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In practical situations, large machinery is usually placed in an underwater vessel and changes the acoustic enclosure
shape into an irregular one. The existence of machinery causes the difficulties in expressing sound transmission and radia-
tion analytically. In this study, the sound radiation of a cylindrical shell excited by an internal acoustic source is modeled
and analyzed. The cylindrical shell contains a machine modeled as a rectangular object, which is attached to a shell with a
spring-mass system. The acoustic field of the cavity is computed by the integro-modal approach. The effect of object size
on the coupling between acoustic mode and structural mode is investigated. The relationship between object volume and
sound radiation is also studied. Numerical results show that the existence of objects inside vessels leads to a more effective
coupling between the structure and acoustic enclosure than the existence of no objects in a regular-shaped cavity (i.e. empty
vessel).
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1. Introduction
Water-loaded cylindrical enclosures are widely used as

simple examples for demonstrating the acoustic characteris-
tics of underwater vessels. Enclosures are usually constructed
with relatively thin materials, and an important component of
sound radiation is related to airborne noise inside these ve-
hicles. Due to the existence of internal structures and ma-
chinery inside the vehicle, the enclosure is changed from a
regular enclosure into an irregular-shaped enclosure. Subse-
quently, the characteristics of sound radiation from the vehicle
become very complex. The analyzing of the noise transmitted
through the enclosure walls is often problematic. Dowell[1]

and Lyon[2] presented early models on vibration and cavity-
backed plates. Narayanan[3,4] investigated sound transmission
properties through a sandwiched panel and into a rectangular
enclosure. Interior noise in an enclosure could be decomposed
using an orthogonal expansion. Dowell[5] presented a com-
prehensive theoretical model based on the modal expansion
theory and Green’s theorem to analyze the sound transmission
characteristics of a panel with structural-acoustic coupling,
then James[6] employed a similar approach for internally ex-
cited cylindrical shells. Fuller[7] presented the reasons behind
the different transmission losses of a shell wall by analyzing
theoretical values and experimental data from a previous re-
search (see Morfey[8]). Further, Lee[9] analyzed the charac-
teristics of sound transmission into a cylindrical shell through
theoretical and experimental research.

In contrast to the empty cylindrical shell, the shell with
internal structures and added mass seems to be a more re-
alistic model. There is a considerable amount of literature
dealing with the effects of rings,[10] rigid discs,[11] anechoic
coatings,[12] and bulkheads.[13–15] In ships and submarines, in-
ternal structures and machinery are often mounted into hulls
by using a type of resilient material that can isolate vibra-
tion. Approximately, the resilient material can be regarded
as a spring system, and the internal structure as mass attached
to it.[16,17] Guo[18] showed that the attachment of the simple
spring-mass loading causes significant changes in the acous-
tic behavior of the shell. Titovich and Norris[19] extended
the analysis by considering a cylindrical shell with an internal
mass attached by multiple axisymmetrically distributed stiff-
eners.

In previous work, internal machinery was often regarded
as an internal spring-mass system without considering its vol-
ume effect. In fact, the inner space of a shell becomes irregular
because of the existence of machines, and the acoustic modes
of the shell become difficult to express analytically. Mis-
saoui and Cheng[20,21] proposed the combined integro-modal
approach to handle irregular-shaped cavities, in which the in-
terior acoustic field is simplified as either a model for regu-
lar sub-cavities or the boundary cavities with irregular-shaped
boundaries. Despite the findings that geometric deformities
of the cavity[22] or the internal structure inside an acoustic
enclosure[23,24] can affect the structural-acoustic coupling be-
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tween shells and their interior acoustic field, studies on the in-
fluence of machinery volume occupation on structural acous-
tic coupling remain limited. In practice, a machine has a finite
size and, in most cases, occupies a large part of the vehicle in-
terior space. Consequently, the existence of internal machiner-
ies affects the acoustic field inside the shell, thereby changing
the vibration and sound radiation.

The purpose of the present study is to investigate the pos-
sible effects of machinery volume on the interior acoustic field
and sound radiation of a submerged cylindrical shell excited
by an internal monopole acoustic source.

