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Preface 

The sixth International Workshop on the Physics of Compressible Turbulent Mixing was held 
from 18 to 21 June, 1997, in Marseille Institut Universitaire des Systkmes Thermiques Indus- 
triels building of the University of Provence. 

The first Workshop was held in Princeton (NJ, USA) in 1988, soon followed by the second 
in Pleasanton (CA, USA) in 1989. From this time these conferences repeated every two years: 
Royaumont (France, 1991), Cambridge (UK, 1993) and Stony Brook (NY USA, 1995), and the 
name International Workshop on the Physics of Compressible Turbulent Mixing was adopted 
from 1991. 

The main topics of these workshops deal with the problems of hydrodynamic instabilities of 
different density fluid interfaces submitted to constant or varying acceleration, called Rayleigh- 
Taylor instability, and shock wave impulsive type of acceleration, called Richtmyer-Meshkov 
instability, at  all stages, that is from the development of the initial small perturbation to the 
turbulent mixing. 

The total number of participants who registered was 113 from 9 countries: Russia (35), USA 
(30), France (29), Israel (g), UK (5), Switzerland (2), Spain (2), Japan (1) and China (1). Dur- 
ing the workshop, 47 oral presentations have bee11 given (in plenary sessions), and 58 posters 
have been exposed and discussed. Both were selectioned from the 140 abstract submissions 
which the Review Committee had received, and among them 96 are published in the present 
proceedings. Papers are classified in alphabetical order, according to the author's names. Their 
rapid edition has been possible because we have decided to give greater place to the quickness 
instead of the perfection. 

The scientific committee meeting was held on the Thursday June 19th, 1997. The place and 
chairman of the next workshop was determined by vote. The Seventh International Workshop 
on the Physics of Compressible Turbulent Mixing will be held in Russia and will be chaired 
by Dr. E.E. Meshkov of the Institute of Experimental Physics of the Sarov Russian Federal 
Nuclear Centre. 

First of all, I would like to express my friendly thanks to my colleague Georges Jourdan for 
doing so much in organizing the Workshop and preparing the proceedings. 

My sincere gratitude goes to Mrs. Colette Chauvin and Mr. Francis Caccinttolo, Director 
of the Research Technology Energy Department and Vice-President of the Conseil GdnCral des 
Bouches-du-Rhbne, respectively, for contributing financial support essential to the operation of 
the Workshop. 

I would like to specially thank the Conseil GCnkral des Bouches-du-Rh6ne, and its President, 
Mr. Lucien Weygand, and the Commissariat B 1'Energie Atomique / Direction des Applica- 
tions Militaires, and its Director, Mr. Jacques Bouchard, for their rapid decision to support 
the organization of the 6th International Workshop on the Physics of Compressible Turbulent 
Mixing, financially. 

I wish to thank all the members of the Local Committee, for their help in the organization of 
the Workshop, and Mrs. M. Houas, Miss H. Pelorson, Mr. A. Canova and Mr. M. Crousillat 



for their arrangement and managenlent of the social events and programmes. 
I gratefully acknowledge Mr. Patrick Gaunr, I1ea.11 of the School Engineering of the Institut 

Universitaire des Systkmes Thermiques Industriels, ill helping to the on-site organization of tllc 
'Workshop. 

Finally, I would like t o  express my gratefulness to  both the eth Internatiorlal Workshop on the 
l'liysics of Compressible Turbulent Mixing participants and co~npariions, wlio came all the way 
horn abroad and inside of France, and who contributed t o  make of this workshop a scientific 
ttnd social success. 
'rhanks to  all of you. 

September 1997 Lazl~ar Houas 
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Investigation of Richtmyer-Meshkov Instability Induced 
by the Incident and the Reflected Shock Waves 

A.N.  Aleshin, E.V. Lazareva, E.I. Chebotareva, S.V. Sergeev and S.G. Zaytsev 
Krzhizhariovsky Power Engirleerir~g l~ l s t i tu t r  (ENIN) 
1,enilisky pr. 19, Moscow, 117071 Rnssia 

Abstract: We perforn~ed a set of expcrimcrltal stildies on sl~ocli-induccd excitation of liydro- 
c i y ~ ~ a ~ n i c  instability 011 t,he i11terfa.c~ l~etween two gasos (Ricl1t1r1ycr-A4cshko\. instal~ility) under 
various initial conditions. 

1. Introduction 

Experi~~lents  were performed in a shock t u l ~ e  of sclrtarc, cross-sectio~~ (72x72 mm'). Xlacl~ 
nurnhcr of tlie incident shock wavc ranged within 2.5-4.5. Initial i~lterfacc was nlodeletl by a thin 
poly~neric film, 1.5-3 p m  for 2D perturbations anti about 0.5 prn for 31) initial perturba.tior~s. 
As working gases, the inert gases He, Ar, Iir, and Xe were used at  initial pressllre 380 t.orr. 

T h e  experimerltal studies of Richtrriyer-hlcshkov instability (RMI)  irlcl~~tled the followi~~g 
problems. 

1. Investigation of RMI evolutio~l a t  the sho~l i  passage through 2D initial interface from 
light gas to  heavy one. Initial perturbation was si~lusoidal and harmonic: no is the initial 
amplitude of perturbation ~nea.surcd from peak to peak of sim~soid; k is the wavc ~nl r i~bcr  
of initial perturbation, k = 2x/X, where X is the wavelength of initial perturbation. The 
curvature of initial perturbation aok was varied from 0.4 to 7.8. Parameter nok was changed bv 
changing the amplitude and the  wave number of initial prrturbation. The wavelerigtli of initial 
perturbation X was chosen from the following set: 8, 12, 24, 36, and 72 mm, initial perturbation 
amplitude no was chosen frorn the following set: 5, 10, 20, and 30 Inrn. Atwood ~ i u ~ n b e r  Ato 
(before tlre arrival of the  shock) varied from 0.22 (I<r-Xc) to  0.94 (Hc-Xc). 

2. Investigation of RMI evolu t io~~ at  the shock passage tllrough 2D initial interface from 
heavy gas to light one. For this series, the shape and parameters of initial perturbations were 
the same as for the previous one. 

3. Investigation of RMI evolution for tlie case when the interface disturbed by the incident 
shock undergoes the attack of the shock waves reflected from the end wall of the  shock tube. 
The main attention was focused on the problcrn of " ~ n e ~ n o r y "  of the previous shock passages 
through the growing perturbation. 

4.  Investigation of RM1 evolution at  the shock passage through 3D initial interface from 
light gas to  heavy one. The experiments were performed for two cases, He-Xe and Ar-Xe. 
The initial perturbations were generated by deformation of a thin film with a srnall excess of 
pressure (about 1 torr) on the side of the heavy gas. The value of paraneter  nok was abollt 

1. Ilere k = I/-, where k ,  = 2*/X, and k ,  = 22~/X,, X, and X, arc. t h ~  periodicitic.~ of 
perturbation lengthwise the axes. 

5. Investigation of RMI evolution for non-harmonic 2D initial interfaces. Here, t 1 1 ~  initial 

More information - Emall: sgz@mazilin.msk.r~~ 



2 .  Regimes of RMI evolution 

The  perforlneti ir~vestigatiori~ allowed 11s to  distirignisll three rcgimcs of R l I l  e~.oIirrio~l accordi!ig 
t o  u U X .  .4tO. arici \lac.11 111111lljer of the incident shock 12.1,1,,. T h e  diagrnrii in Fig. 1 .lioi;-S tiic 

F i ~ i i r e  1. Tile rlefilritiorl of regimes of Rhl l  Figure 2. A~n],litucl(' of' lil: I-. tlibt,inc-F ~ ~ a . w ~ i .  

r\.ollrtio~i. 

areas of r ca l i zn t io~~  for clifferclit regi~nes  of RMI evolution accortii~i: to  ciuL,.  . - l lo .  alitl a gi\.t~rl 
l lac l i  r l i lml~er of t hc  refracted shock n7avc h ~ l , ~ ~  for t h c  s l~ock  passage fro111 light gas to  Ilea~.!. 
one. 11: cliitillgliisl~ ..soft". . 'hardn, antl "irregular" regimes. Eacll of 11ie1li is cl l~racterirccl  
l,\. c c r t a i ~ ~  ~~rcu l i a r i t i e s  of botll t h e  refraction of the  incident s1loc.k or1 i~ l i t ia l  i~~tc~rfac-e anil t he  
g,:neratio11 of Irigl~ Ilre?.zllre regio~is responsible for t h e  growth anrl tliitortioli of tlie cllape of 
iriitial p e r t u r h a t i o ~ ~ .  

For ..soft" and ..har(l" rrgirries, refractio~i of t h e  incidcnt s l~ock 1.va1-c O I I  tlir j~iterfacc l)ro- 
c w d s  t l l rougl~ gerirratiori of regular gas-dynamic c o n f i g i ~ r a t i o ~ ~ s  a t  tlir' ~ ~ o i r i l  of i11tcrii(ti011 
11. 2 .  31. 111 this case. t h c  pressure a t  t he  point of interaction is prac t ic.a11!. i~lelcl)c~iiiIc~~it on tlic 
angle of intcractio11 o f  t!!r iriterface with t he  incident sl~oclc wave. For tile-e ~ . rq i rnei .  j u ~ t  ;lfter 
tilt' rricl of refractior~.  two tiist~)rt.ecl shocli waves a re  generated.  'rlie i r ~ i  rrface is l c i c  , i l i~rci  n-itllil~ 
f11r s:,nce l ~ e t ~ . ~ e e l i  t l i e ~ r  t?,ir.es, where thc, prc-ssure is practically c:o~iqtitrlt. 1-11(, regime> cliifc-r 
l,:,. t 11e meclia11is:ii of gerleratio~i of tile liigh presslrrc rc~gioris. T h e  ..l~arcl" regirne is c!iar~c [er- 
ized l)>- gerleratio11 of the  sc(-ondary sllock wa\.cs p~.opagat i~rg  across tile- fio~r ,iriti t l ialactr~.i ; t ic 
l ,cakl)oir~t S ol j .~rr \  r d  or1 tlir refracted arrtl rc~flectetl sliock waves, L\ ililr for t l ~ e  ..i<ift" regil~ic.. 
r ~ i i  g;ri-cl!-~:a~~lic tli~corltiiiuitics arct obserl-ed except, tlic. i r~ ter f~tce .  The  pc:~c\r,itio~l of tlic i c , ( . -  

oilildr! s11ot.k I V ~ ~ C ' S  1101~. down t h e  gro~vtli  o f  pressure and ~ ~ e s ~ ~ l t , ~  i : ~  relatix-c tlecroclit> ;?.g . 
I\-it11 rezpect to  t he  Richtrn>-er relation) in perturbation gro~vtlr ra te  u ~ i  111e i~lrel.f;ir-c. ,F ig .  2 I .  

. i s  n rule. t he  "soft" regi~ric is o1)srrved for small Atwood r i u r ~ ~ i ~ c ~ r + .  .mall iIac11 ril~rnhrl.i 
of' t lie inc.itIerit ;liocl;. aiitl lorv curvatures of t he  intrrface. No gas-tI!.iinmic. tiiscor?tirlllitiei or. 



brcakpoilits on tlle sliock waves arc: observrtl. I'l~e unloading anti diffusion of these rcgions arc, 
[~roxiotcd by compressiol~ waves. T l ~ e  growtll of pertrlrbatio~i amplitude at  t l ~ e  initial stage of 
R M I  evol~rtio~i is in agrcemerit wit11 t,hc Kiclit,rnycr relation (Fig. 2). The growth of pcrtur1)atiolr 
aml~lit,utlc is symmetrica.l up to ( I  5 0.4X. For a larger amplitude, tlie rate of pcrletraiio~i of 
light gas into the heavy one tlecrcases? anti this is accoi1il)anied by dist,ori,ioii of perturbation 
sliapc. and formation of a "spik(~-bul~l)lr" s t r ~ ~ c t u r e .  1Vl1c.n tlir, a.mplit,udc reacllc,s tlic, valile of 
(O.7 t l  .O)X, a vortex mlisl~roolri st,ructl~re for~ns o n  thc t,ip of spike, thus decrcasillg the spikes 
rate. 

Tlie "hard" regimr is usrrally ol)ser\,c~l for ~Itwooti nliinbers illo > 0.5 and/or large A~lacli 
~ ~ l ~ m l ) e r s ,  what results in significailt diff(.re~icc i r ~  times of generation of secondary slrocli waves 
anti as t h r  colisr,cluenc:e, in the discoordilla t ~ d  i l l  tiriic forniatiorl of tlic l~igli pressure regions. 
This results ill distortio11 of t,hc interfaces, i.e.. in forrliatiol~ of the L'spike-l~ubl~lc"systc~n just 
a.ftcr the end of refraction. tZ hreakpoirlt present 011 the front of the refract,eti shock wave 
i11dic:ates 1.0 the triple corlfiguration arlti is ari attribute of "hard" regime. blr~shroom structr~rc~s 
forrrl 011 the tip of jet in tlie same way as for the "soft" regime. For n = (l.5+2.0)X5 tlre 
musliroorn structures interact with cacli ot , l lc~,  thus forrriing the tllrbulent, zonc. 

Tlir "irrrgular" regiinc has sc>veral irriporta~it specific features as compared to t,he two first, 
ones. "1rregul;trn regime is ohser\!ed for un/X > 0.5 and chara.ctcrized by formation of vortkx 
(mushroom) str~rcturcs on th(, heavy gas Jet, durir~g the  refraction of the i~icide~it  sliock wave 
011 initial interface. 'I'lie heavily distorted refract.ed sh0~1i wave quickly generat,es thc secondary 
sllock waves, tllus making the  on-ii~~iforniity of ~)rc~ssui-e oil the interface even Illore pronou~~ceti.  
Around the tip of jet, a co111pact liigll presslire region is fonncti, tlic unloatlirlg of cvllicll reslllts 
i r ~  for~nation of niushroo~n vortex s t . r~ict l~rr .  This proc.c.ss occllrs already during the rc\fraction 
of tlic, incidcl~t sliock xvave, and not \vit,ll tlic c~volut,ionary tievelol)~nent of iiitc~rfac~c~, its i t ,  was 
for tlie "soft" and "1i;trd" rc~girncs. 

The  different ways of for~nat io~r  of illusllr.oo~n st,r~~ctilrc,s for "soft", "hartl", ancl "irregular" 
regirrres rtsult, correspondir~gly. i r ~  diffi~rent c~\~olutions of thc turbulent, layers for~rled tlicst, 
structn~.es. aritl iri qualitativc:ly diffc:rent cfrf,cts of illitial parailleters on tlre growth of pertur- 
1)atioii o ~ r  tlic interface. Figriros 3 a l ~ d  4 show tllc plots of the rlepth of penct.mtior~ of oile gas 
into tile otlier agai~ist. t,he dist,ance passed 1)). tlio interf;ice, -Ylil2, ant1 the At,wootl nu1n1)c-r after 
the  interactio~i, ilk, for an = 10 inrn and X = 72 a ~ ~ d  36 Iiim, respectively. .As secll, for tlie 
"irregular" regime, (X = 12 mm,  Fig. 4), lllr, tl(~pt1i of ~)mctrat,ion is a n o n - ~ n o ~ ~ o t , o ~ l c  frliictioii 
of .41, in co~itrast t o  that for the "soft" arlci "hard" rcgiines (Fig. 3) .  

Tlic tra~lsitioii of RMI regimes from "soft" to "liarti" and further to "irregular", rc,stilts i l l  

rclativc drceleratiorl of pcrturbatio~i growtli oil t,lle i~~t,erfacc! ( I i g .  2).  

The  regimes of sirnilar t,ypes are observed for Rh11 evolution at  the shock passage frorii 
heavy gas to lighi, orie. Figure 5 shows the growtli of pertl~rhation amplitude plotted against, 
tlie distarlce passed by the ir~terfacc, for tht: shock passage from xenon to argon. The iiicreasc 
in no fro111 5 nirn to  I 0  Inln results i l l  two-folti increase of perturbation growth rate, while (.he 
increase in no from 10 mlr~  to 30 rrinl iiic.reases the pcri.urhatio11 growth rat,e approxirnat.ely 
1.5-foltl. Comparisori of the experi~riental data for the growth perturbation arr~plitude with 
those calculated by the formula suggesteti hy Meyer anti Blewett [4] lras shown that, a t  a0 = 5  
rrlrll and X = 36 111111 for Xe-I(r, Xe-Ar: and I<r-Ar, the calculated vahies arc about (,WO-fold 
overcstirnated. 
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Figure 6. Amplitude of Iilz VETSIIP the distance 
Figure 5. Perturbation growth rate versus the passed, for H ~ . x ~  a t  2~ 3~ i I l i t ia l  
d:stance passed, for Xe-Ar at different ao. bations. 

3. Main experimental results 

Ir~vestigation of multiple shock passage through a growing perturbation on the interface has 
shown that the main factor affecting the growth of perturbation amplitude is the regime of 
RMI realized at each of the successive shock-interface interactions. For tlie case \v11e11 each 
of' the steps occurred under the "soft" regime, comparisori of the esperiiilental data xvith the 



3. '11111 of t l~ i '  rate. al t he  precctlir~g stc:ps. 'I 'l~us: Ive s ~ ~ j ~ p o s e  tliat i l  i ;  I I ( , ~ . c , + ~ I >  t o  i! i t~o(! ' :(  i, 
ill tlic formula ,i coefiicie~lt of "mei~iory" C: t iepe~ident or1 Atwood r~~:~nl)c>i  . i ! . co rd i~ ip  to  ~ L I I  

(iatn. the c.oefficients of '.rne1noryN C: arc  0.2 for Xe-l<r and 0.5 for I<r-.lr 

Our i~~vest igat ions  of 3D initial pcr tur l~at ion for auk 1 I~,i \-e < I I U I ~ - 1 1  : t i i~t  for . \ I . - r e .  l i l t >  

.'ioft" r eg i~ne  is realized. arid t h e  pe r t~ r rba t io l~  growtli ra te  correipolitls to !liar o i ~ t a i ~ ! r r l  1, 
l i ic .h t i i~~.er  relation. For He-X?, a t  t he  sarrle initial conditions, th(,  ..lia~.tl" regi~iie i~ r rd l i i rd .  il!:ci 
the  pcr l i~rhat ion growth ra te  is lower t1ia11 tha t  obtained by thc. Kichtrii>-rr r r lu t io~i .  Ilowi.\.r~r. 
the gro~vtli  ra te  for 3D ~ ~ c . r t u r b a t i o ~ i s  was higher than t l ~ a t  for 2D l)c.rt i~~.l~~itior~;.  ilr~clrr <irii;l;lr 
i~ii t ial  col~tii t io~is (Fig .  6) .  0111. cxperimcr~lal  da t a  tlerno~istr;itcii a lliglier -;~;ilLilit!. i i f  .{l) 
I ) e r t ~ ~ ~ l ~ a t i o r r i :  the  :iD perturbatioris do not form the  turblrlent la>er  ai i r a ~ t  fur i i X .  <:-- 20 for 
He-Se. anti for ilk <- 10 for Ar-Xe (a is t Ile currer~t  a m p l i t ~ ~ d e  of ~ ~ e r t u ~ . l ) , : t i o ~ ~  ! .  

\Ye perforil~ed a series of expc~r i~ne r i t ,~  to  s tudy the  influence of i io~l- I i ; l r~no~~i(  init id1 21) 
l~ertu;-l intio~i of interface on RMI evolution. E'igurc 7 gives the  sliapes of i l~ i t ia l  i ~ ~ ~ r r f a c c , i  allcl 
the corre ipoi id i~~g most t).pical Toplcr p i c t ~ ~ r e s  of t he  RMI cvolr~tioll for ttvo c~iGr.. . \ r -Se  d r ~ i l  

We-Se. \\+ have fouric! t ha t  t h e  growth ra te  of s i~igle  pert~lrbatioii  (Fip .  71 tlifre1.2 fro111 t i ~ a t  
of thc  c:orrc~po~idi~ig liarlilonic perturbation when the  distance l~etwrei l  tljt' ce~~tc>i .<  of ,:iijac-c.ii~ 
~~er t l~ rha t i c i~ i . :  e s c r e i l ~  1 X .  
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The Effect of Spectral Radiation Transport on Turbulent 
Mixing of the Laser Accelerated Target 

V.A.  Andronov, S.A. Bel'kov, G.V. Dolgoleva, L.S. Mkhitarian, V.V. Nikiforov 
and A.N. Razin 
Russia11 Federal Nuclcar Ceritrr - Ilrstitule of Experitriental PIiysics 
Pro5pccl hlirii 37, 607190, Sarov) Nizhliy No\~gorod Ilegior~, ltrlssia 

Abstract: 'I'he iniluense of thc X-ray spectral efFcoc:ts or1 tlrr de\~eloplnelit of tl~rhulent rnirillg 
zone i l l  the  rnnlti 1ayc.r target, accclerat,c>d 11y the, power laser I)earri, was col~sidcred. Tllc, Nilti- 
forov's model of the turbulent niixiiig was extclrderl to i,lle case of thc nouequlil~riu~ii radiativc~ 
l~lasma flows. This al)proxirnation was rca1izc.d to thc 1 D radial ive gas dynamic code SN1)'rl:II. 

1. Introduction 

At vol l~n~etr ic  comljressio~is of tile order of 10" ( 1vIlic.11 arc o~t ly ~vortll ~nt:ritio~ling iet~ile tall<- 
i r~g of 1asc.r t l ~ c ~ r ~ n o ~ i r ~ c l c a r  targets igliit ion) dcvelolj~rlelrt. of perturljations of large ~vitvc-lengt.1~ 
tiistllrl~ing 1)'S-fuel compression splieric.al sy~niiictry lei~tls to 11rariiiiu111 f11c:l density ( p / { )  itl~ti 
rnax i ln~~ni  tclrrpel.aturc! decrease. Dcvelol)~nent of liiixil~g zo~ic' ~)c :~wc(~I I  tl~t: f11r1 alitl corilp~c~ss- 
illg shell . i l l  ifs turn, Icads to  fucl vol~~mc~grotvtli  aircl c-ffrcti\rc, incrraso of fi~el-t,o-slrc~ll t l~rr lnal  
Rllx. :\S a result elicrgy required for igrlitiorl iiicreasrs a ~ r d  it,s value can not 1)e c.stilnateti 
without tietailed study of the processes of instirbilit,y growtlr and rnixirlg. 'rlil~s, tlrey are t l ~ e  
Iiey proc(:sses i r ~  tlic prohlenl of laser target igriit ion. Ho~vc:ver, the processes are so corrlplicatcti 
ttiat i l l  spite of relatively long hist,ory of st,i~dics in t.liis area, no complete and qualititativcly 
clcar picture of illstability growth and mixing has ljecn obtairied yet. 

i\ rlulilber of questions connected to turbulcr~t mixing zone growth has I~een stutlied for i t  

lor~g tirrle i l l  e x p c ~ i m c ~ i t s  on gas gulls and s11oc:k t1111es [ l ,  21. Analysis of these experirr~ents has 
load to t l ~ c  development of nunrerical t,cchniques allowing for ql~alitativo sin-1111ation of mixing 
zone growtlr and satisfactorily describing flo~vs over a wide range of parameters [3, 31. llowc~\~er, 
application of lasers for target sllell t~cceloratiori hri~igs forward new ~ ~ l i e n o ~ n e n i ~  wllicli (.all ~ ~ o t  
lje st utliod in ordinary cxperirnents. 

l'llus, i r i  laser esl)eri~~rerlts iristabilit,ies devclop in 1loneq11ilil~ri1lrn, highly s1)atially ~ ~ o i r u ~ l i -  
fo r~n ,  and ~io~lstatioria.ry ~ ) l a s n ~ a .  Or1 the orre liantl, it lcatls to  fo~.riiatio~i of well ~ j r o ~ i o ~ ~ r ~ c c d  
ahlatiorr frorrt. h,laterial mass flow from ithlat ion frolit sig~~ifica~rtly c h a ~ ~ g e s  iristal~ility illc.re- 
rrrents for differcwt wave lengths as comparcd to their classical v a l ~ ~ e s .  On tlre otlier I~alltl, hot 
aser corona is a source of ]lard X- rays, ~vliicli hcnts tlifferc,rit target l q e r s  ~ i o ~ i l ~ n i f o n l ~ l y  ( i l l  

;~cc.ordallce wit11 it,s spectral paths) a l~t l  cllariges dyt~anlics of i t s  accelcratiorr alici exl);tnsion. 

11 q ~ ~ c , s t i o ~ ~  ;l.riscs ill corincc.t.ioli wit11 it ,  t,o wlritt c~xi ,e~~i .  may tlio ex1)erilneilts witlr gases 
ilr~cier ordiliary colrditio~rs alrtl nurneric.al tc~c.Iiliicllles ljasccl 011 t,hern serve as a groi~nti for Iitscr 
:;lie11 accclcratiol~ expc~rimcrlts d(:scril)tioll. 

ICxI jc~~~i~~le~i t s  on insta1)ility arrd li~ixiirg stl~ciy for laser-accelerate(l rnultilaycr fiat t,argets 
:i~llulat,irig con~plex sp1icrical sl~ells itccelcxratioii wc,re ci~rrictl out at differor~t 1al)oratorirs oil 



powerful lascr installations such as O(1'I'AT) (Franc(,) [ S ] ,  ISI<RA-4 (Russia) [6]. Analysis a~i t i  
description of these experimental results are of great interest to  the whole l~rohlcm of laser 
thermonuclear fusion. 

The rnodel of turbulent mixing was generalized by tlie al~tlrors to the case of no11-equilibriurri: 
non-stationary multicomponent plasma. If)  ra.diation gas dynamics code SND'I'UR developed 
on its basis was used for a~ialysis of the above mentioned laser experinient,~. '1'11~. preserited 
report shows the results of numerical investigatio~i of the effects connected to X-ray sI)ectral 
transport and their impact on multilayer target dyna~nics and tu rb~~le i l t  zone mixing. 

2. 1D model of mixing in multilayer laser targets - SNDTUR code 

At acceleration of complex shells (for example, light, ablator 011 hea\ry material shell) instability 
may occur at  the interface which is not linlited by heat conductio~i. Its iricre~ncnt will be 
defined in case of quasistationary acceleration ( a t  least, during linear stage) by the expression : 

= &G. 11, where 7 = E is Atwood riu~nhcr. 111 this case sliort-wave accclerations sliould 
grow, "lost probaljly, and instability dcl~clops quickly into turbulent mixiug zone. 

ill1 the phenomenological riiodels agree that  ~ r ~ i x i ~ i g  zone width is linear wit11 deceleration 
path length L = d t 1 ~ ; ' g d t " ,  i.e. H = a7L. Tlie parameter a. is u s ~ ~ a l l y  close to 213 in case of 
Ralcigli-Taylor instability. In case of Ric11tmye1.-Meshkov instability decelera.tion path length 
is 1, = Au . t where Au is the velocii,y jump conveyed to the interface by tlie shock wave. The 
parameter cr i11 this case depends on initial mixing zone widtli (or roughness), vanishing with 
it. 

In general case turbulent mixing zone development has a. Inore complicated nature, and the 
objective of phenornerlological models is t,o describe as broad a range of flows as possible in 
the frames of unified approach. Tlie approach developed by V.V.Nikiforov [4] is thought, to be 
-;he best in this respect allowing t o  observe various plasma co~ripo~ient concentratio11 evolution 
on the interface of different density layers. The  model was generalized to the case of 11011- 

equilibrium plasma by introducing in equations of different turbule~it quantities the ge~ieratiorl 
term of turbulent pulsations A in the followi~ig form: 

S7 U, m 00 
4uT; 

K, = r,, S, = L  S,du, IJ ,  =l u,.du 7 
T T  a, 

~ l ? , .  = (2) , ".,. = (5) 
I , ,  a?:,, i, 

where e = eli+2ei and ell, '1 are half nlean squared of the longitudinal and transversal velocity 
turbulent pulsations, & is a ratc of turbulerit ~julsations dissipation, K, is a coefficient of the 
electron heat conductivity, c"=,,, cp,,, are the electron and ion heat capacities under c o n s t a ~ ~ t  
censity and pressure accordantly, S,, I/, arc spectral radiation flux and energy density, rr is 
a. Stephen-Holtzrnann constant, c speed of light, p, T,,,, P,,, are density, electrorl and ion 
temperature and pressure of ]>lasrna. 



r 1 I ha11 it was i~iqjler~iel~tcti ill 11) radialion gas d)~ria~ni(.s c.od(1 SNI) 'Tl jR provi tii~rg siiciulat,ior~ 
of flow arid heal transport in ~nr~lticotllpoiient n o n - r q ~ i i l i l j r i ~ ~ ~  eniitt.ing plasrna wit11 acrourrt 
of turbulc~it rliixing of differerlt mittcrials layers. (:as dyllaulics is calculatetl usiirg I,;~gsa~rgiari 
a l~proac l~  [i], wliilc ratiiat,io~i transport - 11si11g ~ r ~ u l l i g r o ~ i ~ )  qiiasitliffi~sio~i apl~roacli (S]. I'ias~lia 
ionizatio~i degree ant1 1c:vel po~j~~la t io r i  of ions are tiescriljeti i l l  average ioli nljl~roxilnatiori. 
Electron state energies of ml~ltit.l~argc ioiis arc, calc~rlated with aceo~irrf of rincl(~us cliargr Zo 
screening accortiing to  hydrogen-like ion niodc~l. l'lasnra spec.t,ral character is tit.^ (err~issivity ant1 
a11sorpt.iori coeffic:ielits) arc: calcl~latetl iri t11c~ sarnc3 a1jproxirllat.io11 [g]. Free,-frec, frc>e-ljollnti aritl 
bouncl-l~ou~ld tralrsitions of plasrrla, elcct,rons are t.ai<c,n iiit,o acco~lnt.  

Laser enctgy rclease power is calc~ilatc~tl in ; r i~l)roxi~i iat io~~ of geol~lcf.ric. o]jl.ics wit11 ac.co11nt 
of ircvcrsc I~remsstrahl~l~lg al~sorption of lasrr ljc,a~n fallilig 011 plas~na 1i1);cr at a, giver1 ar~gle 
11. Tieat conduct,ion, electroll-iorr rc~laxatiol~ a i~ t l  viscosiiy c.ocflicient.s arc cior~linrar fi~nctioris or 
t e~ i i~)e ra t r~re>  t1rnsit.y anti rueall iorr cliargo ailcl arc calci~latetl u s i q  lino\<~u fijrnii11;rs. 

3. Calculation of laser-accelerated multilayer targets 

SI\'I)?'I-II code was used l o  st L I ( ~ J .  t . 1 1 ~  efffxd of ~ i ) c ' ~ t r i ~ I  X-i.iiy t r i i l i ~ ~ j o ~ ~ t  011 t Ii(' I 111.l111leri1 iiiixi~ig 
ill laser-acrrlcratcd inir1tilayc.r targets. ( ~ o ~ n ~ j ~ ~ t a t i o l l s  sc.l,ti~~g-rcl~ is slio~vlr i l l  Fig.1. 'l'ypical for 
mixing s t ~ ~ d y  c~xl>esi~ncrits [S, G] t.11ree-layc'r targc,t c.onsistirig of silicoi~. all~lriil~urrl a l ~ d  gold layc,~s 
was take11 as arc exaiilple. Silic.oii surface was irradiatctl 1)y 1;1scr pulse of ric~otiyr~iirini lascl. tliirtl 
lrar~no~iics [wave lcrigtli A=O..?5 prn). 1,asc.r j~ulse fimc: profile is also slrowri i r ~  I'ig.1. Targc-L 

I;'igu~.tx I .  C'olrcputations setting-up: ; I )  target geornrt.ry ( [ J . , ~ , ,  = 16.5 p,/c111.', p:,, = 2.25 R/crrc3. 
p,<, = 1.85 g/crri3), 11) laser radiatior~ iirtcrlsity as a ficnc.tiolc of tilrie. 

dcr1sit.y profile has strong influerlcc~ or1 c'voli!tior~ of t url)uIc:rit, rnixirig zone at. : ~ ~ - A L I  i1lfc:rf;icc. 
r \ Illis ticiisity profil(3 is cicternii~icd 11ot only 1)y c-rit,~.ol~y raluc, I~clhiirti tlie froill of tlie shock tvavc 
goiiig o i ~ t  of ;~ijlation zorie and lasclr t,arget accc~leratior~ \.iillce. l)ut ;11so by t,lrc 1,argc.t Ile;lticig-li1) 
with laser c:ororia X-radiatio~i. Tliercforc-, accorcnt of X-ra; gclreralioli i ~ r  laser corolla i ~ 1 1 ( i  its 
spectra.1 transl~ort play t,11e irnljortmit, role i l l  i,urljul(~ricc~ d(~vclo~)rnclct c.;rI(.c~lat,io~~s. 

T w o  serif::: of ciilcl~latiolis were carrieti ocrt to sl.lidy tire effect or spect.ral tra~isport.  Itatlia- 
ti'3rc trarlsl)ort was calculatetl i l l  approxin~ation of spectr;~l ti ifft~sio~~ in tlic, first series. Slject r;~1 
intervdl ir i  q l~ant  11111 elictrgy range froru 0 to 5 lie\' was tlivitieci i11i.o 50 c~111al sljectral grol~ps. 

'Tlrc~ so called thrce-ternl~erature approxilriat,ioli was llseti i r ~  tlie second scrics, tlrc spertr~iin 



considered to be of Planck-type, corresponding t.o a ccrt,ain te~npcrature 7;, and meall Plaricl.;'~ 
Lpl and Rosseland's LRoss paths [l01 used insteati of spectral radiation coefficients in radiatio~i 
diffusion equation. In this case source power and radiation flux a,re calculated according to: 

and mean free paths calculated in each Lagrarigian  oilit it using spectral al~sorption coeficierlt 
known at each rnoment. 

First, target acceleration dynamics calculation was c o n d ~ ~ c t e d  w i t h o ~ ~ t  turbule~it, ~l i is ing [or 
both series. Based on this calculatio~l the nioment t,,, of acceleration staljilizatior~ after the, 

shock wave passing through Au-A1 interface was detenni~ied. Maximl~rn density jurnp I~ctween 
light and heavy layers 6 = pA,/pai as well as t u r h ~ ~ l e i ~ t  density plllsation 16 = 0.01 (6 - 1)' / 6  
initial value were determined for the same nio~nent. Thus determilled values were used as 
initial conditions in equations describing turbulent values evolution, which were includeti a t  
the moment t,,, in calculations with account of turbulent mixing. 

Fig. 2 shows Au-A1 interface acceleration in calculations of the given target acceleratiori 
dynarriics in the corresponding series witllout a c c o ~ ~ n t  of turbulent mixing. It is seen that  the 

Figure 2. Au-A1 interface acceleration as a function of time in spectral (1) and one-group (2) calcula- 
tions without account of turbulent mixing. 

target motion dyrianiics in the vicinity of the layers interface, where turbulent mixing zone is 
expected to  develop, differs significantly i11 spectral (1) and three-temperature (2) calculatio~ls. 
Thus, on the one hand, preliminary heating-up by hard X-ray generated in laser corona prevc~~t.s 
t,he target from strong compression after shock wave propagation i ~ i  spectral calculation, as com- 
pared to three- temperature calculat,ion (see Fig.3). On the other hand, radiation tllerrnal wave 
velocity is significantly higher in the second series, which 1ea.d~ to higher ta.rget accelerations at 
the initial acceleration stage (Fig.2) and ql~icker 1ayel.s release at  the erld (Fig.3). Such stror~g 



G"' I\v~~~'I:I - ~ ~ . A I I \ E I I , L E  . l [ . \~ :  1997 - . l i ~ c i ~ o ~ l c , \ .  c !  (I/, I l 

0 0 1 L ~ ~ ~ I 1 t ~ ~ , ~ /  0 0  0 2  0 4  116 O R  
1 0 I 2  I I 

t [ns] 

Figure 3. -411 a11c1 .AI den.\itj. a s  f t ~ i ~ c t i u l i  c ~ f  t i i 1 1 ~  i l l  T I I C :  ~ . ic i l i i t>  of t h e  lay'rs i~~terf:i(-cx ill sI~ectr;ll ( l )  
arid one-groul) 2 )  c a l i . ~ ~ l a t  ions u l r l i ou t  a( C O L I I I ~  of' t ~ l r l ~ ~ i I ~ ! l t  ~ l i i k i ~ l g .  
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one- group (21 cn lcu la t io~ l s .  



tliat X-ray generalion arid spect,ral trarisport from laser corona into plaslna plays t,lle i ~ ~ ~ p o r t a n t  
role in tur1,ulent mixing calculations a.nd sl~oultl be talten into account while intcrl,ret.irlg ex- 
perimental data  on hydrodyria~nic instability and mixing study i11 laser-accclcratetl ~rnlltilayer 
flat and spherical targets. The code pacliage SNDTTIH developed by the autllors provitles t , l~e 
conduction of investigatio~rs of s11c:h l i i r ~ t i  a~l t l  car1 serve for sirr~ulation arid opti~nization of laser 
thermonuclear synthesis targets both for existing and future laser installations. 
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F i g ~ ~ r e  1. Scile~nr of *lie rnixing ex-perimerrts ( a ) ,  and diagnostic i~ltrrlsil> i l i i t r i l - ,~~t io~~ 1 1 )  I 

- i ) ~ > p : ~ i l ~ ~ j  n~ - h e l m  
+ (PR) 

instal~iIi:> <tt t!ie i~ltc:fa(.(> of AI-AII is c a ~ ~ s i n g  tllcir i ~ ~ r t ~ ~ l l e n t  ~ n i x i ~ ~ q . H ( > ; ~ t i r ~ g  <I! t11(~ V I ~ ~ ~ : ~ I I ( ~ ( I  
1nivtllr.e l,!- an aiiditiorlitlidiagnostic) laser bcar~l of a n  appropriatr. il 't~'rliit>. lc'iid, ti, i'i)~ll~i~ti(,!i 
of a plasma con>iitilig of ; iu  and AI io~is .  !\1)1)eara11cc~ of t h t  lille S-I.;~\ cn-ii.<iol~ o l  - \ l  i -  a 
c i g r ~ ; i t ~ ~ r e  of rn ix i l i~ .  1:s regi~tratioll  is realizcd i l l  ilre follo~ving .cva>. I lle iiia;lio;t i i .  licarn ;:.itlr 

t11c. 1111lse cluratiuii -, 21 0.:1-0.5) 11s i ~ ~ t d  i~ l t c l~s i ty  l,, =101,' \\ '/t.r~? c.cjn\tial!\. v . i i l l  I I I ( ~  1101\('1. 

beam i -  tit~li\ereti to tlic, rear side of targc~t.  Tlle dclay of t l ~ e  di;tSlio>l i c  1j1:1hi, rr,l;,ti\(. to llie 
I I O V ; ~ ~  1)11l;e sIiol~!(! lie long e n o ~ ~ g l r  for t i l t  rlrixil~g 1)rocc.s:: to  c'vol\.c. I11 0111 r y ) r !  j m c , ~ ~ t -  I 11ii 
tiela?- is rllt-O.$ii 112. 

To silioutli large-scalp ~ ! o ~ i u ~ l i f o r ~ ~ ~ i t i c : s  iri tllc, lascr beal i~  intensity t l i i ~ r i l ~ u t i o ~ ~ . .  rClr~iic,:n l ~ ! : a ~ ( ,  
plates lvere usecl. n l~t  inlall-scalc nor~uriifonnitics lilir "hot" s1)ot.s ~ I I  the tliagr~oi!ii beam c . < i i ~  

irlflu~llce tlie t ime of . \ l  line X-ray cniissioii. 'This cff~c.1, could bc  c-tal~lj.llet1 l]!. 11.il;g ~i11- 

other(col1trc)l) ijear~i. v-hic l~  was directed to  the  rear side of target ,111tl positior~rii 4 IIIIII 3 l ~ i i j  

fro111 tlle diagnostic hearli ( spots  of both  b e a n ~ s  wcrc sinlult,arreouql>. ~.ii.n.cd 1,)- r lie tiiaglloit ii 
eciuilxllent I .  The tielay of corltrol beam relat,ive to  t h e  po\ver bearn ]!-as -1.6 ] I < .  Tile cl~a~.;ic.l er 
of t i istrih~~tiorii  arlii tlie \-alues of intensities in thc  diagriostic and colitrol >pots v.c3rr, s ~ c ~ ~ ~ ~ o s c c l  
idcritic al .  So. if the  .l1 lirle e~niss ion frorn the  diagnostic. spot was prior I o tile corrci.I)o~icli~lg 
S - r a ~ .  pulse fro111 tlie ( . o ~ ~ t s o l  spot (or the latter was a1)sent) this col~l(!  l>(, corl~iilcirc~il di ir~c!ica- 
tioll of niixing. 
I r i  o11r esper imer~ts  t l ir  rollghness of i l l  and Au layers did not exceeti 0.Oi jirii. and t t~i i t  of ,5i 
iva? riot Inore t l l a~ i  0.1 - 0,:i jiIn. The: t l~ickness of Si anti A1 layers w ; ~  l .  7=0.:1 t c r l i  allti ?i)..i j i r l i  

:orrespondingly. t hc  ;\U 1aJ .e~ thickness varied w i t l ~ i ~ l  0.15-0.4 p m .  111 GoIile e \ tpcr i~nc.~l~ gc~lii 
,vac replaced by 0.4-0.8 /l111 thick rnagniu111. 
Diii~erlsioni of t he  irradiatiorl spots and t h e  character of I , I i  irri.ensi??- i l i ~ t r i l ~ ~ ~ t i o i l -  ~ I I  tllenl v.el.e 
~-.stiniateti 1<:it11 tlie lielp of X-ray pinllolc calnrras and hy direct f i l ~ ~ l i r ~ g .  Tlle X-ri?!. ( i i a y ~ o ~ t i ~  
c.o~nplex pro\.ides the  r ~ g i s t r a t i o ~ ~  of: - the, ti~ne-integratecl sl)c,ctr;i of the S-ra! li:!r emi&.io~l 
of p l a ~ m a  withi11 0.01-0.2i kcV and 1.4-2.5 ke\r \vit,h t.lle help of a c1iifrac:t ion ~ r a t i i l g  .1)cActro- 
i ; r a I~ l~  and a I<:\I' c r . s t a l  spectrograpl1: - liite X-ray enlission 11e,,.-\1 ilil/ -1.6 k ( . \ '  ii~!d AI?!-:l 
I lii, - 1  .; ite\-l at  t he  background of .4u h4 hand X-ray ratlintion with tllc t i r~ l e  ~rcwlll t io~l o r40  
11s: - cont inuol~i  S-ra!. spcctrrlrn of in tllc. rarlgr of l- .5 Itcl. \,:it 11 the I ilile 1~cwIi11 ion of 
.jO pc. 
! - ig . lLl~ I -lion-Y the  iri!e~;:it>. distribritior~ i l l  the  diagrrosf.ic healn. ()I!? car1 ,er  [!]at it i.: f a r  fi,nr>i 
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3. Experilrlental resnlts and calculatiori analysis 

l ,  Frl 

l.'ipl~rc~ L'. i i i r~e  t icl~c' i~~ir~icr- of Hcl,,.+\l ( l )  l i r l c '  ;rrld cotlti1111ous S-ra?  of \ I I  ' 2 ,  S;- \!- \ I I  I , ~ I K ~ ' :  

< I ! - , : I I I ~ I I ~ I I I ~ I  c111i~~ic111 rr0111 111r (.o~iI,r.ol spot 11;is 1101 IIPVII  r ( , g i ~ t c r ( ~ \ .  IIc~ 111~3;i. ,,,.S. < I I < I I  i1t2 : I I ; \ . ~ I I ~  
i~ take  lace. 

. . 
I'or tlic coritlitio~is cif thi.: expcrirncnl tlic caIc.trlatcct delay 11c~t.1vc~~11 \ ! ] c  e:;~:- .~ui~ ;,,ii.e- r i i  :\,, 
c o r ~ t i ~ l ~ l ~ ~ r l ~  d:ril .A1 l i i~e  i i  U..):1 [IS, 11111. i11 tlie expcrii11e111 i f ,  was a l ~ s r ~ l : .  
it, a.cc,rt;!ir! tlir r c ~ ~ t ~ o r ~ ~  of cliscreparlcy Ibct\vc,eii lhc. calc11l;ttion ~ r i i l  ~ i l c .  t?\[ji.ri~nc,!:' 1 1 1 , .  <i)t.- 

r i ~ l l ~  ( l c ~ ~ i c t ~ e ( l  < , x p ( > r i ~ ~ ~ r ~ ~ t s  ~ I ~ L V P  11ec11 cilrri(t(1 (~111, i l l  \vI i i ( , l i  gold 11;is I J ( Y , ! .  ~<,~,!,ic-t,(i l , ,  i1i,1~iii1!:'1. 
I : ,  tili.: c.n.c. iiic, t l e r~ , i t i r~  of .\I ant1 h lg  arc 1)r.ac.t ic;rlly cqll;3l a~ l t l  1Iic.rr ,ire, I I G I  i , ) ~ l c ! i + : \ , r ~ -  fol t.\.xi- 

! ~ ~ t i b t ~  o f i ~ ~ s ~ ~ ~ l ~ i l i t i ~ ~ . ~  ?,c(? . \ l  1i11t; c ~ r ~ i s s i o ~ ~ ,  i t 1  p ~ . i ~ ~ r i ~ ) l ~ .  .slio111(4 ; ~ ~ ) ~ ) f ~ , i 7  , , I I ~ . L .  < > I ' : c > r  + ! ' < ,  l ~ t . , : ~  Y , , > , V I ,  

~ I I ~ I ~ ~ I I ~ : , ~  11;). l ! ; ?  ~ i i : i~ , l~(-~. t i~ ,  hea111 rci~clltv. t 1 1 ~  i ~ ~ i c r f ; ~ ( x >  of ,\l-\'lg, I ~ - ~ ~ I ~ ~ ~ ~ I I I ~ , I I ~ ~ , ~  L I I I ~ ,  ( !{ , ; I ( , : , -  
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2. Caiclilatioil set-lip 
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l1 = 25, 11' = I5 ;rrcx ili~ric~r~sioris of tlrc. s ~ t c . 1 1 1 .  30 = l.)..j i:: t l i i l  i l l i t  i i i l  l ) o ~ i t i ~ i l  of 111(' ii~tc~l.f;ri:<~. 
(1 = --0.0:I.13.5, /)l = 1.0: 02 = 2.!f - arc. c l c ~ ~ ~ ~ i t i c ~ s  of t I I C  lo\vc~i. alid 11plx.r l;rycrs rcsI)c~(.tj\.i~l>.. 
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l* ' I~~i( l  i ~ ~ ( ~ o ~ ~ ~ ~ ) ~ . ( ~ s s i l ) i l i t > ~  KCIS si111111;1t~cil 1)ri~srriI~iiig tlii> i , ~ o t I ~ c r i ~ ~ ; i l  (y11;1tio11 of siti?cs = 
( ' . i l .  2 l l I I O  v 1 1 1  of . \ ~ I ~ I ~ I ~ I - s c ; ~ ~ ~ ~  ra11(io11, ,)(>ri~irl,;it i o i~  \;.as gi1.i.n 
t i t ,  t I I P  illtc.rf;~rc\. 
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!,c? ti = ( 1 1 .  11,) I J ( >  a vc.lacity vei.t,or wit11 tlii. c o ~ ~ ~ p o ~ r c ~ ~ i i s  C L ,  11- i~lorrg . I ,  - ; r ~ ~ i l  r- axis. 1 . 1 1 ~  
I r i ~ ~ ~ s i t i o ~ ~  t o  exact s1)c~ctraI cs l~ansion of 111i~ i1iscrc~l.i~ vi,loc.ity fii~l(1 follo~vs tile fori~ililas: 



I is l'aylor's scalc r q ~ ~ a l  to thc, lengtl~ of ii  sc~gii~enl i~~tc,rcel)t,ctl oil 1110 al)scisqac-;<xi\ l)! ;I 

~jaraI)ol;r. which is sc.cond-order t,angcl~t lo tlic c.orrc'lat,io~r ful~ctiorl graljli i l l  it.s tol). 
Spcct rum (spec1,ral f~~nctiorr) of spcc:ilic turl>rlIr~il I<iilc,t ic cllcrgy. 
[,et Q,,,* is ~ n a x i l n l ~ ~ r i  value of wave vector r~lotlulris. Tlic rrgio~i (0, ( ~ r n n s )  is s~iI)(livitlcd nriif(jrlnIj. 
into N irllervals: (/,,,p = 1, . . . , N is tlicl p -tli i111,ervnl. AI/ - tllc Icl1gt.11 of c.ac.11 ilitcl~\al. 1,ct 
E(q,) is partial sun] of t h r  series t,erms for I:' = O.T,b;(O), wl1ie11 c.orrcspo~~tl to thc wavc vectors 
gc,t,ti~ig illto t,ho p t h  ilitcrval by i n o t l r ~ l ~ ~ s .  K ( / / , > )  = E ( q , ? ) / ( i .  E .  A y )  is diine~~sior~less d<>i~sitj. 
of' sljecific t ~ l r l ~ u l e ~ i t  kinctic eiiergy. L/, = P . qr. 
The deptli of light-t,o-heavy pcnc~t,ration. 
, l  1 Ile depth of  light-to-lic+avy pcl~cxtration tlcl)c~riding O I I  .-l . gt' Ivas estiln;itc*d. As tl~c. abovr 
boundary of mising zone t h c  value of z was tal i t :~~,  for wliicli volulnc coliccntrat ion of liglit 
s ~ ~ b s t a n c c  averaged over .r - tlirection was ccllial to 5%. 

4. Results 

17iftren fra1nc.s ir l  Yig.1 arrar~gecl frolil tire left to  111o riglit i111cI Sroni to[) to  1~ot.to111 i r i  i~secn(lirig 

:)riier of dimi.fi~io;ll(!~~ t irne r = Ji7T1' . I s~row t I I ~  rly:rxni(.s spcciiic trir11111ctit ltinctic 
energy spcct rum for tllc run Ddl  . 
I'or tile ~nctliod sc~l(:ctcd for o\>t airling cli~~lr~l~sioill(~si: cllrantities, 'I7;iXlor's sc.ale is unit of I(~lgt11. 
I'l~r<refo~.e, or1 l.trr plots in 14'ig. l l ~ i i i t  s l ~ o ~ ~ l t l  sc:])al.;rtc ~~crtul.l);it,ions corrt,ai~~i~lg t11c ~rlost ~)o~.t.ioii 
of eficrg!; arid those olics associatcd wit11 most ~~ort ioi l  of clissipatioll. Inert,iai illt,rrval s11o11ltl 
,e locatetl betweell tlic f r r~ucucy  c.o~.rc~spoiitlir~~ to ~na\irlir~ln energy a ~ r d  unit i f  c.ilergy rarrge 
i~nd  ~lissipation range do 11ot, overlap c.ac:I~ o t l i c ~  sigr~ific-al~tl); [ I  l ] .  111 tc~r~rls of sprct r11in: flow 
11attc.rr1 can IIC clt~sc.ril)cd as follo~vs: 
- "relic c.l~aos" - i11 spcct rl~rrr for crlc%rgj- rang(. i~ii(i dissipa(.ioii intc,rval therc. arct per t~ i r l~a t  ions 
of almost the salllc cxrrr,rgy scalc, ilrertia ar~ti tiissil)at iori Iia7.c riot yet finisl~ctl selcctilig pert111.- 
I~ations with respect to frequcilcy from initial uniforrri spectrr~nr ; 

- "formatior~ of classical cnorgy spcctrl~rr~" - spcct rllrn grapli gets tile sliape of asyrr~~netric ..cap" 
with rnaxilnum at  U < 0.5 , dissipatiolr rarigc is i~lrt~i~d!; 1vitl10111. CIICT~!; l l t~c tua t io~~s  ~ O I I I ~ ) : L I ~ H ~ ~ ~ C  

~vit,li those for Iiydrodynarr~ic scalc. 
- "spectru~n degradation" - spectn~llr g ra j~h  1)c.c.ornes delta-sll;tped, airl~osl all criorgy is co~~c.c,~r- 
trated witlrin ;t srnall interval of freclrlencics corrrspondir~g to liydrodynamic scale. 
In Fig.1 one  night consider that the frames with r = 0.80 + 1.07 are rcfcrred to t h t ~  first l ~ l ~ a s e ,  
wit11 r = 1.20 + 1.60 arc to t,he srcond onc, and wit11 T = l .20 t 1.60 - i o  t,hc t11il-d one. 
For the second and third phases the slo~)ct 1.1 was tirt,ermined. The slol~c~s are 0.051 and 0.03!J 
respectively and diffcr by a factor of 1.3. 
In Fig.2 spectra of specific t ~ ~ r b u l e n t  kinr:t,ic cncrgy arc plot.ted in log scalc for T = 1.20: 1.34,1..47 
con~parcd wit,11 straight, line tliat iils the "iivr tliirds" I;iw. Ll'l~ile 1)rocessirrg calculat.ed results, 
i b  was accepted that frequcnc:ies froir~ c3rlergy n~axiri~ulll t,o urrit corrc~sl)o~ld t,o "inertial i~iterval". 
0 1 1  the whole one can assulrle that sc,lf-silnilarif y talccs 1,Iacc on "ir~erti;~l ir~terval". Profilcs orr 
this interval agrcc* I)et,ter co~ill);~recl wit11 otllcr. iil~ci if  TVC (.orrsidcr o111y two first I ~ ~ o I ~ ~ ( ~ I I ~ s  of 
tirnc., tlie agreerncr~t is rather s~~f f ic ic l~ t .  Tllcrc%forc. one c.a.rl taltc t l ~ a t  0 = 0.054 c o ~ ~ f ~ ) r l n s  
bettcr thafi cu = 0.039 to the value of ~)rol)ortioll ra1,io i11 sqlrare law. h'leall slope tieterlnirred 
hy " i ~ ~ e r t i a l  interval" and Iby averaging over thrcc ri~onrrllts of tirnr e q ~ ~ a l s  t,o -2.17 that differs 
by 30% from theoretical value of - .5/3 . It call be supposeti that this differcl~c:e in slope a ~ i d  
notic:eablc noncoiricidelicc of proflcs for frequcnc.ic~s grcatc.r fhat. unit are due to t,lle fact t11ir.t 
t,le encrgy ;tnd clissipat,ion ranges overlap cssc,rltially. 
r > 1 Ile assumpt,ior~ is proveti l)y c.alculat iori of jlist t h r  same, l~rol)lc:n~ p ~ r f o r ~ r ~ c t l  with s c l ~ e ~ l ~ c ~  2 
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F i g ~ ~ r e  2. Spcctrurrl of turbrllcnt kinet,ic C , I I ( ~ I . ~ J .  ( . o I I I ~ ) ~ ~ ( ~  \\'it11 tile ..liv(> t l~il.(ls" I ; I W  (1.~111 l j d l .  c101 tcd 

lir~e - T = 1.2, das t~cd  l i l~c  - r =1.34, solid iille - T =1.47) .  
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'Three-Dimensional Numerical Simulation of 
Rayleigh-Taylor Instability by MAH-3 Code 

1V.N. Anuchina, V.A.  Gordeichuk, N.S. Es'kov, O.S. I lyutina,  O.M. Kozyrev 
and V.I. ~ o l k o <  
1t11ssia11 I"(~tic:rirl Nuclcar C e ~ ~ t c r ,  : l I I -Rl~ssia~~ Scic-nt,ilic. lirsc~arcl~ I~~stitntc'  
cif 'Ibclrliical PI~ysic.s, S ~ l e ~ l i i i ~ s l i ~  1l11ssi;r 

Abstract: The presc~nt.alion off(.rs the rcs~rli.s ohtai11('(1 1)). direct 1111111erical s i~r~ula t io l~  of gray- 
ilirtion mixir~g evolutioli 115. tlie h21\11-3 cotlc. 
l ' l r r t  discrctc 111otlel hIiI11-3 irriplemc~rrts itient ical liil~etic cncrgj- ciissil~atio~i for 1,ot.l~ 21) a~rti 311 
c.o11111~1ting. ' I ' l~e laws govc~rrring the ir~c.reasc of iigl~t-to-lrc;~v~. penctrat,ioli tlcpt,l~ ;Ire con~l);rrc~tl 
f<,r thc cases of two aiiti three sijatinl varial~les a~rtl for t ~ v o  diffcrt,~~t mcclia~~islns of I i i~~ct ic  
c:riergy tlissipation. 

1.. Introduction 

LVlicri a substance oS tiensit). is al>ov(> a s1111star1(.(' oC d~1isit.y 01 < p 2  i l l  g r a v i f i ~ t i o ~ ~  i i~I( l  
writlr ac.c.c.lcration . tlirected fro111 lieavy s~~!)stalic(' to light on(,. t l~eir  i~rtc>r.facc is s~~l j j ec t  to 
graviLatiori il~staljilit,y. 
?Jurncro~~s experime~~f,a.l arid corr~ljutatio~riil studies of turbl~lcnt ~rrixing [ l  - 71 arc dr\-otcd 
t,,) square-law verificatiol~ and q i~a~~t . i t a t ivc  c .s t i~l i ;~t io~~ of j ' ( l~2 / l~ l ) .  Exl)crin~erits performed 
by Y.A.  I<uclicrc~r~ko~ I<.I. Itc,;~d ancl 11.1,. Yo1111gs for sul~st.a~icrs of difrc,rer~t ticnsitj- pro\.cxd 
t.l~at dept,h of ‘.bubble" ~wrrt>tratiorr ~vas  tl~:fir~rtl 115. tlrc: [unction = n . /l . g  . t 2  , where 

. = ( I  - l ~ l ) / ( p 2  + is .'lt\vo(jd's ~ i l ~ ~ i l l ~ r r  and n E 0.06 . '21) ~i~rlncl.ic.al sim~llatioii giytjs 
(I FZ 0.0.1 + 0.05. ;ID rilris [ G ]  rc.sr~ltcd i l l  lilic~\vise \.alr~c~. 
T l ~ e  \vorli ~jrc~sents tlic rc~ull.s of 31) ~ ~ ~ ~ ~ n e r i c . ; ~ l  si11111li~tio11 or gri~\.it i~tior~ instabiliiy ol)tai~retl 11). 
(.ode 11:1Il-;~. 

2. Numerical technique and its capabilities 

('otle IZIilII-3 colllputes ~~oustatioriary 3 D  gas dynaii~i(. ~ I ~ O I I I C I I I S .  (lomput,ational region is 

rcsl~reselitcti 1)). a set of pl~ysical doiiiair~s. l':acl~ of tile tiorr~aiiis is a topological ~jarallclcljiped. 
Donlain boundaries can be t.lie intcrfac.t.s or cx~ernal  l)olti~tlarics of ;r system: free b o ~ ~ ~ ~ d a r i e s ,  
rigid walls, 110~1ndarios with prcsc:~.il~etl prr,ssllrc. 
Thc code i ~ n p l e m c ~ ~ t s  a numerical teclir~ic~ue wl~ic.l~ is a gc~~ctr;~lized 211 1\1.;\11 t,(,c.l~r~iql~c. [ S ] .  
The tc~c:h~iicluc is 11asecI on dividir~g t.he co~~r l j~r i . a t io~~aI  algorit11111 o111o 1,;lgrarlgian alitl 1511lcriai1 
l>llasrs. 
T,,i.gr.ar~giari phasc call 1)e silnlllated wit,][ botli explicit anti ilrrplicit sc.l~rn~cs. :Ilgoritliril for 
sc81viiig implicit diffr,re~~ce ecluat,ior~s is tho .Jacol)i .lacobi-Newtoll iterative process. 
Eulcriarl difference schrrne is explicit and it iises locally adaptive, algoritlirrls for gc.nt>rating 
E ~ l e l . i a l ~  rlioving mc,sl~. Tlie mcslres arc co~~sis tent  a t  ir~t.erfaccs, l~owe\ler, tllry are gcr~c.rated 
indcpende~itly for each pllysical tlorrlain. 111terfaccs I>c>twecll don~ains arc cal(:illatcd wit,lioul 
a t c o ~ ~ n t i n g  for s1il)pirrg. 
E ;~ch  of tlic cells is the image of tl~rcclinear 1napl)irig of a culjr, into tl~rec~-tiirne~isior~al pliysic.ai 
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t11c a / ~ o v e  ilcillliri~r!' of 11lixiiig z o ~ i e  t he  ~ ; I ~ L I C  of 7 was t a k i l ~ .  fur '::l!ii.]~ ~.ol!irilc. L O I I C C I I -  

~ r a t io r i  of l ig l~t  culjstance averaged ovrr  : r  and y- tiiroc.tioli \.;a. ecli~al ' o  5 ' ;  

5 .  Calculated results 

The 1-11111 pruc.i~t,tl<:ti t i l l  r l ~ r  deptli of lig11~-to-heavy pcrictrat,ion a c l ~ i r i  rc! i tboi~r 2 i  + :ill'; c,!' tile 
ry:tcm \ ~ i c i ~ I t .  

r i g < .  l .  2 tirjlitrt corriparativc: plots of potential arid liinctic n ~ ~ ~ . g i l - -  i r ~  ?D  a11t1 :iJ) + i r n ~ ! l ~ ~ i o ~ l i  
for >clit.~liei l a r~t l  2 respectively. By the  tirnc~ of c a l c ~ ~ l a t i o ~ i  e ~ ~ t l i ~ i g  ltiricx*ic c,:~crs!. cli.sil~,<tior~ 
~riib s igr i ihca~~t  arlil rrlatie up 62% i n  3 D  case and 61% in 21) orle. Sc!~cl~ne L) ~ m ~ ~ c ~ ~ t -  1i1!!(.11 l??. 
ilisbil~at ii-r f e a t ~ ~ r r ~ ,  IIerc energy unhalarrc-e was 12% a11d 8%. It -I~<iii!ri l)(-.  11ote~1 tllnt i l l  211 
.;ilnlilatio~r I,! 5c11enio L) t he  unbalance of 8% was ob ta i~ l ed  for far less c,:lrrp>. i.,iIlse t l ~ , ? n  t l ~ d !  of 
61'; l,!- i c l l c~ur  2. Tor the c ~ l c l ~ l a t i o n s  l,rese~~tcxti! energy unhalarice dyiidmic. i h  d1lnu.t tlic i;irlicS 

i r i  'D- a1it1 in :3/)-;i1n1ilation. 'I'l~crcfore; hi(, tiiffercr~c.e betwc>en ?D- a:i(l :3lI-~i?ri11la1~(-,11 
rni2,lrt l,e a+ioci<tteil xi111 diffcrer~t dyrian~ics of potential clrcrgy. R!- 1 ! ~ e  rironlc>!!t of i.;tlc~~I;it io11 
eiidirig :hi-: tliffere~lcc llidltes 111) a b o i ~ t  25% for schcmc. l ant1 .10% f o ~ .  ~c.llc:;lt' 2 .  
Fig. :3 t ! r r n o ~ ~ ~ : r ~ i t r >  pc.~~rtratiolr  of l i g l~ t  s ~ ~ b s t a r i c t  in to  heavy ol1e 2.- a f r r i ~ c t i i , ~ ~  of l i J ~ '  f o ~  all 
the  foul. r u ~ i s .  111 ,ill c;~!c l~ ; , i t ions  light-to-lieav,~ l)eilet~.at ion is alr~ro-: iilrrl: itrxl t Iic ! ~ r g i ! i l ~ i ~ ~ s  
arlil 1,tlt.r it i. u_re<:tc:. ~ I I  :iD cast,. At  t,lic, final s1c.p o f  c ; i l c~~Ia t io r~s  .-loljr. of tile clll,\.e; ol,+,:i~lcel 
\!:its d c ~ ~ e r ~ l ~ i r ~ c c l .  111 tlic, f i s~ i r c  ;I straight 1i11v wit11 c o r r c s p o r ~ c l i ~ ~ ~  <!CIIIC i~ ~ I ~ ; L ~ ~ . Y I I  ['or c>itc.11 of 
thr.1l1. Slol)c$ values are  0.0:34 for tl~c. run 2n: sclrerne 1 :  0.035 for t!?e I I I I !  21) .  -~:l~eritt~ 2:  il.Oi0 
for t1:c. run .?l). scllernc. 1 z,~id 0.050 for t he  I.IIII 3 f l ,  sclienre 2. 
.'\ sigriificaii~ cli1fere11c.r hrt\vec>n dissijjntioir featu~.c,s of sc:licmes 1 , i r i t i  L' ~ l m o s t  (lid I I U I  irifllr- 
clrc.e tl~c: slope, r i l e  5lol)c: in 311 simu1at.io11 was ohta i r~ed t o  l ~ e  :lO'7 gre2:tc.r t1ln:i 11i;it of 211 
simulation. 

I ' reic,~~ted rilotlel for rlirrct n~l l r~er ica l  s imu la t , i o~~  of gravitat,ion t c r l l r~ l e~ l t  ~ : i i x i~ ip  i ~ l i p l c ' ~ i ~ e ~ i t i  
. . 

ci~i>il)ntiori r n c c l i a ~ ~ i i ~ n  itie~itically for 21) case a.nd for 3U one. 
Tlie tiiffcrc~lc.e liet\\-ee11 slopes of 2 1 1  and 3U-s in~ula t ior~  niigllt l ) ?  ab \o~ia te i l  v)it11 c!iff~r('!,t 

r , t i y ~ ~ a ~ - ~ l i i i  of poteritial crlrrgy. I h e  clifferencc o f  35 + 40% in tiy11alliic.5 i~ i l l  agrccillrIit 1: ill1 : i t ( ,  
differerlse of .30'% i11 slo1,r.. 
111 311 iirnulation tlic experirrle~ital va.lue cub = 0.06 was not acliic\~c~tl. It 111ig1it IJ(' i i c c l ~ ~ ~ i r d  tliat 
l~ecdlr.;r of i~ ls~~tf ic icr i t  large value of Reynolds's r~uruher  degenerate erler.g! spi.c.11.11111 i . ~  reiiliic~il 
at  final i tcl)  of ca!c~rlatiolis and large-scale pertrrrbatio~ts rnostly co l l t r i l )~~ te  TO rniri:tg. 
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Numerical Sin~ulation of Three-Dimensional 
Gravitational Instability Using Unstructured Marker's 
Grid on an Interface 

N.N. Anuchina ,  V.A.  Gordeichuk. N.S. Es'kov, O.S. I lyutina,  0.31. Kozvrex 
a n d  V.I. Vo lkov  
Kl~ssian Federal Snclear ('enter, .All-Russiari Scirr~tific Kcsearcli I ~ i s t i t i ~ t c  
of Tecll~iical Ph!.sici. S ~ ~ e z l i i ~ l s k ,  Russia 

Abs t r ac t :  Rrsuits are presented of direct nurr1eric;tl sirm~lation of c.\-ol~itior~ of 11011-li11ear qt;lge 
of KaJ.lcigli-Ta>.lor i ~ ~ : ~ a l ) i l i t y  1)). a code h1.Ati-3 using unstructllrctl grit1 of rnarkerc a t  tile 
i l l t?rf~ll~e,  
1)esc:ril)tiorr of ror1tac.t sllrfacc using markers is l ~ a s e d  011 itlcas i~r ip le~l i rn te t l  ~ I I  the  code 11.411 
' 2 '  c o ~ n ~ ~ u t i ~ i g  rlc~rl-i;tatioriar. gas-dynali~ic flows with two spa1,ial \ar.ial,les. 
t:vollitioli of eleme~l tary  pcrturhat,ions at t,hc inierfacc are comparrc! Tor ~ l l e  taws of txio i i r l c l  

three spatiiil dirnrnsioni. 

Tile coiir ll .\H-:l i.; intcrided for corriputing nol l -s ta t io~~ary sl)atiiilb .33) ~jroblc:~lr of gas [I!.- 
ilarnic -. arid inli)lements iil~rnerical t.echniqur generalizing 2D rncthoil \ I H  [ l ] .  

The diffcrerice c c h ~ r n c  of t h e  metliod is based on c o ~ n p u t a t i o ~ ~  algoritlirri ~ l ~ l i t t i r i g  into 
Lagrangian and Enlerian stages. 

( 'ornput i r~g of Lagr.angia11 stagc call be  ~ ) e r f o r n ~ e d  us i~ig  explicit ant! i1n1)licit ichp~nec.  -\ l-  
gijrit I i r l l  for + o l ~ . i ~ l g  implic:it tiiffercr:cc equations involves .lac.o!,i-Sen1o11 iteratio11 ;Jroc:r3.;i 
i c l e c t i ~ i ~  iteratio11 para~nc'ter from co~~d i t io l l  of rnaxirnurri reductiori of c,rror per i t e ra t ior~.  

Di iferrrrrr srlieule of l<uleriari stage is explicit usirig local adap tix e algoritllmq for recoI1- 
5tructi11g Eulcriarl ~r iesh .  

( 'ontact bol:rrdrtrii~s ;ire tiescril~cd as coordiliate s~1rfacc.s of 111c.sl1 of ~ l u ~ n e r i c a l  integr.at ion 
rcgiorl or ~~si i :g  iin>trut tured grit1 of markers and ~riiwcd cells. 

Fur iirrailed stutl;: of evolution of i~rlstabie interface the  follou.irig co~ i l l~u ta t  ;or1 trc-hniij~?e 
i> ~i.;cti: 

r ;it lilir.;ir iLage of prrt~rrl,at.ior~ deve lo l )~ i~ (~n t  the  contact l~ol:ildar>- is iirccrilird a3 La- 
grarigiari coor11i::ate >ur.i'acc of tlic mesh: 

V i r ~  t l ~ r  l,c:$in:;i~li: of nor!-linear stage trarisitior~ is i l i~plerne~ited to  clescriptior~ of c o ~ ~ t ; i c t  
.:::.faer u - i : :~  1llisei1 ce!!s arid ~ ~ ~ i s t , r u c t ~ r r e t l  grid of lnarlters 11ot rrl<iteci t o  t11e 11ii.sl1 of 
r!l!rlirric;il ii~tegratiori domain; 

X :il)propriate grid at  the co~ l t ac t  surface is sustained by relnox.i~~g markers.  atldiiis niTl\- 

ones and aljpl!.ilig algorit l i~ns of grid recollfigr~rat.ior~. 
- 

?lori ~nf~.orr : lnt~on - E m a l  111zlCOnine.rl1iO.cIie1~~1i 



2. Statement of calculations 

A problem is considered of evolution of cosi~le perturbations at  tlic interface of t ~ v o  layers of 
incompressible, non-viscous, non-heat-conducting liquid of different density wlien gravitational 
acceleration is oriented from heavy to the light one. 
In Cartesian coordinate system (X, y, z )  the planen 2 = 20 is a interface of the layers, p l ,  p2 (p ,  < 
p2) is liquid density in lower and upper half spaces, respectively, gravitational acceleration g is 
oriented in negative direction of axis 2 ,  the system is in thc state o f  hydrostatic ecluilil)riul~l. 
A regular perturbation is introduced into p o s i t i o ~ ~  of thc interface at  initial t ime inoment: 
z = zo $ a~cos(~z,z)cos(n,y), where a. is initial anlplitude of perturhatio~i,  n ,  = 2n/X, ,  are 
components of wave vector G ,  X,, X, is p e r t ~ ~ r l ~ a t i o n  wave length along direct io~~s n. arid y, 

respectively. 
The problem was solved in parallelepipcd II = [0, X,/2] X [O, X,/2] X [0, I l l ,  setting conditions 
of flow absence at  its faces. To rule out influence of rigid horizontal walls on flow fullctio~~als 
of our interest the parallelepipcd hcightII was talte11 suficie~itly largc. 
2 0  perturbation corresponds to value n, = 0, X, = m. 111 this case the parallelepipcti dirrlensiori 
along axis was taken much more than X,. Analysis of linearizcd differential problem shows that 
increment of exponential increase of perturbation amplitude is give11 by the following expression: 

W = ,,/m, here A = ( p 2  - pI) /(p2 + p,) is 4twood1s number. 
At the linear stage the regular 2 0  and 3 0  perturbatio~ls meeting the same value of wave vector 
modulus increase in the same way. Therefore, in order to  compare results of cornpl~ting the 
problems in 2 D  and 3D configurations initial perturbatio~ls were used with the same value of 
wave vector modulus: X, = X in 2 0  calculations, X, = X, = f i X  in 3 0  calculations. In all 
calculations a. = 0, 1, X = 20,  g = 100 . The calculatio~~s were performed for density jurr~p at  
contact boundary b = p2/pl = 10 . 213 calculations were performed with the nuniber of points 
20 X 2 X S0 , 3 0  - 20 X 20 X 80 . Incompressibility of liquids was simulated by setting isothermal 
equation of state p, = C;.p,, i = 1 , 2  with sufficiently large value of C:, C: = 1 06, C; = C:12/S 

3. Processing of computation test results 

In t h e  calculations dimensionless velocity of bubble was determined 

U +  = ,/m. W + ,  where ,W+ is vertical comporlent of rate of light liquids penrtratiorl into 
the heavy one. 
At linear stage of perturbations growth wlien the interface was described as Lagrangian coor- 
dinate surface, W+ was velocity in co~ltact surface node correspoliding to nlaximum value of z. 
At the  stage of computing the problem with mixed cells and markers tlie bubble velocity was 
determined by two techniques: 

m z value was determined for which hulk concentration of light liquid averaged over di- 
rections X and y made up 5%, tabular for t,his 2 value of ,U>+ was detcr~nined by linear 
interpolation using mesh nodes; 

m as velocity of marker of contact surface with maximum value of z 

As it is shown in numerous studies, e.g. in [2  - 61, the  principal distinctive feature of non-linear 
:stage of regular perturbations evolution is that rate of bubble penetration from light liquid into 
a heavy one reaches constant value. 



4. Conlputatioil results 

Dyriarrlic.: of p e r t ~ l r h ; i t i o ~ ~  evolution a t  contact l)our~tlary for 3D calculariu~! is gi\.er~ i i i  i 
Six stills arc prciei~tcti  011  t he  sarne scale wliicll a.re related to nor)-lir~ent btdpe cif ~jertur.Iiaric)!: 
c>volutiorl. .At thc eiiti of non-linear stage the  initial rc.gl~lar pertl!r.l!iitici~~ transferre(! irlto ( l : ? -  
tirlct t,utl)le jurro~lncleti ljy narrow jets a ~ l d  adj;tcei~t jet, slieet.. 
Diifccerli:e ill growtll of a m p l i t ~ ~ d e  of 31) a1id 3D p r r t ~ i r l x ~ t i ~ r i s  i i  di.iplil!.etl at IIIIII-!~III>III. 51 lip<'. 
:3l? pc- . r t l~~. l !a t io~i~ gron. faster than 21). This t l i i rer r~~ce is n ~ o s t  vi\-it1 i r ~  tlie 1)i11,1;1(, groT:. til r,lt(>. 

111 1,'igs. 2 xi( !  3 olle <ail sec plot,s of \velocity of  1)ubblc v' = 1. I G ; ?;<I . 1 1 , -  \eiwI? i l i ! ~ ~ c i ~ -  

5io:;les.: ti111e it = \. .lg 1 n' l . I /& of 211 a ~ ~ d  31) prrlllr.i,atjoI1-;~rliiti~~ for. :lie t n u  t r t i ~ r ~ i c ( u t . \  cjf 
u t ~ t ~ ~ i ~ ; i r ~ g  ) L , - ,  

.At r~on-li~lcnr qtase a t  : % 2.0 + 2.5 a qi~asi-st ,atioi~ary r r ~ o d r  oi'liqilt liqiiirl 1,erletratiori i~ : to  
~ I C ' ~ \ . J .  orie is for~ilecl. 
111 t11e ralcl~latiolls tllc i l g l~ t  liquid velocity rcaclies coristant v: - 0.27 f i~i .  2 L I  pel.tur.baiic,r~\. 
a1111 t1:ii \.alile practicall? does riot depend ori tlie t r c l~n ique  of reslllrs l~rocrssiiig. f o r  211 pcJ?- 
tul.ljatio~is in c . o ~ i l p u l a t i o ~ ~ s  by 13. Ilaly [S] o,f X 0.21, I)y code MC( 'h  [Oj - I.: 0.20. 
Tor .\tviooti ~lurn!)er. cloic to  u r~ i ty  frorn analytic. solution of prolLle~n of p!;tr~t~ ! ) ~ : ? ! i , l ! ~  1elit;i- 
tio11 in cllannrl 171 ti~c. \-c,locity of light liquiti penetra t ior~ irito tiie !:r,a\>. one Jc c-ti:ucitetl a. 

= 0.23 i 0.01. tliat i i  in agreeinerit with all thc give11 results oi' ~ ~ i ~ n ~ e r i c a l  c!ir!il)utdti~)~i~. 
For 3D ljerturbatioli.: 1.; 2 0.53 in case of thc  first results processing teclir~iqi~e anc! I , -  = 0.41 
i11 cast, of the seco~id .  
Diff;.rer~ct, b e t x r e ~ l  tlie rrzults oI>t,ai~ieci can he e x p l a i ~ ~ c d  by a l ~ r g e  \.rlocit> graiiier~t. ill 1 1 1 c s  
vic.ir~it!. of 111c l~uhljle l)u~~rid;try that  leads i,o sig~iifica~it  velocity 1.aridtio11- at 10:;. \.<iria:io~ik ir i  

ileterriiii~ation of interface position. ?'his circllmsta~icc~ al)pc,arcd t o  11e ':er!- - i ~ ~ i j i i t . < i r ~ i  i 1 1  : I l l  
C;I'C. 

111 [.'j for L'; ill case of c.>-lirldrica,l t u l ~ e s  th ry  g i v ~  tlie \ d u e  0.32. 

5. Conclusion 

P!~r t : : r l~at io~~ gro~vtl! rnte in 3 0  case is grcatc,r t ,ha~i  i r ~  2D.  Corr!'ct proceszir~g of ta!c::latior~ 
rf>s~!l ts  is d ~ e p a r a t e  co~r~ l j l cx  ~ ~ r o l ~ l c r n .  Detcrrniriatioii of tlie bu1)l;lc X-rloc.it>. t i ~ r o l ~ p l ;  I jreli~ni- 
nary i ic termi~ldt io~i  of it> i:lt<>rface proccedir~g from the  c o ~ ~ c e n t r a t i o r ~  fic'iti i q  c orl~idrrc~tl  d. 1r.s 
i i~cces~f i l l  solutiorl cornpartd t,o direct use of velocity distributioi~ <,\.er tile irlrerfncc, tic~icr.iljrtl 
ir). un\t~.uctureii  grid of ~liarl ters.  If we taltc this as an  assumptiuii. tlli'r~ cor~ct, t~lt  \.,ililc , j f  

hltbhle gron-th ra te  ohl.ai11ed in the  calculations is ahout 1.5 tirnes lliglier for 3 D  pertl~ri);itioili 
as compareti ~vitl l  2D pe1.t ~ r b a t ~ i o r l s  eclllivale~~t in rnotiulus of wave yect or. 
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Figure 1. Dynamics of perturbations growth a t  interface. 



Figure 2. Velocity of light liquid pmetration into the heavy one for 2D perturbatio~is 
(0 -i lSt, X -+ 2nd techniques of results processing). 

Figure 3. Velocity of light liquid penetration into the heavy one for 3D perturbations 
(c, -+ I S t ,  X + 2nd techniques of results processing). 



Numerical Study of Gravitational Mixing in Systems 
Consisting of Layers of Finite Width and Different 
Density 

N.N. Anuchina and V.I. Volkov 
R11ssia11 Federal Nl~clear Center: All-Russian Scientific Research 111st,itute 
of 'I'cchnical Pl~ysics: Snezhinsk, Russia 

1. Introduction 

Rayleigh-laylor instability is l i~~owll  to for~rl area of tu rb~r le~ l t  mixing of sul~sta~ices 
('I'MA) i l l  a number of proble~ns wllc,re layers of s l~hsta~lces with different densities arc 
considered. 

Of great, practical value is study of TMi\ evolutior~ after interaction witli other layer 
boundaries, in particular, with gravitationally stable ones. 

Theoretical and experimental rcsearch int,o this I ) rob le~l~  was prcse~ited in publications 

P, 31. 
This paper presents the results of direct nun~erical sirrlulation showing how one of the 
fronts of 7'MA forrned in t11e case of gravif,ationally unstable interface irit.eracts witli a 
rigid wall and how this interaction affects furlher dc\relopmcnt of TM.4. 

Interactiorl is considered of T M A  fronts co~isisting of "spiltes" of heavy sul~stancc and 
"bubbles" of light onc with a rigid wall. Layer width of the substarices was varied. 
Il~fluence of the Atwaod number was estimated. 

Simulatio~l was performed i11 compliance with t e c h n i q ~ ~ e  and program co~nplex "MA" [l] 

2. Statement of calculations 

a 'l'wo plane layers of i~~compressiblr no~i-viscous noli-lieat-collducti~~g illlids of different 
densities were considered in the ficld of constant acceleration g (Fig. 1 ) .  Two series of 
calculations with t11e following chal-acterist,ics n7cre perforrr~ed: 

In the first, series of calculations initial widtli (lL of light, laycl- was varied, arid in t.he 
sccond series - d H  - width of a heavy layer, d L  and (lH being c,qual to 1, 4.8, 7. 10. 

At the initial moment of time t = 0 fluids were in l~ydrostatic equilibrium. Small-scale 
random perturbation was defined a t  the i~~te r face  between substances (z = X I v r )  

Calculations used W = 15, g = 35g0 wl~ercg,, is Earth's free fall acceleration, XINT = 12.5, 
J)H = 2.9, 10, p~ = l . All outer boundaries were rigid walls. 

More information - Email: r1tol@nine.cll70.(.t1el.su 
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m E(lual,ior~s of stale wc7rc l',, = C:: . p,,, rr = I / ,  C, C; = 900 

!!!!I!!!/l!!!Il!lI!!!!//!!/!//!!/ 
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3 .  Main calculation results 

Interface I~et,wcen fluids is gravitationitlly rlrlstal)lc 

W i d t l ~  of the n~ixirig arc3;l I ,  s o o ~ ~  I~egir~s to grow qr~ad~.atically i11 t,inle L E 0.11 . :l. f 2 ,  
tliat agrees wit11 expc,rimer~tal rcsu1f.s (S(,(, 1,'igs. 2, 0) .  

In the first. scrics of  calculatio~~s. cvlrercx light fiiricl layer is t h i ~ ~ ,  '.s],iltcs" of tlic l r c ; ~ ~ ~  f111itl 
intel.2tct wit,h tlic rigid wall. In t l ~ e  arc-a cl[, of witit11 Ilcterogerreous mixt.urc, of fluitis is 
forrllcd (see Fig. 4). 

I r r  t,he sccoiltl sc1ric.s of calc111ai.ions light nuid "hr~ l~ l~ lcs"  ~ ) e i ~ r ~ t r a t c ~  into t l ~ e  I~eavy fiiiitl 
layer arlil interact with 111(, 1Il)pcr rigid I)oi~lltiary of tile light litycr. (:ratiually derlsily 
approachc.~ so111t. nlealr for t l ~ e  systenl x.al~le. A'lixturc of sul>stnnces close l,o hornoge~~r~ous 
is formrd i r ~  tile area of thin layer (see 1"ig. 5) .  

I r r f l ~ ~ e ~ l c ~  of the rigiti ~vall rnanirests iiscxlf earlier ill t l ~ e  (.its(- of tllin light layer fi,~. t,11(, 
salric v a l ~ ~ e s  of tit[ ai~t i  d L  . 

m 111 ljotll series of c:alc~llatior~s rr~ot io~j  of TA>f:2 front dc~cclerates gradually cllanging fi-oir~ 
clua(trat.ic to lir~ear dcpcr~dc~icc, i l l  tinlc (see Ia'ig. 6, i'), bri11g 

I t )  = / - [ l ,  L )  = t t - [3] for thin liglrt ailcl h<.nvy 
s l~l~stance:  resperti\.ely. 
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a Growth becomes linear in time with some delay depending on d (see Figs. 4 ,  5) 

a All calculations give the same value for b~ and b~ eclual to  E 0.2 

a Numerical results obtained are in good agreement with experimental ones and with 
asymptotic dependencies for L obtained from semiempirical models. Calculated values of 
bL and bH are lower than experimental ones: bL = bH 0.2,0.38 [4], respectively. 

References 
[l] Anuchina NN, Volkov VI, Es'kov NS, Nu~nerical Modeling of Multi-Dimensional Flows with 

Large Deformations, Report a t  Russian/U.S. Weapons Laboratories introductory technical 
exchange in computational and computer science, Livermore, (1992). 

[2] Belen'ky SZ, Fradkin ES, Theory of Turbulent Mixing, Proc. of Physics Institute of USSR SA, 
29, 207, (1965). 

[3] Neuvazhaev VE, Yakovlev VG, Calculation of Gravitational Turbulent Mixing Using kc-Model, 
VANT Series: Theoretical and Applied Physics, 1 ,  28-36, (1988). 

[4] K u c h e h k o  YA, Balabin SI, Pylaev AP, Experimental study of asymptotic stage of gravitational 
turbulent mixing of thin liquid layers of different densities, Proc. of the 4th International 
Workshop on the Physics of Compressible Turbulent Mixing, Cambridge, England, (1903). 

Figure 2. Dependencies L ( t )  and for different values of initial width d of a light layer. 

Figure 3. Dependencies L( t )  and for different values of initial width d of a heavy layer. 



Figure 4. Density isolines n = 2.9, t = 28, 60, d = 1.0 

Figure 5. Density isolines n = 2.9, t = 28, 60, d = 1.0. 
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F:eqults of direct ~iulnerical sin~ulation are presented for the casc of tivo '1)at io l  \aridl)lt,s. Kc-ultc 
\..ere ol~tained l ~ . ~ i n g  coilr lI.AX[4]. 
\\.!iat is 1111t1er ~ t u t i ~ .  i i  (lie fcillowing: 
- ex-olution of ~llixi!ig area j l A )  and process of partial separation aftc.1. i ~ l > t i ~ ~ i i , ~ ~ i e o l ~ i  i 11a11gc. 
of arceleratior~ tlirectior~: 
- ~ ' \ . ~ l u t i o ~ l  of AI.\ l>!. inertia after instantar~eous accelcl.ati011 c~lt,-ofr: 
- eifect of the .Atn.ooil :1111nl>c>r on M A  behavior as well as of ucw acrc!ii1.~itio11 ari(1 Ilionierit of 
a:c.eler;ltiori cha~lge both a: the pllasc: of  inst,al)ility evolution a ~ r d  at tire I~ l ia ic  of a t t i~r~l~at iol i .  

2. Stateiliellt of the problem 

1 1 -  = 15. H = 2.5. .YI1-7 = 12.5, ph = 2.0, 10, 100, p1 = 1 (see Fig. l I .  

S.111:tarlces are nor~-~.iscoui, non-heat-conductive, close to incornprescit)le. 
.4t t = 0 
- s>.stem ic  i r i  Il!.tirostatic e~~uilibriurn in the gravity field with frcr-f'lll arc.eler,:tior~: 
- ~rna l l  ralitlorll pe r tu rba t io~~ is defined at the interface between the ~ i i l ) s ta~ l rc i .  

3. Acceleration variation in time 

i c  = :i,i iE. 200 YE. - Earth's gravity acceleration; 
i 1  = - k  i ~ .  k = 0. 0.5. 1. 3. 4ri; i2 = 1 io, 1 = 0 , l  (see Fig. 2 )  

4. Main results 

1. l--l~tler the cffect of per~ria~ient  acceleration io (see Fig. 3) - silbsiarlcc ririxil~g area I 11.1 I is 

formeci: 
- L 11.4 width. L,, depth of penetration of heavy sr~hstancc, into a light orlr, nlitl I. I liglit-to- 
lita\.>. pe~ietrat io~l  depth grow proportionally to go . t 2 ;  
- ,;-it11 ir~crea>ilig :\tivootl rll~r~iber (.4 = (77 - I ) / ( n  + l ) ,  n = p , L / p , )  gruv:tll rate5 I ~ .  Lt. /,l 
increase. ~i. well as aclilrnetrv of MrZ c\:olution; 
- iesillts ol~tainetl agree n.it11 experirr~ental data [3]. 
2. I~ i i t a l~ ta~ leous  cha~ige of acceleration direct,ion at  tlie rnornent t = t 1  at tlie 11lia.e of  gra1.i- 
ta tior~al rllixi~ig ex.olutio11 alters the bchavior of mixing area, for t > t l (sec Fig.;. l. i 1 
- tll~ririg some t i ~ n c  L 11.4 n.idtll co~ltinues t o  grow according to the saIne ]an. as a1 i i t , .  The11 
rc ardatio~i starts aliti. ha\-i~lg achieved sorne maxirr~rrrn, L begins to tiecrcasr. at iirct. raliicll!-. 



t,l~en slo~vly, gratiually rcachirlg prac.l,ic;~ll>. co~rstant \.alue: 
- ~~ar t , i a l  sepitrat.ion of sul~starrces occurs; 
- ~iiixillg hecorrles Inore and more I lo~l logel~c~o~~s;  
- qualitatively the process is the sarne for different, il, t ,  arid ~ i c w  acccleratiorl irlagrlitudc; 
- the inertial part of Mil  growth, and ~naxinnal val~ie of L are less: the great,er is the rrlag~lit u d c  
of new acceleration and both grow wit11 increasi~ig /l. 
3. Re1x:atcd cha.nge of acceleration sign at  lllc ~nomcxrit t = t 2  leads to  tlie gro~vtll of iriixing 
arca. Enlargement of structures in M r l  occurs ( w e  Figs. 6 ,  7).  
4 .  After instantaneo~~s accelcratio~i cut-off at t11(, rnorr~eiit t = at, t,hc l)liasc of ir~st;ihilit>- 
ctvolution (see Fig. X) 
- wititli L([)  at first, grows in the same manner as at. t < t l  then rc,tards and reaclics d c p e ~ i d c ~ ~ c c  
[5] L = I,, . ( l  $ 2 .  Y)'" (1) 
(l,, = L( t l ) )  m = 0.34 for n = 2.9;m = 0.4 for 11 = 10; 
- rnixturt: of sul~sta~lces heco~nes rrlorc, liornogeneo~~s; 
- deptll L,  o f  light,-to-l~eavy ~ ) e ~ i e t r a t i o ~ i  varies proport,ioirally to  - l" , wlierc n tirpends on 
-4 : cu 0.5 for n = 2.9, R 00.5 for n = 10. 
5. Acceleration c~lt-off a t  the ~no~rlcrit  t = i 2  at, tlic, pllasc, of A l f A  att,erruation lratls to  growt.11 
of I , ( t )  wit,ll s~ll~scrjuerlt rcacllirlg of tiepc~idcrlcc ( l )  with In = 0.27 for i z  = ? . ! l  (scc Fig. 0). 

5.  Conclusion 

Q~~;llitativ(:ly resl~lts ohtaillctl are i l l  good ag~.c~ciirent \vil,h cxpc~rilllrrital data all(! inferc.11c.c.s 
of t,he t,lleory. Acc.elcratiori disectioit l~ciilg clia~igc%tl, calc~~latioiis sllow pa~.tial scl~aratiori of 
sul)stnrlcc~s in the rnixirig a.rca, expcri~nt~nts  show r1111 sel>arat,iol~. 
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Figure 1. Stateliient of the ~ rob lem 

Figure 2 .  l iodes  of applied acceleratio~l iii calculatio~ls. 
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Figure 4.  Depelldencr of mixing area width I, on t (for 1 > 1.1 = - 45 go. go = 200 g E )  for n = 3. 



Figure 5 Density field for n = 2 9 at t > 40 g, = -3  go. 

1 ' 1  11, 0 - 

Figure 6. Density field for n = 2.9 at t > 112 g2 = -g,,, 
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fi'igure 7.  1, versus t (at  t > 40 g l  = -3 go, 1 > 80 = go) for = 2.9. 

Figure 8.  Ucpendcrlce of mixing area width L on t (for t > 14 g l  = 0 ,  go = 200 gE) for = 3 

Figure 9. L versus 1 (for t > 40 g1 = -3 go, t > 80 g, = 0) for n = 2.9 
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Initial Imprinting and Rayleigh-Taylor Instability 
IExperinients on the GEKKO Laser 

13. Azechi', M. N a k a i l ,  K. S h i g e m o r i l ,  N. M i y a n a g a l ,  H. S h i r a g a ' ,  H. Nish i rnu ra ' ,  
1-1. T a k a b e l ,  A. Ni sh iguch i ' ,  M. H o n d a l ,  R. Ishizaki ' .  K .  N i s h i h a r a '  a n d  K. M i m a '  
' Insti tute of Laser E~lgirleeri~lg.  Osaka I!iii\.ersity. 511ita. Osaka. .:F:. .Japan 
'Osaka I~ i s t i t u t e  of Tech~lolog.. 0mi.a. Asa l i i -~ I I .  Osaka .i:i.i. .Japa11 

A b s t r a c t :  .A series of e rpc r ime~l t s  has heell co~lducted 011 the  GEIiI<O N I 1  laser facility t o  
measure initial i~liprirlting of nonuniforrnity ir i  0.53-pm laser irradiation 011 p la~ la r  plas1,ic: foils. 
T h e  impririt a ~ n p l i t u d r  is reasonably represeriteti hy an impr i~ i t   nodc cl l~aqetl on the  equat.ion- 
of-motion wit11 the  pressure pertllrhatiorl smoothed hy the  c1o~:cIy-clay effect. 

11. Introduction 

IIydrodyriarnic in i ta l i i l i t ie~.  such as t11c Raj.leig11-Ta.lor RT I instali i l i t~.  [l]. pia!- a critical role 
in inertial co~lfirleii~eiit f~15io11 ( I C F )  as they fi~inll). ca1i.e f~iel-11usl1er rn i~ i l lg  that  pote~ltially 
cue~lclles t l ier~~loliuclcar igriitio~i. In direct-drive I r F  i inplo . io~~>.  wlierc laser ligllt directly 
i-radiates tlie target. iio~lu~liformit!. i ~ i  laser irradiatio~l i,q i rnl~ri~lteti   or^ the  targct rlll-face as a 
p e r t u r b a t i o ~ ~  \v l~ ic l~  becomes a seed of tlie RT instability. 1 Ile firir .ctratr%- to re(1i:ce tllc'il-r~print 
i!; t o  s111oot11 the  laser irratiiatio~l b>. cluickl>. rno\.irig tlie ~ l o ~ l i i ~ ~ i f o r ~ n  laser [)at tern.  The relation 
E'etween t h e  t i~ne-depe~ldcr l t  irratliai ion ~lo~lu~liforrnit!. dntl the  resultant imprinted amplitude 
i:i therefore the  ke!- issue to  1)e ctudieci. 111 this report we ptopoqe a11 impririt n ~ o d e l  based 
on the  equation-of-motion. This model will be  trsteci 011 our i~llprillt es1)rri1ile1lt< l lsi~lg well 
coritrolled ~~o~lunifor~l-rit!.: static single-mode. +ria~llic siiiglr-morle. and ~ ia tu ra l  11111lti-mode. 

2 .  Imprint nlodel 

T h e  imprinting is   no del led as a small perturbation frorn 111lperturhed h>-drod\.i~arnics predicted 
by a one-dirnensiorial h>-drociy~la~nic  s i ~ n u l a t i o ~ l .  Fro111 tlie ccl~iatior~ of ~ l l o t i o ~ i .  t11c t ime  deriva- 
t ve of t he  mome~l tu ln  pcrtl~rI)atiori per unit surface 5;ini. I imposed oil the  target should b e  
e,qual to the  pressure pertlirbation at  the  ablation front. Tlle presiure ~jcrtur11;ltiorl normalized 
by the  unpc r tu r l~ed  pressure b P /  PO ma!. be reduced frorn tlie irradiation riorillrliforlliity d I / I o  
by the  cloucly-da\. effect. Then we rnaj. obtairl 

where t h e  factor of 2 ':3 is fro111 the  relation of P x ,Suts(:) is t I I ~  alicorbeti laser power 
 er unit  l e r~g th ,  the  expone~i t ia l  factor <rand5 for tlie t h e r ~ n a l  srilootl~irig fro111 a point of the  
laser a b s o r p t i o ~ ~  a t  3 to  the  a h l a t i o ~ ~  ~ ~ ~ r f a c e  at  zJO ( t h e  s u b s c r i ~ ~ t  0 t i e ~ ~ o t e i  tlir url~)ert.rlrbed 
quantit ies),  and 3 = -#X corrciponds to  a position far from the target to~vards  the  laser. Sorile 
notations are  i~lriicated in Fig. 1. The  i~ i i~~ocec l  ~ ~ ~ o r n e ~ l t u m  perti irbatioi~ ni- Le deco~nposcd 
oi' t he  one carriccl by the  fluid rnovi11g a lo~ lg  tlie axial tiirectioll ( 3 - a ~ i c  in Fig. 1 )  and t h e  
o1,her whicli is loit clue to  the  lateral fl11it1 riiotio~l from the strongly to tllc \~ i .akly  pl~shed 
rrgion: S (1721.1 = 8 j ) i i l . !  ArlJ( + 8  in^.];^^^^^,^. If \ye assllIlle that  t he  derisitj. is spatial!. uniform 
- 

More information - Ernail azechi lllle osska-u nc jp 



1:.11rri~ 2, i: 111e 11il.iti011 (ii 'tlle shock fsorrt, and p, a~ l t l  L),, arc3 tlic dcli>it>. d;itl !!I!;(! \.c,luc it!. i i c ' l l i r ~ t i  

t!lc -11oc:I; l~.r!lcc t i \c ly .  l ! i e  1i11ic i l e r i ~ i ~ t i v c  of tlic latcral loss of t l ~ e  i i lO l l l ( ' I l l ~ ! i i i  l)c~i.t~!l.!r~i~io:i 
. . 
15 ,, , X , . t 3 ] ,  l>;; 

C' 

:~:11e1(~ i:! tile .cxcollii c,clii;~iity rvcx Iiavc a s s l ~ n ~ e t i  t he  inco~ii~~ressii~iiit!.. igi~ort,ti 11,r. ~i,c.oll(i dr!,! 

l ~ i ~ ! : t , : ,  w(!c,! i(!:::~-. M I L ~  r(>l~l<ic(?d t11r Inass loss ,j.90d~~!~/?ly ; I I ( I I I ~  t11e 11 (;ir6:1,tio,, v,i!li - p , , i ) ) % -  2: 
11.i11g t!:~.  illc.orn!~lr:il)i!i:~.. div v = 0. S u I ~ s t , i t ~ ~ t i ~ ~ g  1:'rls. (2 )  allcl l . i ' !  i~ i t t )  I:ci. , ! i < ~ I I < I  I I ( - , L ~ I I ~  

t ! , ; ~ ?  : I I C \  pcr t~t r : ) (>( i  +hock wlocity (l((Szs)/dt G dcs ciivi(I(~c1 by tilt1 L I I ~ J I I ~ T ~ I I ~ ~ J ~ - , ( ~  ~I ior l i  ~ o I o ( ~ i t ~  L ~ ~ , ,  

'iia!. I J C ,  a ! ~ ] ~ ~ O l j ~ l l i l t ( ~ d  ,Tl',/c,o E (c~~l , , / c , ,~ )cx l ) [ -k (? ,~~  - zCLo)], ~ v i ,  get .L 'ii?rrl.ellli,ii ecluntio:l 
,or i / , l .  

' 1  L - ( -'l" I L:] . d[6v,,(L)]/dl + 2Ar1ck"" . S ( l , , ( t )  = .ii't I I /l,,, 1 - 1  I 

~~: !~< , r t ,  11, l , , , ,  - l , ! , , .  l - \~(> ([:i~i~it,iIics L I , ~ ~ ~ ,  arid I ~ . ~ o  call i ) t l  ~ ; L ~ ~ L I ~ < ~ I I Y !  !..ii!i ZI u~~c-c!ii~~c:~~sic~~!~~! 

l l~~:t!:o(I> rl;iinic . ~ I I ~ I I ~ ~ I  ion cotle, s ~ ~ c h  as II,I<S'I~:~-LD [2] ; i ~ i t l  : I  i. c,,i?c~!lati,ti [ ~ o l ~ ~  ,l!!. 
:ig,lil.-!l;i~~ti-.iii(. ( ~ i '  E(! .  11  1 llsirlg t l ~ c  si11l11lat.cd \.alr~es. So1villg I!~!I?LCI ic,t!l:, :lli-.  t i i+! 'cr~:,r i~~l 
t ( l ~ ~ c t r i ( > ; ,  l,-:i111 [ \ I ?  i ~ ~ i t i a l  ro i~d i t io r~  a t  t l ie  t,i111(* of t , l ~ t>  O I I ? ( ~ ~  of t l~c> fo!>! ~~ .L I I~ (~ .  : t = -: , c  
: > I  = 0. gjl-c, t i i c ~  ~c!oi. i t)-   cl-turi~ation at, thc, ab la l io~ i  hoxit ki ' . , l l  I .  I11r i ~ i ~ p ~ i ! ~ t  ~ ~ I ~ I ~ I I ~ I I I ~ ! ~ ~  
r ]<I?. cir~l!!l) .  r~i!t<iiiic(! f~c~ l r l  O'z,(f) = du,( t ' ) t / t l .  S i m i l i ~ r l ~ ,  t l~ i ,  q 1 1 0 t I i  frorl: I )er i l~s l~ai ior!  
, I I I I I ) ! ~ I  ucle i:, i b  calc~lldted f'ro~ri tllc ~ e l o c i t , ~  pert,l1rl1atjorl of the  atlittiori !'rorl~ ds d:, t I = 
j ~il., I '  t i t '  = 1 [nr, , i  :' I .  I .  ,j I.,, cxp(-kAr!tl) dt'. 7 ' 1 1 ~  areal -~nass  prrtusliatiorl liiay l ~ c  oljtai~ic,ti 
I F .  l a S = !,,,I & c I  - hzS) + /1,36%,1. wllcl-c p" is t,lie i~li t ial  t;irgc.t cic,ll,~it!.. 

a S I s l l o n  shock 
S Y P I B C ~  f r o n t  

a l i s o r b e d  p o w e r  s r  z 

S , b E 1 2 1  d z  
P O * i P  SW, 

P d I S e  
Uniform l 
msin  pu lse  

~ ,~ , 

8.51 l 

x - r a y  
Daskllshtrr 

111i- ~ i ~ o , l c , !  !)ii>ti;c i *  i ~ i ~ p ~ . i l ~ t  a l l l p l i t ~ l d ~  for tllc fi~llowinp, t.llr~c> taw*: 

I c! lnL static si l iglr-~~lotic 
( j ] ,  / I = ( i~, ,~ . ~ ( w ~ + ~ ~ )  dy11a111i(. s i l ~ p l ~ - ~ r ~ o d r  

1 ( )  I~ar t ia l ly  coliel-CII~ light 



xvllere d I ,  is the  iristantarieous arnplitltde of t h e  irradiation n o r ~ u ~ ~ i f c ~ r r n i  t\-. Tlit! ~ ) I l a>e  v /  I 

raildomly changes from 0 t o  27r in each cohrre~lcc  t ime  t ,  of t,hc par t ia l1  cohere::t l ig l~t  (I'("L I 

:3] ~ s e d  for the  optical s~iloothirlg. 

3. Experinlental set up 

The ezper i~i lents  \\:ere contluctcd or1 t h e  GEI<I<O XI1 laser facility : 1:. Tlli. c.xpe~.i!!~~.iit a1 51.t 2 1 1 1  

is shoxv~~  ill rig. 3 arid is tlescribed in more  detail rlscwhcrct [S]. Tl~e- t'trgcts were3 i ir<l  irr.acii;tte!l 
h>. tile foot la.5er p l ~ l s r  lvitli ilriposctl spatial rlonunifor~nity, thcn + i ~ t d  i~nlji.ir~:ctl I j c~ r t~~r l~ , i t i o i i  ii 

nrn~jlificd 13y t hc  HT instaliility driver1 11y the urlifor~n laser i r r a t l i a t io~~ .  qe~ial;i!(. r~lca>llre::ie!~t~ 
of t11e R 7  gro:vth at  111e 5arne expel-inierltal c.orldit,iorl Ijut ~vitl l  a11 il~iria!l!. pi .r t~~rl)eii  :<ir.st-t 

i~.radiatrti n.ith an ~1111llocIulated laser dcterrninc t.lle eqllivalcllt inillrirlt a~i~j!l i t .u(l~> x-.-l,icl~ rs:o~~!c! 
give t l ir  same aml!lituclc after the RT growth as that  for tlic in lpr i~l t  ci~it: ( l ] .  

Tile target ~l la ter ia l  Tvas polystyrene (PS ,  C8118, p, = 1.06  CC ur L'.~.L'-l~ol~~-trifl~~oru~~tl~~~l- 

methacrylate (PTF1I.-1. r6fr7F3O2: p, = 1.18 g/cc). T h e  PI'FM.4 i r ~ i  aliout t ~ o  tirliei mo1.r 
sensiti\.e to the  arral-mass perturbation than t l ~ e  PS,  wlieri t he  ,ireal-iii,ts.; pcl.tilr.l~atioi:~ arc' 
measured ~vitl i  the X-ra!. backlighting described bclow. T h e  drive layer 1,calil iii nioit  e s l ~ r r i -  
inrlltg was fre~~uency-douhletI  (XL=527 n ~ n )  PCI, with a coherence t ime of 1 ,  = :j.ii 115 i i )a~ld-  
iv idt l~  of 0.26 11111). For fu r t l~e r  s~noot,lling, raridorn ptlase plates (IiPl"ij [7] v.-it11 2 I I I I I I  iclll,ire 
s e g ~ n e ~ l t ~  \:.ere also implome~l tcd  in front of tkir f13.15 focusillg leilic.. Tllc tirne-i~!tr~gratc~ti 
focal patter11 hacl a 11early f a t  sllape wit11 a. 600 ,urn d i a n ~ e t e r  in full rvitltli ' ~ t  11i111 mi Iz i~ i i~~ l l l  
(Fit-H5Ij a1lt1 a 25 root-rnean-square (rrns) fluctuatiori frorr~ tlic .~rluot!r PIII  e!ol~e.  I-l~c, ]'('L 
pulse 1l;tcl ~ i e a r l ~ .  flat-top temporal s l ~ a p e  wit,ll a 1.8 or  2.2-11s long. l:! the c l y ~ ~ a ~ l ~ i c .  i~llprirlt 
experirnerits. Xve used 11earl). G a l ~ s s i a ~ i  shaped coherent laser with a O . ~ - I I .  F\\IIII. 

The  growth of tlie areal-mass perturbation was observed with the  face-011 X-rn!- ha(~l i l ig l i t i~~g 
using a Cu target as an  x-ray source. T h c  range of the  hacltlighter e~llissiorr ipect ra  \ v a  l .l:-1.3 
kei7. \vhe~i co~ilbirled xvith tlie CuI photocathode response and a 10-pr11 l l g  foil as a11 S-r.a!- filter. 
111 most experiments. \ve used a 10~50-p rn%I i t  as a n  x-ray irnager for tile: facc-OII l~;r~li l igll t i~ig 
n.ith the  height directio~l being parallel t o  t . t~e perturbation ridge. T11e. X ra!.i tritl~sinitteci 
:hrough the  target \vere irnaged on an x-ray streak canlera wit11 a te ln l~oral  r t .~oli~tiei~r of a ! ~ u l ~ t  
'40 ps. 

Throughout the  preserlt study, we tlefinc the  timc: zero ( t  = 0) at the  ririie of t l ~ r  f11.st !ialf 
~ n a x i r l i ~ ~ r r i  of t hc  11iai11 drive. We also define t h e  pert ,urbatio~l arnplit l~tle as ;i half of tlie ~)cal<- 
to-\.;ille! a ~ i l ~ ~ l i t u t l e .  l Io rc  specific i n f o r m a t i o ~ ~  OII the c x l ) ~ r i m c ~ ~ t ; i l  setup n-ill Ije gj\.e~l i l l  tile. 
tlescriptio~i of each esperimerlt. 

4. Static imprint 

The  Leain rio~iuniformity was inlposed by irn~jlc~nerltillg a grid ~ltnsli  i l l  fi.or~t of the focucilly 
lens. Tllc beam divergr~ice  of the  P C L  ~ i a t ~ ~ r a l l y  softens tlle spatial perturl~atioli .  g e ~ ~ e r a t i ~ ~ g  
near sir~ilsoidal sliape wit11 cfIm/Io E 40%. T h c  insertion of the  ITPP f i ~ r t l ~ e r  i11c.r.eascs t!le 
11ea111 tliverge~ice, reducing the  modulation amplitutle t o  b e  (!I,/ I,, 110!%. Figure, .3 >llon-i 
the  beam pat tern  011 the  target plane and t h e  corrcspor:ding streaked X-ra!. l,;ic.ltligl~ting irnagr 
(SI , , / I , ,  z -1057;). The  Fourier arlalysis of tlie bearn pattern (not sllo~\.rl 11erc.l c l ~ o ~ ~ s  tllat tile. 
amplitude of the  harrnoriic compone~l ts  is less than 10% of t l ~ a t  of t111: f ~ ~ ~ i t l a m c ~ r l t a l  ~ i io t l r .  Tlic. 
crive laser pulse irradiated t h e  16-pm-thick P S  target a t  arl intensit!. of 3 . i  ,: 10" I!., cln' at 
the  foot anti 7 x 1013 TV ' c m L  at the rnairl pulse. Figure 3 also show tile ar.ea1 m;l>.: pel.till.l)atio~; 
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i'igr~rc 3 .  Static. si~rgli~-lrrod~~ c ~ s p r ~ i n l i ~ l ~ t  

l ! l ( ,  ~ I I I J ) ~ ~ ; , I  ::IoII!,I i -  , ~ i b t ~  I ~ ' s ~ c ( I  for t110 c x j j ( ~ r i ~ ~ ~ c . ~ i ~  \ Y I I ( ~ %  tI>v I I ~ I I  ;: :!<~1;11ii 5 i -  I I , I I I ! I ~ I , ~ ! ! ! \  
c I ~ L I I : ~ ~ .  ' r l j t ,  l l ( J l 1  l i ~ j i r o r : ~ ~ i ~ ; , .  was ro11st rt~c,tcil 1,) I.OIIII~'S it11 ~ l , f (  IT IJI:; i t  1 1  :,,,Yo ,!ijTcs~'- 

. . 
c .11  !;ici~s \~;.',-~.!('i!gt!!*. . i ~ n w ~ ~  ~ I I  Fig. '1 ( a ) .  ' l ' !~,  !:ISPI, 1>(%a11?s i i ~ ~ ~ ! ~ ! ~ ~ ~ ! r t ~ d  : ! , ; a , ~ ! ~ i !  
i t  I ~ ~ c ~ , ! I I ~ : : ~ ~ I ~  : , ! I C ~ ~ I I ~ C ,  C ~ I ! I S T ? I I C I  i l ~ l ( ~ r f ( ~ r ( ~ ~ ~ ( . c .  fritig(!s at, t l ~ c  t,a~.g(,l. l > l < ! ~ l t > .  1)11i, 10 : \ , I ,  (ill<<! 
~ i ! :  ! I L ~ I I I  r ~ g s  I I 1 i r e c t i ~  l ~ ~ l i ~  1 l f i g  i t  1 i l l  

t i  ruif., ,, I , c > ( ~ I : ~ ~ ( , ( :  i L, I I I O ~ .  O I I ( ,  i ~ ~ t ( , r f ( , r ( > ~ ~ ( . ( ,  fri11gr ( o t ~ c  l)(~rt,11rl):\1 !\>\I ~ ,~ ;c :v (~ lc~~ ,y t  !: \ : -  c i i  
11:- l : , .  ;,, = ( J , J  AA, 1, ivli(,rc LAl. is t l i ( >  diff'(wr~c(> o f  t , l ~ ~  t,\,:<~ !ci,i!r ~5s :~ i \ t~ !~~ : ! : t i~ - .  ( i, 
:l e -p('c(l oi' l i g i~ t .  Ficulia !(l1 I cl(,a.rl~. sllow 111(~ 111oviirg illtc~sfcrc.~~c.e j'ri~lgc otl t 111. :ar:t.t ~ ) l , : l r t >  

~~c:i,o:c!i~! 1-1). :I str(,;~l; ca111er~i. 'r11e i l ~ t ( : r f ~ r ( ~ ~ ~ ( . ( ,  f r i l ~ g ,  is ~ i c ~ ~ r l y  irveraS(>!i UII I  i l l  111~'  t i111(2 i ! s t ( > -  

gr,:tc,d i~n,:gi.. a. i l ~ o i ; . ~ ~  i11 Fig. 4 ( c ) .  I l a~vrve r  t h r r c  still is a low-cor:t~.;ist str11ct1~1.i. i i l  : ! I ( ,  t i ; :~c .  

il! iyr,itt>ii irniigc,. I 1 1 i .  liia!- 1)e attr i!) i~ted to tIic tic.fc:ct of t,hc optic.: ~ ~ s e i !  i l l  t!~i, ~ > l i ~ t ~ : . \ . , ~ i i t ~ v  

or 1 0  t11i~ ~ t ~ ~ t i c  i ~ ~ t r r f ( > r t ~ ~ ~ c - c s  1l!1<, t,o iL11c i ~ ~ ~ p f ~ s f e c t ,  s(~pa~i1tio11 of t ,I~e ( ! i : f ( .~ . i>~l t  cc-,!lar I O I I I ! IOI I , ,>~ :~  
if t ! ~ ( ,  1a::c.r i b  l!!(, 5ol:rc.c vf t!:e s l r i ~ c l . ~ ~ r c ~ ,  tlic rc~sitiui~l sta1,ic ~ io~ l~~r i i f t ]~ . r l r i !~ ,  i. c.!i::r;iic~(! I L I  I t ( .  
allout lOf,-i. 



17igurc 4 .  ( a )  Set1111 of Yorng's interferolnctcr with two different laser w;r\~c,lengths. c .o~~st . r~~ct ing ~r~oving 
irrterfrrel~ce fringe. (l?) A strcak rccortl of the focal pa t t i . r~~  on the t,argrl. ~ ~ l a n c .  Tiltrtl lines are tllc 
~noving fringe. (c) A tirne-integrated focal pattern. 

foot l ~ u l s e  with imposed nonuniformity a t  an  intensity of 1 X 10'" U'/cni2 followed 11y it lilaill 
pulse a t  an  intensity of 7 X 10''' \.V/crri2. Tlic p11lse ~vitltli of et~cli foot and ~nair i  1)11lse was 
c11o11t 0.8 ris, and the  t ime  clifference was 0.6 11s. IVe sliow, i l l  Fig. 5 ( a )  and (l]) ,  tllc facr,-on 

l ~ a c l i l i g h t i ~ ~ g  inlagcs for t he  dyriamic i~onrrriiforrnity ailcl t l ~ e  s ta t ic  rionuniforniity, respectively. 
r 3 I h e  conditio~is of t he  imposctl llol~uniforrllity are a perturl~atioii  wavelerigtli of 16 / L I I ~ ;  all 
instantaneous r~o~iuniformity  of 6/ , , , / Io = 100% alitl tlic smootliing t ime  of t,,,,,,/, = 17 p d o r  

8 7 A A L  = 0.01!)8 nIn a t  X I ,  = 527 11111. I l ~ o s ( ~  for the  st,at,ic ~ ~ o r l l ~ l ~ i f o r r n i t y  are  a per tur l~at ion 
viavelcngth of 20 ,urn, a11d an i~nl)osetl r~ormnifor~ni ty  of Sl,/To xz 20%. Figure 5 (c) slio\vs the  

eq~~ iv ; t l rn t  initial perturbat, ior~ divided l ~ p  t,11(, ins ta~l ta l ieol~s  ~~o l l l~n i fo rmi ty  as a funct io l~  or  the  
frequency of tlie ~ n o v i n g  rionuniforri~jI.y. It is s c c ~ l  t11;it tlie i~nl) r in t  a r n p l i t ~ ~ d e  is sig~lifica~itly 
rcduced in t h e  dynamic n o r n ~ ~ ~ i f o r m i t y  co~ l~ lx i r ed  with t l ~ e  st;it ic ~ l o n u n i f o n i ~ j t , ~ .  

\.Ve nlade a ca lc~i la t io~i  ~ ~ s i r i g  tllc i111l)rint. rrlodel descrihetl in the  preccdillg section. T h e  
1-8-sultant equivalent, initial surface a ~ l i p l i t ~ ~ d e s  arc. plof,ted in Fig. 5 ( )  It is seer1 tha t  t l~t:  
iinl~rirlt 111od(,l reaso~iithly xvell proti icts tllc c1y1 a111 ic i ~ n p r i n t  as wc.Il. 'The unc1c~rl)redict io11 of 
tllc i11111ri1it for t hc  dyrra~rlic imprint casc: 111i~y IIC cxplaiiletl by t he  rcsitl~r;+l static i l~t .crfere~icc 
tha t  irlcreases the  irllpririt ar~iplit,utlc. 

(a )  d y n a m i c  (b) static 
(6111, -1 0 0 % )  (61/l0 - 2 0 % )  o ( C )  

- 
- - 

0 . 
. 
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U - 1 e 
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: - 0.1 
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Figurc 5. A face-oil hacklighting image of the dynalr~ic. irrrpri~~t. (b) That of 1,11c, sl.atic imprint. (c) 
Dcduccd areal-mass perturbat,iol~ divided by the instantaneous rlor~uniformity 1,s slnootlling frcq~lencjl. 
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6 .  Natural multi-mode 
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Analytical and Numerical Studies of Rayleigh-Taylor 
:Instability of a Thin Liquid Layer 

l5.M. Bakhrakh and G.P. Simo~lov 
It~lssian F'cdcral Nuclear ('ctrrtrc - Ins1 i t  iite of l':?;jji:riii~cl~ti~l I'liysics 
13rospc:ct \,lira 37,  G071!)0, Sarov? Nizlrnj- Kovgoroil l i t?gioi~, lZ11ssia 

,%bstract: 0 1 1  tlie l~as i s  o f  I,;rgraligii111 rc~1)rc~sc.lrt.;1tioli for c%cl~i;rtiolt of t,liil~ l i c l l l i t l  laycl. ilylialnics 
;~rial>.t,ic soli~tiolis o f  Ilayleigli- Tailor i11s1 al)ilit). prol)li,n~ al. tlic slagct 11011-li~~i,ar in t l i c ~ o l ~ s c r ~ ~ i ~ r ' s  
:])ace arc  fo~ t~ i t l .  I< \o l i~ l io l~  of varioiis l>crtiil.lj;~lioli t ~ . l j t ~ s  11otl1 i i i  t11(. 1ayi.r s11;11jc ;111d il l  Ia).or 
\:cloi.ity cornl~ollctr~ts is co~~si t iered.  It is s l io~rn tlii~t there arcT l~o t l i  c~xljolie~itially g~ .o~v ing  a ~ i d  
lilnitcti oscillatilig s o l l ~ i , i o ~ ~ s .  Tlic r e ~ u l t s  of f ]I(: I l ~ i ~ ) r ( ' t i c  co~isid(.l.atiol~s arc s11I)sf a i~ t i a t  e(l wit11 
~ n ~ ~ r l e r i c a l  calcr~lal ions wliic.lt i>lnl)loy l I I ( >  colnylcti~ ~j.stcrn of t.11i. law of ( . i~~iscr~~at . io l l .  

-I ' l i i~ ljrograrii i l l  st,iiiLyil~g llli: ~ ~ o l i - l i ~ i i ~ ; ~ ~ .  j j l i :~~c of H;~y l~~ ig l~ - ' l ' ; ~ j~ lo r  i11s1,ilIjility in tI1i11 - ~val l  
systcllrs i.cxsults fi'olll l l l i '  Ilsr' Of I~ilgl.illlgiill1 i l l ) l ) l . ~ ; i ( ' l l .  'r]l(' tllill I ; ~ J ' P I .  ( Y ] l l ~ l i O l l ~ ,  \ V ~ I ~ ' I I  T'~.I'itt('ll 
i i I,agt.;r~~giau co-ortlil~at,es fo111ii1 t o  I ) ( >  lilieal. i l l  ~ ) ; ~ r l i a l  c;rsi3s. 'I'liis l)ro\~itlcs ;LII cffectivr~ 
cn1jiil)ility for tlii,ir a11;ilysis i l l  orilcr t o  iii-sc.ril~c~ t l i c l  ~~oi~- l i l l ( , i i r  ( a s  vic\v(,(i fro111 t l ~ c  o l ~ s ~ r \ . e r  
sljace) c\~oll~f,iori ~jliasc. of pert11rl);rt io i~s  [ l ] .  

'1.11~ alialj.sis froiii [ l]  does not czli;r~lst t l ~ c  itlitire varic>ly of sit.i~at,ioiis tllirl, 111ay iji.c111. ill t l ~ e  
~: rol j le l i~  o f  pert ur l~at ion i~volr~t . io l~  of a t 11il1 ;ici.i~lc.raled l;~>.cr. 1'11i. coiill>letc rcsc.arc11 is l)ossil~lc 
oril? 11). c .o~~siileri~ig all roots of t , l ~ i .  d i s l~ i~ r s io l~  c > q u a t i o ~ ~  i~~clllililig l l ~ o s e  yi('I(li11g st,ai)lil so lu t i i t~~s .  
I t  is cssc>litial t o  cstimat,o the  fcasiljilitj- for t l ~ t :  ~ is i .  of r < ~ s ~ ~ l t i l i g  i I ~ ~ j ~ ~ ' l i d c i i i ~ i e s  i r i  1iIi)rr' gelicr;il 
s1t11;rt io l~s .  

21. Analytical studies 
, > I l ic  ~ j l a ~ i a r  rnotio~r of thc  t1ii11 licl~titi p la te  is dcscril)rd by  t lii. e c lua t io~~s  [ I ] .  

05, 
- 2!j d2!/ i) .r 

- ( I - .  - = (L - - ( j  
i)t2 i): at2  i ) ~  

Here .I.,!/ - are  cart(-siati coortliilati~s of tlic: ol)sixrvcr sljace, t is ~ . I I ( ,  t,inlc,( - is Lagrarlgiali 
coordilrate of tlie particlc represel~feti by its ir~itial cool- i l i~~atc  xo, o = p/pcl, ,L > 0 )  where 
p,, - is t.lle density: / l o  - is the i r ~ i  t ial layer t l~icl~liess.  1)-  is tlic c'st,i>rnal Ijrc%ssur(> apl)liei\ fro111 
It~.~locv, g - is tlic 11121s~ accelcrnt ion ~vi t  l1 tl~c. ilirectiolr opposite t,o ( j .  

:Issumi~ f '~~rtl l( ' r  illat n = g. l i i i ! i ; ~ l l ~ .  t11c. l l ~ i r ~  I;ij.cr is ljositiol~etl a t  !j=0 ~vllcri, initial pcrl,i~rlja- 
t i o l~s  are  supcrposeti. 

I ' ~ r t l i c ~ .  1i101.io11 of 111(, layc:~. I);rrticlm is (l(~s'.rilj(:(l I)!. c~ilii;rtions ( 1 )  t,11;11 r c s ~ ~ l t  Tro111 t l ~ i ,  rila.is 
i111ii 111o111ciit,111ir c o ~ i s ~ r ~ i i t . i i j ~ ~  laws for t,11i, layer c~o1111jo11r~11ts. '1'11(,~. ( . ; i l l  Ijc e;isily s ~ i ~ ~ p l c ~ i ~ i ~ i l l c d d  
11;: t l ~ i ,  1rl;lss co~iserv:ltiol~ lacv for t,11il iayc.1. ~j;~rtic.lr~s hi1.s = /ioil(=co~ist,. rc~lating t11i. ( . I I I - ~ C I I ~ ,  

le11gt l1 ds .  

hlorc, information - E ~ r l i r ~ l -  srrib~~totd08.v~11icf.1'11 



Clo~isitlc~~ tlic case wl~c~rc. n = c o ~ ~ s i .  I lie s>sl(*llr ( l )  is a lii~car for~l.tl~ orrler sys1,c~rrl wit11 fiuoti 
c.oefficir~rli.s. It is convenic,rlt t,o i r r t  rodircc tlie new variaI)le : l , ,  =.r-(.'l'llerl L I I P  basic systr'nl ill 
t/ varial~les will take, l.11~ form: 

Tlic systi~rri ( 2 )  rc:flccts i I I ( %  adopted l~li>.sic.al motl($l wllere ill(: cwternal Incssurc prot l~~ccs t l ~ e  
ac:c.c~l(:ratioi~ ~rornr;~l to 1 . 1 1 ~  c.l~rrr:llt dcforrnir~g layor s~irf;~cc: t,lie 1)rc'ssure is ii~tlepe~~tlt:~rt,  on tht: 
lriotio~r of [,he 1ayc.r I)arliclcs. 

(lolrsiiler t.hcs riollzcro solr~tiorl of systerli ( 2 )  of I lle form: 

~vhc,rc c l .  c2 = corlst. 7'11~ sol~~liol l  (3 )  c~rist.s if t , l~c ciisc.ri~rriilaiit rqrial zero: 

'l'hc dispcrsiorr cclllatioir ('4) Iras fo11r roots: two real d 1 , 2  = *&and t.wo i rr lngi~lar~ = 
illat ;rrcx ilr;ttciied 11) folrr fulldan~c~i~t~al sol~itior~ of syste~n (2). 

('or~sid(lr tlie ~)ilrti;rl sol~~tior l  of s)-stc~ri~ ( L ) ) :  

;.hat is tllc siil)crpositio~~ of c~rponclrtiall~. growirig anti oscillatory sollttio~ls. 

I111roti1rc.e t,lie tli~rrc~irsioiil~~ss pararr~rtc,r: 

r 1 I Iris c o r r e s [ ~ o ~ ~ d s  to sct t i i~g t,lre layer sl~apc, ou !lie forni of a plalre curve: 

.1. = ( - 1 ~  1.1 :l cos X,<. !/ = :I sill X.( ( 8 )  

tllc pc1.t ~~rl);itiorls of tl~c, nrc\tliar~ laycr surface s11;1l)c> of the, form (S) lead t o  corresporldiilg 1)ertur- 
I)ri.io~ls of t.lic rrlass cl(%~lsit.y iiistril~uf ioi~ oil t I i ( 8  ol)scr\.cr spacc anti tlle t.hicliilcss or I,agra~~giarl 
j).iri,iclcs coriiposi~ig t l ~ r  lab-cr. Dci)elrtlilig, or1 tllc 1.1 paralneter tile resul1,ing tl~icltrlcss chaligcs 
will c~orit.riI~iite to tile gro~vill of irlitial l )er t~~rl) ;~t ioi ls  of thc 1nc.dia11 laycr line or cou~iteract 
t l~ rnr .  

(loiisid(,r t lle cvolutiori of iiiitiirl pert ~ ~ r l ~ a t i o r ~ s  tlepc.r~ding on the, dirnei~sionlcss ~)aramc.tel r l ,  
critical Cor t his ~)rol)lein. 



