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Effect of afree-surfcefluid layeronvibroacoustiaespons®f a plate

JM Gen&raux*
*Laboratoired’Acoustiquedel'Uni versi€ du Maine,Le Mans,France

ABSTRACT

Thisexperimentaktudypointsoutthe modificationsof thebehavior of acoupledsystendueto theintroduction
of a viscousfluid film betweena gasvolume and a vibrating plate. The testedconfigurationis composedoy a
cylindrical volumeof gaswith rigid walls exceptedor oneof thecircularextremity witch is athin aluminiumplate.
A ratherlow frequeng domainis explored (30Hz-200Hz).The aim of this studyis to reachto an optimization
of this viscousfluid film in orderto control the vibroacoustichehaior of the wall-film systemandto dissipate
maximumenepgy at choserfrequenciesFor example,if wateris usedfor thefluid film, surfacewavesappearat
the fluid-gasinterfaceif the vibrationsare enoughimportant.We obsene a decreasef the naturalfrequencies
mainly dueto anaddedmasseffect andalsoa decreas®f the amplitudeof the frequeng responsef the system
comparedo the responsef a puremasssystem.f a moreviscousfluid is usedfor thefilm, for the sameadded
massthe decreas®f the frequenciesre equivalentto thoseobsenedwith water, but lessdampingareobsened
: for the samevibrationlevel of the plate,the surface-vavessystemdo not appearsandthe fluid viscositydo not
contributeto the systembehavior. A simplemodelof thesystenmwill bealsopresentediuringthetalk.

INTRODUCTION

In orderto reducethenoisein aexhausttreatedvalls aregenerallyused An otherway is to injectheavier fluid
in dropsform (waterfor example)to consumehe momentunmenepy, andif necessaryo decreas¢hetemperature.
In thislastconfigurationthemasseffect of the heavy fluid is used but insidethedropall the pointshave the same
velocity. If theviscosityof the choserfluid is not zero,this type of kinematicdo not permitto dissipateenegy by
thisway.

In the sameidea,precedentvorks (Bruneaul984)evaluatethe acoustichehaior of a freefalling liquid wall.
But the free boundaryconditionson the two facesof the surfacelimiting gasandfluid, allow fluid velocity fields
with smallvelocity gradientwhich do not usedtheviscosityof thefluid.

Otherboundaryconditions(adhesiorto a wall) shouldinduce greatervelocity gradient,allowing an useful
dissipationto take place.

Someexperimentsor modelswerepublishedon a vibrating platewhich interactwith sloshingfluid in a con-
tainerfor partially filled containemith flexible walls (Genezaux1998)or a bottomplate (Amabili 1998)(Cheung
2002).1n all thesestudies,the waveslengthesare greaterthan0.01m, so the behaior law of the free surface
dependsnoreonthegravity thanonthesuperficialtension: sloshingfrequenciesrecoupledwith aflexible struc-
ture. For exemple,in (Cheung2002),the aspectratio betweenthe fluid depthandthe radiusof a circular plate
staygreaterthan0.1. Theauthorsdo not simulateresultsfor smallerfluid depthto avoid for long wave lengththe



Figurel: Theexperimentakonfiguation: a cavity, a plateanda heavyfluid film.

nonvalidity of their hypothesiof fluid without viscosity The samdimitation arepresenin the studyof a vertical
platepartiallyimmersedn thefluid, in whichananalyticalsolutionis comparedo experimentaresults(Geneaux
1998),asin (Amabili 1998)whereaninteractionof sloshingwaveswith abottomplateis presented.

For thin films, severalstudiespresentghe evolutionsof afalling film alonga structure{(Ambrosini2002)for
example),but the vibrationsof the structureare not consideredin thesescasesthe wavesat the free surfaceare
dueto theinstability of thefluid flow undergravity.