The present work is to extend the previous model[25] by
considering a finite shell containing a finite-sized mechanical
machine modelled as a rectangular object. The integro-modal
approach is adopted to deal with the irregular-shaped acous-
tic enclosure caused by the machine. Then a complex vibro-
acoustic system is performed to discuss phenomena on the
shell with an irregular-shaped acoustic enclosure. Although
numerical methods are general and successfully used in the
past to analyze irregular-shaped cavities and other models in
the low-frequency range, it is clear that physical models es-
tablishment is necessary for parametric studies.[26] The rest of
the present paper is organized as follows. The mathematical
formulation is described in Section 2. In Section 3, numerical
results are presented and discussed. First, the coupling charac-
teristics of a cylindrical shell with irregular-shaped cavity are
analyzed and compared with those of a regular shell. Second,
based on the tendency curves, the relationship between ma-
chine size and structural vibration is determined. Finally, the
effect of machinery volume on sound radiation and far-field
directivity of the shell are examined.

2. Governing equations
A finite thin cylindrical shell with thickness h, radius R,

length L, and in-vacuo bulk mass density ρs is considered for
analysis. Considering a single cylindrical section, the shell
bulkheads are simplified into two rigid end plates (to form a
finite cylinder for the internal acoustic field) attached to two
semi-infinite rigid baffles to prevent the sound from transmit-
ting between compartments.[27,28] A mechanical machine is
modeled as a rectangular box with a square cross section and
a slightly shorter length than the shell to avoid end-plate influ-
ence. The box with a rigid boundary and mass M is attached
to the inner surface of the shell by continuous springs, each
with stiffness κ (unit of force per unit area). The cylindrical
coordinate system used for analysis is shown in Fig. 1(a). The

cross-section of the shell with an interior monopole source is
illustrated in Fig. 1(b).
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Fig. 1. Geometry and coordinate system of a cylindrical shell, showing
(a) finite cylindrical shell with semi-infinite baffles and (b) cross-section
of shell with monopole source.

2.1. Shell displacements

Consider a harmonic motion, the radial displacement of
the shell, w, is coupled to the other two displacement compo-
nents, namely, u in the axial direction and v in the circumferen-
tial direction, through dynamic equations for shell vibrations.
Donnell’s thin shell equation[29] is used to describe the equa-
tions of motion of the cylindrical shell. The equation is written
as follows:

[𝐿i j]{ u v w }T =
1−σ2

Eh
{𝑝T

f −𝐹 T
s −𝑝T

e }, (1)

where 𝐿i j represent the differential operator of Donnell’s shell
equation. 𝐹 T

s represents the stress of the spring-mass system
on the inner surface of the shell. 𝑝T

f and 𝑝T
e are the sound pres-

sure on the interior and exterior surface of the cylindrical shell,
respectively. E is Young’s modulus. Poisson’s ratio is denoted
by σ . Since the problem is linear, the time dependence of all
quantities can be assumed to be exp(−iωt). This factor is
suppressed throughout.

The displacement function of the shell is simply sup-
ported on its end, which is satisfied with boundary conditions,
can be expanded using modes as follows:


u(θ ,z)

v(θ ,z)

w(θ ,z)

=
1

∑
α=0

∞

∑
m=1

∞

∑
n=0


Uαmn cos(nθ −απ/2)cos(mπz/L)

Vαmn sin(nθ −απ/2)sin(mπz/L)

Wαmn cos(nθ −απ/2)sin(mπz/L)

, (2)
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where Uαmn, Vαmn, and Wαmn are the modal vectors of the cor-
responding simply supported shell with n, and m being the cir-
cumferential and longitudinal order, respectively, and α = 0
(or 1) means the symmetric (or antisymmetric) mode.

