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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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Figure 3.4: PLIF imagesof BVR at 4 and6 D downstream. The color scalehasbeen
stretchedo improve the contrast.

caseshowever, theasymmetryobsenredin this casewasunusual.

3.1.2 Vorticity

Theresolutionof the PLIF andDPIV techniquesisedto examinethevortex ringsdiffer by
afactorof approximatelyl6. Dueto this differencein resolution thevorticity fieldsshov
very little evidenceof the smallscalestructureseenn the PLIF images.

Vortex rings can be broadly groupedinto two classeshasedon their structure,axis-
touchingandnon axis-touching.ln anaxistouchingvortex ring, the vorticity distribution
betweerthe coresmonotonicallyincreasegor decreasem the oppositedirection)through
the origin. Non axis-touchingvortex rings containa region of nearzerovorticity in near
the axis of symmetry This is weakly visible in a vorticity contourplot, aswill be seen.
However, it is easily determinedfrom a graphof the vorticity distribution along a line
connectinghetwo cores.

Figure3.5shownsthe vorticity fieldsfor aBVR andMVR just afterthe vortex ring had
detachedrom thegeneratingube.lt is clearthatthereis a*“large” scalevortex ring present

in the buoyant case. However, even at this early stageof formation, thereare significant
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Figure 3.5: Vorticity field of MVR andBVR just after the vortex ring hasbeenformed.
The contoursareatintenvalsof 10%of the peak,with all contoursbelow 0.5s~1 removed.
differencesn the structureof the two typesof vortex ring. At this point, the BVR has
traveledslightly further downstreamandthe vorticity is spreadover a larger region. The
MVR is definitelynotaxistouchingatthis point, evidentby thelargeregion of low vorticity
ontheaxis,however, it is difficult to tell the natureof theBVR.

Figure 3.6 shaws vorticity fields of the BVR andMVR whenthe coreshadtraveled?2
D. At this point, bothvortex ringsareaxistouching,but the BVR is moreelongatedn the
streamwisalirection. TheBVR is alsobeginningto shawv signsof radialexpansiorrelatve
to the MVR. Thevortex coresof the BVR are1.28D apart,while the coresof the MVR
arel.14D apart.

At 4 D downstreamshavn in Fig. 3.7,the BVR is lesselongatedn the streamwise
direction. Also, the BVR hascontinuedto grow radially. At this pointthe BVR coresare
1.64D apart,while the MVR hasgrown only slightly to 1.28D. The growth in the BVR
hasbeengreatenoughthat the two coreshave begun to separatdrom eachother The
radialexpansionof the BVR continuedo increaseasthevortex ring traveleddownstream.
Figure3.8 compareshe BVR andMVR at6 D downstream Here,the BVR diametethas

increasedo 2.00D, while the MVR coreshave actuallymovedinwardto 1.14D.

19



z/D
N
z/D
N

0 : ; ; 0 ; ; ;
-2 -1 0 1 2 -2 -1 0 1 2
r/D r/'D

Figure 3.6: Comparisorof the momentumandbuoyantdrivenringsat 2 D downstream.
The contoursareatintenvalsof 10%of the peak,with all contoursbelow 0.5s~1 removed.
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Figure 3.7: Comparisorof the momentumandbuoyantdrivenringsat 4 D downstream.
Thecontoursareatintenvalsof 10%of the peak,with all contoursbelow 0.5s removed.
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Figure 3.8: Comparisorof the momentumandbuoyantdrivenringsat 6 D downstream.
The contoursareatintenvalsof 10%of the peak,with all contoursbelow 0.5s~1 removed.

3.2 Vorticity and Velocity Distrib ution

In orderto quantifythe differencedvetweeranMVR anda BVR, the DPIV datawassam-
pledalongaline passinghroughbothvortex coresat severalpositions.Thedatawassam-
pledjust afterthe vortex ring wasformed,andwhenthe coreshadtraveledapproximately
2D, 4D, and6D.

Figures3.9 and3.10shawv the axial andradial velocitiesfor a BVR andMVR respec-
tively. For the BVR, at the point of vortex ring formation, the axial velocity consistsof a
singlebroadpeak,andthereis an outwardradialvelocity on bothsidesof the flow. As the
flow progressedo z = 2 D, the axial velocity increasedandthe flat region nearthe core
waseventuallylost. Theflow thenbeganto decelerat@sseenby thereducedpeakatz = 4
D. By thetimethe BVR hadreachedz = 6 D theaxial velocity shavs a doublepeak.This
is anindicationof thespreadingf thevortex ring. TheMVR developsin thereverseorder
At the time the vortex ring separate$rom the tube, the axial velocity is double pealed

indicatingthatthevortex ring is not axis-touching.This quickly changedandby z=2D,
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Figure3.9: BVR axial (black)andradial (blue)velocity distributionsalongthecore. Solid,
Ring formationtime; Dashed2 D downstream;Dash-dot4 D downstream;Dotted,6 D
downstream

thevortex ring hada singlepeakin the axial velocity distribution, indicatingthatthe MVR
hadevolvedfrom anon-axis-touchingo anaxis-touchinging.

Thestructureof thevortex ring is moreeasilyseenfrom thevorticity distributionalong
the line passingthroughthe core. The vorticity distribution at eachof the downstream
positionsfor theBVR areshown in Fig. 3.11. Thevorticity, w, hasbeennormalizedby the
peakvorticity, wmax andthe radial coordinatehasbeennormalizedby the vortex radius,
Ror- Thesolid line shows the vorticity distribution just afterthe vortex ring hasdetached
from the tube. It is clearly an axis-touchingvortex ring at this point. At z =2 D, the
vortex ring is still axis touching,but the corethicknesshasbegunto decreaseelative to
thevortex ring radius. By z = 4 D, the vorticity distribution indicatesthatthe vortex ring
is becomingnon-axistouching.Theregion nearthe axishasbegunto flattenout. The core
thicknesgelative to thevortex ring sizehasremainedelatively constantWhenthevortex
ring hastraveled6 D, it is clearlynotaxistouching.Thereis aregion of nearzerovorticity

separatinghetwo vortex cores.
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Figure 3.10: MVR axial (black) and radial (blue) velocity distributions along the core.
Solid, Ring formationtime; Dashed? D downstreampash-dot4 D downstreampotted,
6 D downstream

Figure3.12shavs asimilar plot for the MVR. As indicatedby the velocity profile, the
initial vortex ring thatformedat the tubeexit wasnot axistouching. This canbe seenby
the clear separatiorof the vorticity betweenthe two vortex cores(solid line). However,
atz=2,4,and6 D, thevorticity distributionsclearly indicatethatthe vortex ring is axis
touching,andself similar.

The vorticity distribution in the coreregion of a vortex ring canoften be modelledby
agaussiarcurve[8]. The coreregion (w/wpeak> 0.3) wasfitted with the curve shovn in
Eq. 3.2, whentheradial distances measurdrom the peakvorticity location. Figure3.13
shows a gaussiarcurve fitted to the self-similarcurvesof the MVR vorticity distribution.

