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Abstract

This work proposes a semi-analytical method to rhdde vibroacoustic behavior of
submerged cylindrical shells periodically stiffeneg axisymmetric frames and excited by a
homogeneous and fully developed turbulent bountiygr (TBL). The process requires the
computation of the TBL wall-pressure cross spectiahsity function and the sensitivity
functions for stiffened cylindrical shells. The oer is deduced from an existent TBL model
and the latter are derived from a wavenumber-pogciprocity principle and a spectral
formulation of the problem. The stiffeners’ dynarbehavior is introduced in the formulation
through circumferential admittances that are comguby a standard finite element code
using shell elements. Four degrees of freedoma&entinto account for the coupling between
the shell and the stiffeners: three translatiorealions and one tangential rotation. To
investigate the effect of the stiffeners on theatsdl noise, two case studies are considered.
The first one examines a fluid-loaded cylindricddeB with regularly spaced simple
supports. The influence of Bloch-Floquet waves d&hne support spacing on the noise
radiation are highlighted. The second case studpents the fluid-loaded cylindrical shell
with two different periodic ring stiffeners, namedyiffeners with T-shaped and I-shaped
cross-sections. Their influence on the vibroacasstif the shell is thoroughly analyzed.

Keywords: stiffened cylindrical shell; turbulent drodary layer; fluid loading; noise
prediction; Bloch-Floquet wave,;



1. Introduction

Stiffened structures excited by a turbulent bougdayer (TBL) are found in many
vehicles such as aircrafts, trains, and submaripesdicting the noise and vibrations they
generate is very important at the design stageyedlsas for optimization and refinement
of the products. In naval applications, for examplsubmarine hull can be modelled as a
stiffened cylindrical shell. In order to controlehadiated noise from a submarine, it is
therefore important to understand how a stiffenagtdindrical shell reacts to TBL
excitation. This paper proposes the modelling of iafinite periodically stiffened
cylindrical shell immersed in a heavy fluid (i.eater) and excited by a homogeneous and
fully developed TBL. The model will allow engineets investigate the effect of the
periodicity of the stiffeners and their influence the shell vibroacoustics. This study is
thus multidisciplinary and includes the vibratiomadysis of periodically stiffened
cylindrical structures, as well as the predictidmhe radiated noise under the excitation of
a partially correlated pressure field.

The dynamic response and the sound radiation frenogically stiffened structures
have been addressed by many authors. Before raviethie extensive state of the art on
the topic, however, let us briefly introduce whiwfll be the main new contributions of
this work to the field. On the one hand, we arepping a semi-analytical method to
characterize the vibroacoustic response of a peyadlgt stiffened cylindrical shell excited
by a TBL. The suggested formulation has not be¢engited before, to the best of our
knowledge, and it presents some singular featuFest, it is based on an original
reciprocity principle, which allows us to identifige so-called sensitivity functions of the
structure. Those are computed considering foureegof freedom (DoF) in the coupling
between the shell and the stiffeners, namely thraeslations and a tangential rotation,
while previous works only assumed one DoF alongr#ugal direction. Moreover, in the
current approach the stiffeners are representeddnyittances calculated with the finite
element method, which allows one to describe thrdeation of the stiffener cross
sections, contrary to what occurs in the beam-hicelels generally adopted in literature.
All results in a more realistic modelling of periodlly stiffened shells. In addition, the
current study reveals the bumps observed in thetspef the far-field radiated pressure
can be directly attributed to the propagation obdd@i-Floguet waves in the periodically

stiffened shell.



As said before, the study of periodically stiffengtductures has now a long history.
Mead [1] analyzed the free wave propagation inrdmite periodically supported beam
using the so-called space-harmonic method. He stialat the vibration energy can
propagate only in certain frequency bands. Outtdidse bands, the waves decay strongly
with the distance along the beam, and the energyhatapropagate. Subsequently,
Rumerman [2] proposed a mathematical formulationwave propagation and forced
vibration of periodically stiffened infinite plateAssuming plane wave excitation, he was
able to obtain an explicit solution. The principbé superposition was then used to
construct the solution for an arbitrary excitatighsimilar approach was employed by
Mace [3] to investigate the vibrations of an infeiperiodically stiffened fluid-loaded
plate excited by convective harmonic pressure. ldmahstrated that the propagating
wave, corresponding to the near field wave in astiffiened plate, was damped by
acoustic radiation. The results showed that thparses to a convected harmonic pressure
and the far field directivity contain peaks at eémtfrequencies and angles, which were
attributed to the free wave propagation charadiesf the fluid-loaded plate.

Among the intensive research carried out on the ewpkopagation in continuous
periodic structures at the University of Southanmp{see the review paper in [4]), Mead
also studied the radiation of regularly stiffenedatps [5]. He employed the
space-harmonic approach for the prediction of thecsural and acoustic response of the
periodically stiffened plate, taking the fluid-load effects into account. Plates stiffened
in one or two orthogonal directions were considergdwas shown that five space
harmonics in each spatial direction are enoughréaligt the peaks of the radiated sound
power spectrum.

Lee and Kim [6] developed an exact solution procedto calculate the sound
transmission through an infinitely long elastic phstiffened only in one direction. The
stiffener was modelled as a set of lumped massestad to the panel. The dynamic
equation was derived using the space harmonic agprand the virtual energy principle.
It was shown that the wave reflection produced hoy stiffeners changed the dispersion
relationship and caused the panel to be exciteddoincidental manner by incident sound
waves, at frequencies below the critical frequenggditionally, Yuan et al [7]
numerically and experimentally studied the vibroastoc response of a fluid-loaded,
simply supported rectangular plate covered by apmsite acoustic coating. They found

that only when the loss modulus of the damping dayas sufficiently high and the
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stiffness of the decoupling layer was sufficierldy, the system can provide an excellent
vibration isolation and noise reduction effect. éwise, Fu et al. [8] developed an
analytical model to investigate the sound transioissloss from an orthogonally
rib-stiffened plate structure under diffuse acoudield excitation. Numerical results
showed that if the effects of the modal couplingre are neglected, the sound power
could be either overestimated or underestimatecenidipg on the frequency range and
excitation locations.

As regards cylindrical structures not so many woeksst in literature. Mead and
Bardell [9] computed the propagation constants pedodic frame-stiffened cylindrical
shell using an exact closed-form solution. Theyed®ained the stop and pass-bands of free
wave motion in the structure. For the cylinder wstblid rectangular-section frames, a
narrow frequency band was observed where two diyirdifferent wave motions can
propagate simultaneously. Hodges et al. [10] ubedspace-harmonic method to present
the theory of vibrations of a cylinder braced bycaoiar T-section ribs spaced regularly
along its length. A good agreement was obtainedwéen their modelling and
measurements on a ribbed cylinder over a frequeacge from zero to about three times
the ring frequency [11]. It was shown that the tfithree pass-bands for vibration
transmission along the cylinder occurred in thegfrency range, associated with the first
two resonant modes of a single bay of the strucuacewith a cross-sectional resonance of
the T-section ribs.

Noise emission was addressed by Burroughs [12], edroved analytical expressions
for the far-field acoustic radiation from a pointien circular cylindrical shell reinforced
by doubly periodic rings. The rings interacted witie shell only through the radial
direction. Radiation from the shell appeared likeaaray of ring radiators located at the
ring support. More recently, Yan et al. [13,14] he@ the space-harmonic approach to
predict the sound radiation from a submerged péciohg-stiffened shell excited by a
harmonic line force. The stiffeners had uniformteggular section and they could interact
with the shell along four degrees of freedom (theee translations and one tangential
rotation). It was found that characteristics of thierational power flow propagation vary
with different circumferential mode orders and fueqcies. For the circumferential mode
order n = 0, the power flow in the shell wall waggominantly carried by the motion in
the axial direction.

The vibration of an infinitely long cylindrical shewith internal periodic lengthwise

ribs was analytically formulated by Tong et al. J[1bhe lengthwise rib was modeled as an
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elastic beam with longitudinal and flexural motio#s circumferential mode expansion
was employed to obtain the shell motion using p#diby in the circumferential direction
and the Fourier transform in the longitudinal diren. It was demonstrated that the
acoustic radiation resonances in the far fielddare to the supersonic components of the
radiated flexural Bloch waves. Cao et al. [16] s¢ddthe acoustic radiation from shear
deformable stiffened laminated cylindrical shelicitéed by a radial point force. Initial
axial loadings and double periodic rings were cdes2d. The mathematical problem was
based on the use of the space Fourier transfornttenBoisson summation formula. The
pressure radiated in the far field was estimatedguthe phase-stationary theorem. It was
pointed out that the shear deformation of the ricgsenot be neglected in the high
frequency range. Cao et al.’s work was extendetdldng et al. [17] to investigate acoustic
radiation from a point driven, infinite, and periodlly ring-stiffened shell, in the presence
of mean flow. To obtain more accurate results, ltbéheffects of in-plane and out-of-plane
vibrations of the ring-stiffeners on the radial gllcement of the shell were taken into
account. It was demonstrated that the effects efMlach number on the sound pressure
radiated by the shell were not significant as thech number was not greater than 0.02.

As reviewed above, many researchers have studesdythamical behavior of stiffened
structures. However, only few studies focused dfested structures excited by TBLs (see
for example, [18,19]). In this line, Rumerman [2¥rived expressions for the broadband
estimation of the acoustic power radiated frormdtdi ribbed plate excited by a TBL. The
response was directly formulated in terms of adoupbwer, and the effects of the
supports were taken into account using power sgeagecoefficients, which were
calculated through a Wiener—Hopf analysis. Max#lef21] developed a methodology for
estimating the vibro-acoustic response of a pecialtly stiffened plate excited by a TBL,
from the knowledge of the wall pressure spectrugiuged by the TBL and from the
sensitivity functions of the panel. The latter umdéd the responses of the panel to unit
convected harmonic pressure waves, which can bema&std from a wavenumber-point
reciprocity principle [21-24]. The computationalogess to estimate the stiffened panel
response to TBL excitation is then reduced to aenical integration of a product of two
analytical quantities, the first one is the walégsure spectrum and the second one is the
square of the absolute value of the sensitivityctions.

In this work, a similar approach has been employedtudy the noise radiated by a
cylindrical shell periodically stiffened by axisynatmic frames and excited by a

homogeneous and fully developed TBL. In addition rriodelling a fluid-loaded
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cylindrical shell instead of a fluid-loaded platke present case exhibits two challenges.
First, in the previous study for the stiffened fpddite [21], the stiffeners were modelled by
torsional and flexural beam models. This could bBedvfor straight stiffeners and for low
frequencies. However, it is not valid for modellingg stiffeners. In the present study,
axisymmetric frames with arbitrary cross-sectiovéndeen considered. Their dynamic
behaviors have been characterized by a finite eemedel based on shell elements [25].
In particular, the deformation of the cross-sectmuld be described as well as the
coupling between the different types of motions daethe curvature of the stiffener.
Second, the rigid coupling between the shell amdftames need to be defined about the
four relevant DoF, instead of considering only tlo@plings with two DoF (i.e. the normal
translation and the torsional rotation). For a-fidte model, the in-plane and the flexural
motions are not coupled together and it is welkified to consider only the two DoF
related to the flexural motions. However, for aiggltical shell the in-plane and flexural
motions can be coupled together, in particular Wwethe ring frequency. Therefore, to
correctly describe the interaction between thelstrel the stiffeners, the four DoF need to
be considered.

