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Abstract:Shocktubeexperimentsofaperiodicair-heliumchevroninterfaceimpactedbyaplanarshockwaveare
conducted.Effectsofthecompressibilityandtheinitialamplitudeontheperturbationgrowtharehighlighted.For
smallinitialamplitudes,theshockMachnumberhaslimitedeffectsonthereliabilityofthelinearmodel.Forhigh
initialamplitudes,however,thelinearmodelisgenerallyinvalidbecausethehighamplitudeeffectwillreducethe
lineargrowthrate.Underthehighinitialamplitudecondition,theincreaseoftheshock Machnumberfurther
aggravatesthediscrepancyoftheexperimentalresultwiththetheoreticalprediction.Byconsideringthehigh
amplitudeeffectandthehighMachnumbereffect,thelineargrowthrateoftheinterfacewithhighinitialamplitude
impactedbyastrongshockwavecanbewellpredicted.Thecompressibilityeffectinducedbytheincidentshock
wavecanbeillustratedbythematerialcompressionandthegeometriccompressionoftheinterface,andthelatteris
foundtobedominant.Inthenonlinearregime,somenonlinearmodelsproposedforsingle-modeinterfacesare
verifiedtobevalidonlyatveryearlystages.
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0 Introduction
Theintersectionofashockwavewithamisaligned

densitygradientcreatedbyafluidinterfacewillresultin
thecreation ofthe Richtmyer-Meshkovinstability
(RMI).ThisinstabilitywasexaminedbyRichtmyer[1]

inhistheoreticalwork,andlaterbyMeshkov[2]inhis
experiments. The RMI occurs in a variety of
applications.Inastrophysics,ithasbeen usedto
explainthelackofstratificationinsupernovaproducts
andisrequiredinstellarevolution models[3,4].In
combustionsystemswithshock-flameinteractions,it
playsanimportantroleindeflagration-to-detonation
transition[5],anditcanbeusedtopromotemixingin
supersonicair-breathingengines[6,7].Theapplication
thathasmotivatedthemajorityofstudiesisinertial
confinementfusion (ICF),atechnology withthe
potentialtodemonstratehighlyefficientcarbon-free
energyproduction.InICF,theRMIoccursatthe
interfacesofthedeuteriumfueltargetduringitslaser
drivencompressioncausingmixingofthehighdensity,
hightemperaturecorewithsurroundingmaterialand
greatlyreducing thefusion yield[8,9].Duetoits
importancetoavarietyofapplications,theRMIhas

receivedmuchattentionandaseriesofcomprehensive
reviews[10-15]havebeenpublishedinthepastdecades.

Experiments on the RMI under laboratory
conditionsareusuallycarriedoutinshocktubes.The
shockwaveiscreatedbythesuddenreleaseofahigh
pressurevolumeintoalowpressurevolumeinitially
separatedbyaplasticormetaldiaphragm.Thedensity
gradientiscreatedbytheinterfaceoftwofluidsof
differentdensities,andisusuallyperturbedtomisalign
thepressuregradientinducedbytheshockwave.A
varietyofmethodsforperturbingthefluidinterfacehave
beendeveloped,suchasthemembranetechnique[16-19]

ormembranelesstechnique[20-22].Whentheincident
shockwaverefractsfromthelight(heavy)fluidtothe
heavy(light)fluid,theinterfacebetweentwofluidsis
generallycalledthelight-heavy (heavy-light)one.
Richtmyer[1]firsttheoreticallystudiedtheRMIinterms
ofalight-heavysingle-modeinterfacewithasmallinitial
amplitudeandproposedtheimpulsivemodeltodescribe
thelineargrowthbehavioroftheperturbation.Since
then,extensivestudiesontheperturbationgrowthof
the light-heavy single-mode interface have been
performed[2,20,23-27],andtheimpulsivemodelhasbeen
validatedqualitativelyandquantitatively.Inpractical



applications,actually,therandomperturbationswith
infinitemanymodesgenerallyexistontheinterface,
andthecouplingbetweendifferentmodescomplicates
theflow. Recently,a series of experiments on
developmentsoflight-heavychevroninterfaces[28-31]and
light-heavyinclinedinterfaces[22,32-35] accelerated by
shockwaveshavebeencarriedout.Achevroninterface
wasgeneratedbythesoapfilmtechniqueandtheearly-
timeevolutionoftheRMIhasbeenhighlighted[28-31,36].
Specifically,the modecoupling[31] andthe bubble
competition[36] have beeninvestigated.Aninclined
interface(halfthechevroninterface)wasgeneratedby
thegasdiffusiontechnique,andthelate-timeevolution
oftheRMIespeciallytheturbulentflowcharacteristics
havebeenemphasized[22,32-35].