For the MVR, the samecurve couldbe usedto fit all of the vorticity distributionsafterthe

vortex ring becameaxistouching.

-(4)°
W(r) = Wmae™ \a (3.2)
Thevorticity distribution of the BVR werealsogaussianHowever, they werenot self-
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Figure3.11:BVR cross-streamorticity distribution. Solid, Ring formationtime; Dashed,
2 D downstreampPash-dot4 D downstreampotted,6 D downstream

Figure3.12: MVR cross-streamorticity distribution. Solid, Ring formationtime; Dashed,
2 D downstreampash-dot4 D downstreampotted,6 D downstream
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Figure3.13: Gaussiarcurve fit to the self-similarvorticity distributionsfor the MVR.

similar. Figure3.14shows a gaussiariit at severaltimes.

The width of the vortex core canbe estimatedusing the curvesfitted to the vorticity
distributions. The evolution of the width of the vortex core as a function of time was
determinedby fitting a gaussiarcurve to the positive and negative peaksof the vorticity
distribution for eachvorticity field. Figure 3.2 showns the developmentof the coreasa
functionof timefor theBVR. Thecoresizeis shavn asafractionof thevortex ring radius.
A coresizeof 1 would beaperfectlyaxistouchingvortex ring. Initially, theBVR is athick
coredvortex ring, with the corebeingabout70%thesizeof thevortex ring. As afirst order
approximationthe BVR linearly transitionedto a non-axistouchingvortex ring, with a
coresizeof about0.3 R,o;. However, thereareinitially somelarge ( 20%) oscillationsin
thecoresize,indicatingthe comple natureof thetransitionprocess.

Ontheotherhand,the MVR coresizewasgenerallythick cored,rangingfrom about
0.6t0 0.9. Therewasno clearincreasingor decreasindgrendfor this coresize.Figure3.16

shawvsthe developmentof the coreradiusasa function of time for the MVR.
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Figure3.14: Gaussiarcurvefits of thevorticity distributionfor the BVR at severaltimes.
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Figure3.15: Developmenibof therelative coresizefor the BVR.
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Figure3.16: Developmenibf therelative coresizefor the MVR.

3.3 Integral Measures

The DPIV datawere usedto computeseveral integral measureof the flow. The total
circulation, 'y ; impulse, liqt; andenegy, Eiot were calculatedfor eachhalf of the flow
field. Equations3.3to 3.5 shaw the definitionsfor eachof thesequantities. The total
circulationis an areaintegral, while the impulseand enegy are volume integrals. The
formulationsshonvn arefor axisymmetricflow. The domainto be integratedis discussed

below.

Mot ://wdrdz (3.3)
D
Itot:n//oorzdrdz (3.4)
D
15
Etot =n/ /—\u |drdz (3.5)
DJ 2
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Figure 3.17: BVR circulationv. vorticity contourlevel. Solid, Ring formation time;
Dashed2 D downstreamPDash-dot4 D downstreampDotted,6 D downstream

3.3.1 Total Circulation

Althoughthetotal circulationcanbecomputedy Eq. 3.3,it canalsobecomputedasaline
integral of the velocity alonga closedcontour Eqg. 3.6. However, this region alsoneeds
to be specified.ldeally, thelowestpossibleiso-vorticity contourshouldbe used.However,
the presencef backgrounchoiseputsa limit on how low thevaluecanbe. In the caseof

asinglevortex ring, thetotal circulationcanalsobe foundby two othermethods.

Mot = }[ v.d (3.6)

One procedureusedby Kuzo[15, involves plotting the circulation as a function of
the chosenso-worticity contour For thesevortex rings, the circulationis alinear function
of the vorticity level for z/D > 2. This canbe seenin Fig. 3.17and3.18. This linear
dependence;oupledwith the assumptiorof circular vorticity contours,impliesthe gaus-
sianvorticity distribution seenpreviously. The total circulationof the vortex ring canbe

estimatedastheinterceptof thelinearregion of this curve with the 0 s~ vorticity line.
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Figure 3.18: MVR circulationv. vorticity contourlevel. Solid, Ring formation time;
Dashed2 D downstreamPDash-dot4 D downstreampDotted,6 D downstream

Iso-Vorticity Contour

Run| 0.4s1]0.6s1]08s1|1.0s 1] LinearFit| CircularContours
1 77.4 69.5 64.3 59.7 59.0 48.8
2 71.0 69.3 67.9 66.6 68.2 53.4
3 93.8 91.2 91.1 89.7 91.5 70.0

Table3.1: Computectirculationvaluesfor the MVR.

The otherprocedurghatcanbe usedis to examinethe circulationasa function of the
radiusof concentriccirclesaboutthe vortex core. The resultingcirculationdistributions
canbeseenn Fig. 3.19and3.20. Thetotal circulationis estimatedasthe maximumonthe
eachcurwe.

In orderto evaluateeachof the methodsfor computingthe total circulation, each
methodwasusedto computethe final circulationfor a singlevorticity field of the MVR.
Table 3.1 shaws the resultsfor iso-vorticity contoursat w = 0.4,0.6,0.8,and1.0s™%; the
vorticity interceptmethod;andthe circulationv. radiusmethod.

As expectedthe measuredirculationvaluedecreasewith increasingvorticity level.

At thelow vorticity levelsthedatabeginsto beaffectedby noise.At this point,thecontours
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Figure 3.19: BVR propertiesobtainedfrom DPIV data. Solid, Ring formation time;
Dashed2 D downstreampDash-dot4 D downstreampDotted,6 D downstream
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Figure 3.20: MVR propertiesobtainedfrom DPIV data. Solid, Ring formation time;
Dashed2 D downstreampDash-dot4 D downstreampDotted,6 D downstream
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begin to becomgagged.However, atavorticity level of w=1s 1, thevaluescomparewell
with the valuepredictedby the interceptof the linearfit. Also, sincethe contoursarenot
circles,thevaluepredictedoy the peakof thecircularcontourss lower thanthatpredicted
by the interceptof thelinearfit. Thevaluesobtainedat1 s—! areconsistentlycloseto the
valuesobtainedby thelinearfit intercept.Thisregionwill beusedfor determining .
Figures3.21 and 3.22 shav the temporalevolution of Iy, for the BVR and MVR.
Here,the mostnotablefeatureis thelarge amountof circulationgeneratedby the presence
of buoyang/. Thedashedine indicatescirculationcomputedusingthe slugflow model[§.
The slug flow modelestimateghe circulationaccordingto Eq. 3.7. However, this model
tendsto underestimatéhe circulation,sothe correctiondevelopedby Didden[9 (Eg. 3.8)
wasused.Thetime whenthetubehasbeencompletelydischagedis markedby horizontal

and vertical dashedines, indicating the time, and the total circulation generatedn the

boundarylayers.
r —}/Tuzdt (3.7)
S = 2 Jo e .
0.32

For the MVR, thereis insufficient time resolutionfor this computatiorto be accurate.
Also, theBVR shows a clearleveling off of thetotal circulation. Thisis the samebehaior
obseredin thermals[], eventhough,asdiscussedthe BVR is notbehaing entirelylikea
thermalat this point. Thetransitionfrom rapidly increasingcirculationto nearlyconstant
circulationis very abrupt,andtheremaybeaslightdecreasén circulationprior to leveling

out. Thisis possiblydueto viscousdissipationin thetransition.
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Figure3.21: Circulationdevelopmentfor a buoyantvortex ring.
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Figure3.22: Circulationdevelopmentor amomentundrivenvortex ring.
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3.3.2 Impulse

