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Abstract—The acoustic scattering from an infinite cylindrical shell with double internal rigid plates at normal
incidence is studied by theoretical and experimental approaches. The two rigid plates are attached to the shell
along lines parallel to the shell axis symmetrically. The dominant feature of frequency-angle spectra is the
interference fringes caused by the reflection waves of attachments in the illuminated region and specular
reflection. For a cylindrical shell with double internal plates, there may be several attachments in the illumi-
nated region simultaneously. There will be bright spots when two interference fringes caused by two attach-
ments in the illuminated region intersect, while only interference fringes can be observed for one attachment
in the illuminated region. Theoretical and experimental results show that the number of attachments in illu-
minated region can significantly affect the scattering characteristics, and it is a prominent feature to identify
the location of internal plates.
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1. INTRODUCTION
Underwater vehicles play an irreplaceable role in

ocean resource exploration and protection. Since
most of the underwater vehicles can be approximated
as cylindrical shells with internal stiffeners, the study
of the acoustic scattering characteristics of stiffened
cylindrical shell has become very popular. The internal
stiffeners can be separated into linear circumferential
stiffeners and linear lengthwise stiffeners, and the
internal longitudinal plate is a typical kind of length-
wise stiffener.

Early studies of lengthwise stiffener showed that
lengthwise ribs can cause the transformations of cir-
cumferential waves from one type to another at the
attachment of the lengthwise ribs to the cylindrical
shell [1–5]. In practice, internal longitudinal plates
are often used in underwater vehicles. Most studies of
the acoustic scattering characteristics of the cylindri-
cal shell with internal longitudinal plate are focused on
the normal incidence [6–10]. Previous works have
indicated that the dominant acoustic scattering char-
acteristics are caused by the geometrical configuration
and the shell properties [6]. Tyutekin et al. studied the
acoustic scattering from an elastic cylindrical shell
with longitudinal rigid fixations [8, 9]. Skelton derived
formulae of the acoustic scattering field from an

infinitely long cylindrical shell with two internal longi-
tudinal rigid plates, in which dynamics of the internal
plates are neglected [11]. Later, based on the quantita-
tive ray analysis [12], Tong et al. analyzed the scatter-
ing mechanism of a cylindrical shell with an internal
rigid plate through theory and experiment [10]. The
dominant features in backscattered pressure from a
cylindrical shell with an internal rigid plate can be
explained by the resonance of the shell and the inter-
ference between the reflection waves and re-radiation
waves. However, the scattering mechanism of a cylin-
drical shell with double internal rigid plates which
exists more commonly in practical underwater vehi-
cles remains to be studied.

Currently, with the development of computer, the
vibration and scattering of inhomogeneous shells can
be calculated numerically [13, 14]. However, to ana-
lyze the scattering mechanism of a cylindrical shell
with double internal rigid plates in depth, the analyti-
cal method is used in this paper.

This paper is organized as follows: Presented in
Sec. 2 is the theoretical background of acoustic back-
scattering from a cylindrical shell with double internal
rigid plates at normal incidence. The two internal
plates are located in the cylindrical shell symmetri-
cally. Afterwards, in Sec. 3, numerical simulation
results are presented as frequency-angle spectra of the
backscattered pressure form function, and the influ-1 The article is published in the original.
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Fig. 1. Geometry of a cylindrical shell with double internal
rigid plates.
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ence of the attachments of plates to cylindrical shell is
analyzed. The experimental setup and model used to
validate the theory are presented in Sec. 4. Experi-
mental and theoretical frequency-angle spectra of the
backscattered sound field are compared and the inter-
ference phenomenon in the experimental result is in a
good agreement with that in the theoretical result.
Finally, a brief summary and conclusions are pre-
sented in Sec. 5.

