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  Abstract:Onthebasisofmulti-fluidvolumefraction(VOF)andpiecewiseparabolicmethod(PPM),a
multi-fluidhydrodynamicprogram MFPPM(Multi-FluidPiecewiseParabolicMethod)wasdevelopedandper-
formedtostudytheRichtmyer-Meshkovinstabilityofgas/liquidinterface.Theinfluencesofinitialperturba-
tionsandgridsonthefluidmixingzone(FMZ)weremainlyresearchedwhenitisacceleratedbyshockwaves,

andtheFMZwidth,bubbleandspikeheightgrowingwithtimewerepresentedsimultaneously.Bycomparing
thecomputationalresults,itshowsthattheinitialperturbationsaffecttheFMZgrowthrateextremely,espe-
ciallyatlatetimes.TheevolutionofspikeissimilartotheFMZ,thebubbleheightincreaseslinearlywithtime
basically,andinfluencedlittlebyinitialperturbations,buttheconfigurationisquitedifferent,andastheeffect
ofgridsizeis.
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1 Introduction
  Theinstabilityofamaterialinterfaceunderanaccelerationofanincidentshockwaspredicted
theoretically by Richtmyerin 1960[1].Ten yearslater,Meshkov confirmed,experimentally,

Richtmyer’sprediction[2].Sincethen,thisinterfacialinstabilityisknownastheRichtmyer-Meshkov
(RM)instability.TheRMinstabilityiscloselyrelatedtotheRayleigh-Taylor(RT)instability[3-5],

whichisaninterfacialinstabilitybetweentwofluidsofdifferentdensitiesdrivenbyanexternalforce.
RMandRTinstabilitiessharecertaincommonfeatures:theformationandgrowthofbubblesand
spikes.Thebubbleistheportionoflightfluidpenetratingintoheavyfluid,andthespikeistheportion
ofheavyfluidpenetratingintolightfluid.Bubblesandspikesgrowwithtimeinoppositedirections.
However,thedynamicsofRMandRTinstabilitiesarequalitativelydifferent.TheRTinterfaceisun-
stableonlywhentheexternalforceactsfromheavyfluidtolightfluid,whereastheRMinterfaceisal-
waysunstablewhethertheshockwavecollideswiththematerialinterfacefromtheheavyfluidphase
tothelightfluidphaseorviceversa.ThepresenceofshockwavesintheRMinstabilitysignificantly
complicatestheoretical,numerical,andexperimentalstudies.

Richtmyer-Meshkovinstabilityisofimportanceinfieldsrangingfromastrophysicstocombus-
tion.Forexample,RMinstabilityisveryimportanttostudyingofmixingandcombustioninscramjet,

inertialconfinementfusion(ICF)drivenbylaser.Itcanalsobeusedtoexplainsomephenomenonof
supernovaedynamicsinastrophysics.Itslaternonlinearevolvementisextremelysignificanttoreveal
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theessenceofcompressibleturbulence.Inthisstudy,wepresentedadetailednumericalstudyofthe
gas/liquidRMinstability[6-7]andfinallygavesomequalitativeconclusions.Inoursimulationsthegas
isairandtheliquidiswater.Asfarasknow,thepapersorreportspublishedaboutthegas/liquidin-
terfaceinstabilitywerefewuptonow.

2 NumericalMethod
  Onthebasisofvolumeoffraction(VOF)model[8],wecombinedthePiecewiseParabolicMeth-
od[9](PPM)withtheinterfacetrackingtoapplytohydrodynamicEulerequations,anditinvolveda
two-stepLagrange-Remappingalgorithmtosolvethemulti-fluidhydrodynamicproblems.Thegover-
ningequationscanbewrittenasfollows
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Here,iandjrepresentthethreedirectionsofx,y,zrespectively,andthesameiandjexpresssum-
mation,ρ,uk(k=i,j),paredensity,velocityandpressureofmaterials,Eisthetotalenergyofaunit
mass,Nisthenumberofspeciesofmedia,Y(s)isthevolumefractionofsthspeciesandsatisfies
∑Y(s)=1.Equationofstatesistheformof“stiffengas”

p=(γ-1)ρe-γπ (2)

forgas,γistheratioofspecificheat,andπ=0.Forliquidandflexibleclose-grainedmediadescribedby
impactHugoniotcurve,γisthefittingconstantofmaterial.πisthematerialconstantwithviscous
tensordimension.Multidimensionalproblemscanbesimplifiedtoseveralone-dimensionalonesbydi-
mensionsplittingmethod.
Inordertocapturingthematerialinterfaceeffectively,Two-stepLagrange-Remappingarithmetic

