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Abstract

Theimpactof buoyancy on thedevelopmentof startingflows in thenearfield wasex-

perimentallyinvestigatedusing the Digital Particle ImageVelocimetryandPlanarLaser

InducedFlourescencetechniques.Theexperimentswereconductedby releasingcylindri-

cal columnsof fluid into a glasswater tank. Two diameters(0.95 and1.9 cm) andfour

aspectratios,rangingfrom 2 to 8, wereexamined.Thefluid wasreleasedby burstingthe

thin latex membranethatheldit in thetube.Thebuoyantfluid hada densitydifferenceof

4.7%. Theflow wasimagedat 60 Hz up to 7 diametersdownstream.For theaspectratio

of 2, theflow developedinto a singlebuoyantvortex ring (BVR), andwascomparedto a

purelymomentumdrivenvortex ring (MVR) generatedwith thesamesetup.For theaspect

ratiosof 4, 6, and8, theflow wassimilar to a startingplume,with a vortical cap,followed

by acolumnartail. TheBVR’s diametergrew linearly in space,with a full spreadingangle

of 18 degrees,while the MVR’s diameterremainedconstant.The BVR startedout asan

axis touchingring, andtransitionedto non-axistouching,oppositeof thebehavior of the

MVR. Thetotal circulationfor theBVR wasmorethantwice theamountpredictedby the

slugflow model,andtheimpulsegrew linearly in time. Theimpulseof theMVR decayed

slightly aftertheintial growth. Theflows beganto transitionto thermalbehavior at down-

streamdistanceproportionalto thecuberootof theinitial fluid volume.For all aspectratios

the impulsegrew linearly in time. Thegrowth ratewasproportionalto the initial buoyant

force.Thecirculationgeneratedby theadditionof buoyancy wasproportionalto thesquare

root of the initial buoyant force. Also theadditionof buoyancy suppressedtheseparation

of astartingvortex.
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1 Intr oduction

Buoyancy hasmany effectsonourlives.Theserangefrom smallscaleplumesfrom candles

andcigarettes,throughtheplumescreatedby largecoolingstations,up to mesoscaleflows

in theatmosphere.In all thesecases,thepresenceof buoyancy causesa significantchange

in the behavior of the fluids involved. Due to the wide rangeof implicationsof buoyant

flows, therehasbeenaconsiderableamountof researchconductedinto this phenomena.

1.1 PastResearch

Buoyant flows have traditionally beenclassifiedinto two major categories,thermalsand

plumes[1]. The fundamentaldifferenceis the mannerin which fluid is released. In a

plume,buoyantfluid is continuouslygeneratedor releasedfrom a point source.A thermal

is the resultof the releaseof a finite volumeof fluid. For a buoyant thermal,the fluid is

releasedwith little or no initial momentum.Thebehavior of thesetwo canonicalflowshas

beendocumentedfor many differentambientconditions,andtheoreticalmodelshavebeen

developedfor thesecases.

For buoyantconvectiveflowsin auniformenvironment,theprimaryquantitygoverning

the behavior in the far field is the total buoyant force[1]. Also, experimentalevidence

hasindicatedthat theflow becomesself similar[1]. By usingdimensionalarguments,the

following relationscanbedetermined:

b � βz (1.1)
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U � F
1
3

o z
� 1

3F1

� r
b � (1.2)

g��� F
2
3

o z
� 5

3F2

� r
b � (1.3)

Here z is the axial position, r is the radial position, b is the plume width, U is the

axial velocity, Fo is thebuoyant forceflux, g� � g∆ρ
�
ρo, andβ is thespreadingrate. The

functionsF1 andF2 cannotbedeterminedfrom asimpledimensionalanalysis.Eithermore

complex modelsusingsomeassumptionabouttheturbulencein theplume,or experimental

data,canbeusedto determinethesefunctions.

