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This paper investigates the structural and acoustic responses of a coupled propeller-
shafting and submarine pressure hull system under different propeller force excitations.
The entire system, which consists of a rigid propeller, a main shaft, two bearings and an
orthogonally stiffened pressure hull, is submerged in a heavy fluid. The shaft is elastically
connected to the pressure hull by a radial bearing and a thrust bearing. The theoretical
model of the structural system is formulated based on a modified variational method, in
which the propeller, the main shaft and the bearings are treated as a lumped mass, an
elastic beam and spatially distributed spring-damper systems, respectively. The rings and
stringers in the pressure hull are modeled as discrete structural elements. The acoustic
field generated by the hull is calculated using a spectral Kirchhoff-Helmholtz integral
formulation. A strongly coupled structure-acoustic interaction analysis is employed to
achieve reasonable solutions for the coupled system. The displacement of the pressure
hull and the sound pressure of the fluid are expanded in the form of a double mixed series
using Fourier series and Chebyshev orthogonal polynomials, providing a flexible way for
the present method to account for the individual contributions of circumferential wave
modes to the vibration and acoustic responses of the pressure hull in an analytical
manner. The contributions of different circumferential wave modes of the pressure hull to
the structural and acoustic responses of the coupled system under axial, transversal and
vertical propeller forces are investigated. Computed results are compared with those
solutions obtained from the coupled finite element/boundary element method. Effects of
the ring and the bearing stiffness on the acoustic responses of the coupled system are
discussed.

& 2017 Published by Elsevier Ltd.
1. Introduction

The fundamental characteristic of a modern submarine is stealth, which can be considered a measure of the ability of the
submarine to operate undetected against threats in designated mission areas. However, a number of significant sources of
vibration and radiation noise exist in a submarine, which may be detected by the sonar arrays of enemy forces. An important
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proportion of the radiated noise from a submarine is due to the rotation of the propeller in a non-uniformwake, resulting in
harmonically varying forces on the propeller [1,2]. These propeller forces are transmitted to the submarine pressure hull
through the shaft, bearings and elastic foundations, leading to significant sound radiation of the hull. A deep insight into the
vibration and acoustic responses of the coupled shafting and pressure hull system is of great importance to the practical
design of a stealth submarine.

Considerable effort has been devoted to the prediction of structural-borne sound of underwater structures, which may
serve as a foundation for the understanding of the vibration and acoustic behaviors of submarines. In a submarine, the
pressure hull is the primary radiator of overall noise, which, in general, is a complex and non-homogeneous shell-shaped
structure. At lower frequencies, the pressure hull is commonly simplified as a long, thin stiffened cylindrical shell. For the
analysis of the acoustic radiation from a fluid-loaded cylindrical shell, analytical methods involving separation of variables
may be successfully implemented. Important results from the application of analytical methods to the acoustic radiation of
cylindrical shells immersed in heavy fluids have been reported by Williams et al. [3], Paslay et al. [4], Harari and Sandman
[5], Stepanishen [6], Burroughs [7], and Laulagnet and Guyader [8], to name a few. Since the pressure hull in a practical
submarine is far more complex than a cylindrical shell, the cylinder configuration may not be able to fully represent the
structural and acoustic behaviors of the hull. Caresta and Kessissoglou [9] developed an analytical model for predicting the
acoustic responses of a submarine hull under axial excitation, in which the hull was modelled as a ring-stiffened cylindrical
shell with internal bulkheads and closed at each end by circular plates. Maxit and Ginoux [10] proposed a circumferential
admittance approach for the acoustic analysis of an externally fluid loaded shell with non-uniformly spaced stiffeners and
transversal bulkheads. Pan et al. [11] analyzed the active control of the low-frequency radiated sound pressure from sub-
marine pressure hulls. The pressure hulls were modelled as finite cylindrical shells with circumferential ring stiffeners and
rigid end plates, and the ends of the cylindrical shells were closed by hemispherical and conical shells. Caresta and Kes-
sissoglou [12] presented a semi-analytical model to predict the structural and acoustic responses of a submerged vessel in
the low frequency range, in which the submarine hull was modelled as a cylindrical shell with internal bulkheads and ring
stiffeners. The cylindrical shell was closed by truncated conical shells, which in turn were closed at each end using circular
plates. Later, Caresta [13] employed this model and investigated the use of inertial actuators to reduce the radiated sound
from a submarine pressure hull in bending vibration and under harmonic excitation from the propeller. Qu et al. [14]
developed a semi-analytical method to predict the vibration and acoustic responses of submerged spherical-cylindrical-
spherical shells stiffened by circumferential rings and longitudinal stringers. Peters et al. [15] developed a modal decom-
position method for predicting the acoustic responses of elastic structures submerged in a heavy fluid medium using fluid-
loaded structural modes. The radiated sound from a fluid-loaded cylindrical shell closed at each end by hemispherical end
caps was examined. Choi et al. [16] studied the acoustic radiation from submerged coupled spherical-cylindrical-spherical
shells with non-axisymmetric internal substructures. Mertz et al. [17] employed the finite element method and boundary
element method to predict the vibration and acoustic responses of a coupled propeller-shafting and submarine hull system,
and a passive vibration attenuation system was introduced in their model. Caresta and Kessissoglou [18] investigated the
reduction of the far-field radiated sound pressure from a submarine using a resonance changer implemented in the pro-
pulsion system. The propeller-shafting system was modeled by a modular approach using a combination of mass-spring-
damper elements, beams, and shells. Peters et al. [19] developed a coupled finite element/boundary element model for
predicting the acoustic responses of fluid-loaded cylindrical hulls closed by hemispherical end caps and with internal
structures.

Although the conventional coupled finite element/boundary element methods using two-dimensional elements can be
employed to analyze the structural-acoustic problems of the propeller-shafting and pressure hull system, the computational
cost of these methods is quite expensive, and moreover, they provides poor physical insight into the vibro-acoustic beha-
viors of the system. On the contrary, an analytical method may be applied to the structural-acoustic problem of a simplified
propeller-shafting and pressure hull system, providing greater physical insight into the physical mechanisms that are very
valuable in the preliminary design process of a submarine. As indicated above, very limited research effort has been devoted
to the structure-acoustic interaction analysis of a coupled propeller-shafting and submarine hull system using analytical/
semi-analytical methods. In the previous analytical models of the coupled propeller-shafting and pressure hull system, only
the axial motion of the propeller-shafting system has been considered, and the shaft was either modeled as a simple spring-
mass-damper element [2,17] or a rod with longitudinal vibration [18]. In addition, to reduce the complexity of the analytical
modeling, axisymmetric pressure hulls were mostly considered, and therefore, the structure-acoustic problem of the hull
can be decoupled for each circumferential harmonic wave. In a real submarine, longitudinal stringers or frames are placed
along the lengthwise direction of the pressure hull. This increases the complexity of the analytical modeling of the pressure
hull and leads to a totally coupled system of all circumferential harmonic waves of the hull. When the transversal and
vertical propeller forces are considered to excite the system, the radial and thrust bearings which connect the main shaft
and the pressure hull should be considered in the modelling, and the flexural motions of the main shaft must be taken into
account. All the previous analytical works have not taken into account the flexural motions of the propeller-shafting system
in the vibro-acoustic analysis of a coupled propeller-shafting and pressure hull system. The focus of this work is to develop a
semi-analytical model for predicting the structural and acoustic responses of the coupled propeller-shafting and pressure
hull system in an underwater submarine. The propeller-shafting system is composed of a rigid propeller, an elastic shaft, a
radial bearing and a thrust bearing. The pressure hull is modelled as a thin cylindrical shell closed by hemispherical end caps
at two ends, and stiffened by a series of ring stiffeners and longitudinal stringers. The axial, transversal and vertical motions