The pressure field outside of the shell is written as[30–32]

pe(r,θ ,z) =
ρ1ω2

k2
eL ∑

α,m,n
msin

(
nθ +

απ

2

)

×
+∞∫
0

Wαmn
Gm(λ )√
1−λ 2

Sm(λ )(
mπ

keL

)2

−λ 2

dλ , (3)

where

Gm(λ ) =



Hn

(
ke
√

1−λ 2r
)

H′n
(

ke
√

1−λ 2R
) , λ ≤ 1,

Kn

(
ke
√

1−λ 2r
)

K′n
(

ke
√

1−λ 2R
) , λ > 1,

(4)

Sm(λ ) =
1
2

e ikeλ z
[
1− (−1)m e−ikeλL

]
, (5)

where ke = ω/c1 is the wavenumber in the fluid outside the
shell; ρ1 is the density of water; Hn (·) and Kn (·) are the n-
th order Hankel function and modified Hankel function of the
first kind, respectively; H′n (·) and K′n (·) indicate the differen-
tiation of Hankel function and modified Hankel function with
respect to the argument.

The spring-mass system is connected to the shell as
shown in Fig. 1. The springs are assumed to be evenly dis-
tributed. The derivation of the linearized equations of motion
for the internal mass and the resulting radial force on the shell
are described in Ref. [19]. More detailed derivation can be
found in Ref. [16]. The displacement of the finite sized mass
associated with its rotation is of the second order and vanishes
in the equations, which means that the shell does not experi-
ence tangential force and only the translating degrees of free-
dom of the mass contribute to the radial force on the shell.

Fs (θ ,z) =−
κ

R

(
τ2

τ2−1

)
w(θ ,z)δ (θ −θs) , (6)

where δ (·) is the Dirac delta function and

τ
2 = ω

2/ω
2
sp = Mω

2/κ (7)

with ωsp being the natural frequency of the oscillator.

2.2. Interior sound field

With the consideration of the machine size, the acoustic
enclosure of the shell becomes irregular. For the irregular-
shaped enclosure, the internal pressure is handled by using the
integro-modal approach.[20,21] In the method the whole cav-
ity is discretized into a series of sub-cavities, whose acoustic

pressure is simplified as either over a modal basis of regular
sub-cavities or over that of the bounding cavities in the case
of irregular-shaped boundaries. In the present paper a point
source item is introduced into the integro-modal formulation
to analyze the influence of the internal object.

Green’s theorem together with the Helmholtz equation is
used for describing the interior sound pressure

pf(r) =
∫

Sc

[
∂ pf(r′)

∂𝑛
G(r,r′)− pf(r′)

∂G(r,r′)
∂𝑛

]
ds

+
∫

V
ℑ(rs,ω)G(r,rs)dv, (8)

where pf is the interior sound pressure; 𝑛 is the outward nor-
mal vector of the boundary surface Sc of the enclosure with
volume V ; ℑ(rs,ω) is the function of source distribution, eval-
uated rs at inside V ; and G(r,r′) is Green’s function corre-
sponding to a transfer function obtained between an observa-
tion point (r) and the point (r′).

p1
f

p2
f

p3
f

p4
f

p1
f

p2
f

p3
f

p4
f

w1f w2f

w3f w4f

(a)

(b)

Fig. 2. Discretization procedure using the integro-modal approach,
showing (a) the real cavity and (b) four decomposed sub-cavities.

Considering the weak contribution of internal object mo-
tion in the internal acoustic field, the boundary condition of
the object is simplified into being rigid. The equations for the
boundary conditions at the walls of the cavity can be written
as

∂ pf/∂ z = 0, z = 0, z = L, (9)

∂ pf/∂𝑛= ρ2ω
2w, 𝑛 ∈ Ss, (10)

∂ pf/∂𝑛= 0, 𝑛 ∈ Sb, (11)

where Ss is the inner surface of the cylindrical shell. The sur-
face of the rectangular box is denoted by Sb.
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The internal pressure is decomposed using an orthogonal
expansion in terms of the rigid-walled acoustic modes of rect-
angular cavities as shown in Fig. 2:

pk
f = ρ2c2

2 ∑
ñ

ak
ñ

Λ k
ñ

φ
k
ñ (r) , 1≤ k ≤ 4, (12)

where ρ2c2 is the specific acoustic resistance of the inte-
rior fluid, ak

ñ is the modal pressure amplitudes to be deter-
mined, φ k

ñ (r) the corresponding mode shape which satisfies
the Neumann boundary, and Λ k

ñ =
(
1/V k

)∫
V k
[
φ k

ñ (r)
]2 dv is

the generalized acoustic mass. For the three-dimensional
(3D) problem, there are three indices (nx, ny, nz) correspond-
ing to the different orthogonal directions for each sub-cavity
mode (ñ). For the present situation, a cosine function can
be used for the sub-cavity mode in the form of φ k