1. Let r l = - l .  t1le11 t lre systcrn ! ii j v:i!l ilc,li~ie i r~ i t i a l l~ .  ~11rciiieti c! i.loid ivitll t he  ~ 1 1 ~ 1 , s  directcd 
do~vnxard .  i.e. 111ore qllarp cusps art. tlo\vri\viirtl ancl less .l~:irp (.115ps are ul~~vai. t l .  For 
the  lower vcrticcq < (1: aftf.1 tllc pt .r t i ir . l)atio~~i arc specificcl a11t1 t!~ct ]<[>er thick~icss 
inc rea~es .  n.liile tlli. ilecre;iirs near uljprr \.rl.it ieq. Tile initial Ins+ iion i l l  this casc con- 
tril3llte.; t o  t l ~ e  f ' i~rtl~er growth of the  la?.rl. 51iape pcrtilrhatioil. Tlie ;~~r ipl i tu i le  of c).c:loiti 
p e r t r r l , a t i o ~ ~ s  is y-.\ cii (t&)for grrirt i .  This ca.? :.:a\ d i s c ~ ~ i s e d  in !l:. Hov;r,\.er it 
does riot eil iaust  the  spcctruni of tlir l;?-er hella\.iour types.  

2. rl=O. the11 tile i~ i i t ia l  perturljatioll reprecer~ts a sinusoid: .c=(. !/=.-1si11 ICE Iri accortlai~ce 
wit11 for1~111Idq (;:I. y - . l / ?  ch(t&) fi,r large t ,  11111s the  s i ~ ) i ! v ~ i ~ l a l  p ~ r t ~ ~ r h ~ i t i o n s  groIv 
2 tirries slo\ver t11a11 cycloid ~ ~ e r t l i r l j a t i o ~ i s .  The i~icremrint i i  t l lr  iarilc and t l ~ e  exponent 
factor is 2 tiriles lo~ver .  Iliiq is t l ~ ~ a l i t a t i \ . e i ~ .  esplainei! IJ! t11c a c t i ~ a l  lail.; of initial changes 
in tlre layer t l i icknev for the  ii1111soida1 sliape ~)er tur l~ . i t  io~ls .  

3. r l = l .  ; l l l t i  X= <t .4 cos L , < .  ,v = .A sill X,:, T!iic CIII.\.(' ~~:!jrei('iltc a cycloid with 
t h e  ..c,lcl~s" d i r ~ c t e d  u!j~,v~!rti. In l i l ic  :l]? taw l r l= l .  ilttrc tllc- ~ n a c i  i~ico~iic. is ol~servcti 
near tlie upper \.ertices v<liile tlie lo\vrr \.c>r.tjcei c i r r i ~ o ~ i z t r a ~ r  t l ~ e  r1ia.s olltc.omc. T l i l~s  
t h e  ~ x r t ~ ~ r b a t i o ~ l s  of tlre 1ni.iiiall la!.c.r l i ~ ~ i ,  \ll;ipe nilii reiatctl tliicicr~esz pc~.turl)ations arc  
in tlie "cou~lter-pli,ise". I t  follo~v:: fro~rl  ( 7 1  that  for tl~i.: initial pcr t l~rI ,a t ior~ - t l ~ r  layer 
pa.rticles perioclically oscillate a r o u ~ ~ d  y=O with tlle freqiierlcy L. = \lkii . Xote that tlie 
siriusoid is a half slim of corresporrding qcloi t i s  n.itli the  cus l~s  upn.artd arid dowl~ward. 
Therefore tlie si~iusoidal per turbat io~lr  grow 2 t i~ i les  slolver tlraii the  ~ ~ e r t u r l j a t i o ~ i s  of t h c  
cycloid shape n.it11 the  cusp t l o ~ v ~ l ~ ~ r i r d .  

4. r l <  - 1 .  For the  sake of l~revit!., the  gr!~eralisation of si~iuioi(i  i S i  \?ill he  referred t o  as 
llypercycloid. If r l <  -1. then one ohtairic a '.silarpelieti" cycloid wit11 tlie c ~ ~ s l )  don~riward. 
The11 the  liyl~ercycloid sliape perti~i-batiorl grows faster tl1a11 that of c>.cloitl. 

5. r l>  1. Tlic initial l a ~ e r  s l ~ a p e  is d h!-pcrc!.cloitl !\-it11 t!ie cusl):: i~p~val.cl. 11; illis case tllc 
initial perti~rbatioiis t u r ~ i  o\.er arid espo~le~l t ia l l>-  grow back~~:artl. 

Consider another possible este~lsiori  of t he  systelii (2) of the  f o r ~ n :  

that  correspo~ids to  the  specified initial vrlocitirs: 
- 7 

I..r(Oj = d k n ( - B o  + B1) cos L(: I ' y ( O )  = v'kci(Ro + RI \sir] k <  (1  0) 

.and zero initial shifts. Denote: 

1'2 = -!&A B,,  ' (B,+ B,) (11) 

where r2 is the  hasic ciimerlsio~ilecs coefficie~lt dc t e rn i i~ l i~ lg  tlie ex.oll~tio~i patter11 in this case. 
!Relation (C) )  takes tlie for111: 



For 1 , ~ = 1 .  : ] I ( .  kj~eri!ic.ti iriit.ial pc~rt ,~trl jntior~s clctc~rlriitlc 1hc lililit,cii o~c.i!;,liiori. 1-!:ii i-. t .\-!~l,r;~~i.tl 
11:: r i l ' r  tile i:!iti,,l \-i:!ac-ity I,'.r is s~)cc.ifirti "ou t  of p l ~ ; ~ s e "  relatil-c t o  ! j  ,i!ii! I <  > l i l t i  1 1 1  I I!, :;I,<\. 

011t 1.011ie fro111 1o;ve:. i-crt ict:s allcl Illass inc.orne t,o rrl)lxr vc.ri icvs u:11 i c  1 i  I ) I  i,!:il ) i i  i I ! I I>  1,c.r~ I : I .~J , : '  i o t ~  
T ~ l l l ] > l i t  i l ( I?  qro\vt11. 

If iilitinl l ~ e s t ~ i : l ~ ~ ~ t i o r i i  ;il.c sl)ec:ifictl for tlle slial)r aliil ~ e l o c i t > .  .!..-(, c,ir~ i~jtroi:,.:i.(: ; ~ I I  

a c id i t i o~~~i l  ( i i l~ i e i~~ i i~ r : ! ( '~?~  ~)ara i i ic icr  r.,, tlesc.ril~ir~g t h r  rclaiivt. n.rigii: oi' \-c.loc.it\ 111~11 ut.i,;:t io!.. 
~.ci<iti\.e l o l l i c .  '11;11x' l)rrt~irl j&i,io~ls:  

Tile p i : t t ~ r ! l  of initizl! ;~c~rturljatiolis aiitl S~ t r t l~c~r  o v o l u t i o ~ ~  arc, dcterriii~lc,il !I>- I I I : . I~ (~  li;ir.al~it~:c~i... 
I .  I I . Fol- c ~ ; ~ ~ i l l ~ I c .  tlic s ta l~i l i ty  co l id i i i o~~  for tile so111titil1 i. ::!>v: i! i ,~cii l l ir l~~il  1,!. t!~c, 
~pl,jtic~!l 1 - v :  - 1  1 - 1  l 1 , . ~ = 0 .  

l ' l i i .  ~ ~ . ~ r . a ~ n c . r ( > ~ .  yi nl-o grc~atly c o ~ ~ t r i b ~ ~ t e s  to t lic l)c~rt.ur\)~i,ioil c v o l ~ ~ ~ i o r ~ .  I.'ol. c u n t ~ i ~ ~ l e .  if = 1 
arlti [ , ? = l .  r l i i .  z o l ~ ~ t i o ~ ~  i.- -table. Ilisteird~ i T  1 . ~ = 1  anti 7'2=-1, 111(, cn!ittioi; i ,  ~ t ~ i \ ~ l ! ~  I!ro\-iclr-ii r 

C'ol~qiiii.r t l ~ e  c;iic of p111~ecl acc.elcratioll (Riclit.n1ycr-L~1~~111i(jv in..tal)i!it;\. of ,L t!~ill l;i!i>r. L;,I!J- 
I)OS(> tha t  fo l .  I = ( )  tlic initially cqua.1-t,llic:lii~ess layer ~ ) e r t ~ l r h ( d  a. ,I I~>-l)e~.i!.r.L~ic! i. iirii~~ca:ii.ctl 
fro111 -i,c~Ior.:" 1,)- ;I sl~oc-It 1,rcsslIrc pulse, constalit i l l  space. 7'110 laj-(7:. c ~ ! i ~ ~ ~ r c u t .  j;:lrnt~(li~.:c~!\. 1 aitc 
thi, h t ~ i t e  ~ . r loci t ies  ~vitl i  tlle v a l ~ ~ e s  dc>ter~niliod l)y t l ~ c :  r~orrnal arlcle rel,tticii~ to t l i i~  ~ ~ ~ P I I I I ~ : I I .  

Detlotc 1 = .I It,,. l':> 0. wllerc J is t , l~e  ;rljl)lied ~110cli pulse. l \-e c.:ir~ i!:oi:. t l l ,~ t  1111.  zi,~:c\~,:! 
i c~ lu t io t~  i l l  tlle ca.t of pul?etl ac.ccleratio~i is: 

= < T [rl  - k\,'t).'i COS L[; !J = ( l  - \"rlkt).-1 <ill 1;: + 1 ' f  [ l  1 1  

l'tierl for 1 1 1 ~ ~  pt5tur\)atioll "cusp" with sir1 lit =-l ,  one obta i~ls :  

Here if r l  = l  (c>.cloiti ivitli downward c l~sps ) .  tlie pert ur11at.ioli grniv:, l i r~ r i i r l~ .  i l l  tirl>e a.: ~ i \ . r t ~  
(1.;). If (qiriu.ioic1). y ~)erturl)a.tioll does ~iot,  grow. Thus  I - X ~ O I I S  e\(,111tio11 pal ter11i d r ( >  

~~o>' i i l lc  d ( ~ I ~ ( ~ ~ l ' i i ~ i g  or1 initial dat,a t ha t  tlo iioi. greatly difYc:r. Nolc, tl!:it \v(. 11,1\.1. ix~::;itirlc~ti I l ] ( ,  
siniple.;l r,<;c. i;.llerr o=c.oir\t. For ex;tn~plc,, i f  tlicl ac,celer;~tion tlcl,e~~ii.- o:: ti:llr , I I I ( I  i l  = < ; I : .  
tl~i.: ma!: ilrtrotii~c.e IIPTY i i i ~ p ~ s t ~ i t l ~ t  ~)att,errls into tlic, iaycr I)ellavic~~lr. Till!, i f  t lit: , ) c ,  c ~ l i ~ : . ~ ~ ~ i o i ~  
iigri is i l~a i~gcc i  tlusi~i:, t!ii> ~not ior l ,  tl~c. "st;~l~lc~" c.ycloici c.ol~vi'rts to  ..url~t;i!j!c" - : ; i l c ,  ,111il 

vice v c w a .  Po-.-il]l!- tliis t~sl)lailis tlie firct that, t111rii1~ the  ; l ~ ~ c ' l c ~ , r t  i,~~~-cl<.~c~l(:~.~it;OT! [ I : ~ c ( ' - I  O !  

~ l i c  p l ; ~ t < ~  i l l  e \ ; l~c>r . i~i ic t~~ I?] i,llt> pcr tur l ) ;~t io~is  o rcu r r i~ lg  r~ntlcr ;,cc ~ ~ l i ~ ~ . ~ l r  ioir. glc~n. i l 1 1 1  i!la :!,c 
.icc.eic,r;iliol~ ;it c,irl> tirl~c-: \.er). slo~vly or tio tlot grow a1 all. 

. S .  Nuinerica1 studies 

:Yurl~eric-a1 resl1lt.- are gii.e:~ bclon. for con l l>a r i so~~  with analyt.ica1 stutiii~.. l he c-oiill)l~~~itiori. 
11seti t l ~ e  R O B  cocies [:3] i ~ l t e ~ l d e d  for 11011-li~lcar int,erai:tion Get,ween t11irl strong  ite ells v\-itIr -;oli(l 
r~ledia ~ n t l  I<C:Il codes [A] for 2-1) gas dynamics i l l  1,agrarlgian vari;!liic~. 



l'lie first serie- of c.orl~j)l~tat  io~!s VII.I.I> r111: i l l  t l i i ~ ~  ],;!er iil~pr.oxirn,ilio~l \~.-il11 1lOB coi!rs. 

r > l he co111p111;itiolis -95:t?r(~3 r111i it11 I , !  = - 1  : 0: l .  T11c ~ : ; I I I ,  \aria1 io r~ \  of tilt, ;~,:iil)Iil ) ] ( ! c ,  arc givctt 
i I Fig. l .  Tllc. 11111nerical r r ~ ~ u l t . ~  allilost c.allrlot l , ( >  i i i ~ t i ~ ~ ~ t : i . ; h c t l  fro111 ii~~dl!!il:iil datia. In 
this serics, tiic: t l ~ i c l i ~ l c ~ i  of the l)c~rt~:ri,c~ti 1ah.e~ c'le~llc.i~t< 'it iriiti;il l i~nc .  I Y , I ~  i i c t c , ~ , i ~ ~ i ~ i e d  from 
t,11e IIXISS c o ~ ~ ~ ( ~ r \ i ~ ~ i c j ~ !  of f . , i p , ~ . ~ : ~ ~ g : i ~ ~ ~  p:irti( ;C>..  ~ I I c ,  > , I I I I~ :  a ~ . ~ ~ ~ ~ l l p t i ~ l l  I I W I ~  !O S ~ , I I C { ~  tlllll:, 
p ro l j l c~~~i  in :l!. l Io\~:;e\~(,r i 1 1  ~ ~ I I I ! I , ; ~ !  i , < i c t >  la>-(,r ~ ~ I ~ I I I < ~ ! ~  I ? C T ~ I I  < ] ) P (  i f ~ < , < l  ~ I ~ I ~ I ~ ~ I ( ~ I ~ ~ I ~ I ~ ~ I \ ~ .  

. , 'I'lie next c c , r ~ i ~ ) ~ ~ t ; ~ t i o l ~ ~  of t111> l;i>.t>r c!! I I ; I I ~ I I (  > \>. I I ~ , I ~ .  : ] I ( >  t o ~ ~ ~ i ~ l ~ ~ r ~ ~ ' i ( ~ ~ i  (,l' I i ;e C - ~ ~ I I ~ ! - I I I ~ S S  s l~el l  
l ~ ( ~ l ~ ; ~ v i o ~ ~ r  i >  rvpl~tc(,cl 1,) C! < i ~ i l i ! < ~ ~  ~ , , l : i l ~ -  hlipl~'i\. iiilS~>r(>:;~ 1111) 5 i ~  ::Il!. I : I ~ : ; I I ~ ~ I I ~ ~ I I ~  ~):~(-~l~llll:~~~i. /\l. 

i11i1,ial ti111(>. : ! , c ,  l ~ e r t ~ ~ r l ~ t ~ ~ l  Izi>cr i .  -11'cii!(,tl / I  = />,,=CCJ?'*I lv:itl~ t=Om. Fiir111er. \\-it11 t> 0,  
t i c  t,hic.kl~c.i- ii = 1, [ I  i q  rec:alrl~l.itc~ti i l l  (~~1c11 cr,il fio:ii *!!I. p;irticlr~ Ilia.: rc,r!~c~.~:atioi~ lab\. 
r 1 111esc ; L S S I I I I I I I ~ ~ ~ ) I I S  \\-ere L I S ( Y I  I I I  c o l i ~ ~ j ~ ~ t ~ ~  t l lc  c>-clc~i(l.- ~lvitl! ~ip\i-arcl < i t 1 ( 1  ilo~v~i~.v~ircl l: I ISIIS a11(1 
tile si~~usoic! ' h 1 =  - 1.1.0 I .  111 the-c, to~i t i i t io~is .  tl111 ~jertl~rI) , i t ion qrc,\~:t11 ]);ittern i. iiearly 1 he 
siilnc irrrspccti\-c- of  the illal)c3.. TII(J gr.o::.I i l  rate of ,ill! pcrl ll~lliitii~ll 1 (.011~idc:rt'ii I C ( ~ I I L % ] S  the, 

gro~vtli  rate, of :!IC ~i1111>oicIa1 ; ) c ~ t ~ l r I j < i ~  ic)il  ~.':itlt I lie : < , I I I ( ~  Tt5:;;!\-(, 111:111ijer l<. .-l> I ~ ; A ~  ~ l i e ~ ~ t , i o ~ l e d  
above, it is 2 t i : ~ ~ i , -  less t11,i11 tlia: of  c,!-cloitl !)erti~rI,;i!ioli of I!:(, t:clual-rll;i>- >l:eli. 

T h e  I I C ? ; ~  scries of cornl~~l t ' i t io~ls  uicil ?-I1 pa~ti>.:~ilil~ic. Lacr<11rgi;i11 cocic. 1:iiti;illy. t!:e veloci1,y 
~).xt~urI);ltioli> \;-c.r~. ?I)~.~,iiic.cl a. gi\c.r~ i,>- i O .  ! l 1 .  11  i i  c>acie! 1 0  .pt,c,if\ illc \.c~l~ic.i!!- I ) (~r lurba-  
lions as c o l - i T l ~ r r ~ l  to l:c~orcliri,~tc~ lpc~rtl:rl,,itio~i * i ~ ~ c e  i i  i. 110: : i c ~ c ~ ~ s r \ .  to l ~ i o ~ i i t o r  thc  lrlass 
c o ~ ~ s c ~ r \ ~ a t i o ~ i  i l l  l . , ~ ~ r a ~ ~ ~ i , i i i  c,c>ll> <it'~c>: :II(- 1,erI 1 1 1  l ) < : t  ~ L I I I -  ; I T ( >  ~ l ~ c c - i ? ( ~ ~ l ~  !l:i> I t ~ c l ~ : i ~ ~ t = l ~ ~ ~ ~ ~ ~ t  is 111et 
a ~ ~ t o l i ~ n t i c a l  l:.. 

I t  S S S I I I  ' I !  = l  l .  . l l Till. ( ~ > ; ~ ~ Y I , A ~  \)re>-li:.c2 = Irn was 
e f  l I I I !  I I  I 111. lirc.;.-l:re l,=O IvaL ,i!~~ilict-l 'o I I:(, cit  1 1 c . r .  l~oi111i1;jrj.. I'lte 
R ~ L S ~ ~ I I ~ I I I I ~ C  t , ( l ~ ~ i i ~ i ~ , t ~  ~f 'tdtc' \ \ i t .  ( ' l~o't '~: i l l  \ l i e - ( ; r ~ ~ ~ ~ r ' j c t ' ~ ~  L I ~ I I I  1vit11 I !  i. jIii~,illtetcrs I j = ' i .S ,  
c(]=4.(i, n=3. l '=?.;  l .  

T h e  t i r r~e  deljc~!tle~lic'of tl~cb \.t>rtic:ll \c'lutir>. I $1 iz ~ ~ \ . I ' I I  i l l  Fig. 2 .  ; i t  : l i i >  co~nl j lc t ic~~i  tilnr: /=S: 
the  a ~ i ~ ~ ) l i t ~ ~ ( l ( ~  of 11!e i~ii t ial  \.eIocil!. i l l  1 lie ~ I - ) I I I ~ I I I : ~ I  i c 1 1 1 ~  i ~ i c r < ~ i ~ + c ~ l  l>>- ~ I J O I I I  70 t i l~ ies  wit11 7.21 

- 1 .  H o ~ ~ ~ < : v c r  i t 1  11ic C<I.-(> r 2 = l  i~ I ~ I ~ I I I ~ ~ ~ I I ( : ~ ~  : ~ c ~ ~ i r l ~ ~  ~ ~ t ~ l : l ~ a ~ i z ( ~ ( I  \~~. i~! ;o i~!  (!ecrea<i~lg or i ~ i ( ~ r c ~ a s i ~ i g .  
T  us ~ v c  ma! ( i i ier \ -c  tl:,ii the l : o ~ i i l ~ ~ ~ t a t i o r ~ ~ ~ ~  ..~ioi.c." ill 2-D p;:, tl>-~!a~lric. iio 1:ot ..oscillaten 
tlic: s t i ~ l ~ l e  so!i~!ioi~\ v;ithc)::? ~l (>t- : t?a~i~~g 111c L ~ I I I ~ ) I ~ L I I ~ ~ < ~ .  1 . o ~  r2=0. !11(, g r c ~ ~ ~ t t ~  sat(- is 2 t i ~ i ~ c s  
lo.,vcr a11d for != -L)  tllii is :.i 1i111e !!ig!~c.r. d- ( -c~~l t~) ; i re( i  :O /,-.=-I ;L, I I I I I ~ ~  l;(- i l l  ~ ~ e c o r ( l i ~ ~ ~ c e  
wit,l~ t l ~ c  alial!.ric.i:l ~ i ~ ~ ~ i o r l .  T l r~ i i  11ie a ~ i i i l  t ical ;uli!t iol~.. for < I  111in l,:! ( . I  agree tl:t,lI with t l ~ e  
I I L  111rrical sol i~t ior~s  110111 i l l  5I1ell ,il)l)!.oxiln;i~io~: i t i i i l  ~ v i ?  1 1  I ~ I I I ~ ~ ~ ~ I I  dl ~ O ~ I I L ~ O I I .  C J ~  t he  fill1 systenl 
of c~cl~la t io~is  for (o l~~! j r c~ i i i l ) l i .  f ! ~ ~ i c l  I~ytirocI!.::~il~~ic;. 

This analysis i >  i r ~ i ~ ) o ? r n ~ l t  for t11c. c.o~l.-i(ler~lriori~ of Its> Ioig11 - 1'<1!lo1. iiritalrilit!. rr l~xti\-r  t,o tlic 
t l i ir~ I;tye,r ar;i: li<ilf-.-l~;icc of ~ : o ~ l ~ ~ ~ r . e i i i l ; ! ~ :  fluid. r i g .  3 silo\:-> t!lc, t i ~ ~ ~ c  del1(:~~(icl~<.iec V C  t l ~ c  itill- 
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Figure :3. 1 - 1.2 = 2 , 2  - rz = 1 , 3  - r:! = 0 , 4  - r.2 = -1, .i - r1 = - 2  



Rayleigh-Taylor Instability of a Thin Liquid Layer 
Provided 3D 
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: I I I  : < t ( ~ , .  -1 i ~ : .  ( , : , ; i !) l~,-  7 0  ! Y ( I I I ( Y  thi, sljatiixl i l i ~ ~ i i : ~ ~ s i o ~ ~ : l l i t ~ -  or t,l~i: j ) i ~ j 1 ~ i t ~ 1 1 1  l!' : ! I ( ,  - ' i ~ i Y l .  11 ; '  1 \ 1 1 ,  

rnitli!l(. l ; i ~ - ~ : .  i ~ l r f a i c ~  I.agr;ir~gia~t cleillcilts a r c  tl(~tcriliil>ed, t,liis lcatl. ;{, o 1 i~arlgc. i:, 1 1 l t .  C 

c!ei t~it \ .  vf Inns. 0 r(>iiiti\. ,~ t o  il,s iilit,iill v a l i ~ s  ac .corc l i l~~ t o  [:(l: 

I.(,I cl = y=co!ls1. . - i ~ ~ u m ( ~  tllc sliifts .4 ~.elat,ivc to t h e  cil~lilil)riuni ~xj.ii io:: . ! t i c1  I 1 , c ' i 1 .  iir.1 i l .<,- 
ti\.e-. .~?lall (1 .  1 d c .  (1. 1 ' ( l ! ]  <: < l ) t o  i ~ l > t t ~ i i ~  I I ~ X I I I  l i~~(~ai . ixa t  io11 tit(, fo!!oy,.;i~~~ ( , o i ~ ~ ~ t i o ~ I  b j  . ! t , , ; ~  

il .!-<A2, i d l > l ( L  ! C .  l )  ,: 
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:h ( f ,  y: 1)  = .-l1 ( t )  cos kf cos n11, !jl ( E ,  17, f )  = ,.l2 ( I )  sin X:( sill 1777, (3) 
-. ( E .  7.  t )  = :l,, ( I )  sill l<( cos n ~ j  . 

wtiore k , ~ t  - wave 111111il~ers of the 1la1.111o11ic ~)c>rturl)atiolls i n  t l ~ c  dirc~ctions of tile axes 0 . Y  ; I J I ~  

Olf, k=2.ir/X1, n=2r;/X2, X I :  X 2  - r c l e v ; ~ ~ ~ t  ~ r a v e l e ~ ~ g t l ~ s .  For the Sur~ctions A,( i )  rve havc tl~c' 
syslc111 of ortlinary tliff(:rential ecj l~nt io~~s:  

d2.-2, t12 .'l ti2 .-I,, 
--- = -nk.,l:<> - = at1:I ,. - = -(/k.-I1 + 0i1.-12 , 
d t 2  dt' d /  ? 

d4.'3 ( l )  - a 2  (k2 + 2) '1 ( t )  -- 
(1t4 

4 similar relation has becn ol~tained for 3D j~cr t~ l r l~a t ions  of {.he inco~~>pressible fluid sernisl)ace 
151. In three di~ncnsions thc ctispcrsiorl equation proves, like il l  t,wo dilnrllsions [l], the fourth- 
order equation: 

u4 = a 2  (k2 + 7,') = n2k2 (1 + In2) , Tn = ,c/k. 

' r l ~ e  solutio~rs to pri11c:ipal lincarized system ('2) arc llighly diversified tlepentliug on setting t,he 
initial shifts; arc tteterlilir~etl hy scvcral dirr~e~lsior~lt~ss paralneters. O r ~ e  can sl~ow tlrat, the initial 
layer sliifts (and the changes in the layer particle t l~icltness causcd l)\; t h e ~ n ) :  

s (0) = + rl.4cos l;( cos I L ~ / ,  g (0) = 11 - 1.1m24 siilk< sin { L T ) ,  ( 4) 
z (0)  = .4 sin L( cos nq 

and zero initial velocities are corrcspo~lderlt with the solutiorr to system (2). 

= [ + 0.5 [-Plc" (wt) + I$ cos (wt)] 4 ( m 2  + l ) "  c03 kf cm ni), 

v = 7 + 0.5 [Plch (wi) - P2 cos ( a t ) ]  .4in (m2 + l)-"'sin k( sin ~ ~ 1 7 .  

-, - - 0.5 [Plch (wt) + P2 cos (wt)] ./I sir1 I;( cos r c ~ ~ .  u!liert 

p1 = I - 7 , ,  + l)'15 , p2 = 1 + ,rl + 1) ".' 

l ' hc  general view of the perturbed layer surface by time t=.l ;LT, n = m=l ,  r l=- l ,  n = l ,  .4=0.01 
i:; giver1 i l l  Fig.]. Narrow alltl sharp spikes ~r~oving  down arc int,c-rspersetl wit11 broad ge~~t , l e  
bubl~les moving upwarti. 

Sollstio~i ( 5 )  is valid only for initial times, like for two dirneslsiorrs [l]. 

Thc parxnetcrs 7.1 and '4 dcterrrlinc the initial perturbation shape and a~nl)litude. A t  n = 1~1=0 
in the section with thc pla.ne :rz we 11al.e tlic curve 3.=( + r l i l  COS k[ , z = .4 sill X : < ,  wllicli \vill 
be rcforred to  as hypercycloid. The hyl~ercycloid is asymn~ct.ric about t.lle "top" a11d  hott ton^" 
whicli considerahly iriflue~ices tlie pcrturl)ation evolution. !It, 1.1 < 0 t l ~ c  lower vertices are 
sharper, ~vhilc t,he upper arc Inore gentle, at r l >  0 it is quite t l ~ c  revcxrsc. If rl=O, thc, pel.tt~rI~ctl 
I;.yer shape is sinusoiditl. 

Cine can show tlldt when there is 110 layer shape perturbations the illitid1 velocities: 

V' (0) = r 2  B LOS k [  COS nv ,  1% (0) = -rZmR sill XI[ sin nv,  (0) = B sin XI[ cos n7j ( 6 )  



arc corresi)or~tleiit wit11 the solr~t iori sin~ilar i o  S ~ I . I I ~ I I ~ ~ S  (5) \vli(:l.(' c l i ( d ) ,  (.OS ( d t )  . 7 . 1 ,  .,l s l~o i~ ld  
l ~ c  rel)lxcc,ti ~vit,h sli(w.t), sill(dt),  I.> f l ) ) / ~ ~ l ~  r ~ ~ p e c t i v ( ~ l y .  

These solr~tio~ls ii~cludi: hot11 csljoi~entially growilig sol~~tioirs i ~ l ~ d  t,l~ose Iinlitctl i l l  an~plitutlc 
along the axis 0 % .  Tllc limit.rd solut,ioi~s talic: place at, zcro coc:ficiolrt or cli(ijt) or sIr(dt) i l l  

the third equation of relevant systelns. 'r11e11 ~ . ~ d = = l .  r2t m = l  (X: = n )  r l = l / f i .  Note 
that for 2D perturhations w11c11 r71 = 17=0 the li~~iit.('d solutio~is take 1)lac:e at r l = l ,  while t l ~ e  
solutions corrcspo~~dir~g t,o 1.1 = 1 / a  are exponentially growing. I r i  this case i n t r o d ~ ~ c t , i o ~ ~  of 
perturbations along t,lle second directior~ stal~ilizes the total ~)er t , l~rbat io~i .  The ratio y of 3D and 
21) pertur1)ation growtli incre~nents dcl~e~lcls 011 tlic n-avc m11u11er ratio: q = " d m .  At X: = n 
tlie growtl~ iricrerrlent of 3D pcr t~~r l~a t io i i s  is 1.2 tilnrs as Iligh as tallat of 21). If r1J- > 1; 
tlie initial ljerturbation clianges its pliasc: ~v i t . 11  time. 

Also, so l~~t ions  are ohtailled correspoiltling to setting initial perturbations I~oth ill s l ~ a p e  ( 4 )  and 
initial \lclocities (6) of the layer. Thc evolution of sucl~ perturbations is deter~nincd, alongside 
r l ,  r 2 ,  wit11 the di~nensionless parameter r2 = B/(.4u). 

The exponential growth of tlie per tu rba t io~~ amplitude car1 be promoted with two factors lead- 
ing to the fact that  the col~l~t .er~~ressure rctardirlg the perturbation growth proves ineffective. 
These are the fluid particle displacerrient tange~itial to the interface (fluid particle ol~flo~v into 
the regions of streams moving downward a r ~ d  outflow from the 1jul~t)les n~oving upward) and 
pressure field variation due to tlie interface strain. For varioils initial conditions these two 
factors can both add up and at ten~late  each o t l~er .  Tlie latter takes place, for exa~nple,  for 
2D perturbations a t  r l = l  when the pertilrhed layer at  tlie initial time 11as the sliape of a 

cycloid with its cusps upward. l'lie sliape per t~ l r l~a t io~is  ((:lose to si~iusoidal) provc tllerewitli 
con~per~sated wit11 the particle tliicklless perturbations acting i r ~  the counterpliasc. 'Tlie lilnited 
oscillatory solr~tiolls are also possil~lc at  settirlg initial p e r t u r l ~ a t i o ~ ~ s  i l l  velocities. 

At tlic acceleratioi~ sign change d u r i ~ ~ g  rnotioi~ the  "r~nst;~blc" cycloid transfers to  t,he "stable" 
and vice versa. This may accou~lt for the fact tllat, irl t,llr experiments [6] the plate perturbations 
arising at  t.lie st.age of the plate accelerafiorl by explosio~l products grow very slowly, i f  any, a t  
the stage of plate deceleration 115. air. 

Dwell or1 the case of pulsed acceleration (tlie Riclitmyer-Meshltov ir~st;tl)ility). For initial data  
(4) the solution in this case takes the fo1.111: 

.L. = F + (1.1 - k ~ t )  .AI COS k [  cos 7211; y = 17 - (y17n + n v t )  .4 sir] X:[ sill n71, ( 7 )  
z = (1 - r lkVt  - rlrn~zV1) Asin kccos 1 1 1 1  + b't, 

wllere If = J /pho ,  .l is tlie value of shock rilo~nent~irn per 111iit area. Tlle perturbation amplitude 
growth rat,c along tlie axis 02, .i3(t),  a t  t l ~ c  ~ ~ e r t u r b a t i o n  point a t  sin X:(=-1, cos 1117=1 ecluals 
9 = AVrlX: ( l  + m'). 

At 7.1 #O the perturbation alnplit~lde grows linearly, a t  rl=O it is constant. (7)  results in the 
difference in the perturbation dynamics at t l ~ e  s ig~i  change of rl  (position of thc cusps relative t,o 
tlie acceleration direction either a t  tlic to]) or at. i.he 11ott.om). The effect of such an asymmetry 
011 the semispace interface pert l l rbat io~~ evolution was noted ill exljcrimc:nl,s [7]. 

,If the value a = p / p h o  has, in its turn, small perturbations caused by perturbations in exter- 
nal pressure, initial thickness, then this introduces further essential peculiarities t?  t,he layer 
dynamics. Let a = a0 + An, where ao=corlst, A a  is a small value. Then governing linea.rized 



Here t h e  si-i~all qollrce An al111ear. in t he  rio;lit-11n11tl ~itic. of tlie ~ c c o ~ l i i  c~c , i~a t io i~  

Set t h e  acceleratior~ ~~ertul . lmtioris = (l, , , , .? 5i11 X,[ c.0. , ! / l .  ~1.11cre I ,  .. - is a tiiinerl~iolllrss corf- 
f icie~lt ,  pe r tu r l~a t io r~s  14) in t h e  ]aver clrape iilitl zero initial vcloc.itie> of Iaycr l ~ a ~ t i c l e s .  'I'lirri 
one call o h t a i i ~  solutioi~s to  y .s teni  ( 9 )  i ~ ~ t i l n r  to  (i I .  111 I~a l . t i c .~~ la r .  

z = O.i ,  '.-LP1 + IV,-.I' I cii - 3 1  + (..I - rr.. 1') cos ~ t ]  sin /;E coy n i l .  ~yliese P = X . '  ( m 2  + 
T h e  sinusoiila! !!erturi)atiol~~ of tlic, la>-rr  511apc. ( v l  =01 a t  tile accelerario~i ila!.cr t l~ ic l i~ less)  

-0 5 pcr turbat ior~  at  iv,,=.-lXkl ( 1 r i 2  + 1) gm\\- two t i ~ l i ~  irs fast t l i a ~ i  for tlie rcluitl~ic.l< layer. 

The a l ~ o v r  allall-tical ~ o l l ~ t i o ~ i ~  t o  li1ieari7eii <!.<tern ( 2  i are i l l  a ~ o o c i  agreemerit for illlall initial 
pcrt i~rl)atioris  lvit11 ~ ~ ~ l n i e r i c a l  colnl~::!;itio~~q of tlie l,i!.cr cl! r ~ a m i e i  in a 111oct coi!il>lcte formula- 
t ion of tlie ;ID L;igra~lgia~i ga i  t l~ . l~ai i l ic< of 1)cri'ec.t colnj)rcicil)le i i l~it l .  Tlie tliffe:.el~cc sclir~~ic.  
used exi.endi to  tlirec t i i r l rc~r is io~~~ tlie ;i~)l~ro;ic.l~ l~reieiitcci ~ I I  [S] n.11t~re il~liil ixirtic.1,. coordiriatcs 
at 1=0 are  talteri for t lic Liio,ra~lpi;i~i ciioriliiiate.~. ( 'oiiiputatioiis of !Iiiri-laycr 2D I)cl-turl~a- 
tion no11-liiieal. c l .o l : i t io~~ \rere coiltlucteti a5 !eq! coln;iirtatiolrq for t l r c '  ll1.11llerjcal tec l~nique ,  t l ir  
co~ril>uted cleperltle~~i,es pr , ic~~i( :a l l  coi~lc.ii!c, vCit11 tlie a~ ia ly t i c ;~ !  reiultc. 

Fig.:! present5 1 Ile ail<il\.tical ;illcl ( , )~ i l l j l l t c~ i  tirlie (lcl~c~icic-.ilcc\ of tllc :{D l~ertul.l,ation a~npl i tud( :  
on t11c cor~i~)ut i i ! io~ia l  grid 1:;:32\;32 for 1 1  = b = l  at sett i i i i i  illitin1 ~ , r r t ~ ~ r l i z i o i  irl vtxlocities 
(r2=-l) ( C I I ~ \  c? l ~ I I C ~  2. respect ii.e!>- I .  (1 = l .  i11iti:iI la>.er I 1i icI; i i~~s~ 11~ ,=0 . I  \\:er(% a s s ~ ~ ~ n r r l .  111 
t h e  c o ~ n p ~ ~ t a t i o ~ ~ s  t h e  e ~ ~ ~ l a t i o r ~  of i t n t c  of ~liaterinl  n a ?  tal;cri ~ I I  the  form 

xvl~crc p - l j r e w ~ r e .  1) - de:i~it!.. (,=10.0. , jo=7.5 The  co1n11:1t~rl r e i l ~ l t i  i r i  ternis o r  3D gas 
ciynamics co1ifir111 tliiit at  t i  = X = l  t he  1i:liitcd : ~ c ' r t ~ ~ r h a t i o ~ ~  at rclllitliicl, ]a!-er H ' f I  ii; t ha t  with 
1.2=1 /a l I ' i . : 3 ) .  Plie c .o~~i l>l : tc~!  ti~:~c~ciepe~icic~r~c!- of t 11e expoileritial grol;-l 11 of t he  l~c~rturl,atioii 
amplitude for t )=-l i;)r initial t ime< 1)ractically coir~c.ide< \\-it11 t!ie aiialy!ic.al. Tfie ~ i l ~ ~ n e r i c a . l  
deperit le~icic.~ u i ' t l~c ,  ~)t.rtl~:Ijitt ion alill~litucle gro~vtli  or1 rirnr for ?D \/;=l. n=0. , ,?=-l)  and 3D 
perturhations r = / , . = l .  /.=-l 1 ,ire ~!rc>~cliteti in Tig.4. t.~)illcicle \\.it11 rt,lc,\.anr a.r~alytical 
da.ta. 

Cotnputaliori. \';ere < ~ l s o  co~itiuciecl i l l  a illore ~ i~ l lp l i f i ed  w t t i i i g - ~ ~ p .  lil.;(i tllii v. , i i  cio~ie i l l  [S]. 
wii,h direc.t a p l i r o s i ~ n i i t i o ~ ~  of ~ l o ~ ~ - l i ~ i c a r  c! stcrli i I I .  rather tliali colnpletc. 4as (l! iiiimics equa t io l~  
system. Tilt-ir results ;tIso cc ,~~i i r in  tlic, allall t ical reliitiorlz o1)taiiieil. 

'I'hus, t h e  effect of i r~ i t ia l  da t a  or1 t!lc tlliri la!.er ~)c>rturl,atiori g i .o~~t11 riite i b  c1ilite considcral~le.  
Evcn pro~.itirtl tlie pcl . turl)atio~i gran-t11 i~icre!:~c?~it clorr not clialige 1.aryirig initial da t a ,  tliis 
effect can ~ n a l ~ i f e i r  itself tllr~itg!i a ~1111.ta11tial lariatioii ill t he  pi~c-erporrciiti;11 factor. 'I'he layer 
sliape ~ )c r tu r I l a t i o~ i  gro~vtli  r,itc> car1 I I C  reduced 1, scttirig ;rppropriate r l i i c l ; ~ ~ ~ ~ ~  ~>er turbat ior is  
c o n ~ ~ x n s a !  i:~: : !ielii. 

The a l ~ o v e  c-or~sidi.r~:tior~,~ for i i  licl~:icl la>-ilr are also i r i ~ l ~ o ~ t n l r t  for ;I rnorr c.ol~lples problrrn of 
tliick 1a);c.r i~i~c,rfacc. 1iT1 ancl I )e i fe( -~  c o r l i ~ ) ~ ~ c . s ~ i I ~ l e  fluitl zc~~:~icl);icc. ldiliiiteti a~icl p11asc-cl~ariging 
perturl~atiorls arc. a!<<, poisil~!lc !!ere. \vl~ile tlrc, aliox-e cli~lreii~ioriless paranleter.: cll;i~.acterizir~g 
initial d a t a  are  alqo iililjoitant iii t11e.r caqrr, l11ii  is X-,ili tlntetl I J ~  t l l c .  1.e.1.11ti of 31) computations 
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conducted i11 the perfect compressible fluid approximatio~l for a tllick layer of h=5 thickness 
comparable with the perturbation wavelength. 

This cornputed data  is preserited i r ~  Fig.5. The cornputations were coriducted on tlie computa- 
tional grid 25*17*17. At the initial time the conditio~l of static equilibriulri of layer elements 
was given in tcrrns of the model of compressible fluid with the equation of state of form (0) 
a t  c=4.6, po=7.8. The initial velocity perturbations a t  k=l, m = l  were given expo~lentially 
decreasing with depth, like for inconipressible fluid [S]. 

In t e r ~ n s  of tlic perfcct compressible fluid n~ode l  it is possible to study tlie velocity p e r t ~ ~ r b a t i o ~ i  
evolution atan arbitrary r 2 .  According to the computations, the perturbatio~ls with r2=1  grow 
expolientially, tlle perturhations with r 2 = l  cliangc their phase and the11 grow exponentially,thc 
perturbations with 7 '2=1/ f i  do not practically grow duri~ig the cor~lputation (Fig.5). 

At initial times the growth rate modulus of the bubbles floating up  is close to the velocity 
~nodulus of spikes dirccted downward, lilie for the thili layer. Iiowever, a t  later times the 
bubble growtl~ rate hecon~es lower tlia11 t.he spike velocit,y. 

T h i ~ s ,  qllitc diffcre~lt pat,lis of ~)erturl>ation evolution arc possiblc for a thick laycr of compress- 
iblo pcrfcct fluid. They are desc:ribed with tlic follrtli-order dispcrsio~l equation. Ilowever, as the 
co~n~~uta t io r i s  conducted show, the solutions are less dil~erse when setting i ~ ~ i t i a l  perturbations 
in the  i11terfac.e sliapc (without any change ~ I I  initial fluid derlsities). All pert url~at~ions grow 
e x p o ~ ~ e ~ ~ t i a l l y ,  tho growth rate is slightly depe~ident on the pararueter 1.1. Here one can follow 
cert,;tiri allalogs with the above-discussed c;tse of set,ting t , l ~ i r ~  layer thickness I ) e r t ~ ~ r l ) a t i o ~ ~ s .  

The work was carried out urider support of R11ssidll EIu~ldalncntal Rcsearcli Foundation, Projcct 
96-01-00043 
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Figure 1. Perturbed layer surface. 

Figure 2. Perturbation amplitude vs t ime.1 - rn = -1.0, analyt.,2 - 1.2 = -1.0. cornput.. 3 - i.2 = 1.0. 
analyt. 



Fig11r.c 3.  Limited solut io~l ,  r2 = ]/a. 1 - allalyt.. 2 - c o m p ~ l t  

Figure 4. Comparison of 21) and 4D layer p e r t u ~ h a t i o n  growth rates. 

Figure 5. Perturbation evolution for a thick layer, 1 - rz=-l, streams; 2 - rz=-l,  bubbles; 3 r 2 = l ,  
streams. 
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Laser Interferometric Tomography Study of the TMZ 
Structure at the Boundaries of a 3D Propane Jet in Air 

\'.P. B a s h u r i n ,  \'.V. B a s h u r o v ,  Y.D. B o g u n e n k o ,  G.A. B o n d a r e n k o .  
F'.A.  P l e t e n e ~ .  a n d  V.A.  S t a r o d u b t s e v  
ti ~is i i i i l~  I.'eileral Silciear ('t.ritrc - lns t i tu te  of E x p e r i m e ~ ~ t ; ~ l  I'hysics 
Proslice! 1lir;i 37. ii0;liIO. Yarov, Nizli11y Kovgorotl I{egioi~, Ilussia 

A b s t r a c t :  Laser i~i tc~~.f~r .on~r~t . r ic :  t,opography was used t o  strtdy exl~ei. i inr~it ,~li!  t l i r .  t l ~ r r ~  c l i -  
i i ie~lsio~lal  clclisity i i i > t r i l i i ~ t i o ~ ~  palter11 of che~nicallg I I~II - react ive  gaie. ill tlie T~I-LoII( ' .  B ~ i ~ e ( i  
oil tllib tecll~iic~iie. tlic. ex-ljcriment results ill t , l~e  ~r i ix t , i~rc  densit,y di-tri11111 io11 i~~te:rateii a i o ~ i s  
rile liglit l ~ a t l l .  C;e~ierall!.. 1-11 zorir. Iias not any kind of symmetry.  '1-l~t~trfore, 1 1 1 t .  ~ i r o l ) l r ~ i ~  of 

ri.cori.rruc1 i~ rg  I I i r c c ~ - t l i ~ n e ~ ~ - i o ~ ~ n l  densit.); tlist~.it)r~t.iorrs ('I3Dl)) of g a v i  call lie i i~ l \ - r~i l  l):,- pro- 
\ - i i 1 i l l g  u : l I l~c~ic~i~t l~ .  :;ii111!. T l I  zone integral proJ(~cf.io~is (or  a s p e c t s .  It i i  tecllnic.all!- i j i f f ~ ~ ~ ~ l t  
, i , ~ t l  c ~ s l j ( ~ ~ i ; i \ . ~  to  :icl~ii\.r ! l l i ~  largct ~ n l r n l ~ c r  of aspects (I\' > 10). 'l'lierc~furi~. it i i  ~ ~ ~ s c . i i t i a l  t j ~ a t  

r e e o ~ i ~ t r : ~ ~ !  io11 1 1 r t ' t  1:~11 :~liii.t !)C selected to allo~v the  soIlll,iol~ of l I I C ,  ~ ) I . o ~ J ~ ( ' I ? I  lvitll t l l ~  lc'ait 
p o ~ i ! ~ l e  1i~i1111rr>r of  ~ i+ l ) ec t> .  Given t h a t  exper i~nr~i t ,a l  tiat,a arc  incoml~le te .  t he  r e c o ~ l > t r u c t i o ~ ~  
niethotis !idd ( I O I I C  v:('I! tllrlt a re  based ori the  corlcept of i n a x i m u ~ n  tiilta clltrop>-. I r i fornia t io~~ 
a priori ;il,o~it t l!? i c ) l~i t io~l  t o  11c sougllt for a.11 isobaric gas rrrixture is that  it'z eacll c o ~ l z t i t ~ ~ c ~ ~ t  
11:i. ill\-arial~lr tIc:ii.ir!. 1 ~ I I I ~ .  a d a t a  entropy f i~nct ion;~l  call be tic:fi~lccl wl~ici: is +illiilar t o  1:erlni 
? i s  ill .;tat i;: icnl ljll>.-ic;. :\II algorithrri ha.s been suggcxstcd for reconstruction a. a moilihed 
I ~ I ~ ~ ~ I ~ ~ I ~ - ~ I ~ ~ I I I ~ I ( ~ ( I  c v r ~ t  rap!. ~ i l c thod  [fi], and c o ~ n p u t e r  s i ~ l l u l a t , i o ~ ~  I ~ a s  l)c.e~i done fijr tile TIID 
~ ~ ( ~ c o ~ i s t r i i ~ t i o ~ ~  ~ I . O C ~ > ( I I I ~ ~  ~ . ~ c ( ~ r d i i i g  [2]. This m;~lies reasorlal~lc go011 :~ccon.trliction acliiel-al~lc 
?,.er1 \;.it11 a?  Eel.: azj,ec.t. n i  N = 1. ICxporimcnts 011 study of ? \ I  of ,i 1jl.ol);ilic jc't i i i  air 
i i s i ~ ~ p  l-aspect. 1aic.r ir~tc~rfc~rornctcr were pro\.ided arid rec.o~~si.rr~c.t ior~ of j)i.opaiic coilcel~tra- 
tio:! cli i :r i l~~ltio~i cor l i i l~c~ed.  Recciveti rcs i~l ts  allolv t o  deterrili::r [ l ie 1 1 1  / o ~ ~ c '  s l j c ~ r t ~ i ~ l  
ci1aracteri5t its. 

1 I ] ( .  ,!11(1!- of t u r l~u le r~ t  I I I ~ \ ~ I I ~ ;  i~ i rolves  lllodcl e x p e r i ~ i ~ e ~ l t s  to ~ ~ ~ ~ ( i ~ r c t i i r i c !  ~ ! I C  mail] colifoi.lnities 
01' t l i i ;  Ijrocess i ~ ; c l u t l i r ~ ~  rliciso 011 hydrotly~lamic syst,el~ls [ l  l ] .  Tlic i n i l ~ u r t a ~ l t  prolile~ii i:: 
t l i t ,  ex lxr i~l~er1ta l  i r rvei t igat io~~ of instabilities' evo l i i t i o~~  i i ~ ~ ( i  t ,~ l rb~ : l e~ l t  ~ll isi l lg i~ 1101 o111!. to 
fc'r111 t!le tlrsircil r u r l ~ u l e ~ i ~  r~noiiori or ~il(>(iia (gas-gas, gas-fluid, fluid-Il~iicl I .  11l1t al'o t o  ol~tiiiii 
cl 1a11tit at i\.c da t a  01: the  t ~ ~ r - l ) u l ( v ~ t  ~l i ix ing zollc ('I'A/IZ) sl r11c1u1.c. <i11d l~ i~ r~ i l l l v t e r> .  1:or t he  
itutl!. of T l I Z  flows pll>.sical properties, i t  is prcfcral~lc t o  use ~ne t l~o t lq  t l ~ a t  ( 1 0  I I O I  iiit~.oci~lcc 
aritlitio~lal perturl>ntion illto tlie illstahility croIiii,ion zone. For t l~ i z  j~ii~.!~o;c> i t  i i  ~lc~~ira!jic- 
t c~  uqe r ~ ~ l i a t i o ~ ~  to \ \ - l ~ i c  l i  t!ic ~ ~ i e d i l t n l  of i~ l teres t  is sufficitntly traIlipzireiit. a ~ ~ d  \-iqible ligllt 
silurce> ;ire ro1li1:ic1111~. ~ l ~ c . t l  in cases of gaseoils or liclliid media.  Ez;)eriri ic~~~tal .;tlitl!. ~ . c - < l ~ l t >  
i r  obt<liiii~lg tlie c l i c t r  il~lltioll of a certai11 flow ~,llysical cliaracteris1,ic~ i~itcgratcil a1o:ig the  light 
I),it 11. I - s i~lg  tiifferelit experirnental r ~ ~ e t  I~ods  oilc call ohtaiii sliatlow i l l i a~cs .  I ecortl phase i l ~ i f t i  
oi' jxo1ii11~ liglit wax-e ; ~ ~ . o ~ i d ~ a t i n g  through the  'I'I\#I% wii,li tllc interfere~iiial nret Iioil or c\.;lluatc 
11,iranieteri f r o n ~  the  ],rob-in< radiatior: a l~so r~) t ion  data .  Tlle integral r l i i tr i l~li t iol~s of flo\v 
cllaracterictics tlirrn.el\.es allow to o l ~ t a i r ~  certain quani,it,al,ivc, illforlrli~tion iI1io:it t h r  T l I Z  
- 

)lore I I ~ ~ , I ~ I I I ~ ~ I C , I I  - L I I I ~ I I I  ~,t~~~3;j-23U,5:~is~)d.vr11ieS.~11 



s t r~~c t i r re ,  but local 3D-distributions (3111)) arc niore informative. I t  is possi-ble to rec-oristrnct 
3DD if we could obtain integral distributions from several dircc:tions of view (aspects). Si~cli 
problems often appear in physics and medicine and are solved using t,lte so called "reconstructivt. 
to~nography" methods [g, 12: 101. To extract the needed ~~hys ica l  values from experiment a1 data 
usually it is Iiecessary to  provide some mathe~natical I~rocedi~res with t l ie~n.  At this point of 
view tomography is a kintl of such procedures but mucli morc cornplicatctl. Altliougli the 
mathematical basics of tomography appeared about S0 years ago [l:$] the use of reconstructive 
tomography became possihle witli the progress in computer tecliriology. Ni~rrierous algorithrns 
for 3DI) reconstruction were developed for the practical purposvs. Somc of them provide high 
accuracy at mi~limal n ~ ~ m h e r  of aspects ( 5  5 t 10) [ S ] .  It mealls that it is possible to get 3DD 
data  using several "identical" ~neasuremenf,~ withol~t, sophisticated experimt2ntal tecl~niques. 111 
this paper we show the possibility of using few aspects laser interferomctric tomography to 
reconstrl~ct 3D density distributio~ls of tn70 gases in '['MZ. 

2. Optical interferometry in the problem of turbulent mixing of gases 

Choosing the ~nctliod of m e a s u r c ~ n e ~ ~ t s ,  wcl sliould be guided 113; t.11ose 11hysic:itl cluaritities that 
we want to  receive a.s a result of reconstr~~ction. I f  we are i~itrrested in obtaining t,lie ~nixed 
gases de~lsity distribution, the r~iost attractive as it. seems to 11s may be tlie method of op- 
tical interferolnctry. Tlle fact is that t l ~ e  gases' refraction indices sliglitly differ from u~i i ty  
, r ~  - 1 < 10-3, therefore it is possi1)le to neglect the dcflcctio~~ of a light hearii a t  a cllaract,eristic 
lengt,h of L 10 cm in thc first approximat,iol~; and so t l ~ e  procctlure of recor~stri~ction lnay 
be appreciably simplified. Bcsitles that t11e refraction indices of gascs and liquids are propor- 
tional t o  tle~isity. So the integrals fro111 density along the light paths are directly oh-tailled 
from measure~ncnts. It means t,liat me hitve t o  deal with reconstrnctio~i of a positive defined 
value that  also simplifies this procedure. At last, the iriterfere~ice pattern does riot deper~tl 011 
light absorptiori in a gas, as the absorption influnlces only tlie contrast of a forming picture. 
Automatic formation of coordi-11atc lines in interference patt,er11 may also be noted as a pos- 
itive factor that  simplifies spatial orientation. The opt.ical i~iterferornetry method to analyze 
tlie ~nater ial  compositior~ (density) (e. g. [I]) relies upon the followi~lg: 
1) tlte phase of tlie light wavc 4 while passing through tlie volu~rle to  11e studied witli the lerigth 
I, along the light path varies by JL 71 d r .  where X is the light radiation wavele~igtll and n is 
the ~nater ial  refraction index along I,, 
2) when one material is replaced 11y anothor t,he light wave phase (after passing through the 
volume) shifts by A$ = F ,Jr. An dz ,  where An is the refraction index differclice between two 
materials in question. 
3) shifts are recorded in the i~iterferential image occurring with the addition of tlie light wave 
passing through the medium whose properties may be changed a ~ i d  tlie non-perturbed light 
wave passing through the medi~lrri whose propertics are constarit (note that both waves must 
be coherent). 
Interfero~neters are commonly used t o  study gas flows. 111 the paper [ l ] ,  Mach-Zehnder interfer- 
omct,r:r was used to find the gas de~isit,y distri1)utions. 111 the works [Is, 161 t l ~ e  density profile 
was deternlinecl in cxperi~nents on Hayleigh-Taylor instal~ilities; the flows ~ n i x i r ~ g  process was 
\risualized and the hountlary velocity for Richtniyer-Mesliko\r illstability was evaluated. 

3. Algebraic image reconstruction technique 

In the experimental s t l~dy  of the turbule~tt mixing zone (TMZ) of heavy and light gases tlie 
fringe shift would he dependent on the integrals of gas dcnsity distribution along tlie 



laser 11eam. Tilt variat,ions of t,he ligl~t Ijean~ ~)ropapat,irig t,hrougl~ t l ~ e  object. of ir~terrst in 
any pla.rle Inay pro-vidc a sufficient ri~~ml)c>r of asl)ccts to  allon, an attelnpt to  rcconstr11ct 3-11 
spatial gas density dist,rihutions of l)ot,l~ gases with t,lir dc:sireti ac:curacy. If ollly lilnit,etI nurnI)rr 
c~f aspects can be obtained experinlentally and the object synlmetry is previously unk~lowll, the 
~ ' r i ~ n a , r y  consideration is what would l)e t,he slrlallest amolnlt of experinierltal iriforrnatior~ to 
reconstruct the object irnage xvit.11 the rerluireti accuracy. It is tliis s i t~~ai . ion nre have t,o deal ivitli 
vahen usil~g optical intcrf'eromctry, becai~se sonic tccllllical reasolis malte it a ln~ost  iml~ossil~lc 
to obtain s i~nultanco~ls  interfererice pal ttmis at the allgle 0 5 0 5 .ii will1 10 or l i~ore aspects. 
I(c~constnlction of tlie 3DD of L I I I ~ I I O I V I I  fl~lict.ion call 11e oftell i,etluc.eti to reco~~st,rilt:t.io~i of a set. 
cmf plar~c sections. 'I'llree-dirlle~isiollal tlistrib~~tiori t,lleli would be ol~tailicti by arrallging two- 
c i~rieiisiorlal orlc:s. Ilcrcinaftcr we sliall follo~v t l ~ e  ililagc reconstruction technique based on tlic 
ideas statetl i l l  [7 ,  3, S, 61. Basically, the reco~istruction concept as sugges1,etl ill tllese papers is 
tile following: 
Itecoristrl~ct,io~~ problem is fi~iding tn values of the desired furictio~l a t  the spa.tial tr~esh 771 X m .  
;it tlie salile time, w11a.t is only known is m x p  data ol~tained experimentally, and often p << rrL. 
l'lius, t,lierc is a11 i l~det~er~ninatc  sci, of tql~at ions to  c a l c ~ ~ l a t c  the values of the fu~lction to he 
r c ~ c o ~ ~ s t r ~ ~ c , t e d .  In otlier xvortls. t,li? ~)l-ol~lein n ~ a y  Ilavtx a great nulnhcr of so lu t io~~s ,  so that 
son](. ii.dtlitiona1 conditions 111ust I)(, set to sclcct t , l~e cicsircd one. Tllcse corlditiolis (criteria) 
sfioultl allow t,l~c selection of the lilost prol~al)lr solutior~ t,llat, i~~c.orl)o~.atc,s t,li(. least alnount, of 
additio~ial inforrilation rlot. included i l l  tlic esperilllcntal data. Tlic sl~ggcstion [7, 3 ,  S] Iviis that 
sornc Ilornl l1111st 11ave tl~tx ~ n a x i ~ n u m  ;it this sollition and sucli a liorrn be i r ~  the forln of lion- 
equi l i l~r i~~rr i  gas e ~ ~ t r o p y .  ils a r111e; thcrc arc no rigorous reasoris to tlse coilc:ret,e rxprcssio~~s 
LIT c,l~tl.oi)y functional but, gooti result,s j ~ ~ s t i f y  t l~ i s  a~)proach. 111 this paper we discuss the 
inlage I-ecol~struct ion tcchniquc that  is corlsisterltly hasetl on tl~c, r ~ ~ i r ~ i ~ ~ ~ i x a t i o n  of tllc amount of 
iilforrr~at.io~~ contained in the solution. This al)proacl~ allows to find the soh~t,ion with ~naxirnal 
iliforrrlatio~~ entropy. Let us use for recollstruction a rrresl~ of rn X I n  cells of the same size. Let us 
also assume illat the a priori irlformatiorl available to  us is t h r  knowledge ttiat, eitcl~ cell cor~t,airls 
t.ivo gases with different hut constant densities p1 > p*. Thrsc, tlonsitic.~ arc, c:ol~stant across 
ally sect,ion ta.lten for reco~lstructiori, arid this is due to t11(. fillet that n s ~ ~ a l l y  there is enougll 
tilne for pressllrc. ant1 tcm1)erature relaxation. Let 11s sl)iit each (.(:I1 illto C: parts (su11cc:lls) so 
small that  ol~ly one gas may exist in each of t l ie~n.  111 o t l ~ e r  words. subcell's size is slnaller tliall 
t lle nii~iilrlal size of nonuniforniities i r ~  tlie TAT%. Let t.lro 1111rr11,cr of s l~l~cel ls  co~ltairiilig Iic~avier 
gas ho  aritl t l i i~t for ligliter gas - A;, and Krr + .VI, = G. 'l'lic~sc ~ ~ u ~ n b c r s  of I~cavy-gas 
alld ligllt-gas sul)cclls may be corresl)oritlcti \\.it11 tlic ~ iurn l~cr  of l~ossil)le tvays 1.0 acliic.\.cl t,l1(:111 
(:itatist.ici~l ~veiglit, of "stat,en l ~ a v i l ~ g  111(~  rn~~nljers  .TT, ant1 :Yl,). :Is is Ialo~vn. this st.atistica1 
~vciglit is [ S ] :  

G! r = ------ 
.WH ! -v1, ! (1) 

I~lascd on the classic tlefinition of the anlount of infornlatior~ c~~t , ropy  I [l41 contained in the set 
of G s y ~ n l ~ o l s  with N H  of one lti~id and N L  of the other, we can pnt d o w ~ ~  

\\.here X: is t l ~ c  nornlalization constant ar~tl I , /  = % - t,11e frecl~~er~cy of occnrrcncc for a symljol 
with index 1 (1 = 1 corrc:spontls to t . l ~ r  l~eavicr gas and 1 = % - to  111(: ligliter one). Since we 

liavc. 112 = 1 - 12i(?;2 = G' - .V1), the ~ncsli cell may 11;ive tlie valiie of infortnntio~i cnf,ropy i l l  
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the "message" that heavier gas fraction is n ,  expressed as follows: 

I = -G' k (n  Ln n + (1 - n)  Ln (1 - n ) )  (3)  

If 1 2 , ~  is tlie heavier gas fractiori in the cell with indices i, j (i = 1 : m, j = 1 : m) at  tlle 
reconstruction ~ n e s h ,  then, due to entropy additivity for statistically iridependerlt subsystems, 
total ent,ropy of the entire distribution of the lighter and heavier gases is: 

'I'hc resultirig relationship coincides to witliirl tlie constant normalization factor witli the entropy 
equation for no~i-equilibrium Fermi-gas. Equation (4) for information entropy is a functional 
on the distribution of n,, at  the discrete mesh m X m. The value of I will be maximal at  some 
solution 7z; j  if the functional I has zero variation. Experimental data serve as "external restric- 
tions" and should be taken into account by Lagrangian factors. Let consider these restrictions 
in Inore detail and look at  i~~t~erference patterns for p aspects. As was already mentioned above, 
tlie fringe shift or light signal phase is proportional to  within the constant to  

where n l  = 1 - nz and nz arc the heavier and lighter gases concentrations, correspondingly. 
Integration is made over t.lit, length of the light I ~ e a ~ n  that crosses the given section at  the 
anglc of 8, arid kl is the i11-terfermcc line number. To incorporate this information into the 
reconstruction problem it would 1)e suit,-able t o  have thc experinlental data  preprocessed. A 
fringe pattern taken a t  a certain aspect angle defines phase shifts across the section as a function 
of the spatial coordinate normal to  the laser h e a ~ n  direction. This function Inay be determined 
at  a.s ma.iiy poi~it,s as the number of fringes crossing the given section. When we use the mesh 
m X m with m much smaller than t , l~e  number of lincs in the experiment, we can find integrals 
of n over any band with the size of about the cell one in any section by adding together the 
lincs shifts within tliis band (see Figure 1) .  The  acciiracy of these integral calculations over 
the fringe depends on interference lines density, so the n~lmber of  fringes across the  cell size 
must he adjusted to  needed accuracy. Let us coilsider that for each projection at  the  angle 8 
we know from t . 1 1 ~  friikgct pa.t . ter~~ m integrals of 11, over t,lle band of the number X: = 1 : m: 

where .St,,k,j is t;he partial area of the cell with number i, j, which is common witli the band 
k ,  Q. Thus, the reconstruction problem goes t,o find maximum entropy (4)  witli restrictions 
(6).  To provide experiments on T M Z  study for gas flows a 4-aspect experimental system with 
Mach-Zehnder interferometer as the basic unit was asselnhled. Figure 2 shows the experimental 
arrangement. 'I'l~e YAC: : Nd3+ laser radiation 1 (the second harmonic with the wavelength 
of - 0,5pm, pulse duration of - 15 ns after DKDP-crystal 2) passes through telescope 3 
(increasing the light beam diameter up t o  50 m m ) ,  crosses the investigated volume 27 and goes 
to the films 32 + 35 directed by the system of rotation 4 + 15 and semi-transparent 16 f 26 
mirrors. The  laser radiation crosses the investigated volume from 4 directions in the same 
I ~ l a ~ i e .  Angles l)t.t,wecn 11earl)y dirc,ctions are equal to  7r/4 radians. A propane jet outcon~es 
to air from an round nozzle with the cutoff diameter of about 7.2 mm a.nd passes through the 



i.olulne 27 ~iornlall>. to tile plane of Figure 2. The An vall~o ( the dilferelice i11 rc~i'l~,ictiori i ~ i t l ( ~ r c ~  
l~et~vecii jet s l ~ l ~ s t a ~ l c e  ;irlcl air) used wit11 further ir~terferograms proccsiirlg n'iq o1)tainerl in 
s~xcific ex~~er iments  b!. nleasuring the fringe shift N near the r~ozzle c~~rof f .  1'0 iilcreasc the 
accilrac?. of 1 1 1  deter~rlirlation (which is achieved by ir~creasing the sllift .YI. ~ n e a s u r e r r i ~ ~ ~ t s  
Ivere carriecl out using round nozzle with 7.2 mm diameter. '1-11e pi.opalic. jct velocit!. vcai 
~neasuretl 11). tlie difrerelitial laser Doppler anerilo~neter (scc Figure, 3 ) .  He-Sc 1;iier racliatio~i 
wai scattered b). particlei. of smoke added into the jet. The sn~ol<e \vac ohtai~leti L>. l~uriring 
some dose of gun ponder in propane. The anerno~ncter sensitivity 1.ector n.as directctl aloilg 
the jet ancl equal to 4.8 m:/s X MHz. The measured propane jet velocity \?as a1,out 10 111;~. 
For these espcri~ner~tal  co~itiitions, the Reynolds number was RC - 10'. Tlic :i-l) coiicentratiori 
distributions reconstnictio~i procedure is as follows: 
1. \7ectorizatio~~ of interferograms in order to  obtain ecjual-phase isolinei of tlic light signal. 
This i.ectorization was provided at  local interference fringe i~l tel is i t~.  rlli~iirlla lising yradient 
nlethods \vitll fil-terirlg procedures. The vectorized interferograms are s11on.11 il l  Figure 3. 
2. Creation of ?-D integral distribl~tions (for all aspects of view) of atiditio~ial phasf. shifts (due  
to propane OIIIJ-) aloiig the light paths. 
3. Reconstructioll of propane cor~centration distributions in the set of %-D sectioris parallel to 
311 laser beams axes' pla~ie.  
1. Creation of 3-D array of propaue concentrations from the set of ?-D arra>.r. 
3. Calc~~lat ion of 3-D propane concentrations' iso-surfaces and their i-iiualizatiori h>. I~ersollal 
'coln~~uter .  
l i .  Some results are presented at  Figures 5-6. 
' leconstructio~~ procedure was four~d to he i~iserlsitive to  experimental data errors ancl adtlitio~lal 
l~erturhat io~ls  clue to errors in interferogra~n sca1111ing. I2igures 5-6 illu\\ fait ( a t  a dista~lce of 
;ibout the I I O Z Z ~ ~  cliinension) flow turhulizatiori consistent with high Re!-11olt1:: i lu~l i l~er  Rc - 10'. 
Three-D spatial tiistributioris of gasdynamics values of the turbulei~l iliixilig zone \?ere usetl 
to obtain the correspo~lciir~g propene concentration spectrum s h o v ; ~ ~  011 the Figure 7. For 
c.ornpariso11 on this Figure the I<holmogorov spectrum of l~omogerieous isotropic t ~ i r i ~ l ~ l e n c e  is 

presented .It is obvious that density pulsations spcctral intensity decreases faster ~vitli \!:a\-c 
11u1rlber grows i ~ i  experimelit than il l  theory. It  lr~eans that llomoge~ieol~s isotropic turbulellce 
is not aclliei'eti in real esperi~nent .  This fact must be taken in to  accoli~lt n l l e~ i  experirile~ltal 
data arc used to test the ~lumerical codes designed for predictio~is of' tu r l~u le~l t  tranrfcr i11 
tomplicnted floivs. 

111 this paper ive shon.ec1 possible applications of optical diagnostici to exI)esilnerital s t l~c i~ .  
cf gas-gas turbulerit mixing. It  is shown that 3D spatial corice~ltratio~l distributio~ii of rna- 
t'erials i11 TSIZ rnay be extracted from experimental data obtained wit11 the help of inter- 
fero~netry techniques. Laser interferometric topography was used to s t u d  esperime~ital l j~ the 
t tlree-dimensio~lal densit>- distribution pattern of chemically ~OII-reactive gasrs in the TSI-zone. 
Three-D spatial distributions of gasdynamics values of tlie turbulent mixing zone were used to 
obtain the correspoiiding propane concentration spectrun~.  It was sho1v11 that I~omogerleous 
i5;otropic turbule~lce may he not achieved in real experiment. This fact must be talieri in to 
accourit ~vllen experimer~tal data  are used to test the numerical codes tie-signed for predictions 
of turbule~lt transfer i l l  co~nplicated flows. 
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Figure 1. The experimental data prrprocessi~lg scheme. 

Figl~re 2. Optical sclic~ne of I-a.spect,s rxperimental system. 
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Figure 6. Propane molecules iso-concentration C=0.5 s u ~ f a c e  

Figure 7. Propane  concentration spectrum. 
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the Gas-Gas Interface in 2D and 3D Flows 
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1. Introduction 

111 1995 E. hleslikov suggested new rnetllod of creating unstaI>le gas-gas i~iterface i l l  experimc.nta1 
studying of or~e-tii~ne~isional liydrotlyi~amic flows. 'l'his lnetliod lies iipor~ 1rsi11g gas c~xl)losive 
n l i x t ~ ~ r r  (GEM) and inert gas scpaTated 11)- thin tiln: [l]. In this case solnc imperfections 
o f  classical shock t l i l~e  experiments arrangement (tlict ilrfluence of fillit,(, filrn mass and r~lpture 
power) are alroiclcti. ' I ' l r i r ~  f i l~n evaltoration occurs clue to S I I O C I ~  (detonatiolr) tva.ve passes t l ~ r o ~ ~ g l :  
t11e intcrfacc. E?cl)c~rirnerits wit11 plain flows using ~liocli tube were fillfilled [2]. 

Also i r ~  l905 the possibility of nsiiig laser intcrfcrorr~c.tric tomography (LIT) to  stl~tly ex- 
perimentally 3D patterns of tier~sity distribution of clie~nically non-reacting gases in turbulerit 
111ixilrg z011t3 (TXIZ) was examilled [3]. At t l~ i s  cor~ference tlic resi~lts or interfcron~etric measurC,- 
111e11ts a r ~ d  rrco~istructio~i of 3D tlensity dis t r i l ,~i t io~~s for tlie case of suhsollic shear flow ( the 
outflow of propane jet to  air) are presentccl 141. Four aspects of view were uscd, a~rd  the mair~ 
details of TMZ structure wif,h the scale of al)or~t several pcrcel~t. of object linear tiime~isions wc,re 
reconstnict~d.  The correlation f i~nc t io~i  of density pulsation s p c c t r i ~ ~ n  was ohtaincd. Thus? it 
was shown that. 3D distril~utions of substances collcentrations in Ti'vfZ call be foi~ntl ~ rs i~ ig  iii- 
terferori~etric ~netliods wliicll allow to Ineasllre integral along tlie light trajectory i l l  t , l~e volumr 
to l,c studied wave-front dist.urba~lccs, nrhicli a,re associated with media partial co~lceutrat,ioris 
changcs in 'l'A22. 

In the p r e s e ~ ~ t  work we made a11 attempt t,o use the 1,IT ~r le t l~od  to study spatial corrceI1- 
trations dis t r ih~~tions of ga.s media with sliock waves. Altl~ougll our finite goal is to apply LIT 
methotl to  study structirres of flows wliicli are ge~leratcd ilsir~g suggested by E. Mesllkov lrew 
nlethod of their gcneratioi~, a t  tlie first stage we restricted ourselves to gasdyrla~nic modc,ling of 
onc of considered in [ l ]  v a r i a ~ ~ t s  of their creatio~i. It is f,l:e energy extraction ill tile gas 
with constant initial tier~sity which is hoi~iltled by to parallel pla~ies. 7'lie arising flow has axial 
symmetry but due to turbi~lent growtli become three-di~nensior~al. Therefore the c.xlIerimcnta.l 
technique arid algebraic rnetl~od of reconstr~~ct,ion similar to  descri1)~d i11 [It] wcro used t o  dcfil~e 
spatial density distribution. 

2. Using of optical interferometers in medium density distribution 
study wit h compressibility accounting 

Clioosirrg the  method of mcasurcrrie~lts, we sliould I)e gl~itic~ti 11y those physical ql~alitities that, Lve 
want to receive as a result of rcco~lst,ructior~. If we arc intcrc:st.etl irl ohtailiil~g tlio corr~pressil~le 



gas density distril)utior~, the rrrost attr;~ctive a s  it seen~s to us may l ~ e  tllct 111ethod of o l~ t ic i~ l  
interferornet,ry. The fact is that tlie gases refract.iorl indcxc%s sliglltly tliKer fi.on~ unity ( 1 1  - 1 < 
10-"), tllercfore it is possible to neglect t l ~ e  deflection of a light l ~ e a m  at  a cllaractcristic le~igtli 
of I, = 10 c7n in tlre first al)~)roximatio~i, and so tlic ~)rocedure of reconstructio~~ Illay 11e 
appreciably siml)lified. Besides that tlie refraction incl<:xes of gases a ~ i d  liquids are proport.iona1 
to tiensity. So the iirtegrals frorn density along tlie light are directly obtained frolrl 
~ncasurements. It means tliat we 11a\.e to  deal with reconstn~ctioli of a positive defined value 
that also simplifies this procedure. At last, tile interference pattern does riot dcpeiid on light 
absorption in a ga,s, as tllc absorption iriiluences only the contrast of a f o r ~ n i ~ ~ g  picture. 

Tlic ol)tical il~terferomctry rnetliotl t.o analyze the r ~ ~ e d i u n l  dnisit,y (c .  g. [5]) relies npoll 
the following: 

l )  the pliasc of t11r light wave p ~vliile passi~~g: t l ~ l n l ~ g h  the \~o l~r r r~e  to  be studicd with tlle 
length I, along the light pat11 varies by F J 'nd:r ,  where X is t,he light radiation wa\.elellgt h ancl 

L. 

is n the mcdiuln refraction index along L, 

2)  if density varies along tlic light trajectory the wave phase (aftcr passing through t.he 
voluriie) shifts by A p  = F J' Andz, where 1 7 1  is the refraction index diffcrcnce betwee11 medium 

I ,  
in gastiyrlanlic flow and initial IIOII-disturbed st,ate. 

3) h p  shifts arc recorded i l l  t.lie intcrferential iirlage occtirri~lg with the adtiit,ion of tlre light 
wave 1)assing through the medium whose prop~rt ics  may 11c clianged and the ~lo~~-pert ,urbed 
light wave passing through thc lnetliurn whose properties arc. constant (note that both waves 
must he coherent). 

3. Algebraic image reconstruction technique 

Recorrstr~~ction of tile 3DD of u~lknown function call be often reduced to reco~~s t ruc t io l~  of a set 
of plane sectio~is. Three-diiilensional distribution the11 would 1je obtained by arral~ging two- 
di~nensiorial ones. IIereinafter cve shall follow the i~nagc  reconstruction technique based on the 
ideas stated in [6, 7, S, '31. Basically, the reconstruction corlcept as suggested in these papers is 
the following: 

Reconstruction prohle~n is hiding m values of lhe desired functiorl a t  the spatial mesh mxm. 
At the saIrle time, what is only known is mxp data  ohtailled experimentally, arid often p << m. 
Thus, there is an indeterminate set of ecluat,ions to  calculate the values of the fur~ction t o  be 
reconstr~icted. In other words, the prol~lem may have a great nunlber of solutions, so that, 
some additional co~lditioris illust h r  set to  sc,lect tlic tlesircd orle. These conditior~s (criteria) 
should allow the selectiori of the ~rlost prol~able solutioil that, incorporates the least anlount of 

additiolial infornlation not included in t,lle rxpc~.irllental di\t;t. The  s~~ggest ion [(i. 7,  8) was that 
some norm rnust have t h e  rnnxirn~~rn at  this solution a r ~ d  sncll a norm he in tlie for111 of non- 
teql~ilil~riu~n gas entropy. As a rulc, t.l~ere are 11o rigorol~s rc7asons to  use conc.ret,e ex~)ressions 
ror ent,ropy functional but good results jllstify t l ~ i s  al>l)roacll. 111 (,his l)al,er we tliscuss t,lle 
.magc reconstructio~l technique that is consist,ently I~ased on tlic l~i i~~irnizat ior~ of the i t~nol~nt  of 
nf01.1nation containeti ill the sol11tio11. l ' l l is approach allows to f i r r t l  the solut,ion wit11 rr~axin~al  

inforrrlation entropy. 

Let us use for reconstruction a mesh of nlxm cells o f  the same size. W(: shall model gas 
,:orlcentration in the cell as a set of elernents wit11 nlaximal density partially occupying cell 
>~olume.  Let us split each cell into G parts (su11c:ells) so s~ilall t l ~ a t  ol~ly gas wi th  such maximal 



density nlay exist or I)e al~seiit i l l  c>ach of t l len~.  111 otllcr words, t.lie s i ~ c  of sul~ccll size is 
smaller t,lran the nlinirnal size of ilo~lu~liforniities in tlic \ .olu~~ie to 1)c stutiied. Let t 11e ~ i u i l ~ b c r  
of subcells contairiirlg gas with ~r iax i~na l  density be !VIJ, a11d that for cir11)ty ones - !VL, and 
ATI, + ,v, = G. Tlicsc numbers of filled ancl empty subcells illay I F  correspondctl witli thc 
nu~riber of possible ways to  achieve t l i c ~ r ~  (statistical \vc:iglit of state liavir~g 011e 

Based 011 the classic definition of the drnou~lt of inforrriatio11 entropy I [l11 contai~led i ~ i  t l ~ e  
set of C: symbols with ATH of orlcb kind and A'L of the other, we car) put down 

where X: is the iiorrnalization constant a11d 7x1 = % - the frequency of occurrence for a symbol 
with index 1 (1  = 1 correspoilds t o  the gas and 1 = 2 - to  its absence). 

Since we have n2 - nl  ( N Z  = G - N I ) ,  the mesh cell  nay have tlie value of i i i for~riat io~~ 
e~ltropy in the message that gas conce~ltratiori is nl wliich is expressed as follows: 

If 1x,, is gas fraction in the cell with i~ldcxcs 1 , ~  ( r  = 1 : m, j = 1 . m)at  the rccolistru~tio~l 
mesh, then, due t o  entropy additivity for statistically independent subsysteins, total entropy 
of the entire gas co~icentration distribution is. 

Equatio~i (1) for information entropy is a fu~lct io~lal  on tl~cb distribution of n,, at  t,he discrete 
mesh mxm. The value of I will be maxima.1 at  some solution n,, if thc fur~ctio~lal I has zero 
variatioii. Experimental data  serve as external restrictions aiid sllould be taken illto account 
by Lagrangian factors. Let coilsider these restrictions iri more details and look a t  interference 
patterns for aspects. ,4s was already mentioned above, tlie fringe shift or light signal phase is 
proportional to  within the constant to 

where 121 is the concentration, and integration is made over the length of tlie light beam that 
crosses the given section at  tlie angle of 0, and k1 is the i~ i te r fe re~~ce  line number. To i~lcorporate 
this informatio~l into the reco~istruction problem it would be suitable to  have the experimental 
data  preprocessed. A fringe pattern take11 at  a certain aspect angle defines phase shifts across 
the section as a function of the spatial coordi~iate normal to  the laser beam direction. This 
function rnay be determined at  as rriany poi11ts as the ~ i u ~ n b e r  of fringes crossing tlie given 
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Figure 1 . The expc,~.imental d a t a  preprocessing scheme. 

sectio~i. Ii.lic.11 \ve use tlie ~llesll mxm with m m i ~ c l ~  s~naller tllan the n u ~ n l ~ e r  of liliri ili the 
~speri l r l rnt .  v-c c;lil find ilitrgrals of n over any band wit11 the size of aljol~t tlie crll olic in  
sectio~i b>- atlclir~g togetlie]. the lilies shifts within this band (see Figlire l!. Tlie accllracy of 
tliejc iritegral c>i!c~ilatioris ()\.er thc fringe depe~lds or1 irrterference lilies derii--it).. qo the ~i i i~l lber  
cf friliges acres.: the cell 5iie ~nust,  be adjilsted to  needed accuracy. 

Let us col~sitlc~~. that for i,acll projection a t  the angle 0 we know from thc fi-irige pal tern j i 1  

i~itegrals of over tlic lialid of the rlun~ber k = 1 : m : 

~vhere ,<. i i  t ! l ~  pdriia! arca of the cell with ~lnrnber i ,  j, which i c  conlrnolk wit11 tlie 11alici 
6 , .  0 .  7 l i r l i .  tlie rccoriitructio~~ problem goes to  filid maxirrium entl-opj- ( 1  j ~ i i t l i  re?trictio~iq ( 2  I .  

.\ l-acpecl erperi~nc'rrt a1 systc~rl with Mach-Zchnder intcl-ferometc~. a i  t l ~ c  l,a<ic 111iit was 
a;iellil)lrtl to pl,ox.id<. ~noasurc~inents. Iigure 2 sl~ows tllc experi~ncrital arrarigeIneli1. Tlie 
\r .iC+:Sili- 1a.w railiatiori 1 ( the  second llarmor~ic with the ~vavelcngtli of 0.5 jirn. pulse cluratio~i 
o '  li i i . ,  ~ f t e r  DICDP-crystal 2 passes t h r o i ~ g l ~  telescope 3 (increasing tlir light beam diameter 
up to . i O  r i ~ ~ n j .  crosses tile i~ivestigated volurne 27 and goes to  the fil~lis directed l,?. the s!.itcIn 
o:' rotatio~l and ce~ili-tra~iiparent n~irrors. 'l'he laser radiation crosses the irivestigated \-olumc 
from 4 tiirectio~is in tlie 5aIne plane. A~lgles between nearby d i rec t io~l~  are equal to X ,  1 radian?. 
T l ~ e  e p e r i ~ u e n t a l  tic~.icc corisisted of two parallel planes placed wit11 a distance of about 1.i 
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Figure 2. Optical schelne of 4-aspects experimental systcln 

mm l~e tn~ecn  each other. .4 pulsed (t=40 nS) electric discharge was initiated in the air a t  the 
systelrl center using thin wires. 'I'he energy t ra~~sferred to thc air was (2 J .  lnterferornetrical 
~neasurement~s were provided at  the time mo~llerit of 60 (S after discharge ignition. 

T h e  3-D concentration distributions reco~lstruction procedure was as follows: 

1. Vect.orization of interferograms in order to  obtain equal-phase isolines of the light signal. 
This vectorizat io~~ was provided a t  local interference fringe intensity maxima arid minima using 
gradient methods with filtering procedures. The vectorized interferograms are shown at  Figure 
3. 2. Creation of 2-D integral distributions (for all aspects of view) of additional phase shifts 
(due to a.ir density disturbances) along tlie light paths. 

3. Reconstruction of tlie set of 2-D sections parallel to  all laser beams axes' plane. 

4. Constructiorr of 3-D array of air concentration from the set of 2-D arrays 

5. Calculation of 3-D iso-surfaces of air co~icentrations and their visualization. 

Calculated iso-surfaces of different (relative to normal air) concerltrations are shown at  
Figure 4. As e\cl)c~ ted the air bctwee11 experin~e~ltal  plates is rarefied. The provided experiments 
allow t o  rely on LIT method in cwperi~nental study of coinpressible gases turbulent flows. 



Figure 3. 1nterferenc.i' fringe af ter  i.ec.torization proceJl~re 
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A b s t r a c t :  l\> performet1 trvo groups of co~npritations. For oue group. tlie i l l i t  ial perturirat ioris 
ivere set at tile al1latio11 front after stable density profile has I~ecn for~lled [ ~ ) r o l ~ l e m  (a'\). 111 
tlie other group tile perturbations initially focus on the rear side of tlir target ( T ~ r o l j l r ~ ~ i  ( 1 1 ) ) .  
[.inear stage grorrtll r a t e  cleterlnincd ill our calculations are diffcrelit ~ I I  thcsc tn.o prol,lt~~iis. 
\l> 11a\.c> L) I I I IC~.  that tlie rci1so11 for these tlilTere:lcies is i l l  Kiclitmycr-11c:sl1kc~\- iilrtaI>i!it!-. v:liicli 
iiifluences tlie p e r t u r l ~ ~ ~ ~ t i o ~ i  t~volutio11 in I ~ o t l ~  problems in a ciifferrrlt W;!!.. l\-lie11 st~~tlyirig t17;o 
~notiei ir~ter.ac:ion l!;t\.e found that, for 110th prol)le~ns infillit<-l! t l i i ~ i  5llell a~~~~ror i r i i a t io l r  
I E.Ott ; i, iri a goorl aqrrrr~ler~t  ~vitli o11r 311 co~nputatiorls. 

1. Prohle~n setup 

I !:c. ca!culatio~i~ wrrc carried out for t,he evoh~tion of perturhatio:l\ i11 a p la~ i r  target rvith tlie 
111itial density , lu=> g C I ~ ' .  T'lie laser flux or' the target was set to 11o fisccl iiliti 11ad tlir \alue 
IL=lO'' \l', ctil-'. 1;i~er 1vax.e-length was X=0.35 prrl. The compl~tdlio~ls usecl '\lTI\IOZI\ cotle 
'1. 21. Trvo iv,?. \!-ere considered for the specificatiori of initial perturl,atioiis: 

ii 1 Ptrt~cr iicttlor~: ilt t l ~ r  cihlation front 

'I I l) I~ro l~ len i  \vai solx.eti till t , l~e time w1ic:i st,able density p1.oiile was forr~it:ti i r i  tlie target. 
In our rase t l~ i s  uccurretl at t=O.OG ns. Tlicrl tlie 1nes11 riotles tiii!)lacetl at \.allie llax.i~ro, the 
.or111 ;:3;: 

cos ( X : ! / )  sin (ky )  s i ~ ~ h  : k  (.r - .r ,,,,, I ]  
:I = .Aii . CV = .40 . ( 1 1  

cosh [ X :  (z - .L.,,,,,)] cos1i2 [X: ( . I ,  - ,rrnal ~j 
7;-itli the :. asi i  tiirectetl torvarti the laser hcani (lorigitudirial dirrc.t io~i  j :  the J. ;iriq lyi~ig ill 
the target plane (trn~lix-ersal direction); :I.,,,,, - tllc coordinate of tile point i ~ i  ~~:llicli d~iiiit!. is 
~nas i inum at t z 0 . 0 6  I]?. L,=>ii/A - the perturbation wave nurriber. 

b, Peri~irbatiotls nt thc- rr:nr side of the  target 

rrorn tlle ye?- i ) r~ in~i i r lg  of the calculations the perturlntions wr1.r i~ltroiluceii I,y setting tile, 

(iis~~lacenlent of rncili ~ ~ o c l t ~ ~  c.xpressed 11y (1) \vitll z,,,,,=O: wli id~  c~rre+ljo~icls 10 the coorc l i i~~t i~  
of tlie rear side of tlie target. 

2 .  Linear stage Rayleigh-Taylor instability growt 11 rates 
. - 

o tlrterrni~ic iric~l.enle~ir we tracked tlie computatiol~s of the pertl~riratio~i a ~ i ~ p l i t u d e  -4 at 
tlie i~iterface betn-eerl tlie ~io~ievaporatcd targct allcl laser corona. The i11tcrfac.t~ i i  t<ii;e~i as tile 

\lore ~nlori~iat~on - Lnlarl Ieo-70G~@spd.vniief.ru 



sllrfa.ce where ii; rli,isi1nu111. Tile rnajor arnourrt of c o i n l ~ l ~ t a t i o ~ l s  n.3. rlirr on tlic. grid with 
40 cells per p e r t ~ i r l ) , i t i o ~ ~  ~va\ .e l t~~igt l l  anti 120 cell. per t h r  platf' ileptli l111jfc)r1111\. spaced. 

For long wa1.e ~ ) e r t u r b a t i o ~ l s  (.\ > 15 prr?) applieci t o  rear iicle tlie gro~vtli-rdtes o l~ ta ined  
from 2D computationq are actuall!. tlie same as those for tllc iii;tahilit>. in t l ~ e  case of pertur- 
bations applied to  the  ahlation front. For tlie rvayc lerrgtll .!=l ,urn. ~ ~ e r t u r b a t i o ~ i  incremellts 
applied t o  tlie r rar  >id? are consicIeral~l>. lower t1ia11 tlrose for .\=1.1 and 0 . 9  iri 11robleni ( a )  
and n o  pe r t i~ i rha t io~~  growth was observed for .!=0.3 p111 i11 ~j roble~r i  (11). 

Generally the  pertur1)ation instaljilit>. problem for tlie ahlatio11 front can he  characterized 
7 &7""3~ v,gc-l 

by three d i ~ n e ~ l s i o n l e s ~  kl. 7 = -- 
P l c ?  C S 

. Tllr f i ~ t  characterizes the  ratio 
, / 2 k  
V "  

of t h e  prohleril i~lcrciiierit r to tlie classical one. the  second representi; tile r a ~ i o  of tlic shell 
thickness 2, t o  the  ~val-e length a11tl tlie third is the  ratio of tlie gra\-itatiniial energy flow a t  
t h e  target surface to  the lieat flow in l a m  corona ( I ~ I  - shell mass. p:  - cllaracteristic density 
a t  t he  abla t io~l  front. c, - souilti ir)ccd i i ~  tlie laber corolial. Tliercfore tliis dimcnsioriless 
increment must be  tile f11nctio11 of two rer~lairliiig parar11etrl.s. T ~ l i a b e  [.1] gives this function in 
the  following form: 

where a <  1. b> 0 are sonle collstailts 

However it is clear t ha t  for k l  i O  ~ v c   nui it 1ial.e an i~irreirlelit ma tch i~ lg  the  classical one, i.e. 
a must  be  a fuiictio~i X. such that  n ( X . 1  -0)+1. For large wal-ele~lgths the  lo~lgitudinal velocity 
in t h e  nonvaporized par t  is actually t h e  same  ~ l i rough  tile t a r g ~ i  thicknecs. however for large 
kA t h e  longitudinal veloci t~ .  tiecreases with the  growth of tllc t l ista~lce from the  ablation front. 
If this decrease is assu111ed to  follon. t he  same law as for i~lcompressible fluid f -  exp  ( - k . ~ ) ) ,  
then t h e  following espress io~l  can he obtained for n ( k 1 ) :  

Then the  espressiori for t he  i ~ i c r e ~ l l e ~ l t  will take the  form: 

T h e  Figure 1 shows the  cur\-es (4) wit11 b = l  and our c o ~ i l ~ u t a t i o ~ i a l  rcslilts together with 
those frorn [ 3 ] .  The  anal>.sis shows that  t he  major cliffere~ice irl t he  perturbatioiis growth ra te  
pat tern  in prol~lems ( a )  and (12)  is clue to  the  fact that  in problem (13) Richtmyer-Meslikov 
instability is i ~ n p o r t a n t .  111 fact for yer t i i r l~at io~ls  in problem ( a )  the  initial nlaterial velocity 
is zero and the  ablation front perturbation results in the i-ortex heliintl the  front where the  
velocity progressi\-ely grows. This vortex is responsible for tlie Illass flow along the  target and 
increase iri the  front p e r t u r l ~ a t i o ~ ~  a ~ n ~ ~ l i t u d e .  111 l)rol)le~ll (11'1. when the  sliocli Tvave arrives 
t o  t h e  rear cicle of tlie target.  the  pert~irl jations generate I ~ o t l ~  tra~isx-ersal and lorigitudinal 
velocities thus tra~lsversal  \.elocity coniponent i q  i~li t ially liorlzero: 



1.igal.e l .  Uorli~aiiied ir~crclnci~t of t l r ~  insta1rilii.y Tor the ~,rl.tl~rhation> ,il)!,lic,l to tllil sl~larioil lront 
i r ~ t l  rcal sille oi' tile target. 

0 0 

n s  
07 

0 h 

O 5 

L ii -I 

1 I t ?  ! ) e r t u r l ~ ~ i t i c , r ~ ~  are tra!lifctrred to  t l ~ c  ablation frorlt (in tlic phase opposite to that  of prol~l ( ,m 
1 a )  i a~ l t l  evo11.c iii the Ralci.;l~-Taylor instaljility ~ u o d e .  

Ill-._. I ' I '  , ' ( ' , ' ( - 'i- 

- '1 - 
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C ' o ~ i l ~ ~ a r i s o ~ ~  of t he  ?D distributions of tral~sversal velocity of \.ortices (see Figure L' a~ i t i  
]jay at t e ~ l t i o ~ ?  to  rcdlr difference) s h o \ ~ ~ s  that  for t he  p ro l~ lem ( h )  wit11 p e r t i ~ r \ ) a t i o ~ ~  ~\.n\.ele~lgth 
.1=1 ,i~n tlie \.ortex velocity at t=0.08 11s is order of 14' ~ ~ ( 0 . l t 0 . 2 ' 1 . 1 0 '  c q / s  ~vliicli is al~iiost  
onc order of ~ i l a g ~ i i t u d e  higher tliari the  vortex velocity ill prohlcrn [ a )  a t  + a m r  m o ~ n r n t  for 
tlie 5liorter pertllrljatiorl wave length ;\=0.!) pm. Moreover we sal\- tha t  tile c l i>t r i l~~i t io~ls  of 
~ ra i~s \ . e r sa l  ~.elocit>.  are tirformetl due  to  vortex dccay into s~na l l e r  s i ~ e  vortic.e.. .iliri for 1110 

prohleril ( h )  tliis sliaprs clistortio~i is Inore significalit. T h c  llolizero illit i,iI X-0rti.x veloc:it>- Iciiti, 

fi'ig~~i'e 2 .  ?D d i s t r i i ~ ~ ~ t i o ~ ~  of the t,ransve~.sal c o i n p o ~ ~ e ~ i t  of vclocity bv!iind a l ~ l a ~ i o n  front a t  targct 
rsar side at  time t=0.0"11- i l l  cnlrulat.iort for prol~le~n ( a )  (1;,,,,=1.95.10' cln '5) \ r . i t l ~  j ~ e ~ t i ~ ~ l ) d t i o i i  
v.a\-eierlgt 1 1  .1=17.9 /cm aiicl fcir problen~ (h )  (I/,,,=l . R G .  10%1rl/s) with 1)el.tilrl);it io~i \~:avelix~~gtii . \= l  .0 
p ~ i i . .  C'o~itollr levels are (-0 .0 .  -0.75, 0 . 5 ,  -0.25, 0,  0.25, 0.5. 0.75, 0.9)I/, ,,,,. 

,, -Q- - Daisy - 

t , )  t he  formatioil of two ilr~aller vortices very soon i.e. t o  the  ge r~e ra t io~ l  of t11c. seco~ld  harlnonic.. 
I h u i  i n  I ) r o l ) l e ~ ~ ~  ( 1 1 )  t he  ellergy is transported from t h c  first to the  scco~iil Iiarmoriics fro111 the  
ver!. beqi~iniiig. t ha t  tlccreaqes the  effective increnients of tlic interface a~np l i t  11dei;. Silici. t h r  

inteniit!. of tllr secoliti 1lar:nonic generation is proportional to - k ( l  19' 1 tlie tr1.n: ( I 'Y I. 
\ 3 
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in El~lcrian equation), it ,  is ol)viol~s that, the sl~orter the perturbatior~ wave le~1g1,li is, the more 
i ~ n l ~ o r t a n t  is the role the sccolld har~nor~ic .  We believe this factor just provides the above 
~ l l e ~ ~ t i o l i r d  differel~ce iri the behavior of t l ~ e  increments in problems (a)  ancl (h ) .  

3. Nonlinear interaction of modes 

'I'o study the iriteraction of ~riodes we chose the perturbation with the wavelengths ;2=10 p m  and 
A=2 pm. The wave numbers b of these pertllrba1,ions are on differerit sides from I;* for which 
thc inaxinium incrc~ncnts arc acllievetl. This is co~lvenient in terms of consistency between the 
growth rates of perturhatio~l for selected modes to  rnalie tllern move syncllronously tlirougl~ 
the linear and nonlinear stages. According to ( l ) ,  for !\=l0 p m  (kA ~ 3 )  the perturbations 
applied t o  the rear sidc decrease towards tllc ablation front lnucli Inore slowly than for h = 2  
p111 (bA ~ 1 5 ) .  Tllcrcfore the mass involved in the motion i11 the transversal direction differs 
greatly for these (,WO cases. 

So one can expect that when the perturbation is transferred by thc rarefaction wave to 
the ablation front, the transversal perturbation velocity will be much higher for A=10 p m  
than for h = 2  prn. T11e transversal velocitj~ of the perturbation at  the ablation front is just 
responsible for the behavior of higher harmonics in problems (a)  and (b)  for A=l0 pm.  The 
same circ~mistance should lead to the diffcre~lce in the evolution pattern of perturbations in 
two mocle problem. We will ilhlstrate our considerations as follows. 

For tlie infi~litely thin plate, the perturhatior~s containing two modes with rioIizero tra~isver- 
sal velocity have, according to [S], the form: 

-4 1 .1 ( E ,  t )  = - 17,t + I )  cos I;( + 4   COS^^ r 5 i  + cos r s t )  COS 5 4  + (5) 
2 L 

P 5  ( S  t - sir  t )  S + - ( i  I - sill Tsl) cos 5b( 
2 2 

A, As 
y ( E ,  t )  = E - - (cosh r l t  - cos r l t )  sin k( - - (cosh r 5 t  - COS r 5 t )  six1 5k[ - (6) 2 2 

wl~ere ill and A5 are the initial pertrlrhation amplitudes for tlie modes with A=10 p m  and 
1\=2 pm,  respectively and P I=K/ r l .  Ps=l.;/ra where Vl and 1,; are tlie transversal velocities 
of respective modes. 

To study the interaction of modes, we choose the i~iitial amplitude of the first harmonic, 
with somcwllat lower increment, to  be greater anti of the other sign as co~npared with the  initial 
arriplitude of tl~t: fifth liarmonic: /Ilk ~ 0 . 1 3  and 5bA5 E-0.1. Thus the fifth llarmoriic evo lv i~~g  
from the perturbation with the wavelength A=10 p m  will be on one hand in the counter phase 
relative to  the initial perturbatio11 with i\=2 p m  and on tlle other hand their amplitudes in 
the linear stage will he co~nparable. This would allow to avoid too early jet formation i11 the 
short wave mode and to t,rack t.hc: rnoties ir~teraction for a longer time. 1x1 prol~lem (a) the 
transversal velocity of perturbation does not exist. Fig. 3 (left side) presents the shape of plate 
given by forniulas (5),  (6) at r1t=2.2 wlien (5) ,  (6) are still single-valued (do riot form a loop). 
In problcrn (b)  we can evaluate the value of G< as follows. When the sl~ocli wave arrives to  the 
rear side of the target, the ll~axirnurn value of the transversal velocity is = I c .  Ali where 

7-1 

c = D- F is tlir: sound speed behind the shock wave moving with tile velocity D. 
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Figure 3. Surface shape (left) of the infinitely thin plate in the case where no transversal velocity 
exists in the initial perturbations representing the sum of the first and fifth harmonics, and the one 
(right) obtained from 2D computation. Contour levels are (0.1, 0.25, 0.5, 0.75, 0.9)p,,,,,. 

In our problem D %107 cm/s. So that  V. ~ 1 . 7 . 1 0 ~  cm/s with y=5/3. The  values \/l,s 
from are in fact determined by the  average mass velocity along the plate wllicli is related 
to V. by V = J: V. exp (-kx) ds = 2 ( l  - exp ( - k A ) ) .  Here k is the wave number of 
the corresponding mode and A is the plate thickness. Thus we obtain the following estimate: 
li,=6.105 cm/s for A=10 p m  and &=l .2 .10s<<6 for A=2 pm.  Fig. 4 (left side) presents the 
plate shape given to moment of the  loss of single-valued pattern. By comparing Figs. 3 and 

Figure 4. Surface shape (left) of the infinitely thin plate when the initial transversal velocities 
I.71=6.105 cm/s and V2=0 representing the sum of the first and fifth harmonics, and the one (right) 
obtained from 2D computation. Contour levels are (0.1, 0.25, 0..5, 0.75, O.Q)p,,,. 

4 one can see easily the qualitative difference in the evolution of two mode perturbations for 
problems (a) and (b). 

We computed the evolution of two mode perturbations with the initial amplitudes of the 
modes mentioned above (kAl=0.13 for A=IO pm,  5kA5=-0.1 for A=2 pm)  using MIMOZA 
code. I t  is important t o  note that  the  computations were run with 1,agrangian code without 
mesh reconfiguration till the target bur11- through corresponding to the completion of compu- 
tations. 

Figures 3-4 (right sides) show 2-D density distributions for problems (a) and (b). It is seen 
that  in the nonlinear phase the plate shapes in problems (a) and (b) greatly differ while the 
d~fference pattern qualitatively agrees for the infinitely thin plate shown in the same Figures on 
the left sides. This confirms our statement that the source of difference is Richtmyer-Meshkov 
stage generating the perturbation with the  nonzero transversal velocity in problem (b). 



4. Conclusion 

1 We considered the cvo l~~t ion  of pertur1)ations of the ablation front ,tnd found that our 
cornpi~tationdl instability grows rates agree wrll with the esistlng tlleorctical cstilllatio~ls 

2. The  perturbations applied to the rear side of the target for relatively large wavc l r~igths 
(Al l \  << 1) behave similarly to the perturba.tioris a t  the ablation front. For A/i\ > 1 
the  shorter the wave length is, the faster is the decrease of the anlplitudes growtll rate 
at  the interface (and of mass flows) as compared to the perturbations at the  ablatio~l 
front. The reason of such discrcpar~cy is that when the sllock wave goes t o  rear side 
of the target the Richtmyer-Meshkov instability i r ~  problenl (h) induce tlie trarisversal 
component of velocity. The a~npli tude of this component is rather large so corivective 
nonlinearity generates the second harmonic vortices and the increment becomes sniallrr. 

3. The  computations were run for the evoli~tior~ of two- node perturbations wit11 the wave 
lengths A=10  p m  and A=2 pm. The MIMOZA code allows to track the interactiol~ of 
modes in the deep non1inea.r phase. It is indicated that the interaction of two  nodes 
qualitatively differs for perturbations applied t o  the ablation front and to the rear side of 
target. It was demonstrated that the main source of this difference is Richt~nyer-hleshkov 
instability generating transversal velocity perturbations when the shock wave arrives to 
the rear side of the plate. 
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Abstract: \\.F. iubrliit t11(1 comparati \-e stlitI>. rcslilt:: or tl:c-. Ki:litm.i:r-\Ie;llko\. instal~il i ty 
t levelopn~er~t fo:. t l~c ,  t~vo- t i i~~~crrs io~i ; i l  l ~ l , i ~ ~ e .  axiall\- i ! . i~~~~r t~ t r i ca !  a:iii t111.c:'- :I i~l~i. l isio~ial  cases 
rlf the  i l~ i t ia l  c:oritact surface pcr turbat io~i  for coori!i~iatcti i \- ;~\-e Icligtl~s and amplitudes. 'l'lie 
reasons for t !;e viiriol~s r.;il ec of g rowt l~  cif tilt, 11c1 t l i l . l ~ ~ ~ t i o ~ i  art' arlal!.7rcl. 

1. Introduction 

/is IiuinerolI\ erperirnc~rt  < i i  <ir l t I  tl~eorcitical ili\-eitigatiol~. [l - 0;  lion.. aii i ~ ~ r r e a - c  ~ I I  t he  spatial 
c l i ~ n e n s i o ~ ~  of p l l e ~ l o ~ > i e ~ l a  - tilt, rrar~iitiori horn ~\\o-diIncl!.iolliIl t o  tllree-tli~nc~riiiorlal flows - is 
accompar~it:ii l,!. tl~c. a l j l ~ a r a n c ~  oC i ~ c \ c  ~ ~ l ~ ~ : . i c . ~ l !  r t f ~ c t s .  \i.l:irli arc. 1,itl:er aljserit 01. rna~iifest 
t.helnsc,l\;cs i11 a i le~r( . i .  i ~ r ~ ~ i f f ~ c ~ i c ~ r ~ t  for oli irr\a:  ior~ i : r  the lo\?-t,r - ( I ~ I ~ I I ' I I L ~ ~ I I  11~.oljlr111~. .-1rmo11g t,lle 
h y d r o d y ~ i a r ~ ~ i c  i~i;taLilitics. t Ire t l ~ ~ c c - t l i ~ n c r ~ > : o ~ r , i i  fiov.,- Yorrileil ~v!rrli iie\.c~lol)irlg tile Riclitrriyer- 
;\i(eshkov itl?tnl?ility arc, t Ilc: li.;ii: 1;r:ov:ll I I I Y  ~tll-e. f o r  t i ~ e i r  i;::rlicrit:,i! .illiu!atiol~. i t  i z  ilcc.essary 
1.0 have 11ot 0111:- a I;irge-\-olurl~c~ tlifferc:!(.i, grid. 1,111 al>o l~igl~rr -c l~~<rl i t ,v  ;~Igoritlini: for co11- 
s t ler ing violer~t c l i > c o ~ ~ t i ~ ~ ~ ~ i t i e ~  /,: ~)ar t :c l~! , : r .  tlic ~11ocl; n.a\.r>.: arid t l~e i r  irltcl.,icl.io~~s, wliich 

. . 
cc)ri~~licat ,c -~ll)-ta!: t i ;~il~.  t Iicil. cxljc~rir:lcl~tnll tii,io,~io>i ic i~i\.cy-t ~gat ions .  I r i  :iuliirriial ~ i i n u l a t i o i ~  
of tllc R ; r y ~ t : i g l ~ - ~ i ; ~ ~ . l c ~ ~ ~  i ~ l l c l  I \ ; c~ i \~n- I l c l~~ i l io l t z  i l l i t  ;i!~ilitic,i [.i - 71. it ~ v i i q  eital)liilictl illat, for 
identical iliiti,il arll!,litlitiei of l i c ~ . t ~ ~ r l ~ a t i o ~ r i  n111.1 \.:;~\eler~g:lri. the ra te  of groil:tl~ of t he  per- 
t . l~rhat ior~s  i i  liiglier i l ,  tlrr thrc t~-dimc~i is io~~al  cast, ;i\ colni)areti v;ith i h r  two-tlimcr~sional oil?, 
a l~ i l ( :  tlie procces of fornintioil of ~r~l~~llroo~i~-~l~~tpc(! .str.llctllrec !j~.oceetic r lo \vc~.  Tlie similar 
r(:s111ts for t11f' Ric.I i t r~lycr-lfe~lik(~~: i:r\tal)ilit> I V I ~ I Y ,  o l ~ t , i i ~ ~ e i l  e x l ~ t ~ r i ~ i ~ e ~ i t ~  L?;. 111 t l ~ i s  (.0111iec- 
t i o ~ i ,  there  arise t x o  categcjry c i i '  rli~e,!io~i.: a><ociLitec!. i < r c t .  n i t \ )  .tur!ying 1111ysic .il rnechariisms 
tha t  lead 1.0 the ohscr;.;ihle p h e ~ ~ o ~ u e r l a .  ,i!!:I. ~ecoriil. vcitli ( , i t  ; ? l ~ l i > l ~ i l ~ ~  t11(' I . C I ~ ~ I  i o i ~ ~ l ~ i l )  of tlle 
growth rat,e, for a pcrtllrhatioii arnplit~it lc~ n l ~ i l  ;I 11111rl1,er of geo~~ict r ica l  ; i r i i l  p l ~ ~ - i c a l  q11a11ti- 
ties: all amplitude arlei a lengtll of tlie l)c~i.lllrliation. it5 + l : > i ~ x ' .  the  i l d i . 1 1  ; I I I ~  :Itn:ot)d ~ i u l n b e r s ~  
tIiermodyriarnir,II propertici  of' . ~ ~ i ~ ~ t a l l c t , s .  etc.  tl!nt rails for i!.~tcri~atical ill\-eqtigations (1)otli 
t l~eorctical  a11d e-q)c~rir~~rr~t;i l  I .  

111 tliis stlicly. tie prescr~t ilre reiult. of c-oinlj~~.i\orl c < ~ l c ~ r l a t i o r ~ ~  o ~ i  the clc~~clo!~mclrI, of the: 
Hichtmycr-3Ieslikol- init ; l l , i l i t~- ft-or tilt. t \~-o- i l i r~ic~i i~ior~al  c;il.te>iari 1,a.e '01 n.i:ll I he rorreupontliug 
axially symri1c.t rical c?-lil~ilriral a~ l t l  t 11rer-ilirnc~i.io~lal \.ari<int i, i s  <in esarnl~lc, .  1:-e c l~oose  the. 
p s s a g e  of a >lioclc I\-a\-c f1.olr1 I~eliurn to  \;c:iori nrc~iliiinl at  a11 initial I)rr<\ilre c , f  O..i ntrn 011 

t he  contact l)olir~tiar!- anti tl~c, \I , icl~ iiuunl,i.r. cof .'..i. T l ~ c  slial~c. of t11c. i i~ t r r facc  l ~ c ~ t n ~ e e n  t.wo 
media befor? the  begir~l i i r i~  of tlioir irrtrrart iol~ \ ? i t 1 1  t11c. 511oc.l; v:avc hi. t l ~ c  t~vo- t l in lc~~sionai  

More info~.ri~-ttlon - 1'111aii :~I,.!II nci1111 01) I I I I ~ I ~  r l i  
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plane arid three-dirnen~jo~ial formulations of the problem are prescritecl in Fig. 1 111 the t ~ v e  

Figure 1. Fragment of tlle contact surface at an initial instant of time for tile two-din~c~lsio~lal plane 
anii three-di~ne~isioiial forinulation of the problem. 

di~nensio~ial pla~le case. an initial contact boundary was perturbeti by a 5irlusoidal Ivavc Lvitli 
an 1 er-11 amplitude a ~ i d  a 0.8 cm wavelength. In the axially symmetrical variant. the calclllated 
region represents a round-section cylinder, ill which the interface het\\-eell tn.o gases was inside 
arlti had a lo~igitudinal axially symmetrical si~iusoidal shape witli an lcm anlplitudc arid a 
0.8 fi c111 diameter. On the lateral boundary of the cylinder, set the impe11ctra11ilit~- 
conditio~is. In the three-di~nensional case, the entire plane contact houndar?. was cli\-ideti into 
identical 0.8 ~0 cm squares, in which the circles were inscribed. That part of tlie s u r f a c ~  
that o c c ~ ~ r r r d  i ~ i i d e  the i~iscribed circle was perturbed by the siniilar way as in the asiall!. 
symmetrical variant with an 1 cm amplitude, whereas the remai~iing part retained the plane 
shape. The shock wave began to interact with the contact boundar!. from tlie side of the 
maximum of the perturbation amplitude. The passage of the shock ~val-e tllrougli the interface 
bet~veen two gases will he termed further as the shock-wave refraction 011 the contact ljoundary. 
111 the plane case for the earlier-set initial conditions, an irregular refraction nit11 generation 

F~gure 2 Calculated trajectories for a number of points at the interface slnce an ~nstant of tiirie 7 = 0 
to T = 20 m k s  for the three-d~rnensional formulation of the problem. 

of the t ra~is~l l i t ted and reflected shock waves take place on the larger 11art of tlle interface. 
Tliis fact manifests itself i11 a curvilinear shape of the reflected shock wa1.e and in tlie presence 
of the 3Iach Iva\.e in tlie vicinity of the refraction point (the point on the contact hou~lclary. 
where the transmitted,reflected, and incident shock waves i ~ ~ t e r s e c t j .  The character of the 
refraction defines the cliape and position of the reflected and transmitted $hock ~va1-es. the 
special features of the flow near the contact boundary, and, in the follolving, the ti~ne arid tlie 



intensity of genrrat.rd secondary sllock waves, thc formation of local regions of elevatc~i  rid 
lowerrtl pressures, the positivc aritl ~ ~ e g a t i v e  vortit.if.ies, etc. [!l]. A sul~sl,antiai c i is t i~lct io~~ of' 
tllr axially syrnnictrical and tltree-dirne~isional variants froin the plarie one is tlic presence of 
.~dditional flows I~ryorld the fronts of transrr~it t . 4  and reflected ~hocl i  waves caused 133; largcr 
,3patial din~rtlsioii or tllc problem. The iilteraction between flows l~eyond the tra~ismit,t.rd sllock 
bvavc in the  symmetry axis leads t o  the appearance of the elevated-pressure regions. As a 
-result, ma.xirnu~n pressures in these regior~s turn out to be several t.irr~es higher than tliose for 
,;he two-dimensional 1da11e variant. 12s time elapses, this results in more ir~tcrise penctra.tion of 

Figure 3. Calculated interface at various instants of time (in mks for three formulation of the 
problerns under comparison: two-dirneltsional plane, two-dimensional axially symmetrical, and three- 
dimensional). In thc last case, the projections are show11 onto the planes y = 0 and y = z ,  as in Fig. 'L 
The scale of axes is given in cm. 

a heavy-weight substailcc into the light-weight one beyond the front of tlie generated secondary 
s,iock wave. As the front of this secondary shock wave goes into tlic boundary with tlie light- 
weiglit gas, the process of formation of tlie mushroom-shaped structure is accelerated, altllough 
this fact does iiot lead to  an accelerating growtll of the rnushroom heads as in the plane case. 
The transformation of tlie initial si~lusoidally perturbed contact boundary into the mus l~roo~n-  
shaped one proceeds as a result of the existence of the basic local vortex structure arising in 
the process of the refraction [ g ] .  The trajectories of the points of the interface hetween two 
media, which are realized in the process of developing the Richtmyer-Meshltov instability in the 
three-dirne~lsional case and clarify the dynamics of the deformation of the surface, are presented 
ir: Fig. 2 The oscillating character of the behavior of a number of trajectories is associated with 
a rnultiple passage of the secondary shock waves through this region. The distinction between 
t,he three-dimensiotlal and axially sy~nniet,rical variants consists in tlie accelerated rnotion of 
t l ~ e  part of the perturbation base in the direction of propagatiori of the incident shock 
wave and in the lag of neighboring axially symmetrical perturbations in the contact region. The 
dyilamics of modification of the  contact boundary for all three cases is shown in Fig. 3 In the 
calculations, we used the 1131 X 75 and 800 X 75 grids for the corresponding two-dimensional 
variants and 800 X 75 X 75 grid for the three-dimensional variant. As a perturbation amplitude 
u:;ed below, we took a distance between the contact-boundary points that penetrated most deep 
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Figure 4. Change in perturbation atnplilltde with tirnc for three variartts under invcstigatiotr. 

into each of the gases ur~tier co~lsiderat,ion. A cliar~ge ill thc pc:rt~irhation a~npli tude wit11 ti~rie 
for three variants studied is presentcti ill Fig. 1 For these variar11,s of the irtitial fonmrlation 
of the problen~, t,he leading growill of thc I)c~rturhatio~i arr~plitude is ol~served i r i  tile axially 
syrr~~netrical and three-dimensional cases as coir~pared to the pla~ie two-dil~~ensional v a r i a ~ ~ t  
since cornpletiort of the refractioli of the  shoc:k cvavc and to co~nplction of the calcrrlations. 111 
the first 1 5  - 20 mks,  we observc~ a, Inore ac,c:elerated grocvt.l~ of the amplitude in t l ~ e  axially 
symmetrical cylindrical case as compared with the three-di~liensional case. In later i~istants of  
time, the situation is changed to the opposite, whereas the a~llplitude of the three-tiimensional 
perturbation excerds tlie cylindrical one. 
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How the Film May Control the Gas-Gas Turbulent 
Mixing Development in Shock Tube Experiments 

b1.V. Bliznetsov.  Y.A. Vlasov,  V.I. D u d i n ,  E.E. Meshkov ,  A.A.  N i k u l i ~ l ,  
V.A.  Ti l 'kunov .  A.I. Tolshmyakov  a n d  S.A. K h o l k i n  
Iluqsiail Fetiersl Xi~clear (-'triter - Instit,ute of Fxperime~ltal Physici 
P r o ~ l ~ c ~ c t  1 I i l . d  37.  1;0;100. Sarov, Nizhni Novgorod Reg.. Russia 

l .  5lioc.k-tube t 11r1)ulelit ~r~ixing: ( 7 ' : t I )  experiment.s [ l ,  2 ,  G ,  41 11a\.e t 11c i~iterface of ii~terest 
~ l e f i ~ ~ e i l  ilqjrip ! I I ~ I I  ( -  0.3 ) 1,olyrner films. Rcsearclicrs use to  make the.(: ii111ls l)?. tl~enrscl\.ei. 
1-he aiitlior> arc a\\.are uf tl~c-. two such film types: type L (used by l.l-IIE.:I' ex],er.i~ne~itz [l. .4]! 
tint1 t j y e  .\- iilseti i l l  experiments by CIZI~PECII (US)  and CEC-M (Fra~lce)  ::!I;!. ('omparativr 
~nec l~a~l ica l  stutiies :3] of these films have show11 L t y p e  film to have 3-3 tjnles lo~ver stress limit 
than the .Y-t~.~je .  and this Inay result i r ~  sig~iificallt differer~ce i11 the T.\I  grow^^ pattern for 
c~xperiments usirig differciit film types. Described below are shock tube experiments ii i  tlic setup 
ils ( l j  usilig I. anti .Y film with shadowgraph and laser sheet [4] being \~isiializatiori tech~iiques 
for T.I/ 7one. The experimental data clearly show the qualitative arltl qilantitative tiiffere~lce 
in T'\I growtll bel~nvior Letn.ee11 the two cases and also support the T.11 zonc measureme~lts as 
tleicrilled ill [l!. .-l tec1111ic~ue is descril~ed for a tiensity-varied film: this approach Ins!. pro~itic, 
l~orrlial T.\I gro\\II even f i~r  .Y film. 

2 .  Tlie esperimc~lts were performed in a shock tube using the srtulj as d c ~ c r i l ~ e d  i l l  111. The 
slloclc tulle of 120 i 40 rnirc2 cross-section with tra~lsparent side wails liatl tlle do~v~if io~v part of 
i t s  c.l~;in~iel ~natic. 1111 of ~natet l  sectioris and was stopped at the end with a plug (stiff ivdll). The 
end ci~aiiilel sectiorr wai separated with a thin film, its specific mass 3 ,10- '  g,'cm'. t l i e r c l ~  
I 1aki11g a confiller~~e~it to  be filled with helium. The remaining chaiinel space c o ~ l t a i ~ i ~ d  air at 
at tlic r ~ t ~ i l o ~ p l l ~ ~ . i ~ ,  preqsure. Tlie flow pattern i ~ r  the test section may 1-isuali7ed in two wa>.s: 

using 1:IB--11 slladotvgraphy device in optical conju~iction wit11 \-I\Fl:3 canlera: 

liere. c o ~ l s e c u t i ~ r  pllotos could be obtained at different times (as  irr :l. 61): 

a using laser sheet tccllr~iclue, wtierehy eacli experiment had one photo taken at a specified 
t i ~ i i ~  (aq in :4j 1. 

Tlie latter caqe is wlierr t,he air-filled section adjoining the interface in cluestio~i ivas also 
styjarated to  add illto it a litt,le cigarette smoke which is a laser scatterer. The initial smoke 
den~it!- was selected to ~nal te  both the scattered radiation absorptiori and secondar  scatterirlg 
i r~qig~~if icar~t .  Tlie arnoulit o l  smoke was ~neasured from experiment to esperi~llerit arid keepi~lg 
a ~proxirnately iin\-ariecl. The backligllter used was a pulsed solid-state \r-.\C;-Sd laser ~vitll t h ~  
l~~:ar~i con\-ersion to S ~ C O I I ~ I  11arr1101lic by I,i.103 crystal. The laser pro\.itled tlle output heam 
a. X = 5.32 i7,iri ar~ti - l 2  ~n J energy, and the pulse width at  half ~niiximuln of - l 6  ria. 
Ol~tically. cyiiirdrical lenies were used t o  shape the laser bean1 into a thin ( -  1 r n i i z )  shcct of 
light - l 20  rnin witif.. T I ~ I I ~ I I  produced by the lens optics, this sheet of light \?as directed along 
tile shock-t1111e clia~ir~el through the transparent stopper in the downfiow sectiorr fro111 tllc ligl~ier 



l~eliurri gas free of any impurity, anti almost urist.athctl it would rpach the  air region containi~ig 
impurities. Laser Ixam s c a t t e r i ~ ~ g  occurrcd in !.he i~rll~urity-contairiing gas, which was follo~vcd 
with a photo calriera iri the direction normally to  the laser sheet. As long as sinolte l)art,iclrs 
I~eing very sniall (0.1-1 p m )  should virtually follow the air flow, the special tlistril,11tions of 
gas with impurity (a.ir) ant1 impurity-free gas (lielium) wctre visualized sectioi~ally in the image 
planr. Based on the upper estiir~ate, !,lie snlolte ~ ~ ; ~ r t i c l e s  can follow tlie a.ir flow il l  f l l ~ c t ~ ~ a t i o n s  
of > 0.6 m m  typical dimension [6]. 

3. It, is sllo~vii in [S], that the fill11 s l io~~ld  n ~ e e t  the following rt.c-j~lircrnents for normal 7;2,f 
zone de\~ciopme~it:  (a.) it ~nr~s t .  ljtt  of adequatc~lj. low strengt,l~ ancl elasticity: ar~ti (11) sl~ow largc 
enougli 1,erturbations (rcprescr~tcd as tl~ickness variation). Conri~arati\rely, sllatiow l)llotos fro111 
I,filln and .\'-film 1;V exprr i~ncnts  [S] slio~v tlilfercnt pattcrlis. IIo\vevcr, sl~adovvgral~l~y is what 
~xovides an integrated view of '/L21 zone; a nlore c>viticnt a r ~ d  positive tlistinction b(tt\vcci~ tlie 
r 1 I M  zone patterris for the two film types can I)e ohtailled fro111 pl~otos t,alien I)y laser-she(:!, 
tcclniique (Fig. I ) .  

Figure I.  "Laser sheet" experimental observations: (a) L-film, (b) X-film. 

Fig. l a  contains tlie image of TM zone for the  experiment using L film (at  the time 810 ps) ,  
and Fig. l11 presc,nts a si~nilar irnage for S-film experiment ( 2  - 850 11s). In the for~rier case, 
t l ~ e  film (I,) is broken down into smaller piecos, and thus a standard 'l'hl zone is developing 
as ohscrved in the experiments of [4]. 111 the latter, t11c. film (*l') woultl be tor11 off on the 
perimeter, bending: but it wonlti move as a single piece - al~t l  no turhr~lent mixing zolle wo111d 
be developed tlieli. There woulti be ncar the wall a strong bul~ble of helium to dcvclop a i ~ d  
move into the air. 

4 .  There were some experiments, \vherc X fi1111 rupture by incident sl~ock wave was per- 
formed with 3D perturbations specified on the gas-gas interface using a suitable t echniq~~e .  'h 
this and, the gas-separating thin film was t o  be  provided with circular tliickening bosses. Tlieir 
arrangement is sliowll in Fig. 2. The bosses had 5 mm spacing and 2.5 mm diameter, t l~e i r  
thickness variable. The thickness in test 1 was d "0.2 ps, and 6 "0.9 ps in test 2.  

Streak photos of the experirrlents are shown in Fig. 3. It can be seen from the streak pliotos, 
that the film in test1 (sec Fig. 2a) has i ~ l s ~ ~ f i c i e n t  ma.ss at  thickened points to  get broke11 by 
the incide~lt shock wave or the subsequent one reflecting from tlie stiff wall. Even at  later 
times, the fill11 can be well seen as unbroken, and tlie ThfZ develops but near the wall. What 
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Figure 2. Tailored perturbations arranged on the film surface. 

was observed by test 2 is different. The  film gets broken under the incident shock wave whose 
passage is immediately followed by the T M Z  starting to  develop. The time-dependent T.MZ 
thickness of these tests is shown in Fig. 4. TMZ in test l has a much smaller thickness, than 
in test 2. 

However,these thickness values arc yet overrated, bccausc TMZ thickness measurements are 
significa~ltly affected by the flow in the near-wall layer. 

Away from the wall, the film is either safe or broken into fairly big pieces, that  is why the 
'TMZ thickness here is markedly smaller than the measured, if a t  all. 

44.511s 
Exp. X v 1  

Figure 3. Streak photos of TMZ development with 3U disturbances a) 6=0.2pm b) 6=0.9pm. 

Thus it  has been found experimentally, that the TMZ thickness in shock-tube experiments 
being different from researcher to  researcher [l, 2, 3, 41 arises from different properties of the 
films used for gas separation. An approach is suggested, whereby 30 perturbations can be 
made on the gas-separating film. These perturbations should result in breaking the X-type 
film by an incident shock wave and the following development of a standard TMZ across the 
entire channel section. The proposed approach can provide an opportunity to: 

control within certain limits the initial perturbations spectrum at  the interface of interest; 

follow 3 0  perturbations evolution into the later stages until initial perturbations have 
been "forgotten". 
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Numerical Analysis of the Rayleigh-Taylor Instability at 
the Ablation Front 

S.V. Bondarenko and G.G. Kochemasov 
Russian Federal Nuclear Centcr - Institute of Expcriinental Pllysics 
Prospect Mira 37, 607190, Sarov, Nizll~ii Novgorod Rcg., Russia 

Abstract: The linear stability of a11 ablating plasma is investigateti as an c~igellvilluc pro11lc111 
for both flat and spllerical stationary ablation flows. We use for tlie first 1,irrle ortl~ogonalizatior~ 
scllemefor inlprovirig calculation accuracy. It  is found that calculated gro~vt l~  ratc is accilratcly 
expressed in the 'I'akabe form. Calculatcti pararl~eters i l l  this dcpentlcrlce arc (:lose t.o the 'l'akabr- 
ones for the case of pronounced spherisity of the flow. Al~lation g~.owtli rate for the flat Ilow is 
fo~rnd t o  a.gree well with the ailalytical deperldence [ l ]  for large Froude nl~rnbers a ~ ~ d  isobaric 
approxiniation for the thermal conductivity ecluation. 

1. Introduction 

Significa.nt progress has bee11 achieved recently in u~ldersta~lding linear stage of Rayleigll- Taylor 
instability development in plane foils and spherical shells under laser acceleration [ l ,  2: 31. 
Nu~ncrical methods [l] and analytical nlodels [2, 31 were developed. 'I'he paper presents ltaleigll- 
Taylor modes increment, calculat io~~s for plane foils u~ltler laser acceleration as a developrllent of 
141. U~llike [l] integration scheme with step-by-step ortliogonalizatiorl [5, 61 is used here, wllicll 
allows to increase calculation accuracy ancl extend plasma conditions range good for s iniulat io~~.  

