
 第32卷 第3期 高 压 物 理 学 报 Vol.32,No.3 
 2018年6月 CHINESEJOURNALOF HIGH PRESSUREPHYSICS June,2018 

 DOI:10.11858/gywlxb.20170624

NumericalInvestigationsofPerturbationGrowth
inAluminumFlyerDrivenbyExplosion

*

WANGTao1,2,BAIJingsong1,CAORenyi1,WANGBing1,

ZHONGMin1,LIPing1,TAOGang2

(1.InstituteofFluidPhysics,CAEP,Mianyang621999,China;

2.SchoolofEnergyandPowerEngineering,NanjingUniversity
ofScienceandTechnology,Nanjing210094,China)

  Abstract:Inthispaperwedevelopedanexperimentaltechniqueandnumericalsimulationmethodthatwe

thenadoptedtoinvestigatetheRayleigh-Taylorinstabilityinmetallicmaterialsdrivenbyexplosion.Westudied

experimentallyandnumericallythegrowthoftheRayleigh-Taylorinstabilityinanexplosion-drivenaluminum

flyerandshowedthattheperturbationamplitudegrowthfollowsanexponentiallawovertime.Thenumerical

resultsagreewiththeexperimentqualitatively,butnotquantitatively.Thisisbecausethealuminumstrengthens

underhighpressureandathighstrainrate,andtheSteinberg-Guinanconstitutivemodelusedinthesimulations

underestimatesthestrengthofthealuminumasbeingnotgreatenoughtosuppresstheperturbationgrowth.

Byinvestigatingnumericallytheeffectsoftheinitialshearmodulusandtheinitialyieldstrengthonthe

developmentoftheRayleigh-Taylorinstabilityofthemetallicmaterial,wealsofoundthattheinitialshear

modulusinaspecifiedrangedoesnotaffectthedynamicyieldstrengthandtheincreaseintheinitialyield

strengthcanimprovethedynamicyieldstrengthsignificantlytostabilizetheperturbationgrowth.Inother

words,thematerialstrengthdominatestheinterfaceperturbationgrowth.
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  Thecorrugatedinterfacebetweendifferentfluidsgrowwhenacceleratedfromalow-densityfluid
toahigh-densityfluid,whichiscalledRayleigh-Taylor(RT)instability[1-2].Thisphenomenonmay
alsooccurinmetals,butusuallyunderahighpressureandatahighstrain-rate,butdiffersmost
distinctlyfromtheRTinstabilityinfluidsinitsstrengtheffectofthemetal,whichcanstabilizethe
perturbationgrowth[3-4]andmakethemetallicRTinstabilitymorecomplexanddifficult.Here,itis
alsoaffectedbytheloadingstateandthepropertiesofthemetallicmaterials.ThemetallicRTinstabilityat
highpressureandstrain-ratecanbeobservedininertialconfinementfusion[5],supernovaexplosion[6],

asteroidcollision[7],themotionofearth’sinnercoreandplatetectonics[8],andsoon.Therefore,the
metallicRTinstabilityiscurrentlyamajorconcernforresearchersandreceivesagreatdealofacademic
attention.

Intheoreticalstudiesaboutthemetallicinterfaceinstability,dispersionrelationsoftheperturbation
growtharederivedmainlybasedontheenergy[9-11]orforceequilibrium[12-13].However,theprevious
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linearanalysiscannotpredicttheperturbationgrowthaccuratelyjustbyapplyingtheperfectplastic
constitutiverelationandconstantpressureloadingstate.Basedontheenergybalance,aperturbation
growthequationusingSteinberg-Guinan(SG)andtheJohnson-Cookconstitutivemodels,aswellasa
variablepressureloadingprocessconsistentwithexperiments,hasbeenderivedthatpreciselypredicts
thegrowthofmetallicRTinstabilitiesdrivenbydetonationandlaserplasma.However,thelinear
analysisstillhasitslimitationsanddoesnottakefullaccountoftheloadingprocedure.