This paper is divided in two sections. Section @tams all theoretical developments. It
first describes the wavenumber-frequency formulatod the radiated pressure by the
cylindrical shell excited by a random pressuredielhe wavenumber-point reciprocity
technique is then introduced to facilitate the eaailon of the quantities characterizing the
immersed stiffened shell in this formalism. A modelr the periodically stiffened
cylindrical shell loaded by a fluid in the wavenuenkspace is worked out. The section
finishes with some considerations concerning pcattimplementation aspects of the
method. Section 3 focuses on a thorough analysiseophysics behind noise radiated by
an infinite cylindrical shell with periodic simpkupports and by a cylindrical shell with
periodic stiffeners of rectangular and T-shapedsmections. Conclusions close the paper
in Section 4.

2. Theoretical formulation

2.1 Statement of the problem

Let us consider an infinite cylindrical shell ofdias R reinforced by periodic ring

stiffeners separated a distant@part. The shell is immersed in a fluid that moweth



free stream velocity/,. We assume that a stationary, homogenous, turbblenndary
layer of thicknessy;,; has fully developed on the shell surface. Consetiyethe shell
vibrates and radiates sound outwards. A generdtbk& the situation is depicted in Fig.
1.

It is the main purpose of this work to charactetize sound emitted by the shell. To that
goal we have assumed the shell motion and the ©Bletweakly coupled, in the sense that
the vibrations of the former do not affect the flélwctuations beneath the TBL. We have
also supposed that the acoustic wave propagatinaiieer influenced by the TBL nor by
the free stream velocity.

The problem can be mathematically described asvidl Consider an arbitrary poikit

in the flow with cylindrical coordinates{x,@, r); x standing for the streamwise direction,
@ for the azimuthal angle andfor the radial distance. For a given angular feay, o,

the auto spectral density (ASD) of the radiatedustic pressure ail, Spp( x 0, r,w), can

bl
o and the

be obtained in terms of the TBL wall-pressure crggsctral density (CSD)
frequency response function (FRF) of the sheH, . . Indeed, for a partially
space-correlated random excitation, such as the, BBE can write (see [26] for details),

+o0

Spp( X0, r’w) = I

2m 2w

/]

The FRF Hp/F(x,H,r,f(,é,a)) in Eg. (1) provides the acoustic pressure at point

Hy/e ( x6,1,%0 ,w)r qz};’;(%(— *6-6 w) Rd @ ox, (1)

g —i

M (x,6,r) in the fluid, when a unit radial point force ispdied at point M ()?,5’, R) on

bl

the shell (see Fig. 1), while,,

characterizes the intense pressure fluctuatiome dté

the TBL. Solving the integral in Eq. (1) is all whia needed to get the radiated sound

pressure field, so the remaining theoretical sestim this work are devoted to finding

appropriate expressions for the excitatiqﬁ and the responseél . .

2.2 Turbulent boundary layer on a cylindrical shell

Several models have been proposed in literatuohavacterize the wall-pressure field
(WPF) developed beneath a TBL (see e.qg., [27-29bwever, these models are mainly
intended for TBLs over flat surfaces. In the spadiamain, they provide the CSD of the

WaII-pressure,Sg’;(x ya)), with x andy respectively representing the streamwise and



spanwise directions. The CSD for the WPF is alderofjiven in the wavenumber space,
8 (k. k@), so that

400 +00

S (ko ko) = [ [ $o( x w) & & dxe 2)

—00 —00

400 +0o

S (x m):ﬁ [[%( % ko) & & g 3)

Despite of existent models only being establisloedBL over flat areas, our interest is
in cylindrical shells for applications in the naaid/or aeronautical sectors. This means
that the curvature of the shell will be large immgmarison to the TBL thickness (typically
around 100 times bigger) and its effects on the TiBldels minimal [30]. Therefore, and
as carried out in previous studies (see e.g., [B33]), we could well adopt flat TBL
models for our big cylindrical shells. In fact, tbaly modification that needs to be made
to them is that of imposing a periodicity conditionthe spanwise direction. The latter
corresponds to the angular position on the shetluonference, so the WPF must beR2

periodic along it.
Let us denote b ~p*;' (kx, n, a)) the CSD of the WPF in the wavenumber space satigfy
the periodicity condition. Here is an integer that designates a circumferentiahter. It
thl

iIs shown in Appendix A, that, from a given TBL mader flat surfaces,épp(K, K/w)

one can readily obtain its analogous for the saell
~ 1 ¢ n
5 (kone) =5 8 ko) @

The spatial domain counterpart of Eq. (4) is the tsmbe input in Eq. (1) for computing
the radiated acoustic pressure. This can be oltaasgsee Appendix A),

1 +oo [+ ) )
bl — bl Ky 9
pp(Xlelw)_ETZ{J- pp(Kun'w)é XdK}@ . (5)
The specific TBL model used for the computatiomshie current work is of no matter
at this point and will be later introduced in Seati2.5.
2.3 Shell frequency response function and the reciprocity principle

The next step to compute the radiated sound pressuEq. (1) is that of obtaining a
proper expression for the shell FRF. This can bevdd from the wavenumber-point

reciprocity technique introduced in [21,22], whistbased on the wavenumber-frequency



formulation of [21,26]. Let us briefly outline thgrocedure.

Introducing Eq. (5) into Eq. (1), we get, after somtegral manipulations (see [21,26]),

N=+oc0 T

S (X0, 10) = 23 | |Fl(x6.1.k e 5 () ©

n=-0 g

where
H,(x6.r.k.nw)=— ff (x,H,r,Xﬁ ,a))e"'kxi 6" R@ o: (7)
-0 0

(x 6,r,k na)) is called the pressure circumferential sensitivilijction at point

LIRS

M (x,6,r). As seen from Eq. (7), it determines the acoystissure atM when the shell

is excited by wall-pressure waves(x,6) = e '™ x11 ,60[-m,7]. One should bear
in mind that the pressure field beneath a turbulenindary can be characterized using

realizations of uncorrelated wall plane waves [3Therefore, H_(x,8,r.k ,nw) in

combination with ¢ (k,,n,w) is all what we need to get the ASD of the radigtesssure

at the field pointM. One way to calculate the circumferential senditifunction of the

shell consists in exciting its surface by wall pdamaves with wavenumber coupl(ékx, n) .

Unfortunately, that would result in a very lengthsocedure because the summation and
integral of Eq. (6) involve a large number of caegl To avoid such a costly approach, a
second interpretation of the sensitivity functicencbe considered, which relies on the
Lyamshev reciprocity principle [21, 22] (see thkiskration in Fig. 2). In the present

situation, the principle states that the ratio ewthe acoustic pressure at poMt and

the radial point force applied @@ on the shell, namelyH ., equals the ratio of the

radial velocity at pointM over the volume velocity aM , which we denote byH,q -

That is to say,

Hp/F(x,H,r,f(,é,a)) V/Q(XH X0 rpo) (8)
Introducing Eq. (8) into Eq. (7) yields,
+o0 277
H, (x6,rk,.nw) BJ.J.HV/Q(XH X0, rw)e‘“e'”"d?cb (9)
—oo 0

From Eq. (9), a second interpretation of the cirbem@ntial sensitivity function is
therefore possible. This function can now be viewsdhe product of the radiswith the

Fourier transform along and the Fourier series decomposition alofigof the radial



velocity of the shell, when the shell is excited day acoustic monopole of unit volume

velocity located atM (x,H, r) . The advantage of this interpretation is thatlaws one to
obtain the circumferential sensitivity functiongrfa large set of wavenumber couples

(kx, n) , from a single computation involving the shellpease to a monopole excitation at
the field point M (x,8,r) . The radiated pressure Mtdue to the shell TBL excitation can

then be obtained from Eq. (6), where the sensitiftihctions are computed as a response
to the monopole source &t and then multiplied with a CSD model for the TBL.

The next section is devoted to finding an analytiexpression for the
circumferential sensitivity functions for a periodlly stiffened shell immersed in a fluid.

Following the explanation above, our goal will Ibat of finding the radial velocity of the

shell in the Fourier domairfk,, n), when it is excited by a monopole source.

2.4 Circumferential sensitivity function for a submerged cylindrical shell with regularly

spaced stiffeners

2.4.1 Mathematical problem formulation

The procedure that will be used to calculate tmewsnferential sensitivity function relies
on the reciprocity principle, as manifested in E8), and is somewhat akin to previous
formulations in literature (see e.g., [3,16,17])or¢theless, it still presents some
significant differences with respect to those worksst, the shell excitation is due to a
monopole source within the fluid. Second, the couplbetween the shell and the
stiffeners takes place through four DoF, namelyttiree translational directions plus the
tangential angular rotation. Third and final, thgndmic behavior of the stiffeners is
obtained from finite element models, which facii@s incorporating realistic designs for
them.

Consider the infinite shell of Fig. 1 having thidgsh, densityp, Young modulus,
Poisson's coefficiert and damping loss factey. We denote byU, V and W the
longitudinal (streamwise), tangential (circumfererspanwise) and radial displacements
of the shell, wherea®© stands for the angular rotation (in the tangertiedction). © is

related to the radial displacement throu@(x,@):%—w(x,ﬁ). The shell stiffeners are
X

regularly spaced along the direction and separated apart a distadcdhey are all
identical with either rectangular or T-shaped cresstions and, as said, their dynamics are

numerically modelled with the finite element methdte coupling between the thin shell
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and each stiffener takes place alongside a circtente of the cylindrical neutral surface
of the shell. The coupling is supposed to be rend involves the four DoB, V, Wand
©. Additionally, letL, T andF respectively denote the longitudinal, tangentiad aadial
loads the stiffeners apply on the shell. At eaaicjion, we will impose continuity of the

displacement fields between the stiffener and tiedlsas well as force equilibrium.
The shell is immersed in an infinite fluid domainttwdensity p, and speed of sound

¢, (note that no fluid is considered inside the ghelhd it is excited by acoustic waves

generated from a point monopole source within tiiel flocated atS( x,6,, ).

