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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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Figure 3.4: PLIF imagesof BVR at 4 and 6 D downstream. The color scalehasbeen
stretchedto improvethecontrast.

cases,however, theasymmetryobservedin this casewasunusual.

3.1.2 Vorticity

Theresolutionof thePLIF andDPIV techniquesusedto examinethevortex ringsdiffer by

a factorof approximately16. Dueto this differencein resolution,thevorticity fieldsshow

very little evidenceof thesmallscalestructuresseenin thePLIF images.

Vortex rings can be broadlygroupedinto two classesbasedon their structure,axis-

touchingandnonaxis-touching.In anaxis touchingvortex ring, thevorticity distribution

betweenthecoresmonotonicallyincreases(or decreasesin theoppositedirection)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

connectingthetwo cores.

Figure3.5shows thevorticity fieldsfor a BVR andMVR just afterthevortex ring had

detachedfrom thegeneratingtube.It is clearthatthereis a“large” scalevortex ring present

in the buoyant case.However, evenat this early stageof formation,therearesignificant
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Figure3.5: Vorticity field of MVR andBVR just after the vortex ring hasbeenformed.
Thecontoursareat intervalsof 10%of thepeak,with all contoursbelow 0.5s

� 1 removed.

differencesin the structureof the two typesof vortex ring. At this point, the BVR has

traveledslightly furtherdownstream,andthevorticity is spreadover a larger region. The

MVR is definitelynotaxistouchingatthispoint,evidentby thelargeregionof low vorticity

on theaxis,however, it is difficult to tell thenatureof theBVR.

Figure3.6 shows vorticity fieldsof theBVR andMVR whenthecoreshadtraveled2

D. At this point,bothvortex ringsareaxistouching,but theBVR is moreelongatedin the

streamwisedirection.TheBVR is alsobeginningto show signsof radialexpansionrelative

to theMVR. Thevortex coresof theBVR are1.28D apart,while thecoresof theMVR

are1.14D apart.

At 4 D downstream,shown in Fig. 3.7, the BVR is lesselongatedin the streamwise

direction. Also, theBVR hascontinuedto grow radially. At this point theBVR coresare

1.64D apart,while theMVR hasgrown only slightly to 1.28D. Thegrowth in theBVR

hasbeengreatenoughthat the two coreshave begun to separatefrom eachother. The

radialexpansionof theBVR continuedto increaseasthevortex ring traveleddownstream.

Figure3.8comparestheBVR andMVR at 6 D downstream.Here,theBVR diameterhas

increasedto 2.00D, while theMVR coreshaveactuallymovedinwardto 1.14D.
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Figure3.6: Comparisonof the momentumandbuoyantdriven rings at 2 D downstream.
Thecontoursareat intervalsof 10%of thepeak,with all contoursbelow 0.5s

� 1 removed.
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Figure3.7: Comparisonof the momentumandbuoyantdriven rings at 4 D downstream.
Thecontoursareat intervalsof 10%of thepeak,with all contoursbelow 0.5s

� 1 removed.
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Figure3.8: Comparisonof the momentumandbuoyantdriven rings at 6 D downstream.
Thecontoursareat intervalsof 10%of thepeak,with all contoursbelow 0.5s

� 1 removed.

3.2 Vorticity and Velocity Distrib ution

In orderto quantifythedifferencesbetweenanMVR andaBVR, theDPIV datawassam-

pledalonga line passingthroughbothvortex coresatseveralpositions.Thedatawassam-

pledjust afterthevortex ring wasformed,andwhenthecoreshadtraveledapproximately

2 D, 4 D, and6 D.

Figures3.9and3.10show theaxial andradialvelocitiesfor a BVR andMVR respec-

tively. For theBVR, at thepoint of vortex ring formation,theaxial velocity consistsof a

singlebroadpeak,andthereis anoutwardradialvelocityon bothsidesof theflow. As the

flow progressedto z = 2 D, theaxial velocity increased,andtheflat region nearthe core

waseventuallylost. Theflow thenbeganto decelerateasseenby thereducedpeakatz = 4

D. By thetime theBVR hadreachedz = 6 D theaxial velocity showsa doublepeak.This

is anindicationof thespreadingof thevortex ring. TheMVR developsin thereverseorder.

At the time the vortex ring separatesfrom the tube, the axial velocity is doublepeaked

indicatingthatthevortex ring is not axis-touching.This quickly changed,andby z = 2 D,
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Figure3.9: BVR axial (black)andradial(blue)velocitydistributionsalongthecore.Solid,
Ring formationtime; Dashed,2 D downstream;Dash-dot,4 D downstream;Dotted,6 D
downstream

thevortex ring hadasinglepeakin theaxial velocitydistribution,indicatingthattheMVR

hadevolvedfrom anon-axis-touchingto anaxis-touchingring.

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, ω, hasbeennormalizedby the

peakvorticity, ωmax, andthe radial coordinatehasbeennormalizedby the vortex radius,

Rvor. Thesolid line shows thevorticity distribution just after thevortex 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 corethicknesshasbegun to decreaserelative to

thevortex ring radius.By z = 4 D, thevorticity distribution indicatesthat thevortex ring

is becomingnon-axistouching.Theregionneartheaxishasbegunto flattenout. Thecore

thicknessrelative to thevortex ring sizehasremainedrelatively constant.Whenthevortex

ring hastraveled6 D, it is clearlynotaxistouching.Thereis aregionof nearzerovorticity

separatingthetwo vortex cores.
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Figure 3.10: MVR axial (black) and radial (blue) velocity distributions along the core.
Solid,Ring formationtime;Dashed,2 D downstream;Dash-dot,4 D downstream;Dotted,
6 D downstream

Figure3.12showsa similar plot for theMVR. As indicatedby thevelocity profile, the

initial vortex ring that formedat the tubeexit wasnot axis touching.This canbeseenby

the clearseparationof the vorticity betweenthe two vortex cores(solid line). However,

at z = 2, 4, and6 D, thevorticity distributionsclearly indicatethat thevortex ring is axis

touching,andself similar.

Thevorticity distribution in thecoreregion of a vortex ring canoftenbemodelledby

a gaussiancurve[8]. Thecoreregion (ω
�
ωpeak � 0 � 3) wasfitted with thecurve shown in

Eq. 3.2,whentheradialdistanceis measurefrom thepeakvorticity location.Figure3.13

shows a gaussiancurve fitted to theself-similarcurvesof theMVR vorticity distribution.

For theMVR, thesamecurvecouldbeusedto fit all of thevorticity distributionsafterthe

vortex ring becameaxistouching.

ω � r ��� ωmaxe
� � r

a � 2 (3.2)

Thevorticity distributionof theBVR werealsogaussian.However, they werenotself-

23



−3 −2 −1 0 1 2 3
−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

r/R
vor

ω
 / 

ω
pe

ak

Figure3.11:BVR cross-streamvorticity distribution. Solid,Ring formationtime;Dashed,
2 D downstream;Dash-dot,4 D downstream;Dotted,6 D downstream
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Figure3.12:MVR cross-streamvorticity distribution. Solid,Ringformationtime;Dashed,
2 D downstream;Dash-dot,4 D downstream;Dotted,6 D downstream
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Figure3.13:Gaussiancurvefit to theself-similarvorticity distributionsfor theMVR.

similar. Figure3.14showsagaussianfit at severaltimes.

