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Abstract

Theimpactof buoyang/ on the developmentof startingflows in the nearfield wasex-
perimentallyinvestigatedusing the Digital Particle ImageVelocimetryand PlanarLaser
InducedFlourescencéechniques.The experimentsvereconductedy releasingeylindri-
cal columnsof fluid into a glasswatertank. Two diameterg0.95and 1.9 cm) andfour
aspectatios,rangingfrom 2 to 8, wereexamined. Thefluid wasreleasedy burstingthe
thin latex membrandhatheldit in thetube. The buoyantfluid hada densitydifferenceof
4.7%. Theflow wasimagedat 60 Hz up to 7 diameterslownstream.For the aspectatio
of 2, the flow developedinto a singlebuoyantvortex ring (BVR), andwascomparedo a
purelymomentundrivenvortex ring (MVR) generatedavith the samesetup.For theaspect
ratiosof 4, 6, and8, theflow wassimilar to a startingplume,with avortical cap,followed
by acolumnartail. TheBVR’s diametergrew linearlyin spacewith afull spreadingangle
of 18 degrees,while the MVR’s diameterremainedconstant.The BVR startedout asan
axistouchingring, andtransitionedto non-axistouching,oppositeof the behaior of the
MVR. Thetotal circulationfor the BVR wasmorethantwice theamountpredictedby the
slugflow model,andtheimpulsegrew linearly in time. Theimpulseof the MVR decayed
slightly aftertheintial gronth. Theflows beganto transitionto thermalbehaior at down-
streanmdistanceproportionalo thecuberootof theinitial fluid volume.For all aspectatios
theimpulsegrew linearly in time. The growth ratewas proportionalto the initial buoyant
force. Thecirculationgeneratedy theadditionof buoyang/ wasproportionako thesquare
root of theinitial buoyantforce. Also the additionof buoyang/ suppressethe separation

of a startingvortex.
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1 Intr oduction

Buoyang/ hasmary effectsonourlives. Theserangefrom smallscaleplumesfrom candles
andcigarettesthroughthe plumescreatedy large cooling stationsup to mesoscaléows
in theatmosphereln all thesecasesthe presencef buoyang/ causes significantchange
in the behavior of the fluids involved. Due to the wide rangeof implicationsof buoyant

flows, therehasbeena considerabl@mountof researcttonductednto this phenomena.

1.1 PastReseach

Buoyant flows have traditionally beenclassifiedinto two major categories,thermalsand
plumes[]. The fundamentaldifferenceis the mannerin which fluid is released.In a
plume,buoyantfluid is continuouslygeneratear releasedrom a pointsource.A thermal
is the resultof the releaseof a finite volumeof fluid. For a buoyantthermal,the fluid is
releasedvith little or noinitial momentum.The behaior of thesetwo canonicaflows has
beendocumentedor mary differentambientconditions,andtheoreticaimodelshave been
developedfor thesecases.

For buoyantconvectiveflowsin auniformernvironmenttheprimaryquantitygoverning
the behaior in the far field is the total buoyant force[1]. Also, experimentalevidence
hasindicatedthatthe flow becomesself similar[1]. By usingdimensionalrgumentsthe

following relationscanbe determined:

b=pz (1.1)



U=Fiz iR (E) (1.2)

2
3

g =Fiz 3R (%) (1.3)

Here z is the axial position, r is the radial position, b is the plume width, U is the
axial velocity, F, is the buoyantforceflux, g = gAp/po, andB is the spreadingate. The
functionsF; andF cannotbedeterminedrom a simpledimensionabnalysis Eithermore
complex modelsusingsomeassumptiormbouttheturbulencein theplume,or experimental
data,canbeusedto determinehesefunctions.

Applying a similar analysisto the developmentof a thermalresultsis the following

equations[l

b=az (1.9)
U=Fiz1F (%) (1.5)
q =F.z 3%, (%) (1.6)

Herea is the spreadingate,andF. is theinitial buoyantforce. Theserelationswere
verified by Scorer[2. He alsoshavedthattheU [J t~2 andb O tZ. Theserelationsare
eguvalentto thoseshowvn above, whenwritten in termsof time insteadof space.A more
generalflow thanthe thermalis the buoyant vortex ring. This is also producedby the
releaseof a finite amountof buoyantfluid, however, the fluid is releasedwith an initial
momentumaswell. Theadditionof this initial momentumaltersthe spreadingateof the
resultingflow[1].