To begin with, let us focus on how to obtain thelksHisplacementd), V andW (the
coupling with © will be introduced at a later stage) as a resptmske stiffener loads and
the acoustic excitation. The latter will involvetbpthe incident waves from the monopole

source and the acoustic waves radiated by the simthtion. In what follows, a time

dependenceej“’ Is assumed for all developments though it wilbb@tted in the notation.
The mathematical problem to be solved reads

U (x,6) 0 0 L(x.6)
{Lagh|V(x6) [=p3] O [+ O |+ T(x8)|, (10)
W(x06) ~R(x6)] [~ x6)] | H %)

Where{L3x3} stands for the Fligge equations of motion for Bncyical shell (see e.g.,

_(1-vR?
[25]), and y_—E*h

The loads applied to the shell by the regularlycgphstiffeners can be decomposed

with E =E(1+ j7) being the complex Young modulus.

as

L,(6)&(x~md)
T(x8) =Y T.(8)3( x- mg , (11)
F(x6)| ™ 7| F.(8)0(x=md- M,(6)d( x mgd
wherel,, T, F,, represent the longitudinal, tangential and ratiis# forces exerted by
stiffenerm on the shell, whileM  designates the tangential line moment exerted b su
stiffener.

As for the acoustic monopole excitation of the khve¢ shall split the total pressure in

11



the fluid domainp,, into the sum of the monopole blocked pressufed (i.e. the pressure

generated by the monopole acoustic waves on thedeigal shell as if that was rigid) and the

pressurep, radiated outwards by the shell vibrations. Thatoisay, p, =F,+p [33]. The
radiated pressure must satisfy, on the one haedydmogeneous Helmholtz equation in the

fluid medium,

Ap(x,6,1)+k’ p(x8,1) =0, (12)
where A is the Laplacian operator in cylindrical coordieattndk, = w/c, denotes, as
usual, the acoustic wavenumber. If the free strealocity U, was to be considered, one
could solve the convected Helmholtz equation indtésee e.g., [34,35]). On the other

hand, velocity continuity must be ensured betwden ghell motion and the fluid. The

Euler equation allows to express that condition as

%(x, 6,R) = p,o” W( %6). (13)

2.4.2 Resolution in the wavenumber domain

The solution to equations Egs. (10) - (13) candamtl by setting them in the wavenumber
domain. Let us remind that, for a general fi€lk,8), its Fourier series decomposition
along coordinated and the Fourier transform aloxgre given by
f(x8) > T(x, n)=ij2” f(x8)6™da,
27770

> (14)
f(x,8) > Tk, n):%T”OZ” £(x0) 610 dgd x

f andf are respectively named the circumferential andsghectral fields of . k_ is the

space Fourier variable amds the circumferential number. Note that the digifoms in Eq.
(14) are consistent with those in Eqgs. (4)-(5) ®ning the spectrum of the TBL wall
pressure field, as well as with that in Eq. (9)dlwng the alternative interpretation of the
circumferential sensitivity functions.

Applying Eq. (14) to Eq. (10), the equations of matof the shell become

12



(k.n) 0 o L

) Hoo0 1+ Tk (15)
(k. n) -E(k. 0] [-Hk D | Rkh

where [I:] is the spectral Fliigge matrix that depends aral§i on the shell parameters

—
™
EJ
L
éz < G,

-8

=

1

<X

o

(see Appendix B). As regards the monopole sourcé(alg,@s, rs), it generates a spectral

blocked pressure on the shell [33]

E.(k,,n)= jap, HP (k1) i)

where H® is the Hankel function of the second kind and orjeand

V' =k if k[ <k,

-jyk,> -k, otherwise

Furthermore, the Fourier transform of Egs. (12) &b8) permits relating the spectral

radiated pressure to the spectral radial displacénoé the shell through the fluid

impedanceZ , ,

_pjwH? (KR
k H? (kR

Substituting Eq. (17) into Eq. (15) and invertirge tmatrix system provides the spectral

p(k, N = jwZ, (k, )W k, B, Z;(k,n)= (17)

displacements of the shell,

U(kon)] [Takom Tu(k.n) Tuk.n) 0 Uk, 1
V(ko) |2/ (ko TLolkon L(konfyl 0 [+ Tk D (g
W(k, 0| | Lk (kD Lk, 0||[-F(k 0| | Kk h

where I, 10{1,2,3 j O{ 1,2,Bcorrespond to the entries of the inverse of theg@imatrix
taking the fluid impedance into account.
For properly resolving the coupling with the rintiffeners, we should next introduce

the angular rotation in the formulation. In the waumber space, the spectral angular rotation

is related to the spectral radial displacement®fk,,n) = jk W( k, 1). One can then easily
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express Eq. (18) in the matrix form,

W (k) =T(k. n)[ (k. ) +F (K 9], (19)
where now,
U (k..n)
-W (k,, n) = \\//;/((Err?) stands for the spectral vector of the shell DoF,
o (k,.n)

I~11(k>< ' n) i~12(k><’ n) TlS(kx' n) 113(kx' n)
_ T(kx, n) — |~21(kx’ n) [22(kx' n) [23(kx' n) 123('&’ n) represents the SpeCtI’aI
|31(kx ' n) I 32(kx' n) l 33(kx' n) I 33(kx' n)

Ky kon) gk Ik, K Ia(K,n) K IK, N

admittance matrix of the fluid loaded shell,

0
- 0 , s
- F(k,n)= £ (k) is the spectral force vector due the external mpoleexcitation
0
and

L, (
- T .
- Fk,n)= >’ Ifm ((n) e ™ is the spectral force vector due to the stiffdnads.

Flkon)= 2, I(k)Fy(r) " (20)
100 0 L (n)
with J(kx):g (1) (1) 8 and F,(n)= ;m((:))
00 0 -, M. (n)

Next, consider a finite element model of a rindfestier. Given that the stiffener is
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axisymmetric, axisymmetric shell elements couldadepted for efficiency; yet this is not
mandatory. Classical 2D shell elements may be asedell, with a 3D surface mesh for the
web and flange in the case of a T-shaped crosmsestiffener. The finite element model

allows one to numerically estimate the circumferadmittance matrix of the stiffener, say

Y, which relates the circumferential applied foregsthe foot of the stiffenerF! , to its

circumferential displacementsV;, (n), namely,

W, (n)=Y(n)F,(n) , (21)
Ji () C, (1)
with W, (n) = VTZ;((:])) , Fr(n)= ;::E:; and
G, (n) M. (n)
Yo (M % () % XN
v(ny=| Yl 0 V() W h (22)
Yo () Yr(D el B Yol N
Yo () % (0 %(h X(h
As said, the entries,, of the circumferential admittance matrix Eq. (2&3n directly be

¢(n)

obtained from the finite element simulation é(%(n)zm, where {(n) is the

circumferential displacement in response e.g., tmia circumferential line load?(n).

Knowing Y and enforcing displacement and rotation continattgachm-th (mOC )

shell-stiffener  junction i.e., W, (n)=W/(n) , as well as force equilibrium,

m

F.(n)+F.(n)=0, Eq. (21) becomes
F.(n)=-Z(n)W,(n), with Z=Y". (23)

Furthermore, taking the inverse Fourier transfofnthe spectral displacements and rotation

for x = mdwe get
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ehmd g | (24)

Substituting Eq. (24) in Eq. (23) and then insgrtthe output in Eq. (20), provides, after

making use of Poisson’s formula,

i ei(k"x—kx)md :2_7T i 5( R( - _Z%Tj ' (25)

m=—oco d mE—co

the following expression for the stiffeners’ spatforce vector,

Fkr)=-33(k)Z(1) 3 W{ K+ 25 ) 29

m=—co

Using this result, the spectral displacement veictdéq. (19) can be written as

W (k) =T (.| (.93 Z( 9E( . )| @

lll(kx' n) |12(kX’ n) |13(k><’ n) - jkx|13(kx1 n)

IZl(kx’ n) Izz(kx’ n) Izs(kw n) - ka I 23(k><’ n)

|31(k><’ I‘l) |32(k>u n) Iss(kx’ n) - jkx|33(kx1 n) '
Klakon) Kok, gk lgk,n) ke 1k, n)

= = 2miT
Given the periodicity of&(kx, n) =§[K+T, nj,D nil , and resorting to Eq. (27),

it follows that

E(kon)= 3 W(k+ 20 "
2 o2 22

from which one can deduce,
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E(kon) =T (ko ) -S (K, NZ( NE( K& M, (29)

with
To(kx.n)=§j[&+2%”, njE[ g+ 20, nj (30)
and
éO(kX’n):%mgj(kﬁz%T’ nj. (31)

Solving for E in Eg. (29) and inserting the result in Eq. (27glds the spectral

displacement-rotation vector we were looking for,

Wik =T (kA E(k DSOS TR @

Finally, and according to the reciprocity principtesection 2.3, the circumferential

sensitivity function in Eq. (9) can be directly abted from the spectral radial
displacement vector induced by the monopole locate®( x,8,, .). Taking the radial
component ofW(k,,n) in Eq. (32) we get,

H, (%6, 1.k ) = jwRW(k, 1. (33)

2.5 Implementation aspects

In the precedent sections 2.2 to 2.4, we havestafie points unspecified for the benefit of
a more general formulation. In this section we \adidress them to make the simulations

in the forthcoming sections reproducible.

Concerning the cross spectral density of the Tlﬂf,’,' ( K., Iga)) in Eqg. (2) we have
employed the model proposed by Chase [29]. From tiodel and Eq. (4) we can then
compute the circumferential TBL excitati ~tF’,' (kx, n,w). The Chase model requires the

convective velocity,U. (usually U, = 0.5U, — 0.7U,), the TBL thicknessg;,;, and the
friction velocity, v,, as input parameters. As the original model isva-sided angular
frequency spectrum, we have multiplied it by a émctt/7 to convert it into a one-sided
frequency spectrum. The Chase model is summarizégppendix B for completeness of

the paper.
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Furthermore, and as mentioned before, Appendix & atontains an explicit
expression for the spectral Fliigge matrix in Ecﬁ)(l[lf], which governs the dynamics
of the shell and is crucial for all developmentséattion 2.4.2.

Another implementation aspect that is worth clanfyconcerns the evaluation of
infinite integrals and summations in some precedxgressions like Eqg. (9), among many
others. In practice, such developments must becttgd at some point. A criterion for

doing so is as follows. For frequencies well abtdwe hydrodynamic frequency, it is well

known that the contribution of the convective péakegligible to a good extent [36, 37].
Therefore, one can define an axial cut-off wavenank from the shell and fluid

characteristics,
lz>< = Kx ma)<kf ’ kO) (34)

where K, is the flexural wavenumber of a plate equivalenthte shell (i.e. a plate with
the same thickness and material than the shelt), lgnis the acoustic wavenumber. The
factor «, is a safety coefficient (typically, = 2). Similarly, one can define a cut-off

circumferential order,N , as

N =int| xRmax( k. k)| +1 (35)
where «,, stands for a second safety coefficient that cataken asx =15.

Once defined the threshold values Eq. (34) and(&%), one can well estimate the

main output of this work, namely the ASD functiohtbe radiated pressure in Eq. (1) as,

n=N K¢

S, (%6, rw)=2ry J:‘Hp(x,e,r,kK ,npo)‘2~p'f;'( k., nw) dk. (36)

The integral can be evaluated numerically usingiadgature rule.