ñ (r) =
cos
(
nxπx/Lk

x
)

cos
(
nyπy/Lk

y
)

cos
(
nzπz/Lk

z
)
, where Lk

x, Lk
y, and

Lk
z are the edge lengths of each sub-cavity in different direc-

tions, respectively.
The transverse displacement of the virtual membranes is

also expanded in terms of in-vacuo normal mode shapes ψm̃ as
follows:

wk
f = ∑

m̃
qk

m̃ψ
k
m̃, (13)

where qk
m̃ are the structural modal amplitudes. Substituting

Eqs. (12) and (13) into Eq. (8) gives the linear modal acoustic
equation below.

(
ω

2
ñ,k−ω

2)ak
ñ +

c2
2

V k ∑
ñ′

ak
ñ′

Λ k
ñ′

∫
ϕ

k
ñ′

∂ϕk
ñ

∂𝑛
ds

=
1

ρ2V k

∫
V k

ℑ(rs,ω)ϕ
k
ñ (rs) dv

+
ω2Ak

f
V k ∑

m̃
qk

m̃Lk,k
ñm̃ +

ω2Ak+1
f

V k ∑
m̃

qk+1
m̃ Lk,k+1

ñm̃ , k = 1, (14)

(
ω

2
ñ,k−ω

2)ak
ñ +

c2
2

V k ∑
ñ′

ak
ñ′

Λ k
ñ′

∫
ϕ

k
ñ′

∂ϕk
ñ

∂𝑛
ds

= −
ω2Ak−1

f
V k ∑

m̃
qk−1

m̃ Lk,k−1
ñm̃

+
ω2Ak+1

f
V k ∑

m̃
qk+1

m̃ Lk,k+1
ñm̃ , k = 2,3, (15)

(
ω

2
ñ,k−ω

2)ak
ñ +

c2
2

V k ∑
ñ′

ak
ñ′

Λ k
ñ′

∫
ϕ

k
ñ′

∂ϕk
ñ

∂𝑛
ds

= −
ω2Ak−1

f
V k ∑

m̃
qk−1

m̃ Lk,k−1
ñm̃

−
ω2Ak

f
V k ∑

m̃
qk

m̃Lk,k
ñm̃, k = 4, (16)

where Ak
f is the area of the vibrating surface and ωñ,k is the an-

gular resonance frequency of the cavity. The corresponding in-
tegrations of pressure functions at the four boundary surfaces

are summarized as follows:

Surface 1: ∑
ñ

a1
ñ

Λ 1
ñ

L1,1
ñm̃−∑

ñ

a2
ñ

Λ 2
ñ

L2,1
ñm̃ = 0, (17)

Surface 2: ∑
ñ

a1
ñ

Λ 1
ñ

L1,2
ñm̃−∑

ñ

a3
ñ

Λ 3
ñ

L3,2
ñm̃ = 0, (18)

Surface 3: ∑
ñ

a2
ñ

Λ 2
ñ

L2,3
ñm̃−∑

ñ

a4
ñ

Λ 4
ñ

L4,3
ñm̃ = 0, (19)

Surface 4: ∑
ñ

a3
ñ

Λ 3
ñ

L3,4
ñm̃−∑

ñ

a4
ñ

Λ 4
ñ

L4,4
ñm̃ = 0, (20)

where

Li, j
ñm̃ =

1

A j
f

∫
sj
f

ϕ
i
ñ (r)ψ

j
m̃ (r) ds j, (21)

with Li, j
ñm̃ being the modal coupling coefficient between the m̃-

th structure mode and the ñ-th cavity mode. This term charac-
terizes the coupling in space between the two modes.