A third classof flows, the buoyant startingplume, hasalsobeeninvestigated.In this



case,the flow is generatedy suddenlyactivating a steadysourceof buoyantfluid. The
applicationof the previously usedassumptionfiasbeensuccessfullyappliedto this case
aswell[3]. Theflow canbemodeledasaplumeregion cappedoy athermal-like region. In
this case the thermalis modifiedby the introductionof buoyantfluid from the following
plume,sotherelevantplumepower-laws apply.

Analogouswork hasbeencarriedout on purely momentumdriven flows in the far
field. For example,the startingjet hasbeensuccessfullymodeledasa steadyjet capped
by a spheroidalregion of enhancednixing[4], similar to the modelusedfor the starting
plume.Thesemodelsarealsobasedn the self similar natureof thefar field flow.

Althoughtherehasbeena greatdealof knowledgegatheredaboutthefarfield behaior
of jet-typeflow fields,interestn thenearfield region hasbeerrelatively overlooked. In part
thisis dueto theverycomplex natureof theflow in thenearfield dueto thesourcegeometry
dependenceHowever, theimportanceof nearfield dynamicshasreceved moreattention
recently Onemajorreasorfor understandinghe nearfield dynamicsis becausanuch of
thenoisegeneratedn ajet is producedchere[5]. Therecentattentioncanalsobe attributed
to the developmentof new experimentattechniquesMost notably Digital Particle Image
Velocimetry[§ (DPIV), allowstherapidacquisitionof multiple planarvelocityfields. This
is preciselythekind of dataneededo understandhe comple, unsteadynon-equilibrium
flow presenin thenearfield region of jetsandplumes.

Someexperimentdave beenconductedo investigatehenearfield behaior of starting
axisymmetrigets[7]. Theseexperimentshave shovn thattheflow is significantlydifferent
from theflow in thefarfield of a startingjet. In particular theflow field is dominatedcby a
startingvortex ring. The growth andmotion of this vortex ring dominategheflow field in
thefirst 10 exit diametersThevortex ring grows up to acertainpoint, atwhich it beginsto
separatérom thetrailing flow andmaintainarelatively constantlownstreancelerity[4,7].
This pinching off processhasbeendescribedn detail by Gharibet al. They have also

developeda modelthathasbeenableto reliably predictthe pinchingoff behaior[7].



The addition of buoyang to the startingjet flow addsanothersourceof circulation.
In a buoyantjet both the momentumandthe buoyangy contribute to the total circulation
releasedln absencef ary initial momentumthereleasef afinite volumeof fluid evolves
into athermalwith constantirculationin thefar field[2]. Furthermorethe generatiorof
circulationby ajet canbeestimatedy aslugflow model[§. Thismodelcanbemadeeven
moreaccuratdy usingtheempiricalcorrectionbasednthe sourceaspectatio derivedby
Didden[d. Onthe otherhand,the developmentof circulationin the nearfield of buoyant
flows is not well understood Also, the nearfield dynamicsassociatedvith the formation
andpinchoff of thestartingvortex ring may be affectedwith the additionof buoyangy.

Somework hasbeendoneto investigatethis region. Johari& Gharib[10]investigated
the nearfield region of plumesgeneratedy releasinga finite volume of buoyant fluid
of varying aspectratios. The resultsindicatedthat the formation of the starting vortex
ring wasindeedaffectedby the presencef buoyang. However, detailedinformationon
the developmentof the circulation of the flow, aswell asthe internal structurewas not

obtained.

1.2 CurrentReseach

The currentexperimentswere designedo investigatethe effect of buoyang/ and source
geometryontheformationanddevelopmenbf a startingbuoyantflow. In particular it was
desiredto determinehow the additionof buoyang/ changeghe formationprocessof the
startingvortex. The structureof the flow was examinedusingPlanarLaserInducedFlu-
orescencéPLIF). The evolution of the integral measure®f motion; circulation,impulse,
andenepy; wereexaminedby usingDPIV.