On the other hand, infinite series summations @ppear in the expressions for
éo and'T'O (Egs. (30) and (31)). Those can be approximatettdnycating the summation

over m between-M and M, where M now stands for a cut-off stiffener numbe¥

convergence study has revealed tivt can be fixed to 15. Moreover, the inverse of the
matrix Y +§O in Eq. (32) can be calculated with the Cramer folam Finally, the spectral

displacement-rotation vectdW(k,,n) in Eq. (32) can be easily evaluated numerically.

As regard the computational cost, finite elemewndel for the stiffeners apart, the
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calculation of Eq. (36) can be performed on a séaddPC (i.e. Intel Core i7-7500 2.7 GHz
8 GB RAM) using a Matlab code, which only takessa/fseconds per frequency.

3. Numerical simulations and analysis of the results

The theoretical formulation is applied to analyheee different situations. The first
one consists of a preliminary study in which we pame the ASD of the radiated pressure
for an infinite panel under TBL excitation, withahof an infinite cylinder without
supports. That will reveal the influence of curva&twn the radiated sound pressure field.
The other two cases are at the core of this papgdaal with submerged cylindrical shells
with different types of periodic supports. Let uselly survey the three configurations
before starting the detailed analyses in the farnthing subsections

Preliminary study: non-stiffened infinite panel sas non-stiffened infinite cylindrical
shell For a better comprehension and calibration ofrthemerical simulations, we begin
computing the acceleration ASD on a flat plate segtibby a TBL, for which experimental
measurements exist (see [38]). To show that ouprd#tecal model provides correct
vibration values, we calculate the acoustic presst6D radiated by a fluid loaded
cylindrical shell and compare it with that radiatiegl an infinite panel. For points in the
near field, one should obtain very similar resulli influence of the shell curvature being
minimal. As opposed, when moving away from the dlure the differences between the

plate and the shell should become apparent.

Case I: a submerged cylindrical shell with periodicnply supportsin this case we
consider a fluid loaded cylindrical shell with rdguy spaced simply supports. This
simplification will allow us to analyze the effeat$ periodic stiffening without the influence
of the deformable stiffener dynamics. In the presmmulation this is akin to setting
infinitely rigid stiffeners in the radial directionvhile suppressing them in the other ones.
To attain this effect, and prevent numerical ingtabs, we have chosen the following

values for the entries in the circumferential adante matrix Eq. (22),

Yo (N)=Y:()=1 m¥N, Y,, (n)=1 rad/N, Y, (n)=10"°m?N and zero otherwise.
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Case II: a submerged cylindrical shell with periodieformable ring stiffenersn this
second case we include the dynamics of the defdematiffeners in the simulations.
Stiffeners with two different cross-sections ar@sidered; a first one with rectangular cross
section (I-shaped) and a second one with T-shapess section (see Fig. 3). As explained in

section 2.4, the circumferential admittance matrik, in Eq. (22) will be now estimated from

a finite element model. The influence of the conglbetween DoF will be studied.

We have used the same cylindrical shell for theéimieary test and cases | and Il. It

has a radius oR=5 m and a thickness ¢=0.03 m. The shell is made of standard steel
( p=780C kg/m’, E=2.1x10" Pa,v=0.3, /7=0.02) and is submerged in water
(5 =1000kg/m?®, G, =150Cm/s). The fundamental ring frequency of the cylindl shell

iIs 173 Hz. Likewise, we also use the same TBL extioh for all cases. The Chase model
in Appendix B has been implemented with input pagtans typical from naval

applications corresponding to the measured datsepited in [38], namely a flow speed of
5.3 m/s, a convection flow speed of 3.2 m/s, atiwit velocity of 0.16 m/s and a 0.11 m

TBL thickness. From the CSD of Chase’s model, weeheomputed the circumferential

TBL excitation ¢ (k,,n.w) taking into account the implementation aspectséntion

2.5, and then computed the ASD P&t /Hz of the radiated pressure from Eqg. (36).

The frequency range of analysis comprises fromH®2®@ 1000 Hz. It is well above
the hydrodynamic coincidence frequency, which isvdo than 1 Hz. Note that the
contributions of the convective peak of the WPF ttean be neglected because they would
be strongly filtered by the structure [36, 37]. Alahally, in the low wavenumber domain
(delimited by EX and N in Egs. (34) and (35)), the dB levels of the waléssure field
CSD will not experience significant variations, ept for values close to the origin (see
e.g., Fig. 4a in [21]). Therefore, the CSD functiohthe WPF at the low wavenumber
range can be well approximated as being constarthowt substantially affecting the
summation in Eq. (36). This indicates that the temost influencing the radiated pressure

in Eq. (36) will be the modulus of the circumferahtsensitivity function of the stiffened

shell, |H,|.
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Finally, let us mention that the calculation proxzetescribed in Sec. 2 has been
validated numerically by comparison with resultenfr the circumferential admittance
approach in [25,41]. In appendix C, both methods @pplied to case Il with T-shaped

stiffeners showing very good agreement.

3.1 Preliminary study: non-stiffened infinite panel versus non-stiffened infinite cylindrical
shell

Let us start considering the acceleration AS$zf‘”e', of an infinite panel excited by a TBL,

which is given by (see [23]),

+00 +00

Sy[:/anel Zw __J‘ I‘ H/panel K l§ a)‘ $ L<, ng d)k qk (37)
as well as the ASD of the radiated acoustic pressSﬁa”e' at a distance from the panel,
namely,

Spanel( Zw 772 J I‘ Hpanel Z |§ |§C¢))‘ $’))( L{ L‘w) dl( Cl (38)
The acceleration and radiated pressure sensitivibctions of the paneIHpa”e' and
H~‘§’a“e', can be expressed in terms of its impedangg, and the fluid impedanceZ,,
H panel — _ a)z , H~ panel — Zaé<Z ' (39)
1 z,+z, ° Z,+Z7,

with Z = Dp*(kx2 + kyz)z—phpa)2 and Z, :pl"(—wz. D, and h, respectively stand for

P
z

the complex flexural dynamic stiffness and the khiess of the panel, while the

wavenumberk, becomes,

_ ik —k2-k?, if JkZ+k2< K, (40)
-JkZ+k?-k? otherwise.

A rectangular rule can be used for the numericatgotation of the integrals in EQs.

(37) and (38), and similar criteria to those intg@t 2.5 can be applied for the truncation

and discretization in the wavenumber spa(kg, ky). Likewise, we have employed the

Chase TBL model in the above formulas with the peeters described in the introduction

of section 3.
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An initial verification has been performed to chechether the theoretical model for
the acceleration ASD in Eq. (37) provides reliabksults. This is done through
comparison with the ASD from the finite panel iB]3for which experimental data is
available. That panel was made of Plexiglas wititkhess of 3 mm. The following
mechanical properties have been assumed for itassrdensity of 1190 kgAna Young
modulus of 2000 MPa, a Poisson coefficient of ®B@ a damping loss factor of 0.01. The
acceleration ASD from Eq. (37) has been found toréi@se monotonically from>8L0*
m’s*Hz?* at 100 Hz to 1.610° m’s*Hz™* at 1 kHz and to coincide with the general
tendency and order of magnitude of the numericdl experimental data from Fig. 18 in
[38]. Itis to be noted, however, that the resuitg38] were obtained for a finite size panel
of 0.58x0.2 nt so its modal behavior cannot be recovered withitfiaite plate theory in
Eq. (37).

The next step has consisted in computing the ASihefradiated pressure for both,
the cylindrical shell introduced at the beginnirfgsection 3 and an infinite panel with the
same material and thickness used for the shell.pfeesure ASD for the shell has been
obtained from Eq. (1) (following the procedure ecton 2 but for an unstiffened shell)
and that for the panel from Eq. (38). Predictioasénbeen made at two distances from the
shell and panel, namely at 0.1 m and 10 m, andeprtesl in Fig. 4.

Close to the structure, at 0.1 m, one can obsam fig. 4 that the levels of the
radiated pressure are almost identical for thelstral the panel. This is logical since near
the shell that will look almost flat, its curvatumardly affecting the radiated noise. Only a
very small difference~1 dB) can be appreciated below 200 Hz, which ca@dttributed
to a slight influence of the shell curvature (thegrfrequency is 173 Hz). For the two
structures, the radiated pressure decreas2S dB between 100 Hz and 1 kHz. A
calculation of the ASD of the panel acceleratiorihwieqg. (37) also indicates a strong
reduction of 10.8 dB between these 2 frequenciesn(f31.6 dB at 100 Hz to 20.8 dB at 1
kHz, dBef = 102 m?s*Hz ™). This may be attributed (at least partly) to tleerease in the
ASD of the TBL wall pressure, which can be obtaitkei®ugh integration of the CSD of
Chase’s wall pressure model. That experiencesdaBldédrop from 116 dB at 100 Hz to 110
dB at 1 kHz (dRys = 10% P&HZz ™).

When we move away from the structure and set theenfation point at 10 m,
significant differences emerge between the shall@anel ASD radiated pressure (2 dB at
100 Hz and 6 dB at 1 kHz, see Fig. 4). The shatvature now becomes critical. Note that

once in the far field, the pressure radiated bypheel is not dependent on the distance
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from the panel, this is because the panel was densd to be infinite. Conversely, the
pressure radiated by the cylindrical shell will exignce a X/ decay law with distance.
Further, it can be observed from Fig. 4 the radigteessure increases between 100 Hz and
1 kHz when z=10 m, whereas it decreases when zm0.The reason for that behavior at
the far field can be attributed to the radiatioficééncy performance below the critical
frequency, which is 7.6 kHz for the considered pahefact, it has already been shown
that the radiation efficiency increases with fregeye in that range for a point excited
panel (see e.g., [39]). Although we are herein adersng wall pressure fluctuations
beneath a TBL, which cannot strictly be identifigdh point loads, it looks like a similar
radiation mechanism operates in the far field. Diespf the acceleration ASD being lower
at 1 kHz than at 100 Hz, the pressure radiatedhbypanel at 10 m is higher at 1 kHz than
at 100 Hz because the radiation efficiency pregigetreases between 100 Hz and 1 kHz.
The same behavior is observed for the unstiffengishdrical shell in Fig. 4.

Once finished this brief overview on some chardstes of the radiated sound by
infinite plates and cylinders, let us next focustbe influence of adding periodic supports

or ring stiffeners to the latter.

3.2 Case l: asubmerged cylindrical shell with periodic simply supports
3.2.1 Spectrum of the radiated pressure from the shell

In Fig. 5 we show the ASD function of the radiafé@ssure at different distance$srom
the cylindrical shell taking a separation @f= 1.35 m between the simple supports. The
receiver point is located at an axial distance @50m from one of them. The radiated
pressure does not obviously depend @ndue to axisymmetry.