ExperimentalstudiesofthemetallicRTinstabilitystartedinthe1970s.Thepioneeringexperi-
mentalresearch[14]wastheperturbationgrowthofaflataluminumplateacceleratedbytheexpansion
ofdetonationproducts,whichwasobservedusingahigh-energyX-rayfacility.Whatwasachievedthen
inspiredresearchers,andthesimilarequipmentwasutilizedinlaterresearch[15-17].IntheUSAand
Russiaparticularly,numerousnumericalsimulationsandexperimentalinvestigationsforthemetallic
RTinstabilityhavebeencarriedout,buthavemainlyconcentratedontheperturbationgrowthand
suchinfluencingfactorsastheinitialamplitude,thewavelengthandmaterialproperties.Igoninand
Ignatovaetal.[18-19]experimentallyandnumericallystudiedthedynamicbehaviorsofcopper(Cu)and
tantalum(Ta)subjectedtobothshockandshocklessloadingbyemployingaperturbationgrowth
method.Theyobservedthattheformationofthebi-periodictwinstructuresresultedinaninitialloss
oftheshearstrengthofCu,butfailedtoobservelocalizationinTa.Olsonetal.[16]experimentally
studiedtheeffectsofthegrainsizeandmaterialprocessingontheRTperturbationgrowthofCu.
Theyfoundthatboththesingle-crystalorientationandthestrainhardeningduetothematerialpro-
cessingcanaffecttheperturbationgrowth,butthepolycrystallinegrainsizecannot.Fortheplanedet-
onation,theloadingpressureisgenerallyabout30GPa.Toenhancetheloadingpressure,Henryde
Frahanetal.[17]studiedtheberylliumRTinstabilityusinganironflyerplatetoimpactthesecond
highexplosive(HE)toraisethepressureto50GPaintheirexperiments,andcombinednumerical
simulationstocalibratethefeasibilityofdifferentconstitutivemodels.Whenthesampleisdrivenby
electromagnetism[20-21]orlaser[4,22],theloadingpressurecanbefurtherincreased.Veryextremecondi-
tionsofpressuresover1000GPaandstrainratesof108s-1havebeenachievedattheNationalIgnition
Facility,USA,wheretheRTinstabilityexperimentinvanadiumwascarriedout,andconstitutivemod-
elsinsolidphaseweretestedbycomparingsimulationswithexperimentsmeasuringtheperturbation
growth[23]undertheextremeconditionsmentioned.

Inthemetallicinterfaceinstability,theperturbationgrowthisrelatedtoandarrestedbythe
materialstrength.Moreover,someinvestigationshavedemonstratedthatthematerialstrengthincrea-
sesundertheseextremeconditions.ResultsfromthemetallicRTexperimentsandcomputationsby
Barnesetal.[14]showthattheyieldstrengthof1100-0aluminumisover10timeslargerthanthe
standardparameter,andtheyieldstrengthof304stainlesssteelalsoincreasesbymorethanthree
times.UsingtheSGconstitutivestrengthmodel,calculationsofplasma-drivenquasi-isentropicRTex-
perimentsofAl-6061-T6usingtheOmegalaseratapeakdrivepressureof20GPaindicatethatits
yieldstrengthisafactorofabout3.6timesovertheambientvalue[22].InParketal.’s[4]plasma-driv-
enquasi-isentropicpolycrystallinevanadiumRTexperimentsusingtheOmegalaserwithapeakdrive
pressureof100GPa,themeasuredRTgrowthwassubstantiallylowerthanpredictionsusingtheex-
istingconstitutivemodels(SGandPreston-Tonks-Wallace)thatworkwellatlowpressuresandlong
timescales.UsingtheSGmodel,thesimulationsagreewiththeRTexperimentaldatawhentheinitial
strengthisraisedbyafactorof2.3.Therefore,theSGandPreston-Tonks-Wallacemodelsunderesti-
matethestrengthofvanadiumunderveryhighpressuresandstrainrates.Belofetal.[24]firstmeas-
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uredthedynamicstrengthofironundergoingsolid-solidphasetransitionbyusingRTinstability.In
conjunctionwithdetailedhydrodynamicsimulations,theanalysisresultsrevealedsignificantstrength
enhancementofthedynamicallygeneratedε-Feandrevertedα′-Fe,comparableinmagnitudetothe
strengthofausteniticstainlesssteels.Therefore,themetallicRTinstabilitywassuggestedandusedas
atoolforevaluatingthematerialstrengthofsolidsathighpressuresandhighstrainrates[3,25],and
thenformodifyingordevelopingnewconstitutivemodelsfortheseconditions[26-27].

