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Abstract
The ins!abili[y- 01’shocked and restocked perturbed interface between gases of differen[

densities is an:dyzcd by comp;tring flow visualization from 2D and 3D shock-lube experiments with
2D nunwric:ll sinlulwi(m ;IIM1 [hem-v. ‘1’IIc shi~d~wgfilphs and calculations show similar Iargc scales
of Illixing 1)1’ Ill]id illlcrl~cl]~’[r;ilit;l] im.iuccd hy the Rich[myer-Meshkhov instability. in 2D,
cxl)c’I-:ll)~.ll lill-i I)s[;ll)ili[y gI~)u [II lidhnvillg :Iuc.clcralion by the ini[id shwk is less lhan Calculated by
linrur lhc.ory (u si[llul;l[ld. “l’lILh.~ll ~hxpcrimcn[s m! :ippmxima[cly simulatai by 21>calculations wilh
;III i[)cl-~’:hcd illlliul mII~)lIlmiL’ (II ilk’ IINd’m!. ‘lk kinclic energy 0( lhc in[erpcncm[ing vclocily Ildd
l-I(ml [1)1’sill)uldliolls ill L’ ;IINJ L’Iul)pW”L’d [0 il [hwmicd cstim:w dcrwd from Ihc linear [henry.

In(roducl ion

Wc pcrfornwd IWO writs of shock-lube experiments and the corresponding numerical

simulations [o rmmsurc effcc[s of iI pianar shock wave impulsively accelerating a penurbd interface

and then dmelerating it wi[h dle shock refkted from the end wall of the tube. These experiments are

pa-formed in order 10 explore some Gf [he mechanisms occuring in the implosion of Inertial

Confinement Fusion (ICF) targe[s as a consequence O: Raylcigh-Taylor instabilities (RTI). In shcxk-

Iube experimcn[s, [hc intetfacc is subjected to the impulsive (i e. shock-induced) RT1, also canal Ihe

Richrmyer-Mcshkov ins[abili[y (RMI, see S[unevan[, 1988). After the interaction with the initial

shock, the in[crfil~.c behaviour is actually dominatwi by [he vorticity created at shock passage by the

non paritllcl pressure and dcnsily grwiicnts. Al the time of the reflected shock interaction, much mom

vonicity is Ci.cii!d l~iiusC [he imcrfiice is highly distorted, in addition the preexisting vonicity is

slmck-cnhmxx!, As hm~ us Ihr pcrturbiition amplimdc arc small compared m [heir witvelcngth, the

1<”1’1or RMI are WC]]dcsmilwd hy it Iincar [hcory. III order to study the non-linear phnse, when [hc

wnplil udc 10 w:lvclcnglt I ral it) ISnol small iUlylllorC, we rcl y on lalxwalofy experiments and numerical

simulamms. ‘lIIc Iitljm iitory cxpcrimcn[s tire suhjatd 10 viscous effects acting on [he stmck-[ube

wulls as wrll :IS ~wrlurl)alitmi (Iuc to lhc mcmlmmc ini[iully scparilting the gusts. “ITc numcricul

simul; ll i[ms wc use ill(’ f mlv 11), do 1101 Ill(xlcl vislxms or lulhuhmt effects ilnd sutlcr frtml Illilllcricill

(Ilh$ll)illioll. “1’llc lollt)Wlll~ IS d [)1(’C15C l“(Mlll)ill”iS(Nl 01 IIIC gr(}wth riilC of IIIC lur~c SCillLmSin IIIC

l’x]x~ IllKll[\, Ill 1111”Sllllllldlll)lli ;111(1tloll) [IN prr(li(-ll(m 01 IillCilI” thwJry.
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mm- 1), with a peak amplitude a of 2.4 mm. The les[ gas, eilhcr S1-’6 (sulphur hexafluoride) or

helium yielding Atwood numbers A = ‘Rm-ptir equal to ().67 and -0.76, is impulsively accelerated
Pgas+Pair

by the Mach 1.2 planar incident shock (in air at 0.8 bar) to velocities V qual 1074 nah and 175 rnh