As observed in this figure, the spectrum is rattraooth and shows little variation
with frequency when the observation point is claséhe shell£ = 0.01 m). As opposed,
when we move away from the shell the spectra sextibiting several bumps.
Additionally, note that beyond a certain distanke tifference between spectrum levels
gets constant. For instance, there is an 8.5 dBebtietween the spectrumzatl0 m and
that forz=100 m. This is consistent with ar Xivith r=R+z) decay law of the pressure ASD
function, which is characteristic of cylindricallyropagating acoustic waves. Beyond
z=10 m, one could then consider that the receiviamiplies in the acoustic far field. It
should be stressed that, herein, the definitiofaoffield is not related to the size of the
radiating structure, which is infinite, but to thleape of the wave fronts propagating in the

fluid domain. For points closer to the shell thaxl0 m, the far field behavior is not
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observed at any frequency. For instance, the diffee between the spectrazat m and
z=10 m has an almost constant value of 5.5 dB betv@®® Hz and 1 kHz, which does not

match with the cylindrical wave dependencer, 1because 10log,(15 §= 4. At

frequencies lower than 300 Hz, the differences ketwthez=1 m andz=10 m spectra are
no longer constant and clearly change with freqyembe evanescent waves radiated by
the cylindrical shell play there a significant rola what remains of this paper, however,
we will mostly focus on the analysis of sound raedato the far field.

Fig. 6 shows the radiated pressure spectra ateal fiistancez=10 m for different
values of the support spacimg For comparison, the pressure spectrum radiatet f
cylindrical shell without supports is also plotteks seen, the positions of the bumps and
troughs in the spectra change withlrhe larger the support spacing, the higher thalmar
of bumps in the considered frequency range. Likewisne notices that the regularly
simply supported cylindrical shell radiates muchrensound than the unsupported one.
The differences are always higher than 12 dB ahdpme frequencies, can even reach 32
dB.

The goal for the forthcoming sections is to bettederstand the physics behind the
far field sound radiation of periodically simply muorted shells, so as to provide an
explanation for the results in Figs. 5 and 6. Thaspects will be investigated: (a) the
contributions of the circumferential orders of gteell; (b) the role of the circumferential

sensitivity functions; (c) the propagation of BleEloquet waves in the shell.

3.2.2 Circumferential order analysis

Eq. (36) used to compute the far-field pressureatamh involves a summation over the 2
N +1 circumferential orders of the shell (fromito N ). One can then separately study
the individual contribution of then-th order to the radiated pressure ASD. As the
summation is over positive and negative values,afe recognize the contribution of the
n-th circumferential orderC,, as that arising from the summation of the twantgmwith
indices—n andn in Eq. (36) (that is to say twice the term cormsging ton considering
the symmetry abou?=0). Then-th circumferential order contribution is then pided

by,

TE ‘Flp(x,e, r,kx,n,a))‘zq?ﬁ,' (k,, nw) dk, (41)
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with & =

n

lforn=0
{2 fornO01,NJ’

Fig. 7 shows some of the contributions of Eq. (#lihe radiated pressureztl0 m
for two situations: the regularly simply supportsddell with d=1.35 mand the same
cylindrical shell without supports. The contributforn=0,n=1 andn=>5 are respectively
identified in the figure with full, dash-doted, addshed lines, whereas additional results
(for 2<n<4and 6 <n < 10) are plotted with dotted lines without symbol distion.

For the unsupported cylindrical shell (see Fig., Tag¢ orders=0,1,2,3 contribute
similarly and much more than the remaining one&(5), for the whole frequency range.
As long as the circumferential ordeincreases, its low frequency contribution decrsase
but recovers beyond a certain frequency value, Wwhiepends om, reaching the
contribution level of the first orders at high frezncies. The level of the radiated pressure
by the cylindrical shell can then be roughly rethte the number of orders achieving the
levels of the first order contributions. For insten at 100 Hz, only 4 circumferential
orders have the top value contribution of 17 dBathiesults in an overall level of 22 dB.
In contrast to that, at 600 Hz 11 orders have reddifhe top value of 14 dB giving an
overall level of 24.8 dB. In summary, for the unpoped cylindrical shell the higher the
frequency the larger the number of contributingcemferential orders, and the stronger
becomes the radiated pressure at the far field.

The periodically simply supported shell exhibitenge similitudes with the
unsupported one: only the lowest orders (i.e. Icd)tribute to the radiated pressure for
the whole frequency range (see Fig. 7b), yet modérs contribute to high frequencies.
Nonetheless, a strong difference is observed. énsthpported case, the circumferential
order contributions present strong peaks and buepgnding on frequency. As observed

in the figure, those peaks appear whatever therondef C_ is, yet their amplitudes

change from one order to the other. It is their alative effect what determines the overall

radiated pressure level. Now, for better understamthe reason for the shape of tky
contributions we shall analyse in detail the fregquyedependence of the circumferential

sensitivity functions,Hp(X,H,r,kx,n,a)), in Eq. (41), given that, as said at the beginning

of the section, the CS Npk;' (kx, n,a)), for the TBL can be taken as almost constanttier t

considered wavenumber range.
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3.2.3 Analysis of the circumferential sensitivity functions

Circumferential sensitivity functions for the unggrted and simply supported cylindrical

shells are respectively presented in Figs. 8 aatt@o different frequencies. These were
chosen to highlight how differently the periodigadlupported shell radiates depending on
frequency. The first one, 229.6 Hz, correspondsaattrough of the radiated pressure

spectrum (37 dB ofs ), while the second one, 353.9 Hz, is on a bumghefspectrum
(50 dB of s ) (see Fig. 6).

The figures present the dependence of each ciraemfi@l sensitivity function on
its ordern and wave numbek,, for distanceg=0.1, 1 and 10 m from the shell (Figs. 8a-c
and Figs. 9a-c). For the unsupported shell in Bg. (i.e.z=0.1 m), the sensitivity
functions exhibit the highest values for pointsdted on a hemi-ellipse that corresponds
to the quasi-flexural motions of the shell (whemsiglering the fluid added mass). Indeed,

if we compute the natural flexural wavenumkegy, .. 0f an equivalent plate to the shell

(i.e. a plate with the same thickness and matgsraperties, see [25]) and plot the

hemi-ellipse E, :{(I& RYK wa? — Igf), KO[= K uen WateJ} in Fig.8a (white dashed

line), we observe a very a good agreement betwgenand the hemi-ellipse of the

maximum values of the sensitivity functions. Theref one could attribute with
confidence the highest values of the latter toptogagation of quasi-flexural waves in the
shell.

As the observation point moves away from the shéligs. 8b and c), the
circumferential functions rapidly decrease, exciptthe lower circumferential orders.
The ellipse of flexural motions is still visible f®229.6 Hz atz=1 m, but it completely
disappears a=10 m. It is neither perceptible z2t1 m nor atz=10 m for 353.9 Hz. The
reason for that is the filtering effect of the asba medium. To check that, the spectral
blocked pressure in Eq. (16) induced by the propagavaves generated by a monopole
located atz=10 m has been plotted in Fig. 8d. There, we hdse imcluded the acoustic

hemi-ellipseE, :{(kx, R/ k*— Igf), kO[- &, [g]} , where k, is the acoustic wavenumber.

As observed, the spectral blocked pressure is mnportant for axial wavenumbers and
circumferential orders inside, or close to, thewst ellipse. Comparing Fig. 8d with Fig.
8c we may conclude that the same occurs for theumferential sensitivity functions.

Therefore, the latter axial wavenumber and circueri@al order contributions can no
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longer be attributed to the propagation of quaskidiral waves propagating on the shell.
Additionally, note that the values of the sensivifunctions inside the acoustic
semi-ellipse are nearly constant and that the gizbe ellipse grows with frequency (the
one for 353.9 Hz is bigger than that at 22.6 He, Bey. 8c). This may explain why more
circumferential modes contribute to the far-fielddrated pressure as the frequency
increases, as observed in Fig. 7a for the unsupgatell.

The circumferential sensitivity functions for therpodically simply supported shell
are very different from those of the unsupported,asee Fig. 9. For instance, in the near

field, z=0.1 m (Fig. 9a), they exhibit the most significaraiues for the circumferential
ordersnd[114,20]0[]28,28at 229.6 Hz andn]0,13]0[]27,300(] 36,37 at 353.9 Hz.

When the point of observation steps away from tiedlsthe sensitivity functions decrease,
except for the lower circumferential orders, afhappened with the unsupported shell.
Here again, the filtering effect of the acousticdien comes into play. Nonetheless, some
remarkable differences can be identified. In Fig.o®e can observe how, fex10 m, the

contributions remain notable not only for the axaslvenumbers and the circumferential

orders inside the acoustic ellipse, but also ferdhes corresponding to periodic copies of

it (those are obtained through translating vectgﬁsgﬂ(x,pDD*, where ﬁ(x is the unit

vector of th& axis). The acoustic ellipse and its periodic cophese been plotted as

white solid lines in Fig. 9d. These copies can leady attributed to the periodicity of the
supports. In fact, they result from the reactingcés at the supports, in response to the
shell motions produced by acoustic wave excitatidviathematically, the copies
correspond to a discrete Fourier transform of thatial field with the resolution of the
support spacingd. The transform yields a spectrum in the wavenundparce of period
2
d
At the far fieldz=10 m, the acoustic filtering effect turns to bewefficient for the

229.6 Hz frequency but not so much for the 353.9dH2. Whereas the circumferential

ordersn[114,20]0[] 28,29 of the former are completely swept away by theuatic

medium, significant contributions are still obseiveat 353.9 Hz for the low
circumferential orders n0O[0,10] (though the higher order ones,
n0O[11,13]0(]27,300[] 36,37 get eliminated). Those low circumferential orders

noticeably contribute to the noise radiated atftrefield. We should then identify which
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type of waves in the shell are responsible for th&€his is the goal of the next section.

3.2.4 Propagative Bloch-Floquet waves

It is a well-known fact that waves in periodica#tiffened structures can be propagative
for some frequency bands, referred topass-bandswhile evanescent at others, the
so-called frequencgtop-bandd1, 3, 5]. These waves constitute a particulameple of
Bloch-Floguet’s waves [40]. In our problem, theysud from the complex interaction
between the cylindrical shell motions and the paidally spaced supports. The frequency
pass-bands and stop-bands can be predicted firtengoots of the dispersion equation
associated to the considered system [1]. In gen#ralroots can be complex which leads
to a tricky problem [3]. However, one can skip sufficulty by analyzing an equivalent
conservative system without damping.

The damping of the periodically supported shedifiswo types: (a) that related to the
energy dissipated by the shell steel itself andl{b) arising from the radiation of acoustic
waves into the fluid. To suppress the first one,siaply need to consider a real Young
modulus instead of a complex one in the equatidmsation of the shell. As for the second

one, it suffices to take the real part of the fllnading impedanceZ~f in Eq. (17). The
free propagative waves of the Bloch-Floquet type the supported shell read

'(kf':x+ nBFH)

W(x6) =ge &O0% and are expected to be solutions of the conserati
equations of motion of the system without extemitation. From Eq. (32), it is apparent
that non-null solutions can only exist for coupl@sfp, nBF) 00 ?satisfying the dispersion
equation
A( BF’nBF):‘V(nBF)_i_éO(I&BF, nBF)‘:O. (42)

The roots of Eq. (42) cannot be obtained explictiy a numerical procedure is needed to
find them. That is presented in Appendix D.