Relativetothelight-heavyinterface,theheavy-
lightinterfacereceiveslessattention.InICF,notethat
thecentralcapsuleismadeofthinconcentricspherical
shells,generallycontainingtheoutershellofthe
ablator,themiddleshellofthesolidDTfusionfueland
theinnershelloftheDTvapor[9].Duetothedifference
indensity,theouterandthemiddleshellsconstitutea
light-heavyinterface,whereasthemiddleandtheinner
shellsconstituteaheavy-lightinterface.Asaresult,the
heavy-lightinterfaceisclosertothecenterofthe
capsule,andtheinducedhydrodynamicinstabilityofthe
heavy-lightinterfaceiscrucialtotheignition.Meyer&
Blewett[37]investigatedthedevelopmentofaheavy-light
single-modeinterfaceimpactedbyaplanarshockwave
andfoundthattheimpulsivemodelwasnotapplicable
topredictingtheheavy-lightinterfaceevolutionunless
theamplitudeterm oftheimpulsive model was
adjusted,andalinearmodel(theMBmodel)applicable
to the heavy-light case was proposed.In the
experimentsperformedbyJourdan & Houas[38],the
heavy-lightinterfaceonlyconsistsofbubbles,butthe
spikesarereplacedbyflatparts.Theirresultsindicated
thatthelineargrowthrateofsuchaheavy-light
interfaceperturbationcanbepredictedbytheimpulsive
model[1],whichisinconsistentwiththeconclusion
reachedbyMeyer&Blewett[37].Notethattheinterface
adoptedintheexperimentsisnotapuresingle-mode
one,becausetheflatpartsexistandcouldaffectthe
bubbleevolution[30].Besides,theinitialinterfaceis
uncontrollable,andtherearemanyshort-wavelength
disturbancesontheinterface,whichalsoaffectthe
amplitude growth. Mariani et al[39] used the
stereolithographytodesignthemembranesupportssuch

thattheinitialinterfaceis morecontrollablethan
previouswork[38].Thedevelopmentsoftheair-helium
interfacewerewellpredictedbythemodel.Recently,
Maetal[40]experimentallyandnumericallyinvestigated
theRMIofaheavy-lightsingle-modeinterface,and
foundthattheMBmodelgivesagoodpredictiontothe
lineargrowthrates.

The shock Mach number in shock-tube
experimentsmentionedaboveislow,andthusthe
compressibilityeffectisinsignificant.AsMikaelian[41]

stated,the compressibility effect can inhibit the
perturbationgrowthrate.Foralight-heavyinterface,
Aleshinetal[42]studiedthedevelopmentofanAr-Xe
interfaceacceleratedbyaplanarshockwavewitha
Machnumberof2.5.Theresultsshowedthatthe
impulsivemodelcanapproximatelypredictthelinear
growth rateifinitialamplitudes are small,but
overestimatethelineargrowthrateifinitialamplitudes
arehigh.Foraheavy-lightinterface,theevolutionofa
Be-foaminterfaceimpactedbyastrongshockwitha
Machnumberof15.3inlaserdrivenexperimentshas
beeninvestigated.Similarly,theMBmodelcanpredict
thegrowthrateoftheperturbationwhentheinitial
amplitudeissmalleventhoughtheshockMachnumber
isextremelyhigh.Asaresult,thehighamplitude
effectratherthanthehighMachnumbereffectisthe
dominantone,asprovedbyRikanatietal[43]andSadot
etal[44]intheirshock-tubeexperiments.

To highlightthecompressibilityeffectonthe
perturbationgrowth,evolutionoftheair-SF6chevron
interfaceaccelerated byaplanarshock wave with
differentMachnumbershasbeeninvestigatedinour
previouswork[45].Theresultsindicatedthatexceptfor
thetransverse waves effect,the shock proximity
effect[43-46]wheretheproximityofthetransmittedshock
wavetotheinterfacealsoinhibitstheperturbation
growth.However,Glendinningetal[46]pointedoutthat
foraheavy-lightconfigurationwherethetransmitted
shock waves move muchfasterthantheshocked
interface,theshockproximityeffectcanbeinsignificant
evenforveryhighMachnumbers,unlessahighinitial
amplitudeisimposedontheinterface.Therefore,for
twodifferentinterfaceconfigurations (light-heavyor
heavy-light),thecompressibilityeffectisdifferent.To
figureoutthedifferenceofthecompressibilityeffect
betweenthem,evolutionoftheheavy-lightchevron
interfaceaccelerated byaplanarshock wave with
differentMachnumbersneedstobeinvestigated,which
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motivatesthecurrentwork.
Inourpreviouswork[47],achevronair-helium

interfacewasgeneratedbythesoapfilmtechnique,and
theeffectoftheinitialamplitudeontheamplitude
growthhasbeenhighlighted.Theresultsverifiedthe
reliabilityoftheMBmodelforpredictingthegrowthof
theinterfacewithsmallinitialamplitudeafterthephase
reversal.Notethatinthepreviouswork[47],onlyone
shockMachnumberisinvolvedandtheexperimental
durationwassoshortthatthenonlinearbehaviorofthe
amplitude growth was absent. Furthermore,the
chevroninterfacewithflatportionsatbothsidesisnon-
periodic,andtheflatportionshavenon-negligible
influencesontheadjacentinterfacedevelopment[30].In
thiswork,aperiodicchevronair-heliumisgeneratedby
thesoapfilmtechnique,anddifferentshock Mach
numbersareinvolvedtohighlightthecompressibility
effectinduced by incident shock wave on the
perturbationgrowth.

