results are shown in Fig. 18. It can be seen
that separation appears in both the 1st and 2nd convergence zones.
Besides, the shell and dipole are located at the depth of acoustic
channel axis, which makes the small grazing angle wave easier to
propagate to far field. Therefore, the radiated SPL of Case R90 is
much stronger than that of Case L30 and M0 both in the conver-
gence zones and around the depth of acoustic channel axis;
meanwhile, the SPL around the depth of acoustic channel axis of
Case M0 is slightly higher than Case L30.

4. Conclusions

In order to investigate the structural acoustic behaviors of un-
derwater vibrating structures in the environment considering the
vertical distribution of sound speed of sea water, an algorithm
coupling FEM/BEM and BDRM (beam displacement ray normal
mode) is proposed in this paper. The results of the proposed algo-
rithm are compared with those obtained using WSM (wave su-
perposition method) coupled normal mode method in Huang’s
analyses (Huang et al., 2019). Comparison shows that the FEM/
BEM þ BDRMmethod is demonstrated of acceptable precision. The
structural near/far field acoustic behavior of spherical shell is
calculated under different excitation cases in shallow sea environ-
ment including sound speed profiles of uniform layer, negative
thermocline gradient, and negative/positive gradient, and in typical
deep ocean acoustic channel. It can be concluded that:

(1) The vibration and acoustic radiation property of the spherical
shell acted by a 300 Hz vertical mono-point excitation can be
approximated to dipole source, and the vibro-acoustic
directivity of the shell changes with the location of driven
spot. In ocean acoustic environment, the acoustic wave
radiated by structural vibration is distorted because of the
vertical sound speed profile, and the distribution behavior of
near/far field acoustic radiation and propagation is equiva-
lent to that of dipole sources in shallow water environment
of all four typical sound speed profiles and typical deep
ocean acoustic channel environment.

(2) If the structural vibration is equivalent to vertically distrib-
uted dipole, the near field radiation is dominated by large
grazing angle wave, which is susceptible to seabed reflection
and absorption after multi-incidence into seabed, and diffi-
cult for far field propagation. If the structural vibration is
equivalent to horizontally distributed dipole, the near field
radiation mainly consists of wave near horizontal direction,
which usually satisfies the condition of total reflection, so
seabed absorption makes little difference and benefits long-
range propagation.

(3) If the radiated sound wave is of large grazing angle, seabed
reflection coefficient will be small, and it is practicable to
constrain the far field radiated sound pressure by employing
seabed absorption. In shallow water environment, if the

sound speed profile is negative/negative thermocline
gradient, which usually appears in summer and lower-
altitude zone, the bending of wave towards seabed will
reinforce the noise reduction. Although the slightly positive
profile makes the sound rays bend towards sea surface and
goes against noise reduction, seabed absorption can be still
taken advantage for noise control when the structurally
induced sound wave is of large grazing angle.
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