respectively. A 0.5 ~m thick cdlodion membrane separates air and the test gas. The shock-tube has

a cross section of 75x75 mm allowing the observation of two waves on the interface. The length of

the test gas section is 92 mm hence reshock” occurs early (atmu[ I m for air-SF6. and ().15 ms for air-

heliumj. The interface dc(orrmtion under shock iiCCelCrii[i(][l iill(i rcshock dccclcrmion is recorded by

single SIIIJI !lash shadmv:rnphy when dc[~ils ;m rw]uilcd. “I”hc rcd]twh 1)1’[hc air/S1;6 in[crface is

dcscribud wi[h the cxpcrinwnud shadowgr~phs (fig. I ) sh(nving [k rcsul[ing shock find rarefac[ion

wiivcs i~i~d SOIYIC mixing on the shock [ube u’iills L.:ilI@ h~ sl](~k-l)ol][l(liir~ lii~tr interaction. WC

olmiin growth ra[es by using mul(ifrfiming shadowgraplly, giving 1(1u) 14 lrill]l’:s pcr sho[. We find

[ilti[ the gmw[h rate for air/S1:6 exper-imcn[s, before in[crilc[i(m wi[h [hc rclluc[rd shock, is 16 ntis,

wi[h a 10% uncertainty and 38 nak within 10%, tor air/lAium expcnnwn[s.

The simulations are carried out at the CEL-V using EAD, a 2D, second order, non-viscous

Eulerian cdc. Membrane effects a,e not simulated; neither are turbulent boundary layers on the

shock-tube walls. me interface deformation in the reshock of the air -SF6 imerface arc illustrated by

a density and two pressure maps (fig. 2). These finely meshed numerical experiments (up to 100

cells per wavelength, and 13 in peak-to-peak amplitude) arc done in order to obtain quantities such as

the the thickness of the interpenetration zone (lZT, fig, 3) and [he kine[ic energy (IKE, fig 4) of the

velocity fluctuations around the deforming interface (Besnurd et. al., 1990). MT is deduced from the

y averaged mass fraction profiles: it corresponds to the region of space where the value of the mass

frwxion of ~ither material lies between 0.5% and 99.5%. IKE is obtained frum dlc local fluctuating

kinetic energy calcukud from [hc velocity co;qxmcn[s ui :
.—-. —.. . . .

p k =( puiul - p fil~l) WIWm p ill = ~) UI , (1)

whkh is then intcgratd along the mean flow direction (x), over the cxtcn[ of the in[erpenelrnlion

zone, or over the totalcomputa[icmid grid. Thus onc ob[ains [hc kinetic energy (per unit ii~il) of the

fluctuitling vcltxity field restricted 10 the mixing 7.onc (ZI:KI1) or Ncrms the mtal ~rid, :hus includinf,

UIM) the rmrgy (IUC K) the perturbed mnsmit[cd il[)(l~lkid wilvcs (“Il~KI{) (Ii}!. 4),

“1’hc growth ritlcs I’r:ml the simula!i(ms show n dC(”lTilS(’ f“r(m] 2(1,4 lids to ! 7.(J nl/s in thr

;111/S1’(}L“il\(”(iig, .!) ill~(lillNNlt7311~$in [hC alr/hrlillrll Uil,W’. “1?)(” CI(IM’SI lhr(mqi~’al CSlilllill(m u!:ili}!

RIIhlIIIyrI’s I(ml]lil:l,

(11a 4n:l A\,
i’ h il A i’,

(h A
(.’)
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with a being the interface amplitude after compression by the inciden[ shock, gives 29 nds in air/SF6

case and 78 m/s in air/helium case. We attribute the differences between the experimental and

numerical values to membrane effects (diffusion and strength). me decrease observed in the air/SF6

simulation is caused by ntical dissipation and pexhaps the transition into the non-linear regime.