In orderto work in the domainof acousticfrequencieswe will considethigherfrequenciesThelengthof the
free surfacewavesareshorterthanin the precedingstudies andsuperficiattensionmustbe consideredMoreover,
in orderto usestrongvelocity gradientto dissipateeneny, the aspecratio betweerfluid depthanddimensionof
theplateareverylessetthanl. To testthis behaior, a configuratiorwith a gascavity, whichinteractswith aheary
fluid film, layeredon a moving structureis designedThis studypresentshefirst experimentakesults.

EXPERIMENTAL CONFIGURATION

The geometricakonfigurationis presentedigure 1. A cylindrical tubewith aninnerdiameterof d = .290 m
andalengthof ! = 0.803m wasbuild in a polymerictransparenmaterial. Thethicknessof thetubee; = 0.005m
andthe mechanicatharacteristicef the materialrejecttheresonancetequencie®f this tubefar higherthanthe
frequeng rangewhichwill beexplored.

Theupperextremity of thetubeis closedby arigid platein thesamepolymericmaterialin which severalholes
aremadeto guidethe microphone The choiceof the hole, the orientationof the upperlid andthe lengthof the
microphonesupportintroducedn the cavity, definethe microphonepositionusingthe gravity.

Thebottomextremity is closedby acircularaluminumplatewhosediameteis d, = 0.320 m andits thickness
e, = 0.001 m. Its surfacic massis then p, = 2.7 kgm—2. This plateis considerecclampedon a circular line
correspondingo thetubediameterd.

An electrodynamicvibration generatorlLDS V201) is connectedo the centerof the plate. The level of
excitationis measuredby a forcetransducefEndesco 2311-500) andcontroledby Siglabsoftwareon a personal
computer The acceleratiorof the plateis alsomeasuredby anaccelerometefEndesco 256HX-100)whosesmall
massis m, = 0.0042 kg andcanbe placednearce plate center We currentlytestthe possibility to measureghe
free surfacemovementwith alasertechnic.

Betweeneachtestusingdifferentfluids, the containeris washedrinsedwith waterseveraltimesin orderto
limit thepresencef surfactantiquid, anddried. Therod usedto transmitthe excitationis gluedto the plateandis
notmovedbetweerthe describedxperimentsThefrequeng responseunctionof theaccelerometerersugorce
andthe pressuraletectedy the microphoneversusforcealwayspresentsnaximumsatthe samefrequenciesThe
presenteadurvesareobtainedoy a stepby stepincreaseof frequeng. Thusthe excitationis purely harmonic.
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Figure2: Magnitudesof thefrequenciesesponséunctionsfor thedry plate: continuoudine, acceleometer/foce;
dotedline, microphone/foce

RESULTS AND INTERPRETATIONS

AN ADDED MASSEFFECT

A referenceexperimentwithout heavy fluid is first performed.Thefrequenciesesponsdor alargefrequeny band
(20Hz to 250Hz) is presentedigure 2. Pureharmonicexcitationis alwaysusedandfrequenciesarestepby step
explored.We cannotice:

¢ Theresonance®r thefrequeng responsef the microphoneandthe accelerometetoincide.

¢ A firstresonancés locatednear100 Hz. The plateis moving on the first modeshapeof a clampedcircular
frequeng : themodeshapds axisymetricandtheamplitudeis maximumatthe centerof theplateandthere
is nocircularnodalline.

e Thesecondresonancés nearthe first acousticlongitudinalmodeof the cavity. Indeed,its theoreticalfre-
gueng is givenby;,

c 340
facoustic = 2_l = 20.803 =211 Hzg, Q)

with ¢ thecelerity of sound.

Wateris first usedto testthe influenceof the waterlevel on the frequeng responsefunction. The heightsof
thewaterlevel staylessthan0.016 m for all the presentedxperimentsWe candefinetheratio of addedsurfacic
masshy,

N h
5o Pih )
Pp

with p¢ thevolumic massof thefluid, h thethicknes=of thefluid film. With theincreaseof thewaterlevel, we can
noticefigure3:

¢ theresonancérequencieslecrease.