Inviewofthedominantroleofthematerialstrengthinmetallicinterfaceinstabilities,andthe
limitationsofexistingconstitutivemodelsathighpressuresandhighstrainrates,weaimedtoinvesti-
gatethematerialstrengthanditseffectsonmetallicinterfaceinstabilities.Inthispaper,wealsocon-
ductedanRTinstabilityexperimentinexplosion-drivenaluminum,andmeasuredtheperturbation
growthusingX-rayradiography.Incombinationwithelastic-plastichydrodynamicsimulations,wein-
vestigatedthedynamicbehaviorofmetallicRTinstabilitiesandtheroleofthematerialstrengthin
these.

1 ExperimentalSetup
  FollowingthatofBarnesetal.,[14]ourexperimentusedthesetupasshowninFig.1(a),wherewe
haveasketchoftheexperimentalsetupconsistingofadetonator,abooster,planewavelens,JO-9159HE
(100mmindiameterand50mminthickness),analuminumsample,andavacuum.Fig.1(b)showsthe
experimentalsampleofaluminumwithadiameterof65mmandathicknessof1.5mminthecentral
region.Aninitialsinusoidalperturbationwasmachinedonthesideofthealuminumsamplefacingthe
HE.Theperturbationamplitudeandwavelengthwere0.25mmand6mm,respectively.TheHE
productscrossedthevoidof3.5mmbetweenthesampleandHEandaccumulatedontheperturbation
interfaceofthesample,providingasmoothrisetopeakpressureandaquasi-isentropicdrive.Moreo-
ver,thevoidbetweenthesampleandHEcanensurethatthetemperatureofthesampleathighpres-
suresremainbelowthemeltingpoint[22].

Fig.1 Sketchoftheexperimentalsetupandsample

  Intheexperiment,X-rayradiographywasusedtorecordtheevolutionoftheperturbationinter-
facefromtheJO-9159explosivedetonationatzerotime.ADopplerpinsystemwasusedtomeasure
thehistoryofthefreesurfacevelocity,whichcanbeintegratedtoobtainthecorrespondingfreesurface
displacement.Fig.1(c)showsthedistributionofmeasurementpointsofthefreesurfacevelocity,

wherebothpoints1and2correspondtothewavetroughpositionswithonewavelengthinterval,and
point3correspondstothewavecrestpositionwith1.5wavelengthintervalsfrompoint2.
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2 NumericalMethods
  Basedonourindoorhydrodynamiccodeofcompressiblemulti-viscousflowandturbulence
(MVFT)[28-30],wedevelopedadetonationandshockdynamicscodewithhighfidelitybyconsidering
theexplosivedetonationandtheelastic-plasticbehaviorofthematerial.Thiscodecanbeusedtostudy
thephysicalproblemofmulti-materials,largedeformation,andstrongshock.Thegoverningequations
inconservedformareasfollows

∂
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whereiandjrepresentthex,y,andzdirections;Visthecontrolvolume,Sthesurfaceofcontrolvol-
ume,ntheunitvectoroftheexternalnormaldirection,ρ,uk(wherek=i,j),p,andEarethedensity,

velocity,pressure,andtotalenergyofperunitmass;andsijthedeviationstresstensor.
ThephysicalproblemasdescribedbyEq.(1)wasdecomposedintothreeone-dimensionalprob-

lems.Foreachofthem,thephysicalquantitiesinacellwereinterpolatedandreconstructedusinga
piecewiseparabolicmethod(PPM).Theone-dimensionalproblemwasthenresolvedusingatwo-step
Euleralgorithm:FirstthephysicalquantitiesweresolvedbytheLagrange matching,andthen
remappedbacktothestationaryEulermeshes.Theeffectofmaterialstrength,explosivedetonation,

andartificialviscositywereimplementedintheLagrangestep.Themulti-materialinterfacewascap-
turedbyapplyingavolume-of-fluid(VOF)method.

2.1 EquationofState
  Inournumericalsimulations,theequationofstate(EOS)fortheexplosiveandaluminumarethe
Jones-Wilkins-Lee(JWL)andMie-Grüneisenequationsofstate,respectively.TheJones-Wilkins-Lee
equationofstateis
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wherev=ρ0/ρisspecificvolume;A,B,R1,R2,andωareconstants;andE
-
istheinternalenergyper

unitvolume.Table1liststheJWLEOSparametersoftheJO-9159explosive.TheMie-Grüneisen
equationofstateis

p= ρ0c2μ1+ 1-γ0/( )2μ-aμ2/[ ]2
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whereμ=ρ/ρ0-1istherelativecompression,ρ0theinitialdensity,cthesoundvelocityatzeropres-
sure,γ0theGrüneisencoefficient,anda,S1,S2,andS3areconstants(inTable2).