Fig. 10 shows the pass-bands and stop-bands fguahedically simply supported

shell withd=1.35 m. For a fixed frequency and circumferentiadey n, a black point is
plotted in the figure, whenever a coup(é?XBF,nBF) is found to correspond to a

propagative Bloch-Floquet wave, according to tigoathm in Appendix D. Points being
very close together appear like solid lines in figeire. These lines therefore identify the

pass-bands of a given circumferential order. Fastance, forn=12 one gets four
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frequency pass-bands, namely [182.2 Hz-217.9 H3K7[8 Hz-411.2 Hz], [591.5
Hz-675.4 Hz] and frequencies beyond 917.1 Hz.

The algorithm in Appendix D is also capable of d#¢iteg the propagation of
quasi-longitudinal and quasi-shear waves of thendyical shell. In Fig. 10 we have
indicated the upper limit for shear wave propagatith a dashed line. Below that limit
the propagation zone is almost global and there rarestop-bands. In that region it
becomes difficult to make a distinction between tBlch-Floguet waves and the
quasi-longitudinal and quasi-shear ones (note thatlatter cannot radiate significant
noise). Nevertheless, one can extrapolate the behawf the Bloch-Floquet waves below
the dashed line, from their behaviour above the.likt 229.6 Hz, one can appreciate two
circumferential order pass-bands; the first onevieen orders 15 and 20 and the second
for the ordern=29. As for 353.9 Hz, three circumferential order passids exist. The
first one ranges from 0 to 12, the second comprtikerders from 28 to 30 and the third
corresponds ton=36 . These pass-bands match the circumferential ordeih
substantial contributions to the circumferentialsévity functions forz=0.1 m, in Fig. 9a
(see the discussion in Section 3.2.3). Therefdre,important near field contributions of
the circumferential sensitivity functions for thapported shell in Fig. 9a which were
absent for the unsupported shell in Fig. 8a, canrkdited to propagative Bloch-Floquet
waves.

It is to be noted that some Bloch-Floquet waves raok filtered by the acoustic
medium and can also radiate in the far-field. Teniify those which can radiate in the

far-field, it suffices to consider the waves in thest Brillouin zone. In fact, those with

coordinates(EXBF,nBF) inside the acoustic ellipse will be able to do Analogously, a

. o . , = 2 : .
wave in thepth Brillouin zone with axial wavenumbek ™" +F p will have coordinates

—er 2T g ) . . . . . L
( +F p, ) inside a periodic copy of the acoustic ellipse aémerefore, it will be

also capable to radiate to the far field.

BF

2
— n
In Fig. 11 we have plotted the values bﬁ\/(l&BF)z{?j , the Bloch-Floquet

waves with K<k, being those radiating outwards. The acoustic wawdrer k, is

represented with a solid line in the figure. In @ideh, a dashed line has been used Ky
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the wavenumber of the quasi-longitudinal waves, anddash-dotted line for the
wavenumber,k,, of the quasi-shear ones. Waves with wavenumbleseco K or k,
are not of the Bloch-Floguet type and can be ddedrfor radiation into the far-field.

To facilitate comprehension, suitable Bloch-Floquetves with K<k, have been

highlighted in Fig. 11 with black circles in theefluency axis. For the circumferential
ordern=1in Fig. 11a, one can identify four frequency b&nd 68 Hz-171 Hz], [334 Hz —
425 Hz], [555 Hz — 711 Hz], and frequencies higtltexn 875 Hz. These bands correlate
well with the bumps observed in Fig. 7b forl. The peak at the band [168 Hz-171 Hz]
also appears in Fig. 7b for=5 (yet it is 15 dB lower than that o¥1) though is not
identified in Fig. 11b. However, the bands in blagicles of Fig. 11b, namely [351 Hz —
416 Hz], [561 Hz — 707 Hz] and frequencies beyor@® &8z, are slightly higher in
frequency and narrower than thoseffied, and remain totally consistent with those in.Fig

7b. For a general overview of the situation, in.Figjc we have plotted the results for all
circumferential orders between 0 and 70. The fregyebands for whichk<k; is

fulfilled can be easily identified and correlateliweith the bumps observed in the radiated
pressure spectra of Figs. 5 and 6.

Having reached this point, the following may be clonled about the pressure
radiated by a fluid loaded shell, with periodic popts, excited by a TBL. The acoustic
spectrum at the far-field is clearly higher thaattof an unsupported shell, and exhibits
several bumps and troughs, whose position and nuikdygend on the spacing between
supports. These bumps can be attributed to propemgBtoch-Floquet waves that barely
suffer from acoustic filtering and thus radiatetie far field. If the periodic simply support
condition were to be substituted by deformable stiffeners, the underlying physics will
essentially remain the same though the dynamitiseoétiffeners will somewhat influence

the radiated spectrum. This will be analyzed innle&t section.
3.3 Case ll: asubmerged cylindrical shell with periodic deformable ring stiffeners

Let us next consider the same shell as for case périodically stiffened with steel rings.
Two stiffeners typical from naval applications whié analyzed. These are (see Fig. 3),
- I-shaped (i.e. rectangular) stiffeners with crosstisea 200x 25 mn?;
- T-shaped stiffeners with cross-secti@®0x 15/ 20& 1 mn.
As explained in Section 2.4.2, the circumferengéidinittance matrixY in Eq. (22)

for each stiffener is estimated using the finiteneént method (FEM). As axisymmetric
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shell elements are not available in every finiteneént code, we have employed 2D shell
elements (see e.qg., [41,42]) to simulate each piathe stiffener (e.g., the web and the
flange of the T-shaped stiffener). The mesh has lsb®sen fine enough to ensure at least
six elements per flexural wavelength at the higliessfuency of interest. A direct analysis
for harmonic excitation has been performed with$ielools FEM code [43]. To excite all
the circumferential orders in a single FEM calcidat we have successively applied a unit
single point force in every direction (i.e. longtinal, tangential, radial, tangential
rotation) to the foot of the stiffener, fo# =0. Given that the stiffener is axisymmetric the
circumferential orders are not coupled one to aaothhe circumferential admittances in
every excited direction can then be deduced froRoarier series decomposition of the
FEM displacement response at the foot of the stdfe The FEM computational cost
remains small thanks to the geometry simplicityd @ahe Fourier factorization is easily
achieved with a Matlab code.

Fig. 12 presents some circumferential admittanoeshfe two considered stiffeners.
The highest values correspond to the stiffener moie observe how for a given modal
shape, the resonance frequency increases withitbentferential order. The resonance
trajectories look quite similar for the tangentsdd radial forces, whatever the stiffener
shape (see Figs. 12b and c). Yet some slight vanatcan be perceived indicating that the
dynamic stiffnesses are not exactly the same foth bstiffeners. In contrast, the
trajectories for the axial force and the tangentraimentum are completely different,
which reveals that very different modal shapeslaiag excited in the two stiffeners.

To better illustrate these statements, in Fig. E3have sketched the shapes of the
stiffeners’ cross-sections at 1kHz correspondinght circumferential orders of highest
admittance values under axial and radial excitajom Figs 12a and b. For the
longitudinal excitation, the trajectories in Fizdl correspond to the cross-section mode
shapes shown in Figs. 13ato c for the T-shapé&@sér, and to the shapes in Figs. 13e and
f for thel-shaped stiffener. On the one hand, and as obsgefwethel-shaped stiffener the
cross-section of the two modes remains almost wrdedd. The mode fom=36
corresponds to torsional motions of the beam-likféemer whereas that far=63 relates to
flexural motions along the circumference. On theeothand, the cross-section and web of
the three modes for the T-shaped stiffener becomo¢i€eably deformed, especially for
n=24 andn=43.

For the radial excitation, the trajectories in Fl@c correspond to the cross-section
modal shapes in Fig. 13d for the T-shaped stiffem@d to those in Fig. 13g for the
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I-shaped stiffener. The cross-section of the latéted the web from the former remain
almost undeformed and correspond to flexural mai@iong the shell circumference. This
can explain why their trajectories are similar ilg.F12c. Note that the flange of the
T-shaped stiffener gets significantly distorted,t bilhis part does not contribute
meaningfully to the dynamic stiffness at this frequay.

Finally, it should be remarked that only the diagbterms of the circumferential

admittance matrix have been plotted in Fig. 12. &tbeless, several off-diagonal entries
of Y (e.9., Y, Y. Ye. ¥r) are non-null and shall be considered to predietnoise

radiated by the stiffened shell.

3.3.1 Influence of the stiffeners in the radial direction

To better understand the role played by the stffena first set of calculations have been
carried out assuming that the coupling betweersti®i and the stiffeners only takes place in
the radial direction. To that purpose, we have wmred the radial circumferential

admittances Y, (n) computed with FEM in Fig. 12c but imposeq, (n)= Y, (=1

m°/N, Y,, (n)=1 rad/N and set the remaining admittances to zetwrdfore, the sole
difference with the simply supported case analyine8ection 3.2 comes from the values of

the radial circumferential admittanceg,-, which were set tal0™° m?N in that case.

Fig. 14 compares the ASD functions of the radiapedssure atz=10 m for the
periodically simply supported shell in Section 3a2th those of shells with periodieshaped
and T-shaped stiffeners. It is evident from theifegthat allowing the stiffeners to deform in
the radial direction has remarkable consequencebemadiated sound. The pressure levels
are generally much lower than those of the simplppsrted shell. The latter can be
considered as an asymptotic case of infinite rigidn the radial direction. Softening the
radial stiffness lowers the shell resistance toufal motions, which reduces the noise
radiation. Moreover, the location and shapes oflibmps and troughs substantially differ
from those of the simply supported case. In cohtths radiated pressure is very similar for

the two stiffeners, the T-shaped stiffener prodgastightly higher results than the I-shaped
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one. This is in accordance with the similaritiesirfd for the radial admittances of the two
stiffeners in Fig. 12c. A closer analysis of thestficircumferential orders reveals that the
radial admittances of the T-shaped stiffeners iargeneral, slightly lower than those of the
I-shaped stiffeners, which explains the differenicethe radiated noise.