isusedtosolvetheEq.(1).Theallcalculationsaredividedintofoursteps:thefirst,piecewiseparabol-
icinterpolationofphysicalquantities;thesecond,solvingofapproximationRiemannproblems;the
third,marchingsolvingofLagrangeequations;thefourth,mappingthephysicalquantitiestostationa-
ryEulergrid.Inthesecondstep,bi-shockapproximationmethodisusedtoresolvetheRiemannprob-
lems.InLagrangestep,thephysicalquantitieswereachievedinLagrangecoordinates,andtheymust
beremappedtothestationaryEulergridbythefourthstepatlast.Andthecalculationsforlasttwo
stepswerereferredtoRef.[10].

3 ComputationalModelandConditions
  Thecomputationalmodelisdescribed

Fig.1 Computationalmodel

asFig.1.Thezonewidthofhighpres-
suregasHeis250mm,thezonewidthof
waterisalso250mm,thewidthofair
zonebetweenHeandwateris500mm.
Therightofmodelisconnectedwithat-
mosphere.Theinitialconditionsareinthe
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table1.TheinterfaceisimpactedbyhighpressureHegas,andthegravityisnegligible.

Table1 Initialconditions

Material Pressure/(MPa) Density/(kg/m3) Velocity/(m/s) γ π/(MPa)

He 0.25 0.3042 0.0 1.667 0.0

Air 0.10 1.2928 0.0 1.4 0.0

Water 0.10 1000.0 0.0 7.0 387.5

Inthecalculations,wesetfourkindsofinitialperturbationsattheinterfaceofairandwater,and
thecomputationaldomainwasdividedinto26zonesforparallelcalculations(using26CPUs),the
meshissquarefor100×68and200×136foreachzone,thesizesofgridsΔare0.5mm(coarsegrid)

and0.25mm(finegrid)respectively.Perturbation1isarandomperturbation;perturbation2isanatu-
ralperturbation(Theinterfaceisaconcavesurfacefromlefttoright),perturbation3isapointpertur-
bationwhichisasmallsemicirclepenetratingintowaterinthemiddleoftheinterface;perturbation4
isacombinedperturbationwhichisasmallsemicirclepenetratingintowaterinthemiddleofthein-
terfaceandacosinebesidethesemicircle.Fortheinitialperturbations,theamplitudeandradiusofthe
semicircleare2mmforcoarsegridand1mmforfinegridrespectively.

4 SimulationsandDiscussion
  WestudiedtheRMgas/liquid(Air/Water)interfaceinstabilitynumericallybythisinstance,the
mainpurposeisresearchingdevelopingoftheFMZ,bubblesandspikeswithtime,andtheeffectsof
differentperturbationsandgridsontheFMZgrowthrateandwidthofbubblesandspikes.Whenthe
incidentshockcollideswiththematerialinterfacefromgasphase(lightfluidsphase)toliquidphase
(heavyfluidsphase),itbifurcatesintoatransmittedshockandareflectedshock.Forthiscase,theleft
andrightboundaryareallinflow/outflowconditions,thereforetheshockonlyactsontheinterface
once.Fig.2(a)~Fig.2(l)presentasequenceofdensityimagesshowingthedevelopmentofinterface
forperturbation1andfinegrid.Theinitialrandomperturbationcanbeconsideredasasuperposition
ofwaveswithanindependentFourierwavelength.Accordingtothelineartheory,theFouriermodels
ofshortwavelengthgrowfasterthanlongwavelength.Whenenteringnonlinearstage,theinterface
developsbubblesandspikesfornonlinearity(seeFig.2(d)).Andthebubbleswillbecomemoreblun-
ter,thespikeswillbecomemorepeaked.Thelargerbubblesadvancefasterthansmallerones,finally
overtakeadjacentsmallerneighborsandbecomemorelarger(Fig.2(e)~Fig.2(l)).Thisphenomenon
iscalledbubblemerger[11].