First,acomparisorwasmadebetweernhe developmentof a purelymomentundriven
vortex ring, anda buoyantvortex ring generateavith the sameinitial fluid geometry Sec-

ondly, the effect of varyingthe initial fluid geometrywasinvestigatedor buoyant flows.



Basedon theinitial work doneby Johari& Gharib,thefollowing questionsvereposed:

e How doesthe presencef buoyang/ changethe developmentof the startingvortex

rng?

e How doesthe buoyang/ changethe developmentof the circulation, impulse,and
enegy comparedo the MVR?
e How doesthe initial fluid geometryaffect the developmentof the startingvortex

ring?

e How do the circulation, impulse,and enegy vary with respectto the initial fluid

geometry?



2 Experimental Setup

2.1 Apparatus

Theexperimentsvereconductedn a45.4liter glasstankto allow free opticalaccessThe
tank dimensionsvere 33 cm by 33 cm by 66 cm high. A schematiof the setupis shovn
in Fig. 2.1. The buoyantfluid washeldin a cylindrical Plexiglastube,enclosedn thetop
andbottomby thin latex membranes[10]The tubewaspositionedin thetank sothatthe
top wasmorethan5 diameterdbeneatthhe free surfacein orderto limit ary effect of the
surfaceon thereleaseof thefluid. A 30 gaugenichromewire wasplacedbetweerthetube
endandthemembraneThemembranesvereburstby passing3 ampere®f currentthrough
thewire for 0.8s. Thetop membranevasburstfirst, andthenary inducedmotionwas
allowedto settleprior to burstingthe bottommembraneAll the motion of the membrane
wascompletedvithin oneframe,or 0.17ms. After eachexperimentthetubewaschecled
to ensurghatthe membranavasnot blockingary portionof thetubeexit.

The experimentswvere performedusinga negatively buoyantfluid releasednto a uni-
form densityernvironment. The densitydifference,d0p = po — pa, betweenthe two fluids
usedwas 4.7%, within the Boussinesdimit. Five tube geometrieswith differentaspect
ratios (length (L) to diameter(D) ratio, L/D), were examined. Threehad a diameterof
D=1.9cmwith aspectatiosL /D=2, 4, and6. The othertwo hada diameterf D=0.95cm
andaspecratiosL /D=6 and8.

In orderto allow clearimagingof theflow, fluids with matchingrefractve indiceswere

used. Herewe follow the suggestiorof Alahyari and Longmire[1]. The ambientfluid
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Figure2.1: Schematiof the ExperimentaSetup.

wasa mixture of glycerolandwater while the buoyantfluid wasa solutionof potassium
dihydrogenphosphatdKH2PO,) in water Thesechemicalsallow a densitydifferenceof

up to 4.7%to be achiezed while maintaininganindex matchwithin 0.0002.Thetankwas
periodicallyrefilledin orderto maintainaconstantlensitydifferenceandauniformdensity
ervironmentin theregion of interest.

Theinitial volume,V, for the tubesrangedfrom 4.1 cn® to 32.6cn?. With a density
differenceequalto 4.7%of the ambientdensity this correspondso aninitial total buoyant
force, F* = ApgV from 1.9 x 10~ to 1.5 x 10~3 Newtons. The exit velocity, Ue, was
obtainedfrom the DPIV dataat a point0.5D downstreanfrom thetubeexit plane.Figure
2.2 shavs typical time tracesof Ue for eachof the aspectatiosexamined. Eachcurve in
Fig. 2.2is marked at the time, T, whenthe tube had beencompletedrained. This time
wasobtainedby determiningthe last video framewherethe no ambientfluid wasvisible
betweerthereleasedluid andthetubeexit. Thevelocity decreasedapidly afterthis point
in all caseshowever, sincethe tubewasopenat the top andbottomafterdischage, there

wasa residualinducedvelocity at the exit plane.Basedon simpledimensionabiguments



Tube Exit Velocity [cm/s]