To gain further insight on the influence of thdfetiers on the radiated noise, in Fig.
15a we have plotted the contributions of the faistumferential orders for the shell with
I-shaped stiffeners; the corresponding values ef rddial circumferential admittances are
given in Fig. 15b. One can compare the contribwionFig. 15a with those for the simply
supported case in Fig. 7b. As observed, the foranermore complex and present stronger
differences between orders than the latter. Likeyite that the discrepancies between the
figures are only due to the values assigned tadad&l admittances. One can check how the
latter influence the contributions to the presstadiation by comparing Figs. 13a and b.
Indeed, it is worthwhile noticing that: (a) for0, the lowest value of the contribution (12 dB)
takes place at 169.1 Hz, which coincides with aimam of the radial admittance magnitude;
(b) for n=1 the contribution exhibits a local maximum at 6%z that corresponds to a
minimum of the radial admittance; (c) for2 the contribution exhibits a local maximum at
339.9 Hz which again matches with a minimum of tadial admittance; (d), fon=3 we
found a local maximum of the contribution at 512, lretty close to the minimum in the
radial admittance at 509.1 Hz. Except for sligl#cdepancies at=3, one can assert that for
n=0, 1 and 2 local maxima in the contributions clatieewell with peaks (or anti-peaks) in the
radial admittances. When those reach their higlhiaktes (i.e. at resonances) the dynamic
stiffness decreases and so does the radiated (oi€). As opposed, when the radial
admittances achieve their lowest values (i.e. atrasonances) the stiffeners tend to block
wave propagation, which strongly impacts the radiatoise f=1, 2 and probably 3). One
should recognize that the above analysis canna givfull explanation for all observed
variations in the circumferential order contribuiso These are also instigated by the stiffness
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mismatch between the shell and the stiffeners, elsag by the separation distance between

the latter, as discussed in Section 3.2.4.

3.3.2 Influence of the coupling degrees of freedom

To finish the analysis of case Il, a second setatéulations has been performed considering
either two or four DoF at the junctions betweenllstiad stiffeners, to complement the single
DoF (radial) computation in the previous sectiorheTradial displacement and angular

rotation, which are related to flexural motionse ahe ones selected for the two DoF

simulations. The radial admittancg,. and the rotational admittancg,, are computed
from the FEM model whereas we s¥, (n) =Y, () =1 m?/N and null values for all other

admittances. For the complete situation with fowFDthe full circumferential admittance

matrix Y in Eq. (22) is obtained from the FEM model and diigonal and off-diagonal

terms are taken into account.

Figs. 16a and b respectively present the radiatedspre ASD at the far field, when
considering the T-shaped and I-shaped stiffeneash Eigure contains the results accounting
for one (radial), two (radial plus tangential rata) and four (three displacements plus
rotation) DoF. If we first compare the plots foreoand two DoF in Fig. 16a, we observe that
the influence of the tangential rotation couplisgaimost negligible for the T-shaped stiffener.
Nonetheless, it is meaningful above 500 Hz for lHsbaped one (see Fig. 16b). Also, the
importance of including all four DoF is clear froboth figures. The first bump gets
particularly affected. This may be related to thmg frequency of the shell, namely 173 Hz.
Below, but close to that frequency, the longitudirghear and flexural motions of the
cylindrical shell are strongly coupled due to thelscurvature. It is then necessary to include
them all for a proper computation of the radiategspure. As opposed, the coupling between

shell motions weakens well above the ring frequency
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For an unstiffened cylindrical shell, its quasixileal motion is responsible for the
radiated noise (under radial force excitations)fifdt sight, one would then expect that the
two DoF coupling (related to the flexural motiomudd suffice to describe the behavior of the

stiffened shell (as commonly assumed in literatuyre}, the results in Fig. 16 reveal that this

is not the case, especially for the shell with &ys#d stiffeners. The off-diagonal terms i

shall be therefore considered for a correct evalnaif the radiated pressure field.

4. Conclusions

A semi-analytical approach based on the wavenurpbart reciprocity principle to
compute the vibroacoustic response of a periodialiffened shell under a turbulent layer
excitation has been proposed. The suggested meshefficient and easy to implement,
and it requires the integration of the circumferantsensitivity functions over the
wavenumber domain. An analytical expression ofdineumferential sensitivity functions
in the wavenumber space has been derived fromibratery response of the shell excited
by monopole source.

Two test cases have been examined, including thd-fbaded shells excited by a
TBL with regularly spaced simply supports and defable ring stiffeners. For the latter
case, a finite element model was used to estintegecircumferential admittances that
characterize the dynamic behavior of the stiffeal®ng the four degrees of freedom. To
better understand the physics behind the far 8eldnd radiation, the contributions of the
circumferential orders of the shell to the radiatemise, as well as the effects of the
pass-bands and stop-bands of Bloch-Floguet waveshennoise radiation have been
studied. It has been observed that adding theestifs to the shell causes different
behavior in the acoustic pressure response in ¢ae field compared to the one in the far
field. In particular, the inclusion of stiffenenscdreases noise radiation in the far field. The
stiffener spacing as well as the dynamic stiffnessfethe ring stiffener along the different
DOFs may influence the bumps in the noise spectainthe far field. Moreover, the
circumferential admittance approach [25, 41] make®ssible to extend the current work

to study noise radiation of irregularly stiffenetedis.
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Appendix A: TBL periodic cross spectral density functions in the spanwise
direction

In order to make the spatial CSD of a TBL for ftarfaces, S, ( X yw), periodic along

the shell circumference,sR, we shall convolve it with a Dirac comb distribani to

obtain,

Stbl — [ 1
&5 (x va) = (x50 | (1)

where Il (%} =27R>’ d(y-27Rr) and O denotes the convolution operator.

According to the Fourier transform properties oé tonvolution and of the Dirac
comb (see e.qg., [44], Eqgs. (1.44)-(1.45)), the isppaEourier transform of Eq. (1A)

becomes,
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P (K Ky ) = IIS X yow) & & dxdy

_ _1S - n n) 2A
=sh(k ko) WRY=2 3 S kp @l )
To avoid using distributions (like the Dirac comh)the forthcoming expressions,

we favour considering a Fourier series decompasitd the involved fields along the

circumferential position. To that purpose, first@ohat the CSD function of the WPF in

terms of the circumferential angleg?,(x 6, ), is given by,

P (x8,0) =S x B,w),0 X0 0600 . (3A)
Writing Stb'(x F,w) as the inverse Fourier transform éﬁ*; (kx, ky,a)) and using (3A)
provides
2 (x,6 2 (Ko ko) &% dlig dlk (4A)

—00 —00

If we next introduce Eq. (2A) into Eq. (4A) we arei at

P (%,6,0) = H 38 ( ja( ky-_r;J & B ded, (5A)

—00 —00 n—_°°

which may be simplified evaluating the integral ove, ,

pﬂ(x,e,w):ﬁni{i Sb'(t&,%,wj do dg} & (6A)

On the other hand, the CSD of the WPF in(ken) space, namelys® (k,, n, o),

corresponds to the Fourier transform @f (x,6,w) in thex direction and to its Fourier

series decomposition M

+o0 T

(K, nw——jj P (x6,0) ™ e @ d, (7A)

so that, -
(o=t S T2 (kna) & o) ®
A)

which is nothing but Eq. (5) in the main text. E@) in text follows from direct
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comparison between Eq. (8A) and Eq. (6A).

Appendix B: TBL and shell models

The cross spectral density of the Chase TBL madgiven by (see e.g., [28]),

- _ (277)3 OV R { K2+ (bd,, )2}
S ] ] - 5/2 K —_—
(Ko k) Koe(od) | {QA AR AP (1B)

with K2 =(w-Uk,)"/(hv)+ K2, K?=k?+k 2 and recommended parametdss: 0.75,

C, =0.155%, C, =0.0047 and h=3 (see e.g., [34] ). Note that a factf®7r)’ has been

added in Eqg. (1B) if compared to Eq. (39) in [28], account for the difference in the
definition of the Fourier transform used in Chageggper and in the present one (i.e., Egs.

(2)-(3))-

On the other hand, the spectral Fliigge matfi(<kx, n) implemented in this work reads,

ZNUU ZJV ZJW
L(koM) = Zyv  Zn  Zow |, (2B)
Zow Zw Zuw

with

2y =-R(K- )+ T2 59, 2, =nRZ K,

Zu= | R -Rigs ARZY)| 2, =R ke gty - RE

ZVW:—jn(1+,82R23_TUKfj, Zyy =1+ (R + 207 (R R-D)+ 4 d)— R

h | p(1-v?
where = and k =, Al ) is the wavenumber for compressional waves
Rv12 E

and the asterisk denotes the complex conjugates thait the Flligge equations in Eq. (10)
have been written with a positive sign in fronttbé force term4, T, Fin the right hand

side, to attain a Hermitian spectral Fligge matfixhe conservative system.
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Appendix C: Numerical validation

To validate the semi-analytical approach proposedSec.2, we compared it with the
circumferential admittance method (CAA) in [25, 4T]he latter relies on coupling the
circumferential admittances of the fluid loadedimgtical shell with the circumferential
admittances of the ring stiffeners. The shell athnites were obtained using a spectral
approach (see [25] for details), while those ofrihg stiffeners were computed with the finite
element method, as described at the beginning@f&8. Once the admittance matrices were
assembled, the circumferential coupling forces ketwthe shell and the ring stiffeners were
computed. Finally, the spectral velocity of thdfstied shell was calculated knowing these
forces.

Case Il introduced in Sec. 3 will be used for theppse of validation. In that example,
the shell ring stiffeners have a T-shaped crossoseand a spacing of 1.35 m. The four DoFs
in the connection between shell and stiffeners Hae@n considered in all computations. It
should be noted that in CAA calculations a finitember of ring stiffeners are used for the
infinite shell, as opposed to our model in Secl@compensate this fact, and as illustrated in
Fig. C.1, a large number of stiffeners (74) haverbeonsidered in the simulations. The
observation point was chosen to bex=® m, which essentially corresponds to the middle o
the stiffened section of the shell.

The CAA method was fully validated for radial pofotces [25,41]. The CAA permits

calculating the spectral radial displacemamf** of the stiffened shell due to radial point

force excitation at a given poir(txs,é?s). Thanks to the wavenumber-reciprocity principlé,[2
22], one can derive the acceleration circumferéndensitivity functions, ﬁfAA at the

observation point fromH S = -Ra/ 2™

On the other hand, the acceleration circumferers@sitivity functions can be also
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computed with the analytical model of Sec. 2.4. &oadial point force excitation dtx,d,),

the spectral blocked pressure on the shell is goyen

= — i Y (n95+kxxs)
F.(k,, n)= 2]Te : (C.2)

instead of Eqg. (16) which is valid for a monopotauise. Considering this expression, Eq.

(32) provides the spectral radial displacementhef shell, W2 due to the point force

excitation. The analytical expression of the agegien circumferential sensitivity functions

is then obtained agd ™" = —Ra/ W™,

The comparison between the CAAH{*) and analytical (H ") sensitivity

functions is plotted in Fig. C.2. The results drewn for two frequencies. The first one, 285.8
Hz, corresponds to a frequency at which the slrahgly radiates to the far field, whereas for
the second one, 512.0 Hz, the shell radiates veoyly (see Fig. 16 and Sec. 3.3.2). As

observed in the figure, there is a very good ageserbetween the analytical and CAA results

both in the amplitude levels and in the shape peten the(kx,n) space. The highest

contributions observed in the figure can be attaduo the propagative Bloch-Floquet waves.
Following the same procedure that lead us to Eg), @he can get an expression for the
ASD of the shell radial acceleration excited by fRBL, in terms of the acceleration

circumferential sensitivity functions, namely,

I
%

n=N

St (%.0,0) =27y || F (%6, k. ne) @25 k, ) dk (C.2)

n=—N _

=

with a O{ CAA, analytica} .