The impulseof the flow, |, wascalculatedusing Eq. 3.4. The samecontours(w = 1s™1)
usedto computethe total circulationwereusedto computethe impulse. Theintegral was
estimatedby creatinga triangularmeshusing the contourpointsand all the datapoints
insidethe contour Thevalueof theintegral on eachtrianglewascomputedasthe average
of theintegrandvalueat eachof the verticesmultiplied by the areaof thetriangle.In order
to checkthe accurag of the method,the circulation was also computedby numerically
integratingthe vorticity field. The valuesobtainedwere about2-3 % lessthanthe values
obtainedrom theline integral method.

Figures3.23and3.24 show the developmentof theimpulsewith respecto time, aver-
agedover all the runs. Sincethe flow is assumedxisymmetric,only onehalf of the flow
neededo beincluded.However, bothhalveswerecomputedseparatelyo allow acompar
isonto bemade.Theimpulseof the MVR shavs arapidincrease However, thisincrease
suddenlystopsandthe impulseappeargo begin a slow decline. This would be expected
dueto viscousdissipation,aswell aslossof impulseto vorticity levelslowerthanw = 1
s 1. TheBVR is a muchdifferentstory. Theimpulsefollows a linearincreasewith time
throughoutthe measuredime frame. In buoyantflows in the far field, the total buoyant
forceis the consered quantity Thelinearincreaseof impulsewith respecto timeis due

to the constantadditionof momentunfrom theforce on the buoyantfluid.

3.3.3 Energy

Using the samecontour the enegy containedwithin the flow, E;q, wascomputedoy nu-
merically integrating Eq. 3.5. The samemethodusedto calculatethe impulsewas em-
ployed. Again, the enegy was computedseparatelyusing eachhalf of the flow. Figure
3.25shavsthedevelopmenbf theenegy in theMVR. Thereis arapidincreaseasthevor-
tex ring is formed, followed by an abrupttransitionanda steadydecreaseSincethering

is moving steadilyat this point, the decreasén enegy mustbedueto viscousdissipation.

33



1201

1001

80

601

Impulse [cm4/s]

401

201
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Figure3.24: Impulsefor the BVR integratedin aiso-voriticy contouratw =+ 1s 1.
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Figure3.25: Enegy for the MVR integratedin aiso-voriticy contouratw = + 11,

Figure 3.26 shows the developmentof the enegy in a BVR with respectto time. Again
thereis arapidincreasan the enepy initially. Thenthe enegy approaches steadystate

value.

3.4 Vortex Core Motion

Althoughthevortex corelocationis nearlyimpossibleto determingrom the PLIF images
for theBVR, thevorticity distribution exhibiteda clearpeak,whichwaschoserto identify
the vortex corelocation. The trajectoryof this corelocationwasthenexamined,allowing

thedeterminatiorof the diameteygrowth rate,andcelerity of the vortex ring.

3.4.1 Axial Motion

Dueto the natureof the setup,the MVR velocity wasvery sensitve to the positionof the
generatingube. A small changein the vertical tube position had a visible effect on the

vortex ring velocity andtotal circulation. Figure 3.27 shawvs the downstreamposition of
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Figure3.26: Enegy for the BVR integratedin aiso-voriticy contouratw = + 1 s 2.

the vortex coresfor 3 differentMVR runs. The curvesareall quite linear, however, the
slopesvary dueto the effect mentionedabove.

Theaxial motionof the BVR wasmoreconsistentThis is becausehe generatingube
wasfully submeged,eliminatingthe problemobsenedwith the MVR. Figure3.28shows
the averageaxial motionfor the BVR. The mostnotabledifferencefrom the MVR is the
initial non-linearityin themotion. Thereis abrief periodof acceleratiorafterthe BVR has
formedanddetachedrom the tube. This is followed by a deceleratiorandthena linear
region. This linear region correspondsvell with the transitionregion to be discussedn
Chapter4. It is notablethatthe BVR hasnot yet begunto behae asathermal,wherea

squareroot dependencevould beexpected[12, 16].

3.4.2 Radial Motion

The spatialtrajectoriesof the BVR andMVR werevery different. Figure 3.29 shavs one
BVR (triangles)andMVR (circles).Within thefirst few diametersthetrajectoriesarevery

similar. Thereis a smallexpansionjust downstreanmfrom thetubeexit plane,followedby
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Figure3.27: Axial motionof the MVR for eachcase.The sensitvity to thetubeplacecan
be seenin thevariationof the slope.
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Figure3.28: The averageaxial motionof all theBVR experiments.
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Figure3.29: Exampleof vortex coremovementfor abuoyantandnon-kuoyantvortex ring.
Triangle- BVR; Circle - MVR.

acontraction.However, the BVR suddenlybeginsto expandnearz = 2 D. The expansion
wasnotalwayssymmetricascanbeseernin thisexample.Also, thetrajectoryof theBVR’s
weresignificantlyscatteredThis canbeseenn Fig. 3.30. TheMVR trajectoriesaremuch
moreconsistent.

Thetrajectoriedor eachclassof vortex ring wereaveragedo producea singletrajec-
tory. Figure3.31shawvs theresultsof the averagingprocess.The averageMVR trajectory
still shovsasmallincreasen sizejustdownstreanof theexit plane followedby acontrac-
tion. The MVR thentravelsdownstreanmwith a nearlyconstanwidth. The averageBVR
trajectoryalsoindicatesthat the initial ring formationis followed by a slight expansion.
Theaveragetrajectoryshovs avery lineargrowth afteraboutz = 1.5D.

In orderto comparethe growth rate of the BVR with previous farfield growth rates
for thermalsand buoyant vortex rings, the vortex ring radiuswas computedas half the
distancebetweerthevortex cores.Figure3.32shaws this diameterasa function of down-
streamdistancdor theBVR. Thereis theinitial non-linearegionfollowedby alonglinear

expansion.The expansioncanbefitted with a straightline, andtheresultingslopeis 0.16.
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Figure3.30: Vortex corepathsfor all casesTriangle- BVR; Circle - MVR.