Time [s]

Figure2.2: Exit velocity asa functionof time. The arrows indicatethe time that the fluid
hadcompletelydrainedfrom thetube.Solidline, L /D = 2; Dashedine, L/D = 4; Dash-dot
line, L/D = 6; Dottedline,L/D =8

usinglL, D, gravity (g), and %, thetime it takesthetubeto completelydischage thefluid

L. /L
TO \/;f <5> (2.1)

For anaspectatioof L/D = 2, theflow acceleratedintil thetubewasempty A similar

canbedescribedby Eq. 2.1.

trendwasseenfor the aspectratio of L/D = 4, however, the peakin this caseappeargo
be beginningto flatten. The flatteningof the peakis clearly seenin thetime tracesfor the
aspectatiosof L /D = 6 and8. Theflatteningof thepeakis dueto theviscouseffectsinside
thetube. For theaspectatiosof L/D = 6 and8, the diameterof the tubewassmaller and
theboundarylayereffectsbecamerominentmorequickly.

In orderto generatepurely momentumdriven vortex rings, the setupwas modified
slightly. Thetubewaspositionedsothatthe exit planewasjust touchingthe free surface,
andthefluid within thetubewasbeingheldabovethesurfaceby thelowerlatex membrane.

This allowed gravity to drive thefluid eventhoughit hadthe samedensityasthe ambient



fluid. Thissetupwasusedonly for anaspectatioof L/D = 2. Thissetupprovedto befairly
sensitve to the positioningof the tuberelative to the free surface,asmight be expected.

Thiswill beseenin Chapter3 whenthe MVR is discussed.

2.2 Imaging and Optics

First, a seriesof experimentsusingthe PlanarLaserinducedFluorescencéPLIF) tech-
nique were performed. Disodium flourescienwas addedto the buoyant fluid at a molar
concentratiomf approximatelyl0—°. Thisensuredhatthefluorescencéntensityrecorded
by the CCD cameracould belinearly relatedto the dye concentration.The flow wasillu-
minatedfrom the side of the tank usinga thin sheetof laserlight producedby a Spectra-
Physicsargon-ionlaseroutputting 1.6 W at 488nm. The laserbeamwas spreadinto a
sheetby anoscillatingmirror with afrequeny of 1200Hz. Thethicknesf thelight sheet
variedfrom 1.5to 2 mmin theregion of interest.

Theflow wasrecordedat 60 Hz by a Pulnix 6102camera.The cameraesolutionwas
640by 480pixels,and300imageswererecordedo memoryonaPCsystenviaaMuTech
MV-1000framegrabberboard. The shutteron the camerawvassetto 1/125sin orderto
minimize the motion during eachframe. This wasthe fastestshutterspeedhat could be
usedwithoutthe effectsfrom the oscillatingmirror. For the PLIF experimentsa Computar
zoomlenswas used. This lens had a maximumapertureof 1.2, and a focal length of
12.5to 75 mm. For the experimentsthe aperturewassetto the lowestpracticalvalue of
approximatelyf16 in orderto minimize ary distortionby thelens.

For the PLIF experimentstheregion from thetubeexit to approximatelyl1 diameters
downstreamwas imaged. The resultingin planeresolutionwas 320 um for the larger
diametettubesand180pum for thesmallerdiametertubes.A setof five runswasconducted
for eachtube.

The next set of experimentswas carried out using the Digital Particle Imaging Ve-



locimetry (DPI1V) technique Theflow wasseededy 45 micronsilver coatechollow glass
spheresn boththebuoyantandambientfluids. Theflow wasilluminatedwith afrequeng
doubleddual Nd:Yag laser The laserseachhada pulsedurationof approximately5 ns.
The chosenpulseseparatiortime rangedfrom 3 msto 6 ms for the varioustubes. The
pulseseparatiortime waschosenso thatthe particlemotionin the region of interestwas
from 5 to 10 pixels. In this casethelasersheetwascreatedwith a cylindrical corvex lens
with a focal lengthof 6.35mm. This createda lasersheetwith a spreadingangleof 22
degrees[12].