The width of the vortex corecanbe estimatedusingthe curvesfitted to the vorticity

distributions. The evolution of the width of the vortex core as a function of time was

determinedby fitting a gaussiancurve to the positive andnegative peaksof the vorticity

distribution for eachvorticity field. Figure 3.2 shows the developmentof the core as a

functionof timefor theBVR. Thecoresizeis shown asafractionof thevortex ring radius.

A coresizeof 1 wouldbeaperfectlyaxistouchingvortex ring. Initially, theBVR is athick

coredvortex ring, with thecorebeingabout70%thesizeof thevortex ring. As afirst order

approximation,the BVR linearly transitionedto a non-axistouchingvortex ring, with a

coresizeof about0.3 Rvor. However, thereareinitially somelarge( 20%)oscillationsin

thecoresize,indicatingthecomplex natureof thetransitionprocess.

On theotherhand,theMVR coresizewasgenerallythick cored,rangingfrom about

0.6to 0.9. Therewasnoclearincreasingor decreasingtrendfor thiscoresize.Figure3.16

showsthedevelopmentof thecoreradiusasa functionof time for theMVR.
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Figure3.14:Gaussiancurvefits of thevorticity distribution for theBVR at severaltimes.
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Figure3.15:Developmentof therelativecoresizefor theBVR.
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Figure3.16:Developmentof therelativecoresizefor theMVR.

3.3 Integral Measures

The DPIV datawere usedto computeseveral integral measuresof the flow. The total

circulation,Γtot ; impulse,Itot ; andenergy, Etot werecalculatedfor eachhalf of the flow

field. Equations3.3 to 3.5 show the definitionsfor eachof thesequantities. The total

circulation is an areaintegral, while the impulseandenergy are volume integrals. The

formulationsshown arefor axisymmetricflow. The domainto be integratedis discussed

below.

Γtot ���
D
� ωdrdz (3.3)

Itot � π �
D
� ωr2drdz (3.4)

Etot � π �
D
� 1

2 �u2 �drdz (3.5)
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Figure 3.17: BVR circulation v. vorticity contour level. Solid, Ring formation time;
Dashed,2 D downstream;Dash-dot,4 D downstream;Dotted,6 D downstream

3.3.1 Total Cir culation

Althoughthetotalcirculationcanbecomputedby Eq. 3.3,it canalsobecomputedasaline

integral of the velocity alonga closedcontour, Eq. 3.6. However, this region alsoneeds

to bespecified.Ideally, thelowestpossibleiso-vorticity contourshouldbeused.However,

thepresenceof backgroundnoiseputsa limit on how low thevaluecanbe. In thecaseof

asinglevortex ring, thetotal circulationcanalsobefoundby two othermethods.

Γtot ��� �V � �dl (3.6)

One procedure,usedby Kuzo[15], involvesplotting the circulation asa function of

thechoseniso-vorticity contour. For thesevortex rings,thecirculationis a linearfunction

of the vorticity level for z
�
D � 2. This canbe seenin Fig. 3.17 and3.18. This linear

dependence,coupledwith theassumptionof circularvorticity contours,impliesthegaus-

sianvorticity distribution seenpreviously. The total circulationof the vortex ring canbe

estimatedastheinterceptof thelinearregionof this curvewith the0 s
� 1 vorticity line.
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Figure 3.18: MVR circulation v. vorticity contour level. Solid, Ring formation time;
Dashed,2 D downstream;Dash-dot,4 D downstream;Dotted,6 D downstream

Iso-Vorticity Contour
Run 0.4s

� 1 0.6s
� 1 0.8s

� 1 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: Computedcirculationvaluesfor theMVR.

Theotherprocedurethatcanbeusedis to examinethecirculationasa functionof the

radiusof concentriccirclesaboutthe vortex core. The resultingcirculationdistributions

canbeseenin Fig. 3.19and3.20.Thetotalcirculationis estimatedasthemaximumonthe

eachcurve.

In order to evaluateeachof the methodsfor computingthe total circulation, each

methodwasusedto computethefinal circulationfor a singlevorticity field of theMVR.

Table3.1shows theresultsfor iso-vorticity contoursat ω = 0.4,0.6,0.8,and1.0 s
� 1; the

vorticity interceptmethod;andthecirculationv. radiusmethod.

As expected,themeasuredcirculationvaluedecreaseswith increasingvorticity level.

At thelow vorticity levelsthedatabeginsto beaffectedby noise.At thispoint,thecontours
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Figure 3.19: BVR propertiesobtainedfrom DPIV data. Solid, Ring formation time;
Dashed,2 D downstream;Dash-dot,4 D downstream;Dotted,6 D downstream
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Figure 3.20: MVR propertiesobtainedfrom DPIV data. Solid, Ring formation time;
Dashed,2 D downstream;Dash-dot,4 D downstream;Dotted,6 D downstream
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begin to becomejagged.However, atavorticity level of ω = 1 s
� 1, thevaluescomparewell

with thevaluepredictedby the interceptof the linearfit. Also, sincethecontoursarenot

circles,thevaluepredictedby thepeakof thecircularcontoursis lower thanthatpredicted

by theinterceptof thelinearfit. Thevaluesobtainedat 1 s
� 1 areconsistentlycloseto the

valuesobtainedby thelinearfit intercept.This regionwill beusedfor determiningΓtot .

Figures3.21 and 3.22 show the temporalevolution of Γtot for the BVR and MVR.

Here,themostnotablefeatureis thelargeamountof circulationgeneratedby thepresence

of buoyancy. Thedashedline indicatescirculationcomputedusingtheslugflow model[8].

Theslugflow modelestimatesthecirculationaccordingto Eq. 3.7. However, this model

tendsto underestimatethecirculation,sothecorrectiondevelopedby Didden[9] (Eq. 3.8)

wasused.Thetimewhenthetubehasbeencompletelydischargedis markedby horizontal

and vertical dashedlines, indicating the time, and the total circulation generatedin the

boundarylayers.

ΓSF � 1
2
� T

0
U2

edt (3.7)

Γcorr ��� 1 � 14 � 0 � 32
L
�
D
� ΓSF (3.8)

For theMVR, thereis insufficient time resolutionfor this computationto beaccurate.

Also, theBVR showsaclearlevelingoff of thetotal circulation.This is thesamebehavior

observedin thermals[1], eventhough,asdiscussed,theBVR is notbehaving entirelylikea

thermalat this point. Thetransitionfrom rapidly increasingcirculationto nearlyconstant

circulationis veryabrupt,andtheremaybeaslightdecreasein circulationprior to leveling

out. This is possiblydueto viscousdissipationin thetransition.
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Figure3.21:Circulationdevelopmentfor abuoyantvortex ring.
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Figure3.22:Circulationdevelopmentfor amomentumdrivenvortex ring.
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3.3.2 Impulse

The impulseof the flow, I, wascalculatedusingEq. 3.4. The samecontours(ω = 1s
� 1)

usedto computethetotal circulationwereusedto computethe impulse.Theintegral was

estimatedby creatinga triangularmeshusing the contourpointsandall the datapoints

insidethecontour. Thevalueof theintegralon eachtrianglewascomputedastheaverage

of theintegrandvalueateachof theverticesmultipliedby theareaof thetriangle.In order

to checkthe accuracy of the method,the circulationwasalsocomputedby numerically

integratingthevorticity field. Thevaluesobtainedwereabout2-3 % lessthanthevalues

obtainedfrom theline integralmethod.

