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Summary

Objective: The method of wave function expansion in association with the spatial Fourier transform technique
is adopted to study the steady-state sound radiation characteristics of a cylindrical component of infinite length
subjected to an arbitrary time-harmonic on-surface concentrated radial drive.

Method: Presenting the acoustical radiated coefficient as an exact function of modal accelerance function of the
shell and following the classical Resonance Scattering Theory (RST), postulate that the radiated field can be
synthesized as a superposition of the resonance response of the shell and a background signal within each partial
wave. Utilizing the inherent background approach, we extracted the background (non-resonant) coefficients from
the zero frequency limit of the three-dimensional (3-D) modal accelerance in the radiated coefficients for analo-
gous liquid shells and the resonance components are isolated by the subtraction of these background coefficients
from the radiated coefficients. Finally, the method of stationary phase is used to evaluate the formal integral
expression for the total radiated pressure field and its resonant and background components in the frequency
domain, for an observation point in the far-field.

Results: The far-field modal and total radiated acoustic pressure, background field and resonance spectra and
their directivities are investigated for a water submerged aluminium cylindrical shell with different thicknesses
and the usefulness of the proposed approach is discussed in details. The results exhibit the notable existence
of non-resonant field for thin shells, where the resonances associated with Lamb and fluid-born A-type waves
are expected to appear. The overall validity of results is established by comparison with the data in the existing
literature.

PACS no. 43.20.-f, 43.20.El, 43.20.Fn, 43.20.Ks, 43.20.Mv, 43.20.Tb

1. Introduction with a cylindrical hood. Ricks and Schmidt [3] illustrated
a global matrix method for modeling layered cylindrical
shells subjected to time-harmonic ring forces that can push
on the shell in principal (i.e., radial, circumferential, and
axial) directions. Guo [4] employed an asymptotic analy-
sis to study the sound radiation from thin cylindrical shells
driven by on-surface forces in terms of the shell- borne
helical waves excited in the shell. It was found that the
tangential forces acting on the shell drive more acoustic
radiation than normal forces. Pathak and Stepanishen [5]
used the classical integral transform technique in conjunc-
tion with the standard stationary phase method to address
the problem of acoustic harmonic radiation from a fluid-
loaded infinite cylindrical elastic shell subjected to arbi-
trary spatial loading. Constans et al. [6] utilized a material
tailoring approach, based on finite element method (FEM)
to present a numerical approach to minimize the radiated
sound power from a vibrating shell structure driven with
a point harmonic force input. Ko et al. [7] used the the-
ory of elasticity to develop a theoretical model for evalu-

Received 13 August 2013, ating the reduction of structure-borne noise generated by
accepted 12 November 2013.

Cylindrical components (e.g., rods, tubes, pipes, pressure
vessels, wires, fibers, shells, etc.) are frequently encoun-
tered in practical engineering. Consequently, there have
been numerous studies on their dynamic behavior, and in
particular, scattering and radiation of acoustic waves in
such structures have been an active area of research for
over a century. Here, the most important research works
relevant to the present study shall be briefly reviewed.
Burroughs and Hallander [1] expressed analytical ex-
pressions for the far field acoustic radiation from an infi-
nite fluid-loaded circular cylindrical shell reinforced with
two sets of parallel periodic ribs. The cylindrical shell is
excited by various types of concentrated mechanical point
drives. Rebillard et al. [2], investigated the vibro-acoustic
behavior of a finite cylindrical shell on which attached
internal spring-mass systems and point defects are sim-
ulated in order to understand the radiation of machinery
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an axially symmetric ring force applied on the interior of a
submerged coated cylindrical shell. Lecable et al. [8] em-
ployed the spatial Fourier transform along with the sta-
tionary phase method to develop a normal-mode series so-
lution for acoustic radiation from a thick cylindrical elas-
tic shell subjected to a point harmonic source. Skelton [9]
investigated the time-harmonic line force excitation of an
infinite elastic cylindrical shell immersed in compressible
fluid and, in the asymptotic limit of heavy exterior fluid-
loading. Li et al. [10] presented the parametric study on
the far-field sound pressure radiated from an infinite fluid-
filled/semi-submerged cylindrical shell excited by a radial
point load. The influences of parameters such as fluid ve-
locity, structural damping, position of the force, and struc-
tural thickness on the far-field sound pressure are investi-
gated. Cuschieri [11] presented numerical results for the
frequency dependant far-field acoustic radiation as a func-
tion of radiation angle for a fluid-loaded cylindrical shell
with a compliant layer on its external surface, and ex-
cited by an internal radial ring force, using a normally
reacting impedance layer model for the compliant layer.
Yan et al. [12] developed an analytical method to investi-
gate radiated sound power characteristics from an infinite
submerged periodically stiffened cylindrical shell stimu-
lated by a radial cosine harmonic line force. Following
the statistical energy analysis (SEA), Ramachandran and
Narayanan [13] presented a simplified analytical method
to predict the modal density and the radiation efficiency
of a longitudinally stiffened cylinder, by solving an eigen-
value problem based on strain energies and kinetic ener-
gies of the total structure. Tong et al. [14] proposed a di-
rect boundary element method (BEM) and finite element
method to study the acoustic radiation characteristics of
a submerged structure. Model parameters of the structure
and the fluid-structure interaction were analyzed by using
FEM and direct BEM. Their simulations showed that their
proposed direct-BEM/FEM method is more effective than
FEM in computing the underwater sound radiation of the
stern structure. More recently, Hasheminejad and Ahamdi-
Savadkoohi [15], studied the vibro-acoustic behavior of a
hollow functionally graded material (FGM) cylinder ex-
cited by on-surface mechanical drives. They examined the
effects of FGM profile, cylinder thickness and excitation
frequency on the radiated far-field acoustic pressure.