1 Experimentalmethods
Theinitialinterfaceconsistsofthreechevron

interfacesinthemiddleandtwoflatinterfacesatboth
sides,asshowninFig.1.Theflatpartsconnectingthe
wallhavebeenverifiedtohavelimitedeffectsonthe
centralinterfacedevelopment[30],andwemeasurethe
centralinterfacetocalculatetheperturbationgrowth
rate.Twoinitialvertexangles(θ=160°and120°,
correspondingtotwoamplitude-wavelengthratios(a0/
λ=0.044and0.144witha0andλbeingtheinitial
amplitudeandwavelength,respectively),areinvolved.
Theinitialinterfaceisgeneratedbythesoapfilm
technique which hasalready succeededin creating
interface with different shapes in the previous
work[27,28,31,36].Therefore,theinterface formation
processwillbebrieflydescribedhere.Theinterface
frameworkisfirstmanufacturedbyacrylicplates,and
thenthinwires(0.128mmindiameter)areintroduced
atthecornertoavoidpressuresingularity.Inthis
work,onlyonewireisneededateachcornerbecauseθ
≥120°[28,48].Theinterfaceisgeneratedbypullinga
rectangularframealongtheedgesoftheframework
withthesolutionprepared(madeof60%cleanwater,
20% concentratedsoapliquidand20% glycerinby
volume).Theboundarylayereffectandthethree-
dimensionaleffectontheinterfaceevolutionareverified
tobelimited[28,30].

After the interface formation,the interface
frameworkisfirstinsertedintothetestsection.Then

Fig.1 Theinterfaceframeworkmanufacturedbyacrylicplates.
θrepresentstheinitialvertexangle.Theunitofnumbersismm

heliumisinjectedintotherightsideoftheinterface
throughaholeattheendofthetestsection,andairis
discharged from the other hole. An oxygen
concentrationdetectorisplacedneartheholetoensure
theheliumpurityinthetestsection.Beforetheshock
wavecontactstheinterface,theheliumandairwill
diffusethroughthesoapfilm,causingthemixingofthe
gases.Inthiswork,thegasconcentrationsatbothsides
oftheinterfacearedeterminedbythevelocitiesofthe
incidentandtransmittedshockwavesmeasuredfromthe
schlieren images and one-dimensional (1D) gas
dynamicstheory.Thedetailedexperimentalparameters
arelistedinTab.1.

Theexperimentsarecarriedoutinthesameshock
tubesasthatinthepreviouswork[28,47].Polyester
diaphragmsofdifferentthicknessesareplacedbetween
thedriveranddrivensectionstovarytheincidentshock
Machnumber(Ma).TheincidentshockMachnumber
inthisworkrangesfrom1.2to1.9,aslistedinTab.1.
TheflowfieldisilluminatedbyaXenonlightsource
(CEL-HXF300),andcapturedbyaschlierensystem
combinedwithahigh-speedvideocamera(FASTCAM
SA5,PhotronLimited).Theframeratesofthecamera
are50000f.p.sforθ=120°,and75000f.p.sforθ=
160°.

2 Resultsanddiscussion
Theinterface morphology and the amplitude

growthinlinearandnonlinearstageswillbediscussed
inthissection.Theeffectsoftheinitialamplitudeand
theshockMachnumberontheinterfaceevolutionwill
beinvestigated.Thecompressibilityeffectinducedby
theincidentshockwaveontheperturbationgrowthfor
light-heavy and heavy-light interfaces will be
highlighted.Notethattheinitialtimeinthisworkis
definedasthe momentwhenthephasereversalis
completed.
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Tab.1 Experimentalparametersforeightcases.Ma,incidentshockMachnumber;Vl(Vr),volumefractionofheliumattheleft
(right)sideoftheinterface;AandA+,pre-andpost-shockAtwoodnumber,respectively;Uc,jumpvelocityforaflatinterface
calculatedby1Dgasdynamicstheory;UiandUt,incidentandtransmittedshockwavevelocities,respectively.Thevelocityunitism/s.

θ Ma Vl/% Vr/% A A+ Uc Ui Ut

160

1.18 14.4 95.0 -0.657 -0.663 138 437 968

1.40 2.8 96.3 -0.703 -0.713 277 490 1107

1.73 3.0 98.0 -0.724 -0.736 468 606 1311

1.84 2.0 98.0 -0.726 -0.737 526 642 1362

120

1.19 9.3 90.5 -0.613 -0.621 135 427 882

1.37 9.2 93.0 -0.645 -0.656 258 496 1022

1.66 8.9 94.2 -0.661 -0.674 423 597 1182

1.78 10.8 92.3 -0.631 -0.645 487 649 1202

􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋

Fig.2 Schlierenimagesofair-heliuminterfacesforθ=120°impactedbyaplanarshockofMa=1.19(a)and1.78(b),andfor
θ=160°impactedbyaplanarshockofMa=1.18(c)and1.84(d).IS,incidentshock;TS,transmittedshock;R1,transverse
shockwavesgeneratedbytheinteractionofTSsattherightvertexoftheinterface;TR1,transverseshockwavesofR1refracting
throughtheinterface;RW,reflectedwaves;a0,initialinterfaceamplitude;a,evolvinginterfaceamplitude;λ,interface
wavelength;hs,spikestemwidth.Thenumbersdenotethedimensionlesstime.