Fig. 1. Coupled propeller-shafting and pressure hull system.
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of the shaft are considered, which are coupled with the vibrations of the pressure hull through the radial and thrust
bearings. Axial, transversal and vertical fluctuating forces are applied on the propeller, which are transmitted to the pressure
hull through the shaft and bearings, resulting in sound radiation in the exterior fluid. A modified variational method in
conjunction with a multi-segment partitioning technique is employed here to formulate the structural models of the
pressure hull and the shaft. This method simplifies the selection of the admissible functions for the displacement field of
each shaft and shell segment, and the ring stiffeners and the longitudinal stringers can be attached to the pressure hull in an
arbitrary manner. To achieve a spectral-type convergence, higher-order Chebyshev orthogonal polynomials are employed to
expand the displacement field of each shaft segment. The displacement components of each shell segment in the pressure
hull are expressed in terms of higher-order Chebyshev orthogonal polynomials together with Fourier series, leading to a
semi-analytical model of the pressure hull. The radial and thrust bearings are simplified as spatially distributed spring-
damper systems. The exterior fluid is modeled using a spectral Kirchhoff-Helmholtz integral formulation. A set of collocation
nodes distributed over the roots of Chebyshev polynomials are employed to establish the algebraic system of the acoustic
integral equations. The structural and acoustic responses for the coupled system under different propeller excitation forces
are examined, and the individual contributions of circumferential modes of the hull to the vibration and radiated sound of
the coupled system are observed.
2. Model description

The structural model of the coupled propeller-shafting and pressure hull system considered here is illustrated in Fig. 1.
The entire system is immersed in water, which is assumed to be compressible and inviscid. The pressure hull is represented
by a circular cylinder closed at both ends with hemispherical end caps. The cylindrical shell is of length L, radius R and
thickness h. The radius and thickness of each hemispherical end cap follow the same configuration of the cylinder. The
cylindrical shell is orthogonally stiffened by a series of ring stiffeners and longitudinal stringer reinforcements, which may
be non-uniformly spaced in the cylinder. The basic elements of the propeller-shafting system are the propeller, main shaft,
and the bearings. The propeller is assumed as a lumped mass, and the shaft is simplified as an elastic beam which exhibits
motions in the axial, transversal and vertical directions. The overall length and cross-section area of the shaft are Lsf and Asf ,
respectively. The shaft is connected to the pressure hull by a radial bearing in the left hemispherical shell and a thrust
bearing in the cylindrical shell. The locations where the two bearings connected to the shaft are defined by L c

sf and L s
sf with

respect to the left end of the cylinder. In a real submarine, the bearing foundations are complex shell-like structures. Here,
the two bearings combined with their elastic foundations are represented by two sets of distributed spring-damper systems,
which have the stiffness and damping coefficients in axial, transversal and vertical directions. It is assumed that all shell
components, ring stiffeners, longitudinal stringers and the shaft are made of homogeneous and isotropic materials. There
are two main sources of fluctuating forces and moments that excite the main shaft in a submarine, which originate from the
propeller and the electric motor. The fluctuations of the propeller forces derive principally from the variations in the wake
field generated by the submarine, within which the propeller has to operate. In addition, significant propeller out-of-balance
forces and moments may also attribute to these fluctuating components. The fluctuating forces and moments at the electric
motor are due to the out-of-balance, roundness and bearing misalignment of the motor, etc. In a real submarine, these forces
and moments of the electric motor are transmitted to the shaft through a flexible coupling and to the hull through elastic
mounters together with a complex foundation. The flexible coupling is an isolation system, which isolate most of the
unbalanced forces and moments from the electric motor to the main shaft. Hence, the fluctuating forces and moments of the
motor transmitted to the shaft are expected to be small. In this work, only the fluctuating propeller forces acting in the axial,
transversal and vertical directions are considered, and the transmissions of the fluctuating forces and moments from the
electric motor to the main shaft and the hull are not considered. Harmonic vibration and acoustic problems are considered
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here, and the time dependence ωe ti of all displacements, forces, pressures, etc., has been omitted if not stated otherwise.
3. Theoretical method

The structural model of the coupled propeller-shafting and pressure hull system is formulated based on a modified
variational method proposed by the authors and coworkers [14,20]. This method is capable of modeling various structural
elements, such as elastic beams, plates and shells in an efficient manner, which is extended here for the structural modeling
of a sophisticated system including the propeller-shafting and the pressure hull. The structural model of the coupled system
may be obtained by Hamilton's principle, given as

( )∫ Τ Τδ = δ − δ + δ + δ − δ + δ − δ − δ + δ + δ =
( )

P U W U W U U W W td 0
1tol

t

t

pr pr pr sf sf sf rb tb rb tb
1

2

where t1 and t2 are two specified times. δ is the variational operator. Ptol is the energy functional of the coupled propeller-
shafting and the pressure hull system. Τpr and Upr represents the kinetic energy and the strain energy of the pressure hull,
respectively. Wpr is the external work of the pressure hull introduced by the acoustic pressure. Τsf includes the kinetic
energies of the propeller and the main shaft. Usf is the strain energy of the main shaft, and Wsf is the external work in-
troduced by the propeller forces. Urb and Utb are the potential energies of the radial bearing and the thrust bearing, re-
spectively. The viscous forces of the dampers in the radial and thrust bearings are treated as generalized external forces. Wrb
and Wtb are the work introduced by the viscous forces of the dampers in the radial and thrust bearings, respectively.

Eq. (1) may be rewritten in a concise form, given as:

( )∫δ = δ + δ − δ − δ + δ + δ =
( )

P P P U U W W td 0
2tol

t

t

pr sf rb tb rb tb
1

2

where Ppr and Psf are the energy functionals of the pressure hull and the propeller-shaft system, respectively, expressed as:
Τ= − +P U Wpr pr pr pr and Τ= − +P U Wsf sf sf sf .