2. THEORETICAL BACKGROUND

Consider that a vacuumed cylindrical shell of
radius , thickness , Young’s modulus , Pois-
son’s ratio , and density , is loaded with two rigid
plates and submerged in an acoustic medium of den-
sity  and sound velocity . A polar coordinate sys-
tem  is used to describe the two-dimensional
problem. The origin “O” of the polar coordinate sys-
tem is at the center of the shell, as shown in Fig. 1. The
incident acoustic plane wave can be specified as

(1)

The time-harmonic factor  is suppressed.  is
the incident angle,  is the exterior f luid
acoustic wavenumber, and  is the Bessel function of
the first kind of order . The scattering pressure 
satisfies the reduced wave equation that permits solu-
tions of the form:

(2)

where  is the n-th order Hankel function of the
first kind,  are the unknown coefficients, which will
be determined by solving the displacements of the
shell as well as the coupling between the incident wave
and the shell. It is a two-dimensional problem for the
acoustic scattering from an infinite cylindrical shell at
normal incidence. Neglecting the axial displacement
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of the shell, the motions of the shell are described by
the Donnell equation as follows:

(3)

where  and  are the radial and circumferential
displacements of the loaded cylindrical shell,

 with , and , , 
are introduced to save writing:
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The analytical solutions of Eq. (3) for the radial and
circumferential displacements of the shell can be
expressed as follows:

(6)

The total pressure  in the f luid must satisfy
the boundary condition at the shell interfaces:
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By using the boundary condition, we can obtain:

(8)

where the prime sign denotes differentiation with
respect to the argument. Furthermore,  and can
be expressed as follows:

(9)

(10)

where  and are the radial and circumferential
displacements of the empty shell. , 

( )
( )

 ∂ ∂− − − ∂ ∂
= πμ + −

 ∂ ∂ + + = − πμ
∂ ∂

2 4
2 2 θ

2 4

scat inc
2

2 2 θ
θ θ2

1
θ 12 θ

2 , 

2 ,
θθ

s r
s r

r

r
s

u h uk a u
a

ap ap q

u uk a u q

   ru θ   u

=  ω  s sk c ( )= −2 2  ρ 1 σs s s sc E  μ   rq θ  q

= 2 ,μ 2π ρs s sa c h

( ) ( )

( ) ( )

= =

= =


= −



 = −






2 2

1 1
2 2

θ θ
1 1

δ θ θ ,

δ θ θ .

ij
r r ij

i j

ij
ij

i j

q F

q F

( )

( )

+∞

=−∞
+∞

=−∞


=



 =





θ

θ
θ

θ
.

θ

in
r n

n

in
n

n

u U e

u V e

+inc scat   p p

∂ ∂− + + =
∂ ∂

2 scat incρ ω 0.f r
p pu

r r

( ) ( )
( )

−− −
=

02 ' θ

'

ρ ω
,

n in
f n f n f

n
f n f

U i k J k a e
C

k H k a

 ru θ   u

( )
( ) ( ) ( ) ( ) ( ) ( )

= =

 = + + 
2 2

0
θ

1 1

θ

θ μ Λ θ,θ Γ θ,θ ,

r

ij ij
r r ij ij

i j

u

u F F

( )
( ) ( ) ( ) ( ) ( ) ( )

= =

 = − + 

θ
2 2

0
θ θ

1 1

θ

θ μ Γ θ,θ Π θ,θ ,ij ij
r ij ij

i j

u

u F F

( )0   ru ( )0
θ   u

( )Λ θ,θij ( )Γ θ,θ  ij
ACOUSTICAL PHYSICS  Vol. 65  No. 1  2019



ACOUSTIC SCATTERING FROM A CYLINDRICAL SHELL 9

Fig. 2. Frequency-angle spectra of the backscattered pressure form function. (a) Loaded cylindrical shell, (b) empty cylindrical shell.
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and  are auxiliary functions described in the

Appendix. By setting  to , ,  and  in

 and , we obtain

(11)

where

(12)

(13)

and  is a  matrix of the form

(14)

Each component in Eq. (14) is a  matrix. The
dynamics of the internal plate can be neglected for the
heavy internal plates [6]. In practical engineering
applications, many equipments are deployed on the
internal plates, which means the internal plates are
generally very heavy, so that we can regard the internal
plates as rigid. Hence, at the junction of the cylindrical
shell and plates, the only possible rigid body motion is
zero motion:

(15)

and the reaction force matrix can be obtained:

(16)

Now, having found , the coefficients  can be
derived from Eqs. (8) and (9), so that the scattered

pressure  can be obtained. The backscattered
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is introduced to measure the acoustic field, where

 and . More details can be found in

Ref. [6].