Applying a similar analysisto the developmentof a thermalresultsis the following

equations[1]:

b � αz (1.4)

U � F
1
2� z
� 1F3

� r
b � (1.5)

g�	� F� z� 3F4

� r
b � (1.6)

Hereα is thespreadingrate,andF� is the initial buoyant force. Theserelationswere

verified by Scorer[2]. He alsoshowed that theU ∝ t
� 1

2 andb ∝ t
1
2 . Theserelationsare

equivalentto thoseshown above, whenwritten in termsof time insteadof space.A more

generalflow than the thermal is the buoyant vortex ring. This is also producedby the

releaseof a finite amountof buoyant fluid, however, the fluid is releasedwith an initial

momentumaswell. Theadditionof this initial momentumaltersthespreadingrateof the

resultingflow[1].

A third classof flows, thebuoyant startingplume,hasalsobeeninvestigated.In this
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case,the flow is generatedby suddenlyactivating a steadysourceof buoyant fluid. The

applicationof thepreviously usedassumptionshasbeensuccessfullyappliedto this case

aswell[3]. Theflow canbemodeledasaplumeregioncappedby a thermal-likeregion. In

this case,the thermalis modifiedby the introductionof buoyantfluid from the following

plume,sotherelevantplumepower-lawsapply.

Analogouswork hasbeencarriedout on purely momentumdriven flows in the far-

field. For example,the startingjet hasbeensuccessfullymodeledasa steadyjet capped

by a spheroidalregion of enhancedmixing[4], similar to the modelusedfor the starting

plume.Thesemodelsarealsobasedon theself similar natureof thefar field flow.

Althoughtherehasbeenagreatdealof knowledgegatheredaboutthefarfield behavior

of jet-typeflow fields,interestin thenearfield regionhasbeenrelativelyoverlooked.In part

thisis dueto theverycomplex natureof theflow in thenearfield dueto thesourcegeometry

dependence.However, the importanceof nearfield dynamicshasreceivedmoreattention

recently. Onemajor reasonfor understandingthenearfield dynamicsis becausemuchof

thenoisegeneratedin a jet is producedhere[5].Therecentattentioncanalsobeattributed

to thedevelopmentof new experimentaltechniques.Most notably, Digital Particle Image

Velocimetry[6] (DPIV), allowstherapidacquisitionof multipleplanarvelocityfields.This

is preciselythekind of dataneededto understandthecomplex, unsteady, non-equilibrium

flow presentin thenearfield regionof jetsandplumes.

Someexperimentshavebeenconductedto investigatethenear-field behavior of starting

axisymmetricjets[7]. Theseexperimentshaveshown thattheflow is significantlydifferent

from theflow in thefar-field of astartingjet. In particular, theflow field is dominatedby a

startingvortex ring. Thegrowth andmotionof this vortex ring dominatestheflow field in

thefirst 10exit diameters.Thevortex ring growsupto acertainpoint,atwhich it beginsto

separatefrom thetrailing flow andmaintainarelatively constantdownstreamcelerity[4,7].

This pinching off processhasbeendescribedin detail by Gharibet al. They have also

developeda modelthathasbeenableto reliablypredictthepinchingoff behavior[7].
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The additionof buoyancy to the startingjet flow addsanothersourceof circulation.

In a buoyant jet both the momentumandthe buoyancy contribute to the total circulation

released.In absenceof any initial momentum,thereleaseof afinite volumeof fluid evolves

into a thermalwith constantcirculationin thefar field[2]. Furthermore,thegenerationof

circulationby ajet canbeestimatedby aslugflow model[8]. Thismodelcanbemadeeven

moreaccurateby usingtheempiricalcorrectionbasedonthesourceaspectratioderivedby

Didden[9]. On theotherhand,thedevelopmentof circulationin thenearfield of buoyant

flows is not well understood.Also, thenearfield dynamicsassociatedwith theformation

andpinchoff of thestartingvortex ring maybeaffectedwith theadditionof buoyancy.

Somework hasbeendoneto investigatethis region. Johari& Gharib[10]investigated

the nearfield region of plumesgeneratedby releasinga finite volume of buoyant fluid

of varying aspectratios. The resultsindicatedthat the formation of the startingvortex

ring wasindeedaffectedby thepresenceof buoyancy. However, detailedinformationon

the developmentof the circulationof the flow, aswell as the internal structurewasnot

obtained.