3.1. Energy functional of pressure hull

A detailed development of the energy functional Ppr is presented in Qu et al. [14] and is briefly described here for
completeness. The pressure hull is divided into cylindrical and hemispherical shell components at their junctions. Subse-
quently, the stiffened cylindrical shell is decomposed into Nc stiffened cylindrical shell segments in the axial direction, and
each hemispherical cap is subdivided into Ns shell segments in the meridional direction. The energy functional of the
pressure hull is written as [14]:

( )( ) ( )∑ ∑ ∑ ∑= − + + + + − + −
( )= +

+
= =

P T U W W P T U T U
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where Ntol is the total number of shell segments decomposed in the pressure hull, given as: = +N N N2tol c s. Ti
s and Ui

s are the
kinetic and strain energies of the shell segment ( )i , respectively. Wi

s and Wi
f are the works done by the mechanical forces and

the fluid loading acting on the shell, respectively. +Pi i
s
, 1 is the interface potential on the common boundary of adjacent shell

segments ( )i and ( + )i 1 . The interface potential is employed here to enforce the boundary conditions on the interface of
adjacent shell segments, which leads to a high flexibility in the choice of admissible functions for each shell segment. The
detailed expression of the +Pi i

s
, 1 is given in Ref. [14]. It is to note that the introduction of +Pi i

s
, 1 into Ppr in Eq. (1) leads to a

modified Hamilton's principle [14]. Tj
rg and Uj

rg are the kinetic and strain energies of the ( )j th ring stiffener, respectively. Tk
st

andUk
st represent the kinetic and strain energies of the ( )k th longitudinal stringer, respectively. The total number of the rings

and stringers is Nrg and Nst , respectively.
The Ressiner's thin shell theory is used to formulate the kinetic and strain energies of the shells. For the shell segment ( )i ,

the kinetic and strain energies are given as:
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where us, vs and ws are the axial/meridional, circumferential and normal displacements of the shells, respectively. The dot
above a variable symbolizes differentiation with respect to time. ρs is the mass density of the shell. Si is the area of the mid-

surface of the shell segment. Ks and Ds are the extensional and flexural rigidities of shell, given as ( )μ= −K E h 1s s s s
2 and
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( )μ= ( ) −⎡⎣ ⎤⎦D E h 12 1s s s
s

3 2 , respectively. Es and μs are the Young's modulus and Poisson's ratio of the shell, respectively. εα, εθ ,

εαθ , χα, χθ and χαθ are in-plane strains and changes of curvature of the shell middle surface [14].
Since only the propeller forces are considered as structural forces in the present analysis, the external work Wi

s in-
troduced by mechanical forces for the pressure hull is set to zero. The work done by the external fluid loading is given by:

∬= − ( )
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W w p dS
6i

f

S
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i

where p is the fluid pressure.
The ring stiffeners and longitudinal stringers in a stiffened cylindrical shell segment are considered as discrete elements.

The ( j)th ring stiffener is located at x̂j
rg
measured from the left end of the cylinder. The kinetic and strain energies of the ( )j th

ring stiffener can be expressed as [14,21]
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where urg , vrg and wrg are the centroid displacements of the ( j)th ring stiffener. ρj
rg and Aj

rg are the mass density and cross-

sectional area of the ring, respectively. Ix j
rg
, and Iz j

rg
, are the second moments of area. R̄i

rg is the radius of the ring centroid,

defined as ¯ = +R R ej
rg

j
rg , where ej

rg is the eccentricity of the ring stiffener. Ej
rg , Gj

rg and Jj
rg are elastic modulus, shear modulus

and torsional constant of the ( j)th ring stiffener, respectively. The expressions of χi( = ⋯i 1, , 4) are given in Qu et al. [14]. The
kinetic and strain energies of the ring stiffeners can be expressed in terms of the displacement components of the cylindrical
shell by using the continuity conditions between the cylindrical shell and the ring stiffeners; see Ref. [14] for more details.

Each stringer is rigidly attached to the cylindrical shell along a single attachment line with the (k)th stringer located at θk
st

in the circumferential direction of the shell; see Fig. 1. The kinetic and strain energies of the ( )k th longitudinal stringer are
given by [22]
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where ρk
st and Ak

st are mass density and cross-sectional area of the (k)th stringer, respectively. Iy k
st
, , Iyz k

st
, and Iz k

st
, are second

moments of area about the centroidal axes of the stringer . lj is the length of the ( j)th cylindrical segment. d k
st
0, and d k

st
1,

represent the distances between the attachment line with reference to the centroid of the stringer. Gk
st and Jk

st are the shear

modulus and torsional constant of the (k)th stringer, respectively. Jk
st is Wagner torsion bending constant. The expressions of

χj i
st
, ( = ⋯i 0, 1, , 4) and βj i

st
, ( = ⋯i 0, 1, , 7) are given in Qu et al. [14].

3.2. Energy functional of propeller-shafting system

The shaft is simplified as an elastic beam, which is decomposed into Nsf beam segments in its length direction, as shown
in Fig. 2. The energy functional of the propeller-shafting system is written as
Fig. 2. The propeller-shafting system.
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where Ti
sf andUi

sf are the kinetic and strain energies of the ( )i th beam segment, respectively. +Pi i
sf
, 1 is the interface potential on

the common boundary of adjacent beam segments ( )i and ( + )i 1 ; see Qu et al. [20]. Tpo is the kinetic energy of the propeller.
Wpo is the external work done by propeller forces.

The Euler-Bernoulli beam theory is employed to derive the kinetic and strain energies of each shaft segment. Ti
sf and Ui
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where usf , vsf and wsf denote the displacement components of the shaft in axial (x), transversal (y) and vertical (z) directions,
respectively. ρsf , Asf and Esf are the density, cross-sectional area and Young's modulus of the shaft, respectively. Iy sf, and Iz sf,

are second moments of area of the shaft. εsf , χsf and χ̄sf are expressed as
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The kinetic energy of the propeller is written by
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where mp is the mass of the propeller. x0 is the location of the left end of the shaft.
Since only the fluctuating propeller forces in the axial, transversal and vertical directions are considered, the work done

by these propeller forces are given as

( ) ( ) ( )= + +
( )= = =

W f u f v f w
16po x sf

x x y sf
x x z sf

x x0 0 0

where fx, fy and fz are the propeller force components in the axial, transversal and vertical directions, respectively; see Fig. 1.

3.3. Energy functional of radial and thrust bearings

The radial and thrust bearings together with the bearing foundations transmit the axial, transversal and vertical pro-
peller forces through the shaft to the pressure hull. They are simplified as distributed spring-damper systems. The stiffness
and damping coefficients of the springs and dampers are given in the axial, transversal and vertical directions. Since the
displacement components of the spherical and cylindrical shells are defined in the their local coordinate systems, these shell
displacements have to be transformed from the local shell coordinates to the global Cartesian coordinates in order to
construct the energy functionals of the radial and thrust bearings. For the radial bearing, the potential energy Urb of the
springs and the virtual work δWrb of the viscous damper forces are expressed as:
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where Srb is the spatial area occupied by radial bearing and its foundation in the spherical shell. kx
rb, ky

rb and kz
rb are the axial,

transversal and vertical stiffness coefficients of the springs. cx
rb, cy

rb and cz
rb are the damping coefficients of the viscous

dampers. The stiffness and damping coefficients may not necessarily be constants, which may vary spatially depending on
the locations of the springs and dampers. Since the radial bearing allows the shaft to move freely in the axial direction, the
axial stiffness coefficient kx

rb of the radial bearing is taken as zero. Θu, Θv and Θw are the relative displacement components of
the shaft and shell in the axial, transversal and vertical directions. Θ̇u, Θ̇v and Θ̇w are the relative velocity components.