2.1 Interfacemorphologyandfeatures
Theevolutionoftheshockedinterfacewithtimeis

displayedin Fig.2.Notethatonlyfourschlieren

sequences(θ=120°withMa=1.19and1.78,andθ=
160°with Ma=1.18and1.84)areshownhere,
becauseforthesameinitialamplitude,thequalitative
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Fig.3 TimevariationofthespikestemwidthhsatdifferentMachnumbersforthesmall
(a)andlarge(b)amplitudeindimensionlessform

developmentsoftheinterfaceforcasesofMa~1.4and
1.7aresimilartothoseforcasesofMa~1.2and1.8,
respectively,andareomittedhere.Takingthecaseof
θ=120°andMa=1.78asanexampletodiscussthe
evolutionprocess,whentheincidentshockwave(IS)
propagates along the air-helium interface, the
transmittedshockwave(TS)movingdownstreamand
thereflected waves (RW) moving upstream are
generated.TheTSsinteractwitheachotherattheright
vertexoftheinterface,resultingintheformationoftwo
new shocks (R1isthetransverse shock wave)
connectedbyaMachstemandtwotriplepoints(TP)
(Fig.2(b)atτ=0,τ=kVE

0(t-t*)withk(=2π/λ)
thewavenumber,t*thetimewhenthephasereversalis
justcompleted,andVE

0theexperimentallineargrowth
ratewhich willbediscussedlater).Theslipline
connectingthetriplepointisobserved,whichisthe
specificfeature underthe conditions ofthe high
amplitudeandmoderateMachnumbers(θ=120°and
Ma=1.66,1.78).Thesliplineisnotobservedfor
othercases,evenforthesmallamplitudeatMa =
1.84.TheshockR1passesthroughtheinterfaceand
generatesanothertransverseshockwave(TR1).When
theISpassesacrosstheinterface,phasereversala
specificphenomenonintheheavy-lightconfiguration
starts.Thespike(aheavyfluidpenetratingalightone)
occursinthemiddleandgrowsquicklyinthedirection
ofthepost-shockflow,whereasthebubble(alight
fluidpenetratingaheavyone)developsintheopposite
directiontothespike.Astimeproceeds,lotsofsmall
vorticesappearontheinclinedinterface.Becausemore
baroclinicvorticityisdepositedontheinterfacewith
highinitialamplitude,thevortexpairatthespiketipis

moreobvious.
Fromthecomparisonoftheschlierensequences

showninFig.2(c)and(d),theshockMachnumber
hasalimitedeffectontheinterfacemorphologyforthe
smallinitialamplitude.However,forthehighinitial
amplitude,astheshockMachnumberincreases,the
vortexpairatthespiketipismoreobvious,andthe
spikestemwidth(hs,asdefinedasthedistanceofthe
spikestem,asshowninFig.2(b)atτ=2.82)is
wider.Thespikestemwidthcanreflectthesizeofthe
vortextosomeextent.Thetimevariationofthehsin
dimensionlessformforcasesofsmallandhighinitial
amplitudesisshowninFig.3,inwhichthehsisscaled
askhs.Forthesmallamplitude,thehsfirstincreases
andthenseemstobesaturatedwithinthetimestudied,
andtheshockMachnumberhaslimitedeffectonthe
growthofthehs.Forthehighinitialamplitude,thehs

firstexperiencestwostagessimilartothecaseofthe
smallamplitude,butitthendecreasesandfinallyis
saturated.Therapidincreaseofthehsatearlytimesis
duetotheformationofthespikefromthesharpcorner
ontheleftsideoftheinterface.Inthisprocess,the
spikestemgrowsfromscratchandexperiencesrapid
growthuntilitissaturated.Then,thespikecontinues
todevelop,andthestemiselongatedinthestreamwise
directionwiththereductionofthestemwidthduetothe
massconservation.Finallythestem widthentersan
approximatesaturationstage.Notethatthehsincreases
astheshock Machnumberincreases,becausemore
vorticityisgenerated,andmorefluidsatthespikestem
areentrainedintothevortexpair.

Sofar,wehavenotfoundaconnectionbetween
thespikestemwidthgrowthandamplitudegrowth.
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Tab.2 Lineargrowthratesobtainedfromexperimentsandtheoriesforeightcases.VE
0,VMB

0 ,VR
0,VH

0 andVNew
0 aregrowthrates

obtainedfromtheexperiments,theMBmodel,theRikanatimodel,theHolmesmodelandthenewmodel,respectively.FR,FHandFN

arethereductionfactorsoftheRikanatimodel,theHolmesmodelandthenewmodel,respectively.Theunitofthevelocityism/s.

