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Abstract

A powerflow integral approad is usedto derivethe vibroacoustidoehaviourof semi-infinitecurved

panelsexcitedby line forces. Eneigy quantitiesinsidethe subsystemand couplingbetweersubsys-
temsare locally described Enegy fieldsare derivedusinga propagativedecompositionDueto the

curvature, every waveshavenormal and tangential componentsand mayradiatepower Radiation

is locatedalongsupesonicwavedravelandon structural discontinuitiessud asedgesor excitation

lines.

1 Intr oduction

Pawer flow methodshave motivatedseveral researche the last few decadeql, 2, 3]. Dealing
with the sameenepy variablesas SEA, thesemethodsare dedicatedto the high frequenyg range
whereclassicalkinematicapproachesrelimited dueto the increasingcomputationtime. Another
adwantageof thesemethodsis to give averagedresultsof the very sensitve response®f systems
in high frequencies.Unlike SEA, power flow methodsareinterestedn describingenegy densities
insidethesystemsandlocal powerbalancesreusedonboundariegndinsidethesystemsAssuming
that propagatie fields are uncorrelated an integral formulation was developpedand successfully
appliedto problemsnvolving couplingbetweersystemof samedimension3].

This paperdealswith vibroacousticcouplingappliedto cylindrical shells. Classicalapproachesare
usedto performangularharmonicsdecompositionso derive the coupledsystem.In the spirit of en-
ergy methodsa propagatre decompositiorbasedn the so-calledhelicalwaves[4, 5] is usedhereto
expressthe local power exchangesin high frequeng, two wavesprincipally interferein the enegy
balancesBecausehe curvatureradiusbecomedarge comparedo the wavelenghtsthey correspond
to theflexuralandlongitudinalwavesof theequwalentflat structure Two kindsof radiationprocesses
areinvolvedin the power flow exchangespower mayberadiatedoy supersoniavavesanddiffracted
on structuraldiscontinuitiessuchasedgesor excitation points.

The secondsectionbeginswith the calculationof propagatre parametersThen,canonicalproblems
involving the differentradiationprocessesre derived and the correspondindocal power balances
areexpressedTheresultsareintroducedn the integral enegy formulationin thethird section. The

lastsectionshavs somenumericalcomparisondetweerenegy andreferencekinematiccalculations.

2 Canonical problems

Givena semi-infinitecylindrically baffled curved panelexcited by axially line forces(Figurel), due
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to thesemi-infinitegeometrietheproblemreducedo abidimensionabnalysis.Thestructurematerial
is charaterizedyy the Young's modulusE, the Poissorcoeficient v, thethicknessh andthe density
ps- We note R theradiusof the cylinder, s the curvilinearabscissay the radial coordinateu andwv
thetangentiabndnormaldisplacementsandp theacousticapressureExcitationsareline trans\erse
forcesFy, momentsM, andtangentiaforcesN,. Thefluid is characterizetby thedensityp, andthe
soundvelocity c,. Thereis no fluid on theinternalsideof the panel. Thetime harmonicterme’“t is
omittedin thefollowing developpements.
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E,v, h, p

Figurel: Studiedgeometry

p denotegheratio h?/12 and D is thestiffnesswritten Eh3/12(1 — v?). k; is theflexural real-valued
wavenumberof the equivalentflat plate: k} = p,hw?/D. k; is the longitudinalwavenumberof the
equialentflat plate: ¥} = (1 — v?)p,w?/E. k, is the acousticawavenumber:k, = w/c,. Starting
with the Timoshenk’smodel[6] for shells(morecompletehanDonnell'sone),equationslescribing
theline excitedfluid loadedcylindrical shellarederivedasfollow
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Equationgnustbe completedby the Sommerfeldadiationconditionatinfinity for thepressure and
by the boundaryconditionsfor thedisplacements andv. Thestructuratime-aeragecenepy is the
sumof longitudinalandflexural enegies(notedWW; andy)
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Thetime-areragedpower flow is expressedn termof tangentialandtrans\erseforces N and7’, and
momentM, asfollow

1 . . dv* . u*
I—§§R<jwlTv +Mds+Nu —MR]> (3)

where* denoteghe complex conjugateand® thereal part.

Startingwith the enegy definitions(2-3), we now derive the system(1) in orderto determinethe
power exchangedetweerthe structureandthe acousticamediumin someparticularcanonicakadi-
ationproblems.Thefirst stepis to find thepropagatre parameterdyy solvingthedispersiorequation.