1.2 Curr ent Research

The currentexperimentsweredesignedto investigatethe effect of buoyancy andsource

geometryontheformationanddevelopmentof astartingbuoyantflow. In particular, it was

desiredto determinehow the additionof buoyancy changesthe formationprocessof the

startingvortex. The structureof the flow wasexaminedusingPlanarLaserInducedFlu-

orescence(PLIF). Theevolution of the integral measuresof motion; circulation,impulse,

andenergy; wereexaminedby usingDPIV.

First, a comparisonwasmadebetweenthedevelopmentof a purelymomentumdriven

vortex ring, anda buoyantvortex ring generatedwith thesameinitial fluid geometry. Sec-

ondly, the effect of varying the initial fluid geometrywasinvestigatedfor buoyant flows.
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Basedon theinitial work doneby Johari& Gharib,thefollowing questionswereposed:


 How doesthe presenceof buoyancy changethe developmentof the startingvortex

ring?


 How doesthe buoyancy changethe developmentof the circulation, impulse,and

energy comparedto theMVR?


 How doesthe initial fluid geometryaffect the developmentof the startingvortex

ring?


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

geometry?

5



2 Experimental Setup

2.1 Apparatus

Theexperimentswereconductedin a45.4liter glasstankto allow freeopticalaccess.The

tankdimensionswere33 cm by 33 cm by 66 cm high. A schematicof thesetupis shown

in Fig. 2.1. Thebuoyantfluid washeldin a cylindrical Plexiglastube,enclosedon thetop

andbottomby thin latex membranes[10].The tubewaspositionedin thetankso that the

top wasmorethan5 diametersbeneaththe freesurfacein orderto limit any effect of the

surfaceon thereleaseof thefluid. A 30gaugenichromewire wasplacedbetweenthetube

endandthemembrane.Themembraneswereburstbypassing3amperesof currentthrough

the wire for 0.8 s. The top membranewasburst first, andthenany inducedmotion was

allowedto settleprior to burstingthebottommembrane.All themotionof themembrane

wascompletedwithin oneframe,or 0.17ms.After eachexperiment,thetubewaschecked

to ensurethatthemembranewasnotblockingany portionof thetubeexit.

Theexperimentswereperformedusinga negatively buoyantfluid releasedinto a uni-

form densityenvironment. The densitydifference,δρ � ρo � ρa, betweenthe two fluids

usedwas4.7%, within the Boussinesqlimit. Five tubegeometrieswith differentaspect

ratios(length (L) to diameter(D) ratio, L
�
D), wereexamined. Threehada diameterof

D=1.9cmwith aspectratiosL
�
D=2, 4, and6. Theothertwo hadadiameterof D=0.95cm

andaspectratiosL
�
D=6 and8.

In orderto allow clearimagingof theflow, fluidswith matchingrefractive indiceswere

used. Herewe follow the suggestionof Alahyari andLongmire[11]. The ambientfluid

6



Figure2.1: Schematicof theExperimentalSetup.

wasa mixtureof glycerolandwater, while thebuoyantfluid wasa solutionof potassium

dihydrogenphosphate(KH2PO4) in water. Thesechemicalsallow a densitydifferenceof

up to 4.7%to beachievedwhile maintaininganindex matchwithin 0.0002.Thetankwas

periodicallyrefilledin orderto maintainaconstantdensitydifferenceandauniformdensity

environmentin theregionof interest.

The initial volume,V, for the tubesrangedfrom 4.1 cm3 to 32.6cm3. With a density

differenceequalto 4.7%of theambientdensity, this correspondsto aninitial total buoyant

force, F � � ∆ρgV from 1 � 9 
 10
� 4 to 1 � 5 
 10

� 3 Newtons. The exit velocity, Ue, was

obtainedfrom theDPIV dataat apoint0.5D downstreamfrom thetubeexit plane.Figure

2.2 shows typical time tracesof Ue for eachof theaspectratiosexamined.Eachcurve in