2. Statment of the problem 

Ablation fiow in heat conduction wave was used in our prohlcm as a non-perturbed Bow. Such 
flow considered in a system of reference related to  ablation front, gas dynamics flow in a certai~l 
vicinity of the ablation front (consider it wide enough) may be thouglit of as stationary. A class 
of statior~ary ablation flows for spherical and p la~ le  geometry was found in [4]. Kayleig11-Taylor 
instability growth i ~ ~ c r c m e ~ i t s  were studied at  ablatiorl front in electron heat conductio~i wa.ve 
with the coefficient I;, = k , ~ % .  For instability iucrement calculation at  large enough transversal 
perturbation wave numbers k it turned out necessary to "extend"  ion-perturl~ed gas dyna~nics 
?low profiles in cold region, where thc flow appears to  he sigriifica~ltly limitcti spatially. p,  7',v 
profiles were analytically exterlded ill this region using flow profiles in so called "isotliern~al 
;tlmosl)here" for t l~ i s  purpose. TyI)ical no11-pertur11ed flow profiles i ~ r c  givc:n in Fig. 1. I'lalic 
:;tatioili~ry flow perturbat,ion in the systcrr~ of rcfcrence related t,o ablation front for a certaili 
gas dynamics quantity can be written i r i  the fo r~n:  

For spherical stationary flow, corrcspo~ldingly, 

More informat,ion - Email: beIkov(@otdl3.vr1iief.r11 



Figure 1. Diinrnsioiiless density p .  temperat1~1.e T and velority v profiles in plane rioii-perturbed flow. 

where h is instability irlcremerit value for p e r t u r h a t i o ~ ~  wit11 xva1.e n l ~ m h e r  k (or  i ~ i d e x  l) .  

T h e  set of equations tiescril)i~lg gas t i? .namic~ clllalltities perturbatior~.c is ob ta i~ ied  by gas 
dynamics ecluatio~is Iiilearizatioii. Liliearizatiori xvas coriducteti ill [l] for the  case of spherical 
flow geometry ( t h e  set of ~ q u a t i o r ~ ~  is similar for plane f l o ~ ) .  

T h e  co~lditiori allo~ving to f i~id  thc  i~icre i i le~i t  .\ value for a gi1.en k (o r  l )  is tha t  perturbations 
vanish wi t l~draxi l ig  the  ablation front. 11% follo\v tile results of [A] i r i  settirig up selfconsistent 
per turbat io~i  p rob le~n .  

T h e  set of equatiorls describi~ip ~)er turbat io l ls  i a system of ordi11ar)- differe~lce ecluations of 
t h e  5-th order containi~ig noii-Perturbed gas 4 - ~ l a r n i c s  quarltities profiles and tlieir derivatives 
along t h e  di r rc t io~i  of non-homog~rieity as coefficie~lts. The  s?.stcm was i~itegratccl ~lumerically.  
T h e  procedure of ho~l l idary  co~itiitions s e t t i ~ ~ g - u p  uieti here was c1e:cribed in ;-l] in sufficient 
detail. T h e  co~ldit ion of .l determi~la t ion for a given k (or 1 )  is the  co1itlitio11 ( 5 )  of sewing 
together integral curves ~ n e e t i n g  l ~ o ~ u i d a r y  coilclition.; i11 iornc intermediate flo~v point z* (we 
chose ablatiori front as t he  po i~ l t  .i,': .t.' = .r., !: 

where t h e  superscript in hrackets shoa-s the  nurrll~er of integral curve t o  wliicli t he  colurnn of 
gas dynamics qua~i t i t ies  perturbatiorl values is a t t r ih~ l t rd .  



3. Integration methods for the set of equations for perturbations 

In thc process of numerical integration of the set. of equatio~is for per t~~rbat ions difficulties occur, 
connected to the loss of one (or IYIO~-e) sol~itior~s due to  t.lre existence or fast growing sol~~l . ior~s,  
both ill cold flow region ( to  the left from ablation front, see Fig. 1 ,  i.e. at n. < n.,,) anci in 
lrot p las~na  cororiit region (Z 2 :c,,). 'I'he way to avoid losing onc of the two solutions wliile 
nu~nerically integrating the sys te~n  in colt1 region is described ill [l]. It implies in separating 
a rnode, corresponding to heat conductio11. which has t ~ v o  orders larger growth factor, and 
integrating the reduced system. Similar difficulties occur while integrating i r i  hot corona r e g i o ~ ~  
as well , at sulliciently stccp profile fror~t,s of gas dyt~a~il ics  cluant,it,ies of non-l)erturl)ed IloxV 
near ablation front. I11 order not to lose all three linear independent solutions a t  riu~ncrical 
iritcgratio~l in this regiori the scheme with step-by-step ortl~ogorlalization was used. It means, 
Schmitlt orthogo~lalization of three c>iger~vectors was co~lductcd a.fter each numerical inf.egration 
,step. hloriographs [5, 61 give systematic prescntatio11 of ortllogo~lalizatio~~ ~lletliods al)plicatiol~ 
Tor n ~ ~ ~ n c r i c a l  analysis of gas dynamics stability proble~ns. Step-by-step orthogo~lalizatior~ allows 
:lot to lose all three linear independent so lu t io~~s  while integrating frorri corona hot sonic poirit 
o ablation frolrt. It is easily s c e ~ ~  that application of integration scheme with orthogo~ializatiot~ 
;n the situation wllc:r~ no solution is lost leatis t o  substitut,ion of three COIIIIIIIIS of cietermiriarit 
( ( 1 )  by their Iil~car co~nbinatiori, \vliich does not result in determinant, zero crccp. 

Since nor~-~jer tur l~cd flow profiles were also fo111id - by nu1neric:al integratioli of the sct, of 
equations: the val~~cls of no11-pert~lrbed quantities 6, Go, To a~rti  their derivat,ives hetwcen discrete 
~'oints of non-perturbed syst.rm werc determined by linear intcrpolat,ion. 

4. Calculation results and discussion 

Typical ablat.iori instability ilicre~iient dispersion curvc /\(I;) for the casc of electron heat cond~lc- 
tion calculated for plane geometry is show11 in Fig. 2. Ahlation flow irl this casc is cllaractc,rized 
1)y density ratio /?;, = E 70 (where p, is IIOII-pert11rl)eti flow density a t  ablatior~ front, ps is ,, . 
density itt llot sonic point). The figurc also shows a1)proxi~nation of tlie calculated curve hy the 
lor~nula 

A = a& - /j!i 

~,rol)ose(I i l l  [l] for functior1a.1 represeritatior~ of numerical results on instaI)ilit,v incrc>r~le~~ts  in 
spherical flow geometry. Analytical depei~del~cies for Rayleiglr-Taylor instabilit~r i~lcrcrr~ents in 
sorne simplifying assrrrnptions were obtained for the case of plane ablation flow i l l  a numljer of 
1.1apers. 'I'llus, the expression for A(k)  {vas ohtainctl in [2] in tlie assr~tr~pt,ion of isoharic charactcr 

of noli-perturbed flow ant1 for large values of the f ioude nlnnber F1=4.1, where L. = Gm- I 

i:j typical lerigtli scale on ablation front in this p r o b l e ~ ~ l  (for calculatiori presented in Fig. 2 
F ' r d . 1 ) .  Analytical tiependencc of tlir, form 

was obtained for 11. The formula for instability increment of plane ablation flow was also 
obtained i11 [S]: 
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-0- dcpcndcnce (3) 

Figure 2. Raleigh-Taylor instability increments normalized to the classical increment as functions of 
k1I2 for pa/ps=70. The dependencies (3) and (4) as well as approximation (2) with ~ 1 ~ 0 . 8 2 5  and 
113=2.11 are also shown. 
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Figure 3. Calculated curves of instability increments of spherical ablation flow for different effective 
acceleration normalized to classical Raleigh-Taylor instability increments. Dashed lines show corre- 
sponding increment values determined by the formula (3). 
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w11c-re 1.o is tllc ratio of tlensitics oil i iblatio~l front ant1 i l l  1101. cororla a t  l,11c distaric.ct of l /2k 
from a l ) l a t i o ~ ~  front, do = l + kL,,: \vherc I,, = is ty l~ical  l eng t l~  scale a.t al)latio~l f ro l~ t ,  .' I'ii?", 

A.0 ~~i xLL = i is heat cond~~c t io r i  coctficieni. 

Alialytical depe~itlencics ( O ) ,  (4), are  also s h o ~ v ~ i  ill Fig. 2. 'l'l~ese depc~itiencics arc, ~ l o r ~ l l a l -  
- 1  

ized t o  classical ilicrc~ncllt and plottrcl as flu~ctions of I ;? .  'l'lie quantity r u  (scc fol-rnula ( 4 ) )  
was citlculated using 11011-perturbed density profile (it should be  notetl tliai, ~ I I C ~ ~ I I I P I I ~  vall~cs 
calcr~lated using  lie for~riula ( 3 )  dcl)end sf.rongly or1 tile t l istai~cc I)ct\vc:c~11 ir~it ial  intcgratiorr 
po i~ l t  and al)latioli front while calc~ilat,irig r u ) .  

In tlle case of al~latioll  flow sl)lic~l-ic.al geoiuet.rv oIle 111or(> I ) ~ I I . ~ I I I I C ~ C I .  of tlie d imcr~sior~ of 
length is prcsc~it  in t Irt: c :cl~~ai, io~~s t l e sc r ib i~~g  nor~-l)c~rt,rrrl)c:ti s1,atioriary flo~v, ~ ~ a ~ r ~ c x l j , :  typicitl 
region radius (for example; sonic ~ ) o i i ~ t  rirtiiiis r,) .  l'llercforc.; tlic disl)c~rsior~ ciirvcs set turns  orit, 
t,o b e  two-para~netric.  I t  is cori\c.rric~rlt t o  i ~ s c  charactcrist.ic: I c ~ i g t l ~  sc ;~le  of the  plane ~ ) r o l ) l ( - ~ r ~  

2 

.I., = L for t he  I I U ~ I I O S ~  of 111111icricaI r ~ s i l l t s  col r ipar iso~~.  Tyljical l c ~ ~ g t l ~ s  raf,io is = y. I,ct, 

us f i~ id  also, followi~ig [l], ~ ) c ~ t ~ ~ r l ) a t i o ~ ~  wa\.c, 11rrr11l)c~r Tor sl)licrical ~ ) ~ . o l ) l c ~ ~ n  X. = /IT,,. A t  f i r c ~ l  
dellsit)- ri~i,io ill stat ioriirry spllorical al~latiori flow i l ~ c  scxt, or tlispc:rsio~i curves is d c t c ~ ~ r n i ~ ~ c ~ t l  
t l ~ o  orrly p a r a ~ ~ ~ c ~ t t r r .  I)isl~r~rsioli curves .\ (X:)  for !/ = 0.25, 1 ,!I,!) for fixctl p, , / / ) ,  E !l0 arc, si~oivn 
i l l  I'ig. 3. Dispcrsiorl ci~rvt; for pla~ic. gc.or~rc.ti.y i i r r t l  allalytical t l ( ~ ~ ~ c l i t l e i ~ c c ~  (3 )  for 1 1 1 ~ .  sirmc 
p , / / ~ ,  arc  sl~owli tliere as ~vcl l .  11 is scc>r~ tlral [)lailtr al)l;~t,ioli flow I~i~yIc~igl~-'l ';rj-lor ir~st.al~ilit!; 
d is l~ers io l~  curve is tlie upper liliiiting e~ivclol)c, or 1,lie set, of spl~crical  tlispcl.sio~r curves for 

>> I for fixed p,,/p,. ('oefficic~~ts t v  a11tl 11 for al)~)rorilnat,ion of spherical a11t1 plarre numerical 
solutions hy fi~nctional dcl )cnt lc~~cy of tlie for111 (2 )  for tlic gi\.cil ratio / ) , / p ,  ~) rese r~ tcd  in ' I ' a l ~ l ~  
1, itlso derr~oi~st.l-;ltct t.I1(1 c,xistc:~~ce or l,lie nrelltio~rctl lirniti~rg c:~lvelol)e. 
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Absolut,e Equation of State Measurements of Shocked 
Liquid Deuterium up to 200 GPa (2 Mbar) 

K.S.  Budi l ' ,  L.B. Da Silva' ,  P. Cell iers l ,  G.W. Collins' ,  N.C. H o l ~ n e s ' ,  
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G. Ch iu2 ,  A.  Ng2 a n d  R. C a u b l e '  
I1.afi~re11c.c~ Li\-crii~ore Tilt io~lal 1,al)orat.ory 

T'. 0. 130s SOS. I.-1;:3. I.;\-ermore, CA 94550; TJSA 
'I.rli~-c'r.it! of Ijrilis11 ('o11111ll)ia, \lancouvrr, B. C., Canada 

Abstract: \ \ - r  prccc>r~t 1.eililts of the first, mcasuremc.r~ts of derlsit!.. shocli speed allcl 1);trticle 
ipced i ~ ;  cornpvc~.~ed lic,~!irl d c u t e r i ~ ~ m  a t  pressures in cscess of 1 \Il>ar. I\-<. h \ - c  performet1 
equat io11 of z t z t t c  i E O S j  i~~rasurernents  011 tllr prillcipal Hllgo~iiot of l i c j ~ ~ i t l  t lc~~iter i~~ri i  froni 0.2 
t o  2 1ll)ar.  \l(, c,::i;>!o. Iiig11-rcsohlfion radiograplly to si~nllltancoli~l!. nleaqilrc. tlie ci~ock anci 
p , ~ ~ t i c l c  i~jeeti. i r ~  t11v tic~i~ieiiurri, as well as to directly rrieasure thc com~~req~io l i  of t l ~ c  sainple. 
\ f e  ;ire alio , i t te :~~lj t i~ig t c ~  ~ i ~ c a s u r c  the color temperature of the sl~ocl<eil I):. Ke!. to this 
iiffort 15 111 t '  ( i ~ i v ~ l o [ ) r ~ ~ c ~ ~ t  i i ~ ~ r l  iniple~ncntatio~l of interfcro~netric nletliotis i l l  order to ca~.rf~illy 
clla~.dcic;.iic~ t i le .  !~rufi!~. , i i l i i  stcadincss of the shock and llic level of preheat i r r  tlie iarr~ples. 
I ilesc, c>s!je~.iillr~ilt- a l lu~;  115 to diff(:rentiat(.l>etween t l ~ e  accept,ed I:OS ~noilr l  f o r  D2  a~irl a IIPTY 

iiioi!cl :;.liici~ i11c1i:tIci tlic cfrf,cts o f  mol(~cu1ar ciissocia.tiori or1 the F09. 

T:.~j je~~irnc~nt~~lI>.  \erihc-(l c.cjuat,ions of state do not exist for rnariy nraterial. i l l  t l ~ c  ~nul t i - . \ I \~a~ .  
rc.gi~nc ( I I I ~ .  to t !tr i~llicl.rut ilifficulties of achieving si~cli high pl-rs~urci .  \\.liilc l i igi l  i~itr,n<itj. 
l;i<e:.s (.an :.ciiclil>- 11rotilic.e .I~oclts i r ~  this 1)ressure regime, tlle rerll~ire~~lcr1ts for a11 acc~l r i~ te  
EOC: nlt3;is~~rcnirrlt ~)!.c\c.~it for1riicia1,le tliffic~lltics for laser exl)cl-imel~t .. T11115. tllcrr 1ia1.i. ljee~i 
h.:\- 1;:-cr.-il!i\-c,:: I.:05 ~ ~ \ c ~ ) i ~ : ~ i ~ ~ i c ~ i i t . s  dcsl)ite t110 fact lliat tlle EOS i. clnli-ial for I ~ ~ . r l r o d \ ~ ~ i ~ m i c  
t i es t r i ;~ t io r~~  of i,iwr c~l lc~rirnc~rts .  11cc~racy sllffi(.ient to diffcren~iate 1jetn.ee11 \.arious EOS 
motlc~l- is eIiif~c~i!t lo olrt,ii~l for Illany reasons. 'I'lie initial c o n t l i ~ i o ~ ~  or tlic, ~ a m p l r  Iila!. lje 
tiiiiici~lt to d(ltcrr~ni~ic tlur to prr,tieat. the shock may not be spatiall!. ~~iiiforrn a11d I ~ l a ~ i a r  or i ts  
\.c.li)cjt\. III,.?- nut ],c <teaily in time. 

l l ~ c ,  PO< of il!.eirogeu ,i:ic\ its isotol)c:s a t  higlr pressurc itre crtrenre1~- i~nl~ortal i t  to tile 
l)!i>.iic. of i~igli tlc~tii!>. niatter [ l ,  21. Tlie EOS in the 1-10 Mbar reginle largely tlrterlni~les tile 
iuti,r~:al 51 ruct1u.c of .Jovian p1anc:ls [3]. In inc:rtial confinement fusioi~ ! I(':F). thc ~,erforn~ance of 

tlcuteratc-(l c a ~ ~ s ~ i l c s  is critically dependent upon shock ti~nirlg and efficicnl corn111.eqiiori \i.hicIi 
in turll :.t'l!. or1 tile L 0 5  [ ? l .  Lt'lrile several tlleoretical ~nodels of the EOS of 1l>-droge11 ha1.e 
lji.f.i! P i o I ~ o ~ e ( I .  [.i. 6. 7. S] outsta~~dir ig questions still exist, for i ~ i ~ t a n c c  tlie transitior~ from 
i! iiiatolilic to ;I ~iiorlato!:iii- Huiti. P r c v i o ~ ~ s  cxperi~l~c>i~ts  have obtaiiied data for I~vtlroqen at 
;jrc'hqllre-: cr.c>,itc.r t!:;iii 10'3 (;l'& Ily l ~ o t l ~  t ly~ ia~nic  sllock co~nl)ression anti static c.o~irprcssio~i 
I c l i ~ i i o ~  i l I I l ~ c  tc~rrlperat~ires anti densities acliieval~lr \-in s1loc.k cor i~ l~rc~s ion  
xi.? ,iircctl> apl,lii-;ll~!c\ to  l ( ' ] '  and {.lie nlosi accl~rate da.ta were ~)roilucc~ci lisi~ie light pai gulls 

[l 0. I 1 j . Tllc ;)~.o;jc>rt i c ' >  of cic'utorium shoclted to  high pressures by a I t  igh i ~ l t ~ ~ i s i t ~ .  laier lia\-e 
pre~.ic):~\l!- 1iec.11 c.x;i~nilleii. 1)11t t.11~: EOS of the l ~ ~ a t e r i a l  was not deter~nineti :12j. 



TVl~ile earl!. i ~ ~ l p e d e ~ ~ c e  match ~ ~ ~ c a s u r e m e n t s  of the EOS of 111 arid D2 \yere fo1111ti to 11c il l  

good agreenie~lt with a   no del which ~leglected dissociation, [l01 recent erperil)~i.rit> rc\.i>alrti 
iigliifica~ltly lorver temperatures than predicted for pressilres higher than '20 (;Pa []l;. .l rlcw 
model that i~lcorporatei tlie effect of dissociation of the i~iolecular f uid lrai forr~iulatril 111. 
It is based on tlir ideal mixing of rnolecular and mor~atomic mctallic li>.tll.oSell state5 arid 
i ~ ~ c l u t l e ~  a ~ i ~ l g l e  ac!ji~iinl)le parameter. 'This modcl predicts that ticutel.il~lli is significalltl>. 
more compressible in the 20-1000 GPa regime, predicting 50% density that ca1cul;ltecl fro111 tile 
p re~ious  model and the D? table in the widely-used Sesame EOS librar?- :13]. 

2. Experirriental design 

2.1. Shock  compress ion  of m a t e r i a l s  

ihock cornpressio~~ utilizeing a single shock drives a fluid to a point on tlie 111.iricipa1 Hr~po~liot.  
The Hugo~iiot is tlie locus of all final states of pressure, energy arid de~isity that can 1)e acliie\.ecl 
Sehi~ld a single shock wave passing tllrougll a material from an initial state. The iliock speed 

particle speed 1,. the pressure P ,  and final density p are related \JY 

where p, is the initial densti?; P, is the initial pressure and p / p ,  is the coiiipre~sior~ [13]. These 
l.elations reql~ire that trvo independent parameters be measured to  obtain all a1)solutc data 
point. 

In tliese experiments. liquid deuterium was compressed by a laser-driven ~llocli m1.e launclied 
fro111 ari alurniiiun~ pusher. High resolutio~l streaked radiographs of the a l u ~ n i ~ i i ~ m - D ?  i~itcrface 
rvere obtai~iecl ~vhich allow direct measure~nerit of the shock speed i11 tlie deuteriuiii. the ])article 
speecl ( . l 1  speed). anti compression, which yields the densit). provided the initial density 
is ~ e l l - l i n o \ v ~ ~ .  

2.2. Experimental configurat ion 

Tlie experimental coiifigl~ration is illustrated in Figure 1. Figure l a  sliorvs the cryogenic cell 

(a) Nova Dnve Beam (b) 

Figure 1. (a) Diagram of the  cryogenic cell used in the experiment. (b) Experimental layout for t h r  
deuterium EOS rneasurerne~lt. 

used to corltai~l the  liquid D2. The cell was a cylinder 450 pIn lo~ig by 1 nim i11 diameter 



~ ~ i a c l i i ~ ~ c ~ i !  i l l 1  o -olic! c-ol)per I)l~cIi. .l solid ;11~1lnini~in 11us11el -c~c:lcti on(, <.l!ii <,I' tlic c.el l .  
P1151ic;. ~llicl;~~e.ies of 100. 180 alld 250 p m  were l~secl for variol~s es ! )c r i~r~r r~ tz .  I1.c. sii!e of !!)c 
al!t~nii:!lm estrr1:al to the i.oll was coat,c-d wif,l~ 15 to 25 /l111 of poly<!> rerlc di:tl a 100 I I ! . ~  i;l>-er of 
dl111i1i1111rii. TIIC .l1 ol.rrcoat prevents direct laser shine through the ~ ~ l a i t i c  anti t lie poI!.styl.eiie 
al~lator preve~lteti direct laser ablation of thc A1 puslier. The lorv Z ~iiatcriiil n ~ i l ~ i ~ n i z r .  .;-].a\. 
e ~ n j ~ , i o ~ ~  a ~ i d  con.~ecluri~t p rehea t i~~g  of the pusher from x rays protiucc~ti i ~ i  the ablatol. ~jlasr~ia. 
.\ ,300 dia~neter  ~int lon:  was drilled into each side of the cell arlti cealed ; ~ i t h  a > jirln tliicli 
ljerylliu~n foil to allow tlie bacltlighter X rays to transmit through tilt, ccll. 

Tlie ccll Ivas loaded \ ~ i t h  liquid D2 (99.98% pure co~~tainilig 3357 .]=l 1no1ec1rlc.c at 11-1.4- 
l 9 . S  I< jmoliitoreti to within 0.05 I<) and thcn pressurized to a l;n. hur~tlrctl .l-orr. T l ~ c  D 2  
i i c ~ ~ i ~ i ~ ~ ! .  n.ac detcrrllineti from the  saturation curve [l51 and was tyl~ically 0.171 g ic.111'. 'I lip 
initial de~isity p, lvas l<nowri for each rxperiment wit11 all uncertairlty of Ices that 0.1:;. 

The targets nere directly-driven 11y one hrarri of tlie Nova laser at X = 527 p111 as ill~istratc(i 
in Figure l b .  The laser beam irradiance profile was smoothed tvitll a lti1lofor111 l ) l~asc I~latc, 
ancl focused o ~ l t o  the target i11 an elliptical spot with major a~icl minor tiiameter.: of r ~ p  t o  

900 anti 600 pill respectively, depending up or^ the focusing. Tlie laser pulse was S or 10 11s 
sciudrc and producecl intelisities i r ~  the range of 5 X 1012 to  2 X 1014 \ V i ; c n ~ ~ .  $I secoliri \;ova 
11eani \vac focl~sed onto all iron foil (10 ns at  G X 1013 W/cln2) to  ge~ierate 0 0  P\ '  s ra!.i to 
radiograph t l ~ e  sa~ l i l~ le .  I'lie l~acltlight,er was placed 12 cm away fro111 the t nrget (.ell to elimirlate 
heati~ig of the ct'll and to protluce a near-collimated x-ray source. The traniniittcd s rays were 
imageii L?- a Iiirli~,atricli-Brtez (I<-R) ~nicroscope onto a streak camera. T11i. I<-B usecl tn-o 
t ~ ~ ~ i g i t e ~ i : r l i e r l i i ~ ~ i ~ - c o a t e d  6-m-radi~is of cirrvature splieriral rnirrorc ~\-llicli pr.o\.ideci n l i a ~ r d ~ ~ a i i  
of 750-S 10 P\.  ~ v i t l ~  a 2.: !nr.ad collection Ilalf-angle. Tlie resolut,io~~ of t l ~ r  I<-B ~r~icroscope lvas 
foi~ud to \JC hcrrer tlian jini ovcr n 300 plrl lield of view and it  v<as ~ ! ~ e c l  at ~~in~riificdtioni.  
of :1'3x ar:cl $ 2 7 .  :\ i trip 300 /Llri long by 5 to 30 pin wide was i ~ l i a ~ r t l  ~-liye~liIiiig ul)(x1 tile 
~ n a g ~ l i f i c a t i o ~ ~ .  

2.3. T a r g e t  charac te r iza t ion  

Si~ice the accuracy of the ~lleasurernent is critically dependent upon the initial co~lciitionb of 

tile esperi~nent ,  soIne effort was e x p e ~ ~ d e d  to characterize the shocli pla~iarit). arid stcatiinc?.: 
as \yell as the level of preheating experienced by the deuterium [16]. Figure 2 shows i~ltcrfrro- 
granis ol~tained x i th  a 100 jim thick pusher overcoated with a 20 p m  tliick polyst>.rene al~lator 
irradiatrd at two inte~isities. When thc target was at 8.5 X 10' .~~Vjcrn ' .  motion of the 
aliirnin~~~n-deuterium interface is clearly observed beginning al)prosililately 2 11s prior to  i11oi.k 
lirealiout as shoxvn in Figure 2a. A simple thcnnal expansion rnodel eqtirnates the temperature 
at this curface to he - 1000 I<. Wllen t,he intensity was reduced to - 1.3 x 10 '31~/c1n2 .  as shown 
in I'igurc ?l,, no evidence of prehcating ('I' < 400 l<) is observed. Tile secoi~dar>. i.ul.x.at ,rrc of 
the shock front is tir~e to tlie "tophat", or reentrant, design of the puslier. A l l ~ r n i ~ ~ u n ~  plasrlla 
from tile ?ides of the topl~at  nloves into the path of the drive beam duri~lg its 8 n c  clurntion. 
effectivel~. reducing tlie drix.e laser intensity at  the outer peri~netel. of tlie a l ~ u l i i ~ i ~ ~ ~ n ,  ~lowing 
dow11 the sliock considerably at  the edges of the target. The shock in either case is ohser\.ed to  
1,e planar and uniform t o  within 2.5 p m  over the central 350 p m  of tlie target. quite adequate 
for these m~asurerne~its .  
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Figure 2. (;L) Ir~terfcrogra~n o11t;lincd from ;I targtJt i~ratliutotl ;it - 8.5 X 10' '\~/c1n! ((11) Int,crr(~rogram 
ol)laincati fro111 a target irradi;~t.cd at - 1.5 X l~'.'\l'/crrl'. 

3. Experiwental results 

011c.c tlrc. issuc of prolic.itt a ~ ~ t l  slioc.lc plar~;lrit?; hiid 11t~e1i i ~ d d r ( ~ s s ~ d ,  s t r<~i~ki~d  radiograpliy of 1.11~ 

dccrt.eri~~~l~-lillctl (.ells was utilized to rncxasllrcx t,lrr slioc.l< s l ) c ~ ~ l ,  ~)articl(, s i~ecd,  arid com1)ression 
of tlic niatcrial. A rel)rcsc,rllat,i\-e ratliogral)li is s l ~ o n ~ r  ill I'ig~rrc. :l. IIcrct a tlri1.c il.ra.dialicc of  

F~gure 3.  St,reaked radiograpl~ of tilt, iilumin~l~rt-de~~i,c>riurri i~~tcrfacr clscd to dcter~rline t11e shock and 
partirlc speeds and the corr~prcssiol~ of the tlol~teriu~n. 

1014 \V/cm'  ovclr S 11s ~ v i ~ s  ~csccl. Bright ~.c,giolls o f  t hc  iri~age corresl)or~d to Iligli tral~srnissiorl 
of the hacltligliter X ra,ys. .+It 2 11s t , 1 1 ~  iast,s-tlri\-c>11 sliock wave crosses tilt, alu~rli~i~~rn-cle~~teriuri~ 
i l~terfi~cc i ~ n d  tlrc. ~ ~ ~ ~ s h c r  begins to Inovc at a st,eady spetrd, the ])article sl)cctl. Tlic sl~ock front 



call be semi lnovirlg thro~lgh t,lie dcltteriurrl as a tlarlc line in thc i~nagc  I)l-od~~ced I)y I)acliliglitc~r 
x rays l~eing refracted by tlre jurrlp i l l  density I)ct\veeri the sl~oclcetl and ~nshoc:lied tlcutcri~un, 
sirrlilar t o  the Schlicren tccli~liqile for tietectiilg dcnsity gradirnts. Shoclc reverberations in 
tlie 1111sh~r cause a secorltl shock to 11e launched into t . l~e D2 at  approxi~n;ttely G ns, a~i t l  the 
proj)ogat,io~i of t,lw shock front and ir~terface arc: 1,oth steady 1111til itis arrival. Only tlatn from 
the strac1j.-propqat,io~i region wcrc used il l  t,hc EOS calc~rlations. 

?'\I(: nic;~sl~red sl~ock sprr~tls a11t1 firlal (I(,i~siti('s arc S I I O W I I  io Fig~lre l a .  T h r  open sc1ilarrs 
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17igure 4.  (a) Sllock spccd versus dcr~sity. (11) f'rossurr \.crsl~s densit,).. In I~otlr plots, ol~cn diamot~ds 
reprcse~~t gas g1111 data froin Ncllis et 01. a11tl opcr~ sqnarvs wit.11 error bars arc froln this ~ncasi~remcr~l.. 

.ivith c3rror I~ars  arc. from this ~neasurc~rilcnt, ancl t,he accuracy with wl~icli tllc slol)rs of tlie 
shock iinti int,erfacc trajectories can be n~r>asured largely d(.t,errrrir~es t h ~  error bars or1 tlic, tlata. 
Hugor~iots calculated using thc Sesarrie EOS table [l.$] arid tlle new dissociatior~ nlodcl [ i l l  
arc, showrl along wit11 data  obtainc,d froni prc\~ions gas g1111 rxperilncnts [IO]. 011r data itre i l l  

good agrecmertt wit11 the gas gun rc~siilt,s at low con~prcssio~i whil(: the I~ighcr coll~pressior~ datir 
deviate siglrificai~tly frorrl t.11~ S(:sainc> ],retIict,ioi~. Tllc. tiat,a s11p110rt tlic Iliglrcr conipressiori 
predictcci l,); tl~c* dissociatiori 111odc-l and we tl~cl-eforc concl~~tie  that molcc~llar dissoc:iatiort is 
ilidcc>tl sig~lific-ant i l l  I ~ ~ d r o g e n  isotopes at  co~rll~rrssiorrs nrar 100 ( ip i~ .  I.'iplre 411 shows prc,ssllrc 
~ c ~ r s ~ l s  t l e~~s i ty  Sol- t.licsc. ~neasr~rr~lncilts. 

4. Conclusion 

\\'c I~iivc ~,rcserltctl tlic first ~ n c a s ~ ~ r c l n e r ~ t  of tlcnsii.);: sh(1~1i a ~ ~ t i  particle speeds il l  liql~iti tic~~i- 
t e r i r ~ r ~ ~  at  pl-f~ss~~rcs ra~igirlg Sro~r~  'ZT, to 2 I O (;p;r. 1:ll.rrferornc~tric. rliaracterizai ion of tllc, shock 
anti iilurnirr~r~ll pllsller sliowed that, thc laser-tlrivcn sl~oclc wave was plar~ar and that, t,hcre was 

no sigl~ilicant. ~)rc.l~eati~lg of tllc. tIentc*rium. High-rc~solutio~i~ time-resolvetl radiograplls confirln 
that t l ~ c  sho(;li is stc:iidy i l l  t i ~ n c  arlti allow for d r te rmi~~at ion  of absoli~te flugoiliot, data.. 7'1icse 
data st.rorig1y intlicatc that it tlissociati\.c trar~sition from a tliato~nic to a rnonat,omic f l t ~ i t l  siat,c 
occurs i l l  l l ~ c  tlcrit,eri~~in arid ~)rovitlc s ~ ~ p l ~ o r t  for ;I revisc,tl eqllation of statc ri~odel in this 
~~ressurc. regirnc. 
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Nonlinear Mult i~node Rayleigh-Taylor Instability 
Experiments a t  Nova 

K.S. Budil: B.A. R e m i n g t o n ,  S.V. \ \eber,  T.S. Perry and T . A .  Peyser 
Lawrence Li\.errnore Sational Lal,ora\or!- 
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Abstract: \\.e cxamirleci t 11c evo1~1tio11 of tl~c. 1i;lj.leigii- I iiylor j KT I ilist ,ilrili t!. h o n l  all initial 
mul t in locl~ l ~ c r t l ~ r b a t i o ~ l . T l l r  KT t~sprrirlierlts foc.r~ieti on the I r a l i s i t i o~~  fro111 tlic l j l~ear t o  no11- 
linear regiinei for l jrrt l ir l~atjun g r o ~ ~ t l ~  ;it ;l11 eliibcticietl. or clii.~ical. irlterfacc. 1-llr n iu l t i~node 
c x p c r i ~ n c ~ l t i  I~nvc  a t tc inpt t~t l  t o  o1)rerl.e the  proccss of b u b b l c  co t r~ j i f f i t i o r i  n.llc,rciri ~ l c ig l ibo r i i l~  
strllctrlres citllcl. c o ~ ; l i ~ i l ~ e  t o  ri ip or arc ~vasliecl cioxnstream i11 the  flow ticpenclirig up011 t l ~ c i r  
relative si;.r. 7 ilia coml,etition ii-  predicted to  reslilt ill an 171r( i.st C I I P C I I ( ~ ~  ;it late t ilnvs where 
progressi\.el>- 1;irgci. \tr.l~c-tilrei \?.ill 1)eqin to  cion~iriate tile floxv. F-spc~riiiirnti- to clat(, llavr s l ro~vr~ 
cvidc~lcc  of co~iplc(l  ~ i ~ o t l c i  arjsirlg, hut 11i11.e 1101 >.et acceleratecl tlie i~ltcrf~ici .  11~11g ct~oligll t o  
lxo(iuce t h e  ieveral ger~erations of co l~p l i~ lg  reqiiirrd for a t rue  iri\.rrse ca.catlc.. 

1. Introduction 

TIydrotiyn<i~i~ic i~>+aLili!ie> arc 1)reserlt i r ~  ljli!.~ic;iI S>-steiiis r a ~ l g i r ~ g  ~: I J I I I  ii!erti,il c.v~ifirlernent. 
fi~sioil (1('F cnp:~ilt.> to  Yuperuovae. 111 l)ii~.tic:>!ar. 111r l ~ a ~ - l ~ ~ i g l ~ - ~ ~ a ~ ~ l o r  (RI-) i r i~ ta l ) i l i ty~[ l ]  
w l l c re i~~  a Iieal.!. lll~itl i >  acceieratc~cl 11)- a ligllr fluitl. c.;irl !I? fo l~~ i t i  ~ I I  a \.arirt\- (~ i ' i i t l~ ,~ t , i ons .  1"or 
J(I13' thc  iml~lcicii~rg c,ipsulc> go(+ t l i ro~ lg l~  t ~ v o  ;)!lai.es of i~istaliilit!.. Irlitiall>-. +l;(. a l r l i i t i ~ l ~  outcl- 
surface of tlit. c;ll).ul(. i ,  IiT uri-tal~le.  L;~tc.r. iiul.irlg t!!r (i(.celc~.atiori p l~abc of tile i r i~~ i los io i~ ,  tlle 
illncr f1ic.l-lru.lier i!~tci.facc. become. ~ ~ l r > t a l > l e  I?!. Si t ropl l>  c ic is t~  srekirrg to  explaill tlre m r l y  
appraraIlce of sl~ectr.;il sigrlatirre. fro111 l i c , i i \ - ~  c lc~l~er i tc  l~rotillcetl ;it tile i.01.c of <in exploding 
star I)elie\i. t i i n l  large grou:tll of I'lT l ~ r l h l ~ l e ~  il11ii '11ikr. at co~~ipoi i t io i i  illrerfacec allows the  
heavier c-lelne~its to pe~ le t rn t e  tliro~igll the outor la>er> of tlle star nlliclr earlier tllari woilltl I)(: 
expected j l ~ s t  from 1D cspallsioli pll~.: tliffu+ion 1.3j. 

\L'c ha\-<, 1x~rfor1?ic.ti a qerici of ~'xpc.ri l i~e~lti-  to invcstiqate t l ~ e  e\.olutiorl of n~ultinlodt,pcrtur- 
bations at an RT-~~!ii talrlr~,  ernl)edderl ir;tcr.facc. . \ t  all a l~ la t io r~  frorit. the  gr.on.tli of a collectior~ 
of initial nlo(Ics call be dricri1,ccI 11j. a ~ilotle~l prol>ore<l 1,)- I l da~r  ; l ] ,  l l ie  grov;th is clividctl 
into two stage-:  i I ) a lirleiir r rg i~i ie  n.liere gro~\-t l l  i >  exl,oi;t.ntial anii i 2 )  a r~oilliiiear r cg i~no  
cliaracteri;.rtl 1 1 ~  ail ; i i>-nil~to!ic,  t.c>~litarit l,ul~l,lc 1-c,locit~.. B c c a ~ ~ s c  ;il)Iiitior~  ill st,ibilize t l ~ c  
shortest ~va\.elerlgi!l~ anti tile loriger-n.a\.elclrgtli ~noiies nia!. [lot l \a\ .(~ liartic~liarl\- large ampli- 
t l~tles,  this rnotiel. xvliicll rleglects   no tie collplirlg. reaw~ialjl!. ili.>cril~e- tllc e\.oli~tiorl of a wide, 
smooth i~l i t id l  sl)rctr11111. 

Howe\,er. in t l ir  cd<e of all ell l l~edded iiitel.face. iio1;itecI fro111 tlir iriflueiicc of a l~la t ion,  
short ~vavclrrigtl~ rrloties ( X  - 10 - 20 / ~ I I I J  groiv iti.eiilgIy ;>;. For this C H ? ? .  i $ , l ~ ~ r r  j:rowtl\ of 
longer w a v c l e ~ l g r l ~ , ~  (.an l ~ r  ciue prirnari1~- to  becciirlg \-ia ~noclr coli~iliiig rather [roll1 their initial 
aniplitudcs. tlic, tlei.('lupnle~lt (IT tl~c. r~iixilig region .Ilolll(! l ow ile~per~tie~ic.e 11l)o11 t l ~ c  i~i i t ia l  
corldit,ions [ C ] .  Tlie bl11,blc frorir penetrat ion ii gi\-en 11)- 
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i~lid tlic~f'~.ont c , ~ o l u t i o ~ ~  (.all 1 ~ .  tlcsc:riI)c,tl in ~tat is t ical  l ( . r l ~ ~ s  fro~n thc tiyl~;rriiic.s of ~ I I C  i11tli1-itluiil 
I)1111bles ~ > l ~ i s  i . \v t r l~~~l jb le  merger [G,  71. :Is the, c .o~~l , l i~~g  proceeds, l o ~ ~ g c r  anti lol1gc.r ~v;~\;clcngt 11 
structures will begin to dominate t l ~ c  flow resl~lt,ing i l l  it11 i~rzierse cascaclr. 

1.1. Experimeiltal configuration 

111 the experin~ciit ,~ dcsc:ril)ed liereill, a gold cyliiitirical 1iol1lra11111 \v;ts ntilized t,o ge~ieratcx arl 
X-ra.y tirivca t,o al)latively-accelerate t,lio sitrr~plc~ foil. 'I'lie s i r~l~ple foils corlsisted of a 40 /1111 thick 
t ~ r o ~ r ~ i ~ l a t e d  polyst yrcnc ((:[I(Ur)) ablaf or I~acked by a 15 tllicli Ti l)ayload. 'I 'l~e p e r t ~ ~ r -  
1 t i ~ t  ~ O I I  ljeing st~itlictl was ~)li~c.ed irt t l ~ c  Cl1 (t3r)-'ri interfacc an(1 (.onsisted of e i t l~cr  t lvo, ten or 
twenty cosir~c: ~ l ~ o d e s  superimposed i l l  l ~ l ~ a s e .  Thc cxl)cr.iruer~tal configl~ratiorl is illustratctl i r ~  
Figure l .  1\11 iron foil was irradiated to  gcneritt.~ Fe He-I<a x ravs ir.1. 6.7 kcV to l>acli-illu~ninate 

drive -- 
beams 

.53 

Figure l .  E;sperirnental configuration for tl~c, classical Llayleigh-Taylor inst,al~ilit,y studies. 

t l ~ e  target and tlic radiogral~lls were rccorded with n gatctl X-ra.y fralning camera [S]. Thc 
r;tdiograplis were tllen Fol~ricr-analyzetl f,o tietcr.mine perturbation aml)litude iri ln(rxposure) 
a d ( O D )  as a f~inction of tilnc, \vhr:re OD represc,~lt.s optical depth. 

2. Two mode experiments 

After co~nplction o f  a series of sil~gle-inocie csperirnents [S], wc I)ega.ri to examinc i,lrc behavior 
of an initial spectrulll of two or more ~nocles. Ir~it.ially, two readilv-resolvable initial nlotles 
( X  = 10 pm,  71, = 1 pin and X = 15 p r i .  rl, = 1 pm) wore superimposed ill phase. As 
t l ~ c  growth of the two initial ~llodcs proceeds into tllc ~ i o l ~ l i ~ ~ o a r  regirile they begin t,o couple, 
producing "heat" modcs k, !k k,,  t , l~o a.~uplit.ude of J Y I I ~ C I I  (.all 1)e written at  scco~icl order as 

where i l fL  is the spatial a~npli tude of tllc: 111odr. k, 11;td tlir growth hccri cr~t,irc~ly i11 tlic lincsar 
reginlc [g]. llcre the k,\=lo ,,,,, - X.,4,1s ,", = k,\=30 p,,, beat mode is ol~served growing up in 
tirrie. Figure 2 shows the mode amplitl~des as a S i~~~ct . io r~  of i,i~rie. corrected for the i ~ ~ s t r u m e n t  
response (modulation transfer fiinction or MT17) [10]. 'rlic growtli of (.he 10 and 15 prrl n~odes  
h;ts entered the nor~lirlear regirnc:. as evideliced by ohservatio~i of the X = 30 pry1 dowrl-coupled 
mode. 



I corrcctcd for h m  I 
' 1 ~1 ~xnca r r a t i d  
I ? -  

P , :  = 30 m 

1 -  
mode number 

12igrll.c 2. l~ol1~ic3: ~ll~rl~!it i lde i l l  l i ! l i t i  or / r ! [ e ~ ~ l ) t ~ i i l i ' l  [col llle 11'0 iiiiiial iilo(ies ( X  = 10 and 15 [ I I I I )  

aiid tlle co:il)lijtl l r ~ o t i ~  I X  = :10 /iri11 ~ I I O ~ V I I  l)otIr C O I I P C I C ( I  f u r  ilistrr~inent responie (colid I~ars)  and 
uncorrecteci I (.Ile(.kcre(1 11;i1i 1 a1 t = 4.': 11s. 

'This t e c \ l ~ l i i ~ ~ ~ r  \\:a. l l i r r ~  c~xlc~!ri!i:t\ to  Ivco r~ioi\ t>+ llolli l~elon. the. e r l~er in ientdl  rcsohlt iol~ 
( X  = 4 p111. 7 1  = 0..3 ~ : I I  a:i(i ,\ = .i jim. r, = O.:< /iris) 1!1]. Iliii ezl~rri i i ic~ii t  ;$:a. c:oiic.ri\~eti 
as th(1 analog of a 1,irge c~iltl! ~iriii11;ltioii \i.lic;.riri short ccdle I e ~ ~ ~ t l i s  arc, ire;i!etl iiitli ,I siibgrid- 
scalc model a~r t l  larger Ctrllcl!ii.r.: arc, 11111ucricaIl>- >ii l i~~l<iteil  clir.cc.tl!.. Here t!rc q~.o\vth of t.11e 
fundamental  rnotleh ivas i ~ ~ f e ~ r e t l  1))-  o l! ier~.ir~g tlse grovctl~ of tlle Iorigcl. \ v a ~ . e l e ~ l ~ t l ~  c,oupled ~lioclc, 
(X = 30 p111 1 a!: il!uitratetl i l l  P ~ ~ I I ~ c  3 .  .l . s t ro i~= X = 20 p111 i11o(le i k  01jsc~sv~(I groit-i~lg ~ I I  t ime  
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and has  reac.11i-tl arl a~i~plitrii!c. of' l i l~c :c \ -~~o~l i re ' l=  - i l iOI )  I = 0.12  a t  .i..i 11s. Tlli. correspontls 
t o  a spatial  c r ~ i l ~ l i t ~ ~ t l e  of - 1 .5  jil-ir. , i b i ~ ~ r n i i ~ y  7//11n I = [ X \ I F f  1 1 .  !!:rli On I ,  1 1  [F] I { i ' , i2) ,  ~vhc~.c> 
XhlFP ?pi11 is tire rlicarl ii,c>c 11" 11 le l~gtl i  oi'tiic~ l>ac.kligliier X-ra>.s iii u ~ r c o ~ l i ~ ~ r e i i c ~ t i  1 i. pip, - 1 
is t h e  c o ~ n p r r s i i o r ~  at  3.3 11s. a~ i t i  tlie 1lTT.' - O . i . 5  at X = 20 jirli. Pr.eliiniilar\ ca11~~1l;itioiis by 1). 
Ofer 1121 show reaioriahle agreerrie~it tvitli t hc  ol,.;er\.ations, r\ simple eitirilate of 1 . 1 1 ~  a r l~pl i tudes  
of the 4 ancl 5 p111 motle.; cnii he, iliacle using E:cquatio~i 2 xvitll tlic ohs~r\-cc1 a~lipli tucle of tlic 
X = 20 p in  TIIOCIC.  This illdieate5 tlie>- 11a1-e ri.ac11ril anl l~ l i tudes  or - :i.l ji~m each corre!.poncii~lg 
t o  i~~div idua l  g rowt l~  factor, of 10. I'lii. i. clearl!- tleep irito tile iiorlli~iear rcgimc, sirice i j  / X  0.6 
for the 5 p m  mode, alrtl - 0.S for tlle -1  j i i l s  I I I O C I ~ .  
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3. Multimode experiments 

111 an at tempt to  develop an cxl)eriiriental test for recent modal ~liodels [4, 71, we next imposed a 
ni~iltimode pattern consisting of either a ' L ~ o ~ l t i ~ i ~ ~ o l ~ s  spectrum" (Ilarrriorlics 1-1 $1, fundarr~ental 
X = 200 p114 or a discrct,c. spectrunl (harmonics 10-10, f~undamental X = 100 or 200 prri). 
P'igllrc 4 sliows tlie results from arl expcri~nerit utilizing the 20 mode cor~t inlro~~s spect,ru~n 
targct wit11 fu~ida~nental  X = 200 pm. Grorvt,h of the init,ial mode sprc:tru~n is observed. but 
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Figure 4. (a )  Radiograph of the target at t = 5.8 ns and corresponding lineout. (b) The initial design 
of the pat,t,errr is also shown for refere~icc. (c) Fourier spectrum for the initial rnulti~nodc (20 mod(.s, 
fi~nda~nental X = 200 pm)  pattern. ((l) Fourier spectru~rl from the experirr~e~~t;~l data at 1, = 5.8 ns 
shown corrected (solid bars) and unrorrccted (checkered hars) for inst,r~~rrient response. 

the dnration of the acceleration is riot long e i l o ~ ~ g l ~  to allow evolu t io~~ well into tlict nonlinear 
rcginie. .Additionally, tlie Ti layer tliickness is rnm~ch less tllari the pertl~rbation walrelengths, 
which may ilnpede tlie growth. The final spectrum is not yet dorr~inated by longer wa\,clerigth 
structures. 

4. Bubble merger experiment 

In an effort to  directly ohserve tlie conipetition between neighbori~ig bubbles in physical space 
rather t.11a.n Ehurier space, as tiiscussetl by Alon e t  al. 1131, we designed a target corisisti~lg of 
two Ilarrr~onic wavclc~~gtlis ( X  = 20 pm, 7, = 1 p m  and X = 10 pm, 7, = l p m )  superimposed 
i ~ i  phase. Note the si~nilarity of this target design and that of Sadot, et  al. for a Riclrt~riyer- 
hleshliov bubble-compctitio~i cxpcri~ricrlt done on a shock tube [14]. This corrcspo~lds t o  all 
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alternating serics of larger and ssnaller b ~ i i ~ b l e s  side-l>>--side. and tlle cizc ancl bliape of e a c l ~  

of tlie buh l~ le s  cari be  dirrctl?. o1)~ervetI. Tor rosnparisor~. each target also hacl. in separate 
ba rds ,  t h e  t ~ ~ o  rorreqpondi~ig sirlglr snotic patterl is .  Result. fro111 this esperirncnt a r e  shown 
i11 Figurc .i. B!. -l 11s tllc a n i p l i t ~ ~ t i c  of t hc  10 prn mocie ha!: begun to  tlec,rease ill t h e  I ~ u b b l e  

(a) 2-mode data (b) single-mode data 
1.0  q"" ,"" ,"" l"" l""~"" ,"" l""p  2," + " ' , , ' , " , ' , " 1 " " , " " 1 " '  , , , , , , , , , , ,  
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o C' data lineouts .- 
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distance (m) 

(d) - uncorrecbed simulation - s~mulation corrected for MTF 
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d ~ s t a n c e  ( m )  

Figure 5. ( a )  Fo~trier a~llplitudei in lrl(esposrire) corrcctccl for instri~mrnt respiiiisc for the bubble 
Inerger 'L-mode pattern. Soli(] alttl dashed c!tr\.ei arc atidecl to  guide thc rye. ( h )  Same only for the 
corresponding i-i~izle lr~oile patterns. Ple*e note the ~11pl?rfsscd 0ripi11 along tire time axis in plots (a) 
and (b).  (c) 1.irlcolits i l l  l r~ icspos~trc)  fionl the  h ~ ~ l j l ~ l e  Ineiger patterrl. i t 11  Same  for tile postprocessed 
LASNEX s i~~l!~la t ions .  

merger p a t t c r r ~  (Figure  5 a ) .  wlicreai tlic ampl i tude  of tlic 10 pm single rliotle (a  separa te  barid 
measured on tile sarne target )  is stil! increasing at  t ha t  tislle (Figure  .;!I). L i ~ i e o ~ ~ t s  from t h e  

d a t a  and  L.-\SXET [l.>] siriiulations are  s11on.n ill Figure 5c.tl. Tlie ce~ltra!. qmaller bubble 
appears to hc gi~ . ing  Lvay t o  i ts  larger ~ l c i g l ~ l ~ o r  a i  t l lr  esperilnent progrcqez.  Tlie LASNEX 
simulations 11:iguro . j t i j  before arid after crllcaririg for tlle i ~ i s t r ~ ~ m c r i t  spatial reiolutioll show 
tha t  a ra.thcr co~nplicateti  norili~lear i l~teraction coulti be occ~~r i r ig ,  most of ~ r h i c h  is c~noo thed  
ou t  by t h e  i i ~ , < t r u ~ n e ~ l t  response,. Note tlie ai~llilarity of ollr Figlire 5 wit11 Figures 3 and 4a 
of Sa.dot et  01. for their Ricl~tsli?-er-lIesllko\- bul~hle-cor l i~~et i t ior~  exper i lne~i t  [l l].  \5+ rnay be 
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seeing the initial stages of bubble co~npetition and mergcr. However, as tlie bubbles grow i r l  

our experiment their amplitudes begin t o  approach the  tb ick~~ess  of the  titanium layrr, whicl~ 
may impede the bubble competition process. 

5. Conclusion 

In an at tempt to  develop an experimerital test of the modal models developrti by I Iaa i~  [4] anti 
Ofer e t  al. 171, we have investigated the evolution of an initial perturbation consisting of two, 
ten or twenty rnodes superimposed in phase a t  an clnhedded iriterface. Because tlie interface 
is isolated from the influence of ablation, short wavelength niodes grow strongly ~naliing t.liis 
target geometry particularly well suited to  studying ~iolrli~iear mode coupling. The growth of 
two initial modes lias been studied for initial n,avelengtlis above and I)elow tlie experilner~tal 
resolution and the growth of coupled, or beat modes is observed. 'l'hc evolution of a 20-rriodc 
contjnuous spectrum was also investigated. Finally, a two-mode, 1111bblc Illerger c x p r r i n ~ e ~ ~ t ,  
was conducted in order to  observe directly the  corripetitiori between neighboring bubbles. As 
time progresses, the smaller bubble was seen to be giving way to its larger ncigl~hor. 

Acknowledgement. The authors wo~ild like to thank D. Sllvarts, U .  Alon, and U. Ofrr for Inally 
fruitful discussions and suggestions regarding this work. Tl~is wo1.1~ was prrfor~ned Ily the Lawrence 
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Use of the Pegasus Z-Pinch Machine to Study Inertial 
Instabilities in Aluminum: A Preliminary Report 

E.A. C h a n d l e r ' ,  P. E g a n l ,  K. W i n e r ' ,  J. S tokes2 ,  R.D. Ful ton2 ,  N.S.P. Kingz ,  
D.V. M o r g a n 2 ,  A.W. Obst', H. O o n a z  and D.W. O r o 2  
'Lawrerice 1,ivernlore National La.boratory 

P. 0. Box SOS, L-473: Livermore, (,:A 94550: US!\ 
'Los Ala~nos National I,ahoratory, Los Alamos, Ncw Mexico 87545, USA 

A b s t r a c t :  We liavc designrd a target to probe the use of tlie l'egasus %-Pinch rnachi~re to  
iinage inertial instabilities that  develop on cyli~ldrically-corivergent irlaterial iiiterfaccs. 'I'he 
Z-pinch is tailored so that tlie target, soft A1 1100-0, remains solid; i~istaljilit,ies and inertial 
effects arc seeded by wire inclusions of different densities. Il'c prcsent here the first i~nagcs and 
preli~ninary results froin this experiment. 

In inaterials with strength, the  development of iiicrtial instabilities is more complicated than 
in fluids; the  application of stress lcads to 110th elastic, or reversible, deforrkations] plastic 
deformations, arid fa.ilure nlarlifested as cracks, spall, and ejecta. The details of these processes 
are not ~vcll understood and remail1 the focus of ongoing rcsearcll. In a.dditio11, in solids the 
regularity of the rnatrrial can vary oil a, lrresoscopic scale, arid solid-liquid and solid-solid phasc 
transitions can change the constitutive properties of the materials. These features make the 
applicatio~i of cotltinnurn rllodels I)roble~liatic a n d  ad hot. Yet the coinpirter simulations of 
inertial instal~ilities in solids rely on such cont.inuurn lnodels. As a result, we wo111d benefit 
from an cxprrilnental platform that can capture thc tlyna~nic processes irl a macroscopic piece 
of metal. For this reason, we have cxplored using tlie Pcgasus '2-pinch machine a t  tlie Los 
Alamos Natioiial I,aboratory (1,ANL) to serve as s u c l ~  an experin~ental platform. 'Shis maclli~ie 
uses a pulscti inagrietic field to irnplodc a cylindrical liner 011 a cyliridrical t,argct; the para~lieters 
of this ~nachinc can be set so t1i;tt tlie target re~nains solid. We have desigiled a target that  
probes hot11 tlie dyrialnics of tlic resulta~it solid "flow" and also the ability of this facility to  
i1na.g~ these proc:esst:s. liave ilsed t,lle LLIVI, (:ALE code, an adaptive Lagraligearl-E~ilerim 
hydrodyriarriic code illat ;ilso has a fllll i~nplemeirta.tio~i of t l ~ e  Stciiil~erg-Guinan strength model 
[l], to design the experiirient. We have ~rtilized a ~ y s t . ~ m  of both x-ray arlti optical in~agirig 
diagnostics to  capture this flow. \\/i: include here a preliminary view of the first data  obtained. 

1. The Pegasus facility and the target design 

The Pegisus facility is capable of puttirig a peal< current of 12 11.4 or more through a conducti~ig 
cylindrical lirier in a half-sine plllsc lasting approxiinately 15 ,us. The current, rnoving axially 
in t l ~ e  target, induces a magnetic lield external to  the lirier that t.1ien forces the lirier t,o inovc 
inward radially with a high degree of ar~gular uniformity. 

111 our experiment, we used a liner matie of soft aluininurrl AI 1100-0 with r a d i ~ ~ s  2.4 crn arid 
thickness 0.04 cm. Tlie outside racli~ls of our 1,arget was at  1.5 cm. A modest current peak of 
4.6 1V.4 occurred at approxilnately 7.2.5 ,us, leading to a collisiorl of liner wit11 target a t  9.1 ,us 

wheii the liner was ~ n o v i ~ i g  a t  approxiinately 3 bmlscc .  Tlie collisioi~ launched a 30 C P n  shock 

More information - Emarl eachandler'@lll~l gov or chandler2G11111 gov 
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tliesc: ratiiograpl~s can hc compared to proshot static ir~lages. The timing was independent on 
these cameras, anti was c:liosen so that one image was talteri a t  2.6 p s  and t,wo irnages were 
taken a t  3.6 ps after liner impact,. These sources recorded exccllellt irnagcs 011 screcned film. 

There were two a.sial flasli x-ray sources; again, onc was set to take an iniage at  2.6 p s  and 
one at 3.6 ps after i~rlpact.  T l l e s ~  radiograpliic images were ~ecordcd hy ca.pt,~~ring the  liglit 
produced by the x-rays in a t l ~ i n  ( l  ~ n m , )  NaI fluor with CCD cameras. TJnfort~lriai,ely, the 
first sourcc d id~l ' t  rel~ort a siiccessfi~l image. 'fhe secontl was low in x-ray flux and the i~nage ,  
t,lio~~gli useful, is riot optimal. Finally, there were optical calrtpras rr,cording axial iniagos. .A 
ruby laser 1)acklit the Xe-filled central volunle. Filters allowed tlie i~nages of the laser only 
(sliowi~ig urisliocked Xc region). Xe self-emission orlly (sliowilig tlie shoclied regiol~), ant1 both 
regions t o  be recorcied. In addition, B-dots, a Faraday rotation fiber optic, ancl Rogowslii coils 
were used to ~llonitor Pega.sus performance. 

Unfortu~iat,ely, wt: cannot show all tlie data  in i,his li~nitcd report. A sa~nple  of tlie x-ray 
data  is shown arid discussed briefly. The  optical data, which will riot bc included here. gave 
fine i~riages of the shock wave which will provide us with timing and shape information to 
benclirnark our codes. 

Figure 3 a,b show the static and dyna~ilic image taken hy the axial x-ray at  3.6 ,us after 
impact. 'rlic preliminary irtterprcfation of tlie tlynamic x-ray is shown in 1"ig 3h. The lucite, 
dense aluminum, spa11 area, wires, anti shoclted and i~nshoclted Xe arc shown, and they are 
quite unambiguous. Between the dense AI and this inner A1 surface is a low-density AI area 
that we term "failed". We are not yet certain what the s tate  of the A1 in this region is. Also, 
extremely low density "wakes" appear to  be forriled behind the wires, and "fi~~gers" appear at  
the inner edge of tlie dense Al. Tlie identifica.tion of these features is less certai~i t,lian for the 
first group, and will be analyzed further. Tlie failed region and the fingering was unex1)ected. 

The  static and dynamic i~nages from tlie radial x-ray film that points directly a t  tlie stainless 
steel wires are shown in Fig. 3. l'hese images show the  Ta wire on the left, two steel wires 
interior, and the C11 wire on the right. T h e  dynamic image sliows tlie degree of 3-tii~nensionality 
in the system. While the celitral wire is straight, radial bending of the other non-radial vicaws 
is clearly visible. The Ta wire, which has liigliest shear ~nodulus,  sliows tlic least bending. Also 
visible are vertical density lilies, anti the outcr .-l1 area just beyorld the wires sliows dcrlsity 
variatioris that are s~~ggest ivc of liorizolital rolls. Tlie gold plating is visible iri tlie dynamic 
image, as is the liigh-density sl~ocked X e  volnmc. Clearly, the rnosl, surprising feature o f  thesr 
inlages is the clcgree of 3-dirnel~sio~~ality. 

At  this point, the quality and quantity of this data  is judged to he extremely promising. 
It will help in tlie benchmarking of both the 2-D CALE code and the new 3-D code Ares [3], 
and will play a role in the exploration of instability and flow processes in shocked solids in this 
geometry. 

Acknowledgement. This work was performed under the auspices of the U.S. Uepartmrnt of Energy 
at Lawrence Livermore National Laboratory under Co~itract No \I.'-7405-ENG-48 and at Los Alatnos 
National Laboratory under Contract No  W-7405-ENG-36. 
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Numerical Investigation of Convergent Rayleigh-Taylor 
Experiments on the Nova Laser 

C. Cherf i ls l ,  D. Galmiche ' ,  A. Richard ' ,  S.G. Glendinn ingZ a n d  B.A. R e m i n g t o n 2  
'CEA-DRIF, Centre de Limeil, 94195 Villeneuve St Georges Cedex, France 
'LLNL, P.O. Box SOS, Livermore, CA 94551, USA 

A b s t r a c t :  Experiments have been done on the Nova laser t o  investigate the effects of conver- 
gence on Rayleigh-Taylor growth. Ablatively accelerated targets were planar CH(Br)  foils or 
hemispherical CH(&) capsules with identical initial 2D or 3D perturbations. Expcrimcntal re- 
sults have already been presented [ S.G. Glendi~i~iing et al., Meas~~re~ne l i t s  of Rayleigh-Tiylor 
growth in ablatively driven converging hemispherical targets a t  Nova, APS P l a s ~ n a  Pl~ysics 
Conference, 19961, which showed the decrease of the effective wavelength of tlie perturbation 
in the converging case, and an early onset of nonlinearity in co~nparisorr to the planar case. 
We will focus here on the 2D perturbation: a sinusoidal ripple of 7 0 p m  wave1engt.h. Nu~nerical 
sirnulatio~ls using the 213 lagrangian code FC12 will be presented for tlic planar ant1 Iicmispher- 
ical targets. Classical modelilrg of Rayleigli-Taylor growth with ablative stabilizatiori will l)e 
compared t o  11ot.ll liu~nerical and experimental results. 

1. Introduction 

For Inertial Co~lfinement F~lsion (ICF),  tlie Rayleigli-Taylor (RT) instability is a rnqjor con- 
st,raint which l ~ a s  to be wcll controlleti in order to acliic\rc sufficient hydrodyna~nic: efficiency to 
reacll ignition. The lr~ain occurel~ces of the KI' instability are at the ahlatio~l front during tllc 

acceleration phase and at  the pusher-file1 interface during the deceleratiorl phase. Many experi- 
ments have ~neasured RT growth in planar geometry, and have verified the al~lative stabilization 
effect [ l ,  2, 3, 4 ,5 ] ,  but few experiments have examined the  role of convergence 16, 71. Radiation 
driven experiments have been conducted by the Lawrence Livermorc National Laboratory on 
the Nova I'aser in order to  study the effect of convergence on tlie linear and weakly nonli~lear 
growth phase of the RT instability a t  the  ablation front 181. Experi~nents are performed i l l  both 
planar and spherical geometry with face-on radiography. Corrugated spheres or planar foils 
are mounted on tlic side of a hohlraun~,  with axisyrnmetric sinusoidal perturbations facing the 
inside of the hohlraum. Several shots have been performed in the framework of a "Cornmis- 
sariat & 1'Energie Ato~nique / IJS Department of Energy" collaboration. 111 the present paper, 
we report 2D hydrodynamic simulations performed a t  CEA/DRIF using the 1,agrangian code 
FCI2. 

2. Experimental configuration 

The Nova experime~ital configuration, shown in Figure 1, has been described elsewhere [S]. 
Eiglit Nova beams are converted to X rays in a holilraum, and two other beams are used to 
backlight the sphere or foil. The targets are CII(Br) foils or CH(Ge) capsules with a 2D single 
mode sinusoidal perturba.tion ( X  = 7 0 p m ,  no = 2pm).  The levels of bromine and gerrnaniurn 
dopants are c l losc~~ so that  tile preheat shieltling is similar for both geometries. Two beams are 
used t o  irradiate a rhodiu~n disk to  create an x-ray backlightirlg source. 12 gated x-ray pinhole 

More information - Email: cl~erfils@lln~eil.cea.fr or galmictie~~2l1meil.cea.fr 
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camera images tlie foil or sphere (50 ps gating time). 

hter beam 

sphere 

1 

Gated x-ray 
~ l n h o l e  camera 

F ~ ~ I ~ I I , P  1. Schematic of the experimental gcoIrirt ry. 

3. Simulations 

S i ~ l n l l a t i ~ ~ g  t hc  expcrimirltal x-rays radiographs was a m ~ ~ l t i s t e p  process. Firqt, we eitirliatetl a 
mean radiation drivr temperature using a 3D view factor code. This cotle. incluilirig satiiativc 
tra~lsfrr ljut not l~~-drocl~-rlainics, allowed us to consider noli-axisymlnetric laser beams. On lop 

of tlie capsuic. i l l  the ailgillar dornai~i [5G0, (30'1, peak drive ten~peraturp d u e s  range hct~veeri 
l95e\. and 201 e\. (figlire 2 ) ,  and are quite similar to  the temperature ohtai~lctl xitli the X-ielv 
factor codrx i11 tlie planar configuration. The average drive temperature n-e o b t a i ~ ~ r t l  this wa!. 
is in good ag-reerne~lt xvith D a ~ l t e  measure~ner~ts  191. 

215 

21 0 

205 - p l a n a r  fal l  

200 

195 

190 
90 180 270 36 0 

POSITION d e j '  

Figure 2. Peak drive temperature a t  the surface of the hemispliere ( t  = 1.8ri8) 

The11. we used the 2D radiation hydrodynamics code FCI2 to simulate the capsule 11nploslon 
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or foil accelcrat,ion; ant1 perturbation devchopiiierlt. We checked t,lla~ FCI2 corrc~ct.ly predict,cd 
the mean flow evolution (gross llydrodynailiics) in 1mtl1 t,llr planar aiid splicrical case. For the 
plariar colifiguration, X I 2  siniula.tions arc in good agreement wit11 t,lie foil accclcratiorl data 
[g]; for tlie perturbrtl ca1)snle, a good cllcck is the \va\;clcngi,l~ evolution (sec Figure 3) .  IVc. 
liave included an overall t i ~ n e  shift of 250 11sto h i n g  tl~r,  gross 11ydrodynan1ic:s siniulatiorls illto 
agreeiileiit wit11 the experinrc~rts. If'(: are currently illvest igating tlic. sol1rc.e of this tiinc sliift. 

.. . b' 7 

~ 3 . 4  .... :*. 
I . I-*... 

"a.*, *, 
' : .'C* . ' 1 1 

X'+* 
' ' 

7 
. ~ - -.. . . . - 1' 

-I ' \  -- 1 
*. . FCl2.' t I 

\ 

m s:r)!(j :j:j~rl P:r3!;:2:e l: '~~~,:,:  

c; ; , ; , , ; f i t ! : , ! :  Pl,lna.(? ?;LA:,; , + ,  1 
LLNL cxp data T 4 

l 3 

TIME (ns) 

Figure 3. Tiiric calil~ration h~t,wecrl esl,erimcirt and sim~ilatioi~ is inadc according to wavelength 
evolution. 

Fi~ially, we used a post-processor code to silm~laf,e radiographs, talii~ig int,o accou~it thc spatial 
and time resolutiori of the  diag~~ostics. The predicted radiograpli is thcn Fo~lricr arialyzed ail1 
the same fashioii as tllo exper ime~~ta l  in1agc.s [10]. 
Rteasured ancl sirr~ulatetl growtli factors are plottcd ill 1"igure 3 for t l ~ c  fil~ldaiiiel~tal rnotlc 
and its secorid liarrnonic in thc case of tlie splierical ti~rget,. I24easurcd ones are extracted 
from I,l,Kl, experimental data  [S]. FC'12 curve is si~iiulated spatial ampli t l~de ;it t,lie perturbetl 
ablatiori frorit, whereas Sirnulatcd Pinhole results Iia\,c l)ci>ri post processed to gc.1, optical depth 
amplitudes. 'I'hey lla\.e bee11 obtai~~c\tl  froin riuliierical 1.1111s ivit,lr two distinct \.a111cs fi)r t.lie 
pi~lholc diameter (5pm anti 1 0 p ~ n ) ,  tllr cxl)cri~nerltal pi~iliole t1iametc:r I>c>ing close to  10/1n7. 
Time calil~ration between esperirncnt ar~t i  si~nulatioli is l~aseti o n  t,lie wavelength cvoh~f,iorr. The 
data  and sirrl~ilation have been llormalizcti to  their respective val i i~s  at  t, = 0.95ns, bot,h for t>l-lr 
fundamental motle and secoiiti harmonic. 
As, for tlie capsule:, tlie predicted deco~nprcssion rate clurirlg the H'1' pliase is quite small, t.11r: 
relation [l01 1)etweeri growt 11 fa;lct,ors in optical dcl)tli (GP:) a r ~ d  iri spatial amplit.l~tlc (G&)  

P - P O  

GF,(t) = (..t;I.:(t) (1) 

iridicates that tlie optical deptli ariiplit~~cles s l~or~ ld  not 1 , ~  t,oo r~iucll lowered, urilikc t , l~c pla~iar  
case. 
7'1iis 1)ctliavior is co~ifirnied for the f ~ ~ n d a ~ n e n t a l  rnodc, as exl>eririit:ntal (;FT evolves ljctwec.11 
~~umer ica l  CFT and GF,. Decrease of the rlunierical GPT is due to convcrgc:ncct c,ffect and 
diagnotic resolutio~i li~llit  as t l l ~  ~ i ~ v e l c ~ ~ g t l l  is dinliiiishi~lg (till(: c011~(:1-g011(~(~ ratio is irl~out 2) ;  



new LLNL experimel~tal data a t  latter timcs seen1 t o  confirm this trend, but careful arlalysis 
has to  Le done, especially to  take into account fectlthrougli effects. 
The experimental (:FT for the seco~id liarmo~iic follows reasollably well the riumerical GFT. The 
apparent satul.atio11 ill the expc~rimental evolution of the seconti harriio~iic seems to he clue to the 
irisufficicnt spatial resolutiorl corlriectctl to the decrease of the associa.ted waveleiigtli. Recent 
cxperimc~ital data  reinforcc this analysis. Dr~ring the  same, tiine interval, tllc null~erical GF: 
i l l  spatial a n i p l i t ~ ~ d e  cont i~~ues  to increase ~nor~otonically, i.e., the p e r t u r l ~ a t i o ~ ~  pcali-to-valley 
a.mplitude continues t o  grow. 

0,8 1 1 .2  1 . 4  1 6  1 , 8  2 
TIME (nsi  

l  0 - -F -7 7 7 - 7 7  ,-7Tr-, 

- - - 1 ,  
S / , ,  

HARMONIC 

E 
0 

2 

l 

0 8  1 1 2  1 4  1 6  1 8  2 
TIME (ns)  

Figure 4. Co~npar i so~~ of FCI2 simulated growth factors in spatial ainplitude and in optical drptll for 
the capsule. Corifidence lirnit on experi~nent.al LI,NI, data is about 10%. 

4. Comparison to analytic theory 

For co~lditiolis of nearly steady acccleratiol~, growth rates for a.blat,ively stabilized RT illstability 
may h c  cornparctl with the semi-eml)irical tlispersion relation [l l ,  12,  131 

where y ( k ,  I )  is the growth rate for wave liurnber k ,  g is tlie accelerat.iou, L is the density 
gad ien t  scale le~igtli and v, is tlie ablation velocity. Tlic ac1justal)le paranleter /? is typically 
chosen between 1 antl 4 for indirect drive t'argets [S, 10, 141. Figure 5 displays the  calculated 
g( t )  and u , , ( t )  of Eq.(2) for the (:fI(l3r) foil ancl tlre CII(Gc)  capsule. We begall the modeling 



when shock reacllrc tllc back of the  sllell (or foil), wllich gives a s t a r t i~ ig  tirlie of 1.21is ( o r  1.6 
11s I - FC'I:! t i ~ n e  - .  

(a)  toll ( b )  c a p s u l e  

F i g ~ ~ r e  .j. The c ;~ ic r~ la t~ t i  acceleration and ablation velocity vs time (ns) for ( a )  C'HBr Soil and 11,) 
C'HC;e cal~sulc. T l ~ c  tier~sity gradient scale length. L = & is about  2p7n for the foil and ;il,oi~t l , ~ c i ~ i  

for t11e capsule. 

111 this ~ ( ' ~ t i o l i .  \ye r o ~ l i ~ ~ a r e  t I I C  ~ r l o d e l i ~ ~ g  l?q.(2) t o  t l l ~  growth rates t leter~~iiric~ti  tiirect 1). fro111 
sl)atial a ~ n ~ j l i t u d e -  at  the  aljldtion s ~ ~ r f a c c .  '1'11e best fit is oh ta i~ led  \vitli .l = 1 for t he  plarlar 
foil. or wit11 i = 3 if  n.c lise tlie modified amplitude 

to  take i11to accol~rit t he  deco~llpressio~l of t he  foil. Sirnulatcd peak de~l i i t ) .  is indeed t l e c r r a i i ~ ~ g  
~vitl i  tirile from f i g ; ( 7 r ~ '  a t  1.611s to  3g/cm" a t  2.411s. 
For the  ~1~11er ica l  case. we hiiti t ha t  for = 3, the  same  formula for ~ p a t i a l  a ~ n p l i t i ~ t i e  . \ \ . i t11 
the  correctio~i for iIrcorlll~rcssion,is a good fit. For u~ico'rected Taliahc formula. tlie 11est fi t  is 
for = 2.;. 
.4titiitional tits oli ciiffere~lt wavelengths and ti if irent amplitudes are  rleetietl to 111;ikc: a cl~oice 
among these di f i re l l t  motiels. Also, t he  coefficient P i s  fairly depc~ i t l e~ l t  01-1 tlie eutiillatiori of 
the alilat ion vrIocit\.. Scl.el.tlleless we notice tha t  t.he s e c o ~ ~ d  order correctiori 

gi1.e~ a good fit for t he  second llarmonic in all cases. 
Betti  c t  01. :l;] have also rnodelled the  results of their  linear stability aiialysis h)- a a i~np le  
equation 

7 = ~ . j ~ &  - j t t k u a  ( 5 1  

where and 3:,* are predicted by their  analytical results and are  depe~ldent  on the Frolicle 
number.  : lccordi~lg to our simulations, t h e  average Froude nurrlber is ahout 1 for tllr foil and 
ahout 1..1 for tlie caljslile. which is outside t h e  range of the Betti  i ~ ~ ~ e s t i g a t i o ~ l  ( T i  < 0 .5  or 
Fr. > 3 ) .  Se\.ertlleless. t l ~ i s  Inay i~ id ica t e  t l ~ a t  cve can't choose exactly tllc sarile ii,? for t11e two 
configurations (plailar vs co~l\ .ergent).  Directly applying their cornplete 1node1 [ l  h]  is currently 
in  progress. 



5 .  Conclusion 

1.11niericdi s i r ~ i ~ ~ l a t i o ~ ~ s  of experilnents done 011 t he  Nova laser t o  ill\.rstigatc' tile efft,ct_- of c.oll\.er- 
gc11cc 011 lia?.lcigl~--ra!,lor gr0wf.h have bee11 presc~~itcti .  Simulatc~tl r;itliographz spell1 lic.cesqar> 
for i l~llerical  t'irgcts. specially to  take  i ~ r t ~ o  account the  diagrlostic reiolutio~i lilnit. Gro\v~11 
factori i11 optical c!c>pth are strongly de1)endent (111 t.hc i l~s t rumentai  ip<itial re?olutio~i ar~tl  con- 
1.crgellct. effect. Ecl~ecially for co~i\~c?rgclit g c o ~ ~ ~ e t r y ,  satllrat,ioli allcl tlec,rease of t hr. optical cicptlr 
groir-tli factur i i  ail artifact: as spatial alilplitude growtli factor calrl~lateci a t  t11r al~latiorl hollt 
c.ontin~ic. t o  illcl-eaic rl ior~oto~~ically.  R c a s o ~ i ~ ~ a l ~ l e  agrecqneni, is founti 11etu:cc:11 t l ~ c  ~ i ~ n ~ ~ l a t e c i  

, > and mea~i11.eti pert 111.l)a:icirls. 1 here is lii,tlr d i f f e rc~~cc  l)etwce~l plarrar a11ti r o n ~ c r g e n t  geoInctrJ- 
for tile f~ur i t l a~ i i e~~ ta l  ~nc )dc  growth ratc,  wllich is a l ~ o u t  6-8. Earlii.1. o115et of rcc.o~iii 11a1.1nor1ic i s  
well i l l  coil\.ergerlt geometry, due  to cha.nging wavcle~lgtll. 
I'irst co~npar.iso~iq \vi?!i cla.;sical lnodcling of Hayleigh-Taylor gro\\-tll \$-it11 al1lati1.e sta1,ilizatioll 
ha\-c 1jec11 completed. 1111t furtlier work is riecded to  investigate the effeci: or dcconrpr t~\ ion 
a i ~ d  rotl\.c.rgclicc. 
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'Comparison of a Spectral Turbulence Model with 
:Experimental Data of Rayleigh-Taylor Mixing 

'I'. C l a r k ,  F. H a r l o w  a n d  R. M o s e s  
'rheorctical I)ivision, Group 7'-3, 'I'lieoret.ica1 Hydrodyr~alriics, MSR2I 6 
;Los Alamos Katiolial Laboratory, Los Alanlos. Now Mexico 875.15, TISA 

A b s t r a c t :  Tlie effects of pressure fluctuations j~rese~lt  a fundalncrital difficulty il l  tlie formu- 
latiori of tractable turl)ule~ice models. 111 tlie regirne of incompressible velocity f luct~~at ions,  
the presss"re-velocity correlations are intrinsically no~ilocal and car1 be expressed as an ilit,egral 
over the flow donlain wlrcreirl the ir~tegrarid co~ititilis two-point velocity correlations. I-Iowever, 
c:ngineeri~lg trarlsport descriptio~is of turbuler~ce have traditiol~ally rllodelcd the pressure cffects 
as local, differel~tial functions rather tliali nonlocal integral rclatio~~ships. A s1)ectral rnodel 
proposed 1)y Steirlkamp, Clark, and Harlow [ l ]  explicitly incorporates t l ~ e   ionl local nature of 
t , l ~ e  pressure effects in an inhon~ogerieous enviroli~norrt. I'revious con~parisorls of   no del solutions 
with experimental data  sliowed reasonaljle agreement at  intcr~r~ccliate to high wave ~rurribers [2]. 
However, the lack of detail in previous experirnent,al data lias not allowed for a Inore critical 
cbva.l~~atior~ of tlle fulidament.al assumptio~is incorporated in the model. Recent experiments 
t ~ t  Lawrence 1,ivcrlnore National Lal~oratory (LLNI,) by Di~nonte ct  id. pro\?ide a richness of 
detail that  is no t  present in the oldor data. 'I'liesc dat.a are used to cva1uat.e some of thrt a.s- 
~ u l r i ~ ~ t i o n s  of the spectral ~liodel of Stcinkarnp ei al., as well as sirlgle-point ~riodels such as that, 
of Bes~lard, Harlow, Rauerlzahn ant1 Zemach [R] .  Additionally, simulations of Rayleigll-'l'aylor 
instabilities are used to augment the experirllental data  to  give direct insight illto the effects of 
the fluctuating pressure correlations. 

11. Introduction 

5ltochastic, or turbulerit, Rayleigli-Taylor rnixing introduces significa~lt dcma~ids 011 turbulence 
clos~~res.  Many of the assurnpt,ioris used in the development of single-point closures for fully 
cjevelopecl co~istant density fluid turbulence Inay be teriuous at  best ill tlie circurnstar~ce of 
developing Raylcigll-l'aylor turbulent mixing. For example, the typical apl~roaclies to  modeling 
tlie fluctuating pressure-strain correlatioris arc based on the assumption of nearly homoge- 
neous turbrrlence. This assumption permits some si~nplification of the I'oisso~i equation for the 
pressure-strain terms. However, assu1111)tions of near-hon~ogeneity are clearly questionable at  
the edge of a Rayleigli-Taylor mixing layer. Another assurilption of tlie standard e~igirieerir~g 
closures is that  the turbulence le~igtll-scales call be described by a single lengtll-scale. Such 
an assumption linlits a ~notlel's ability to  disti~iguisl~ differences ill the geometric orientations 
of t l ~ e  correlat,ions. Such assun~ptior~s have three colnpelling justifications. First, the resultil~g 
models 1lax.e a proven I~istory of producing usefill predictions in a wide range of circumsta~ices; 
second, exl)eri~nental data  are generally ~ i o t  arailal~le to ascertain thc adequacy of these as- 

s ~ r m ~ ) t i o ~ ~ s ,  ;trld t l~ i rd ,  incorporation of such effec:t.s rnay introduce unwarranted complexities 
into the models. Ncvcrthcless, ir~crt>asing deniands for physical fidelity in the s t r i n g c ~ ~ t  regime 
of Rayleigll-YaS-lol- ~r~ixiirg warrants a det;~ilcd exall~ination of the uritl(:rlying assur~lptio~is of 
the closures. Recent cxl)crirnorits of R;iylrigIl-Taylor mixing conduc:tetl a t  LLXL [-41 provitlc \In- 

More i~lforrnat~on - Elmail: ttc@la~il.gov 
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preceetlented detail regardirrg the density distributions in tlio niixiiig zone. 'I'hesc experi~lierrts 
use a linear electric motor (LEhf) to  accelerate, a fluid test ccll arid laser-irld~lcetl florescence in 
conjunci.ior~ with ;t tllin laser sheet, or "knif(~" for illulninatio~~. The resulti~ig data  provide an 
ideal opportuility to  c\raluate ass~rrnptioris regarding t l ~ e  ariisotropy of the length-sca.les asso- 
ciated wit11 fluctuatirlg density-density corrclatio~~s. Tinfortunately, t l~ese cxper i~~ien ts  do not. 
yet provitie i~ i formai . io~~ rogardir~g fluid ~e1oc.itic.s or pressures. To provide irlforr~lation 011 tllc. 
nature of the velocities i ~ n d  pressures i l l  the  configuratio~r of tile esperirne~ital apl)arai,us, a 
serics of rir~rr~crical calculations ivctc ~)erforriietl arid analyzed i.o de~rlonstratc t11c nature of tl~c: 
turbulence prodr~ctioll d ~ r e  to  pressllrc effects. 

2. The spectral model 

The spectral nlodel of Steirikamp, Clark and IIarloiv [2] represerlts ari atternpt to extend a 
s in~ple spectral flux closure for turblllerice to t11c regime of inlloriioge~lc:ous t ~ ~ r b ~ i l c n c c .  It is 
an rxt,ension of earlier spectral flux models, e.g., the flux rnod~1 for co~istalit,-d(,~lsity isotroI)ic 
t u r h ~ ~ l e n c e  of Leith [5], the cxte~lsiori of 1,eitll's ~notlel to a~iisotropic a ~ i d  inhomogeneous turbu- 
lence due t o  Besnard: Harlow, Raucriznlir~ and Zemacll [6] and tlie e x t e r ~ s i o ~ ~  of the Resnard et 
al. worlc to  llo~nogerleous vi~rial~le density turl~ulcrlcr l ~ y  Clarli antl Spitz [7]. A princil,al nloti- 
vation of the worli of t,llc Los Alarnos group was to  develop a fralrlccvorli for motlelirig tliat is free 
of t l ~ e  I~euristic and frcquct~itly ari Iloc ~ ~ a t , u r c  of t l ~ e  t1rrl)ulc111 kinetic energy dissipat,ion-rate 
equation (i.e., thc t-equation). Tlie rrlodel of Steirikamp c l  al. also s1larc.s a 1111ml)er of features 
in conllnon with a one-point closure for variable dcrlsity turbulence developed by Bcsnard, flar- 
low alitl Raucnzah11 [S]: sucll as the thc trcatrrlerit of the mass-weighted-aver& (Favre) triple 
velocity correlations. 'I'hc novel aspect of the model of Steinlamp et al. is tlie treatment of the 
pressure-production terrns in the two-point Heynoltis-stress r q ~ ~ a t i o n s  as a nonlocal, or integral, 
term. l 'hc  motivation for this exte~lsion is the s i~l lplr  observation that  the lnovement of fluid at  
the high/low-density interface of a Rayleigll-Taylor instability is c o m m ~ ~ n i c a t r d  t o  the  fluid at  
points away frorn the i~iterfacc via the pressure acting i r i  conjunction with the i~lcornpressihility 
constraint. The act~ral  derivai,ion of the sl~ectral n no del of Steinlta~lip et al. is described in 
detail in [S] as well as [l]. 'I'he variables are those established by Clark a.nd Spitz [7], includillg 
the two-point turbule~lce Reynolds stress, 

thc t,wo-point turbulr~lce mass flux, 

where = l//) is the  specific volliine of the fluid, and the two-point fluctuatirig density-specfic 
volumc correlation, 

h, (XI ,  ~ 2 - t )  = - p l ( x l , l )  v'(x2, 1 ) .  (3) 
Following 13es11ard p t  d., a cliange of coordill~tes is introduced; 

ancl t l ~ e  variai~lcs arc Foou~.ier-trausformed with respcict to tllc relative coordinate r. At this 
point, the variables are cornplex flrnctions of a 7-dirnerisio~lal argu~iient (X, k,t).  In summary, 
the angular dcpelidence in k is removed 11y averagi~lg over all angles in the k-space, thus 



~r~illtiiig the \~arial)les real f i ~ ~ i c t i o ~ l s  or a t liree-cli~nc~~sioilal pliysical spar(, coordinate, a l+i)urier 
waveriumber (ratller than a wa\,cvoctor) arid timc. lip011 i~ltegratioii over all cvavenu~nbcrs, the 
variables reduce to more c o ~ n ~ i ~ o ~ i l y  recog~iized si~igle-ljoilit values such as those described l]!; 
the single-point modcl of Bes~iard et (11. [7]. Tlie equatiori for the evolution of the Re).i~olds 
stress is 

R (X, k ,  1 )  an,, ( X ,  k .  t )  [l,, (X, 1 )  

at + an.", 

(X, k,f) aR,,  (X,  k , t )  
ar; c)x. 

for the turbulence mass flux is, 

I a ant (X,  r;, t )  
+c<1: - 

P (X, 2 )  al., (P ( X ,  t )  ut a.rn ) .  
and for the deiisity-specific vollrrrle correlatioli is, 

a ("X, I ) ) ]  " ( L -  (X," t )  
[D(x, t ) ]  - 7 

dz, r 9 ( x , t )  OI; 

111 this p ~ . e s e ~ ~ t  effort, we restrict our a t t c r~ t io~i  to  the loss of ar1gula.r spectral i~lforrnatioii caused 
11); reduction of the equatiol~s fro111 a witvrvector depei~tier~cc: to a wavcnurnber dependence, and 



to gcneral features of tlie nonlocality of the pressure production ternis in tire Sa\.ier-Stokes 
~ c ~ u a t i o ~ i s .  :Ittempts at  direct model comparisons t o  the LEM exl~erirneiits and to riumcrical 
s im~i la t io~~i ;  failed to produce reasonable results. The cause of this lack of a g r e c ~ i ~ e ~ i t  has riot 
ljeeii l~ositi\-el!. ider~tificd. 

3. Density correlations in the Rayleigh-Taylor experiments 

Tlie t\vel~oirit f l~~c t l i a t i~ ig  density-density correlations computed fro~ri a single pl~otograpll from 
an  [ , E l l  exl~c.ri~ne~lt are shown in Figures 1 and 2. 'I'he correlatiolis are co11s1 ~.uctrd ~lsiiig ail 
a~c.r~igi~rg ~~roccdl lre  t,llat presumes approxi~nate statistical Iio~nogciieit~. in the l ~ l a l ~ e  of tile 
inixilr: 13-rr  ( i . t ~ . .  tlrt. .X'- 1. plane). Figure 1 shows the correlations at position % as a f!~rlct.ioll 
of ,I ~ r l j a ra t io i~  1% aro~iiid positio~l Z. Figure 2 shows the corrclat ior~~ at positioil Z as a 
full(.tio!l of a sepi<ratioii AA' around position Z. In both plots, the dark color i~n l~ l ies  a strong 
~)oziti\-e correlalioi~ a~i t l  thc light color is a strong negative correlatioii. The hackgrolii~d gra]. 
coloration at large aritl small Z reflects a lack of correlation. Tlie long range correlatio~is i l l  

F i ~ u r r  2 at large l.Y ~jrobably represent a lack of a statistically ~neariiilgful sam~)le  size at that 
sc.paratioil iiist a~lce.  ariti sl~oultl be ignored. These figures iridicate tliat tliere ir a sigiiificai~t 
tliffrre~lce il l  the structure of t l~esc  correlatio~i fu~ictions. 'I'he arguliie~it for ilcglecting this 
orientational depe~ide~lce of the correlations must the11 rest on t l ~ e  assumptioli tliat tlierc? is 
110 sigriificniit effect i l l  iirglccting this feature. Further rcsearcll is necessaq to  ui~tlerstaiid tlie 
~~lij,-iical ramifications of tlie difference i11 the length-scales. 

4. Nonlocal pressure effects in Rayleigh-Taylor mixing silnulations 

.As part of tlic efrort to interpret the LEM data, a series of cornputat ioiis were uildertake11 
to siiilulate various aspects of the LEM experiments. The computatio~is were c.or~ductetI ~vitli 
a tllrec-tlimensioual Savier-Stokes program that  was first-order acciiratc3 in t i11ie ancl s i ~ o ~ ~ d -  
o r d ~ r  accuriite i i ~  space. The dimensions and material properties l i ( ~ e  taker1 to al)proxi~~late  
t1io.c of t l ~ e  I,1,1\I. The cell size was 73mm X 73min X 88mm and tlie fluitis ivc,re decaire 
((1 = 0.7.'igr~l/crrz.') and saltwater (p = 1.43gm/cm3). The  acceleratio~i rvas lg ( i .e . .  rilucll 
loivci. tliaii tiic TO!/ used il l  the experiment). 'I'he computational grit1 ivas X8 x SS X 106. 
Sixtcerl i ~ ~ d i \ ~ i t l ~ i a l  realizalioris with "stochastically" perturbed i~ltci.f,ice:: were ~)erfor~nc~ti .  7 ' 1 1 ~  
ai.eragiilg rnetl~oiiology also exploited the inherent syrnmetries of tlie square cross-section of 
the hox ( t l~ i ,  .Y - 1 pla~ie ) .  Figure 3 shows the 1,ouyancy productiol~ .)cr,?IPid: a s  lye11 a< tlie 
rionloc.al ilat~ire of the. pressure-strain production p' (i31~:/az),  where a tioul~le prirnr, cler~otes tlic, 
fluctuatiorl ai)out the mass-weighted average velocity and a single priine denotes a flr~ctatio~l 
a l~out  1-olunir-r\.rightrd average. Note that a t  the edge of the rnixing la>-er. the direct procillctio~~ 
duc to iio~iyanc>. va~iiulies hut the actual pressure-strain correlatior~ is rionzero illto 1 lie 11111uixed 
reglo~i 

5. Conclusion 

The detailed data rcgardii~g density distributions providctl by the LEIl Rq.leigl1-Taylor erper- 
ilnerits a t  LLTT, 11ax.c pro\,ideil lrew illformation on the natlire of the fluctllating (\ensit?-densit!. 
correlations. Fmtlier research is still necessary to 111lderstalid the rainificatioiis of thc orients- 
tiol~al tiepc~~~deiicc of these correlations observed irl the experime~its biit rleglected ill tlic inotiels. 
'r11c si~iir~lations of Itaylei~h-Taylor rnixirlg demonstrated tlie n~otivat ions for i~lcorporatiiig tllr 
~loi~local pressure productio~i t e r ~ n s  in tlie Steinkamp et al. model. Ilowever. the relativel~. loiv 
accuracy aritl resol~ition of the runs prevents any detailed co~nparisoris of spectra. Therc exists 



Figure 1. Intensity of two-point fluctuating density correlations p f ( x ,  z  + A z / 2 ) p f ( x ,  z  - A z / 2 )  aver- 
aged over the coordinate X .  Data  is from a single time from a single experiment. Black is positive, 
white is negative. 

Figure 2. Intensity of two-point fluctuating density correlatio~~s p'(x + A x / 2 ,  z ) p f ( x  - A3./2,-.) aver- 
aged over the coordinate X .  Dat,a is from a singlc time from a single experiment. Black is positive, 
white is negative. 

;L significant need for experimental  d a t a  regarding velocities tha t  are  of t he  same  quality as t h e  
density distribution d a t a  of t h e  LLNL LEM experiment.  Additionally, there  corltinues to  b e  a 
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Figure 3.  I'lot of the pressure piod~ictio~i due to turbulent 1na.qs flux, and tile piess~~rc strain correlation 
correspondi~ig to tile R,, cornIjonent of tlie Reynolds stres.5 te~isor. Sote that tile turljule~~t mass flux. 
a, vanishes outside of the x t u a l  niisir~g layer n.llere dellsit! fluct~lations \-ai~ish. 

need for robust tllrec-dirlie~iioiiai lliglier-ortier collipliter programs that can ha~ ld le  the sliarp 
d i s c o n t i n ~ i t  tliar car1 exist in Kal . le igl l - . l~lor  iiliring 1jroh1e111~. 

Acknowledgement. Tliii ~vork ii s~~ppor t~ ' c l  1). the  I'nited State. L)epsrt~nent of Energy tl~rough 
the Los Alar~ios l ' a t io~~a l  Lahorator!. LnKn Progiarn. 
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Three Dimensional High-Resolution Simulations of 
Richtmyer-Meshkov Mixing and Shock-Turbulence 
Interaction 

1t.H. Coherl1, W.P. D a n n e v i k l ,  A.M. Di rn i t s ' ,  D.E. Eliasorl', A.A. M i r i n ' ,  
13.H. Porter ' ,  0. Schillingl a n d  P.R. W o o d w a r d "  
'Lawrcrlce Livermore National I,al)oratory, I'.O. Hox 808. I,ivc,r~r~ore ('A 94550, I iSA 
2Astror~orr~y I)epartment, T!riivcrsity of 4li111iosot,a, A4ir111oapolis, \IN 35155> IJS:2 

A b s t r a c t :  'I ' l iree-din~e~isio~~al 11igl1-resolution si~ilulations arc ~>crforrnetl of t,l~c, 1ticl1tnlyc.r- 
hileshkov (RM) instability for a. Mach 6 sl~ocli, and of tlie passage of a srcor~tl sllocli fro111 t.lic 
same side throllgli a developed RM instal,ility. 'The secontl sl~oclc is f o ~ l l ~ d  1.0 rapicily smear finc 
structure and strongly c n l ~ a r ~ c e  ~nixing. Stl~tlirs of the iritcrac.t,iorr of ~iiodcri~t,(~Iy st,ro~ig sl~o(.ks 
with a pre-existing turbulent field indica.te an-~plif cation of tra~lsl-ersc, vorticity and reduction 
of stream-wise vorticity, as well as the ~ncchanisriis for thcsc cl~anges. 

The Kichtr~~yer-Meslikov (RM) illstal~ility [ l ]  is t l ~ c  il~~~)~rlsive-ac.cclcrat,io~l l in~ i t  of t11e Kaylcigli- 
l'aylor (KT) instability, ant1 occurs) for example, when a sllock passf~s t.11rougll all ir~t,crfacc of 
two fluids of differing ticnsity. l i e  rel)ort. 11c>rc preli~ninary rcsrllts f r o ~ r ~  t , l i rc~c~-t l i~nerisio~~ai I1ig11- 
resoh~tion dircct ~i~lrnerical sim~llatio~rs (1)NS) usi~ig tlic I)ic'ce~vise-paral,olic. irretllod (PPhl)[2]. 
PVe study thc cffccts of a s e c o ~ ~ d  shock botll directly and \ r i ; r  s i~r~l~lal,ions of tl~c, piissagct of a shock 
througl~ a pre-exisli~~g lurl~ulcnt, field. These s i~l i r~lal io~is ,  and our c o ~ l ~ l ) a ~ ~ i o n  lirl' sirr~ulations, 
[:$l reprcscnt on(, component (generation of I~enchnia.rli 1)NS data  sets) of a Iirrgcr proj(,ct to 
develop valitlat c . d  ~111)-gritl-scale motl(,ls for large-c,tldy c.c~rr~ljrr+ssil~lc si~n~~lill . ions, part of t 11e 
t1.S. I)epartrr~ent of Energy's Atcc!lerated Strategic. C o ~ r ~ ~ ~ r t i ~ i g  I~~it,i;rt.ivr~ (AS('1). 

Three-di~nensiorlal lligll-rctsolr~tio~i 11ydrod~-rlan1ic.s computatior~s 11;1vc\ bee11 1i111it(~l 1))' avail- 
able co~nputer  resources. M'l~ile sorrlc low-resollrtio~~ studics of Ithl irlstahility ((,.!/., [ . l ] - [ G ] )  an(! 
sllock-t~~rbulencc int,oract.ior~ [7] have apl>earc,ti, studies exccc,tiir~g 106 comput,ation;r.l zones arc, 
only now l~ecoming available; sec for f~xarnple [S]. 

A recent experimental study [O] of 2-D i~~co~ripressible fluids inc1icatc.s dr-ar~iatically t l ~ e  effect 
or suhjccting dcvc1opc:d Rh4 t~lrhiilence tl~rougll a second inlpl~lsive acceleration i l l  t,he sanle 
direction as tlie first. Thc secontl (,vent rapidly scralnt)les l l ~ e  bubble-and-spilie s t ruct~lrc  a ~ ~ t l  
enhances the mixing. ,4 rl;ttural question is, is t.liere a co~nl)aral~ly dramatic eff~ct, in 3D a~it l  
wit11 co~npressible fluids'! 

1. Richtmyer-Meshkov simulations 

Our si~nulations a.re (loll(? witli a si~iglc fluid ~ ) l n s  a passive scalar field to  rno~iitor mix. '1-Ire 
p]-e-shock gas is initialized with cor~stant pressllrc and a 2x tlclisity contrast on c:it,l~t,r side of 
a perf.l~rl)ed ~)l;r.nar ii~lerface (a.1, strean-wise coordinate 2 = 0.5). The intrrfac.c, ~ ) e r t . l ~ r l ~ a t i o ~ ~  
is cither a I)rodr~ct, of si~rgl(: sil~rrsoitlal co~nponents in tlie Ilorizont,al ( . r  a n d  y )  d i rcc t io~~s ,  or a 
sct of 322 modes wit11 a k2exp(-k2/X1i) distril)~lf.io~~ of a~nplitutles and r a r ~ t l o ~ ~ ~  pllasf,s and ;I 

mode witltli l;,, corrcspontling to  S ~vavelc~rlgtlls per unit Iengtli. 'I'l~is gas irr11,inges 011 a liigl~c~r- 
dt:~~sily, Iiigllr:r-I)rc-ss~~~.o gas to  init,iatc ;t h4;rc:li ii slioclc on tlie low-density sitir of t.11r contact 



discoiili~iuit.y. Boundary co~rditioris are I)esiodic in .r arltl y and c o ~ i t i ~ i u a t i o ~ ~  (zero derivative) 
iri 2 .  h~lost of the ~lio(:li is a.bsorbed at  tlie z bourltlary, though a weak wave is reflected; this 
call be eli~~iinatctl  wit,ll a.dditiona1 compntational cost. Tile passive scalar is initialized with two 
constarit values (color-coded red allcl Ihl~re in the color plates; the light fluid is blue) on either 
side of the iilitial conl,acl, tlisconbinui1,y. 

Plittc, 1 shows the passive scalar iieltl a t  t = 3, where time is measured in urlits of a rrorninal 
box lcngt,h o\-cr tile prc-shorli sound speed in t,lre gas or1 the lower-density side of the contact 
disco~iti~inity. 'Ure iriitii~l surface dcforrrlatiori is tlic- random-phase rnotlel with itrnplit~tde 0.02 
ItMS. Tlre resolutiort is 25(i3, the Navier-Stoltes viscosity is 4 X 10-5 and the Prandtl number 
is l .  Our experience with Rayleigh-Taylor s i rnulat io~~ at  this viscosity arid several resol~~tions 
il~dicates that this silr~ulatior~ is resolved. The largest (in z )  features tend to correlate with large 
features in {,he initial perturbation, consistenf, with prior observations of persistence of initial 
co~iditions. Also colnl~areti to the corresponding RT visualizatiori a t  comparable parameters, 
[3], eve11 though the initial co~ldition for our RM sirn~~lat ion is slanted more toward longer 
wavelengths. The growth of the RM rnixing layer (measured by where the horizontal average 
of the passive scalar is 0.1 and 0.9) is as sl~owll in Pig. l a ;  the fit is of the form A z  = c(2 + t o ) P  

wit11 p = 0.75, to = 0.175, and c = 0.33. Tha t  the asymptotic bel~avior is a power law with 
p < 1 is in agreeirlent with the conclllsiolls of Refs. [8], [10], and [I l l .  

Fig~rrc 1. Mixing layer growtlr vs. t,i~ne for (a) random-pliase sum initial condition; (b) single mode 
initial condition with two sllocks 

Plate 2 sliows tlre corrcspo~idirig result for a sirigle sinc-wavc perturbation with wavelength 
112 t,he box width of t l ~ e  random-phasc sirriulatio~i. T h r  resolution of 128' X 288 (not all shown) 
yieltls a resolved Navier-Stokes simulation. The d ~ v e l o ~ r n e n t  of fine-scale, non-chaotic features 
is eviderit. Tlie growth of the mixing layer (~neasured by departure of the passive scalar from its 
initial va111r:s) is indicated ljy the t < 3 portion of Fig. l b .  The  fit represented by tlre solid curve 
is asymptotically logaritlirnic as expected fox a single buhble and spike, A z  = Azo+cl ln(1 +a t ) ,  
with cl = 0.010, Az,, = 0.04, a11d a = 3.5. A slightly better fit is obtailied by a power-law forrn 
(dotted curve), c,(t + to)"vith p = 0.38, to = 0.0165 and c, = 0.19. 

Platc 3 tiepicts the result of passing an additional Mach G sliock through the  interface 
frorn the sar~te  (low-density) side. Even at  t = 3.1 (not shown), there is a distinct change in 
cliaracter, wit11 ~ n u c h  or tlie firrc st,ructure srncared out. 111 the t,ime slice sl~own, at  t = 3.2, we 



.sdditionally sec tlie 1)egirining of a11 invcrsio~~ in the 11car corrrer of t Ile siri~ul;ttioll; what. had 
I~ceri a spiltc of rctd fluid extending i r ~ t o  hluc l>cgirls to tletacll wllile blue fluid ellcroaches on 
rcd around tllc edges of tlic spike. At 1atc.r tirncs ( t  - 3.3 - 3.5) tlic red spilie detaches and a 
.let of blue penetrates (rapidly) tllrougl~ tlie former red regio~i. T l ~ e  secorld shocli sigliificantly 
,accelerates mixing-rcgion growth following an initial cont;ract,io~i, a.s car1 Ile seen from the riglit- 
lrarltl pol-iio~l o f  1"ig. lb. F:q11;~11y goo(1 ( a l i r ~ ~ s t ,  i~~tlistil~g~~isllal)lc~) fits of logarit,ll~r~ic (dottetl) 
. ~ n d  power-law f o r ~ r ~ s  are oblairled: respectively, AzO $ c,l11[1 $ b ( l  - l(,)] wit11 Az0 = 0.22, 
l,] = 3.2, c, = 0.61, and b - 3.5; and c,,(i i to)", wit11 p = 0.55, to  = -3.0, and c, = 0.42 
The rapid destruction of f(:aturcs ant1 acceleration of mixing is rcminiscerit of tlie experimental 
1.es11lts ill Ref. [!l]: tliougli in our case, some, hut not all, of tlie acceleration is duc to  tlic 
increased soulld speed (factor of allout 4) followillg the seco~ld shock. 

:2. Shock-t urbulence interaction 

'We also perform simulations of the interaction of a sliock with a pre-existing turbulent field. 
These may be viewed as providing a view of second-shock interaction on the more microscol)ic 
scale of tlic secontiary irista.hilit.ies arising in the  nonlinear stages of the R14 instability. A 
rando~n-l)hase Galissian-distrihutcd spectrum of S%~llodes is allowed to decay fro111 a t , l~r l~l~lel i t  
I\/lach ~iurnljer of 0.75 to abo11t 0.2. 'I'llcn a sllo~li is i ~ ~ d u c c d  by specifying infiow? Ijou~~tlary 
oo~~ditiorls corresl>onding to the tlesiretl dowll-stream (quiescent) gas. 'I'liesc sinn~lations arc: 

done with only tlic clissipation providc>d I)y t l ~ c  IPPM algoritllln. 'I'llc rt,sulting X vorticity field 
Sor a 1,lach 6 sllocli i l l  a 512'' rc~solr~tion s i~ru~lat ion is sliowr~ i l l  I'1ai.e 4. We observe a significant 
;~m~~lificatiori i ~ i d ~ ~ c r d  11y the ~ l ~ o c l i  passage. The  shock itself is riot directly visible, but is a t  
t,lic r igi~t  edge of tlic alnplifieti rcgio~l. Tlir dark region on tllc left is the liigli-density ql~icscc~it. 
g;ls introdllcetl to gerlr:riltc~ sl~oc:k. 'I'11rr.e is c.o~isiticral~le tiistort,ioi~ of tht. sl~oclc rront, hut 
c.orr~parisoll ~ v i l . l ~  a t r~rI) t~l(~i i (~(~-frec T I I I ~  sliows no r~ icas~~raI~1e  C I I ~ I I ~ C  in ]>rol~agatiol~ speed. 

Figure 2. X a.rlc1 s velocity power spect,ra at 1 2 8 ~ ,  2%" and 512" resolution 

Velocity power spectra (power per ur1it.-thicliricss a~irllllus i l l  I;,, XI, space) arc show11 i l l  Fig. 
2 for several resolut,iorls. Tllcsc spect,ra suggest tliat a meaiiirlgful iriertiitl rang(, is ~jrrser~t.  
i-.i the 256" and 5123 si~nlilations, arid tliat tlic rcsult,s a t  25fi3 arid 51 23 are corivergetl in the 
energy corltailiing range arid t l ~ e  c a p t ~ ~ r c d  portion of the inertial range. They also indicate 
a steepenilig of I h(, 1 1 ,  spect,ru~n rcla.tivc1 to v,.. 'I'l~e v,. spectrum is approximately tlic same 
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shape as that of all conrponc~lts in the ~~nsliocked gas (not shown), with a Kolmogorov-type 
1;-513 slope in the inertial raIlge, but overall larger. The  vorticity component i ~ ,  sl~ectra  show 

a sinlilar convergence, and a steepening of W, relative t o  W,. 

Figure 3a shows W, as a function of z .  

Evident features are the arriplification of tlie 
W,. (and W,), and the snlaller reductio~i in 
the W ? ,  and the re-isotropiza.tioli further dow11 
stream. Still further down stream, all compo- 
11ents drop off as the quiescent gas region is 
er~tered. 'I'lle anxplificat,ion of W,. , W, and thc, 
reductio~l of LJ l l a \ ~  a smooth variation wit11 
Mach rlumber, as sllowri in Fig. 4 for a serics 
of 25fj3 simulatiorls. The relative changes are 

approxirnatcly characterized by: Aw, /W,  z 
Cj (iZ1 - l)'.', wit11 C, Cy X 0.36, and 
C, z -0.099. 

M Figure 3. \'orticit. component evolutior~: (a) r..m.s. 
vorticities vs. z ;  (11) t,erlns in r cnstrophy equation; 

~ i ~ ~ ~ . ~  4. ~ ~ l ~ t i , , ~  cllangc i n  ,,orlicit,). vs. (c) t c m s  in z enst,rophy equat'ion 

shock Mach nrrnlber 

111 order to identify t ho  rnecl~ariisn~s responsible for thc ohservetl effects, we separately 
evaluate and plot each ter111 in t,lle cquat,ion of cvolut,iol~ for the horizontal averages of squares 
of tllc vorticity co~nponrnts ("enstropl~y co~npo~lents") ,  which we write in tlie for~n:  

"W:") + (v, C ( 4 2 )  ZZ v* C (w;,2) 
at 

where v* is t,he average velocity in a reference frame in which the shock is a t  rest and v' = 
v - (v). The terms on the right hand side are, respectively, vortex stretching, cnstrophy 
dilatation, baroclinic p rod~~ct ion ,  and nonlinear advection. These terms are separately plotted 
along with v*.  Vw: in Fig. 3b and 3c. We observe that the  increase in LJ, (and W,) is priniarilg 
the result of dilatation: wliile t,he decrcase in w, and its subsequent recovery results rriainly 
from vortex stretcl~ing. There is a significant contril~ution from the norllirlear advcction t r r m ,  



implyirig that  c o ~ ~ v e ~ i t i o ~ i a l  rapid distortioli theory or l i ~ i e a ~ .  i~if.eractiorr ;inalysis. ~v1ric:li wolrltl 
neglect i t .  ~vould  not I)ro\.ide an  accurate answer. 

3. Discussion and conclusions 

In atitiitiori to reprocil~cir~g f'a~niliar features of tlie Richt~nyer-Mesliko~, ir~xtaljility. n.e l i a ~ e  f i , i i ~ i c i  

smraririg of fine-scale 51 r!rcturr anti tapitl rnixir~g caused t)y t,lie paisagc ol '1 <c,co~ltl iliock in 
tlie saine directioii. qirliilar t o  t h a t  observed cxprr ime~l ta l ly  [g] for ir ico~n~)rc~i,~ilJle fluitli, a i  ~vcll 
as detachmerit of spikes. 151: find a wealter dcl)arture from linear g rowt l~  of t Ire liiixil~g 1ayt:r 
for our ~.al~tiorn sun1 of inodes tliari for a single mode, anti for t he  niixirrg follo\vil~g tlre .ecolltl 
shock thari aftvr tlir. iliitial shock. 

For tiie i~ i t e rac t io~ l  of a shock with pre-existing turbulence, v;e firrtl o\-erall alnl)Iificatioli 
of ].orticit\- by the  passage of a sliock, as has been noted and qua~itifictl prc>\.ioiiily 'T! for the 
case of a weak shock. However, Ref. [7] reports change i11 only t h e  t ra~lsversc  vorticity. and 
finds riegligible co1itri1)utiori from nonliriear advectiorl a.nd hence good ,igreernent wit11 a liriear 
iliteractio~r ar ia ly~is .  Here we s tudy moderately s t r o ~ i g  shocks, firlti tha t  tlici-c, is an  opl~osing 
clla~lge ili tlre q t rea~n-~visc  conipo~ient  wZ, alitl observe tha t  wliile tlie i~irrc,asc, in U:: (aliti 
is due  p r i ~ n a r i l ~ .  t o  tlic compressibility term,  thcrc  is an  important  cor~trih~itioll  from ~lorlliiicar 
advection. \VC also fillcl a clecreasc arid subsequent recovery of U ? ,  l,otli rr5ultiiig T1-or-n \-ortt,x 
stretching. 'I'lie o\-erall iricrease i11 tlie w2 can be  viewed as tlie s t i r r i~ ig  proc.cs. tha t  breaks 111) tlie 
fine structure T Y ~ I P I I  a i eco~ id  s l~ock  passes through a developed Ric-11 t~il\.er-lIesIiko\- i~ i s t  al~il i  t?.. 

The observed as>.rnrritxt ry i11 which vorticity corrlpor~e~lts n o r ~ n a l  t o  l l i c ,  . ~ l ioc l~  pr0piipiitio11 are 
ariil~lified ~vhi lc  that  in tiie ?hock propagatiorl direction decreases i~llplics ielecti\ i t \-  i r i  tl~c, Xlndi 
of fine-scale fteatlires l~rokeii  up. 
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Plate 2: Passive scalar field at t = i  for \ingle-mode ~ n l t ~ n l  
condition, just before \econd shock 

Plate 3: Pa\s i \e  scalar field at t=i .2  for single-mode initial Plate 4: Magnitude of x \orticit> for shock-turbu- 
condition. after wcond \hock lence interaction 
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Dispersion Relationships for Solid State Instability 
Growth and Sensitivity to Equation of State 

J.D. Colv in ,  L.G. Wiley, E.A. C h a n d l e r ,  B .A.  R e m i n g t o n  a n d  D.H. K a l a n t a r  
Lawrence Livermore National Laboratory 
P. 0 .  Box SOS, L-482, Livermore, CA 94550, [;SA 

A b s t r a c t :  We are developing experiments 011 the Nova laser to investigate the effects of ma- 
terial strength on sta.bilizing the  growth of thc Rayleigll-Taylor (IV) instability in metal foils 
maintained in the solid state [ l ] .  The first task in t,his effort. was to  create a high contra.st 
(-50:1), laser pulse shape that wo11ld compress the metal on a very low adiabat I)y a factor of 
1.5-2.0 and to a pressure > 3 Mbar while keeping the metal solid (at  a temperature below melt 
temperature). The planar targets consisted of 20 microns of CFI(Br) backed by 15 microns of 
Cu, with sinusoidal ripples at  the interface, anti were mouuted on the wall of a hohlraum that 
was heated by the  laser pulse. This first phase of the  study successfully demonstrated material 
strength stabilization at  high pressures, as discussed by Icalantar e t  al. [2]. 

In this paper we derive an approxiinate analytical dispersion relation for solid state instabil- 
ity growth. We discuss the results of l -D calculations with the radiation-llydrodynamics code 
LASNEX [3] that  were used in evaluating the dispersion relation for the Nova experiments. 
takir~g into account the pressure dependence of the rnaterial strcngtll. We conclude that  the 
perturbations on the metal foils in these experiments shollld remain stable at  all times. We sho\v 
that this rcsult, is collsistcnt with the obser\rat.io~l of late-time growt.ll in the Nova experinlents 
i l  the mct,al taltes a few ~~anoseconds t o  transition to pIasticity. 

Solid s tate  rnelt temperatures are generally a func1,ion of compression, typically increasi~lg 
with increasing cornpression. The material pressure is donlinated by the cold lattice pressure, 
which is a fu~lction only of compression. Hence, the treatment of equation of state (EOS) 
is important i11 characterizing the phase of the rnaterial during compression. In thc 1,ASNEX 
~calculatiorls we compare results for our low-adiahat cornpression of a Cu foil using a tabular EOS 
~(bascd on a Thomas-Fermi atonlic model), the analytic Quotidien EOS, [7] and a Grunciseri 
EOS following the formulation of Steinberg et al. [4]. The latter approach taltes into account 
110th the  cold lattice encrgy and the ther~na l  energy, but ignores the negligibly srnall electron 
1;herrnal contribution. Measurements ~f melt time are shown to be an effective EOS ~rlodel 
tliscrirnil~ator. 

:L. Derivation and analysis of dispersion relationship 

We have derived an approximate analytical dispersion relation for solid sta.te instability growth 
fbllowing the method of Miltaeliarl [l]. He starts with the  general eigenvalue equation for the 
velocity of a perturbation on a finite-thickness fluid layer with surface tension and viscosity, 
and derives an exact solution numerically from det(M)=O, where M is all 8x8  matrix. He then 
derives an approximate solution analytically by substituting the inviscid eigenfunctions into the 
exact eigenlxlue equation. The integrations yield a dispersion relation which is a I)olyno~nial 
in the growth rate 7,. Adapting the same method to a finite-thickrless solid layer with shear 

More information - Ima i l :  colvin5'Bllnl.gov 



s t r e ~ ~ g t l l  G ant1 elasto-plastic viscosity 11, we find: 

Yz + 2k2uys + l< .  tanh(k11) . (kC;/p - .4a) = 0, 

where l< is the wavenurn1)er of the perturbation, h the  layer tliickness, p the layer density, A 
the Atwood number, and a the acceleration. The  solutio~l of this second-order equation for tlle 
growth rate is 

7, = vk[(l - ( C / L / ~ ~ " ) ;  - I], (4 
where C=k.lanh(kll).(kG/p - Aa). 

It is easy to see that  the pcr t~~rba t ion  is unstable a.nd grows (ys > 0) only for k < k, or 
wavelcngtll of the pcr t~~rha t ion  X > X, = 2irGIAap. That. is, the perturbation does not grow 
if the shear wave can tra~lsrnit the restoring force of the lattice across the perturbation iri less 
time (I/k(G/p)'12) than the characteristic growth time of tlie perturbatio~i ( l / (kAa) ' /2) .  Thus, 
the material shear strength limits the range of ur~stahle wavelengths. 

Ecluation (2) wa,s evaluated for the  collditions of the Nova laser experimellts described 
by I<alantar et al. [2]. In those experirnents we crc:atae an x-ray drive illside a cyli~:drical 
gold holllraull~ using about 22 kJ of energy i r r  eight heallis of the Nova 1;rser a t  Lawrencc 
Livermore National Labora1,ory. We developed a. teml)ora.lly shaped laser pulse (1x56) that 
produces a temporally shaped radiation drive pulse in a hohlraurn that reaches a peak radiation 
teniperature of 97 eV at  6.5 ns. This drive pulse provides a, low-adiabat, compression by a factor 
of a l ~ o u t  1.5 to  drive a metal foil to  a peak pressure of about 3 Mhar while leaving it solid. 
Using this pulseshape we observed that perturbations with wavele~~gths of 20 /lm anti 50 prn 
on 15-pm-tliicli Cn and MO foils do not begin to grow until after 10 ns, more than -1 11s latcr 
tlian for classical fluid growth, ostensibly a demonstration of material strength stal~ilizatio~i.  

11: order to e v a l ~ ~ a t c  eclt~ation (2) we calculated P ( t ) ,  pj t ) ,  ' r ( t ) ,  anti a ( t )  for tlie Nova, foils 
u s i ~ ~ g  the radiatio~l-l~ydro(ly~~arnics code L,tZSNFX [3] in 1-1) a ~ i d  t,he lrieasured radiation drive 
of ps56. This drivc pulse cornpresses the blo foil t,o a, peak density of 15.8 g111 a~~lld a peak 
pressure 01 3.1 h4bar at  7.0 11s. Both the C u  and the 140 foils remain solid at  all times wheli 
driven by ps56, with tlle melt temperature conlputetl fro111 the Li~ldelnan~l  law. The plastic 
ablator/foil interface, on which the  perturl~ations liave hcen niachi~ied, begins t o  move at  3.8 ris 
wlie~l the  first shock reaches it ,  and tlie interface has moved about 20 p m  in 10 11s. In evaluating 
equatio11 (2) we accol~nted for the increase in material shear strength with pressure (strength 
increases as the lattice potelitial energy i~lcreases), according to the material strength model 
of Steinberg et (d. [.$l. When t,he ~xessure  exceeds the yield strength, the rilaterial enters the 
plastic flow regime and t l ~ e  lattice keeps rearranging itself into a ~ r ~ i n i r n u ~ n  energy stat.e, i.e., 
the at,orns "slide over" each o1,her with a cha,racteristic viscosity that depends on pressure P. p, 
and thc strain ratc tit/dt. The strain ratc  was calculated from its degenderrce on P, G ,  and the 
hulk modt~lus l<, accol~~lt ing for the pressure dependence of G and I<. It  is easy to  show that ,  
in compression, the plastic st,rairt rate is always greater tllall the elastic strain ratc. 

The  result of all these calculations is that tlie cutoff wavelength X,, which starts a t  a very 
high xaluc when the foil first begirls t o  accelerate, asy~nptotes  t o  about 250 pm after 10 ns. 
Thus, the  50-prn and 20-pni perturbations of the Nova experirnents should be  stable a t  all 
times. At the ~vavelengtli of maximum growtll, which is twice tlie cutoff wavelength or -500 
pnl,  growth is significantly suppressed i n  thin foils, as showri in Figure l .  7'11is figure shows the 
I ~ c r t u r \ ~ a t i o n  growth a t  the wavelength of maximum growtll as a function of t i ~ n e  for h10 foils 
of tl~icltriess 15 pln and 150 plrr driven by pulsrshapc 56. Figure 2 shows the dispersion curves 
for these two cases compared to tlrc dispersiori curve for classical growtll. 
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Figure 1. G r o w t l ~  factors of a 5OO-/~r11 pert , l~rl jat iol~ a s  a fitr~ctior~ 01' time ott MO foils of a) 1.5 / L I ~ I  
thickness ; ~ r ~ c l  11) 150 ,~1111 thickness dri\.ett IJJJ I I I I I S ~ S I I ~ I ) C  56. The  (lashed curve SIIOWS t11c growth 
factors calculated with accounting for tlre Ijressllrc d(~l)c~~~tlrnccx of the sllc~ar strc,ngt,l~, and the  dash- 
do t  curve wi thor~t .  'These growtlt factors are rotr~l)arctl to  I l ~ e  grotvtli factors of t l ~ e  n'lo foil if it wcrc 
licluitl (solid c ~ ~ r v c ) .  
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I3g~rre  2. Uispctsioli curves for M o  foils of a) 15 p m  thicli~lcss a ~ l t l  11) 150 p m  thickness driven 113. 
11ulseshapc 50. T11e claslled curve s l ~ o w s  t h e  slrengtll-stal>iliaFd tlisl)ersion c.l~rve, arid is c o ~ r ~ p a r e d  t o  
t.he dispersion rurvo of the  hfo foil if it  were liquid (soliti crrrve). 

2 .  Instability analysis and transition to  plasticity 
r 3 I he p e r t u r b i ~ t i o ~ ~  growth of t h e  Nova c ~ x p r r i n ~ c ~ ~ ~ t , ~  has also bee11 s i i i~~rla ted i r l  2-D wit11 LASNEX 
k~rid with anotlicl. r.adiatio~1-llyd~oc1y1ltl11irs code.  l ) o t l ~  i l i c l~ l ( i i t~g  the St,eiriberg cl al. ~ n a t e r i a l  
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s t rc i lg t l~  motlri. slid ~ I I F ' s ~  sirnlllatior~s predict l i t t le difrcrt-11ce fro111 c-1asqic;ii gron-rll r. i ; .  L'lle 
corlri. liort-c\.c~~. iio 11ot ,iccou111 for t l ~ c  ra te  ticpenticxl~cc of the  tr; i~~sit iori  to I~la,ticit!.. 111 the  
code sin~lilat ior~.. \viic~r.c-\-i~i. arld whcnc\~c.r t l ~ c  strcxs csceetis t,lic rii;ttrrinl - t  I eligt!t \!, 11 i c  11 d t  

a t~~ io i~ , !~ r , r i c  prrsiilrc ii 1.2 k l ~ a r  for CII  aud 16 lihar for MO), tlic. : na~c r i a l  is ,i-ziiineti to ljc 
init a111 ;iiic~ouil\. plactic.. i ~ i t l !  a rr111c.h lower siicar strcngl,li C:. ' l ' l~c ol~ic.~.\-etl lat ( , - l  il11(1 ~ I . I J \ \  111 ill 
tl!(, r ~ l ~ e r i ~ ~ ~ ( - ~ ~ t ~ .  l!~t>rcfur,>. is t~xpltiiri(~ci iIS t11c [ ) (3r t~l r !mt i t>~~ crc)ssi~i:, ;L!! i~i\\:i\)i!iiy \ I ~ ! ) I I ( ! ; ~ I . ) ,  

i . ( > , .  tilt- ~ l i a ~ t : ~  :,l1 :<11<c>< <: fcc'v I I ~ L I I O S P ( ~ O I ~ ~ ~ S  1 0  i r:~i~sitioli l o  ;L l)lilst,i( . .;:II~:II i: !;<L, :L 1ill1(.11 Ic)> ,~r l  

1111t I I ~ I I - Z I ~ ~ < ,  Y I I ' Z ~ I ~  > I I I ~ I I ~ ~ ~ I .  ;LI, t11e 11igI1 sIr:lir~ rates of 1 1 1 ~  Yovi~ ( ~ x ~ ~ t ~ r i l ~ ~ , ~ ~ i t >  (S~,\I X 10' , c1  I ,  

11 i -  riot I<::or.~! ilow l i i ~ >  .ilc.ar str.cilgtll i l l  ;~ct,iial rilc~tiils tlecr-cases i l l  t !l(: I r<~r~- i I  io:; tt, I,la-+ i i .  

P c ~ ~ ~ ~ ; .  50 i11i> i- I I C I T  ~ ~ ~ ~ c < J ~ , I I I ~ ~ ~ I I  for i l l  t , l~e  (iisl)~ssio11 cirrv(l i ~ ~ ~ i ~ l y s i s ,  171 I!!!s <irial:.-~i-. i ; i>~~~l ) i l i t , v  
e.ro\?-rlr i l ~ ~ ! ) ( ~ ~ l ~  olrl?, o : ~  1)t:rt url)alio11 wa~c,l(.r~gt 11. foil t,hic.lcriess, aliil ~li;iic>rial ~t r.(:~igtli. 