Table1 EquationofstateparametersofJO-9159explosive

ρ/(g·cm-3) pCJ/GPa DCJ/(km·s-1) A/GPa B/GPa R1 R2 ω
1.86 36 8.862 934.8 12.7 4.6 1.1 0.37

Table2 Mie-Grüneisenequationofstateparametersofaluminum

ρ/(g·cm-3) c/(km·s-1) γ0 a S1 S2 S3
2.703 5.22 1.97 0.47 1.37 0 0
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2.2 ConstitutiveModel
  Inoursimulations,theelastic-plasticbehaviorofaluminumathighpressuresandhighstrainrates
wasdescribedusingtheSGconstitutivemodel.TheSGmodelintroducespressure,temperature,and
strain-ratetermsintotheelastic-plasticconstitutiveequation,whilethecouplingeffectofpressureand
strainrateonflowstresswascharacterizedbytheseparatingvariables.Additionally,astheflowstress
intheSGmodelreliesonpressure,thereisacouplingrelationshipbetweenthematerialconstitutive
equationandtheequationofstate,whichindicatesthefeatureofpressurehardeningofmetalunder
highpressure.ThedynamicyieldstrengthYSGandtheshearmodulusGdeterminedbytheSGmodel
areexpressedas

YSG=Y0 1+βεp +ε( )[ ]i
n 1+Apη-1/3-B T-( )[ ]300 (4)

G=G0 1+Apη-1/3-B T-( )[ ]300 (5)

whereY0andG0aretheinitialyieldstrengthandtheshearmodulus,respectively;βandnarethematerialstrain
hardeningcoefficientandthehardeningindex,respectively;Aisthepressurehardeningcoefficient;η=ρ/ρ0isthe
materialcompressionratio;andBisthetemperaturesofteningcoefficient(inTable3).

Table3 Steinberg-Guinanconstitutivemodelparametersofaluminum

Y0/GPa Ymax/GPa G0/GPa β n A/GPa-1 B/(10-3K-1)

0.29 0.68 27.6 125 0.1 0.0652 0.616

3 ResultsandDiscussions
  Inourexperiment,X-rayradiographyrecordedanimageoftheperturbedinterfaceat7.78μs,as
showninFig.2(a),fromwhichweobtainedtheamplitudeof0.77mmsimultaneouslybyimagepro-
cessing.Inthesimulations,themeshsizewas15.6μm,andTables2and3listtheparametersofthe
Mie-GrüneisenEOSandtheSGconstitutivemodelofaluminum,respectively.

Fig.2 Comparisonsoftheperturbedinterfacebetweenexperimentandnumericalsimulations
((a)Experimentalimage,(b)SimulatedimageatnormalstrengthsY0andG0,

(c)Simulatedimageat10timesthenormalstrengthsY0andG0)

Fig.3 Pressurehistoriesofcrestandtrough
attheloadingsurface

  Fig.3showsthepressurehistoriesofthe
crest(solidline)andthetrough(dashedline)on
theloadingsurface,whichincreasecontinuously
andsmoothlyinashorttimeandformanapproxi-
matequasi-isentropicdrive.Afterwards,theexpan-
sionofthedetonationproductsdeceleratesgradu-
ally,andtheloadingpressureontheinterfacerises
slowly.However,thepressureatthetroughas-
cendsfasterthanthatatthecrest,andthepeak
pressureatthetroughisalsorelativelylarger,be-
causethedetonationproductsconvergesatthe
troughanddivergesatthecrest.Theaveragepeak
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pressureisabout25GPa,andthestrainratereaches106s-1.Theloadingpressurethenreducesgradu-
ally,whichisattributedtothedecreaseoftheexpansionpressureofthedetonationproductsandthe
unloadingeffectoftherarefactionwavereflectingfromthefreesurface.