Fig.2 Asequenceofdensityimagesshowingthedevelopmentofinterface,timeintervalis2ms
(Thedarkpartisairandthelightpartiswater)
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Theair/waterinterfaceofdifferentinitialperturbationsandgridsizeΔatonetimearepresented
inFig.3.ItcanbeseenclearlythattheconfigurationsofFMZisaffectedextremelybyinitialperturba-
tionsandgridsize,andarequitedifferentforeachother;thesameasthebubblesandspikes.Theper-
turbation2andperturbation3canbeconsideredassinglemodels.Thebubblemaybesingle(Fig.3(c)

andFig.3(e)),orseveralandbubblemergercanoccur(Fig.3(d)).Thelargerbubblesorspikesgrow
faster,thereasonisthattheyhaveasmallerratioofareatodisplacedfluidvolume,andthereforeless
dragperunitmassaccordingtoNewton’slaw.Theperturbation1andperturbation4aremulti-models
withdifferentwavelength,theunstableinterfacecandevelopintobubblesandspikeswithdifferentsi-
zes,thebubble merger mustoccur,andthe wavelengthplaysakeyroleintheevolutionof
perturbations.

Fig.3 ConfigurationofAir/WaterinterfaceofdifferentinitialperturbationsandgridsizeΔatonetime

InFig.4,itgivesthewidthofFMZvs.timefordifferentinitialperturbations(Fig.4(a)forcoarse
gridΔ=0.5mm,Fig.4(b)forfinegridΔ=0.25mm).ThewidthofFMZisincreasingwithtime.Itis
influencedlittleatearlytimes,butseverelyatlatetimesbyinitialperturbations,forthelinearitymain-
lyoperatesinlinearstage,thedeformationofinterfaceisless,theperturbationisdevelopingslowly.In
thenonlinearstage,thenonlinearityofflowenhancesgraduallyandmainlyoperates,andthebubbles
andspikesgrowfasterfordifferentwavelengthwithdifferentvelocities.Thewidthsofbubblesand
spikesvs.timefordifferentinitialperturbationsispresentedinFig.5andFig.6respectively(Fig.5(a)

andFig.6(a)forcoarsegridΔ=0.5mm,Fig.5(b)andFig.6(b)forfinegridΔ=0.25mm).Inthe
processofdevelopingoftheFMZ,thewidthofbubblesisincreasinglinearlywithtimebasically,andis
influencedlittlebyinitialperturbations.Whereasthedevelopingofspikesistoodifferentwithbub-
bles,andsimilartoFMZ.Thewidthofspikesisinfluencedlittleatearlytimes,butextremelyatlate
timesbyinitialperturbations.TheFMZwidthisthesummationofthebubblewidthandspikewidth,

thespikewidthisincreasingmorefasterthanbubblewidthwithtime.ThewidthsofFMZ,bubble,and
spikeareaffectedlittlebygridsize,buttheconfigurationsaremuchtoodifferent.
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  (a)Δ=0.5mm                   (b)Δ=0.25mm

Fig.4 FMZwidthvs.timefordifferentinitialperturbations

  (a)Δ=0.5mm                   (b)Δ=0.25mm

Fig.5 Widthofbubblevs.timefordifferentinitialperturbations

  (a)Δ=0.5mm                   (b)Δ=0.25mm

Fig.6 Widthofspikevs.timefordifferentinitialperturbations

Here,wedefinedaproportionalityfactorλwhichistheratioofthedifferenceofthelargestwidth
andsmallestwidthofFMZ,orbubble,orspiketothelengthofcomputationalmodel.Table2shows
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thevaluesofλ.Bycomparingλ,wecanalsoconcludethatthewidthsofFMZandspikeareaffectedex-
tremely,andthewidthofbubbleisaffectedlittlebyinitialperturbations,theyareallaffectedlittleby
gridsize.TheFMZwidthvs.timefordifferentgridsizesarepresentedinFig.7.Itrevealsthatthe
FMZwidthisinfluencedlittlerelativelybygrid,whereastheconfigurationisgreatlydifferentas
above.

Table2 Thevaluesofλ

FMZ Spike Bubble FMZ Spike Bubble

Coarsegrid 10.85% 8.14% 0.41% Finegrid 11.55% 7.50% 0.86%

  (g)Perturbation1                  (h)Perturbation2

Fig.7 FMZwidthvs.timefordifferentgridsizesΔ

5 Summary
  Two-dimensionalnumericalsimulationwasperformedinordertoinvestigatetheRMgas/liquid
interfaceinstability,theeffectsofinitialperturbationsandgridsizeontheFMZbyusingthemulti-flu-
idPPM method.Wecanconclude:

(1)TheevolutionofFMZisaffectedextremelybyinitialperturbations,especially,atlatetimes,

buttheFMZwidthisinfluencedlittleatearlytimes.ItissimilartotheFMZforthedevelopingof
spikesaffectedbyinitialperturbations.