For the DPIV experimentsa Tamronlenswasused.This lenshada focal lengthof 24
mm, andthe aperturewassetat f16. The cameravasnot shutteredor theseexperiments
sincethe laserpulsedurationeffectively froze the fluid motion for eachframe. Sincethe
flow wasimagedat 60 Hz, the samplingratefor the velocity field was30 Hz.

Theregion from thetubeexit to approximately? diameterslownstreanwasimagedin
the DPIV experiments.Again five runswereperformedfor eachaspectatio. Theimages
wereanalyzedoy a cross-correlatioschemd6] using32 by 32 pixel windows spacedlL6
by 16 pixels apart. The resultingvelocity fields had 29 by 39 vectors. The vorticity was
obtainedfrom the velocity fields. Theresultingvectorspacingvas3.5mmfor theD = 1.9

cmtubesand1.9 mm for theD = 0.95cmtubes.

2.3 Experimental Uncertainty

Although the PLIF datais mostly qualitative in nature,somequantitatve measurements
wereperformedon theimages.Primarily, the positionof the leadingedgewasdetermined
from the images. In orderto obtainthis information, the imageswere thresholdedat a
chosenlevel above the background,and the leading edge position was taken to be the
most-davnstreamwhite pixel in the image. Although the exact position of the leading

edgeis someavhatsubjectve, thetrendsandthe extractedcelerityarequitereliable.

10



Theleadingedgepositionwasgenerallyidentifiedby a steepgradientin the recorded
fluorescencentensity The width of the gradientregion was generally 10 pixels. The
thresholdvaluewaschosersothattheresultingpositionwasnearthecenterof theintensity
gradient.Thistranslatego anerrorof approximatelyt5 pixelsor £0.09D.

Also, thedischagetime, T, wasdeterminedrom the PLIF images.Sincetheboundary
layerson thetuberetardsomeof the buoyantfluid nearthewalls, theambientfirst became
visible nearthe centerof thetubeexit. In this region, therewasa distinctbreakvisible in
theintensity allowing thetime, T, to bedeterminedo +0.5 videoframes(+8mg for each
experiment. Therewas somevariationamongthe runs, however, the obsened time was
alwayswithin +1 videoframe(+17mg of theaverage.

The uncertaintyin the DPIV measurements basedon the magnitudeof the particle
motion. Thesoftwareusedto cross-correlattheimagess capableof resolvingthe particle
displacemento within +£0.01 pixels,howeverin theinterestof maintaininga conserative
errorestimateavalueof +0.05 pixelswill beused.Thepeakparticlemovementsvaskept
lessthan 10 pixels,which occurredin the coreregion of theflow nearthe exit plane. The
averageparticlemotionin the flow region wasapproximately4 pixels. This corresponds
to an error of 1.25%in the velocity measurementsThe vorticity is calculatedbasedon
the velocity field, andthe methodusedcompoundghe error by a factorof 3. Therefore,
theerrorin thevorticity valuesis approximately3.75%.It shouldbe notedthattheseerror
valuesarebasedon an averagepixel motion. Nearthe leadingedgeof the flow andin the
“core” region, the velocities,andthereforethe particle motions,were higher; while near
the sidesandtrailing edgeof theflow, they weresmaller

Dueto thefinite size of the experimentalfacility, the motion and developmentof the
flow may be affectedby the presenceof walls. The closestwalls were the side walls,
whichwereaboutl5 cm from theregionsof peakvorticity in theexperiments.Thelargest
measuredirculation(seeChapter4) occurredfor anaspectatio of 4 atabout140cn? /S.

The effect of an infinite wall on a single vortex core can be estimatedusing the image

11



method. Theresultinginducedvelocity is I /41, wherea is the distanceto the wall, and

I" is the strengthof the vortex. Theresultingvelocity is 0.7 cm/s. This is the worst case,
assumingall the circulationis concentratect one point. The averagevelocity measured
in the experimentswas of the orderof 10 cm/s, giving an order of magnitudedifference

betweernthe averagemeasuredjuantitiesandthe maximumvelocity dueto wall effects.