Fig. 2.2 is marked at the time, T, whenthe tubehadbeencompletedrained. This time

wasobtainedby determiningthe lastvideo framewheretheno ambientfluid wasvisible

betweenthereleasedfluid andthetubeexit. Thevelocitydecreasedrapidlyafterthispoint

in all cases,however, sincethetubewasopenat thetop andbottomafterdischarge,there

wasa residualinducedvelocity at theexit plane.Basedon simpledimensionalarguments

7
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Figure2.2: Exit velocity asa functionof time. Thearrows indicatethetime that thefluid
hadcompletelydrainedfrom thetube.Solid line, L

�
D = 2; Dashedline, L

�
D = 4; Dash-dot

line, L
�
D = 6; Dottedline, L

�
D = 8

usingL, D, gravity (g), and ∆ρ
ρa

, thetime it takesthetubeto completelydischargethefluid

canbedescribedby Eq. 2.1.

T ∝
L
g� f � L

D � (2.1)

For anaspectratioof L
�
D = 2, theflow accelerateduntil thetubewasempty. A similar

trendwasseenfor the aspectratio of L
�
D = 4, however, the peakin this caseappearsto

bebeginningto flatten.Theflatteningof thepeakis clearlyseenin thetime tracesfor the

aspectratiosof L
�
D = 6 and8. Theflatteningof thepeakis dueto theviscouseffectsinside

thetube.For theaspectratiosof L
�
D = 6 and8, thediameterof thetubewassmaller, and

theboundarylayereffectsbecameprominentmorequickly.

In order to generatepurely momentumdriven vortex rings, the setupwas modified

slightly. Thetubewaspositionedsothat theexit planewasjust touchingthefreesurface,

andthefluid within thetubewasbeingheldabovethesurfaceby thelowerlatex membrane.

This allowedgravity to drive thefluid eventhoughit hadthesamedensityastheambient
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fluid. Thissetupwasusedonly for anaspectratioof L
�
D = 2. Thissetupprovedto befairly

sensitive to the positioningof the tuberelative to the free surface,asmight be expected.

Thiswill beseenin Chapter3 whentheMVR is discussed.

2.2 Imaging and Optics

First, a seriesof experimentsusing the PlanarLaser-InducedFluorescence(PLIF) tech-

niquewereperformed. Disodiumflourescienwasaddedto the buoyant fluid at a molar

concentrationof approximately10
� 6. Thisensuredthatthefluorescenceintensityrecorded

by theCCD cameracouldbelinearly relatedto thedyeconcentration.Theflow wasillu-

minatedfrom thesideof the tankusinga thin sheetof laserlight producedby a Spectra-

Physicsargon-ion laseroutputting 1.6 W at 488nm. The laserbeamwasspreadinto a

sheetby anoscillatingmirror with afrequency of 1200Hz. Thethicknessof thelight sheet

variedfrom 1.5to 2 mmin theregionof interest.

Theflow wasrecordedat 60 Hz by a Pulnix 6102camera.Thecameraresolutionwas

640by 480pixels,and300imageswererecordedto memoryonaPCsystemvia aMuTech

MV-1000framegrabberboard. The shutteron the camerawassetto 1/125s in orderto

minimize the motion during eachframe. This wasthe fastestshutterspeedthat couldbe

usedwithout theeffectsfrom theoscillatingmirror. For thePLIF experiments,aComputar

zoom lens wasused. This lens hada maximumapertureof f1.2, anda focal length of

12.5to 75 mm. For theexperiments,theaperturewassetto the lowestpracticalvalueof

approximatelyf16 in orderto minimizeany distortionby thelens.

For thePLIF experiments,theregion from thetubeexit to approximately11 diameters

downstreamwas imaged. The resulting in planeresolutionwas 320 µm for the larger

diametertubesand180µm for thesmallerdiametertubes.A setof fiverunswasconducted

for eachtube.

The next set of experimentswas carriedout using the Digital Particle Imaging Ve-
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locimetry(DPIV) technique.Theflow wasseededby 45micronsilvercoatedhollow glass

spheresin boththebuoyantandambientfluids. Theflow wasilluminatedwith a frequency

doubleddual Nd:Yag laser. The laserseachhada pulsedurationof approximately5 ns.