θ Ma VE
0 VMB

0 VR
0 VH

0 VNew
0 } FR FH FN

160

1.18 22.6±1.8 21.3 - - - - - -

1.40 39.4±1.5 39.3 - - - - - -

1.73 57.7±2.6 58.5 - - - - - -

1.84 59.9±1.5 63.4 - - - - - -

120

1.19 52.0±1.8 63.8 51.3 58.8 47.3 0.80 0.92 0.74

1.37 85.9±2.6 113.6 94.7 98.9 82.5 0.83 0.87 0.73

1.66 119.0±2.1 166.9 142.5 136.8 116.8 0.85 0.82 0.70

1.78 124.8±2.8 178.1 152.6 142.6 122.2 0.86 0.80 0.69

􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋􀪋

2.2 Lineargrowthoftheamplitude
Afterthephasereversal,theamplitudegrowswith

timeandalineargrowthisusuallyobserved.Forthe
light-heavyconfigurationinwhichthephasereversalis
absent,Richtmyer[1]proposedtheimpulsivemodelto
predictthelineargrowthrate,whichcanbeexpressed
as

VI
0=kA+Uca+

0 (1)

wherethepost-shockamplitudea+
0 =a0(1-Uc/Ui)

withUcandUibeingthejumpvelocityoftheinterface
andtheincidentshockvelocity,respectively,andA+is
thepost-shockAtwoodnumber.Meyer&Blewett[37]

foundthattheimpulsivemodelisnotapplicabletothe
heavy-lightcase,unlessa+

0isreplacedby(a0+a+
0 )/2,

andtheyproposedtheMBmodel,whichisdescribedas

VMB
0 =k|A+|Uc

a0+a+
0

2
(2)

  Thelineargrowthratesobtainedfromthelinear
fittingoftheexperimentaldataandfromtheMBmodel
arelistedinTab.2.Forthesmallinitialamplitude,
becauseachevroninterfacehasadominantmode[28,31],
theMB modelgivesgoodpredictionsforall Mach
numbers,thatis,theMachnumberhasverylimited
effectsonthelineargrowthrate.However,forthehigh
initialamplitude,theMBmodeloverestimatesthelinear
growthforallcasesevenfortheMachnumberof1.19.
The high amplitude effect[43] and the secondary
compressibilityeffect[43,49]arebelievedtohavecaused
thediscrepancy.

Toevaluatethehighamplitudeeffect,basedona
vorticitydepositionmodel,Rikanatietal[43]proposeda
model (the Rikanati model)applicablefor both
sinusoidal and sawtooth interfaces with various

amplitudes,whichcanbedescribedas

VR
0 =VMB

0 ×FR (3)

whereFRisareductionfactor,definedastheratioof
theinitialtipvelocitytothetipvelocityobtainedbythe
incompressiblelinearmodel[28,43].Thepredictionsfrom
theRikanatimodelforthehighinitialamplitudeare
listedintab.,from whichonecanobservethatthe
Rikanatimodelcanonlypredictthelineargrowthofthe
highinitialamplitudewhentheshockMachnumberis
low.AstheshockMachnumberincreases,theRikanati
modeloverestimatesthelineargrowthrate,which
meansthesecondarycompressibilityeffectalsoreduces
thegrowthrateandcannotbeneglectedatmoderate
Machnumbers.Byconsideringtherelationshipbetween
velocitiesofshocksandinterfaces,Holmesetal[49]

constructedanempiricalmodel(theHolmesmodel)for
heavy-lightcases,whichcanbeexpressedas

VH
0 =VMB

0 ×FH (4)

whereFH=1/[1+VMB
0 /(Ut-Uc)]withUtbeingthe

transmittedshockvelocity.Fromvaluesintable2,itis
foundthatthe Holmes modelalwaysoverestimates
experimentalvalues,especiallyforstrongershock
waves.Asaresult,forthehighinitialamplitudeat
moderate or high Mach numbers,boththe high
amplitudeeffectandthesecondarycompressibilityeffect
mustbeconsidered.Wecombinetworeductionfactors
(FRandFH)together,andproposeanewmodel,

VNew
0 =VMB

0 ×FR ×FH =VMB
0 ×FN (5)

  AsshowninTab.2,thenewmodelgivesagood
predictiontothelineargrowthratewhenMa≥1.37,
butitslightlyunderestimatesthelineargrowthratefor
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Fig.4 Comparisonoftheexperimentallineargrowthrates
scaledbythevaluepredictedfromtheuncompressedimpulsive
modelbetweenthe heavy-lightcaseandthelight-heavy
case[45].Thetheoreticalcurvesforthesmallamplitudeare
obtainedbasedonthetypicalexperimentalconditionforthe
heavy-light(light-heavy)caseatthepre-shockAtwoodnumber
of-0.70(0.54).

Fig.5 Comparisonofthetheoreticallineargrowthrates
predictedbytheimpulsivemodelfortheair-SF6interfaceand
theMBmodelfortheair-heliuminterfacescaledbythevalues
predictedfromtheuncompressedimpulsivemodelatdifferent
AtwoodnumbersandMachnumbers.