The RST postulates that each partial wave contained
in the total scattering amplitude can be decomposed into
two components: one is the background that is smooth and
non-resonant, and the other represents a set of modal reso-
nances of the scatterer [16, 17]. The resonances in the par-
tial waves can be isolated by the subtraction of the back-
ground. Broad reviews of the sound scattering problems
utilizing RST for resonance isolation purposes of cylindri-
cal and spherical components can be found in the works of
Gaunaurd [18], Uberall [19], Veksler [20], Hasheminejad
and Rajabi [21] and Mitri [22].

Contrary to the notable research works on the acous-
tic resonance scattering problems, there is no strict study
on the resonance isolation of acoustic radiated fields from
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cylindrical components under point source excitation (e.g.,
mechanical drives, laser). The main goal of this research
is to cover this idea. Following the inherent background
approach in RST, it is shown that there are two interact-
ing components contributing to the modal accelerances
[23, 24]. One is the non-resonant, which illustrates a regu-
lar behavior with respect to frequency and the other one is
the resonant one illustrating singular behavior near the res-
onance frequencies. The resonant component influences
the non-resonant component so that the magnitude of the
accelerance changes quickly in the vicinity of the reso-
nance frequencies, and slowly out of the resonance fre-
quencies. Since the interaction between the resonant and
non-resonant components occur in all frequency ranges,
the non-resonant component hardly manifests its appear-
ance in elastic shells. When the shear wave speed is set
to be zero, like in the “liquid-shell background” by Vek-
sler [25], the constant component can be observed. The
coefficient of the constant component is extracted from
the zero frequency limit of the modal accelerance of the
analogous liquid shell due to the negligible interaction be-
tween the resonance and background signals near zero fre-
quency. Making use of this approach, the expression of the
modal background coefficients of the radiated field can be
extracted from the zero frequency limits of the modal ac-
celerances and the resonance coefficients are obtained by
the subtraction of these background components from the
total radiated pressure. Avoiding the near-field effects, the
method of stationary phase is used to evaluate the formal
integral expression obtained for the total radiated pressure
and its components at an observation point in the far-field.
Finally, to check the validity of the analysis, a numerical
study is conducted for an aluminium shell with different
thicknesses where various types of surface waves are ex-
pected to emerge in acoustic radiated field.

2. Formulation

2.1. Basic field equations

Consider the problem of sound radiation from an evacu-
ated elastic hollow cylinder of infinite length, inner radius
b and outer radius a, immersed in an acoustic medium of
mean density p and sound speed c. The geometry of the
problem is depicted in Figure 1. The body is subjected to a
time-harmonic radial point source located at outer surface
(r =a, 8 = 0y, 7 = zp) which is modeled by

ps(r=a,0,7,1) = aPy8(8 — 0) (z — z0) €7, ¢))

where 6 denotes the Dirac delta function, w is the angular
frequency and P, is a constant with the dimension of a
pressure. The observation point is located at a distance R, a
polar angle ¢ from the centerline of the shell (z-axis), and
an azimuthal angle 6 with respect to the x-axis. Following
the linear acoustic regime, the pressure fluctuation in the
surrounding acoustic medium, p(r, 6, z) is governed by the
linear wave equation [26]

Vp+k’p=0, 2)
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Point Force

Fluid Medium

Figure 1. Problem Configuration.

in the domain defined by r > a, and —z < 6 < 7, where
—o00 < 7 < o0, k = w/c is the acoustic wave number, and
the harmonic time dependence, exp(—iwt), is suppressed
here and henceforth. Also, the fluid displacement vector is
written as [26]

U = (1/po”)Vp. (3)

The displacement vector field of the isotropic homoge-
neous cylindrical shell can be expressed as sum of the gra-
dient of a scalar potential ¢ and the curl of a vector poten-

tial Y= (W, we. lllz) [8,27],
u=Vo+Vxy, 4)

with the condition V - y = 0. The above decomposition
enables us to separate the dynamic equation of motion into
the classical Helmholtz equations,

(VP + k) =0, (5a)
(V> + k5 )w =0, (5b)

where k, ; = @/c, ; are the elastic wave numbers, in which

¢, = \/(4s +2u5)/ps and ¢; = \/us/ps are the velocities

of dilatational and distortional waves, respectively.