Figure3.31: Averagevortex corepathsfor buoyantandnon-kuoyantvortex rings. Triangle
- BVR; Circle- MVR.
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The BVR is mostaccuratelydescribedasa buoyantvortex ring, sincethe circulation
was generatedoth in the tube boundarylayer and by the baroclinictorques. Turner[1]

shavedthatthe expansionof a buoyantvortex ring in thefarfield is describedy Eq. 3.9.

F*

2mel g

(3.9)

The spreadingrate, a, dependson the initial buoyant force, F*, andthe circulation
producedn theboundarylayersof the generatingpparatud, g.. Theconstant is related
to theexactprofile of theselfsimilar profile of theflow in thefarfield andshouldbeof order
one.Theexperimentalesultsindicatethata is 0.16. Thevalueof I'g. wascomputedusing
thecorrectedslugflow modeldescribecdearlier andtheinitial buoyantforcewascomputed
basedbn the experimentalsetup. Thesevaluesare25 cn? /s and500cnt /<2, respectiely.
Theresultingvaluefor c is approximately0.8. So, eventhoughthe flow hasnot reached
self similarity, asseenby the vorticity distribution, andis notin thefar field, this relation
is still approximatelyalid.

Thespreadingate,a, for athermalin thefarfield hasbeenexperimentallydetermined
to be approximately0.25[2 16] or 15 degreeswhile it is reducedor buoyantplumes[16
toabout0.2,or 11 degrees However, thesespreadingatesarebasednthevisible exterior
boundaryof the flow, while the measuredpreadingateabove is basedon the positionof

thevortex core. This maybethe primary sourceof the difference.
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Figure3.32: Averageradiusof the BVR.
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4 Buoyant Starting Flows

The initial goal of theseexperimentswasto examinethe effectsof the releasedluid ge-
ometry i.e. aspectratio, on the subsequentievelopmentof the flow field. In particular
whetherthe initial vortex ring formationwas affectedby the addition of buoyangy. Both
the PLIF andDPIV techniquesvereusedfor eachof the geometriesexamined.Although
PLIF canbe usedto determineconcentratiorvalues,dueto the strongreflectionof the
incidentlaserlight nearthe tubeexit, the resultswereconstrainedo primarily qualitatve

informationabouttheflow structure.

4.1 Flow Visualization

The evolution of the releaseof a finite parcelof buoyant fluid can be divided into two
phasedor the rangeof L/D examined.During thefirst phasethe buoyantflow emeging
from the tubeaccelerate@ndrolled up into a startingvortex ring. During this phasethe
fluid completelydischagedfrom the tube. This wasfollowed by a transitionperiodafter
whichthereleasegarcelsbeganto decelerateThefinal phaseconsistedf a decelerating
fluid masssimilar to a thermal. The exacttiming of wheneachphasebeganandended
variedwith thereleasedluid aspectatio.

A seriesof PLIF imagesareshown in Figs. 4.1to 4.4. Theimageshave beenassigned
falsecolor. Thetime stepbetweertheimagesn eachfigureis 0.2 T, andthefirstimageis
onetime stepafterthe membrandourst. This translatego 0.10,0.14,0.14,and0.18s for

thefour aspectatiosshavn. The lastimageshaws the flow field just asthe buoyantfluid
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Figure4.1: PLIF imagesfor anaspectatio of 2.

hasbeencompletelydischagedfrom thetube. However, athin boundarylayercontaining
somebuoyantfluid remainedn thetubefor mostof the durationof the experiments.

Thedevelopmenbf thelowestaspectatio of L/D = 2 hasbeendiscussedn Chapter3.
A seriesof imagedor thisaspectatio, Fig. 4.1,is includedfor referenceThemostnotable
featuresof theflow field atthis pointis the significantdevelopmentf the Rayleigh-Rylor
instability atthefluid interface.

Figure4.2 shows the developmentof theflow field for anaspectatio of L/D = 4. The
developmenbf the Rayleigh-Rylorinstability is evidentin thefirst two PLIF imagesand
theremnantsf the structureformedremainduringthefluid dischage phase.Theroll up
processs very similar to the previous case.Theroll up is somavhatmoredevelopedthan
in the previous case ascanbe seenin the secondmage. However, by thethird frame,the
roll up processhasbeenseverely distorted. This is evidentin the lack of distinct bands
of ambientandbuoyant fluid within the coreregion. Much of this internal structurehas
disappearedBy thefinal frame,only the remnantof theinitial roll up processarevisible
asbright coresof buoyantfluid. Thedisruptionof theinitial roll up appeargo have been
causedtleastpartially by theradial propagatiorof the structuresormedby the Rayleigh-
Taylor instability alongthe leadingedgeof the flow. Althoughtheroll up processs still

severelydisturbedn this casejt morecompletelydevelopedthanfor the previouscase.
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Figure4.2: PLIF imagesfor anaspectatio of 4.

A seriesof PLIF imagesfor an aspectratio of L/D = 6 is shavn in Fig. 4.3. The
developmentbf the Rayleigh-Tylor instability is still visible, however, the numberof dis-
turbanceon the leadingedgehasbeenreduced.In the secondirame, the beginning roll
up of theboundarylayercanbe clearly seenon the left handsideof the flow, while onthe
right handside, the developmenthasbeeninhibited by the initial disturbance.The next
imageshaows that thereis anotherfactor contrituting to the breakdevn of the initial roll
up. Thecoreregion on the left sidehasnot yet beenvisibly affectedby the disturbances
formeddueto the Rayleigh-TRylor instability, yet the internal structurehasbegun to de-
grade. The longeracceleratiomeriod associatedvith the large aspectratio hasallowed
the flow to develop morecompletelybeforethe instability at the interfaceaffectsthe roll
up processHowever, the breakdevn of the coreregion meanghatsomeothermechanism
is alsoactingto disturbthe boundarylayerroll up. By the final frame,the leadingedge
disturbancebave hadenoughtimeto propagatéo thecoreregion,andontheleft side,this
hasresultedin the initial core beingseparatedrom the leadingedgeandfalling behind.
A secondaryroll up is visible at this point. Althoughtheroll up is still disturbedunder
the action of both the instability and buoyang/ within the core, the core developmentis
evenmorepronouncedhanthe previous cases.This indicatesthatthe greatermomentum

generatedor largeraspectatiosallows atheboundarylayerroll upto have agreatereffect
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Figure4.3: PLIF imagesfor anaspectatio of 6.

ontheflow development.

PLIF imagesof the startingphaseareshavn in Fig. 4.4 for anaspectatio of L/D = 8.
Evenhere theinitial two framesshaow thepresencef theRayleigh-Rylorinstability. Also,
in thesecondrametheright handsideroll up appearso have not started However, by the
third image theeffectof thegreatemomentumin thiscasds clear Theinitial disturbances
thatwereformedattheleadingedgeareno longervisible, andtheinternalstructureof the
left handsideis still visible. The right handside also shows the developmentof a core
region. Theactionof the buoyantforcesis still evidentin thedistortionof thecoreregions.
Theresultsof thesesomeavhat opposingforcesis moreclearly seenin the final frame. At
this point, the overall structureis similar to that of a purely momentumdrivenflow. The
coreregion beliesthis fact however. Both sidesof the flow shav that mostof theroll up
structurewithin the coreregionshasbeendestryed. The lack of arny visible signsof the
initial leadingedgeinstability is notableaswell.