2.1 Dispersionequation

Displacementaindpressureare expressedn propagatie forms, u(s) = ae /%%, v(s) = be 7% and
p(r, s) = c(r)e~*%, wherek denoteshe fluid-loadedcurved structurewavenumber The Helmholtz
equationof (1) written in cylindrical coordinategeadsto the Hanlkel equationfor ¢(r). Thepressure
is thuswritten

p(r,s) = d Hyg(kor) e 7% 4)

whereH, r denotegsheHankel functionof orderk R andof thesecondkind, in respectith Sommer
feld radiationconditions. The couplingconditiongivesthe valueof d. Substitutingthe propagatre
formsin system(1) with homogeneousonditionsleadsto a matricialequationinvolving A

—j k 1 pak4 HkR(kaR)
R e /

A=| BT 1P pohk, Hi(ka?) 5)
K= k7 ok L2kt k

The correspondinglispersionequationis det(.A) = 0. We notek; the solutionsof this dispersion
equation Amplitudesof displacementandpressurdor thewave i arerelatedby:

by k- R+ 4 d; o
T = li 21(3"‘32) and —:I/Z~=,p—w (6)
a; L (k] + ki) b; koHj, g (ko R)

where H' denoteghe derivative of the Hankel function with respecto agument. The presentcou-
pling with air is consideredight andwe areinterestedn the solutionsderving from the propagatre
solutionsof the in vacuostructure. If the radiustendsto infinity, thesein vacuosolutionsarethe
longitudinalandflexural wavenumberf theflat plate(k;, andk; previously defined).Approximate
solutionsof the dispersionequationmay be derived in the caseof light fluid loading by usingthe
Debyeexpansionof Hankel functions.

Using the calculatedwavenumbersk;, we now derive severalradiationmechanismgor eachwave:
the purposeof the following canonicalcalculationsis to characterizehe local power balancedor
eachradiationprocess.

2.2 Directradiation

Radiationemanatingrom theline forceis first consideredTangentialkndnormalpoint admittances
of the infinite fluid loadedpanelarenotedU(y) and V(). Tangentialand normalvelocitiesand
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pressurarethusdiscribedby the Fourierintegrals:

i) = [Tu@erdy s = [ Vyera @
_ too jpaw H’yR(kar) jys
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Classicalesiduecalculationf integrals(7) givethecontributionsto thedisplacemenof thedifferent
propagatre waves. The powerbeinginjectedin eachwave maythusbedeterminedy expressinghe
trans\erse normalandrotationvelocitiesdueto eachwave k; atorigin.

P= 1 (1 ON; + 055 + 501215 ©)

The pressurebeingradiatedis the branchcut contrilbution to the pressurantegral (8). Its calcula-
tion is performedusingthe stationnaryphasemethodwith the large agumentexpansionsof Hankel
functions. The stationnarypointis v, = k,sin 6, § beingthe cylindrical angle(df = Rds) andthe
pressuréeingradiatedexpressedn cylindrical coordinatess written asfollow

. 2m 12 : jko(r+Rcos0+m/4)
p(r, 0) = jpaw (k r) V (kqsin @) e’ % (10)

The specificintensity thatis the power beingradiatednto anelementarysolid angleaboutd, is
Praa(0) = 2mpow |V (k, sin )2 (11)
The total power being suppliedin the coupledsystemis the sumof eachstructuralwave injected

power andtheradiatedoower: P,,,; = ZP + / P,oq(0)d0 . 3¢°¢(9) andXsue denotetheratios

of the specificintensityin ¢ dlrectlonandthe structuralpowersupplledto eachwave i, overthetotal
power beinginjected

Prad(e) = yeect (0) Pinj and P = th'ruc Pinj (12)

2.3 Edgeradiation

A structuralwave impinging on a discontinuityis diffractedin the acousticaimedium. The prob-
lem of power radiatedwhena wave is reflectedon a boundaryconditionis calculatedsimilarly as
previous problem: underthe light fluid hypothesisthe Fourier transformof the structuralin vacuo
displacementield is known andusedto calculatehe pressurédeingdiffracted by a stationnaryphase
calculation.