2.2. Resonance and background radiated coefficients

The solution of the problem may be obtained by the utiliz-
ing the spatial Fourier transform along the shell axis [28]

oo

f(r0.&w) = J F(r. 0,7z, w)e % dg, (62)

—0o0
oo

ﬂw@@=3{ f(r0.6 ) de. (6b)
2

—o0

where ¢ is the Fourier transform parameter. After appli-
cation of equation (6a) to the harmonic point source and
the Helmholtz equation, the resulting partial differential
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equations can readily be solved by the standard method of
variable separation. Accordingly, the transformed acoustic
pressure may respectively be expanded as

+o0

B(r0.£ @) = Y A& @) H, (r)cos(nd),  (7)
n=0

where H ,(,1) is the Hankel function of the first kind, # =
1 k? — £ and A, denotes the acoustical radiated coeffi-
cients to be determined by the appropriate boundary con-
ditions (Appendix), and are given by

ﬁ.? nFn(a))
Ag=————* , (8)
H" (x) - H" (x) (o)

where prime denotes differentiation with respect to the ar-
gument, x = 5a. ps(0, &, w) denotes the Fourier transform
of the point force which can be expressed as

+o0
5e(0. &, @) = )" poncos(nd),
n=0

where
P, .
Psn(0, & o) = % €, cos(nfly) €74
T

and symbol ¢, is the Neumann factor (¢, = 1 forn = 0,
and g, = 2 for n > 0) In addition, F,(w) = Zf’l/Z,i’],
where Z,i’l and Z,f’l are the 6 x 6 minor determinants of
the first two elements in the first column of a 7 x 7 matrix,
Z,, whose elements are given by Veksler [20]. The func-
tion F,(w) is called the modal accelerance function of the
shell in literature [23, 24], which depends on the character-
istics of the bulk waves in the shell implicitly. (The proper
expansions associated to the potential functions equation
(5) are given in Appendix).

Making a suitable analogy between the inherent back-
ground approach developed for scattering phenomena and
the present stimulated radiation event, the background ra-
diation coefficient is obtained by substituting the zero fre-
quency limits of the modal accelerance functions in the
radiation coefficient for analogous liquid shell as

Ps.nFn(07)
A, = T M ’ ©)
n (X) = Hy, (x)F,(0%)

where F,(0") can be analytically derived by using the fol-
lowing approximations for cylindrical functions for x <«
1,

xn

In(x) = 5 (102)
2
Y, (x) = —Inx for n=0, (10b)
T
— !
Y, = = 1)'@)" for n>1, (10¢)
T X
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in the relation of modal accelerance function F,(w) =
Zy'/Zy", which leads to

ps 1
E,(0%) = =& f —0, 11
O == e " (1)
1 2n
F 0 = L LGl S ()

1= (b/a)"

It is noticeable that in the above formulations, it is assumed
that the Fourier transform of the radiated acoustic pressure
in the fluid, satisfies the classical Sommerfeld radiation
condition [29].

2.3. Total and modal resonance and background
components of radiated pressure and far-field
approximation

Finally, by applying the inverse Fourier transform, equa-
tion (6b), to equation (7), the radiated acoustic pressure
may be written as

+oo

p(r.0,z,0) = if p(r, 0, & w)e' dé (12)

1

+oo T
— ZI 3 z_;) A (& @) H () cos(nf)e % dé.

In the near field, analytic evaluation of the above integral is
very complicated. However, in the far-field, it can always
be approximated by the method of stationary phase which
proposes & = k cos ¢ as the point of stationary phase [8].
Following the standard method, the far-field approxima-
tion of integral (12) with respect to the stationary phase is
obtained as

+oo
p(R.6,2.0) = )’ py (13)
n=0
1 1o eikR
= Z i~ A, (k cos @, w) cos(nf) | ——.
my\ksing |5 R

The background component of the above pressure can be
written as

+o0
b
PP(R.0.z,0) =) p)” (14)
n=0

1 too ) eikR
=— Zi_("“)An (k cos @, @) cos(nd) =

m\ksing | o

and similarly, the resonant component is

+c0
PR 0, z.0) = Y p” (15)
n=0
_ 1
Ak sin @
T cikR
Z i~ AT (ke cos @, w) cos(nd) -
n=0
218
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where the modal resonance amplitude, A", is evaluated
by subtracting the modal background amplitude from the
modal radiated coefficient as

AT = A, — AY. (16)
In equations (13) to (15), py, p<”, p*” denote the modal
radiated pressure, modal background and modal reso-
nance. This completes the necessary background required
for the analysis of the problem.