One can also estimate fkom the linear analysis the amount of energy (due to ve!ocity

fluctuations) -xmtained in the vicinity of the interface:
~a2

IKE =~~ V2 AZ (PNaS+Pair) . (3)

Iollowd by u dccrciisc ending in a pliiwiiu. ‘1’hcn [he rcshock of the iiir-SF(] ill[lmrfil~r induce:;

;il~~)[llcr, 10 [imcs liirg~rpciik(fig. 4). Ill [he iiir-hc]iuln ciisc, lhc amplilic:ilion dm Ihc Ilrs[ rcshock

is only 2, bu[ [he following rcshocks bring [he [o[iil ;implifica[ion m lo. Wc compmc pc:lk (for

incidcn[ shock) and pliiteiiu viilucs of IKE from [hc simul; ttions wi[h Ilq. (3) ;md find ii good

iigrcement between the theoretical estimate (corrcc[ed for comprcssicm by incidcnl or t.rnnsmi[[cd

wave) and pla[eau values (Besnard ct. al., 1990). Equation (3), used with reshock conditions,

overestimates by a factor of 4.2 the TFKE (grid) jump from the air/SF6 simulations and

underestimates it by a factor of 3. I in the air/helium case. Several othel calculations performed for

slightly different Mach numbers and interface amplitude and with changes in storage freqilcncy and

mesh size confirm this frend.

Callcch cxpcrirncnts (three-dinmsional)

These experiments were perfomd in a square tube (cross sec[ion Wmm) wi[h 600 mm

hctwccn the initial membrane location and the end wall. 71c membrane (().5 pm nitn~ccl Iulosc) is

moun[cd flat between [he fkmgcs at the junction of two [est sections before being given i~single 31)

ht.ilgc by a smith pressure difference. (he or scvcrid wires cwi k strcwhed on [hc l)li~l)~of [Iw

mcm!mmc in order [n crmt[e [WQor mom bulges. “Ille incident shock Mnch ntimhcr is nlso 1.2 ill ;Iir

al 1 bar, und the gas downsmam in the experimcn[s shown here is helium, hul rcfrigcr;ml 22 (R22,

A -{1.5) or u l/3 hcliunl-2/3 urgon mixwrc (A=-(),()175) were also USCJ1.“1’hcfield of”view cxtcmls

111}111X= I 20 to X=234 IllIll doWIMhl%Ull of dlC ll)Clllt)rilllC illld :lll(JW!i IIIC ViSUiiIi7illi(N) (d’ llW l“(’ll(’l’l(m(i

w:lvc inlcriiclion wi[h Ihc perturbed il][erfilcc (ill ill)OUlI Ills, fij:s, 5 7) 11111,ncilhrr Itl(’ inili:ti

illlll)ii!(i(il’ d“ [tit l) UlgC(S) lq~.ll 110[”[hC c:wly Slil~ICS of IIK” ins[iihi lily (’iIll!K’OI)S(’I’W”(I.W(- I1lCNYIII”(’

Ill!il(’ii(i [11(’ iilll[)lilil(k (Il)lilillcli fnm Ihi’quiisi nrulr:li (.xiwrinwlll~ lwl’f(~llll~”fiwili) [11(’IIt’lllllli ;Ilj!t}ll

Illlxlllrc, using lhr swllc ctm(iili(ms t(w scllillj[ [11(’hlllyr(s), It] cililll;il(. i 4~,.Xll: III) lo 1[) 111111 (1(.\l)

1[)11111)) I’1}1 ;I sitlf~,ir (rrhil, lwili) Imigc
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The simulated 2D interface is spherical for an axisymmetric calculation or cylindrical for a

planar calculation. For the single bulge, the interface shape obtained at late time with the planar

calculation is in fact closer to the experimental snapshot (fig. 5) than the one obtained with the

axisyrnmcrnc calculation. The initial amplitudes ~~) of the bulge in the 2D simulations are chosen

such that tie calculated amplitudes &~) match the experimental ones &xp) at the iat : obse~ation

time dust before reshock, figs. 5, 6). The equivalent initial 3D bulge (L43D) is obtained by

multiplying ~2D by the ra[io of the 2D (ky) to the 3D wave number (k = (kyz + kz2)1~). L43~ CaII

[hen be compartd [o [hc viil~]~ (I~lhc) oblained by rcvcrsinc [he inlegra[ed version of the linear

}! I”OWII1 [“:11(’ (2):