Figures3.23and3.24show thedevelopmentof theimpulsewith respectto time,aver-

agedover all the runs. Sincetheflow is assumedaxisymmetric,only onehalf of theflow

neededto beincluded.However, bothhalveswerecomputedseparatelyto allow acompar-

isonto bemade.Theimpulseof theMVR shows a rapid increase.However, this increase

suddenlystopsandthe impulseappearsto begin a slow decline. This would beexpected

dueto viscousdissipation,aswell aslossof impulseto vorticity levels lower thanω = 1

s
� 1. TheBVR is a muchdifferentstory. The impulsefollows a linear increasewith time

throughoutthe measuredtime frame. In buoyant flows in the far field, the total buoyant

forceis theconservedquantity. The linear increaseof impulsewith respectto time is due

to theconstantadditionof momentumfrom theforceon thebuoyantfluid.

3.3.3 Energy

Using thesamecontour, theenergy containedwithin theflow, Etot , wascomputedby nu-

merically integratingEq. 3.5. The samemethodusedto calculatethe impulsewasem-

ployed. Again, the energy wascomputedseparatelyusingeachhalf of the flow. Figure

3.25showsthedevelopmentof theenergy in theMVR. Thereis arapidincreaseasthevor-

tex ring is formed,followedby anabrupttransitionanda steadydecrease.Sincethering

is moving steadilyat this point, thedecreasein energy mustbedueto viscousdissipation.

33



0 0.5 1 1.5 2 2.5 3 3.5 4
0

20

40

60

80

100

120

t/T

Im
pu

ls
e 

[c
m

4 /s
]

Figure3.23: Impulsefor theMVR integratedin a iso-voriticy contouratω = � 1 s
� 1.
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Figure3.24: Impulsefor theBVR integratedin a iso-voriticy contouratω = � 1 s
� 1.
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Figure3.25:Energy for theMVR integratedin a iso-voriticy contourat ω = � 1 s
� 1.

Figure3.26shows the developmentof the energy in a BVR with respectto time. Again

thereis a rapid increasein theenergy initially. Thentheenergy approachesa steadystate

value.

3.4 Vortex CoreMotion

Althoughthevortex corelocationis nearlyimpossibleto determinefrom thePLIF images

for theBVR, thevorticity distributionexhibitedaclearpeak,whichwaschosento identify

thevortex corelocation. Thetrajectoryof this corelocationwasthenexamined,allowing

thedeterminationof thediameter, growth rate,andcelerityof thevortex ring.

3.4.1 Axial Motion

Dueto thenatureof thesetup,theMVR velocity wasvery sensitive to thepositionof the

generatingtube. A small changein the vertical tubepositionhada visible effect on the

vortex ring velocity andtotal circulation. Figure3.27shows the downstreampositionof
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Figure3.26:Energy for theBVR integratedin a iso-voriticy contourat ω = � 1 s
� 1.

the vortex coresfor 3 differentMVR runs. The curvesareall quite linear, however, the

slopesvarydueto theeffectmentionedabove.

Theaxial motionof theBVR wasmoreconsistent.This is becausethegeneratingtube

wasfully submerged,eliminatingtheproblemobservedwith theMVR. Figure3.28shows

theaverageaxial motion for theBVR. Themostnotabledifferencefrom theMVR is the

initial non-linearityin themotion.Thereis abrief periodof accelerationaftertheBVR has

formedanddetachedfrom the tube. This is followedby a decelerationandthena linear

region. This linear region correspondswell with the transitionregion to be discussedin

Chapter4. It is notablethat the BVR hasnot yet begun to behave asa thermal,wherea

squarerootdependencewouldbeexpected[1,2, 16].

3.4.2 Radial Motion

Thespatialtrajectoriesof theBVR andMVR werevery different.Figure3.29shows one

BVR (triangles)andMVR (circles).Within thefirst few diameters,thetrajectoriesarevery

similar. Thereis a smallexpansionjust downstreamfrom thetubeexit plane,followedby
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Figure3.27:Axial motionof theMVR for eachcase.Thesensitivity to thetubeplacecan
beseenin thevariationof theslope.
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Figure3.28:Theaverageaxial motionof all theBVR experiments.
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Figure3.29:Exampleof vortex coremovementfor abuoyantandnon-buoyantvortex ring.
Triangle- BVR; Circle - MVR.

a contraction.However, theBVR suddenlybeginsto expandnearz = 2 D. Theexpansion

wasnotalwayssymmetric,ascanbeseenin thisexample.Also, thetrajectoryof theBVR’s

weresignificantlyscattered.Thiscanbeseenin Fig. 3.30.TheMVR trajectoriesaremuch

moreconsistent.

Thetrajectoriesfor eachclassof vortex ring wereaveragedto producea singletrajec-

tory. Figure3.31shows theresultsof theaveragingprocess.TheaverageMVR trajectory

still showsasmallincreasein sizejustdownstreamof theexit plane,followedby acontrac-

tion. TheMVR thentravelsdownstreamwith a nearlyconstantwidth. TheaverageBVR

trajectoryalso indicatesthat the initial ring formation is followed by a slight expansion.

Theaveragetrajectoryshowsavery lineargrowth afteraboutz = 1.5D.

In order to comparethe growth rateof the BVR with previous far-field growth rates

for thermalsand buoyant vortex rings, the vortex ring radiuswas computedas half the

distancebetweenthevortex cores.Figure3.32shows this diameterasa functionof down-

streamdistancefor theBVR. Thereis theinitial non-linearregionfollowedby alonglinear

expansion.Theexpansioncanbefittedwith a straightline, andtheresultingslopeis 0.16.
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Figure3.30:Vortex corepathsfor all cases.Triangle- BVR; Circle - MVR.
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Figure3.31:Averagevortex corepathsfor buoyantandnon-buoyantvortex rings.Triangle
- BVR; Circle - MVR.
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The BVR is mostaccuratelydescribedasa buoyant vortex ring, sincethe circulation

wasgeneratedboth in the tubeboundarylayer andby the baroclinic torques. Turner[1]

showedthattheexpansionof abuoyantvortex ring in thefarfield is describedby Eq. 3.9.

R � αz � F �
2πcΓ2

BL

z (3.9)

The spreadingrate, α, dependson the initial buoyant force, F � , and the circulation

producedin theboundarylayersof thegeneratingapparatus,ΓBL. Theconstantc is related

to theexactprofileof theselfsimilarprofileof theflow in thefarfieldandshouldbeof order

one.Theexperimentalresultsindicatethatα is 0.16.Thevalueof ΓBL wascomputedusing

thecorrectedslugflow modeldescribedearlier, andtheinitial buoyantforcewascomputed

basedon theexperimentalsetup.Thesevaluesare25 cm2 � s and500cm4 � s2, respectively.