¢ anotherresonanceppearnearl40H » for awaterlevel of 8mm, with correspondo thefirst modewith a
nodaldiametralline.
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Figure3: Influenceof thewaterlevel on the magnitudeof thefrequencyesponsdunctions(acceleometer/foce):
%, dry plate; — — p = 1.71 film thicknesst.6 mm ; : p = 2.97 film thicknes8.0 mm; —. — p = 4.92 film thickness

13.3 mm

¢ the amplitude(in dB) of the maximumof the responsealecreasewhile for a simple system(spring-mass-
dashpotinincreaseof the masswith otherparameterg&eptconstaninducesan increaseof the amplitude.
Neverthelesstheir evolution versushewaterlevel is nonmonotonic.

o for thefirst resonancdérequenciesstationarywavescanbe obsened on the free surfacebetweenthe fluid
andthegas.Theirwave length(near0.005 m) increasevhenthefrequeny decreaserThislengthis coherent
with capillarity waveson the surface.Theiramplitudeis moreimportantat the centerof the plate,wherethe
maximumof the modeshapeof the plateis present.

At this step,it is not possibleto detectif the dampingis greaterthanfor a pure highermasssystem.Non linear
behaior is maybethe sourceof the nonmonotonievolution of the maximumlevels. We will shav in paragraph
thattheviscosityof watercontributesto thesesurves,andnot only anaddedmasseffect.

AN EFFECT OF THE AMPLITUDE OF THE EXCITATION
We needto testthe dependancef the frequeng responsdunctionsto the amplitudeof the excitation. We per

formedthis experimentfor waterlevels correspondindgrom 0 to 0.0133m. Non linear effectsareobsenedfigure
4.

¢ asmallincreaseof thefrequeng resonancevith theamplitudeof excitation,
¢ adecreasef theamplitudeof themaximum,

¢ it existsaminimumlevel of excitationthatmustbereachedn orderfor thewavesto take place.In thefigure
4, this level is betweer and13 ms—2. It is correspondingo a jump of the dampingwhich is measuredby
half-ponvermethod(seefigure ). Thisjumpis notobsenedfor the systemwithoutfluid (stars) We will call
it critical level of excitation Is this a parametridnstability ?

If this non-lineareffectsappearsn thefluid, they canbe dueto the importantoscillationof the fluid domainfor
which the amplitudeof the wavesare of the sameorderthanthe waterlevel. This is coherenwith the decrease
of the dampingwhenthe waterlevel is increasedUnfortunately we arenot ablefor the moment,to measurehe
amplitudesof thewaves.

This paragraprshows that it is absolutelynecessaryo control the amplitudeof the excitation. For all the
following experimentsthe amplitudeof the acceleratiormeasuredtthe centerof the platewill be constant.
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Figure4: Influenceof theamplitudeof theexcitation(measuedat the centerof theplate) onthefrequencyesponse

function (accelebmeter/foce) of water addedmassfor a water level of 0.0046m p = 1.70 : — 3.16 ms—2 ;
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Figure 5: Influenceof the amplitudeof the excitation on the frequencyresponsdunction of water addedmass
(accelepmeter/foce)for several waterlevels: x0.0m ; — 4.6 mm ; — — 8.0mm ; : 13.3mm. Whenthesurface
wavesappear(betweerthe excitationlevels6 and13ms—2), the dampingjumpsto greatervalues.



influence of viscosity with 5.3 kg/m-2 of water (continuous line) and oil (dots)
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Figure6: Influenceof the viscosityon the frequencyesponsdunction(accelepmeter/foce)for an addedmassof
p =1.96 : - water (film thickness5.3mm) ; o oil (film thicknessr.2mm). At firstsight,a surprisingresult

A VISCOSITY EFFECT

To point outtheinfluenceof theviscosity thewateris thenreplacedy oil. We usea basiclubricationoil for cars
(Esso015W40)with avery higherviscositythanwater The figure 6 shows thatthe amplitudeof the maximumof
the frequeny responsas 10 dB higherthanthe amplitudewith water We notice alsothat no stationarywaves
appearat the free surfacebetweenoil andgas,althoughthe amplitudesof the accelerationst the centerof the
plateareidentical. Thecritical excitationlevel (seeprecedingparagraphjor oil is higherthanfor water