Fromthis seriesof figures,it is apparenthatthe presencef buoyang significantlyim-
pactstheinitial flow development.For smalleraspectatios,andcorrespondinglysmaller
contributions of momentum the fluid interfaceinstability hassufficient time to develop
andsubsequentlglisturbthe vortex ring formationprocess.As the aspectatio increases,

theinterfaceinstability playsa smallerandsmallerrole, while the boundarylayerroll up
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Figure4.4: PLIF Imagesfor anaspectatio of 8.

is morecomplete.Thereis alsoanotheraspecf the flow development.The presencef
buoyang affectsthe vortex ring developmentbeyond simply amplifying ary disturbances
createdduring the fluid release.Even for the largestaspectratio examined,the distinct
bandsof ambientandreleasedluid usuallyassociateavith a boundarylayerroll up was
no longervisible by thetime thefluid hadbeencompletelydischaged.

A shorttime afterthefluid hadbeendischagedfrom thetube,the fluid would begin to
slow, andtheflow structurewould undego significantchangesAt thepointwherethefluid
hasbeencompletelydischaged,thereis still a significantamountof unmixedbuoyantfluid
for thelargeraspecratios. The phasefollowing the fluid releaseadanbe characterizedy
large changesn the buoyantfluid concentratioranddistribution. Figures4.5to 4.8 shaw
a seriesof imagesfor eachaspectratio. Eachseriesstartsonetime stepafterthefluid has
beendischagedand continuesin equally spaceincrementsuntil the flow field begins to
leave theregion thatwasimaged(0 to 12 D. Theresultingtime stepsfor eachof the four
aspectatiosare0.55,0.25,0.20,and0.17s. Eachof the imageshasbeenassignedalse
color, andthe color scalinghasbeenchangedo make theflow structurevisible. For mary
of thelaterframesthe fluorescencéntensityof theimagewasvery low. The development

of thesmallestaspectatio,L/D = 2, hasalreadybeendiscussedbut animageis included
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for comparison Most notably the buoyantfluid quickly becomesnixedwith the ambient
fluid, andrapidly developsinto a wideningvortical ring structure.

Figure4.6 shovs a seriesof PLIF imagesfor anaspecratio of L/D = 4. Thebehaior
of this flow is very differentfrom that of the previous case. In the first frame, undiluted
or weakly diluted buoyantfluid is still visible in the centralcolumnregion aswell asnear
the leadingedge. Thereis also someindication of the vortex ring type structure,with
two lobeson eitherside of the centralcolumnlike region. This situationchangesy the
secondrame. Here,the flow hasdevelopedinto anasymmetricafblob” of buoyantfluid,
with the highestconcentrationsn the interior. One interestingfeatureof this particular
experimentis thetrailing coreof fluid on theleft. Thisis a remnantof theinitial roll up
of the boundarylayerwhich hasbeenleft behind. This wasformeddueto theinterference
of the Rayleigh-TRylor instability during the dischage processand may accountfor the
large asymmetryseen. The third andfourth imagesshowv thatthe buoyantfluid is indeed
remaininga coherentmass,while it expandsandbecomesnorediluted. The bright core
region appeargo be moving with approximatelythe samecelerity astherestof the flow.

The developmentof the flow field for an aspectratio of L/D = 6 canbe seenin Fig.
4.7. At theinitial frame,the flow still containsa significantquantity of unmixed buoyant
fluid. Also, theflow consistf acolumnof relatively constantvidth, toppedby aring like
structure.In the secondmage,the fluid hasdiluted considerablyover muchof theregion.
Thecentralcolumnof fluid hasbeenalmostcompletelyincorporatednto thebuoyantmass
leadingthe flow. Thereare someremnantsf the boundarylayer visible assmall vortex
corestrailing the majorfeaturesof the flow field. At this point, the interior flow still con-
tainsrelatively sharpgradientsn concentrationindicatingthattheremay be areaswhere
the buoyantfluid is not highly mixed. However, by the third frame, the flow is becoming
muchmoreuniform, similarto theL /D = 4 case.Someremnant®f thevortical ring struc-
ture arestill visible at this point, asthe higherconcentration®f buoyantfluid arelocated

nearthe coreregions. In the final frame, it is clearthatthe fluid massis now moving asa
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singleunit, while thereis still someindicationof the original roll up process.

The developmentof the largestaspectatio, L/D = 8, shavn in Fig. 4.8, is similar to
theL/D = 6 case. In the first image,the flow consistsof large concentratiorgradients,
with regionsof buoyantandambientfluid in closeproximity. Thereareclearlytwo regions
within the flow, a centralcolumn,cappedby a leadingvortical structure. Therearealso
several distinct“cores” visible in the leadingstructure. This structurepersiststo the next
image however, theinternalstructureof theflow hasbegunto change Thedistinct“cores”
have all but disappeared-ollowing theflow to thenext image mixing betweerthebuoyant
andambientfluids hasbegunin earnestTheleadingregion hasbecomeaball like cap.In
thelasttwo imagesthe transformatiorof the flow towardsa coherenmasscanbe clearly
seen.In the third frame,therearetwo regionsof moreconcentrateduoyantfluid, with a
smallgapbetweenthem. However, by thefinal image,this gaphasnearlydisappearedas
thetrailing masss beingengulfedby theleadingmassfrom therear This engulfmentcan
be seenasa consequencef the slowing of the leadingportion of the flow asit is diluted

morerapidly thanthetrailing portion.
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Figure4.5: PLIF imagesfor anaspectatio of 2 afterdischage.
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Figure4.6: PLIF imagesfor anaspectatio of 4 afterdischage.
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Figure4.7: PLIF imagesfor anaspectatio of 6 afterdischage.
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Figure4.8: PLIF imagesfor anaspectatio of 8 afterdischage.



Thefactthatthe presencef buoyang/, andthereforebaroclinictorquesjs responsible
for the disruptionof the corventionalboundarylayer roll up is alsosupportedby a setof
experimentsinvestigatingthe effect of shockwaveson compressible/ortex rings carried
out by Ceteggen& Hermanson[1J/ The shockwavescreateregionswere large pressure
anddensitygradientsxist, not necessarilyparallelto the existing flow field. Theresulting
imagesafterthe shockpassagéook markedly similar to theimagesof the currentbuoyant

flows.

4.2 Flow Field

In orderto betterunderstandhis flow field, the DPIV techniquewas utilized. First the
vorticity fieldswereexaminedandcomparedo the PLIF imagesobtained.However, it is
necessaryo keepin mind the wide gapin resolutionof thesetwo techniquesvhencom-
paringtheresults.Also, sereralintegral measuresf theflow developmentvereexamined.
Thesewerethecirculation,impulse,andeneny.