111 I ( , I . < . I I ~  Y C I I ~ I ~  111. Lc!~c,(Ic'v (it 41. [6] stal)ility 1)oiinci;arics are  tierii.cti that ~ I r ~ ~ ~ c ~ ~ i c i  d1.o O I I  

1ierturI)atioii a~liiilitrrijr. I b r ~ t  t,llcy do not tlerive a dispersio~i re1a.tio11. I.,i~ig tlicir fornii~latiorl. 
\\-c ca lc l~la tc  tliat for a l ~ i - j ~ ~ ~ ~ - t l i i c k  140  foil driven l ~ y  11~56, t h e  irlitia! aniplitutie is largcr tl~tii! 
tile, 1 lirc~~liolti n in ;~! i t~i t Ic~ L,r i~rstal)i l i ly aftcr- tile ~ h o ~ l i  r:lnc.rgc,s fro111 t!rr l>,lcli of l l i t ,  foil .  --6.i 
I I ~ .  I ~ I I L L ~ .  t he ; I ( ,? ' I I I .~ ,~ , I  io11 sl~oultl  l)c~omc, ultstabl(~ after l,ll;~t, t i ~ ~ r ( ' .  S r i r l i t  ioirttl!~:. Is.? a!( ~ilatc: 
t11,lt tlic' ( ' 1 1  !'cJil 1 1 r c ~ l 1 ~  ,)I t l ~ c >  i~ltcrface aff.cr 10 11s if tlic, ps56 "foot" tc,rnl,c~<itlil.e i ,  ti,o i o ; ~ .  
I 11::. silo\\ i i i i  :lit. . < > ! . O I I ! ~  -1ioc;c to  cat c.11 111' 1 0  1 ] I ( '  firs1 I)c,fore i t  ' ( ' ~ L c I I < ' ~  I 111' i~lt('rf,:c(~. efi'rc' i\.(,l!. 
~11ocl;lilg \1i(. ni,itel 1 oc, !!;lrd i ~ i i t  ially. Tlie Ijroa.tl-1)iaiitl fil1,c~ tiiolli. ; I I , ~ ' I J  I 1 1 ~ 1 1  ::ieailll.ei 11:c. 

r;idia:ii-,r~ t111s i'l.oni ~ ~ . l i i ( , l ~  t l le drive teniperatl~rr.  is i~~fcrr-et! call detc,~.il~irlc ciril! ; I I I  11p1jcr lirl?~ 
to tlic~ f<)ot t t,lliljc.r,itllrt:. T I I I IS ,  tllc: ol~scrva.t,io~l of late-t,ime growt,ll in 1 So\-;, exl~er in ic~~l t  i 

i k  c o l ~ z j ~ t c ~ ~ i t  \'.it11 tile clis!~crsioli cul-\,c arlalysis ( w l ~ i c l ~  predicts no ; ro \~ t l r ) .  ; I I I ~ ~  not \\.it], tile 
2-D roil,> ~ i : : l : i ! i i ~ i o ~ ! ~  i \vliicli prctlicl 11c.ar-classic.al grolv1,ll) if tlic, ~natcrizll ilic.ll i ,<I i1:c. inter.facc 
aftc.r I0 l i -  ! ~ c ~ i . ; i r l < r  I I I ( >  !;jot dsivc, is loo low. ;rntl/or- if t,h(. ~)c:rturhatio~i cro>>t,i a11 inci;il~iIit! 
IJoln~ci;ir!- ~ i ~ ; i ~ r - i t i o ~ i \  to j~lasticit?;) after 10 11s. 711e i~ear-term f i ~ c . ! ~ ~  of 11ic. c x p c r i n r r ~ ~ ~ t a l  
carnl)aip~! i. to Ilrc',i'-llr.e 1l1(' root telnperatiir-e iueasl~l-ing tlic, tiliic of iir.1 <lioc.i-, 1,i.c;:F;ollt 
v:itl~ ;i iiel:. "\- i -<i :"  ~c , c i l r~ ic~~ ic~ .  aiid t.o tl(:tcrrniilt: {lie s t a t e  of t h e  111;ttt.ridl 1,)- .I I3riigq iliff~.ai.iior~ 
1l l~~~t~~, l?c l l l<~: l t  '21. 

3 .  Seilsitivity t o  equation of s ta te  

lI,.lt tcJi;ilxr,li I I ! I ' ~  d : i 5  gc,n,'ra!ly a f1111ctio11 of  c.olrrprc>ssion, i ~ ~ c r c , : ~ s i r ~ ~  \;.it 1 1  i ~ ~ c r ( , , t ~ i ~ ~ g  ( .c i~i i i j i i~~-  
S~(-,II. l,ikc\\:i~c:. I ; I ~ I I ( ~ I ~ ~ ~ !  j)r(>s\rir(: is ( I o ~ ~ r i ~ ~ a t ( d  ljy cold Iattirc ~ ) re s s~r rc~ .  1vliir11 i,  f ~ i ~ ~ r t i o ~ ~  or11~. 
of co~i i l ) rc- i io l~ .  IIt~!.irc~, tlii. treafmont of cscjl~alioil of s t a l e  (EOS) is iiiiport,ir~t i r i  1.11aractrl-i/irig 
t lit. ru;ttr\ri;ll G ~ , L I < . ,  rl.rrc r i i i ferc~~t  I2;OS 111otlt.l~ \vcrcl used ill thc: L . \ S I E N  c,t!c!~latiolii: ;1 
t a l ~ l ~ l a r  EOS iLO1'; Ila-cc1 ori a Tltol~ras-17errlli i ~ t o ~ i ~ i c  i i~odel;  tlre al~d!ytic Qiioticlicri ],:OS [7! 
iQEOi ' , :  c>un(l a C:r1111ciseli E05 for whicli wc tier.ivet1 1,lre i~ l l c r r~a l  c r l c~ rg i i~~  fro111 :lie prcs?urp 

forrnu1;itioi; of Y~ei1111ci.g r /  (11. [ t] .  Tl~c, dc.rivatio11 of t l ~ c  (:nsileisen 110s tiike.: illto , iccol~r~i 
1~0 th  tiic colt1 1;itticr. ericrgy a11d tlte ion t . l~cl.~nal c,nergy, I ~ u t  ignores tlie rlcgligilil! 5liiall (:let- 

troll tllcr.m;il col11 r i l )u? iori. 111 tlic, pl-ess~rrc-ticnsity regime of interest tile C;l.~r~iciieii IIOS is 
softer t!riill !~ot  11 1CO l' alld (2k:OS. W i t h  t,l~c- softer G r ~ ~ l ~ c i s e n  LOS ( ' 1 1  ro1111)r"~.e~tto Iiig1ier 
c!r.~?zit!- aircl lo\!:cl. te:;il,erat ~lrc,. for tlie same‘ drive. pressure, t,llair with 1,:OI'. 1 1111s. i l l  ~ ) r i ~ i c i ~ ) l c .  
;t l , ~ ~ l q c  r h a l x  cdn I ) ?  ric>.ig~ii.ii t o  ~rielf t l ir  ~rrc:tal wit11 I':OP i u ~ d  not tvit l~ ( ; r l l l~ ( ' i~ i ' i~ .  \l(' 11ote 
t11,tt liot11 ('11 ;,:i(i 110 ':iii. ioli(l at ;~ l l  tinres wit11 ps56. \,VC Iravc:, i l l  atlrlitici~i. tlc~igrlt~tl ;ir~otlicr 
111i1.e \haj)e.  ;L liisl~~~r-lc~n~~~esaiurc! varialil of ps51i ( 1 x 5 5 )  t,llat mc~ l t i  ( ' U  ; ~ t  S.,< 11s if J:OP ib 
11sc>c1. I J I I ~  i i o ~ ' i  I I O T  111t~1t i t  if i i ~ e  G n ~ ~ ~ e i s e n  EOS is usetl. This pulsesl~apc~ call t l i ~ ~ i  .?er\? as all 
P.05 1r1ocIt.l !iisc.rin~iiiator. niing an experii~ient a1 t,echnique tha t  can mc.;iii.ire ~ n c l t  time. Tlie 
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Application of a General Purpose CFD Package to 
Rayleigh-Taylor Instability 

S.B. Dalziel and P.F. Linden 
DAMTP, Univers~ty of Carribridge, Silver Strert , Cambridge CB3 9EW, England 

Abstract: The use of general purpose coniplltatiolial illlid dynamics software packages such 
as AEA Technology's CFX (previously known as Flow3D) is growing rapidly in a wide range of 
industrial proble~ns. The predictive power of such pac1;ages for co~nplex flows cont,aining large 
density g r a d i e ~ ~ t s  remains uncertain. The tech~iiql~es used may he limited I>y the  comput,ational 
power available (typica.lly a workstation) and the need to keep the solution strategy as general 
as possible. to  model the turbulence need to be cliosen carefully and used with caution. In this 
paper we avoid prescrit a co~nparisori between preliminary si~nulations using TURMOILSD, 
CFX, and Settle ( a  sirnple two-dime~isional strearnfunction-vorticity code). We attempt to  
simulate the flow produced in a series of lal~oratory experiments t l ~ r o ~ ~ g l i  the matching of the 
initial conditions and parameters to those follnd in the experiments. 

1. Introduction 

Kumerical modelling is playing an ever illcreasing role in science and engineering in both re- 
search and intiustrial environments. The rrqliirements of the two comillunities often differ. Tlie 
research commuliity is, in sornc sensr, in scarcl1 of "trnth", while industry often simply want 
"the answer". This differe~~ce in goal, in cornl~irlation with a difference in the availal~le resource, 
leads to different rcquiren~ents for a m~merical model. In the research environment the "quality" 
of the end product of a numerical model is norrllally paramount. It  should provide you with 
the understantiing or confirrnation of the underlying physics that is sought. Ease of use and an 
ability to model a huge range of different flow types and geometries arc much Icss important 
than the accuracy. Flexibility is required a t  a low level so that different physical ideas can 
be tested for a giver] class of prol~lerns. In contrast industry requires the nlodel to be "cost 
effective" and produce an answer which is accurate within acceptable bounds. IIardware costs 
Inay someti~nes he  important,  but in general the personnel costs are 1nuc11 Inore sig~iificant. The 
software rnust be "easy t o  use" arid may well be operated l ~ y  non-specialists who do not fully 
understand the inner workings of the code. Iligli level flexibility - so that the same code and 
training may he applied to  a diverse range of prohlenis - is rnuch rnore i~nportant  than 1ni11or 
variations in the physics incorporated into the model. Despite the sul~stantial differences ill the 
user requirements for research and indi~strial codes, there remains a need for general purpose 
iridustrial codes to  providc an accurate representation of the  Auid dynamics. 111 a sense their 
job is much harder tllari for a research code: they rnust combi~le accuracy with the  requirernerits 
for flexibility and ease of Ilse. 111 this paper compare two research codes - TIJRMOILSD [l] 
and Settle [Dalziel, unpul)lisl~ed] with the gei~eral purpose CFX (from AEA Teclinology) using 
a two-dimensional Rayleigh-Taylor i~lstabilit~y. 

More i l ~ f o r r n a t i o ~ ~  - Email: sd103@alntp.ca1n.ar:.uk or s.dalziel$?da1~1tp.ca111.ac uk 
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2. Basis of codes 

'1'al)le I ~ u ~ l ~ l i l a r i s e s  so~ i i c  of k'y feat,l~rcs for (,II(: tllree codes ~ l scd  ill this stutij-. 111 t,hc 
ca.sct of (IFS t,l~e full rarigc. of ft,at~~l-cxs is i~~c r rd i l> ly  broatl, 1j111. of lit,t,le rclcvancc to  t . 1 1 ~  c~~r rc l i f  
s t ~ ~ d y .  Note, t.hat, 1,ot.h TI;RAIOII,3I) (IFS arc t1lrcc:-tli~nt:nsiollal codes, wl~c~reas  Scttle 
is only t,~vo-dilr~c~nsiorlal. ' I ' l ~ c ,  t,cxst ~ > r o l ~ l c ~ i ~  chosc~11 is itself two-di~nc.r~sior~al, l)ririlarily (111r. 
t o  hartiware l irr~italior~s prevenl,ing (:I"X from l ~ e i ~ l g  run on a t11rc.e-tiilne~lsiox~al ~ ) r o i j l e n ~  a t  
a d e q ~ l a t e  resolution, b i ~ t  also due  ill par t  t o  the  i ~ ~ l r ( ~ r ( ~ ~ ~ t l y  t ~ ~ - ( l i ~ n e ~ l ~ i o i i a l  n a t , ~ ~ r e  of Settlc:. 

Rese;lrcli 

(RT k RM) 

C:c,~ic~ral purpose Research 

( Sc-tlirne~ll a t ion)  

\'elocity \'elocity Vorticity 
... 

Dissipat.ioi~ ze ro  (rlu~iierical only) I , a ~ i ~ i ~ ~ ; t r  or  Turbulent k r o  (111urlerica1 only) 

1)isc.rc~t.isat i o 1 1  Fiui t,e differellcc Finit.? v o l u ~ n e  Finite \.olinnc 

Grid C a r t e s i a ~ ~  Body fitting ilcual~ctlral Cartcsia~r 

Sc;~lar/velocity Staggered ('o-located St agerred 

(Irritral, IIUM.', \'an Leer, Illin-bled, 

equation cq11atio11 o f  s td te  I m p r o ~ c ~ d  Ill~ir. lnultigriti 

g i v i ~ ~ g  ~)rossul-c: Cliow 

Tirilc s t epp i~ ig  Exl)licit I~nljl icit ,  it.erat.ive sol. rcxplicit 



3. Problem specification 

Tlie test case is for an i~icompressihle, illviscid, nondiff~~sivc, miscible, Baussinescl fluid in a 
two-dim~rlsio~ial rectangular domain. The initial density field is given by: 

where tlie doinaiii is defined as 1. E [-L/2, L/2] a ~ i d  ?j E [-H/2, H/2] wit11 the aspect rat,io 
H/I, = l .25. The  instability grocvt,h is initiated by a divergence-free vclocity field ohtai~led 
from t h e  stream furiction: 

This strc~amfiinclion is irrotational everyrvliere excel~t a t  y = 0. The vorticity at  this level is 
cieterinincti by expcrirne~~tal  n~easuren~ents  [2] which specify the values of the coefficients @,, 
ant1 (L,, ( n  = 1, 10). 
All three cotlcs were run at  a resolution of l60 control volumes horizor~tally and 200 vert,ically. 
As ( T X ,  does not have a true two-dimerisional mode, sinlulatioris with CFX had a three- 
dirnc:nsiorial niesli with orily two niesh points in thc third tiirection. In addition to these 
two-dimensional runs, 'rlJRMOIL3D was also run for a thrce-dinler~sional problem, the three- 
dimcnsionality being triggered by th r  ad t l i t io~~ of high wave number noise t,o the initial der~sity 
field a t  y = 0. 'rable 2 su~nmaries  tlie resources required for these runs. 

TTJRMOILYD CFX (version 4.1) Settle 

Precision Double Double Double 
- -  

Memory 32Ml~y tc/360MI,yte 140 RiIbytc 3.5 Mbyte 

rrcpircment (flow solver only) (flow solver only) (includes interface) 

Pliysical Mem. 16 Gbyte 160 Ml>yte 64 Mbyte 

T'rocessor ('ray C98D 266 MHz alpha 266 MHz Pentium 11 

Table 2. Requi~.ements for test run .  

4. Comparison of codes 

111 this paper the cornparisorl bet we er^ the tlrree codes will be entirely visual and based on plots 
of the density field as a function tluring the self-sirnilar growth and subsequent overturl~irig 
phases. 7'11is corn par is or^ is presented in figure 1 where a clear quantitative agree~ne~i t  call be  
seen between the two-dirncnsional simulatio~ls at times T = l and T = 2. Tllere is also remark- 
ably close agreement wit11 the threc-dimensional simulations ill terms of the overall growth 



,, of the l~l ixir~g zol~c.. I llis s ~ ~ p p o r t s  the 11otio11 that the two-dimensional veloc.it). ~)ert.l~rhatiorl 
is co~ltrollir~g t l ~ e  growtll of tlie instability while the three-climc~~sio~~al  notion is resl)o~~sibl(~ 
~)rirri;lrily for thc. ~r~olccular  ~nixing bctween upper and lower la.yers [:I]. 
r > I11e differerlees between tllc two-dimciisio~ial sim~~latiolls a t  a  give^^  tin^(^ ;lr(. 1.el;rt ivcly slriall 
i~~i t ia l ly ,  1111t grow with time. 'I'lle lack of an exact. i tgrer ,~~~er~t  is of no sr~rprisc ~ I I  t l~ i s  t ~ ~ r h ~ ~ l e n t ,  
flow wlicrc any snlall tlifferences arc a111l)lifirtl 1)y the growtli of t l ~ c  i~istsbility. Il~dcctl t l ~ e  
sirn~~lafions agree rnorc closely t , l~ar~ ;tr~y t\vo of the rio~ilinally idel~tical exl~crimcnts \vl~icli n,el.rx 
t,lie \)asis for {,he cllosen set of il~itial cor~tlitiol~s. 

5 .  Discussion 

While the coniparisorl of figure 1 sllows that all tlirec models are capable of solving t,his par- 
ticular ~ro l> len i  wit11 colnl)aral)le accuracy, tlic case anti c:fliciency with which they achieve tllis 
differ marltedly. Pvlorcovcr, sorne of t,l~e difficulties associatc~ti with using a gencra.1 purpose 
package s ~ ~ c l i  as CI~'X sllor~ltl 11e highlighted. Referel~ce ljack to table 2 sl~ows t.liat Settle places 
the liglitest. demanti or1 colr~puter resources sr~cli as IlieIriory. This is not, srrrprisi~~g due to tlic 
simplicity arid inherent two-tlirr~ensionality of tlic strcarr~f~~r~ctior~-v-orticity forrm~lation. Tlic 
m ~ ~ c l i  larger ~nerrlory requirements for T[;RlIOIL3L) are accc.pt,al)l(: given the  cornbillatio~l of 
the added co~nplexity of tJic conipressihle equations anti generality of tlic niotlcl. I-lowever, thc 
requirements for CFX al)l)c%ar excr,ssive at first sigl~f.. The reasons, llo~vcvcr, st,ern from t,he 
general purpose nature of t,l~e code a ~ ~ d  the I~istorical use for t.hrr code to solve steady state 
problen~s. As rlotcd ill t a l~ lc  1 ,  (IE'X uses a licxalicdral l~otiy-fit tect mesh. The use of such 
a mesh requires a sul~stial increase in the nl~rrlber and sizc of t11c tia.t,a strl~ctures reqllirc,d t,o 
ma11il)ul;tte it ;tlrci calculate simple tl~ings like derivatives. 'I'lic IIiggest, contribution, however, 
probal~ly conics from the r~sc of all ilnplicit s c l i e ~ ~ ~ c ~  for t,11(: t i ~ r l e  stepping and tlio r~cc:d t,o effi- 
ciently solve largct syst,rrns of equatiolls througl~ ;t lir~earised iteration. '1'11~. r~se of arl i~nplicit, 
tirr~e step is a consequence of tile ~lc,oti for CFX to similatc quasi st,ea.ciy-state problo~r~s i l l  a 
robust and efficient manner. U ' l ~ i l ( b  the stal~ility of irr~l)licit s c l ~ e ~ r ~ e s  is attractive for sorne I)rob- 
lerns, they have fcwer ativantagcs for t,ra~lsient prohlclns wit11 large spatial gradients s11c:h as 
Rayleigli-Taylor instability. Indecti lritiden proble~ns  nay arise if tlie selectetl tilnc stc]) is too 
la.rge. First, the iterative solution ]>roctrss for t11(~ irrlplicit eql~ations car1 be urlsl,able, lcatling to  
either the code terminating due, to  this failurc. or all iilcorrr.ct solutio11. Second, a. cornpirtation 
s11ch as this coiitainir~g large tier~sity gratiierits rrlay suffer 1)adly from tn~ncat , ior~ error sucli that  
a time step that collvel.gcs a ~ ~ t i  is s ta l~lc  does riot 111-od11ce a rcasor~ablc rnodel of the flotv. 
example of this problem is illllstrat,c$ti in fig111.e 2a. for the flow at  7- = 2, wliere tlie large t i n ~ c  
steps ( A T  = 0.04 corriparetl with the AT = 0.002 for tlie CFX silnlllation in figure 1) cause 
the derlsity gratlier~ts to be smeared out co~nl)art,ti wit11 the comparable dc~isity plot. in figure 
lb .  While it is possible to  acl~ic.vcx t l tc !  rctcll~ired accuracy wit11 tlie i~nplicit, t , i r ~ ~ e  step, the sizc 
of the steps required are corr~paral~le with t,l~oscx for t , l~e explicit schemes, ~ v l ~ i l c  t,i~(, il~dividual 
steps are substa~ltially more costly. Tlic, corn1)in;ttion of t l~ i s ,  the overheads of t.llr: ge~~eralised 
grid and the lack of a true two-dimc~isio~~al  node coliibine to slow CFX t.o t11v point wliere 
the sirn11lations s l ~ o ~ v r ~  i11 figlirc l re(ll~ir(>(i al)Ijrosimately 20 hours for (:I.'X c.onloared wit11 10 
minutes for Settle on ~nachincs wit11 corr1paral)le 11;rsc. performance. 
Another area where CFX fails t,o rl~eet sonle of the goals itenlised in tlic introduct io~~ is i n  
its ease of c o ~ ~ t r o l l i ~ ~ g  t,lrc sirll~llat,ioil itsclf (tl~cx sl)ecificirt.io~~ of t .11~ :  geo~rlelry and the graphics 
abilities are excellrr~t, a l t l ~ o r ~ g l ~  agail~ vcry t ; t x i ~ ~ g  on colrll)~lt,er resources). In one sense this is 
not really a criticisln of the code, at least from the rcscarch view point,, as the "prolrlerr~" s t e ~ n s  
from the low le\rel flcxil)ility r rq i l i r~d  in a 1.esclarcl1 codr. How(:\-cr, this sarllr flexibility could 
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lead inexpert uscrs to he ~ l ~ i s l e d  \>g the rrsults t ,h~ough i~lal)propl.iatc> cl~oices. I2or cxamr)lc, 

TURMOIL3D (3D) TURMOTL3D (2D) CFX Settle 

Figure 1. Colnparisor~ of si~r~ulat,ions for the c.od<,s and tin~cls i~~dic;tt,etl. 'l'ht. concentration frld is 
rellderetl as a greyscale ilr~;lge. 

figure 2b (again for r = 2) sl~ows how an inappropriale choice of a first order atlvectiorl sc11c.rne 
can lead to an unacceptal~le level of nu~nerical diKusion, yet t l ~ i s  is the default scheme due to 
its robust l)ehaviour. For marly flows the nu~nerical diffusio11 associated wit11 the first ordcr 
scheme is acceptable and may he considered a substitute for rllolecl~lar or turbule~lt diffusiorl in 
the flow. However, fcor the large spatial gradients cha,racteristic of Raylcigh-'raylor instability, 
the seco~ld and third order scllernes ( s ~ ~ c h  as t . l~e CCCT scheme uscd for the CPX calculatio~ls 
prescllted i11 figure: 1) ~)erforrl~ed 1nnc11 better: at Icast provided f111x lirllitetl vcrsior~s were ~lsetl 
to prcvent spurious oscillatior~s. 



Fi:ilrc' L' .  l lic effcrt of cl~anging tlre nlllrrcrical coiltrol paralnet,ers. ( A )  ' l - i r ~ ~ o  cl( ' [)  nf L- = 0.0 I .  I 1 1 )  
Firit urilcr upwinti ad~ectiorr schc~rrlc. 

C;encral 1)urlxJ.c CFD inodcls a r e  11ow able t o  tackle t h e  complc .~  p h y ~ i c ~  of tilni--iicl~c~rtlcwt. 
t u ~  l>l11<-11i r l l ixil i~ 1)11t iire' i t  i l l  solrlc way off Ix ing al)lc t o  ~)rovid(: t . l i r >  ~)i.rrorril;~ilce lc\.cl.- ac-liic.\ c,ii 

l ) > -  .p(>(-izili~: :.c+carcll coilcs. 'I'llc jrelati\.ely) slick user interfacc ;311(1 1111- <t l~ i l i t ! -  t o  modc.l 
c.orn~~le\-  cc~o~~ic.tr ics arc \.cry al)l)c:alirig 1)11t a r e  tlie illdirect callsc of t l~c ,  1xJort.r ~,c~rf(>rni;l:ic~c.. 
For ill~ll:.rlia! I)rol,!clil~. (-'13'X w o ~ ~ l t l  1)e of great  value. but as a sc ic .~~~i i ic .  tool i t  i. lilliiteil I ) \  
t I r e .  r s i . ~ ~ ~ i \  c ,  rIlernor!- reci:~i~erncilts, long c~xoculioii t imes.  IIo\vc\.ci,. a i  t ]I(: cotlr. c.o!iti!:~~i.~ t o  

i1111)1u\.l, < L ! I ( I  o~ l<s td t  i c 1 1 1  j)i:rfor~na~ice i l~crcascs,  S I I C I I  (!l;l) r~rodels n:ilI l~eco i~ i t ,  of ir~c:f>~,<ii~g 
\.<illl?. 
.\I,..\ Ioti~r~oloi?! r ~ l e ~ t ~ e i l  a new version (5.1) of ('FX i l l  0c to l )er  !9!)ii. l l l i -  ~ . c ; . ~ i o r ~  l i ~ i  

tlic ;~ci\.alrtnge>s tlrat it 11bt.b cliiadral~etiral elemerlts provitliilg i lnl~r,o~.r>(l  ~~ioidi~ll ir lg i ~ i '  co~lll)ic~.; 
gi~oiriotrir~i ; i r ~ r i  ~)ro\-it1c.i a lriorc "user-friendly" intc,rface for srttirig up  the  i i ~ ~ i i l  i l> .~lan~ic  .: 

~ < I I c ( - ~  b of tllc l ~ r c > l ) l ~ ~ n .  F I o w t ~ v ( ~ ,  a t  prese~i t  CFX5.1  does riot 1lal.c. t11f. ~ ~ o ~ s i l j i l i ~ ! .  of moelelliirc 
i r l l ~ o ~ i ~ o g c ~ ~ i . o i x  initial co~ldit iolls ,  aild so is of n o  valile for ~ n i x i r ~ g  prol~ler~is .  
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Abstract: A detailed comparison between simple experirncnts and three-dimensional n~lrneri- 
cal sirrullations of Raylcigll-Taylor instability has been undertaken. Two layers, o11c salt water 
and the  otlier fresh, are initially separated by a rigid barrier which is removed at  the start. of the 
experi~nent. The aim of this work is to nntierstand the significancc~ of the perturbation in~posed 
by t,he removal of the barrier ancl ntilisc this undcrstantiing to  provide improved agreement 
between the experin~ents and numerical sililulatioris of them. We investigate 110th the growth 
of the width of the mixi~ig zone and t,hr structure of the concentration field witbin it. Our re- 
sults de~nonstrate  that ,  a t  scales small compared with the confining geometry, the flow rapidly 
adopts self-similar tl~rbulent behaviour with the influence of the barrier-i~lduced perturbation 
confined t o  the larger length scales. Concentration power spectra and the fractal dimension 
of iso-concc~ntration contours are found to be represe~lt~ative of fully developed turbulence and 
there is close agreement between tlie experiments and simulations. 

1. Introduction 

Recent, work [l, 2, 31 has showl~ that it is necessary to model experimental initial conditions in 
an appropriate rnaIlner if close agrec~ne~l t  is to he found between expc+rilner~tal and nunrerical 
studies. Fhr silrlple laboratory experi~nents on R~~yleigll-Taylor instability. where two layers of 
rniscil~le liquid are separated initially by a Imrrier? the loss of Incrliory is i~rco~nplete  and thc  
growth of the boundaries of the mixing zone is do~llinated 11y the energetic, low wavenumber 
co~nponents of the initial perturbation to the velocity field. 'rhis pert,urbation is ~ , rod i~ced  11y 
the re~noval of the barrier. The three- dimensionality of tlie resulting flow arises from higher 
waver~umber components with a more random config~~ration. For a sim~llation to  provide close 
agreement for rxternal mcasnres of the flow, such as t h e  width of the  mixing zone, only the 
two-dimensional colnponent of this initial perturbation is important. IIowever, if the niolec~l- 
lar mixing and other characteristics of the  internal structure are t o  be simulated accllrately, a 
three-dimensional perturbation must be present also. 
In the  case of the almost shear-free corr~posite barrier, described initially by [4], the low 
wavcnumber components of the  initial velocity field are esscntially two-dimensional arid may 
he described in terrns of a vortex sheet left bel~intl the barrier producing an irrotational flow 
through the remainder of t l ~ e  tank. This flow field may represented as the streanlfunctiorl of 
the form: 

1V 
h ~ n r r t e r  nTx s i n h e  (l - 2;) 

Q ( x ,  y, 2) = QOIJBarrte,.L---- n,si~?-- 
H ,=l L sinh% 

(1) 

where Q,, is an order one fuiictior~ of the Reynolds number and a ,  ( n  = 1,10) are c:oefficients 
determined from experin~ents. Here X, y,  z are the along, across and vertical tank coordi- 
nates with the origin in the centre of the tank of length L = 400 mm, width L/2  and height 
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F1 = 500 771m. Tlicx I~arr ier  of tlliclaiess Iiti,,,.,.,,,. = 2.4 ~ 1 1 n  is rclrroveti a t  a sljc,ed r;13,,,.,.,,,, i l l  the  
r~egativc .r. dirc\c.tiolr. In t,lic sirnlrlatio~~s prcsc.~iteti here. wc, rc,ljlace tlic Iiigllor f,l~ree-diii~r~rrsio~ial 
wavenuml~er  c o n l p o ~ ~ e n l s  of tl~c: irritial p e r t u r b a t , i o ~ ~  wit11 a rant ion^ l)ert~~rljat , ion 1.0 tlre irritial 
posit,io~i of t he  i~~tc,rfacc.  I f  t l ~ o  alnl)lit,i~tic of this ran do^^^ I )er t~~r l ja t ior i  is snrall tl1c11 i t  Inay 
Ije descril~ed as a r;irrtio~r~ pcrt11rl)at i o r r  t o  tl~c, tlcrisity field. p,\-,,,,T,, atldetl t o  t h ~  t l c ~ ~ s i t y  ficltl 
a t  a = 0. 'Tlie e x p c r i ~ n c ~ ~ i l s  rc,portetl here ewrr l~erfornrc~tl i ~ s i ~ r g  s ~ l t  watcl. ;i.r~d i t l c o l ~ o I / ~ a t e r  
so l i~ t io r~s  (1,lrc~ alcolrol \v;rs atlcletl to n~atc l r  rrfracti\-c ilidices) t,o give an At,wood numbor of 
.'l = (p1 -p2 ) / (p l  + p 2 )  = 0.002, wlicrc. /)l and (12 arc tlic init,ial delisitics of tire ill>pcr and lowcr 
layers, rcsl)r3c:t i\-eIy 

2. Growth of the  mixing zone 

Figure 1 sumnar i sc s  tht, i~rit,ial growth of tllc l i ~ i x i ~ i g  zone by prcsentilig tlic conceni,rat,ioll fields 
in the  .c - z plarrc. at. r~ = 0. For tlrc. c,xl)rri~nents ( c o l u ~ r ~ ~ ~  I) ,  orily tlic lower Ilalf of t he  t a ~ ~ l i  
is vis~~iil iscd and the  c o ~ ~ c e ~ l t r a t i o n  rnc~asnreri~errts arc ohtainctl 1)y i l i~age ~jroct~ssilig t.ecli~iiqucs 
f r o ~ n  i~ fluorcsccnt, dye  i l l i ~ ~ n i r ~ a t c d  11y a si111l11e liglrt s l i c ~ t  fi.oi11 a11 arc l a ~ r ~ p .  (:O~IIIIIII 11 slio~vs 
tlic. eorrce~itl-a~.ion field for a tivo-tlirr~tr~rsio~ial s inn~la t  ior~ (Sci,tle - see [:{l, t .l~is vol~lr r~e)  nritlr t lie 
illit ial c.o~rdil,ions tlescril~cd I)!; ( 1 ). Tlrc f11ll 11arric.r siir~r~liit ions, pcrf'ori~~c:ti irsirrg 'I'TiRllOII,.?I) 
12, G,  i] with tl~cx initial co~rtlitions givc.11 I)y ( 1 )  a~ i t l  incll~dilig p,~, , ,~ ,  is ill eo1rrn111 111 \vliilc 
itlcalisctl s i r i ~ r ~ l a t i o ~ ~ s  (also con1l)utctl 1)y '1'1'1121011,) stariirrg c\rilli orily p ,~ , , , ,  to i11itiat.c tile 
floev is i r r  ~ . O ~ I I I I I I I  IV. 
I'isual comlj;irison ljc.t\veel~ tlie four colrir~i~rs iri figure 1 slrolvs a re~liarkablc I(.\.el of sinlilarity 
for t hc  .ivitltl~ of t I I ( %  ~ ~ r i x i ~ r g  z o ~ i c  hc,t\vc.c.~i 1 1 1 ~  csljerimonts. t \~o-ti i~lreiisiol~al s i ~ ~ - ~ ~ ~ l ; ~ t i o i i s  anti 
I~arrier silnult~tions. 111 co~rtr;ist,, tlle idealised s i~ r~~ l l a t io l i s  exlribit a sril,st,aritially 1owc.r growl11 
ratc a~ i t l  a. 1c.s~ coliererlt st.ructurc, t o  tlrc. flolv. This dcn~olistrates clearly thc  daminarit role of 
tlic t w o - t i i ~ r ~ c ~ ~ r s i o ~ ~ a l  low waveliurnl~er c.orrll)orlel~t of thc  i~iit,ial ~jc,rturbation. 7'11~ n~rrch Inorc 
rapid growl11 do\vr~ tlie riglit-Iianti wall is tlie res l~l t  of tiro l e f t  right asynirrietry ill the  1)arrit.r 
rcnlov;rl Ijro(:('ss produ(:irig a \.ort,('x s l r ~ e t .  \~ l i i I c  tlie d o r n i l ~ a ~ ~ i  wave lengtli is Ijclic~veti t o  rcts~~lt 
from ins1 ;rl~ilit i(,s orr tllis vortex slicct,. l ' l r c t  irgreeme~it hct\vcc~r tllc>sc: flows lias 11co1 cl~~aritilied 
1)y 1.31 a11ti I I I ( ' ; I S I I I . ( ~ I ~ I ~ I I ~ S  of tlie q~ratlratic co~nponc~l l t  of the, tc>rl~poral evolutio~i arct gix-e~i ill 
'21. Iiisuirl co~i~par isor i  of tile i i i t .c~r~~al  s t r u c h ~ r c ~  of the  ~rlixirig zone agair~ s l~ows lavouraljl<: 
.~greemciit  11ctivccr1 t , l i c >  c.xl)c~riri~erits and 1)arrit.r sililulations, arid ilitloeti sorne agreerncirt cvitli 
lie idealised s i~nnla t  ior~s.  13c.fore sliowirlg tlris agree~nerit  t o  he  qualrt it.ative, we ~ i o t c  tliat we 

,vvould ~iot,  espc.ct t,he t~vo-tiirr~c~rsiorial sirnulatioris to sliow any of 1.11~ i ~ ~ t c ~ r n a l  gradients aritl 
:;t,ructure of tlie foulid ill tllc c.xljc>ri~nc~lits d11c to  tlic aljsc.r~cc of vortex s t r e t c l i i~~g .  'I'lir exis te l~cc  
of coricentratio~is interlnetiiatc I ) ( . ~ ~ . ( Y > I I  C' -- 0 or  (' = 1 arc, t , l t c ,  result of nlnnc,rical tIilTiisiol~ 
;tnti r ~ o t  rro~rlir~e;tr, three-di~i~er is io~~t l l  I)rot.c3ssc3s. 

:S. Concentration power spectra 

' I ' l ~ c )  interrial s t ructure  of the  rsl)erirnclital arrtl l~lrillerical flows m a y  I)(, a~ialysed in a nu111l)c:r 
of ways. IIere n:c sliall rc,strict o~~rsc,l\.cs t o  tlie cor~ceritration l ~ o w c ~ .  sljcxci,ra. I't'e sliall not. 
~)r('scnt sl)o(.tr.a for tlic. t\\~o-tli~nc~~isiolral s i~r iu la t io~is  as tlicsc, clei~rly lac.k t,lle iriteriial s t r ~ ~ c t ~ ~ r r  
in ~vlr ic l~  \ve ilrc, iritcrclsted. 7'0 c.llsurc a, eoi~sist,c~irt t rr~;ltnrr~nt, of the  flows, all ~)roccss i~rg  \vas 
I)asc.ti oil irrlagc~s of tlic c o r ~ c c ~ i t ~ ~ a t , i o ~ ~  f i c s l t l .  111 all cases t l ~ e  s p r c t r u ~ n  nras tlc~tc~rr~rirreti for 
i~~ t l i \ - i dua l  vcrtic;il l ) l ; ~ ~ ~ c s  in t,lic wilrtlo\\~ :,./L E [-i. $1 arrd 2/11 E [-0.1;0] 1)y c a l c ~ ~ l a t i u g  one- 
t l i~nc~isionnl Irol-i~orii i l l  I"I'"l' ; r f t , c%~.  sr~it.aljl(t wiittlo~vir~g arrci p a d d i ~ ~ g  of tlicx da ta .  '1'11(. irrtlividiral 
Irorizontal sl)c~ci.rii wii,lri~r f . 1 1 ~  n.iiidovi~ ivcrc tlrc>n avc>~.;rgc~tl. r4r1 r~r~srrril)lr of sixt,ec.~l cxperilnents 
\vcrc' llsctl ~ v i t l ~  t l ~ r  s~)(;(:t,ri~ locat.cd a t  !J = 0. 'I'lic r e s l~ l t i~ ig  tiata set, was itvclraged o\-c,r t11c 
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msc~nble .  E'or tlic silll~ilatiol~s tllc spectra were, calculated for cacll vertical plalie across tlie 
width of tlie tank and these sl)ect,ra t h e ~ l  averaged. 111 tlie case of the I~arrier sirm~lations 

Figrlrc 1 .  Co~nparison of concc,~ltratiorl lields for experirnrllts (column I) ,  two-dimensional silnulatiorrs 
(column II), thrt~t:-dirr~ct~siolial "barrier" s i ~ l ~ ~ ~ l a t i o n s  (colun~n 111) a ~ ~ d  three-dirrlensiorlal "idealisetf" 
silnulatiorrs (col~~rnn I\ ' ) .  l 'hr cor~ccntration ficltls are sl~own for (a) T = 1. (a )  T = 2 and (c) T = :1. 

all e l isen~l~lc of tlrree sets of codlicirl~ts a,,  c,;~cli o1)tailircl f r o r ~ ~  a difl'ercnt cxpc:rinlellt where 
the initial conditions were lneasureti, and t,tle resl~ll of tlrcx cross-t,itllk averagrs were averaged 
over t l ~ c  e~lscrr~I~l(,  as ~vcll. ITigurr 2 slio\vs t,y]jical power spectra at tilne T = 2 for tile three 
flows. .411 show a region in wavc:~iurrlhcr spa(:(. wlicre a power law is ir i  reasonable agree]-rient. 
Tlle solid lines represent a least squares fit (ovcjr an appropriat,e sub-ra.ngc, of waven~lml~ers 
k )  giving sp(,ctral slopes of -1.49, -1.63 anti - 1.79 for t,lie expcrime~its, barrier sirnulations 
and idealised s i ~ n ~ ~ l a t i o ~ ~ s ,  respectively. Tlie dot-dash lines sho\v fits of a k-5/%spectrum to 
each of tho three cases to  show that  the s l~ec t ra  are indeeci close t o  the k-u3 expectetl d~lr ing 



the self-similar growth phase, anti the overall power lcvels are similar. Note t,llat i,he range o f  
self-si~nilarity is less for the si~nlllations which have a much lower effective resolutiori than thc 
experiments. [5]  showed that  the roll-off in the spectra for homogeneous, isotropic t ~ ~ r h u l c r ~ c e  
calculateti with TURMOIL311 occ~lrred at  around Cihz, where A r  is t,he mesh size, 1naki11g t.lie 
smallest scales simulated approxi~nately a factor of fifteen larger than the experimellts where 
tlie pixel size was comparable wit,li the I<olmogorov lengtli scale. Figure 3 plots tlie temporal 
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Figure 2. Concentration power spectra at  r = 2 for (a) experiments, (b) barrier silnulations and (c) 
idealised simulations. 

evolution of the slope of these spectra. Of the three, the  experime~lts reach a consistent slope 
fastest. This is due primarily to  the  existence of disturbances at  all wave~lumbers a t  the 
beginning of the experiments. Note that  the spectral slope prior to  T = 0.4 are misleading as 
they are contaminated by tile barrier bei~ig preserit in the field of view. Closer e x a m i ~ l a t i o ~ ~  
of the  individual spectra sliow that at, early times, where a slope of around -2 is obtail~ed 
using the least squares fitting procedure, the range of wavenumbers following a power law 
behaviour is somewhat smaller than seen in figure 2a. I~ldeed, a slope of - 5 / 3  could r e a s o ~ l a b l ~  
be fitted over much of this range if data  were restricted to  a smaller range of wavenumbcrs. 
With the two simulatio~ls the initial perturbation is rrlore confined in wavenumber space. For 
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Figure 3. The time evolution of the spectral slope for (a) experirnent,~, (b) barrier simulations and (c) 
idealised simulations. 

the barrier simulations no~ilinear interactions fill in the gap between the low wavcnumber two- 



tli~ncilsional 1)arrier ptxr t~~rbat io~i  a~itl  t 11e liigl~ ~ v a l ; e ~ ~ i r ~ n l ~ e r  noisc signific.ant.ly riiorc ral~idly than 
can llal>l~cr~ i ~ r  the  idealised sii~ll~latioris wh(.re oi11y !,h(, lliglt wavt~~iu~i~l) t . r  noisc: comporicrit is 
initially prescnt. As a rcs~rlt tlie barrier si~~lulatiolis achievc. a spectral slopc~ of -513 r 1 
cornpared with closer to r RZ 2 for the idealised siirilrlations. As with the cxl)erirncnts, a rilore 
direct corilparison of the irldividua.1 spectra sl~ows thern to hc corisistei~t with a k-'Is slope over 
a wider range of wavcrium1)ers tllarl is suggcstcd by this figure. O I ~  of the conclusions \v(: nlay 
draw from the exarriinatiori and co~nparison or1 tlic spectral slope of the concentratiorl potvcr 
spectra is that the internal st.ructure of the Haylcigli-Taylor inst,abilit,y, which is do~ninatcd 
ljy the processes o c c ~ ~ r r i n g  at  higher wavenu~nbers, rapidly looses its lncrnory of the initial 
conditions. k'or tlie exl)erinicnts3 the existence of a less structured iriitial pert,urbatiou over 
a broader rarige of wa\renumhcr, in cornbir~at.ior~ wit11 tlic higher effective, Reyriolds ~ i u ~ n b e r ,  
Incaris that tlie k - u 3  spectrlrm characteristic of turbule~lt flow is attainetl inuch faster than 
in the simulations. I11 drawi~ig a cornparison between the slope of these concentration power 
spectra and the ~ L - ~ I "  slope of tlic I<olrnogorov velocity power spectra we are ~riakirig use of tlie 
fact that  we are studying an accelerating flow ~vllerc the dist,ortioli of nlatcrial surfaces will 11e 
dominated by tlie most recent cllaracteristics of the velocity field. 

4. Fractal dimension 

Another approach to characterisirig tlic internal s t r ~ ~ c t ~ ~ r e  is the fractal dimensiori of iso- con- 
ceritra.tiou contours. Here we use the I<olmogorov capacity, obtained through the ~iorrr~al  box- 
counting algoritllrn, t o  deterniirle the dimension. Figure 4 shows the relationship between the 
nurnber of boxes and the sizt: of boxes required to cover a C = 0.5 coriceritration contour is 
well motlelled 1)y a power law for all three cases. Tlie expone~it for this power law is thcll t,hc 
fractal diinerision. Tlie time evolution of tllesc dilncnsions is plotted irl figure 5 showir~g close 
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Figure 4. Power-law relationship between conto~lr length and coverage using box-co1111ting algoritll~n 
for (a) experiinents, (b) barrier siinmllations ar~d (c) idrallsed simulations. 

agreement in all three cases for 0.7 5 T < 2.5. Indeed tlic dimension is approximately constant 
a t  Da FZ 1.47 over this period. Tlie disparity for T 5 0.7 is dite again to  the need for t.he 
simulations to  fill the gaps in wave~iurnher space not present in the initial conditior~s, anti for 
r < 0.4 the presence of the barrier ill the  field of view prevents the experimental dimension 
starting from closer to  unity. At later times the increases in the  experimental dimension is the 
result of an unmodelled three-dimensional component of the experimental initial conditions [3] 
and the establishment of a globally stable stratification. A relationship s = D2 - 3 has hecn 
proposed [S ]  between thc slope s of the velocity power spectrum and the fractal dimension D2 
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I'igl~rc .j. ' I ' inl~ e\.olutioi~ of tile C' = 0.5 fractal dirnension. 'I'llr espe~i i~~ent ; l l  ~ l a t a  is slio\vn as tile 
solid line. the 11arrier simulatioris with the dot-dash line and the ideal is~l  ~ in~ l~ ld t io i i i  wit11 t h ~  iia,Iioil 
l~ne.  

c~f tlic iso-corlcerltratioll coritour. Our  results for tlic s lo l~e  of tlica c.orrcc:rltratio~~ power ipect ra  
anti frdcta! dillirrisio11 of iso-conce~itratioli contollrs is collsistellt with t l i i ? .  

111 11ii.q paper ~ v e  ha\-e s11on.11 that  both tlie external s t ruct~~rc .  of tllci irlisilig zolle a11d tlri .  

structu,-c> of the coricciitration field within it for a s ~ t  of simple lal~orator!- c ' i . ~ ) r r i ~ n e l ~ : ~  in;,! 
I e ~ l io i i c l l~~ t l  i ?cc l~ ta t e l~ .  if ,111 i~ppropr ia te  description of expcririlental illiti,~! corltlit ior~q i~ usijcl. 

l'ivo-dimeilsio~lal s i r~ i~~ la t io r i s  arc  able to  lnotiel t he  gi.owtli of tlie rr~ising zorli. due to tlic> ilorni- 
~ialict ,  of the l o i ~  n.a\.c>rll~nrl,er. tn~o-dirnel1sio11a1 c o ~ i ~ l , o ~ l c ~ l t  o f  t lie harrier-inil~iccii 11vr1 ~ l r l ~ a t i o r ~ .  
'-l] ]I;:.\ s!lon.~i that  the  tirilescalt for loss of rneniory of arl initial ~!c~rturl~,t t i t)r:  to tlie \.cxloc.- 

i iy  field (11y tile introrlnctior~ of vorticity) Iriily be suljstanlially largc~r t l la~i  tllr tiliieicalc. for 
loss of rnerl-ior~. for a perturljat , io~i t o  the  tlerlsity fielti \rhere t h e  tivo l~ertur.I)atio~ii  c o r ~ t a i l ~  a 

s r~ii lar cllergj,. l l o r e  recerltly [3] h a \ ~ e  sliowl~ that  the s t r i ic t~l re  i h  nlore i l l l l ~ o ~ l i i ~ i t  t l~a l i  t11e 
amplitutle (,C sucli ;I \.elocit>--field p e r t ~ ~ r b a t i o n  with the developlno~r~ of t l ~ c  iloivi prcqc'r~lrc! 
liere oilly ~veakly riependcut on t h e  amplitlide of this barrier-induced p e r t ~ i r t a t i o ~ \ .  \\-hile tile 

floiv retains a mernor?. of tlie low wavellurnber compo~ierlts  of tliesc, initial co~l t i i t ior l~  o\c,r. , i  

pcrioti m~ic11 lo~iger  tliari tile cliaracteristic t ime for the  flow, the  hig!i i;.ii\.enii~nlier c . o ~ i i p o ~ ~ e n r ~  
sooli l ~ c c o ~ ~ l c ,  i~ii!r~jeritient of tllc precise form of t h e  i~i i t ia l  c o l ~ t l i t i o ~ i ~  3114 e\.ol\.r illto a classical 
tllrbulriit floi\- il~~l.irig thi. $0-callccl self-similarity plisse of t h e  gron t l ~  c ~ f  ?l ie i i l~t , i l~il i i>. .  Hot11 
cc~riceritratiorl spectra ant! ico-conce~l t ra t io~~ c o ~ l t o l ~ r  fractal dimensio~ic a1.e col l? i~t i~i i t  v:itli tlli> 
presence of a Iiolrl~ogorov velocity sp rc t ru~ i i .  SUII wishes t,o acknonletlgr the fiilarlcidl slipl,ort 
o '  .AT\.E : l lderlnasto~i and tlle lssac Newton Trust.  
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The Perturbations and Turbulent Mixing Evolution at 
the Plane Gas-Gas Interface in GEM-Driven 
Shock-Tube Experiments 

V.I. D u d i n ,  E.V. G u b k o v ,  E.E. Meshkov ,  A.A. Nikul in ,  A.L. S t a d n i k ,  
V.P. S t a t s e n k o ,  V.A.  Ti l 'kunov,  Y.A.  Vlasov, V.V. Bashurov ,  E.A. Bykova,  
V.I. Tarasov ,  Y.V. Yanilkin a n d  V.A.  Zhrnailo 
Russian Ei.dtsr;rl Nuclcar Centre - Institute of E:xl)erimerita.l Pllysics 
P r o s ~ ~ e c t  Mira 37, 607190, Sarov. Nixl~r~y Novgorotl Rvgion, Russia 

Abs t rac t :  Tho paper presents t,hc results of cxpcrilllelital and n ~ ~ ~ r i e r i c a l  st~~dic,s of turbl~lcnt, 
rliixi~ig zone (T!bi%), arising at the gas-gas interfacc ;IS sliock wax7c>s (.SlI,') pass thcrc:t.l~rougIi. 
O r ~ e  s11ch gas i l l  t.11ese e s p e r i m c ~ ~ t s  corisisted from I~roduct,s of (:E;:l.l-ex~~losiol~ (C;E.II-gas 
t~xplosive mixture). 

l .  Introduction 

.Raylcigl~-'l'aylor irlstability (It-'I' instability) alid the corresponding turbulent ~riixirlg ('Ti\/l) 
itrisc on the interface of two fluids (or two gases) different iri density when acceleration is di- 
rected from ligl~ter substance to heavier one [ l ,  21. 111 the case of in~ljulsive acceleration with 
i t  shock wa17e, the interface, is found to be 111istable at  wavc! passi~ig thro~~gl-I  frorrl tlie liglit gas 
to the l~eavier one, as well as from tlie 11eavy gas to  t,lie lighter one [3, 41. Theoretical study of 
~ ~ c a l  situatiori, when cvolut iori of regular 311 perturbatioris colnbi~ies wit,]] Til/l-evolution, would 
require riumesical calculat io~~s botli expcnsi\rt, and uncc,rtairi. Expcrilnental study of such flows 
Ihr gas-gas interface is an extremely co~nplicated task even for 1)larie case. Tlicsc. ~jroblems are 
primarily associatc!d wit11 the problt~rris of two gases interface rcalixirtion. There is a ~ i u ~ i i l ~ c r  
of methotis t,o create such int.c.rface [4, 5, 6 ,  7, S. !), 10, 1 l ] .  111 all tlie abovo cases there w o ~ ~ l t i  
he plane or cylir~tirical ir~terfacc creat.ed. Ciivcn ally initial pcrturbatio~i specified, it will bc 
two-dimelrsio~lal. The only exception is ~ l i o ~ l i  tube experiments [12]; becallsr. i11 this case tlie 
iriitial 31) ~jcrturljation at the interface of two gases separated by fil~rl is set by little abundant 
€;"S pressure 011 the film leaning on the big-cell grid of tli i l~ and fiml wire. Met,l~od [l31 provides 
new cllaricc~ for experimental study of this 1)roljleru. IYhat is allowed by this ri~ethod is study- 
ing of lllutual evolution of turbulent mixing and regl~lar large-scaled :ID pert,urbations a t  the 
interface of explosive 1jrotluc:ts ( E P ) ,  gas explosive mixture ( G E M )  anti inert (non-explosive) 
gas. A priory this sclicmc provides new cha~rces for experimr,ntal study of inst,al,ilities and Th.1 
with sliock tube: 
- varying of dispositior~ i t ~ ~ t i  t,ilne delay of ir~itiating clcrnc~~~t,s one can create rc!quired of 211 ar~d  

perturl);~tions or1 t11t: it.erfacc of intc:rt,st: 
- hig11 EP t,crnljcrat,l~rc.s callse film destr~ictiorl arrti evaporatiol~ t l ~ u s  avoiding it,s stal~ilizing 
elfect upon tlie T.1'1 cvolut,iori; 
- the explosion or GE,11 allows to get the fiows in a wide range of a Mach numl~er ,  dcnsity 
ratio, accclcratiol~ modcs. 
The expcri~ncnts carrictl out served as the  s ~ ~ h j c c t  of theoretical analysis arid calculations per- 
formed by numerical metllods TREII' [l41 ( 3 D  gas-dynamics) and EGAIGT [15] (1D and 2 D  

More information - Email: otd03-2305(r?sj)(l.vt1i1rf.rl1 
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gas-tiy~iamics with semi-c~npirical 7'12.f-cllaracterizatio~~). 'rll(: r e s ~ ~ l t s  of these calcrllatiolls of- 
fered a dccl)er view of basic regularity in evolut,io~i of instal~ilit~y and 'I'M in given problem and 
tested the methods 114, 1.51. I'roduction alid results of these calculatiolls in c:omparison with 
exl>erimcnts a.re presented below. 

2. Experimental method 

l'he erperi~nents  were perforlncd using a sliock tube which in some respects: is sul~stant,ially 
different, fro111 shoclc tubes as described ~ I I  [4, 5, 6. 7,  S, 9. 101; as follows: 
1. GE1I.I E P  w;i.s usctl as shocli wave. clriver instead of con~~~rcssc t l  gas: 
2. ?'lie G'l??l/f of tlie cllamber and inert (II~II-explosive) ga.s of the channel was at  atnlospl~eric 
pressure and was separated with a plane thin-filni mern1)rarle ( -  0.5 mln) whicl~ would be 
ex~aporated tiue to high EP temperatures (according to cst,i~natcs [16]). 
3. The Cr'E.41 was detonated si~riulta~leo~lsly at  different poi~lts.  'I'liis wolrltl result in the 
occurrcrlce of distril)utetl tleto~iatiorl wave, generally, with 3 0  perturbation to 1,r transferred to  
t , l~e i~iterfacc- betwc%en GEll.I E P  al~t i  inert gas. Tl~c: exl~crilnents cicscrihctl ljelow were i~~t,endctl 
t.o look j11st a t  t.his liinti o f  pertl~r\jat,ion. 
'rhc shocli t111)e with t,lle inner cliari~iel cross-section of 8 X 8 cm2 i~lcludes two co~ripart.rr~ents: 
cha~nbcr  2 and c.l~a~inel 3 (Fig.1) separated wit11 a thin filni (-  0.5 ~ n i n )  (interface of ilitercst.). 
'I'he charrlber is filled wit11 GEM (C2f12 + 2 . 5 0 2 ) ,  arid t,lie charirlel is filled with air; 110th gases 
a.re at atmospl~c:ric prcssllre. T l ~ e  channel have a plcxiglass (;over 7 at, the cntl. G1iA.I section 
lias length of 2.05 - 2.55 o n ,  and air scct,ion - 30 cm. 
The rilethod to initiate GEM was that previously de\~cloped at  VN11151~' [ l [ < ] .  The rigid wall 4 
had N = n' i~litiating elements (IE) 5 as electric spark gaps positioried ll~iiformly 011 its insitle 
siirfacc. I>etonation firing of G E M  was done through simultaneous I~reakdown of t,liese gaps 
by a high-voltage pulse. 
Irnagirrg of the sliuck-t11be cllan~lel Row was perforrnetl by fra~i i i~ig visualisation. 

3. Experimental results 

Here arc preser~teti two types of cxperinlents. In the first type G E M  was detonated at  10 X 10 = 
100 points. 
Following t.he detonation wave reacl~ing tlio ir~terface of interest and its a b n ~ p t  acceleratior~, the 
Iittter wo111d mo\rc- slowir~g down. When t,lle cl ia l l~~el  gas has higlic~r density (p,,) than E P  (p,,): 
tile interf;rcc+ will I,e nnstablc according to [3, 31 and st ahlc according t,o [l, 21 (accelcration from 
the heavier to  lighter gas). It would hecomo l ~ ~ ~ s t a b l c  being reached by the shock wave reflcct,ed 
frorn the cl~annel end according to [3, 41. In expcrirrie~lts [4] a11 interface was accelerated hy a 
steady sliock wave and moved inertly w i t l i o ~ ~ t  accelcration, so the interface was at  cquilihriunl 
state from the poir~t of instability [ l ,  21. 
Fig.2 shows st,realc pllotograpliy ilriages for the experiment to  study instability e\rolution at, 
tlie G'E1bf ElJ-air interface. 011 the start of the flow, the interface here was stable according 
to [ l ,  21. So that s~nall-scale perturbations of the GEIVI dei,onation front were f o ~ ~ n d e d  to be 
"foot-printed" at  the interface attenuate gradually with time ( t  = 114 P S ) .  The shock front in 
the air S and the interface 2 were plane-sllaped practically since the onset of motion. 
However, as it has been reached by the shock wave refloc:ted from t,he rigid wall a t  t.he char~nel 
end, tlie interface would hcco~rie unstable accortiing to  [3, 41 with the turbulent mixing zone 
growing rapidly a t  it ( t  = 665 p). 'I'he turbulent rnixi~lg zone was observed to hax~e particularly 
high growt.11 rate when t l ~ e  shock wave reflecteci fro~rl the left rigid wall llad passctl through it 
again ( t  = 827 {M), when tlie interface would I~ecome urlstable according to [l, 21. 
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The s e c o ~ ~ d  type of cxljcri~ncnts (test 27) was differc>nt from the ahovc-dcscril~ed ill that (;FM 
detor~at io~i  t l~ere  was initiated i11 o ~ i c  point l)osit,iorictl 011 tlie clialnher rigid wall. 
Fig.3 shovvs streak p1iotogr;tphy images for this cilse. 
r 1 I he test observed tlie niixing zonc growing toget11r:r 1vitl1 tlie perturl~atior~ I j ro~~gh t ;tl)out to the 
i~rterfiice 1)y t . l~e detouat,ion wave, as t l ~ e  sl~ock wavc rc.fl(:c.t.c~l fro111 t l ~ c  e11tl wall of tlie chan~~c>i 
was passing t l ~ r o ~ l g l ~  tlic int.crf;lcc. 
'rhe co~itours of tlie ~liusllroo~nlilte stream arc seen on tlie Fig. 3, cvl~erl 1 > 0.5 ps .  

Figure 1. Schernatic of the square shock t,ut,c setup: a) esperiment,: G>;A,l-ail.-rigid wall. 1 - film to 
separate gases (interface), 2 - CI'EA/I cllamber (C'2N2 + 2.502),  R - sir-fillcd channel (1 o t n ~ ) ,  I - rigid 
wall (tcxtolit.e), ,5 - spark gap, 6 - ga.5 inlets, 7 - rigid wall; 11) espcri~ncnt:(;I.;.rZ/l-Hr-air, 1 - thin film, 
8 - channel section with heliurri. Other ~~otatioris arc the same &S for Fig. la. 

4. Numerical simulation. Comparison with the experiment 

The exper i l~~ents  observctl stirn~~latetl  the corresponding gas-dynamic calculations in 111. 2 D  
and 3D setting. 
In all calculations pointed we have clioosc gcornctry of calculation don1ai11 according t o  Fig.1. 
Detonation in region 0 < z < zl: occupied by GEII/l: was cal(:ulatetl with simplified (quasi- 
stationary) versio~i of tlie ~iictliod [17]. 111it,iation contiitio~is wcre spccificxl 011 t,lie left boundary 
together with the detonatiorr wa1.c. veloc,it,y l )  ;~ntl vali~c, of specific cllcrgy ~.t~lrasr! 1)c~liintl tlre 
front Q. Tliesc quantities were val.icti in calcrllnt io11 t,o g('!, t,lrc- 11c>st, tlescript ion of experimental 
N - t c l~ar t  of sl~ock wave. 7'lie best values are I )  = 3.1 I;rrr/s, Q = 13.9 km1.s. 
State equation for explosive products ( E P )  was as for the perfcct gas with adiabatic coefficic~it 
y=y,, =1.19. Gases affiliated to  E P  considered 1.0 liavc, cyua!  ion of sta.!.c: as perfect, gases wit.11 
y=y,=1.4, p=pa=1 .29~10 -3  g / cm3  for air. Tile il~itial dei~sity for GEA1 p,,,=1.365x10p" 
g/cm3,  the initial pressurtr PO = l nlrn. 

Boundary collditio~ls 011 tlie camera walls - were as rigid wall type. 



4.1. Quasi-plane e x p e r i m e n t  ( in i t i a t ion  of d e t o n a t i o n  in 100 poin t s )  

The hasic calculatio~ls, concerning to this experiment, were perforrncd by 3i) gas-dynamic 
TREIi-  code [14]. 
The real (for l00 points) i~l i t ia t io~i  of detoi~at io~i  i11 these calculations was approximated by 
uniform energy release near z = 0 plane. 
In this con~iect,ion we have to set random density perturba.tions ( y  = 3~0.1) in a single layer 

of cells near tlie interface z = z1 before the appearance of detonation wave (0I.V'). 
'The approxilllately ur~iforln grid witli 11~1ruber of points 4 0 x 4 0 ~ 1 5 0  was used. 
F'ig.4 shows SM7 mot.io11 Z - t  chart in comparisor~ with tlie measured in tests 29, 30. As 
evidei~t,  there is quite close sirr~ilarity I~etween then\.  Tlle little difference while t >0.5,1~s is 
con~~ectct i  with delay of refiected wave i11 iuitiatioii compartme~lt.  
I11 ordcr to get t.llc additional qualitativc information, t,lle reslilts of give11 calculations (three- 
dimensional arrays) were averaged up011 sections, r~ornlal t o  the cllarnber axis. The  obtained 
~)rofiles of concentration of E P  c(z, t )  and of total density p (z ,  t )  are adduced in Fig.5. 
Cornparison of c(t, 1 )  and p ( z , t )  profiles shows that the prese~ice of density gradie~its in this 
proble~n is connected not only with mixing of two different gases, but also with appearance of 
large difference of densities i11 the air when the first S W  propagates there. 
These gradients are positive almost always in observed flow, thus explaining different rate of 
turb~ilence evolution dependir~g on s i p  and value of acceleration, that effects to  this transi- 
tional layer while passing the shock wave through it. 
The calculated p(z, t )  profiles are plotted also or1 Fig.2 'There is a close si~iiilarity, as it must, 
between the gradients of calculated density and the blacltening degree on the photo iri  corre- 
sponding section. 
Fig.4 presents z - t chart of SI4f and TA4Z for give11 calc~ilation defined by c(z , t )  profiles in 
comparison witli charts, measured ill experiments N029, 30 and calculated i r ~  3 0  approach. It 
is seen that  all results are close enough. 
The results obtained fro111 calculations of turbulent energy profiles l;(%, t )  and mean-square 

values of density f l l~c t~~a t io l i  o = g are adduced on Pig.6 and Fig.7 coirespondirlgly. The 
adduced function k ( z ,  t )  = v;(z, t)was calculated by relation: 

On the Fig.7 t l~ere  are profiles of turbulent mass flow R; = q. Its rnaxiinu~n value appears 
in TZ. 
1"ig.G shows the spectrum of diagorial components of Iteynolds tensor [IS] in the center sectioi~ 
of TM%- one call see a l ~ l ~ r o x i n ~ a t i o ~ i  to I<olmogorov spectrum in region of large wave numbers. 
Accordir~g to calculations the relatiol~ of tra~isversal Reynoltis tensor diagonal components ill 

TZ is on average close t.o 1, and relation of transversal cornponelit to lo~~gi tud i~ ia l  one is sinall: 
about, 0.2 - 0.3. This agrers with t,he results obtained in [IS]. 
We have also made ID calculat,ions with semi-eir~pirical turbulent model [15]. Setting of this 
calculation is similar to  the above described one for 31) problem. The initial values of turbulent 
lnagriitudes were set in scveral calculat io~~ cells a t  the interface between EP and affiliated air. 
Thus obtained data  are compared on Fig.5, Fig.6 with I D  c(z),p(z),k(z) profiles, resulting 
from 3 0  calculations. 
We can see here also quite close similarity of calculations performed by two different ~nethods.  
The most rioticeable differcrlce presents in the turbulent energy profiles k. The differe~lt time 



delay in turbulc~rcc c~vol~~t ion  can serve for (,he possible rcasorl of sucli diff'erel~ce, that,  in t11r11, 
is connect,ed wit 1 1  irripossibility to set siniilarly tlie initial 1)c~rtlrrbations. 11s a result, I;(:, t )  
anti ~riixing i i r  T!ld% in 33) calculations arc grealer than in 1 I )  casc. 

4.2. Quasi-two-dimensional case. One-point initiation 

To analizc t,ho cxpcri~nrnt,al (tat,& for tliis case it,  was l~erforrncd 2D ar~ti 3D calculatior~s (some 
2U calculations was done  sing X. - ,c ~riotiel [Is]). 
Settirrg of :in calcr~latioi~s differs fro111 t.hosc discribed i r i  sect.3 by t ~ v o  features: 
- ir~iti;iti~tg erirrgy release xvas set only i l l  olle point (in tlic ccntcr of l~ortler regiori w11e11 . = 0) ;  
- fhr,re was not performed ally speciirl generation of initial ~)cv.f,llrljations at  t,llc irit,c>rface. 
011e of tlie results of t l ~ i s  calrl~lat,ion - density patterns &\;eraged along dircctiorl 1ior11lal to  
camera axis arc! s11ow11 on Fig.3 in cornparisor1 wit,h the exl>erimcntal tlat,a. 
As evident, this flow pattcrils appears to be two-tlirnerrsiorid To reveal qiralitative featurc.~ 
of this flow, it is uscfi~l t,o lieep in mind tlrat, accortling to  the calc~l la . t io~~ results; in given 

> 0 havc prol~lrnl,  as i r ~  t 11e problern of plane i r i i t  iatiori. t t ~ c  transit,iortal tle~isity laycr ~v i t .1 ,  z7 
been gcncratcd i l l  t,llc: air 1re;ir the interface. 
Evolution of this laycr l~efore the alIpcilralice of t11e reflcctc~tl fro111 t11o t,op ~~avc~rrlerit of 
thc c2ia1nbt~r ( l  = 0.2 /is)? looks like the pattern. ohservecl for the 11011-lincar stage of e\~ohrtion 
of drterrni~red orre-mode p c r t ~ ~ r l , a t i o ~ ~  as a reslrlt of Ii';\/I insi.al1i1if.y (see [l61 for exarllple): near 
t,lle clraml~er wall t.lrc air jst ("tlic Ileavy gas") is generated. as it must, when > 0 and Atwood 
 numb(:^. A > 0. 
1ntrrac.t.io11 of .SIIf, rellectecl fro111 the t,op paveme~it, with thc observctl surface also correspo~lds 
to  t l ~ e  pretlictior~s of R11.l theory: ill this case parameter !/.4 < 0, so a~nplitudcs of pertur1)ations 
firstly decrease, and t1ic11 cl~arlgr their sign and corlt.inue to  grow ( t  = 0.6 ps) .  The jet of EP 
appears in the air a t  the synrrrrc~try axis. 
In addition, one, call see t.l~at, for tllc molnc11t, of co~ning of the third shock wave to the ir~t~erface, 
the s~ifficiently noticeable small-scaled perturbations Irave developed at  tliis interface. 
When passing of this wavc tllrough the  int,crface regio~i, there are realized all the coiitIit,ior~s. 
rrecessary for iriterisivc c\rol~~t,ioll or gravitational ' l ' h l ,  what is observed whe11 1 = 0.9 /is. 
On t l r ( >  whole r~~asonable agrecrnc:iii I,etwee~l calr~ilatcd and experilnental tlal,a is seen fro111 
Fig.3. 
11.'~: l~a\ ,c  l~erfor~iicd :!I)  c.alc~llat,io~r of tliis casc (in tlic~ axial geometry) \vit,ll 11si11g I<-e turl~lrlciit 
rrlotiel . The rcs~llts of t l~ i s  calcul;r.t,io~ls are \.er?; closc to  orles fl-orrr Fig 3. 

5 .  Conclusions 

The resl~lts prcscntctl hc:re sl~ow that ~rsed method [l31 allows to obtain new autl useful infbr- 
riiation abo11t c.voll~t ioi~ of iiistal~ilities and T1lJ i r i  flows tvitli corliplex acceleration. 
111 order to  get more detailed data  at, a later time we supposc: 
- to develop rnetliods for measuring '11!2.1i: cll~a~rt.it,af.ivc, characteristics (hydro-tlyrla~r~ic and tur- 
bulent \.alues profiles); 
-- to I ~ c r f o r ~ n  tlie calculatio~is using reaI statc. ecluat,io~rs and detonation modcls. 
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Figure 2. Instabilities g r o w i ~ ~ g  a t  the (I'l?\/I Cl'-air i~~tc,~.farc,  10x 10=100 i ~ ~ i t i a t i t ~ g  points ( test  3 0 ) :  
1 - GEM-air  interface: 2 - (:E121 El'-air it~t,erfac-r, 3 - shock wave, 4 - shock wave reflected from tllr 
channel wall end, 5 - turbulent mixing zone. T i l n ~  is ~ n a r k ~ t l  f r o ~ r ~  s11oc.k wave  start.^ to Inove in the 
air. 

Figurc R .  Sl~adou,gral,l~s 2nd correspo~~ditrg :IT1 calr~~lat.ion rc.sults. I p o i ~ ~ t  tletor~xtiorl case. 



I..igl~re 4. C'alculated and rneasured Z - t charts  of shock wave (a )  and T.11 Z (1,) for espi'rimenti 
(;E>[-air: ( a )  - - - 111 calculations, ooo 3U calculations for plane tletoiiation ca.ie: csperiments: 
X Y test 29. - * test 30. initiating in 100 points (b) 3 0  calculation fol. plaiie d e t o ~ i a t i o ~ i  rase: - - - 
oii le\,el 0.01. 0.99 C'cp (averaged), - - - on level 0.05, 0.95; ooo test 29. * - - test 30. 

Figure 5. Dci~si ty.  p ( g ! c r i i 3 ) .  a l ~ d  mass concentration, c ,  profiles calculated for plaiie detonation case: 
( -  - - )  3U ca lcu la t io~~s  (a\-cragcd), (- - -) I D  calculations. 
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Figure 6. Ttrrl~trlcnt crlcrgy profiles, k ( r ~ ~ ~ / m s f r ~ ) ,  ant1 siwct.ru~n of 111rb11l(~nt cTncrgy ( t  = 1 nrs t r )  
calc~ll ;~tcd for plane d~t,onat,iort (.;is(,: (a) (- - -) 332 c a l r ~ ~ l a t , i o ~ ~ s  (avcxragcd), ( -  - -)  1U c a l c ~ r l a t i o ~ ~ s :  
(l,) ooo R,, ='Lk(X) ( m 2 / n ~ s e c ' ) ,  - - - It,.,.. - - - 11 ,?,: ... It*.: - - - Iiol~rrogorov's t,ttc,ory. 

Figure 7 .  Mean sqrlare density f l ~ ~ c t , ~ ~ a t i o ~ ~ s .  o. ;111d lur l j~~lc t i t  Inass flows, It, ( 1 O 5  g / ~ n ~ E / s e ~ ) ,  111.0fi1es 
in c. ; i lc~~lat iol~ f o r  p la r~e  d ( t o ~ ~ a t i o r ~  case: ... 1 = O.,j n7sc.r , - - - t = l n ~ s e c .  



Experimental Investigation of the Compressible 
Richtmyer-Meshkov Instability from a Broad-Spectrum, 
Multimode Initial Perturbat ion 

D.R. Farley,  T.A. P e y s e r ,  P.L. Mi l le r ,  L.M. Logory, P.E. S t r y  a n d  E.W. B u r k e  
Lawrerlce Li\~ern~orc Natio~ial Laboratory 
P. 0. Box SOS, L-22, I,iver~nore, California, 94551, (!SA 

A b s t r a c t :  Experiments have her11 contlr~ctcd using the Nova laser system to investigate the 
growth of the Hichtmycr-Meshkov (RM) instability resuling from a strong shock wave ( M  - 30) 
crossing a prescribed well-defined initial niultimode perturbatioil. The pert~lrbation was a 100 
mode superposition of 1 p m  amplitude sine waves with randomly generated phases between 0 
and 2x. T h e  two working fluids were fluidized bro~rlirlatcd plastic and carbon resorcirlol foam, 
giving a post-shock Atwoocl number of approximately 0.6. l 'he  preserlt cxl)erimerltal results 
give a power-law coefficient of 0.87 0.2 for the growth of the interface. This value is higher 
than results previously published. 

1. Introduction 

The Rayleigh-Taylor (W) and Hicht~nyer-Meshkov (RM) hydrodynamic i~lstabilitics can occur 
across ari interface between fluids of differing densities. The Rayleigh-'Iaylor irlstability occurs 
whenever a lower density fluid is supporting the lighter fluid against all imposed acceleration, 
whereas the Riclltmycr-Meshkov insta.l)ility occurs when a, shock wave crosses the density in- 
terface from either direction. Simple analytical so lu t io~~s  are a.vaila11le for l,he linear growth of 
the RT arld RM instabilities [ l ,  2,  3, .4, 5, 61. Some experirl~e~ltal and ~lumerical reslilis are also 
available for single-mode and ~ ~ i r ~ l t i ~ n o d e  initial perturbations [i', 8, 9, 10, 111. Howevcr, further 
effort is needed i r ~  describing thc non-liliear growth of these irlstabilities. In particular, further 
quantitative analysis of the growth of mlilti~node perturbatio~ls into the non-linear regime is 
required. 111 the prese~lt research, the growth of the co~nprcssible R M  irlstability resulting from 
an irlitial, well-defi~ied multirnodc perturbation is analyzed utilizi~lg cxperinlental results from 
the Nova lascr system. As has been previously published [G],  the growth of bubble arid spilte 
fronts arc predicted to follow a power-law time depe~ldcnce, as given by 

where 6 is the  distance of the bubble or spike pe~letrat io~l  into the other fluid,t is t ime, and B 
is the power-law coefficient. Accortli~lg t o  analytical and co~nputational results of A1011 et al. 
[6], 0 should equal approxirnatcly 0.4 for bubbles. It is believed that  this value is inse~lsitive to  
Atwood number [A = (p2 - pl)/(p, + pl)]. For spikes, B should vary from approximately 1 for 
A = 1 to 0.4 for low Atwood numbers. No analysis is made as to  Mach number effects. In the 
present experiments, the  growth of t,he rnix region for a well-defined multimode perturbation 
will be analyzed to obtairl 0 for .4 = 0.6 at a high Mach number ( M  - 30). 

More informalion - Email: dfarley@llnl.gov 



l..s;jc'ri~l~cllt. IYCIY iio:ic' r i - i ~ ~ g  t llio Kova 1asc.r syst eln. iiiit11 Yo\<l .  I (I I<,:: I , < : < ~ I I I .  I C ~ I I  l)!, 
tiirc>ctc~tl 1 0  c~ \ l ) c~~ i i !~e r~ la l  ~)acl<ages ~vit~lri11 a vircuum c11ari1I)cr t,o ( .orii i~~ct 11igIl c,~i(,rg>- tIe115it\. 
expc r i r l l~~ l tb .  111 tlrc' j~ri ' irr~t (~xperillleilts, eight) healns arc  used to  cl~. i \c .  ,I ~ t r o l l g  s l ~ o i k  \vd\-e 
ill!()  ;i !~ i i r~ i~ i t i : r t~  -11~1~1.: tr:iic wliilc t ~ o  I)t-a111s are used as l,acl;ligl~ti~r it~urce.. The cial~t ilri\-c. 
I~c~arlis arc: iiircctr~ri illto ol)l)ositc, rrrtis of a gold I I o l ~ l r a ~ i ~ n  wlrirli liai a ~11ock t1111c- ~ i ~ o r ~ ~ ~ t r r i  as 

51101vr) i l l  Fig. 1 .  TII!. Ilolrlr,ir~r~i is i t  3 l nm long i~11(1 l .> 111111 c l iar~~eter  Ilol!c!w cl liiliic>r. l-!-ljit-c~ll!. 
i i  l I I G  ~cli:all' 111115~ of' ;il)px,xi~natf,ly 201i.J of 0.35pln wa\-c~lc~~gtIi  iiglil itrilie. the iritc,:.ior of 

tlic Ilolllriilin~ v ~ l l c r c ~ r ~ l ) o ~ ~  t l ~ c  laser energy is al~sol-l)cd l)); t l ~ e  gold zi:iti c.rnjtti.ii ;i.; x-ra!.i. .l 
cluw'i-l'I~t:!(~lii;il~ trri11)er;lt Ilrc 1)rofil(x with a cliaracteristic. t e ~ l ~ l ~ e r ; ~ ? i ~ l , c  of ;il!l>rosi~irat el!. 2.10 c \ -  
i. ge~ierateti  ~vitllirl t he  I Io l l l r a~~m w l ~ i c l ~  is tl1c.11 utilized as a soulcc for 111e .  iiii~iatiurl uE tlic. 
Ci11liiti011 arlci ilioc-It f ~ . o ~ i t i  iirto tlic tlie targel iliaterial. Tllc initial st1.c~ngi11 cjf 111e rilsult ~ I I R  ~ l ~ o c l i  
\\.ale i~ atjc,l~t Si\I11al.. ~r l i ich  tlecays t o  35M;lbar near tlic dellsit>- iritrt.f~ice. . i ~ ~ t i  l id5 a \ I , i t I r  

~iurliber o f  a l ~ p r o s i n i a t c l ~ .  :10. ' rhc  tlesiglr of t he  sliock tube  a i ~ d  taro,ct i\c,r(. srr1.11 a i t ro~rg .  
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~la r i a r  -11oc.t ~;.oultI t !,avrl f r o r ~ ~  l~c,;i\-y fluid to  liglit ancl t ha t  I lie gro~~rt l i  of' t 1 1 c >  ::iix rragio~l 
c-oultl 1)c .cc11 at l)ntli I.F.II>. slid Ii~tc. tirlles. 7'11(, shock t11hc itsclf i~ ~ ~ i i l i i t '  of l,('r! l 1 i r 1 1 1 1  15:i:l; 
,111 orlter i1ia1lrc.tc.r of ;i)0/i111 and i111ier diailietcxr of 500pnl  a . ~ ~ t l  all o\-c>r,ill l r ~ r ~ t l ~  of EOtl/rrn 
I l l ( %  11~:\.lo~il ~ \ i + i ~ i r r  t 111 '  <!:ocli t ube  co~lsists of a liiglr delisit); i~l~I;i tor ~ 1 1 1 1  10;;- tii,~i<it!- foaln. 
1-11c> 11e;i\!- ~ I I J I A I O !  r~ii~li\riiil ~ ~ l . 2 2 g / c ~ ~ ~ " )  is rnaclc of polysi~yrriir dol)!vl ~ v i t l ~  2'7 I I ~ I J I ~ ~ I I ~ .  T l ~ e  
I ) roi~~ir lc~ ht'r\.c= a 1111,tl ~ ) I w ~ x ! + ( -  1)01.11 ;IS a Inc'alls 1,o iricrease tlic opacit!- of t l ~ c  pln,tic fcjr iniapirig 
(.orrtraqt i r i  vnali ;I; 1 0  , I ~ ! w I . ~ I  1.11o i l~ci t le~i t  x-ray elirrgy. :l t o ~ h a t  > t r ~ ! , t i ~ r i '  i i  ritili?c~tl O I I  tile 
c,ii(l  of 111t' aI!li:to:. ,it i i : ~ .  <it t ac.lili~erit 1.0 1 he IIoli lrall~n, as slio\v~l i l l  Fi2. l .  Tile t~j!!:,it I I , I . ;  ~ I I  

olltcr cli,iillrter of YOU jiln ar:tl a tl~ickiicss o f  100 / I I I I  whic.11 c ~ s t , c ~ ~ ~ i l z  irrto l lie Ho11lrai:ln (:;L\-it.,.. 
Ihic top!!at tlciigri vca. fo~ii:d to  aitl i l l  sl~ocli ])1alli~rit)' [IO]. 'I'lre t\:o-iiir~~er~.io!!;d ~~iultirnc,tie~ 

~!erturhatiori i. ~ i iac l i i~ l r t i  i r ~ t  o 111c. c!ltl o f  t.hr, a l~lntor  a t  tile de~lsit!. i~ l ter farc~.  'I l1e ~ l ~ l r l t i r ~ i i ) t ! i '  

l ~ e r t u r h a t i o ~ l  i k  re( t ilirlc~iir. ~ L I I ( ~  is ;L s~~r ) (>~ . [ )os i t , i o~~  of 100 siri(:' wit\.!+ I I00 r ~ r i ! i l ! ~ ~ ' ~ ,  eac11 \va\.e 
Ira\.ilig a 1 p111 a m j ~ l i t l ~ t i c ~  <r~itl  a ral~dornlj. ge~iernted phase between i l  a~ l i l  2-. T!i(, \va\.r-Ie~i-rll 
of cacli nlotie \-aric>d Ii~ie;irl>. from 10 /In] t o  100 p ~ n  in 0.!)0 p111 i~~crerner i t - .  Tlicl profile of tllr 
~i~acliincel ilirface a~ir i  i t .  corrc~s1)olltIirig powc-r ~ [ ~ e c t r r ~ r r i  is showrl i r r  Fig. 2. SIio1r.11 ;id,iact,~lt 
t o  the  alilator i r ~  f i g ,  l i -  a lon--clensity carbon rcsorcinol foal11 (0.1 : . 'c~n') .  I l ~ i i  r e ~ u l t b  ill n 
I ) r c -~ l~o( -k  .it~l:ooil 111:111I)(~r of 0.85. T h e  foal11 is I I I L I C ~ I  less o p a q ~ ~ e  to  S-rayL than t l l t~  a!-iliitor 
I ~ I A I ~ > I . ~ ; L I  1~:liic11 i i i c l , ~  !:: \ . i ~ ~ ~ a l i z i ~ i g  1 1 1 ~ 3  gro\vl,l~ o f  t I 1 ( 1  i~~t,(%rfac(\ .  :l+ t11c- .I~IJI-l.: \ x v z ~ \ . c 2  c Y ( I G ~ ,  t111, 
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foarrl payload. 'I'htr resulting post-shock Atwood ~nlrnber is approximat,eIy 0.6. The growth of 
tllc, iliterface can tl~eri be recorded using x-ray i m a g i ~ ~ g .  

Backlightilig of the shock tube was achieved by foc~lsing two of the Nova. I~earns orito a 
t i tar~ium foil inountcd approximately 41nm fro111 the shock tuhc, nor~nal  to  the camt,ra line of 
sight a ~ ~ d  or1 the opposite side of thc shock tube from thc il~iagirig camera. Tllc tit,a~iiurn foil is 
:3 to  4 l i l r r l  oil a side and 25pm thick, and ernits 4.71teV x rays upon illuniination l)y 1,lie Nova 
h e a ~ ~ ~ s .  Tliese x rays t.lleli propagate thro11g11 the s1ioc.k t.rt11e a ~ i d  a.rp differentially a t t cm~ated  
depc~~( i ing  on the rclat ivct opacity of t11ci workil~g f l ~ ~ i d s .  ./\II x-ray f r a ~ ~ ~ i r ~ g  camera is tllell used 
to record thc i1nagc.s. These cameras arc described t~lsewherc [12, 131. I~nages arc t,ypically 
rccortlrd a t  t i~nes  between 5 to 15 11s. 

Wavelength (pm) 

(b) 

Figure 2. (a) Ml~ltilnodc rectilinc~ar. surl'ac~ xvl1ic.11 was 1>r~cisiull ~nacliin(~d i ~ ~ t , o  the I~rolninated plastic 
al>lator. and (11) power. spectrum o f  t,lrc pcrturlxlt.io11 111odes 

3. Results 

Typical in~ages of the cxpcrirnrnt recorticltl by the x-ray franlilig camera are show11 in Fig. 3. 
These images arc takrn a t  13, l i l ,  arid 1511s. 'The shock crosses thc  perturhatioll a t  approx- 
imately 411s. It can bc secn fro111 the progressior~ of frames in Fig. 3 that  tliere is growt,li of 
relatively large structures wi t l~ i r~  t,he 11lixillg rog io~~.  The  shocked foam behi~ld the shock car) 
also he seen. 1311bl)les penetrate inth t , l~e bro~ninatc.ti l>l;tstic ablat,o~., 11ut hecause of the higher 
opacity of the al~lator material, it is diffic~~lt to directly o1)serl.e l ~ u b l ~ l e  structure in this region. 
To quantify the width of the  mixing rrgion, a 100 / ~ r n  wide vertical li~ieout is extracted from the 
x-ray framing camera. images. Witl~in {,his lincout is col~t ained the unshocked foarn region, t l ~ e  
shock discontinuity, the sh~cIi(~t l  foa~ii. t,lie ~ n i x  region, and tlic opaque ablator regio~i. Because 
tlie baclilightcr i~ltelisity profilc is tyl~ically Gaussian in sha,pe, the trar~s~riitted interlsity dis- 
tribution recorded by the x-ray framing camera i~icludes this Gaussian profile. A least-squares 



Figure 3.  Framed x-ray irnages of the experiirient depict,ing the opaque ablat,or region, the rnix region, 
the cornpressed foam region and the unshocked foam at, (a) 13 11s. (11) 14 ns: (c) 15 ns 

Gaussian shape is fitted to  the vertical lineout, and this fit is then divided out of the  lilieout. 
A typical riorrr~alized lineout is shown in Fig. 4 .  Identified in Fig. 4 is the foarri rc,gion, the, 

shock, the  shocked foam region, the rnix region, and the shocked brorrlinated plastic region. 
A 5-to-95% transmission criteria across the mix regio11 of the liileout is then ~~sc:ti to  ol~tain a 
quantitative mix width. Mix widths were obtai~ied as outlined above at  times between 5 and 
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Figure 4. Normalized 100/~m -wide vertical lineout of x-ray transmission througl~ the opaque ablator 
region, the mix region, the compressed foam region and the u~lshockcd foam region 

15ns using many Nova laser shots. 'Ih compare with theoretical models, howe\.er, tlie effect 
of decompression sl~ould be removed from the mix width data. The fll~itis experience decom- 
pression in these experi~nents due to  the blow-off of ablated plastic i11 addition to  the  reflected 
expansion wave which is generated when the shock is incident ul)ori the density interface. The- 
oretical models generally do not account for sucll decompression effects. The two-dimensional 
arbitrary-Lagrange-Eulerian code called CALE was used to simulate tliis type of experirnei~t. 
Through the  use of tracers within computational simulations of the experiment usir~g CALE, 
t,he expected decompression of the target was calculated. Experiments fielded on Nova cori- 
firmed decompression calculatio~ls [10]. This da ta  was used to correct tlie experimental mix 
width da ta  for deconipressio~l effects. The decompression-corrected  nix width data  is plotted 
in Fig. 5 .  Error bars were obtained by averaging rnultiple data  points occurring at similar times 
and using their corresponding standard deviations. 

To obtain the power-law coefficient 0 from tliis data, log scales were uscd i11 plotting the 



data set shown in Fig. 5. 'rhis lognrithtnic data  is shown ill Fig. 5 i~lorlg wit11 it least.- squxc~s  
linear fit wit11 the latc-time data occurring between H 11s anti 15 ns. .4s seen in Fig. 5. there is 
a trailsition to  power-law behavior around S 11s wllicl~ is I~clie\,cd to  be due to  all modes I~;lvi~lg 
not yet reached a fillly 11011-linear stat,c%. From this lincar fit for titnes later titan 7ns, a. p0wc.r- 
law coefficient 0 of 0.87 z t  0.2 is obtained for the  two-di~nerlsional recti1inca.r 100-mode initial 
perturhatior~. It, should 1)e noted. I~owever, that. this coefficient is obtained from nlix width data  
which inclutles both tlie huhblc and spike regions. Howe~rer, as numerical CAI,E siniulations 
have shown, at  the I~igh Mach nu~ribers found it1 these expcrilne~lts (M - 30) 1,ubblc a r ~ d  spike 
structure and growtli are nearly sym~nctric. Wit11 this assun~l~t ion,  t,he powc~--law coefiicierlt, 
presently obtained sliould he valid for b o t l ~  the h111)ble and spike fronts. The present coefIicic~it 
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Figure 5. Experilncntal tnix widtl~ ~.esults showing a powtr-law t i ~ r ~ c  deprndcncc of 0.87 resultit~g fro111 
a strong shock crossing an initial pertllrbation of 100 modes 

value of 0.87 is higher t,h;tn 0.4 predicted by Alon et al. [6] for bubble growth, and also higher 
than 0.5 reported by nimontc et  al. [l]]. In the work of A1011 et al. [6], bubble and spike fronts 
wrre considered separately with each material having a different value for 8, depending on the 
Atwood number of the flow. They also were corlsiderirlg low Mach nunlber flows wl~ere thc 
spike and bubble evolutio~l is asymmetric. There are a nu~nbcr  of differences in the experimen- 
tal configuration, target type, drive energy, and pulse shape between tlie present experiments 
and those of Dimonte wl~ich may he responsible for the discrepencies in power-law coefficients 
obtained. Dimonte's experiments used three-dirnensional perturbations, which may result in 
different modc conpli~lg effects from the present 2-D experiments. Three-dimensional pertur- 
bations were achieved in Dimonte's cxperirnents through sandblasting or electric discharge 
machinir~g of the int,erface. This proccss does ro~ighen the surface, yet it was r ) ~ ~ l y  possible to 
estimate the average wavcle~igth of the perturbations. The considerable experiulental difficulty 
associated with characterizil~g three-di~nensional targets precluded quantitative Itnowledge of 
the actual surface profile. An examination of reported data from Din~o~lte 's  experiments sug- 
gests that  high-amplitude, long-wavelength modes were present a t  the  interface. These long 
wavelength modes may dominate the evolution of the i~lstability. 

In the present experiments, the specified rectilinear 100-mode p e r t ~ r b a t ~ i o ~ l  was precision 
machined into the ablator irlterface and was closely examined for each target manufactured. 
From the begin~ling of the development of the present experiments, a well-defined rriodc struc- 
ture of the initial condit,ion of the perturbation was determilled to  be essential for the nlix 
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res111ts to  bc valnablc. 'I'llc. reason for tliis is t,hat ~ l ~ u l t , i ~ ~ i o d e  ~)c:rtiirl~atioris could refer to a 
variety of different pcr t~~rba t ion  types. 111 tlie ~)rescrit erperi~nellts,  only the p11asc of each liiodc 
is random, while tlie ampliti~des a1ic1 wa.vclcrigths of t,lle rnotlcs are spc~cifietl. It is possi1)lc. i11 
fact pl.obable. that  tiilrering niotial stri~ct.l~res of rnultirrlode l )c~rt .~~rbat ior~s may product tiifkr- 
erlt power-law coefficie~rt,~. Tlierefore, it is in~l)ortar~t  t,o ql~a~lt i fy such rnodal s t r~~c tures .  anti t,o 

conduct experinlcr~ts wit11 differi~~g lilodal st,ructurr variants i l l  ortler to i~~vestigatcl tlir 11at11re 
of the evolution of the ~nultilnotlr Ric1itmyc.r-Meslikw illstability. 

4. Conclusion 

Experimc~its Iinve ljeer~ colitillcted l ~ s i ~ l g  the Nova laser s y s t c ~ ~ ~  to in\.cst,igat.e tl~c, gro~vtlr of t , l~i ,  

Richt~nyer-hlesl~kov (ILM) ir~stal~ility res~l l t i i~g fro111 a sl,rong ~1iot.li wave (]\l - 30) crossir~g. 
a prescrihecl wcll-tlefi~led initial ~nultimorle ~)ertl~rl,at.iol~. 'I'lic pc~r turba t io~~ rvas a 100-~nodc 
s ~ ~ l ~ c r l ~ ~ s i t i o r i  of lp111 i~111plit11dc siue \va.vcs wit11 ~ i ~ ~ l d o l i i l y  gcncrateti phascs brt,weeli 0 and 
27r. Tlic t,wo workirig fli~itls xvcrc fluidizcti l)ro~liiriatctl plastic (C11 $ 2% Ijr) and carbon 
resorciriol Toa111, givii~g i j  post,-shocli .At wood i1111il11cr of approxinlat.oly 0.6. 'rile growth of llic 
~rlixing r e g i o ~ ~  is expected to follow a I~ower-law I)el~a\.ior wit11 ti~ric. l ' l ~ e  present c,xl)erimcl~tal 
 result,^ give a I)o~ver-law coefficient of 0.57 i 0.2. This valr~e is l~iglicr t,ha11 rcslllt,s previor~sly 
plll~lislied. Thc tliscrepcncy wit11 o t l ~ c r  rcsults Inay Ile due to  2-11 versus 3-11 effects, or differing 
cx1)rrimental co~itlit ions. 

'urtlicr cxpeririierlts al.(. ijeiiig corid~~cted to irlvestigat,e the effect tlifferilig iilodal strr1c.t urc, 
slia1)cs on R1.1 groxvtli. 17rolii initial reqults, i t .  is 1)clicvi~ti that ql~alit,atively a ~ ~ t l  qllantit,atively 
diffcrc:rlt structural growl h of tl~c: riiixil~g region can I)c csljc~ctcd fro111 t.liesc clif(irrnt ~n~ilt . irr~otic~ 
pertur \~at io~is .  
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Parallelization of a 2D Pseudo-Spectral Dynamical 
Domain Decomposition Method for the Full 
Navier-Stokes Equations 
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C:E.4/IJi~neil-\~alenh~i, 9-1 195 Villerieuve St Cleorges Cedex, France 

Abstract: \V(: report or1 preliminary results obtained with the parallel vcrsiol~ of a 2D pseildo- 
spect,ra.l dy~la~nica l  dornai~i decornpositio~i ~iic~t,hotl for t,he full Nal~ier-Stolies e q u a t i o ~ ~ s .  Cor~i- 
parisoris between t,lle vectorial and the parallel versions of spectral derivation - with both Fourier 
arid Cl~ebyslie\: expansions - are presented. The rfficiericy versus the m ~ n - ~ b e r  of processors and 
the number of collocatio~i points is also s t ~ ~ d i r d .  Firially a I<elvi11-IIelmholtz i~lstability in tlie 
subsorli(: dornair~ is sirnulatcd wit.li t,lic vectorial and parallel versions a ~ i d  I,ot,h siniulations arc 
co~npareti. 

1. Introduction 

i\ nl~~ltidorilairi pseudospectral codc has bee11 previously developed to accurately s i l n ~ ~ l a t c  un- 
steady s~sl)sonic: visroils cornpressil~le flo~vs, like I<elviri-H(~lrn11oltz and Raylcigll-Taylor flows 
[ l ] .  1;'irst. it, was rr~n~iirig on one processor of a vectorial (IR.AY-YI\/IP computer. Because of tlie 
CPl! time ancl me1iiory li~liits of this kiriti of machinc, we chose to develop a parallel vcrsiorl 
011 a CRAY-T3R. 
111 l,l~e next section, we recall tile features of tlie 1111r1-lerical method. The11 we show why it is 
necessary to parallelize and how it is pcrfor~ned. PVC conipare tlle tirnes spent ill the kernel of 
tllc full cotlc o f  l.hc, vectorial and parallel versio~ls. Finally wc, preserlt the results obtai~led with 
t l ~ c  parallel versiori and tlie compariso~i with the resl~lts or tlie vectorial one or1 tlie I<el\ri~i- 
Ilelrnlloltz flow. 

2. Description of the numerical method 

l l i c  nu~ncrical rilctl~od i~setl 1ic.re is described i l l  [l]. Let us recall its bases. It solves the 21) 
full Navicr-Stokes cquatio~is wit.11 a pseudospectral dy~~a.mical  domain deco~iipositior~ ~~iet l ia t i .  
l'lle scheme i ~ i  time is a scini-i111p1ic:it third ordcr R.ur~ge-I<utta method, in which diffusio~~ 
terrns are liaritlletl implicitly. For the spatial approximation, a Fourier-Chebysliev method is 
employed. I)cariva.tive in the horrloger~colls s- tlirection - where I'oi~rier furlctions arc employed 
- are ~ e r f o r r ~ i e d  witli a FFT. Derivative in the i~lhosnogeneo~~s z-directio~i - where Cliebyshev 
poly~lorriials are used - are performed thro~lgli a, matrix-vector product. The dornain deco~npo- 
sition is I~erfor~ned in tlie i n h o ~ n o g e ~ l c o ~ ~ s  direction, i . e . ,  in the vertical direction. In addi1.io11 
to this, a self-aclaptative coordi~iate tralisforrn is applied i ~ i  each subdorna.in and tlie locatiori 
of the dornain interfaces is dy~iamically calculated. 111 ordcr to match density, the upstrea~n 
value is uscd a ~ i d  velocity, t empcra t~~r r ,  and corlcentratio~l arc matched owing to the influence 
niatrix tecl~riiciue. 



3. Parallelizatioll technique 

3.1. Advantages of parallelism 

Using a ~)arallcl versiori may off(,r a lot. of ativn~itages. As opposcti to  vectoriitl coriipl~t,ers, 
wliicli possess a s ~ r ~ a l l  ~lie~iior).. a\~ailahlc Illemor?; of I)arallcl macliirlrs increases: for exarriplt~. 
the maxi~nuln allocatetl ~iicrrlory for an ilscr is 128 X I6  \llcvords on a ('RAY-T31': (wit h 12s 
I~~ocessors) ,  whereas only 512 hlwords can l ~ e  ~ ~ s c d  011 a (:IlAY-T90 (witli 24 processors alid 
usually 24 IISCTS!). 'The (IPTI cost tlccrcasc.~ also i l l  parallel ~r~achincs.  T11irt is tlie reason wliy 
for 31) calculntio~is. o l ~ c  has to  adal~t, this codr to this t,j.pe of cornl)uter. Sinet, this ~)liysical 
t lornai~~ is tiivitioti illto ;L lit.tle I I I I I I I I I C ~  of s l l l~ t io~l ia i~~s  (tyl)ic;illy 5 to 10) in olie dirc.ctioli, n-e 
parallclize on t,lic, suhtiolllains wliicll arc: clistrih~~teci on groups of processors: iristcad of serial 
coniputations (slthdonrain after sul)tion~air~), calculations are pcrforrnctl si~nultancously 011 each 
suhdo~nain. I4:acll P E  is assigned for a. fixcd suhdoinain, receivcs data correspondilig to a spccilic 
part of it.s and c,ornl)utr,s its otvn loc.al dat,a. Sorr1etirnc.s some comlnunications 1)etwcen PKs 
are needed to matcl1 physical quantities at 1.11(: domairi illterfaccs arid in special operations on 
matrix, lilir~ matrix ti-a~is~~osit,iori or w11c.n a g1oha.l 111aximui11 or niininium has to  he cleteniiined. 

3.2. Strategy 

Our strategy for t.lic parallelizat.ion tnlies i ~ i l o  acc.owlt two criteria: portal~ility a l ~ d  rapidity. 
First we tried to  use PVM (Parallel \;irtual A/faclii~ic), which consists in a rilctssage passing 
library. Tliis ensures porta.bility, but the tests carrictl out have show11 that the result,irlg code 
is not cfficie~lt cnougli. Then Ive adtlcd solr~e Shb2em inst,rnctions (SfIared MEMory Accms 
Lil~rary) 1.0 i~lcrcase spceci. B a ~ ~ d \ v i t l ~  is l~iglrer witli SII;\4ER,I slid lat,elicy time lower, that 
rnearls that a grealrr rn~lril~er of (:lelne~~t.s is 1)asscd I)etwcc~n processors .cvithin a shorter t i ~ i ~ e .  
This low level lihrary is lirore difficult 1.0 imple~nent correctly, 1)ecause developers have to 
lino~v a lot about colriputcr ;trcliit,ecturc~ characteristics jmernory, cache ...) ancl to  be very 
careful 1,ecause SHMl?ICl-put a11(1 SHMEM-get instructions ~iiodify directly memory corii,ents 
#of concerned processors. Ilo~vever, conflicts between PVM anti SIIMEICI appearetl, so t,liey 
:;oerned t o  be inco~npatible. Fillally, WC: chose t o  ilse only SHMEM, tliat shoultl bc iricluded in 
;I next version of MPT-2. a kIcssage Passi~lg Interface tvliicll could become a standartl. Tllen 
we oht,ai~ied efficie~icy, ~)ortability will I>e effective in the near future. 

'4. Tests on the  code kernel 

(:)bvionsly, nlost of tilnc i l l  a fill1 typical sirnulat,io~i is spe~lt  in FFT c o ~ ~ ~ p u t a t i o ~ l s ,  rr~irtrix-matrix 
products anti matrix-vector products. 'h sliotv tlrr efficiency of i,lie ~ ~ a r a l l e l  version Lvith regard 
to the \rf,ctorial one, we corllparcs tlir t i~iles spc~i t  i l l  a code kernel. Such a ker~lel is defined as 
;L dcrivativc in the r-direction fo l lo~~~ct l  113; ;t derivative in t,he 2-direction. Thc example of a 
c.alculatio11 tliat is excc~lt,ed very oftell is a .c-derivative (with a IJFT) in one direction ant1 a 
2-dcrivativc (n~i th  a matrix-milirix protiuct) i l l  tlic otlier direction. This scxluence hecoli~es on a 
MPI' machilrc? a X-derivative (witli a FYL'), a local matrix transpositjo~i ant1 then a z-deri\ativcx 
(with a ~nat,rix-nlatrix produel,). W applied this liir~d of cirlcnlation to an arbitrary ful lc t io~~ 
and ~ ~ i e a s ~ ~ r c t l  the total executio~i time. We carried ont, a series of tests, by v a r y i ~ ~ g  the nuni\)c,r 
cif 111es1i I)oi~its in hot11 directions on one hand, and the riumber of processors on the o t l~er  hand. 
Thc figures below show the rlrean tirr~tr ratio bct,ween CRAY-YMP and CRAY-TSD/T3F. tirncs. 
1:acll test casc lias 11ee11 run l000 tirnes. The figure 1 shows the evolution of this ratio as a 
function of the number of processors. The figures 2, 3 imd (1 rel)rese~it the influence of rnatrix 
siacs on the time ratio. Sucl~ a ratio increases with the n ~ ~ n i b e r  of 2-poi~lts, and at a fixcd 
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25 I M P  T1D 

Figurc 1. Itatios of CPIJ time YMT'/'1'3D and T1)0/1'3E r.c~spect,ively vs. I t ~ c  null11,cr of PEs. Tile 
1111ln11er of srlbdomai~~s is cqual 1.0 5. 'l'l~e resolrst,io~~ is 50 z - ~ o i l l t , ~  i l l  eacl~ srll>dos~lai~~ alld 128 X-points. 

Figure 2 .  Ratios of' CPU ti~rlc. YMP/?'3D and 7'90/'1'3E r.esl,ectiuely vs. the 11urn11er of z-points. The 
nrsrr111c.r of suhdolnair~s is equal t.o 5. 7'11~ 1.eso1utio11 is fi4 r - l~oir~ts .  



Figilre 13. R;itii)s of C'PL' time Y M P / T 3 D  a ! ~ d  T90/T3E rcspcctively \S. tlir nuir11,cr of :-poi~it.k. 1 1 1 ~  
niumher of s l i l > d o ~ n n i ~ ~ s  i~ ecjl~al t o  5. The  resolution is 128 T-points. 

Figllre 1. Ratios of C'PLI time Y M P I T 3 D  and T90/T3E rcspcctively vs, the  nu1111,er of :-1)ointq. I'lir 
1lu11111e1. of s u h ~ l o n ~ a i ! ~ ~  i >  c~111,il t o  5. The  resollltior~ is 256 X-points. 



Figure 5. Performance i l l  terms of GigaFlops on a 'T:IE vs. t l ~ e  n~rlnber of processors for 9 suhdornains 
and 51 z points in each. 

30 35 40 45 50 55 60 65 70 
NZ (of each subdoman] 

Figure 6. Performance in terms of  GigaFlops on a TOE vs. the number of z-points. The number of 
X-poir~ts is 64, 128, 256, 512, 1021 respectively. 

riurnber of z-points, with the number of n-points. Moreover, we carried out some calculatio~is 
to measure performance, in terms of GigaFlops, in each case. Such a case ut,ilizes 9 subdomains 
with 51 Chebyshev points i11 the z-direction. Figure 5 shows the performancc obtailled on 
the CRAY-T3E versus the nurrlber of PEs. It i~lcreascs al~nost  linearly wit,h tlle nurill~er of 
1'12s uj) to  80 a r ~ d  the11 saturates. This saturatioll is ~ ~ r o h a b l y  due t.o the small ~ iumber  of 
colum~ls in matrix-matrix protluct for sucl~ a l l r ~ ~ r ~ b e r  of PEs. In Fig. fi: the curves represent 
the p(:rfor~na~lce, in CjigaFlops, vcrsns t.he 111111iher of 2- poirit,s (called N Z ) .  The various curves 
are obtained 1)y varying the rlu~nber of :l-poi~lts (called N Z ) .  Perfor~na~lces increase with .W, but 
do not increase regularly with NZ:  a m a x i ~ n u ~ r l  is reached with iYx = 512, tlleli they sliglitly 
decrease. Discreparicies betwee11 NZ = 256 , N, = 512 and NZ = 1024 are very small. 



5.  Validation of the whole code on the Kelvin-Helmholtz instability 

As a first \lalidat,iorl, we s i r~~ l l l a t e  t l tc l  I<clvi r~-I Ie ln~l~ol tz  flow. Tlic 1)asic st,ate of l.his flo~v. 
wri t tc .~~ iri n rloli- di~iierisiorial f o r ~ u .  is 

wit11 0 < .1. 5 L,. arid L.. < 3 5 I,-. K ~ ~ I I I I ~ X I ~ I I  I)ouritlary cor~ditions are al)l)lirtl t o  t,hc hori- 
zo r~ t ;~ l  \rclocit~. and tllc. ternl)r~,at I I ~ - e  ant1 1)iriclilct boundary c.onditio11s t,o !.lie vert,ical velocity. 
7'11is test case is dcscl.il)cd i l l  dctail i r i  111. 'I'll(: vnlitlation of t l lr  ~~arallc~ljzaliori  is baseti on tile 

, , 

supcrposit io~i of rc+,l~lt,s o f  I )o t l~  vctrsior~s ant1 vect,orial). Curves describirlg tlrc vorticit)- 
cvolr~tion as a f~~rtctiorr of t i l ~ i c  l ~ i i v ~  IIC('II  S I I ~ ~ I . I ) O S ( Y ~  il11~1 (~011~e(1~er i t l y  s h o ~ v  tllat res11I1,s arc 
itleiitical ;tnd validat(% tllc pirrallcl vclrsio~i. 111 this cast,: 72 .c-points and :I s ~ r l ) d o n ~ a i ~ i s  tvitli 
51 z-poi~it.s ill eacll art, used. 'l'al,le 1 co1tll)arc.s l.11c. 'l'ot,al I<xc'rution 'I'itne (TE'I') for various 
coriligurations and t h c ~  C'I ' I1  t in l r  u ~ e c i  for ollc riotic arid one cyclr. Tliis ( j ~ i i ~ ~ l l i t y  d c c r ~ a s e s  as 
tlic ~ ~ ~ n i i l , c r  of t'I!;s incrcilsi:s. Howc~rcr. tlie decrease is not lillritr. The. c,fficicncy is ir~crc~asc~tl 1)y 
al~ilosl. ;l factor 3 ~vitl i  llie (:RAY-T3E ((~vit,h 52 P1';s) i l l  coni1);~rison wit11 tlie vrctorial riiac~l~ille 
('IIrlY-YnlP. 

Figure 7. Evolutio~r ill lime, of t l ~ e  \rort,icity for the I<elvin-klclmlloltz flow. 

'I'aljle 1. Total Exc~etltion ' I~II I ( '  inld time p ~ r  node per cyrlr for various configr~~.at,ions 

'Ihtal Exec~lt , ior~ T ime  (ill S )  

'I'iilit:/~rotle/cyclc (ill S )  

6. Conclusion 

LITe ha\.c prese~ltetl  prelilniliary results o l ~ i  airled with the  parallel versio~i of a 21) pseudo-spectral 
tiy1iarnica.1 tlornain decoml~ositiori riletliod for t h e  full Navier-Stokes cqllations. 'I'ltis work opens 
tlie way t o  new perspectives : we are  ir~t,erestc,tl i ~ i  s imi~ la t io i~s  wit11 \,cry high resoli~tioii and 
riowadaps only parallel rrietl~ods allow t o  si~ccoss in s11clr attempts. In  t he  near filtllre tlic 
I~arallel  version \\,ill I)c c x t r ~ ~ t i e t l  t o  3D. 
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Hydrodynamic Instability Experiments on the Nova 
Laser 

S.G. G l e n d i n n i n g l ,  M.M. M a r i n a k ' ,  S.W. H a a n 1 ,  D.H. K a l a n t a r ' ,  K.S. Budi l ' ,  
R.J. Wal lace ' ,  S.V. W e b e r ' ,  J.D. C o l v i n l ,  B.A. R e m i n g t o n ' ,  C. Cherf i ls2,  
D. Galmiche2 ,  A.  R i c h a r d 2 ,  W.W. Hsing3, J. K a n e 4  a n d  D. A r n e t t 4  
'1,awrcnce I,ivcr~r~orc Natiolial T,aboratory, Livcrniorc. C A  94550, USA 
2(7EA Centre d'Etudes dc Li~nril-\ralenton, 94195 Villencuve St Gt-orges, Cedcx, France 
3Los AI~~IIIOS National Lal)oratory, Los 12lamos, NM, US,\ 
~jnivc.rs i ty  of Arizona, T~rcso~l ,  A Z ,  l!SA 

A b s t r a c t :  11.c Iiave tlc,veloped arl al~lation front KT c~xperinie~it i l l  sl)herically con\:crgt~~lt ge- 
o~nc t ry)  to test ollr ui~derstarrding of tht. effects of colivergcllce 0'1 RT growt,l~ and sat~lratiorl; 
alrtl a 1)lanar ~ i ~ u l t i n ~ o d e ,  al~lation frolit, 3D experilrient, to test ~nllltirnode wcaltly ~~onlir iear  
s a t , ~ ~ r ~ t i o [ ~  ant1 rilodcling. LZ1e have also doveloped all ernbeddcd-interface RM-RT cxperil~ient 
to loolc at  t Ile dcol) nor~linear rnixing relevant to supernovae. 

1. Introduction 

Tlre rlayleigli-Taylor (M') insta.bility occurs when a lower density fluid accelerates a liigller 
tiensify fluid: c a ~ ~ s i n g  the interface between the two fluids to  1)ecome contort(-d. This instability 
is of I~road irlterest,, because of its occurrcncc in ast,roplrysics [1,2], liigll energy drrlsity physics 
[:I->], ancl incrtial co l~f i~ lc l r~e~l t  fusion (IC!l;') [(i-141. L%'e report llere 011 two new ablation front, 
It'l' experin~crits using ( 1 )  spl~erically corlverging Iremispl~erc~s, and (2)  planar foils with 31) 
niultinjode perturl~ations, arid one Iiew e1i11)eddcd-interface Kicl~tu1yer-h~Iesl11~o~~ (RR4) - RT 
expc~im(~ii t  rclt ,va~~t to core, collapse superliovac. 

2. Spherically convergent experiments 

E x p c r i ~ n e ~ ~ t , ~  in cor~vergent gcxo~netry are il~l~erelitly more difficult t h a l ~  in planar geometry. As 
a first step in t l ~ i s  dirrctiolr, people ha~re done RII' experiments in cylindrically coilvergent georn- 
etry.[l4,l5] \k descrihe a spherically convergent, ablation-front RT experi~nent, as illustrated 
in Fig. 1. .A standard cyl i~~drical  A u  "scale-l" holllrauni is used (2.75 rrlrn long by 1.6 mm 

Corrugated 
surface 

X-ray 2D x-ray 
drive irnaging 

Gold cavity 

Figilrc 1 .  I<xl,erimcnt.al corlfignrat.io~~ for the convergent experirne~lt. 

diarnetcr). The  cpt.rirnc,rltal sample is a st,itndard "IIEP-4" capsule [l61 correspol~ding to a 530 
pnl outer tiiamct.rr, -42 pm wall tliick~less, CIi[1.3% Ge) capsule with no fill pressure. This is 
mounted 011 a 11ol(> i11 tlic wall of the I~ohlrar~rn, with half t l ~ r  sphere interior t o  the hohlra~~rr i ,  



and half ext,erior. 'I'll(? interior h ~ ~ n i i s l j I ~ ( ~ r c ~  has l ~ i ~ ( l  ii 70 /LI I I  \vi~t-t>l(:i~gt 11. 2 p111 i11111)lit11cl(>, 21) 
perturbation i~nposcd on it. usi~lg an off-lil~c lascr a l j l a t io~~ t(,c.l~nicji~c [I;]. rig111 of t11c. t.eir 
Nova beams enter the l~ol~lraurn ill a 2.2 ns  sllaped ("PS2fi"): 6:l coiitrast l)i~lse, ;tnd c.or~\;ert 
to x-rays. 'I'llis gencratcs a 2:1 contra~t. .  -200 c,\' peal; i.;~diaiion tcrnprraturc x-riry dl.ivc~; ;is 
was ~ised i r l  previolis " I  [El'-l" iml)losio~~ can11)irig11s [I 61. A s  t11e interior I~erl~isj)l~erc~ i~nplodes, 
the ablation frol~t perturljal,io~~s grow tluc, to t11c 1Y1' i~lstal~ility. all({ are diag~~oscx<l 11); f21c.e-on 
radiography, using a R h  backliglitcr. For conil)irrison, ideiltical r!xpcriu~er~ts wcrc c.oncll~ctecl, 
usii~g - 50pm thick planar foils of (:H(2%, Ur) i t 1  place of thr, 11einisl)lic~rc~s. LZ'c ~iscd Hr do l )a~~t ,  
liere, hecause wc were rinal~lc to  fabricate 1)l;triar ('II(Gc.) foils. 7'11t. Rr concciit.ration lvas 
adjusted to provide the same tlogree of x-ray ~ ) r c l ~ c ~ ~ t .  s l ~ i e l d i ~ ~ g ,  11asc(i OII ID sini~~liit,ions. 

r 3 l i ~ n e  seqnenccs of raw inlagcs. t,i1Ii(.11 wit11 ;I fast x-ray f r i l i ~ ~ i ~ l g  cailleril ( "FT;(:"') rlrii i ~ t  Sx 
mag~lification wit11 10 /LIrl I~i~~liolc:s a t  -50 1)s girlil~g ti111c.s. are s11ow11 i l l  Fig. 2. 7'1ic~ top rolv 

Figure 2. Raw irnagrs c.o~r~paring pla~tar. (top) with sl)krc3ricallg. con\'ergr~~t (botto~n) RT growth 

corresponds t,o t11e planar Cll(f3r) foil, ant1 the hot ton^ row t o  t l ~ c  ('II(Gc) ~~~~~~~~~~~~~c. Slio(.li 
hreakout, for the planar foil corresponds to a l~out  1.6 11s. arrti w r  sec t , l~e p ~ ~ t u r l j ~ t i o ~ ~  evoIv(t 
rapidly into the ~lonlincar reg i~~ie ,  as t l ~ e  foil reacl~es 1)eak accelcrat,ior~s of about I20 ,un~/ns' itt - 2 11s. The p e r t ~ ~ r b a t i o ~ ~  for the I~c~~l~isl) l~c>rc c.orresl~ontl(~tl to irn ir~it,ial 300 x 300 /1111 s(111arc' 
patch with the samc 70 p r r ~  wavelengtlr, 2 p m  a~nl ) l i t ,~~ t ic  sinusoitlal ril)ple in~posed 011 it .  Sl~ock 
hreakout here occurs at  about 1.2 ns. As tllo I~ernispllcrc accelerates I~c t \wrn  1.5-2.25 ns,  it 
converges by over a factor of two, as seen 11y the shrinkir~g of t l ~ o  ~)c>rturhation I)stcll. l'lie 2D 
simulations [l81 show t , l~at  for convcrgerrces U]) t,o a factor of -2, t,l\e implosio~r is reasonably 
spherical. I-ici~cc~, the observecl coii\rergence tral~slatcs to an accelcrat,ior~ I~istory. 

We show the Fouricr ai~alysis of the tli~ta ill Fig. 3.  'I'tvo sllots arc sllow11 for c.ac.11 ])lot, 
distinguislled by open (car ly - t i~r~r )  and closc~tl (latc-time) s)-~r~l)ols.  Tlierc! are ;I nun11)c.r o f  
similarities bctwccn the planar and sl)lrc,rically c o ~ l v ( > r g ( ~ ~ t  expcrin~(~iits.  not11 cxl)eril~lcnts 
result in peak obser\~c:d growth factors (of oI,tical d(y)tl~ n~odulatioii) of fi-8; anti I)oth enter 
the nonlirlear regime, with the appearancc of tlrct second liarlno~ric.. The appcxsrarlce of t lio 
second llar~nonic is slightly rarlier in the convc~rgrnt case, suggest ing sorrlrwl~at, earlier cXlltr). 
into thc nonlinear regime. This is rcasoi~;tble, since the ~jc~rt,url)atiorr wavclc~~gth is s l ~ r i ~ ~ k i r ~ g .  
Also, the peak rate of growtli is noticca1)ly 11ighcr in i,11(% convergent casc. 'I'l~is Illay rc.slilt 
fro111 (1) a steeper density gradier~t a t  the ablatior~  fro^^^, ar~ci (2) the p c r t u r t ~ a t i o ~ ~  wavel(:r~gth 
.;hiftir~g t,o a more nnst,ahle region of the IU' dispersio~~ curve. Finally, the roll-over irr~rrlecliately 
followi~ig the observed peak in growtli factor is illore extrenle in tho c:orivergent casc. 'Tliis is a t  
least p r t l y  an instrumental effect; 1,txcausc- t.he instru~nent modulatiori t,ransfer functiorl (MTT.') 
,droI)s as tllc fundarnc.~lt,al wa\-el(,ilgtl~ decreases [I!)]. 
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Fig~lre 3.  Fo1lrif.r analysis o f  tilt, d a t a  shown in Fig. 2. 

T l ~ e  solid curves show11 in Fig. 3a correspontl to LAASKEX [20] si~nulations, post processed 
to correspo~ld to tlie c~perirneni.;~I irnagcs. 'I'llc ilgrec~rricnt betweell the 2D simulation and the 
data is quitc good, othcr than a slight disc:rcpancy prior to shock brealtout ( t  < 1:l ns). Tlle 2D 
sirnulations for the convergent experi~ncnts (not shown) also give reasorlable agree~nent with 
the data [IS] .  

3. 3D multimode experiment 

Our most rccerrt ablatio~l-front plarlar RT experiment is to  mcasure the 31) RT evolut.iorl of 
a f~11l s p e c t r ~ ~ ~ r ~  of well cllaracterized initial modes. The initial pattern was carefully designed 
to he a sqllarc pat,c.h c.orrespontli~~g to the first, -10 I~armonics of a cosine symmetric, 300 
/ ~ r n  fr~ndarrie~ital wavelength in both tlie X- ariti );-directions. Irl othcr words, the pcr t~rha t~ ion  
patch corresl~o~~tls  to  a ~nul t i~ i lode  cross-llatcli pattern with cosirrc s j ~ m n ~ c t r y  irl both orthogonal 
tiircctiorls. 'I'he tiesig~letl pattern, clisplayed as optical depth, is shown ill 4a, cornparetl with 
an actual radiograph of thi: fal)ricat,c>d foil (lilt,eretl for 11oiso and synlrrletrized) shown in Fig. 
3b. The agrcrmcnt bct\~rc>cn ticxsign arltl actl~irl 1r111lt,ilnodc target is striking, and rcprese~its a 
truly re~narliahle feat of prccisio~l target fallrication. utilizing laser al~lation wit,ll an excirner 
laser [17]. Thc tirnc scquc:~~ccs frorrl the Novi~ s l~o ts  are S I I O W I ~  in Figs. I c  (simulatetl) and 4d 
(measured). The 3D si~m~lat ions lverc, do~ie  ~vitli HYI)Il!\[l:3] and agree quite well with the 
da1,a. 

The 2D h u r i c r  cvoh~tion is shown i r l  Figs. 5a-d, rcprcscnting the first G 11s. 'I'he laser 
~ x ~ l s e  shape in this case ("PS35") was 4.5 ns in duration with -7:l c.o11trast[21]. Azi~nutllally 
averaged F'ourier spectra (srllla.rc, root of < 71: >, wllrre tllc average is over the azimuthal 
angle) are shown in Fig. 5r. Tllc initial Follrin. spectrn~n is rather featureless, mol~oto~lically 
decreasing with niode nu~nber .  As RT growth proceetls, a very distinct peak is seen in the 
spectru~n at  mode -4, correspo~lding to a witvelengtl~ of -75 pm, whicli is roughly where 
pcak growth is ex~jcc.t,ecl, I~ased on estimates of tllc indirect-drive RT dispersion curve [12,22] 
Fr~r t l~er~nore ,  a t  the latest. t i ~ n e .  6.0 its, an ol)scrvaljlc second har~nonic at  rnodc S emerges, 
signalirlg entry illto thc nonlinear regime. 

This rnulti~node experi~nent represeni,~ ml~cli more controlled and quantitative rendition 
of what we first attemptt>d i r ~  191-13 [23], wlierr the initial pat,tcril was a random, head-blasted 



(c) Simulation 

1.is111r 1 .  1 1 1 i t i , i I  f c ) i l  Cot :!]I? ; ) I : I I I ~ I .  31) i i ~ ~ ~ l L i ~ n o ( l ( ~  ( ~ s p c ~ r i ~ r ~ c ~ ~ i t s :  ( a )  c~pt,:rzil ,l;'!)t11 ~ O I .  ( l ; ~ , ~ i : ~ i ; ~ ~ l  roil: I 1 , )  
:lpt i (  a1 ( l c ~ ] ) t  1 1  :t(:::1'11. i;!l)!i~:,:t+d foil: (c)  s i ~ ~ ~ ~ ~ l a t ~ c l  IYI' p,ro\vtl~ (111ri11g I I I C  K ~ I I J  >!IOI : <i11c1 I\!I i I I I ~ ,  

~ ~ 1 1 1 ~  111e t ~ i e a , - ~ ~ : ( ' ~ l  1 1 7 ~ 1 t i t  

(a) t = 0 (b) t = 4.9 ns (c) t = 5.3 ns (d) t = 6.0 ns 

hlode number (300 m square) Mode number (300 m square) 

k igl~rc i. F O I I I  i c ' r  ,!!~,ilyr-i.; OS tile It'l' t~xpc~riment. l~sirig tl~cl foil s1iow11 i r ~  1-iz. 1 .  I , I -cl  1 it~t~~g!'q ,-(JI r(,- 
s~)i111rIi11g to ? ~ I ~ I ( . L  of 0, 1.0, 5.:3. a ~ i d  6.0 11s. ( P )  A ~ i ~ r ~ u t l i a l l y  av-(,ragecl k ' r~~~r ie !  >l)wtr,t at  1110 ,.a11i(2 
t i n e s .  I S )  Si~il~rl,trc'tl a i i tn~i t l~ , i l ly  a\rcragrd 170uricr sl)c,ct,ra at t l ~ c  silrne til~:i,.-. 



4. S upernova hydrodynamics experinlent 

1\.11ci1 ;r core. c o l l ; i p ~ c - . ; ~ ~ ~ ~ c ~ . r l o ~ . a  explodes, all exccetli~igly strorig r.;riiial .110(.1.; TITOI I<IU,R~C> 0111- 

\vi~ri! t Ilrouqll t lic <tar .  Ijloivi~lg it aparl .[ l]  'I'hc progenitor s tar  call 11i. i r~ltIel\- t liol~glit rif a. 
a < ~ r . i c ~ ~  of (.olli,e~ltric- i l~cllc of d ~ c r e a s i n g  dellsity wit11 i t ~ ~ I I S C  F r  rorc < i t  the  center.  anil a 

lor:. iic::+it>. I{ PII\.(,!o~I(' a t  t he  orltsitlc. \liliell the shock t,raversc.~ t l~ t ' i r  ' .ir~terfaces". 51 I . O I I ~  
R l I  ii~stabi!itic:- ,ire triggered. Aftcr shoclc l)real;o~~t,  encll layer get. ciec~c~lcr;itc(l l,? I;cxt 
o l ~ t e r .  loxer tic.nsit>- lq . c , r . .  Ilc,ncc, ~?ctcnsi\zc> R'r ins t i~l~i l i ty  growl11 fo1lon.s t l ~ c  R11 ljl~ase. ( 'ore  
collapcc~ sul)cr~lo\-a arc X-i r t~la l  ca ldro~is  for deep lionli~iear RM-RT r~iixili?. :I! 

\\+ Ila\-e btartec? a iupc'rrlova liytlrody~~arrlics cxperilrrent. o11 the  So\-a laser tlesig~led si~ecif-  
icail! to look at  tlcep ~ioli l incar R1\/1-R?' 1nixing.[2] T h e  initial experil i lel~t corre,spo~itieil to a 
~)lali,lr. 2- la-er  package: all 85 p ~ n  thick Cu  ablator followed by a i O U  p111 tliick ('Hn ta111l)rr. 
wit11 a 'D. 2ilO p111 \va~.c.lellgtll, 20 pln amplitude si~iusoidal ripple <it tlie i r~ t i~ r fac i~ .  .-l 10-1.5 
1Ibar  kllock tral.crses t l ~ e  interface, followeti by a protracted decelcratiol~ and d e c o r n p r r ~ s i o ~ ~  
p l ~ a ~ e .  c l~~a l i t a~ i \ - e l> .  ?irllil;rr t o  the  situation in the  superr~ova. \tie .cl~on. tlie iiiitial r e s ~ ~ l t s  of tlic. 
ol)qesvi.ti R l I - R P  I)~lljl)le ail11 spike frolit evolution, co~npared  with i i~ l i~~ l i l t i o l i i  ~ l i i l lg  the  1.iili 
code C';\LE :'A!. aliil tlie a~tropliysics superIlova code P l ~ O M E T I I E I ~ S  [l.?] ill Pip. I;. r h i > ~ e  

f7i-ul.e h .  ( a )  C s [ j ~ . r i ~ i i ~ l i ~ a l  cor~figurrttio~~ for the sllpernova Rhl-RT cs1)eri1lte11t, ( 1 1 )  K\I-IIT ~ s j w r i -  
~ ~ i e l l t .  C O I I I I ) ~ I I ~ ' ~ ~  ~ v i t l i  s i i ~ ~ ~ ~ i a t i o n s  with C!\[,E and PHOML.'TI11.'US. 

iriitial res~ill z lool.: \-er!- prori~isil~g. \'V? arc: now devc,loping a siurilar expc~ri~uc~lit  to c o ~ u l ~ a r r  tile 
decI) rioirliileal. grow111 of :<D single-mode, cross-1lrtt.rl1 ("egg-crate" I ripple ~ ~ a t t r , r ~ ~ .  cornparcat1 
t o  the  2I) rcIui\-alent. I'reiiictious sliggest we shoultl ohservr crihal~crci g r o \ ~ t l i  ii-1 .iD(!i.ll.l:i]. 
$1-hich has i r l~por tant  iniplizdt ions for t he  supernova c,volution. 

5. Coilclusion 

TT? l i a~c ,  rir~.elaped a quaiititative ablation front HT experiment i ~ i  s~~l ier ica l l>-  coIi\.cl.geIlt ge- 
o ~ l i e t v .  t o  t rs t  ol:i. u n d e r s t a n d i ~ ~ g  of t l ~ e  effects of convergence on  R I  groxvtll and saturatioli: 
aliti a pla~inr. ~~ lu l t i rnnde .  ablation f ro~ l t ,  3D experirne~it ,  t o  test nli i l t in~ode \veakl>- ~lor i l i r~i~ar  
~ a t u r a t i o ~ i  a ~ ~ d  nrotlelirlg. TT> havc also devclopcd an e~nhcdded-interface I I1I-Rr  exl~erinient 
t o  loolc at  t l ~ e  cleel) ~ lol i l i r~ear  ~ r ~ i x i ~ ~ g  relevant t o  suI)erIio\ae. 

