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Effectof a free-surfacefluid layeronvibroacousticresponseof aplate

JM Genevaux*
*Laboratoired’Acoustiquedel’Uni versit́edu Maine,Le Mans,France

ABSTRACT

Thisexperimentalstudypointsoutthemodificationsof thebehavior of acoupledsystemdueto theintroduction
of a viscousfluid film betweena gasvolumeanda vibrating plate.The testedconfigurationis composedby a
cylindrical volumeof gaswith rigid wallsexceptedfor oneof thecircularextremitywitch is athin aluminiumplate.
A ratherlow frequency domainis explored(30Hz-200Hz).The aim of this studyis to reachto an optimization
of this viscousfluid film in order to control the vibroacousticbehavior of the wall-film systemandto dissipate
maximumenergy at chosenfrequencies.For example,if wateris usedfor thefluid film, surfacewavesappearat
the fluid-gasinterfaceif the vibrationsareenoughimportant.We observe a decreaseof the naturalfrequencies
mainly dueto anaddedmasseffect andalsoa decreaseof theamplitudeof thefrequency responseof thesystem
comparedto the responseof a puremasssystem.If a moreviscousfluid is usedfor thefilm, for thesameadded
mass,thedecreaseof thefrequenciesareequivalentto thoseobservedwith water, but lessdampingareobserved
: for thesamevibration level of theplate,thesurface-wavessystemdo not appearsandthefluid viscositydo not
contributeto thesystembehavior. A simplemodelof thesystemwill bealsopresentedduringthetalk.

INTRODUCTION

In orderto reducethenoisein aexhaust,treatedwallsaregenerallyused.An otherwayis to injectheavier fluid
in dropsform (waterfor example)to consumethemomentumenergy, andif necessaryto decreasethetemperature.
In this lastconfiguration,themasseffectof theheavy fluid is used,but insidethedropall thepointshavethesame
velocity. If theviscosityof thechosenfluid is not zero,this typeof kinematicdo not permitto dissipateenergy by
this way.

In thesameidea,precedentworks(Bruneau1984)evaluatetheacousticbehavior of a freefalling liquid wall.
But thefreeboundaryconditionson thetwo facesof thesurfacelimiting gasandfluid, allow fluid velocity fields
with smallvelocitygradientwhich donot usedtheviscosityof thefluid.

Otherboundaryconditions(adhesionto a wall) shouldinducegreatervelocity gradient,allowing an useful
dissipationto takeplace.

Someexperimentsor modelswerepublishedon a vibratingplatewhich interactwith sloshingfluid in a con-
tainerfor partially filled containerwith flexible walls (Genevaux1998)or a bottomplate(Amabili 1998)(Cheung
2002). In all thesestudies,the waves lengthesare greaterthan

� � � � �
, so the behavior law of the free surface

dependsmoreonthegravity thanonthesuperficialtension: sloshingfrequenciesarecoupledwith aflexible struc-
ture. For exemple,in (Cheung2002),the aspectratio betweenthe fluid depthandthe radiusof a circular plate
staygreaterthan

� � �
. Theauthorsdo not simulateresultsfor smallerfluid depthto avoid for long wave lengththe
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Figure1: Theexperimentalconfiguration: a cavity, a plateanda heavyfluid film.

nonvalidity of theirhypothesisof fluid withoutviscosity. Thesamelimitation arepresentin thestudyof avertical
platepartially immersedin thefluid, in whichananalyticalsolutionis comparedto experimentalresults(Genevaux
1998),asin (Amabili 1998)whereaninteractionof sloshingwaveswith a bottomplateis presented.

For thin films, severalstudiespresentstheevolutionsof a falling film alonga structure((Ambrosini2002)for
example),but thevibrationsof thestructurearenot considered.In thesescases,thewavesat the freesurfaceare
dueto theinstability of thefluid flow undergravity.

In orderto work in thedomainof acousticfrequencies,we will considerhigherfrequencies.Thelengthof the
freesurfacewavesareshorterthanin theprecedingstudies,andsuperficialtensionmustbeconsidered.Moreover,
in orderto usestrongvelocitygradientto dissipateenergy, theaspectratio betweenfluid depthanddimensionsof
theplatearevery lesserthan1. To testthisbehavior, aconfigurationwith agascavity, whichinteractswith aheavy
fluid film, layeredon a moving structureis designed.Thisstudypresentsthefirst experimentalresults.