The chosenpulseseparationtime rangedfrom 3 ms to 6 ms for the varioustubes. The

pulseseparationtime waschosenso that theparticlemotion in the region of interestwas

from 5 to 10 pixels. In this case,thelasersheetwascreatedwith a cylindrical convex lens

with a focal lengthof 6.35mm. This createda lasersheetwith a spreadingangleof 22

degrees[12].

For theDPIV experiments,a Tamronlenswasused.This lenshada focal lengthof 24

mm, andtheaperturewassetat f16. Thecamerawasnot shutteredfor theseexperiments

sincethe laserpulsedurationeffectively froze thefluid motion for eachframe. Sincethe

flow wasimagedat60 Hz, thesamplingratefor thevelocityfield was30 Hz.

Theregion from thetubeexit to approximately7 diametersdownstreamwasimagedin

theDPIV experiments.Again five runswereperformedfor eachaspectratio. Theimages

wereanalyzedby a cross-correlationscheme[6] using32 by 32 pixel windows spaced16

by 16 pixelsapart. The resultingvelocity fields had29 by 39 vectors.The vorticity was

obtainedfrom thevelocityfields.Theresultingvectorspacingwas3.5mmfor theD = 1.9

cm tubesand1.9mm for theD = 0.95cm tubes.

2.3 Experimental Uncertainty

Although the PLIF datais mostly qualitative in nature,somequantitative measurements

wereperformedon theimages.Primarily, thepositionof theleadingedgewasdetermined

from the images. In order to obtain this information, the imageswere thresholdedat a

chosenlevel above the background,and the leadingedgeposition was taken to be the

most-downstreamwhite pixel in the image. Although the exact position of the leading

edgeis somewhatsubjective,thetrendsandtheextractedcelerityarequitereliable.
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The leadingedgepositionwasgenerallyidentifiedby a steepgradientin therecorded

fluorescenceintensity. The width of the gradientregion was generally 10 pixels. The

thresholdvaluewaschosensothattheresultingpositionwasnearthecenterof theintensity

gradient.This translatesto anerrorof approximately� 5 pixelsor � 0 � 09D.

Also, thedischargetime,T, wasdeterminedfrom thePLIF images.Sincetheboundary

layerson thetuberetardsomeof thebuoyantfluid nearthewalls, theambientfirst became

visible nearthecenterof thetubeexit. In this region, therewasa distinctbreakvisible in

theintensity, allowing thetime,T, to bedeterminedto � 0 � 5 videoframes( � 8ms) for each

experiment. Therewassomevariationamongthe runs,however, the observed time was

alwayswithin � 1 videoframe( � 17ms) of theaverage.

The uncertaintyin the DPIV measurementsis basedon the magnitudeof the particle

motion.Thesoftwareusedto cross-correlatetheimagesis capableof resolvingtheparticle

displacementto within � 0 � 01pixels,however in theinterestof maintainingaconservative

errorestimate,avalueof � 0 � 05pixelswill beused.Thepeakparticlemovementswaskept

lessthan10 pixels,which occurredin thecoreregion of theflow neartheexit plane.The

averageparticlemotion in theflow region wasapproximately4 pixels. This corresponds

to an error of 1.25%in the velocity measurements.The vorticity is calculatedbasedon

the velocity field, andthemethodusedcompoundsthe errorby a factorof 3. Therefore,

theerrorin thevorticity valuesis approximately3.75%.It shouldbenotedthattheseerror

valuesarebasedon anaveragepixel motion. Neartheleadingedgeof theflow andin the

“core” region, the velocities,andthereforethe particlemotions,werehigher;while near

thesidesandtrailing edgeof theflow, they weresmaller.

Due to the finite sizeof the experimentalfacility, the motion anddevelopmentof the

flow may be affectedby the presenceof walls. The closestwalls were the side walls,

whichwereabout15cm from theregionsof peakvorticity in theexperiments.Thelargest

measuredcirculation(seeChapter4) occurredfor anaspectratio of 4 at about140cm2 � s.
The effect of an infinite wall on a single vortex core can be estimatedusing the image
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method.Theresultinginducedvelocity is Γ
�
4πa, wherea is thedistanceto thewall, and

Γ is thestrengthof thevortex. The resultingvelocity is 0.7 cm/s. This is theworst case,

assumingall the circulationis concentratedat onepoint. The averagevelocity measured

in the experimentswasof the orderof 10 cm/s,giving an orderof magnitudedifference

betweentheaveragemeasuredquantitiesandthemaximumvelocitydueto wall effects.