3. Numerical Results

In this section, we consider some numerical examples in
order to demonstrate effectiveness of proposed approach.
Considering the large number of parameters involved here
while keeping in view our computing hardware limi-
tations, we confine the calculations to some particular
model. The aluminium shell is assumed to be evacuated
and surrounded by water (p = 1000 kg/m?, ¢ = 1480 m/s)
at atmospheric pressure and ambient temperature. The me-
chanical properties of the aluminium shell is specified as
ps = 2790kg/m?, A; = 61.15GPa, yu; = 24.85 GPa.

A MATLAB® code was constructed for computing
equations (8)—(9), calculating the unknown radiation,
background and resonance radiation coefficients as a func-
tion of the nondimensional frequency ka. The computa-
tions were performed on a Pentium IV personal computer
with a frequency resolution Aka = 0.01, polar angle reso-
lution of A = 0.001rad and maximum truncation con-
stant of npn,x = ka + 30 especially selected to assure
convergence in the case of a thick shell and also in the
high frequency range. The convergence was systematically
checked in a simple trial and error manner, by increasing
the truncation constant, n, (i.e., by including more modes
in all summations) while looking for stability in the nu-
merical value of the solutions. Also, the far-field value of
the radial coordinate for calculating the far-field radiated
pressure amplitude was chosen R = 10a so that fair con-
vergence of the results achieved.

Before presenting the main numerical results, we shall
establish the overall validity of the calculations. Accord-
ingly, we first computed the normalized far-field pressure
amplitude, |p(R = 10q, 6, z, ®)/ Py|, versus dimensionless
frequency, ka, and axial parameter, z/a, for a radially-
driven (0 = 6y = =, zo = 0), water-submerged homoge-
neous steel shell, by setting h/a = 0.2, p;, = 7800 kg/m3,
As = 113GPa, pu; = 75.9 GPa in our general MATLAB
code. The outcome as shown in Figure 2 exhibits an excel-
lent agreement with that displayed in Figure 4 of [8].

In the first step, our aim is to study the behavior of the
proposed background (non-resonant) component of radi-
ated pressure. Figure 3 shows the variations of the normal-
ized background component, [p®/ Py| at the observation
point (R = 10a, 8 = 0y, z = zo = 0), in a selected
frequency range (i.e. 0 < ka < 50), for selected thick-
ness parameters of the shell (h/a = 0.01, 0.04, 0.1, 0.5,
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Axial Distance, z/a

Figure 2. The top view of the variation of the normalized far-
field pressure amplitude, |p(R = 104, 6, z, w)/Py| versus di-
mensionless frequency and axial parameter for a radially-driven
0 =0y = &, z = z0 = 0) water-submerged homogeneous steel
shell.

0.09
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=== h/a=0.04
----- h/a=0.10
== Soft-Background
— h/a=0.99
== h/a=0.50
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0.03F fo="7 7T T ———

0.02ff enee.

1 e O

Figure 3. The variations of the normalized background com-
ponent, [p®/Py| at the observation point (R = 10a, § = 6,
z = zo = 0), versus dimensionless frequency, for selected thick-
ness parameters of the aluminium shell (#/a = 0.01, 0.04, 0.1,
0.5, 0.99)) and soft-background.

0.99). For comparison, the soft-background which repre-
sents the normalized acoustic radiation corresponding to
a cylindrical cavity with the same geometry is also plot-
ted by setting the accelerance coefficients F,(w) — oo.
As this figure shows, the background component depicts
a smoothly increasing trend with frequency up to a cer-
tain frequency and then a smoothly decreasing trend, for
all thickness values. The frequency of this switching is in-
creased (decreased) as the shell wall thickness decreases
(increases), where for the soft-background, which resem-
bles a zero thickness shell (i.e. #/a — 0), tends toward in-
finity. For very thick hollow cylinder, this frequency tends
to zero so that this switching is not occurred. For very low
frequencies, ka < F,(0"), especially as the shell thick-
ness decreases, the trend approaches the soft-background.
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Figure 4. The variations of the normalized modal components of
background radiation, |p® / Py|, for #/a = 0.04 aluminium shell,
for selected mode numbers (a) n = 2, (b) n = 5, (¢) n = 10, (d)
n = 20.