Ma=1.19witharelativeerrorof9.1%.
Fromthediscussionabove,whenthehighinitial

amplitudeisimposed on theinterface,the high
amplitude effect will cause the deviation ofthe
experimentalvaluefrom thepredictionbythe MB
model.Moreover,undertheconditionsofhighinitial
amplitudes and high shock Mach numbers,the
transverseshock waves are prominent,and they
propagatealongtheinterface,bringing aboutthe
secondarycompressibilityeffectwhichalsoinhibitsthe
growthrate[26,44,49,50].WiththeincreaseoftheMach
number,theshockproximityeffect[43,46]mayoccurand
inhibitthegrowthofspikes (heavy-lightcase)or

bubbles (light-heavycase).Rikanatietal[43] and
Glendinningetal[46]proposedaparameter􀆠=VMB

0/(Ut-
Uc)toestimatetheshockproximityeffect.When􀆠
isclosetozero,theshock proximityeffectis
negligible,butwhen􀆠isclosetoorexceedsunity,
theshockproximityeffectneedstobeconsidered.
Inourpresentwork,thelargest􀆠occursinthecase
ofθ=120°andMa=1.78,and􀆠is0.25,whichis
muchlessthanunity.Thus,theshockproximity
effectisinsignificantfor heavy-lightinterfaces,
whichisdifferentfromlight-heavycases.
2.3 Compressibilityeffectontheamplitudegrowth

Itisknownthatthecompressibility effect
causedbytheincidentshockwavewillreducethe
lineargrowthratecomparedwiththeuncompressed
case.Thecompressibilityeffectinduced bythe
incidentshockonthereductionofthelineargrowth
rateofair-heliuminterfacescanbehighlightedin
Fig.4,inwhichthegrowthrateisscaledbythe
resultpredictedfromtheuncompressedimpulsive
model(ka0AUc).AstheMachnumberincreases,
theexperimentallineargrowthratesdeviatemore
fromtheuncompressedimpulsivemodel,because
theincreaseofthe Machnumber willresultin
stronger compressibility. For small initial
amplitudes,the compressibility effect on the
reductionofthelineargrowthratescanbereflected
bytheratioofthevaluepredictedbytheMBmodel
and the value predicted by the uncompressed
impulsivemodel,andthisratio(ξ)is(A+/A)[1-
1
2
(Uc/Ui)][49].Therearetwosourcesaboutthe

compressibility.ThefirstfactorA+/Aisduetothe
materialcompression,andthesecondfactorisdue
tothegeometriccompressionoftheperturbationsat
theinterfacebytheshockandisrepresentedbythe
averageofthepre-andpost-shockamplitudes[49].
Furthermore,thecorrespondingresultsofthelight-
heavycase(air-SF6interfaceexperi-ments)[45].The
discrepancybetweentheexperimentalvalueandthe
predictionfromtheuncompressedimpulsivemodel
ismagnifiedastheshockMachnumberincreases.
Forthelight-heavyinterface with smallinitial
amplitudes,the compressibility effect on the
reductionofthelineargrowthratescanbereflected
bytheratioofthevaluepredictedbytheimpulsive
modeltothevaluepredictedbytheuncompressed
impulsivemodel,andthisratio(ξ)is(A+/A)(1-
Uc/Ui).Differentfromtheheavy-lightcase,the
geometriccompressionoftheperturbationsinthe

5821第10期 Compressibilityeffectonshock-inducedair/heliumchevroninterfaceevolution



Fig.6 Thevariationofthematerialcompression(a)and
geometriccompressionoftheinterface(b)withtheAtwood
numberforboththeheavy-lightandlight-heavycases

light-heavycaseispresentedonlybythepost-shock
amplitude. For high initial amplitudes, the
experimentallinear growth rates deviate more
heavilyfromthepredictionsbytheuncompressed
model,becauseexceptforthecompressibilityeffect
inducedbytheincidentshock,thehighamplitude
effect and the secondary compressibility effect
causedbytransversewavesalsoreducethelinear
growthrate.

Thevariationoftheratioξforthelight-heavy
andtheheavy-lightcases withtheshock Mach
numbercanbetheoreticallyobtainedforanygiven
pre-shock Atwood number A. For air-helium
interfacesinthisworkandair-SF6interfacesinthe
previouswork[45],thepre-shockAtwoodnumbers
areabout-0.7and0.54,respectively,andthe
variationsoftheratioξ withtheshock Mach
numberareplottedinFig.4.Thetheoreticalcurves
coincidewellwiththeexperimentalresults.To
bettercomparethecompressibilityeffectcausedby
theincidentshockwaveunderthelight-heavyand
heavy-lightcases,forsmallinitialamplitudes,the
variationoftheratioξatdifferentAtwoodnumbers

Fig.7 Comparisonoftheexperimentalamplitudegrowthsand
theoreticalpredictionsinthelinearandnonlinearstage

forthesmall(a)andlarge(b)amplitude

asafunctionoftheMachnumberisplottedinFig.
5.Itisfoundthatthereductionofthegrowthrate
causedbythecompressibilityeffectforthelight-
heavyandheavy-lightcasesisdifferent.As|A|
increases,theratioξincreasesforthelight-heavy
case,whereasitreducesfortheheavy-lightcase.
Specifically,whenthe|A|is0.538,thegrowth
ratereductionsforthesetwocasesarenearlythe
same.