3. NUMERICAL APPLICATIONS

The parameters for numerical calculation and
experiment are summarized in the Table 1. First, as
illustrated in Fig. 2, the frequency–angle spectra of
the backscattered pressure form function [defined by
Eq. (17)] for a loaded cylindrical shell

( ) and an empty cylindrical

shell is calculated for comparison. The horizontal

coordinate is the normalized frequency , and the

vertical coordinate is the incidence angle .

Comparing Figs. 2a, 2b, when the cylindrical shell
is loaded with double internal rigid plates, the fre-
quency-angle spectra of the backscattered pressure
form function becomes much more complex. The ver-

tical lines in Fig. 2b are caused by the -wave reso-
nance. The resonance phenomenon of the empty
cylindrical shell has been well studied previously [15–

17]. For the calculated frequency, the -wave is a
supersonic wave, while the f lexural wave is not.

Thereby, when the wavelength  of the -wave sat-

isfies , the -wave will form a standing

wave in the circumferential waves, which leads to a res-
onance of their amplitudes and, hence, leads to acous-
tic scattering resonances [17]. This is also the domi-
nant feature for the frequency-angle spectra of the
backscattered pressure form function of the empty
cylindrical shell at calculated frequency. The reso-

nance of the -wave can also be observed for the
loaded cylindrical shell, but the acoustic features
caused by the internal plates become dominant in the
frequency-angle spectra of the backscattered pressure
form function.
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Fig. 3. Illustration of interference between specular reflec-
tion wave and geometric reflection wave from the attach-
ment points.
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From Fig. 2a it can be observed that there exists a

lot of bright spots correlated to  and incidence angle

. For the incidence angle of about  and ,
the bright spots are intensive, while for the incidence

angle of about , the bright spots are spare. Since
the dynamics of the internal plates is neglected, the
acoustic features are caused by the geometrical config-
uration of the attachments and the shell properties.

For the cylindrical shell with circumferential stiff-
eners, the Bragg scattering is excited by the interfer-
ence of the reflection waves from the periodic circum-
ferential stiffeners. The attachments of internal plates
to the shell can also reflect acoustic wave. However,
these reflection waves from the attachments can not
only interfere with each other, but also interfere with
the specular reflection. The bright spots are caused by
the constructive interference of the reflection wave
and specular reflection. If more than one reflection
waves interfere with the specular reflection, the inter-
ference phenomenon becomes much more complex.
As the cylindrical shell with circumferential stiffeners,
there also exists Bloch wave scattering in the cylindri-
cal shell with lengthwise stiffeners [10]. The attach-
ment in the illuminated region can generate and re-
radiate the f lexural wave. However, there are many
attachments in the illuminated region simultaneously,
the reflection waves from the attachments make it dif-
ficult to distinguish the Bloch wave scattering. The
energy of Bloch wave scattering is much weaker than
that of reflection waves of the attachments, and the
trajectory of Bloch wave scattering can be easily
masked by that of reflection waves of the attachments
in the backscattered pressure frequency–angle spec-
tra. As a result, the phenomenon caused by the reflec-
tion waves of the attachments in the illuminated region
will be mainly discussed in this paper.

Ω

0 θ
o
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  90

± o
  45
As illustrated in Fig. 3, constructive interference
occurs when the phase difference between the specular
reflection wave and geometric reflection wave from
the attachments is an even multiple of . From the
geometric relationship, a simple formula can be
derived for predicting the constructive interference
fringes:

(18)

Where  is the adjustment. Eq. (17) is obtained
since the specular ref lection wave can be approxi-
mated as the contribution from the first Fresnel half-
zone. Considering the characteristic of the specular
reflection wave and assuming the equivalent specular

reflection point located at , the adjustment

can be set to .

Figure 4 is the prediction for the interference
fringes of the specular wave and reflection wave from

attachments ( , ) in the illumi-

nated region. Figures 4a, 4b plot interference fringes
caused by the interference between the specular wave
and the reflection wave from different attachments,
and the orders of attachments labeled in Fig. 4 are
illustrated in Fig. 3. It can be observed that most of the
bright spots exist at the interaction of these interfer-
ence fringes. The interference between the specular
reflection wave and reflection waves of attachments in
the illuminated region is the dominant feature of the
acoustic scattering from a cylindrical shell with double
internal rigid plates.