In Eq. (18), the expressions Θ− ̇cx
rb

u, Θ− ̇cy
rb

v and Θ− ̇cz
rb

w represent the viscos forces of the dampers in corresponding directions.
Θu, Θv and Θw are given as

Θ Θ Θ= ¯ − ¯ = ¯ − ¯ = ¯ − ¯ ( )u u v v w w, , 19a-cu sf s v sf s w sf s



Fig. 3. Displacement components of the shaft and the hemispherical shell.
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where ūsf , v̄sf and w̄sf are the axial, transversal and vertical displacement components of the shaft evaluated at the
bearing-shaft connection point; see Fig. 3. ūs, v̄s and w̄s are the transformed displacement components of the hemispherical
shell in the axial, transversal and vertical directions, respectively.

As shown in Fig. 3, the axial, transversal and vertical displacement components at an arbitrary point in the spherical shell
can be written as:

φ φ θ θ θ θ¯ = − ¯ = ~ + ¯ = ~ − ( )u u w v w v w w vsin cos , sin cos , cos sin 20a-cs s s s s s
s

s s

in which

φ φ˜ = + ( )w u wcos sin 21s s s

where us, vs and ws are the meridional (φ), circumferential (θ) and normal displacement components of the shell in the local
spherical coordinate system.

Similarly, a displacement transformation is also made for the cylindrical shell to construct the energy functionals of the
thrust bearing. The potential energy Utb of the springs and the virtual work δWtb of the viscous damper forces are expressed
as:
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where Stb is the spatial area occupied by thrust bearing and its foundation in the cylindrical shell. kx
tb, ky

tb and kz
tb are the axial,

transversal and vertical stiffness coefficients of the springs, the values of which may depend on the spatial locations of the
springs. cx

tb, cy
tb and cz

tb are the damping coefficients. Θu, Θv, Θw, Θ̇u, Θ̇v and Θ̇w are the relative displacements and velocities of

the shaft and the cylindrical shell in the axial, transversal and vertical directions. The expressions Θ− ̇cx
tb

u, Θ− ̇cy
tb

v and Θ− ̇cz
tb

w

represent the viscos forces of the dampers in corresponding directions. Eq. (19) is also valid for the thrust bearing, but the
displacement and velocity components of the shaft are evaluated at the thrust bearing-shaft connection point, and ūs, v̄s and
w̄s should be replaced with the transformed displacement components of the cylindrical shell in the axial, transversal and
vertical directions .

As illustrated in Fig. 4, the transformed displacement components of the cylindrical shell in the axial, transversal and
vertical directions are given as

θ θ θ θ¯ = ¯ = + ¯ = − ( )u u v w v w w v, sin cos , cos sin 24s s s s s s s s

where us, vs and ws are the axial (x̂), circumferential (θ) and normal displacement components of the shell defined in the
local cylindrical shell coordinates. It is to note that in some cases, the radial and thrust bearings and their foundations may
be simplified as discrete springs and dampers other than distributed ones. For these cases, Eqs. (17), (18), (22) and (23) are
still valid if Dirac delta functions involving the locations of the springs and dampers are introduced to the integrals in these
equations.



Fig. 4. Displacement components of the shaft and the cylindrical shell.
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3.4. Discretized equations of motion

Considering the axisymmetric configuration of the pressure hull, the displacement components of each shell segment
can be expanded by Fourier series in the circumferential direction, which leads to a set of one-dimension problems cor-
responding to the harmonics of the Fourier expansion. To this end, a hybrid series is chosen as the displacement functions
for each shell segment, i.e., Fourier series for the circumferential displacement and Chebyshev orthogonal polynomials for
the axial/meridional displacement. The displacement field of each shell segment is expanded as
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where ψ α( )q is the ( )q th order Chebyshev orthogonal polynomials of the first kind. α is the meridional coordinate of the shell.

n is a non-negative circumferential wave number corresponding to the harmonic component of Fourier expansion. Q and N
are the highest degrees taken in the Chebyshev polynomials and Fourier series, respectively. ũn m
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,
, are the generalized displacement components. ( )α θΦ , is the displacement function vector. us, vs and ws are the vectors

containing the generalized displacement components of the shell segment.
The displacement field of each beam segment is expanded by Chebyshev orthogonal polynomials of the first kind, given

as
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where ψ ( )xq , are the ( )q th order Chebyshev orthogonal polynomials of the first kind. ũq
st , ṽq

st and w̃q
st are the generalized

displacement components of the beam segment. Φ̄( )x , are displacement function vectors. ust , vst and wst are the generalized



Fig. 5. Coordinate system of the acoustic field.
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displacement vectors of the beam segment.
Substituting Eqs. (3), (11), (17), (18), (22) and (23) into Eq. (2), and considering Eqs. (25) and (26), one obtains the

discretized equations of motion for the coupled propeller-shafting and pressure hull system as:

( )ω ω− + + − + = + ( )λ κM q C q K K K q f fi 27s s s s f
2

where q is the generalized displacement vector of the coupled system. Ms and Ks are the generalized mass and stiffness
matrices, respectively. λK and κK are the generalized interface matrices. Cs is the generalized damping matrix due to the
viscous dampers. fs is the generalized force vector due to the propeller excitation forces. f f is the generalized load vector due
to the acoustic fluid pressure acting on the pressure hull.

3.5. Acoustic model

The acoustic solution to the external fluid of the pressure hull begins with the Kirchhoff-Helmholtz integral formulation.
A cylindrical coordinate system θ(^ ^)r z, , located at the geometrical center of the pressure hull is introduced to describe the
acoustic field, as shown in Fig. 5. The Kirchhoff-Helmholtz integral formulation is given as:
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where p is the acoustic pressure of the fluid. θ(^ ^ )r zx , ,x x x and θ(^ ^ )r zy , ,y y y are the position vectors of the points exterior to and
on the fluid-shell interface S, respectively. Here, S refers to the middle-surface of the pressure hull. ∂ ∂n/ y represents the
outward normal derivative at y . ( )C x is a coefficient, ( ) =C x 1 for x in the fluid, ( ) =C x 0.5 for x on S, and ( ) =C x 0 for x inside
the pressure hull. ( )G x y, is the three-dimensional free-space Green's function, written by:

π
( ) =

− ( )

− −
G

e
x y

x y
,

4 29
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where k is the acoustic wave number of the fluid, given as ω=k c/ f , and cf is the speed of sound of the fluid.
Due to the axisymmetric property of the fluid-shell interface, the field quantities of the fluid may be represented by

Fourier series in the circumferential direction, and then the actual acoustic field quantities can be obtained by summing the
Fourier series over a sufficient number of harmonics. The acoustic pressure is expanded by Fourier series, given as:
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where pn
s and pn

c are Fourier coefficients of ( )p x . p̄n
s and p̄n

c are Fourier coefficients of ( )p y .
Similarly, the Green's function and its normal derivative can be expanded as:
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where Hn and H̄n are the Fourier coefficients of the Green's function and its normal derivative; see Qu et al. [14].
The boundary condition on the fluid-shell interface is given as
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where ρf is the density of the fluid.
Substituting Eqs. (30)–(32) into Eq. (28), and considering Eq. (25c), a modified form of the Kirchhoff-Helmholtz integral

equation is obtained:
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where l is the generator line of the pressure hull. w̃n
s and w̃n

c are expressed as: ψ α˜ = ∑ ( ) ˜
=w wn

s
q
Q

q n m
s q

0 ,
, and ψ α˜ = ∑ ( ) ˜

=w wn
c

q
Q

q n m
c q

0 ,
, .