If V; denotesthe Fourier transformof the normal velocity field due to an impinging wave i, the
pressures written

2T
kor

1/2 '
pi(?“, 0) = JpPaw ( ) V;(ka sin 9) J ka(r+Rcos 6+m/4) (13)

The reflecteddisplacemenfield is composedf every wave types: v"(s) = ¥, r;;¢/%%. Deriving
the boundaryconditionsgivesthe reflexion coeficientsr;; involvedin V; expression.Startingwith
expression(3), the power flux P; carriedby thewave i travelling in 4 directionareexpressedThe

4



in vacuoenegy reflectioncoeficientsarethenwritten asratiosof the incidentpower from wave i

, P;
overthereflectedoowerin wave j: Ry = —L-|r;;|%.
With the coeficients r;; andthe equation(13) the diffractedpressuredue to an impinging wave ¢
is determined.The specificintensityis derivedin termsof incidentflux, I;7(0), andby takinginto

accounthedirectuity

|V;(kq sin 6) |2

Pred(9) = x¢99°(9) I7(0) with — S{%(0) = 2mpaw T

(14)
In orderto respecthepower balanceattheedgejn vacuoenengy reflectioncoeficientsmustbe mod-
ified by takinginto accountheradiatedpower. We assumehatall fluid loadedreflectioncoeficients
aresimilarly reduced

w/2
Ry = (1 - Ree  with T = [7 5% (g)do (15)

w/2

2.4 Supersonicwave radiation

The power flux radiatedby a propagatie wave is I, = 1/2%(p[§p/paw]*). Startingwith the pres-
sureexpression(4), directvity and magnitudeof the power being radiatedare determined. For a
propagatie wave, the directiity is definedby the anglewith the normal to the surface 7% =
arctan R[—jk; Hy,r (ko R)/k.Hy, g(k. )] and the magnitudeis the projection of I, on the normal
to thestructure It is shovn to be proportionatto the structuralpower flow. Thespecificintensitymay

thusbewrittenin termsof structuralflux andby takinginto accounthe directuity, asfollow

—jHyr(kaR)\ lei?
kaH,'CiR(kaR) P;

(16)

3
Pr(s,0) = S 8o — i) Lis)  with m = PR (

This proportionalityrelationshavs thatthefluid couplinginducesdampingto the structurewhenthe
real part of expression(16) is non zero: usinghigh frequeng expansionsof Hankel functions, this
is shavn to occurwhenstructuralwavesare supersonidk; < k,). Theradiatedflux directvity de-
pendsonthepropagatiorirection:theflux I;" (resp./; ) radiateswith theangle+ ¢ (resp.—¢??).

3 Energy derivation of coupledsystem

The enegy formulation hasbeenalreadyappliedto multipropagatie systemd7, 8]. Propagatie
wavesareassumedincorrelatednsidethedomain.Their enegetic contributionsaresolvedindepen-
dantlyandsimply summed.The couplingbetweenthemonly appearsatthe edgesvhereanincident
wave may generateseveralreflectedvave types(coeficients R; ;.; arenonzero).

As calculationsare performedwith ligth fluid, we only keepthe waves comingfrom the in vacuo
curved structure:two wavescorrespondingdo flexural andlongitudinalwaves of the equivalentflat
structurehave a propagatire form for thekind of structureradiusandfrequeng rangewhich arecon-
sideredn theapplications.



3.1 Integral energy formulation

The main hypothesif the integral enegy formulationis to considerthat propagatie fields areun-
correlated,which makes the enegy quantitiesadditive. Then, for eachpropagatre wave, enegy
fieldsarethe sumof directcontributionsemanatingrom sourcedocatedinsidethe systemandsec-
ondarycontributionsfrom sourcedocatedon the boundaries.Enegy kernelsusedto describeeach
sourcecontribution are solutionsof the local power balancefor a point excited infinite domain. For
isotropic,linear andlightly dampedsystemskernelscorrespondingo enegy densityG andpower
flow densityH areexpressedn radialcoordinateg3]

Gy = & Ay =~" g (17)

Yoc Tt Yo !

with n beingthe dimensionof the system,y, the solid angleof the space the group velocity of
the wavesandm the attenuatiorfactorrelatedto the hystereticdampingcoeficientby m = nw/ec.
Thesekernelsconcernpropagatie fieldsonly: evanescentieldsthatdo not carryarny power arenot
includedin the enegy description.Enegy andpower flow densitiegnsidethe systemarewrittenin
termsof direct(p) andboundary(c) sourcesontributionsasfollow

W (M) = /Q p(S.sar) G(S, M) dS + [ o(P.iieas) G(P, M) dP (18)

—

(M) = /Q (S, @sas) H(S, M) dS + /a o(Piipy) H(P, M) P (19)

Direct sourcesarethe injectedpowersandare supposedo be knowvn. Magnitudesof the secondary
sourcesareto be determinedoy applyingthelocal power balanceon the boundariesaswill beillus-
tratedfor radiationproblemsn the next section.