The resultingvaluefor c is approximately0 � 8. So,eventhoughtheflow hasnot reached

self similarity, asseenby thevorticity distribution, andis not in the far field, this relation

is still approximatelyvalid.

Thespreadingrate,α, for a thermalin thefar-field hasbeenexperimentallydetermined

to beapproximately0.25[2, 16] or 15 degrees,while it is reducedfor buoyantplumes[16]

to about0.2,or 11degrees.However, thesespreadingratesarebasedonthevisibleexterior

boundaryof theflow, while themeasuredspreadingrateabove is basedon thepositionof

thevortex core.Thismaybetheprimarysourceof thedifference.
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Figure3.32:Averageradiusof theBVR.
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4 Buoyant Starting Flows

The initial goal of theseexperimentswasto examinethe effectsof the releasedfluid ge-

ometry, i.e. aspectratio, on the subsequentdevelopmentof the flow field. In particular,

whetherthe initial vortex ring formationwasaffectedby the additionof buoyancy. Both

thePLIF andDPIV techniqueswereusedfor eachof thegeometriesexamined.Although

PLIF can be usedto determineconcentrationvalues,due to the strongreflectionof the

incidentlaserlight nearthetubeexit, theresultswereconstrainedto primarily qualitative

informationabouttheflow structure.

4.1 Flow Visualization

The evolution of the releaseof a finite parcelof buoyant fluid can be divided into two

phasesfor the rangeof L/D examined.During thefirst phase,thebuoyantflow emerging

from the tubeacceleratedandrolled up into a startingvortex ring. During this phase,the

fluid completelydischargedfrom the tube. This wasfollowedby a transitionperiodafter

which thereleasedparcelsbeganto decelerate.Thefinal phaseconsistedof a decelerating

fluid masssimilar to a thermal. The exact timing of wheneachphasebeganandended

variedwith thereleasedfluid aspectratio.

A seriesof PLIF imagesareshown in Figs. 4.1 to 4.4. Theimageshavebeenassigned

falsecolor. Thetimestepbetweentheimagesin eachfigureis 0.2T, andthefirst imageis

onetime stepafter themembraneburst. This translatesto 0.10,0.14,0.14,and0.18s for

thefour aspectratiosshown. Thelast imageshows theflow field just asthebuoyantfluid
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Figure4.1: PLIF imagesfor anaspectratio of 2.

hasbeencompletelydischargedfrom thetube.However, a thin boundarylayercontaining

somebuoyantfluid remainedin thetubefor mostof thedurationof theexperiments.

Thedevelopmentof thelowestaspectratioof L/D = 2 hasbeendiscussedin Chapter3.

A seriesof imagesfor thisaspectratio,Fig. 4.1,is includedfor reference.Themostnotable

featuresof theflow field at thispoint is thesignificantdevelopmentof theRayleigh-Taylor

instability at thefluid interface.

Figure4.2shows thedevelopmentof theflow field for anaspectratio of L/D = 4. The

developmentof theRayleigh-Taylor instability is evidentin thefirst two PLIF images,and

theremnantsof thestructuresformedremainduringthefluid dischargephase.Theroll up

processis very similar to thepreviouscase.Theroll up is somewhatmoredevelopedthan

in thepreviouscase,ascanbeseenin thesecondimage.However, by thethird frame,the

roll up processhasbeenseverely distorted. This is evident in the lack of distinct bands

of ambientandbuoyant fluid within the coreregion. Much of this internalstructurehas

disappeared.By thefinal frame,only theremnantsof theinitial roll up processarevisible

asbright coresof buoyantfluid. Thedisruptionof the initial roll up appearsto have been

causedat leastpartiallyby theradialpropagationof thestructuresformedby theRayleigh-

Taylor instability alongthe leadingedgeof theflow. Although the roll up processis still

severelydisturbedin this case,it morecompletelydevelopedthanfor thepreviouscase.
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Figure4.2: PLIF imagesfor anaspectratio of 4.

A seriesof PLIF imagesfor an aspectratio of L/D = 6 is shown in Fig. 4.3. The

developmentof theRayleigh-Taylor instability is still visible,however, thenumberof dis-

turbanceson the leadingedgehasbeenreduced.In the secondframe,the beginning roll

up of theboundarylayercanbeclearlyseenon theleft handsideof theflow, while on the

right handside, the developmenthasbeeninhibited by the initial disturbance.The next

imageshows that thereis anotherfactorcontributing to the breakdown of the initial roll

up. Thecoreregion on the left sidehasnot yet beenvisibly affectedby thedisturbances

formeddueto the Rayleigh-Taylor instability, yet the internalstructurehasbegun to de-

grade. The longeraccelerationperiodassociatedwith the large aspectratio hasallowed

theflow to developmorecompletelybeforethe instability at the interfaceaffectsthe roll

up process.However, thebreakdown of thecoreregion meansthatsomeothermechanism

is alsoactingto disturbthe boundarylayer roll up. By the final frame,the leadingedge

disturbanceshavehadenoughtimeto propagateto thecoreregion,andontheleft side,this

hasresultedin the initial corebeingseparatedfrom the leadingedgeandfalling behind.

A secondaryroll up is visible at this point. Although the roll up is still disturbedunder

the actionof both the instability andbuoyancy within the core, the coredevelopmentis

evenmorepronouncedthanthepreviouscases.This indicatesthat thegreatermomentum

generatedfor largeraspectratiosallowsatheboundarylayerroll upto haveagreatereffect
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Figure4.3: PLIF imagesfor anaspectratio of 6.

on theflow development.

PLIF imagesof thestartingphaseareshown in Fig. 4.4 for anaspectratio of L/D = 8.

Evenhere,theinitial two framesshow thepresenceof theRayleigh-Taylorinstability. Also,

in thesecondframetheright handsideroll upappearsto havenotstarted.However, by the

third image,theeffectof thegreatermomentumin thiscaseis clear. Theinitial disturbances

thatwereformedat theleadingedgeareno longervisible,andtheinternalstructureof the

left handside is still visible. The right handsidealsoshows the developmentof a core

region. Theactionof thebuoyantforcesis still evidentin thedistortionof thecoreregions.

Theresultsof thesesomewhatopposingforcesis moreclearlyseenin thefinal frame. At

this point, the overall structureis similar to thatof a purelymomentumdrivenflow. The

coreregion beliesthis fact however. Both sidesof theflow show thatmostof the roll up

structurewithin thecoreregionshasbeendestroyed. The lack of any visible signsof the

initial leadingedgeinstability is notableaswell.

Fromthisseriesof figures,it is apparentthatthepresenceof buoyancy significantlyim-

pactstheinitial flow development.For smalleraspectratios,andcorrespondinglysmaller

contributionsof momentum,the fluid interfaceinstability hassufficient time to develop

andsubsequentlydisturbthevortex ring formationprocess.As theaspectratio increases,

the interfaceinstability playsa smallerandsmallerrole, while theboundarylayer roll up
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Figure4.4: PLIF Imagesfor anaspectratio of 8.

is morecomplete.Thereis alsoanotheraspectof theflow development.Thepresenceof

buoyancy affectsthevortex ring developmentbeyondsimply amplifying any disturbances

createdduring the fluid release.Even for the largestaspectratio examined,the distinct

bandsof ambientandreleasedfluid usuallyassociatedwith a boundarylayer roll up was

no longervisible by thetime thefluid hadbeencompletelydischarged.