2.3. Global system response

So far, all the structural and acoustic subsystems have
been formulated. The final matrix equations based on Eqs. (1)
and (15)–(20) can be written as𝐾SS 0 𝐾SF

0 0 𝐶FF
𝐵FS 𝐵FM 𝐴FF

 𝑈 s

𝑈m

𝑃 c

=

 0
0
𝑃 s

 , (22)

where 𝑈 s, 𝑈m, and 𝑃 c are the unknowns related to the struc-
tural components, virtual membranes, and acoustical vectors,
respectively; 𝐾SS is the dynamic stiffness matrix of the struc-
tural system; 𝐾SF is the fluid structure coupling matrix; 𝐶FF

is the continuity matrix across virtual membranes; 𝐵FS and
𝐵FM are matrices obtained using various coefficients of the
acoustoelastic coupling; 𝐴FF contains the acoustical mass and
stiffness matrices; and 𝑃 s is the vector related to the airborne
source excitation.

3. Numerical analysis
In order to analyze the effect of internal objects on the

characteristics of the interior acoustic field and the sound ra-
diation, a finite cylindrical shell is taken for an example. The
numerical analysis is performed for the parameter values of
the vibro-acoustic system gathered in Table 1.

The internal object, which occupies a volume
Vb (a×a×L) with rigid boundary, is attached to the inner
surface of the shell by continuous springs with stiffness κ .
The mass-spring system parameter is chosen as the ratio of
internal mass to shell mass M/2πρshRL = 3, and the spring
constant κ is chosen asκ = Mc2

1/R2L. To study the effects of
the object volume on the interior and exterior acoustic field, a
new parameter β is defined as the ratio of the object volume Vb

to the empty shell volume Vc
(
πR2L

)
. The parameter β varies
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by choosing different sizes of rectangular cross-sectional area.
Structural damping is introduced by using a complex-valued
Young’s modulus E → E (1− iη) where η is the loss factor
and its value is set to be 0.01.

Table 1. Physical parameters of vibro-acoustic system.

Steel shell

Young’s modulus E = 2.1×1011 N/m2

Poisson ratio σ = 0.3
material density ρs = 7800 kg/m3

radius R = 3.5 m
length L = 9.6 m

thickness h = 0.028 m

Interior fluid
material density ρ2 = 1.29 kg/m3

sound speed c2 = 343 m/s

Exterior fluid
material density ρ1 = 1000 kg/m3

sound speed c1 = 1500 m/s

Monopole source
source strength Q = 4π

Source position (r0,θ0,z0) = (3R/4,0,L/2)

The truncation of the decomposition series is a factor af-
fecting the accuracy of the calculation. Roughly speaking, the
m̃-th structure mode and ñ-th cavity mode gradually increase
until no noticeable change in the calculated result is observed.
The sound pressure level is to be examined at the observation
point (3R/4,180◦,L/2) in Fig. 3. It can be seen that the con-
vergence rate depends on the number of decomposition terms.
As expected, the truncation of the decomposition terms is a

computational restriction on the present solution with the in-
crease of frequency. For the present configuration, the char-
acteristics of interior and exterior sound field below the ring
frequency are discussed.

Frequency/Hz
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Fig. 3. (color online) Comparisons among curves of sound pressure
level versus frequency for different decomposition terms.

Besides, equation (22) can be used to calculate the reso-
nant frequency of the coupled system. The computed results
are listed in Table 2 with a comparison with the FEM solu-
tion. The errors also depend on the resonant modes and the
number of decomposition terms in the expansion. The orders
are arranged according to the values of the resonance frequen-
cies. It can be observed that both methods agree well with
each other.

Table 2. Resonant frequencies of irregular cavity with β = 0.5 using different methods.