The Fourier coefficient of sound pressure is further expanded by Chebyshev orthogonal polynomials as
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where p̄j is the generalized pressure. J is the total term of the polynomials. αΦ̂( ) is the polynomial function vector. p̄ is the
column vector containing generalized pressure variables.

Substituting Eqs. (25c) and (34) into Eq. (33), and enforcing the boundary integral equations at a set of collocation points
(xi) distributed over the roots of the Chebyshev polynomials of the first kind, one obtains a system of algebraic equations for
the fluid, given as

= ˜ ( )Hp Gw 35

where H and G are the assembled coefficient matrices resulting from all circumferential waves. p and w̃ are the vectors
containing the generalized pressure variables and the normal displacement components of the pressure hull.

3.6. Coupled structural-acoustic model

The complete solution of the fluid-structure interaction problem may now be described by combining Eq. (35) with Eq.
(27). The normal displacement vector w̃ of the pressure hull can be related to the displacement vector q of the coupled
propeller-shafting and pressure hull system by a transformation matrix T:

˜ = ( )w Tq 36

Substituting Eqs. (25c), (35) and (36) into Eq. (6), the generalized fluid loading vector f f is obtained as:

= − ( )f T Cp 37f
T

where C is the fluid-shell coupling matrix assembled by the matrices related to all circumferential waves.
Substituting Eq. (37) into Eq. (27) and considering Eqs. (35) and (36), one obtains the governing equations for the

structure-acoustic problem of the coupled propeller-shafting and pressure hull system as
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where ω ω= − + + − +λ κZ M C K K Kis s s
2 . Once q and p are solved from Eq. (38), the sound pressure at any point in the fluid

may be determined by using Eqs. (33) and (30).
4. Results and discussion

Results for the structural and acoustic responses of the coupled propeller-shafting and pressure hull system under
different propeller excitation forces are presented in this section. The system is immersed in a heavy fluid (water) of infinite
extent. Unless stated otherwise, the geometrical and material parameters listed in Table 1 and Table 2 are employed in the
analysis. The ring stiffeners are of the same rectangular cross-section, which are placed uniformly along the axial direction
of the cylinder with a spacing of Δ =l 0.9 m. The longitudinal stringers are non-uniformly spaced around the circumferential

direction of the cylindrical shell, and the locations of these stringers are defined as: θ π= ( + )k2 /4k
st ( =k 1, 2, 3); see Fig. 1.

All the rings and stringers are placed concentrically with the middle surface of the cylindrical shell. It is assumed that all



Table 1
Structural parameters of propeller, shaft, bearings and pressure hull.

Parameters Symbol Value Unit

Pressure hull
Cylinder length L 45.0 m
Cylinder radius R 3.25 m
Shell thickness h 0.04 m

Ring stiffeners
Ring stiffener number Nrg 49

Ring stiffener cross-sectional area Arg 0.0064 m2

Ring stiffener width drg 0.08 m

Ring stiffener height hrg 0.08 m

Ring stiffener spacing Δl 0.9 m
Longitudinal stringers

Longitudinal stringer number Nst 3

Stringer cross-sectional area Ast 0.01 m2

Longitudinal stringer height dst 0.10 m

Longitudinal stringer width hst 0.10 m

Shaft
Shaft length Lsf 10.0 m

Outer radius of shaft Rot sf, 0.15 m

Inner radius of shaft Rin sf, 0.0 m

Shaft length in cylinder Lsf
c 5.85 m

Shaft length in hemisphere Lst
s 1.8519 m

Radial bearing
Axial stiffness kx

rb 0.0 N/m

Transversal stiffness ky
rb 1�108 N/m

Vertical stiffness kz
rb 1�108 N/m

Thrust bearing
Axial stiffness kx

tb 1�108 N/m

Transversal stiffness ky
tb 1�108 N/m

Vertical stiffness kz
tb 1�108 N/m

Propeller
Propeller mass mp 5000 kg

Table 2
Material parameters of structure and fluid.

Symbol Value Unit

Pressure hull and shaft
Young's modulus E 210.0 GPa
Poisson's ratio μ 0.3
Density ρ 7860 kg/m3

Structural loss factor η 0.01
Fluid

Density ρf 1000.0 kg/m3

Speed of sound cf 1482.0 m/s
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shell components, rings and stringers are made from steel with the same material data. Structural damping is introduced for

all structural components using a complex Young modulus η~ = ( + )E E 1 i , where η is the structural loss factor. In all numerical
cases, the amplitudes of the axial, transversal and vertical propeller forces are taken as unit.

4.1. Structural responses

In order to validate the accuracy of the present structural model, the in-vacuo vibration responses of the coupled pro-
peller-shafting and pressure hull system are examined. Five longitudinal stringers are placed in the cylinder, and the lo-

cations of the stringers in the circumferential direction of the cylinder are defined as: θ π= ( + )k 1 /4k
st ( =k 1, 2, 3, 4, 5). The

radial bearing is represented by a spring located at θ π= in the circumferential direction of the hemispherical shell, and the



Fig. 6. Displacement responses of Q 0 for the coupled propeller-shafting and pressure hull system under axial propeller force: (a) axial displacement us;
(b) normal displacement ws.
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thrust bearings are represented by three discrete springs located at θ π= ( + )i2 /4i ( =i 1, 2, 3) in the circumferential di-
rection of the cylindrical shell. Each spring has stiffness coefficients in three directions, namely the axial, transversal and
vertical directions, and the axial stiffness of the radial bearing is taken as zero. The damping effect of the bearings is not
considered.