A shorttimeafterthefluid hadbeendischargedfrom thetube,thefluid wouldbegin to

slow, andtheflow structurewouldundergosignificantchanges.At thepointwherethefluid

hasbeencompletelydischarged,thereis still asignificantamountof unmixedbuoyantfluid

for thelargeraspectratios.Thephasefollowing thefluid releasedcanbecharacterizedby

largechangesin thebuoyantfluid concentrationanddistribution. Figures4.5 to 4.8 show

a seriesof imagesfor eachaspectratio. Eachseriesstartsonetime stepafter thefluid has

beendischargedandcontinuesin equallyspaceincrementsuntil the flow field begins to

leave theregion thatwasimaged(0 to 12 D. Theresultingtime stepsfor eachof thefour

aspectratiosare0.55,0.25,0.20,and0.17s. Eachof the imageshasbeenassignedfalse

color, andthecolor scalinghasbeenchangedto make theflow structurevisible. For many

of thelaterframesthefluorescenceintensityof theimagewasvery low. Thedevelopment

of thesmallestaspectratio,L
�
D = 2, hasalreadybeendiscussed,but animageis included
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for comparison.Most notably, thebuoyantfluid quickly becomesmixedwith theambient

fluid, andrapidlydevelopsinto a wideningvortical ring structure.

Figure4.6showsa seriesof PLIF imagesfor anaspectratio of L
�
D = 4. Thebehavior

of this flow is very differentfrom that of the previous case. In the first frame,undiluted

or weaklydilutedbuoyantfluid is still visible in thecentralcolumnregion aswell asnear

the leadingedge. Thereis also someindication of the vortex ring type structure,with

two lobeson eithersideof the centralcolumnlike region. This situationchangesby the

secondframe.Here,theflow hasdevelopedinto anasymmetrical“blob” of buoyantfluid,

with the highestconcentrationsin the interior. One interestingfeatureof this particular

experimentis the trailing coreof fluid on the left. This is a remnantof the initial roll up

of theboundarylayerwhich hasbeenleft behind.Thiswasformeddueto theinterference

of the Rayleigh-Taylor instability during the discharge process,andmay accountfor the

largeasymmetryseen.The third andfourth imagesshow that thebuoyantfluid is indeed

remaininga coherentmass,while it expandsandbecomesmorediluted. The bright core

regionappearsto bemoving with approximatelythesamecelerityastherestof theflow.

The developmentof the flow field for an aspectratio of L
�
D = 6 canbe seenin Fig.

4.7. At the initial frame,theflow still containsa significantquantityof unmixedbuoyant

fluid. Also, theflow consistsof acolumnof relatively constantwidth, toppedby aring like

structure.In thesecondimage,thefluid hasdilutedconsiderablyovermuchof theregion.

Thecentralcolumnof fluid hasbeenalmostcompletelyincorporatedinto thebuoyantmass

leadingthe flow. Therearesomeremnantsof the boundarylayer visible assmall vortex

corestrailing themajor featuresof theflow field. At this point, theinterior flow still con-

tainsrelatively sharpgradientsin concentration,indicatingthat theremaybeareaswhere

thebuoyantfluid is not highly mixed. However, by the third frame,theflow is becoming

muchmoreuniform,similar to theL
�
D = 4 case.Someremnantsof thevortical ring struc-

turearestill visible at this point, asthehigherconcentrationsof buoyantfluid arelocated

nearthecoreregions. In thefinal frame,it is clearthat thefluid massis now moving asa
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singleunit, while thereis still someindicationof theoriginal roll up process.

Thedevelopmentof the largestaspectratio, L
�
D = 8, shown in Fig. 4.8, is similar to

the L
�
D = 6 case. In the first image,the flow consistsof large concentrationgradients,

with regionsof buoyantandambientfluid in closeproximity. Thereareclearlytwo regions

within the flow, a centralcolumn,cappedby a leadingvortical structure.Therearealso

severaldistinct “cores” visible in the leadingstructure.This structurepersiststo thenext

image,however, theinternalstructureof theflow hasbegunto change.Thedistinct“cores”

haveall but disappeared.Following theflow to thenext image,mixing betweenthebuoyant

andambientfluids hasbegunin earnest.Theleadingregion hasbecomeaball likecap.In

thelast two images,thetransformationof theflow towardsa coherentmasscanbeclearly

seen.In the third frame,therearetwo regionsof moreconcentratedbuoyantfluid, with a

smallgapbetweenthem.However, by thefinal image,this gaphasnearlydisappeared,as

thetrailing massis beingengulfedby theleadingmassfrom therear. Thisengulfmentcan

beseenasa consequenceof theslowing of the leadingportionof theflow asit is diluted

morerapidly thanthetrailing portion.
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Figure4.5: PLIF imagesfor anaspectratio of 2 afterdischarge.
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Figure4.6: PLIF imagesfor anaspectratio of 4 afterdischarge.
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Figure4.7: PLIF imagesfor anaspectratio of 6 afterdischarge.

51



Figure4.8: PLIF imagesfor anaspectratio of 8 afterdischarge.
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Thefactthatthepresenceof buoyancy, andthereforebaroclinictorques,is responsible

for thedisruptionof theconventionalboundarylayer roll up is alsosupportedby a setof

experimentsinvestigatingthe effect of shockwaveson compressiblevortex rings carried

out by Cetegen& Hermanson[17]. The shockwavescreateregionswere large pressure

anddensitygradientsexist, notnecessarilyparallelto theexistingflow field. Theresulting

imagesaftertheshockpassagelook markedly similar to theimagesof thecurrentbuoyant

flows.

4.2 Flow Field

In order to betterunderstandthis flow field, the DPIV techniquewasutilized. First the

vorticity fieldswereexaminedandcomparedto thePLIF imagesobtained.However, it is

necessaryto keepin mind thewide gapin resolutionof thesetwo techniqueswhencom-

paringtheresults.Also, severalintegralmeasuresof theflow developmentwereexamined.

Thesewerethecirculation,impulse,andenergy.