EXPERIMENTAL CONFIGURATION

Thegeometricalconfigurationis presentedfigure1. A cylindrical tubewith an innerdiameterof ����� 	 
 �
�
anda lengthof ����� � � � � � wasbuild in apolymerictransparentmaterial.Thethicknessof thetube � ����� � � � ���
andthemechanicalcharacteristicsof thematerialrejecttheresonancesfrequenciesof this tubefarhigherthanthe
frequency rangewhichwill beexplored.

Theupperextremityof thetubeis closedby arigid platein thesamepolymericmaterialin whichseveralholes
aremadeto guidethe microphone.The choiceof the hole, the orientationof the upperlid andthe lengthof the
microphonesupportintroducedin thecavity, definethemicrophonepositionusingthegravity.

Thebottomextremity is closedby acircularaluminumplatewhosediameteris � ����� � � 	 ��� andits thickness
� ����� � � � ��� . Its surfacic massis then � ����	 � � � ! �#"%$ . This plate is consideredclampedon a circular line
correspondingto thetubediameter� .

An electrodynamicvibration generator(LDS V201) is connectedto the centerof the plate. The level of
excitationis measuredby a forcetransducer(Endevco2311-500),andcontroledby Siglabsoftwareon a personal
computer. Theaccelerationof theplateis alsomeasuredby anaccelerometer(Endevco256HX-100)whosesmall
massis �'&(�)� � � � * 	+� ! andcanbe placednearceplatecenter. We currentlytestthe possibility to measurethe
freesurfacemovementwith a lasertechnic.

Betweeneachtestusingdifferentfluids, the containeris washed,rinsedwith waterseveral timesin orderto
limit thepresenceof surfactantliquid, anddried.Therodusedto transmittheexcitationis gluedto theplateandis
notmovedbetweenthedescribedexperiments.Thefrequency responsesfunctionof theaccelerometerversusforce
andthepressuredetectedby themicrophoneversusforcealwayspresentsmaximumsat thesamefrequencies.The
presentedcurvesareobtainedby astepby stepincreaseof frequency. Thustheexcitationis purelyharmonic.
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Figure2: Magnitudesof thefrequenciesresponsefunctionsfor thedry plate:continuousline, accelerometer/force;
dotedline, microphone/force.

RESULTS AND INTERPRETATIONS

AN ADDED MASS EFFECT
A referenceexperimentwithoutheavy fluid is first performed.Thefrequenciesresponsefor a largefrequency band
(20 Hz to 250Hz) is presentedfigure2. Pureharmonicexcitationis alwaysused,andfrequenciesarestepby step
explored.We cannotice:

, Theresonancesfor thefrequency responseof themicrophoneandtheaccelerometercoincide.
, A first resonanceis locatednear100Hz. Theplateis moving on thefirst modeshapeof a clampedcircular

frequency : themodeshapeis axisymetricandtheamplitudeis maximumat thecenterof theplateandthere
is nocircularnodalline.

, Thesecondresonanceis nearthe first acousticlongitudinalmodeof the cavity. Indeed,its theoreticalfre-
quency is givenby,

- . / 0 1 2 3 4 /
5768 9 5;: < =8 = > ? = :
5 8 @ @�ACB D

(1)

with 6 thecelerityof sound.