Fig. 6 presents the displacement responses of the coupled propeller-shafting and pressure hull system subjected to the
axial propeller force fx. The vibration responses are measured in the axial and normal directions at point Q 0

(^ =x 13.5Q 0
m,θ = 0Q 0

) on the cylindrical shell, and x̂Q 0
is measured from the left end of the cylinder. The cylindrical shell is

decomposed into 12 shell segments in the axial direction, and each hemispherical shell is divided into 4 segments in the
meridional direction. The shaft is discretized into 8 beam segments. The highest degree of Chebyshev orthogonal poly-
nomials chosen for the displacement fields of each shell and beam segment is taken as =Q 7. Different number of cir-
cumferential waves of the pressure hull are chosen here to evaluate the convergence property of the present solutions. The
present results are compared with the finite element solutions obtained using the commercial software package ANSYS
(Version 12.1), in which SHELL 63 elements are used for the discretization of the shell components and BEAM 188 elements
are employed for the meshes of the ring stiffeners, longitudinal stringers and the shaft. The elastic springs representing the
radial and thrust bearings are simulated by COMBIN14 elements, and the propeller is represented by a MASS21 element. The
finite element model consists of 30,460 shells elements, 7200 beam elements, 18 COMBIN14 elements and a lumped mass
element.

The results in Fig. 6 show that the converged solutions ( =n 0: 15) of the present method agree well with the results from
the finite element analysis. For the structural system subjected to the axial propeller force, the =n 0 grouped breathing
modes of the pressure hull contribute mostly to the axial displacement response of the hull, as illustrated in Fig. 6a. A small
contribution of the =n 1 grouped bending modes of the hull to the axial displacement response is also observed, and the
contribution of higher-order circumferential wave modes ( >n 1) to the axial vibration response of the hull is negligible.
Therefore, for the coupled system under an axial propeller excitation force, the axial vibration responses of the pressure hull
may be determined by using a simplified beam-type model of the hull, which takes into account both the axial and bending
motions of the beam. The same conclusion is not valid for the normal responses of the pressure hull. As shown in Fig. 6b, the
contribution of the =n 0 grouped modes to the normal responses of the pressure hull is not significant for the range of
frequencies considered here. The normal responses of the pressure hull mainly depend upon the bending modes of the hull.
Both the =n 1 grouped bending modes and higher-order circumferential wave modes contribute significantly to the normal
responses of the hull. Since higher-order circumferential wave modes are not negligible in such a case, a simplified beam-
type model of the pressure hull is not able to fully represent the spatial vibration of the hull when the system is under an
axial propeller force.

For the coupled system under the vertical propeller force fz , the obtained axial and normal displacement responses of the

pressure hull are illustrated in Fig. 7. The results obtained from the finite element analysis are also included here as re-

ference solutions. Again, the structural displacement responses are evaluated at Q 0 (^ =x 13.5Q 0
m,θ = 0Q 0

) on the cylindrical

shell. Both the axial and normal responses obtained by the present method show good agreement with those solutions
derived from the finite element analysis. From Fig. 7a, it is observed that the contribution of =n 0 grouped breathing modes
of the pressure hull is insignificant to the axial vibration responses of the hull. In the lower frequency range (0–40 Hz), the



Fig. 7. Displacement responses of Q 0 for the coupled propeller-shafting and pressure hull system under vertical propeller force: (a) axial displacement us;
(b) normal displacement ws.

Fig. 8. Coupled FE/BE model for the propeller-shafting and pressure hull system: (a) FE model of the structural system; (b) BE model of the surrounding
water.
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axial displacement responses of the hull are mostly determined by the =n 1 grouped bending modes, and in the higher
frequency range (40–100 Hz), the contribution of higher-order circumferential modes ( ≥n 2) is also significant. As depicted
in Fig. 7b, the contribution of the =n 0 grouped breathing modes to the normal displacement responses of the hull is also
negligible. At low frequencies (0–40 Hz), the contribution of the =n 1 grouped bending modes to the normal displacement
response of the hull is predominant, and the contributions of higher-order grouped circumferential modes ( ≥n 2) can be
neglected. This implies that to determine the vibration responses of the coupled propeller-shafting and pressure hull system
under the vertical propeller force in a lower frequency range, the pressure hull can also be represented by a beam-type
model.

4.2. Acoustic responses

The acoustic responses of the coupled propeller-shafting and pressure hull system immersed in water are further in-
vestigated. The structural and acoustic parameters of the structural system and the fluid are listed in Tables 1 and 2. Ra-
diated sound power is a preferred quantity to measure the acoustic behavior of the coupled system, which is obtained by
integration of the intensity over the surface of the pressure hull. All the results of sound radiation power presented here are

given in the form of sound power level (SWL), which is a decibel (dB) scale measure of the sound power (W̄ ) to a reference

value = × −W 1 10ref
12 W, defined as: × ( ¯ )W W10 log / ref .



Fig. 9. Radiated sound power for the coupled propeller-shafting and pressure hull system under axial propeller force.
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The structural-acoustic problem of the coupled propeller-shafting and pressure hull system under the axial propeller
force excitation fx is first examined. In the present computation, the cylindrical shell is divided into 12 shell segments in the

axial direction, and each spherical end cap is decomposed into 4 shell segments in the meridional direction. The shaft is
discretized into 8 beam segments. The highest degree of Chebyshev orthogonal polynomials truncated for the displacement
fields of each shell and beam segment is taken as =Q 7, and =J 2 is employed for the acoustic pressure variable. In order to
validate the accuracy of the present method, a fully coupled finite element/boundary element (FE/BE) model for the sub-
merged propeller-shafting and pressure hull system is also developed, as shown in Fig. 8. The finite element model of the
structure system is generated by the commercial software package ANSYS, which consists a total of 29,233 structural ele-
ments, including 20,800 four-node SHELL 63 elements for the shells, 8420 BEAM 188 elements for the shaft, rings and
stringers, 12 COMBIN14 elements for the radial and thrust bearings, and a MASS21 element for the propeller. The sur-
rounding water exterior to the pressure hull is represented by 4664 four-node discontinuous linear boundary elements. To
achieve the coupling of the structural and acoustic models with non-conforming meshes at their common interface, the
coupling conditions on the fluid-structure interface are enforced in a weak sense by using a mortar method [23]. The
coupling matrices are evaluated by integrating the products of interpolation functions on independent meshes. For details
on the derivation of the FE/BE equations for the fully coupled structural-acoustic system, the reader is referred to [23].

The results of the acoustic power radiated from the pressure hull are illustrated in Fig. 9. Different numbers of cir-
cumferential waves of the pressure hull and the acoustic pressure are employed for the computation to evaluate the
convergence property of the present method. It is observed from Fig. 9 that the present solutions obtained by =n 0: 10 are
in good agreement with the results of the coupled FE/BE model. It is to note that the use of the Fourier series for the
displacement field and sound pressure of each shell segment allows the present method to account for the individual
contributions of circumferential modes of the pressure hull to the total radiated sound of the system directly. However, in
the coupled FE/BE model, to identify the modal contributions corresponding to the total radiated sound, the solution must
be extracted for each mode of the system and calculated one by one, which can be a very tiresome work. In this sense, the
present method offers an efficient tool for providing physical insight into the structural-acoustic responses of the coupled
propeller-shafting and pressure hull system. As shown in Fig. 9, the acoustic response of the pressure hull is dominated by
the =n 0 grouped breathing modes of the hull when the system is under the axial propeller force excitation. The bending
modes ( ≥n 1) of the pressure hull do not significantly contribute to the radiated sound power as they are not sufficiently
excited. The first peak at 25.4 Hz represents the first axial resonant frequency of the propeller-shafting-bearing system, and
the second peak corresponds to the axial resonant frequency of the fluid-loaded pressure hull. The first axial vibration mode
of the propeller-shafting-bearing system is a local vibration mode, which is not strongly coupled to vibration of the pressure
hull but is very efficient for sound radiation. When the excitation frequency of the propeller force is close to the resonance
frequency of the propeller-shafting system, large bearing forces will be transmitted to the pressure hull. Since the first =n 0
breathing mode of the pressure hull leads to a very broad peak in the radiated sound power response due to its high
radiation damping effect, the bearing forces may excite a large level of vibration of the pressure hull and therefore result in
great radiated sound power.