Besides, the variation of the material
compressionfactor (A+/A)andthegeometric

compressionfactor[1-Uc/Ui or1-
1
2
(Uc/Ui)]

withtheAtwoodnumberispresentedinFig.6(a)
and(b),respectively.Forbothlight-heavyand
heavy-lightcases,theA+/Aislargerthanunity,
thatis,the materialcompressionincreasesthe
growthrate.However,thegeometriccompression
factorissmallerthanunity,andthecontributionof
thegeometriccompressiontothereductionofthe
growthrateexceedsthecontributionofthematerial
compressiontotheincreaseofthegrowthrate.Asa
result,thecompressibilityeffectalwaysreducesthe
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linear growth rate. Note that the material
compressionfactordecreasewiththeincreaseofthe
|A|forbothlight-heavyandheavy-lightcases.
However,asthe|A|increases,thegeometric
compressionfactor decreaseforthe heavy-light
case,whereasitincreasesforthelight-heavycase.
Becausethegeometriccompressiondominatesthe
compressibilityeffectonthelineargrowthrate,the
ratioξ decreaseinthelight-heavycaseasthe
Atwoodnumberincreases,whereasitincreasesin
theheavy-lightcase,asshowninFig.5.
2.4 Nonlineargrowthoftheamplitude

Afterthelineargrowthstage,theinterface
amplitudeentersanonlinearregime.Topredictthe
amplitude nonlinear behavior, Sadot et al[24]

proposedanonlinearmodel(theSEAmodel)based
onexperimentsandpotentialtheories[23,51],

VSEA
b/s(t)=V0

1+τ
1+(1±|A+|)τ+FSEA

b/sτ2
(6)

where

FSEA
b/s(t)=

1±|A+|
(2πC)(1+|A+|)

withC=1/(3π)forA+≳0.5,1/(2π)forA+→0.
Thesubscript ‘b’and ‘s’areforbubblesand
spikes,respectively.

Dimonte & Ramaprabhu[52] proposed a
nonlinear model (the DR model)accordingto
numericalsimulations.Themodelisexpectedtobe
applicabletocasesofvariouska+

0 andA+,andcan
beexpressedas

VDR
b/s(t)=V0

1+(1∓|A+|)τ
1+Cb/sτ+(1∓|A+|)Fb/sτ2

(7)

where

Cb/s =
4.5±|A+|+(2∓|A+|)|ka+

0|
4

,

Fb/s =1±|A+|.
  Byconsideringthegoverningequationsfor
incompressible,inviscidandirrotationalfluidswith
arbitrarydensityratiointwodimensions[53],Zhang
& Guo[54] studied the asymptotic large-time
behavioroftheshockedinterface,anddescribedthe
growthratesofspikesandbubblesbyauniversal
model(theZGmodel),

VZG
b/s(t)=V0

1
1+ατ

(8)

where

α=
3
4

(1+|A+|)(3+|A+|)
[3+|A+|+ 2(1+|A+|)1/2]

􀭠
􀭡

􀪁
􀪁 􀭤

􀭥

􀪁
􀪁 ×

[4(3+|A+|)+ 2(9+|A+|)(1+|A+|)1/2]
[(3+|A+|)2+22(3-|A+|)(1+|A+|)1/2]
􀭠

􀭡

􀪁
􀪁􀪁 􀭤

􀭥

􀪁
􀪁􀪁

(9)
  Fig.7showsthetimevariationoftheamplitude
growthatearlyandlatetimesindimensionless
form.Theamplitudeisscaledask(a-a*)with
a* beingtheamplitudeatt*.Notethatthe
amplitudegrowthinFig.7startswhenthephase
reversalends.Theexperimentaldataforbothsmall
andlargeamplitudescollapsewell,showingthatthe
Machnumberhaslittleeffectontheamplitude
nonlineargrowths,becausethetransmittedand
reflected waveshave movedfarawayfrom the
interfaceinthenonlinearphase.NotethattheSEA
modelandtheZG modelareonlyrelatedtoA+,
andA+fordifferentcasesaresimilarinthiswork
Therefore,onlyonetheoreticalcurveisshownto
avoidconfusion.However,theDR modelrelates
notonlytoA+,butalsotoka+

0 ,andthus,itwill
givedifferentpredictionsfordifferentka+

0 .Inthis
work,thepredictionsobtainedfromtheDRmodel
forcasesofMa~1.2and~1.8aregiven,while
thetheoreticalcurvesfromtheDRmodelforother
shockMachnumbersarelocatedbetweenthecases
ofMa~1.2and~1.8,andareomitted.Itcanbe
foundthatforbothtwoinitialamplitudes,theSEA
modelgivesgoodpredictionstotheearlygrowth
behavioruntilτ≈1.5,butthenoverestimatesthe
nonlineargrowth.TheZG modelunderestimates
thegrowthnearlyfromthestart.