Fig.4showsseveralcontoursoflocalpressure(a),density(b),andtemperature(c)at6different
timesafterthearrivalofthedetonationproductsattheloadingsurface,fromlefttorightandtopto
bottom,at6.36,6.5,6.7,6.9,7.1and7.3μs.Theyexhibitanevolutionprocessoftheperturbedin-
terfaceandtheinteractionofthewaveandtheinterface.Thebluepartofthetemperaturecontouris
thealuminumsample,andthesampletemperatureremainsbelow500Kandfarbelowthemelting
pointof1200K,whichindicatesthatthesampleisintheelastic-plasticstateallthetime.

Fig.4 Contoursoflocalpressure(a),density(b),andtemperature(c)at6.36,6.5,6.7,6.9,7.1,and7.3μs
fromlefttorightandtoptobottomafterthearrivalofdetonationproductsattheloadingsurface

Fig.5 Growthhistoriesoftheperturbationamplitude

  Fig.2(b)showsanimageofthesampleat
7.78μswhentheinitialyieldstrengthY0andthe
shearmodulusG0arenormalvalues.Fig.5showsa
comparisonoftheperturbationamplitudesbetween
theexperimentandnumericalsimulations,where
thesquaresymbolcorrespondstotheexperimental
result,andthesolidblacklinecorrespondstothe
numericalresultswhenY0andG0arenormal.The
simulatedamplitudeismuchlargerthanthatinthe
experimentwhenusingnormalvaluesofY0and
G0.Thisisbecausethealuminumstrengthensun-
dersuchconditions,andtheSGconstitutivemodel
underestimatesitsstrength,whichcansuppress
theperturbationgrowth.

Fig.6showsthetimehistoriesofthefreesurfacevelocity(a)anddisplacement(b)at3measure-
mentpoints(dot-dot-dashedlines:experiment;solid,dashed,anddottedlines:simulations),which
agreewellwitheachother.Therefore,thecalculationsofdetonationoftheexplosiveandthethermo-
dynamicstateofthesampleareexact.

Fig.7showsthecalculatedtimehistoriesofthestrainatthecrest(solidline)andtrough(dashed
line)oftheloadingsurface.Thedeformationatthetroughismuchlargerthanthatatthecrestbe-
causethetroughofthesampleisinastrongertensilestressstate,whichisthemainmechanismfor
thedeformationoftheperturbationinterface.Fig.8showsthetimehistoriesofthedynamicyield
strengthatthecrest(solidline)andtrough(dashedline)oftheloadingsurface,calculatedusingthe
SGconstitutivemodel,similartotheprofileoftheloadingpressure,whichdemonstratethatthemate-
rialstrengthincreasedasdidtheloadingpressureunderacertaincondition.
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Fig.6 Timehistoriesofthefreesurfacevelocity(a)anddisplacement(b)

Fig.7 Timehistoriesofstrainatthecrest
andtroughoftheloadingsurface

Fig.8 Timehistoriesofyieldstrengthatthecrest
andtroughoftheloadingsurface

  Moreover,whentheloadingpressurereachesapeak,thedynamicyieldstrengthwasupto
3timesthatoftheinitialvalue.Infact,thenormalSGmodelisgenerallycalibratedbyconventional
HopkinsonandTaylorimpactsexperimentwithalowerstrainrate.Underthecurrentloadingcondi-
tions(loadingpressureof25GPaandstrainrateof106s-1),thestrengthisnotgreatenoughtosup-
presstheperturbationgrowth.However,whentheinitialyieldstrengthY0andtheshearmodulusG0

increaseto10timesthatofthenormalvalues,goodagreementbetweentheexperimentandsimulation
isachieved,asshowninFig.2(c)fortheperturbationinterfaceandinFig.5fortheperturbationam-
plitudewiththedashedline.Therefore,thematerialstrengthintensivelystabilizestheperturbation
growth.ThedottedlinesinFig.5arefittedlinesfromthesimulatedresults,indicatingthatthepertur-
bationamplitudegrowsexponentiallyovertime.