Acknowledgement .  1Vol.l; ~>rrlhrlrred urrder tlic auspices of the U.S. Dcyja~tinenl of Eltcrg?. 13). tlic, 
Lri\vrc.ncc L i ~ e r ~ n o r c  S.ltioiia1 1.aborntory ~ ~ n d e r  co~ltract rnlmber W-7.4O.i-EUC;-.I*. T i~ i s  ivork Ii;ls 

Geer~ ~jerfor~rird parti;i!!)- ~ ~ r i ( j i . i .  the ;~uspices of a C'olnlrlissariat & I'Energie :~to~niqli i .-[~.  5.  Uepartrirent 
of Encrg!- collnl>oi.ation. 



References 

[ . ]  h4iiller E, Fryrcll H alid Anrctt  \V 11, .,\st,rori. ,~ \s t ,~opl~)-s . ,  2.51: 505, (1'391). 
[i!] I i a r ~ c  .J et ill.; Ap. J . ,  478, 1,75, (1997); Rcnlington I%.;\ ct (11.. I'l~ys. I'lasrr~ir, 4, l)!),{, (1!1!J7). 
[:I] Carr~~>bc~l l  E l l .  IIolllles X('. 1,il)l)y S13. 1~~riiil1gt.011 B!\ :allcl 7;,ller. P;, I'roc:. o f  ~ I I ( ,  l!)!)> ;\l'S 

Topical ( lo~if .  on S l io~ l i  Con lp res s io~~  of (. 'or~tl~~r~sccl hlat ter. Seatlle, lsVr\ ( i \ t l gus~  1%-18, 
19'35): irl I)rcxss, Laser. a ~ i d  I'art. Bearlis, (1!)97): 1'('1~I,-.JC'-121258, Rcv. 2, (l!)!f(i). 

[il l  Buclil I<S et al . ,  P11ys. I<ev. I,cxtt.. 76: -4536. (l!)!)(;): R(>\.. Sci. I r ~ s t , r ~ l n ~ . ,  65: 7951, (1097). 
[:i] J<a la~~ t i i r  DIT. t hex, [)rocc:etli~~gs; l \ > l ~ c r  S\' c !  ill., tliese j)rocecdir~gs; ('olviil . J I )  rf al., tlicsc. 

proc(wiir~gs.  
[(i] Killic~n~iy .JD. J'l~ys. Plaslnas. l . 137!1. ( 1 !)!13). 
[i'] 1,ilidl .T, Phys. I'lasll~as, 2. :$!)X. (1!)!15). 
/:I] 1Iaa11 S\V, P l i ~ , s .  RP\.. A .  :l!). 5512. (l!)S!J): Pll~..;. Fluids 13. 3. 23.40; (I!JC)l). 
[!I] S111-arts D r l  cl/., Pl~!,s. Plasnl;rs, 2. 2-165. (l!)!)T,); Ofcr 1 )  cl (11.. P ~ I J . ~ .  I'lasir~;rs. (l!)!J(i). 
[ I O ]  Uetti l{ rt (11.. I'liys. P l a~ l i l a s ,  3.  2122. (l!)!)fi): (:oiiclrarov \' ( 1  ( I / . ,  I'l~ys. I'lasmas. :I. l6fi.5; 

( l  !)c)(;). 
[l l ]  l ) ; ~ l ~ I l ~ ~ i r g  . J P  c l  (11.. 1'11~.s. l~'Irri(ls 13, 5. 571. (1!)03). 
[ l ? ]  R c l ~ ~ i i ~ g t o r ~  l<:\ r.1 m/., I'li!.s. Plasrrias, 2 .  24 I ,  (1!)!15). 
1131 I l : ~ r i ~ ~ ; ~ l i  1111 c l  (11.. PIIYS. )<( ,V.  l , ~ t  L.. 75. Ij(i77, (l!l!J>): I'IIJ-s. I ' I ~ s I I I ~ s ,  ?I. 20703 (1996). 
[ l . $ ]  J3si11g \V\V.  1'11,~s. I'las~iias. .l, IS:32% (1!)!17). 
[I 51 \\.eir S f i  01.: t.lrc.sc' proceedi~igs. 
[I61 Lanclerl OL ( 1  ol . .  I'l~ys. Pl;lsmas. 3. 2091. (I!)!)G). 
[I71 \\'allace R.1 cl cil., J('1" Ij~~al. t ,c~rIy llc,l)ort. So. 1-CR L-LK-I 0.5821-9.1-3, ( 1!)91). 
11 S] ( ' l~r~rii ls  C c t ol., thc2se proc.<:etiil~gs. 
[ l ! ) ]  R o l ~ e y  13l7 c /  U / . ,  l<(,v. Sr i .  11i.qtr1111-I.. (is. 7!)2. (1!1!)7). 
['LO] Z i ~ n ~ i ~ e r r ~ i a l ~  (:H allcl l ir .r~(-~. \\'I,, ( 'OIIIIIICII~ S P l i ~ s ~ i i a  1'11~s. (,'orit ~.oll(,tl I:~isiori. 11, 51, ( 1  975). 
1211 Butlil J\S cf (d . .  tlicse p roceed i~~gs .  
['L21 \17c,l>cr S\: cl (11.. 1'11~s. l'l;lsrl~;~s. l .  :$(i.j2. (199.1). 
[?G] J < ~ r r ~ i l i g t o ~ i  I%:1 ~t al.. P11ys. 1:luitls B.  5. ?.is!), (1!)!):3). 
[23] '17il)torr 11. arl t l~or of C.?\I,l<, pri\ate c o r ~ ~ r l ~ r ~ l ~ i c . ; ~ t . i o r ~ .  



A General Closure Relation for Incompressible Mixing 
Layers Induced by Interface Instabilities 
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Loq .\ldliit,> Sa t  ior;al Lnt~ol-ator);: 1,os Alalnos, N M  S7.545, IJSA 

A b s t r a c t :  11.1- c!c~~c.l.i?je a gcr~tralizatiorr of a recc~itly-proposed t\!-o-p!ia.c i lo~v ~ncidrl for t he  
~t;ltistic.al c\\ .ol~~+icj~l of ilicon~[~ressil)le rnixing layer. This n~ot ie l .  nliic.11 iva. origir!all>. c ie~~c~l-  
ol1t~1 for al,pli(at iori t o  Ra>-leiglr-'Taylor mixing, l)rcdicts tlrc distrihl~tiori of \ .o l l~mr fractioris 
d11d iluiil \.i>ioc ities ac~.tj,sb t 11e ~llixillg layer iri t,t:rrns of tho t,rajectoric!: of the etlgei. Our I~re \ - iour  
;iliai!->is of t I i i ?  ruoiiel i.- (c\telided t.o flows that  are  11ot self-simila~,. 

I l i e  EII!I>!- e ~ c ~ ~ ~ a t i o l : i  I rvit11 or. ~vitliollt es ternal  forces) goverli a ~vitle \xiet!- of cliaotic fioivs. 
i:!cl~~ilil~g i!!t r~rf;ice ill-I ,iljilitics o f  t llc. Raylcxigh-Taylor (W),  Riclrt~r~e>-er-lIi~~I~F;o\~ R \ l  j. arlti 
I < ~ ~ I ~ ~ - ~ I I - ~ I I ~ I : : I ! ~ ~ - ~ ~ ~ /  I l iH  I t\.l~c's. I t  is r ~ a t ~ l r a l  to exl)ccl f h a t  a systt-rrr o f  t;.<o-l)li:i:e flow c c l ~ ~ a t i o ~ l r  
that ,i:.t, i!cri\ PC! tb>. c11~e~1111,:t~ ;ivcragilrg 1.1re k ~ u l t ~ r  t~tl~latiolrs s l l o~~ l t t  likewise go\-erli tlii. st.ari>tical 
f,:;lri;rt,. oC t111, iallic. I! 1 , ~ -  ~ji'flolvs. Of co~~rsc , :  Iravirig a c.orr~plctc txvo-lj11:i.i' desc ri11tio11 rccjliire, 
i . l i j ' l ~ ~  t '  ri'!d I iu115 for ::(.:y, ~~l~ar l t i t ic ts  i l l !  rotlucc~ti l)>- tlrc avcragi~rg of 11ori li~le.ar terill!: allcl 1jocrrrinr~- 
~ 0 1 i ~ I i : i o 1 1 ~  in l i l t ,  ~~iicrc,:ct-~l~it~ t~(~uatior1s. (;cncraIly, ;I s~~ceif i t .  t:io<i~re> rcI~~tio11 11;~s a fair1~- 
r c 3 ~ t  rictcil tli,r!i,iirr cif \-;ilitli~\.. 111 Refs. [ l .  2. 31. wc ~)ro~)oscxtl clostrr.e reiatiol~s f o r  I lie con l l , r e~~ ib1c  
Ra:,-lciql~--rc~>-lo:. p lo l~ lc~ l r  \;it11 const, i~~rt  accc~leration, and d(t\ioteci cor~~i t lernble  atte~itiorl  to 
t 1 1 c . i  I. 1-;,lic!ar io:;. 1 1 1  t i ~ i -  P;LIKI., x ~ t '  irldicatt, Ilow our  origirial t,ruo-l)li;:.~c, llci\v forrlililatior~ c311 lje 
esti~1111c~ii to n l~roacl (>~.  c.lasc of intc>rface instal~il i ty prohlcrrls. 

2. A two-phase flow model for immiscible fluid rrlixi~lg 

( ' o ~ ~ ~ i d c r  tile flov< of ti:.o fllli(1r with no ~ l ~ o l e c u l a r  mixing, and dcfirie tlic cllaraclerirtic f111lctio11 
.V, I ,I . ! l .  :. t :  I = l .  2 I .  \ ~ ~ l ~ i i ~ l ~  setlrrns 1 is ( . r . , ~ j ,  ,:) is in fl i~id k at, t i 1 1 1 ~  f :  (1 ot l>e~wi ,c .  Let ( . :  

c!rriotil all <i\.i3~.,!ge' o\r'r an infirlit(> erlsernhlcof microscopic flow rcali;.a~ioni \I-liic.11 are ..+iluiIarl~- 
l)rel~.ix(!" i:i 1 i!t, rciliie t i i~~cr ibct l  I)y Drew anti Lallcy [4]. Then j .  . r .  y .  :. t I E '.Y, . is tllc. 
l~roljortiorr or ~ l i c ~  rc:;ililiiti~l~i in which tlle fluid particle a t  ( .r ,  y, 2 )  a t  tillie t I)(~lorig> to  lrlat crial 
i;. Rh- c.u~i\-r:itiori. \:(, I <i l l  j. tllc volr~rne fractio~l of l>l~asc  X : .  T h e  birigle-pliase a\.crage of tllc 

- 
t 1 ~ r z ~ ~ r t i t ~ .  j'l , L .  g .  :. t j  i,- , / ' L  ~ . r .  y ,  5, t )  = ( j - Y k )  

T1.e a.Lillirc rl1,it tlic s t a t i i t i c .~  of the  cnselnble are  translationall>- iri\.arinrlt in the  .r. and  y 
c!i~.cctior~~. <i:id t11;it ;III!- cxtc.rllal acceleratiori or impulse is directed along tlie I axis. Therefore. 
a!l c~ ice : i~ l> lc~-a \~ r~r i~~c i i  q ~ ~ ~ n t i t i c s  doperrd only or1 2 a.11d t .  This assu11111tioll ~ O P S  not p ~ e c l u d e  
ll;i\.iilp ~ r o ~ l - \ . < i ~ ~ i q t ~ i r ~ y  trari?\-ersc corrll)one~lts of vectors in t h e  moclel. so that iluid rnotioii in 

clil.,ct ion tnngelltial to t l lr  mixing laycr car1 he  described. The crlsernble a\-eragirig itrp 

is inilx>:t;1111 lre~c.;ii~ir i t  t i r i  t h e  two-pl~asr  flow ecluatior~s t o  primiti\.e equations that  can he 
coli~itlerrtl (,\-A( I for t!le !jilrIjosc of this stiltiy. A major  advantage of thiq approacii is tha t  



it providt:~ a framework i r ~  which each  nodc cling assumpt,ioll call be isolatecl ar~tl tcstrd 115. 
corrlparison to microscopic co~nplltatiorial data. 

Problcnls that fit into t l ~ i s  statistical tiescriptio~~ of the ensc~rnhlc it~cludc !,he R'I ' ,  R R d .  and 
K11 instabilities that arise from ralldom per t~~rba t ions  of a plar~ar fluid interface. 111 t l ~ e  1lT 
problem, the external force is assurried to act normal to  thc i~ltrrface, l~ut,  i t .  can I)e time tlc- 
pendent. Sinlilarly, i11 the I<R'I prol~lem we consider ol~ly thc case of a ~ l i o ~ l i  ~ a \ ~ c  at ~iorrnal 
inciderlce to  the interface. hl t l~ough tlle IiII l~roblcrn involves a velocity shear across the inter- 
face, there is no le~lgtli scale induced by this shear in the s anti y dircc:tions \vIien tlie gradiellt 
of the shearing velocity is in the 3 direction. 'The a.ssu~nption aho~rt  translal,io~ial irlvaria~lcc 
of the  ensemble amoll~lts to an i~nplicit  assumption about tlle mecliariism for generating a I<JJ 
instabilit,~, which is that force respo~isible for tlic shear is itself tral~slationally il~vitrii~lit 
in the r arid y directions. Illstabilities driven 11); forces oblicluc to  the fluid interf;trc are not 
i n c l ~ ~ d e d  in this framework, except pcrllaps ilr a local approxirrlatiorr. 

111 this paper, we specialize to the case of incornpressi1)lr fluids, and co~lsidcr t l ~ e  general 
two-fll~id ~nixirig problcn~ illustrat.ed in Figure l a .  The two-phase flow c q ~ ~ i t t i o ~ l s  are dui \ -rd by 
e~ isen~ble  averaging ( i )  the incoml~rcssil~lc 1':rller ccll~at,io~ls witllin eacl~ fluid, and ( i i )  a It inc~r~atic 
equation for the material interface [.$l. They arc [ l ,  51 

ap, ?MA. 
S 0 -  = 0 a.? ' 

i)$kEk ,a,ljI; 
----- - U --- . 

i j  z a_. (2)  

a[jkck a i j , ~ ~  iik ajik ap ,  ap,ri;? 
P k p  + p,? = -,'3k- $ f ikpi;g(t)  (p* - 7,) 7 7 at dz az (1 z o l 

(3) 

where v is the z component of \~elocity, p is prcssllre, pl (pz)  is t,lle density of t l ~ e  light (heavy) 
fluid, v* and p* are the effective interface \~clocit); aritl pressure, res1)ectivcly [l];  g ( t )  is the 
cxternal acceleration, and H is the Keynolds stress t,ensor. Equation (1) tlescrihcs tlie con- 
liervation of volu~ne fraction along trajectories with velocity v* .  Equation (2) is eqliivalelit 
1:o conservation of Inass in phase k conlhinetl with tlle microscopic i~ico~rlprcssihility condit,ion 
'V . v = 0  [S], ancl Eq. (3)  represents the conservation of mornentum along the  3 dircct.io11 ill 
phase L. 111 a KH instability prohle~n, there is a no~i-trivial co~~servatiorl law for ~ n o m c r ~ t . u ~ n  in 
i t  tangential direction (say X), 

i)Pklk a J i ~ k ~ k  3/Jk RiZ 
PI; -- 

at +pk7 d3 + 7 03 
= o ,  

where U is the s componerlt of velocity. 

So far, no approxi~natioris have bee11 introtluccd ill tlic averaged eclr~ations ot,hcr t,lla~i sytrl- 
~ n e t r y  conditions arid zero surfa.ce tension a t  i~it.erfaccs, but t11cl.c. are now five il~tlcpe~ldc!rit. 
equations, namely 1:q. (1) for citller L anti Eqs. (2)-(3) for I; = 1 ,2 ,  for the 11ir1e unlc~io\vns ,J1, 
-- 
ol ,  u2, PI,  p 2 ,  V*,  p*: ez, and Rq". The \.ariahlc Pz can l~ trivially eli~ninatctl using the identity 
/jl + /32 = 1. 111 the I<fI prohle~n,  there arc four a.dditio11a1 nnknon,ns, El ,  El, R;", ar~tl R;', 
a.r~d two additional eql lat io~~s,  ~ l a ~ n e l y  Eq. ( 4 )  for k = 1,2.  XI close tlie system of equatiol~s in 
tlie interior of the mixing zone, \VC! t.lius ncetl four to  six Illore constrai~lts arrlong the tlependc~lt, 
variables. Closurc relations applicable to It'l' instability ( u n k n o w ~ ~ s  - equations = 4 )  were 
Froposed and validated in [ l ] ;  this work is summarizrd in [2]. (Ilosure models applical~le to  KM 
and I<H mixing are curreritly under study. 



Figure 1. (a) Illco~npressible two-phase mixing in the ( 2 ,  t )  ~jlal~c. 'I'lie two curves are the trajectories 
of the lr~ixillg zone edges. The lower (11pper) edg(' is t,h(' limit of vanislii~~g iJ1 (/l2), a ~ ~ d  it corresporlds 
to the tip of t l ~ e  fronlicr portior~ of light (heavy) flrliti in the pre-ave~.agcd flow. (h)  T l ~ e  Ireavy fl~lid 
volu~nc~ Crt~ction 1 7 ~  a l o ~ ~ g  the lniwillg zol~c, for different \:;dues of 1 . 1 1 ~  rnixi~~g layer expallhion ratio jI'~L/l'l ( 
i r ~  the special rase that t.his ratio is const,ar~t i l l  time, sucl~ as i l l  ir~cornl~rc~ssihle Rayleigll-'l'aylor inixirlg. 
Tlle range of 1142/1711 show11 in this figure is rc~~~rese~ntnt i~~e o f  Raylt,igh-'Taylor cxl)cri~nents I I ~  to large 
density ratios [(i]. 

Evcr~ when tlie numl~er  of equations equals the nl~rnbcr of unknowns, a cornplc>te two-phase 
flow description for tlie entire dornain still reqliires cor~tiitions which specify the 1notio11 of the 
mixing zone edges. There is much to learn about this prohlern, but we note t.liat first steps 
toward its solution in the context of a two-l11lase flow model have I)ee11 taken hy the authors [ l ,  31 
and by Alori et  al.  [7]:  who have proposed rnodcls for tlle edgc trajectories based on l~uoyallcy 
and drag forces on  tllc leading I ~ u h l ~ l c  and spike tips in the ~nicroscopic flow. ' r l ~ e  posit,ions of 
these tips define tlie ~nixing zonc edgcs i l l  tlic two-phase flow. Notc that t l ~ e  growth rat.(: of tlie 
instability cnters throl~gh the 1)ounda.r)- conditions for the rriixing zonr edges. LL7e arc currcrit.ly 
studying sucl~ issues as the coripling of the ~ ~ ~ o ~ n c n t u m  erjllations to the edgc t,rajectories, and 
to what ext.ent (if any) tlic growtl~ rate is predict.ed by tllr rnorr~entun~ equat.ions. 

3. A new model for v* 

The model for v* that was proposw1 i11 [I] has since hecn  show^^ to be o f  l i~n i t rd  applicability [S]. 
The problem that we wish to  discuss in this paper is the forrn of a general closure relation for 
v * ,  so for this purpose we asslllne arbitrary motions of the rr~ixing zone edges, as show11 in 
Figure la .  Note that tlie subscript X. 011 the ctlge trajectory . Z k ( t )  Ial~els tlio edge as tlic lilnit of 
vanislii~~g Pk.  Tllc 11o1111dary condit io~~s or] I," are Ii~lown: v*  = vii = I , ; ( t )  alorig the trajectory 
2 = Zk( l ) ,  for XI = I 2. For i~i tcrn~cdiate  posit ions wit Iiin t l ~ c  11lixi11g zonc. we propose that V *  

is a weigl~tcd avcragr of El  arld E*. wllcre tlic weights tlepend on :, t ,  a r ~ d  

In order t o  satisfy the hol~ndary coriditiolls oli v', we requiro that p k ( z  = Z k ( l ) > t , / j k  = 0) = 0 
and pk(z = Zk,( t ) ,  t ,  ;li; = l) = l .  wit11 k' = 3 - k the complementary index to k .  



r 1 I11e asslrmc.d nljse11c.e of tlic- si~~gle-l)lii~sc. 1)ressurcs / Ik i ~ r  t hc. I>' i.los~rrc (5)  clc~c.oul)los 1,:cls. ( 1  ) 
and ( 2 )  from tllc rnoillr~r~t,urrl rqu:~tior~s ( 3 )  ant1 rc~r~elcrs t l~c%rr~ sol111)lc i l l  ~ I I I .  rnotlcl. ;\S ~vi i l  I ) ( ,  
seen hrlow. tl~c. explicit. tillto d e [ ~ c ~ l l d r ~ l c c ~  of t11t. coc~ffic.ie~i~ts c.orlles fro111 t llc. eclgc, vc,loc.it ics 
\.$(t). Tlic I. del~ei~clc~ic.c~ is illcll~dctl t o  accom~noti;~t,(> fu t l~ rc  c'st.e~~sioirs of tlris closur.c~ to  
c o n ~ ~ ~ r e s s i h l c  mixillg, wl~cv.c. tlicrc' is ii, f i ~ ~ i t c  l)rol)iig;it.ioii q ~ i ~ ~ l  of ilrforn~,rt io~r fro111 t,llc oclgrs to  
the  itlt.crior of the, r n i r i ~ ~ g  r(:giol~. It is 1)o~sil)lc~ t1i:~t sir~lpl>. i~llowirlg for 2 clel)i'l~di:r~ce ill / i k  is 
insufficicrit, to  acco~riit for c:or1111ressil1ility c,fr~,cts, iir~tl r.at1lc.r /lk r1111st. satisfy i ts  owrl evolut io~l  
cq~rat,iori. I 'i~r the: prescr~t ilisc.11ssion of i r~c .or~~l) l~css i l~lc  rrrixi~rg, ~ v c  assrlrile that. pk duc:s not 
explicitly t lcl)i ,~~ti  o ~ i  1. 

13rsidcs tllc I~olirrtliiry corrtlitioils. I lrc~ro ;lrc> t,cvo corrst ririr~ts O I I  11 I ir~ltl / l 2 .  011c col~st r ; r i ~ ~  t is 
Galilcarl frarnc. iriviiria~ire. 1Cqir;rt ior~ (5)  lroltls i r ~  ally c.oortli~~;ltc~ s y s t r r ~ ~  i r ~ o ~ i r r g  vcrt,ically wit 11 
a c.or~stant vclocity if a~r i l  only i f  

\\'c usc t,l~is c~cll~irt,ioir a lo i~g  wit.11 1.11c. c los l~rc  rc.lation (5) to  t~ l i r~~ i r l a to  o ~ l r  of tlie velocitic.~ from 
Eg. (2 )  a ~ ~ t l  o1jt;lirl 

L ( )  ( I . )  1 
- 

/lk /jkl + --] /.ik! (8 )  

T h c  following an;tlysis usc,s ;lk ;\ud 3 i l ~ t c ~ ~ ~ c l ~ a i ~ g c a l ) l y  as ir~dc:~)endc~lt v;~ri;~bles.  'I 1111s t,lrcrr is 
arl i ~ l i ~ ~ l i c i t  ass~irnpt io l~  tha t  is c o r ~ t i r ~ r ~ o ~ ~ s  i i i ~ c l  ~~ror~of.orlic i~cross tlre rriiring r.i,giori. 

In illis ii~lc~gr;ttiorr tlrc rolatiol~ + On' = 1 liolils. F r o n ~  I':ils. ( 2 )  and (S) ,  cvc- Iravc 

I ' l~e RI lS  of l l ~ i s  cxl)rc-ssiorr r ~ ~ r ~ s t ,  8iL.c. tl~c' sarllc 11' for l~o t l i  X. = l a r~ t l  I; = 2. I t  is easy to 
illow [3] that this conditio~r is satisfied i f  and or~l j .  i f  

.ivhicl~ is t l ~ e  seco~ltl ma~t l~cmat ica l  c o ~ ~ s t r a i r ~ t  o11 p1 alitl p2. Not,? t.hat if allcl 112 arc. the  salric 

.?~r~lctiorl, i . c . .  / 11 ( t ;$~)  = / ~ ( t . ~ l ~ )  ancl / ~ ~ ( t . d ~ )  = /L(!, d2), tl1e11 hIl(t, l )  = 0 a,~i<i Lq. (12) iinplies 



that, tlie lllixing zone is const,rained to expalid at  tlie same rate in cac11 direction. Tlius p1 ancl 
p2 s h o ~ ~ l d  llave a si~nilar mathctrrratical for111 (~.c>flec.t,ing the similarit,y between t l ~ e  equations 
of motion for each phase), but with different pararnetcrs in order to allow a t,inle-depc~ltielit 
expansion ratio jlA2(t)/\i;(t)j. 

As a sl)ecilic clioice of constit,utive law, ~ v c  propose the linear fract ior~al form 

for k = 1 ,  2. wlic~rc. 1 l i (3  bk, CL, a11(1 (ik ilrc' t i ~ n e - d c ~ ~ c ~ l ( i c ~ ~ t  f11nct.io11s to  hc  (l(:t,errlli~~cd. rl'l~fl 
rclatioris dk = O and r.k = ni. follo~v f ro~n  t 1 1 c ~  1)oundary co~~tl i t ior~s or1 pi;. Also, pi; is in\~ariant. 
under an arl~itrary scaling of l)otli nu~iicrai,or n~rtl deilolninator in Eq. (13), so wc call set 
either ni; or bk arl~itrarily. hi1(, clroosc nk(i) = j l , ( l )  1 .  The re~naiiling unlinow~is hl ii.rid bz arc 
determined from the two cor~straints (6) and (12). 'I'lic ~trricli~e soh~tion is hk(t)  = jl/i,(t)l: hence 

Equations (9).  (10), ( l l ) ,  H I I ~ I  (14) give I,* as a fu~ictiorr o f t  and pi;, 

Solvir~g 11112 intc.rfi~c:c, c,cl~~at,iorr (1)  1'3. the 1nc.t 11otl of cliaractcrist its. wc. gel an inr])lic.it ecluatioi~ 
for tlie \~olume fraction profile, 

where the intcgrand is provitletl by Eq. (1.5). '1'0 su~nmarizct, ICqs. ( ! l ) ,  (10), (14), (15), and (16) 
give the dist,rihi~t ions of volurne fractior~s and velocitic:~ across the mixing layer in terms of the 
trajectories of the edges. 

111 the special case tallat l ,%/\< is i~ldel~cnc[(~nt, of l ,  then so is \ ~ k .  If, in addition, tllc 
mixing zone ~ x p i i ~ ~ d s  outward ( i . c . ,  (-1)"1;. > () fol a11 L ) ,  then tllrrc is  a scale-invariarlt 
soli~tiori, where all Iengtlis in the ~)rohlern scale lvitll tlrc givcn time dcpe~~tlerlce of tlie edge 
disl)lacements. 01le exa~liple is 11'1- rnixing under a c.ol1stn111. accclerat io~~ g > 0, for cvllich 
Z k ( t )  = (-l)'ak:igt2, ~vlierr: n l  anti a2 arc positive, constants wl~icli depentl 011 tlie Atwootl 
ratio ..l = (p2 - o ~ ) / ( o ~  + pI ) .  'rlie ratio l \b.L/l'; I = n 2 / o 1  is C O I I S I . ~ I I ~  in this prol)lern, and 
Eqs. (15) a i ~ d  (16) give, t,11(. scale-invariant so111tio11 for the \.oh~rnc fr;tctioll profile, 

The scale-invariant solution for the velocities follo\vs by cvaluatiolr of LSq. ( g ) ,  

L$'llell aZ/al = 1, ICq. (17) implies that tlre \ .olu~ne fraction varies lir~earlp across t . l~e ~llixing 
zolle, in agrcwnent wit l1 c~xl~c~rilnc~ut,ir.I RT t1:rt.a for small ;l [G. 8: 01. 1x1 fact,, our lllodcl predicts 



that any i~rcoml)rc~ssil)lf~ mir ir~g la>-cr lras ;I lillcxar, scal(1-in\.i~riarit vo l~~n~c:  fi.ac.t.io11 I)rofil(. 1vl1c~11 

l\,$/\ i 1 = l ,  \vIiicli is typic;~lly t Ire rils<' i l l  t.lic ~ y ~ ~ i ~ r i ( ~ t r i c  Iirriit (. ,4 -+ 0).  'I'lre [{'l c~xp(~r i r~~(~r r t s  
of Youngs gi1.c. expar~siorr 1.i11ios i l l  tlrc ~lc~iglrl~orlrootl of 2 at. Ii~rg(' .-l. ' l ' l ~ r '  profilcs ~)rctlic.tcd 
hy Eqs. (15) arrtl (16) for l \ ; / l ' l (  i r r  t l~ i s  ralrge arc, slro\vrr i r l  I2igurc 111. 'I'ht, li~rriir fract,iorri~l 
moclel for ~ 1 k  prc~dicts ;tli ilrc.reasi~rg arrroul~t of rrrrviit~rr(~ i l l  tlrv profile wit.11 ail ilic~.(:asili~ 
cxl~alrsion ratio. I ' l~e corrc,ct slrape of tlic \.ol~~lrrc> fract,iol~ profiles ;it large, :l. as tlctorlirir~c~tl 
fl-olrr c.olill)~~t;it.iollal or cxl)erirnc~~t.;~l data, has 11o1. I~een i id r t l~~; r l .~~iy  c~sl.~il~lisl~c~d. 'I'lrerc. is also 
I I I I ~ C I . ~  i i i ~ ~ t y  ~.(>g;~rtIir~g tlrv l)rop(>r d c p , r ( ~ ~  of srrloot IIII(:SS i l l  tlio 1)rofil(%s I I ( % ~ T .  t,11c ~riixilig Z O I I ~  

ctlgcs. l'lrc>se i s s ~ ~ e s  arcx tlisc~rssr~tl i l l  Ref. [ : 3 ] .  

LVlielr \';/I,; is t . i l~ l ( 'c l (~l~ei i ( l (~i~t ,  as is tlic rase i r ~  Rh1 irrstability at  ~notleratc to largc .4 [10]. 
t11c11 tlic ~rlixing xonc. is ilevcr. tiornilr;~ted bj- ;t sirlgle Icrigtli scale, alitl tllo solutiorr is tlr<>reforc+ 
not, scalo invariarlt,. Sul)j~osc 1 . 1 1 ~  colitrary, that, is, a sirlglc t , i~r~e-tIc~)nidc~rt,  l e i ~ g t l ~  scale I / ( / ) .  

for tlic, soll~tiori to  l)c self-sirrlilar, it is ncressal-!; that the, n~ixing zorle l)(, slatioriary i l l  a spatial 
cordinate system scaled Ily rl. Tll11s Zk/r l  ~ n ~ r s t  co~istalrt for X. = l ,?, ,  i~nl>lyi l~g t hat Zz/ZI 
is tirnc ir~del~clrtlelit, ar~tl 1icrrc.e so is 1 ;/l/;. 'This argl~lncnt,, coll~l~ilrcd wit 11 tlic arlitlysis al~ove. 
slioivs tlral, an cxpai~cliug 111irillg zone is s(1lf-sirililar i f '  i l ~ ~ d  01113. if \;;/1,; is a constant. 
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Compressibility and Density Gradients in the Modelling 
of the Dissipation Equation: Application to Turbulent 
Shear Flows 

D. G u 6 ~ e n ~ a r " ~ ,  H. Gui l la rd '  a n d  J.P. Dussauge2  
' I N K I A j  UI' $13, OG!102 Sophia-Antiljolis Cedex. Franc(, 
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A b s t r a c t :  In t,liis work, the ability of a. X: - r motl(~l, to c.;tlculat,e mixing layers rvirlr significar~t 
density gradients, is ciiscussed. It is S ~ O M I I I  that dcficie~lcies appear for cornpressihle flows; ever1 
if tlie X: - c motiel is couplet1 to  corr~prcssil~ility corrections. :l modification of the n, coefficier~t 
is ~~rol)oscetl to colnpl~tc elficie~ltly co~npressil)lc mixing- layers ~ v i t l i  lligl~ density variat io~~s.  'I'l~is 
11c>\v forrnulat,io~~ for n, (:liforces corilpati hility I)et~voerr c-ct~u;rtioi~ cocflicicnf.s: dcrlsit~. gradi('11ts 
ant1 com~)rc~ssiljility ~nod(,ls. A,lorcover, suhsoi~ic anti s11pc3rsonic. efrccf,s call I)e c,r;\rni~~etl sc'lj- 
arafely. ' 1 ' 1 1 ~  ~ C S I I I ~ S  are prcsei~tcil on n~ixing lnycr c.ornpl~l atiol~s \vit./r density ratios l )et~vc,c~~ 
1/7 ancl 7, and  con\~ective Mac11 ~lurnljes hct,tvec~r O ant1 l .  

It is ivell l<~lo~vll t l ~ a t  tllc standard X: - E ~lroticl fails to prctiict highly colllprc~ssihlc lows, lilic 
s~lpersorric mixing layers. 111 such I~igh speed flo\vs, fro111 ;I ~notirlling ~ ) o i ~ ~ t  of vicw, t\vo aspcxcts 
ncctl to I)e consitiered : a density var ia t io~~ and a Llaclr nuulbrr cffect. 111 fir(, early '$10, sornr 
lnodcls calletl comprr.ssibilit?/ corrcclions [ l l ,  121 have been built to  c ~ l r r  the sc~colld effect.. A'fa~~y 
works report f,he ncc(,ssity t,o 11s~. sue11 rnodcls to predict the correct ciecrease of t,11e spreadirig 
co~npressiblc 1nixi11g laycr rate, but they do not take in acco~lllt the density gratiie~its infiuerire, 
wliicl~ is a point o ~ i  whic.11 t l ~ c  present paper is focusctl. S t~~t l i es  on tle~isity variation effects arc, 
still rcxcent arid are esse~lti;~lly 011 1101111tiary layers [ G ,  l] .  The initial itlea, I)roposed by IIlla~lg 
et  al. [G], is to accour~f, for d(~1isity gradic,rrts. t , l~ ro~~gl r  coc~flicicr~f s or C?,: in ortier to  imljrovc 
the X: - 5 lllodel pcrforlnalrces in the logarif hrnic. region. T l ~ e  presc,~~t proposal is to  consitlcr 
separately de~lsity grndier~ts cff(~-f.s a r ~ d  tlrr,rt to  couljlr, t.lrc111 t,o A,lach 11urn11cr efkcts. 3lixilrg 
layers appear to l,(. ir~tercsti~lg t,c3st-cases 1jcc.ausc. silcli a separatio~l (.all h(% pcrfor~ncd ttnd they 
do not rieed 11e;tr-~vall 111odclling. 

2. Governing equations and the  X. - model 

1:or t ,urh~~lent  flows, govcr~rir~g c~c l~ la t io~~s  arc3 ohtailred from t,lle avc,raged Navicr-Stokes eqria- 
tiol~s. 111 co~nprcssil~lc flows tire velocity colnpolre~lts ( t r , )  ant.1 the telnl)c,rature (T)  are Pavrc 
mass-weighted averaged ~vlrilc i t  is lieynoltis ;rvcrages for density (p) a.nd prrssllrr (p).  'To close 
this systcn~,  \ve 1 1 ~ ~ ~ 1  it t ~ ~ r l j i r l e ~ r ~ ~ ~  rnocl(tl. 111 t l ~ ~  X: - E lnotlel thc closl~re for Rey~lolds stresses -- 

is given t ~ y  f,lle Bo~lssir~esq ass~~rnpi,iori : - p z ~ y r ~ : '  = , l ,S,,  - $,11;6,,,. 



3. Density gradients lnodelling 

3.1. T h e  E-equation 

A c c o r d i ~ ~ g  to  I - l ~ ~ a r ~ g  c l  (11. [(i]. tlic, ~ - c ( l ~ ~ i ~ i i o ~ ~  i s  r~s~ j011s i l ) l~  for t11(3 1)oor results ol)i,aii~c~tl iuith 
cornl)rt~ssil)l(~ [lows. 'r11e starltlard A. - E ~rloticl uses i,hc following set of consta~i ts ,  ~vl i ic l~  r c ~ r r ~ a i ~ ~  
ullchmgctl what c%vt:r t11c. flow : (yEl = l:11: uc = 1.3. (,lCZ = l .92 ;l11(1 ( ~ k  = l . O .  c,, WiiS 

calibrated f r o ~ n  cxpcr i~r~c, r~t  al data  011 tlccay of isot l.ol)ir t urbul(~nce ( s ~ ~ b s o ~ ~ i c  flo~vs). C,, t o  
optirnizc inconrprcssil)l(: florvs corrip~itatiolis on a f l i i t  I ) l ;~ te ,  ilnd for c o ~ l s t a ~ l t  dc:ilsit,y flows, the  
local eq~~ililjriini-I c o ~ r d i t , i o ~ ~  i r ~  t l ~ c  wall regio~i of a 1)oicntlary layer gives t l ~ r  relation : 

It is easy to  sl lo~v tha t ,  in t l ~ e  d c ~ ~ s i t , ~ -  variahle case, rclat i o i~  ( I )  is  lot, verified, and ticnsit,y 
gradierit ,~ Ilavc t o  IF take11 i r ~  accolu~t  : 

H u a ~ i g  et (11. do  this analysis i l l  hou11dar.y layers . T l ~ c  same idea is used i ~ i  the  p r c s e ~ ~ t ,  
work t o  s tudy 111isirig layers wit11 liigl~ t l (~~rs i ty  \rariatio~ls. ;\foreover; we (10 11ot. i ~ e e d  to neglect 
t he  diffusion teni i  o f  X.  ar~ci we assume that  E call cvol\v, alolig tlie flow. 

3.2.  Description of the  density gradient correction 

J I ' ~ '  is a compressibility tcrm (for ~node l l i~ lg ,  sec [O] or [13] :  for i ~ i s t a l ~ c e )  a ~ i d  E, is tlie total  
dissipatioll. According t o  Sarkar c t  (11. or Ze~uari .  this t e n n  can hc t l c c o ~ ~ ~ p o s r t i  illto ;t solenoidal 
par t  (noted E ,  which verifies t l ~ c  ;~l)ovc, E-ecluntio11) and a comprcssit)lr part ( t ha t  need t o  be  
modelcd).  Many ~node l s  (for cxa~~ ip l f :  [10, 12, l ] )  have illc gcl~c>ral forlr~ : = F(Af,)  X L :  wit11 
I;'(.Z,I,) = I + f~~r~c . t ion ( .b f~ ) ,  where illt is t l ~ v  t ,~ l r l )~~lenl ,  Mach runmljer : 11.1,' = 2k / yRrT', 

. m  

pk' 
co~iseclue~~t ly ,  local ec~uilibl-iu~n s i tual io~is  imposc t , l~at  /it = C',-. 

E t  

7'0 cliaract,criztr n l i x i ~ ~ g  layers, we need sonic ot,hcr I)ararrlc,t,ers. We ~ l o t e  with index 1 
A11 

[resp. 2) the  fast.er (resp. slower) Row. 111,. = ------ is t,lrc\ cor~vr!ct.ivr bl;ich n ~ ~ m b e r  ant1 
(11 + a? . - 

P2 112 s = - and 7.  = - arc  rc~sl)c~ctivc:ly t l ~ c  tl(visity ; i r ~ t l  t,l~r velocit,y ratios. Now3 we can i l i t~.o(i~~(.(: .  
1) 1 111 

in the  vicinity of t l lr  i~ l f lcc t io~l  ~joilit, tlie follolvilig t lctfi~~it , io~~s w l ~ i e l ~  d r sc r i l~e  t h e  helia\-ior of t he  
all  ill^ N ~ L  a IL 

first and third velocity derivatives : - = - a r ~ d  - = ( S  r ) -  6 is t he  111ixi11g 
I S a!/" 6.3 ' 

layer t l~ickness.  In the  l i terature,  many definitio~is of t l l i s  qna~ l t i t y  can l ~ e  fountl. \VC clloose t o  
I I S ~ .  t t ~ o  vorticity thickness. I " ~ ~ r i . I ~ ~ ~ r r ~ ~ o r ~ ~ ~  wr r~sc. t,lire(, I ~ y l ~ o t l ~ e s i s  t.o o l~ ta in  ;r llelv rt:latior~ for 
(Ta : 



tllc, sl)sei~clir~g rat(, of a ~ ~ r i x i n g  Inj-c:~. c1volvc.s ;~ccortling lo t l ~ c  c ~ ~ ~ p i r i c i i l  law : 

the total dissil,atio~l is l ) ropo~. t io~~al  1.0  tl1c3 ~) ro t l l~c . t io~~ tc'1.111 : ct  = C' X T' wit11 < 1. 

\ve exarnir~r, t l ~ c  case of a self-si~r~il;tr~~~isi~~g layer \vl~r,re the i ~ ~ a r i m ~ ~ ~ n I ~ ~ v e l  of X: is conslant 

along tlic flow : --- = 0 a~i t l  we consicier tllc: Iocatio~r of tile maxi~rlum of the t~lrbuler~t.  
3.1. 

43 X: 
liir~t,tic energy : - = 0 

a y  

111 a mixing layer, the point w11c.re X. is ~ r i a x i ~ ~ ~ u ~ n  is also j)r;tctically the poi l~t  wherc: t,he \.elocity 
8 % ~  

profile is l~laxirnal : - = 0. At this locatiol~ i f .  is rc~asonahlc f,o t l ~ i ~ ~ l i  tlii~t the ctitly viscosity 
i)y2 

vl is quite a c o ~ l s t a ~ ~ t  a11t3 by t h r  way, it iml)lies the ca~lcc!lation of the tiissipat,ion gradie~it 
i ) ~  

terms : - = 0. Finally, accordi~lg to the work of Barre ct  nl. [ 2 ] ,  we call express the eddy 
d y  

l 
viscosity as a f u ~ i c t i o ~ ~  of mixing layer parameters : v, = I < ( s ,  r., .~/l ,)S~il7~S@(hl,) 

2 
If sncll liypotl~esis are introduccs into (2),  the relation which U, must verify to cope with 

density gratlierlts anti wit11 Mac11 11u1nl)er effects is : 

In this cxpressioli, tllerr are only two free pa.ritrnetcrs left : C and I< f .  C is the coef ic ie~~t  
of l~oportioiiality l~et \vce~i  prodllction and dissipat,ioil. For subso~~ic  flows, expcriu~ents give a 
va111e of 0.7. For t l ~ e  studied cornpressil~le r ~ ~ i x i r ~ g  1ayc.r~ \vc foilnd f l ~ a t  a mean value of 0.75 
(in the cer~ter of niixirig layers) can Ile retair~etl. Allcl I< f' = I<(s, 1.: .\lc) X j ' ( s ,  I . :  21.1,-) contains 
the i11flucnc.c: of the tlensity on U,. According to [S], I<J is not very scr~sitivc. l,o tli<> c.ori\~cc.l.ive 
Mac11 r~urnl~er .  as a collsequcllcr we s~~pposc, t11at. it.s va111~ tloes 11ot c11;~11ge wit,l~ 1\.1,.. 

To close the problcn~, the follo\vi~ig procc~iurc 1 1 ~ 5  bee11 ~ e t a i ~ l c d  : 

l .  irico~nprcssible cases : the ca l ib ra t io~~ of the U, r e l a t i o ~ ~  deterlni~les h. f ; thc correct values 
of l< f are tuned to predict the correct sl)readi~lg rate, for flows bvitll density gradient 

2. comprevsiblc cases : the computat,ior~s are rnade witli the cornprcssibility correction pro- 
- 

posed by SEMI< [ I O ] :  E, = c, !V;, n. = 0.5 + F(!ZIL)  = 1 + aAf: and ) id'  = 0. in 
additiol~ t , l~e  tr cocf5cie11t ncwls to Ile adapt,ed 1)ccause the ~llodel has 11c~c.11 calil~rated or] 
a ~ n i x i ~ i g  1ayc.r with 1111ifor1n densit,y ( S  = l ) .  It will he slrown t l ~ a t  a cl~itrlges for flows 
wit11 variahlc dei1sit.y ( S  >> 1 or S << 1). 

4. Numerical method 

In this study, the ~iulnerical lnethod is based 011 a inixed finite elemel~t. / finite volume spatial 
approximation, and the MUSCI, tecliniql~e is ilsed to  oht.ain a sccond order spatial accilracy. 
More details can be find iri [S, 51. 
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5. Results and discussion 

5.1. V a l i d a t i o n  t e s t - c a s e s  

To cvaluntc: I)c,rforl~~ailct,s of t l ir  X, -- lnotlcl a.r~tl of our 111odific.d m,, ~ v c  Ilave irivestigat,c(l t.wo 
kirrds of trstc.;isc~s with I1ig11 density g ra t i i o~~ l s  : suhsol~ic  and s r ~ p c r s o ~ ~ i c  rnixing layers ((.oi~vec- 
tivc lfacli  1111ml)cr cvolvcs fro111 Ilear 0 to  1 ) .  T11c valitiatiorl test,-cases inc111tlc. vc~locity/dcnsit.y 
co-grati ier~f,~ a ~ ~ t l  cross-gradie~lts (S = 117, .S = 1 and s - 7).  Ik r t l i cn~ lo re ,  we chose t o  kcelj t.11r 
sarnc velocity ratio (a r r~oderate  value of r = 0.65) for all t he  flows. T h e  rt!sr~lts were o l ~ t a i ~ l e t i  
011 a .l510 points nlcsh, ~ v i t h  a11 i111~)licit sclri~ii~c~ ancl ii S ( T O I I ( ~  or(ier spatial approxir~lalioli (11st~ 
of li~nit.ers o ~ r  t i ~ r l , ~ ~ l r n t  vari;~ljlt~s). 

5.2. I r l c o m p r e s s i b l e  m i x i n g  l a y e r  r e s u l t s  
, ,  l lie a i~ r l  of t l ~ i s  section is t,o c~val~ia.tc: the  X: -- c rnotlcl for illis t.ype of flow and to  c.aliljratc. 
relatioll (31, r\~li jcl~ wc3 11avc. : i r lco~l i~ress ib lc  flo~vs (j @(.If,) = 1 )  and I I ~  con~~jressilri l i ty 
motlc,ls (+ l,'d' = 0 and F(:\[,) = 1 ) .  Itclntiol~ (3) is ~ i o ~  rc-di~ccd to  m, = I - t I < j .  In t l ~ i s  
sectioll, tli(. \~aluc: of t l ~ c  sprcatling ~.;it.o gi1.c.11 tlii' s c ~ n i - c m l ~ i r i c d  rtrlatiou ( . l )  will I I P  
reft~rc~~ic.c~tl I)? t I I C  \vortl ..(.i.lw7.1111( it/'' : 

Figure 1 s l ~ o ~ v s  tlicx i~~fluer~cct of t he  density ratio .S o ~ i  t, l ir ,  i l ~ c o ~ ~ l p r e s s i l ~ l c  rate.  LVe caIi 
see t h a t  tlrc sprcattir~g rat(, is wc.11 ~ ~ r e d i c t e d  I>y tllcx XI - E 111otie1 i f  density is ~ ~ ~ r i f o r ~ r ~ .  R I I ~ .  
~ ~ e r f o r l n a ~ ~ c e s  arc  im~clr nrorstt fo r  .S # 1 allcl we cstilllatetl tha t  tliscrcl)arlcirs 011 c o m p l ~ t c ~ l  5,; 
call rc.ac.11 20 %l ((~valtrat.c~t1 Ijy (Sj,,,.l, - SA l ,,,,.<, )/cSIjizP), I\.Ior(!ov(~r. \vex remark tha t  c .rprr , i i r~r  I , /  

i11tlic.atc.s ; i l l  i~~crc,asc% o f  t,11(% sl);rt ial growth ra te  wit11 S wl~i lc  I; - c 111od(>1 rfxs~~lts slio~v a total 
o~)])osii,c l~chavior .  T11c va111cs of I< f' ill.(: clc~tc~.lilii~ed t o  cnlrccl llie diffcrcx~lccs. ;+lid it call Ile 
see11 ill fiK~11.(\ 1 tllilt ( l i s c rep i~~ i (~ i (~s  arc  I I O W  11(!gligilj1~. 111 fact. tfle IIC'W D, cocfficielit f o r c ( ~  
t 1 1 ( ~  i nco~r~~) rc~ss i l ) l (~  111ixi11g Ii~y('1. 1 0  r(,1)ro(111c(' tlrr si~bsorric- effects, co~iscquc~r t ly  i t  co~l t ro ls  i l l  ;l 

c.olrc,rc'i~t i v i ~ y  t 1 1 ( %  (I(>i~sit.y i l r f l i~e~~cc .  KOLV, v a l i ~ ( ~  ilitlic.atc>cl i l l  t,aIjlc I will l ) (% 111ilizetl. 

5.3. C o ~ n ~ r e s s i b l e  m i x i n g  l a y e r  r e s u l t s  

Wit11 t,lle ~)rc:vious results, we I~iivc~ only co~isidered tlie irifluencr of de~lsity.  Now, it lias to 
be coul~lcd to  tl~c: h1;tcll ~ l u m l ~ c r  effect. Thc value of corrstarit n in thc  SFITl< ~not le l  llatl t o  



Table 1. I( f values versus s 

be revised. It is fou~ld that a value of cu = 1.66 restores correct values of the compressible 
spreading rate, whatever S (see [4]). To make comparisons, we use the normalized spreading 
rate defined by df /&  = O(J.I;) and the Langley curve (compilation of experinlelltal data [ 7 ] ) .  
In the caption of tables and figures we note "experiment" the compressible spreading rate given 
by d:,, = @(M,) X h;,,,, "k-eps" the results obtained by the k - E model (0, = 1.3) ivith 
SEHI< correction (a = 0..5) and "rel. cornpa." the  results obtained by the new formulation 
of U, (relation (3) )  with adapted SEHK correction ( a  = 1.66). Table 2 gives spreading rates 
obtained by the different models. About the k - E results, two points can be u~lderl i~ied.  
Firstly, even if a cornpressihility model is used, the discrepancy on 6' is very high and increases 
~v i th  the convecti1.e Xach nllmber (to reach 70% at  AJC=1), and it is ~nainly related to the 
presence of density gradients. Secondly, there is a large difference between the s = l/; and 
s = 7 cases. This trend is not supported by experimental observations. This last point is 
underlined in the figure '7 n.llich gives comparisons of the computed ~lormalizeti spreading rate 
with the experimental Langley curve. The results of the k - E model. coupled to the SEHK 
compressibilit>. correction. do not reproduce the experimental decrease. 

Fillally, if results obtai~ied with the proposed modification for a, are examined. a very sou~id 
hehavior is found : discrepancies 0x1 spreading rates remain weak for all the co~nputed AIach 
numbers (see table 2)  and results obtained for the two density ratios are very similar and in 
agreement with the Langley curve (see figure 3). 

b-eps 0.0310 ($ 6.5%) 0.0287 (+ 28.1%) 0.0248 (+69.9%) 

rel. compa. 0 0256 (- 12.0%) 0.0209 (- 6.7%) 0.0150 (+ 27%) 

Table ?,  s=l/;  : Comparison of the compressible expansion rates 

6 .  Conclusion 

Frorn the present work, t ~ v o  main conclusions can be drawn about the performa~ices of the 
k - c model i11 co~npressible mixing layers with high density variatio~ls. The standard model 
gives very poor predictioils of spreading rates ; the deficiency increases for co~npressible mixing 
layer and we note great differences in the behavior of the s = 117 and s = 7 cases. To cure 
these problems. a modified oc coefficient has been proposed that take into accou~lt density arid 
compressibility influence. Improved results have been found in a large range of validation test- 
cases. B?; the way, Ive obtain reasonable differences (less than 12%) for all the computations. 
Finally, it lias heeri s l ~ o w ~ i  that  compressibility corrections, which give good results on quasi- 
uniform density mixing layers. have to  be adapted when density is not uniform. 
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Figure 2. Compressible expansion rates results of k - E model 
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Figure 3. Compressible expansion rates results of the modified U ,  and with o = 1.66 
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Modeling of Linear Perturbation Growth in Gas 
Dynamics: From Incompressible to Compressible Flows 

L. H a l l o ' ?  R.L. h l o r s e 2 ,  J.M. Clar isse ' ,  N.M. Hoffman2 and N.  T o ~ u ~ ' ~  
'CE.A/I,iiiieil-17ale~ltorl. 9-1195 Villeneuve Saint Georges CEDEX, France 
'LOS .Ala111os Sa t io~la i  Laboratory, Los Alamos, New Mexico 8754.5. {-S.\ 
3CE.A/Br~~yPres-Le-Chatel. RP 12, 91680, Bruy6res-Le-Chatel, France 

A b s t r a c t :  The present work attempts to  give a unified presentatiori of ~nodels for predicting 
linear perturbation growth i11 converging flows. Perturbed shock ~vaves-within the CCLV 
approrimatiori-as Lvell as perturbed homogeneous compressions are considered and coiripared 
\vit h results from a perturbation code. In addition, incompressibleperturhationi at interfaces in 
spherical systems made of u~liform density fluids are treated by combini~lg Bell's and Xlikaeliaii's 
approaches. 

1.  Introduction 

111 tliis paper. perturliatior~ growth in (strong) shock-driven convergi~lg flows as ~vr l l  as in 110- 

rnogeneoui; co~i\.ergi~ig floxs are addressed through: (i) simple anal!,tical ~l~ot iels  from CC\\' 
[l. 21. cl~aracteristics theor>- [3], and potential flow solutions for u~liform density fluids [3. 51: 
( i i )  numerical eimlllations n.it,h a perturbatio~i code [6]. These sirnulations i~ivol\.e both inconl- 
~xessible and comprcr-sible perturbations, depending on tlie model under consideration. Lye 
focus pri~narilj. on validating rnodcls for unperturbed arid perturbed flows. \5r first briefly 
present tllr main features of the perturbation code, PANSY. We then turn to the linear growtli 
of perturbations at a shock-wave front within tlie frame of tlie C(?TV approach for stratified 
fluitls [2j. Co~ilparisons with numerical results frorri PANSY lead to  discuss the validit>. of the 
self-si~nilarity assumptioll and to consider the incidence of acoustic waves propagati~ig dob~n- 
strearri of tlie perturbed shock-wave front. These waves are found to folloiv, for inter~nediate 
wavenumhers. tlie diqpersion relation for acoustic-gravity waves [7] .  For i~lcompressible per- 
turl~ations. Bell's approach for treating converging flow instabilities of a uniform density fluid 
[A] is este~icled. in the spirit of Mikaelian [5], t o  handle stratified media. hlean flows as >yell 
as perturijatio~ls are compared with self-similar ho~nogeneous conlpressio~i solutions i8, 9j and 
rotatio~lal instal~ility results obtained with PANSY. 

2. The PANSY perturbation code 

The numerical modelicode e~nployed here, called PANSY, calculates time dex.elop~nent of three- 
dirnen$io~lal modr:: of coupled hydrodynamic, thermodynamic, and transport phenomena, i r i -  
cludi~ig heat flow. vi.;cosit>-. fully lirleariaed about zeroth order spherically or cylindrically 
symmetric compressible f low.  The zeroth order solutions are calc~~latecl on a typical one- 
dimer~iional Lagrangian grid and have the form fj(t), where the  f ' s  are all of the necessary 
hydrodjnamic and otlrer variables, including zone radius and velocity, and &here j is the ra- 
dial zone irldes. First order quantities, of the form f;,,(t) y,,(@) esp;inlo] for spherical or 

f i : ,m( t )  e x p i ~ ( k z  $ I ~ O ) ]  for c!.lii~drical geometry, are calculated with difference e ~ ~ u a t i o ~ l s  which 
are linearly perturbed f o r ~ n i  of the already radially discretized zeroth order equations. rather 
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thaii tiiscretizatio~ls of the  linearly perturbcd co~itinnous zeroth ortier equatiori. [fi:. T l ~ i .  rei- 
ativel?. co~iser\-?ti\-e, I Ia~l l i l tonia~l  differencing doctrine produces corisiticral~l>. i~~ipro\ .e t l  trcnt- 
rne~ i t  of phe~lolnena 1.ec111iring high radial resolution, especially artificial \.i.cosity for .iiocks. 
in co~l t ras t  1vit11 earlier forms of PANSY wliicli required higlicr rntiial ~.c>olll t ior~ for t11r iarnc 
a c c u r a q  ;10]. 

3. Coilverging shock wave 

Trajectories of ~ t r o ~ l g  c o n ~ w g i n g  shock waves can he  nlodeled witl l i~l  cclf-si~nilar li!.j)otliees. 
-411 approxi~r~atc ,  cliaracteristics-based e t h o d  -i.e., t h e  CCW model-llaz been ~ I i o ~ v ~ i  [ l  1. 2 .  31 
to  he in good agree~nerlt  ~ ~ i t h  self-similar theory. for bot.li radiui trajcctor.! a11i1 >hock L\-a\.c 
perturbation, n.lic11 t l ~ c  s l~ock  wave is of t he  accelerating type. This last I~~-po thes i s  is fl~lfilled 
ill con\-crging gconletries and when stratification of thc  l~nshoclteti n i c t l i ~ ~ r i ~  is modcrate.  15: 
compare trajectories anti perturbation growt,ll given by PANS\. n.it1i tlio+e 11rc~lic.tetI 1)). tlir 
stratified i'('T1. rllodel in the  case of spherical shock tube  p ro l ) l ( ,~ i~ .  The  11url~oir ic here t o  

\.alidatc, t he  (?('\V ~noriel  er tendcd t o  converging gcornetries and stratitiril ~iietl ia.  aritl to ill- 

vestigate the  i~li iuence of acoustic modes in s11c.11 a shock-inducecl Ran. OIL t 1 1 ~  !,asis of P.AY\\- 
calculatiolis. 

3.1.  E v a l u a t i o n  o f  s h o c k  w a v e  t r a j e c t o r i e s  

Shock rvax-e trajrctories.  ~ ~ r l ( l t > l .  tlie strong shock-wave assumption, Iia\.e for limitirlg 1)eIlaviours: 
i. s ( t ,  - t j"  as i + t c .  ( 'on~parisor~s of t he  characteristic expoIleIits n. as gil-en 12). t l ~ e  self- 
si~li i lar theory :l 1. 121 ariti tlie CCW model, are  carried 0111, for various delisil!- profiles of tile 
initiall). u~lsliockeci nledil~rn following the  dcperidericy p cc r-'l: sec tlie table helo~v.  

1 planar I cvlindr~cal 1 s~hrrl(-iil 

Gooti agreenie~lt  is fou~ltl  in pla.nar geo~ne t ry  or for q E 0. As q decrcasci. iiicreaiirig tiiscrc.l~a~i- 
cies are ohservetl be t~vecn exponent values given by the  self-similar tileor!. aricl the (~'('11' r~locle!. 
Explariatioris for s u c l ~  discrepancies wol~ld  require further analysis of the  11letliori ~~r t , ; e~ l t l ? -  u>ctl 
'1 21 to  co~ i lpu te  *elf-sinlilar data .  

i/ C'C'\f' self-similar 

1 1 [Ill 0 I 

1 ,  2 ' 0 '302s  0.9062 [ I l l  
1 0 $229  0.8319 [l11 

3.2.  Shock-wax-e  g e o m e t r i c  p e r t u r b a t i o n  

Geometric pertu-batioll growths for a spherical converging shock \va\.e as preciictetl l,!. tlie ('('15. 
n o d e l  are co~npared  ~ v i t h  results from PANS\,. For this pllrposc, a r iu~l~er ica l  sliock t u l ~ c  I ~ r o j ~ l e m  
has hec11 del-ised whicl~  attempts t o  comply with tlie strong sl~ock-\..a\-e abi-111nptio11 ~vhi le  l j e i ~ i ~  
i;uiteci for nunlerical computations.  Tlie se tup consists of a pcrftsct ga i  ( -  = ,3/'3) occ.~~l~!.i~lg 
jnitially the  two regions 0 < r < 0.5 and 0.5 < I ,  < 1 with pressure and tlellqit!. ratio-. of l t o  
4: t e m ~ ~ e r a t u r e s  being e \ - e~ i .  In the  inner region, dcrisity profiles of tllc forln p x (i. .i. 1 4  call 
he initializetl through t e n i l ~ e r a t ~ ~ r e  gradients. For q = 0, t h e  shock na1.r reacl~ei  t he  origi~l at 
;rhout 0.225 t ime  u ~ ~ i t s .  Perturbations are introduced by defining t11r I ~ o u ~ ~ c l a r > .  i e p a r a t i ~ ~ g  1l:e 
t ~ o  regions to  he a spherical surface harmonic of order l a t  t = 0. Ac t l~a l  c;iIc.~ilatio~ii ha\-c 11cc.11 
11erformed in t;vo stages. 1)111.ing t h e  first stage, whic:l~ corresponds to  the  b11ock n.a\.e for.~riatioi~ 

CCW' self-si~riilar 

0.8354 0'8353 'l2] 
0.8353 [Ill 

0.7665 0.8260 [l21 
0.7081 0.8557 [l21 

'CCIV inodrl extended-this com~nun~cat ion - t o  non-planar [3] gconietrieh and to slrarliiril fluid:: [l'] i . ln  
error was found 111 t h p  dispcrsin~r re la t~on given in [2] ) 

C C W  self-hlnrllnr 

0.717:1 
o 7172 [l?] 
7174 [lli 

0.6656 1 )  7021 [12: 
(1.62111 N !  71,~:3!~ '12; 



( t  5 0.02).  tile \vliole slioclc tube is treated. For subsequent times: t,lie co~nputat io~lal  do1nai11 
retiuces to tlle iriner region with initial co~lditions obtained from the first stage ancl bou~ldary 
co1lditio1i.i give11 h!. a prrlectly spherical piston pressure law. In that  n.ay. initial perturbatioris 
are coherent ~vitli P.\YSY 11~11nerica1 dissipatio~l while their subseque~it el.olutions at the shock- 
wave front are free from tile Richt~nyer-Mcshkov instabilities which develop at the contact 
surface. Trajectories of the shock waves and perturbation radial profiles for tlie l = 20- node 
are s l~o\v~i  i11 Fig. 1. The radial discretization uscs here 200 Lagrangian cells, tlie sliock-wave 

rho 1=3 1 

Figlure 1 .  Front trajecttrr! (lcft) and pcrturhation radial profiles for tile l = 20-~nocle (r ight)  

front bei11g slilearetl over i to G cells. The position of the  front is take11 as rhe location of 
tlie artificial \-iscosit!. iiiawimum. This dcfi~iition may account for the trajectory discrepaiicies 
oljserved i l l  Fig, l--right. Nevcrtheless, the self-similar trajectory is a good a p ~ ~ r o s i m a t i o ~ ~  
for this sliock tube prohlern for times up to 0.15. Perturbation radial profiles (Fig. l-right) 
sho\v s ig~l if ica~~t  a~nplification for increasing distarices downstrea~n of the shock front. This 
behaviour seems to i~idicate that acoustic modes originated a t  the shock front are amplified 
~ v l ~ i l e  propagati~lg witliin the shocked fluid. Perturbation growths. for the 1 = 4- and 1 = 20- 
inoties, are clisplayed in Fig. 2. Agree~nent between PANSY and the CCLV nlotiel is better for 

Figure 2. Gro~vth factor vs  time, PANSY and CCW model, for the  l = 4 (left) and l = 20-modes 
(r ight) .  

! = 20 than for l = 4. 111 hot11 cases PANSY results appear to be strongl!. clamped by co~rlparison 
~ i t h  the CC\\. data. The code artificial viscosity by widening the instability front across tlie 
shock front is inai111y respo~lsible for this dampi~lg. The perfectly spherical pistol1 b o u ~ ~ d a r y  
conclitio~~. ~ . i a  acoustic Inode propaga.tion, has also a limiting effect-more pronou~lced for ?mall 
values of 1-011 tlir: perturbation growth a t  the shock front. For larger valuer of I .  the CCLV 



model predicts increasing frequencies, snlaller geornctric c x t c ~ ~ t s  and 1argc.r t , r a i ~ ~ s  of oscillations 
downstrcarn of the shock front. For 1 = 20, damping dominates the results from P ~ N S Y :  the 
perturbation is lost after only two inversions. Increasing the rn~mher of grid points improves 
the code resolution but results in strong ~~nphys ica l  oscillatio~ls. These oscillatiorls wllich seen1 
t o  originate from the boundary conditions hide the physical perturbations we are interested 
in. As a consequence, results for higher-l modes lack accuracy: a 200 grid-point calculation for 
l = 100 gives a perturbation which dies out after only half an oscillation. For stratified fluid 
cases, perturbation growtl~s are given for the l = 10-mode and different values of the cxl)oncnt 
q in Fig. 3. IIere again, CCW model data and PANSY calculations agree in terrns of phascs but 

Figure 3. Growtl~ factor vs time, PANSY and CCIV ~notlt?l, l = 10-rnode, for q > 0 (Irft,) ar~tl q < D 
(right). 

evidence strong damping in PANSY amplitudes. At this tinir, exact self-similar results for self- 
propa.gatir~g shock wavcs are not available for conlparison wit11 CC\?.' d no del data. Consequently 
we cannot state with certainty that the damping found in PANSY is ent,irely wrong. 

3.3. Acoustic mode excitation downstream of the shock-wave front 

Growth factors as f i~~ict ions of time presented i r i  Fig. 2 and Fig. 3 exhibit oscillatory behaviours. 
'These oscillations arc characteristic of stability proble~ns in a pseudo-planetary atmosphere [7] .  
'The evolutiori clinractcr (growing, oscillatory.. . )  of perturbations depends OII the gradient lengtll 
:scale H = p / ( d p / d r )  and or1 the acceleratiol~. Pbr intermediate wavelengths, coml)rcssibility a.nd 
gravity effects may cornpctc, so that a c o u s t i c - , q t  lonaes may interact with Raylrigli-Taylor 
iristabilities a t  interfaces or wit11 other accf:lc,ratio~i-dc~jc~~dent instabilities. The dispersion 
]-elation for these propagating acoust,ic-gravity wavcs is, in the abserice of r o t a t i o ~ ~ ,  

where k is the wave~lltrnljor, W the frequency, c, (,he atliabatic sound speed, ,'V2 the Urunt- 
'Vaisala frequency squared, I' the Eckhart coefficient and g the acceleration'. Typical values of 
the parameters at  the shock-wave front location at  time t = 0.15 arc: g = -35.93, c, = 1.296, 
V p l p  = 26.42, l? = 31.61, NZ = -1718. From these values, t,hr osci l la t i~~g rnodes appear to  be 
of the acoustic kind. The frequency obtained from t l ~ c  dispersion relation ( l )  with 111ean flow 
parameter values taken at  I = 0.15 is plotted a.s a function of k = 1/r  iri Fig. 4 .  Acoltstic waves, 
which are generated at t l ~ e  shock-wave front,, follow the dispersio~~ rclation for acoustic-gravity 
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frequency 

10 x o u s t ~ c  modes - 
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Figure 4. Frequency versus wavenumber, PANSY, acoustic and Lamb waves 

waves for intermediate wavelengths thus denoting the equal importance of compressibility and 
gravity effects. 

4. Converging uniform-density fluid flows 

Another approach for tackling linear stability problems of interfaces in converging flows is that 
introduced by Bell [4]. Bell's original and apparently under-exploited idea was to take advan- 
tage of potential flow theory both for the unperturbed and perturbed flows while allowing for 
the radial compression/expansion of a fluid. Hence Bell considered the unperturbed flow to be 
given by a potential, 4, satisfying a Poisson-type equation, i . e . ,  A 4  = -p /p ,  where p was taken 
to be uniform. Bell assumed the perturbed flow to be incompressible and irrotational. Through 
the classical procedure of boundary condition linearizatiorl followed by harmonic function de- 
composition, Bell obtained a second order differential equations for the modal perturbations of 
a free surface bounding a single fluid of uniform density. 

Here we extend Bell's perturbation treatment to the case of an arbitrary number of con- 
centric spherical shells of uniform densities. Hence, for each modal perturbation of a set of J 
concentric interfaces, we obtain a second order differential equation of the form: 

where a = ( d ) ,  1 < j 5 J, denotes the modal geometric perturbations of the different interfaces 
and M, N, P are tridiagonal matrices. The coefficients of these matrices depend on the laws of 
motion for the unperturbed interfaces as well as 011 the density time evolution within each fluid 
shell. Arbitrary laws for compressio~l/expa~lsion and exact interface coupling can thus be taken 
into account. Moreover, by means of piecewise constant approximation of continuous density 
profiles, linear stability prediction in stratified compressible fluids is accessible. 

Equation (2) covers the particular cases of Mikaelian's equation for incompressible shells 
[5], Bell's cases of a single spherical free surface [4] and Fisher's extension of Bell's spherical 
result to the case of two fluids. For arbitrary, yet twice differentiable radius and density laws, 
equation (2) is integrated numerically from initial condition data. The overall simplicity of this 
differential equation allows for the use of standard but highly accurate numerical integration 
procedures. Thcse procedures have been successfully tested against: (i) analytical solutions for 
two incompressible fluids [5], (ii) irrotational perturbation solutions for the homogeneous cumu- 
lative compression of a shell [g, 91. In the latter case, the independence of the computed solution 
with respect to the continuous density profile approximations is confirmed. The treatment of 
rotational instabilities in stratified fluids is illustrated by initializing a "Chinese hatx-profile 
perturbation in a spherical shell subject to the above mentioned homogeneous cumulative com- 
pression: see Fig. 5. During the first half of the implosiori duration, the perturbation radial 
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Figure 5 .  Initial density and perturbation profiles (left) and perturbation radial profile time-evolution 
(right) for the l = 4-mode. 

profile evolves from its initial triangular shape towards the LLS"-sl~ape characteristic of the shell 
first rotational mode (Fig. 5-right). Later on, both inner and outer free-surface irrotational 
modes prevail as they are the most unstable modes. 

More complex problems can be treated with the help of this multi-shell generalization of 
Bell's approach. In particular, demanding, yet realistic, test cases for co~nputations of hy- 
drodynamic instabilities-in their linear r e g i m e w i t h  perturbation codes or fully two-/three- 
dimensional codes can be devised. Interface instabilities in complex systems or density-gradient 
originated instabilities in stratified fluids can also be studied in spherical geometry under the  
restriction of i~lcompressible perturbations. Extending this approach to cylindrical and planar 
geometries should be equally worthy. 

5. Conclusion 

Linear perturbation growth of both converging shock waves in stratified fluids and interfaces 
in uniform-density fluid flows have been studied. For perturbed shock waves, results obtained 
with an extension of the CCW model and PANSY calculations reveal strong damping in PANSY 
amplitudes while phases agree even in the  stratified cases. Incidence of acoustic-gravity waves 
in shock-induced flows is pointed out. Finally, incompressible perturbations in uniform-density 
fluid flows are handled by combining the works of Bell [4] and Mikaelian [5]. This multi-shell 
extension of Bell's original idea should be useful for studying realistic problems. 
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Abst rac t :  Richtmyer-Meshkov instability has been the subject of considerable controversy due 
to the seeming disagreement between the predicted growth rates from numerical simulation, 
mathematical models and experiment, even in the simplest case of two-dimensional rectangular 
geometry. Here we attempt to resolve this disagreement by bringing together three methods of 
determining growth rates-experiment, simulation and theory-and applying them to the same 
problem under controlled conditions. We find substantial agreement between experiments, 
computation and mathematical ~nodels. 

1. Introduction 

Richtmyer-Meshkov instability (RMI) [12, 141 is generated when a shock wave refracts through 
the interface between two materials. Perturbations on the interface grow in size and cause the 
materials to mix. 

Even in the simplest case of a plane shock hitting a sinusoidally perturbed interface ex- 
periments, numerical simulations and theoretical models have given conflicting values for the 
growth rate of the perturbations [2, 3, 4, 5, 12, 13, 141. However, it was shown [9] that simu- 
la t ion~ can achieve good agreement with experiment as long as proper consideration is given 
to the effects of late-time nonlinearity in the evolution of the interface. In [ll], simulations 
were performed for relevant experimental times that showed greatly improved agreement with 
experimental data while agreeing very well with previously published early time results. It 
was also show that at  late times the perturbation growth rate decreases significantly due to 
nonlinear effects and the growth rates predicted by the linearized theories are too large. 

We present here the results of simulations based on different codes and the results of dif- 
ferent theories which are compared in a controlled way so that differences can he analyzed and 
understood. We find that experiments and simulations agree well and that the compressible 
nonlinear theory does a good job of predicting the time history of the perturbation growth 
rates. 

The experimental data used is from previously published results using the Lawrence Liver- 
more NOVA laser [6, 71. The numerical simulations are performed using three different codes: 
the front tracking code FronTier, used in [g, 111, the PPM-based code PROMETHEUS [8], 
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and RAGE [l] ,  an a.daptive mesh code developed by Science Applications International [SAIC) 
for Los Alamos National Laboratory. The theoretical predictions are taken from the  i~npulsive 
niodel of Riclltrnyer, the linear theory of RM instability for the case of reflected rarefaction wave 
formulated in 1151, and a nonlinear theory for conlpressible fluids driven by a shock wave [16]. 

Ref. [l01 co~ltains a much larger study with a wide range of variations in initial amplitude 
and incident shock strength. 

2. Comparison of experiment, simulation and theories 

The exl,eri~~lental collditions and the justificatior~s for the approximations used i r r  the  simula- 
t i o n ~  and ~nodels arc give11 in more detail in [10]. The configuration consists of a Mach 15.3 
shock in berylli~nn plasma (unshocked density 1.7 g/cc) striking an interface between the beryl- 
li111n and foam (density 0.12 g/cc). 'I'lle pre-shock pressure of the foam is 0.1 Mbar. The 
herylliunl and foarn are rnodelled as perfect gases with polytropic exporients of 1.8 and 1.45, 
respectively. The interface between the beryllium and t,he foarn is sirlusoidally perturbed with 
a wavelellgtll of 100 pm anti an amplitude (zero-to-peak) of 10 pm. The simlllabions were run 
with grids fine enough that the growth rate was insensitive to further refi~lemerlt. FrorlTier 
and PROMETHEIJS used uniform grids with square cells of dinlension 0.33 pm (300 zones 
per wavelength) and 0.208 p n  (480 zones/wavelength), respectively, while tlle adaptive grid of 
RAGE used square cells of dimension 0.156 pm (640 zo~les/wavelength) at  the finest level. 

Figures l (a )  and (b)  show perturbaton growth rates and amplitudes. We 110te excellent 
agreement arnong tlie results obtained from llunlerical simulations and experiment as well as 
good agreement with the analytical prediction of the compressible nonliriear theory. Thc corn- 
pressible linear theory correctly predicts the growth rate of the instability at  early times, but 
substantially overestimates the growth rate at  intermediate and late times. The Impulsive 
Model and the compressible linear theory agree at  later times. 

Several interesting features of the growth rate  merit discussio:~. First, the simulations show a 
very large spike in the growtlr rate at  early times. This is due to  the direct phase inversion 1151 
of the material interface during shock refraction, nleaning that the velocity of the shocked 
contact is greater than that  of the incident shock velocit,y resulting in a fully inverted interface 
1)y the time the refraction completes. The velocity spike occurs because, just prior t o  the end 
of the refraction, the shocked part of the contact ha.s ~novcd below thc still unsl~ocked outer 
edges of the interface. Thus, thc: lower part of the interface is separating from the upper part 
a.t a high velocity until the ~ l i 0 ~ 1 i  has accelerated the entire contact to  approxiniately the same 
speed. 

We also observe the very good agreement between the s~lnulation results obtained wit11 
different codes. The s~na l l  differences between PROMETHEUS and the other two methods are 
discussed below. 

Included in Figure I(a) is an experimental growth rate curve obtained by differentiating 
a sixth-order poly~lornial least-squares fit to the  experimental data. Since this is a differenti- 
ated quantity and the source is rather noisy, we limit our interpretation of this curve to  the 
observation that  it  reaches an early peak of 8.5 f 1.5 prn/ns followed by a steep drop in the 
growth rate characteristic of tlle nonlinear predictions. We compare sirnulations and experi- 
nlent further by presenting plots of density in Figure 2. While the sirnulations predict very 
similar growth rates the dei,ails of tlie interfaces are quite different. We note, for example, that 
a t  1.4 ns PR0METHF:lI'S is showing substantial grid-generated Kelvin-Helmholtz instability 
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I ' ig~~re 1. Experi~nental ,  silnul;~t.ior~ ;~rld tl~t,oretic.;~l ~ ) e r t ~ t ~ l ) a t i o l ~  g l~ i i i~ th  for t,llc> Mai-11 15.4. a0 = 10 ;it11 
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ctr t~~plctcs.  The  ( ~ s l ) c r i n ~ t ~ t ~ t a l  growt l~  ratc3 , Ilrve i -  i *s t i l r~ .~~c>d I , ,  11c .A ,  i \ irate to  w i t l ~ i t ~  1.5 /i/ns. 



Figure 2. Density plots for tlic hlach 1A.3, . i , ,  = 10 p m  1. 

FronTier and RACiF:, left,-to-rigl~t). (a )  t = I .  I p s ,  ( l ) )  t = 
act, f o ~  t l ~ v  1 i~rce codt?:, (Pl~OML'I'IIECiS. 
2.3 / ,S.  (c) L = 4.2 / L G ~ I I ~  ( c l )  t = 10.2 ;,S. 



which significantly affects the  shape of tlie interface at  later tirnes. We believe that this is a 
11111nerical effect due, in part,, to  thc low ~lumerical diffilsio~i of tlie PPM scheme at  t,he interface. 
I<clvir~-IIclnil~oltz ir~stal~ility is also seen in the early time F'ronTier and RAGE calculations, 
but is much less prominent. 'Illis is for different reasons in the two codes. In FronTier tlie seeds 
of the i ~ ~ s t a l ~ i l i t y  are much smaller than in the other two codes since it uses a piece-wise linear 
curve t o  represent t,he initial corlditions. In addition, the  front. tracking code FronTier period- 
ically redistributes the points on the interface i11 order to reduce the clustering and sprea,dirlg 
of the interface points and this will t,erld t.o suppress ally very srrlall wavelength instabilities. 
RAGE has sornewlrat more ~lulncrical diffi~sion at  the ir~t~erfacc than i r i  PROMI<THEIJS so that 
the inst,ability is washeti out beforc ii. grows to significa~it size. 

3. Conclusion 

We have presented careful comparisol~ st~ldies of r e s ~ ~ l t s  from experiments, numerical s i rn~~la-  
tions and tlieoretical predictions for 11nstablr interfacial fluid ~rlixing driven by shock waves. 
T11e nnrr~erical sirnulat,iolls were prrforrned usir~g three iildeper~dent codes based on different 
~iumerical approaches. The physical paranicters we used ill our co~nparison st,udy correspond to 
the NOVA cxperi~nents coriductetl a t  I,alvrer~ce Livennore National 1,aboratory. Good agree- 
ment is achieved arnong the rcsults from threc 11111ncrical nletllods i ~ n d  the sirrlulatio~ls are in 
good agreement with the experi~ncntal results. 
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Hydrodynamic Instabilities Research at VNIIEF; Past, 
Current and Future 

R.I. I l 'kaev.  E.E. M e s h k o v  a n d  V.V. Nikiforov 
Russ1a11 Federal Nuclear C'entre - Institute of Experi~nental Physics 
Prospect Mlra 37 607100. Sarov, Nizhny Novgorod Region, Russia 

1. 1940 - 50 Years 

1946 - f o u n d e d  t h e  V N I I E F  I n s t i t u t e  

1.1. Calcu la t ion  a n d  t h e o r y  

In tlie late '40s - early '50s. a series of unpublished studies by S.Z. B e l e n k y  (in part. jointly 
vrith E.S. F r a d k i n )  looked analytically a t  many aspects of Rayleigh - Taylor i~istahility 
(Rayleigh (1883),  Taylor  (1950) )  and turbulent mixing at  unstable interface. Some fi~idings 
of these studies would he reported later in (Be lenky ,  F r a d k i n  (1965)) .  A . D .  S a k h a r o v  
was involved with tlie stability problem of convergent spherical incompressible shell (his work 
su~llmarized in V a k h r a m e e v  (1995)).  

1.2. E x p e r i m e n t  

On A.D.  Sakharov ' s  initiative in 1951, Yu.F. Alexeev,  I.G. P r o s k u r i n  and N.F. Ze- 
lentcova perfor~ned first, though not openly reported, experiments looking into the dynamics 
of a turbulent mix-i~ig zone at  the liquid-liquid interface, their geometry si~nilar to tlie later 
described by Linden  and R e d o n d o  (1991) (heavier (above) and lighter (belo~v) liquids sepa- 
rated by a liorizo~ital plate pulled out initially at  the experiment). Also. a technique a~ialogous 
to the reported by Lewis(1950) was used ( a liquid-containing vessel drive11 donnrvards with 
a higher than gravity acceleration). 

2. 1960 Years 

2.1. T h e o r y  

111 the late '50s - early '60s. analytical solutions were developed a t  VKIIEF to some specific cases 
wi th  the perturl~ations growth for shock waves and shock-accelerated interface ( R . M .  Zeidel 
(1960, 1972) and Yu.  Nikolaev  (1965)) .  

2.2. N u m e r i c a l  m e t h o d s  

The earl) '60s nas  a 1D numerical m e t h o d  M V  developed, that would allow a I~near- 
approximated calculatio~l of shock-wave and interface perturbations in a broad range of ap- 
plications (G.A.  G r i s h i n a  (1980) ) .  Since the late '60s, t D  numerical calculations have 
been developed at I'NIIEF for initial perturbations growing a t  the unstable interface until 



their turbulization: SIGILIA (Bata lova  et al. ( 1 9 6 9 ) )  and DhIK (So f ronov ,  Rasska- 
zova, N e s t e r e n k o ( l 9 8 5 ) ) .  

2.3. Exper imen t  

Starting iri t he  mid-'60s, there  have been experimental  research cleyeloped i11 shock-iliduced 
i~lstahil i ty area ( R i c h t m y e r  (1960)).  

\ \ I I E F  dexeloped later 111 t h e  '60s an exper imenta l  technique for  this  instabil i ty ,  which  
employed a shock tube and  th in- f i lm gas models  ( M e s h k o v  ( 1 9 6 9 ) )  

E u p e r ~ ~ n e ~ l t s  mere carried out  for initial perturbations growth of a shock-accelerated gas-gas 
interface a11d the  associdted effects (refs.: Meshkov  (1981) )  Meshkov  ( 1 9 9 2 ) ,  Andronov  
e t  ril ( 1 9 9 4 ) )  

3. 1970 Years 

Earlier 111 the  '70s. the  shock-tube tecll~lique scrvcd the  basis t o  start  sy s t ema t i c  s tudies 
i n to  turbulent  m ix ing  a t  the  shock-accelerated in ter face  ( A n d r o n o v  e t  nl ( 1 9 7 6 ) ,  
Andronov  e t  nl ( 1982 ) .  Meshkov ,  Nik i forov ,  Tolshmyakov  ( 1 9 9 0 ) )  

Concurrentl!.. a techriique had been developed t o  illvestigate t h e  i l~ i t ia l  per turbat io~ls  growtli 
a ~ i d  turbulent ~ n i s i n g  a t  the  gas-gas in ter face  accelerated b y  a convergent  cylindrical 
shock wave generated h!. electric explosion ( A n d r o n o v  et  al. ( 1 9 8 2 ) ,  Tolshmyakov  and 
Meshkov  ( 1 9 8 9 ) ) .  

3.1. Numerical  m e t h o d s  

111 the  mid-'70s. semi-empir ica l  model  deve lop~nen t ,~  were started for 1D l~ydroclynamic 
flow calculatio~is involving turbulent  m ix ing .  These develop~llerlts resulted in a range of 
methods from simple ~l lodels  such as k-c ( A n d r o n o v  et  al. ( 1 9 7 6 ) )  t o  well s o ~ ~ l ~ i s t i c a t e d  ones 
( A n d r o n o v  et ill. ( 1 9 8 2 ) ,  Nik i forov  (1985) )  Andronov  et al. ( 1 9 9 4 ) ) .  

4. 1980 Years 

4.1. Exper imen t  

I s  suggested 1, Meshkov  and Rogachov i11 t h e  la tc  '705, VNIIEF i t a ~ t e t i  d e x e l o p ~ ~ i g  an  ea- 
perzmental technique for  uns teady  hydrodynamic  flows that  used jellies (Volchenko  
et nl ( 1 9 8 3 ) )  

Phi:: technique can sig~lificantly extend experimental  capabilities in RT-i~ls tabi l i t~ .  research 
(Volchenko  ~t a l .  ( 1 9 8 9 ) ) ;  Zhidov  et  al. ( 1990 ) ,  Rogachov et (11. ( 1 9 9 1 ) ) .  111 particular,  
it can allo~v looking into RT-instability phcno~nena  a t  the  gas-liquid interface not only i11 a plane 
but also in a Inore cornplex geometry (e.g., cylindrical ( M e s h k o v  € 2  (11. (1993.1995),  K a m -  
chibekov ti a l .  ( 1997 )  a11d even spherical ( M e s h k o v ,  N e v m e r z h i t s k y  and Z m u s h k o ( l 9 9 7 ) ) .  



1 1 1  tl~c, 'SOL t i i ~ l o l ~ : n c ! ! : i  Ivc're cor~tili~ied a t  VNIIEI.' Illore cxl ,en~i\-c~i~-  011 tile L'D r~un~erica! 
c.oclc:: for i ~ ~ i t i a l  1)t'rt~ll'ilati~~ils g r o ~ v t l ~  at u11sta1)le ili1,rrfac.e: DMK (Sofronov,  Rasskazova.  
Nesterer lko (1985).  \II\IOZA (Sofronov c( al. (1989) and EGAK (Yanilkin e t  a1 
(1993) ) .  

5 .  1990 Years (I)  

l i l  tlle '!jO.h. l~a~ic.  rcsi.arcii illto hydrodyr~arnic instability problerni nidtie :i ~ u 1 ) ~ t a n t i a l  ati- 
idrrcc. :it \ \;IIT<E o ~ i r  of its defense-technology conver s ion  programs.  ('oi~tril)~ltiol:. 
to  tllii cirielol)!liel~t n r c  t l i c l  projerts under col~tracts with I,,AD;I,. 1-q I 1lrO-11 ( A n d r o n o v  
~t iii. ( 1 9 9 4 ) ) .  ( ' I < . \  ' D . \ l l  I;i.a~~cc (1994) (Meshkov ,  N e v m e r z h i t s k y  r t  cii. (199.5). 
I.LS1.. 1-S l!j'li i ( B a k l l r a k h  cl (11. (1996))  iirld tile IS'I'C F'rojec t 020 (Aleshkov (1993) .  
B a s h u r i n  ~t (11. (1993) ) .  

3.1. E x p e r i m e n t  

111 tilt e<\ l ! \  '00. a t i~t!~l! . i~l~e was dc\reloped based o n  compressed  gas-accelerated liquzd 
layers ( \ l e s l ~ k o \  a n d  Y e v i n e r z h i t s k y  (1991),  N e v m e r z h i t s k ~  c t  (11 (1993) )  

\i-itli t ! : j s  tc~c.liriicll!t,. iri:,c>-tigations colilct he started into the t111.1)~1lelit ~ ~ i i s i r i u ,  effect.: 
or, l,,i.ic i l ~ ~ ~ v  ti>!);l:;iics aritl encxrgg cl~rnnlatioil p l i c -~~o~ncr~a  i l l  lalnirlatc~tl - ~ . s t e ~ l i >  (Zhidov  
f/ U ! .  ( 1 9 9 6 ) ) .  

i ~t ( I l r l ~ c ~ ~  6 ,  l ' < , -  ,11:<( . l i i l  <111d t11('1i cdlne to I)e dc\elopcti which  used gas models  drzven 
b y  gaseous e ~ ~ l o a z z ' e  rnzzture (Meshkov  (1995))  

1 lic tt'cii:iici~~c~ ofFrr- I ICI!  o l i l ) u r t ~ ~ ~ ~ i t i c s  for looliing at. Ilydroti);llal:~ic inital,iiitic> at tile gab-gas 

iiltc,r.facc it11 c.(~i:ip!~~\: Ho\,', i11 plane, c.ylir~tlrical arltl sp11rr.ical geomr~tries (a  coriil>iriatior~ of tlre 
alterriatilig a11t1 ~l~c~cl.;-~~:ai-o accelerat,iolis; rapid ?\lwood 11111nbcr charlge. ?\-?I1 t o  tllc: oppo~itc.: 
:31) pc>r~~~r l ra !  ion T11 1 .  

I I I I I  a -  ~ ~ ~ ~ e i t c ~ l  ariti 11as Iwen sincc, succi~ssfi~lly cor~ti~niirig c311 mul t i - beam laser  
i n t e r f e rome t r i c  tomography  ( B a s h u r i n  c t  t r l .  (1995) ) .  

Tlliu tc:cl:~~ic~~lc i. :.<\idt cnli help rcconstri~ct the tie~lsity d i s t r i h ~ i ~ i o ~ i  i r i  :ill t~ l r l )~~le r l t  mix- 
ing zol~c. o f  tv:n g;i:c; to lo<ii.; into i ts  sl ruct,llre. 

1lol~i. ertc~lqii.e t l c i e l o l ~ ~ l i e ~ ~ t i  h a \ r ~  Ijec11 C O I I ( I U C I ~ ~ ~  S ~ I I C ~  t l ~ e  ~ni t l  - 'SOS in research tech-  
n iques  f o r  instabi l i ty  evo lu t ions  i n  solid m e d i a  ( L e b e d e v  f t  cii. (1993).  L e b e d e v  
( 1 9 9 6 ) ) .  

6 .  1990 Years (11) 

6.1. N u m e r i c ; ~ l  n l e t h o d s  

111 tlic, ")O.. \.SIII.T' 111ai1e ;~ii\.a~icc,s in t , l~e dcvelopn~e~lt of 2D code> for 11111neric~;t1 c;ilcl~la- 
tiorl; n.i;!i 11ie ::ciob:~it of I ~lrb11lc111 mixir~g at  11nsta1)le il~tcrface: EGAK-T anti EGAK-L- 
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(Yanilkin,  Nikiforov,  Zharova  (1994) )  

In tlic, 'SOS, VKIIEI' cmljarlicti or1 tlcvelopilient of 311 cotlcs to  calc~ilatc~ oil iiiit,iaI j)c~~.turhiltiolis 
growth at, ~~r l s tab lc  i~lterfacc: TREK 1pacIt;~ge ( S t a d n i k ,  S h a n i n ,  Yanilkin (1994) ) .  

6.2. P r o s p e c t s  f o r  f u t u r e  research  in to  h y d r o d y n a m i c  instabi l i t ies  a n d  t u r b u l e n t  
m i x i n g  p r o b l e m s  ( T M Z )  

The problenl is very cornplicat,ed and offers many cl~allcngcs yct, to  l)(, i r~r! l . .  111 t l ~ e  basic 
research area, these cllallenges inay he 

i~iitial pc,rt urbat,ior~s ( s o ~ ~ r c e s  of i ~ ~ i t i a l  pertnrhatio~ls, tlicir contriI)iii,io~l to t l ~ e  irist,ai~ilit,!; 
and TMZ growth pattern): 

interference of initial pcrt,~~rl)at,ion rnodes at the instal~ility tra~isition st,;rgcJ; 

local perturl~ations: 

updated corlsta~lts i11 plie~iomenological t~~rljult,nt rilixirlg tlieol-ies; 

turbulent mixing de\~cloprncr~t, wit,h cornj)lex flow patterns (alt.c.rrlat,ing accelerations. 
shock waves). 

6.3. Appl ica t ions  

Researdl of l~yclrodynamic instahilitics and  turh~iler~t  rnixirlg may l ~ e  very ilnportant, for rilany 
applicatioris. 

1. Primarily, it is inertial  confinement fusion (ICF). k l y d r o d y ~ ~ a ~ r ~ j c  ilistabilitics arc 
one of the c.rit,ical I)ott,lcr~oc:lts in t l1c5 irnpleirlentation of fusion ig~l i t iol~.  

2. More and rnore i~nportant  is i~ivestigation illto con~busl iol~ prol~leil~s. specifically i l l  rcla- 
tion to: 

fire and explosion safety 

r forest fires, figlitirig t,llc:~n l)y sl~ock-wave tccl~~iology 



:i. .4lorigiitlc~ t11c ir1terfe.c-r staltilieat,io~i ;ir~d ~ n i s i ~ i g  sl~ppression a!~pl ica t io i~<.  tlicrc n1d;- 

a rel.erst'cn+c \ t i ~ h  e n h a n c e d  m i z i n g  of t w o  s u b s t a n c e s  a t  thc  illterfa('acX, T11ii may. sl~ccif- 
icCl!l!.. oci.Lir i - i t 1 1  c l i ~ i ~ o ~ i t i o n  of riuclrar reactor ~vastc, (by 1111ciergrc)l111(1 1111cl(>ilr e x l ~ l ~ ~ i o l ~ .  I .  

1. T'llere arc lot of opl)ortlrnit,ies for liydrodynarnic iristal~ility rc.iearc.i~ a!~plieci to a s t r o -  
p h y s i c s ,  o c e a n o g r a p h y  and p h y s i c s  of a t m o s p h e r e .  

6.1. H y d r o d g  i larnic  I n s t a b i l i t y  Research and Technology C o n k e r s i o n  P r o b l e m  

Uacic. ici(.:,(.e i l l  111e al .c~i of Ilydrodynamic instabilitirs and turbl~ierlt  ~ i i ix ing i i  arllo!lg t11r 
converqio11-1,ela:ed prc,gr~inls a t  t h e  Russia11 Nuclear Centrrs.  

l 'llese r r i ea rc i~  call for wcll-conccrt,ed efforts 1)y hot11 IluIncrous cx l ) e r i~ i~e~ l t a l i ' ~ t s .  t11eorji1- arlcl 
mwther~~aticiana.  T11c l ) r o l ~ l c l ~ i  heing conlplex a.nd ~~ro foun t l  will rieed ite;itl!. a(i\.ar~ce in tlie ( l ( ' -  
\-rlolxl~rrlt and i inl~ro\.c~nc~iil  of both expcrirlients and ~ ~ l ~ m c r i c a l  s t ~ ~ t i i e s .  .Agail~. t11c.e reicarcll 
do riot recjiiirc loo mall!- expenses. 

Hyiiroei~rlnlnir i~~ctnl , i l i t  ir; a~ i t i  tur1)ulellt rnisilig arc tl~cx arva of rcsc;ircii lil<el,~ to Ije ;ittracti\.e 
to jlliliur rr.c\arcl~el.- i l ~  a c.liilllengi~ig ant1 escitirig csper ic~ice  for thern to  rliatllre ~irofe+sioriall!. 
,i;lt! pro\.(, 1 l ~ i l  ( ~ ~ I ~ I I ) c T ( ~ I I ( . \ . .  lrlte~.llatio~lal intc~ractiolls in t , l~is arc,;? oif(~r ano t l~e r  attracti l-e 
o1>1~0i.l\1nit!. fi>r tllc!!i. 



About 3D Single-Mode Evolutiori and About 
Compressible Turbulence 

N.A. Inogainov 
l.ir11cLi111 111stit11t(: fc)r rlic~or(~tic;il l'l~y>ii.s. l l7!110. \ losc~o\v~ 1i11s~i;l  

1. Single-mode 3D evolution 

I,ot a 21) ~ ) c r t ~ ~ ~ . l ~ ; i t i o l ~  is t ~ ( . r , .  l = 0)  .X cos k . i .  ;(.I.. 1. I = 0 )  r cos X..irc'r~)(-X.Iz/). 1'11r11 sllal)t>:: 
of 1)111)11lcs ;irld ,jets ;irt. t11r snlirc t l i ~ r i l ~ g  a lilloar ( sy t~~ t~~ i ' l . r i c . )  st,i~gc:. 1,rt. ;I ratio / I  -- l ~ i / l ~ i ,  = 0. 
111 a noliliiic~ar st;igc3 t,lic flow I~c~coriic~> H S ~ I I I I ~ ~ ~ ' ~  ric: \vitlc I ) ~ ~ l ~ l ) l c ~ s  ai?iI I I ~ I . ~ O \ \ ?  ,jc'ts. 

I ':~oh~tiolr o f  31) l{ l i111iI l { \ [  l)t~bbli:s ; L I I ( ~  ,jets is s11o\v11 it1 1:igs. l 3, l ~ > t  A I L  i1ii~i;ll 11c>rt111,- 
Ijat,iori is t/(.r,; g. l = 0)  s cos X../. + c.os X y .  ,-(.I.. ! l. 7. 1 - 0) X (cos b..,. + cos X.!j)r -41.1. ,\ li~lc;ll. 
stag(% tigi1i11 is sy r~ t~ r t c~ t r i i~  i l l  Illis i.asc. \\'liitr itlit1 l)la(~l< c.iri.li~s i l l  Fig. l ( a )  arc ;11)cx 1)i)ilrts of 
I)i~l~ljles alid jets. I 'lle i~itc~rsrc.t,io~l of .jc%ts I ) > -  t I i i 9  1)l;111e 7 -- O is s11o\v11 i l l  Iiig. 1 (l,) ( c l i ~ s l ~ c ~ i  
rcgiolls). 111 tlic. tiasl~c~il rc-gio~is 7 = r/(.i..!j. 0 < 0. 131111I~lc~i Ij i tco~i~e ivider a l~ t i  j r t s  narl.o\vc3r i l l  

a lronli~lcxr stag(% ( ; ~ s > . ~ ~ ~ t r ~ c ~ l r i c .  s l i~gi- ) .  :\ sti%;~tl>. st;itc> 01. irs! 1111)1otii. sl,age of 313 IT11 lias I I ~ Y ' I I  
colisidcrcd i l l  1 .  .\ si~i~~rli i t ioir  or  c~vollitiori lia\.c. I1cc~11 I ~ c ~ ~ f o r r ~ ~ c t l  i l r  2.  '1'l1(% I)i-rioel of this : i l l  
~~rxrt~lrl>atioii  is tlie square X X X ,  X = 2 r /X . .  11ic.re111~11ts arc tlic sa111e i l l  21) allcl :3I) c:ascAs. 

Narrowing of jcxts lcatls t o  ;I c l c f i j r ~ r ~ a t i o ~ ~  of [lie dashrd squares slrowlr i l l  1,'ig. l ( 1 1 ) .  \i';ill 

. , ~ -  f 

l r  ,, ?+; 
II 

I'. 
,\ ) >,. 

t y p i ~  jct.s ivlricl~ sc%l)aratc> I j r~bl~lc~s  ;ipljc'ar. 'l'lro i~rtcricv.tiolr o f  t l r ~ s e  ,jets 1,y tl~c' l ) l ; ~ ~ i c  c = 0 is 
show11 i l l  I:ig. 2 ( a )  I I ~  siluarc' claslri~ig. 'l'11i. tl;rsl~c~el t.c'giorr is : = i/(.r.,!j. I )  < 0. ' I11~c% rc,gio~i 
: = i/(.r. g ,  I )  < 0 takc~11 fro111 t , l i c >  s j .~rt~ric~t ric.st;rgc% is ;ilso s l io~v~r  I~c~rcx I)?;  t.lie I i ~ i c .  tlasl~c~tl straigllti. 
S t r a ig l~ t  ~ v a l l ~  intcrsc,ct nt 1.ig11t a11glc.s. I'oirrts of i t~ l i~rsr~c. t io t~s  ;rl.i> t l ~ c .  apcx 1,oirlt,s o r j c t s .  

I 3 1 1 l ) l ) l c ~  I 3  allcl jets .I ire-re isolatcti a t  t l i ( %  s y ~ l ~ ~ i ~ c > t r i c .  stag(%. 1311I)l)lcs rc>li~air~ isolatc~el ; i t  1 1 1 c l  

asyrr~lr~ct,ric. stage. 111, tlic sami. tilncx 21 structl~rc,  of j r t s  is chaiigid cllr;llit,;~tivcl~~. lict. tlli. ~)oiirts  
S ~ I I  17ig. l ( l ) )  ari. s;~ii t l l i~ ljoirlfs of i t  S I I I . ~ ' ~ L ( . ~ '  2 = r/(.r'.!/,l). ' l ' l l c .  sc~1);11.atrixc~s S S iutc'rsc1c.t 
;it. rig111 airglcs a t  tlic sylllnlctric st;~gi'. 'flic~y for111 sit1i.s of tli(, tlasiic~ti si l~iarc~s i l l  Fig. l (11). 
'I'licy arc. zero levels rl.7 = ~ / ( . r :  !j. l )  = 0 ; r t  i l l ( >  s ~ - ~ ~ t r ~ t i ~ t r i c .  sl i~gi, .  ' I  Ire, s~.stc~i11 of r l ~ c ,  1)ositivi. 
1c~c.l cllrl-cs 11j.r. !j. I )  = r.oiis1 arc. S I I O T ~ I I  i l l  [.?g. l ( l ) ) .  'I 'Ii(~>- arc C I O S C ~  a r o ~ ~ n t l  tlic. alJcx o f t  hi. 
1 ) 1 1 l ) l 1 1 ~ ~  13 .  



Tllc satltlle,q tlro11 t l o w ~ ~  i ~ s  t Ile tl(.gri.c o f  ;~s>.rr~nlc,t,r~. ~.iscs. 1'11~3. drol> 11nt1c.r tlle 7cro lovr~l - 
t l~cir  2 - - roord i~~a tc  7,s hecorncs r~egat.ivc (rl,- < 0). 'l'll(% sopa~.at,risc~ arc at, t 1 1 ~  salllr, 1(.\~.1 as tlir. 
satitllcs. The: iinglv of ir~t,erscc.tio~r of tl~c, se1);rratrixt~s dec~~c,ases. Tlic sli;~pc. of tlic scy)ar;rtrises 
at a11 asy~nllletric stilgc is slrowr~ i l l  F'ig. 2 (l)).  ' 1 ' 1 1 ~ ~  p o i ~ ~ t .  .l is file apex of Jet .  It, is I~cxlo~v tllr 

st.para1.1-ix I(3vcl. 1,c.t rl.1 is a z - t .oorc l i~~i~ tc  o f  this i l l ) ( l Y .  .It it s j .~ l l l~~c t r ic  slagc we l~ ; i \~c  r l ~  < 0, 
r7.s = 0. : \ t  all asy11irnc1,ric stage TV(, Iiavc, 17.r <: ~1.9 < 0. 'I'llc I(,vel rl = 0 ;it t l ~ i s  stage is sllow~l 11y 
dasl~ed line in 1,'ig. 2 (I,). It hour~tls tlic, squaw tlilslli~~g i i i  Fig. 2 ( a ) .  120r R'I'I castx / ~ ~ . ~ / r ~ , ~ l  + 1 
at t + m. 

:\ flo~v stari,e~I frol~l 31) initial ciat,a p rcsc~~t  crl irljove is a [lo~v iu the tulle. The sinallcst t l 1 1 ~ .  

is t.lic t l~ rec  c.or~icl.rd t1111e .JHS in Fig. '2 (1,). \t'.c cc.;tli t.o~i~l)i~ic~qcluarc t111)cs HRI3H or .J.l.J.J fro111 
these tlll,c:s. 111 tlic' corners of tlie J3BRE t1i11c arc, I )u l j l~ l~~s  airti .J.J.J.J 1111~. jvts. 'I'l~ercs is tlie 
lji~bblc i l l  tlic C(:II~,I .III~I of tile tubc . J J J . J .  It is isolated Sro~n ol.hcr Ij~~l,l)les 11y the liql~iti layers 
~ n o v i r ~ g  alor~g tlrc. walls of t 116: sqllarc tuhc.. Evolut,iorl in cases of 11'1' or K14 ii~stal)ilitic>s a r r  

Figurr 2. 

s l ~ o w ~ l  in I"ig. B (p = 0). 'l'lie I)o~~rldaries arc plottctl ill t.lie franlc conrrecteti wit11 the l ~ u l ~ l ~ l e  
apcx point B. 'I'lie strips l~etwecn the ~);lrallrl dashed straights ;Ire t , l~c walls of' the srnallest 
three-cornerctd tub(, JBS. Tlie ~ i u ~ r ~ l ~ e r s  '~ i l~ i~ le ra tc  n i o r ~ ~ e n t , ~  i l  < < t,( < t.$, t,, = cc. Tlic 
uion~ent t l  corrt~spontls to the syln~nctric stagc. 

,, I h c  lines of tllc I)ouutlirry i l l  tlrc, s t r i l~s  goirrg t t ~ r o ~ i g l ~  rieiglibol~ring apexes of the  1)uljljles 
allcl tlit: saddlr U S-t3 (a)  ancl ~ ~ c i g l ~ l ) o l ~ r i ~ l g  apexc!: of tlie jct.s and tlic saddlc .J S-.J (l,) ill tlic 
n ~ o r n c u t . ~  l a11d 2 are sliown i11 Figs. 3 ( a )  arld (I,). 'l'lie I ~ o ~ ~ n d a r y  is Ail = -(h-) ' /2R, .  - 

(Ay)'/21t, 11ear t l ~ e  satitlle S. Here I?,. > 0 A I I ~ I  If, < 0 I I I C ~ S I I ~ ~  a r11rva1 Itre. :It tlic asymptotic 
stage we have R,. > (R, \ .  .4t t , l~e syllllncxt.ric st,irge nre havr I?, = \R,\ .x 1 / / 611 / .  Tlic exparlsior~s 
of the bourltlary near tlre apexes o f  b111)blc ii~id jet arce AT? = $ (Lly)2]/2RB, RB > 0 
a r ~ d  All =  AT)^ $ (Ay)2] /2R.~ ,  R., < 0 respectively. 

2. The case of small Atwood numbers 

Let's considcl- 3D Rh11 in the case p = 1 - E ;  E 0. T l ~ c  simplr,st perturbatiorl has a syr~inictry 
of a square Iatticc. Tllc.1-e are syn~metr ic  2 = ~ l [ . c ,  y: l )  zz ot(cosk.?: + cosky), t,ransition;tl 
arid asyrr~ptotic. stages of cvoh~tiorl. 'I'he solutioi~ has to be periodic:. LVe will considcl- ari 
advection of bou~idary near tlie apex poi~i t  of bi11)hle at  the last stagc. At this stage i r i  tllis 
regiou a vort.icity is srnall and flow is ap~)roxilnately poterlt,ial. \felocity has to  decreasc \vlie~i 
J y l  rises, 'I'he most important. are tlarrnoilics whicl~ tlecrcase slow at  large lyi. Thcy give the 
largest contril~utio~l i ~ i t o  velorit,y ficlcl near t,hc apcx. Asy~i~ptoticaly a steady-statv vort,ex 
structure and steady-state velocity field form. Tllc: potential a t  large dist,allce kizl >> I is 
p = " " ( C O S  k.?: + C O S  kW)exp(-kz), a 1. A suhstitutio~i = (.L. + Y)/&; Y = ( X  - 1/)/\/2 ii 

changes this potential to p = ( 2 n . ( l / k )  cos(k.Y/&) cos(klT/fi) ex]](-kz). This substitut,ion 



conscrvcs Laplijciar~ a2/8 . r2  + i12/8yL 4- (j2/i):' i)2/().y2 + ()2/ij)i2 + ()2/?j2'. 

Thcl boluidar>. iicar t hc  apex B is i t  ~ I I J I .  It, i s a r o ~ ~ r l d  c1111 clue to sj.ir~rl~ei,r?- .r H ! j .  ' l ' l~is 
means tliaf 1)of,l1 c.iir\.atllrcs arc  the  sirrnt.. \\1. ( . ; i l l  r~sc. l ~ l ; ~ ~ ~ ( t  c11rvcs ill  lanes y = O o r  )'. = O to 

fi~itl tlie c.~n.\.ilt,~ri.c~ l / R H .  Let's c.o~~sitl(%r t l i ( .  1)lanc. \ '  = 0. Ilqs. of all iiti\t,c.tio~~ o f  a 111ass 1)oiilt. 
ill t Iris l)laiic art, 

Y = l = ( l )  S ( /  . rlz/tli  = i)g/ilz = cos(.Y/&) ' .  (1)  

Here X: = I: = 1 .  Wc liavc: orrlit,tctti i~~s ig~ i i f i ca~ l t ,  factors 

I,et,'s substitutt- = c'. I4;qs. (1) are  steatly-st.irtc.. 'I'liereforc Tve call rvrilr, dE/2< = 

d s i ~ i ( ~ / & ) / s i ~ i ( ~ / & ) .  ' r l ~ e  i r~t rgra l  of this ecl. is (/(l, = [ s i i i ( X / & ) / s i n ( ~ , , / & ) ] ?  \~VP 
use this i~ltcgral  to eli~ni~iatc. ( i l l  tllc first of e q s  ( l ) .  \\'c, o l~ t , a i i~  

after ilrtcgratiol~ of i t .  Mc cllose 11, = 0 in (2) .  

Let's s~ll)st,itute ~ o s ( ~ Y / & )  from (2 )  into t,li(, seror~tl of cqs. ( l ) .  After irlt.egrat io11 we ol,taiil 

[,et's clirni~late .Yo f r o ~ i ~  tsc,s. (2) .  ( 3 ) .  \\:v f i i i i l  C'(] fro111 ( ~ 1 .  ( 2 ) .  'Tl~e rig111 root has a sigii 
Tlllls. It is (7, = -r/ + Jr/2 + 2qC' +/, (1 = EO/l, (I = C O S ( - y i d ) .  1,(:t1s s111)sti tut~ this root 
irlt,o ( 3 ) .  .After l h a i  \VC ol~tain eq. of advect ion of 1,liv curye = 11 (* ' i ,  t ;  to) or : = I/(-Y. 1 ;  21)). 



It ii ,C 1 , .  ' i 2 -  l ] ) . -  : o ) ~ ] / ~ ( o ,  !I' = d<i + ?<U C; ! + t 2 .  ~ i f t ? r  ?xparlsi(~ri of this eq. for 
:n~dll i ziirt i  .V \ \ - c ,  c,?,:ai11 E = 1 + /.Y2//8 or  2 = 1111 + .Y2/8 .  i,From tlii. ?c , .  v;? ol,taill that  
tiic a i~ .~i i l j to l ic .  \.eloi.it\- ;111ti c1Irvat111.e are  c~ = I/X.t, I ? f j  = I l k .  111 ?I) for ji = 1 - L) l l a ~ i .  
i . ~  = 1.i;f. RR = : 3 , k .  

3 .  3D generali~at~ion of the Layser nlodel 

rl lp ( . o~ i~ : i~~ i i e~ i t  p / i i i ~ (  r . e ! ) r ~ . ~ ~ ~ i t a t i o ~ i  of thc, L~L>~z(,T ~ i ~ o ( i e l  3: 4 lias lreeil deri\.eri in 5. Hew \ye 
gi .~~eral i /e  it SI or11 21) to 1311 case. Near t h e  apcx B for a square latt ice n.c 1ia1.c. 

1' 
Y 2 + y 2  F = , ~ c ( ) ~ - c o s - e r p i - : + ~ j o j .  . = l ,  - I< (I. .i i 

2 '  v5 a 

Aftcr. r i i u l i ~ i a t i l ~ ~  of t fronr c'cls. (6) ant1 ( 7 )  we o\>tain simple platat differelrtial cc1 

I:(1, ( S i  i q  5irnilar to pc!, . l +  , = ( I  for 211 citse 5. 

Eq. I , ? )  ( l r ~ c ~ i l ) e i  :in . t a ~ ~ t l i n g  waves ( g  = - l ) ,  RT (g = l )  arlel R11 (g = 0 1  ir~it ; l l i i! i t i(~~. 
7 

11; Ti'i c;i?c, tllcrci i z  ;I , i r lg~~lnr  poir~t  :l2 = I .  h- = 114 or  118 = 1 y X.. L,llH = 4 ( ~ i ~ l l i l a r  t o  

v,-ell-l.;r~o\\r~ p o i ~ ~ t  = y 3k .  k l l H  = S ill 3D) whicl~ a t t rac ts  tl-aj(iciorics .-l1 11'1 of c , ( \ .  ($ ' I .  

111 K11 rii.? y = 0 a1ic1 (S) call be i~ltcgratctl  easily. :l gerier;il < o l ~ ~ t i o ~ i  of < , v s t r ~ l ~  or eqs. 
(6,). ( 7 1  i ?  

I . . . ~~ IY~ . , I ( I :~ .  ! ) I .  I l 0 1  ,p i \?  eiolri t ior~ of c u r \ ~ a t . ~ ~ r e  ( R  = 1/11') ant1 \-el~)c.it!- I = - -11 of 
,311 R11 11!111!)1~~, .l! / - X cqs. (9 ) .  (10) give ~ j t j  + l / k t ,  - 4. 111 21) 11-r I I ~ \ . P  - ( 2  :1 I 1;:. - :1 !. .-I. LVc sec that  31) sqnarc, latt ice b~ i l~b lc .  X i, X ;ire E<icter \c.olill)are 

1 / \ I  al ! l !  l 2 :{ ,  I , ~ ) I  I I U J   all,^ m al,ci for I U I )  illlci ila\~(, k ~ l l < l ~ ~ e r  c l i r \ - a + l l r ~  ~ I I ~ ! I ~  21) 
l) i~li lhle~ I Y ~ : I I  t!ic, Gciin(, !)c,rioel X .  

4. Exact self-similar compressible rnixing 

.A I I c t l ~  c ~ i ! r t i t - ~ ~  o o  v ( o t r )  i y  i i l  I J l -,y)". y < 
0. \l i (1. / ) I  1 1 ;  E 0. > 0 has Ixen done i l l  6 .  'I'llesc profiles approrilnate dciirity tiistri- 
i , ~ ~ ~ i o l l i  i l l  I ( ' I-  rnl~ltiia!.rr. illc,lls. In these shells densities of irlterna.1 su1)cllell~ dre liigl~er tliarl 
~ ? I I > ~ I  ie- of ~ ~ x ! e ~ r ~ ~ z i l  ~ I I I , ~ I L I ~ I I ~ .  

( : ' o ~ i ~ ~ j r ~ ~ s s i l i i l i ~ ~ ~  i11troi11:cr~ scale ( a  height of homogencons at1r1osl11icr.e 1 2  - a~icl there- 
Col.(, turl,::lc~r~c(~ i11 i o i ~ ~ ~ ) r ~ i ~ ~ l ~ l c  m e d i i ~  usiially loses its self-similarit!.. The o ~ l l y  exclusion is 



the polyt,rol)ic case. 111 this case t l ~ e  lleiglit I z  is tx (-! l )  nild tllcrt~fhr.r 1.1le j ) ro l~ lc~~t  rc~rni~iris its 
spat.ial invariance arltl herice its exact. sr,lf-siliiilarity. 

1,ct's corlsider first the 1)olytrol)ic incoml)rc~ssil)le casc nit11 ill1 atliabatic exl,o~~cv~t. = K .  111 

a rnixillg le~igth ~llodel 7, S wc. 11ave eq. 2 = A (D , lg )  . wIii(.lt tlc.scril~cs t u r l ~ ~ ~ l c ~ ~ t .  diff~~sioli of 
'3 2 

density. 111 this cq. (1 is (le~lsity averiigcd 011 .r, DT = [,r??r, IT = clgt2. ?IT = /m. 
cu - 1, DT = lT,uT if Df)/a,y > 0 and 1IT = 0 if i)p/i)!j < 0. l7-(alnp/i)y) is a relative tlcnsity 

variation at scale lT and gllT IS frect fa.11 velocity fro111 a li('igllt 17.. JI. 
Let's slio~v t.hat, tliflusio~i ( ~ 1 .  11asa aself-simila~. solutiorr iri the polytrol)ic. c:;isc. I'rcviol~sly 

a self-similar solution has ~)(Y:II ltrlown only for 1 . 1 1 ~  case of 21 tlcrlsit,y ~ u n i p  7. 1,cl's tvritc 

p(y, t )  = R(<)//" '> = -ylgt2. ' l ' l r c .  functioi~ I ? ( < )  n l ~ ~ s t  l)e so that I < ( < )  x l/(<)"' at  ( + X. 

'I'liis gives us a right tail at large <. 

We substitute p = R/t2"' into diffilsiorr eq. arid ohtail1 

A substitution 2 = -* decreases an order of eq. ( 1  1 ) .  Kq .  (1  1) 11eco1nc:s 

An isocli~ie I of zcrocs fi = -(2z5/' + j.3/2)/1(j. -- is S I I O \ V I I  i l l  Fig. 1 (a ) .  :l11 trajcctorifxs 
T of eq. (12) finis11 i l l  s irrg~~lar point 11 (( = K#,= = . I f ) .  Tl~ereforc tlicy all I~ave tlic rigl~t 
asy~riptotic 2 i 1/1 at. < + m. At thc isocli~~c, density distril)l~tiorls R ( [ )  have ~naxirriums. One 
of t,hem is marked in Figs. 3 (a ,  h )  l ~ y  point A .  Trajectories under the isocline have density 
distributions h'l rising wit11 g ,  see Fig. il ( l ) ) .  The); arc. pl~ysic-a1 trajectories. We see that ( i )  
the 11lixirlg is self-similar, the thickl~ess of thc iilixctl zone rises X gt2 arltl (ii) tlie layer of liigli 
density near the 110111idary y = 0 is spreaded. \i% ol)tairi the simplest c.orr~~ressil~Ic modcl valid 

for arbitrary adiabatic exponents if we change average p in diffi~sion eq. to  invrrse average 
entropy 11s. A hydrostatic dis t r ih~~tion of 11s K 1 / ( - ~ ~ ) " ( 7 - ~ ) + '  is sirriilar to a distribution 

of p. A turbulent velocity is u r  = lj(~T~~n(~/s)/al/)(l{/l/T). The only difference is a change of 
h1 to  M(? - 1)  + 1. Therefore results concer~iing self-si~~lilarity of ~nixing and s1)reatiirig: of 
singularity of I/s i11 y = 0 remain in compressible casc. 





PLIF Flow Visualization of Single- and Multi-Mode 
Incompressible Richtmyer-Meshkov Instability 
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Abstract: ICx11~ri111ciit~ to i~i\.(\st ig;ltv i ~ i ( . i j ~ ~ ~ ~ ) ~ ~ ( ~ ~ ~ i l ) l i ~  l ~ i i ~ l ~ t ~ ~ ~ > ~ ~ ~ r - ~ l ~ ~ s l ~ l i o \ ~  i11st;iI)ilitj~ 11ave I ) ( Y \ I ~  
carrietl O I I ~ .  irtilizilrg ;I ilo\-i>l e s p c ~ ~ . i ~ n c ~ ~ ~ t ; l l  ;~ljlj;ir;rl~rs i l l  ~vlric.11 ;in i ~ n l ) ~ r l s i \ . c ~ i i c . i . i ~ l ( ~ ~ . a t i o ~ r  is gi\.c.~l 

to il sj.stc>nl of t l v o  r~lisi.iljl(~ licjuitls 1)). I )o~ l i i ( . i~~g  i t  o f f  o f  ;I fix(~(1 sljl.illg. .\ s i i~~~soi i l i i l  (sirigi(+- 

iiioilc) i~~ i t i i l l  ~)(>r t , r~r l j t i t io i~  is g < ~ ~ ~ i ~ r ; i t ( ~ I  l)>. s i ~ ~ ~ ~ s o i i l ~ i l l > .  os(~iIl;itil~g, tlrv C O I I ~ ; I ~ I I ( ~ ~  i l l  I I I ~  I:II(>I.;I~ 

direc.tiol1. 111 a t l t l i i io l l ,  11111lti-l11o(l(' j)(~~.ti~~.l , ;~tioils HI.( '  g('li('r.at('(I 1)). i l lore  C O I I I P I ( ~ X  osi.illiitio11 

l)rofil(>s. I'Iii11;ir l i ls(>r i11(111i.(>cl I I I I o ~ ~ ~ s ~ Y ~ I I ~ ( ~  is 1 1 t i I i x ( ~ 1  to vis11,11i~<, tlic i ~ ~ s t i t l ~ i l i t > . ~  l j r o v i ( l i ~ ~ g  v(>i-y 

cle;rr vic,\vs of tll(, i~ltc~rfai.c. f i ~ r  i l l t o  i l l ( '  ~~orllilic~;rr r('gi111(3. 

1. Introduction 

t t ic l~t~i~~-er-L~les l iko\ .  ( I t h I )  i~rst:~I~il i t>.  is a \-r,r)- ~ I I I I ( ~ ; I I I I ~ I I ~ : ~ ~  f l l l i ( 1  itisti~l)ilit.y wllic.11 is o f  irnljo~.- 

Lance to tiic fieltls of astro1)llyr.ic.s. irlc31.I i;ll ( .o~lI i i i (~i~~(~l l t  fi~sioll ;111(l i . o ~ ~ l I j ~ ~ s t i o ~ ~ .  Ei, tli(-~.(s is ;l 
scarcity of \vcxll \.isui~lizc~tl ( ' S ~ ~ ( ' I . ~ I I I ( , I I ~  ;l1 r('srllt 5 .  1'1.oIji11 ) I >  t / I ( %  I~iggc,sl rixsoil for t llis tic,lic.ie~lc.>- is 

that 1111 (>xl ) (~~i111(~11ts  t>.ljii.;~lly c;~l.rit>ci o11t i l l  sIli)(.l< I irI)(>s [ l .  21 i l l  tv11ii.Ii t !I(: g(>~~(~i. : i i  i o r l  or  :I 

sliarlj ~vc l l  coiit.rollcd i ~ i t  c,~.Siic.c, 1)c.i  ivec.11 g:rst>s is i.xt rc,nlc\l>. t i i f l i c . ~ ~ l t  . Iic~ccllt ly. \v(' Ir;lvc rcl)o~.l  c ~ l  
r1fx\v i i ~ c o ~ ~ ~ ~ ~ r ( : s s i I ~ l ( ~  ( ? S ~ ( T ~ I I I ( > I I ~ S  i l l  \vl~ii 1 1  I I I I I C ~ I  ( . l (~ i i ro~~  \.ic\vh O S  tilt, i~~st: i l) i l i ty arc o I ~ t i i i l ~ ( ~ l  

11y i~sii ig aii iii~l)lilsivi-ly ;rc.c.c~l(~~.;~tc~I s>s l c>~n  o f  I i c j l i i t l >  [:1. l ] .  1'11i. rise. of Iicj~riils :illo\~~s Sol. t 1 1 ~ -  

g~~11~:ratioii of T ~ I - y  s11:lrp. ~ v c l l  c l ( ~ f i i i ( ~ ( 1  i ~ i t i ~ ~ ~ f ; ~ ( ~ ( ~ ! . .  111 ;~(Iclit i o 1 1 .  t I l ( >  i.i>l;it i\.(~l>- Ii)\\- ( ~ \ . o l ~ ~ t i o ~ i  I . ; I I (~  

of Illis (~xp(~r i111(~11 t ,  s ig i~ i f i (~ ;~~ i t  1). r(>I;rx(,s ~ I I I ~ I ~ ( >  ;li.iI~risil io11 ~ O ( ~ I I ~ I ~ ~ ~ I I I ( ~ I I ~ S .  'Slie I . ( Y I I I ~ , S  l j r ( ~ s i ~ ~ ~ t f ~ t l  

I~i~rcx r ~ l x e s e ~ i t  ~ I I  ext(wsio11 or tliis c3;11.lic.i. \ \ - (~~. l i  i i l  w l l i c . l r  I ' lanar I,nsc31. 111(111(.1~1 I . ' ~ I I ~ ~ C ~ S ~ C ~ I I C C  

(1'1,II") has Ijcelr ilill)l('~il('iit('(I 1.0 ljro\-icl(a s ig~~ i f i ( .~ l i~ t I> .  irl~[)l.o\('(l \.isr~alizatioii of t l ~ c  1111~tal,l(~ 

t r f .  I i t i o  I i ~ I I I ~ ~ I I  i t  i s!-s1(*111 11;rs Ijec.11 iinljl.o\.ctl i o  ;rllow 

for iIi(, g,ex~(:rai,ioil o r  I I ~ I I I ~ ~ - I I I O ( I ~ ~  i i ~ i t i a l  iriti-rf;ri.(> \ I I ; I I ) (~S.  

2 .  Experiille~ltal description 
r 3 l11e c ~ x r x r i ~ i ~ c ~ i t . a l  al)l)aral.us (figl~ril l ) (.oilsist> O S  ;I l l l i l l  I . ( Y . ~  ; ~ I I ~ I I ~ ; I ~  t:riiIi I I I ( ' : I S I I I . ~ I I ~  2.5 l ( . l11 -: 
l 1.75 cl11 X 25.4 c111 ivI~i(.ll is I I I ~ I I I ~ I < Y I  to :I \.(>~.t i c i ~  l li11(1;1r rail syst<,ri~ oricilt cc1 so  t II;II, t,110 t ;i11Ii 

is fret to 111ove~ i l l  t , I1 (1  \.crI i(.:il (Iircri ii311 \vit l1 : ~ ~ ) ~ ) r o ~ i ~ ~ ~ ; r t ( ~ l ~ ~  l I I I  of t ~~:rvoI .  I'lie 1)ot,to111 11;iIf of 

tlli, t;~iiIi is iliit,iaIl~. f i I l ( x ( 1  wit 1 1  i1 ( l y ( ~ l  sill1 . \ O I I I I  io11 ( ( ' < 1 ( 3 0  + 1 1 2 0 )  ;III(I t I I C  1011 11i~If 1vit11 
il \ v i ~ t ~ ( ~ r / ; ~ l ( ~ o l ~ o l  I I I ~ X I I I I . ( %  >-ii>I(li~lg ;III  .\t\voo(I I I I I I I I ~ ~ ( T  (tIl<, (Ii lf i~i.(~~l(.(~ o f  I I I ( >  ( l i~~~siti(xs <liviilc(i 

115. fhc.ir s111r1) of aljl)i.o.iilllat(~I~. 0.1:. 111 1 1 1 c .  c.;rrlic\r c~zpc~~.imc~i~t,s !:l. l ]  ilic rails \v(>re ~ i iou i i t c~ l  

so that  tli(,j. l)ivotcd al>ol~t ii poilit ; ~ t  t l i c > i ~ .  I I I ~ ~ ) ( ~ I .  ('11(1. illid a11 illilia1 sllal)c> ~vi1.i givc>ii to tlit, 

fluid intcrf;icr l)!. .sii~~~soiil;ill>- osi.ill;rti~lg t l l o  r;iil s> . s i c r~~  i l l  tllc Iiorizoiital clil.i~c.tioll 1.0 ~ ) r o d i ~ c c  

standing Jvavcs. I n  tllc, prcsc>r~t c x ~ ) r r i ~ n c ~ ~ i t s  t lic, 1.iiiIs 11iir.c~ I ) ( Y ~ I  rigidly r r l o ~ ~ r ~ t c ~ l .  aritl the. taiili 

ilself is iillo\v(~l 10 I I I O \ ~ ~ ,  ~.i ' l i~li \( '  to t I I C  riiiI5 Ijy ~ ~ l o i ~ ~ l l i ~ r g  i t  11si1rg ;i S I ' ~  of r rossc~I  ~.ollcr I > ( ' t l r i ~ ~ ~ s .  