1l<)(l,(.~ JCxp

(I+ AL’ VI)(l Vfw, )
(4)

W’id] IIlc c’~mc’~’[itm for c~mq]rcssion by lhc [r:ills[lli[[rd sh(wk of v;locily WI. In [hc case of [hc single

bulge (k = (1.1 111111-l), [he :impli[udcs obwrvcd ~[ 928 ILS: l+XP = 55 mm (fig. 5) and at 1.22 ms: 75

Ilml < l+ X,) <90 mm arc ob[aincd in a sin]ula(ion wi[h IW2D = 20 mm. This corresponds to 143D =

14.4 mm, which is expcrimcntal]y possible and abou[ twice the theoretical value: ~~c = 7.5 mm. In

the double bulge case (k = 0.158 mm-1), [he amplitudes at 958 ps (35 c ~xp <40 mm, fig. 6), and

a[ )229 ps (50 < &P < ‘7SI11m, fig. 7) are simulated (fig. 8, pressure plot) with 142D = 10 mm,

This leads to 1~3~ = N.9 mm (also rcalis[ic) 10 be compared with ~[he = 2.9 mm. This Iargc

discrepancy shows tha[ the linear [hwry is clearly inad~ua[e at this stage of the nonlinear regime of

the fundamental mode. In addition, (he slope discontinuitics of the membrane at [he wall and on the

wire(s) introduce un infini[c series of hiumonics of [hc fundarncn[al wavelength, which have also

developed well in[o :hc nonlinear t-cgimc. The dccrcasc of the growth rate of the interpcnetra[ion

[hickncss and the evolution of IKE for [hc twin bulge w-c illusuamd on figs. 9 and 10,

(’occlusion

‘I”hc 21) and 31) cxpcrilncwts and [twir rcas(mahly sil]li]ar 21) simuliilions dcmonstr~tc smnc

wpcc[s d [hc Ilo[llinl.iir regime ol” the RMI and the rcdltx:k phase, ilxperimcn[s with bct[cr con[ndlcd

l](”\II:II(l IJ. ;~t)(l lliIiis J 1, (lc~’~()), ““l W() (11111(.llsl(!llll;ll >111]111:1[1011(~1’1’OIIIX’I SU14”ilt’C illsl;ll~i lilies il}
Sllo(’h Illl)r Ilow’h’” I /ill IS SW S’I’, JIIl\ I OH’), II) “(’ III I(”IIt [olIIus III sll(~~’k WiIVCS”, Y, Kill] (~(1,,
A t.]), (’(Ul!rl”t’11[’{’ ])l(H’(”(”( llIlj!, \ jos

SIIIIItiV;IIIt, l{. ( 19X8), “R; IylvIy,lI ‘1 ;Iv I{) I III\ I; Il)IIIIV III ( ~~1]]1)1{.\\Il)lc II II I(IS”, l(~th ISS’I’W, Jitly 10X”),
II (; IO I)IJ” (“(l , v( ’11 \/( ’ll,l)l $j~(. \(’ll\l),ll[, \\\ ’11111(’1111, I 1{(;
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Figure captions

Figure 1: Wtadowgraph snapshots of the SF6 (left)-air (tight) interfaee at mshock.

Figure 2: Density map after rcshock and pressure maps during reshock (SF6-air).

I:igurc 3: lntcrpcnetration zone thickness (SF(mir siniula(ion, (1.5 99,5%1 mnss frac[ion).

l;igurc 4: Inlmpenctmlion Iiinclic energy ir] tlw zone ;md lhc grid (SI:&air simulation).

I:igurc 5: Slmiowgmph snnpshol of [ht hdium (Icf[)-.’ir (righl) single hu]gc Iwforc rcshock.

l~igure 6: Shadowgraph snapshot of [he [win helium-aii bulge before reshock.

Figure 7: Shzdowgmph snapshot of the twin bulge after reshock.

l~igurc & Pressure maps during and after reshock ([win bulge simulation).

Figure 9: Interpenetration zone thickness (twin bulgr helium-air simulation).

]:igure lo: ln[upenctrwionkinc[icenergy ([win bulge helium-air simulation).
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