Figure4.9 shows the vorticity fields for eachof the aspectatiosat the time whenthe
fluid hasbeencompletelydischagedfrom the tube. Thevorticity contourswereplacedat
intervals of 10% of the peakvorticity, andall contoursbelon 0.5s~1 wereignored. The
mostnotabledifferencebetweenthesevorticity fieldsandthe PLIF imagesseenabove is
thelack of very smallscalefeatures However, this mustnotbeinterpretedasalack of fine
scalesit is dueto theresolutiondifferenceof thetwo techniquesThelarge scalestructures

identifiedby this techniqueareexaminednext.
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Figure4.9: Vorticity field atthetime, t=T, whenthefluid hasbeendischaged,for eachaspectatio.




For the aspectratio of L/D = 2 (the leftmostframe), the flow hasnot even formed
into a vortex ring. This occursoneor two DPIV frames(33 - 66 ms) later. This aspect
ratio wasdiscussedn detailin Chapter3. Thenext vorticity field shavs a snapshobf the
flow for theaspectatio of L/D = 4. Here,the contoursremainattachedo the generating
tube,however, theroll up is evidentat the front of the flow andthe attachedcontoursare
relatively weak. At anaspectatio of L/D = 6, several changesareevident. The contour
at 30% of the peakvorticity containsall of the highervorticity regions,however thereare
multiple cells evident at the highervorticity levels, similar to whatwas seenin the PLIF
images. This indicatesthat the large scale(on the order of the flow width) structuresare
affectedby actionof the baroclinictorques. At an aspectratio of L/D = 8, this trendis
evenmoreevident. Theflow consistof a columnlik e region of vorticity cappedoy region
of high vorticity. The cellular structureis visible hereaswell. Again, the highervorticity
levelsareall boundedby the 30% contour The flow structurein theseearly stageshavs
achangebetweertheaspectatiosof L /D = 4 and6. For thelower aspectatios(2 and4),
the buoyantfluid wasall incorporatednto a singlelarge scalevortical structure However,
for thelargeraspectatios(6 and8), theflow initially formeda cap/columrstructure.This
thendevelopedinto a singlelargervortical structure.This behaior wasconsistentn all of
theexperiments.

Figures4.10to 4.13show thevorticity fieldsfor eachof theaspectatiosfrom thetime
the tube haddischagedall the buoyantfluid to the time the flow left the recordedregion
(z/D7). Eachof the sequencesonsistsof six vorticity fields equally spacedn time,
translatingto At’s of 0.20,0.10,0.05,and0.02s. The aspectratio of L/D = 2 flow was
discussedn Chapter3.

Figure4.11shavs aseriesof imagedor theaspectatioof L/D = 4. Theinitial frames
show the vortical ring structuredevelopedasthe tubedischaged. However in the second
throughfifth framesthe multi-cell structureseerathigheraspectatiosearlierbeginsto be

evident. This cellular structureappearso be accompaniethy anactualseparatiorof small
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masse®f fluid in andaroundthe centralregion of the flow.

Figure4.12shaws a similar seriesof snapshot$or anaspectatio of L/D = 6. In this
case theleadingvortical structurealreadycontainsseveral distinct cells. In the first four
frames,this cellular structurecontinuesto develop, but it is notablethat the trailing flow
appeargo remainattached.The lasttwo framesshawv the beginning of radial expansion.
This is accompaniedby the generatiorof intermingledregions of both signsof vorticity
within the centralcoreof theflow field.

Althoughthedevelopmenthatwasrecordedor anaspectatio of L/D = 8 waslimited
to only abrief periodaftertheflow hadbeendischagedfrom thetube,Fig. 4.13isincluded
for completenesdt confirmsmary of the obserationsof the smalleraspectatiosaswell.
Notably, the column/lumpstructureis presered in mostof the frames. However, in the
laterframes,it is difficult to determinewherethe buoyantfluid endsandthetrailing flow
begins. Also, theradial expansionof the flow accompaniedby the developmentof central

subpeaksof vorticity canbeseen.
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Figure4.10: Vorticity field evolution from completionof dischageto thelastusableframefor L/D = 2. At = 0.12s
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Figure4.11: Vorticity field evolution from completionof dischageto thelastusableframefor L/D = 4. At = 0.05s
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Figure4.12: Vorticity field evolution from completionof dischageto thelastusableframefor L/D = 6. At = 0.03s




09

z/D

r/'D

Figure4.13: Vorticity field evolution from completionof dischageto thelastusableframefor L/D = 8. At = 0.02s




The lack of a clear separatiorof the leadingvortical region of the flow for the two
highestaspectatiosis important. In similar experimentswith momentumdriven starting
flows, the initial vortical roll-up developsinto a separatesortex ring that propagatest a
highercelerity thanthetrailing flow. The buoyantcaseappearso operatein the opposite
manner Theinitial roll up of the boundarylayerformsinto avortical lump at the headof
the flow. For aspectratiosof L/D > 4, the leadingvortical structureis initially followed
by a columnof buoyantfluid. However, this columndoesnot separatdrom the leading
flow, but is reincorporatediuringthetransitionto athermallik e flow. Thisinitial stagesf
this behaior canbe seenin the last DPIV framesshowvn above aswell asthe later PLIF
images.

An aspecdifficult to presentin individual vorticity fieldsis thedynamicsof themotion
of thecellularvorticity structure As expectedtheentirevortical region appearedo slowly
rotatein the samedirection asthe local vorticity. The cells of vorticity appearedo be
createdpredominatelyin the centralregion. Thoseformed nearthe leadingedgewere
usuallysweptaroundthe perimeterof theflow. It alsoappearedhatcells of oppositesign
would occasionallydisappeaiin pairs, indicating annihilation of the two oppositesigns
of vorticity. This phenomenorwas most prevalent after the fluid had beencompletely

dischaged.

4.3 Transition

It will beshavn thatthedevelopmenbf thebuoyantflows couldbedividedinto two phases,
an initial acceleratiorperiodfollowed by a thermallike phase. Thesetwo phasesvere
divided by a transitionperiod wherethe flow beganto decelerateandthe flow structure
changeddramatically

The clearestmethodof divided the two flow regimeswas obtainedby measuringhe

positionof the leadingedgeof the flow asa function of time from the PLIF images.The
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Figure4.14: Leadingedgeposition(z/D) for anaspectatio of 2. Thetwo lines show the
slopeof the curve during the two phaseof the flow. The arrav indicatesthe transition
point.

leadingedgewastakento bethe mostdownstreanparcelof fluid thathada concentration
value above a specifiedthreshold. The thresholdvalue usedwas chosento eliminatethe
backgroundrom theimage.For mostof theimagesobtainedthebackgroundluorescence
level with thelaseron was16 out of 255.

