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Summary Experimentshave beencarriedout to examinethe formation,andsubsequengvolution, of lobesandclefts at the headof

a gravity current. This hasbeenachiezed by calculatingthe curvatureof the level-setof rst-arrival timesof the front. Theresults
shav thatthereis a weakdynamicallinear instability whenthe radiuscunatureof the front is similar to the height. The formation
andevolution of the cleftsis thena nonlinearkinematicphenomenongausedy the front propagtingwith a roughly constannormal
velocity. Threedifferentmechanismgor theinitial instability arediscussedndthe subsequengvolution of the front is explainedin

detail.

INTRODUCTION

Gravity currentsarea commonlyoccurringervironmental o w andarisein a variety of situationsgxamplesincludethe
buoyang/-driven exchangethroughan opendoorway, the spill of a densegas,or a pyroclastic o w from avolcano. The
densitydifferenceddriving the o w may have their origins in temperaturecomposition,or the presencef suspended
particlesthatsedimenbut of theadwancing o w.

The generaldynamicsof a two-dimensional2D) gravity currentare now thoughtto be well understood.Laboratory
experiments(5) have provided detailedobsenationsof such o ws. It wasfoundthatthe o w arisingafterthe release
can be divided into a numberof different phases.In the initial phasesometimegeferredto asthe 'slumpingphase'
the currentdevelopsandforms a head. Someavhatlater, the gravity currentreaches second self-similarphasewhere
thereis a buoyangy/-inertiabalance.After sufcient time the ow will entera nal phasejn whichit is governedby a
buoyangy/-viscousbalancewhichis well describedy shallov watertheory

While thegeneraldynamicsof 2D gravity currentsareaccuratelydescribedy relatively simpleanalysisno information
aboutthe formationof the complicatedthree-dimensiona3D) lobe and cleft structuresat the gravity currentsheadis
provided by thesemodels. Simpson(4) hascarriedout an experimentalstudy on lobe and cleft formationwherehe
photographedhe gravity currentsheadfrom belov andwasthusableto track the clefts asthey grew andmemged. He
suggestedhattheformationof lobesandcleftsis dueto the overrunningof lessdenseuid by thedensegravity current,
whichin turn forcesitself upward throughthe gravity currentcausinga cleft to form. Otherwork by Hartel (1) used3D
directnumericalsimulations(DNS) of a gravity currentat relatively low Reynoldsnumber The simulationexhibited all
featuregtypically obseredin experimental o ws nearthe gravity currenthead,including the lobe andcleft structureat
the leadingedge. The original work wasfurthered(2) with an examinationof the lobe andcleft instability of a gravity
currentusinglinearstability analysis. They concludedhattherewasa local linear instability at the leadingedgeof the
front causedy the unstablestrati cation in the o w region betweerthe noseandthe stagnatiorpoint.

RESULTS

A seriesof laboratoryexperimentshave beencarriedoutin aglasstank2.5m £ 0.7m £ 0.8 m. In the experimentghe
tankwas lled with freshwaterof density’a = 1000kg/m® to adepthH . A x edvolumeof adenseisalinesolutionof
density¥s of the samedepth,waskeptbehinda vertical barrierat a distanceL = 0:3 m from the endof the tank. For
visualisationpurposeshedenseuid wasdyedwith food colouring.BYy lifting thebarrierthedenseruid is releasednto
tank. lllumination from behindandabore usinga diffuselight bankresultedin a sharplyde ned interfacebetweerthe
gravity currentandthe ambient uid.

Video sequencesf the experimentswere analysedusing the methoddevelopedin McElwaine (3). The arrival time
T(x; y) of the ow is detectedor eachpixel on the screen.This matrix T (x; y) of rst arrival timesis a level set,since
thecontoursT (x; y) = t correspondo thefront of the o w ataparticulartime. Onesuchcontouris shavnin gure 1(a),
wheretheaccurag of themethodandthe characteristitobe andcleft structurecanbeclearlyseen Propertieof the ow
suchasaveragefront positionandvelocity canthenbe calculateddirectly from the contoursandthe movementof clefts
andlobescanalsobevisualised However, local featurescanmosteasilybetrackedworking directly with thelevel set.In
generabneshouldaccountfor cameradistortionbeforeprocessingbut alargefocal lengthlenswasusedandthecamera
axiswasorthogonako the planeof motion,sotherelationbetweerpixel coordinatesandworld coordinatess accurately
representethy a simplescaling. Resamplingerrorscanthusbe avoidedby working directly with pixel coordinatesThe
lobescorrespondso large regions of small positive curvatureand the clefts to lines of large negative curvature. The
cunatureisdenedas- = r tl:jrr % . Figure 1(b) shaws the curvatureof the level setfrom the experimentshowvn in
Figurel(a).

Thestructureandmotionof thecleftsis clearlyseenn gure 1(c). Thecleftsappeamandthenslowvly propagtealongthe
front until they meigewith otherclefts. Themostimportantpoint aboutcleftsis thatthey area generic,kinematicfeature
of systemwith evolving frontsthathave nothingto dowith dynamics.Thatis ary systemwherethefront propagteswith
approximatelyconstantvelocity normalto the front will develop clefts. Theseclefts correspondo a shockwheretwo
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Figure 1. a) Contourmapping.The motion of the gravity currentin all gures is right to left. b) Cunatureof rst arrival time eld.
Black correspondso curvaturedessthan-2 (inversepixels), white to greatthan+2, andtheintensityis linearin between.c) Position
of cleftssuperimposedn cunaturepicture

characteristicgollide. As the front continuesto propagte clefts canmeige but never disappear As the lobesbetween
the clefts increasesn size and decreasen cunaturethey becomedynamically unstableand indent smoothly After
propagting a distanceof the radiusof curvatureof theindentationa shockforms anda cleft appears.Thusthe overall
processs oneof cleftscontinuallyforming andthenmerging but never disappearingscanbeseenn gure 1(c).
Simpsons$ previous work statesthat lobe and cleft instability doesnot arisein the slip-boundarycondition caseand
hencethe instability is dueto the overrunningof ambient uid. This is not necessarilfthe casehowvever. Comparedo
ervironmental o ws experimentsandsimulationsareperformedat very low Reynoldsnumberswherethe o ws areonly
barelyturbulent. At higherReynoldsnumbergheoverrunninglayerwill increasen sizerelative to trappedambientayer
(scalingasl= Re) makingthetrappedayerlessimportant.Sincelobesandcleftsarestill obseredfor these o wsthere
mustat the very leastbe oneothersourceof instability. An alternatve explanationof the resultsof (4) is thatwith aslip
boundanthereis muchlessturbulencein the o w, andonewould have to goto muchhigherReynoldsnumberto obsere
theinstability. The scalingof this mechanisnalsoseemswnrong. As the o w increasesn sizeandthe Reynoldsnumber
increasesheoverrunlayershrinkin thicknessandonemight expectthe scaleof theinstability to scalewith this.
Althoughonly oneof theseseemdo have received muchattentionin the literature. At leastthreepossiblemechanisms
for generatingheinitial negative curvatureleadingto cleft formationappeaito be possible they will be describedalong
with experimentakvidence.
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