This behavior bear a resemblance to the behavior of the
background component of scattering fields in scattering
problems [23, 24]. For better examination of the proposed
background approach, we studied the modal components
of the background radiation for selected mode numbers (a)
n=2,(b)n=>5,(c)n =10, (d) n = 20, in Figure 4. As
these plot show, the general trend is the same for differ-
ent thicknesses and mode numbers; increasing to a specific
frequency and then slightly decreasing. Considering equa-
tion (9), it could be shown that this transition frequency
is characterized by ka* = F,(0%). As the mode number or
shell wall-thickness are increased, the transition frequency
increases. For the soft-background case, the curves tend
to right and approach a constant value. In general, as the
shell thickness is decreased, the background amplitude in-
creases and approaches the soft-background, especially at
frequencies below the transition frequency, however, the
differences are increased at higher frequencies. Also, for
thick shells (where their behavior approaches to those of
rigid bodies), the amplitude of background component de-
creases for all frequency ranges. It makes this perception
that the influence of background field on the total radi-
ated field is insignificant for thick shells. Focusing on the
low frequency ranges, as the mode number is increased, a
rest frequency domain is appeared in which no background
component exists. This observation promises a completely
resonant radiation of the shell in this domain. It may be
predicted that the influence of background component on
the total radiated pressure spectrum is much more pro-
nounced for frequency ranges between the maximum fre-
quency of rest domain and the frequencies of the same or-
der of the transition frequency.
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Here, we intend to examine the accuracy of the pro-
posed theory of background component (hidden within
the radiation field), and evaluate the usefulness of the ap-
proach for resonance isolation, especially for thin shells
where the contribution of background signal is pronoun-
ced. Figure 5 shows the variation of normalized far-field
radiated pressure, |p/Py|, and its background, |p® /Pol,
and resonance components, |p"®) / Py|, at the observation
point R = 10a, 6 = 6y, z = zo = 0), in a selected fre-
quency range (i.e. 0 < ka < 40), for a thin aluminum
shell (i.e. h/a = 0.04). As this figure shows, the radi-
ated pressure consists of a resonance spectrum superim-
posed on the proposed smooth background component.
The resonance modes in the spectrum are linked to the
standing surface waves which are formed around the cylin-
drical shell. Making comparison with the information of
resonance scattering spectrum of a #/a = 0.04 thickness
aluminium shell provided by Veksler [20], the resonances
are simply identified as zero-order symmetric Lamb and
fluid-borne A type waves. The symbols “Sy”, and “A”
designate the resonances associated with the #»’th vibra-
tion mode of zero-order symmetric Lamb waves and fluid
born A-type waves, respectively. As it is seen, the reso-
nances corresponding to fluid-borne A-type waves, espe-
cially those who appear as peaks in pressure spectrum,
demonstrate noticeable amplitudes where the resonances
of Lamb waves depict as dips in the spectrum. The appear-
ance of resonances as peaks or dips are generally linked to
this fact that as the shell is stimulated, the surface waves
are generated and propagated on the shell surface. These
waves decay gradually and re-radiate the acoustic waves in
the surrounding fluid medium. Hence, when these surface
waves and their associate radiated acoustic waves are out
of phase (in phase), the resonances appears as dips (peaks)
in the spectrum.

For better assessment of our proposed hypothesis of ex-
istence of a non-resonant constituent in the point source
stimulated radiated field, we focus on the modal response
of the shell. Figure 6 shows the variation of normalized
modal radiated pressure amplitude, |p/Py|, modal back-
ground amplitude, |p®® /Py|, and modal resonance ampli-
tude, |p"®/ Py|, of the shell for selected mode numbers
@n=0,b)n=1,(c)n=2,(d)n=3,()n =4~
n=22(g)n=23()n=23 >0 n=25G) n=26.
For n = 0 case (monopole mode), a notably high peak is
observed at a very low frequency, which is called the “gi-
ant monopole” resonance (i.e., analogous situation of air
bubbles in water) [30]. This resonance is not projected in
the total radiated pressure, but is clear in the resonant com-
ponent. For mode numbers n = 1, ..., 4, where the reso-
nances corresponding to the zero-order Lamb wave are ex-
cited, the modal radiated pressure perfectly coincides with
the background component, except in the resonance region
where the resonances are very clearly isolated. For these
modes of vibration, the response of the shell is accom-
panied with the background (non-resonant) radiation field
where the proposed background clearly predicts its con-
tribution. For high mode numbers n = 22, ..., 26, where

220
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0.1

----- Normalized Resonance Amplitude
0.08L --- Normalized Background Amplitude
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Figure 5. The variation of normalized far-field radiated pressure,
|p/ Po|, and its background, | p® / Py, and resonance components,
[p\"e®) / Py|, at the observation point (R = 10a, § = 6y, 7 = 79 =
0), versus dimensionless frequency, for #/a = 0.04 aluminum
shell.

the resonances corresponding to fluid-borne A-type waves
are anticipated to be excited, the modal radiated pressure is
approximately in resonant modes; because the background
component in the selected frequency range is in its rest
regime, especially for cases (g)—(j). In these cases, the
background effect is negligible and the shell behaves as a
pure resonator. For resonances located in these frequency
ranges, the radiation spectrum at the resonant frequencies
emerges as a peak.