2.4 DimensionlessScales

As in many problems,thescaleof theflow canbeimportant.Dueto thebuoyant,unsteady

natureof the flows examined,choosingthe properscalingparameterscanbe somewhat

difficult. Theprimarydimensionlessnumbersof interestfor a startingbuoyant jet arethe

Reynolds number, Re, andRichardsonnumber, Ri. Two velocity scaleswere used,the

averageexit velocity, Ū = L
�
T, andthe peakexit velocity, Umax. The lengthscaleused

wasD. Also of interestin buoyantflows is theAtwoodnumber, At � ∆ρ
ρo � ρa

. For all these

experiments,theAtwoodnumberwas0.023.

Re= UD
ν Ri = g� D

U2

AspectRatio Ū Umax Ū Umax

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: Dimensionlessparameters.

Table2.1 shows the calculatedvaluesof Re andRi using both velocity scales. The

Reynoldsnumbersindicatethattheflow exiting thetubeis laminarfor aspectratiosof L
�
D

= 6 and8, andpossiblytransitionalfor theaspectratiosof L
�
D = 2 and4. However, since

theflow is accelerating,it is likely thattheflow remainslaminarwithin thetubeduringthe

entiredischargeperiod.TheRichardsonnumbersbasedon theaveragedischargevelocity

indicatethattheflow rangesfrom mostlybuoyantfor theloweraspectratiosto transitional
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for the largeraspectratios[13]. Basedon thepeakvelocities,which occurjust prior to T,

the flow at the exit planeis stronglyinfluencedby the inertia of the flow, however, these

peakvelocitiesdecayedrapidly in theregion of interest,while thelengthscalesincreased.

This indicatesthattheflow in thenearfield wasgenerallybuoyancy-dominated.
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3 Buoyant Vortex Rings

For the flows underinvestigation,therearetwo major sourcesof vorticity, andtherefore

circulation. Thefirst is boundarylayergeneratedvorticity, andthesecondis baroclinicly

generatedvorticity. Sincetheflow is generatedinsidea tube,boundarylayersform on the

walls. During thedischargeof thefluid from the tube,theboundarylayerejectsvorticity

into theflow at thetubeexit.

∂ �ω
∂t � �u � ∇ �ω � (3.1)

Baroclinicly generatedvorticity is presentdueto thepresenceof densityandpressure

gradients.Whenthe densityandpressuregradientsin the flow arenot aligned,a torque

is producedthat tendsto drive the flow toward an equilibrium position. This generates

vorticity at interfacesbetweentwo fluidsof differentdensities.

Whentheejectedfluid hasanaspectratio of lessthanabout4[7], theflow is expected

to developinto asinglevortex ring. This is well establishedfor animpulsively startedmo-

mentumdrivenvortex ring (MVR). At anaspectratioof L
�
D = 2, theadditionof buoyancy

to the flow doesnot prevent the formationof a vortex ring. However, the behavior of a

buoyantvortex ring (BVR) wasfoundto besignificantlydifferentfrom thatof aMVR.

In anMVR, thecirculationpresentcomesonly from theejectionof theboundarylayer

vorticity. Oncethefluid hasbeenreleasedfrom thetube,thereis no longerany circulation

being generatedin the flow. Sincethe tube was not closedafter the fluid discharge in

thecurrentsetup(asis typical in vortex ring generators),theinducedflow throughthetube

continuedto producesmalleramountsof vorticity in thetubeboundarylayer. However, the
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vortex ring rapidly detachedfrom thevorticity generatedby this flow. Thereis alsosome

oppositesignvorticity ingestedfrom theboundarylayer that is inducedon theoutsideof

thetube.Thisoppositesignedvorticity wasalsoingestedinto theMVR. However, oncethe

fluid hasleft thetube,thesecondmechanismof vorticity generationbecomesimportantat

thebuoyant-ambientfluid interface.This is especiallyimportantnearthetubeexit, where

thedensityandpressuregradientscanbeatnearlyright angles.Theeffectsof buoyancy on

thebehavior of a vortex ring werestudiedusingasingleaspectratio of L
�
D = 2. Theflow

structurewasqualitatively examinedusingPLIF. A quantitative investigationwascarried

outusingDPIV.