Figure4.9 shows thevorticity fields for eachof theaspectratiosat the time whenthe

fluid hasbeencompletelydischargedfrom thetube.Thevorticity contourswereplacedat

intervals of 10% of the peakvorticity, andall contoursbelow 0 � 5s
� 1 wereignored. The

mostnotabledifferencebetweenthesevorticity fieldsandthePLIF imagesseenabove is

thelackof verysmallscalefeatures.However, thismustnotbeinterpretedasa lackof fine

scales,it is dueto theresolutiondifferenceof thetwo techniques.Thelargescalestructures

identifiedby this techniqueareexaminednext.
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Figure4.9: Vorticity field at thetime, t=T, whenthefluid hasbeendischarged,for eachaspectratio.
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For the aspectratio of L
�
D = 2 (the leftmost frame), the flow hasnot even formed

into a vortex ring. This occursoneor two DPIV frames(33 - 66 ms) later. This aspect

ratio wasdiscussedin detail in Chapter3. Thenext vorticity field shows a snapshotof the

flow for theaspectratio of L
�
D = 4. Here,thecontoursremainattachedto thegenerating

tube,however, the roll up is evidentat the front of theflow andtheattachedcontoursare

relatively weak. At anaspectratio of L
�
D = 6, severalchangesareevident. Thecontour

at 30%of thepeakvorticity containsall of thehighervorticity regions,however thereare

multiple cells evident at the highervorticity levels,similar to what wasseenin the PLIF

images.This indicatesthat the large scale(on theorderof the flow width) structuresare

affectedby actionof the baroclinic torques.At an aspectratio of L
�
D = 8, this trendis

evenmoreevident.Theflow consistsof acolumnlike regionof vorticity cappedby region

of high vorticity. Thecellularstructureis visible hereaswell. Again, thehighervorticity

levelsareall boundedby the30%contour. Theflow structurein theseearlystagesshows

achangebetweentheaspectratiosof L
�
D = 4 and6. For theloweraspectratios(2 and4),

thebuoyantfluid wasall incorporatedinto asinglelargescalevortical structure.However,

for thelargeraspectratios(6 and8), theflow initially formedacap/columnstructure.This

thendevelopedinto asinglelargervorticalstructure.Thisbehavior wasconsistentin all of

theexperiments.

Figures4.10to 4.13show thevorticity fieldsfor eachof theaspectratiosfrom thetime

the tubehaddischargedall thebuoyantfluid to the time theflow left the recordedregion

(z
�
D � 7). Eachof the sequencesconsistsof six vorticity fields equally spacedin time,

translatingto ∆t ’s of 0.20,0.10,0.05,and0.02s. The aspectratio of L
�
D = 2 flow was

discussedin Chapter3.

Figure4.11showsaseriesof imagesfor theaspectratioof L
�
D = 4. Theinitial frames

show thevortical ring structuredevelopedasthe tubedischarged. However in thesecond

throughfifth frames,themulti-cell structureseenathigheraspectratiosearlierbeginsto be

evident.Thiscellularstructureappearsto beaccompaniedby anactualseparationof small
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massesof fluid in andaroundthecentralregionof theflow.

Figure4.12shows a similar seriesof snapshotsfor anaspectratio of L
�
D = 6. In this

case,the leadingvortical structurealreadycontainsseveraldistinct cells. In thefirst four

frames,this cellular structurecontinuesto develop,but it is notablethat the trailing flow

appearsto remainattached.The last two framesshow thebeginningof radialexpansion.

This is accompaniedby the generationof intermingledregionsof both signsof vorticity

within thecentralcoreof theflow field.

Althoughthedevelopmentthatwasrecordedfor anaspectratioof L
�
D = 8 waslimited

to only abrief periodaftertheflow hadbeendischargedfrom thetube,Fig. 4.13is included

for completeness.It confirmsmany of theobservationsof thesmalleraspectratiosaswell.

Notably, the column/lumpstructureis preserved in mostof the frames. However, in the

later frames,it is difficult to determinewherethebuoyantfluid endsandthe trailing flow

begins. Also, theradialexpansionof theflow accompaniedby thedevelopmentof central

subpeaksof vorticity canbeseen.
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The lack of a clear separationof the leadingvortical region of the flow for the two

highestaspectratiosis important. In similar experimentswith momentumdrivenstarting

flows, the initial vortical roll-up developsinto a separatevortex ring that propagatesat a

highercelerity thanthe trailing flow. Thebuoyantcaseappearsto operatein theopposite

manner. Theinitial roll up of theboundarylayerformsinto a vortical lump at theheadof

theflow. For aspectratiosof L
�
D � 4, the leadingvortical structureis initially followed

by a columnof buoyant fluid. However, this columndoesnot separatefrom the leading

flow, but is reincorporatedduringthetransitionto a thermallikeflow. This initial stagesof

this behavior canbeseenin the last DPIV framesshown above aswell asthe later PLIF

images.

An aspectdifficult to presentin individualvorticity fieldsis thedynamicsof themotion

of thecellularvorticity structure.As expected,theentirevortical regionappearedto slowly

rotatein the samedirection as the local vorticity. The cells of vorticity appearedto be

createdpredominatelyin the centralregion. Thoseformed nearthe leadingedgewere

usuallysweptaroundtheperimeterof theflow. It alsoappearedthatcellsof oppositesign

would occasionallydisappearin pairs, indicating annihilationof the two oppositesigns

of vorticity. This phenomenonwas most prevalent after the fluid had beencompletely

discharged.

4.3 Transition

It will beshownthatthedevelopmentof thebuoyantflowscouldbedividedinto twophases,

an initial accelerationperiod followed by a thermallike phase. Thesetwo phaseswere

divided by a transitionperiodwherethe flow beganto decelerateandthe flow structure

changeddramatically.

The clearestmethodof divided the two flow regimeswasobtainedby measuringthe

positionof the leadingedgeof theflow asa functionof time from thePLIF images.The
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Figure4.14: Leadingedgeposition(z/D) for anaspectratio of 2. Thetwo linesshow the
slopeof the curve during the two phasesof the flow. The arrow indicatesthe transition
point.

leadingedgewastakento bethemostdownstreamparcelof fluid thathada concentration

valueabove a specifiedthreshold.The thresholdvalueusedwaschosento eliminatethe

backgroundfrom theimage.For mostof theimagesobtained,thebackgroundfluorescence

level with thelaseron was16outof 255.

Figure4.14shows the progressionof the leadingedgeof the flow for an aspectratio

of 2 in a log-log plot. Two regionswith nearlyconstantslopeare indicated. The initial

region correspondsthe flow acceleration.The final region correspondsto a thermal-like

deceleration.A transitionpoint wasdefinedwherethethermal-like phasebegan. In order

to quantify the transitionpoint, a power law wasfitted to the thermal-like region of the

progressiondata. The transitionpoint wastaken asthe point wherethe dataapproached

this curve to within 10%.Thispoint is markedin Fig. 4.14.

Although the developmentdescribedabove wasthe clearestfor the aspectratio of 2,

thelargeraspectratiosshowedsimilardevelopment.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 anaspectratio of 4. Thetwo linesshow the
slopeof the curve during the two phasesof the flow. The arrow indicatesthe transition
point.

final thermal-like stateis lesspronouncedsincethe transitiondoesnot occuruntil further

downstream.

Figure4.18 shows PLIF imagesof the flow at the transitionpoint for several aspect

ratios.Theflow at thetransitionpointhadabroadrangeof concentrationvalues.Thiswas

consistentin mostof theexperimentscarriedout.

Figure 4.19 shows the transitiondistanceplotted againstthe cuberoot of the initial

volume,with bothvaluesnormalizedby thetubediameter. A dimensionalanalysisbased

on the tube diameter(D), initial releasedvolume (Vo), and the transitiondistance(ztr )

resultsin this form. Thereis someindicationthat theremaybea dependenceon thetube

diameter, however, thereis notenoughdatato becertain.