Mode order 1 2 3 4 5 6 7

FEM solution/Hz 16.591 17.865 24.380 28.066 33.269 35.729 39.393
Present solution/Hz 17.0 18.1 24.2 28.7 33.5 35.7 38.6

3.1. Coupling analysis between structure and enclosure

The coupling analysis between the shell and interior
acoustic field due to the variation of β is first investigated.
In the case of β = 0, the enclosure is a regular cylindrical
cavity. Due to the perfect symmetry of the system, a struc-
tural mode is coupled to an acoustic mode in a very selective
manner.[24] For the coupled shell-cavity system, the coupling
coefficient between the m̃-th structure mode (p,q) and the ñ-th
cavity mode (n1,n2,n3) of the regular cylindrical cavity is

ζñ,m̃ =
∫ L

0

∫ 2π

0
ϕñ (R,θ ,z)sin(qπz/L)cos(pθ −απ/2)dθ dz

= ∑
ñ

Jn1

(
χn1n3

)qL[1− (−1)q+n2 ]

π(q2−n2
2)

2πδn1,p

εn1

, q 6= n2, (23)

with p and q being the circumferential and longitudinal order
of the structural mode, respectively, and n1, n2, and n3 be-
ing the circumferential, longitudinal, and radial order of the
acoustic mode, respectively. It is clear that only the odd (even)

acoustic modes are coupled to the even (odd) structural modes
in the longitudinal direction and both modes have the same
circumferential order. In the case of β = 0, the coupling co-
efficient no longer exists in the traditional principle. However,
the expression for modal force Fpq contains a coupling term.

Fpq = ∑
k

∫∫
Sk

pk
f (R,θ ,z)sin(qπz/L)

× cos(pθ −απ/2)Rdθ dz. (24)

It can be seen that the coefficients of the Fourier series ex-
pansion are complicated by the analytical solution. The most
convenient method of evaluating the equation is to integrate
numerically along the inner surface of the shell. Like the gen-
eral asymmetric structure, the irregularity of the enclosure can
lead to the coupling between each order acoustic mode and
structural mode.
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3.2. Effect of object volume occupation on interior acous-
tic field

The existence of the object changes the regular-shaped
cavity into an irregular one, and subsequently exerts an in-
fluence on the internal acoustic field. An average quadratic
pressure is defined inside the enclosure as〈

p2
f (r,ω)

〉
= (1/Vc)

∫
Vc

pf(r,ω) · [pf(r,ω)]∗ dv. (25)

For the irregular enclosure, the expression turns into a summa-
tion form as〈

p2
f (r,ω)

〉
=

1
Vc−Vb

∑
k

∫
Vc−Vb

pk
f (r,ω) ·

[
pk

f (r,ω)
]∗

dv. (26)

Figure 4 shows the comparisons among the curves of average
quadratic pressure versus frequency for different values of β .
With the β increasing from 0 to 0.5, the acoustic pressure and
resonant peaks deviate gradually from those of its regular case.
Clearly, the low-frequency results are more affected by the in-
ternal object.
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Fig. 4. (color online) Curves of average quadratic pressure versus fre-
quency inside the shell with different values of β .

To discuss the relationship between resonant peak and the
object size, figure 5 shows the curve of the resonant peak vary-
ing with object size. As is well known, each peak represents
one eigenfrequency and one natural mode of the cavity. For
a regular rectangular or cylindrical cavity, the eigenfrequency
usually becomes higher as the volume of the enclosed space
decreases. However, figure 5 shows the opposite trend. Thus
it can be seen that the relationship between the eigenfrequency
and the spatial scale of the enclosure is not always applicable
to the irregular sound cavity. The reason for this phenomenon
is that the eigenfrequency is related not only to the geometry
size of the cavity, but also to the mode shape of the cavity.
Similar cases have also been presented in Ref. [33].

Further analysis is made to identify contributions of the
object size to the eigenfrequency. Despite the lack of sym-
metry in the cross-section area, the irregular cavity can still
be expanded among modes with different longitudinal orders.
The average quadratic pressures are shown in Figs. 6(a) and
6(b) for the longitudinal order n2 = 0 and 2 below 50 Hz. By
comparison, the resonant frequencies of the first few peaks are

shifted to the low frequency as the object volume increases in
both cases. An exception appears near 35 Hz in Fig. 6(b), be-
cause sound fields are homogeneous on the cross section for
the isolated peaks.
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Fig. 5. First resonant peaks with 0 < β < 0.5.
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Fig. 6. (color online) Curves of average quadratic pressure versus fre-
quency for different values ofβ with nz = 0 (a) and nz = 2 (b).