Wateris first usedto testthe influenceof thewaterlevel on thefrequency responsesfunction.Theheightsof
thewaterlevel staylessthan = > = @ E�F for all thepresentedexperiments.We candefinetheratio of addedsurfacic
massby,

GH 5 H I J
H K D (2)

with H I thevolumicmassof thefluid, J thethicknessof thefluid film. With theincreaseof thewaterlevel,wecan
noticefigure3 :

, theresonancefrequenciesdecrease.
, anotherresonanceappear(near

@ < = ACB for a waterlevel of ? FLF , with correspondto thefirst modewith a
nodaldiametralline.
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Figure3: Influenceof thewaterlevelon themagnitudeof thefrequencyresponsefunctions(accelerometer/force):M , dry plate; N#N�OP(Q)R S T R film thicknessU S VXW'W ; Y%OP(Q�Z S [ T film thickness\ S ]�WLW ; N S N)OP(Q U S [ Z film thicknessR ^ S ^
WLW
_ the amplitude(in dB) of the maximumof the responsedecrease,while for a simplesystem(spring-mass-

dashpot)anincreaseof themasswith otherparameterskeptconstantinducesan increaseof theamplitude.
Nevertheless,theirevolutionversusthewaterlevel is nonmonotonic.

_ for thefirst resonancefrequencies,stationarywavescanbe observedon the free surfacebetweenthefluid
andthegas.Theirwavelength(near] S ] ] `�W ) increasewhenthefrequency decrease.This lengthis coherent
with capillaritywaveson thesurface.Theiramplitudeis moreimportantat thecenterof theplate,wherethe
maximumof themodeshapeof theplateis present.

At this step,it is not possibleto detectif the dampingis greaterthanfor a purehighermasssystem.Non linear
behavior is maybethesourceof thenonmonotonicevolution of themaximumlevels.We will show in paragraph
thattheviscosityof watercontributesto thesescurves,andnot only anaddedmasseffect.

AN EFFECT OF THE AMPLITUDE OF THE EXCITATION
We needto testthe dependanceof the frequency responsefunctionsto the amplitudeof the excitation.We per-
formedthis experimentfor waterlevelscorrespondingfrom ] to ] S ] R ^ ^ W . Non lineareffectsareobservedfigure
4:

_ asmall increaseof thefrequency resonancewith theamplitudeof excitation,

_ adecreaseof theamplitudeof themaximum,

_ it existsaminimumlevel of excitationthatmustbereachedin orderfor thewavesto takeplace.In thefigure
4, this level is betweenV and R ^
W'a b%c . It is correspondingto a jump of thedampingwhich is measuredby
half-powermethod(seefigure5). This jumpis notobservedfor thesystemwithoutfluid (stars).Wewill call
it critical levelof excitation. Is thisa parametricinstability ?

If this non-lineareffectsappearsin thefluid, they canbedueto the importantoscillationof thefluid domainfor
which the amplitudeof the wavesareof the sameorderthanthe water level. This is coherentwith the decrease
of thedampingwhenthewaterlevel is increased.Unfortunately, we arenot ablefor themoment,to measurethe
amplitudesof thewaves.

This paragraphshows that it is absolutelynecessaryto control the amplitudeof the excitation. For all the
following experiments,theamplitudeof theaccelerationmeasuredat thecenterof theplatewill beconstant.
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Figure4: Influenceof theamplitudeof theexcitation(measuredat thecenterof theplate)onthefrequencyresponse
function (accelerometer/force) of water addedmassfor a water level of d e d d f g hjik'lnm e o d : p�q e m g h'r s%t ;pupnq e q q�hCr s%t ; p(e p m v e o�h'r s%t ; w v x e q
h'r s%t .
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Figure 5: Influenceof the amplitudeof the excitation on the frequencyresponsefunctionof water addedmass
(accelerometer/force)for several waterlevels: y�d e d�h ; pLf�e gXh'h ; pup�z e d�hLh ; w m q e qXh'h . Whenthesurface
wavesappear(betweentheexcitationlevels g and m q hCr s%t ), thedampingjumpsto greatervalues.
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influence of viscosity with 5.3 kg/m−2 of water (continuous line) and oil (dots)

Figure6: Influenceof theviscosityon thefrequencyresponsefunction(accelerometer/force)for an addedmassof{|�})~ � � � : - water(film thickness� � � �'� ) ; o oil (film thickness� � � �'� ). At first sight,a surprisingresult

A VISCOSITY EFFECT
To point out theinfluenceof theviscosity, thewateris thenreplacedby oil. We usea basiclubricationoil for cars
(Esso15W40)with a very higherviscositythanwater. Thefigure6 shows that theamplitudeof themaximumof
the frequency responseis ~ � � � higher thanthe amplitudewith water. We noticealsothat no stationarywaves
appearat the free surfacebetweenoil andgas,althoughthe amplitudesof the accelerationsat the centerof the
plateareidentical.Thecritical excitationlevel (seeprecedingparagraph)for oil is higherthanfor water.