2.4 DimensionlessScales

As in mary problemsthe scaleof theflow canbeimportant.Dueto the buoyant,unsteady
natureof the flows examined,choosingthe properscalingparametergan be someavhat
difficult. The primarydimensionlessiumbersof interestfor a startingbuoyantjet arethe

Reynolds number Re and Richardsomumber Ri. Two velocity scaleswere used,the

averageexit velocity, U = L/T, andthe peakexit velocity, Unax The lengthscaleused

Ap

S0P For all these

wasD. Also of interestin buoyantflows is the Atwood number At =

experimentsthe Atwoodnumberwas0.023.

Re=Y0 | Ri=9D

AspectRatio| U Umnax | U | Umnax
2 1180| 2429| 1.64| 0.39

4 1700| 2996| 0.79| 0.25

6 638 | 1125| 0.70| 0.22

8 694 | 1280| 0.59| 0.17

Table2.1: Dimensionlesparameters.

Table 2.1 shaws the calculatedvaluesof Re and Ri using both velocity scales. The
Reynoldsnumbersdndicatethattheflow exiting thetubeis laminarfor aspectatiosof L/D
= 6 and8, andpossiblytransitionalfor the aspectatiosof L/D = 2 and4. However, since
theflow is acceleratingit is likely thatthe flow remaindaminarwithin thetubeduringthe
entiredischage period. The Richardsomumbershasedon the averagedischage velocity

indicatethattheflow rangedrom mostly buoyantfor thelower aspectatiosto transitional
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for thelargeraspectatios[13. Basedon the peakvelocities,which occurjust priorto T,
the flow at the exit planeis stronglyinfluencedby the inertia of the flow, however, these
peakvelocitiesdecayedapidly in theregion of interest,while thelengthscalesncreased.

This indicateghatthe flow in the nearfield wasgenerallybuoyang/-dominated.
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3 Buoyant Vortex Rings

For the flows underinvestigation thereare two major sourcesof vorticity, andtherefore
circulation. Thefirst is boundarylayer generatedorticity, andthe seconds baroclinicly
generatedorticity. Sincetheflow is generatednsideatube,boundarylayersform onthe
walls. During the dischage of thefluid from the tube,the boundarylayer ejectsvorticity
into the flow at thetubeexit.

0w

= +0-Oo= (3.1)

Baroclinicly generatedorticity is presentdueto the presencef densityandpressure
gradients.Whenthe densityand pressuregradientsin the flow are not aligned,a torque
is producedthat tendsto drive the flow toward an equilibrium position. This generates
vorticity atinterfacesbetweertwo fluids of differentdensities.

Whenthe ejectedfluid hasanaspectatio of lessthanabout4[7], the flow is expected
to developinto asinglevortex ring. Thisis well establishedor animpulsively startedmo-
mentumdrivenvortex ring (MVR). At anaspectatio of L/D = 2, theadditionof buoyangy
to the flow doesnot preventthe formation of a vortex ring. However, the behaior of a
buoyantvortex ring (BVR) wasfoundto be significantlydifferentfrom thatof aMVR.

In anMVR, thecirculationpresentomesonly from the ejectionof the boundarylayer
vorticity. Oncethefluid hasbeenreleasedrom thetube,thereis nolongerary circulation
being generatedn the flow. Sincethe tube was not closedafter the fluid dischage in
thecurrentsetup(asis typicalin vortex ring generators)heinducedflow throughthetube

continuedo producesmalleramountsof vorticity in thetubeboundarylayer However, the
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vortex ring rapidly detachedrom the vorticity generatedy this flow. Thereis alsosome
oppositesign vorticity ingestedirom the boundarylayerthatis inducedon the outsideof
thetube. This oppositesignedvorticity wasalsoingestednto theMVR. However, oncethe
fluid hasleft thetube,the secondmechanisnof vorticity generatiorbecomesmportantat
the buoyant-ambienfluid interface. This is especiallyimportantnearthe tubeexit, where
thedensityandpressurgradientanbeatnearlyright angles.Theeffectsof buoyang/ on
the behavior of avortex ring werestudiedusinga singleaspecratio of L/D = 2. Theflow
structurewas qualitatvely examinedusing PLIF. A quantitatve investigationwascarried

outusingDPIV.