For a regular-shaped cavity, equation (24) indicates that
the amplitude of the cavity modal distribution is a harmonic
function near the inner surface of the cylindrical shell. In
the case, each acoustic mode is only coupled to the structural
mode with the same circumferential order. For comparison,
figure 7 shows the acoustic pressure distributions on the cross
section (z = 0 and r = R) corresponding to the first two eigen-
frequencies in Fig. 6(a). The acoustic pressure distributions
deviate gradually with the object size increasing, leading to
the structural-acoustic coupling among different orders.
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Fig. 7. (color online) Acoustic pressure distributions on the cross section (a) first peaks; (b) second peaks.
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Fig. 8. (color online) Mode shapes for distorted objects with different aspect ratios: (a) 3:1 aspect ratio with resonant frequency
13.3 Hz; (b) 2:1 aspect ratio with resonant frequency 16.2 Hz; (c) 1:1 aspect ratio with resonant frequency 20.2 Hz.

In addition to the volume occupation, the shape of the ob-
ject is another very practical factor. Figure 8 shows the acous-
tic pressure distributions inside the cavity (z = 0) for a few
distorted objects with the same volume and different aspect
ratios. The resonant frequencies of the first peaks are shifted
with the variation of aspect ratio. There is a similar result for
a further increase in aspect ratio.

3.3. Vibration analysis

The effect of the object volume occupation on the internal
acoustic field will further cause the vibration response of the
shell to change. The average quadratic velocity of the struc-
ture is defined as a physical quantity describing the vibration
characteristics as follows:〈

V 2
s
〉
=

∫
(Vs ·V ∗s ) ds

2πRL
, (27)

where Vs is the vibration velocity of the shell and V ∗s is the
complex conjugate of Vs.

Figure 9 shows the relationship between the object size
and the vibration response of the shell. The results indicate
that the object volume occupation has an obvious influence on
the vibration of the structure in a low-frequency range. Focus-
ing on the low frequency band, it can be found that the dis-
tribution of most resonance peaks does not change, while the
amplitude of the average quadratic velocity varies greatly. The
results are caused by the different interior acoustic excitations,
and the distribution of the resonance peaks mainly reflects the
natural modes of the structure at low frequencies. With the

frequency increasing, the effect of the object on the structural
response decreases gradually.
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Fig. 9. (color online) Variations of average quadratic velocity with the fre-
quency of the shell for different values of β .
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Fig. 10. Total average quadratic velocity of the shell below ring frequency.
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In order to study the general trend of structural character-
istics affected by the internal object occupation, the total ki-
netic energy of structural vibration is also analyzed below the
ring frequency. Figure 10 shows that the change of the total
average quadratic velocity is less than 6 dB.

3.4. Radiation analysis

In applications, radiated sound power is an important pa-
rameter in vibro-acoustic response prediction, which reflects
the radiated energy of the structure excited by internal ma-
chinery. Like the case with average quadratic pressure inside
the cylindrical shell, the first few resonant peaks of the radi-
ated sound power are shifted to the low frequency with the
object volume increasing in Fig. 11. Clearly, the phenomenon
is caused by the change of internal acoustic field. It should
be mentioned that compared with the scenario in Fig. 4, the
volume occupation of the internal object cannot make a great
contribution to the radiated sound power, because only a part
of the sound energy can effectively pass through the shell into
the external fluid.
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Fig. 11. (color online) Radiated sound power with different values of
β .
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Fig. 12. Total radiated sound power below ring frequency.

The total sound power below ring frequency is given in
Fig. 12, which describes the relationship between the gen-

eral trend of the acoustic radiation and the object size. In
the case of β < 0.3, the curve of total sound pressure varies
gently within 1 dB. For β > 0.3, the total sound pressure ap-
pears to have an increasing trend, but the effect is still less
than 4 dB. Consequently, the sound power radiated is much
less affected by the object volume occupation than the interior
acoustic field.