3.2 Structur e calculation

Dueto the semi-infinitegeometry(seeFigurel), the structurereducego a one-dimensionatystem.
It is describedby two propagationwaves. Fluid loadingis taken into accountby modifying the
following parameters

e Theinjectedpower mustincludethedirectradiationappearingpntheexcitationline (seeequa-
tion (12)).

e Dueto the edgeradiation,enegy reflectioncoeficientsaremodified. For every incidentwave
1, the sum of the reflectedflux is not equalto the incident flux anymore, and edgesact as
dissipatve boundaries¥; R;; < 1 (seeequation(15)).

e For supersonigropagationwaves, continuousradiationinducesdampingintroducedin the
attenuatiorfactorm; by addingthe quantity ="/ from equation(16).

The structuralenegy is describedby four boundarysourcescorrespondingo both waves,on both
extremities. Thepower balanceontheedgeis written P/*/! = R;; Pinc R;; Pi™ whereP"*/! denotes
thepowerreflectecby theboundarywith thewave : anddueto theincidentpowers P ande"c car
ried by thewaves: and;j. Expressedn termsof directandboundarysourcesy following expression
(19), alinear systemon the four edgesourcess obtained.Then,flexural andin-planeenegiesmay
bedervedusingequationg2) and(18) andby summingeachwave contributions.



3.3 Acoustical medium calculation

Acousticaleneqy fields arederived by introducingpower sourcedocatedon the structure.Thereis
no acousticatlirectsourcesaandexpression18) for theacousticamediumreducego anintegral over

thestructure

e—maPM

cgPM

W, (M) = /Q 0a(P, o) P (20)

Thedirectradiationis first derived. Startingwith expression(12), the boudarysourcecorresponding
to the power beingradiatedby the excitationdiscontinuityis

Ua(Sa ﬁa) Eewcz(epo) inj (21)

fp, is thecylindrical anglecorrespondingdo , directionin theframecenteredn the excitationpoint
P, (seetheFigure2 for notations).

Theradiationof the edgeds derivedsimilarly. Usingedgeefficiencies(14) the secondarygsourcen
left andright extremities(noted P, and P, on Figure2) arewritten in termsof impingingflux carried
by eachwave

aa(Pl,opl)=szdge(epl)1;(13,) and  0q(P,,0p,) Zzedye (P (22

fp, (resp.fp,) denoteghe cylindrical anglein the framecenterecbn P, (resp. P,). I; (resp.I;") is
thestructuralflux traveling from right to left (resp.left to right).

The radiationof supersoniavavesis introducedin the integral power flow formulation by surface
sourcedocatedalongthe whole structure. Boundarysourcesare expressedn termsof surfaceef-
ficienciesof eachwave (equation16). Two boundarysourcess, ando;” correspondindo the two
propagatiordirectionsareconsidered

o (P,0p) =Y S IE(P)S(0pF¢;?) (23)

6 denoteghecylindrical anglein theframecenterednpoint P, describinghewholestructure.Due
to the Dirac function, the enegy derivationis not astrivial asprevious cases.Substituting(23) into
integral (18), two discretecontritutions correspondingo both propagationdirectionsare obtained
persupersoniavave. For P describinghestructureand M theacousticwe notef theanglebetween
OM andOP, andr theradial coordinateof M (r = OM). ConsideringhatdP = ds = Rd#, the

following relationholds
ddﬁep = P;\n/IQ (r — Rcos#) (24)

Changingthe integrationvariablefrom dP to dfp, the enegy densitydueto the supersoniavave i
becomes

—maP M P+M —mo P, M P M
i LI (P)S kA

Wei(M) =S | (P ”
i(M) i i ( g ) Ca r (r — Rcos#) Cq r (r — Rcos?0)

(25)

where P;" and P, arethe pointsof the structureradiatingin M with the angle+¢7*¢ and —7e?.
They may exist or not. For onesupersoniavave, the point M maythusbein a shadev zoneor re-
ceivelor2rays.

Using the assumptiorof uncorrelatedvaves, the whole acousticalenegy field is the sumof each
sourcegontribution, correspondingdo thedifferentradiationprocessef?1, 22 and23).



4 Numerical simulations

Pawerflow calculationsarenow comparedo kinematicfrequeny averagedesults.Applicationsare

performedwith analuminium(E = 0.7210"! Nm=2, v = 0.3, h = 2mm, p, = 2800 kg m~3) shell

of radiusR = 0.95m with air (p, = 1.3kgm 3, ¢, = 340m s ') onthe externalside. The panel

is 1.5 meterlarge which correspondso an arc of 7/2 radians. Excitationsareline trans\erseand

tangentialforces. The wave comingfrom the longitudinalflat wave is always supersonic.The one

comingfrom theflexural wave is subsonidelow thecritical frequeny (f. ~ 6 kH z) andsupersonic
above. Both frequeny domainsareinvestigated.