4. EXPERIMENT

An air-filled cylindrical shell with double internal

plates ( , ) is made of stainless

steel, with a thickness of 0.11 cm and a length of 60 cm.
The two 0.2 cm-thick internal longitudinal plates sol-
dered longitudinally along the shell are made of the
same material as the shell. Other parameters are listed
in the Table 1. The cylindrical shell closed by two flat

endcaps is vertically immersed in a  m water-
filled tank. The tank is specially designed for studying
the scattering mechanism of underwater acoustic. The
photographs of the experimental model and tank are
illustrated in Fig. 5.

The experimental model spins around its axe at a

speed of , which is controlled by a computer

accurately. The transducer and receiver are fixed prop-
erly. Limited by the bandwidth of the transducer, the
frequency range of the study extends over the range
60–120 kHz. The experimental setup is illustrated in
Fig. 6. The entire measurement system is powered by a
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Table 1. Parameters of the shell and f luid

Shell

Radius

Thickness

Density

Young’s modulus

Fluid

Longitudinal velocity

Density

= 8 cma

= 0.11 cmsh

= 3
ρ 7850  kg ms

= × 11
2.1 10 PasE

= 1500 m sfc

= 3
ρ 1000  kg mf

Fig. 4. Frequency-angle spectra of the backscattered pressure form function. Black curves show the interference fringes of the
specular reflection with: (a) attachment 1, (b) attachment 2, (c) attachment 3, (d) attachment 4.
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high-capacity uninterruptible power supply (UPS) to
get rid of the power line interference.

A long chirp pulse (2.5 ms, 60–120 kHz) is pro-
jected to the experimental model from the transducer.
Two pulses are projected each second. The sample fre-
quency of the data acquisition system is 1 MHz. The
direct signal is also recorded for spectra modification.
The Fast Fourier Transform of NFFT = 8192 is used
to process the signal. Figure 7 plots the comparison of
experimental and theoretical results. The experimen-

tal steps are at . Due to the frequency response
of the emitter and receiver transducer, the recorded
signal is hard to match with the initial chirp.

It can be seen from Fig. 7 that the interference
fringes between the specular reflection wave and
attachment reflection wave agree well with prediction.
As the experimental model is not completely symmet-
rical at the attachments, Fig. 7a is not symmetrical to

. Besides, the -wave resonance is not clearly

0.04 Ω

o
 0 0 s
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observed, since the experimental model is not slender

enough and the experimental results are affected by

the finite length of the experimental model. In the

experimental results, intensive bright spots can be

observed when the incident angle is near  and ,

since there are two attachments in the illuminated

o
 0 ± o

90
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Fig. 5. Photographs of (a) the experimental model and (b) the water-filled tank.
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Fig. 6. Experimental setup.
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Fig. 7. Frequency-angle spectra of the backscattered pressure form function of the cylindrical shell with double internal rigid
plates. (a) Experimental results, (b) calculated results.
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region simultaneously. Complex interference phe-

nomenon occurs when the incident angle is near 

and , which is a distinguishing feature to identify
the location of the internal plates.

5. CONCLUSIONS

The scattering mechanisms of an immersed cylin-
drical shell with double internal rigid plates have been
analyzed through numerical and experimental meth-
ods. The interference phenomenon caused by the
specular reflection wave and attachments ref lection
waves are discussed in detail. Furthermore, a simple
formula for predicting the interference features in the
frequency-angle spectra is derived and the location of
the symmetrical plates can be identified by the scatter-
ing features.

When the acoustic wave illuminates the cylindrical
shell, besides the specular reflection, the attachments
in the illuminated region can also reflect acoustic wave
strongly. The specular reflection wave and attach-
ments reflection waves can interfere with each other
and induce interference fringes in the frequency–
angle spectra. Moreover, if two attachments are in the
illuminated region simultaneously, bright spots can be
observed on the intersection of the interference
fringes. The bright spots and interference fringes show
dramatic difference in the frequency-angle spectra, so
further work consists in identifying the location of the
symmetrical plates by the scattering characteristics
and a proper signal processing [18].

APPENDIX

The radial and circumferential components of the
empty-shell displacement can be expressed as follows:

(A1)

(A2)

The auxiliary functions ,  and

 can be expressed as follows:

(A3)

(A4)

(A5)

 and  are defined by

(A6)

(A7)

where and

(A8)

(A9)
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