Westudiedtheeffectoftheinitialyieldstrengthandtheinitialshearmodulusofthematerialon
theevolutionandgrowthoftheperturbedinterface.Figs.9(a),10(a),and11(a)showthecalculated
growthhistoriesofperturbationamplitude,strainhistories,anddynamicyieldstrengthhistoriesatthe
troughoftheloadingsurface,respectively,whentheinitialyieldstrengthisfixedatthenormalvalue
andastheinitialshearmodulusincreasesgradually.Thegrowthoftheperturbationamplitudeexhibits
nochangeevenwhentheinitialshearmodulusincreasesto10timesthatofthenormalvalue,which
meansthattheinitialshearmodulushasnoinfluenceonthematerialdeformationanddoesnotaffect
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thedynamicyieldstrength.
Figs.9(b),10(b),and11(b)showthenumericalresultswhentheinitialshearmodulusisfixed

andtheinitialyieldstrengthgraduallyincreasesto10timesthatofthenormalvalue.Theseindicate
that,withtheincreaseoftheinitialyieldstrength,thedynamicyieldstrengthalsoincreases,themate-
rialdeformationisretarded,andtheperturbationgrowthissuppressedmarkedly.Therefore,theinitial
shearmodulusofthematerialexertsnoeffectonthegrowthofthemetallicRTinstabilitywithina
certainrange,whiletheinitialyieldstrengthhasanobviouseffectonit.

Fig.9 Growthhistoriesoftheperturbationamplitudefordifferentvalues
ofinitialshearmodulus(a)andyieldstrength(b)

Fig.10 Timehistoriesofstrainatthetroughoftheloadingsurfacefordifferentvalues
ofinitialshearmodulus(a)andyieldstrength(b)

Fig.11 Timehistoriesofyieldstrengthatthetroughoftheloadingsurfacefordifferentvalues
ofinitialshearmodulus(a)andyieldstrength(b)
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4 Conclusions
  Wehaveestablishedanexperimentalsetupanddevelopedanumericalsimulationmethodtoinves-
tigatetheRTinstabilityinmetallicmaterialsdrivenbyexplosion.WealsostudiedtheRTinstability
inaluminum,anddrewthefollowingconclusions:

(1)Theperturbationamplitudegrowsfollowinganexponentiallawovertime.
(2)Whenusingthenormalphysicalpropertyparametersofaluminum,simulatedevolutionofthe

perturbedinterfaceagreeswithexperimentonlyqualitatively,andthereisabigquantitativedifference
betweenthembecausethealuminumstrengthensunderhighpressuresandathighstrainrates,andthe
SGconstitutivemodelunderestimatesitsstrengthasbeingnotgreatenoughtosuppresstheperturba-
tiongrowth.

(3)Whentheinitialyieldstrengthandtheinitialshearmodulusincreaseto10timestheirnormal
values,thenumericalandexperimentalresultsareingoodagreementbothqualitativelyandquantita-
tively.Theunderlyingphysicalmechanismisthestabilizationeffectofmaterialstrengthonthepertur-
bationgrowth.Moreover,theinitialshearmodulushasnoinfluenceontheperturbationgrowthwithin
acertainrangewhereastheinitialyieldstrengthdoesinfluenceitstrongly.Therefore,thematerial
strengthdominatestheevolutionofthemetallicRTinstability.
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爆轰驱动铝飞层扰动增长的数值模拟

王 涛1,2,柏劲松1,曹仁义1,汪 兵1,
钟 敏1,李 平1,陶 钢2

(1.中国工程物理研究院流体物理研究所,四川 绵阳 621999;

2.南京理工大学能源与动力工程学院,江苏 南京 210094)

  摘要:建立了研究炸药爆轰驱动条件下金属材料Rayleigh-Taylor不稳定性问题的实验技

术和数值模拟方法。利用该实验技术和数值模拟方法研究了炸药爆轰驱动条件下,铝飞层界

面Rayleigh-Taylor不稳定性增长规律,数值模拟显示界面扰动振幅以指数规律增长。数值模

拟结果和实验定性相符,但是定量相比有较大差别,原因是高压高应变率加载条件下铝的强度

增强,而数值模拟时所采用的SG本构模型在这样的加载条件下低估了铝的强度而导致对扰

动增长致稳作用不足。然后在数值模拟中,通过改变材料的初始剪切模量和初始屈服强度,发
现在一定范围内,初始剪切模量对材料动态屈服强度没有影响,而初始屈服强度增大可以明显

提高材料的动态屈服强度,达到抑制扰动增长的目的,表明材料屈服强度主导界面扰动增长。

  关键词:爆轰驱动;Rayleigh-Taylor不稳定性;扰动增长;材料强度;致稳
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