@]

M1
6=0, R1=4 m 5
M2
6=17/6,R1=4 m
F
(s0=-0.35m)
s O
[~ M3

5o , 6=1v3,R1=4 m
Pl . o M Pr

Figure2: Calculatedyeometry

Calculationsstartat 800 Hz and cover 5 octare bands(up to 25600 Hz). The structureis simply
supportedandexcitedon s, = —0.35m. Enegy variationsareinvestigatedor onestructuralpoint
andthreeacousticapoints, M, » 5 locatedonf = 0, /6, 7/3 onthecircle of radius4 m (seeFigure
2). At the startingfrequeng, thereis only 0.22 longitudinalwavelenghtsalongthe structure. The
systemis notin the high frequeny hypothesisandstrongmodaleffects may appear As the power
flow approacmeglectstheinterferencebetweerpropagatie fields, theseeffectsarenot considered
by theenegeticcalculationsandmoderatgesultsmaybe expected. As thefrequeng increaseshoth
flexuralandlongitudinalwaveshave severalwavelenghtsalongthe panelandthe systenrespectshe
highfrequeng hypothesis.

Resultsconcerningthe trans\erseforce excitation are presentean Figures3 and4, andthe caseof
the tangentialforce on Figures5 and 6. The abscissas the frequeng divided by the critical fre-
gueng, andtheordinateis the enegy densitydividedby theinjectedpower. Thefrequeng reference
variationsare plotedwith grey lines. In both casesthe power flow calculations(thick lines) arein
goodagreementvith the averageckinematicresults(—o—), for the acousticalflexural andlongitudi-
nalenegies. Thegoodagreementor structuralenegiesshowvsthatthemodeconversionoccuringon
theedgess well predictedby thelocal power flow analysis.
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Figure3: Frequeng flexural andlongitudinalenegiesvariationsfor the trans\erseexcitation case;
grey linesarethekinematiccalculations:-o-linesarethe 1/3 octave bandaveragedinematiccalcu-
lations;thick linesarethe power flow results

The changesof radiationprocessof the flexural wavesbecomingsupersoni@aborve the critical fre-
queng is visible on Figures4 and6. In the caseof the trans\erseexcitation (Figure4), the flexural
wave is well excited andis the major contributor to radiation. Anyway, the supersonidongitudinal
wave mustbetakeninto accountespeciallybelow thecritical frequeny wherethe flexural wave ra-
diationemanatefrom discontinuitieonly andis lessefficient. In the caseof thetangentiakxcitation
(Figure®6), theradiationof thelongitudinalwave is still importantbelow thecritical frequeng. This
wave having alargewavelenghtthereferenceacousticaknegy (grey line) hasamodalbehaiour in
this low frequeng range. This is not the caseabove the critical frequeng whereflexural radiation
becomegpredominantflexural waveshaving amuchshorterwavelenght.A detailedanalysismaybe
performedonthediffractionsourcedocatedon the edgesandexcitationpoints.In particular shadov
effectsdueto the curvaturearewell describedy the power flow calculations.

5 Conclusion

This studydemonstrateghe ability of the integral power flow methodto give the spatialrepartition
of the acousticaknepy field radiatedby curved structures.The exterior acousticaimedium,where
the field is not diffuseis spatially describedoy usingrealistic directwities for the boundarypower
sourcesThepresentinalysisusestwo propagatre wavescorrespondingo theflat structurelongitu-
dinal andflexural waves. Dueto the cunature ,both waveshave normalandtangentialdisplacement
componentandmay radiatepower. Wavesareassumedo propagataincorrelatecandcouplingbe-
tweenthemoccurson edgegeflectiongcorversionmodephenomenon).

The longitudinalwave is well excited by tangentialforcesand mostof its enegy is dueto tangen-
tial displacementsDespiteits small normalcontrikbution, it radiatesefficiently becauset is always
supersonic. The flexural wave, well excited by trans\erseforcesor momentsmay be subsonicor

supersonicPoweris alsoradiatedby diffractionof the elasticwaveson the structuraldiscontinuities
suchasedgesor excitationpoint.
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Figure4: Frequeng acousticaenegiesvariationsfor threepointsfor thetrans\erseexcitationcase;
grey linesarethekinematiccalculations:-o-linesarethe 1/3 octave bandaveragedinematiccalcu-
lations;thick linesarethe power flow results
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