TII(% ta111< is ~ , I I ( > I I  osciIl~rtc(l 115i11g :I ~ ~ I I ~ [ ) I I ~ ( ~ I .  i . o ~ ~ t r o l l ( ~ l  Ii11c:~r s ic l )~ j (%r  111otor \\rllic11 allo\vs for 
l e t  I or i i  l I S l I t  o r  ~ I O ~ I I I .  I ' I l ( '  t all li is rc~lvasi~tl r ror~r  i1.11 i 11 i t i;rl Ireigl~t . 



G"' I W P C : ' ~ ~ ~  - ~ I . ~ I ~ s I : I ~ ~ I , I :  .TIINI: 1997 - .Jacol)s e t  (L/ 

Crossed 
Roller 

Bearings 

5 i --- Rails 
i , --c'- 

Accelerometer 

Vldeo Camera 

1''. , \ Plex~glass Tank 

al lowi~~g it to fall alid l)oi~ncr of f  of a [isetl coil s p r i ~ ~ g  that is lnollnteti to  t , l~e  end of tlic 
t,ranslator. wl~icli gel~cratc.s ;l11 ir~i~)ulsivc ac.c.elcr.ai,ion. :lftc~r it bo~rnces, tlie systrrn travctls 
upward and tiownwarcl ;rgai~i I)oforr I)our~cing ii secoriti time. 'I'lic hea.vy fluid is rnatlc visihlc 
by sceding it wii h a flnorrscerlt tlyc, ( I h ~ o r r s c e i ~ ~ )  and illun~ir~ating it ,  with a. slicct of laser light 
(argon iori) whir11 passes t l~ro~lgl i  tl~c- top of the corit,ainer. 'I'lie fluorescent dye is then vicwecl 
1,. a shl~i  tel-et1 ('(ID carnrra wl~icli is 111ountc~ti to  tht, ~no\ , i~ig conti~i~ier.  Thc \.idea o ~ ~ t p u t  f r o ~ r ~  
the carncra is digitizc,tl ancl st,ored l,?; a cornpllter systc.111 wit11 a frame gra1,l)er. 

3. Results 

F'igiirc 2 is ;l sccjlicllce of 1'1,11' i~~iagt,:: s1101vi11g tll(' (~voI~it,ioi~ of t 1 1 ~  iiista1,ility as \.irlwetl 
115. the \.icieo cauiera. E;I(.\I i ~ i ~ a g c  is i~ia l . l<c~t l  tvitli ;I Srii~irc i111111l)er (c\ac.li fral~ic. i~~crc~lirc~rit 
corresponds to a 1160s tililc i~icrerncrlt). Notc t , l~at this alitl tlic following srqnclic.os arc 1101, 

u~iiforriily spacc:cl i ~ i  liiiic. l.'ra111(. 0 ~vil:, 1alic.11 inin~c.tli;~tely I)c%forc tlic colltair~c>r coritac.ts tlic 
r 7 sjlril~g. 11111s; it rctpl.esellts 1 . 1 1 ~  i l i i t i ; i l  iiit.cr.S;ic.o >li;~pc.. 17ra11ics >--l0 sl>;trr the ~)er iod of frec 

fill1 1)c.ttveen tl~c, first two l ) o i ~ ~ ~ c c s ,  \vl i i l<? fra~irc>s 4 1  tvc,rc ti~Ii~'11 dnrir~g and after the second 
, , 1)ouiirc.. 111c ini1)11lsive ;rcccic~ri~tio~i i r r  t liose csl)c~rir~ie~its is tlirectrd from tlie 11eavicr fl~iitl i11t.o 

tllc lighter fluid, carisirlg t l ~ c  i~iit,ial pc'rt ~lrbatiorr to in\.c,rt I~eforc growing. Irn~ncdiately after 
ir~versiori, t 11c i~~stabilit?; rc>tair~s a si~irrsoidal sliapc. Ilo~vevrr. with t,i~uc. vorticcs I~egiri to  form 
at poir~ts ~ri id~vay I)ctwc~e~i thc crcsts arid t ro~ig l~s .  ~>rotiiicing tlic ~ r ~ u s h r o o ~ ~ i  pattern typical of 
the Rill ilistal)ilitj- of fl~iitls wit 11 sn~al l  or. ~iiocicr;~te densit,? diffefrrenccs. As tilnc fidvanccs. these, 

\~ort.ices grow i l l  s i ~ v  as thry roll tlic irit,('rf:~cr a r ~ l i ~ r ( l  llicir (.('111(,rs to  f o r ~ n  ;L spiral patt(,r11. 
Kote that,  cliar;~c.tc~ristic of t , l i (>  i i i s t i ~ l ~ i l i t ~  ~villi sllinll drrlsity tlifft,renccs, t l ~ e  intc3rf;ice s l i ;~p(~ 
retailis it,s tol)-to-hott.oni sy~i~rrrc~try wc.11 illto tlic~ ~ior~liiicar rrgirnc.. Tlie c.ontai11r.r bol~rlc.rs a 
seco~id tirr~r. a r ~ d  tlilis r ( ~ r ( ~ i v ( ~ s  a seco11(1 ;iccelcratio~l I)y,inning at a ~ ~ o i r i l  l~etwccli rralnes .l0 
aiitl 41. 111 frames 12 and .13, one (.all set, n tIrari~;~tir cl~arigc. in the irltcrfacial pa1,tcrn in wliich 



.:\S \v;ts I I I ( : I I ~  io~l(,(i ;\l)o\-(,. l l t ( 8  ljrrsc111 ~ I ~ I ) ; I I . ; I ~  11.5 /I;IS l I t ( %  ( . ; i l )~~l) i l i t~ .  of ~ ( C I I ( > I , : I ~ ~ I I ~  ; t r . I j i t r i~~.~ 
Iirtf,r:i/ t~11tIi ritol i o t~ .  'rlt(\ si~igl(!-~i~o(Ic 1jcrt 11r1,;1t iorr 111 iIizr(1 ~ I I  l / I ( ,  ( ~ s ] ) ( ~ I . ~ I I I ( ~ I ~ ~ Y  ~ l ( ~ , ~ ( . t ~ i l ) ( v /  ;tljo\.(, 
wiis gc~ltc~~.;rtc~tl ~ v i t l ~  it si~ttisoicl:~l oscillatiot~. Ilotvc~vc~r. tlic crlrrotrt, ~ystc~trr  Ll;\s 11t( .  (;~~,;rl>ilily of' 
gc~t(>rtr ti11g os(,i l l i ~ t  ory tiiol io t~  ol' i11.1)iI r ~ .  \v:iv~Sorti~: t I I I I ~  ir111It i-~tto(l(, I ) ( ? I , ~ , I I  I ~ I J ; I I , ~ O I I S  ;tr(, (%;r.,i 1.1 
acl~ic.\-al~le. 'I'll(% ;isj-~~iii~c.t,r.ic. tyl)r, of Sorc.itag ~rt.ili/c>d i l l  t11(~s(. c~xl)c~ri~ttc~rtls Iiliiils tit(, sl ir~tt l i~lg 
iviivo sol111 io115 to l ,ho~( ,  \\ , i t  1 1  ~7 +~ $ \ Y ~ I V ( ~ I C ~ I ~ ~ I  Its \vit l ~ i t t  Ilic cortt;tir~(~i~ ( \ v l ~ ( % t ~ ,  ,) = l .  L). :j. . . . ) .  
'Ilr~is. ~)crt,r~rlj:rl,ioi~ \vavc.fot.l~~s ;\I.() litt~itc,tl to c.ortilii~i;rtio~~s OS t l~cw. rttotlcs. I~'ig~il.o 3 is :I I'I,II.' 

sequcttw sliolvilrg tile r(~s111ts or c x l ~ ( ~ r i t t ~ ( ~ ~ ~ t  illit,ii~t(,d ~vitlt 21 c.onil~il~ittiolt o f l \vo  t ~ t o d ( ~ s .  orlc 

wit,lt l \v;t\.c~lor~gt 11s : I I I ( I  O I I (>  wit I t  L) i \vit\.(~I(~r~gtlrs. I"t.;~rile 0 wirs I akcr~ sligl~i,lj. l,(-forc t lie 
arc(:le:r:~tior~, ;XII(I 11111s sl~o\vs I,lrc i ~ ~ i t i ; i l  i ~ ~ t c r f : ~ ( . r  ~ l ~ a p ( x  co~-tsisti~ig OS t l ~ c  live i~~ i t i i i l  111o(1cs. 
Hrcausc. t l i t .  initial i~ i~ r l ) l i t l~ t l (~s  ;rrc, sntitll. the  1.n.o ~ ~ ~ o t l c s  c.vol\.c i~itic~~jc~ntlcrlt,Iy of r a c l ~  otlrcr 
early i n  their cvo111t i o t ~ .  1:11rt I t ~ r ~ ~ ~ o r c ,  t 110 111o(Ir \ \ - i t  11 tlac sl~ort,(lr \v;~vrl(,11gt11 gro\vs I Y I O ~ ~  1.apicI1y. 
Tlrcl-rfore, in franict l t,Iir i ~ l i t ~ j l i t  r ~ d r o f  l l i t '  slio~-t(\r \viiveIc~tgt 11 ~i i( j(Ir  I I ~ S  (I(:cr~:~sc(l t,o ~ ~ r a r l y  ~ ( ~ r o .  
sllowing clc.iirl?- hc 1o11gc.r \vavclc~~gl 11 r~~otlc.. :\ r1iol.t l i rr~e 1atc.1.. i11 framc 2. t . 1 1 ~  sllo1.1 \\~a\-elrrtgi 11 
mod(% Irns in\.c,rtc,d, wliil(% t,lt(, lo r lgc~ \v;~\.clc~~gllr  ~ i ~ o ( l ( ,  1t;is I I ~ \ \ .  tl(~c.rc~ascd i l l  n in l~l i t~i t lc~:  t l i~ i s  
tile s1iortc.r \\~nl-el(~~agtlt trlodc is (.1(,;11.ly slto\vir. l 1 1  fr;ilncs 5-40. t l ~ i s  rttr~lti-rnotl(~ irlstal~ility 
evolves, r,xlliljiti~tg t11e forll~at.ioli of ii rirorc corrtljlpx v o r l ( 1 ~  s t l . ~ ~ c t l ~ r ( >  ~ , I I ; I I I  tlliit oIjs(~rvc(l i l l  tlic 
singl(.-t11ot1c exl)c%ritr~c~r~ts. 

Figure 1 sllows tlrc rcsults l 'ron~ a ~ ~ o l l ~ c ' ~ .  r11111li-ntotlo vxl,c~~.in~c~iit. i l l  \vIiicli ;L c o r ~ ~ l j i t ~ a t i o ~ t  
of t,lle modcs wit11 1 alicl :I cvavc~l(~t~g~, l~s  is rlsc~l. ;\gi~itt. Sr;rincs 1 ;111tl 2 sllo~v isolatrtl vicws 
of cac.11 ~ t ~ o t l c :  alltl agai~a this ~ r~ t~ l t i -n to t l c~  ilist;lljiIity clrvcloljs illto a vorlcx pattc%rt~ t l ~ a t  is 
rrlore coit~pl(>x t1la11 its s i ~ ~ g l ~ - r n o ( l ( '  ~ o ~ l ~ ~ t ( ' r l j i i r t .  11o\v('v(~1.. t Iiis (.otl~ljiriatiotl of r r iod~s  (!c\-elo1)s 
into a l)attcxrli tl1;11 is r11uc.11 trrorcx si1nil;ir l,o 1 , l t ; r l  of t l ~ c .  sitigle-i~iotlc ittstai,ilit)- ill t,liat i t  is 
do~~iillat,c.cl I)?. t111.i.e lat.gc' L-or1icc.s. Not(.. also. l11;it i,ltc~sc, \.ort.ic.c's arc 1ltuc.11 I't~rtlicr. dc~\-elol)c~ti. 
i.e. tI~(.r(- art: Iilaliy Iltorcx coils i l l  t11(, fillal ri1111ti-tt~otlo ljatt(%t.t~s th i i l~  (xis1 ill 111(' s i ~ i ~ l e - i i ~ o ( I ( ~  
c~xpcr i l i i c~~~t s .  P l~ i s  is il ros1111 of t !I(% f;ic.t tltilt t l r c ,  I I I I I ~ ~  i-~tto(l(' i l l i t  i i i l  iltt(,t.fi~(.(~ slial)(% l j r o ( l i ~ ( . ( ~ ~  a 
rriorc c~ortcc~~ltratcd vorticit,y (list riliutiorl t I I ; I I I  t l o c ~  t \ I ( .  s i ~ t g l ( ~ - t ~ ~ o t l ( ~  intct.S;ic.o. I ' i t~~s ,  t,11(. vort ices 
f o r m  l-ttuc.11 111ore cjl~ic.lily t l iar~  in 111(. singl(,-~lrotlc c~xl)c~ri~rrrilts. 

Acknowledgement. Titis \vorIi \\,as s ~ ~ p l p o r t ~ ( I  1)y t , 1 1 ~  < ' c I I ~ ( ' ~  f o r  .;\(lvat~cc~l Fluid Ilyrt;~~nic.s Apljli- 
rat,iorts a t  tlic I.a\vt.c.~~cc IAirc,r~norc. Natiott;il [ . ;~l~ori~tory ancl I,!; N,\S!L's Microgr;i\rity S(,icitcc~ ;rnd 
Aljplicat,iolis I)i\,ision. 
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Figurc 3. i\ seqllrrlce of l'L11.' iniagos f'ronl ;I r l  r .u[) t~ri~r~c~r~t ,  initiatt~d wit11 a ln~~lti-rriode initial pertur- 
h a t i o ~ ~  consisting of a c.ornbination of the 1 $ w a ~ , i ~ l e ~ l g t l ~ s  a ~ l d  'L \v;~vrIrngths ~nodes .  



Figure 4.  A sequc,llcc of PI,Il? i ~ n a g r s  fro111 all c ~ s l ~ c ~ . i n ~ c ~ ~ ~ t  i ~ ~ i t i ; t t r d  with a 1n11lti-modc initial prrtul.. 
bation consisting of a conlbination of t,llc 1 4 w~ilvc~Icngt,lrs and 3 w a r r l ~ ~ n g t l l s  lnoclcs. 



On the Interest of the Using of the Hot Wire Technique 
as a Diagnostic Investigation for the Richtmyer-Meshkov 
Instability Study 

G. J o u r d a n ' ,  J.F. Debi&ve2 a n d  L. H o u a s l  
'IliS1'1, 1;mr 659.5 C'KRS, Ur~ivc~rsitc! de I'ro\rc!~~c.c>, 'I'c:c.litrol,?~lc dc Chitcall-C:o~nl)ert 
5 rue E~irico I"c,rnli, 1315.7 hlarseille cedex 19. France 

"IHPHE? 171111. 6594 (INRS, II~iivrrsiti. .\is-Marsc~ill(: I c:t I1 
12 axreimc <:Cni.ral Leclerc., 13003 Marseille, France 

A b s t r a c t :  I've ~)rt:sc:l~t cxperime~ltal i~lvcstigatio~is hasetl or1 thc: opportu~iity) or I I O ~ ,  to oxploit 
tlie hot wire diagnostic technique for the study of the Ricllt~liyer-Mesllliov instability intiuced 
turbulent mixing ill shock tube. This technique2 in comparison with other shock tube experi- 
rne~it. nietl~ods, ~)rcsrnts  some advantages. 

1. Aims 

For sc.veral ticcatlcs, turb~~le~~rt.-flow re sear cl^ has rcllirtl or1 t11( .  a~~e~riollic.t,ry to Ilic~asurct Iluc- 
t i~a t io~ls  owing to tlie t11rhule11c.c~. Howc~c.r: in al~l)licatio~ls to  co~npressible flows, tlie interpre- 
tation of i1.s rrsporlsp lias remained a su11,jcct of st.11dy ; t r i t l  controversy. Kc.searc11 a~~c~nor-rir~tor 
i ~ ~ s t r ~ i ~ ~ t c l i t a t i c m  call gc:~irr;rll 1~ classific~tl in t ~ v o  fimdamental cat.egories: 

tllc Laser Doppler Ar~entorrlcter (LIIA) [ l ]  

tlie thermal anemorneter ~~s i la l ly  rrf(,rred to as Hot. Wire !lncmomctcr (III&'ll) [2] 

Lf'e can not ice that such classical ane~notry method are not intensively l ~ s r t i  i r ~  st,utiy of the 
tlie Kiciitinycr-l\les11liov [S, 41 iiistability. Lye l)resei~t. Ilcrc, ~)rcliminarp rrs l~l ts  obtained from 
the hot wirc: diagliostic lecliniclile for the stndy of {,lie Hicht 111yc~r-h4cshkov irist ability i~iduced 
t ~ ~ r l ) l ~ l ( > ~ ~ t  mixing in shoclc t,l~bc. 

First,, it is necessary to draw 111) all over\:iew of the different diagnostic methods, applied 
to the shock i n d ~ ~ c c d  llydrodynamic in1,erfac.e irist.al)ility, with their characteristics. in order 
to better place the possibility of the ~ ~ s i r i g  of thc 1TW.A as a diagnostic irlvestigatioli for tlie 
Richtmyer-Meshliov irlstal~ility st.~~tiy. 

The fact t,llat IIWtl features sniall rneas~~rirlg volumcs and good frequer~cy response invites 
us t o  use it for cllaractcrization of t,11e passage, of t he shock induced turbulent. mix region. 

Howc\-er, the crric.ial probleln is to ol~servc. t 11(- mcchanical resista~ice of t,11' wirc sensors i r t  
the presence of ~ n e m h r a ~ i e  particles: which initially materializes thc gaseous interface, in shock 
t u l ~ c  e-sl)(~~.i~ncnts ;111tl 11orv c.ol~ld we detcct t l ~ e  i ~ ~ i s i ~ ~ g  ZOIIC du~. i~lg its passage al. t 1 1 ( ,  1)roI)ctl 
location. ils tlie t.1lrl111lc11t 111isi11g ZOIIC follo~vs the very I ~ i g l ~  gratiicnt correspo~idi~ig to t 11e sl~o(.li 
LZI~IYP ~)ass;~p,(~, ot11c:r prol)lcrns arcx tlie li t~~itatioli  inlposetl to tlic, sl~ock tube worltirig poit~t 1jy 
t11(~ r ~ l ( 3 c . t  1.o11ic. t l (~\- i ( . (~ of t 11e a t i c ~ ~ ~ ~ o r ~ ~ c t c ~ r .  t,lic. te1l11wr;it iirc. I)alid\vitlt l i  ;iiiei tl~c, st311sit ivitj. of' tl~c: 
\virv s(~11sors. 

- 
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2. Overview of shock tube diagnostic methods 

Up to this day, different types (qualitative and quantitative) of diagnostic techniques have 
bee11 tested in the dornain of Riclitn~yer-Meshkov instability induced turl~ulent ~nixing. The  
principal technique are: 

Vis~ralization methods like shadowgraph or schlieren [S], that both help for the u ~ ~ d e r -  
staridil~g of the physical phenomenon, arid give the thickness of tlie ~nixing zone which 
is one of thc most important paranleter as it is correlated to  the degree of generated 
turbulence. 

Techniques based on the  light source emission, diffusion or absorptior~ which allow the 
deterrrii~lation of quantitative pliysical para~neters as the density, temperature, concen- 
tration, velocity ... All these techniques have the advantage to  be  non intrusive. But 
l~sualy both their cost is very high, and their complex set-up reqllires some restrictive 
precautions. 

Each diagnostic  neth hod has its tecllnological characteristics, financial criterion, domain of 
validity, optimal conditions and requires generally specific test gases. In tliis way, we have tried 
to investigate tlie well linowli HW.4 technique hotli l~cca~lse  it is ship and simple to  set-up, 
arid also in order to prospect if it could be of soine intercst in our area brcause of its intrusive 
aspect. 

3. The HWA system 

Recent,ly, the application of HAW has expanded greatly due to  better equip~nent. Typical 
dimensions of the wire sensors are 5 pm in dia~neter  and 1 3  mm long. Hot wire sensor must 
have two characteristics to  make it a useful device: a Iligh tcniperature coefficient of resistance 
and an electrical resistance such that it can be easily hcated with an electrical current a t  
pratical voltage and current levels. The rnost common wire materials are turigsten, platinurn 
and platinum-iridium alloy. 

In successfully using an ancrnometer for a specific fluid rnecllanics measurement the selection 
of a scmsor is of primary importance. However, tliis sensor must he controlled with an electronic 
circuit and sonle l~asic  k~iowlcdge of its f i~nc t io~i  and opcratioii is important. It supplies a 
controlled amount of electrical current t o  heat thc  sensor and provides frequency compensation 
for tlie sensor. The constant current type of anemometer operates by taking the voltage signal 
caused by wire resistance changes and co~npensates for the frequericy lag with a non-linear 
amplifier. The constant temperature control system, while certainly not a recent innovation, 
has gained rapidly in acceptance during the last few years. It operates by utilizing a feedback 
controlled bridge circuit to  maintain tlie sensor a t  co~ls ta~ l t  temperature. 111 the  present work, 
the used HW.4 system and the data  acquisition were: 

Platiril~rn tungsten liot wires (2.5 pin and 5 p m  in diameter) 

Dantec (CT:I 90 C 10) constant-ternpcrature anemometer system (2 Disa sy~netr ic  bridges) 

Syst,e~n calibration and performance tcst on kriown Iiigh-speed flows 

1)ata accluisit ion: 1)igitizing oscilloscopr Tektronix TDS 400 

Data treatment: Personal Computer 



4. Results from HWA in Richt myer-Meshkov instability shock tube 
experiment S 

A study of feasibility has been realized i ~ i  order to test tlie mechanical resistanco of t.he wires 
sensors and t o  determine cornpa.til~le working points of tlie ITJSTI' shock tilbc (8.5 X 8.5 cm')  
witli the  hot-wire anemometer systern. The  aim of this prelirr~i~lary work is to prove thc 
possibility to obtain an experime~ltal qualitative sigrial, correct in first approximation. C:ive~i 
that the hot wire responds to  a cornhinaisori of velocity, tlensity arid temperature fluctuatio~ls. 
the signal deconvol~~tion seenis to  be not ohvio~rs. Tliell, for this first step study, IIO calil~ratior~ 
has 1)een n~atie. 

4.1. Mechanical resistance 

Platinum tungsten hot, wires (2.5 pin allcl 5 p m )  11aX.e been tested. Conccrr~ing their rne- 
chanical resistance, they adequately behave for initial pressures from 0.1 n t m  to 1 n t m ,  wllicli 
corresponds to  shock wave Mach numbers from 1.2 to 3. 111 tlie presence of a 1.5 p,n tliick mylar 
membrane, which materializes the initial irlterfacc, 1)c~t.weeri the two test gases, we Irave found 
the time life to  be three to four runs. In this way, the exploitation of the hot wire technique 
seems to be compatible witli the initial objective to study. 

4.2. Shock tube working point 

Several prel i~ni~lary runs wrrr undertake11 i11 a purr gas (air, .4r, CO2 ...) and for dif- 
ferent shock wave Mach numbers (frorn 1.2 to  3) i11 order to  drterrnine the best initial con- 
dition compatible with the anemometer working tcniperature range. I~ldeed, in the most of 
cases, electronic oscillatio~is due to  the high shock wave gradient, not adapted for the liot-wire 
constant-ternperature electronic device, pertrirb the HWA measureme~it ,~.  We co~lcluded that 
the temperature behind tlie shock wave must riot be too high so as to  keep the constant temper- 
ature system. So, in order to  conserve the advantages of the corlsta.nt-temperature anemolileter 
system, we have to limit the post-shock temperature. The stagr~atior~ temperature jump must 
not exceed 150" Ii behind the shock wave, which corresponds to a sliock wave Mach number of 
about 1.5. Also, in this case, the velocity is srnall e r~ougl~  to he compatible with the 1)aridwidth 
of the IIWA. The most diffic~llty is the choice of the operati~lg point of the feedback corltrollcd 
bridge circuit. 

4.3. Exploitation of the HWA 

In a second test series, good hot wire response signals were obtained for an il~citient shock 
wave Mach number of about 1.4 and a a i r l i l r  interface, materialized by a 1.5 pm tliick ~riylar 
membrane, with the atmospheric initial pressure and a co~ista~rt, t,ernperature electrorlic systel~l.  
Table 1 gives the thermodynamical pararl~etrrs for the preselit test. 

Table 1. Initial cor~ditions and tlrer~nodynamical pararnetcrs of the air/Ar experirner~t 

where P,, M,,,, p,,  p2, '4, .A', Ari and TA,. correspond to the initial pressure, the incident 



shock wave Mac11 number, the initial tierlsity of the gases 1 and 2 at rest, the prc-sllock Atwood 
number, the post-shock Atwood number, the velocity jump of t,he interface througl~ the irn1,ul- 
sive acceleration and the temperature of -47- bellind the  transmitted shock wave, respectively. 

The a i r l i l r  mixing zone was clearly observed (Fig. l ) and t.lle time passages coi~lcide with 
the Rankine-Hugoniot calculated (z, t )  diagram (Fig. 1). 

Figure 1. (z, t )  diagram of the air/Ar experiment induced hy a 1.4 incident strock wave Mach rrulnber. 

The hot wire breaks after three or four runs; I)i~t the mixing zone thickness can easily bc 
deduced from tho exl,erin~ent,a.l records. Figure 2 presents the response of the HWA in the case 
of a a i r l i l r  experiment i~iducetl by a 1.~4 i n c i d c ~ ~ t  shock wave Mach number. One can tliscern 
the transmitted sllock wave across the initial material interface, the reflected shock wave on 
the shock tube end-wall a11d the turbulent rnixirlg zone identified by a continuous variation of 
the signal. 

The nature of the HWA signal, here, is mainly a function of p X rL product, but also both of 
the temperature and Pra~id t l  number. In this way, t,he deconvolut~iv~l of the  signal in order t o  
separate eaclr variable seems to be difficult and the real interest of this single shipper diagr~ostic 
method is essentially tlie turbulent mixing zone t l e tec t io~~ witli its tllick~less estimation. It can 
be noted that  in the present case, the mixing zone thickness is about 30 mm. 

Moreover, this kind of "signature" call be exploited to  characterize the structure of the 
interface (i.e., tlistinguish different rrlixing packets) from a suit,able signal processing. 
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5 .  Discussion 

The IIWA t.ec11niquc has bee11 testcd to investigatc the Richt~~~yer-Meshltov induced mixil~g 
in shock tube expcri~ncllts. R r s ~ r l t , ~  sllo~v that. t.11e t ilrlc life of prol)cs is of aho i~ t  t11rco to four 
runs. and the Ilassage of t11(, r~iixing zont, has been s~~ccessfi~lly detected. 

b;vcr~ if 110 ~~~casurernent ,  aftcl the resllocli passage is ava.ilablcx becaust of the ir~trllsi\-c: r~ature 
of tllr present diag~~ost ic  rnet.hotl itself, we 1)c:lic.vc that 11ot.11 its low cost and its s i~nple sett i11g 
up,  adtlrd to the ~~oss i l~ i l i ty  to easily tletcrrnillc~ t l ~ c  t,llickl~ess of the mixing zollc ( i.e., in first. 
approximation, tlic Illearl vc,locity luultiplic~d 11y the tir~lo passage), arc of irlteresl i n  t11(, ficld 
of the Pllysics of (lornl)rcssihle Tlrrbi~lcnt A,lixing. 

Ftrrthermorc.. from I-TIVA sigrlal procr~ssillg, it calr l)(, I)ossiblc~ to estimate t,url>l~lcl~t scales 
a11d coill)lcd wit11 the 1,D.A ~nctllod [ l] ,  o r ~ c  can ohtail1 t l ~ c  Ic\rel of t rrrl>ulence from thc velocity 
and tlensity flrictuatior~ profiles ~ v i t . l ~ i ~ ~  tllc lnixing zone. 
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A b s t r a c t :  From differeiit, e x l ) e r i ~ ~ ~ r ~ ~ ~ t , a l  c.or~ditions carried out in a 8.5xS.5 ctn2 square cross 
sectional sIio(:li t u l ~ c  using a COz tridirectional laser ai~sorpt,ior~ tiiag~~ostic ~ i~e t , l~o t i .  a s in~pl r  
approacli to descril)c thc rniririg zone tliicknc~ss growl 11) n.itl~ t in~c., is proposetl. 

1. Introduction 

1Tp 1.0 [.his day, if the influerlcc. of t.11r prodlrct I:LAl-:l is an accepteti [act. t,wo laws of tlic i ,c~l~l)orai 
tt~ickrit-ss evolution 11avc. 1)cc-11 alread~.  sl~ggested. The first law is a lincar evolution with ti~nc, 
and the secor~ti is proportional to a I" polvrr law wlicrc: n<2 /3 .  Hocvever, t h e  inf111cncc of the 
wall b o ~ ~ n d a r y  layer in sl~ocli tube exl1eri11ient.s a i~t l  t,lle presence of a ruernhrarlc~ i l l  liorizontal 
sliock t i~hes,  or ir tiiffusion zone created after t 1 1 ~  retraction of a separati~ig platcx I~cforc tlic 
sho(;li wavc passage in verf,ical shock tubes, clid not pern~it  sircll a well-defined, self-sin~ilar law 
of tlic inixing zonc t,hickening. Here. wc. 1)roI)osc a strong assl~rrlptioii where the experiment a1 
conditions, as t,he cffccts of the iiic~nbranc. tlic sl~ocli rl~r:lnbranc interaction, the Kiclit~nycr- 
YIcsliltov grolvt 11 ancl the ljountiary 1aycr i~~tcract ion arcx s ~ ~ ~ ) p o s e d  to be lineirrly sul)crl)osal)lc. 

2. Experiments 

The diagr~ostic rnetliod pr i~~c ip lc  [ I ]  is I~aseti or1 t l ~ e  nleasurenle~~t  of the absorp t io~~ of a COz 
laser line hy the CO2 prcscnt i ~ i  the flow (n~ixing zones C'02/C02, C'02/lit, C'Oz/.4r anti 
COz/I<r.).  Tlie at)sorption coeffic.iei~t, at a dctcrmi~ietl frecll~cncy, a,,, depentis  or^ t , l ~ r .  temper- 
a1,11rc> 7' and the, ticx~lsity p of tlic a1)sorl)iiig ~liccliun~ (COz i r l  t , l i ( ~  present study). i.c,. ,  

If therrr~odyna~~lic  ecluilibriuln is assuinecl then h?; i1 sirnultaneo~~s r~~easr~rer r~cn t  with t,wo differ- 
ent rval~clengtlis, ul and u2, the prol~lern r e d ~ ~ c c s  to  t h r  solution of the followi~ig two erll~ations: 

~vliere t11t- ~ ~ i i l t r i o ~ v ~ ~ s  7' and /)(so2 are t l ~ e  lnfxan tc~111perat111.e and tleiisity ~)rofilcs of the  absorI)ir~g 
~rietiirl~n (CO2 in the present, case). Not(, that cr,,, ; r r ~ t l  o,,, wliic11 arc3 iricas~~red, are I ~ I I ~ ~ V I I .  \?.c 
lla\,e aI~l)licd tliis spectroscol)ic methoti for thickness a t ~ d  volu~ne tirt,c~r~ni~latiorls, l)?; consideriiig 
the part 10% - 90% of the r r s l~ l t i l~g  concerlt,ratio~~ profiles of <,'Oz. 
InsI~ireti 1)y tllr idea of  Wang [?l, suggt:sti~~g the ad(lit.i\-it). of the: ol~tical ~)at , l~s ,  and assurlli~~g 

klorc information - Email. jourdan~i~~sti.u!~i~-nl~s.fr 



Lhe mixing zone to be multidin~ensio~lal, i.e., lion llniform across the test section, tlie test, 
chamber cross section was concept~~al ly divided into nine identical square sub-regions, wherc 
in cacli one, thc mixing zone was considereti to b e  one-dimensional [S]. Theoretically, from two 
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Figurc 1. Expcrirnental principle 

runs for two diffcrcnt wavelengths, 1 ~ 1  and ~ 2 ,  one can detluce siniultaneous multi-profiles ' [ ; ( L ) ,  
p, ( t )  ant1 % ( C O z ) l ( l ) ,  where i rc1)resents the center, the wall or the corner. Howe\,cr, assuming 
a small variation of  temperature through thc probed region, a single wavcle~igth absorption 
cxperinicnt only is ~lreded.  Wlle11 this critcrium is satisfied, the tcchniquc described represents 
a considerahlc sirilplification ovcr the more gellerally required dual wavelength experiments 
[4]. Thrcc s im~~ltaneous absorption signals were dcconvoluted in order to  distinguish between 
thc contributions of the centcr, the wall ancl the corner sub-regions. Of course, the different 
tirne d ~ ~ r a t i o n s  of the mixirlg zone passage, and its velocity, wliicli was assumed to be constant 
bet,ween shoclts, allowed a strong estimation &its tllick~less ir l  the three characteristic regions 
of the shock tube. However, it was shown that tlic present method provided more accurate 
thickness ~neasurenlcnts, considering tlie part 10% - 90% of the resultant concentration profile 
within the mixing zonc it,self. In  addition, the simultarieous use of three detectors in one 
run enabled us to  obtain a three-di~ne~lsiarial visualization of the mixing zone shape and the 
estimation of its mcan total volu~ne: 

A simple approximation of the volume of the mixing zonc was calculated from: 

where a is the width of tlie square cross section (8.5 cm) and L, ( z  = center, wall, corner) are 
the thicknesses measured in the tlirec, different regions of the test sectiori. Dividing ~t by the 



area of the cross section, I,,,,1 which is the tl-iickl~css of a l D  mixing zone of the sarnc volume 
was obtained: 

140tol 1 
L",O1 = - = ~ I L c e n t , ,  +4I.,',ll + 4  L,,,.,,,] S ( 5 )  

The decision to use the total mixed volume (i.e., L,,,l) as t . 1 ~  lneasl~re of the Richtmyer-Meshkov 
growth, in the present work, is arbitrary but it seems to be a clevcr clioicc because this parameter 
includes the effects of all of the artifacts occi~ring in shock tube expcrimcnts. Indeed, we car1 
co~lsider that in the volume there may be beneficial caricellations (e.g., membrane effect, wall 
boundary layer perturbatio~i,  etc ...) wliich yield the hest overall measure of tlie n~ixing zone. 

2.1. Influence of the experimental configuration for .4 0 

Under ideal, i.e., membraneless conditions, in the absence of a post-sliock dcnsity rrlis~natcli 011 

the interface (Atwood rlurnbcr A. = 0 )  there sliould not he ally instability or lriixing hctween the 
two test gases. 111 order t o  uriderstand the case A -i 0, cxperimerits with t,he gas cor~lbinatio~i 
C 0 2 / C 0 2 ,  for the incident shock wave Mach numbers 2.4, 3.1 and 4.5 were cond~rcted. Tlie 
signature of a "~nixilig zone" (between two regions of CO2 which are at different thermodynamic 
states) with a measurable thickness was ohserved on the absorptiori profiles, which can be 
attrihuted solely by the influence of the experimental set-up. The figure 2 represents all example 

Figure 2. Example of an absorption signal obtained for the gas combination C02/C'02  showing the 
presence of a mixing zone, where the incident shock wave Mach number in COn is 3.1 

of such an absorption signal, obtairied in the ce~~t ,e r  of the shock tube cross section, a t  tlie 
location X = 55 cm, for a C 0 2 / C 0 2  case with a shock wave Mach number of 3.1. About 100 
ps after the passage of tlie transmitted shock wave, a decrease of the sig~lal corresponding to 
the passage of a "mixing zo~ie" is observed, brtween thc states C021(2 )  and C'O20(3). Tlie 
real origin of this phenomenon is the nature of the irlteraction between t,lle incident shock 
wave and the second membrane. The flow near the ~ncmbraric rupture point is much more 
complicated when the rupture is delayed and can vary greatly with increasing time delay as 
shown in figure 3. The consequence is that tlie COz on both sides of the membrane is, in 
fact, in different ther~nodynamic states after the shock passage, which creates a "mixing zone" 
between the states COz1(2)  and C 0 2 0 ( 3 ) ,  detectable by laser absorption. 
Considering the three test, conditions, C02/C!Oz for the incident shock wave Mach numbers 
2.4, 3.1 and 4.5, added to tlie exper ime~~ts  COz/ l i - r  with shock wave Mach numbers 2.4 and 
3.1, where the post-incident-shock ilt,wood ~ i r ~ m h e r  was very close to  zero, we have preseilted 



Figure 3. Scl~emati~ wave diagram of the e x p e ~ i ~ n ~ n t  shown in f ig~~re 2 when tlie serond mernb~anc 
rupture is delayed 

on figure 4 the evolution of L,,/ and L,,,,,,,., with time for the C'Oz/I<r and C 0 2 / C 0 2  cases, 
respectively. As can be seen, accouriting for the mean volume of the mixing zone cancellecl the 

Figure 4. Evolution of the mixing zone thickness with time for rxperirnents with jAl zz 0. The L,,, 
experimental points are fitted with linear and power laws 

scattered evoh~t~ion observed in the ccnterlinc. Then, only ,C,,/ experimental data  have been 
considered. 

3. Discussion 

All the experirnerital data  have bee11 fitted by a linear regrcssio~l as: 

with a l  = 10.42 and bl = 0.013, where LolLnea, and t are in rneter and second, respecti\,ely. In 
order to compare the present work with the rmpiricdl law given by Zaytsev [5]: 

with a = 0.02 and b = 0.07 for the incident phase ( A  < 0), where L and AU arc in meter and 
m S - ' ,  respectively, we have done the  following substitutions. If A = 0, the previous equatiori 



After integration we 01jtdi11: 
L = nAill:t + const (9) 

For A = Otlie Zityt.se\~ c.rnpirica1 relatiorl suggests the presence of ;L "lninimuln m i x i ~ ~ g "  zone. 
1,et 11s change the rorrn of I,o,,,,p,,, with as m tllr arit,limctic average of tl~c. tlifff;rc~~~t mixing 
zone velocity j111nps witli a11 Atwoocl n1111ihcr close to zrro. For = ,510 771 S - ' .  \u<, folr~~ti:  

witli a2 = 0.02 and bl = 0.013. As call Itc seen. tlle \ d u e  of ( l 2  is close to Zaytseir's co~istar~t  
a.  The fr~nction L" corres1)orlds to  t l ~ e  'Liiiinirnu~r~ rrlixing zone" tliicltness i~~tll~c.etl  t)y the 
experi~nental set-up when tlie Atwood ~~urr iher  is closcx to zero. It shol~ld he ~ ~ o t e d  that different 
functions of L0 are appropriate to tiiffcrcnt experi~ne~ltal  setbl~ps. 
Considering I.O,t,,eaT as a limit, f~~nc t ion  of our Iiiclltrnyc~r-hl(~shkov shock t.111je (.xpr~~.irnr~~~ts for 
.4 = 0, we 11avc fit,ted all t11(% ot.11cr cx~)crin~ental  dat.;~, wit11 ~ l t ~ v o o d  numlxr .;l # 0. 1)y t I I ~  
function: 

Thc res111ts are slloivn in figure 5. 1.T11fort I I I I ~ ~  cl!.. tlic non co11st;tllt \alue of I; ( E  [0.035; 0.0!15]) 

Figure 5. Evolutior~ of [,he rr~ising zone thicli~~ess wit11 ti111e for diffc.rc!r~t / A  ACil. l'hc experilncntal 
points arc fit.t,ed hy L = L. , L , , c < , F  + 1;1 .-l ACJj t 

is strorlgly correlated ivith a t,crm, wllirl~ c.orrcs~joncls to the loss of t l ~ r .  mixing t,owards t l ~ e  wall 
of tl ir  shock tulle d11e to tlie prc~scncc of tlie bo111ldary Ii~ycr. In surriary, t11c tilnc. evolution of 
the th ick~~ess  of the nlixir~g zone could be expressed as: 

With tallis form, t,lic first terrri depends on tlie iiiteraction nature of tlie shock wave with tlie 
rnernbrane which initially sc:parates the  two gases, 1j11t not, on tllc -Atwood number. Tllc sec- 
orid ter~rl  can be corlsidcred as t . l r c x  part of tlr(. rllisirig induced by tlle rne~nl )~ .a~~r t  l~articles arid 
d e p e n d i ~ ~ g  or1 the rnc~nhrar~c rllaterial proljcrties. Tlie t.liirti tcrnl rel)rc~scr~ts t l ~ c  growth of the, 

mixing zorte depentlir~g 011 all t ,11(~ f u ~ ~ c l a ~ ~ ~ c , ~ ~ t a l  ~)ara~netc.rs: t,lic ;Itn~ootl r~uinbcr. t.he velocity 
jump of tlic interface a ~ l d  tlic tir~ie. 'I'l1(. fol~rlli tt,rlr~ l,,$, corrc.sl)ollds to l h c ,  loss of the mix- 
ing towards tlie wall o f  the ~llocli tuLe due. lo t , 1 1 ( ~  presence o f  tllc bou~~tiary layer ancl is i r ~  



conlpetitioii with tlie third one. l'hr cxamplrt, will be high for I~otli high ~liocli wave Mach 
m~rnbcr  allcl low pressure cxperirnental c:onditior~s, anti low for both weak shock waves and high 
pressures. 

4. Conclusion 

A silriulta~ieous three-directional laser diag~lostic techir iq~~e was developed for thickness and 
volurrie deter~ninations of a gaseous mixing zone originated frotn the Richtmyer-Llesltkol insta- ' 

I~ility in a squarc sl~ock tube. It was slio~vl~ tliat, cverr if the initial Atwoocl ilurnber was equal to  
zero, i l l ?  initial c~xperimerrt.al slioclt t11l)c config~~ratioii, a11t1 ~)artici~larly tlie ~iierrihra~lc, always 
irlduccd a "mixing zone" between the two gases. 'rlris "me~nhrane minimum mixing tliicliness" 
resulted from the delay in tlie irileraction of the incident sliock wave and tlie membrane and 
depended essentially on the velocity j ~ ~ r n p  of the interface. rZ strong assu1nptio11 where the 
exl)eri~nenta.l condit,ions> as f,lle effects of the membra.11e. the shock membrane interaction, the 
Riclitlnyer-R~lcsl~ltov growt,h and the bourldary layer interactiori arc supposed to be linearly 
s ~ ~ ~ e r p o s a b l e ,  11as been proposed. As t l ~ e  effects of thc rnembrarle, the shock membrane inter- 
actio~i.  thc R.icht1nyc.r-Mesl~kov growt,h and tlie boii~idary layer interaction were s ~ ~ p p o s e d  to 
he linearly s~iperposable, this strong assurription would probably produce res~ilts comparable 
only ~rrlder conditions identical to the present experiments. IIowever, it woultP 1)e interesting 
to corlsitler this type of approach in fiirtlier works. Co~isidrring the growth time evolutioll of 
the mixing zone, and eve11 if t,hc present. diagnostic tecll~iiquc crrablecl us to reduce the uncer- 
t,ainty on the part of the ~ n i s i ~ r g  lost i.owards i,he walls, tllc i~~rasurcr i ie~l t  of i.he meall v o l i ~ i ~ ~ e ,  
inst,eitd of tlir. t hick~iess of llic n~ixiiig zor~e at t11r ~hocl i  t1111e ccl~tor, lias ]lot clearly favoured 
the liyl~otliesis of a linear ticpeiitlcllce olr t . i ~ l i c x  inst,eatl of a power law. 
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Abstract: Experiments were tlor~o to shock co~ill~ress and acce1crat.e copper foils at, peak pres- 
sures of -3 Mbar above and 1)elow the ~ n c l t  tetriperat~lre to stutly the  effect,^ of material 
s t rcngt l~ 011 hydrodynarr~ic iristahilities. Ari x-ray drive generated in a holilrau~n target was 
used t,o generate the sl~ocli wave profiles. The growth of a preimposed perturbatiol~ at  an 
embedded interface is tliagnosed by x-ray radiograplly. Results ol~taincd using a high contrast 
shaped laser pulse show that  tile growth of tlie modulation is tielayed compared to fluid silnula- 
tions, which could I)e due to  material strength stabilizat,ion. In co~ltrast.  wllerl a copper foil is 
placed above the melt t,ernperaturc at, >3 Mhar wit11 a single shock, it lnelts upon cornpression 
and tlie r l~o t lu la t io~~ growtll is consistent wit,ll fluid  nodc cling. Exprri~nental results f r o ~ n  copper 
sllocked to 3 Mhar both below and above the 111elt te~nperatllre are presented ant1 conlparcd 
with si~nult~tioil. 

1. Introduction 

In a classical fluid model, when a light fl~lid accelerates a heavier fluid, the interface is Kayleigh- 
Taylor unstal~le. As a result, nlodulations at  t,he ~ ~ n s t a h l c  interface will grow. UTe show the 
growth is ~nodifietl 11y ~natcrial strength in the solid state. 

We are coriducting hydrodynamic iristahility c x p e r i ~ i ~ e ~ l t s  using the Xova laser [l] to study 
the effect of material strengt,ll 011 shock c.o~npressed n ~ r t a l  foils. T11i11 C11 foils are shock com- 
pressed with an x-ray drive irlcidel~t on a 11romi1iat.ed plastic ablator to  a peak pressure of about 
3 hfbar. Using a high contrast (l:%) shaped laser pulse, the foils remain solid, and the  lna- 
terial strength appears to red~lcc t , l~e growth of tlir Rayleigli-'lbylor unstable  reim impose cl Inass 
~nodulation. I3y co~itrast,  thin ( lu  foils corl~~)ressed with a single strong shock ~ n e l t  prornptly 
under compressio~~, and show growth a t  the ir~terface co~~sisterit  with fluid modeling. 

111 this paper, we dcscril~e the Nova experiments ar~ti target design that allows us t,o sliock 
cornpress CLI foils to  3 Ml~ar ,  while ~nai~~ti t i r i ing a solitl state. We present details of the x- 
ray drive diaracterization~ and results of tile il~stability growtl~ measurements of the ~hoc l i  
coml)ressed foils. Compar i so~~ wit.11 modelilig shows that the measured growt,li is delayed rclat,ive 
to si~nulation, ex7en wllerl lriaterial strength is includetl in the si~nulation. This may 11e the result 
of a strain-ratr de1,c11dcr1cf~ for the yield strength [2]. 'I'llis is approxinlated in the numerical 
sirriulations 11y scaling the yield ~t,rcngt,h il l  tlie standard Steinberg-Gl~ina~i [3] model. 

2. Experimental details 

We create an x-ray drive i~lside a cylindrical gold hohlralnn usirlg eight heallls of the Nova laser. 
The beams are focused onto the i r ~ ~ ~ e r  wall of the 1lohlral1111 through laser entrance holes, as 
shown in Fig. la .  '1'11e foil package consists of a 11ro111i11at.ed plastic ablator arid a Cu  foil payload 

More ~nformat~otl - Email kalar~tarl(L\llnl go\ 



~no~~ritc:ti ovcr a hole i r ~  tlicx sidc of tlic Ilolil~~aum. 'I'lie I~lasi.ic aljlator is 22 p111 thick CH 1vii.11 
3% atomic fraction brornine dopant. The  l ~ a ~ ~ l o a d  foil is 15 ,urn thick. T l ~ e  X-rav tirivr al~lates 
!.he I~ro~ninatetl  plastic, launclring a sc,cluence of slrocks into tlir ~ n c t a l  foil: corr~prcssi~ig and 
acccleratirig it away from t.he I~olilrau~n. We diagnose t l ~ o  growill of t11t ~ n ~ s t a h l e  e~ilbedtled 

\ x-ray heated cavtv 

Nova backllghter beam 
, , , , y te rmkh~e~d 

Nova drive beam 
laser heated 

\- - - - - =  - 

laser entrance hole 

/ 1- 
x-ray drive 

CH(&), Cu package 50 pm wavelength 

Figure 1. a) Sche~nat,ic showing the int,c.rnally shielded hohlraum alld target geolnctry for X-ray 
backlighting. Fare-on radiography is done with the I~ackliglit,er a s  sl~ow, side-on radiography is  dorle 
with t h e  backlighter placed behind the target in t,his view. h) Sa~nplc face-on x-ray radiographs shown 
as modulation in optical depth. 

i~itrrface by x-ray radiography using a Iitrgt a rm (0.7 m111) 1)acltliglitor generated with two 
additional Nova bearns aligned to a separate I~acklighter foil [4]. A 2-3 n s  sqllare laser pulse 
shape was used for these beams, and thcy were delayed up to 12 ns to record a time-sequence 
of ratliographs ovcr several Nova shot,s. X-ray pinllolc images s11c11 as tlrosc shown in Fig. 111 
were rccorded with a gated x-ray fra~llilig callicra [S]. 

In order to  shock coInljress the C'II foil to  a peak pressure of about 3 bl l~ar ,  whilc lliai~itairiing 
i t  in tlie solitl state, we use a lligh contrast slial~rtl litser ~)ulso allti an intornally sl~ieldcd 
liohlraurn. The laser p~l lsc  shape is designed to generate an x-ray tirivc teli~peraturc that  
launches a s e q ~ ~ e ~ l c e  of staged shocks into the package. 'I'lre 0.51 pln laser pulse si.arts with a 
low in ten~i t~y  foot that dclivers 0.4 TIY (total for 8 /)earns) for 2 ns, before ramping up  t o  a 
peak power of 10 '1'I,V. Thc ox-erall 111~lsc length is 6.5 11s. ar~tl the total energy deliveretl into 
the liohlraum is about 22 1i.1 at  0.53 p m  laser wavelength. The lrigh contrast pulse shape is 
show11 in Fig. 2a, overlaid ~vitll  the measured x-ray drive tempera.ture, which is described in t.he 
next sectiori helow. The "scale-2" Iiohlrauni is 3.4.1 m111 i r l  diameter, and 5.75 mm long, sho~vn 
in Fig. la .  Tlre laser entrance holes arc 1.2 mm in dianic~t,er, and the holes i11 the illternal 
shields are 1.6 m m  in diarncter. Tlic lascr l~earns generate an x-ray radiation c ~ ~ v i r o ~ i m e n t  ilr 

the two laser heated cavitios of tlle target. Re- c ~ n i t t ~ r d  x-rays heat i,liat pass through the holes 
in the i~iterrial stiields heat tllc central (x-ray 1lt.atcd) cavity and launch a sccjuerice of s h ~ j c l i ~  
into the, package. The inl.ernal shields are ~,ositiolled so that tlic An  M-hand x-ray e~nissior~ 
frorn tlie lascr spots inside thc lascr Ireai,ed cavities do not prehcat, the package. \tTitliout thc 
i~iternal shieltii~ig, t11c 2-1 lie\' A u  M-bancl cn~issio~l fro111 the laser ~ ~ l a s ~ n a s  would 1,e ahsorhrd 
by tlic full volu~ne of the package, potentially causir~g tlic foil to ~ n c l t  arid decompress. Wit11 
the i~ltcrrial shicltling, the x-rays incitient on tlic, ablator are generated by re-emission from tlle 
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Figure 2. Laser pulse slrapc and x-ray drive trrnperaturc nleasurernents for a) tllc low isentrope drivc, 
and b) the square pulse drive. Thc. open circles show ~neasurcments of x-ray drive ~ls ir~g the allsolrrte 
sensitivity of individual Dante diodes. 

regions of the wall that are not directly illuriiiriated by tlie laser bearns. 'l'lie spectru~n of these 
x-rays is nearly Planckian witliout a significant M-band coniponent. 

For comparison, we also shock compress a Cu sanlple to  -4 Mbar with a single shock. This 
is well above the 2.2 Mbar IIugoriiot nielt point for Cu [G] implying that the Cu melts promptly. 
Here, we use a "scale-3" liolllraum tliat is 4.8 lnni in diameter and 8.0 m m  long witllout internal 
shielding. A 5 11s square laser pulse (Fig. 2b) is 11setl a t  a power of -4 T W  at  0.35 p m  laser 
wavelengtli. T l ~ e  x-ray drive from this target is also sl~own 011 the figure [7]. 

3. X-ray drive measurement 

The x-ray drive inside t,he liolllraum was rneasurcd with the Dante [S] diagnostic, a filtered 
array of absolutely calibrated x-ray diodes tliat, view tlie in~ier  wall of the holilranrn t.1rrough a 
beryllium-lined diagnostic hole. R)r the case of the high contrast shaped laser pulse, tlie lowest 
energy channels of the Ilante (sensitive to  -50 eV photons) detected signals starting at  aljout 
1.0 ns. The absolute signal levels fro111 1-2 diodes were best fit to a Planckia~l spectrum, wllich 
started at  about 15 eV and rose to  30 eV at 3 11s. Above 40 CV, enough cliari~lels recorded 
signals tliat a spectral u~~fo l t i  could be perfonnrd, relaxii~g tlie Planckian shape requirement. 
, > I he radiation te~nperaturc rose from 40 eV at 3 ns t o  90 cV at  the clid of the laser pulse at  6.5 
ns. 

For the case of the large lrohlraum using a square laser pulse! shape, the Dante measurement 
showed an x-ray drive te~nperature starting at  abo11t 60 eV, ra.mping up to about 100 cV at, 
the end of the 5 ns laser pulse. 

The m e a s ~ ~ r e d  drive tc~nperature for each target is sliowri overlaid with the laser pulse shapes 
i r ~  Fig. 2. Note t.hat this measl~retl drive is tllc re- e~nission from tlic wall of t l ~ c :  Ilohlra~~rn. 
The package experirnces thc x-ray drive t1ia.t is ir~cider~t on tlie wall, which is related to  tlie 
measured drive by the albedo of  tlie wall [!l]. \V<: calculated the albedo correction llsir~g tlie 
LASNEX [l01 coniputer code. 6Ve assulrie tliat the drive temperature ramps up linearly from 
zero to  15 eV at  1 ns, and we impose a lower limit of 0.1 for tlie albcdo a t  early time. 

We used l-D LASNF:X to model to  the CII as a function of time. Comparing the temperature 
at tlie ernbedded interface wlt11 the melt t e ~ n ~ ~ e r a t u r e  calculated by thc Li~ ide~nann  law [3] (Fig. 



3a) suggests that foil remains solitl thror~gl~or~i.  t,he expcl.irnrl~i. wit.11 tl~c, low iserltropc drive. 
The clrive laln~ches a secjuence of slloclts into the foil that. start at ;111ol1t O:1 Llbar, ranlp "1) 
and peak a t  3 Mbar. The peak nlatcrial te~nperature from tl~c! simm~latioris is about 0.2 (:V, 
comparc.ti to  the predicted lnelt t,emperat.llrc of -0.5 CV. The telnpcrature at  the interfacc latc 
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Figure 3. Temperature of the C11 at the embedded interface as a function of time f o ~  a) the low 
is~ntropc drive, and b) the square pulse drive. T l ~ c  Lindemann law melt curves dre also shown. 

in time is sensitive t o  the strength of tlie first shock. This in turn is sensitive to  the actual foot 
temperature in the l~ohlraum. If the foot temperature is too low, tl~erl the second shock inay 
overtake thc first shock before it reaches the ablator/(l'i~ interface: and t,lle foil is shocked t o  a 
higher adiabat, whicli means it may melt a t  late time when the material tt,mperature crosses 
the L i ~ t d e n ~ a n r ~  melt cilrlrc. 

Mie n~easured the trajectory of diffcrerlt thicliness foils hy using a side-on radiography tech- 
nique in order to verify the foot ancl peak drivc that  is irlcidc~~t on lhe  package in this experiment. 
We ~ n o u ~ l t e d  a no111ina1 pacliage consisting of 22 pin ablittor with a 13 p m  Cu foil on the sidc 
of the h o h l r a ~ ~ m ,  and used a high ~nagrlification x-ray streaked inlager t o  resolve the  motion 
of the rear surface of the foil to  cllaracterize the peak drive. M.'e repeated this with a 10 p m  
bronli~lated plastic ahlator with a 3 p m  (*l) Cu foil to  study the drive in the  foot of the laser 
pulse. 

The initial breskout from the thin package is sensitive to tlie foot drive temperature, and 
the o\rerall foil acceleration is sensitive to  the peak drivc. 

The trajectories for both thick anrl thin targets are sliown in Fig. 4 ,  overlaid with simll- 
lations. We reduced tlie all~edo corrected drive in the peal< hy 7% t o  match the overall foil 
trajectory (Fig. 4a). This may ilidicate uncertainties in the opacities of the plastic ahlator a t  
such a low tirive temperature, which affects the overall acceleration of the foil. The corribi~~atioll 
of tlie measurements wit11 differe~~t  foil t,liicknesses constrair~s the drivc. For the case of the 
square laser pulse, the x-ray drive sliocks the copper foil above the single shock melt pressure 
of 2.2 Mhar. This inclts the foil at tl~ct interface, wherein t l ~ c  interface evolves as a fluid. The 
simulated rnaterial temperature is > l  CV, at  a pressure of about 4 Mbar, as shown in Fig. 3b. 

4. Instability growth experiments 

Sinusoidal modulations were machined ill the Cu foils with amplitudes of 1.0-2.5 pm,  and 
wavelengths of 20-50 ~ I Y I .  We ~)resse(l 22 ,urn of CH(13r) ablator onto the modulated foils, and 
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Figure 4. Side-on trajectories of a) a 22 pin CH(Rr) al~lator and a 13 pln Cu foil, and b) 10 p m  
CH(Rr) al~iator and a 3 CII foil. Note that the uncertainty in foil thickness was about 1 pm. 

the11 ~nou~i te t i  t,lleln onto tlie side of the  Ilolilr;tl~rn. We nscd x-ray radiography to measure tlle 
mass modulatioii as a function of t i~ i le  wit11 all Fe 11ac:kliglrt.c~ foil, wliicli provided images of 
optical tlepth contrast to the 6.7 kcV l~ackligllter x-rays. \,We recorded backlit irnagcs such as 
those shown earlier in Fig. 111. 

Fonrier analysis was used to cxtract tlic, niodl~latiori amplitude at, each tirrie. We lneasuretl 
the initial C u  foil coritrast 011 a separate Nova shot a t  the hacliligllter energy of 6.7 keV. The 
Fourier a~nplit,udc of the 50 pm wavelength modulat,ion r~or~nalized to the initial contrast is 
plotted in Fig. 5a for tlie cases of CLI witli tlie sliapcd low iseritrope drive, and in Fig. 51, for 
the case o f  tho single strong shock using a syuarc laser pulse. Overlaid on Fig. 5a, we have 
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Figurc 5. Instability growth factors as a function of time for a 50 p m  wavelength modulation at tlie 
embedded plastic/Cu interface for the cases of a) the low isentrope drive, and b) tlie square pulse 
drive. Sirnulations for an initial 5 p m  peak-valley are sliown in Fig. 5a, and silnulations for 110th 2 
pm and 5 pm arc, shown in Fig. 511. 

plotted the growth of the i~ist,ahility due to  the low isentrope shaped drive rnodeled for the 50 
pm wavclengtli in three different ways: using a fluid model (LASNEX with no nlaterial stre~igtli 
incliided) including a material strength pacliage in LIZSXEX as tlescribcd by Steinberg et nl, 
and by artificially enhancing the material yield strer~gtll by a factor of 30. 'The fluid simulations 
done for tlie 5 11s square lascr drive are show11 in Fig. 5b. 
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biillcn Cu is shock cornpressed by the low isentrope drive, the iristahility growth is reduced 
relative t o  the fluid calc~ilatiorl. In c o ~ ~ t r a s t ,  the i~istability growtli (with 110 rnaterial strength 
included) is in agreement with the fluid modeling when the sa~nple  is cornpressed with a sirlglc 
strong shock. 

Incorporating the  material strength model described by Steinberg et  a1 into the 1,ASNEX 
sirnulations results in an instability growtli history that is not very different than the fluid case. 
Enhancing the yield strength 11y 30 X )  however, leads to  a reduced growth, in better agreement 
n~i th the data. Note that artificially scaling the  yield stre~igtll in this way niay be a crude 
a ~ ~ ~ x o x i m a t i o n  to a strairi-rate depende~lce of the yield strength [2]. 

5. Summary 

We have rneasured tlie growtli of a Rayleigli-'I'aylor unstable interface to  demorlstrate material 
strength effects in a shocked ~ n c t a l  foil. An x-ray drive was used to shock compress and 
accelerate Cu foils a t  about 3 Mhar. The reducetl growth of an ernbedded modulated interface 
relative to fluid simulatioxls may clue to  ~nater ial  strength. Enhancing the yicltl strength for 
copper by a factor of 30 ilr the Stci111,crg-Guinari nlotiel sllows a si~nilar effect. 
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National Laboratory under contract No. IY-7405-ENG-48. 
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On the Gas-Liquid Interface Shape Effects on Turbulent 
Mixing 

M.D. Kamchibekov, E.E. Meshkov, N.V. Nevmerzhitsky and E.A. Sotskov 
Russian Federal Nuclear Centre - Institute of Experimental Physics 
Prospect Mira 37, 607190, Sarov, Nizhny Novgorod Region, Russia 

Abstract: The paper summarizes expcrirne~ital s t~~t i i es  of turbulent mixing develop~l~elit  a t  an 
unstable surface of the pressurized gas-driven liclllid layer. The la.yer had bee11 made o f  a jelly 
of water-solved gelatin, so it would hehave like liquid even at smaller pressures ( - 1 0  clim). 
The studies considered plane versus cylindrical cases. Each of the three cases in question: (a) 
cylindrical shell expansion, (b) plane case, (c) cyli~idrical shell convergence-show the t u r h ~ ~ l e n t  
mixing zone (TMZ) t o  have different development. The zo11e growth rate would bc i~~creasing 
from (U) to  (c) case. To acco1111t for this T1ZI.Z bchavior, a ~mmerical model is proposed which 
represents in general the T!1IZ front developnie~it in a plarie geometry. 

1. Introduction 

When a liquid-liquid interface is moving with arl acceleratior~ directed normally to it from the 
lighter to  heavier liquid, it will show instability (RT-instability) [ l ,  21. Given initial pertur- 
bations evolving at  this interface, this would develop into a turbulent mixing zone [3]. Some 
experiments [4, 5 ,  6, 7, 81 were acconiplisl~ed t o  look at  liow the TMZ develops at  the unstable 
gas-liquid interface in a plane case. Give11 constant acceleration g, the T M Z  is moving into the 
liquid as f ~ ~ a . 4 ~ t ~ .  Experimentally [4, 5, 61, a=0.05-0.07. From data  of 17, S], this value Inay 
vary between 0.06-0.12 due to wave processes. Jelly tec1111ique [g] is what allows flows such as 
this to  be investigated not only for planc but also cylirldrical case [10]. This technique is based 
011 the idea that jelly of water-solved gelatin, its concentration C< 4.4%, can be used for a 
liquid (cylindrical shell) model. When this model is driven by conlpressed gasdynamic a t  about, 
8-10 atm of pressure, the jelly would show hchavior similar 1.0 that of ilicompressible liquid. 
Numerical studies were on the instability development in a plane geometry using thc 
model [12, 131 assuming that the T.VlZ in this case will have its linear measures dependent on 
one and the same quantity, i.c t8he average wa\~elengtl~ ( X )  that varies in time as ( X )  - gt2  and 
is independent of the initial spectrum. ( lolnpariso~~ front evolution predictions by the modcl 
[12, 131 against experi~nental data  arid numerical ThfZ s i m ~ ~ l a t i o ~ i  for an arbitrary complex 
initial spectrum [l21 has sl~owri reaso~~ahle agreement. 

2. Experimental techniques 

The followi~ig procedure was used to accelerate plane jelly layers wit11 colnpressed gasdynamic: 
there were two cornpartment,s one each on both sides of the jelly layer placed i r i  a tightly sealed 
acceleration channel of 40x40 c111 sectional area, which had been filled with equally pressurized 
gasdynamic (helium). The layer thickness was 28 mm,  cvitli the gasdynamic pressure being 
initially P E l 7  ntm. Then, the channel was dispressurized rapidly on its one end, so that 
the gasdynamic from under the layer would flow out to  the atmosphere, and the gasclyr~amic 
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Ixesqure aljoi-e the ia>.er tlins ~ n a d e  the latter accelel-ate \;erticall>. (Ion-n\i.;lrtls. .A- i t  w,ts 
acccleratirlg, tlie layer would have its lower interface stable, anti tlrc uppr,r-unstal~le. (Tire 
esperinirrital grometr) is Inore detailed in [ 7 ] ) .  (lonvergence of the c>-li~idrical ,jrll>. sliell \vas 
pro!-ided 1))- prcssurircti h e l i ~ ~ ~ n  usi~ig an expcrimer~tal se1,11p as s l io~vi~ in Fig.1. I lie ~l ie l l  11dd 
lieen placeti in  1,etrvrerl two trallsparent plarie plates supported by t l ~ e  setup franc.  The .-I 

Figure 1. Scl~ernatic of experimental setup for cylindrical shell corlvergence 

Figiire 2.  Schematic of experirnental setup for cylindrical shell di\-ergence 

and H compartlrierits of the ~ . u ~ ~ e r i m e n t a l  s e t ~ ~ p  were fillet1 witli equall!. prcssi~rized ga.;. IVhen 
the membrane got troken. the, gasdyria~llic from t , l~e space B would flow througli the Ijressu1.r 
relief line 0111 to the atii~ospI!erc, and tlie gasdyna~nic of A conlpart~ileiit n-o11lt1 force the sliell 
to accelerate tolvardi the center. So: it was the outer sliell boulldar!- slio~villg i~istaljilit~.. 
Geometrically. the shell had outer radius of R r 70 mm, inner radius of i, 2 .58 niln. height 
of 6 g 16 inm. anti initial gaidyriamic pressilre of P g 18 ntm. Dix-ergrncc of tlicl cyliildrical 
j e l l  sliell was pro\.itled by explosion lxotlucts (EP) pressure of the mist lire c2H2+l).j02 usiiig 
the esperiinr~ital setup illustrated by Fig.2. Sarne as in tlie former case, the sliell n.as placeii 
I~etween two transpare~it and plane plates tightly secured one relati1.e to aliotlier. Both tlie 
inner shell a ~ i d  cliamber spaces had been filled with gaseous exp1osi1.e inixture (GE.\I j .  The 
mixture bvas detonated fro111 tlie electric spark gap. The EP pressure nlade the shell accelerate 
cxpantiing out to tlie at~nosljhere, witli the sliell other surface being t11~1s stable and tlie i111ier 
u~istable. Geornrtricall>.. the sliell liad R Z 39 m ?  I .  g 18 mni, h g 30 mm. and the eciuilil)rium 
EP pressure estimated caser all P = 13.5 atm. 'I'lie above - ~nentioneci case.: all 1ral.e plane 
l q e r ~  and c?-lindrical sliells rnade of jellies ilsi~ig gelatin solved in water at t!~e co~ice~ltrat ior~ 



of C E 3.6%. 'I'llis jelly has co~nprcssion strength below 0.1 kg/cm2 [10]. Tllc inodels liad 
small-scaling perturhations specified as tetrallcdral pyramids (of the amplitude 0, S 0.15 lnln 
and wavelength A, 2 0.5 mm) on their unstable surface. These perturbations growing with 

Figure 3. Turbuleirt mixing developmeilt at the unstable interface of U )  plane layer, b) convergent 
cylindrical shell, c)  diverging cylindrical shcll-axially p~.oject.ed~ ( l )  diverging cylindrical shell- frontally 
(see Fig.2). Notation: .J - layer (sl~ell) of j(:lly: EP - exljlosion products; Jlr - prcssrrrizrd Ileliuln; 
T.MZ - turhl~lrnt ~nixing zone; P - ~~lywood: C' - I>ressure relief; g - shell acceleratio~~ direction. Tirnc 
since initial inotiorr of layer (shell) 

the layer (sl~ell) acceleration resultrd in tlie occurrence a ~ i d  dr\~rlopmcrlt of T1I.K Thr, model 
accelerations and ThfZ evolution were visualized using Ilig11-speed filming. 

3. Experimental results 

Figs.3 it, 11, c and d show individual filming shots from experirllcnts for turbulent rnixirlg growt,h 
at  the unstable surface of a plane layer, and of the co~~vergent and divergent cy1indrica.l shells, 
respectively. Fig. 4 irlcludes hcS) relatiollships for tlie exper i~ i~c l r t .~  rrientioned, where h is t h e  
averaged penetrating dcptli of tlle lighter ( F P ,  gas) t,o heavier (jelly) sul,stance, and .S is the 
distance coverctl by the int,orface. We can sec fro111 the plotter rclat,ionships, that  the rate 
of TMZ penetration illto tlie jclly is sigllificantly different frorri one main flow geometry to 
another for S > 7 mm: the liighest pcne t ra t io~~ del j t l~ observed is for convergence, the lowest - 
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[or c x p a ~ i s i o ~ ~  casc; the rate of TAfZ ~)enetration into jelly is of intermediate vali~e. 

Figure 4. Lighter-into-heave r penetration depth 11 as a function of S, the interface - covered distance. 
Notations: o - plane Iaycr, A - cylindrical c.onvergerlcc, U - cylindrical expansion 

4. Numerical model 

Refs. [12, 13, 141 contain studies of ~nultilrlodal perturbations at  the plane interface of two media 
under the conditions accounti~lg for R T  instability. A statistical model for bubble coalescence 
[12, 13, 141 that  simulates the 7'hi.Z front. evo11it.ion in a heavier liqliid, was used t o  sho\v that  
whatever initial perturbations spectrlirr~ would develop with time irito the self-similar, t1111s 
represented by a cluster ("package") of harmonics to  occur in the neighborliood of the Inearl 
wavele~lgth (X), which would grow in tirne. It  was found possible in this case t o  describe 
the bubble front development in terms of the simple model [12, 13, 141 that iricorporates the 
following two equations: 

where h is the bubble penetration into thc heavier liquid (fro111 depth); g - acceleration; y and 
,B - constants. Refs. [12, 131 used the corlstants for two-dimensional bubbles: y =0.23 and = 

1. It follows from (1-2) that 12 = ;(X) arlcl 

For largest times and constant g, h varies as 1 2  --t Tgt2, where = 0.06 for plane geometry 
and two-di~nensional bubbles (y=0.23; b=1). Let us try to extend the above under standing 
[12, 13, 141 of how thc ThfZ front is developing in a plane geometry to  a case where the 111lstable 
interface of two media is of cylindrical shape ha\,i~lg a considerably large radii~s &, and the 
harmonics responsible for perturbatioris growth have quite a high number. The assumption we 
make is that  eq.(2) describing the so-called "reverse cascade" effect, i.e. the occurrence with 
time of yet a larger structure at  the TMZ front, follows the case that the perturbations energy 
E. of the liquid flow ahead of the TMZ front is growing, i.e. 



where: 2- is the velocity flow of per i~ l r t~ed  flow; 
p - licavier liquid density; 
1% - I ) r r t n r b a t i o ~ ~  er~ergy density at  the  front; M j q ( X ) ;  
SJ - front area. 
As  follows from (4 )  for plane case, 

\Ve wo11ld consider the following equations as basic definitions of tlie ~rlixing front evolution tiJ 
in a, cylindrical gcornetry: 
1) sirrllilat,ed (of scaling) 

"1 IRj - Rol E 11 = - ( A )  
,3 (6 )  

2)"reverse cascade" rqliation for perturbations energy I':o (5) .  incorporaling tlrc same and 3 
co~istar~ts  as for l)lar~r geometry. (:iverl relatio~lsl~il~s (4.  G )  we can obt,airi from eq. (3) 

I t  woultl he suital)lo t.o i~ ic l l~de  a new variable, whicli is the rlormalizcd rront depth. 

- 
'rlien. we obtain for h i l ~ e  equation 

ivhiill differs from (3) by (#) l'', tlre factor r<-lating weakly of tile system geoinetry. 

5. Research results and discussion 

Given i r i  Fig.5 are relationslii~~s for the interfac:r S motion wit11 t v o r  plane and c:ylindrical 
cases, tl1a.t illustrate the accelerated motion pattcrn. Froin this figure, these relationshi~~s are 
linear for t" 0 , l  ins2. i.e. tlie case for al)l)roxi~nately constaut acceleratio~i. '10 evaluatr 
tlrc acceleration g in tlicse test,s, tlic: exl~crirnc~r~t;tl data  proccssiirg for 2" 0,l rrisZ3 was 
done using least-squares technique. (:iver~ f.11r specific rc~lat,ionships of Y'MZ front dept,lr 
versus ,S as obtainctl i r i  Scctior~ 2, it may I)ct ~lseful to  colisitlrl. the value fi a,s depcritlerrt 
variable and r = J;fi as iridepeiidcnt,. Vig.6 sliows thc rclat.iorisllips 4 = f ( ~ )  for t,hrer t,rst,s 
in plane geonietry. The experimcntal data  wrre al,proxilrlat.ed by a linear furiction s~lch as 
f i  = a + b . T ,  cvliere a a11tl b quantities were found by least-sq~iares technique. -4s it has 
bee11 fou~id,  (4) = 0.75 + 0 . 3 0 .  T ,  From plane experirner~ts data, h 0.09gt2.  Fig.; 

C D  

prese~its experi~nent,al 'es~ilt,s fbr cyl i~~drical  geolrietry as fi = , f ( ~ ) ,  together with the linear 
relationships representi~lg T.1,IZ growth in ~ ~ l a l ~ c .  gronietry for different initial l~erturl,atiolis 
values (cvhm T = O ) ,  and ir.lso tl~t: linear approxirnat,ior~ of cxperiine~ital data of I"ig.6 - line l. 
The reducetl front depth ?r ill cglintlrical cxl)erirr~ents as tiefinecl by ( H ) ,  was to  11e fou~id from 



Figure 5. .S( t2)  relationship. Notation: 0 - cylindrical cxpansion, - cylindrical convergence, A - 

plane geometry 

Figure 6 .  Plane-case relationships fi = f (T). Notation: 0, 0, A - experimental points, - linear 
approximation on thrcc tests 

experimental data  11y the following formulae: 

expalrsion case: L = hexp/w-; coTlvergcnce: X = / z p x p  R( t ) -Acx ,  \iY. - 
From the data observed in Fig.7, tlie slopes for relationsliil~s 47; = f ( r )  obtained in cylindrical 
experiments; agree with plane test slopes for r > 4 r n ~ n ' l ~  in convergerice anti r > 3 mm1i2witli 
cxpansion. Thus, one of the co~lcl~lsions fro111 the ~nodol suggested in Section 3 to accourit for - 
mixing fronts irr cylindrical geometry, that rcducrd fronts /L are little dependent on tlie front 
a.rea variations with time. is consist,ent cvit.11 experirncntal data.. 

6. Conclusions 

The difference in tinie liistory between 7'11fZ fronts in cylindrical and plane cases is primar- 
ily attributecl by the  proposed model t.o the front vs. time variation effect whicli is to  be 
accounted in tlre model by including the redl~ced quantities = h f i  which by themselves 
do not lnucli depend on this effect. The al~thors  are thankful to  \j.A.Zhmailo, V.P.Statsenko, 
V.E.Neuvazhaycv for valual~le discussion of tlie results, and to E. I).Senkovsky, M.V.Blizrietsov, 
0. T,.Zllarkova, Z .V.  Sokolova, N.  N.Chukhontseva, arid T. V.Korableva for their assist,ance in the 
paper preparation. The study has been performed under the ISTC Project 029. 

References 

[l] Rayleigh Lord, Proc.London Math. Soc., 14, 170, (1883). 
[2] Taylor GI, Tlie instability of liquid surfaces when accelerated in a direction perpendicular t o  

their planes, I. Proc. Koy. Soc., .4201, 192, (1950). 



f j th IWPCTVI - MARSEILI,E JIJNE 1007  - I < d ~ ~ ~ c h i h e k o ~  et al. 

Figure 7. Cylindrical - case relationship V% = f (7).  Notation: 0, 0, - two experirr~ents for expanding 
cylinder case; A ,  x - experiments cylinder convergence e case; l - linear approximation on three plane 
tests (Fig.G), - plane experiments ranging in initial perturbation values (for 7 = 0) 

[3] Belen'kii S%, Fradkin ES, Theory of turbulent ~r~ ix ing .  ill Russial~, 'Tr. FIAX AS USSR, 29, 
(1965). 

[4] Read I<J, Experiment,al investiga.tion of turhulcnt mixing by Rayleigh-Taylor i~lstabilit~y, Phys- 
ica 1112, 45, (1984). 

[5] Youngs DL, Three-dimensional numerical sin~ulation of turbulent mixing by Rayleigh-'l'aylor 
instability, Phys. Fluids A, 3, 5) 1312, (1991). 

[6] Kucherenko Y, Shibarshov L, Chitaikin V, B a l a l ~ i ~ ~  S and Pylaev A ,  Experimental study of 
the gravitational turbulent mixing self-similar mode, Proc. of the 3rd IWPCTM, Abbey of 
Royaumont, France, June 17-19, (1991). 

[7] Meshkov EE, Nevmerzhitsky NV, About t ~ ~ r b u l e n t  mixing dynamics at  unstable boundary of 
liquid layer, accelcrated by conlpressed gas, Proc. of the  3rd IWPCTM, Abbey of Koyau- 
mont, France, June 17-19, (1991). 

[g] Nevmerzhitsky N, Meshkov E, Ioilcv A, Zhidov I, Pylaev I and Sokolov S, Wave processes effect 
on the dynamics of turbulent mixing at  liquid layer surface accelerated by compressed gas, 
Proc. of the 4t" IWPCTM, Cambridge, England, Edited by P.F. Linden, L1.L. Yoi~ngs & 
S.B. Dalziel, 112, (1993). 

[g] Volchenko 01, Zhidov IG, IClopov BA, Meshkov EE, Popov VV, Rogacllev VG and Tolshmyakov 
.41, Method t o    no del non stationary flows of incon~pressible liquid, ill Russian, A.C.1026154, 
bulletin of inventions, 24, (1953). 

[l01 Meshkov E, Nevmerzhitsky N,  Rogachev V a ~ ~ d  Zl~idov I, Turbulent Mixing De\~ lopment  In- 
vestigation wit11 Converging jelly Rings, Proc. of the 4"' IWPCTM, Cambridge, Engla~ld, 
Edited by P.F. Linden, D.L. Youngs <!L S.B. Dalziel, 578, (1993). 

[l11 Volchenko 01, Zhidov IG, Meshkov EE and Rogachev VG, Growth of confined perturbations 
on instable interface of accelerated liquid layer, in Russian, 1,etters to ZhTF, 15, 1, 47-50? 
(1989). 

[l21 Alon 11; Hecht G, Mukatel D and Shvarts D, Phys. Rev. Lett., 18, 72, (1994). 
[l31 Alon IJ, Hecllt G, Ofer D and Shvarts D, Phys, Rev. Lett., 4. 74, (1995). 
11.11 Shvarts D, Alon U, Ofer D, McCrory RZ and \[erdon Cl', Phys. Plasmas, 2, 6, (1995). 



Simple Model for Description of the Geometry Influence 
of the Accelerated Shell for Turbulent Mixing of its 
Surface with Gas 
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A b s t r a c t :  The report presents t,he approxirriatcd  neth hod for discount of influence of geometry 
(plane, cylindrica.l or spherical) to evolution of turbulent mixing zone of different gases (or 
liquids) near a.cceleratcti interface between theni. The results of calculations by this method 
are compared with corresponding experimental data. 

1. Introduction 

'I'here is the great nu~nber  of experi~nents (liners, targets for ICF' e t  al.), where instability of the 
interface of accelerat,ed shell with gas surrounding arrives. Evolution of such instability at  the 
linear stage was studied sufficiently good both for the plane geometry [l, 21 and for cylindrical 
and spherical geometry [3, 31. The results of these works allow, in part,  to  get depende~ice 
of evolutior~ increment for unsta.ble mode versus the shell radius: the shell extension leads t o  
deceleration of tlie instability growth, and corripression - to  acceleration in con~parison with 
the plane case. Problem of non-linear stage is significantly co~nplicated, that greatly prevents 
esti~nation of the influence of geometry to  the velocity of evolution of perturbations. This paper 
presents one of possible ways for its solving. It is based on thc using of semi-empirical approach 
[5]. In spite of appearance of the great number of Inore complicated arid se~ni-empirical ~nodels  
during last years this approacl~ (approximation of the "turbulent" diffusion) seerns the most 
suitable for solving our problem because of its simplicity and clearness. 

2. Setting of the problem. The initial equations 

Let's examine tlie shell with thic:kncss dR and with radius R, considering it thin (dR 5 R) and 
i~~cornprcssiblc. Let's collsider the motion of the shell given. There are possible two variants: 
either this shell boundary with the same one (but different in density), or it borders with gas. 
At the latter case let's consider the motion of the  gas adiabatic and uniform. Depending of 
sign of acceleration either outer or inner border of the shell appears unstable. The evolution 
of density profiles near the interface, when yt 2 1 let's describe as "turbulent" diffusion. Let's 
assign: p, - density of the slicll observed, p, - density of gas (or the other sliell). p = p. + p1 . 
Wit11 the help of [S] let's write: 

where Q = 0 for pl = Const (uncompressed shell) Q = - % R ~ C ,  for gas. 
Here , Cl = %, 2 - is mass turbule~lt flow In the observed one-dimensional geometry 
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Ti 
~t = ( j t ; O , O ) .  
Followi~lg [S] 

I)t = l t  P; (3) 

where - Dt coefficient of tliffusio~~, 1/i2 - t ~ ~ r b ~ ~ l e n t ,  energy. l ,  - "Le~igth of the distance passed" 
[S]. By using 1,: the balance equation for turl~ulerit energy [5] one can obtain: 

where coefficient I( is expressed via serni-empirical constants, used for deduction of ( 4 )  in the 
balance equation for turbulent energy (I\. - 1,  see bclow). In this paper (silnilar to 151) the 
simplest Prandtl relation is used for 1, 

wliere / , ( l )  - w~dtl l  of turbulent l~iixlng zone (1'1212). Tllr diffusion equation, obtained when 
inserting (2) into ( l ) ,  is supple~nented by corresponding initial and bo~lndary conditions. 

3. Approximated (quasi-self-similar) solving 

For further investigation it is convenient to introdi~ce t l i ~  Lagrangian coordinates v,. n'hen 
using these coordinates and the assumption that within t h r  lllixi~lg zone ~ ( r , , t ) / r ~  = 2, 
wliere R(t )  - is current radius of t,hc shell, wc can write the equation ( l )  as follows: 

Sv/2 
wlrere D ( i o ,  t )  = L 2 ( t ) R e  [t $R] ' l 2  (2) / L / /  Here p = o2 h.; r = 0 , 1 , 2  - is tlic size of 

the problem. Assurrii~lg L ( t )  << R ( f ) ,  for searching for the solving ( 6 )  it is naturally t o  us<. 
"q~~asi-plane" self-similar approxirnation. For this purpose, let's introduce into (6) variable [S]: 

r,, - K < = --- 
IJO(1) 

where R, - is coordinate of mistal~lcx l)oundary, L,( / )  - t l l ick~~ess of turhule~lt mixing zone in 
1,agrangian variables, that is L , ( t )  = L?) - I,?). 
Here L P " )  - are Lagrangiar~ TMZ b o ~ ~ ~ i t l a r y  in the layers "0" and "1" correspondingly. Using 
the variable E ,  let's write the equation ( G )  as follows: 

whcrc 



Neglecting the members - E in equation (10). anti & we can obtain (while X = C o n s t )  thc 

equation, similar to  [5]: 
dp rlS 

E - + X - = o  
d< 

(11) 

with correspo~idi~lg boundary conditiolis). 'T'l~e approxi~nated ~nc thod  of this equation solving 
(per~ni t t i~ lg  t o  clear its qualitative features) is described in Appendix. The result. can he writ,ten 
as follows: 

L ( t )  = L o ( t ) P ( l )  (12) 

where 

whcre 

1 / 3  
I-Ierc: n = (p,lpl) , f111iction F(t) dcscrihcs the kinematic connection between L and Lo. For 
instance, a t  the casc of mixing at  tlic i11terfac:e of two unco~npressible liquids 

111 doing so mixing zonr width in the sliell ~ r )  = L,, . CO, where (0 self-similar coordinate of 

The correspo~ldi~ig coordinate in layer <<l>>: [l = to - 1 .  Profiles of tlie fun~t ions  searched for 
p and I{' are determined by relations 

Here Q(<, a )  and H((, a )  a.rc: algebraic functions, E ,  a (sec: Appendix). Cornparision of tlie (12- 
19) wit11 cxact (~lumcrical) solution of (11) shows their satisfactory agreerne~it and allow us 
to  use those for~nulas for v # 0 ancl R = R( ! )  Fig.] lxcscnt the calculation results L ( t ) ,  ( v  = 

l )  illustratirig effect of geometry. l l ~ e s e  figure adduce (for convenience) function f ( i ,  v )  = 

, /  - l for the cases of positive arceleratioe (outer shell-gas border is unstable, curve I )  

and of negative acceleratior~ (inncr shell-gas bordcr is unstable, curve 2). As evident, iri thc 
dependcrice L = L ( u ,  R) therc, is same tendency, that reveals a t  tlie lir~ear stage of instability 
evolutio11: decreasing of the radius of unstable surface leads to growth acceleratio~i L ( t )  and 
thc reverse. One can see the interesting cxa~nplc of shcll dyriamics and curvature effect on 
the evolution: thc case, when this effcct leads to  decreasing of L ( t )  in spite of the lmrder 
instability L ( t ) .  Fig.2 shows this exalriple. WC ohsc-rvc liere tlie case of the border between two 
incomprcssihle shells mo\~irig at  consta~lt acceleration g = 1 anti with initial velocity V. = -1. 



4. Comparison of calculation results with experimental data 

Tho paper [fi] prmeer~ts tllc res~iIt,s of c x ~ ~ e r i ~ n c n t a l  stltdy of 'I'M e \ -o l~~t io~l  ;it the ur~stahlc 
boundary of acceleratctl jclly layer. 'I'l~ere wcrr st,udicd plaerie and cyliritlrical cases. ar~tl 1va.s 
ol>tair~ed that in t l ~ e  plane gro111etr-j tllc ol~served frolit of gas bul)l~les / / ( v  = 0:  1 )  bellaves as 

wl~ere T = f i t ,  n all(i 6 are ~ncasrired constants [G] (The largest part of trajectory the  shell 
rnoved with coirstarit acceleratioll.) ITsing (13) for zr = 0 ,  we can write 

where (according 17) RZ 113 for n >> l .  111 order t,o cietermine the c:oefficic~lt /L in relatiorr 
U ( r u ,  t )  on(, car1 lise the resl~lts of [7] of st,~ldy of e\-o111tion of turbulent gravitation rnixilrg 
zorlc. (when n = (3)'l" 1)y direct 31) n~~rnerical siir~ulation. Dcterrr~ination 1 11y ( 1 5 )  ancl 
subs t i tu t io~~ of obtained val~le / I  = 02!i illto (11).(21) gives b = 0.38 inst,rad of h = 0.30 0005 
in the c>xpcriment. The cxceetiil~g of calculated \ ~ ~ l u e  6 above expcriuiental one appears to  
be explained by difference of jelly, used in experi~nents [ti], and perfect liquid. C o ~ n p a r i s o ~ ~  of 
calculated and measured values h ( f , v )  for cyliridrical geometry (v  = 1) seerns t o  be the most 
interesti~lg. Accordiiig to  ( Is) ,  in t,his case 

where b is value, ohtai~ieti from the experiments with r l  = 0.  One can calculate functions 
h l ( t )  for divergence ( g  < 0) case and convergence of t,he shell in gas ( g  > 0 )  with the help 
of values Ro, h l ( 0 )  and g ,  obtained fro111 experiments, and using t,he fact, that when g # g ( t )  
h l ( t )  is expressed by elementary functions. 'I'lrese valucs are shown at  F i g 3  and 4 as solid 
~ u r \ ~ e s .  There are also plotted the corresponding experimental data [G] (For fig.3 R. = 1 S m i n ,  
,g = + 9 0 m r n / n ~ s ~ ,  for Fig.,l R. = 7 0 m m , g  = - 5 0 m l n / m s 2  and 67mtn/ms2). Comparisor~ of 
these da ta  with calcl~lated ones allows to conclutie that rclatioll ( 1 3 )  reflects riot only qualitative 
tendclicy of shell motion tlynamics and curvature rffect on TM% evolution, but also gives 
..tcceptahlc q1lant.itative agrecmcnt with t l ~ v  experiment. 

.5. Conclusion 

The basic results of given work are the following: 

Geometry effect or1 T M Z  evolutior~ reduces to deceleration of its growth when shell di- 
vergence ( g  > 0 )  arid acceleration whe11 convergence (g < 0) 

This effect depends little on value of different density 

There is satisfactory agreement between measured and calc~ilated values of width of gas 
bubble front zone of penetration into accelerated shell for plane and cylindrical geometry. 

In conclusion the authors are grateful t o  Dr. V.P.Statsenko for useful discussions and N.  
I(ot1jarova for help in preparing this paper. 



6. Appendix. Approximated solving of the equation for TM 

Initial enuation 

with border conditions 

where Ez - = l ,  - ~111known para~nr te r  (it is consideretl that p, < p,) 
Ld.'s introduce f' = & (g), tI1c11 from (23) follows: 

11.3 
Let's corisider iri (25) ,)'I3 = p, [l + r 6 n ] ,  where . E  = ( - El, cSn = n - 1, n = (E) 
When substitution of this expression into (25) allows (with u s i ~ ~ g  of (24))  to  obtain ~ x ~ ~ l i c i t . 1 ~  
f (f = n., U ) )  (L,2. .4ftcr that. Srorn conditioi~ 

one can obtain X (sec. expressioii (15)). p(() a l ~ d  \,i2(<): 

where 
. r l ( r l  t 1 )  - , 1 . 2 ( . r . i  t 1)' + 2.rl 3.1.1 + 1 .r4 

- 2 -- 
2 r 3 
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Study of Point Blast Wave Instability in Numerical 
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Abstract: The direct calculatior~s of blast wave i l l  a lrrlifor~n ideal gas are carricd out using 
2D liydrodynalnic code. Srriall blast, wave perturbation evolutio~l is studied. ?'he following 
cases are considered: a)? = 1.15, rz = 16, and b)y = 1 . 0 6 , ~ ~  = 64 both cases correspo~~dirig t o  
the hlast wave being unstable. The results of conlputations of the lirlear stage of perturbation 
evolution agree closely with self-similar theory results. It is found that the self-similar regime of 

evolution is formed in a short time in wllicll shock front radius increases two to for 
times. The instability of the blast wave in the co~isitlered cases is demonstrated. The results of 
comp~rtations of tl~c, norr-1inr:ar stage of perturbation e\~olutio11 show that the cu~nulative jct is 
predominantly formed in the end of a single perturbatioli evolutiorl. This jet is directed outside 
the blast center. 

1. Introduction 

The problem of a search for cases of unstable evolution of expanding shock waves with non- 
radial perturbations growing in amplitude was formulated long ago hut there was no essential 
progress in this field until the 1980s. The first proof of an existence of the unstable regime of 
perturbation evolution was p~~l)lislied in the paper by E.Vishniac [ l ]  where stability of point 
blast wave in an ideal gas with a specific lieat ratio equal to  unity (y  = 1) was considered. 
111 this case the gas behind the shock frolit was cornpressed into a thin dense layer moving 
under influence of pressure of hot gas in the center region. The calciilation of t,his layer motion 
could be done simply by application of conscrvatiori laws The solut,ion of the  point blast wave 
stability problem in tlie general case of an arbitrary y > 1 was first published by V.Ktitorov 
[Z] and E.Vishniac and D.Ryu [3]. There the point blast wave in a uniforrn gas of a constant 
density was co~lsidered. The calculatiorl was made in [2] for srnall blast wave perturbations 
those being expanded iri splierical harmonics. Resr~lts o f  these calculations were as follows: 
- small perturbation evolution 11ad a11 osci l la t i~~g pattern, 
-perturbations wit11 sufiiciently large harrnonic numbers and sl~fficiently small vahies of(y - 1) 
were g r o w i ~ ~ g  in amplitude with power depe~itlence on time, the power exponent being a complex 
number, 
- the discovered instability was of the Rnyleigli-'Ihylor type. 
There values were f o ~ u ~ d  deter~~iining the pert~lrbation evol~rtion: the increment of perturbation 
growth (or damping), and tllc period of oscillations. Thclse \rallies were calculated for a large 
number of sets: harrnonic number 11 and gas specific heat ratio y The critical value of y 
determining the blast wave stability was found too [2, 3]:y, = 1.20. If y were greater than 
this value then the blast wave woulti be stable with respect to  perturbations of all l iarn~onic 
numbers; if y < 1.20, on the contrary, there would exist llarmonics growing in amplitude. 
This solution was obtained owing t o  using in 12: 31 a self-similar approach for calculation of 
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pertrrrhatiorr s f , r u c t ~ ~ r e .  Tlie pliysical sense of t.lris apl)roach was in considering an asylnptotic 
regime of perturbatiol~ evolutiori. Tliis rcgi~nc: takes place wl~en tinle of perturbation evolution 
is large cnough t o  rnakc tllc il~fluence of  initial conditions negligibly s~nal l .  'I'11e arialogy could 
be ~ r ~ a d e  between the role of this solution in dcscl-il~ir~g ihc: per t~~rba t ion  evolution anti the role 
of tlie well-kno\vn Taylor-Sedov solution [.l] in cJ(:scril~ilig arl e\-olutiori of spherically sy~nmetric 
ltlast,~. 1,ater ~ I I  tlrere arr exl)eri~iiental validation of sonic calcr~lat,ior~ results was found [S, 61: 
In these experiments energy of laser was 11sc1tI to gerlcrate a spherically symmetric I~last wave in 
ideal gas. 'I'lie v a h ~ c  of the gas specific heat ratio g was estimated as 1.15 in [5] and 1.06ir1 [6]. 
In botli these cases blast wave is ~lnstahlc according to the r t ~ s ~ ~ l t s  of tlre self-si~nilar stal~ility 
theory of [2, 31. Tlic instability region for tlic, considel-c.tl I~last, wave st,ahility problem is sllowrr 
on E'ig.1 t,akerr from [7]. l . ' l~e authors of laboratory experirllcnts obtained t l ~ e  followil~g results: 
- They ohserv<>tl oscillat~ioris of front values of perturlmtions [S], and so t,licty confirmed the 
rcsiilts of self-similar theory of oscillat,ory [)attern of srriall perturbation evoh~tion. 
- 'I'hey observed the final t ~ ~ r h u l e n t  stage of perturbation evolution when shock front was 
completely distorted [6], a ~ l d  so thcy confir~r~c.tl t,he sc.lr-similar Oheory result t11a.t blast wave 
should be unstable in this case. The pllotograpll of thc tlisto~.tcd shock front fro111 [6] is shown on 
Fig.%. IIo~vel-er, it should be noted that hlast wavc instability s t r~dy in laboratory experiments 
is a very complicated  natter. The severe conditions should he satisfied in tlie experi~nent 
during all time: the pressure in shock wavc shorilti rc~nairr ~nnch  greater than the external 
pressure, the value of 7 s h o ~ ~ l t l  relnair~ closr 1.0 unity (rriuclr less than its usual valuesy-513). 
Tlle abovc said explains an interest in 2D colllputer silnulation of the point, 1)lasi. wave pattern. 
Nunierical calcr~lations iri this case recluirr a very refined mesh near t,he front. This is d11c to 
tlre s t ruct i~re of thc hlast wavc: allrlost entire mass behind the front concentrates in a tllir~ 
sl~lirrical laycr. In tlic case y = 1.06 its t,l~ic.kness is a b o ~ ~ t  0.Olof shock radius R. In these 
calculatiolrs anotller feature is rcprescntcd hy sc,verc. rrst rictio~rs on t h e  calculation time step. 
The restrictions arc dctcrrnincd ncar the explosio~r c e ~ ~ t e r  where the  sourit1 speed value is high. 
r - I hese t,wo difJic:~rlt.ic~s resultet1 in that l~last, wave instability was not previously delnonstratcd i r ~  
cornputer experirnelits. So w e  sct ourselves a task to  do it. The following results were pla~~ried 
to obtain: -t,o dernoristr;tte blast \va\.e instability in the linear regimc of pcrturbatio~r evoll~tion, 
-to study tlie nonlinear regirr~e of perturbation evolution. For this purpose the poi~rt, blast wits 
numerically calculated using a 2D I~ydrotly~lalnic code. This code selected the shock wavc front, 
a11ti used t,he I st ordor God~niov schc~nc (See [S]). 

2. Blast wave computation 

The computation gco~nctry was as follows: 
.4t t=O, the initial pressllre was set constant in t.lre center region, and the pressure was equal 
to zero beyond this region. The central region represented a slightly perturbed sphcrc wit11 tlie 
radius dc~nonstrating a small perturbation proportional to a spherical Ilarmonic. The entire 
material was an ideal gas wii.11 the I I I I ~ ~ .  tlerrsity. 'I'hen tlie corr~~)rrt,ation of the formed blast wave 
was run till the increase of tlle shock wave radius was about 10 - 150 times a,s large as its initial 
value. To r c d ~ ~ c c  the number of cells t,he coniputatio~ls were performed riot in the hole space 
b11t in a, space region bounded by one or t ~ v o  c o ~ ~ i c  s~irfaces. So a t  the con~l)~rta.t.iol~ l~egin~ling 
(t=O), the radius I<oof thc ccntral region (i.c .the region in which tlie hlast energy was given) was 
iliglitly p e r t ~ ~ r b e d  : R. = 1 + A H o ,  where A H o  was ~~roport ional  to  the sphcrical Ilarmonic Yn0 
( i.e. to 1,egcndre polynomial P,(c:os 0 )  . T11c following cases wcrc considered:? = 1.15, n = 16, 
and y = 1 .06 , i~  = 64 
y = 1.15,11 = 16 
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Two computations were carried out i l l  this case. The co~nputations were done inside the 
space region bounded by a cone surface o = 79.9 deg, and a plane o = 90deg. This region 
was so cllosen that  exactly half a wavelengtli of 16th harrnonic was enclosed by the region 
boundaries. The initial perturbation amplitude was as follows: ARo = 0.01, and A &  = 

0.1. The cornputations lasted until shock front radius became 150. 'l'he objective of these 
cornputations was to  study the linear regime of perturbation evolution. 
y = 1.06,n = 64 
Five computations were carried out in tliis case. The computations were done inside a region 
bounded by a cone surface o = 6.496deg. This angle was so cllosen that exactly one wavelength 
was enclosed by z-axis and the cone surface. The objective of these computations was to study 
the non-linear regirr~e of pertiirbatiori evolution so the initial perturbation amplitudes were 
so set that  the beginning of non-liriear stage of perturbation evolution happened in different 
phases of oscillations. 

3. Computation results 

According to l,he self-similar t.heory all carried out computations sliould describe the unstable 
hlast wave . Shock front radius perturbations DR/R should depend on R as a power function: 
ARa/Ro-RA where X is a conlplex nu~liber  with a positive real part. Values of X for y=1.15, 
y=1.06 are present,ecl 011 Fig.3 for a largc set of har~nonic nulnbers n. These values were 
calculated using tlie technique of [2]. 111 our  cases the values of Xare as follows: 
y=1.15, n=16, X=0.320+i 4.642 
y=1.06: n=64,X=2.518+i 9.799 
y = 1.15,n = 16 
111 the casc of n=16 the objective of thc computations was studying the linear regime. So we 
correlated the corriputation results with the  formulas of the self-si~nilar theory: 
AR/£t"Ro.320 * cos(4.642(lnR + const)) 
The comparison of the results of the self-similar theory and of co~nputer  experiments is shown 
on Fig.4. The computation results (solid line ) and the theoretical oncs (heavy line) are in a 
good agreement. The next resiilt of the coniparison is t,llat the formation of the self-similar 
regime of perturbation evoh~tion is finished in a short time in which shock front radius increases 
by two t o  four times. For the sake of estimation of the role of the non-linear effects one more 
computation was performed; the initial perturbation value ARo in this computation was 10 
times greater (0.1 instead of 0.01) than iri the previolis one. The results of this co~nputation 
(see dashed line 011 Fig.4) de~nonstrated a, visible deviatio~l from the self-similar results because 
of nonlinear effects. 
y = 1.06, n = 64 
In the case of n = G4 the objective of the coml~utations was studying the non-linear regime. 
Especially we paid attention to tlic: process of a transforlr~atior~ of a single perturbation to a 
cumulative jet. For this purpose a nu~nber  of similar complrtations were performed; the initial 
perturbation values in these computations were so set that  the beginning of the non-linear 
stage of perturbation evolution occurred in different phases of pertul.bation oscillations. Tlie 
followi~~g suppose was used: "if phase difference in oscillations of two perturbations at  the  
~ n o m c r ~ t  when the non-linear stage begins is @ the11 the ratio of the initial values of these 
pertur1,ation is Q * ReX/fmX. In our case Q was equal t o  7r/2 so this expression was equal 
to 1.497. So the initial pcr tu rba t io~~ amplitudes A&/ARo were set as follows: 0.0001, 0.00015 
,0.00022, 00034, 0.00050. 'l'his nu~nber  of coln1)utations provided tlie set of four differerit 
values of oscillation initial phases for studying t,he 11on-linear perturbation evolution. The  



results of the computations of the linear regime of per tu rba t io~~ evolution are shown on Fig.5. 
The co~nparison of these results(so1id lines on Fig.5) with the results of the self-similar theory 
(heavy line on E'ig.5) is shown, froni this figure we notice that the results are in a reasonable 
agreement until AR, exceeds 0.001. The results of coniputations of the non-linear regime are 
shown on Figs. 6, 7. The shock wave profiles (patterns of equa.1 density lines) are presented 
there. Ten subsequent shock wave profile patterns from the computation wit11 ARo/ARo = 
0.00015 are shown on Fig.6. On this figure the shock wavc radii of rieigl~boring patterns are 
in ratio 1.1-1.2; the 1st pattern corresponds approximately to  tlie beginning of the no11-linear 
stage of perturbation evolution at  R.=4.5, and the 10th one corresponds t o  tlie computation 
stop at  R=14.1 when formation of a cumulative jet is already visible. On Fig.7 the final 
shock front profiles for all considered initial values of pertitrl~ation amplitude are shown: (a  
) AR0/A& = 0.0001,(b) AR0/A& = 0.00015,(~)  Al&/ARo = 0.00022,(tl)ARo/AR4 = 
0.00034, (e )A&/A& = 0.00050. Tile patterns of three cases (a,b,d) denlonstrate the formation 
of cumulative jet on the cone axis directed outside the blast center; however on tlie figure 
(c) formation of singular points outside the axis is demonstrated. Tlie deriionstrated slight 
difference between (a) and (e) cases should be attributed to tlie ir~accilracy of c:omputations. 
Note that the predominant formation of the jets directed outside the blast center is in a good 
agreement wit11 the general law of Rayleigh-Taylor instability that jcts shoi~ld be tiirect,ed froni 
the high density region to tlie low density one. 

4. Conclusion 

The direct calculations of blast wave in a uniform ideal gas were carried out using 2D hydro- 
dynamic code. Small perturbations evolut,ion of the blast was studied The following cases were 
considered:y = 1 . 1 5 , ~ ~  = 16,a1id y = 1.06, n = 64. The results of computations of the linear 
stage of perturbation evolution agreed closely with the self-similar theory results. It was fou~icl 
that the self-similar regime of perturbation evolution was formed in a short t ime in which shock 
front radius increases by two to four times. The proof of the blast wave instability in these 
cases was obtained by the direct computer experiment. The results of computations of the 
non-linear stage of perturbation evolution showed that  the cumulative jet was predominantly 
formed in the end of a single perturbation evolution. This jet was directed outside the blast 
center. 
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Figure 1. The boundary between the stability region and the instability one on the n-y plane frorn 
[7]. The instability region is under tlie shown li~le. 

Figure 2. Presentation of dark-field sl~adowg~.al>hs from [ G ] .  'I'lie blast waves are shown in: the s ta l~le  
case (left) when thc idea1 gas is nitrogen with ?=l.:%. and in the unstable rase (right) when the ideal 
gas is xenon with 1=1.06. The vertical bar a t  tl~cl extreme left is a l-cm-scale reference. 
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Figure 3. Values of front perturbation growth increments (Re X ) ,  and oscillation frequencies (Im X )  
for the cases: y=l.OG, y=1.15 calculated according to  the self-similar technique published in [2] 



Figure 4 .  Shock frorlt r;~dius perturbations arr~plit,ude AIt/R in the case: y l  .l5, n=lfi. The results of 
two colnputat,ions arp compared with the theoretical results (heavy line). Solid line corresponds to the 
computation with the initial perturbation amplitude ARo/ARo =0.01. The dashed line corresponds 
to t l ~ e  computation with A b / A & = O . l .  For the sake of convenience of comparison the ordinates of 
the dashed line are dernagnified by 10. The demonstrated difference between solid and dashed lines 
or1 the chart should he attributed to the non-linear effects. 

Figure 5. Axis values of sl~ock front radius perturbations amplitude AR/l t  in the case: y=l.Oij. n=F.l. 
The resrr1t.s of five computatiorls are corr~pared \vit,l~ the, ~.esl~lt,s of the sclf-similar theory. The heavy 
line corresponds t.o t l ~ e  self-similar theory. There is a reasonable agreelnclnt betwcrrl tllc. results of tllc. 
self-similar t l~cory and of the computer cxperilne~~t 0 1 1  t11e li~loar stage (lgR<0.7). The linear regime 
of perturbation evolution is shown on (a) .  Values AR/R on the linrar and the non-linear stage of 
perturbation evolution up to computation stop are s).~owl~ on (b) .  



Figure 6. Shock front profile in the computation of the blast wave in the case: ~ ~ 1 . 0 6 ,  n=64, and 
initial value of perturbation amplitude ARo/ARo=0.00015. Ten subsequent patterns of equal density 
lines are shown inside the cone with the edge angle being equal of 6.496degrces. Shock wave radii of 
neighboring patterns are in ratio 1.1 -1.2; the 1st patter11 corresponds approxi~natcly to the l~egi~lning 
of the non-linear stage of perturbation evolution a t  R d . 5 ,  and the 10th one corresponds to  the 
computation stop a t  R=14.1. 

Figure 7. The final shock front profiles in the case y=1.06, n=64 for all considered initial values 
of perturbation amplitude: (a  ) ARo/ARo = 0.0001,(b) ARo/ARo = 0.00015,(c) ARo/ARo = 
0.00022, (d)ARo/ARo = 0.00034, (e)ARo/ARo = 0.00050. The figures of the casps (a,b,d) demon- 
strate the formation of cumulative jet on the cone axis directed o~rtside the blast center; and figure 
( c) demonstrates the formation of sirlgular points near the axis. The demonstrated slight differcnce 
between (a) and (e) cases should be attribut,ed to the inaccuracy of the comput,ations. 
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A b s t r a c t :  By X-ray t ,ccl~~~iql lc .  at, t,llc, ir~st.allatioii EI<AP, for Atwood numljer .)l = 0 , 5  t,he 
space and timc distrihutio~is of the average density of subst,a.nce in the turbulized mixture at 
the stage of separation have been dctkrmineti. As a, result of the Rayleigh-Taylor instability 
tlevelopment, a t  the contact 1)ollndary of t,wo different density liquids d~iring soine dcfinitc t i r ~ ~ e ,  
the turbulizcd mixture is 01)taincrl. At sonle i ~ r s t a ~ ~ t  of t i ~ n e  1' t11r sign of accelera.tion was 
changed, a t  the sa.mc time, the, turbulized ~ n i x t ~ ~ r e  separation took ~jlace. At the stage of the 
sc.parat.ion aiid t , l~c inc.rt,ial 111otior1 tllc sl)ac.cT and time tlistril>l~tions of the average density of 
substarice in tlie 11o1ldimc~nsio11a1 form liave 11een ol,tainetl. 

1. Introduction 

In the presence of different drnsity regions the nonstationary motion of fluitls is always un- 
st,ablc w11c.n t l ~ e  light substancc accclcratc~s t,lle lieavj. one. .At the contact boundary of thcsc 
sll1)stanct.s the grax~itational t ~ ~ r h i ~ l c n t  ~nixing ( G T h 4 )  ir~duced 1)); t.he Rayleigli-Taylor ir~stal~il- 
it); is developing. In this case the artificial gravit,at.ional field acceleration is tlirectett from the 
hea1.y r n e d i ~ ~ m  to the light one. If in t l ~ c  procc,ss of ~ ~ ~ o t . i o ~ l  t l ~ e  cont,act 1)oundary acceleratio~i 
changes its sign, then the houndary al)pcarsto 11e stirl~le gravitationally. Since this instant, 
of timc the separation process of t l ~ c  hca\.y i111cI light s~~bs tances  being found in the turbulent 
mixing zone begins. Similar phenomena oftc~i t,ake p1ac.c. i l l  liigll-i~~terisive sl~ocli and explosi~c 
processes. Thus, in the 11roble1i1 of laser thermo~iuclear f u s i o ~ ~  (1,TF) thc turl)l~lcnt. ~nixing ant1 
the separation take placr during the co~~lpression of single-shcll targets as well as targets with 
several sliell. It is especiallj. irnporti311t to t.;tlie these: 1)rocesses into accour~t in t l ~ c  p~-oblen~ 
of the  inertial ther~nonuclear fusion (ITF). 'rhcse processes exert all influence directly on tlie 
dynamic of the target,s conlpressio~i. At present, it is possil~le to  take thc rnixing and the 
separation into account irl the calculation of LTF targets co~npressior~ within the‘ framework 
of the semie~npirical theories. For the dc tc rmi~~at  io11 of f.lle consbarits heing a\~ailal~lc in thcse 
theories it, is necessary to  perfor~n special oxperirne~~t~s. 111 such experiments the mixing anti 
tlie separation are investigated under definite sl~ccificd conditions. 1Sxperin1ental study into 
GTM was perfor~necl in t,hc works [l - , l] .  111 RI''N(;-VKII'I'F such work has been carried out 
at the 1ahorat.ory installations EI<IZP ant1 SOhl. I4i)r tllis purpose two liquids were located in 
the ampoule which was accelerated by nicans of vertical gas g1111s. The turbulc~lt, nlixing rates 
have been dctcrmined for different Atwood 11~1n11c~r.s. T T \ )  to now t,lie processes of the turhulized 
~nixtures  separation were studieti i~~sl~fficiently. Tlle lirst e ~ p ~ r i ~ n e ~ r t a l  and theoretical investi- 
gations into tlie separatioi~ of the, tur11ulizc:d ~llixturc's llavc, I~een perfor~ned in the ~vorks [S-71. 
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The turhulized n~ixtures  were obtained as a result of the Rayleigh-Taylor instability develop- 
ment a t  the unstable stage of motion of the contact boundary between heavy and light liquids 
when the artificial gravitational field acceleration was directed from the heavy liquid t o  the 
light one. The size of the ~n ix ture  region L12 is growing with time according to the law [3, 41: 

where a, - nondin~ensio~ial rate of mixing, A - Atwood number, S = g1112/2 - parameter (for the 
given schenie of experiments the parameter S coincides witli the contact boundary displacement 
in the laboratory system of coordinates during ampoule acceleration). The value of tlie constant 
am for different Atwood number: a ,  007.  If in some instant of time t = t*(S  = S') the 
sign of accelcra.tion g1 is changed, then the system of two different density liquids appears to  
he stable. At the same time, as it is known from works [6,7], the size of the turbulent mixing 
region L I 2  attains its maximum\~aluc at  sorue instant of time T' = 0 at  tlie stable motion stage, 
after that  the decrease in tlic size of this region begins. In this case the size LI2 is determined 
by the relationship: 

L/m= L/--L/= (2) 

where S = g12.r1'/2 - parameter, g12 = Co~ist  - artificial gravitational field acceleration directed 
from the light liquid to the heavy one. In these works the theoretical descriptiorl of the  separa- 
tion processes of turhulized nlixtures has been proposed, and tlle separation constant cu, x 0.01 
characterizing the mixture separations intensity has been experimentally deterlrlined for A = 
0.27 in the range of (S - S*) /S*  5 1.5. In the present work the subsequent experimental study 
into the  process of the substances separation in the GTRl zone has been undertaken. At the 
same time, tlie task has been set to  determine the distribution of the substance average density 
in the t,urhulized region a t  the stable motion stage arid the  nondimensional rate of separation 
for the Atwood number value .4 = 0.5. 

2. Set-up of experiments and roentgenographic measurements 

According to thc scheme shown i r i  Fig. 1 experiments have been performed with respect to the 
deterrninatiori of space and time distributio~is of tlie s l~bs ta~ ice  aLrerage density ill the turbulized 
mixture region at  the separation stage. At the outlet of the tube of the vertical gas gun 1, the 
piston 2 with the mem1,rane 3 is mounted. 'rlie membrane is secured to the pisto11 by the nut 
4. 'I'he ampoule G with liquids having differe~~t  densities (p2 > pl)  is liung up to the piston 
by rrlearis of the catcli 5. Into tlle slots on the cylindrical surface of tlie piston the inserts 7 
are placed. The projecting parts of these inserts are introduced into the slots of the positive 
acceleration channel 8. The inserts and the slots formed the spline joint of the piston and the 
positive acceleration channel. This joint was ended witli the stop forrned hy the face surface 
F of the nlechanical inverter 9. The scheme of the inverter constniction is given in Fig. 2. 111 
the inverter there were two diametrically opposite slots through which the braking plates 10 
were pulled out insidc tlie channel a t  the cut thickness 1. The plates thickness b was chosen 
so that  to  provide the necessary amplitude of the negative acceleration of the ampoule. The  
braking plates were compressed by means of bolts inside thc ring which was secured t o  the body 
of the inverter. For performing roentgenographic measurements tlie rectangular slots and the  
trajectory gauges 11 for the X-ray tubes start-up were envisaged along the whole length of the  
inverter. The whole device was adjusted so that the interface between liquids was perpendicular 
to  the direction of the Earth's gravitational field g. 



Figure 1. Scheme of the set-up of experiments. 

The principle of work consists in the following. Gas is forced from the system of high 
pressure into the tube of the  gas gun. When such pressure is reached in the tube which is equal 
to the pressure of cutting the membrane PI (instant of time t = 0) the membrane is cut, and 
the ampoule together with the piston begins t o  move in the positive acceleration channel with 
acceleration a1 in the direction of acceleration g of the Earth's gravitational field. At the same 
time in the  system of coordinates associated with the membrane the artificial gravitational field 



Figure 2. Scheme of the mechanical inverter. 

with acceleration g11 directed from the heavy liquid to the light one exerts an action on the 
systern of tlie different density liquids. The sys te~n  is found in the gravitationally u~istable state. 
In the region of the contact boundary the turbulent mixing is developing. At the instant of 
time 2 = t* (S  = S*) the piston inserts come in contact with the front surface F of the negative 
acceleration channel 9. The piston stops a,nd cuts the gas flow from the ampoule, thereby the 
force accelerating the ampoule is removed. At the same instant of time the breakage of the 
catch takes place, and the anlpoule con t in~~es  to  rnovein the negative acceleration channel. The 
interaction of the lower cover of tile ampoule, whose lateral surface has been made in the form 
of the cutting edge being characterized by angles cul E 45' and cuz RZ l', with the  material of tlie 
projecting braking plates creates the force stipulating the ~iegat~ive acceleratiori of the ampoule 
cuz. At the same time, in the systcin of coordinat,es associated with the ampoule, the artificial 
gravitatiorial field g12 is acting on the mixing region which has l~ecn developed t o  this moment. 
The process of the mixture separa t io~~ begins. The interaction of the arnpoule with the hraking 
plates is continued up to thc instant of time 1 = t**(S = S"), then the action of forces the 
a~npoule ceases, tlie ampoules inoves I)y inertia during some time in the cllannel 12 and then 
gets into the catcher 13 where its completc stop takes place. The ampoule accelerat,ion was 
registered by means of the accelerometer l 4  secured t o  the lower cover of the ampoule. The 
typical oscillogram of the ainpoule accelera.tion which has been obtained in the process of the 
ampoule motion a t  S* = 300 m m  is given in Fig.3. It can be seen that the positive acceleration 
of the ampoule up t o  the moment of accelera.tion reversal arid the negative acceleration in the 
investigated range change i~lsignificantly and amou~it  to 80 - 90 5% of the correspondirig initial 
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acceleration of tllc ainpoule. At different instants of time t , ( ,S , )  during the a,n~poule motion, 

Figure B. Characteiistic oscillogralr~ of the dml~oulr accrlcration in euper i~n~r~ts  with 71 = 3 at  S* = B60 
mm. 

the action of trajectory gauges 11 located in a definite manner takes place. This leads to 
actuating tlie correspo~~tlir~g X-ray chambers Il ;tnd 12.  The X-ray radiat , io~~ of these chambers 
makes possible to obtain thc half-t ,o~~e iinagc of the f,url)uleilt mixing region on the immovable 
X-ray film 1.5. The d i s t r i h ~ ~ t i o i ~  of the average of t l ~ c  subsla~lce in the mixture region and the 
coortli~iatcs of thcl ~nixing fronts in light anti Ileavy licjllids arc deterrr~ined according to these 
images. 7'11e mark-benches I 6  located or1 i,he cha111lc1 wall anti the inark-benches 17 located on 
the ampoule are uscd for tllc tit,ter~nii~ation of t Ile tlistance S, passed 1)y the ainpoule to  the 
mornent of radiography as wcll as fo~ .  tlir: deter~~iination of t l ~ e  coordinatcs of the mixing fronts 
in light and heavy liquids. 

3. Determination of the space and time distributions of the average 
density of substance in the mixture region at  the stage of separa- 
tion 

The determination of the spa.ce and time distribut,ions of the average density of substance in the 
mixing region was carried out for thc mixture of substances with the relation of densities n = 3. 
Initial perturbations a t  the contact l~oundary wcrc: cha.racterized by tlic value L. = lnlln and 
X,,, E 2 mm. Two groups of experiinent,~ I~ave been performeti which have been distinguished 
by the different value of the distance S* at wl~ich the reversal of the ampoule acceleration 
has taken place. The first group of cxperiinents was perforrr~rtl a t  ,S' = l 40  mm, the second 
- at  S' = 360 rnm. This made possible to o1,tain t11e different widt,h of the ~nixing region 
to the moment of the acceleration reversal. Irr each group of experinlents the followirlg was 
cleternlined experimentally: average density of sr~bstance p(y)  for four fixcd values of distance 
S,, average sizes L2. ,  and L1.2 of the regio~is involvt:ti into the turbulent nlot,ion in light and 
heavy liquids at  the level of nondilncnsional density 6, = 0.1 anti 6 2  = 0.9. The average initial 
values of accelerat io~~ a1 and a2 at  wliicll the ex~)eri~nents  ha.vc been performed arc give11 in the 
table below. The measurenlents of the average tlensity of sul)st,arlce in the mixing region were 
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performed as follows. The nleasuri~lg channel was preliminary calibrated with using tlie known 
distribut,io~~ of suhst,ancc density. For this purpose the samples witli the know11 tlistribution 
of density instead of the investigated systcn~ were placed inin the ~neasuring channel. At tllc 
outlet of the measuring chanliel tlie distributioll of the optical density of blackenilig of the X - 
ray filn~ D*(? / )  which is, ~~r ia~nhiguo~is ly ,  associated with the ~ I ~ O W I I  density dist,ril~ution of the 
sample p*(?/ )  is obtainetl. After this t l i ~  cali1,ration dependencies I ) " ( p X )  were f o ~ n ~ d .  'The X - 
ray images of tlie turbulent ~nixing region whiclr have hecr~ obtained in e x l ~ e r i ~ n c ~ i t s  a ~ i d  11avc 
been a~ialogous to  those given i11 Fig.4 were treat.od with taking the calihsatiori depe~lde~icies 
Il ' jp*) into account. At the sarrle tisne , a1 first the average distribution of the optical density 
was determined according to tire mixing region image, tl1e11 the distrih11tio11 of the average 
density of substance was found. The results of the average values of p(?/ )  obtained i11 the 

17 16 AMPOULE 

Figure 4. Y-ray images of thc lnixirig 1.egio11 at the stage of the acceleration sign change at ,S* = 360 
mm. 

experiimcnf,s for one of tlie clrosen values of the fliglit path S, at  S* = 1.40 Inln are given in 5 .  
The analogous results of thc average valnes p(? / )  a t  S' = 36Oriim are  resented in Fig. 6. In the 
same figures the average valucs o f t  Iic coordinates of the mixing fronts in light, and heavy licll~ids 
are giveri. Moreover, the averagt: \~alues of the coordinates of t,he n~ixing frol~ts L2.1 and 

Figure 5. Averaged profilv of density for S = 790 mm at S* = 140 mm. 



F i g ~ i ~ e  6. Averaged profile of density for S = 1002 mm at ,S* = 360 rnrn 

are plotted on the graph of Fig.7 depending on the flight path for both groups of experiments. 
The dependencies L2.1(S) and L1.2(S) previoi~sly obtained for the self-similar rriode of mixing 
[4] are also given here. It is seen that  after the accelera.tion reversal a t  S = S* the mixing 
region size continues to grow for some t i ~ n e .  Then, sincc the ~nornent S = S, the mixing region 
size decreases. 'I'his is the consequencc of the separation of tlic different-scale pa,rticlcs of lleavy 
and light liquids. Distributions of density pjy, S )  obtained for both groups of experirnents were 

Figure 7. Dependence of coordinates L2.1 and L l z  of the mixing fronts on the flight time of the 
ampoule at  S* = 1.10 mm (1) and S" = 360 inrn (2). 

used for the detersrii~iation of the nondinlensional density S(x) ,  where 5 = (p  - pl ) / (p2  - P I )  
11s a  iond dimensional coordinate the following value was chosen: = (y - yo.l)/(yo.u - yo.,) , 
where I /O.~ ,  - coordinates of mixing fronts a t  which the nondi~nensional density assumes the 
values 6 ,  = 0.1 and 52 = 0.9, respectively. 111 Fig.8 the experimental res111ts are presented for 
110th groups of experirnents in tlie coordirlates 5 = ( X ) .  The cxperime~ltal dependence obtained 
previoilsly for the self-similar lliode of mixing is shown 11y a solid line. T l ~ u s ,  it is seen that  the 
space and time distributions of the s~lbstance average density p(y, S) obtained in the process 
of separation for both groups of experiments can he described by a single dependence &(S).  A t  



F~gure 8. Dependence 6 ( ~ )  at  the stage of the acceleration sign chhl~ge in expe~inlents with n = R at 

S* = 140 mm and .S* = 360 mm. 

the sallle time, tlie rcveled dcj)endcnce S(X) coinciclcs with the sclf-simi1a.r orle (differences arc 
ol~servcd a t  thc turbul<:~it ~l l ixture zone l~oundaries) i l l  tlic wide range of X values. 

4. Conclusion 

.4t the  i~~stal la t ion EKAP, by the roe~~tgeliograpl~ic tcchniquo the spa.ce and tirne distributions 
of the average density of sil1,stance havc becn detcr~ni l~ct i  in tlie turbl~lized rnixir~g region for 
Atwood number A = 0.5 at  stage of t,he separatior~ anti a t  the stage of inertial mot.ion. It 
has been set that  in the nonclilnensional form tliese di~t~ributions co i~~c ide  between tl~emselves 
wit11i11 the error of measurements. 7'11e obtained r e s ~ ~ l t s  can be uscd for the calibration of 
calculation-theoretical lnodcls and nu~ncrical cocles of turbllle~lt mixing. 

Acknowledgement. This work llas been performed under tlle financial supl)ort of the ('olnmissariat 
for Atomic Energy, France. 

References 

[ l]  Anuchina NN,  I<uchere~lko Y.4, Neuvazhayev VE c t  al., Turbulent mixing at  the accelerating 
boundary between fluids l~aving tliffercrit dcnsitics, Rus. .lour. Mechanics of fluids, Issue 1, 
(1978). 

[2] Kucherenko YA, Tomashev GG,  Sliibarshev LI, E x p e r i n ~ e ~ ~ t a l  il~vestigatior~ into gravitational 
turbulent mixing, P r o l ~ l e ~ n s  of Atomic Science and Engineering, Serics: Tlleoretical & Ap- 
plied Pllysics, Issue 1, (1988). 

131 Youngs DL, Physica D12, 19; (1'384). 
[4] I<uchere~llto Y.4, Shibarsliev [,I, Chitailtin VI, Balabin SI ,  Pylaev i lP.  Experimental ii~vesti- 

gation into the self-sirnilar rnodc of the gral-it;~tional t ~ ~ r l ~ u l c n t ,  ~nixing. Report a t  the 3rd 
Inteniational Lliorksliop on tlie Physics of (lon~pressiblc 'I'urbl~lel~t Mixing, (10'31). 

[.!I] Youngs DL, Physica 1)37, 270-287, (198'3). 
[G] I<ucherc~nko YA, Neuvazhayev VE, Pylaev AP, Behavior of Gravitational 'Turbulent Mixing 

Region under Conditions Leading to Separation. Report a t  the 4th International Workshop 
on the Physics of Compressible Turbulent A4ixing, (1993). 

[7] I<ilcherenko YA, Ncuvazliaev VE, Pylacv AP, RAS, 334, 4, 4-45. 



Investigation into the Interaction of the Stationary 
Shock Wave with the Turbulized Layer 
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A b s t r a c t :  Hi1ssia11 Federal Nuclear (,'cliter - VNII'I'F and Lawrence Livennore Natiollal Lab- 
oratory have joiried their efforts for the cxpcrilne~ltal sti~tly illto tlie interaction of stationary 
shock waves wit h a turbulieed layer. 111 VXIITF the experirnelrts have 11eell run at  the il~stalla- 
tion OSA. Tlie results of cxperi~nents will be used for tlie calci~lations of tlie targets cornl)rcssio~~ 
in the laser thermonuclear fusion prol~l<:ni. The turl~ulized laycr 11a.s been formeti a t  the contact 
boundary of two different density gases wit11 the external iriitiation of tlre cor~trolled separating 
membrane prior to  tllr: stationary shock wave arrival. 