Figure4.20is an imageof thethermallike statefor thetubewith anaspectratio of 2,

about8 diametersdownstream.Here, the mixing hasgreatlyreducedthe concentration,

sothat thestructureis difficult to visualize.Thereis lesscomplexity in theflow structure.

This type of structurewasseenmainly for this aspectratio. The flows generatedby the
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Figure4.16: Leadingedgeposition(z/D) for anaspectratio of 6. Thetwo linesshow the
slopeof the curve during the two phasesof the flow. The arrow indicatesthe transition
point.
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Figure4.17: Leadingedgeposition(z/D) for anaspectratio of 8. Thetwo linesshow the
slopeof the curve during the two phasesof the flow. The arrow indicatesthe transition
point.
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Figure4.18:PLIF imagesof theflow structureat thetransitionpoint for aspectratiosof 2,
4, 6, and8.
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Figure4.19:Leadingedgepositionat thetransitionpoint.
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Figure4.20:PLIF imageof a thermal-likestatefor anaspectratioof 2.

larger aspectratio tubesdid not appearto reacha thermal-like structurewithin thefirst 7

diameters.

However, thereis someindicationthattheflow for all theaspectratioswasapproaching

thethermalstate.In thefar field, the leadingedgepositionof a thermalis proportionalto

thesquarerootof time. Theaverageof theexponentfor 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 datawerealsousedto computethe developmentof the circulation, impulse,

andenergy for all four aspectratios. Thesevalueswerecomputedinsidean iso-vorticity

contourat 1 s
� 1.
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4.4.1 Cir culation

Thecirculationwascomputedusingthepreviously describedmethodof the line integral.

Theseresultswerethenexaminedto determinetheeffectof theinitial geometryonthefinal

circulationvalue.Figure4.21shows thedevelopmentof thecirculationfor anaspectratio

of L
�
D = 2, asdiscussedin thepreviouschapter. Figure4.22showsthedevelopmentof the

circulationfor both the clockwiseandcounterclockwisevorticesfor an aspectratio of 4.

Thecirculationvaluesfor thetwo sidesmatcheachothervery closely, indicatingthat the

behavior seenis notdueto movementof thevorticity into or outof themeasuredplane.

The initial phaseof theflow is dominatedby a rapid increasein thecirculation. This

increasecontinuesafter the tubeis empty. A sharptransitionregion follows the increase.

This transitionregion is sometimesmarkedby adecreasein thetotal circulation.Thefinal

phaseis marked by a relatively constanttotal circulationin the flow. Similar figuresfor

aspectratiosof L
�
D = 6, and8 are includedin Figs. 4.23 and4.24. It shouldbe noted

thatthesetwo tubeshada smallerdiameter, sotheabsolutevaluesof circulationarelower

than the aspectratios of 2 and 4. The shapeof all of the curves is very similar. The

mostnotabledifferenceis theextentof continuedincreasein circulationafterthefluid has

beendischarged. Sincethe tubeboundarylayer is no longercontributing to theflow, this

increasemustcomeaboutdueto the actionof the buoyant forceson the fluid. Also, the

goodagreementbetweenthevalueobtainedfor eachsignof circulationindicatesthat the

increaseis likely not dueto any kind of markedasymmetrydeveloping.Thefinal leveling

off is moredifficult to determinefor thelargeraspectratios,asthey do not reachthis state

until they arenearlyoutof theimagedarea.

Comparingthe transitionpoints in Figs. 4.14 to 4.17 with the start of the constant

circulationregion shows that thesetwo eventsoccurnearthe sametime. The ambiguity

of the transitionpoint and the startingpoint for the constantcirculationregion makes it

difficult to determineamathematicalrelationshipbetweenthetiming of thesetwo events.

Sincethecirculationgeneratedby theseflows comesfrom two sources,theboundary
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Figure4.21:Circulationdevelopmentfor aspectratio of 2. Thesolid curvesaretheclock-
wise andcounterclockwisecomponents.The dashedcurve is the calculatedmomentum
generatedcirculation. Thesolid horizontalline representsthevalueat which thecircula-
tion leveledout.

0 0.5 1 1.5 2
0

50

100

150

Normalized Time (t/T)

C
irc

ul
at

io
n 

[c
m

2 /s
]

Figure4.22:Circulationdevelopmentfor aspectratio of 4. Thesolid curvesaretheclock-
wise andcounterclockwisecomponents.The dashedcurve is the calculatedmomentum
generatedcirculation. Thesolid horizontalline representsthevalueat which thecircula-
tion leveledout.
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Figure4.23:Circulationdevelopmentfor aspectratio of 6. Thesolid curvesaretheclock-
wise andcounterclockwisecomponents.The dashedcurve is the calculatedmomentum
generatedcirculation. Thesolid horizontalline representsthevalueat which thecircula-
tion leveledout.
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Figure4.24:Circulationdevelopmentfor aspectratio of 8. Thesolid curvesaretheclock-
wise andcounterclockwisecomponents.The dashedcurve is the calculatedmomentum
generatedcirculation. Thesolid horizontalline representsthevalueat which thecircula-
tion leveledout.
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layervorticity andbuoyancy inducedtorques,aneffort wasmadeto determinethecontri-

bution from each.Thecirculationdueto theboundarylayervorticity wasestimatedusing

thesamemethodasin Chapter3. Theslug-flow model[8],previously shown mathemati-

cally in Eq. 3.7,is usedasaninitial estimate,andis correctedby theempiricalrelationship

foundby Didden[9] (Eq. 3.8).Thecompleteformulationis shown herein Eq. 4.1.

Γcorr � � 1 � 14 � 0 � 32
L
�
D � � T

0

1
2
U2

edt (4.1)

Thedifferencein betweenthetotal circulationandtheestimateof thecirculationgen-

eratedfrom the boundarylayer vorticity wassubstantialin all cases,indicating that the

circulationgeneratedby baroclinictorqueshasa significantimpacton thetotal circulation

in theflow. Also, thetotal circulationfor anaspectratio of 8 increasesfasterthanthees-

timatedmomentumgeneratedcirculationbeforethe tubehasdischargedhalf of thefluid.

For an aspectratio of 4, the two curveswerealmostidenticalduring the entiredischarge

period.

Figure4.25showsthetotal circulationdevelopedasa functionof thetubeaspectratio.

It also shows the circulation generatedby the boundarylayer estimatedby the method

describedabove. Both of thesevalueshave beennormalizedby Γ � , definedin Eq. 4.2.

This is the circulation predictedby the slug-flow model for a tube with a constantexit

velocityequalto themeasuredaveragevelocity.

Γ � � 1
2
Ū2T � 1

2
Ū2T2

T
� 1

2
L2

T
(4.2)

Usingthecorrectedslugflow model,andassumingapolynomialexit velocityprofile, it

canbeshown thatthecirculationgeneratedin theboundarylayerwouldbealinearfunction

of theaspectratio. However, asseenin Fig. 2.2, thevelocity profilesdo not appearto be

a family of polynomial curves. This would explain the non-linearityof the momentum

generatedcirculationcurve in Fig. 4.25.
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Figure4.25: Final circulationvalueasa functionof thetubeaspectratio. Thesolid curve
representsthe total circulation value averagedover the level portion of the curve. The
dashedcurve refersto themomentumgeneratedcirculationat thetime thetubehadcom-
pleteddrainedof buoyantfluid.