In the case of the vertical propeller force excitation fz, the total radiated sound power of the coupled propeller-shafting
and pressure hull system and the modal contributions from individual circumferential modes of the pressure hull are
presented in Fig. 10. The results of the coupled FE/BE model are also included in Fig. 10 for comparison purpose. It is
observed from Fig. 10 that the present solutions obtained by =n 0: 12 are in reasonable agreement with the results of the
coupled FE/BE model. In the lower frequency range (0–70 Hz), the =n 1 grouped bending modes of the pressure hull



Fig. 10. Radiated sound power for the coupled propeller-shafting and pressure hull system under vertical propeller force.

Fig. 11. Sound pressure contour of pressure hull surface: (a) 5.3 Hz; (b) 13.3 Hz.

Fig. 12. Comparison of radiated sound power level for the coupled propeller-shafting and pressure hull system under different propeller forces.
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contribute mostly to the total radiated sound power of the system. However, at higher frequencies (70–100 Hz), the con-
tributions of higher-order circumferential modes ( >n 3) to the radiated sound are also significant. The first peak at 5.3 Hz in
the sound power response corresponds to a strong coupled vibration mode of the flexural mode of the propeller-shafting-
bearing system and the =n 1 and =n 2 circumferential modes of the pressure hull. The peak at 13.3 Hz represent a coupled
vibration mode of the bending mode of the propeller-shafting-bearing system and the =n 1 circumferential mode of the



Fig. 13. Comparison of radiated sound power for the coupled propeller-shafting and pressure hull system with different axial thrust bearing stiffnesses.

Fig. 14. Comparison of radiated sound power for the coupled propeller-shafting and pressure hull system with different vertical thrust bearing stiffnesses.
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pressure hull. Fig. 11 illustrates the sound pressure contours on the surface of the pressure hull, which are evaluated at
above two resonant frequencies, i.e., 5.3 Hz and 13.3 Hz.

The comparison of the radiated sound power for the coupled propeller-shafting and pressure hull system under the axial,
transversal and vertical propeller force excitations is presented in Fig. 12. In general, the axial force excitation is more
efficient for sound radiation than the other two forces in the low frequency range (0–60 Hz). At higher frequencies, the
radiated sound power for the coupled system under the vertical and transversal propeller forces is greater than that of the
axial force case. The magnitudes and locations of the resonant peaks in the radiated sound power responses due to the
transversal and vertical propeller forces are almost identical.

The effect of the axial stiffness of the thrust bearing on the radiated sound power of the coupled propeller-shafting and
pressure hull system is examined in Fig. 13. Three different axial stiffnesses of the thrust bearing are considered, namely

= ×k 1 10x
rb 7 N/m, ×1 108 N/m and ×1 109 N/m. The coupled system is under the axial propeller force excitation. It is ob-

served from Fig. 13 that, in all cases, the radiated sound power of the coupled system is dominated by the =n 0 grouped
breathing modes of the pressure hull. The contribution of the bending modes ( ≥n 1) of the pressure hull to the sound power
of the system can be neglected. An increase in the axial stiffness of the thrust bearing leads to a considerable increase in the
radiated sound power of the coupled system, and also a considerable shift in the resonant frequency of the propeller-
shafting-bearing system. The thrust bearing may be considered as a vibration isolator in the system. If the axial stiffness of
the bearing is reduced, the dynamic force transmitted to the pressure hull from the propeller can be reduced in a certain
frequency range, leading to a decrease in the radiated sound power of the system. In general, the smaller the axial stiffness
of the thrust bearing is , the lower level will be the acoustic radiated power. Thus, reducing the axial stiffness of the
propeller-shafting-bearing system is an efficient way for the noise reduction of the coupled system. For the axial thrust



Fig. 15. Comparison of radiated sound power for the coupled propeller-shafting and pressure hull system with different sizes of ring stiffeners.
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bearing stiffness of = ×k 1 10x
rb 7 N/m and ×1 108 N/m, the first resonant peaks in the radiated sound power responses

correspond to the fundamental resonances of the propeller-shafting-bearing system, which are 8.4 Hz and 25.4 Hz (see

Fig. 13), respectively. In the case of the axial thrust bearing stiffness = ×k 1 10x
rb 9 N/m, the second peak (56.4 Hz) in the

sound power response corresponds to the first axial mode of the propeller-shafting-bearing system.
The radiated sound power for the coupled propeller-shafting and pressure hull system with different vertical stiffnesses

of the thrust bearing is illustrated in Fig. 14. The coupled system is under the vertical propeller force excitation. As shown in
Fig. 14, increasing the vertical stiffness of the thrust bearing does not significantly modify the radiated sound power due to
the first two vibration modes of the system. Referring to Fig. 10, it can be concluded from Fig. 14 that the coupled vibration of
the flexural mode of the propeller-shafting-bearing system and the =n 1 grouped mode of the pressure hull can be sig-
nificantly modified by changing the vertical stiffness of the thrust bearing. The radiated sound power responses for the

coupled systemwith vertical stiffness = ×k 1 10z
rb 8 N/m and ×1 109 N/m are similar. It is to note that if the vertical stiffness

of the thrust bearing is increased to a certain value, then the radiated sound power of the coupled system will not change
significantly.

The effect of the size of the ring stiffeners on the radiated sound power of the coupled system under the axial propeller
force excitation is illustrated in Fig. 15. In all cases, the cross-section areas Arg of the ring stiffeners are kept as constant. This
means the mass of each ring stiffener does not change. From Fig. 15, it is observed that changing the size of the ring
stiffeners does not modify the radiated power significantly. The ring stiffeners have a strong influence on vibration and
acoustic responses of the system controlled by high circumferential wave modes of the hull and a weak influence on those
controlled by low circumferential wave modes. The ring stiffeners are ineffective in modifying the behavior of the =n 0
breathing modes of pressure hull, which mostly control the sound radiation of the coupled system under the axial propeller
force.
5. Conclusions

A fully coupled vibro-acoustic model has been developed for predicting the structural and acoustic responses of a
coupled propeller-shafting and submarine pressure hull system due to time-harmonic propeller force excitations. A mod-
ified variational method in conjunction with a spectral Kirchhoff-Helmholtz integral formulation is employed to achieve the
solutions of the structure-acoustic interaction problem. The propeller, shaft, the radial and thrust bearings are simulated by
a lumped mass, an elastic beam and spatially distributed spring-damper systems, respectively. The structural displacements
and acoustic pressure are expanded by Fourier series and Chebyshev orthogonal polynomials. It is shown that the acoustic
response of the coupled system is dominated by the =n 0 grouped breathing modes of the pressure hull when the coupled
system is excited by an axial propeller force. In the case of the vertical propeller force excitation, the =n 1 grouped bending
modes of the pressure hull contribute mostly to the total radiated sound power of the coupled system at low frequencies.
The magnitudes and locations of the resonant peaks in the radiated sound power responses of the coupled system due to
the transversal and vertical propeller forces are almost identical. Both the axial and vertical stiffnesses of the thrust bearing
have significant effect on the radiated sound of the coupled system. Changing the geometrical size of the ring stiffeners does
not modify the radiated sound power of the system significantly when the system is under the axial propeller force.