ThepredictionbytheDR modelincreasesas
theshockMachnumberincreases.Forsmallinitial
amplitudes,the DR model can give a better
predictiononlyforlow Machnumberconditions,
whereasforhighinitialamplitudes,itpredictsthe
growthoftheperturbationbetterforhigh Mach
numberconditions.Asaresult,thesenonlinear
modelsmentionedabovearenotavailabletopredict
theperturbationgrowthforthecurrentchevron
interface,especiallyatlatestages,becausethe
chevroninterfacehasinfinitemanymodesinitially.
Atearlystages,sincethechevroninterfacehasa
dominant mode and each mode develops
independently,thenonlinearmodelcangiveagood
predictiontothelineargrowthrate.Whenthe
perturbationgrowthentersthenonlinearregime,
thehigh-ordermodeswillinteractwitheachother,
andthe modecouplingandcompetition greatly
complicatetheflow,resultinginthefailureof
nonlinearmodels.Therefore,itisquitenecessary
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todevelop nonlinear modelsbyconsideringthe
modecouplingandcompetitionfora multi-mode
interface.

3 Conclusion
Shocktube experiments ofa periodic air/

heliumchevroninterfaceimpactedbyaplanarshock
waveareconductedtohighlighteffectsoftheinitial
amplitude and the compressibility on the
perturbationgrowth.Twoinitialamplitudesand
fourdifferentincidentshockMachnumbersranging
from1.2to1.9areinvolved.Theperiodicchevron
interfaceiscreatedusingthesoapfilmtechnique,
andthepost-shockflowsarecapturedbyahigh-
speedschlierensystem.

Aftertheincidentshockwavepassesacrossthe
air-heliuminterface,thephasereversalwhichisthe
specific featurein the heavy-lightinterfaceis
observed.Theshock Mach numberhaslimited
effectontheinterfacemorphologyandfeaturewhen
initial amplitudes are small. For high initial
amplitudes,thetransversewavesareprominent,
which willintroduce secondary compressibility
effect.Underthehighinitialamplitudeandstrong
shockwaveconditions,thesliplinesconnectingthe
triplepointsareobserved,andthevortexpairatthe
spiketiparemoreobviousbecausemorebaroclinic
vorticityisdepositedontheinterface.Thevariation
ofthespikestem widthfordifferentcasesis
compared.Theresultsshowthatthespikestem
widthisalmostnotaffectedbytheMachnumberin
the small amplitude cases. For high initial
amplitudes,theincreaseoftheshockMachnumber
causesalargerspikestemwidth,becauseastrong
shockwavewillinducemorevorticityatthespike
tipandmorefluidsatthespikestemareentrained
intothevortexpair.

Thelineargrowthrateoftheperturbationis
measuredandcomparedwiththepredictionfrom
thelinearmodel.Forsmallinitialamplitudes,the
Machnumberhaslimitedeffectonthereliabilityof
thelinear model.For highinitialamplitudes,
however,thelinear modelis generallyinvalid
becausethehighamplitudeeffectandthesecondary
compressibilityeffectinducedbytransversewaves
willadditionallyreducethelineargrowthrate.By
consideringthehighamplitudeeffectandthehigh
Machnumbereffect,thelineargrowthrateofthe
interfacewithhighinitialamplitudeimpactedbya
strongshock wavecan be wellpredicted.The

compressibilityeffectinducedbytheincidentshock
wavecanbeillustratedbythematerialcompression
andthegeometriccompressionoftheinterface.For
both light-heavy or heavy-lightinterfaces,the
materialcompressionincreasesthelineargrowth
rate,andastheabsolutevalueofthe Atwood
number increases, the effect of material
compression is weakened. The geometric
compressionoftheinterfacereducesthelinear
growthrate.Forlight-heavyinterfaces,theeffect
ofgeometriccompressionongrowthreductionis
weakened as the Atwood number increases.
However,forheavy-lightinterfaces,theeffectof
geometriccompressiononthegrowthreductionis
strengthenedastheabsolutevalueoftheAtwood
numberincreases.Since geometric compression
plays a more significant role than material
compressioninchangingthelineargrowthrate,the
compressibilityeffectinduced byincidentshock
wavealwaysreducesthelineargrowthrate.Inthe
nonlinearregime,somenonlinearmodelsoriginally
proposedforpredictingthegrowthofthesingle-
modeinterfacearetested,andthevalidityofthe
modelsareverifiedtobevalidonlyatveryearly
stages,becausetheinitialinterfaceinthisworkis
multi-modeandthe developmentsofhigh-order
modescannotbeignoredatlatestages.
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可压缩性对激波冲击V形空气/氦气界面演化的影响

郭 旭,翟志刚,罗喜胜
中国科学技术大学近代力学系,安徽合肥230027

摘要:通过实验在激波管中研究了平面激波冲击下V形空气/氦气界面的演化过程,重点关注了可压缩性和初始

振幅对扰动增长的影响.结果表明:对于小振幅情况,马赫数基本不影响线性模型的有效性;但对于大振幅情况,由
于大振幅效应降低了线性增长率,这使得线性模型在低马赫数时就失效,而且随着马赫数的提高,线性模型与实

验增长率之间的差异会越来越大.在考虑大振幅效应和高马赫数效应后,强激波冲击下大振幅界面的扰动增长率

可以被很好地预测.入射激波引起的可压缩性可以通过物质压缩和几何压缩两项来反映,且几何压缩被证实起主

导作用.针对单模界面的一些非线性模型被用来预测V形界面的振幅增长,但它们只在初期是有效的,到中后期

就偏离了实验结果.
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