Usingthecorrectedslugflow model,themeasuredtotal circulation,andthemeasured

exit velocity, the final circulationvaluecanbe divided into two portions. The first is the

contribution dueto theboundarylayer, computedusingthemeasuredvelocity profile ac-

cordingto Eq. 4.1. The secondis the circulationgeneratedby the actionof the buoyant

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

buoyantforce.Thereis aclearlinearrelationship.

4.4.2 Impulse and Energy

Theimpulseof theflow wasalsoinvestigatedin light of changingaspectratios.By comput-

ing the total impulse,assumingaxisymmetricflow, anddoingeach“half ” independently,

it waspossibleto obtainsomeverificationby comparingtheresults.Theformulationused

for thecomputationwasdiscussedin thepreviouschapter. Also, Fig. 4.27is includedasa

reference.Thisaspectratio wasdiscussedin Chapter3.
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Figure 4.26: Circulation generatedby buoyancy asa function of the squareroot of the
initial buoyantforce.

Shown in Figs. 4.28to 4.30arethe resultsfor theaspectratiosof L
�
D = 4, 6, and8.

Theimmediatelyinterestingfeatureis themarkedlineardevelopmentafteraninitial period

of very little increase.Thisslopecanbeinterpretedasthetotal forceactingover theentire

flow field.

It wasexpectedthat the rateof changeof the impulse,dI
�
dt, would be proportional

to the initial buoyant force. Figure4.31shows a plot of theslopesof thepreviousfigures

againsttheinitial buoyantforce,g�oVo. Theaspectratiosproceedin theorder6, 8, 2, and4

sincethelargeraspectratioshavea smallerdiameterandthereforevolume.

Thetemporaldevelopmentof theenergy with time is includedfor completeness.The

developmentis shown for theaspectratiosof L
�
D = 4, 6, and8 in Figs. 4.33,4.34,and

4.35.Initially thereis a rapidincreasewith time, followedby asharptransitionto anearly

level region. This is qualitatively similar to thedevelopmentseenin thecirculation.
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Figure4.27: Temporaldevelopmentof the impulsefor L
�
D = 2. Thedotsrepresentindi-

vidual field measurementsandthey arefitted by a straightline in thelinearregion.
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Figure4.28: Temporaldevelopmentof the impulsefor L
�
D = 4. Thedotsrepresentindi-

vidual field measurementsandthey arefitted by a straightline in thelinearregion.
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Figure4.29: Temporaldevelopmentof the impulsefor L
�
D = 6. Thedotsrepresentindi-

vidual field measurementsandthey arefitted by a straightline in thelinearregion.
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Figure4.30: Temporaldevelopmentof the impulsefor L
�
D = 8. Thedotsrepresentindi-

vidual field measurementsandthey arefitted by a straightline in thelinearregion.
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Figure4.31:Therateof changeof theimpulseplottedagainsttheinitial totalbuoyantforce.
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Figure4.32:Temporaldevelopmentof theenergy for L
�
D = 2.
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Figure4.33:Temporaldevelopmentof theenergy for L
�
D = 4.
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Figure4.34:Temporaldevelopmentof theenergy for L
�
D = 6.
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Figure4.35:Temporaldevelopmentof theenergy for L
�
D = 8.
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5 Conclusions

Theimpactof buoyancy andinitial fluid aspectratioonthedevelopmentof anaxisymmetric

startingflow hasbeeninvestigatedusing both the PLIF and DPIV techniques. Aspect

ratiosof 2, 4, 6, and8 wereexaminedat a densitydifferenceof 4.7%. Theresultsof the

experimentscanbegroupedinto two categories,the impactof buoyancy on vortex rings,

andtheimpactof buoyancy on theleadingvortex ring formation.

5.1 Vortex Rings

The addition of buoyancy to a simple vortex ring alters its behavior considerably. For

a singlevortex ring without buoyancy, the ring generallypropagatesat a nearlyconstant

velocity when the viscouseffects are small. Also, the ring diameterremainsrelatively

constant.Both of thesefactsarea resultof the low entrainmentof ambientfluid by the

ring structure.Theadditionof buoyancy causestheentrainmentcharacteristicsto change,

therebyaltering many of the featuresusually associatedwith a vortex ring. The major

featuresof abuoyantvortex ring areasfollows:


 Theradiusincreaseslinearlywith distancefor z
�
D � 2


 Baroclinictorquesgeneratedmostof thetotal circulationin theflow


 Theimpulseof theBVRncreaseslinearlywith time
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5.2 AspectRatio Effects

In light of work doneon momentumdrivenstartingjets,andthe robustnessof themodel

proposedby Gharibetal. in predictingthebehavior in thenearfield, theeffectof buoyancy

onthismodelneededto beexamined.Thereareseveralimportantpointsthathaveemerged

from this research.


 Theadditionof buoyancy changesthenatureof thestartingflow


 Thestartingvortex ring is disruptedby buoyancy, andremainsattachedto thetrailing

flow


 The flow is divided into two phases,initial accelerationfollowedby a thermallike

phase


 Thedistanceto transitionto thesecondphaseis relatedto thecuberootof theinitial

volume.


 The circulationgeneratedby buoyancy is linearly relatedto the squareroot of the

initial buoyantforce


 Therateof changeof theimpulseis proportionalto theinitial buoyantforce

5.3 Scopeof the Results

Sincethe experimentswereconductedwith only onenozzlegeometry, andthe measure-

mentswereexclusivelyconductedin thenearfield, thesensitivity of theresultsto variations

in theapparatusgeometrymaybequestioned.However, theprinciplequantitiesmeasured,

the circulationand impulse,are integral measuresof the flow field. Extensive work has

beendoneexaminingthe effectsof the nozzlegeometryon the circulationin vortex ring

generators[7, 9]. Theseexperimentshave indicatedthat the nozzlegeometryonly con-

tributessecondarilyto theamountof circulationgenerated,while theprimaryfactoris the
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aspectratio of theejectedfluid column. Sincethe impulseis alsoan integratedmeasure,

onemaycautiouslyproposethatit wouldalsobelesssensitiveto theexactgeometryof the

generatingapparatus.

5.4 Futur eWork

In order to more completelyunderstandthe impactof buoyancy on the developmentof

the startingvortex ring, andthe natureof the transitionregion, moreexperimentalwork

needsto bedone.Two regionsneedto beexaminedmoreclosely. First, theflow field in

theimmediatevicinity of thegeneratingtubeshouldbeexaminedat high resolutionusing

the DPIV technique(velocity vectorspacing # 0.05 D). This would help to understand

the small scalestructureseenin the PLIF images. Secondly, the transitionregion (5 #
z
�
D # 20)needsto beexaminedusingDPIV andPLIF. In this region,for theaspectratio’s

examined,theflow changesto thermallikebehavior. However, thecurrentexperimentsdid

not includeDPIV datafor mostof this region.

It would be desirableto control the exit velocity independentlyof the initial density

difference.This maybepossiblefor a rangeof Richardsonnumbersusinga combination

of themembranewith adriving piston.
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