Further analysis is made to identify contributions of
the object size to the sound radiation which can be ex-
panded among modes with different circumferential orders in
Figs. 13(a) and 13(b) for n = 0–7. It can be observed that the
acoustic radiation has a strong influence on phenomena con-
trolled by low circumferential order modes and a weak influ-
ence on those controlled by high circumferential order modes.
The phenomena in Fig. 13 are mainly dominated by the n = 1
order.
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Fig. 13. (color online) Radiated sound powers of the shell with n = 0–3
(a) and n = 4–7 (b).

Far-field directivity is useful and instructive not only be-
cause it shows the spatial distribution of radiated acoustic en-
ergy, but also because it reflects the nature of the radiated
acoustic energy which produces the radiation. Due to the sharp
peaks and dips of the far-field pressure which varies with fre-
quency, the results at a single frequency may not reflect the
true nature of the radiated field. Figure 14 presents the far-field
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directivity curves for the averaged pressure over different fre-
quency bands. The results are evaluated at r/R = 100 and z =

L/2, for a low-frequency broadband of ke = [0, 0.05], [0, 0.1],
and [0, 0.2], respectively, with ke being the wavenumber in the
fluid outside the shell. The curves are symmetric with respect
to the θ = [0, 180◦] in the circumferential direction. Obvi-
ously, the radiation patterns for the case of ke = [0, 0.05] in-
dicate that the radiated field is dominated by the n = 0 mode
with some slight contribution from the n = 1 mode, causing
a small distortion. By contrast with an empty shell, the ex-

istence of the object enhances the coupling between different
modes, which leads to the increase of the contribution of the
high-order modes in the low-frequency range, and eventually
leading to the changes of the directivity of the far-field pres-
sure. As frequency increases, the results cannot be described
by any simple mode, and the effect of the object volume oc-
cupation gradually decreases. The results illustrate that the
internal object volume occupation has a major contribution to
acoustic radiation on the resonant peaks rather than radiated
acoustic energy.
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Fig. 14. (color online) Plots of far-field pressure versus angle at k0 = [0 0.05] (a), k0 = [0 0.1] (b), and k0 = [0 0.2] (c).

4. Conclusions
The structural-acoustic coupling characteristics of a sub-

merged finite cylindrical shell with irregular-shaped acoustic
enclosure are investigated. Due to the existence of an inter-
nal object, the sound transmission and radiation process in-
volve a complex structural-acoustic coupling. Numerical sim-
ulations are conducted to determine the relationship between
object size and shell behavior. The main conclusions can be
drawn as follows.

The existence of an internal object changes the cavity
from a regular- into an irregular-shaped enclosure. The pres-
sure distribution inside the cavity is sensitive to geometrical
changes. The internal object affects the resonance frequencies
of the enclosure and corresponding mode shapes. The resonant
frequencies of the first few natural modes shift to the low fre-
quency as object volume increases. The relationship between
resonant frequencies and spatial scale, which is generally ap-
plicable to regular cavities, is not always suitable for those
with irregular shapes. Furthermore, irregularity can enhance
the structural-acoustic coupling between different modes.

The influence of object volume on vibration is mainly
reflected by the change in structure response in the low-
frequency range, especially with respect to vibration strength.
This phenomenon is evidently caused by the change of inter-
nal acoustic excitation. As frequency increases, the change
in structural response decreased gradually for different object
sizes. The change in the total average quadratic velocity is less
than 6 dB below the ring frequency.

Unlike structural vibration, the contribution of the object
volume occupation to sound radiation is mainly the distribu-
tion of resonance peaks, while the effect is non-significant
on energy radiation. Given that only a part of the sound en-
ergy can effectively pass through the shell and into the exter-
nal fluid, the sound radiation is less affected by object volume
occupation than the interior acoustic field. In addition, object
volume occupation enhances the directivity of far-field pres-
sure in the low-frequency range.
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