Y. Qu et al. / Journal of Sound and Vibration 401 (2017) 76–93 93
Acknowledgments

This work was supported by National Natural Science Foundation of China (Grant no. 11602138) and China Postdoctoral
Science Foundation (Grant no. 2016T90366).
References

[1] R. Spivack, N. Kinns, Peake, Acoustic excitation of hull surfaces by propeller sources, J. Mar. Sci. Technol. 9 (2004) 109–116.
[2] S. Merz, R. Kinns, N. Kessissoglou, Structural and acoustic responses of a submarine hull due to propeller forces, J. Sound Vib. 325 (2009) 266–286.
[3] W. Williams, N.G. Parke, D.A. Moran, C.H. Sherman, Acoustic radiation from a finite cylinder, J. Acoust. Soc. Am. 36 (1964) 2316–2322.
[4] P.R. Paslay, R.B. Tatge, R.J. Wernick, E.K. Walsh, D.F. Muster, Vibration characteristics of a submerged ring-stiffened cylindrical shell of finite length, J.

Acoust. Soc. Am. 46 (1969) 701–710.
[5] A. Harari, B.E. Sandman, Radiation and vibrational properties of submerged stiffened cylindrical shells, J. Acoust. Soc. Am. 88 (1990) 1817–1830.
[6] P.R. Stepanishen, Modal coupling in the vibration of fluid‐loaded cylindrical shells, J. Acoust. Soc. Am. 71 (1982) 813–823.
[7] C.B. Burroughs, Acoustic radiation from fluid‐loaded infinite circular cylinders with doubly periodic ring supports, J. Acoust. Soc. Am. 75 (1984)

715–722.
[8] B. Laulagnet, J.L. Guyader, Sound radiation by finite cylindrical ring stiffened shells, J. Sound Vib. 138 (1990) 173–191.
[9] M. Caresta, N.J. Kessissoglou, Structural and acoustic responses of a fluid-loaded cylindrical hull with structural discontinuities, Appl. Acoust. 70 (2009)

954–963.
[10] L. Maxit, J. Ginoux, Prediction of the vibro-acoustic behavior of a submerged shell non periodically stiffened by internal frames, J. Acoust. Soc. Am. 128

(2010) 137–151.
[11] Xia Pan, Y. Tso, R. Juniper, Active control of radiated pressure of a submarine hull, J. Sound Vib. 311 (2008) 224–242.
[12] M. Caresta, N.J. Kessissoglou, Acoustic signature of a submarine hull under harmonic excitation, Appl. Acoust. 71 (2010) 17–31.
[13] M. Caresta, Active control of sound radiated by a submarine in bending vibration, J. Sound Vib. 330 (2011) 615–624.
[14] Y. Qu, H. Hua, G. Meng, Vibro-acoustic analysis of coupled spherical-cylindrical-spherical shells stiffened by ring and stringer reinforcements, J. Sound

Vib. 355 (2015) 345–359.
[15] Herwig Peters, Nicole Kessissoglou, Steffen Marburg, Modal decomposition of exterior acoustic-structure interaction problems with model order

reduction, J. Acoust. Soc. Am. 133 (2013) 2668–2677.
[16] S.-H. Choi, T. Igusa, J.D. Achenbach, Acoustic radiation from a finite-length shell with non-axisymmetric substructures using a surface variational

principle, J. Sound Vib. 197 (1996) 329–350.
[17] S. Merz, N. Kessissoglou, R. Kinns, S. Marburg, Minimisation of the sound power radiated by a submarine through optimisation of its resonance

changer, J. Sound Vib. 329 (2010) 980–993.
[18] M. Caresta, N.J. Kessissoglou, Reduction of hull-radiated noise using vibroacoustic optimization of the propulsion system, J. Ship Res. 55 (2011)

149–162.
[19] H. Peters, R. Kinns, N. Kessissoglou, Effects of internal mass distribution and its isolation on the acoustic characteristics of a submerged hull, J. Sound

Vib. 333 (2014) 1684–1697.
[20] Y. Qu, X. Long, H. Li, G. Meng, A variational formulation for dynamic analysis of composite laminated beams based on a general higher-order shear

deformation theory, Compos. Struct. 102 (2013) 175–192.
[21] A.A. Jafari, M. Bagheri, Free vibration of non-uniformly ring stiffened cylindrical shells using analytical, experimental and numerical methods, Thin-

Walled Struct. 44 (2006) 82–90.
[22] D.J. Mead, N.S. Bardell, Free vibration of a thin cylindrical shell with discrete axial stiffeners, J. Sound Vib. 111 (1986) 229–250.
[23] H. Peters, S. Marburg, N. Kessissoglou, Structural–acoustic coupling on non–conforming meshes with quadratic shape functions, Int. J. Numer.

Methods Eng. 91 (2012) 27–38.

http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref1
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref1
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref2
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref2
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref3
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref3
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref4
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref4
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref4
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref5
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref5
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref6
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref6
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref7
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref7
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref7
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref8
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref8
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref9
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref9
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref9
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref10
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref10
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref10
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref11
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref11
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref12
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref12
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref13
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref13
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref14
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref14
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref14
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref15
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref15
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref15
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref16
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref16
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref16
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref17
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref17
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref17
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref18
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref18
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref18
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref19
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref19
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref19
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref20
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref20
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref20
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref21
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref21
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref21
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref22
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref22
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref23
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref23
http://refhub.elsevier.com/S0022-460X(17)30287-0/sbref23

	Structural vibration and acoustic radiation of coupled propeller-shafting and submarine hull system due to propeller forces
	Introduction
	Model description
	Theoretical method
	Energy functional of pressure hull
	Energy functional of propeller-shafting system
	Energy functional of radial and thrust bearings
	Discretized equations of motion
	Acoustic model
	Coupled structural-acoustic model

	Results and discussion
	Structural responses
	Acoustic responses

	Conclusions
	Acknowledgments
	References