Figure 7 illustrates the angular distribution of the far-
field total normalized pressure amplitude, |p(w, 0)/ Py,
normalized background amplitude, |p®(w,#)/Py|, and
normalized resonance amplitude, |p"* (e, 8)/ Py|, at se-
lected wave numbers ka = 11.12, 14.84, 15.25 corre-
sponding to the resonance frequencies S-, Sg and A2,
observed in Figure 6, respectively. The point force direc-
tion (i.e. 8y = 0, zop = 0) is shown by an arrow. As these
figures exhibit, the number of main lobes seen in the res-
onance scattering directivity plots are exactly twice the
mode number corresponding to each resonance frequency,
or in other word, twice the number of wavelengths corre-
sponding to each standing wave which fit the perimeter of
the guiding circle in the shell [20]. It is notable that this
equality is not necessarily true for the angular diagrams
of the total radiated pressure amplitude.This is due to the
interactions of the resonance component of the radiated
waves with the background component within the total ra-
diated pressure. Nevertheless, the resonance radiation di-
rectivities exhibit a more uniform pattern than those asso-
ciated with the radiated pressure, especially at frequencies
stretched out in the transition frequency (i.e. ka*) domain,
which relieve the resonance classification process. The re-
sults clearly display the essence and effectiveness of the
presented approach based on the subtraction of the back-
ground component from the corresponding far-field radi-
ated pressure amplitude in order to isolate and identify the
resonance frequencies.
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Figure 6. The variation of normalized modal radiated pressure amplitude, |p,/P,|, modal background amplitude, |p® / Py|, and modal
resonance amplitude, |p"® /Py|, of h/a = 0.04 aluminum shell and for selected mode numbers (a) n = 0, (b) n = 1, (c) n = 2, (d)
n=3,()n=4 ) n=22,(g)n=23,(h)yn=24,@1) n=25, () n=26.

As it was established before [31, 32], the excited res-
onance characteristics (i.e., frequency and bandwidth) of
the surface waves are polar angle dependant. Consid-
ering the analogy between the oblique incident scatter-
ing problems and the point source radiation problems,
the general information of shell resonances, as a result
of phase matching phenomenon of circumferential and
guided leaky waves, is the same for both cases. Consid-
ering the appearance of the so-called guided waves and
the variation of wave propagation style associated to sur-
face waves from circumferential type to helically mode,
for out of (x, y)-plane observation points (i.e., non-zero
incident angle for scattering problems), the examination
of polar angle dependency for the point source stimu-

Document downloaded by @DAEL, 2026-07-21 22:33:48 - personal use only

lated radiation problem may be helpful essentially due
to its inherent value as a canonical problem in physi-
cal acoustics. Also, potential applications include material
characterization and nondestructive testing/evaluation of
materials especially for those whose axial characters are
the goal. Furthermore, considering the recent decade re-
search works in acoustic radiation [8] and acoustic scatter-
ing problems [31, 32], dealing with the helically surface
waves and leaky guided waves, establish the complexity
and importance of the subject. Lecable et al. [8] evaluated
the acoustic pressure radiated from cylindrical shells sub-
jected to a point force using the stationary phase method
and the fast Fourier transform (FFT) technique. In their
results, the emergence of an infinite number of spatial dis-
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Figure 7. The angular distribution of the far-field total normalized pressure amplitude, |p(w, 8)/ Py|, normalized background amplitude,
|p®(, )/ Py|, and normalized resonance amplitude, |p"* (e, §)/ Py|, at selected wave numbers (a) ka = 11.12, (b) ka = 14.84, (c)

ka = 15.25, for h/a = 0.04 aluminum shell.

persion curves associated to each leaky wave propagating
on the cylindrical body, calculated via FFT technique was
reported and compared with the single dispersion curve
obtained by the stationary phase method. Fan er al. [33]
analyzed the oblique scattering problem from cylindrical
bodies. They reported and explained outstanding features
including the pairing of one axially guided mode with each
transverse whispering gallery mode, the appearance of an
anomalous pseudo-Rayleigh in the cylinder at incidence
angles greater than the Rayleigh angle, and distortional
effects of the longitudinal whispering gallery modes on
the entire resonance spectrum of the cylinder. Also, Mitri
[34] showed that for an aluminium cylinder, there exist
acoustic backscattering enhancements at low dimension-
less frequencies, ka < 0.1. Honaravr ef al. [35] made an
effort to provide physical explanation for the mentioned
observation by Mitri [34], by establishing a correlation be-
tween helical surface waves and the longitudinal and flex-
ural guided modes propagating inside a cylindrical body.