(2)Thebubbleswidthisincreasinglinearlywithtimebasically,andisaffectedlittlebyinitial
perturbations.

(3)ThewidthsofFMZ,bubble,spikeareaffectedlittlebygridsize,buttheconfigurationsare
greatlydifferenteachother.

Here,itshouldbenotedthat,theviscositywasnotconsideredinoursimulations.Theinstability
willresultinhappeningofturbulencemixingultimately,andtheviscosityisofimportanceandshould
beconsideredwhenstudyingturbulence.SohowandwhattheviscosityinfluencestheTMZ(Turbulent
MixingZone)isthefuturework.

References:

[1] RichtmyerRD.TaylorInstabilityinShockAccelerationofCompressibleFluids[J].CommunPureApplMath,

1960,13:297-319.
[2] MeshkovEE.InstabilityofaShockWaveAcceleratedInterfacebetweenTwoGases[J].NASATechTrans,

303 第3期   WANGTao,etal:Two-DimensionalNumericalSimulationofGas/LiquidInterfaceInstability



1970,F-13:74.
[3] RayleighL.InvestigationoftheCharacteroftheEquilibriumofanIncompressibleHeavyFluidofVariableDensity

[J].ProcLondMathSoc,1883,14:170-177.
[4] TaylorGI.TheInstabilityofLiquidSurfacewhenAcceleratedinaDirectionPerpendiculartoTheirPlanesⅠ [J].

ProcRSocLondonA,1950,201:192-196.
[5] SharpDH.AnOverviewofRayleigh-TaylorInstability[J].PhysicaD,1984,12:3-18.
[6] WangXL,ItohM,ShiHH,etal.ExperimentalStudyofRayleigh-TaylorInstabilityinaShockTubeAccompan-

yingCavityFormation[J].JpnJApplPhys,2001,40:6668-6674.
[7] ShiHH,KishimotoMasami.FluidMechanicsintheTransientAccelerationofaLiquidColumn[J].Explosionand

ShockWaves,2003,23(5):391-397.(inChinese)

施红辉,岸本薰实.瞬态加速液柱的流体力学问题研究 [J].爆炸与冲击,2003,23(5):391-397.
[8] HankinKSR.TheEulerEquationsforMultiphaseCompressibleFlowinConservationForm[J].JComputPhys,

2001,172:808-826.
[9] ColellaP,WoodwardPR.ThePiecewiseParabolicMethod(PPM)forGasDynamicalSimulations[J].JComput

Phys,1984,54:174-201.
[10] BaiJS,LiP,TanD W.SimulationsoftheInstabilitiesExperimentsinStratifiedCylindricalShells[J].Chinese

PhysicsLetter,2006,23(7):1850-1852.
[11] AlonU,HechtJ,OferD,etal.PowerLawsandSimilarityofRayleigh-TaylorandRichtmyer-MeshkovMixing

FrontsatAllDensityRatios[J].PhysRevLett,1995,74(4):534-537.

二二维气/液界面不稳定性数值模拟

王 涛,柏劲松,李 平
(中国工程物理研究院流体物理研究所,四川绵阳 621900)

  摘要:以多介质的体积分数方法和三阶PPM(PiecewiseParabolicMethod)方法为基础,
给出了适用于多介质流体动力学数值模拟的计算方法和程序MFPPM。利用MFPPM程序对

在高压气体冲击作用下的气体/液体交界面的Richtmyer-Meshkov(RM)不稳定性及其引起

的流体混合现象进行了数值模拟研究。主要研究在不同的初始扰动情况下流体混合区的发

展,并细致研究了流体混合区的宽度、气泡和尖钉高度随时间的增长情况及不同初始扰动对它

们的影响;同时还研究了网格尺度不同时混合区、气泡以及尖钉的构型和高度的增长情况。通

过对计算结果的分析得出,流体混合区、气泡以及尖钉的发展与初始扰动有密切的关系,特别

是在后期影响更为显著;混合区宽度的变化过程和尖钉相似,而气泡高度的变化基本上呈线性

增长趋势,且受初始扰动的影响比较小,但是其构型却有明显差别;网格的影响也主要体现在

对混合区、气泡和尖钉的构型上。
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