1. Introduction 

The unstatio~lary flow of liquids and gases with tlie availability of different density regions is 
ullstable i11 most cases when we are dealing with energy cuml~lating. In this case, a t  the  con- 
.tact boundaries, the turbulent mixing induced by the Rayleigh-Taylor or Richtmyer-Meshkov 
'instabilities develops. Mathematical codes being developed and semiempirical ~nodels taking 
into account the mixing under the co1npressio11 of tllc t,argets dernarld for calil1ratio11 by rneans 
of experimerits performed specially. Experiments have been performed at  the installatio~l OSA 
in VNIITF. When doing so the interaction of shock waves with the t,llrbulizcd layer has been 
realized according to the scheme sllocvn in Fig.1. At some ir~stallt of time t < t l  , a flat turbil- 
lized laycr, I,o(t) ir1 width, is created wliicl~ consists of !,he mixture of two gases. Gas 1 density 
is p1 , and gas 2 density is p?. 111 this case the till-l~ulized laycr, as a whole, is not movi~lg, i.e. 
its mass velocity l1 = ITo = 0. At the inst.ant of tin](. i > t l  the first shock wave D20 passes 
t,hrough the turbulized layer from gas 2 to  gas 1 (see Fig. 1). After the shock wave passage the 
t,ur- bulized layer size decreases up to L ( t l ) ,  the laycr Inass velocity becornes equal t,o U = 11'~. 
For the casc of p2 > p1 the  sllock wave 1111 is moving in gas 1, and thr, wa.ve of u~lloatling is 
~noving iri gas 2. The layer size L(t) begins to iricrease at  t > t l  due to  the partial absorptio~i 
of tlie shock wave energy i11 thc layer. Then, at the i~lstallatior~ OS.4, the reflectio~l of the wave 
Dl l  from tlie hard wall was realized at  the instant of time t 2  > Z1. Tlie reflectet1 shock wave D I 2  
interacts with the turbulized laycr at  the instarit of time t3  > t2. AS a resi~lt of tliis interaction. 
the passed shock wave D23 is moving in gas 2, and the rcflccted shock wave D13 is movirig in 
gas 1. The layer mass velocity beco~nes eqi~al  to (1 = iil i r i  this casc (for 1 > t:,). 'The part 
c~f the wave D12 energy is again transfor~ned illto the turbule~it  rioti ion. Therefore, l~eginning 
frorn the instant of time t = t3 the growth rate of the layer width L(t)  again changes. At the 
installation OSA some reflections from t h e  hard wall were orga~iizctl so that  t o  obtain the wave 
picture give11 in Fig. 'L (case of p2 > p l ) .  Here . c c ~  - positior~ of the contact boundary, zn - 
~ ~ o s i t i o n  of the hard reflecting wall a t  t = 0. The trajectories of the shock waves are denoted 
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by U .  "he first lower i~ldex denotes gas i11 wliicl~ thc shock wave is ~novir~g.  The  second lower 
index denotes the i~lstailt of time after which the shock wave has heell generated. In t h ~  odd 
instants of time t1;t3, t 5 ,  ... shock waves interact with the c o ~ ~ t a c t  1)oundary of gases. I11 the 
even instants of t ime t2 ,  t 4 :  t6, ... the shock waves are reflected from a hard wall. For tllis 
reason the desigrla.tio1ls of the contact boundary t,rajcctorics ha\~c o111y odd indexes (111, [I3, I f s ,  
...) and also Un . Tlie front of the u~l loadi~lg wave is moving with sound velocity relative to  
gas, therefore, i t  is designated as CZI ( the wave i11 gas 2 after the inst.a.111 of time t l ) .  111 the 

a)  lnteractlon w~th first shock wave 

- 
U =  U, D,, 

h) lnteract~on with second shock wave 

Figure 1. Scheme of interaction of shock waves with a turbulized layer 

present work the investigation into the interaction of a turhlllized layer with a stationary shock 
wave was carried out i11 a new set-up. The distinctive peculiarit,y of these experiments was 
that the separating membrane was disrupted by an e x t e n d  force at  a specified instant of time 
(the characteristic scale of perturbations X ) .  As the res~llt ,  the turbulent layer having the 
width Lo(t) has been organized (the time dependence of the layer widt,h depends on enclosed 
energy during the rne~nbra~le  disruption). The experiments were carried out with respect t o  
the following scheme (Fig.1 and 2):  
1. By the instant of time t = 0 a stationary shock wave U2n was for~ned in gas 2. By the instant 
of time t < t 1  the turbulent layer, Lo(t) in width, with a definite spectrum of turhulence was 
created. The turbulent layer forming conditions were chosen so that  one can corisider the layer 
as thin (case Lo(t) - X )  or thick (case Lo(t) > X) by the i~ls ta~l t ,  of time t = t l .  
2. Beginning from the  instant of time t = t l  the turbulent layer t~ehavior after of the 
incident shock wave Dzo has been investigated. 
3. Beginning from the  instant of time t = ts the turbule~lt layer behavior after passi~ig of the 
reflected shock wave DIZ has been investigated and so on. 
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Shock wave trajectory 
- - Contact boundary trajectory 
---- Trajectory of rarefaction wave front 

Figure 2. X-t diagram of lnultiplc interaction of shock waves with a tl~rbtllized layer. 

2. Set-up of experiments 

Thc expcrilnents c o r ~ c e r ~ ~ e d  with studying the interaction of the shock wave witli the t~~rbul ized  
layer were conductetl a.t the i~lstallation OSA. 'l'he scheme of tllc ~ n e a s ~ ~ r i n g  ~nodulc  of the 
installation 0S.A is shotv~l in Fig.3. A t  the top there is tllc high pressure reservoir scparatetl 
from tlie remaini~lgpart of the shock tube by the alu~nimlrn 111(:1nbralie 0.5 m m  in thickness. Thc 
l)lock of the co~ltrollcd high pressure membrane provitles tlle powerful pulse of current on the 
membrane that  ensures its rupture at  the specified ir~st,ant of time. 'I'llen t l ~ e  t,ransition section 
follows which provides the gas-dynamic conformity of tlie flow in the round section with the 
flow in the square section. The low pressurc cllamber is of siluare cross-section (138 X 13Smm2) 
and is filled up witli incrt gas wit,h its density /l2. The separating rnenlbrane prevents from 
mixing of working gases during the prcpara.tio11 of the experiment. The  following section of 
the shock tube is the measuring chamber wliich makes possil)le to perform the registration of 
the turbulized layer by light methods at  different instants of time. It is filled up with working 
inert gas having its density p l .  I n  the lower part of the mcasilring rrlodule there is the shock 
wave reflector block which provides the series of the  reflected shock waves. The  succession of 
tlie i~istallation work is the following. Prior to  conducting the experi~nent the low pressure 
cllamher and the measuring chamber are filled with different density gases. The separating 
meml~ranc  r re vents from ~rlixing of gases. The high pressurc reservoir is filled up with nitrogen 
compressed up t o  pressure P = l .Oh lPa .  At the specified nlo~nent t l  the a lu~ninu~l l  membrane 
opens up  under the action of the powerful pulse of current, a~i t l  gas 1)egins to  flow out of the 
high pressure reservoir. The formed shocli wave is propagating along the transitioll section and 
the low pressurc cl~arnl~cr .  At instalit of time t 2  the co~ltrolled separating me~~ll)rxne js  ruptured 
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Figill.(, .'$. Sctlelni: of installation OS:\. 

i, s1iov:ri ill Fig.3. Tile whole rneasurii~g rnodule of the, i~~s ta l l a t io~r  OS.\ is .;ul)clix.ic!i.il i11~o 
t l ~ r e c  !,arts. Tlic gak reicrx-oir. 1553 rnrrl irr length, is filled 11p \vitli c-o~ll~)recqeii iiitroge~:. Tlrr 
t u a ~ i + i t i o ~ ~  sectioii a ~ ~ t i  111~' p d s l  of t11f '  low 1)resst11e cliarnl>er arc fillet1 11p \;-if11 the  workilr :~ ga. 

17;itli i t s  cle~i.;it~. /, urirl~r 11o1.1liill pressure (lengt,l~ of this part  ainuiirrts t o  27.5s 1111111. l h!, 
~ncz!iuri~lg clra~nbcl- ;l)ctv:ecu thc  scljarat,i~ig i r ~ e r n l ~ r a ~ ~ e  artcl tile reflector) i~ filled II I J  11-it11 rllc 
~vol.!ii:rg $2,  ]\-it11 i j L i  t l r r i ~ i t ~  / I ; .  'l'11(, c l ~ a ~ ~ i l j c ~ .  Icrlgth is cq~lal  l o  ,400 rnril. 111 tlrr gile11 ~:-ul.k tilt, 

fol!on;ii~g l~orliillg :a>(,. j;.r.rrA 1 1 ~ t ~ i :  I I ~ ~ ~ I I I I I  ( 1 1 6 )  (ci~ilsity /) = 0.17Skg r i i '  l .  ,iro_o11 i I (!c,~!-it! 
,, = 1.7qi:11 ,:iJ;. < ' K ,  itic~risi1.y p = 6 . 0 k y / ~ r z ~ ' ) .  T l ~ c  ~.c>latioris O S  iic.ii.irir- 11 ;~::!l .\t\.;ooti 
I I L I I I I ~ J ~ ~ $  1'01 iiill'!lri.~~t !~;iir- of gasc-s arc S ~ I O \ V I I  i l l  l ' i~ljlc l .  'I \YO scrics !)l' ~ , Y ~ ) P ~ ~ I I I ! ~ I I ~ -  !h,t\.t\ !)e<,:l, 

coi!<!ucteii. 1 1 1  c ac l~  iilriix> tiiii'ere~~t, pairs of gases ~vcre  useti. Hot11 scrirk co11,i.: r d  or tiro gl.c)ulj- 
of ~ s p ~ : l . i i r ~ e ~ l t i  1 1 e i 1 1 ~  i i i b t  irieui-hed ljy tiiffcl-ent valucs of tli(: l , ~ ~ r l j ~ ~ l i z c ~ ( l  li!\.e~ tl i ick~~es'  l)!. 1 l ; ( '  
~ i io rnc ,~~ t  of tile fallirlg -]lock ivavc arrival. Trajectories of  sl~oclc wa\-t.- i111r1 tr<i,ji.cto~ic,i of t l ~ c  
tur l ,~~l i / r t i  la!rr l~o;~rrcla~~ie.; i;c,r.c. ~~~c ,asur r t l  after passing of si1oc.k wave.-. 111 tllr firs1 qesici c-ni 
c.z~jcrimcllti .A, ,  - f i e  i ~ ~ i r  or gases (rltwooti mil~i i>c~.  :l = 0.82) was 11qetI. TIlc. Talli:ly ~lroc-!< 



I'air of gases Itclat io11 or tlelisities :\t..ivootl ~ l u ~ i ~ l ~ c r s  

AT.- H r  10.0 0.82 

wave was formed wit11 Macli r i ~ ~ ~ r i l ~ e r  III = 1.7. 111 group 1.1 of cxl)crirr~c:~~ts the tml~l~l izc~t l  layer 
tllickness f,,,(tl) amounted to 9 nlm I)y tlic rriorrie~it of the falling shock wave arrivitl. 111 group 
1.2 of cxp~rimcii ts  La(fL) = 17mm. 111 tlrr. second scrics of cx[)r-rili~erlts ,$I;;, - :lr [)air of gascxs 
(Atwood riu~nlrer :Z = 0.51) was used. Tire falli~rg shock wave was forr~icd with Macli ~ ~ u i i l l ~ e r  
iZ( = 2.0. 111 group 2.1 of cxperirrierits the tlrrl~ulized layer tliicltncss L a ( / , )  arnolrntetl to  !l In111 
by thr: moment of the falling shock wave arrival. 111 group 2.2 of cxl)er.i~r~e~lls Lc j ( l l )  = I7,rttrc. 

3. Results of experiments and their discussion 

During the clcc.t,ric: explosion the turhi~lixed layer whose width is clialiged with tinrc is forliied. 
For tlie determination of tlrc dependence of t , l~c t,i~rbulized layer width Lo(l) tlie special cxperi- 
rr~ents without shock Jvaves I~ave been perforrried. The aritlimctic r r i t a r l  vall~e is assumcd t.o I)e 
the turbulized layer width La itccordirig to  tc11 lrreasl~re~ile~its of tlie sixr Fig. I] shows the 
cliaracteristic plrotogritpliic irnagcs of the turl~ulizcd laycr for tiiflererit i~lst,ants of tinie for the 
pair of gases .4r - I I e .  7'1i(~ t urbulized layer is sec11 in pliotograpl~s in 1,11c, form of the da.rk 
hand. It (.ail l)(: seen that tlic laycr widtli is illcrcascttl wit11 (.inre. I ~ u t  the laycr it,sc'lf is ~noving 
downwards. Ncar t 11(, rnc.asuri11g ciiari~l,t!r walls tlie I~o~~ridar?;  laj-c.r is srr l i  which lags l)c.l~i~rtl the 
basic turbulizctl layer. 111 licavy gas (argon) t,hc r.eflected shocl; \va.vc wliicli is ~r iovi~ig l i l~wn~~ds  
is well seen. Tirne 1 is co~~l~t,c.ti o f f  I'roni tlrc. IirorilellL of the sl~ock wave ir~t,c>raction with t l ~ e  

Turbul~zed layer ~ lea t  Bench.rnarks R a c t e d  shock wave, 
1 ,  

1- I 

Figure 4. 'Typical photographic. irr~agcs of thc mixing process o f  gases 

t,urhulized layer. For the exact t-leterrrririntion of the image sc.alc the I)encli rnarks are set before 
t,he measuring chamber glasses. The clcat ret a i~~i r ig  tlie glass is also seen in phot,ograplis. .After 
the interaction the turhulized layer attains mass velocity approxi~nately equal to  R65 m/s  and 
expands with average velocity approxirnately equal to 24 m/s .  'I'he falling shock wave rcflccts 
frorn tlie reflector and interacts again wit11 t h c  turlrulizcd layer a t  instant of time t > 1.65 rrls. 
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A t  tile same tinlr the alrcrage ividt,li gro~vt,ll ratc of' 1 1 1 ~ 3  1iryc.r rlI,/cll is iricrea~ctl np t o  !)T,nl/s. 
11ut its mass velocity decreases "1) t,o 146 rn/s. The  llext ilitcractio~i of t11e rcflectcd sl~ocli ivave 
wit11 the t~rrI)~rlizcd laycr taltes place ;l.t thc i~~st.arlt of t.irnc t 5  > 1.9 rns. 'l'lic widtll growt,li 
ri1t.e of t,11e layer dL/dl is increased to !l!) ~ n / s  I~lrt its Inass velocity decreases to 79 m/s. In 1111. 

rx~xrimcirts of the group 1.2 t l ~ c  controlled separating tiiaplirag~n was ruptured ill .l ]us prior 
to the slioc.lc wave arrival. By tlie momci~t  t ,  of thc shock wave ilit.eraction with tllc t ~ ~ r h l ~ l i z c d  
laycr the width amounted to 1;" > 17 rnm. 'I'hc, average ratc of the laycr nritlth growth and tlie 
Inass velocity of the laycr are  give^^ in 7'aI1le 2 for diffcrcnt irlstants of t,ilne. Fig. 5 shows the 

Rat,e of tlie layer Inass velocity, rn/s 
~vidtll growt,l~, 1n/s 

first reflc,cted shock cval-e ( t 2 t,% ) 78 1 1 0 

second rcliected slroclc w a v e  ( t > t ;  ) 5 5 Xi 

Figure 5. Ueper~dcnce LO(O and L ( t )  for gascs .4r - W e .  

summary dependencies of the  turbulized layer wiclth or1 t,irnc' for tliree cases (gases -41. - He): 
1) Lo(t) - layer widtli when tlierct are 110 sllocli Tvaves. 'I'i~e I v e r  widtli is growing due to the 
electric explosio~l energy. 
2)  L ( t )  - layer xvidtli whcrl tlie sliock wave falls 011 the coiltact boundary in 1 nis after the sepa- 
rating tlial)liragrn destrlrctiori ( the t~r~rI)~~lizct l  1ayf.r lias 1)c~c~n incrcascd to tlic: size IJo(tL) > !)mm 
by this rrlo~iie~lt ). 'I'lic layer widt,l~ is growirlg due to tile energy i~l~sorbed from shock waves at 
the instants of t i~ l le  t l ,  t 3 ,  l 5  
3) L(f) - layer width xvl~er~ the sliock tval-e falls the collt,act I~oulittary ill 1 Ins after the sep- 
arat,ilig diapliragri~ destructiorl ( t.lle turbulizc~tl laycr I~as  i~ic,rc:ased up to the size, IJo(t1) > 17 
lrinl Ily this momerlt). Tlic layer widtll is grolvil~g d ~ r c  to  tile energy al~sorbed fro111 shock waves 
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a t  ilist;~lit s of ti111c t 1, t:j, (5. Fr011i the 11rcsc11l(~i graphs it is ~ jos~i l ) l t ,  to col ic l~~t lc  t 11i1t. aft er 
p a s s i ~ ~ g  thc  shoclc rvilvcs tlirorigl~ Lli(> ir~trrfacc,  tl~c. rat.? of t l ~ e  turljlllizc~d layer exl jar is io~~ is 
sharljlj. i ~ ~ c r e a s e d ,  n.liercas t . 1 1 ~  a.ccc~l(~ratio~i of tlic laycl ~vititll gro~vtli  tlepelitls or1 {lie sliock 
wave ilitr~risity. '1'lit~ set,-111) of c x p c r i ~ i ~ e l ~ l s  wit11 gases ,S'/,, a l~ t i  :l,, ( t l ~ e  sccorld scrics of cxljer- 
ilnctuts ) 11;~s co~ril)ietely corrc,sljondcd to  t , l~e  exljerimciits of tlic, first series dcscriljctl above ( 
the  gl.oi11j of c x ~ ) ( ~ r i n l r ~ ~ t s  2.1 ). Hy t , l~c  t,inle of t,l~c: first. sl~o(.li wave arrival t he  t iirbulizcd layer 
\vidtli a m o ~ ~ n t c d  t o  l,,, > 9 111111. 'I'iie ra te  of t he  1ayc.r n . id i l~  growtli and tlic nlass velocity of 
tlic. 1ayc.r arc. sllowi~ irl 'l'al~lc: :i f'or difrcrcrit ilistalits of t i i l l c - .  13). t I I ( >  t inle of tllc first sliocli 

\va~.t\ ;~ri.ivaI t I I C  t ~ ~ ~ r l j i ~ I i z ( ~ ( l  I i~>(>r  ~ v i ( l t  11 ; i ~ r i o ~ ~ ~ i t s  t o  f,i1 > I ~ I I ~ T I I  (t I I P  gr0111j of e x p c r i ~ ~ ~ ~ ~ ~ i t s  2.2). 
' I ' i r c .  lilyer i ~ i d t l ~  gro\vtIi rat(, ant1 t l l i .  rliass vc,locity of tlic layer for tliffi,rc~rlt iilst;ints of t . i l i l ( >  

arcx slio\v~l in 'Tal~le r l .  Fig. 6 tlcniorlst rates 111r ~~~~~~~~~~y tlcl1cl1dcncic.s of i l l ( .  t ,iirl~l~lized 1ayc.r 
~vi(1tli on tilnc. (gases ,S/,;, - . IT. ) .  

Itat(, of t he  1ayc.r 111ass velocity. n i / s  
wit11 11 growt.l~. ~ n / s  

4. Conclusion 

Tlic il~\.c.st igat ioii 1.c.gardillg t \ I ( .  iiltc.ri~c.t ion of tlie statioliiiry s l lo~l i  w;Lves tvitli tlie t~~ l . l t~~ l i ze~c i  
laycl Ila\.c. 11cc11 pc~,formc,ti. ' 1 ~ 1 1 ~  first s('ri(~s o f  c s ~ j ~ r i l l i r n t s  T V ~ S  c o ~ i d ~ ~ c t ( ~ d  It? ilsirig gases -41.- I { (  
wit11 Alac.ll I I I I I I I I ~ ~ ~ I .  of t,11('  fillli~lg ~ l 1 0 < . 1 i  \v;~ve .\l = 1.7. '1 I I P  avc,ragc, r;itex of t , l~e  turl)l~lizctl la>-c>r 

P 

witltll groc\~tli rll,/tlt is slio'iv~~ i l l  ' I ; I I I I ( ~  5 for ciiff(xrc~~t init,ial t l ~ i c k ~ ~ c ~ s s e s  L. of the  turhnlizcti 
I ; i y i~ .  T h e  secoi~ti sc3ric3s o f  c>u[jrrin~cilts \cas colitlrlc.t,c'tl l j j r  rlsirlg gases ,i'fl; - .IT. \vit,l~ hlasli 
~ i i i r n l ) c ~ ~  of tlic, fnllilig sliock ~ v a v c  .\I = 2.0. 'I'lro a v c n g e  ra te  of tlic t~~rbl l l ize i i  layer \vidtli 

P 

gro\vtll d L / d l  is sl~owri in 'ra1)lc 6 for t l i f i rcnt  illitial diff(\i.(tilt. (.o~l(iitiolls. 
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Figure G.  Depcndencc, L o ( t )  allcl L i t )  for g a c s  SPb - Ar.  

falling sl~oclc wave, ( t 2 t l  ) 24 I I I / S  20 ~ n / s  

first reflected shoclt wave ( t  > t ~ i  ) 95 m / s  78 ~ n / s  

sc.cor~d reflc,cteti shock wavc ( t 2 f; ) 9911i/s S5 ~ r l / s  

Table 5. Ir~it.ial widt,l~ of the tur. l~~~lized layer. 

P- - 
dI,/dl r lL /d t  

f,tlling shot  k waxre ( t > t l  ) 21 m/.; 11 I ~ / S  

reflected shock w,lve ( t ) t3  ) 106 I I I / S  4 1  m / s  

'l'al~lc 6. Init,i;ll width of t l ~ c  t.rlrbr~liac.ti layer. 



Experimental Determination of the Trlrbulized Mixtures 
Separation Rate for Different Atwood Numbers 

Y.A. ~ u r l ~ c r e n k o ' ,  A .P .  P y l a e v l ,  S.I. B a l a b i n ' ,  V.D. M u r z a k o v l ,  R.I. A r d a s h o v a ' ,  
V.N. P o p o v ' ,  O.R. K o m a r o v ' ,  V.E. S a v e l ' e v ' ,  O.E. K o z e l k o v ' ,  R. C h d r e t 2  a n d  
J.F. H a a s z  
I Russii~n F ( ~ l c r ; ~ l  IX~~cl(,ar ( ' ( x I I ~  c>r - 111stit l i t  c of l ~ ( ~ c I ~ ~ r i c i ~ l  l'lry~ics 
1.r jh ' -7  r 1 0 f !l1c.Iyal)i11sk-70. P.O. 2-95, l i ~ ~ s s i a  

'(:l~.A/I)XI\~I. U'1'12 I"!)IfiSO. Hrt~yi%rc.s-l(:-( ' I~atol.  1:1,alice 

A b s t r a c t :  I~:xl)cri~rlr-~rtiil s t l ~ d y  into tlir. tl~~-l)riIizc.d nlixt i~ rc~s  scparat i o l i  at. 1 It(, ills1 allat iolrs 
E:I<:\I' (X-ray t e c l ~ n i ( ~ ~ ~ c ~ )  all([ SO11 (liglit t c ~ c . i t t r i c l i i ( ~ )  has l1cc11 pcrforn-ictl. Tlrc t~~r l ) l~ l i zc t l  ~ n i x -  
t.l~rc.s of cliff(.rch~~t (Iclrsity l i ( l ~ ~ i d ~  \VCI.C o l ~ t a i l ~ ( ~ d  ;IS a rcsrill of t l i ~  l~ayl(~igl~- ' l 'ayIor inst,irl~ilith. 
action t l r ~ r i ~ ~ g  tl~cx dcfirritc tilnc. i\t soure. iristarrt of tirlic 111(7 sigrr of ii(.(.r:lc'riitio~~ WAS clrangecl. 
Sincc tliat. ilistant of tilrro tlic. cor~tiitiolrs for 1 1 1 1 ~  separatiolr \verc3 crcat.c.tl. 120r tliree Atwooti 
~ l l~ ln l ) c r s  hc>irig c~ssc~~rtially clilr(:rerit t 11(, ~ ~ o r i t l i r r ~ ~ ~ ~ s i o ~ ~ a l  r;rk of sej);rt.ai,iolr has bee11 d c l t c ~ ~ r i i ~ ~ e t i .  
Tlic asj-111l)totic stage of scp;~rat ion lras l)ee~l investigitted. 1'11(. ~rolltli~nctnsiorlal ra te  of scl)iiri~- 
1io11 ~ Y ; I S  slio\vr~ to  i r~(Icp(~r~( l (~rr t  of ilt~voocl 11111iiIjc~r. 

1. Introduction 

T h e  rio~rstatioliary flow of fll~ids at t11c. availal~ility of diffcrcxnt, tl(~11sity rvgions is al1vi1)-s ~ ~ ~ l s t ; l l ~ l ( >  
~vlir~ri 111c~ligllt s ~ ~ l j s t  ; r r ~ c . c \  ;rccoI(~rales 1111. 11c.avy ollc,. :It tire cor~tact  l)ol~lldal.y of'i,11cse s ~ ~ b s l a l i c r s  
tlre grayit atiolral t~ i r l ru l (~u t  tliixilig ilrcIuct~(l l)?. tllc Ilaylcigll-'Paylo1. ilistal~ility tlcvclops. 111 this 
case tlic? ;icec~Ic~l~atior~ of tlrc iirlifici;rl gravit;?tiorr;~l ficxltl is dircct(v1 fro111 tlie lira\-y ~netliurn 
to  t l r c '  liglrt on(.. I f  in th(? 1)roc.c.s~ of niotiorr t 1 1 ( .  cor~tirct 1)0111i(li1ry ac(.(~Icraliorr c I ~ a ~ i g ( ~ s  its 
s ig~r .  tlrc~i t l ~ ( ,  ljo1111(l;1ry ;rjj1jc3;~rs 1 0  gr;~\~it;rlio~r;iIlj- st;iIjlc~. S'i~ic(, Illis i11st,a111 of t i111r Il l ( :  

sel)aratio~i ~jroc(>ss of tlic. lrc.ii\,y alicl ligltt, s~iljst ;r~lc.c%s Ijcti~ig foi~ti(l i l l  ~ , I I ( >  t u r l j r ~ l c ~ ~ ~ l ,  ~ l t i x i ~ i g  zorreX 
I)cgil~s t o  ~jrocc-c~l. Similar ~)Ii(-nomcrla, take oft(-n ~)lac.c' i l l  Iiiglr-irrt.cl~sivc sl~ocli  ; r i ~ t l  c.xljlosivc9 

,, pro(.rss(ls. 1 1111s. i l l  1 l~r! pr~jI j lc~i~> of Iasvr t I I ~ ~ ~ I I I ~ I I I I ~ I ~ ~ I ~  f11sio11 (l(:I$'), i l l ( :  ~11rlj111cx11t lrrixilig 
alrtl t 1 1 ~  sc%ljat.atioli take place t l l~ring tl~c: c.oilrl~rc~ssiol~ o f  l , l ~ ( x  i,argc~l,s I~;r\~irlg a siiigl(> slrell as 
c\'r:ll as srvc>r;il slrc~lls. il'iiliil~p illto a(.c(j11111, I ~ ~ < , S P  ~ j r ~ c e s s ~ s  is especially irn~)ortarrt d111,ing t l i c ,  
colnlxcssiiol of t he  sl)ecial iirrgc,ts ill tlic 1(11.' 1jrolj1~~111. 1 ' 1 1 ( ~  ~ ~ I . o ~ . ~ Y s ( ~ s I I ; I \ . ~ J  an i11fl11c21~c 
directly or1 tlir, dynarnics of t110 targets c-ornl~rcssio~~. 

ilssr~rric. I lial t l i c .  systc.111 of f.nro cliff('r(111t (I(~rrsity li([iiids lravilig ticnsities p2 > pl  al)pc' ;~rsio I)e 
ill t he  art,ificinl gra\~itatio1l;rl iic,ld ~vitl i  i~ccclcrirtio~r g l l  = ( , 'or l+t  clir.c>ct,c~ti fro111 t hc, Iieavy fl~litl 
t o  tlie liglrt olrc3 (1,'ig.l j. 111 c.ollsc,cllielrec llie ~ l ~ r l j r ~ l c ~ ~ t  rnixing devc.loljs 1111dcr tlrc~ act io~l  of t l ~ r x  

RaylctigIl-Taylor il?st,al)ility. Tlic size o f t  Ire, 111ixl I I ~ ( .  rctgio~~ /,la is groiviug \vil 1 1  t i r l l r  accordilrg t o  
the  law [l,  21 L I 2  = 'Ln,,,.-1.5' W I I ~ ~ P  o.., - 1101itIi1i1(:llsio1ial \-vlocity of rr~ixil ig~ .4 - Atwootl ~rttllrljcr, 
.S = g l l 1 2 / ' L  - ~ ) a r a ~ i i c t c r  (for tlrc gi\~c,11 s c l ~ c ~ r l ~ c ~  of c'xpc'l.i~~lc'lll,s t 1 1 c >  ljiiriirrt(~tc~r ,S ( .oi~~(.i( le~s xvit,ll 
tlic col~ti~c.t, I)ou~ldary disl)Iacc~riic~~rt ill thc laboratory systeln of' coordinates ~vitl i  t l ~ c  a r ~ l j ) o ~ ~ l ( >  
ac.c.clcratio~r). For diffcrcwt :\l.\vooti ~ r r r r~ i l~c~rs  the  1.a111c of the coustant. n,, zz 0.07. : ISSIIIII~~ 



Fig11r.c. 1. Scherrlt~ of tlic t.111~bulized rllistnl.c srpilratiorr oC differc,rrl. clensit,y fluids: 1 - light liquid. 2 - 

Irc,avy liquid. R - a~npoule. 

t l ~ a t  at solilr, i ~ ~ s t a l i l  of t i ~ n e  i = I"  (,'. = 5'') acceleration (11 cllarlges its sign (Fig.2). Siricc 

this instant of t,irrie the system of t,tvo diffrrent density liquids becomes stahlc gravitat,ionaIl), 
therrfort., the corltlitions arc creatrtl for separating the, turhl~lized rnixtl~re. :Is it is know11 
[3, i l l ,  t Ile size of tlie l,ur1111le11i rriixirig zonr IjI2 attains the niaxirr~urr~ valuct at somo iilstar~t, of 
t , i~nc T' = 0 at thcl st,age of s t a h l ~  ]not iori, aftc,r that  the, size of t.l~is regiorl begins to  decreitse. 
At tlic sarnc, t,irrie tlic sixr of is (I(-t('rri~it~r(I 1)y t.he relation: 

wliere ,? = $ - paran~r>ter,  g12 = ('(0115f - acerI~ri1i,io11 of t , l~e art,ificial gravitational field 
directed from thr, light liq~~ici to the, Ileavy o ~ ~ e .  In tlic works [3], [-l]: for t l ~ e  va111c~ of At~vood 
rrlu~nhcr :l = 0.5 the \,allre of tllc, c.onsta~rt r r ,  = 0.01 has bcerl determir1c2tl in tl~ct rangc of 
(S  - .YX)/.i" 5 I .5. l'hercforc~. tlle l.lirl11ilizc~d i ~ ~ i s t . i ~ r e  separation rate i l l  tllc given rallgt, of 
the ~~arairir~tc:r ~7 is less I)?. a fartor or - 7 tl~iiri t11r six(, growtli of I I I P  lilixir~g regior~ at tllc, 
stage of 1nrs1,al)lc~  notion. 'I'hc liisk of tile g i ~ c i i  ill\-rstigat io11 Ivas to ciet,crmilic the constant n, 

for ot11c.r At ~vootl n11u1l)c.r~ ar~ti to i~~vc:sLigab(, t11e asyml)t.otic stag(\ of srparatior~. Exl)c,rinients 
were prrforlr~c,tl a t  the inst.all;ilioli EI<!II' by  tllc, X-ray teclil~ique for tIi(: densiticts relation of 
liquids n = 3 a ~ i d  n = G arid at  tlie i~~st,alliii,iori S0h,1  113 the light technique for n = 1.5 and I r  = 
3. For ohtailiirlg tlie de~isity r c l a t i o ~ ~  11 = I .:i two liqiiitis, rlamcly, benzine and aclueons solution 
of sodium chloride have been used, for 1 1  = G - I ~ c r i z i ~ ~ e  and aqueous solut,ion of zinc chloritiri. 



I ~ u t  for r~ = 6 - bcnzirie nr~cl I<leric.lii licll~itl. -1'lrc: liql~itls I~ciirg invc:stigat,c~tl arc pli~ct.d illto i11t. 

hcr~netically sealccl a m p o ~ ~ l e s  ~vliicli a t  111t~ init i ; r I  ilistiil~t. of ti lr~e ; ~ r c  nlount,e(l i ~ i t o  the r l i eas l~r i~~g  
nrodulcs of tlic correspo~~ding i~~stallations. The ii~ternal workirig sizes or aml)oules arno~irit. to 
(50 X 50 X 140) mm,' for tlic ir~stallatio~l I2KAP a ~ r d  (51 X 64 X 120) n ~ r r ~ "  for t.lie irist.allat iorr 
SOM. .At tlir contact 1)oulidary of licll~ids the rantlom i r ~ i t , i i i l  ~,ert,~lrbations n7cro spec,ified. 7 '11~ 
widtll of tlrc initial per t l~r l~at ions zo~re was e q ~ ~ i t l  to f , ~  = ( 1  F 0.2)mm at, the i~istallatio~i 
EI<:lP and r,o = ( 2 . 3  + 0.3) tr t~n at t,l1<1 ir~stallatiori SO\[. 'I'll(. arn[>oulcs l~at i  1)cncli ~na.rlis for 
tllr c lc tc r~~~i r~ i l t  ion of t,llc corlt act 1,onridary posit ior~ aiid tile l~our~dar i t~s  of liql~ids pel~ct rat,ion 
into cat.11 other. 'I'ire ariil)o~~lcs >\rcrcx set i11 mot,ion 1)y rileall!: of g i~s  accelcrat,ors. T l ~ c  fi1nc.1 iolial 
scllcrnc. of tiic illstallatior~ I<Ii!ll' is sl~oc\~ri ill  Fig.3, ;lilt1 its tlcscript,io11 is givr.11 i l l  [S]. !\t tlic 

AUTOMATIC 

GENERATOR. 
Aa. Ch-ha 

RC-IM 

X-RAY TUBE. 2 Am. Chnmba 

GENERATOR. l %::2Gba l 
X-RAY TUBE. 
Aa. Chamber 

t t ].Light fluid of density p, l 
2.Heavy fluid of density p, 

3.vulical gas gun 
4.Ampoulc 
5.Driver of positive acccleation 
6.Drive1 of negative acceleration 
7.Mcasuring module 
8.lnenial device 
9.Device for dselerating and catching the ampoule 

Figure 3.  Functiotral block-diagram of t,lic installat,ion I<I<AP 

irlstallatio~~ EI<AP tlie ~ ~ e g a t i v e  accc1cr;ttion was created t hrougl~ the deformat io~~ of tile metal 
plat,es. In so far as at the i~rst,allatiori SOM tlie asymptotic s t , a g ~  of separation was st.lldictl when 
(,$ - ,?*)/,S* > 10, t ,hen,  with a view to i~rc-].rase tlic pat,h of thc arnpoulc 1rlotio11, the sclie~ne 
\vitli its rcturri rilotio~i was used at t l~ i s  i~istall;~t,ior~ (Fig:l). 'rli(> tirscriptior~ of thc s c l ~ e ~ n e  



Figure 4. Pl~ysical schelne of the incasl~ring lnodlllc of tltc irtstallation SOAT. 

operatior~ with the ret11rri motio~i of the a m p o ~ ~ l c  is give11 in [(i]. D u r i ~ ~ g  tile a m l ) o ~ ~ l e  nlotior~ 
i r ~  the channel of thc negative accelcratiol~ thc roc~it.geliograpl~ic registration of tlle t ~ ~ r b u l t ~ r ~ t  
~ n i x i r ~ g  zone was perfor~netl hy rrieans of the pl~lsc X-ray clian~hers a.t the inst,allat,io~i EliAI'; 
but the optic.;~l rcgistratior~ - l)?- mcans of tlrc, pulse sotlrces of ligltt at the ii~stall;rtio~i SOlll. 
Tlie ~ x ~ l l s  X-ray clram1,crs ancl i,llc pi~lsc sources of ligl~t ~vc.rc, ; ~ c t ~ ~ a t , e d  1)y tlic I rajcctory gallges 
I~ei~lg. locateti ill the approl~riatc. lriaiillor. I'lrc ac.c.c~l(:ralio~~ of t l ~ r  a~lil)oulcs was rcgistcrc~ti 11). 
means of piczocera111ic acc:elcrornctc:rs. 'I 'l~e tj.pical oscillograr~~s of t 11e ai1ipo111c acrclcrat io~~ 
are prcse~ltccl in [S]. 

3. Experimental results 

3.1. Experiments at the installation EKAP 

In Table 1 the para~neters of expcri~nclits ~)erforlned a t  the i~~stallatiorl EI<.AP are given. Eacl~ 
group colisisted of S - 12 experiments. 111 Fig. 5 t.lic typical X-ray images of the t ~ ~ r h u l e ~ l t  r n i s i ~ ~ g  
zone which have hecn obtained i11 one o f t  Ile exl>erintents a t  thc i ~ ~ s t a l l a t i o ~ i  EIi.41' ;Ire s l ~ o w l ~ .  
From X-ray i~nagcs it is seen tallat the tl~rl~ulcrlt  rrlixiug zoiie size tlccreases wit11 t i ~ n c .  According 
10 X-ray ilnagcs the values of tlir! per~r~t,ration of one licIl~iti into ;irlotl~er ( ldL2 a l ~ d  IJzl j were 
d c t e r ~ l l i ~ ~ e d  hy !.he ~nc:tliod of scar~r~ilig will1 11si11g t 11e c.;~iibrai ion d(~per~tlenc.ir:s. 'i'l~c coortiiiiatc 
L lz  was determined in such a way that ~~ondimensio~ial  t l e~~s i ty  d = (p  - p l ) / ( p 2  - p l )  h(:ir~g 
averaged over t,lir: ampoule width was equal to  S2 = O.Y. Tlie coortli~iat.c~ LZI was dete~-ini~~t>rl 
by the lex,cl of ~lolldirnerlsional tie~lsity S1 = 0.1, resl)cclivc~ly. For the ciensit,ies rc'latioi~ n = 6 
only the coordinate I,21 was deterrni~ictl accordirlg to  X-ray images. 111 Fig. 6 the c~xperirner~tai 



(;roup of expcrirnents 11 S*, 111111 ,ql, / g  ql2Ig  

1 3 110 600 176 

2 3 360 600 245 

16 
15 

LIGHT n u I D  

S=O m m  S=304 mm S=641 m m  S=790 mm 

Figure .5. Typical X-ray i~rlagcs of tllcl lrlisirlg zone a t  tllc, sl.agct of separatioll 

results I ~ a v e  bee11 give11 wit11 respect to tlic tic.tc,r~ninatio~i of i.11(, a.veragc va111c~ of 6 allti 

6 depcndirig on fi for each grnlrp of c..x]~crirl~c:~l~ S. 

Figure 6. Ucpendencic,s of G and 6 o r ,  d? H ~ I I ~ C I I  have been ol~taincd a t  the inst,;~llatiol~ EI<AP 
a) 71 = 3, S* = 1-40 rr11r1 (1) and S* = 360 111m (2);  11) r l  = 6. S* = 1.10 Inln ( 1 )  and ,S* = 360 l r l l r l  (2) .  



3.2. Experi~neiits a t  t h e  illstallation SOM 

111 'I'irl~lc 2 the parametc,rs of cx1)eriirre1it,s peri;)r~nc.tl a t  t 11r ilrstallat,ion SOhl irrc  give^^. Caclr 

'l'al~lr 2. I'a~.;~rnc~t<~~.s of ?s1)oritr1c~nt.s at thc it~st allatiorl SOL1 

group corisisted of 10 - l 2  cxpol.ill~c'l~ts. 111 l.'ig. 7 tlre typical pllo(ogr;tplis o f  tltr t ~ ~ r l ~ ~ ~ l c r r t  zo~rc~ 
~cl~iclr lial~c, 11c-el1 ol~tilincd i l l  oil(, of 111ct cxpc~rirncr~ts arc, ~>resc~r~tcd. F'ron~ f,hc ~)lrotographs it 

I?igllre 7. Charact.eristic pl~ot,og~.aphs o f  the 111ising zot~c at t,tlc separatioll stage. 

is seen t l~at .  the turbulent 111ixi11g zone size, is growing {vitl~ tiliie. 12xperirr1r1ltal ~.esult,s wit11 
7 

rcsl~ect to t,he detcrrr~iliatiol~ of avcrilge valiles of 6 ;~r ld  6 dcl~critli~ig on 4,;;' for eacll 
grollp of expcrirrie~~ts arc3 give11 i l l  Fig. S. 

4. Discussion of results 

As it follows f ron~  t.lre arralrgenlent of cxpt:l.ir~lc~~lt;iI poirtts. obt,ai:~ed by tlic X-ray t e c l i r ~ i ~ u e  
and I~reselitcd i r t  Fig. 6 for tlre sanle va111c.s of S* alid 7 1  I~ut. for differc~~rt \~alutxs of q l 1 / g l 2 ~  1.11~ 
expcrirlie~ital points (.ill1 11o rolai c>d to  t 11r same, tlepcndr~ucc:. 'I'l~crc~forc, the separatio:~ process 



L.'igu~.o X.  I)cpc.ntlenc.ic,s of 6 ailcl or] fi wliicl~ I~avc' I~ren obt;iiil(d at tlic i~~st.allat,ior~ S 0 1 1  
. I )  11 = R ;  11) n = 1.5. 

: I I  llic cliosc~i c.oordiliates t l o c ~  rrol tic:ljc.~~d o ~ i  tl~c. irc.crlcratioi~s rcxla.tion g1liyl2. Experi~r~erital 
points have 1 1 c ~ 1 i  tlcscril,c~tl 11y lirlcilr tlcljc~ritlc~~~cic~ 11)- ~ I I ( >  lcwst- sclilarcs inct,lrod. 'I'lie slolje 
;~ngIc of t l i ( x  straiglii 1iric.s gives 1jossil)ility for t 11s tlctcr.~l~i~r;ii . io~~ of t11c. scpi~ratiori c.onstaiit rr, 

in eacli casc. 'I'liis \.iiluc? I,c.ing c l ( ~ t ( ~ ~ . i ~ ~ i n ( ~ l  l)! I I I C R I I S  of 1 ]I(: reli~t ior~ ( 1 )  Tor 11ot 11 vi1111cs of ,Sx ancl 
i~otli  vall~cs of 7 1  alj1)c~irreti to I) (% foil~id i v i t l ~ i r i  111(, l in~i ts  or error a ~ ~ c i  to l)(' c > c l ~ ~ a l  to c l  zz 0.01. 
T t  was coi~lci(lcrlt wit11 ~)rclviol~sly deter~nii~c~tl \-;rll~c of ' r r ,  for 11 = II i l l  [ . l ] .  It slioi~lti he notc,ti 
t,lint {.lie value of t r ,  appearetl to ljc idcnt ic.ill for tlic c.oor(linatcs Lla i r i i t l  'l'iie asyniljt,ot.ic 
stage of sc~piil-ation was st.l~dicd at. t11(, inst;illatior~ S O R I .  : I s  i t  is sec11 froln the arrangement 
of tlic vxljeriinental ~)oirit.s in Fig. S. t l~ey  I~c%lor~g to t l i ( .  sitrlle tiepcntlc~lcies for tlie same ,S" 
z~nd n .  111 Fig. Sa) t l ~ o  experi~ner~t,al depc~rltl~~i~cies. oljt,aincd for 7 1  = 3 at  tile initial st,age of 
$:e~~arat ion i r ~  the work [3] (1 and 1' - for ,S"=3fi cm. 2 ancl 2' - for 13.6 cnl), arc shown 
in solid straight lines. It is seen that  the expcrir~le~ital points ohtaincd at  the asymptotic stage 
itrc located on the continuation of tliese straight liiics. 'rliis mcans t.llat tlic sepa.ration c o ~ ~ s t a ~ i t  
tr, % 0.01 and it remains the samex val11c. at the as>-mptotic stage. Tlic experimental points for 
91 = 1.5 wliich lia\~e been givcn iri Fig. Sb) hacl Ijeeri calc~ilat.c~tl by tlic Icirst-squarcs rnethod. 
i 1 I 11e separation corrstant obt,airled by mc.irrls of t I i ( 3  rc~liitioii ( 2 .  l ) Iias apl,carcttl to l ~ e  tr, 0.01. 
13y siirnrrrarizing the rcs~rlts ohtai~~c,tl at t h c  i~isf.allatioiis SOhl and F:lirlI', it is ~jossible to  say 
that tlie scparatiorl co~istant a, for all the i11vestigat6,tl values of Attvood nunrl~er antl viilues 
c~f S' have the same xralue a r ~ d  remains it up  to  thc separation cessation. At, tlic same ti111c n,? 

t1oc:s riot deperitl oil the acceleratiorl r e l a t i o ~ ~  glli.(j12. I?r01r1 Fig. Sa) i t ,  is seen t l~at ,  in case o f  
5'" = 36 on tlie separation in heavy liquitl is proceetling considcraljly slon~cr. t,hari for S" = 13.6 

rln beginning f r o n ~  fi 9o,i1I2. At tiic same tirnc t.hc separatiol~ il l  liglit liquid is procr,ediiig 
practic:;illy eqnally for botli val11c.s of S*. I7roru this it follows that a t  the conc.luding st,age of 
sr>paration t l~r ,  average dcnsity of subs ta r~c .~  in thc rriixt.ure Iwing found in t,he heavy liquid is 
d < 0.02. Sl~cli a sn~al l  value. of tle~rsity. is 111ost likely, associatetl with thc fact that i r ~  t l ~ i s  
region ttlcrc are finely-dividctl  articles of tlie light l i c l l ~ i t l  which, pl-actically. do 11ot 1nox7c in 
t.he direction of acceleration g l ~ .  

51. Conclusion 

At tlic: ir~st,all;atior~s EliAl' ;nit1 SOL'[ the cxljc.rir~iontal study irito the sepitratioii of s ~ ~ b s t a ~ i c e s  
from t11(, Ritylcig11-Taylor tur l j i~l(-r~~,  r n i x i ~ ~ g  zone, of diflcrc~rit. tlerisity liqi~icis for t l~ rcc  At,wood 
i~rrrul,ers ant1 stl~tly into t hc, as~.nil)totic st,age of sc.~jarat.ioii liavc, Ijc>e11 [ ~ e r f o r ~ i ~ e d .  Nondirr~eri- 
siorlal rat,es of separation 0, for r\t,wootl ~ i ~ i l r ~ l ~ c ~ ~ s  A = 0.2, .,l = 0.5, .4 = 0.71: i r ~  1 , h ~  rang(, of 



0 < dL? ; I3 c,rl'12 Iiavo I~eell ( ~ c ~ , ( ~ ~ I I I ~ I I c ( I .  I3cirrg fot~lrd I)oilr 11y ~.oelrtgc~~~ograpIric. Iccli~ricl~rc~ ; 1 1 1 ( l  

I)y the liglit orre the)-. pract ically, coirlcitle for all i.Ii1.co \,aluc.s of r\ tivooti nnl11l)ctr ;m ( l  for differ- 
ent values of tlir~ relatioli of thc positive arld 11cgat.ive acc~c.leratio~rs allcl arr  equal lo a, % 0.01. 
I t ,  lins ~ ) ( Y J I I  fou~lcl ol11, t.11at scl)al.atiolr is c-ollti~ruetl 11p t,o t h c  tl(,liliitc fi~ral size of thc) t ,~~rl~lrlisc~tl 
~riixturc? rc%giori which c~xcertls tlie zo~ic, size of t11e initial perturl~at ions of tllc corrlact I~o~r~lrlar);  
11et~~cv~ri fluids. 

Acknowledgement. Tlrc givc.11 work 1i;ls 11ce11 11c~rfor1ric~(l uildcr l11 (~  finar~c.ial sr~l)l)ort of Conl~nis- 
sariat f o r  Alolnir I?!lergy. I'ra~rc.c. 
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Experimental Investigation into the Bel~avior of Inertial 
Motion for Different Atwood Numbers 

Y.A. K u c h e r e n k o ' ,  A.P.  P y l a e v l ,  S.I. B a l a b i n l ,  V.D. M u r z a k o v l ,  H.I. A r d a s h o v a 1 ,  
V.N. P o p o v l ,  V.E. Savel 'evl ,  O.R. K o m a r o v l ,  O.E. Kozelkov' ,  A.A. T y a k t e v l ,  
R. ChCre t2  a n d  J.F. H a a s 2  
'R.ussian I,'(deral Nucleitr (~ 'c~l t (>r  - I n ~ t i t l ~ t ( '  of 7i.clir1ic;1l 1'lrysic.s 
-456770 ('11el~-;tljirrslt-70. P.O. 21.5, Russia 

2(~1~:!2 /DAhl ,  ET12 191680, Hrl~yi:res-l~~-( ' l~i~t.r~l.  I.?.ill~(.(' 

A b s t r a c t :  I'11c: experimental str~tly into tllc 1,c.Iritvior of tlrc t t~r l j~~l izet l  ~uixturcs at t /I(, stage of 
their irlertial motion (wit11 re~noved ac.c.c,leratio~~) has I)(Y:IL perfornlrtl. ' l ' l~e t . ~ ~ r l ~ i ~ l i z e d  mixt,iirrs 
havc l ~ e e r ~  obtained as a result, of the Raylcigli-Iaylor i~lst.al~ility tlevclol)rnc~lt. at the contact 
11011r1dary of two diffrrcr~t de~lsity flnids tlt~ring the dcfinitc tinre . !It so~rtc instant of t i ~ n c  t' 
tlle sign of acccI(~r;rtion \vas cllii~~geti. ;rnti co~itlil.ioi~s for tlic scl)ar;~t.ion of the 1irixt.11re were 
created. 'I'licn at ius t ; t~~t  of tin1c.t"" 2 l *  accclc.~,ation \vas rc~~ro\.t:ti: a~i t l  t,he tl~rhl~lizetl  niixturc 
contirr t~ecl 1.0 111ol-e f ron~  force of inert ia. In thc expc~ri~nc~rits at. t lic il~st,;r ll;if,ions E104 I' ; r . r~ t i  

SOR,I: a t  t l ~ c  stage of inertial ~llot,iori. t l ~ c  (list ri1111tio11 of ;ivcxrage density in {.he regio~l of t l ~ t r  

~rrixtlirc antl tlie size of tlic f url~ulized m i w t ~ ~ r c  region Ivere de1,ermiucd. 

1. Introduction 

1111ri11g tllc work of tlle laser t Ilermon~~clcar fi~sion targets (1,TF) thc proc.osses iilduced 115; 1.l1c 
action of thc Hayleigli-Taylor (It-'1') and Ilili t i~~yer- Llcsl~kov (R-M) insta1)ilities takc plncc. -4s 
a reslllt,~ of 1,11(5 action of t,lir,se instabiIit,ics on tlle moving contact ljoundarics of tllr tlifferent, 
density laycrs, the t.ur1111lcncc~ Icatli~lg to nlixit~g of the 111atc.ria1 of tlicsc layers dcvc%lol)s. Tlie 
turbulent miui~rg ;l1 thc houndarios of the convergir~g shells Icads to cliai~gi~ig tlie laser targets 
work for thc: worse [ l :  21. Thc forllleti regio~rs of turl~ulent n~ ix i~rg  can. i r ~  tlreir turn. l)(, sn1)jectetl 
to t , l~e shock waves act,ion. to differorit artificial gr>rvit,;itional fic,ltls or ran movcx from the forc~. 
,of irlertia. It is in~portant  to  talte into account tlic t ~ r r l ~ ~ i l e n t  ~nixing xo~ie tlevclop~nent d l ~ r i ~ r g  
the calculation of LTF targrts. 'rlrt, present. \vorlt is devoted to t,he experi~nc~it.al irlvestigatiolls 
illto t l ~ v  irrc~rtial properties of' t,11(1 It-1' zonc of t~~r l ju len t  mixing, i.e..  to the i~~vestigation into 
the rcgl~laritic.~ of the t l ~ r l ~ u l e ~ i t  region spreadirrg after stopping the action of acceleration. 
I'heoretical results ljeing ;2\~ailal>le regarding this clucstioll [B;  31 give 0111 y the asylrlpt,otic law 

of the turbl~lent layer sprc.atlir~g cvlierr the i11i1,ial sta1.e of thc syst,rrn can h(, r~eglectcd. 

:2. Set-up of experiments 

' rhc task is forr~iuliited as follows. :\t, first the systcn~ of t.wo diffcl.c.111 cielisity liquids ~vitll  
t1cnsitif.s 111 x~rti p, ( p l  < p 2 )  is fol111(1 i l l  artificial g~~avit;~f,iorral ficltl ~v i l .11  ;tccc:lor;itions yl 
clirectc,tl f r o ~ l ~  tl~cl l ~ c ~ ~ \ . y  liquitl to  tlrc ligl~t. O I I ~ ~  i l l  the franc: of ~.c.f(%rclncc i~ssociated cvit,lr thc 
col~tact l)ol~~ltiary (Fig. 1) .  L. - si7(3of t I I C  i ~ ~ i t i a l  ~~ortl~rIjat.ions zone,. LZI  and L12 - dept l~  of the 
heavy fluiti ~)e~~c~t,rirt,iort into the light one, rcslx~ctivc~ly, a~iti  vice versa, Cl3 - c.oi~t,act b o ~ ~ n d a r y .  
'l'lic accc,l(:ratio~~   no tic is sho\vl~ i r ~  Fig.?. !\L tllc instant of tilnc. t* acccleratio~i cllar~ges its sign. 
irt, tlie inst,ant of tirr~e I** accc,leration is rentol-cd. 1)nring tllc periotl 3.1 = t** - l "  thc system 
is founcl in a stable state, thcreforc, in tlrc. t ,u r l j r~ l (~~~l  rniuing zone t,llc scl~arat io~i  of su l~s ta~ lcc?~  

Morr information - Email. I<ucherenko'~five ch70 chc l .n~~  or bk\,r ' \r~~i~tf 1.1170 che1 . s~  



Figrrrc 1 .  Sclicn~atic ilnagc o f  I,lrcx 111rl~i11(~111. rttixir~g ~ I I I P  a) at i ~ ~ i t i a l  irist,al~t, of t,irnr t = 0 I-)) at tllr 
stagc of inertial 1notio11. 

takes place. At t > t** tlie system is moving by inertia. The experiments were perfor~ned for 
two cases: 1) 1'" # t*: 2) t*' = t " .  Experime~its were perfor~ned at  the installat.iorr F;IiXI' 1)y t.l~t, 
X-ray t,echniquc for the liquid densities relatio~l 11 = :3 arrti r r  = fi a~iti  a t  the installation SO14 by 
tl-]c light technique for n = 3. For obt,ai~rirrg tl~c: tic:rrsit.ic.s rc.lat,iolr n = 3 two liquids benzine and 
aqueous solutio~l of zi~ic: cliloridc have I)ccn ~lscrl: b ~ r t  for n = G; - l~enzi~ir.  and I<lericl~i liq~rid. 'I'hc 
functional scherr~os of the installations EIiilP and SOL,[ are gi\.c,ri in Fig. 3. 'I'hc investigated 
liquids werc placed into the hermetically sealed anlporlles wl1ic11 ;it the initial instant of time 
were located in the upper parts of the ~rleas~rl-ing mod~lles of tlic corrcspondirig illstallatio~~s. 
The internal working sizcs of the alnpoulcs arllount to (50 X 50 X 140)rnrn.' for t11c. inst.allatiolr 
EKAP and (5.4 X 64 X 120)mm"or the i~lstallation SOLl. .-It tlre co~rtact I)or~trtlarics of licluids 
the rand0111 initial perturbations werc specified. Thc width of the ir~itial pert,r~rl)atio~is z o ~ ~ c  
L. = (1 310.2) rnIn at  the installatio~i EIiAP a ~ i d  L. = ( 2 . 3 h 0 :  5 )  rrlm at  t l ~ c  installa.tio~i SOh,l. 
Arripoules had 1)ench rnarlts for the d e t e r ~ n i n a t i o ~ ~  of t,11(- contact bollndary position ar~cl thc 
borllrtla.rics of licluitls penet ra t , io~~ int.o cacll o t l~cr .  'I'he ampoules with pistons I~eing rno~~ritetl 
at, t.11(, toll of t h e 1  were set in rrrot.ior~ )),v Irlt3alis of gas accelerators. At. insfaant, of t.irrlo t* (fligllt, 
tiist,al~cc of the ampo~rlc S") tltc a ~ r ~ p o ~ l l e  got, into the C ~ I ~ L I I I I ( > I  o f  rt(:gativc acceleration i l l  the 
first case ( t** # t ' ) ,  and in the charir~el of ir~cxrfiai ~itot,iori in the scco~id case (l*' = 1 ' ) .  At tlrt, 
same time, t l ~ e  piston was brakrti by a special clevice and the gas flow was c:lrt off from the 
ampoule. At both installations negat,ive acc:c:l(~ration was created dur  t,o the ~)lad(.ic ticforrnatiorl 
of the rrietal plates by tlie lower edge of tlie a~rlpoule. 1201. the first. case ( t** # l " ) ?  at the illstal~t 
of time t** (flight distance of the anipoulc S*"), acceleration was re~noveti thle to  t,he cessatior~ 
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1 1 )  

Iq'ig~tr(, 3.  ;1)1~1111i.tio1ial S C I I ( ~ I I I ( ~  of' tlic i ~ ~ s t ; ~ I l ; ~ t i c ) ~ ~  EI<;\l': 11) I2t~r~(.tic)t~:d S ~ I I P I I I ( ~  of t l i ~  itist;~ll:~tioti 
S011. 

of t l i ( 3  cor~tact of t l ~ o  loivc,r c~lgc, of t l ~ c  a ~ ~ ~ ~ j o r ~ l e  \ v i t , l ~  t11t: 111etal 1)I;~te. 170r t.11e secoliti case 
(1 '"  = t ' )  t l ~ c  c.lra111lc.1 of nclgativc, accel(~irt i o ~ ~  iv;rs aljsc~~ii,. r\t tlic- st,agr3 of' t lit. i11c>r1 ial 1rlot.ion 
of i,11c ;i~i~poillc,  gas ~)rc-ss~~~.c,  ;rljovc allcl i ~ ~ ~ t l e i  t l ~ c  i~11111o111(' \vas c,cj~~alizetl I,! lliealls of sl)ecial 
c~or~i.rollcti n~c.tnljrai~cs. U u r i ~ ~ g  1 l ~ c .  ;~~~rl joi i Ic~ r r ~ o l i o ~ ~  at t I I O  i11e1.1 i;ll sc%c.t.io~~. 1 lic X-ray regist rat io~t 
of tlic f urljuler~t 111ixing zorle was pc,rfor~~ietl l ~ y  t l 1 ( 3  1)11lsc~l S - r a  cllalr11)crs ill 111(~ ills1 a l l a l i o ~ ~  
F l iAP a1it3 t . l~c opt.ical rcgist r;!tio11 - ljy I )~~ls rc l  sourc.c~ of light at ! . i ~ c ,  inst;~ll;tt.iorl SO.\~I. 'i'lle 
pulsed X-ray c.l~a~lil)ers and t.lio sollrces of ligl~t. were put i ~ ~ t , o  a.cliol~ by t,rajector~. gallges 
bei~ig located iri tllr appropriate 111i1lll1r.r. Tl~c. a~npoules acccleratior~ was rc,gistercti ljy lrlealis 
of piczocc.ra111ic acceleromcttrrs. 111 17ig..l t 11t. tyljical oscillogran~s of the alnl)orlles accctl(:ralioll 
are slloivr~ wliie11 I~avc ~ ( Y ~ I I  ol)~.;rinctl ;i t  i,l~e il~st;~llatiorls I l l i ~ l l '  a t ~ t l  SOhl. 

3. Experimental results 

3.1. Experiments a t  the  installatioi~ EKAP 

111 t a l~ le  1 t,lre parameters of I,l~e cxpcrir~~t~rits ~~c'rfor~i~c.cl at ill(: i ~ ~ s t a l l a t i o ~ ~  I.:l<r\I' arcx gi\.t-n 
Eac.11 group consist,c~tl of 8-12 c,xljc,l.i~nents. Fig. 5 sllo~vs t,l~e tj.pic.al X-ray i~~tilgc,s of t l ~ o  
tilrbulent r i l ixi~~g YOILC ivl~icl~ l l i l ~ ( '  I ) ( ~ c ~ I  ol)t;lil~(:d in 011(' or the c x l ) c ~ r i ~ ~ ~ c ~ ~ ~ t , s  at, 111~: irlstallatioi~ 
F:IiXP ;it thc il~crtial p;\rt, ol' the arr~poulc rl~ol ior~. Froin t 11t. X-ray i~~~irgc,s it is s o c v ~  tliat t , l~e 
l u r b n l c ~ ~ t  111ixing zone sizc: is g r o ~ v i ~ ~ g  ~vitli t ~ I I I P .  l.:si~~g N-~.iiy ~ I I I ; L ~ ( ' S  for t,lio tl(311sities reli~t,ior~ 
r r  = 3: t l ~ c  vali~cs of l11e pc,~ictratiot~ o f  oil(, l i c l l ~ i c l  irlto tl~c. ofher one - itl~d - as ~ v c I I  
as t l ~ c  distril~utioll of tlic avcrago dctlsity of s ~ ~ l ~ s t ; ~ ~ ~ c . c .  i l l  lllc m i x i ~ ~ g  zol~r, \vc.l.cx clc,trrlnineti 
ljy the scan l~ i l~g  lnc:tl~o(l ivitl~ using t,11(% c.alil>tntio~i t l i ~ l j c ~ ~ ~ i l r ~ ~ c i c s .  'l '11(% c.oortlinatc, I J l r  was 
deterlni11c:rl i l l  s ~ ~ c . h  ;i ivay that nol l t l i~~~c.r~sio~~ii l  dcl~sity (1 = (1) - / I ~ ) / ( ~ : ,  - p l )  I~cing avc,rageii 
over t l ~ e  coorciil~atc .r was ccl~~al  to S2 = U,!). '1'110 ~ o o r ( l i ~ ~ a t ~  fJZL wa.5 deter l l l i l~~d 1)). t lle level of 
~lo~ldimp~isional t lc~~si t )-  (1, = 0.1. For t l~ t ,  clo~~sitic~s r(~lirtior~ 11 = (i o t 1 1 ~  the coor(ii~tate L g I  was 
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Figlire 5. Ch;rractcrist,ic X-ray irnagcs of the  ~nixing zolrc.. 



7 1 deterrnincti according t o  X-ray images. I I I C  t i istril~l~tio~ls of the avcrage cle~lsity of' s~rl)stancc 
for n = 3 are givc,i~ in Fig. 6 i l l  tlie ~londirnensional coordinates 6 ( ~ y ) ,  whorc the ~ ~ o ~ ~ d i r n c r i s i o ~ l a l  
coordinate X is determined as ,y = (y - yo.l)/(~lo.9 - yo.1). IIerc yon and ?jo.l - values of tlre 
coordinates of the mixing fronts a t  which the noiidi~r~ensional density assumes the valucs (S2 = 
0.9 and 61 = 0.1, respectively. In Fig. S thc experi~nental resl~lts are given wit11 rcspcct to the 

E'igilro (5. Dcpendenre h ( ) ; )  at the inert,ial stage of rnotior~ tor n = 3 a) S* = S*' = 140 lrlrn and .S* 
= 1.10 mm, .S** = 340 rnrrr. 

detcrrninatio~i of tlic average values of the nondiniensional coortlinates L12/IJT3 a.rr(l LZ1/L;; for 
each group of experiments dependir~g on the ~lolldir~~errsio~lal \ , a l ~ ~ c  of ,S/SV*. 

3.2. Experiments at the installation SOM 
r 1 Iable 2 gives the parameters of experimcnts perforlnetl at the inqtallxtion SOM. Rach group 

Group of experiments S*, Inm ,S**, Inn1 gillg g12/g 

Tahlc 2. Parameters of experi~ncnts at t,he installation SOM. 

consisted of 10 - 12 experiments. Fig. 7 sholvs t.he typical ~)lioi.ographic irnagrs of thc tu r l )u le~~t  
mixing zone which havc 11eer1 ohtaincd i l l  one of tlio exl~erimcnts at  the i~lstallatior~ Soh1 at 
the inertial part of thc anlpoule motiorr. From tlrr photographic iniages it  is sccri l l ~ n t  the 
turbulent mixing zone size is growing with time. In Fig. S the experinlental results are give11 
with respect to  tlie determination of the average values of the nondimensiur~al coordinates 
LI2/L;; and L21/L;; for eaclr group depending on the nondirnensional value of S/S**. 

4. Discussion of results 

From c o m p a r i ~ ~ g  t,l~e dependencics giver1 in Fig.6a and Fig.6b it is scc~i t11at. they arc essc*~lti;r.lly 
not distinguished from each other. This n1r:ans that a t  tllc irrerfial stage of lnot,ior~ ( when 
forces do not act on the system ), tlic average density dis t r i l~l~t ior~ of substancc i l l  t l ~ e  turbulent 
mixing zone docs not tleperld on the kinetic cncrgy o f  !,url)ulence for tllc rnornerrt of accelcratiorr 
removal as wcll as on the fact whether the separation stage of the process j>l.ctrctdrd the morntxIlt, 



E'igu1.r 8. I':sl)erimcr~t,al dcI,c~r~dencirs ot~tained at thc installatiorrs: a )  EIiiil'; I ) )  SOl'f. 

of acceleratio~l r c ~ ~ ~ o ~ ~ a l .  h1oreovc:r. tllc colnparisol~ of the tlistril~l~t,ion obtained at tlre inc>rtinl 
stagc in no~ldin~ensiollal coordi~~ales  wit11 t . 1 1 ~  analogol~s dist,riljntio~rs of the average densit.); for 
t11(~ sclf-sin~ilar st,agc of t . 1 1 ~  gravitatio~lal t ~ ~ r l ~ u l e r ~ t  mixirrg [S] and for t,lrc: separat,io11 stagc of 
the process [6] mi1kc3s l~ossi bic t.o tlraw t 11e ~ O I I C I I I S ~ ~ I I  t.lint, all tltesct dist,ribut ions arc coirlc:idcnt 
wit,l~ each other witlliri t,l~e errors of ~ r i c a s u r e ~ ~ ~ c ~ n t s .  Esl)c~rimer~tal poil~ts ohtailled 11). the  X-ri~y 
tcclirlique and l~rescnteti i ~ r  Fig.8 a )  as well as t,llc cxperilnental poi11t.s ohtailled by t,11(: ligllt, 
techr~ic~l~e R I I ~  l~resc~lteci in Fig. 8 b) I~avc heerr t1cscril)cd by t.lle 1nc~t.1rod or Icast scluares 1)). 
nondirne~rsional deperrdellcies : LI2/L;; = (.S/,S**)'> L21/1,;; = (.S/.SXx)'. The ol)tai~ir~tl values 
of k are prcserrtcd i l l  t,aljlrs 3 anti '4. :Is it is see11 frorri t.hc ta.l)lcs, i~ r  most of cases tllc val~~c,s 
of k are withirr the lirilits 0.27 < k < 0.32. In solne cases the discrepancies i l l  t,lie values of 

k from tlic shown range arc explained either by insuflicient statistics or 11y a srrlall rarlgc of 
~licaslirc~nerrts ~villi T ~ S I I C C ~  to  .S/,il**. 



( ; r o l ~ p  of oxp(~rirr~r:r~l,s For L21 14i)l. IilL (;~OUII  of e x p e r i i ~ ~ c ~ i i s  Ehr LP1 Fol. 

Group of experi~neiits  For For LI2 

1 0.32 0.10 

5. Conclusion 

!\S a resrllt of the  e x p ~ ~ r i m c ~ i t n l  iri\~cst.igatior~ i ~ i t o  1.11c I~r.ll;~\.ior of t11(, 11-T t~~rl,uli;.,c~tl I;~y(.r. of 
t ~ v o  different tlcrisity licjr~itls irlixturc, liritlcr c.oritiitioi~s of r<.rriovc:tl acccl(~~.;rt.iori. tlic sl)ati;~l- 
tiinc t i istributio~is of' tht. subst;r~~c.c tltx~~sity i l l  111c i~rixLurc, 7o11e have I,ec%ii ol)t;iilled alrtl t l ~ c  
p ~ a n i ( ~ t c ' r s  of t l ~ ( '  1aj.c.l. sl)rc,;idi~~g ~vitl i  tirnc. I~iivc. I ) ( Y > I I  t let ,er~ui~icd. It 11;~s I)(Y:II fouiitl out t11;it 

t he  density distril)l~tiori i l l  i 1 1 ( -  11oiitIi11lc~11sio1ii1l for.ir~ tlocls ~iot.  tiepend or1 i,hc, l i i r1c . t  ic ellergy of 
turl)r~ler~c.f~ for t.11(, acc.c.leratior1 rc>mo\.;tl I I I ~ I I I ( ' I I ~  as we11 as 011 t l i ~  fact, wI~(~l l rer  tlic scpai-atio~i 
stage of t l ~ c  process r)i-c'c:c'cic'ci t 11e accelernt io11 rc>~i~o\-al r ~ ~ o m e i i t .  T h e  ~)ariir~ic+lrr of s l ~ r c a d i ~ i g  of 
t he  layer k is within the  raiigc of 0.27 < X. < 0.:{2. 
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Experiment and Numerical Computation on a 
Large-Scale Richtmyer-Meshkov Instability 
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Abstract,: \V(- report a n  c~sperirnc~rital irll(i ~il~llt('ri(.irl stild); of a I ~ i ( . l i t l l i ~ ~ ~ - I \ I ~ : ~ I ~ k ( > \ .  irtsta- 
I~ility. 'I'lie ini1,i;rl configur;rl,ioii is ii bulgc~l disr.or~tinuocis irrtcl.fac.c- separat,i~ig t ~ v o  girscs 01 
t1ifli:rrrit dcr~silies. 'I'l~c:ss init,ial conclit ions lead to tltc. rc,\,rrsal of tlie I~ i~ lged  intcrf:icc slid to 
tlrc tlr\~clol)lr~erii. of large, thrcc-di~ile~lsio~tal vort,ices. Tllct iriviscitl 2U co ln i )~~ta t io~i   predict.^ tltc 
cxI)erilnr~~ital shape of tlic wall vortices ant1 t lic l ~ o i ~ ~ ~ t l a r y  posil.iolls o f t  I I C  iiitc>rfacc wit11 a good 
agreerricirt . For t,llc: 3D co~nl)utatioll, tlic lac:li of m(-sli resoh11,ion is tlrr, reason of thtr ol)servc~tl 
tliscrcpa~icics. Ho\velrcr, t11c t,irne evoli~tiori of the inst,ability t.hicliriess is well prcdict.cd. .L\ 
spectral analysis of tlic perturhat.iori provities a c.ornparisorr nit11 t , l ~ ( ,  ill~pc~lsive tlr('ory. 

1. Introduction 

TV: first prcse~lt s1ioc.k t u l ~ c  experii~ie~lts oil t h e  Riclttrn)-er-Meshlm i~lstal~ility (RM;I1) of a 
1)11lged tlisc:orrt,im~oi~s iilterfac.c. l)et\vcel~ tlie colrple of gases sulpl~ur llrrafi~roridc (SFG)/r?ir Tlic 
characteristic of t,l~is I~ulgrd irltcrface is to  be a large-scale iriitial spatial ~)ert,urbatioll. Two- 
and three-dil~rr~risiol~al si~riulatiolis, pcrformctl rvith a ('ray-YRIP c.ornpllt,c>r, arc' reportcci arid 
(:oln11are(I to tlic oxperinic~r~t ill reslllt s. T11c' R M I  a1)pcars l)y a baror.iir~ic ~)hrno~nenorr,  wlle11 a 
plar~e shock wave inil)~~lsively accc~1eratc.s 111s two gases. Tt leads 1.0 the illitin1 111ilge rclsr~rsal, 
as predicted I)); tile RMJ theory i l l  the I~ravy-light i~ccclcratioil case for a singlc-wa\relc~~gtl~ 
simrsoidal port rirbatioll, aritl tlc.\~,lops i11t.o oric I ) ~ r l ~ l ~ l e  a11tI sevcral spikes, which ~ ~ r o t l u c c  large 
wall vorticss. 

2. Experiment 

2.1. Initial configuration 

I4'igurc 1 : Sclrcmat,ic shocl; tubc 
anti (2. t )  tiiagrarrl. 

Experiments in a vertical sllocli t irl~e lia\~c I ~ e e ~ i  carried ont with th(1 couplc of gascs SFfj/air. 
Fig. 1 shows thr: schc*~riatic sliacli tube anti a ( 2 , t )  tliagran~. The sl~ocli t111)c. tias a scllrarc cross 

More informatlon - Ernail: I r i tas~cl 'va~~~o~~rs .cea. f r  



section wlrich is separatcti i l l  t I r r c ~  parts. ' l ' l~c first olrcX is a high p r ~ ~ s s ~ ~ r c ,  c.ha~llbc~r: it contains 
air whicll gerlc,rat,es tlrc. iricitle~rt slioc.1~ wavc3. Tlic two ot ilcr 1~1rt.s ;~ rc  at~nosl)lrc'ric pressure 
cllamhers ~vhicli contain SF6 and air respectively. 'I'l~c two gases are initially separated 11)- a 
plastic merrlhrane, 0.3 pm tlrick. deforrr~c,d by a sliglrt, ovcr-press~~rc in the lleavy gas (SFG).  
l'lris bulgeti i r i cmbra~~c  is fragnlcnted hY the passage of an irlcitlclit upwarcl 1)rol)agatirrg slrock 
wave. 'I'hc interf;~ce betwc~cii gases is tlie11 put, i r r  niotiorl I~cfore l~eirrg slo\ved tlowrr hy several 
reflected sliock waves fro111 tIlc1 top \vall of f Ile tulw. 
'I'lic initial interface is not. silr~ply ~~islralizai)lc. LVe liavc therefore developetl arr optical rncthod 
l~sing 1asc.r I~earrrs to rileasllrc at sc,vc,ral loc;rtior~s tllc ir~it,ial for111 of tlie i~~terf;rct!. For a 
differcxr~cc of pressure of 1 :l4 ~ ~ i b i ~ r ,  a l~ulge of alill)litutle rlo=fi.t( 1 i i lni0.5 was obtaiiic~d. Several 
rncml~rarres have l ) c ( ~ ~  testetl so as to vcrifj- the reproducil)lity of tlleir l)chaviour. CVe l~avc 
clioseri to  approsirnate t,lrc. i~ritial for111 of tlie interfacc by a sirriple a11a.lytic law (1). 

2.2. Diagnostics 

Two c,xl)crirne~rts Iiavr 1)c:cn rcalizeltl tvitlr i111 ir~citlcnt slioc.k of \ l ; i c . l r  rru~i~l)cr ,11,,=1:1~1. Tlre 
first tcst was collciuctc:d nritll a sclilirrer~ systcnr coul)lctl to a ~.apid (rotatirrg cirunl) caincra 
to v i s~~a l ize  t,11(, irrterf;rcc. \V? 11avc. o1)tailrrtI t,l~c, traj(.ctory of t I I C  intc,rface tillring aljout 2 111s 

~vit 11 a tilno iirtc.rv;il I)c~l\vc~cr~ sl~cc~ssivc, irlragc.s of al~orlt 28 11" "I IIC. sc~corrtl tcst i ~ s r d  tliff(:rc~~tial 
irlterfcromc~lry and rvcx rc~alixc~ti olily orie irr~;~gc 1)er .sI~ot .  'rlrf.st3 tlvo rliagl~osf ics are  serlsitivc. to 
t . l l c >  densit,?. gratiierrt along ;I c.liosc>lr tlirc1c.t io~l ,  l i(~rr~ t I I C  vcrt,ic;il axis of t,Il(. t .~~ l )c .  120r eacl1 t c.st 
we rnc~as~lretl the prrssure \vit,h t,lrc Ilell) of a lxessurc, gallgc Ioc.;lt,cd 95 Inn1 aljo\?e the irritial 
position of t l ~ c  interface. 
coultl rrot use t,lrc rapid camera arrtl we, realizcltl o ~ r l j  one: irr~agc pcr slrot . In tllr int c~rfcrometry 
tliag~lostics, (very tle\:iation of ;I light riiy generates a clrange of c.olor which car1 1 ) ~  associa1,rti t,o 
a detisity gratliciit valucx. 'rlir calil)ration is r~riitic wit11 t,11(. Irclp of i~itc~rfcrmce 1)arrcls obtained 
i11 static corrtIit,ions, wit.llo11t ~ I I I ~  (I~11sit)- griitlicnt hut wit11 a little, 111odificatio11 of tlrc optical 
apparatrrs. 

2.3. Schlieren visualizations 

Figure 2:  Schlierr~r~ images it{, t=l.Ofi:l Ins, 1,==1.463 Ins, arrtl t=1.!177 
IllS. 

1"ig. 2 rc>prese3~rt,s scl~lic~re~i i~llagcs of tlrc. iutcrfacc' cmrresporrcii~rg to I11rcc. tliffererrt t.i~ncs of i l  s 
cvolutioii. \V($ can s c ~  t l ~ a t  tlrc. initial I)l~lgc Il;is rc.vc~rsed l~(,forc, tlir first ~.eshocli 1);Lssage. 'I'lreri, 
t hr. perturhatiorr amplit,l~clc increases dl~ririg tirnc,. 
The crost lirrc. of t,l1t, wall vort,icrs is \;isil)le on all t,hc tul~c, walls. T11c sclilirl-c.11 diag11ostic.s 
i~rtcgratcs lllr ir~lionlogcnc~itics along t.he optic.al patll. 



l$'(: ~~ot , ic<,  a local Iliickncss of t l i ( ,  iliterface ~ I I  t,l~r: schliercn irrrages, in tho lo~vest part of tllc 
l~ulge. 'I'his t.liiclir~ess cot~ld ilitlicate the prr,serlce of a ~rrixillg zone hetwee11 tlic gases. In 
t , l~at case, thc wortl "intrrface" is not aijpropriatc. 'I'he differential iriterfcrolnctry hclpcd us t,o 
iriterprcxt,at c tliis poirlt. 

2.4. Interferonletry visualization 

1"ig. slio~vs all i~itc,rferometric image, at thc ti~nc. of 1.442 Ins. Ilrre, only tlic, dclisity gratli(.iits 
i r ~  SF(; (I,clo~v i l l ( .  ir~tcrfacc on tlic~ image), ~vllere we obscrvc oblique sl~ock n7a\.cs, (:all \)c 
tleternlincti. \Ve c.au c~staljlisli t.l~at t11e n~emljranr. has really been thrn in small pieces i l l  tile 
lolvcst part of l l ~ e  1,ulge. 'I'liis il~~plicxs tlict prc,sorice of a rnixirrg zone with sn~a l l  structr~res. l'lie 
posit,io~,s anti slial)(; of the interface a~i t i  shock waves are in agreement witli that  obtainctl) 11y 
sclilicrc~~, at a, s i r~~i la r  tinie. \\i. col~clride that t 11e initial contiit,ions arc well controlletl and tlic 
rsperimcnts aro ~ - r : ~ ~ r o t l ~ ~ c i l ~ l e .  

Figure R :  Intcrfr~ro~nctric irrlagc, at t=1.442 iris 

3. Numerical met hod 

011r co~nputations lravr Ijerr~ carrietl o~it,  tvitli tlic n~nlti-rr~aterial hydrodynamical HESIONI': 
co~npl~t ,er  p rogra~r~ .  T l ~ c  solvc~l c,cl~iations arc, t , l ~ t ,  c o ~ i ~ ~ ~ r e s s i h l c  tl~ree-di~ncnsiollal Eulrr's ~q11a-  
tions. A11 ideal gas ccjl~atioii of state is usrttl for ear11 gas witli a consl,a.nt, ratio of srjc,cific 
11c:ats 7 .  Ncitllcr t I r c ~  t , l l i ~ l  K1111 nor t l ~ o  i11it.ial ovcr-pr(Lssrire l)rese~it in t,lle (~~1)eri111cr1t, hnve Ijctr~i 
si11111i;it eil Ilerein. 
As i r ~  niarly coll~~)rc:ssil)le i111iti cotlcs. t h(. c ; t lc~~lat iol~ for eacli tiliie-stelj is di\~itied i r~ to  t.1~0 st~c.- 
cessivc I)liases, a . ' l a g r a ~ ~ g i a ~ ~ "  pliasct a~i t i  a11 advcctio~i (01. rczoni~rg) ~)hase. Tlrct c.alcrllatiolr is 
based oli t,li(, sc~corlti ortlcr 1313C' [ l ]  exljlicit finit(, diff(?rences sclic~~rie. A front-traclti~~g n~cthotl 
provities an approxi l~~a tc  ir~terface hct,wcc,~i two fluids in it cell. 
'I 'l~e plane incident slio(:li wavt, is movirig in SF(; ~vitli the velocity 12;,=194.2 m/s. 'The interface 
velocity j u ~ n p  inducecl by t l ~ c  illcitie~it sl~o(.Ii is 11'=127.S I I I / ~ :  this valur, has hecn calculated 
by solving the IIugoniot.'~ ecli~ittions. 'I 'l~e ~jost-shock .4t,~vvood ratio across t.hc intc,rface is cl<,- 
f i l i ~ ( i  ILS . 4 : = ( P a - ~ ~ L ) / ( p ~ + l ~ L ) = - 0 . ~ ~ ! ) 7 ,  wit,li /)' t h ~  density of t l~r  gas just after f.Iie il~citlc~irt 
slrocli passage. 

rise ;r C:artesia~l franle wit11 t II ( '  ~ ( l i rect ion along t l ~ e  vertical axis of symmetry of tlle sIio(:li 
tube, and wit11 .r a~i t l  y t,11(% c.ross tlirectiolis. '1'11(, ~)osition z=0 correspor~tls to t lie ir~itial lo\vc.r 
~ j o s i i t o ~ ~  of t l ~ c  material int,crfacc>, a r ~ d  z=30 cm is tlie shock t111je c ~ ~ c i .  ;"\typical 21)-nit-s11 size is 
1 . 1 0 ~  1100 z o ~ ~ c ~ s ,  wit,l~ z o ~ ~ c s  wit11 constant. sizc.s of d.r=0.571 mrrl ar~tJ dz=0.-10 rl1111 for 10<:<00 
cm. For t,hc 01) coml)l~tatiori, wc: 11a\,c> used o11ly 00x30 zo~ies to lnotlel the ~liocli t,r~l)e cross 
se(:t,iorr. M'<$ Iriiv(~ I I S ~ Y ~  il ~)(triodic houl~tiary c~ontlit,iori, and a liolr tllrough bo1111dar.v conditio1i 



for the lower boundary of the cornputat,ion dolnain. 
Tlie initial three-dimensional and two-tiimensional interface sllal)c Ijetwecn SF and air arc dc- 
fined by 

with 1,=8 cm the t ~ ~ h e  witltl~ anti 110 = rl(l=O) tlrr, initial (pre-slrock) alnl)litude 

4. Results and discussion 

4.1. C o m p a r i s o n  b e t w e e n  e x p e r i m e n t  a n d  c o m p u t a t i o n  

Figure 4: Wall pressure vs tirne at  
95 m m  above the initial interface. 
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Figurc 5: Pert~~rhatiorr amplitude ? l ( ? )  
vs tirilc. 

The pressure nieasuretl with a wall-rnoul~tcd gauge is sliown i11 Fig. 4. T11e first abrupt illcrease 
of pressure is the passage of the i~lcident shock trans~llitted ill air. The interface, put ill 1notio11 
by the incident shock, goes past t h r  gauge position at  about 660 ps. In the middle of the first, 
pressllre plateau, the gauge records the rarefaction waves coming from the high pressure cham- 
ber. The followir~g pressure jurnps correspond to successive passages of reflected S ~ O C I ~  waves 
from the top tube wall. The calc~~lat ion with the high pressure chamber takes into account the 
rarefaction waves passagc: it ~)rcdicts n ~ l l  the sliape o f  the exper i~ne~~i ,a l  curve. 
Fig. 5 presents the a m p l i t ~ ~ d c  of tile p e r t ~ ~ r l ~ a t i o ~ ~  r ~ ( t ) .  ' f l ~ e  thick~iess 71(1) is the "crest,-to- 
trough" vertical distance at  each i11st.ant t (wit.11 v(0)=qo), a11d can he vicwed as the ma.croscopic 
interpenetration length of the two gases. Experime~ltal data of ~ ( t ) ,  deduct,ed from schlieren 
and interfero~rietric visualizatiorls of t,he flow, are available aft,cr the first reshock/intcrface inter- 
action. We observe a very good agreemerit between the 2D conipl~tation and tlre cxperi~nental 
points. The 3D computation does not fit so well tlie experilnental data  before resl~ock. Fig. 6 
shows at  two different instants. the comparisorr of the interface shapes between the simula- 
tions and the experiments. Thc experimental I)rofiles correspond to tllc local rnax i~nl~m of the 
vertical gradient t I p / a z .  \Ire observe the co~nplex waves systern amplified by the first reshock 
passage a t  t=1463 ps. The 2I) co~nput.ation flow predicts the cxperirnental I~oundary positions 
of the interface wit11 a good agree~ncnt. rnemhranc present in the flow. But, t , l~c shock-tube wall 
boundary layers lift the spikes off the walls and retard their pcnetrat,ion. This drag-inducotl 
retardation could explain the little differences 1)ectwer11 t l ~ e  spikes positior~s at  t=1634 ps. 
We observe a systematic position sl~ift  1jet,wee11 t,lie 3D cornplltatior~ interface and the experi- 
mental one. This tendancy is more pronour~ced as tlir ilistal~ility evolves in time. W? explai~l 



tlicsr tliscrepancics h?; a lack of mcsl~ rc:sol~~tio~~ \vl~ic . l r  t loc~  i~ot c~~isr~rc- tli(> gi.i(l c.o~~vc~rgerlcc~ foi. 
t , l ic> 31) c . o ~ n l ) ~ ~ t i ~ t  ion. 
:\t 1 . 1 1 ~  Iiglit of I , ~ I C Y C  r r s ~ ~ l t s ,  TV(' C O I I ( . I I I ( I C  t liirt ~ I I C  il~visci(l t \~o-(li~l~(~llsior~ili  ( :OIIII)LI~ i1ti011 (l('- 
scril,c%s with a gootl accurirc\. the exl,eri~nellt. 

4.2. Comparison between theory and cornputatioil 

111 this par t ,  we are going to iritroduce tlic Riclitrn?;cr thcorical approacli in ollr casc:. 
'I'lrr prrdic:t, growt.11 ratc. of t l ~ c  alnl)lit,l~cir, ; , , ( L ) ,  of a11 inil,i;rl si~rglo-wavrler~gtli s i~~i~soi t la l  
perturl~ation of index 71 is giver1 h?; t , l i ~  incolnl,ressil~lc iml~iilsive formula initially ~jrol)oscd l,y 
liicht~nyer [2]: 

; [ , ( l )  = X,,, 3.1'' ..l; n:,(o). ( 3 )  

wit11 I;, t h e  wa\;crlulnl)c~~.. .4: a11ti u',(O) the post-shock LAtwood ral,io 11ulli1)er alid initial ~LII I -  

plit,~~tit,. 'I'lir irnl)l~lsivo growtll rat(, (3)  is c.o~rstal~t i ~ l r t l  is \-&lid irs 1o11g as I;, ,n,,(l) << 1 (lillcar 
regilne). 
r > l l ~ e  sy~rilnetric 'L11 ~)erturhatiori (2)  can bc cxpandcd into a Fol~ricr scric of i.lio fbllowi~rg 
form: %(.I.. t = O )  = a,(O) cos(l;,, . r ) ,  ~vit.h r1 , , [0 ) / ,~~  = 4(-l)n/2-'/;i(4r,2 l )  = (;& i ~ n d  

7~=21> 

b,='L;rn/l,. If wc asslllnc that, tlic illstal~ility rot.airrs a s i l ~ ~ ~ s o i d a l  s l~ape  Jllsl after tllr iricident 
sliock piissagc3, olle ol)t,air~s n : , ( O )  = c,, rib. 
The duratiorl of tlie i r ic ide~~t  shock/interface interaction is about 3.5 ,us. In this pc:riod, we sup- 
1)osc tllc decrcasc. ratc o f  / / ( l )  is (see Fig. 5). and tlic conil)ressio~i of the initial ljertui-b;~t io11 
is give11 by tlic small-amplitude relation: 77;1t'" r jo(l  - A\/./ll';, ). \\'c% ol~tailr rl;f"=2.3 rrlrrl when 
the coniputatiori gives r7;=2.8*0.2 mm. \,VC arc liolv al)le t,o al)l)ly t11e i ~ ~ i ~ ~ ~ l s i v e  for~rlula (3) 
at  each sinl~soidal mode 11 wliicl~ composes tlie Fouricr slxctrlrnl of t.lie initial i ~ ~ t e r f a c . ~ .  
In order to  conrlxlrc' thc. liic1itr11yc.r ~)rc'ciic:t.ioi~ t,o O I I ~  cor~i~)i~t,at,ion, we have det,ermirietl the 
c o l n l ~ ~ t e t l  intcrfacc s l~apc  at  sc'vc~.al irist,i~nt,s. 
M'r I I ; I \ ; ~ >  11sc.d t,Ilc tlc~rsit,y dist.l.il)l~tiorl [:1] %(. r . ,  f ) = J ' p ( . r .  2 ,  t )  tlz wliic.li givcls 11s ;I s i~ ig l (~-v i i l~~c~ 
fr~~~ct ioir  wl~c,ii tllc. ~vall \.or1 ices c.\.olvc.. l ' l l r l~.  \VC> calc~~liitc. 1111111c.rically t 1 l r ( >  a ~ i ~ p i i t , ~ ~ d ( >  (I, , (!)  of 

l11c. ~riotlc I I  (sr%c% Fig. 7;)). I"ig. 71) siio\vs 1.l1ir t  t l r c .  gi.on.tli rirtc. of sorrrc. cl1osc~11 111otic.s is i.at,l~c,l. 

~vcll lxcdictctl by the fiicht,l~~yer ~iiodel rl~ltil 11500 ps .  r\fter. wc sllppose that th(> ~ i o ~ ~ l i ~ ~ o a l . i t , y  
plays a sigr~ificallt role. \'VC: liotice all aljrupt, i~lcrease of t,l~rx growtli rate of t,11(1 short ~viivc~- 
lengths above the 11=14 rriocl(~ (Fig. 7a.); t,lris is sirr~ila~. to arl i~rnl~lit,i~dc. sat 11l-a.tion pl~c~~~onirrron 
ol~servcd by Aleshili et (~1.[4]. 
The interface re\~ersal ir~ducc%s first a decrease. t11c.n a pllase i~lversioi~ of all t,l~e (L,(/) Ijcfore a 
sllstai~ied growth. Tlris pllasc shift changes the initial sign of the n,,(t). It occ~lrs more rapidly 
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a) i\mplit,uc\e n,(t) of tht, first ten I)) (:rowtl~ rat.(' ? I , , ( / )  of five ~rlo(ic>s: co~iip; l r iso~~ 
rr~odes from the cor r~pula t io~~.  with thc Ricl~t~nyrr 's  c y ~ ~ a t , i o ~ i .  

Figure 7: I t c s ~ ~ l t s  from the spc%ctral al~alysis of t11c 2U c o ~ n ~ ) ~ ~ l ( ~ t l  intcrfacc.. 

ill t i n ~ e  as the lllotle i l~drx  is grea,tcr. 'I'lie U=% nlotl(, is t l lr)  last, ~ilotlr to ~.cvc~rsc> its phase at. 
allout 150 /IS, so it imposc>s ill(. characteristic tin)(, of llulgc rc\~ersal. 
The n=2 1i10de is I ~ r e p ~ ~ ~ d e r a ~ ~ t , :   it,'^ ~ I I C  fi~stost. illode to cvol\.o wit11 its I;~rge growth rat(, 
value, and it. Iteeps a large ; r ~ ~ ~ ~ ) l i t u t i c ~  \.all~tr. '1'li(, tin~c, of rc>\.el.sal c s i i ~ ~ ~ ( ' ( l  ~vitll i l l( '  i ~ ~ ~ j ~ u l s i v e  
f o r ~ i ~ u l a  (3) applied on this uniqnc:   no tie gi\.es t l ~ c  S ; I I I I ~  tirne. T l ~ i s  in1lj1ic.s a gootl ;~grocrnent 
hctweei~ theory and conll)~~tirf.io~i. 

\!c 11ave presented all cxpr r i~nr~ l ta l ,  ilunlc.l.ic;tl and tlicwrcxt ical a1)proac:lr of a Richtmyer-l\.lesllkov 
instalji1it.y. Experimentaly, wc, obtai11 rcl)rotInc.iblc c.xl)c:rin~e~~ts 11y a good colitrol of initial corl- 
ditions, with a differe~itial irlt,erferometry \ . isl~alizatio~~ o f  the illstal)ility. 'Phc c o ~ ~ ~ l ) a r i s o n  wit11 
the 2D corn l )~ l ta t io~~ shows cncol~mgi~lg agrer,unent in resprct of tlic o111,lirle and sliape of tllc 
interface. 
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Shock-Induced Intensification of Turbulent Mixing 
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A b s t r a c t :  l~rteraction of tllc ~lio(.li cvave wit11 t111.1)rllizc~ti irit.crface hct\vc~;~i tcvo gases of tlifftrr- 
erit tlrrrsit.y was sti~tlied. '1110 followil~g p r o l ~ l e ~ i ~ s  xvcre illvest igat,ed: l )  tlicl c!ffec(, of turl~l~lizotl 
intc:~.f;~ce O I I  t 1 1 c x  ~hocl i  that has passed through it; 2) slioc.li-iut1~1c:t:d intcnsific.atior~ of ~ L I ~ ~ I I I ~ P I I ~ .  

mixil~g: :i) tlie effect of shock strcngth on tlic, i~itc~lsifi(:i~t,iori of nlixillg. 

1. Design of experiment 

The study was 1)erforrned in a shock t,llbe of square sc*ct,ioi~ 72x72 1n11i~. 'I 'l~e irlvestiga.tio~~s 
wcrc: I)erfor~ried for a widc rarrgc of Atxvootl nul~rl~ers  ( .40 at initial pressure 0.5 atln. To 
solvc the fo r~m~la tcd  problems, different ~~iotiifications of t , l~c  set-1111 were rlscti. '1'0 solve the, 

~ ~ r o l ~ l e l n  2, tllc drivel1 was divided 114- a tliilr riiernbranc into two parts wliicll wcre filled with 
two tliffcrent gases 11 and H. hire studied thc int,c~r;ict.ioli of the shock rc~flected fro111 the end wall 
mitli tlic iirtc.rfac:cx tlr.\ieloped after the passagc, of t l ~ c  incitlent sllo(.li w;rvc; the rcflect,eti sllock 
way(. passed from light gas into the heavy one a l ~ d  vic.e vrrsa. To salvo the prohlc~ns 1 arid 
3, the set.-1111 was modified. Its block diagrarr~ is gi\-c11 i l l  Fig. 1 .  '1'11(. test scct,io~is pro\.itling 

Figurc 1. L3lock diagrall~ of the SC~,-IIJ).  Figurc 2. .Y, t-diagralr~ of thc process 

t.lie divisioll of the tlrivcrr irrto four parts with three t l i i l i  plane rnernl~ri~~ic~s, were const~.llcted 
i ~ 1 1 c 1  111o111lt(,d. 7 '11~  first and tllirtl ~ n c , ~ ~ ~ l ) r a ~ ~ c ~ s  were 10 j~111 thick, t , l r ( >  second one \vas 1.5-3 jlm 
thick. 'I'llc first anti third parts ~vi . r (~ filled xvitll thc sanlc3 gas R .  This iillow(:tl 11s t,o say<, i l l ( %  

ex~)ensivc iricrt gascs ~ l r ,  l ir ,  aritl Xe.  The xvavc image ol)sPrved in gascs A,  H and (I:, ant1 
t h e  denotations used arc given ill Fig. 2. 111 this pa.rt of the s t ~ ~ d y ,  or~ly t,he strength of t l~e  

reflected shock iriteracting xvitll tlie ilit,c!rfacc> li12 was changed. 'Tllc properties of Ii12 xverc, 
iinclia~iged due t,o the cor~st,arit Mach ni~nlhcr of tlrc, ir~citier~t sllock S,', which varied within 



4.710.5. '1'11(. st~.cxr~gtlr of tlic ~ . c , f \ c ~ . l ( ~ l  sliocli \V;I.Q v;lrietl \\!it11 difr(,rc~rit, c~orirl)iri;~tioiis o f  
g;~ses wlliclr fornrctl tlre i~iterf;~cc, to ~.c,fl(>ct tlic ~ l ~ o ~ l i .  '1'11(- s~ibjcc!, of' t prcseiit st~rtlj- is t 11r 
intcractiori of tlic intcrfacc k12 ~vith tlis rs(le~t.(:d s11ock A S  tlrt: wor.I<i~~g gases r l ,  1%.  alrtl 
C, inert gas(>s cvero irsetl, l~ro\,itletl i11ai p, > p,, iurtl / I , ,  > p i , .  111 i.liis (.as(>, t,lie reflc.ctct1 sl~oclc 

passctl fro111 liglrt gas into tire Iicwv). orre. 

'1'0 vis11;11izc tlic process, i.Ir(> i (~sI,-srct,iori IVRS rq~~ilq)ecl wit 11 ol)i,ical glasses. T l ~ s  tiispositiolr 
a~f tlic glasx:" s~('])ari~tirrg i~lrl~lbrarics, arr(i tlie corrcsl)o~rciirig ~ ~ ~ l c l i r o n i z a t i o r ~  of the proc:c:ss 
.+llowed 11s to  rscortl t Ire liiorllcrit of irri.c~ractio~i of ivii 11 /cl2. Tlic I)roc.ess was rccorded 
Iby Scliliere~i ~rietliod Iviili srial)sliot. (Fig. 3) arid streali 1,ic.t.llrc.s (Fig. 4). 1;:ach o f  tlic rrscd 

I.'igurc I .  Co~~tirluous recording of tlrc process. 
I"igurt= 3. Snapsllot ~.ecortlirrg of t,he process. 'I ' l l?  characteristic lines arc, shown on the st~.rak 

picture. 

r-nct,Irotls has its advantagcs, ;t~rtl t.liey cornplcmerrt. eacli other. Tho snapsl~ot pictures allow 11s 
t,o obtain tlie image of tlrc iuterface for sc\roral rriornents of tirnc. However, tlie srnall riurril~er of 
f r a i ~ ~ e s  allowed us to  determine tlre velocities of c1riir;tcteristic lilies with t,he accuracy not l~igher 
tliari -20%). T l ~ c  streak 1)icture allows 11s to  record. in a givcri c.ross-sectior~. the I~clravior of  
tlie whole wave image, and to nieaslire the velocities of charactcrist,ic lilies wit11 accuracS- - 7%. 
In this c:;tse, t l r t .  higher accuracy is d11c t,o t,lie co~itinuous rccordi~rg arrd the sharp hortiers of 
characterist,ic lirir:s. 

To define the constructiori of tlrt: sot-1111 and experin~e~ital  colrditions, ancl to analyse orlr 
expsrirrierit,al tiat a, ive I)erfor~lied one-dimensional calcnlatio~i for the wave image sliowr~ i r i  Fig. 
2. 'l'his ca.lcnlatior~ does riot account for the dcveloprnerrt, of turbulence in the intcrfacc 1~ef.cveeii 
the r~rc\dia with tiiff(:rcrrt tit?~rsit,ic>s anti t,he presence of 1nern1)rancs. All the calculated values 
are deliotctl by symbol """. 



2. Results of experiments 

I;'igurc :1 gives a scricls of Scl l l ic~rc~~~ s ~ r a ~ j s l ~ o t  1)ic.trrrcs ;~n t l  t I ~ ( x  t i f~~iota l . ior~s  of ~ . c ~ . o i . d i ~ l  ol),ic~.l.;. 
'r11c proccssir~g of Scl~lii~rt:~i ~ ~ l i ~ l ) ~ l ~ i > t  1)ict rlrc3s i ~ ~ c l ~ ~ c l c ~ ( l  i i(~tcrii i i~r;~t io11 of t I I C  t I ~ i c l < ~ ~ ( ~ ~ w s  o f  
irlixii~g zorle l i12(,y, . t ,)  a r~t l  IJ2(,(!jL./z) for ;I 11111nl)(>r of C I ~ O S S - S C C ~ ~ ~ ~ I S  !j,. l>igi~l,(- 5 sllo\vs t 1 1 ~  

vaI11c:s of 1.12(!~,, f z )  airci I,Lii(!j,. l , )  as  fnirctiorii of tj for ;I givcil rlroillcllt or tilnc.. 'I'o c~~c. lu i lc  
llrc i r ~ l l u c ~ ~ ~ c c ~  of tvall cffcc.t,s, t,lic virl~ic~s nlc~asrrrc(l ; \ l .  111c w;ills tvcrc, c~sclut i t~I  1'1.o111 t 1 1 ( 1  frr~.tl~t~r. 
arlalysis. As scc .~~.  fj12 aircl LZG \;al.)- nrol~i~cl t.11(, i l r c x ; r r l  values. 'I'hcsc. v ;~r i ;~t ior~s  arc. t l~re  to  t11c 
ralltloin rlatlrrc. of l , l~c  procrss. ' I h c  ralrgo of v;~riiitio~r is ;I cl~iri~;ic.tcristic~ of 1,11(* c~voi~i t ior~ of 
turl~rileut ln ix i~ig  zollc. 'l'hc, deviatioli of I,  fro111 t l ~ e  nlcarl v;il~rt> is 15%. allcl tllosc, of rll,lz/tlt 
aritl dl.2(;/dl arc  60 irr~d 30% (Fig.  6 ) :  rc~spc%c.tivcly. 

I'igurc slions a S(.lrlic~rcri s~rc.;il< pic.1 rlrc ol>taiilctl I)!. c . o r l t i i i~~o~~s  rcc.ording of t l r c ,  proc.c.ss 
througlr ;r 0.3 111111 slit, parall(,l to t . l r c 3  Ioilgit.ritli~ral axis of tllc. ttxst-scc.tioi~. 'I 'l~is syst.c%r~l of 
rc,cording allotvs us  t o  Ijc'rforir~ coi~tin~rorrs rc ,cordi~~g of tlrc. tvavc. inl;rgt> for a giveir cross-sect ior~ 
y, dcfirlc~tl l )y  the  position of t . l r (>  slit. I'hc oljtainctl S(.l~licr.c>i~ sl,rc,;rlc I~ic.l~~rc.s wc,~.c, ~ ~ q c : t l  to 

tlctorininc t.11(. cliaractcrist,ics of 1v;rvr. irnagc. of t \ I ( %  procc,ss ;rr~ti t11c \.ctlocit,ic,s of ;ill t.11(, i l~o(.l i  
waves ; i i i t i  ir~t,erf;iccx I)orrr~iiarir~s. l ' l~ i .  slopes o of all tlro oIjscr\~etl sIroc.lc tva1.c.; ;111il i r~ t (~ r l ' i~c t~  
l)our~tlar.ic~s tverc rnc~asur<~d. I ' I r ( \  tarrgc~r~l of t 11;s slopes is the ~.;rtio of l l ~ i x  shift. of slloc.li tval-c. 
or irtterfacc to  !lie shift or the  filiir for a t i ~ ~ ~ c  t .  '1 I I ~  dcsir(~(1 velocity is 1 1  . !? . ta r lo  ( iv l~crc  R 
i i  ttie scalc of rccordil~g of the, process on t l ~ o  f i l ~ r ~ ;  t11c. t,iii~e 1 is tlet.e~.rnini~cl 11y t , l~e  film: 1 1  is 
t . l~e  r cco r t l i~~g  ra te  of the  p r o c r ~ s ) .  I t  s l~o~r l t l  be i lo tc~l  that  J ~ i s t  aftcr. 1 . 1 1 ~  rc~f~cct io~l ,  t lr t~ s l~ock 
t ~ n \ ~ e  S,,zi , ,  umtlcr t l r c ,  influc.~~c.e of tlrv r n r n ~ l ) r a i ~ c ~  tvcight. movc,s faster t,11a11 at t . 1 1 ~  l no r~re l~ t  of 
i r~ tc rac t io~ l  wit11 I<IL. '~'IIIIs, tllc va111c of rr a t  tllc i~lo~llcirt  or rcflcctiorl of is I ~ i g l ~ e r  tllau 
that  a t  t.110 rnornelrt of ii~tcrac.tion of ,5fc?h wit11 l<l2. Iiigl~rcs 7 a ~ ~ d  8 gi1.r. tllc 1)lots of rll,21;/dl 
; i i~d AI:, (dL21;/(1t)Al:~i agai~ls t  .\lpzi, for two : l / :  0.9 (Me-lI(~-gas C') arlti 0.62 (Xe-Nc-gas ( l ) :  

AI; = ITli,, - l~.~,,,,; tlic' :2l is givc.11 for 1,11(, 1)orclc~r of I\'lr. I"or tllc.sc> plol,s. 111(, v:rl~~c%s of . \ I ,2,  
c ~ r r c s ~ j o ~ ~ c i i r ~ g  to  t I I O  rno111c.11l of irlt,c>r;~c.tior~ of .i',Ll, 1vit.11 Ii12 tvcrf, ~isccl ( l i i ~ ( ' ~  2 allcl 3 i l l  ( . O ~ I I I I I I I  

1 of 7';tl)le 1 give t WO in t lc~~c~rr t ler~l  n ~ c ~ a s u r c ~ ~ ~ c ~ l r t s ) .  ' I ' l r ( \  r t ~ l a t , i o ~ ~  I)c.twccr~ LIT a i~ t l  \ l ircl~ 11urt111c~ 
was ol, t ,ai~~ed l)y ol~c-tlirrrensiol~d c.iilculat,ioi~. 'Tllc. c;~lcl~lat,ioir was pcrforrrrc~tl ad(~citratc\ly to  llrc 
exl)('l.iir~c~i~t: 11, l , ,  tvas c.onstarr I .  airtl .\l,?!, was vi~ric~ii Ijy c.Ir;i~iging t,hc, coinl)iir;it.ions of g;ises. 

3. Discussion 

I\'(, l ~ a v e  f01i11d that tvit,hin tlic. c.rror of' c~x[ )c~r i~nc~ i~ t  (7';:). t l r c .  s l~ock wavcx ,h',llj lj1.op;igatc.s ;it 

calculatetl sl)c,etl. 111 rirost, rrrr~s? Ijccarrsc~ of the  cffi~.t of ~~l(vriI)r;tllc. tlr(> sljeetl of l.li(: slloc.lt tvi~vc 
,S'c2~l at t 1 1 ~  I I I ~ I I I ~ > I ~ I  o f  i~~t(:r;rct,iolr t \ ~ i t l r  ICl2 tvas 11i~I1er t l r i ~ i ~  tha t  ob~air~f:tI ljy (; irIc~~l;i t , io~~. 111 



Figure 7 .  dLZ6/dt and fil: against the strength Figure 8. dLz~/dt . AU-'  against, the strength 

of the reflected shock wave .4t=o.(j of 1.11e reflected shock wave .Scz6; .At = 0.G a ~ ~ d  

0.9. 0.9. 

.&l1 the runs, the speed o f  tllc ~hocl i  wave StLIL was lower tllan the calculated ont:. 'l'o compare 
111e speeds of the shock waves S,2a and rneasr~red in esl)criment with t l~ose ohtaillc>tl 1)). 
 calculation, the follo\ving relations were used: 

Recause wit.tlin the error of cxperirnent, the shock wave .S',lb l,l.ol>agates at calculated s ~ ~ e e d ,  in 
tour analysis we iiscd the calculated values for i l l  both ni~rrlr,rator and denominat,or of the 
relations (1). When csti111;tted by the velocit,ics mcas~rreti fro111 the streak pictures, the error 
of determination of ACzb and AZzu is about 1.4%. To improve tl~c: accuracy, the 1)rocessing was 
performr:d so that the accuracy depe~itied only 011 tlic accuracy of ~ncasurenler~t of the slopes. 
'The following rc:latio~~s for the (and for LT&) were ohtairled: 

$ 1~1~t2rLexP lrJ:.,Z tan ckZzo 2 tan n , ~ , ~  
- * + -  = -- ( l  - l /!vf~l*2) + - 

LVzlhf it,;1b tail n,lh y + l tan ntlb 

With this procedure, the accuracy of tic:tcrmination of relations ( l )  was increased up to 4%. 
'Table l represents the resi~lts of con~l)arison of the cxl)erimentally measured velocities of shock 
waves $Se26 and Stz, taken in the Ilow il  b coordinate system, with the correspondi~lg calculated 
values. As seen, withill the error of experi~rle~lt ( 4%). t,he speed of the shock wave 'Se2* is either 
equal to the calculated value or excertls it. 'The sl>crcl of the shock wave ,St2,, is lower than the 
tcalciilated one in all the runs exccpt for 699W. Sul,posingly. its st,rength was affected by t.he 
:nteraction with the turbulent mixing zone. 

Figure 9 represents the ewperiruerltal data 01)i . i i r lcd in different studies, 111 different tiine, 
;arid in different shock tubes; wllcn coiriparcd to each ot.her, they dcmonstra.tc~ a significar~t. 
.variation. As see11 from Fig. 5 and G ,  as  y changes) the thicltrless and t l ~ e  growth rate of 
::nterface change chaotically and vary arou~lti tlle lllearl val~re witliir~ 15% for L and within 30% 
-For dLZ6/dt. The solid line G in Fig. 0 represents the experimental data  obtaii~ed in [2] arid [7] ,  
:,rocesscd by the least square metliotl on the i t s s ~ ~ m p t i o ~ i  that the functio~l (rlL/dt)AU-' is a 
.inear filrlctior~ of .At .  To ac:c.ount for the chaolic: I I ~ ~ , u I . ~  o f  the pi-oc:ess, the corlfidcnce region 
' S  drawn (lines 2 in Fig. 9);  which slio~rld i ~ l c l ~ ~ t i c  all tlrt, exl>erirrlc:ntal data  with probal~ility 
95%. As seen, with this a.pproac11, the agrcwnei~t 1)c'tmecn t l 1 ( 7  cx~>erir~lcntal data obtai~led 1,v 
~lifferer~t a~lt,hors is sufficier~tly good 



Fig~trrs  7 alitl X give, thr. cxpcri~r~c:r~t.al p1ot.s of rlL2i,jrlt, al~tl tlic calc~~lat,ed plots of Af i  
a1111 (cl~,~~/dl)i!!Ll '- '  agailist. of thc W ; I V ~  SIZC. I3y t h ( ~  e x p e r i i l ~ c ~ ~ l , d  poilits. using t.he least, 
square rllrtliod, tile lines for dL2,;/o'l a ~ i d  (dl,2(;/dt)Alr-', on  t,lie assumptioli of their li~iear 
tlel)endericc of Mac11 11rlrr1I)er: wcrc draw11. Tllc variat,io~i of c x p c r i ~ ~ ~ e r ~ t a l  points witli rcspcct, 
to tlie lint is 30%. This variat,ior~ coi~icidcs wit11 tliat ol~tnir~ed for tlic ~)rocessed Scllliere~i 
sn;ll)siiot ~)ic:t,~~res. It is d11c t,o tlie random 11aturc of the, process and is a cliaractttristic. of 
t ~ ~ r l ~ r ~ l e n t  rnixi~ig cvo111t.ioi1. 1)llrilig tlic i~ll.c~r;tclioli of ,Seza cvi tli Iil thc i ~~ t~e~is i f i ca t io~ i  ri t t ,e  of 
t,urhulent mixing ( L 2 ( ; / d t )  ir~creases, aricl thc (rlL2(;/dt)Al:-' tiecreases wit11 ir~creasing strc:llgt,li 
of Tliis is due to t.he fact that wlicll :\Ic2(, i~~creases,  tl~(x AI: grows fastcr tliari tlic dl,26/iit. 
Colnparison of' tllc data for t.\vo .At give11 i l l  Fig. S de ino l~s t ra i~s  that t l ~ c  al)solut,e valuc! o f  

[dl,26/(it)Al as i I  f1111ctioli of' 1,fach ~ i ~ ~ r i i ~ ~ c r  cif~reases wit11 ci(>crcasi~lg 2'!t. 
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A t  

12ig11r.e 9. Jl~tensil icntio~~ of tl1rl1111c111 I J I ~ S ~ I I ~  i i l  ; ~ ( . ~ . o r ( l i ~ ~ g  to l11p ilt\rootl nrlr~tl~rr:  1,oi11t.s 1, 5. 6. 

X, 9 - reports No. 01-0-r(c'l:;\/r).4nl#:3fi;2/1)11~] ;111i1 N o .  01-96 ( ( ' ~ . : ~ \ / I I I \ \ ~ # ~ ; ; ~ / I ) I R ) :  2 - [l]; :I - 

[i]; I - [ ] 7 - [>l: linrs 1 atltl 1' - [7]. 

1. It. llas ltcen t ic~nolrstrat(~ti  i l r i i i  i 1 1 ( ~  ilii(>l.;rctiol~ o f  S , z l ,  ~ i . i t 1 1  t,l~rI~uliz('d IiI2 (Iccreilscs the' 
strcngt, l~ of ,S,?,, 2. W1lc.11 ;icco~intctI for ill(, cl~aot.ic. ~taturc. of i ~ ~ r l ) u l c ~ l t  i n i x i ~ ~ g .  all t11c. cx- 
p r r j ~ r ~ e ~ i t a l  data on tlie i~ t \~cs i igat ior~ of ilitrtrsity of t11r1111l(w(, t ~ ~ i x i l i g  ol)taine(l t l i f fcre~~t  
aut, l~ors arc ill srlfficic>~ttly goocl ~ I ~ I . ( Y Y I I ( ' I I ~  \vitll car11 o t , l ~ c ~ .  3.  It has 1jee11 s l~own t l ~ a t  as I . I I ( \  
strc.ngt11 of tlie ,SiZh ~ I I C ~ C ~ S C S .  t l ~ v  r;it(- of I ~ I I . I I I I I ( ~ I I ~  illixii~g ( / L i 2 ~ ; / r l 1  ir~rrcases,  and t l ~ e  v a l ~ ~ e  of 
(dLa6/(it)2.li-' d(.creasc!s. 
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Analysis of the  Turbulence in Bubble Two-Phase Flows 
by NMR 

F. L e  Gal l ' ,  J .  Lebloi ld2 a n d  S. Pasca l -Ribo t '  
'(,:Er4 C'atlaraclie /UEC/SF(l.A/L'I'EA, Bat 216 
13108 St Paul 1,cz l ) u r a ~ ~ c c  cedcx, 12rancc 

"CSPCI, 1,al)ora.toire PMMII (IJRrl 857) a r ~ d  C:RP:I)I(1' (GdR 1027) 
10 ruc3 \iauquelin, 7.5231 I'aris cedcx 05, Franc(, 

A b s t r a c t :  ' I 'ur l~ule~~ce cl~aractcrictics of ari upward air-watc.~ bubbly flow ~ I I  a c i r c ~ ~ l a r  pipc 
wcre ir~vcst,igatcd l)? c>xperirncrltii~g ;l Nl~clcar Magrictic Ilesonancc ~ne t , l~od  (N.hl .R. ) .  This 
111et,11od l~asctl O I I  t , l i ( ~  l'.F.C.S.I':. (Pulse I"ic,l(l C;ratlicl~t. Spin Ecl~oc, Sc~cll~e~icc) illlows tl~c, rnea- 
s~~rcmcrit, of the liquid su1)crficial velocity a r ~ d  of tlic rrleall velocity of t,hc licluid e~itcreti iii t l ~ c  
meas~lrctrner~t volume d l ~ r i t ~ g  18 m s .  
'l'llc first results of tl~c? experirnc~it show that t 11e ir~creasr, of flow i,at,ct causes t,he increase of the 
lluctuat,ioris of vt,locities. 

1. Introduction 

B ~ ~ b h l c  flow is one of represc~ntati\.e flow rcgi~nes in two-l)l~ase wliicl~ taltes placc: in a wide rar~ge 
of energy conversion dcvices such as iil~clear s t c a ~ r ~  ger~erators. 111 order t,o analyse the safety of 
~ ~ u c l e a r  rcact,ors, it is essential t o  irrlprovc t , l~e u~ldcrstaridi~ig: of int,eractio~ls between b~il~l)les. 
liquitl ar~tl tube blulcllc. Ii~dretl, i r t  tllc i ~ ~ v e r t e d  L;-t,~lbe hundlo region, it has been riot,c~l that 
t,tvo- ~jhase cross flo~v induced viljrations wliicl~ call callsc serious tuhc. failures. 
Tlic pllrljow of this papcl. is t l ~ e u  to t,ry to relate t WO-pliasc t~~i . l )~l lence to  tlrc s t r u c t ~ ~ r a l  charac- 
leristics of I)111jI)le flow. For that: a11 expcririrer~tal s t ~ ~ d g -  I>nsed or1 Nr~clcar hlagr~etic Resoliar~ce 
(N.41.K.) technique is c,arric%d out with ir~telitl to Irleasure turl)l~lcnt. ve1ocit.y fluctuatior~s of an 
air-water l,11l1l,ly flow. 11 new rnetliod 11si11g i t ri~odified P.F.C;.S.E. sequcr~cc has I~cc.11 al,l~lietl 
showir~g for f.liis approacl~ tlic, experimental l.(:clinical lir~rits and, as a result of t,hr way i ~ i  which 
irnl)roven~r:rlts rr~ust 1)c brought. 
rlfter a short prescnt,atiori of our cxporirr~ental set-111) (spin flow) t,he modifieti P.F.G.S.E. se- 
q u e n c ~  designed to analyse turbulence in air-water I>t~bhly flows is exposeti followed by its 
n~i~tliematical intcrpretatior~. Sornc experi~lle~ital ( ia t i~ ohtaincvi ill the 1,aboratoire dc Pliysique 
'I'liermiclue (I?SP(:l Paris) are presentotl. 
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2. Experiment 

reference section area ( m 2 )  
constant 
phase difference (degree) T 
rrlaximuni frequency of the spectru~n ( I I z )  T 

rnaximulli field gradient pulse (gnuss.cm-') I f  
superficial velocity (m.5-l) v; 
flow rate (on flow meter) (m3..s-l) 
magnetisation 
mass flow rate of the phase i (kg.s-l) 111 

Probability S 
density ( k ~ . r n - ~ )  
space fractio~l 

period of the sequence (S )  

time interval ( S )  

~neasurement volume (m3) 
\~ohirne occuped by the liquid ~ l h i c h  
entercc1 into the volurne V 
between t anti 1 + 3~ (m3) 
axial velocity co~npone~i t  m.s-' 
phase derlsity function 

Subscripts Symbols 

i phase index i = 1 for water () space-averaging operator over .Ao 
i = 2 for air << >> space-averaging operator over V1 

j particle index 3 7  time- averaging operator over 37 

2.2. Experimental apparatus 

A schematic diagram of experimental facility is presented in figure 1 : 

eanltemenf Volllrne V 

K- 
nlr + wafer 

flow meter ( J ,  flow rllerel (J 1 
rnlxer 

Pump 

Figure 1. Experimental apparatus 

The air-flow and the water flow are mixed irito the mixer. Then the gaz-water bubbly flow goes 
up into the pipe. The  N.M.R. measurenie~lts are performed in a section of the pipe 240 cm 
above the mixer. A grid which is situated 40 crn under the measurement volutne 1/ calibrates 
the size of the bubbles. 

2.3. Sequence : measurements of the fluctuation of liquid flow ( i  = 1 )  

In a at tempt to arialyse turbulent fluctuations, the P.F.C~.S.E. sequence has been modified in 
a continuous and periodic sequerice of frequency ability higher than 1 kHz. 
At each period start,  as shown in figure '2, a radio frequency pulse is applied, between two 
strong magnetic field gradient pulses desigileti to  cancel all the co~npo~lents  of the magnetisatio~i 
iri the  volunie V. 



Figure 'L. sequence 

HI-tween t a ~ i d  t + 3 7 ,  a new liquitl llow goes into the v o h ~ m e  V. This liquid takes a volume 
noted V1 which leads a new z - r o ~ r l p o ~ ~ c r ~ t  of the macroscopic ~nagne t i sa t io~~.  
A t  t ime t  + 3 r :  a classical P.F.G.S.E. sequence is applied on that volumc V1 to determine j l ( t )  
the superficial velocity of the liqiiid and << ,[al >> t,hc incan velocity of tlie liquitl e ~ i ~ e r e d  i r ~  the 
vclll~rne V between t and f + 3 7 .  
Thus, a t  time t + 3 7 ,  the P.F.G.S.E. seqlirnce starts wit11 a ;),v radio frequency pr~lse, which 
is applied lo rotate the z-componerlt in the O.X,Y pl;t~r. 7'11c acql~isitioll that follows (figure 
2), allows t11c measurement of the ~l~agi iet isat io~l  . I l ( t  + 3 7 ) .  wl~ich is proport,ior~nal to tllc: 
vohlmc of the liquitl V1. The followi~~g paragraphs show thc. rnathcmatical cxpressiolls of t l~ese  

2.3.1. Expression of the  superficial velocity of the  liquid : j l ( t ) .  

A:; ~nentionetl carlier, the magnetisation :\/l(/ + 3 7 )  is I)rol,ortionnal to  the mass flow rate !Ifl ( 1 )  
which enters the vo1111r1c \l t,l~rougll the section .& at  1 .  

011 the other I~antl, the mean velocity of the liquid ~ I I  t h e  sc~ci,ion .lo is dcfi~ied by: 

Leadirig for l C l l ( t ) ,  the following expression : 

.\/I1 ( t )  = pl..1oH1,z(zo, t ) ( ~ l l ( t ) ) . ~  

Therefore, 



(:orisc~q~~cntly, tl~r, ~~~;igr~c:t,isatio~i !l!I(t -1.- ~ J T )  provitles a ~ r i r a s ~ ~ r c ~ ~ i ~ c ~ r ~ t  of 1.11(, s11l)crficial \,clocity 
of the liquid J l ( t ) .  

2.3.2. Expression of the mean velocity of the liquid in the  volume V1 : << wl >> 

With referer~ce to  figl~rc 2,  after a ~)l~lst:, a ~riag~ict,ic ficltl gradient pl~lsc is applied. Its 
rnathe~natiral cx[)rcssioll is the followi~ig : 

Dllring T ,  the riiagrletic ficld gradirrit pulse, noted 94, sliifts tlie p11art of tlirt wliole microscopic 
rnagr~r:tisatiorls of tlie litluirl particles j : 

with the follow~ng first order lirniteti t ie\clopc,~r~el~t for axial component : 

that leads to, 

A4]( .~4)  = z ( t 4 ) g o ~  + -, . 1;' - -  ~ ( ~ , ) W I ( ! ~ ~ U & ? L  + ... 

A t  time 1 + I T ,  a T ) ~  radio freqllel~cy ~)irlse is al)plicd arid reverses the whole ~~~icroscopic  
rnagrret,isatio~is in the 0. .Y: 1' plan. 
Betwee11 1 + 3~ anti t + 57, the uiagrictic fielti gradie~it plllsc, gs, shifts the pllase or the micro- 
scopic mag~ietisatiolis ill the same way than ,q4 diti. 'I'l~us, 

.411d at  tilne t + 5r. tlie co~rlplctc ~)liasc differerice is : 

Suppose that tS - 14 (figure 2), th(, interval l~etrueen g4 and ,q5 a~~l) l icat io~is ,  is sllclr that 
tS - t 4  >> TL,, which TL; t l~e  1,agrarlgicn correlation time of tlir liquiti particle vc.locity. 
r 7 I lierefore, 

( Z ( f s )  - 2(t4)) X Twl(t $ 47) ( l 1 )  

and, 

l q h j  = 1.9~,~21,v, (1 + 4 ~ )  (12) 

Magnetisatio~i detected at  t + 57 is the surn~natiorr of tl~c, tiiffcrerlt liquid part iclr co~~t , r i l ) l~ t . io~~s  
in the vululne VI. 
r 3 I lllls, 

iZl(t + 5 r )  = !11(1 + 3r) << e.rp(il;tul) >> (13) 
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\\.l111 L = - . ~ j , ;  ; I I I , I  (<:X> rrej,reser~ts lhe  nirxan ovcr tlic vo l~ i in r  V ] .  
11-tro~I11ce I '3( t~ . ; .  1 ~ i l t i . ~ .  t1:c probability t o  find some liquid l ~ a r t i c l c ~  ;it / rim(. n.it11 a \rlocit!. 
hi,tn.ce~i lcl a11t1 I ( , ,  4- 111(,1 . into the  vo1111nc: V]. 
T l l c ~ c f ( i ~ c .  

lIl,f $ ,>T. k )  = !\f(t + 3 ~ )  f<3(li~l, f ) ~ . ~ ~ ~ ( ; k l ~ ' ~ ) ~ / t l ' l  /5," 1 - 1 1  

11- t11 !:.c- f131. t)(/f l , l  = l 
\\ 'ith a iirit orticr li~iiitotl tie\.rIopement in k ,  we show tha t  for k low c11olig11. tlic. l)l~asc, elitfc~rc~~~ce 
Ao !ietwtlc~i \ / i t  7 ir; aritl .\I(t + 37) is proportionnal t o  the, nlcarl ~.c,locit!. of t l i t> l i ( l ~ i ( i  i l l  

t11c \ -o l~i lnc  V1. 
Ad = k << U ! ,  ( t  $ 57) >> I 1,; I 

->- 

2.4. Exper i r l l e r l t a l  r e s u l t s  : Power spectral densities of j l ( t )  a n d  <, L, l (  t I z> 
----h 

r h e  ir~iiuc.lice of g;iz lion. ra te  .J2 over the  fluct 11a.t ions o f  jl ( t )  I < I / I :$ ib i t ~ l t i i ~ t l .  The 
ol tai~rc.tl s1)cc.tl.n for  .l1 = .i..i n~ ! . l ~ - '  are sllowl~ "11 the  following grnpliici I fig.ire :l I : 

l !!c,-r ~pe t . t r , i  oI , t ,~ i~!r t i  l,!. ;i c.lassical Fonricr t r ans fo r~na t io~ i  rcprrsc~lt  tllc> l \ l i t  1 1  f l ~ ~ ( ~ r ~ i i i f i o r i ~  
ancl t l l r ~  1.~1 t 1 iluc-tliat io112 \ ~ . l ~ i c l ~  itre l~lot,ecl versus frequency for two cases = 0 . P  11lo1 .: -7 I 

.I1 
iinci = O.li4 i c o ~ i t i i i u o ~ ~ ~  plots).  