In order to consider the subject, the proposed definition
of the resonant component of radiated pressure, equation
(15), is used, which reflects both the center frequency and
bandwidth (i.e., all information contained in the complex
frequency) of each resonance mode. Here, we just focus
on the modal response of the shell to avoid the busy and
complication of the total response of the body. The third
and twenty second modes, n = 3 and n = 22, are se-
lected among the first analyzed thirty vibration modes in
which the resonances associated to symmetric/asymmetric
Lamb waves and fluid-borne A type wave are expected
to be excited, respectively, for the previously mentioned
h/agy1 = 0.04 thickness aluminium shell.

Figures 8 and 9 are the top views of normalized far-field
total pressure amplitude, |p(w, @, 6 = 0)/ Py, and its res-
onance component, [p"*(w, @, 8 = 0)/Py|, respectively,
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Radiation angle

Figure 8. The top view of the variation of normalized far-field
modal pressure amplitude, |p,(w, @, 0 = 0)/P|, for n = 3 for
h/a = 0.04 aluminum shell.

corresponding to n = 3 plotted as a function of polar an-
gle for the selected frequency range (i.e. 0 < ka < 200).
To improve the plots, the amplitudes are modified using
logarithm function (i.e. log,). In order to relieve the com-
parison between the results with the dispersion curves ex-
tracted from resonance scattering problems [20], the com-
plementary angle of polar angle, (i.e. radiation angle: ¢’ =
/2 — @), is used as the vertical axis variable. As these fig-
ures show, the resonances corresponding to the symmet-
ric/asymmetric Lamb and Guided waves emerge as bright
lines in the plots, where their thickness indicate the band-
width of the resonances. The symbols Si", Af’ and G" des-
ignate the resonances corresponding to the i’th order sym-
metric/asymmetric Lamb waves and guided waves, respec-
tively.
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Figure 9. The top view of variation of normalized far-field modal
resonance pressure amplitude, [P (0, ) /P, for n = 3 of an
h/a = 0.04 aluminum shell.

As it is observed, the resonance frequencies generally
increase with the increase of ¢'. This right-ward shift is
in agreement with the observation made by Conoir et al.
[31, 32]. Considering the analytical expression of reso-
nance frequencies associated to n’th partial mode, f,.; =
ncyn/(2wacosy) (in which c,, denotes the phase veloc-
ity of the wave and y indicates the helix angle of heli-
cally wave propagation direction with respect to cross-
section of body, this phenomenon is interpreted in this way
that the higher radiation angles corresponds to the higher
helix angles in general and therefore higher values of y
leads to an increase in associated resonance frequency,
Sres [31, 32]. Also, as it is expected, by increasing (de-
creasing) the ¢’ (i.e. radiation angle), the zero order Lamb
wave approaches the true Rayleigh wave (on a submerged
plate), and the corresponding resonance frequencies ap-
proach the Rayleigh angles, ¢, ~ 32°. Also, the higher
order symmetric/asymmetric Lamb and guided waves ap-
proach the shear waves, and the corresponding resonance
frequencies tend to shear critical angle, @, ~ 28.4°. This
conversion occurs at frequencies too higher than our se-
lected frequency range [20, 36]. The most important ob-
servations in these figures is the appearance of fake anti-
resonance branches (i.e. dark curves) in Figure 8 as the
results of interference of background and resonance com-
ponents in each resonance mode. As it is clear, the subtrac-
tion of the proposed background signals will remove these
fake resonance curves.

Figure 10 depicts the polar angle dependency of reso-
nances associated to the fluid-borne A-type wave corre-
sponding to the mode number n = 22, the same as Fig-
ure 9. Due to its low amplitude, it is rather difficult to
follow the excited resonance. Therefore, the trend of the
resonance is marked by the circle symbol. This type of
resonance occurs at lower frequencies for higher radiation
angle. This is in contrary to other surface waves; i.e., sym-
metric/asymmetric Lamb and Guided waves in our exam-
ples, and also Rayleigh and Whispering Gallery waves in
cylinders [36]. This phenomenon is interpreted consider-
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Figure 10. The top view of the variation of normalized far-field
modal resonance pressure amplitude, |p" (o, 8)/ Py|, for n = 22
of an h/a = 0.04 aluminum shell.
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Figure 11. The phase variation of resonant pressure modulus as
a function of frequency and for selected radiation angles (i.e., ¢’
=0°, 10°, 25°, 35°).

ing that the phase velocity of surface waves depends on

the polar angle, (i.e. ¢, = c/\/sin2 @ + (n/ka")?) so
that an increase in ¢’ leads to a decrease in c,,. Math-
ematically, if the rate of decrease in c,, is sufficiently
greater than the rate of decrease of cosy in the formula
fres = ncpn/(2mwacosy), the resonance frequencies occur
at lower frequencies.