Figure4.14 shows the progressiorof the leadingedgeof the flow for an aspectratio
of 2 in alog-log plot. Two regionswith nearly constantslopeare indicated. The initial
region correspondshe flow acceleration.The final region correspondso a thermal-like
decelerationA transitionpoint wasdefinedwherethe thermal-like phasebegan. In order
to quantify the transitionpoint, a power law wasfitted to the thermal-like region of the
progressiordata. The transitionpoint wastaken asthe point wherethe dataapproached
this curve to within 10%. This pointis markedin Fig. 4.14.

Although the developmentdescribedabore wasthe clearestfor the aspectratio of 2,
thelargeraspectatiosshavedsimilar development Figures4.15to 4.17show theleading

edgedevelopmentfor the aspectratiosof 4, 6, and8. For theselarger aspectratios, the
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Figure4.15: Leadingedgeposition(z/D) for anaspectatio of 4. Thetwo lines show the
slopeof the curve during the two phaseof the flow. The arrav indicatesthe transition
point.

final thermal-like stateis lesspronouncedincethe transitiondoesnot occuruntil further
downstream.

Figure 4.18 shavs PLIF imagesof the flow at the transitionpoint for several aspect
ratios. Theflow atthetransitionpointhada broadrangeof concentratiorvalues.Thiswas
consistentn mostof the experimentscarriedout.

Figure 4.19 shows the transition distanceplotted againstthe cuberoot of the initial
volume,with bothvaluesnormalizedby the tubediameter A dimensionaknalysisbased
on the tube diameter(D), initial releasedvolume (V,), and the transitiondistance(z;)
resultsin this form. Thereis someindicationthattheremay be a dependencen thetube
diameterhowever, thereis notenoughdatato be certain.

Figure4.20is animageof the thermallik e statefor the tubewith anaspectatio of 2,
about8 diameterdownstream. Here, the mixing hasgreatly reducedthe concentration,
sothatthe structureis difficult to visualize. Thereis lesscompleity in the flow structure.

This type of structurewas seenmainly for this aspectratio. The flows generatedy the
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Figure4.16: Leadingedgeposition(z/D) for anaspectatio of 6. Thetwo lines show the
slopeof the curve during the two phaseof the flow. The arrav indicatesthe transition
point.
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Figure4.17: Leadingedgeposition(z/D) for anaspectatio of 8. Thetwo lines show the
slopeof the curve during the two phaseof the flow. The arrav indicatesthe transition
point.

64



ziD
on

=2 0 2 =2 0 2 =2 0 2 =2 0 2

Figure4.18: PLIF imagesof theflow structureatthetransitionpointfor aspectatiosof 2,
4,6,and8.
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Figure4.19: Leadingedgepositionatthetransitionpoint.
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Figure4.20: PLIF imageof athermal-like statefor anaspectatio of 2.

larger aspectratio tubesdid not appearto reacha thermal-like structurewithin the first 7
diameters.

However, thereis someindicationthattheflow for all theaspectatioswasapproaching
thethermalstate.In thefar field, the leadingedgepositionof a thermalis proportionalto
thesquaregootof time. Theaverageof theexponentor thepowerlaw fit to thedeceleration
phasefor eachaspectratio rangedfrom 0.6 to 0.7. This is not too far from the expected

valueof onehalf.

4.4 Integral Measures

The DPIV datawere also usedto computethe developmentof the circulation, impulse,
andeneqy for all four aspectratios. Thesevalueswere computednsidean iso-vorticity

contourat1 s1.
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4.4.1 Circulation

The circulationwascomputedusingthe previously describednethodof the line integral.
Theseesultswerethenexaminedto determingheeffectof theinitial geometryonthefinal
circulationvalue. Figure4.21shows the developmentof the circulationfor anaspectratio
of L/D = 2, asdiscussedh the previouschapter Figure4.22shovsthedevelopmenbf the
circulationfor both the clockwiseand counterclockwiserorticesfor an aspectatio of 4.
The circulationvaluesfor the two sidesmatcheachothervery closely indicatingthatthe
behaior seens notdueto movementof thevorticity into or out of the measuregblane.

Theinitial phaseof the flow is dominatedoy a rapidincreasdn the circulation. This
increasecontinuesafterthe tubeis empty A sharptransitionregion follows the increase.
This transitionregion is sometimesnarked by a decreasén thetotal circulation. Thefinal
phaseis marked by a relatively constanttotal circulationin the flow. Similar figuresfor
aspectratiosof L/D = 6, and 8 areincludedin Figs. 4.23and4.24. It shouldbe noted
thatthesetwo tubeshada smallerdiameteysothe absolutevaluesof circulationarelower
than the aspectratios of 2 and4. The shapeof all of the curvesis very similar. The
mostnotabledifferenceis the extentof continuedncreasen circulationafterthefluid has
beendischaged. Sincethe tubeboundarylayeris no longercontributing to the flow, this
increasemustcomeaboutdueto the actionof the buoyantforceson the fluid. Also, the
goodagreemenbetweenthe value obtainedfor eachsign of circulationindicatesthatthe
increasas likely notdueto any kind of marked asymmetrydeveloping. Thefinal leveling
off is moredifficult to determinefor the largeraspectatios,asthey do notreachthis state
until they arenearlyout of theimagedarea.

Comparingthe transitionpointsin Figs. 4.14to 4.17 with the startof the constant
circulationregion shaws thatthesetwo eventsoccurnearthe sametime. The ambiguity
of the transitionpoint and the startingpoint for the constantcirculationregion makesit
difficult to determinea mathematicatelationshipbetweerthetiming of thesetwo events.

Sincethe circulationgeneratedy theseflows comesfrom two sourcesthe boundary
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layervorticity andbuoyang inducedtorques.an effort wasmadeto determinethe contri-
bution from each.The circulationdueto the boundarylayervorticity wasestimatedising
the samemethodasin Chapter3. The slug-flov model[8], previously shovn mathemati-
callyin Eqg. 3.7,is usedasaninitial estimateandis correctedoy theempiricalrelationship

foundby Didden[9 (Eg. 3.8). Thecompleteformulationis shavn herein Eq. 4.1.

0.32 Tl 5
I =1(1.144+ — — t 4.1
corr ( + L/D) /0 2Ued 4.1)

Thedifferencein betweenthetotal circulationandthe estimateof the circulationgen-
eratedfrom the boundarylayer vorticity was substantiain all cases,ndicatingthatthe
circulationgeneratedby baroclinictorqueshasa significantimpacton thetotal circulation
in theflow. Also, thetotal circulationfor anaspectatio of 8 increasegasterthanthe es-
timatedmomentumgeneratectirculationbeforethe tube hasdischagedhalf of the fluid.
For an aspectratio of 4, thetwo curveswere almostidenticalduring the entiredischage
period.

Figure4.25shawvs thetotal circulationdevelopedasa functionof thetubeaspectatio.
It also shaws the circulation generatedoy the boundarylayer estimatedoy the method
describedabove. Both of thesevalueshave beennormalizedby I'*, definedin Eq. 4.2.
This is the circulation predictedby the slug-flov model for a tube with a constantexit

velocity equalto the measuredveragevelocity.