The ASD radial acceleration dependence on frequegjotted for both methods in
Fig. C.3. Here again, one observes a very goodeagrt between the results from the

proposed method in Sec. 2 and those of CAA. Thdlgiiszrepancies in the figure may be

43



attributed to the fact that only a finite part bétinfinite shell in the CAA model gets stiffened,

while this is not the case for the analytical model

Appendix D: Finding the roots of the dispersion relation for the Bloch-Floquet
waves

A numerical procedure to find the roots of the @ispon relation Eq. (42) in text is as

follows. First, however, let us notice two propesti of the determinant function

A(kXBF, nBF) which are useful to restrict the computation imtdrof k> . These are,

()  The function A is 2Fﬂperiodic in k., so the interval to findk® can be

T T
delimited to the so-callefirst Brillouin zone, }aa}

(i) The function A is even in K., which allows one to further limit the

o Vg
computation interval t({O,E}.

Denote by EXBF the axial wavenumber of the Bloch-Floquet wavegha first positive

T
Brillouin zone {Oa} An infinite number of axial Bloch-Floquet wavenhbars k™ can

be deduced frorrl?f‘F and the properties oA described above.

In practice, the numerical procedure to find theimes (EXBF,nBF) consists in
searching, for each circumferential numb\d-fnﬁo, NH, the values ofk, that make

A(kx, n ) vanish. Thek, values can be computed with a two-step algoritimthe first
. LT . . . . . . 4 -1 .
step, the interv IO,d is discretized with a very fine resolutiodd™ m™ in our case)

to detect thosek, values at whichA changes sign. These values are identifiecks.

In the second step we check whether the sign chzﬂnge:" corresponds to a local

minimum or maximum of ‘A‘ using a threshold criterion. Namely, if
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‘A(kx*", n)‘ <10° then k¥ =k~ and n* =n.

{3
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Figure captions

Figure 1. Periodically stiffened cylindrical shethmersed in a fluid and excited by a

homogeneous stationary turbulent boundary layer.

Figure 2. lllustration of the Lyamshev reciprociyinciple between structural and fluid

domains.
Figure 3. Cross-sections of the two stiffeners mered in case Il.

Figure 4. Comparison of the ASD function of theiaseld pressure by the panel and the

(unstiffened) cylindrical shell for two distancesrh the radiating structure=0.1 m andz=10

Figure 5. Case I. ASD function of the radiated pues depending on the distarncéo the
shell for an observation point at an axial coortenaf 0.45 m. Separation between supports:

d =135 m.

Figure 6. Case |: ASD function of the radiated poes at 10 m for various support spacing

values,d. Comparison with the pressure radiated from ngpsetted shell.

Figure 7. Contributions of various-th circumferential orders to the radiated pressure
spectrum atz=10 m (a) unsupported shell; (b) periodically simply paged shell with

d=1.35m.

Figure 8. (a)-(c), circumferential sensitivity fuions of the unsupported shell in tfig,n)
space for two frequencies: 229.6 Hz (left) and 858z (right) and for three different
distances to the shell: (&50.1m. Hemi-ellipse associated to the flexural motymbolized

with a white dashed line (i.e. set of points

B ={ (K R/ K e = K ) KO[= K e K] (9, 222 m; (0),7220 m. (), blocked
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pressure induced by a monopole source located distancez=10 m from the shell.

Hemi-ellipse associated to the acoustic propagayombolized with a white solid line (i.e. set

of points E,. ={(k. R/~ ). k[~ k. K.

Figure 9. (a)-(c), circumferential sensitivity fuilmms of the periodically simply supported
shell with d=1.35 m in the(ky,n) space for two frequencies: 229.6 Hz (left) and.8593z
(right) and for three different distances to thelsi{a),z=0.1m; (b),z=1 m; (c),z=10 m. (d),
acoustic ellipse and the periodic copies symbolized white lines.

Figure 10. Pass-bands (lined) and stop-bands fdr ecumferential order depending on

frequency. Periodically simply supported shell with1.35 m. The dashed line indicates
the circumferential order bound of the propagashear waves (i.en = Rw/ ¢ wherec,

is the shear wave speed).

Figure 11. Values of the Bloch-Floquet wavenumlzdithe first Brillouin zone depending

on frequency for different circumferential orde(g), n=1; (b), n=5; (c), nD[O,?O].
Periodically simply supported shell witid=1.35 m. Solid line: k, (acoustic

wavenumber); dashed linek (longitudinal wavenumber); dash-dotted link;(shear

wavenumber).

Figure 12. Circumferential admittances of the sti#r with T-shaped cross section (left)

and with I-shaped cross-section (right): (al0log,|Y, | ; (b), 10log,|Y,|: (c),

1010g,o[Ye|+ (d), 1010gy, Yoy | -

Figure 13. Shape (full line) of the stiffener creestion at 1kHz for different circumferential
ordersN. Stiffener cross-sections: blue dashed lines; daéiftin shape: continuous red lines.
(a-d), T-shaped stiffener; (e-ghkshaped stiffener; (a-c,e,f), axial excitation;gjd,radial

excitation.
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Figure 14. ASD function of the radiated pressure=a0 m for radial coupling between shell
and stiffeners. Black solid line: periodikshaped stiffeners; dashed line: periodic T-shaped
stiffeners; dotted line: simply supported condiiprey solid line: unstiffened shell. Results

for d=1.35 m.

Figure 15. First fourth order contributions for teleell with I-shaped stiffenersl£1.35 m).

The shell and stiffeners are only assumed to b@leduin the radial direction (a) Radiated

pressure contributions 210 m; (b) 1010g;o[Y,.| -

Figure 16. ASD function of the radiated pressureg=dt0 m for the stiffened shell witt

=1.35 m: (a) shell with T-shaped stiffeners; (b@lstwith I-shaped stiffeners. Consideration of
different coupling DoF. Dotted line: only radialgding; dashed line: radial coupling force
plus tangential coupling moment; Solid line: fubdupling with four DoF. (i.e. three forces

plus the tangential moment).

Figure C.1. Schematic representation of a mid-é¢uthe stiffened shell considered for the

CAA model. The observation poiM is located ak=0 m.

Figure C.2. Comparison of the acceleration circuarfgal sensitivity functions computed
with the proposed analytical approach (a,c) anddAé method (b,d). Results for

frequencies: (a,b) 285.8 Hz; (c,d) 512.0 Hz.

Figure C.3. Comparison of the ASD function of tihelsradial acceleration for the proposed

semi-analytical method and the CAA simulation. Qtaton pointM atx=0.
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Figure 1. Periodically stiffened cylindrical shefimersed in a fluid and excited by a
homogeneous stationary turbulent boundary layer.
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Figure 2. lllustration of the Lyamshev reciprogitynciple between structural and fluid
domains.
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Figure 3. Cross-sections of the two stiffeners m®red in case Il.
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Figure 4. Comparison of the ASD function of theiaéed pressure by the panel and the
(unstiffened) cylindrical shell for two distancesrh the radiating structure=0.1 m andz=10
m.
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Figure 5. Case I: ASD function of the radiated puge depending on the distarc® the
shell for an observation point at an axial coorthnaf 0.45 m. Separation between
supports:d = 1.35 m.

53



(=2}
(=]

= = d=1m
55T s " ——d=135m |
2 [ g mrsarnssd=15m
50 : unstiffened

I
w

W
w

Spp (ref. 1 uPa.Hz'*5)
(9] =Y

[e]
w
T
1

20 1 l 1 1 1 | 1 1
100 200 300 400 500 600 700 800 95001000

Frequency (Hz)

Figure 6. Case I: ASD function of the radiated pues at 10 m for various support
spacing valueg]. Comparison with the pressure radiated from n@psetted shell.
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Figure 7. Contributions of various-th circumferential orders to the radiated pressure
spectrum az=10 m (a) unsupported shell; (b) periodically simply paged shell with

d=1.35m.
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Figure 8. (a)-(c), circumferential sensitivity fuimns of the unsupported shell in tfkg,n)
space for two frequencies: 229.6 Hz (left) and 83& (right) and for three different
distances to the shell: (&50.1m. Hemi-ellipse associated to the flexural mosymbolized

with a white dashed line (i.e. set of points

E, :{(K, R/ K e K(Z)' KD[‘ K vatern K WateJ} ); (b),z=1 m; (c),z=10 m. (d), blocked

pressure induced by a monopole source locatediatancez=10 m from the shell.

Hemi-ellipse associated to the acoustic propagayombolized with a white solid line (i.e. set

of points Eacz{(kx, R/ K- Kf), kO[- k&, g]}).
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Figure 9. (a)-(c), circumferential sensitivity fuimns of the periodically simply supported
shell withd=1.35 m in thgk,,n) space for two frequencies: 229.6 Hz (left) and.8%%&
(right) and for three different distances to thelsi{a),z=0.1m; (b),z=1 m; (c),z=10 m. (d),

acoustic ellipse and the periodic copies symbolizgld white lines.
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Figure 10. Pass-bands (lined) and stop-bands fdr eacumferential order depending on

frequency. Periodically simply supported shell withl.35 m. The dashed line indicates
the circumferential order bound of the propagashear waves (i.en = Rw/ ¢wherec,

is the shear wave speed).
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Figure 11. Values of the Bloch-Floquet wavenumbefsthe first Brillouin zone

depending on frequency for different circumferehtmaders. (a),n=1; (b), n=5; (c),

nD[O,?O]. Periodically simply supported shell witt=1.35 m. Solid line:k, (acoustic

wavenumber); dashed lingk (longitudinal wavenumber); dash-dotted link;(shear

wavenumber).
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Figure 12. Circumferential admittances of the stiér with T-shaped cross section
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(e) (f) (9)

Figure 13. Shape (full line) of the stiffener creestion at 1kHz for different circumferential
ordersN. Stiffener cross-sections: blue dashed lines; da#iftin shape: continuous red lines.
(a-d), T-shaped stiffener; (e-ghkshaped stiffener; (a-c,e,f), axial excitation;gjd,radial
excitation.
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Figure 14. ASD function of the radiated pressure=a0 m for radial coupling between shell
and stiffeners. Black solid line: periodishaped stiffeners; dashed line: periodic T-shaped
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for d=1.35 m.
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Figure 16. ASD function of the radiated pressure=40 m for the stiffened shell witth
=1.35 m: (a) shell with T-shaped stiffeners; (b)elshwith I-shaped stiffeners.
Consideration of different coupling DoF. Dotteddironly radial coupling; dashed line:
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Figure C.1. Schematic representation of a mid-€uh® stiffened shell considered for the
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Figure C.2. Comparison of the acceleration circuerfgal sensitivity functions computed
with the proposed analytical approach (a,c) anddA& method (b,d). Results for
frequencies: (a,b) 285.8 Hz; (c,d) 512.0 Hz.
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