In addition to the above mentioned happening, a further
singular feature is also seen where the fluid-borne A-type
wave is still alive at radiation angles greater than longitu-
dinal critical angle, ¢/ ~ 13.6° and shear critical angle,
@ =~ 28.4°. To assure that the curve has a resonant na-
ture, the phase of the resonant component is computed as
a function of frequency and for selected radiation angles
(ie. ¢ = 0° 10° 25°, 35°) exhibited in Figure 11. As
seen in this figure, all phase curves show a sudden z rad
phase shift at corresponding resonance frequencies. This
feature is physically explained by the origin of this type
of fluid-borne waves. This type of wave is the interaction
between the zero-order asymmetric Lamb wave and the
Franz-type, and does not possess any cut-off frequency, as
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same as the zero-order symmetric and asymmetric Lamb
waves. As the radiation angle approaches the shear critical
angle (i.e. qo';' ~ 28.4°), the contribution of asymmetric
Lamb wave dies away, and the wave nature become the
Franz type, which merely depends on the obstacle geome-
try and is directly related to the external creeping waves in
the surrounding fluid medium.

4. Conclusions

Presenting the acoustical radiated coefficients as an exact
function of modal accelerance function of the shell us-
ing the spatial Fourier transform technique, and making
a proper analogy with the scattering problems and also
exploiting the inherent background approach in acous-
tic resonance scattering regime, we extracted the radiated
background (non-resonant) coefficients from the zero fre-
quency limit of the modal accelerance in the radiated co-
efficients for analogous liquid shells and the resonance
components are isolated by the subtraction of these back-
ground coefficients from the radiated coefficients. The re-
sults exhibit that the acoustic resonance characteristics
of the elastic homogeneous shells can effectively be an-
alyzed by taking advantage of the proposed background
approach. The proposed theory may be helpful essentially
due to its inherent value as a canonical subject in physi-
cal acoustics. Also, potential applications include material
characterization, nondestructive testing/evaluation of ma-
terials and noise control engineering etc.

Appendix

Al. The Fourier expansion of potential functions

_ 1 +o0
Br.0.6.0) = — ZO (Bu(& @) Ya(npr) (Ala)
+ Cu(&, @) I, (n,r)) cos(nb),
1 +oo
W (r, 0,8 w) = s Zz;) (Du(&, @) Y1 (nsr) (Alb)
+ Ey(€, @) Iy (n,r)) sin(nd),
1 +o00
Wo(r,0,&, ) = "o z::‘) (Du(€. @) Yusi(nsr)  (Alc)
+ En(gy CO) Hn+l(’75r)) COS(I’ZQ),
1 +oo
Wil 0.60) = D (Fu& @) Ya(nyr) (Ald)
S n=0

+ G, (¢ ) H,,(nsr)) sin(n@).

B, through G, are unknown Fourier coefficients. Depend-
ing on the polar angle, @, and the longitudinal and trans-
verse critical angles, @.°, where @} = cos™(c/c,), the
characteristic functions (Y, and II,,) are the first and sec-
ond kind cylindrical Bessel functions (J, and Y,,) or the
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Table A1. Characteristic functions of wave propagation in elastic
body.

@ <@,

Ve -id
Ve -k

< Q<o

Ve -k
Vi -g

o<

7711 \/ k127 _52

s Vki —é&

Y, (1pr) Ju(npr) 1,(n,r) I,(n,r)
11, (n,r) Y. (n,r) K, (n,r) K, (n,r)
Y, (nsr) Ju(nsr) Ju(npr) I,(nsr)
I, (n5r) Y, (nsr) Y, (nsr) K, (nsr)

first and second kind of the modified Bessel functions (/,
and K,,) according to Table Al (see [37]).

A2. Boundary Conditions

The appropriate boundary conditions imposed at the in-
ner (r = b) and the outer (r = a) surfaces of the shell
are given here where the relation between pertinent stress
components and the displacement vector is given in [27].

A2.1. Boundary conditions at outer surface (r = a)

These conditions are explicitly written as the equilibrium
of the radial stress with the applied external radial load and
fluid pressure at the outer surface (r = a),

6(r=a,0,¢w) = —ps(0. ¢ o)
- p(r=a6¢ ). (A2)

Vanishing of the shear stresses at the outer surface (r = a)
gives

Gro(r=0a,0,6&,0)=6,,(r=a,0,&,0)=0. (A3)

Also, the continuity of the normal fluid and solid displace-
ments at the outer surface (» = a) leads to

a(r=a,0,¢ w)= ﬁ,(r =a,0,¢ w). (A4)

A2.2. Boundary conditions at inner surface (r = b)

At the inner surface of the body, (r = b), vanishing of the
radial and tangential stresses gives

Gr(r=0,0,¢,0) = 6,9(r=10,0,¢, )

Goi(r=0,0,60)=0. (A5)
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