Onthefaceof it, this resultis surprising.In fact,the viscosityis so strongthatthe oil-film is movedlike the
plate: nolocalrelative fluid velocity appeardbetweertheoil andthe plate. The nonexistenceof speedyradientin
thefluid, inducedthatits viscositygivesary contributionto thefrequeng responsef the systemIt meanghatwe
obsene with this oil, only the addedmasseffect. The precedingcurves(figure 3) containthe contrikbution of the
viscosityandthe addedmass.This is confirmedby the measureof the dampingnearthefirst frequeng response
maximum(—3 dB technique)For dry plateandfor anoil film, themeasuredlampingsareratherequalto 0.25%,
andwith waterto 0.6%.

A SURFACE TENSION EFFECT
The existenceor not of stationarywavesat the free surfaceplaysanimportantrole. Whenthey exist, the surface
tensionaffectstherelationbetweerthe frequeny andthe wave length.For water we modify this characteristics
by introducingdrop by drop a surfactantproduct. The figure 7 shows thatthe resonancérequeng is alittle bit
increasedrom thefirst drop,andafterdoesnot move with theincreaseof the quantityof surfactant.

Thesebehaior is coherentwith the increaseof the rigidity of the free surfacedue to the presenceof the
surfactant.

CONCLUSION AND SEVERAL IDEASFOR THE MODELLING

This experimentalstudy shows thatthe presencef a heavy fluid film on the surfaceof a vibrating structure
whichis coupledto a cavity, permitsto dissipateenegy at the resonancérequeng. This behaior is conditioned
> o the addedmasseffect,
¢ theexistenceor notof stationarywavesonthefreegas-fluidsurface,
¢ theviscositywhich dissipategnegy, but canalsovanisheghe stationarywaves,

¢ thesurfacetensionof this freesurface,
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Figure7: Influenceof the presencef surfactantproducton thefrequencyesponsdunction(acceleometer/foce)
addedmassof g = 1.89 (film thickness.1mm): thefrequencyresonances increasedromthefirstdrop. - water
withoutsurfactant; - - 1 drop of surfactant; -.- 2 drops; : 1 ml

¢ theamplitudeof the movementandtheir associatedionlinearmechanisms.

An optimizationof the characteristicef the fluid film mustbe achievzedin orderto controlthe addeddissipation
dueto its presenceThe modellingof this coupledproblemmay usethis setof equations

¢ thehypothesiof periodicmotion of the structureandof thefluid particles.

¢ aclassicabehaior law for the structureusingplatekinematics.

¢ for this plate,boundaryconditionson the clampedcircular.

¢ in thefluid domainwe shouldusea linearizedNavier-Stockesequationfor viscousfluid term(Lamb 1993).

¢ the boundaryconditionson the circulartube of diameterd mustnot be used: the wave lengthon the free
surfacearevery lesserthand. Therefore this boundaryconditiondo not influencethe free surfaceshape.
The patternarenot axisymetric.A 2D periodicpatternis the only hypothesisvhich mustbe made.

¢ thesurfacetension,andin afirst step,a linearmodelfor the free surfacewill give usthe relationbetween
the obsenedfrequeny andthe wave length. The nonlinearmodelfor finite wavescanalsobe used(Lamb
1993).

A Rayleigh-Ritztechniquecanbe used(Géraldin1996): choiceof a modalshapeof the plate,choiceof anmodal
velocity shapefor the fluid which respectghe kinematicconditionsat the fluid-structureinterface.Minimization
of the Rayleighcoeficient accordingto the parameteg (equalto the ratio betweenthe wave amplitudeandthe
maximumplateamplitude).The addeddissipationis thenevaluatedin a secondstepby consideringhe obtained
fluid velocity field. The comparisorbetweerthe modelandthe experimentsawill be presentediuringthetalk.
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