3.1 Flow Structure

3.1.1 PLIF

Figure 3.1 shavs PLIF imagesof both the buoyant (left) and non-kuoyant (right) vortex
rings at the point wherethe fluid hasbeencompletelydischagedfrom thetube. It should
be notedthatbasedon the DPIV experimentsthe shearayer hasnot separatedrom the
tube for both typesof flows at this point. Even at this very early stagein the flow de-
velopmentthereis a cleardifferencebetweenthe BVR andMVR. The buoyantflow is in
the early stagesof rolling up. Also, the front is marked by small mushroomlike struc-
tures. Thesestructuresvereobsenedin all of the buoyantflow cases.The formation of
thedisturbancesntheleadingedgearetheresultof the Rayleigh-Rylor instability at the
interfaceof the buoyantandnon-tuoyantfluid[14]. The burstingof the latex could possi-
bly have contributedto the developmentof disturbance®n the leadingedgeof the flow.
However, asseenin the non-luoyantcasein Fig. 3.1, thedisturbanceas very weakwhen
buoyantforcesarenot present.This indicatesthatthe magnitudeof ary disturbancdrom
the burstingof the latex is small. However, it may initially accelerateéhe developmentof

the Rayleigh-Tylor instability.
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Figure3.1: PLIF imagesof MVR andBVR just after the vortex ring hasbeenformed.
(Noteall PLIF imageshave beeninvertedfrom top to bottomandputin falsecolor)

Figure3.2shovs PLIF imagesof theBVR andMVR justafterthey have detachedrom
the generatingube. The MVR appearsrery similar to the previousimage. It is apparent
in both caseghatthereis still a region of fluid thathasnot yet rolled into the vortex ring
structure however, thesheatlayeratthe edgeof this columnof fluid hasdetachedrom the
tube.TheBVR is still marked by the Rayleigh-Taylor instability atthe leadingedge while
the disturbance®n the MVR leadingedgehave not grown visibly. The mostsignificant
differenceis in the structureof the coreregion of the vortex rings. The MVR shows the
expectedrolled up structure. However, only the left side of the BVR hasdevelopedinto
this kind of structure.Theinitial roll up did not proceedasfar in all of the buoyantcases.
Oneof the processethatdisturbedhe formationof the vortex ring wasthe propagatiorof
the disturbance$rom the leadingedgeinto the vortex roll-up region. It wasalsoheaily
influencedby the additionalvorticity generatedby baroclinictorques.

Theinfluenceof the buoyantforcescanbe very clearly seenin the next setof images.
Figure3.3 shavs PLIF imagesof bothvortex ringsatabout2 D. The MVR, on theright,
is approximatelythe samediameterasin the previousimages(Figs. 3.1, 3.2),andappears
to be a well-formedvortex ring. The BVR on the otherhand,hasvery little indicationof
structure.The bright regionsof buoyantfluid arevery likely the “core” of the vortex ring.

However, theaxial regionof theBVR is dominatedy ambientfluid. In fact,basednonly
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Figure3.2: PLIF imagesof MVR andBVR afterthe shearayershave detachedrom the
generatingube.

Figure3.3: PLIF imagesof MVR andBVR atapproximately2 D downstream.

the PLIF imagesiit is difficult to describethe buoyantflow asa vortex ring at this point.
Thisrapidentrainmenbf ambientfluid occurredn thevortex coreregionaswell, resulting
in therapid mixing of the buoyantfluid. Within the region of interest,therecordedmage
intensityrapidly approachedhe backgroundmageintensity

The MVR remainedvery similar asit traveled downstream. Figure 3.4 showvs PLIF
imagesof theBVR at4 and6 D downstream.At 4 D, the bright coreregionsareapprox-
imately 2 D apart. Also, theleft sidecoreis muchlargerthanthe other The bright core
region persisteduntil the flow hadreached D downstreamandthe distancebetweerthe

coreshadgrown to beabout3 D. Theexistenceof abright coreregionwasobsenedin all
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