On the faceof it, this resultis surprising.In fact, theviscosityis sostrongthat theoil-film is movedlike the
plate: no local relativefluid velocityappearsbetweentheoil andtheplate.Thenonexistenceof speedgradientin
thefluid, inducedthatits viscositygivesany contributionto thefrequency responseof thesystem.It meansthatwe
observe with this oil, only the addedmasseffect. Theprecedingcurves(figure3) containthe contribution of the
viscosityandtheaddedmass.This is confirmedby themeasureof thedampingnearthefirst frequency response
maximum( � �
� � technique).For dry plateandfor anoil film, themeasureddampingsareratherequalto � � � � � ,
andwith waterto � � � � .

A SURFACE TENSION EFFECT
Theexistenceor not of stationarywavesat thefreesurfaceplaysan importantrole. Whenthey exist, thesurface
tensionaffectstherelationbetweenthe frequency andthewave length.For water, we modify this characteristics
by introducingdrop by drop a surfactantproduct.The figure 7 shows that the resonancefrequency is a little bit
increasedfrom thefirst drop,andafterdoesnot movewith theincreaseof thequantityof surfactant.

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

CONCLUSION AND SEVERAL IDEAS FOR THE MODELLING

This experimentalstudyshows that the presenceof a heavy fluid film on the surfaceof a vibrating structure
which is coupledto a cavity, permitsto dissipateenergy at theresonancefrequency. This behavior is conditioned
by : �

theaddedmasseffect,�
theexistenceor not of stationarywaveson thefreegas-fluidsurface,�
theviscositywhichdissipatesenergy, but canalsovanishesthestationarywaves,�
thesurfacetensionof this freesurface,
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influence of tensioactif with 5.1 kg/m−2 of water : − without ; −− 1 drop ; .. 3 drops ;−. 1 ml

Figure7: Influenceof thepresenceof surfactantproducton thefrequencyresponsefunction(accelerometer/force)
addedmassof ������ � � � (film thickness� � � �'� ): thefrequencyresonanceis increasedfromthefirst drop. - water
withoutsurfactant; - - 1 drop of surfactant; -.- 2 drops; : �X�'�

� theamplitudeof themovement,andtheir associatednonlinearmechanisms.

An optimizationof thecharacteristicsof thefluid film mustbeachievedin orderto control theaddeddissipation
dueto its presence.Themodellingof this coupledproblemmayusethis setof equations:

� thehypothesisof periodicmotionof thestructureandof thefluid particles.

� aclassicalbehavior law for thestructureusingplatekinematics.

� for this plate,boundaryconditionson theclampedcircular.

� in thefluid domainweshouldusea linearizedNavier-Stockesequationfor viscousfluid term(Lamb1993).

� the boundaryconditionson the circular tubeof diameter� mustnot be used: the wave lengthon the free
surfacearevery lesserthan � . Therefore,this boundaryconditiondo not influencethe free surfaceshape.
Thepatternarenot axisymetric.A 2D periodicpatternis theonly hypothesiswhichmustbemade.

� thesurfacetension,andin a first step,a linearmodelfor the freesurfacewill give us the relationbetween
theobservedfrequency andthewave length.Thenonlinearmodelfor finite wavescanalsobeused(Lamb
1993).

A Rayleigh-Ritztechniquecanbeused(Géraldin1996): choiceof amodalshapeof theplate,choiceof anmodal
velocity shapefor thefluid which respectsthekinematicconditionsat thefluid-structureinterface.Minimization
of the Rayleighcoefficient accordingto the parameter� (equalto the ratio betweenthe wave amplitudeandthe
maximumplateamplitude).Theaddeddissipationis thenevaluatedin a secondstepby consideringtheobtained
fluid velocityfield. Thecomparisonbetweenthemodelandtheexperimentswill bepresentedduringthetalk.
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