M =ZU%T=2 =-— (4.2)

Usingthecorrectedslugflow model,andassuminga polynomialexit velocity profile, it
canbeshavnthatthecirculationgeneratedh theboundarylayerwould bealinearfunction
of the aspectatio. However, asseenin Fig. 2.2, the velocity profilesdo not appearo be
a family of polynomial curves. This would explain the non-linearity of the momentum

generateairculationcurvein Fig. 4.25.
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Figure4.25: Final circulationvalueasa function of thetubeaspectatio. The solid curve
representghe total circulation value averagedover the level portion of the curve. The
dashecturve refersto the momentumgeneratecirculationat the time the tubehadcom-
pleteddrainedof buoyantfluid.

Usingthe correctedslug flow model,the measuredotal circulation,andthe measured
exit velocity, the final circulationvalue canbe divided into two portions. Thefirst is the
contribution dueto the boundarylayer, computedusingthe measuredrelocity profile ac-
cordingto Eq. 4.1. The secondis the circulationgeneratedy the actionof the buoyant

forces. Figure 4.26 shaws this componentplotted againstthe squareroot of the initial

buoyantforce. Thereis a clearlinearrelationship.

4.4.2 Impulse and Energy

Theimpulseof theflow wasalsoinvestigatedn light of changingaspectatios.By comput-
ing the total impulse,assumingaxisymmetricflow, anddoing each”half” independently
it waspossibleto obtainsomeverificationby comparingtheresults.The formulationused
for the computatiorwasdiscussedn the previouschapter Also, Fig. 4.27is includedasa

referenceThis aspectatio wasdiscussedn Chaptel3.
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Figure 4.26: Circulation generatedy buoyang/ asa function of the squareroot of the
initial buoyantforce.

Shawn in Figs. 4.28to 4.30arethe resultsfor the aspectratiosof L/D = 4, 6, and8.
Theimmediatelyinterestingfeatureis themarkedlineardevelopmentafteraninitial period
of verylittle increaseThis slopecanbeinterpretedasthetotal forceactingovertheentire
flow field.

It was expectedthat the rate of changeof the impulse,dl /dt, would be proportional
to theinitial buoyantforce. Figure4.31shaws a plot of the slopesof the previousfigures
againstheinitial buoyantforce,g,Vo. Theaspectatiosproceedn theorder6, 8, 2, and4
sincethelargeraspecratioshave a smallerdiameterandthereforevolume.

Thetemporaldevelopmentof the enegy with time is includedfor completenessThe
developmentis shown for the aspectratiosof L/D = 4, 6, and8 in Figs. 4.33,4.34,and
4.35. Initially thereis arapidincreasewith time, followedby a sharptransitionto a nearly

level region. Thisis qualitatvely similar to the developmentseenin thecirculation.
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Figure4.27: Temporaldevelopmentof theimpulsefor L/D = 2. The dotsrepresentndi-
vidual field measuremeniandthey arefitted by a straightline in thelinearregion.
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Figure4.28: Temporaldevelopmentof theimpulsefor L/D = 4. The dotsrepresentndi-
vidual field measurementsndthey arefitted by a straightline in thelinearregion.
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5 Conclusions

Theimpactof buoyang andinitial fluid aspectatioonthedevelopmenbf anaxisymmetric
startingflow hasbeeninvestigatedusing both the PLIF and DPIV techniques. Aspect
ratiosof 2, 4, 6, and8 wereexaminedat a densitydifferenceof 4.7%. The resultsof the
experimentscanbe groupedinto two cateyories,the impactof buoyang/ on vortex rings,

andtheimpactof buoyang/ ontheleadingvortex ring formation.

5.1 Vortex Rings

The addition of buoyang/ to a simple vortex ring altersits behaior considerably For
a singlevortex ring without buoyangy, the ring generallypropagatest a nearly constant
velocity whenthe viscouseffects are small. Also, the ring diameterremainsrelatively
constant. Both of thesefactsare a resultof the low entrainmenof ambientfluid by the
ring structure.The additionof buoyang/ causeghe entrainmentharacteristicso change,
therebyaltering mary of the featuresusually associatedvith a vortex ring. The major

featuresof a buoyantvortex ring areasfollows:

e Theradiusincreasesinearly with distancefor z/D > 2
e Baroclinictorquesgenerateanostof thetotal circulationin theflow

e Theimpulseof theBVRncreasetinearly with time
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5.2 AspectRatio Effects

In light of work doneon momentumdriven startingjets, andthe robustnesf the model
proposedy Gharibetal. in predictingthebehaior in thenearfield, the effectof buoyang
onthismodelneededo beexamined.Thereareseveralimportantpointsthathave emepged

from thisresearch.
e Theadditionof buoyang/ changeshe natureof the startingflow

e Thestartingvortex ring is disruptedoy buoyangy, andremainsattachedo thetrailing

flow

e Theflow is dividedinto two phasesinitial acceleratiorfollowed by a thermallike

phase

e Thedistanceo transitionto the secondphases relatedto the cuberoot of theinitial

volume.

e The circulationgeneratedy buoyang is linearly relatedto the squareroot of the

initial buoyantforce

e Therateof changeof theimpulseis proportionalto theinitial buoyantforce

5.3 Scopeof the Results

Sincethe experimentswere conductedwith only one nozzlegeometry andthe measure-
mentswereexclusively conductedn thenearfield, thesensitvity of theresultsto variations
in theapparatugeometrymaybe questionedHowever, the principle quantitiesmeasured,
the circulationandimpulse,are integral measure®f the flow field. Extensve work has
beendoneexaminingthe effects of the nozzlegeometryon the circulationin vortex ring
generatorg?7, 9]. Theseexperimentshave indicatedthat the nozzlegeometryonly con-

tributessecondarilyto the amountof circulationgeneratedwhile the primaryfactoris the
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aspectratio of the ejectedfluid column. Sincethe impulseis alsoanintegratedmeasure,
onemay cautiouslyproposehatit would alsobelesssensitve to the exactgeometryof the

generatingapparatus.

5.4 FutureWork

In orderto more completelyunderstandhe impactof buoyang/ on the developmentof
the startingvortex ring, andthe natureof the transitionregion, more experimentalwork
needsto be done. Two regionsneedto be examinedmoreclosely First, the flow field in
theimmediatevicinity of the generatingubeshouldbe examinedat high resolutionusing
the DPIV technique(velocity vector spacing< 0.05D). This would help to understand
the small scalestructureseenin the PLIF images. Secondly the transitionregion (5 <
z/D < 20) needgo beexaminedusingDPIV andPLIF. In thisregion, for theaspectatio’s
examinedtheflow changego thermallik e behaior. However, thecurrentexperimentsid
notincludeDPIV datafor mostof this region.

It would be desirableto control the exit velocity independentlyof the initial density
difference.This may be possiblefor a rangeof Richardsomumbersusinga combination

of themembranewvith a driving piston.
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