3.1 Flow Structur e

3.1.1 PLIF

Figure3.1 shows PLIF imagesof both the buoyant (left) andnon-buoyant (right) vortex

ringsat thepoint wherethefluid hasbeencompletelydischargedfrom thetube. It should

be notedthatbasedon theDPIV experiments,theshearlayer hasnot separatedfrom the

tube for both typesof flows at this point. Even at this very early stagein the flow de-

velopmentthereis a cleardifferencebetweentheBVR andMVR. Thebuoyantflow is in

the early stagesof rolling up. Also, the front is marked by small mushroomlike struc-

tures. Thesestructureswereobserved in all of the buoyantflow cases.The formationof

thedisturbanceson theleadingedgearetheresultof theRayleigh-Taylor instability at the

interfaceof thebuoyantandnon-buoyantfluid[14]. Theburstingof thelatex couldpossi-

bly have contributedto the developmentof disturbanceson the leadingedgeof the flow.

However, asseenin thenon-buoyantcasein Fig. 3.1, thedisturbanceis very weakwhen

buoyant forcesarenot present.This indicatesthat themagnitudeof any disturbancefrom

theburstingof the latex is small. However, it may initially acceleratethedevelopmentof

theRayleigh-Taylor instability.
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Figure3.1: PLIF imagesof MVR andBVR just after the vortex ring hasbeenformed.
(Noteall PLIF imageshavebeeninvertedfrom top to bottomandput in falsecolor)

Figure3.2showsPLIF imagesof theBVR andMVR justafterthey havedetachedfrom

thegeneratingtube. TheMVR appearsvery similar to theprevious image. It is apparent

in bothcasesthat thereis still a region of fluid thathasnot yet rolled into thevortex ring

structure,however, theshearlayerat theedgeof thiscolumnof fluid hasdetachedfrom the

tube.TheBVR is still markedby theRayleigh-Taylor instabilityat theleadingedge,while

the disturbanceson 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 sideof the BVR hasdevelopedinto

this kind of structure.Theinitial roll up did not proceedasfar in all of thebuoyantcases.

Oneof theprocessesthatdisturbedtheformationof thevortex ring wasthepropagationof

thedisturbancesfrom the leadingedgeinto thevortex roll-up region. It wasalsoheavily

influencedby theadditionalvorticity generatedby baroclinictorques.

Theinfluenceof thebuoyantforcescanbevery clearlyseenin thenext setof images.

Figure3.3shows PLIF imagesof bothvortex ringsat about2 D. TheMVR, on theright,

is approximatelythesamediameterasin thepreviousimages(Figs. 3.1,3.2),andappears

to bea well-formedvortex ring. TheBVR on theotherhand,hasvery little indicationof

structure.Thebright regionsof buoyantfluid arevery likely the“core” of thevortex ring.

However, theaxial regionof theBVR is dominatedby ambientfluid. In fact,basedononly
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Figure3.2: PLIF imagesof MVR andBVR after theshearlayershave detachedfrom the
generatingtube.

Figure3.3: PLIF imagesof MVR andBVR at approximately2 D downstream.

thePLIF images,it is difficult to describethebuoyant flow asa vortex ring at this point.

Thisrapidentrainmentof ambientfluid occurredin thevortex coreregionaswell, resulting

in therapidmixing of thebuoyantfluid. Within theregion of interest,therecordedimage

intensityrapidlyapproachedthebackgroundimageintensity.

The MVR remainedvery similar as it traveleddownstream.Figure3.4 shows PLIF

imagesof theBVR at 4 and6 D downstream.At 4 D, thebright coreregionsareapprox-

imately2 D apart. Also, the left sidecoreis muchlarger thantheother. Thebright core

region persisteduntil theflow hadreached6 D downstream,andthedistancebetweenthe

coreshadgrown to beabout3 D. Theexistenceof abright coreregionwasobservedin all
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