.l1 
P1 c ~ i c l t l l  of t11c.c spcct r ;~  t lc l )c~lds  O I I  t he  sequerlce lengtll 7' = 3 6 m s .  Tllr  iollst3clllrllc,e of t l ~ t .  
Sllainion Tl~eorel~-i  is tllc lirl~itatiorl of t,hc spoct,rttrn reading t,o i n l  = 1411:. T111ii IT(' 1 1 i i \ . t '  t o  
k ( , t ' I ~  in 1 1 1 i 1 1 e l  t l ~ i i  rcst rictioii for t he  spcct,ra analysis. 
:\t Ion. \.oiil fraction $- < 0 .1 ,  t h e  level of tile f l u c t u a t i o ~ ~ s  arc i~~sig~\ific. ; i i i t .  .At 11igIier void 

fraction. t he  a111~lit11cIe of tile fjuctuat,ions increases strongly with F. I'or $ = 0.:3 1 .  t 11e [P\-el 

of tlic fli~ctuatiorlr is Illore i~iiportarit  t l~a r l  this r~o ted  for $ = 0.8. Moreo1.c~ tlrc low f~c)c~~ic>~lc!. 
f l ~ ~ ~ t ~ ~ d t i o ~ i s  (0 to 7 I I z )  arc j iredomina~it .  
For thc ~1)cc t r a l  d e ~ i s i t i e ~  of A$, a ljeak a t  5.5Hz is observed. It is probahl!- iluc to  the  plirni) 
frt?cl~iriic.!. rot,rt ion or to tlic~ prcscncc of an air  pocliet into the  pipe. 



3. Conclusion 

The modified P.F.G.S. E. sequence has been tested. For all the i~iterest of these first, experimeii- 
tal results, a co1iclusio11 seems f,o be prcrnaturc. Sorne technical irnprovernents must be brought 
in order to better characterize tlie air-water bubbly flow. 
In the  same way, an experiment is being built wit,li the airn to provitlc, with a high frequency 
pressure tranduceur, the pressure f luctuat io~~s prc~sc~rving the experi~liental conditions give11 by 
the N.M.R. experimerlt,. Rotli cxperirnents wo111ti allolv 11s t,o know Inore about the link l~etnreen 
the st,rllctural charact,erjst.ic.s of b ~ ~ h b l c  flow and the power spec1,ral d(~r~sit,ios of prcssurc and 
velocities. 
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Rayleigh-Taylor Instability in Strong Substances: 
(Zalculated Experimental Studies of Instability in 
Titanium 

A.1. Lebedev, P.N. Nizovtsev, V.A. Rayevsky and V.P. Soloviov 
I.:ussia~~ Fetlcral Nuclear Clcrlt,rc - Instit~lt,e of Experi~nental Physics 
F'rospc%ct hdira 37: 6071 90, Sarov; Niz1111y No\~gorod Region, Russia 

Abstract: 'I'lie results of calculatcti experimental study of Rayleigh-'raylor i11stabilit)y i11 tita- 
11iu111 arc prc.se11ted. Pert~srbations growth at  plate surface accelerated by products of cliemical 
IIE explosioll is l)ee11 dealt wit.11. Pert~~rlrat ions growth for different init,ial a~nplitudes and 
wavclo~~gths was stu(lic~t1. Experirnrrrt,ally xrcrified are the co~lclusiorr 011 stability area thresh- 
old dcpcr~tl(:~icc> from ~a \ ,c lc r rg t l~  as well a s  from il~itial per t~lr l~at ions amplitude and substa~lcc: 
s1,rcngth. 

1. Introduction 

One of exarnplc~s of Rayleigh-Taylor instability is perturbations growth at  pressure accelerated 
I)late siirfaec:. Ixessilrc bei~rg iipplicti or1 one sidc [ l .  21. As a result of instability propagation a 
co111~1letc destrrlct ioii of accelerated laycl. can I~ec  finally ohscr\.etl. It-T instability stro~ig media 
s~~bstant ial ly  diff(.rs froni instal)ilil.ic~s ill licliiitis and psc,s. 111 the last, perturbai,ion growtli is 
rc~st.rai~letl 113. shcar s l~l~stal ice streilgth. 
Earlier pal)c,rs [:l-G] co~nprised soInc. peculiar it it!^ of R-'I' i ~ ~ s t a l ~ i l i t y  growth in strong nictiia. 
Na~nely papcv [fi] expcrirnctltally co~ifirrned that stal~ility area t,hresholtl position at. alu1ninii1111 
layer accrlerat,ion tiel)eiitls on wavelel~gth arid initial arrlplitude. 'I'llcse resnlts corltradicted thc 
coric:l~~sion fro111 pa1)c.r.s [7-101. I)lle to this, it. should I)e of iiltercst to  verify corllrnonncss of the 
ol)tai~ied rcs~llts for ot.ller rncdia featuring st reslgth. 
Presc:~~t, paper provitfc.~ the res~llts of calc~ilated cxpcl.ime~ltal study of R-'r ir~stabilit~y propa- 
gation a t  titalli~~rrr layer accc~leriltio~~. It sl~auld I)e ~ ~ o t e d ,  that ti tani~lnl features higher shc!ar 
strcr~gtli if coinl)ared to  a l u n ~ i l ~ i ~ ~ m .  Tl~at ,  is wily thc  preserit,cd experirrlerrtal rcslllts de~norl- 
strate as ~vcll stability tl(.pc~r~tlerlce frorrl suhstalrcc strengtlr. 

2. Experimental and numerical techniques 

E\-peri~lie~lts wcrc rrlade using X-ray methoti. Expctri~nental sct,ilp was similar to  those usctl 
for papers [G, 9, 101. Similarly to instability s t~ ldy  i11 a l ~ ~ ~ r l i i ~ i u r n  [ G ]  we have exaini~led various 
perturbation propagation modes-stable (restricted l)erturbatio~i growth) and unstal~le (unre- 
stricted perturbatior~ growth resnlti~lg with ciestruction of plate ur~der invcst,igation). Kotc 
that Ti layer loatlilrg pressllrcx \.a111r exccrtlrd ovcr 3 t irnes a ~ i d  acceleratiol~ value exceeded ovc.1. - 40 illat, of the alnrnini~r~rl [6] .  
r , I itanium plat,es were accelcri~tc~ti llsiilg two-c.ascade loatiirig devicc.. Fig.1 sllows the draft of 
cxperi~ne~ltal  assc~nl)ly. I'eriodic two-dirne~isional I~erturhatiolis were al)plied to  1.5 m m  tliiclc 
plate surface:, t h e  plate facing I1 l'. J'erturbatio~rs were iml~osed by nlakirrg lo~lgitlltlirral recesses 
of triar~gular sect.ion. Recrss de1)tlr tiet.erminctl tlrr initial asllplif,llde (-4,) arrti periods 11rt.wee11 

More ~ r ~ f ' o r ~ ~ t i ~ l i o ~ t  - Elnail: 0td0:1~2:j05~~?~~1~f.v11iief.rit 



them determined pert l~r l~at ions wavele~lgth ( X ) .  Presel~t-state perturbations a~npli tude was 

determined by X-ray photographs of plates under investigation. 
Fig.:! shows loading pressure (P) and Ti plates shift (S) vs time ( 2 ) .  Numerical simulation 

Figure 1. Draft of cxl)~~.irnerltal asselnbly. 

P (@a) 

Figure 2. Titanium plate loading plcssure (P) and shift (S) vs time ( t ) .  



of R-7' ir~stal~ility was inatlc. 11sing 1,agralrgian ~netllotl [:i] i l l  visc.olls-e1;rsto-],l;~st,t,ic approri i~~;l-  
tion. Sir~~ilar ly to alurninii~rl~ [ G ]  exper i r~~cr~ ta l  rcsr~lts on 1~er111rl)ations gr-owt,ll 'Ti pl i~to sril.f;lcc 
collld be dcscrihetl using \-isc:ous-cla~to-~)lastic 111odv1 Sraturing r ~ ~ c d i l ~ n l  s t r c ~ ~ g t l ~  \.S deforr~li+- 
tion velocity. Dy~~ali l ic  yield poii~t (I:;) and t ly~~anlic  viscosity ( / L ; ; )  can l ~ c ,  t I I I I ~ ,  proscnt t c?d 21s 
follows 

J ,  ,,'rt <, - (, * {t.r/)[-n( EtII:', j 7 L < , i ) 2 1 }  ( 1  i 

J!l.'llcrc: GT' =2 G]'&, p T t - ~ . ' r  ,, - t . I  EPa.s, -&lt, :l,,,,j, prexv~t-stat e t 11o.inal energy a I I ( I  sl~Ijst;t~~c.c~ 
tllcrrnal energy i11 111elting point wit11 respect to compression. (L=:,. 'I'he value or \Gr": GPa 
Tvas selected as the il~edirlrn value of dynamic yic%ld point o f  anrlealrtl t.itaniu~n a.lloy U0 -- 1.1 
;d. pressure about 20. 40 GPa. 

3. Results 

Fig. 3; 4 colnprise the results of txl)crimer~t,s and calculation oli griivitatio~lal instal~ility tlc- 
~ ~ e l o p m e r ~ t  in t i taniun~.  .Jl~dging 11y the rt,sults it can l>c conclllded tliitt t~l~rcsi~old posit,ion, 

Figurr R.  Titanium p1;it.c~ perturbatior~s growt11 VS bift. 

zeparating perturbations stability and instability areas, depends b o t l ~  on initial a m p l i t ~ ~ d e  a11d 
perturbations wavelength, provided t l ~ a t  gravitittioilal instability growth in titaniurr~ similarly 
to  alunliniu~n [G]. P'ig.5 shows depe~ldencc of sta11ilit.j. area tl~rcshold for aluminium layer [G]. 
l3y comparing the results from fig...l and fig.5 can Ile concluded that, stability area boundary for 
titaninrn, featuring greater st,rengtll t11a11 a l l l m i r ~ i ~ ~ m ,  is locatetl higher 111an that or alu~nini l~ln.  
Note t,llat titanium layer accelerat.ion \,allre exceeded over 40 %) that for ah~minium. ' I ' l i t~  

r e s ~ ~ l t s  are i n  good coordinat,ion ~vitll c.oncl11sions fro111 11al)c.r-s [U-S]. 

4. Conclusions 

Ohtaii~ed resultk sllo\v t,hat del)endence o f  stability arcs threshold posit.ion at  layer accclerat,ioll 
on wavelength and initial amplit,udc is colrllnon for irlcdia featuring s t r e ~ ~ g t h .  Experimental 
~ e s u l t s  preserltcd in prese~lt paper servc: as well as the ha.sis for ~lurncrical simulation of tost,i~lg 
and upgrading different models, describing ~nat,crial I~eliavio~ir a t  high-velocity deformation. 
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Stc i i l i tv  a e a  theshoid 
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Figure 4. Position of stabilitj- area l~ou~ldary for tilaniunr at loading pressure Pr,,,=37 Gl'a. 
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Figure 5. Position of stability area bou~~dary for all~~ni~lium at lodding plessurc = l 3  GPa 
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Computational Modeling of the Hydrodynamic 
Instability Development In Shock Tube and Laser 
Driven Experiments 

I.G. Lebo' ,  V.B. R o z a n o v l ,  V.F. T i s l ~ k i n ' ~  and V.V. Nikishin2 
'Lebedev Physical Institute, Moscow 
Lcninski prospect 53, 112124, Moscow, Russia 
"The Institute of hlathematical R'Iodeling3 
Miusskaya sq.4, Moscow, 125047, Ilussia 

Abs t rac t :  h 2D and 37) Euler codes ''NUT" and "r\'UrI'-CY"(cylindrica1 21) geometry), and a 
:!D Lagrangc-Euler code "ATT,ANTX have been uscd in s t u d y i ~ ~ g  t l ~ c  laws of llie developnlent of 
t.he instabilities in two cascas: 1) tlie shock waves are passing through the  contact interface of two 
gases (the initial density of the gases is similar, and the adiabatic indices 7 differ), 2) thc laser 
itccelcratio11 of t l ~ i r ~  foils. The colilputer sirnulalions ha!-(; 1)c~cri ~na t ic  for col~crete exycrinie~its 
t,o I)e l~cld with the shock tubes at the I~~~zhizhar~ovsky  P o ~ v c ~  I~ is t i t ,~~ t .e  (hloscow), arid t,l~ose 
bcil~g perforrued wit11 the laser facilities "MISIlEN" ('I'RIKI'I'I, Troitsli, Moscow region, Nd- 
laser, the  pulse energy I I ~  to 50 -1, and the d~~r i t t ion  E 2 ns) and "GARPITN" (1,ebedcv Pliys. 
I r~st .  h,losco\v, IirF-laser, t,he energy up  to 100 .J ancl duratior~ E 100 ns). 

1. The development of instability in the contact boundary of two 
gases of the same initial density 

We uscd the "NII'I"' cotl(, to st,udy the prol)lern of the del-rlop~uc~rit of the insfability at the 
contact l~oundary bet~veen tho two gases of tlie same dcrlsity antl different ii.diabat,ic indices 
(y)  under the sllock wave ~)ropagat,iori. 'I'lie results arc gi\.en for the followir~g two gascs: CO2 
and Argon. The initial density in tlie gases is p = 8.289 * 10-4 glcrn:'. The atliabatic index in 
argon is 7 = 5 . 3 ,  and in the COz,  -1 =1.25. Thc hlach 11u1nbcr o f  tlic iricidcnt wax7e is equal to  
3.5. The calculatio~is have heer1 performed in 2D (x:z coortli~~atcs) and 3D (x,y:z coordirlatcs) 
geometry ( the code NU'I'). Tlio wave l ~ a s  becl] propagating along the OZ axis. In 2D geometry 
the initial perturbation of the contact l~oundi~ry  has tlie forrn .4m(x,z) = ao*cos(li*x) + Z,, 
~i l lc re  k=2*-ir/X, 2, - boundary. Tlle calculations 1lax.e I ~ e e ~ r  made for 0 < x 5 0.5*X, 0 5 z 5 
LtZ.  At x=O and x=0.5X u=O. 

111 31) geometry Am(x,y ,~)=n~*cos(k~*x)*cos(I ; :~*y)  $ X,, where k3 = TJX. 111 2D simula- 
t i o n ~  no=0.5 crrl, in 3D a1 = 1 cm. Me liavo s t ~ ~ t l i e d  the bel~aviour of tlie perturbations h a v i ~ ~ g  
the wavclcngths X = 3.6 c ~ n ,  ancl 2.4 cnl. In t Ire first set of sirm~lations the s l i~cl i  \va\,e comes 
fsorrl CO2 t o  Ar. 111 t.he second - f ro~n  .4r to C : 0 2  gas. Figure l a, illustrates lhe dcl)endcnces of 
tlie total amplit.~itles (tl~c? dista11c.e fro111 t11c JV;IVC "p(,ak" to  t,lie "l)ot.t.on~") for the cases \ v h c ~ ~  
the shock wave colnes from argoil to CO2 (tlie upper c ~ ~ r v e )  ariti rrorll CO2 to argon. Here X = 
3.6 cm antl no = 0.5 CIII) .  2D-gtrometry. The '.c:rossesn are tl~c, experimental  result,^ (Zaitsev S. 
et, al.: I<rzhizha~lovsky Powrr Institute, h~loscow). 

Figure l b  shows thc c:orrcentrat,ion isolines ill tlie vicinity of t,he contact boundary for the 
first and the  second varia~~t,s a t  the tirllc ~r~or~lc r l t  t = G00 ps. O r ~ e  can see that. in the first, 
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-asc t11(- I>ert,i~rl~a.tioii dcvc:Ioprrton~, is slo~vor t .h; t~~ i l l  t l ~ c  sc,conti one, ancl t,l~c,~.e is obsc:rvc\ti tlie 
"re-pliasi~lg" of {.he perturbatior~ a~npli tudc (S(,(: Fig.ln: left,). 111 tllc disc~~ssctt case. d11e to 
lhigher cornpressibility o f  i,11e COa (ill st roilg ~hocl i  w;tves tlie clcgrcc: of the gas cor~~pressil)il- 
~t,y is l)rol~ortio~ial to (y+l) / (- , - l ) ,  its tleilsity I )c l~ i~~t l  t.l~r shoclc wavcfrortt, is lligllcr t,ltar~ the 
,lrgori density. Thc "crosses" are 1 , l i ~  cxperiinclital r-es~~lts.  IL'c liavt~ good agrconcltt bet\vcc~i 
nilnc>rical and expcri~ncnt~al data. Fig. 2 sl~ows tllc crl~crilrlerital data. 

Fig~ir(' l :  'l'he a~nplitlldcx growth 
for tltc, C;IS(~S i\r-(.'O2 and CO2-Ar 

ir~tt,rf&ccs a11t1 the isolinc.~ of 

Ar CO, 

c.or~cc~~~tration near the, cor~t.act F'igilrc, 2: Tllc. Sclilieren st~apshot, 

I~oundary for two  cascs. pict,~lr.c>s for cases (1 - 

C"O2-r\r-illterfac.p) and (2  - 
A r-C'02-i~ltcrf'act.). 

Is'igr~re 3 shows the resultas of the conil)a.risor~ of 2D aritl 31) (:irlculatio~is for the cases rv1lc.11 
=3.6 c111 itrid X =2:4 cm: alrtl tlic shock \va\;ct cornes froill argoll to CO2 (YI=3..5). Figl~rc. :ja 

~lrcsciits tltc: a ~ x ~ p l i t ~ ~ d e  tnnporal tlcymdenccs for t.lre rilerltioned for~r cases. Tlic solicl lines - :IT) 
gcolr~etry, dashed lines - 2 U  grol~~ct,ry. One ci~ri s c ~ :  that t l ~ c  grolvt 11 rat.es of tlio pert,l!rl)at.ions 
v:itli tllr sarrie X iii 2D and 31) gc>on~etry are al)l>roxirr~atelj~ cyllal at tall(> i ~ ~ i t i a l  stage. 

T l ~ c  ol)tair~cltl resi~lt differs frotit the one ol)scrvc~l for the, casc c v l t e ~ ~  the shock wave, coines 
fmrn t l ~ c  gas of t11e locver deilsit,y illto t l ~ c  gas of 11ighcr density a t  t,lie saillc y (S(,(- [ L ] ) .  111 
t.liat casc the growt.11 rirtio of the 21) arid 3D j)erti~l~l)at,ioi~s wit11 tho sarnc, wave rn11r1l)c.r I;, 
Ilut differ \ v a l ~ e l c ~ ~ g t l ~  \voulti I)e siinilar 'I'ltis is in agrecrl~e~it. wit,li tlic I<icl i t .~~~ycr  fornnula '"" = 

lit 

X: * a" * I+' * .;L , wllcrc a is t 1 1 c x  current a~nplit,r~cic: of the pcrturljat ior~; l<, the wavo 11rlin1,cr: 
\C', t . l~c velocity of the secorlti gas ljeliili(l tlie sl~ock-wave front; A )  the ~ l t ~ v o o t i  i i l~ r r~ l~er :  a', tlie 
per t l~rbat io~i  amplitl~tic~ at, l, l t( t  ii~ornent \v.vile~i 1.11(% slioclc Lva1.e llas 1)assetl tlirougl~ t . l i c ~  contact 
s ~rfaccl. .At sr1c.11 w;ivele~~gtli ratio tlic 21) (Xzrl='.-l cm) anti = 3.6 crri) j>c'rt,ilrl)ations will 
11avc. ;~~)proxilnatc:ly t , l~c sarric, wave rnrmhcrs. ..\cl 11a11y: ~ I I  21) geoi11ctl.y X,2U=2"~/X2n, at~tl i r ~  

31) gc.olitc3try X,.ju = ( 2  * TT/X, )~  t ( 2  * T / X , ~ ) ~ .  I I(~~tce,  at X,.=X,=X:ln. kall z X.:3Il a t  A21-~=.1.1 
ctn anti X:3r1=3.6 cm. 
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Fig.311 illustrat,es the growth of '21) ar~ti 3D ~)crturl~at,iorls (XZD=2:1 cm. X:311 = 3.f; cm) 

In Fig.-$ arc sllotvr~ the isoco~~ceritratiori lines ill the vicinity of the contact boundary (for 
3D geometry tlie axial cross section y=0 is given). Tllc initial amplitl~des equal 1 cnl. As seen 
from Fig.5, the 2D perturl~atior~ is da~riaged faster; ant1 at the later stage ( t  2 GO0 (1s)  vrie can 
observe the t,urbulent mixing zone instead of a cont,inuous bou~ldary. 

Ar-CO2 - interface,M=3.5 
h p  (cm) Figure 3. 'l'he amplit,udc: 

gro~vtli for tllc cases Ar-CO2 
intcrfacc for 2D and 311 

3. geometry. 'I'lie initial 
2. amplitudes are e q ~ ~ a l  Ani"=l - - 4 X=3.6 cm 

1. ~ = 3 . 6  cm. . .2D,h=2,4cm cm (a) and .4m"=0.2 cln (l]), 
the wavelength X are 2.4 and 

3.6 cm. 
a1 bl 

Figure 4. 'I'he isolines of 
concentration near the 

contact llourldary for 3D 

2D gpomrrn. I= 2 4 pm 
(X=3.6 c m ) ,  and 2D 

.. geometry (X=2.4 cm) T l ~ c  
initial alnplitude .41n0 = 1 

cm. 

\We observetl t l ~ e  same res111t,s for other pair of gases: Air-i\r (y= l .4  in Air). 

:2. Numerical modeling of the foil laser accelerations 

'We have discussed [2] a method to co~nperisate the effect of large-scale inhomogeneity of the 
laser target irradiation by creating a special "relief' of the sliell surface. The experiments on 
t,he acceleration of the a l u ~ n i n u ~ n  "corrugated" foils have beer1 made with 'LMISIIEN" laser 
facility. The experime~its have been performed with the focal spot of large diameter (1500-1800 
p m ) ,  and, hence, with a small intensity of the laser r a d i a t i o ~ ~  (q  z 2*1012 14'/on2). 

Tlle dyi~aniics of tlie foils fliglit has been modeled with the help of code "ATLANT" (2D- 
geometry). The tllickness of aluminum layer equals do = 1.5 pm. 

In the first set of calc~~lat,ions we have 1)eeii modeling the acceleration of a plane foil with- 
out LLrelief' ill "quasi-cylinilrical" coordinates. The laser flux has been taken in the following 

m 

form: ql,, = q l ( t )  .c q2(r) ,  where q l ( t )  is the time-dependent term, J q,(t)dt = El,,, qz = 
0 

v,,, 
cxp (-(r / ro)2)/Co~lst ,  the coefficient Const is taken J qzrdr = 1 .  The laser energy equals 

0 

~!3~,,=50 J ,  ro= 750 /1111, tlie laser wavelength = 1.06 pm.  The laser pulse temporal shape 
2)resents a broken line with the time morner11,s over t . 1 ~  I)asc: L 1  = 0 IIS, tz  = 0.3 ns, t3=2.2 rls, 
t4  = 2.5 11s (see Fig.5). 



I7igilrc .i illi~st.ratc~s t,lic foil sl~irpc, ;it t l ~ c  nlolnerlt of lilne of 3 11s. l i g i ~ r e  6 sllows tile ~ ~ l ; ~ s i n ; ~  
density distril)~ltiorls of non-eval~oratc~l part of tlic t,argots along t . 1 1 ~  axis at, t l ~ c  rnornc'llts I.=:$ 
and S 11s. 'rhc rosults were got by iisir~g ? l )  . .ArrLANl" ' .  L2'(, c.oir~l)arcd orir rcsi~lts nriil~ tl~ct 
results obtained by using 11) Lagra11gc:-Eliler code .'EGl\Ii" [3] with take i~r to  ac:cornlt, t ~ ~ r b i ~ l c ~ ~ ~ t  
mixing process (k-t rnodel). T l ~ e  much 1owc.r dcr~sity of II~II-evaporated foil was obtairied i l l  

that casc. 

91. lose, 

Figure 5: the form of laser 
p~ilsc and the shapr of 
plas~rld jct at t=O 11s. 

1,'igitrc 7: '1'11~ plastns tlensity distril~utior~ 
Figure B: t h ~  plasma dcrlsity distrihlrtion 

alor~g OZ-axis at  tllc inorr~el~t L= 3 and 8 
along 02-axis at t,llc nlornents t=3 ns aiid , -  

rls (the results of ''rZ'l'LAN silTl- 11s . I l ~ r  resr~lts wrc>re ohtairltd I,y using 
"E<;:\f<" cotlc (VNIIET", Sarov). ulations). 

We have studied the devclopir~erlt o f  pcrti~rl)atior~s of foil u s i ~ ~ g  Lagrange code "rITLAN7'" 
and Euler code "NUT-CY" for the cascs 1) "large-scale", (clo << X 5 ro ) ;  2) "initidle-scale" 
(do 5 X (< rO)  and 3) "short-scale"(,\ < 6) initial perti~rbat,io~ls. 'The ~~uinerical  rcsillts for the 
case of "large-scale" perturhations KC have co~nparetl wit11 experirnrrltal data. 

Figure 8 (top) prese11t.s shadow photos of the "corrugated" foils at, thc rear side (a)  

The  niimerical results are shown at t,he bot.t,onl of the figure. The laser fhlx over t.hc cross- 
sectiori is constant ri, = 1.2 * 10" I.I.'/on2; = 1. 'I'he p~l lse  te~nporal forin is the sanlc as ill 
the previous simulation. Figure Sh illi~strates t,l~c> del~ende~iccs between the distance ( c l z )  and 
radius ( r )  for tlie time moment,s t=3. 8 11s (this is f,he case of large-scale pertilrl~atioi~s, cvhe~~ 
do '=< X < ro) .  IIere dz is thc distance covered by tlie 1,agrarigc foil cell wl~icli has the ir~axiir~um 
dersity over OZ axis. Symbols '' I " illustrate the cxperi~nental data. 

We rnade the series of calculations for middle-scale and small-scalc perturbations. (do 5 
X (:< T ~ )  de~rclopment iri laser-driven foil. Figure !)a (right side) illustrates the dependerlces 
of non-evaporated foil thickness ( D ( t ) )  and foil velocity ( V ( t ) )  from thc: time ( t ) .  Figure !lb 
ilI11,;trates tlie dependericcs between the pc\rturbation relative alrlplit,udc gro~vtll (Am/L)) and 
time for the cases middle-scale (X=20 ~ 1 1 1 ,  Amo= 0.2 pm) and small-scale (X=1.4 pm? Arn0=0.04 
p m )  perturbatio~ls. 



One can see that t . 1 1 ~  foil is not tiestroyetl in tllc acccleratiorl process ill all t,lle discrrsst.d 
cases. The experiments showed a sharp rear l ~ o u ~ ~ d a r y  of the foil and it is also i~ltlicative of 
absence of layer "blurring". 

'I'llc "k-c-~nodt:l" was adopted for t,he exl)erilnc~rts of another space and t i ~ n e  scales. \,Ve 
expect to get nc.w cocfficients for t.l~a.t. 111o(l(1l from laser-d~iven experiments. We rnade also the 

Figure 8 (top): The photographs of t,hc accelcr- 
at,ecl foil; (hottom): t,he co~nparison of t,he In)- 
merical and cspcrirr~ental results for large-scale 
init,ial pcrtu1.1)ations. 

Figure 9 ( b p ) :  The dependences between thick- 
ness and velocity of foil f'rorr~ t,hr tirrle; (bottom): 
t,he arnplitr~dc pcrturl~ation growth for middle- 
sc;rlc and srr~all-scale perturbatio~~s. 

siml~lations of these, prol~lems using E:~~lcl- cmdc ..NTJT-C:Y". '1'11(- foil velocity was similar of 
one, but dellsit). was snlaller in 5-6 tiincs in that case. To our mind. the reas011 of this effect was 
the higl~er approximativr viscosity in "NITT-CY" code si~nulations. We ~ ~ s e t l  grid (40*2000). 
The rcsourccs of the co~nl )~r tc r  did not alloxv to irlcreasc grid. 

Basing on the  I D  numerical silnr~lations, we have show11 tallat with the help of a long-pulse 
ultra\~iolet laser (the laser energy, E 50-100 .l, tlle prilse dur;rtion is E 100 11s) one can accelel.ate 
the foils in the cylindrical and conic chanllels up to tlie velocities 200 km/s,  a ~ l d  create the 
dy~la~l l i c  prcssure of 10'" 10" Barr in the rollisiol~s with the wall. It worrlti allow to rich the 
high energy concerltration in 1)lasma and   no del the so~nc, intcrcsting space-pl~ysical p l ~ e ~ ~ o ~ ~ - ~ c n a .  
Such laser with E,,, N 0.5 A4.J ~vould I)e usetl as tllc driver for 1ij-brid fissio~l-filsion reactor. 
However, thc attainrner~t. of such 11ar;~rrieters is hindered by a rio~l-l~on~ogc~~ctous acceleration of 
different parts of t,he foil and by t h r  ti(;vrlojxnc~nt of a Ilytirodyrlarrlic i~lst,al)ility. The ~vavelengtll 
of KrF-laser is sliortcr and foil arcclcrated time is ~r~rich longer thari o11e o f  Nd-laser, as thc 
rosl~lt, the proljlcrn of t11r stable acceleration of foil is more difficult. 111 the consicler.ed case the 
plas~rla is esse~itially no11-ideal and the process of ionization place thc~ important role in it. 

' Ihe next series o f  t,he ca lc~~la . t , io~~s  Ilave been rr~odeling the experi~nents on the burn-through 
time of alurlii~nlm foils of diffrrc-rit thickness rriatl(: with "C;ARPUN1' facility. These siil~ulatiolls 



wcrr made hy using ID I,agrange cotit. "UI!ZN:\" wit,\] allowance for 2T niodel, cornplicated 
EOS anti ionization, and 21) Euler code "NliT-C'Y". b;OS - ideal gas). The laser encrgy ill thc 
calculat io~~s equals 50 .l, and focal radius TO= 150 p n ,  9 2  = ex[) ( - ( r / r 0 ) * ) / C o ~ ~ s t .  The t,llickriess 
of t h r  layer & varies in the calculations. In this case t,lic, no11-e\raporated foil displacclnent 
[lz >> ro Figl~re 10 illustrat,es tlie dcpe~idcnce of hurll-tlirougli time (li,) of foil thickness ( d o )  for 
thc casm of 1) 1 D - sirnulatiolls (1,agrange code " I ) IANAn,  2)  2D "NT;'T-CY" code sirnulatior~s; 
3 )  exl)erimontal dat,a (syrlihols '"I"). 

It can see. that l,, in tlie ID-si~nnlations ~rnlcll longer. 'I'lie t b  in 271 s imulat io~~s is sorne lcss 
t1la.n i l l  the cx~)er i~nr r~ t , s .  l ' l ~ e  facl, is that we doll'(. take into acco~~rl t  tlir cornplicated KOS and 
ic'nization d e c t  in "DjL'1'-CY"-codc 11ow. 

Fig.11 illustrates t h ~  density distribution of 11or1-eval~oratcd part of tlie foil a t  tllc ti~nc: 
rrlonlcnts t =  60 11s with and witllo~~t, taking arcounf, of ionizat io~~ effect. Thcse simulations 
were rrlade hy using 1D .'DIANAV-code. 'I'he velocity of foil in the first case is lower in 1.3-1.5 
times. 

t l n s l  
l 60 nr 

2D [NUTCY;codel 

/ . , I 
" ., dI.:I. 

'. /,"'l L"... . 
,,111 1,216 ">,P "?l,, O S 1 9  0 1," 

1~'igur.c. 11: 'I'l~e density disfribu- 
thickness W] 
_7 t.ions o f  foil. The simrilatio~is were 

0.0 20 100 tnade by usir~g "nl/\NA"-code with 

pilSllrc 10: ~t~~ deperldence of hurrl- a11owance for ionizat,iorl (t,op) anti 

thl.oug11 tirr~c of foil thickness. witho~it ionixatiot~ (bot,tom). 
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Dynamics and Control of Vortices in Mixing Layers 
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1. Introduction 
This paper will deal with I<clvin-t1clmholt;: irlstabiIit,y, which is tlie ~latural  instability of a tl1i11 
interface of velocity (vortex sheet) i ~ i  a fluid. This instability is extrerriely violent, a11d gives rise 
to various primary and secondary coherent vortices, wliose dy~~;rrr~ic.s will he studieti here with 
the aid of large-eddy simulation techniclues (LES). We will first recall these tecliriiques, both 
is spectral and physical space. 'I'lieri results c o l ~ c e r ~ l i ~ ~ g  slmtial inco~npressiblc inixing layers of 
uniform density will bc given. Finally, we will discuss how to extend the LES formalism to 
compressible situations, ant1 give an application for tlle jet. 

2. Large-eddy simulation techniques 

We start by considering large-eddy si~nulations from a spectral point of view. The formalisnl 
of spectral eddy viscosity is due to  Kraichrlan ([l], see also [2, 31) in the case of a I<olrrlogorov 
subgridscale spectrum. The  spectral eddy-diffi~sivity was int,rotl~ic.eti i l l  [.4]. M'<. assu~rle that 
Navier-Stokes is written in F'ollrier space (which requires periodicity in the three spatial tii- 

+ A + 

rections). Let &,(k, t )  and T ( k , t )  IIC the spatial Fourier transfornis of the velocity and scalar 
fields. Navier-Stokes equation (with constant density) writ,es 

where pressure has been elilni~lat~ed by projection (with thc aid of the tensor b,, - k,k,/k2) or1 - 
the plane perpe~itiic:~llar t o  k, in order to  respect i~lcompressihility. For a scalar 7' transported 
by the flow, we have 

at (2)  

We consider a low-pass filter, defined by : 

A A - + 

f = f for I1;I < kc = .ir/A.r., f ' =  0 for lkI > kc . (3) 

where kc is the cutoff wa\~e~iurnber associatetl with tlic grid ~ n e s h  Ar. Let us now define the 
spectral eddy viscosity and eddy diffusivity by rewriting Eels 1 and 2 as 

wit11 

vt(kjkc)~2fi;l ,(F, t )  = ~ k ,  t)?irn(f. l ) d s  
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E:ddy coefficients thus defined correspond to nonlinear triadic interactions such that one at  least 
of the  wavevectors $or  { sho~rlti be in modulus larger than kc. They are unknown, and may 
he imaginary. Ptre will assrlme they are real, anti will detcrniine the111 with the aid of t l ~ e  tlie 
F D Q N M  theory (see [3] ) .  If one assrl~nes first that X:/X:c is srnall, rxl~ansions in powers of t,his 
slnall parameter yield for tlie eddy-viscositj- and conductivity 

wliere E ( k ,  L )  is the kinetic-enctrgy spectrum, Uk,, and tlkT,, ti~nc's dlaract.eristic of t h r  ~io~il inear  
tl , i~nping of triple correlations in the EDQNM theory, and depending on the kinetic-energy and 
scalar-variance spectra. Let us start I)p assuming a L : - 5 / 3  inertial range a t  wave rru~nbcrs 
greater than k c ,  with a. I<olmogorov col~stant Cl(. WC obtain: 

U;" lil" = -- 
pp' 

If one assumes for i~isi,ancc Ch. = 1.4, the corrstant i r ~  front of F:q. [S) will bc 0.267. When X: 
is arbitrary, the numerical evaluation of the EDQNM transfers yields 

A:; sliown l ~ y  Iiraiclinan [l], Ii'(r) is apl)roxim;tt.c~ly constant and equal to  1, except in the 
vicinity of k / k c  = l where it displays a strong ovc'rslroot (c~lsp-l~eha\.iour), due to the predorn- 
in;znce of semi-local t r a ~ ~ s f e r s  across X:(.. It, Ivas sl~own in [4] that  C(.r) behaves clualitatively 
as l iP(x) (plateau at  1 anrl positive cusp), and that the sl)sctral turbulent Prantltl ~ i u l r ~ b e r  
~ / ~ ( k l k ~ ) / ~ ~ ( b l k ~ )  is approximately consta~lt;  a l~t l  thus equal to 0.6 as given by 1,:q. (10) .  One 
adv;tntage of nsing sucli a s~11)gridsca.le modellirig is tlral. they arc able to deal with a corltinuous 
sp<::ctrurn at  the cutoff, whilc an eddy-viscosit,y assurnl)tion in plrysical space is more or less 
ecluivalent to a a spectral-gap assumption between suhgrid and resolved scales. 

Now, we go hack to physical space. Let us co~isitler the ELIQNM c ~ l d y  viscosity (still 

scaling on ,/W) with no cusp, and ,~djust  the (o~istant  as proposed by [6] ,  by bala~icing 



in the  i~lert~ial range the suhgri(isc:ale flux with the kinetic energy flr~r in the energy spec t ru~n  
evohltion equation. This yields 

Tlle problem with such an eddy-viscosity (if the energy spectrum may l ~ e  co~nputed)  is that it 
is uniform w1le11 used in physical spacr. Ol)viously, the eddy viscosit,y sl~orllcl takc into account 
tlie internlitt,ency of turbulericc~, and cancel in lanli~lar or calm regions. It was proposetl by [5] 
to determine in the 1)llysical space the etldy viscosity with the aid of (13). E(kc ,  ?) is now a 
local kinetic energy spectrmn, calculated in ternls of the local second-ordel. ve1oc:it.y structure 
function of t,he filtered field 

as if tlie ~ L I I  bl~lcnce is tl~rrcx-din~ensio~lallj isotro1)ic. 'l'llis yields for I<olil~ogorov spcctrurn 

F2 is citlcr~lated wit11 a local statistical averagc: of squarc velocity diffcre~~ces I)c-t,wcc~~ 2 and tllc 
six closest poi~its sr~rron~iding .i: on the colnputational grid. In sorric cases, the average may 
he taken over four points paritllel t,o a given plane. Notice also tl1a.t if t.hc co~npuf,ational grit1 
is not, regular (but st,ill orthogonal), interl)olat,io~~s of (15) baseti upor1 Koln~ogorov's 213 law 
have been ~)roposed by [i]. 

The  strl~cti~rc-function motiol ($1;') works very well for ciec.aying isotropic turl~ulence, where 
it yields a fairly gootl I<ol~nogorov spectrurn [5]: better than Smagorinsky's nlodel (with C.$ = 
0.2) and Kraichnan's spectral-cusp rnotiel. Hnt it does not morlc for t ra~~s i t ion  in a boundary 
layer at  low Mach (or incon~pressible) where, like S~nagorinsky, i t .  is too dissipative and prexrents 
TS waves t,o degenerate into turbulence. To overcome, tl~r: difficulty, an improvetl versior~s of 
tllc S F  model has been developed, tlie filtered s t r~~ct l i re-f~~ilct ion model (FSF).  The dynamic 
model in physical space (see [g]) is anotller way of adapting the eddy viscosity to  the  local 
co~~tlitiorrs of the flow. 'I'he FSF n~od(:l was ctcx~cloped by Ducros anti applicd to a l~oundarp 
layer at  hdach 0.5 [S], Here, the filtered field 11, is sul,mittcd to a higli-pass filter in orticr to  
get rid of low-freque~ic3- osc.ill;ttions which aff;.ct E,;(X.c,) in thc SF modcl. T11c l~ igh-~) i~ss  filter 
is a Laplacian cliscret,ized Ily seconcl-order cexlteretl fi11ii.c tliffcrences arid it,erat,ctl t l~ rce  t i~nes.  
Tliis n~otlel will be applied bcloxv with good res11lt.s to spatially-growing ir~corr~ljressiblc mixing 
layers, and to a jet at Mach 1 .  

3. Incompressible mixing layers 

We first recall  result.^ relative to a temporal ~nixing layer in a fluid of constant density. The 
flow is periodic in the streamwise anti spanwise directions, a ~ ~ d  initiated by a hyperl)olic-~a,11ge11t, 
velocity profile to  which is s~lperposed a slnall rando~n l)erturl)at ioi~.  LVc takc free-slip l~ound- 
ary conditions on the ill)per and lo\vc,r l)o~~nclarics, and use: l)sc~~do-spectral ~ n c t l ~ o d s  i l l  tl~c, 
t,llrce dimensions of space. LES using rnost of sul~grid ~nodels show the following resnlts. If 
tllc perturl~ation is quasi two-dime~isional, the ~nixing 1ayc.r evolves into a set of I~ ig  quasi 
two-dixnensiorial \,ortices wl~ich 110th undergo pairing and stretcli intense longitudil~al I~air l~i i i  
vort.ices in t,he stagnnt ion regions bet,wocn tllern. S11c.h a pl~cnornenon hits in fact I~een observed 



Figure 1. I,ES of an incomprcssil~le ir~ixing layer forced l~pstrealn I)y a quasi t~\ro-diinensional rantiorn 
pertur1)atiorl; the vorticity ~nod~rllls is st~owll at a tliresl~old ( 2 / 3 ) u , .  

Figure 2. S;inle as Figure l ,  but wit11 a three-tlirnerrsiorlal ~~l,strcatrl white-noise forcing, low-prrssure 
fit:ld. 

e>:perimentally for a long t i ~ n c  (see e.g. [10, 111). 011 the otlier l ia~ld,  and if a weak three- 
dimensio~~al  rand0111 isotropic pcrturha.tion is sliperposed upon the basic shear, Comte ct al. 
[12, 131 showet1 using IINS that. lielical pairing occurs. We have recovered the same dislocated 
p:tttern in LES of temporal mixing layers with t.lie same forcing. L'(. corisider now LES of 
spatial mixing layers initiated upstrcanl I)y a l~yl>erbolic-f,angerit velocit,y profile superposed or1 
the average flow, plus a weak randorrr forci~lg regcrleratetl a.t each time step. !?re<,-slip co~icl i t io~~s 
are still imposed upon the upper ant1 lower boundaries. The outflow bol~ndary co~idition arc 
radiative. With an upstrearri forcil~g consisting in a quasi two-tlime~lsiorlal r a ~ ~ d o r n  perturl~a- 
tion, intense lorlgitudi~lal llairpi~ls stretched hetwecn quasi 2D I<clvin-IIclrrlholtz vortices arc 
f o u ~ ~ d  again (Figure 1). Lt'lien tlic forcing is n three-dirnerlsional randonr white noise, lielical 
pa.iring occurs upstrea~ri, as indicated Ijy the low-pressure maps of I*'igure 2. It slrows tlrat thc 
topology of the, flow rnay be deeply modified by t.iny changes in the ~ ~ p s t r e a m  velocity 

4. Compressible LES 

We considcr ~ iow the for~nalisrn in a co~riprcssil-~le idcal gas. One writes first tlie colnpress- 
i h e  Navier-Stokes equatiorls (flux forni) for a Newto~iian f l ~ ~ i t i  
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pc = p C,. T + iP(.rs: + U; $ 'L:) 

P'Lt'Ll t p &,l - 2pS,1 
F, = p u , ~ : ,  t p b,2 - ILpSt2 

P%?L:3 t p ~?,:3 - 2/1St3 
(pt  + p)u2 -- ~ ~ I L ~ S , , ~  - k -  

(IS) 

(19) 

wllere XT = p q , r ;  is nolv the tllerlllal collductivity, and r; tlierrrlal diffusivity. Suthc~land a n -  
pirical law is assumed for p ( T ) .  The molecular Prandtl number Pr = v / r ;  = G,u(T) /k(T)  is 
taken c o ~ ~ s t a n t  a ~ i d  equal to  0.7. The equation of state p = R p T (:loses the syste~n.  

- 
'To the low-pass filter of the LES , we associate P'avre's density-weighted filter = 

(see [14]). Thc low-pass filtered equatio~ls write 

ari 87, 87, a:, 
-+,+-+---=0 , 
dt dxl  d2-2 dx3 

where T ~ ,  is the deviator of tlie subgrid-stress tensor '71, = -J)11,P1J + PiL,CJ. WC have tiefined a 
macro-temperature 

- l 
d = T - - -  ,G ; (771 =y-A4&sj7, .l'f&s = X / ? )  (2.4) 

a c , p  

a ~ i d  a macro-pressure 

l 37 - 5. 
m = I , -  T7;1 = pR~9 + --- 6 .  (2.5) 3 6 

Q; = - (pe  + p)u, + (FE + =)C, is tlie subgrid-heat flux. The energy relation is 

Tliese eyr~ations are exact. mie write now the following approximate LES equations. Tlie 
filtered equation of state is W -. PR#  . It is valid for momoatornic gases like argon and Iiclium 
(for which 7 E 5/3), of if (By - 5)$!1'f$,,/6 << 1. For the air, t,his i m p r o \ ~ s  the collditio~l 
yrl.f&s << 1 proposed by (151. Oric. takes variable-dcrisit,y edtly-viscosity ancl d i f f ~ s i v i t , ~  ~nodels 
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less 

pi IJ 
Ill 0 l 

foll1 

E'ig~lrc 3. 1,ICS o f  a co~~lj)~.ossil)l~~ j('t a t  hlach 1, vorticit,y modtllus field. 

.- -. p 2vtSi,,, Q,  Y p C , ( l / t / P r l ) ( 8 ~ 1 / d : r Z ) .  'I 'l~e re~nairlirlg 1lo11-co1~1putabl viscous terl 
; ilri11ort;trice at higli Keyllolcls) are ~i~odif icd . 'I'lrc fluxt~s read 

) ohheys Sutlierlarlti relatiorl. r / , ( i i )  and Prl corrcspolltl t,o t , l~e i~lcornpressihle s~ 
rlcls. 'I'he resulting system is ecll~ivalc~lt 1.0 colnprc-ssil~le n'a.vic,r-St.oltes equations wit 
3wing charlges: 

~ ) r c s c ~ ~ t  finillly all iil)j~lic.atioll to  I,ES or a rolrrlti ,jet. usirig the FSF motlel. '1'11~ 
t r c a ~ n  vclocit,y pl-ofilo is t'lostx to a top Ilat.. witli a srrlall t.Ilrec~-dirr~e~isio~lal white 
t ~ ~ r l t i ~ t i o l ~  sl~l,c,rposc~tl up011 it. I-j~strrwr~l, t I1r1 l\lacli number (based 011 the ~naxirnal vcl 

n s  (of 



is one, and the Reynolds number (based on the diameter of tlie jet) 21 000. ('alculations itre 
done in a system of cylindrical coordinates. One sees on Figure 3, represe~lting the vorticity 
modulus, the growth of an alternate-pairing subharmonic mode, already ol~servctl in LES of 
incompressible jets (Mktais, 1997, private communication). This structure is the equivalent of 
helical pairing for the  mixing layer, and the question of its permanence at  higher Mach nurnber 
is an open one. 
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A.bstract: T l ~ e  sliock driver1 Richtmyer-h,Iesl~lcov instabilit,y is studied numerically in t hrctx 
d ~mensions and iri the nor~lincar regirnc. The ~ i~ i r~ ie r ica l  solution is tested for colivergerlcc. ~ i ~ i d e r  
computational mesh refinement ant1 is c:omlxirccl with thc prctiictio~is o f  a recclrtly tlevclopcti 
non l i~~ear  t,lieory hased or1 Pad6 approxirnatio~~ ant1 asyrnpt,otic rnatcl~ing. Good agreelnc,~it 
11;~s I ~ C ~ : I I  fon~ld 11etwee11 nurnel-ical solntions and prctiictions of tho ~ior~lint.;~r tl~eory in tl~rec: 
dirncrisioris and for 11otl1 the reflcctetl shocl< arid the ~.cllect,ed rarefactio~~ wave c.asc,s. l ' l ~ c  
mln~erical st11dy is ext,endcd to the re-shock expc>riment i l l  wl~icli the fluid i~ltcrfiicc, jntc,racts 
initially with t,lle ir~cidcr~t sllock. Later, as the, t r a ~ ~ s n ~ i t t e d  shock hor~nccs ha.ck froru tlie wall: 
the fluid interface is re-shocked. 

1.. Introduction 

Rt<cent,ly, a quantitative ilor~linear 1,heory was developed for the compressible H M  illstability 
ir i  both two and three dirner~sions [G,  7, 81. This tl~eory provides a~lalytic prctlictiolis for tile 
gr3wtli rate and amplit.udc of the RRI ur~staljle n ~ o d c  for l~ot l i  t l ~ e  case of reflectctl sliock ;trid 
the case of reflected rarefaction wave. It has bcc111 shown that  ill two dimensions tl~cx tlleoretic.al 
~)redictions arc i r l  vcry good agreelnenf, with tlic exljc,ri~norltal data arid llic 1111111eric;ll s o l ~ ~ t i o l ~ s  
usirig t , l~e f r o ~ ~ t  tracking ~nethotl.  111 this papc>r, we present a carefill ~ iun~er ica l  co~nparison of 

r 7 t h , ~  R51 irista1,ility in t l~ rcc  tli~ncr~siol~s. 1 Ile rlr~mcrical ~netllod W- us(. fcat,tir~~s ;i liiglr resoluliori 
for hotli tlle shock frolit a ~ ~ d  tlic: co~~tac t .  disc.ont,ir~uity [ l ] .  Tliis n~ilnerical n~etliod is based or1 
tht: Total Variation Di~iiinislrir~g schc~ne and uses artificial c:o~npression ('l'\'D/i\(l) to  sliarper~ 
tht: corltact discor~ti~i~tity. 

We also sinlulatcd of (.he systerrl with re-shock in whicli the fluid interface is hit ttvicc by 
the incident sl~ock and tlie re-shock which is reflected by a wall. bVe rej>ort, an intc,restirlg 
ob!jervation frorn our numerical study. We sliow that in thc re-shock simulation, there exists 
a gradual transition for the gro~vtll rate of the fingers at  the: re-shocked fluid interfaces. 'I'llis 
chi~nge depends primarily on the ratio of tlie wavelength of the perturbation rllotle to tlir i~~i t , ia l  
dist,ance frorn tlie fluid interfacc to t l ~ e  reflect ing wall. 

2. The nonlinear analytical model 

'rhmt. theory of %hang and Sohn is hased 011 a pllysical pictnre t,hat the do~nillant, effect of tlie 
corlpressibility occurs near t.he shock front. rlt an early time, the transmitted ~llo(~1i a ~ ~ d  reflect 
wave are in the vicinity of the fluid interface and t,he magr~itude of t,he disturbance is small. As 
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time evolves, the magnitude of the disturbarlce at  the fluid interface increases significantly h111 
the transmitted shock arlti the reflected wave have r~lotcd away from the interfacr. 'Therc,Sor(> at  
intermediate and late times, tlie effect of cornpressihility is reduced and the no~ilinearity starts 
to dominate tlie irlterfacial clynan~ics. In allother word, a t  early ti1nt.s the systcm is governed 
1)y the linearized Euler ecluatiorls for compressible fluids, ~vllilr a t  latcr times, tlie nonlinear 
equations for i~icomprcssil)le fluitis arc suficicrrt to  descril~e t l ~ e  system. 

For coml)ressil)le linear systeril: tlrc, soll~t,io~l can be founti in Ricllt,~l~ycr j4] arid Yang et  (11.[5]. 
Approxiriiate solutions for ~ i o ~ ~ l i n c a r ,  incompressible s j - s t e ~ l ~ s  arc constructed by Zllang and 
S o l ~ r ~  based on tht. ~ne thod  of the Pad& approxi~nat io~i .  Finally, %hang and Sohil apl~licd tht. 
a syrn~~to t ic  inatclring method wliicl~ joins the solution for t11c linear, coml)ressihle system arid 
the solution for nonlinear, incompressible syst,em to obtain an analyt,ical expression for the 
growth rate of a compressi1)le RM unstable ~rlode. This expressiori charrges smoothly froin the 
linear regime t o  the intermediate nonlinear regime. The matched solutio~r for the overall growth 
rate, , U ,  of the RM unstable mode is [Ci ,  7, S] 

where a,,, is the solutioii of t,llc linear theory) which can l ~ c  found from [.l] for the case of 
reflected shock, or frorrl [S] for cases of reflected slrock and reflecf.etl rarefaction wave, a0 is the 
post-shocked perturbatio~i arnl)lit,~itic~ at  the fluid interfact:, aiid X: is tlie wave nurn1)er. c = l 
for a system wit,h rro indirect pllase irrvc~rsiott and r = -1 for a systcm with indirect phase 
iilversioi~. Here X I  = 1 and X 2  = :l2 - a Sol- fluids in two dinlensions wit,ll X: = kZc1,  and 

for fluids in three dime~isions wit11 X: = &X:, = d k ,  

3. Numerical solutions 

The 3-1) convcrgerrcc. tcst of the n ~ ~ m r r i c a l  solution is performed r~ntler tlic mesh refinement 
of the cornputat,io~lal grid. The growt,lr ratc of the unstal~le rrrotie is defined as the rate of 
change of tlie a~nplitude. The physical quantities wliich we present irl this paper are in ternis 
of dirneiisionless Ieilgth k r ,  di~nensio~iless velocity u/v ,  and dirrir~lsionless time kv,t .  Here c-], is 
the initial velocity behind the incide~lt shock. Figure 1 shows the couvt:rgence test of the 3-D 
growth rate of the RM instability. 

We cond~lcted the mimrrical sirriulations for a system in thrcc dimensions with a single 
transit shock. The numc:rical solrltions arc co~npared with the predictions of the linear t.heory, 
tlic impulsive model, anti tlrc nonlinear theory of %hang and Solln. Good agrcelnent is achieved 
between the numerical solutioiis and the nonlincar solutio~is for both the reflected slio~li case 
and (,he reflected rarefaction wave case (Fig. 2).  The linear theory predicts that ,  at early times, 
tlie growth rate reaches a constant (wit.11 some dccayi~ig oscillation around the colistant). The 
growth rate remains constant at, late times. Our ~rmnerical solution in three dimensions shows 
that, the linear theory for t , l~e Ricllt,inyer-Xlesl~ko~~iilstahility is only valid for a very short period 
of tirne. 



Figul.~ l. Cor~verget~ce test of the  3-11 RM growth rates wit11 a sequence of tnesh rclinclnc~nt: 20 X 

20 X G O ,  40 X '10 X 120, 60 X 60 X 180, and X 0  X R0 X 21L0. 

111 the sirriulatio~l of re-shock system, tlie fluid i~ltcrfacc is hit twice: first due to tlie initial 
iriciderlt shock and seco~ld due tlie trarlsrnitted shock 1)ouncirig bacli from the refiectirlg wall at 
the bottom of the s1ioc.k tube. The tirnc it takc,s for the shoclc to bounce bacli from tllp wall 
and to arrive at  the fluid interfacc can I)e estirrlatetl by tlrc, followi~ig fornlula 

where L is distarice frorn tlie rneali posit,ion o f  the initial iliterface to t,he wall, v, is the \~eloc:ity 
of the fluid interfacc and v,, and v,,, arc t.he speed of the t,r;trlsmittcd shock ant1 i t s  spc:ed after 
bouncing hack from the wall, respect.ively. 1 1 , ,  I,, ,  and uhs car1 11e deterlnined from t.l~e soll~tion 
of tlle JLiernarlr~ ~)roblern. 

The  re-shock phenomenon is very ilnport,ant in t.hc I)roble~n of colitrolled m~clear  filsion with 
incsrtial confiriement (ICF). LVe sirrlulatcd the iliterface rnot,ion after the first shock and the rr- 
shock, a~rti  ohscrvcd that t,he fll~ici ~nixirrg car1 be tlramatirally tliffercrrt with diff~rent ~)llysical 
~ x t r a ~ ~ l c t e r s .  M'(: tlernons1,rate tlris plrc\~~orncvron 11)- si~nulal,ing two systcrris with tliffere~il, I.. 

111 thc: lirst re-shock s in~~r la t io i~ .  all sities liavo the dirnellsio~~less I(>rrgtll I, = 2.i;. T11c average 
distance from the initial fluid interface to tlie reflecting wall (t,lie hot,tom of the compl~tatioiial 
dolnairi) is L = 1 . 4 ~ .  The Mach uuml)c,r of tlre illcitlent sliock is 1.5, aud tlrc: prc-shoclieti 
density ratio l)et,wee11 two fluids across the fillid int,crfact. is p l /pz  = 115. The tli~nerrsio~il(:ss 



Figure 2. Comparison of 3-D growth rate fro111 tllc r~ulricrical solution with the predict,ior~ of the linear 
theory, the impulsive model and the nor11ine;tr tlleory Ily Zhang and Solin. Tlic~ left plot shows the 
growth rate in the case of reflected shock. T11e rig111 plot shows the growth rate in the case of reflrcted 
rarefaction wave. 

perturbation amplitudes in two horizontal directiorls are  k,.n,(O-) = kyny(O-) = O.l!)fi. ' l he  
irlciderlt, shock travcls frorrl t h e  light fluid to  t h e  heavy fluid. Our r~~slnerical  sirnulatio~l indicates 
tha t  t he  system has very l i t t le mixing aftcr t h e  re-sl~ock. 

0 0  , /. 
0.0 4.0 8.0 12.0 16.0 20.0 

T ime 

Figure 3 .  Maximum (z,,,) and lr~inimun~ ( z , , , )  heights in the Richtmyer-Meshkov re-shock exper- 
iment. In the left case, the amplitude of the perturbed intrrfate remains almost constant after the 
interaction with the re-shock. This results in a stable fluid interface. 111 the right case, the nterface 
bc,comes very  inst table. and the amplitude (z,,, - z,,,) increases to 15 times of the initial amplitude 
at t = 58.6. 



111 tlie scc.o~ld rt,-sl~ock si~r~ulat,ion, tllc tlnlsity raf,io, Alacl~ I I I I I I I I J C ~  a ~ ~ d  tlic I ) e r t ~ ~ r l j a t , i o ~ ~  
a ~ n p l i t ~ ~ d c  a t  t,li(, fluid i~~tc r facc  are all tlie sa111c as t l ~ r  onc:s usc~l in i Ile first rct-shocli silr~r~lat ion. 
Fi11t in I his ca.se, WC, placed the inif,ial flr~id i~~te r face  fi~rtlicr away f r o ~ n  t l ~ e  ~vall a t  I, = 5 . 1 7 ~ .  
711e re-sl~qck occurs at  a l ~ o u t  / = 22 ( t l ~ e  lower tips of t11c finger I jcgi~~s to t11r11 aroul~tl at 

a . ~ o ~ r t ,  t = 19.5). After tlie rc-shock, tlie instal~ility devrlo])~ rapitlly. rlt the t.i~r~c, f = 58.6, 
the a l n p l i t ~ ~ d e  of the nlistahle lriotie a t  t l ~ c  fluid ir~to~.face has grown t,o a l ~ o u t  15 til~res tliat 
i ~ -  t,he i~rit,ial pe r tu rba t io~~.  A 111us1rroo111 is fol.rned at t = 58.6 (Fig. 3 ) .  Thr c o ~ ~ ~ p a r i s o ~ i  o f  
t l ~ c  ~iiaxirnum a l ~ d  n ~ i l ~ i ~ n u l ~ ~  Ileigl~ts of t l ~ e  fluid interface hctwccn t l ~ c  first al~tl tlic secoutl 
s i m ~ ~ l a t i o ~ ~ s  is shown ill Fig. 4.  

iRorll  these two tliffcl-el~t re-shock si~rlulatiorrs, ~ v c  (i l i t l  t liat for a given sc,t of d c ~ ~ s i t y  ri~tio 

arrtl Ma.c.11 mirliher. there is a gradilal trarisit,ion from a stal)l(, systt5m l,o an u~lstablc s?;stc.r~~. 
1-liis transitiori depends or1 the, dimcnsionless d i s t i \ r ~ c ~  f'ro~n tlle i~nsl~oclted r-ilcan Ruitl il~terface 
t c  t . l~c reflecting mall. 12 system wit h largc.1. L is rno1.c. I I I I S ~ ~ L J I I ( '  illan t , 1 1 ~  OIIC ~vitli slnaller I,. 
r X I l~is  "frreze o ~ ~ t "  pl~eno~r~c,noil \vas rlotc~l I>y hIil<ac,lia~l i l l  his cauly 1)apcrs [!l. R]. 

17ig~ir~ 4. Evolutior~ of fluid ir~tclrface i l l  tllr Ricl~trr~ye~Mcsliko~, rr.-sl~oek oxpcrilne~~t. 'Tl~c flr~id 
int(v.fare first nlovcs downward aft'rr t,rar~sitio~~ of tl~c, inc.iticnt s11oc.k (lrft t = 22.1). It is ~ I I C I I  l ~ i t  \,y 
tl~rl refic~ctcil shock. Sir~cc: t,hc reflrc.lcd sl~ock t ~ a ~ r b l s  f'rorr~ Ilr;~\.y llr~itl to light fillid. i t .  is t l ~ r  refl(.ctctl 
rar(4"irction castJ which rpvrrses the plrasc. of tht, i~ltrrf;rce  not ior~. !l ~nr~sI~roo~r~-likc spik(, is for~~lcd at 
t = 5ii.fj (right). 

4. Conclusion 

111 {,his presenfalio11, show that Tor f l~~it ls  wi t l~  t l ~ e  sanle atlial~atic c~xpoirelits, tlrc ~I'lrI)/.AC' 
mc9 hod gives c.or~vergcrit nnmc~rical soli~tions for t . 1 1 ~  grolvtl~ riit,o o f  t l ~ r  RA4 i ~ ~ s t a l ~ i l i t y  r~nticlr 
c o ~ ~ ~ p i ~ t a t  ional ir~c>sh rcfinemc:~~t,. Tlic. ;i-1) 11111ll(-ri(.i~l so1111 ioris i l l  good a g l . ~ ~ ~ i i c ~ ~ t ,  i l l  hot11 



the reflected s1roc:k and t h e  reflected rarefact,ion wave rasps. with the predictions of a rerc>ntly 
developed nor~li~iear t l~eory of the Ric11tn1vc.r-h~Zesl~lio\~ instal~ility. The numerical comparisor~ 
sl~ovvs that this nonlinear theory provides a quantitatively cot.rect growth rate for the RM 
unstable interface from the linear regime to the intcrrnediate ~ l o ~ ~ l i n e a r  regime. The results of 
the numerical si~nulations of the re-shock system sl~ow that,  after the second shock tra~isit,ion, 
the growth of the fingers at  the fluid interface depentis on the dirnerlsionless distance between 
the mean position of the initial interface and the  reflecting wall. As this distance decreases, the 
system changes gradually from an unstable one t o  a stable one. Such effect is important in the 
inertial confinement fusion. 
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An Experimental Study of the Richtmyer-Meshkov 
Instability, Including Amplitude and Wavelength 
Variations 
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Abstract: \Ye report on results of an experiment,al stutiy of t 11e Ricl~trnycr-Alesl~kov instabil- 
. r 

1t.y.. l ' l ~ e  growth of the mixing rcgio~i in t,lle noriliriear regirrie is r ~ i e a s ~ ~ r e d  for a set of cases 
in wliicli the a~rlplitudc and wavelengtll of tlie initial p e r t u r l ~ a t i o ~ ~  are varied syste~natically. 
Thc exper i i~~ents  are conducted or1 tlie Nova laser facility, and use a Nova 11olilra111ri as a 
driver sollrce to  l a ~ ~ n c l i  a ltigh-MacI1-11un11)er ~110~li  into a ~ ~ i i n i a t u r e  shock tube attached to t,lle 
holilraum. T l ~ e  shock tube contains hro~ninated plast,ic ant1 low-dc~tsity carbon foarn as the two 
working fluids; wit11 a micro-mac-hincd, triangl~lar sawt,ootli interface betwecu thern serviug as 
t.he initial perturl~ation. 'I'he sawtootli pertur1)ation waveforrn is donlinated by a siliglc ~ n o d c .  
anti the pcrt,urhation amplitudes are chosrri t o  expedite transit,ion into thc ~io~llinear pliasc 
of tlie instability. The shock, upon crossing the pc,rt.urhation at  tlie intcrfacc, ii~stigates tlie 
Riclitmycr-Mesl~kc~v instability. The result.ing growth of the rnixirig rcgio11 is tiiagnosed radio- 
graphically. Quantitati\re measllrc~nents of t,he t,ernporal growth of ttie width of the mixing 
rel;ion are made for six tiiffcrcnt con~biriations of arnplitlltle and wavelengtli, 1)11ilding upon 
previous results wllich t~rnploycd a single ari~plit.ude/wavelengt,l~ c o n ~ l ~ i ~ ~ a t i o ~ l  [S, ill. I>ata frorn 
both experiment a r ~ d  supporting simulat ions suggest tliat the norilincar growtlt of tlic inix rvidth 
adniits a logaritllmic time deperldcnce. Tlie res111t.s also suggest tliat, properly ~lormalized, the 
toi;al rnixi~ig width grows in a nearly self-siniilar fastlion, wit11 a weak slrape dcl)rnde~~ce.  

1. Introduction 

T1-.e prese~lt worli adtirc:sses tlic, I~el~avior of sl~ock-il~duced instal~ilit icbs at  tlcrisity ir~terfac-es, in 
tl~t: case of very strong driving slioclts anti for t , l~e nonlinear, tleeply nonlinear, and turl~ulcnt 
regimes of tlie i~istal)ility dc~\~e lop~ner~ t .  Use of t l ~ r  K0x.a facility, located at. Lan,rencc Livermore 
Na.tiona1 Laboratory, provides several advantages in addressing these issues. Nova is capable 
of generating sliocks in tlie hlacl~ 30 range, in ~naterials of densities 011 the order of 1 g/cm". 
The initial perturbations Inay Ile ill~posecl by micro-macllining t.lie solitl nlatcrials comprising 
the interface. These irlaterials vaporize at the start of  t11c experi1nc:nt or 11po11 the arrival of the 
shock: obviating the need for rnernbranes or other separation strategies, yet provide us witli well- 
dcfilled and well-known initial conditions. Ily appropriate sc'lectior~ of the i ~ ~ i t i a l  perturbation 
s l ~ i ~ p e  w e  are also able to cxl)cditc the transit ion to tlie noillinear regime of interest. 

Prc:vio~~s work [S] has derrionstratetl tliat a s i ~ n ~ ) l r  t ~ o - ~ ~ l l a s e  flow modcl of tho ilistahility 
grc'wtli agrccs witli the experi~ncntal data reasonably well, and tliat tlic lriixing width increased 
logarithrnically in time. Additio~lal experilnc~nts were u n d c r t a k e ~ ~  to test the applical~ility of the 
rriodel, as well as provide filndarr~ental dat,a, by irlvestigating t l ~ e  effects of initial pert~rrbation 
amplitude, wavelength, arid shape or1 the  de\~elopnient of the resulti~lg mixing region. Those 
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additional experi~ncnts are reported on her(, 

2. Description of the experiment 

2.1. Experiment setup 

'I'he description of these exl)orilnonts has appeared prel-iorisly L.! / . ,  p. 51, but is sulnnlarizcd 
again 11c.Iow for convenience. '1'11(, expc.rilncntal configurat ion is show11 i l l  Fig. 1 .  I'Cight. Ijc>al-ns o f  
the Nova laser ;ire 11sed to heat tlle interior of a cyli~itlrical gold hohlrauni to  230el'. Tlie laser 
drivc, ljealns cor~t,;iin a total energy of 21 I<.J in a I ns square pulse of 0.35pm \va\~ele~lglh. A 
cylindrical shock tube nlade of I ~ e r y l l i ~ ~ ~ i ~  (for- low x-ray a t t c n u a t i o ~ ~ )  is mounted over a hole in 
tlie hohlrau~n. The sllocli t~ll ,e contains a brorni~lated polystyrene ahlator (density 1.22g/cm3) 
and a low-density car1,orr rcsorc:inol foal11 payload (density 0. l g/cln") whirl1 act as the two 
worliing fluids. .A single-r~~ode, rectilinear sawtootli profile is micro-rr~aclii~~etl into tlic high- 
density brominated polystyrene ablator which serves as the perturbation. The sllocli tube is 
glileti to  a gold washer for mounting stal~ility, arid th(> asscmblcd package is the11 glued 1.0 the 
hohlraum. For lnorc details ahout the cxperimcntal packages, see 3. 

x ra Framing 
&me,, 

Foam 

Laser Beam 

Front View Side View 

2.2. Experiment sequence 

The experiment sequence occurs as follows. I,a.scr irradiation of the i ~ ~ t e r i o r  of t,hc l~olllraurn 
low-cmcrgy x rays which cause a rapid ablation of the surface of tllc l~rolninatetl 

polystyrene exposed to the i~lside of l.t~<. l lol~lral~m. 'The ablation launches a sliock into the 
polystyrerie which propagates down thc axis of tlie shock tube.  'I'lic insta~ltaneous velocity 
imparted to  the interface by the passage o f  the shock is ahout 70 plri / r~s .  Nllrnerical si~nulations 
indicate tha.1, a t  the time the sl~oclc is i~lcident on the interface. it.s Mac11 number is approxi~nately 
30. 'The passage of tlie incident shock lieats the mat,erials to  plasma co~iditions, a t  a tempcrat~~i-e 
of about I 0  CV. 

The presence of bromine in the polystyrr~le inakes thc ~nater ial  radiogra.l~hic~a1Iy ol)aquc. 
relat,ive to the low-density carbon foam payload. Perturbations cor~sisting of parallel. isosce- 
les, rectili11ea.r sawtooth grooves were macliinrd into the bro~ninated polystyrene with a micro- 
lathe. When the shock traverses the interfacc in the high-to-low dcnsity direction. the sa~vt,ooth 
grooves invert,, and the inst,ahility develops. Two beams of tlle Nova laser are used to generate 
X rays, by striking a metal foil, a t  the appropriate diagnost,ic time. The shock tube is backlit by 
tlie laser-gerieratcd X rays, and ilna,ged with all Sx ~l~ag~lif icat ion,  ~nicrocllar~r~el-plate-gated x- 



ra.y p i l~ l~o le  calnera [l], cvliich 1,rovides a time-resolved x-ray ratiiogri~pl~ of t11c s;rli~l,l(,. 1.  J i l  l t ( . i i ~ l  

wires provitie spatial ca l ih ra t io~~ a r ~ d  refrrcr~cr 1oc:;itions. 

'Ilic X-rity camera recorcis tlie iniage or] film cvl~ich is s l~hscq l~ t~ i t ly  sc,ar~l~c,tl a~ttl ( l i ! ~ i t  , , < , l i  lijr, 
alialysis. Q l l a r ~ t i t a t i ~ c  data  is ol>tailied fro111 a vertic.al lilleo~lt, of i l l ( .  li1111 ( > X ~ ) O S I I I . ( ~  I c , \ ( , i - .  I i ~ ( ,  
lilleorlt. averages t , l~e exposure levels ovcr a 100p1~1 ~vide rcgion af i I I ( ~  ( Y L I I ~ V ~  of tlto iill;ig(-, I ' I I c ~  
spatial profile of t,he x-ray Imcklightcr source is r~orlllalizctl o ~ l t  of tile l i ~ ~ c ' o ~ ~ l .  ;111(l I 1 1 ~ .  .i-l.ay 
tl-ar~srnissior~ in t l ~ e  compressed carboli foalr~ hc11i11d the sl~ocli is 11ol.11rnIi~cvl to ortc~. ('11;111gos 
i r l  tl~tx t,rar~sn~ission levels corrcxspond to the uncornpresseci foarn, sllo(.li. corlr l)l-c>siotl ~ ; ) , I I I I .  i i i is  

regio~i, ar~cl l~ronii~ia.t(:(~ plast,ic. 'rlle widt11 of the mix regio11 is c ic~ t (~r . r~~i~~c( I  l)?.  i ~ ~ ) ~ ! l , r i r t ~  ; I  5 to 
!I.j% translnissioli criteria to t11c ~~orrnalizctl lincout as showr~ in Fig. 2. 

l'igurc 2. iZn experimcsntal ratiiogl,aph of t l ~ c  mix region approximai,(,ly 8 11s ;11't.(~r i.11(, sl~irc:l; 11;i.i T I Y ~ S P C ~  

the ir~terfacc,. 'Transitiolls in t,hc fillr~ cxposure lc~\fels art lrsctl to dcfil~c, 1,11o r~~is \ v i c l l l ~ .  

3, Results 

WC 1ial.c co~~thlcted a. series of s i r~~ula t io~ls  a l ~ d  cxperillie~its in wl~ ic l~  t l i r ~  ic:nlpor;~I (~\oI~rt iol j  of 
thc Iticlitrr~yer-R~Iesliliov mixiltg regiol~ cvas o l ~ t a i ~ ~ e d  froin sir~glc-lnodv trial~gular 1x'r.t ul.I)ations 
wit11 arr~plit~ldes of 5. 10, arid 2Oprr1, alld wax-clel~gths of 11.5: 23. ;111d i l ( i / 1 1 1 1 .  l I t ( * \ ( ,  \.,~111rs 
corist,itute ail a ~ n ~ ) l i t ~ ~ t i r  versus wavcle~igth pararnctcr ~nat,rix and arc, sllo~vri i l l  I 'ig. . I .  I'lic 
various amplit~ldes al~t i  wavelcngt,hs were cllosel~ 1.0 isolate t 11c c'lr(xcts o f t  II(-  i l i i t , i ; r l  I H > I . I  ~ t . l ~ ~ t , i o ~ i  
geol~letry a.~rd aid i11 c o ~ ~ ~ p a r i s o ~ l s .  Notc that  l)ert~~rl)atiorls of sinlilal. sllapc- ;IIY* ( . O I I ~  < ~ i  t t ( ~ 1  \vitl~ili 
t l ~ e  tllrce diagonals o f  the rnatrix. 

Shapc 

'X - .  'X--.+ a/h = 0.22 - .... .... 
20 X.-.+a/h = 0.43 

Figure 3. Initial pcrtu~.bation ;~mpliti~des and wavtlelrglhs used for I~ot 1 1  sir~i~iliif.iot~s . 1 1 1 ( I  (~~lrc~l.i~~lerlts.  

As  a complement to tlie expcri~rrental work, s i r r~ulat io~~s of I lit ( ~ ~ l i c ~ r i r ~ ~ ( ~ l ~ t .  ~ I ; I \ . ( >  I ) ~ C I I  per- 
for-ned 11sing Crll,E. a two-dimc~r~sional arhit.rary Lagrangialt-l'i~l(>~.i;~rr l ~ j - ~ i r ~ o d ~ ~ ~ i i ~  111ic.s cod(.. 



Simulated radiographs of the developing flowfield were obtained and analyzed in a mall11cr 
identical to  that described for the experimental data.. The temporal growth of the mix region 
obtained from simulations is slio~vn in nondinie~~sionalized form in Fig. 4. 

Figure 4. Nondimensionaliz~d temporal width of the mix region ohtainpd from simulations. 

We define the characteristic length-scale of the flow as twice the initial perturbation am- 
plitude, %, and the characteristic velocity as the shock velocity, U,. A combination of these 
yields a nondimensional time scale, Us/2ao, which is the shock t ra~lsi t  time across the interface. 
The t ime origin is shifted to  the time of shock arrival a t  the first tip of the perturbations, for 
each of the  different initial amplitudes, and then ~ ~ o r ~ n a l i z e d  by the shock transit time, yielding 
the nondimensional time used in Figs. 4 and 5. In contrast to the incompressible treatment of 
shock-induced instabilities, the co~rtpressible case ir~troduces this natural time scale. As will 
be seen below, this work validates the use of thc initial amplitude as the cliaracteristic length 
scale. The  appropriateness of sclccting the shock speed as the velocity scalc has not yet been 
fully tested. 

Figure4 shows t,hat simulations from initial perturl)at,io~ls of the sarne sllapr exhibit simi- 
larity i11 these coordinat,es. The sill~ulations also indicate a weak shape dependence, in which 
the mix widths obtained from smaller ao/X perturl~ations are larger, in tl~ose coordinates. 'I'lie 
temporal growth of the mix width for similar shape perturhations are well fit by a logarithmic 
form (not show11 here). 

The temporal growth of the mix region measured in the experiment is shown i r i  riondimen- 
sionalized form in Fig. 5. Note that data from per tu rba t io~~s  of t,lle sanle shape exhibit sirriilarity 
in these coordinates. This is in agreement with the rcs111t.s of t.he si~nulations s11ow11 in Fig.4. 
Since previous work [ S ]  indicated that the mix width admits a logarithmic time dependence, the 
data  for each shape was fit by a three paralncter eclu;rt,iol~ of the form y = m1 + 111(1 + Ing X).  
The data  fits help t o  further discern the trends for t,he six tiifkrent initial perturbations. \Ve 
find increased mix widths as ao/X is decreased, in these coortiinates, with the exception of 
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Figurr, 5. Nondirnensionalizr,d tel-r~pol.al width of the mix rr~gion ol~t,ained from (,speriments. 

%/X = 0.1 1, the mosl linear initial perturbation. ]"or that casc, tlie mix region cxtent is rlearly 
equal to tliat for ao/X = 0.22 up to tlie rlondimcilsio~ial tirne of (TTs/2all)t E 10, aftcr which it 
is less than the %/X = 0.22 casc. It should he 11ot.cd t l ~ a t  the ao/X = 0.11 case is represented 
h). a single amplitude, and the shape is not d~rplicat,etl c l s e ~ ~ l ~ c r e  irl tlic. paralrleter rnat,rix. 

Coinparing t l ~ e  data  displayed i r l  Fig. 5 wit11 tllc sirnulations displayed in Fig. 4, we fi~ici that, 
the width of the [nix rcgion for ao/X=0.43, for t l ~ e  tliree diffrrent iriitial amplit~rdcs, is in good 
agreement for all tirnes. The growth of thc rnix rc.gio11 for a,,,/X=0.22. for t.wo differcr~t. initial 
a r ~ ~ p l i t ~ l d e s ,  is in good agrccXrllent wit11 simula.tio~ls until approxirnatcly (Us/2ao)t E 30: aftcr 
wl~ ic l~  the widths grow to l ~ e  up to 20% larger than that indicated by sirnulations. (hmparison 
of data  with sirnulations for ao/X = 0.11 ir~tiicatc,~ the Iargcst disagsrement, as can he seer1 in 
the cornparison of i"ig.4 a.nd Fig. 5. i l t  this time, WC have not yet det.crrnined the rcasoris for 
the  discrepallcies. 

4. Conclusion 

\V<: ha.ve preserlted results of all amplit11dc/\vavclei1gt~~1 s t ~ ~ d y  of the no~ilincar Riclltrnyer- 
M(,slikov growth of prcdon~inantly single-111odc p e r t ~ ~ r l ~ a t i o ~ ~ s ,  for t11c case of strong s11oc:ks. 
Six combi~~at ions of tliree a n ~ ~ ~ l i t u d e s  and thrcc, \va\~cler~gtIrs werc choscr~ for tlie study. Ilata 
frorr~ initial pert~lrbatiolrs (with the, sawtooth shape) of %/A = 0.40,  for arnplitrrdes of 5 .  10, 
and 20/~1r1 , appc,ar sclf-similar cvhcn I~otli tlre mizir~g tvitiths and time are norrr~alizctl by the 
inii.ial arnplitudcs. Similarly, tla.ta for the sliapc with ao/X = 0.22, for airlplitudes of 5 a11t1 
I0,um collapsc in those coordiriates. The third shape. of ao/X = 0.11. llad orrly one ampli t~idt~.  
so colla.pse for t l ~ a t  shal)e coultl not I,r testrtl. 

Comparison l>ct,ween tlie data  from the diffc>rent sl~apes indicatcts that the three cases of 
%/X = 0.43 grew less than the two ra.scs of ao/X = 0.22, in the ~ ion t i i~~~cns iona l  coordil~ates. 
The single ao/X = 0.11 case had similar mix widths as the ao/X = 0.22 shape rlntil allout 10 



shoc-k transit, tirnes, after which it grew siiglltly less o u t  to  75 sho(.Ii t ra~ls i t  timrs. ,411 atltiit,iollal 
experiment, using +/X = 0.11, with a0 = 2.5pm and X = 23p111, is planned to 11clp clarify the 
hehavior of that  s l~apc.  
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IXichtmyer-Meshkov Instability in Compressible 
Stratified Fluids 

I). Meiron and M. Meloon 
A ~ q ~ l i c d  Mat,he~natics 217-50, Caltech, l'asaderia. CA 91125, TJSA 

Abstract: We present the resu1t.s of a s t ~ ~ t l y  of the effect of con~prcssibility 011 tile int.er;rctiorl 
of sliocks with stra.tified density 1ayc.rs. \Ve ext,end a previous st,udy of I'11a1n ori the Ilse of 
a pressure ir~lpulse as iLn approxi~ilatio~i [or thc interact io~~ of a ~v(:al< s l i ~ ~ l i  ivitli a tiensity- 
s~,ratifiecl laycr arid coiifirrn tliat t,l~is al)prorirnatiori is valitl for weak sl~ocks. \V(, also c~x;tn~ine 
tlie effects of compressihility ~vlicn tlle interaction is ~netliatctl I)y a strong shock. 011r i ~ ~ i t i a l  
rt.sult,s indicate that tlie pressure i ~ r ~ p ~ l l s e  theory does I~reak dowr~ at Iiigli blacli n ~ ~ r n b e r s  I I I I ~ ,  
t . l~at the flow relnains incompressible to a, good al)proxiniatio~~ once the sliocks have propagated 
xvvay from thc, layer. 

1. Introduction and background 

The Hichtlnycr-hleshkov (R-M) inst,ability [l] results from t l ~ e  misaligr~~nent of tlie pressure 
and density gradients when a shock passes llormally thro~~glr  a pert11rl)etl density gradier~t. If' 
the cornpressibilit.y of the f l~~it is  is neglected, tlie R-AI irist,al,ility  car^ hc considered as t,hc liiriit 
of tlic, Rayleigli-'Taylor instaltility wl~en tlic acc:eleratioi~ is impulsive. Riclit~r~yer confirinet1 this 
icea in the case where tlie density gradient consists of t ~ v o  tliscretc layers. Tlic extcnsio~i of this 
idea to  tiensity stratified layers has  beer^ considw-et1 botli experirnent,ally arid tlieorctically by 
a r n ~ ~ n b e r  of autliors. Saffma~i and Meirou [2] derived an ap1)roximatior1 for tlie c o ~ i t i n ~ ~ o ~ ~ s l y  
stratified case in the spirit of t l ~ e  impl~lse approxirr~ation 1,. assuming that  the sl~ock acts as arl 
inl~xilsive pressure ilistrih~~tion. They corifirmed t l ~ e  result t l ~ a t  the growth rat(, is r e d ~ ~ c r t l  when 
tl:e thickness of the density stratified layer is increased. In addition their approach provides an 
estimate of tlic initial vorticity deposited by the ilnl)lilse as well as the k i ~ ~ e t i c  cricrgy impart,ed 
to the layer. 

111 this study we examine the validity of tlie impulsive approximation iu the case where 
the impinging shocks arc weak (witli Mach 11111nber 12.1 = 1.01) and also ill the case wlicre 
the shocks are strong (?V > 2). We find tliat the Saffmall-Meiron impulse approximatioll 
I)~ovides reasonably accurate esti~ilates of l l ~ e  vorticity deposited by a weak sllmck evrn ~ v h e r ~  
the amplitude o f  the pert,urhatior~ is large. However the ap~)roximation brealis down as the 
shoclc strcllgtl~ is increased indicating that  the impulse approximation does not adcquatr~ly 
m ~ d e l  the passage of the shock in this case. 

1.1. The Saffman theory 

SafF~nan anti bleiron lnotieled the mot,io~i of a perturbcti planar i111,erfacc r~ridergoing a sliock- 
inclucrd acceleration as one gcwerated by the in~pulsive rr~otion of thc: containing walls with a 
velocity V directed parallcl to  the undisturbed tie~isity gradient. 'I'he sliock is rnodeleti as a 
1x~zssure impulse of the form 

P = P ( T ,  y)6(1) .  (1 )  

- 
More inforlnatio~l - Ernail: d in~@alr~a.cal tecl~.edr~ or n~rmQama.caltecl~.rd~~ 



This results in a velocitj held of tllc, form 

where H ( t )  is the FIcaviside fu~ictiolr, p is the initial density st,ratification, and P represents 
the impulsi\re pressure plus that pressure required to  keep the flow inco~npressible: 

Using inco~n~ressibility once can derivc arr c,lliptic I'oisso~~ eq l~a t io l~  for the per t~ l r l~ed  prcssllre 
p' and thus solve for the velocity field. The resulting flow fieltl ca.n then be used to compute 
the energy and \~ort,icit,y of the flow. 

1.2. Numerical experiments of Pham 

Pharn [3] perfor~ned nllmerical si~llulatiorls using the incompressil~le Euler equations hut with 
the Inass transport equation retained: 

I'l~am used as all initial conditio~i a sirrgle scalc cle~lsity strat ificat,ioll of the for111 

Here .At is tlle Atwood ratio, a is the a ~ n p l i t ~ ~ d e ,  k is tlic cvavrnu~nber, and L is the tliickness 
of t.he stratification. This initial condition can be 11sc.d t,o exarninc the effect of tllickness OII  

the classical R-%I growth rate. Pllaln's numerical resu1t.s show that the velocity and vorticity 
fields derived from the Saffrnan i~nplrlsc: al~proximation pro\,ide reasonable approximations for 
the evolution of the flow for both single and multi-scale perturljatior~s. 

1.3. Compressible Richtmyer-Meshkov instability 

The R-M instability is of course ir~it~iated via a shock wave. 111 order t,o connect wit,h the 
incompressible theory on(, assumes that  the effect of the shock is to  impart a 1)rc:ssure imp~llse 
to  t h e  density layer. This is the  foundat,io~r of the impulse model and the res~llts above indicate 
how one uses it for layers wit11 tllickness. However it beco~nes of interest to  invc,st,igate under 
what conditions one can assume t,llat, tlie shock acts as all i~~lpiilse. Also of interest is to 
investigate the effect of co~rlpressihility OI I  the growth rate; this is tllc motivation for the present 
paper. 

2. Numerical simulation 

111 ortier to  examine the role of colnl)ressibiIity on the estimates ~)rc:sel~ted above we have carried 
out nu~nerical simlllations of t,he intcract,iorl of shocks of varying strengths impinging on density 
perturl)a.tions given by Eqn. 5. U'e have employed the AA.ZRITA co~nputational environment 
(due to  James Q ~ ~ i r k  [4] to  perform these simulations. AMRITA provides a patch-based Ahllt 
1(.4ctapt,ive h,lesli Refi~iement) solver which can bo ~lsc~tl for ally cell-ccntered scheme. 111 addition 
it provides tools to autorr~ate investigatio~rs. An examl)le of its capabilities is shown in Ic'ig. 1. 
'Iere we display a false Schlicrcn image of the interaction of a Mach 4 ~ l l o ~ l i  wit,ll a tltwsity 
layer of the type given by Eclr~. 5. TIie iZMR capalji1it.y can be ~rsc:tl t,o focus on tile shock 
waves as well as tlle res~llt,irig rriixi~lg layer. 



Figrlre 1. [,eft: x false Scliliercn inlitge of 1 1 1 ~ ~  int,e~.action of a strong /\l = (1 shork wit,Ir a perturbed 
tlricli intcrfacr ( I ,  = 0.1, At = 0.8. o = 1 .Q ) .  Rigl~t: t,he I~ic,rarchy of grids gc~r~crated I)y tlie .A:ZfK-.Sol 
adaptive ~nesh r~cfinc~nrent, algoritli~n 

3. Results 

P,'c 1i;tve grouped tllc rc~s~llts acc.ordi1ig to t .11~ strer~gtli of t11c illcoming shock wavcx. \IVealc 
slrocks for t,he purposc,s of t,llis paper Iravr :\I = 1.01. St,roliger sllocks are those with It! > 2. 

3.1.  Weak shocks 

1r1 thc \veak s l ~ ~ c l i  case \ve 11t~ve cxa~ni~ ic~d  tile r-(~spo~isc of' tlie dcr~sity layer under a ~ l u ~ r ~ b e r  
of' c11oic:es of parar~~eters  ill I<q~i. 5. \VC rlisplay in t,he fig~rres below both the growth rate 
a: well as tire c.ircl~lat,iori. \I.(: begin I)\. cx;lmiriil~g tlic low amplitud(. case ( a  = 0.01) with 
v;~rying layrl. tlliclir~c'ss. Figs. 2 a~rtl 3 sllow t he rcs1)orise of' ir thili (I, = 0.01) as cvell as 
a t,liiclc lay(sr ( L  = 1.0) for a low d(%~~si t ,y  cont.rnst (:It = 0.2). S h o \ v ~ ~  also for con~l)arisorl 
alt, hhc ljrc~lic.tio~is of I l l ( :  gro\vt,li rate risi~ig tl~c- Riclit~irq-er forrr~ula, as well its predictions of 
t l i ~  circ~~lat ion usirig the, ~Iiocli polar :rl)l)roael~ of S a n ~ t a ~ i e y  ant1 Zab11sky[5]. 'rllis approacli 
call or~ly be ap1)lir:d whc~r the liyc'r is t11i11. 111 t l ~ e  tllil~ layer cast wc. sec, good agreemc.ilt 
alrroIig all t,lic,ories. Ilowever as t lrc. t liick~~c+ss is ir~creasc,tl the Ricl~l riiycr formula over-predicts 
the growth rat(.. The Saffrnan approacli does corr~prrte tl~c, correct, growth rate ill t.Ilis case. 

We liext exarnil~c~ the effect of i1icrc:asirig t l ~ e  density contrast in the weak sliock l i~n i t .  111 

Fil:rlrc 2. Iiesults fur 121 = 1.01. At = 0.2. I, = 0 .01 ,  (1 = 0.01.  Sliowr-, on thc I ~ f t  is tile growtlr rilte 
vs. tilr~c. On t,hv right is the c.irc.ulatio~r. 

Figs. 4 ancl 5 it,  is seer1 that t.ll(> Richt,m),cr formula again over-prcdic.ts the growth rat,(? ir i  thc: 
ca:;c o f  a tliick layer. I t  is ilitcrc-sti~ig to not.? Lhat. the Sarntarlcy-Zabusky approxirriatiorl for 
thc circ.l~lat,io~i over-1)rcdict.s tlie asyrrrptolic c.irc.ulatior~ altliougll i t  does capture corrc3ctly the 
i11itia.l circulatiorr. I'lre circlrlat,iorr is lnotiilied duc t.o the si~ljsc~cll~erlt baroclinic dc~velo1,1ilc~r1t 
of tlie la>.cr in this case. 111 Fig. f; \\;c investigate tlict role of the arnplit~ltlc~. Show11 in is 
a case i l l  wlric.11 t.11e aml,litl~tl(. is large ( ( 1  = 1.0). S11r~)r-isingly, i r r  1,11is wc;,l; shock lirrlit the. 
Salfllrau tlleory c.orrt,ir~r~es to ~,ro\ritlc \.iilitl e s t i ~ ~ ~ n t e s  of l)otl~ t.he groivth rat,e as well as tlrr, 
circulatiorr. \Vc c;rn rollcl~~tl(! fr-o~rl this t l ~ i r t .  t l i r t  Saffirrar~ tlieor). pro\rides s o ~ ~ ~ r  i ~ ~ r p r o v c ~ r ~ ~ e r ~ t  
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Pigr~ro :3. I<os~~ l t s  for .\,I = 1.01,  At = 0.2, L = 1.0, a = 0.01. Sllowrl 011 the left is the growt,h rat? vs. 
t.in~o. 0 1 1  tI1(1 1.ig11t is thc rirrulation. 

F igr i r~  4 .  Res1111.s for A.1 = 1.01, At = 0.8, 1, = 0.01, a = 0.01. Shown on the left is the growth rate 
vs. t,i~rie. On the right is the circulation. 
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I7ig1lre 5. I < P S I I ~ ~ S  for .\l = 1.01,  1\1 = 0.8, L = 1.0, a = 0.01. Shown on t h e  left is the growth rate vs. 
time. On t l ~ c  right is tile c.i~.culatior~. 

illrnrii,i <.r,,x,h U,,. 

Figure G .  I t e s ~ ~ l t s  for 1\1 = 1.01. At = 0.8, L = 0.1, a = 1.0. Shown on the left is the growth rate vs. 
timc. O n  tllc l i g l~ t  is tile c i ~ c ~ ~ l a t i o n  



cvcr t11c. classical i~r t l~ulse rrtotiel in titat i t  car1 ac.c.oi~rit [>rolx.l.ly Sol. I,otl~ t.11i. t,l~ickncss of' thi. 
1,~yf.r as \\wll as largil anlplitudc. p c r t ~ ~ r l ~ a t i o n s .  O r ~ e  dl-acvhack of this irlca is t l ~ a t  otlcX ~ n u s t  
computr thesc c,sf,i~nat,es nuinc~rically 1,y solving all el1il)tic c~cj~atioii. Our rrsitlts also al)pc,;rr to  
corlfirlll that ~ X ~ ~ I I  for large ani1)litudi~ Ittycrs a slioc.lc docs act as ari impltlsc ~~rovi t ied tlrra slioc.lc 
i:; weak. Becausc (.he conlpressiorl by such sl,ocks is so sni;dl it is not rrecessary to  accor~irt for 
post-slioclc compression in thcse casc,s. 

3.2. Strong shocks 

Shown i r i  Figs. 7 arrtl S arc. results for ;I st,rorig .\'I = 4 slroclc fix two density co~ttrasta. 111 

botls cases wcs sc>e t l ~ a t  ~ ~ o n c  of t11(, t,l~eorics captilrc2 properly tile d y ~ ~ a m i c s .  111 t,lsc cast, of' low 
dorrsity cor~trast t,I1(1 Safflttan t,lreory tloes c.apture tlii, c.irculat,ion I I I I ~  wcx Itrlicx~c~ tliil; Illay I)e 
fortuitolls. For larger dcnsity cor~l,rast,s wc agairr t.ltat ~ v l ~ i l e  tl~tr growtli rate is cal)tltred t,l~o 
circulation is not. IVe I~clieve tliat in tliesc cascs sliocli refraction as well as acoustic wavos 
propagating between thc reflectc:tl and t,ransrl~ittcd sltocks arc rcspo~lsil)le for !,Isis tliscrcl)nticy. 
111 thcse cascs we have accounted for tl~r. colnpressior~ of tlte dc~isif,y gradient l)y tlic shoclc. 

Figure 7. Res~~lts  for .\.I = 4.0, A t  = 0.2. I, = 0.1, (L = 0.01. Slio\v11 011  t,he left is the growth rate \.S. 
t,i~nr. 011 the right is thc circlllation. 

I4'ig1rre X. Results for 114 = 4.0, At = 0.8, 1, = 0.1, n = 0.01. Showr~ on tlle Icft is thr growtlt rate vs. 
time. On the right is t,lrc: circulat,ion. 

4. Conclusions 

From these preliminary calculatio~is W? car1 coiic.litde tliat the irnpulsivc t,l~rorl; is acct~ratc, 
for weak sl~ocks even when the amplit,udc of thc ~)erturl)at,ion is large a.nd the layers have 
thickness. Tlle classical Ric l~ t~nyer  inipulsivc, rnod(t1 can I)(, ~nodifietl so as to acc.ount for tl~c-se 
effects. It is also apparent that tlic ilup~~lsivc, t.heory is not atieciuatc for st,~.o~lg ~ l~oc l i s .  This is 
pa~ . t i c~~la r ly  true when the density contrast is low. 'I'he ri~odificat.ioris of the Saff~frnan theory do 



not improve the classical results. This leads one to conclude that the shock canriot 11e inodeled 
as a pressure i~npulse in these cases and that tlle complex shock refraction which occurs here is 
crucial in setting up the initial vorticitg. However at  later t i~ncs  thc flow ilear the mixing layer 
is incompressible even ill the strong shock limit. In Fig. 9 we show a plot of the divergence of 
the flow for a strong shock case with two different density contrasts. It call be seen that the flow 
is predominantly incornprcssible. 'l'liis ilidicates that an ir~lproved t l~cory call be obtained hy 
properly inodeling the generation of the vorticit,y in tllc. strong ~110(:1i case and using this init,ial 
conditio~l to determine the subsequent devclopmcnt via incompr'ssil~le or wealily con~prcssihle 
dynamics. Whether sucli an approacl~ can lead to an easily computed cstimatc for t,he growth 
rate under a wide variety of conditions is a topic for f r~ t r~re  work. 

Figure 9. 'The flow divergence sa~npled along a l i ~ ~ e  t l ~ r o l ~ g l ~  111(~  flow for it :\,I = 2 shock with l, = 1. 
Left A t  = 0.2. Right At = 0.8. 

Acknowledgement. This work was supported t)g tlw l,awrel~c.c~ I.ivcr~norc Natio~lal l,aborat,or?; 
der the CAFDA program (Contract. DOE-\'I:-7.105-ENG-48. Sl~lxorrt,racf, B295121) 

References 
[ l )  Richtrnyer RD, Taylor instability in shock acc.c>lrrat,ion of'conil~ressihle fluids, Commmiliication 

on pure and applied mathc~natics, 13, 297-319) (11160). 
[2: Saffmail PG ancl Meiron I)I, Kinetic energy generated 11)- the incon~prcssil~le Riclitinyer- 

Meshkov instability in a continuonsly stratjfieti f l ~ ~ i d ,  Phys. Fluids 11, 1, 1767; (1989). 
[3] Pham 'r and Meiron 111, A mm~erical study of Richtmyer-hlcshltov instability in continuo~lsly 

stratified fluids, Pllys. Fluids A .  5, 2. 34.1-368. (19!93). 
[4] Quirk J.7 and I ia r~ l i  S, On the dyiianlics of a shocii-l)ubI>lc i~~tc:ract , io~~,  .J. F111id Mech. 318: 

129-163, (1996). 
[S ]  Samtaney R and Zab~s l ig  N, 0 1 1  sliock polar an~lys i s  and  analytical cxprcssions for vorticity 

deposition in shock-accelerated density-strat ific~l interfacc.~ I'l~ys. Fluids. A .  5, F, 1285-1287, 
(1993). 



(In Possibilities of Investigating Hydrodynamic 
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A,bstract:  'I'erltative results of a new cxperirnerital techniqile are discussed for i~ivcstigatiori 
o ~ t o  the hydrodynamic instabilities and turhulerrt ~ n i x i ~ r g  del-clop~ne~it at the, interface betwec+n 
g;ls and jelly (the latter being loaded shows liqiiid hehavior) ill a spherical geometry. Some 
c;tlculations and tentative experilnclits are described. 

1. Introduction 

A11 i~lterfare I~etweer~ densit,y-clifFc,rcrlt liqi~ids I)eiiig in acctxlc-rated motion will show inst ability 
whcr~ tlic accelerat,iori is frorri ligl~ter licluid t,o heavier (Rayleigli-7'aylor instal~ility) [ l ] .  All 
Ex1)erimental stutly [2] lias showil tliat 11) flow geoniet.ry (planar or cylintlrical; implosion o r  

c.>:plosion (exparision) case) can significantly affcct tlic ~uist,al~le interface. 'l'lierefore, it is of 
interchst also to  look at  the I<ayleigl~-Taylor instability a ~ ~ d  turl)llle~it ri~ixing tievclo~)rneiit i l l  a 
s~.~lieric;tl case. 'l'lie ljoi~ridary i~ist,al)ility of ail coril-ergcnt spherical gascmlls hubble in liclllj(l is 
t.11e classical illi~slration of l in~ited ci~~nulating: [3] i111d under co~nl ) ress io~~ of thc bu11l)le gas [4]. 
Rcce~itly, nl~merical st,udics (using computat io~~al  rriethotls) ha\,(: been reported, whicll address 
R3yleigh-Taylor instal~ility for a spi~erical case [5, 6, 7, 81. In view of this, it is i~nportant,  
to dcvelop experi~ncllt,al techniques 1.0 st~lcly the ID flow instal~ility in spherical gcolnetry in 
iniplosion as well as exp los io~~ taw. Tlic paper tlescriljes below approitcllcs to a jclly - 1)asctl 
[g] experimerital method to stutly liyclrotlyiia~~~ic i~istal~ilitics in spllorical geometry 110th for 
exl)losiori ant1 iml)losio~i cases. 

2. Flow wit h explosion (expansion) 

Jelly tcchniquc is what olrc:rs a bvitle scope of o[)portui~it.ies to stutly l~~lstcat ly  l~>-t l rody~~arnic  
flows arid, part,icularly, hydro(lyna111ic. inst,al)ilitics of an ir~terfacc (see e.g. an overvicw [10]). 
.4 jelly of water-solved gelatin made hy a comlrioli lhol~sehold technology lias sufficient stre~igtli 
to ~rlalte rnociels of various shapes. Again, this strengt,h is not too Iiigh, so the jelly I~eing 
loaded 1)y pressures over on(, tent11 of atl~losplicre shows liqi~id behavior . Tlre jelly hulk layer 
is transparent enough to use flolv visi~alizatioli by optical tech~iiciues. Li'lien the jelly is mixing 
wi t l ~  the gas, its transparency gets decrease very rapidly. 'This would allow reliable ol~ser\~at.ions 
of no t  only the mixing zone grocvtli ~vitli resport to  t . i~ne bill, its l j o ~ l ~ ~ d a r y  struct,ure as well. 
What may serve 11sefill as a driver for jelly ~riodcls is a gaseous explosive mixt,~lre (C:Eh'I); 
l~a , ;  been fount1 mores s~~i ta l j l c  i l l  1)ractic.e to I I S ~ :  acctyleric ~n ix ture  wit 11 osygen ( ( , ' 2 H 2 + 2 . . F 0 2 ) .  
Sirnillation of t,hc I~chavior o f  tlie GI3h.I exl)losion pl.odurt.s (wllilc rougllly estimaf.ing t l ~ e  flow 
dyuainics) rnay he done ilsing ail itlcal gas a l jp rox i~nnt io~~ wit 11 (.lie ini1,inl prc,ssurc of 1.35 MPa 
a r ~ d  y=1.24. Floxv siln~ila.f.io~i for splierical gcoiiirxl,~.y iii~tirr explosion call I I ~ O  1,hc following 



simple test co~ifigi~rat,iori: a jelly-cast 1ielilisl)lic~re is set. up 011 tlltx s ~ ~ ~ . f ' ; ~ c c  of ;r lrorizont,al rigid 
plate. Its ei~closcd space is filletl wit11 (;E:hl. 'l 'l~t, (:I<:AI is tlcto~iat,cti from tlie hemisp1ie1.e 
ccnter by a higli-volt,age spark. The prcssure of GEM det,oiiation products causes a spherically 
sy~rin~etr ic  flow to develop, ancl t,lius the shell is nlade to go apart in all directions. Il.'itli this, 
there will b r  a t i ~ r h u l e ~ ~ t  ~nixing zone dcveloplnent at the iri~ier and unstal)le silrfacc of tlie 
la.yer. Fig.1 shows strc.;tk pl~otos of tlie flows followi~~g t.he (:EM dctonatio~i in tlic geonletry 
as described. Fig.2 illustrates tlie penetratio11 dcptli int,o tlie layer hbubble vs t,ilil(:; t,11e sa~irc~ 
figure also includes t , l ~ t x  acccleratio~i history of tlie ~uist,al~lc jelly layer surface (estiniated frorri 
R-t relationslrip). The  following specific observations sliould he notcd: over time tlic lihzibbir 

Figure 1. 'l'url)ulent mixing zone development at  the inner surfacc of an expanded hemisphere of jelly. 
Notations: J - hemispherical shell (jelly); EP - GEM explosion ~~roducts;  TMZ - turbulent mixing 
zone; R - reference 1)oint; t - time count against init,ial shell motion (ms). 

Figure 2. Turbulent mixing zone penetration into the layer, hbubbic . dild interface acceleration, g, vs 
time. 

growth rate goes dow~i  to zero. and t,lieri tlie mixing zone is no longer p e ~ ~ e t r a t i n g  into the layer. 



3.  On the possibility t o  study the flow in implosion (convergence) 
case 

'I he  ~ r ~ o s t  interesting point is flow sirnl~latio~r ill a sl~lierical gcw~i~c t ry  for its irnplosiol~ il~sitle 
a splierical e ~ i c l o s ~ ~ r c ~ .  The st.udy is difficlllt, ~ I I  lliis case I)ctc.ause of t,hc co~isidcration illat al. 
i,liongl~ jclly tc~cliniclue allows a  nodc cl wit.h s i ~ c l ~  inside c.l~;il~rl)er t o  l,(! n ~ a d r .  t.llc're arc3 sor l~c  
corrflict,ir~g proble~ns  tliat haves 1.0 I)e atldrcsscd i l l  order to generate t Ire im11losio11 flow. 0 1 1  

t he  orie lland, keeping the  jelly ~lrodel s11al)e rcqllirc,s its rigid framing i r i  all!. Tray: i ~ i l t l  o ~ r  tlrc 
o~,lier, symmetric cornl)ressior~ of the  ~ ~ i o t l c l  car1 IF 1)ossiIjlc ~ v i t , l ~  i.11c. prcss1ll.c. 1111irol.111ly al)]jlic~I 
oT:er its entire or~ts idc  sr~rf;rc.t>. I"iriall~~, tl~c,rc: is o r ~ e  Iilorc pr,ol)l(>111. iliat, s11cl1 a r ~ r o t l ( > l  ~vil l  ha\.(: 
a t u r l ~ r ~ l o n t  r ~ l i s i ~ r g  zorle t,o develop or1 its outer  SII~S;LC(I, tliai ~vill  I](' s c r ( ' e ~ ~ i ~ ~ g  111' iii-modrl 
spl~c,rical cllarril~or and so kccl)ing f r o n ~  visualizing it,s sllalx: chai~gt '  I)('Iii~vioi. with ir~lj)losiori. 
One may i l ~ ~ a g c  1 set, up  for syn11nc.1 ric. g;lsc,o~~s 1)111j1)1(. i~r~l)lo.;iorr l~asctl  O I I  i,11(, pliysical ~)ro[) -  
rl.iy tliat sonnd \.elocit,). i r ~  jelly is larger t,11a11 a ~ l ~ a r a ~ t e r i s t i ( .  i i i~ l~ los io~ i  rat(', i .  <'.. ;I ~ rot ic(~al ) l (~  
u~ l i fo r~n i ty  for prrssrlrc per turbat io~is  r1ia.y I)(: ~ )oss i l ) l (~  \vit.l~iu ii~ll)losiorr. 111 ;t real sitliitt ion, 
scli~nd s1)r~ctI ill a Jelly of water-solvr.tl gelatin is vil.t.~~ally- iticxntical t o  t l~a t ,  ill wat,c,r, i.e. (:-l.: 
I<III/S; arid it is i1Ij011t. I~<I I I /S  ~ I I  (;1?1\7 Fl'. .-lgi~iii. tlic jelly ( I r iv~l i  l>y C;I?\,l 121) lias its 1,yj)iciiI 
irlterfacc irn~jlosio~r vctlocit,y of a l ~ o i ~ t  \it,,,=,501 00m/s t111d t ] I (>  ~.ai,io --c/V,,,,, - 15-30>> 1. '1111(, 
1111111~~rical si1ii11lali011 t o  estirnalc t.h<x 1)ossibility of i r ~ ~ l ) l o s i o ~ ~  inside a s1)Irerical gascxous c.rrt.10- 
sure 1jy nic,nlrs of ,jelly tecliriiclllc was pr~rSormetl. 'l'Ir(. sirriulatior~ was ~rlirtic. in 213 gcXori~c.try 
in I~ytlrodynanlic a ~ ) l ) r o x i m a t i o ~ ~  ariti usc>d tl~c, h l  l\'IOZrl codcs [ I  I ] .  'The co~nj,i~tai,iorriiI ~notlcl  
sl t ~ ~ ) ( > t l  as colre is given in l'ig.3 : \ ss l~lnpt io~~s wrrc, rnade tha t  - gascwlls 1111l1l1le r;~tlirrs 132=:1c111. 

- jelly or1tc.r raciills R:j=Sc~n, 
- c:yli~ldrical par t  dimensions lil=4..5crn 11~z2.4~111. 
- ]'=l3 a t ~ n  - pressure n r a i ~ r t ; ~ i r ~ r d  a t  t he  olrtr:r end.  
Fig.4 11elow is an illustrat,io~i of implosion H-t t i iagral~i o f  sl)lrc~rical air c:nclos~~re. T l ~ e  gasc,olls 
el~closure sllapc as result fro111 tlie ca l c~ i l a t , i o~~  for U0=15". cas6. a t  i~ ls t .a~l t  of tlie lligl~est conl- 
pression, is show~l  in F i g 5  The  c~ric.losure is seen to  l)(: cornprrssetl quit(, ~ l r ~ i f o r ~ n l v :  tlie radius 
va.lue r i i in i~r~uni  of t l ~ e  gas-jelly intc.rface. R,,,,,,=O.f37c1rr. is ac.lrirveti at  t h e  axis OS sym~nc t ry ,  
while i t s  i r~axir~luin  It,,,=0.687c111 is ol)ser\.e(l ill tlic' 11cig11I)orlrood of the  l)ol~~rtl;try 0=0*. !Is 
1l1':: a ~ l g l e  (I* i~lcrc~;isrs, so does tlle v o l ~ ~ n ~ c  of t.11(1 c.alc11lated g;ls c~nc.losi~rr~ irntl, accordiligly. t . i~e  
I I I ; ~ X ~ I I ~ I I I I I  colill)r(~ssio~r t i l i ~ c  t ~ i l i ~ ~  grotvs. \2'itl1 largor 0" angle. tlie clilf(%rence A--ll,,,,.-l~,,,,,L 

, , inc:reases. I l~ l r s ,  tlie ratio (It,,,,,.-R,,,,,)/R,,,,, i r ~  cases 0*=!JOU, 0*=75" ancl 0*=15" is -1.8 
-0.255 and -0.078; rcspcctivcly. 'I'iius, 0"=.15" is tllc o ~ ~ l y  caso ~ v h e r e  t l ~ c  c:orr\-c.rged sl)lieric;~.i 



Figl~re 4. Implosion R-t diagram of sphe~.ical gaseous enclosure. R. is radius for 0=Oo, R45 - radius 
for 0°=450. 

Figure 5.  Gaseous enclosure shape a t  maximum compression (for 0°=45"). 

enclosure has its interface perturbation to radius ratio within 10%. In this way, the calc~~lations 
have sl~owrl the basic possibility to  i~nplement practically sy~nnietrical implosion or a spl~erical 
chamber in jelly when PE GEM pressure is applied on a part of outer spherical jelly layer 
surface. Basing on the result: one Inay perform tests to  study the Rayleigh-Taylor instability 
at  interface of a convergent spherical gaseous bubble. 

4. Conclusions 

A possibility lias been shown for the jelly technique to investigate Rayleigh-Taylor instability 
growth at, the gas-liquid interface i11 a spherical geometry: 1)otll in explosion and implosion. 
Experimer~tal results have been tiescribecl to  illustrate opportunities for looking at  turbulent 
mixing development at  a spherical interface in explosion. T l ~ e  performed calculatio~ls have 
sliown the basic possibiIity to  ixnplement the practically symmetricaI implosion of a spherical 
chamber in jelly when PE GEM pressure is applied on a part of outer splicrical jelly layer 
surface. The result effects the possible study of instability taking placc at  gas-jelly interface 
during implosion. 

Acknowledgement. The study was performed under ISTC Project 029. The authors are tha~~kful  
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Investigation into Turbulent Mixing Development at the 
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1. Introduction 

Experiniental data are summarized on the develol)~ncnt of turbulent ~nixing zone ( 7'1Pf.Z) at  
the cylindrical gas - gas intcrfacc acceleratetl by a co~~verging shock wave, a t  ?v1 = 3 ( i n  a i r ) .  
The experirner~t,s were done using a.n elect roerplosively driven shock tube. The stutly addressed 
TlVfZ tle\~elol,~ncnt a t  t h e  air - 11eliu1n and air - I~ydrogen interfaces. The diflerellce betweer] t,he 
tcvo cases is that  their interfacc arcclerations following the sl~ocli wave passage have opposite 
tlirect,iolls (from lighter to hclavier gas for the air - helium case anti f r o ~ n  11cavic.r to  lighter one 
for air - hydrogen). Investigation has beell 111adc on the contributions to  TMZ development 
by various kinds of small-scale pert~~rbat,iori).  'Tl~e exporimc~ital results are co~npared with 
calclllations by IfIKHH (liortcz) code. 

2. Experimental 

A rnodificatio~~ of tlic technique [l] descri1)eti i l l  [2] was 11scd in the experirllents to  provide a 
cylindrical convcrge~it shock wave. 'I'l~c c~xpcri~nental setup is sche~natically presc.l~ted in Fig.1. 
The convergent cylindrical shocli wave was protiuccd through electric detonation of 00 niclirorne 
wires of 0.1 lnln dialneter eitcl~ ( l ) ,  arra~~gc%ti 011 the gerleratrices of plexiglas half-cylinder (2).  
Tlie wires had been soldered or1 to  copper I)ars ( R )  secured at  the half-cylinder's e ~ l d s  (2).  The 
bars had been connected to  a capacitor bank t h r o ~ ~ g h  a high-voltage c.orit.rollablc~ swit,cl~ I<. The 
capacif,y was charged up to 32 IiV voltage. Tlie energy stored 11); the  bank was ahout 3 1c.J. The 
switcll cvas spark-gap type, wllosr operatioli nsctl pressurized air a t  7-8 a t ~ n .  It was triggered 
by a high-\roltage pulse fro111 the control hoard that operated the .Sb'li caniera. 7'he switching 
circuit had inductance within 1.5 X 10-7 Henry. 
MTire t1et.onations mould prod~lce tiiverger~t shock waves ~vlrose interactions would eventually 
generate a single con\rerf;f:ilt shock wave. Arrally, this wa1.r was divided into three portions. 
The one we111 to the test section clialiriel (20 lnln wide) liiatle up by tlic walls ( 3 ) .  Tlrc otlier 
two got into the coml~ar t~ncnts  made up by the walls (.1), steel half- cylinders (5) and light 
screens (6) and cverc, ir~c.ff(tc.tivc for the flow pattern in the test channel. The walls (3) were 
tapered at  the edge to callsc no large pcrturhations. The test section i11 assernbly iricluded two 
rnatkti r~liits, the ,joi~~t. 1)rt,wec>11 tlle~ll a t  the radius of 60 InIn. I'ealc pressure at, the convergerit 
shock front a t  -50 mm radius was about, I2 i1t111. ' ~ I I c  frolit asymmetry was co~nparativcly 
srnall. 'l'he front shape was distl~rbcd 1111 to  -0.5 IriIn. ar~ti tall(. wave cerlter was displacetl 
against the geornctric centcr of t,llr> systerr~ by -2 rnrn for f1'=30 mm,  t,he front radius. The 
filni (8) was applied OII the cyli~idrical s ~ ~ ~ . f a c e  of sectioli (7)  anti scrvctl to  scparatc it from t h c  

More illforrnat~or~ - Ernail: otd0:3-2305~~Ospd.\.l1iicT.ru 



ol~ tc r  section. I'rior to experirr~erit, tlre central s e c t i o ~ ~  1ia.rl been filled with hydrogen (p=0.0837 
kl;/m" ,y= 1.401) a t  the atmospheric pressure. I-lydrogen was loaded by the  procedure that  lrlade 
it flow througli suitable wall holes in the arriou~lt many times lliglier t l ia~i  tlie sectio~l volurrie. 
The outer section contained air (p=1.205 kg/m:', 7=1.107). 1)erisities are c i t d  for atmospheric 
plmsure and temperature 20°(!. 1nstal)ilities a ~ i d  turl)ule~lt ~nixing growth were \risualizeti hy a 
sl~adowgraphy system in optical line with SFX camcra as franiing corlfiguration. 

3. Conclusion 

F g.2a illustrat,es streak photos for ail.-lieliu~n interface. Experimentally, initial perturbations 
arc regular arici represented 1)y pressure disturbance heliintl the shock front due to the energy 
b(,irig releaseti in discontin~iolls manner. 
'r Le typical perturbation an~pli tudc and rvave1e11gt.h of t,lie 7'!21Z edge woultl he increasing 
gradually with time. 
Initially, the ~ ) c r t i ~ r h a t i o r ~  wavelength is tlet,erirliued by the n111nher of c.xploding wires (SO in 
a sc:rnicirclc) ant1 eqi~al  to 2~11/1811. Ilere: R is the actual radir~s of the TMZ inner edge. ,4t 
times ne;rr t I i (1  liigliest I ~ r l i ~ ~ m  cornprcssio~l. t l ~ c  pert,i~rbatiol~ 'ivaveler~gtli is typically -2 j iR / lO .  
IIow ciiffcrcl~t local initial pert 11r11atio11s coiitrihutc, t.o tllc t .~~rhulcni.  mixing growt,li beliavior is 
illustrat.ed by strcitli pliotos of air-hydrogc.11 expc~ri~nents (Fig.2 1)-(1). 
Fig.2b shows a streak 1)hoto of the exprrinlc~lt wllcrc, ir, local pr:rturbat,io~~ was superi~nposed on 
thc~ small-scale wire-induced ~)erturhat:ions. 'I'o this effect, a steel cylinder of 0.6 cm diameter 
was p r ~ t  111' as stiff harrier at the radius Ir' = 8.2 crrl on the path of the co~lverge~it shock wave. 
The pertur1)ed shock wave can be ropresentcti as si1perpositio11 of the two waves: the primary 
convergc~~f, and tlic tlivergcnt shock wave generating two latitudinal waves that. move on in 
ol)l>osit.e directions from the barrier locatiol~. There is an ilnderpressure space bt.t,ween the two 
lat i t l~di~ial  waves. \I'here these waves are crossing the pr i~nary shock front, the front surface 
sh,,ws a break. 
'l'tie intcrface portio~i includetl between t,lle latitudinal waves moves wit,li a lead, whereas the 
portions aliead of t llese arc lagging. At later tiines, there ~ v o ~ ~ l t i  be a t,urhulc~it zone to dcvelop 
at t,liis a r~cxrturhatio~~. At t l ~ e  timc- near t,l~e higl~ist hydrogen cornpression, the initial 1oca.l 
~ x ~ r t ~ ~ r b a t i o r i  ~ \ ~ o i ~ l t l  I)e still ~ilemorixerl as c,ffective. Thc TiVfZ tl~icltncss at  this locai.ion is 
larger t l la~i  in t l ~ e  areas free of per t~~rhat ions.  
Nc'te, t,hat the t11rl)ulent rilixing zone in air-hydrogen experiments does not occur until tlle 
shock n7avc, reflected from tlie cellter has reachcd tlie interface ( t  id5 p ) ,  which is clue to the 
f l o , ~  being steady. For t i, 85 ,us, the intcvface starts slowing down to become unstahle. There 
shoulti occur tlir tu rhu le~~l ,  rnixing zone. de\~elopment. 
'I'l~r expcrirrierital strcak 11hoto of Fig. 2c illustrates how TAtl% develol)rnent is related to  t.11e 
t,liickness of gas-separating film. This case is wl~ere a doi~blc filrn layer was provided a t  three 
poir~ts of t l ~ e  interface. From (,lie earlier shots, onc can not,ice the, i11terfac.e is slightly behind in 
thcsc. areas. \Yit 11 c o ~ l t i ~ ~ r ~ i r i g  7'!2fZ growt,h, this perturbation would beco~nc not very effect,ive. 
Icor tllc c~xl)eriment illustrated i l l  Fig.2d, there was no per t~~rba t ion  specified on purpose, but  
it occurred incidcritally to a secondary local I~reakdown between the electrodes 2 (Fig. l )  
following the tliscl~argc c ~ ~ r r e n t  pause. 'This hchavior can lje described as supc:rpositio~i of 
the prilnary convcrgc~~t  shock rvave So anti divergent ~)ert.urhation waves ( la t i t~~t l inal  shock 
~ a , , ~ e s  S, ). 'l'l~(>r(l is a I~reak ohservc:ti whcrct the pcrtrlrl~atior~ wave and primary wave fronts 
arc ir~t.rrcrossing. It, is these wave intc~rcrossing points t,lir largc3sL perturbation shoulti originate 
from, ancl t l~eir  neighhorhood is where slnall jet,s of substar~ce wolrld be sul~sequcnt.ly generated. 
Th,, jc.1 t,ips cvoultl move rnucli aliead of the  relnainirlg interface portions. These perturbations 



should also remain effective with further TMZ growth. 
Fig.3 presents R-t diagrams for shock-wave front and ThlZ boundaries, that resulted from 
averaging the data  from three identical air-hydrogen experiments. Included i11 the figure for 
comparison are VIKIfR calculations on these experiments [3]. It. is obvious from comparing 
between calculations and experiments, that a t  times t i, 80 /IS, i.e. where t,he acceleration is 
from lighter to heavier gas, the TMZ growth is observed to h r  more violent in experiments 
than in calculations. 
For streak image processing, the  shock front and T A W  radii wcrc deterlnined by averaging the 
measured data  over 30-50 rays originating frorrl the  center of symmct,ry. Root-mean-square 
variation in the radii is due to  rough ThlZ edges and accounts for statistical ~neasurernent 
error. 
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Figure 1. Schematic of the experimental setup for convergent cylindrical shock wave. 1 - exploding 
wires; 2 - half-cylinder of plexiglas of 100 mm inner diameter; 3 - copper bars; 4 - confinement walls; 
5 - steel screen half-cylinders; 6 - light screens; 7 - test section; 8 thin film; 9 - gas coupling to test 
section. 

Figure 3. x - SW; - TMZ boundary; - - calculation. 
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Figure 2. 'I'urhulent mixing z o ~ ~ c  d ~ v e l o p i ~ ~ g  a t  the cylir~drical gas-gas interface a )  air-heli~ltn, 11). c) ,  
d )  i~ir-hidrogen, accelerated hy a conv~rgcnt  shock wave. a )  No pertrl~.bations specifies; t))l)ertrlrh;ttion 
as steel rod 6 rnln i t ]  diameter or] the  shock path i l l  air: c) per.t,l~rhatiol~ as local t l~ickenir~g (doul)l(~ 
film1 layer); d )  shock-wave perturbat,ion un~xpc,ctcdly. Notation: 10, 1 - init,ial and a c t l ~ a l  1ocat,io11 of 
the gas-gas interface: k - SFR-camera lirnit; H - c l r a ~ ~ n e l  rlnit,s joint: TMZ - tu rbr~ le r~ t  111ixi11g ~ O I I ~ :  S", 
S l  - convergent and retrtcr-refiected shock waves; S2 - l a t , i t~~dia l  wavc,: F - doul~lf: film locations in t,ltv 
interface; I t  - steel rod of  6 lnln diarnet.c,r. 



Analytic Approach to Nonlinear Rayleigh-Taylor and 
Richtmyer-Meshkov Instabilities 

K.O. Mikaelian 
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Abstract: We present arlalytic fornlulas for the evolutioil of RT and RM instabilities from 
the linear t o  the nonlinear regime, and conlpare our analytic fornlulas wit11 direct nulllerical 
sirnulations 

1. Introduction 

Our starting point is Layxer's theory [l] wllich we extend to arbitrary initial conditions and 
solve ailalytically in 2 and 3 dime~lsioris. Lktails can be found in [2]. 7'11~ surfacr of the  fluid 
is given initially by yo(xo) = ~ ~ O c ~ ~ ( k x o )  and rlo(ro) = qoJo(/31ro/It) for 2D and On respectively. 
Except for Jo which is the Bessel functioll of order zero, the zero sul)script denotes t=O \-alues; y 
and X refer to  the vertical and horizontal coordinates, and similarly for z and r. Here l< = 2.iilX 
and E 3.832, the first zero of the Bessel fiiilction of order one. 

2. Rayleigh-Taylor 

Wc find the following nonlinear differential equation: 

Q(Q" l - 2r70/31/~)4 - (1 - 2 1 7 0 / 3 1 / ~ ) ~ 2  - ( g , O 1 / ~ ) 0 ~ ( H ~  - 1 + 2170/jll/R) = O (2)  

for 2D and 31) respectively. 'I'llc f u n c t i o ~ ~  Q( t )  is defined as U = e("-q~)%ild Q = t,("vO)"/l' arid 
is related to  Layzer's T ( t )  via 0 = 1 + (T - 1)e-"ak and 0 = 1 + T - l)eqaiil/' for 2n and 3D 
respectively. As a check, for 710 = 0 wc have Q = T and Eqs. (1a) and ( l h )  red~lcr  to  1,ayzc.r.'~ 
Eqs. (55) and (32) respectively. 

Despite their  ionl linear ~ l a t u r e  Eqs. (1, 2) can 1)e integrated to  reveal 111r rxistencc of a 
conserved quantity which we denote by E. \Ve firltl 

Eqs. ( l ,  2) follows from conservation of T;: (dE/dt=O). Being a constant E is determined by 
the initial data: 

E/gk = 3( , j0 )~(1  - rlok)k/2g - 113 , (5) 

We have achieved our first purpose - how the asylrlptotic bubble velocity, wliicl~ we denote by 
r/A, is approaclled starting from arbitrary ir~itial conditions 110 a l ~ d  &: Using the definitions for 



P,s 71 grow" '1 jrlk give11 by 
qA = (g/.3k)'I2 : (9) 

= (gI</;'jl)'/' . (10) 

'Ib firid rl(0 for a.11y time 1 one rriust integrate Ecls. (7, S ) .  Fbr the cases when rl,, = 1/31< 01. 

R./2/1l for 2D or 31) flow the equat,io~ls si~ilplify so much that a compl~t,ely analytic answer is 
ohtairled: 

vk  = vok + (213) 1 r~{cosh[ (3gk)~/~ t /2 ]  + (i/o/ilk) sirih[(:lgk)'/'t/2]} . ( 1  1)  

i1,j1/l1 = r70,'jl/R + 111{cosl1[[~;3~/l~)'~~t] + (rjo/ijej) s i ~ l l i [ ( g ~ j l / ~ ) ~ / ~ / ] }  , (12) 

wlierc rlok = 11.1 a11tl r/,,i-l,/R = 112. wit l1 asynil~totic ve1ocitic.s 71, as iiefil~ccl i r ~  Eqs. (9)  a l~t i  
( l  0) for 2D aiitl :in flow respect ively. 

3. Richtmyer-Meshkov 

T..tliing t=O as t h r  shock arrival tirnc and A V  as the jurnp velocity indlrced hp t,he shock we let 
g -i Avb(t)  in the I3ernoulli cquatioi~s and find ijo = A ~ k i / ~  arid rjo = A V , / ~ ~ , ~ ~ / ~ L  for 2D arid 
31) respectively. Aft,er the passage of the shock tlir, evolut.io11 equatio~is arc, tlie same as i r i  the 
RT case wit11 g=O. Eqs. (7 ,  S)  can I)e solved analytically aiitl, for tlie 2D case: wc fi11d 

3Yorjokt/2 = Y - Yo + (11~'~/2)  111 { ({Y + - , I  ~ I ' / ~ ) ( Y , ~  - + l J l / ~ )  l11f2)} ) nok < l / 3  ( I r )  

3Yorjokt/2 = Y - YO + & [ a t a n ( ~ o / J - h )  - a i , a n ( ~ / 6 ) ]  . qok > 113 . (15) 

Here Yo = Jm, b = ( 1  - 3viIk)/2, allcl Y is dclilled by Y2 = H3 + li = e3(1-q0)k + 1/2 - 
:1qok/2. 

For 3D flow we firid 

Yoljo/j~f/R = Y - YO + J - l , [ a c o s ( G )  - a c o s ( a / t ) ) ]  , qoP1/K > I / ?  . (111) 

Here Yo = ,,/ml 1) = 1 - 2qil$, / K ,  and Y is defiilrrl 1,y Y2 = 0' + b = c2(qqa)u"R + 
1 -- 2r1~/3~/R.  'I'lie asymptotic velocities car1 be ohtai~led tlirectly from Eqs. (3. 4 ) :  

= R/;jl/ , 
for 2D and 3D rcspertively. anti are illdependent of qo d11d 



F i g ~ ~ r e  1. qk  a s  a filnctiori of Avkt for rlok = 1/B. l / B l  ;)/:I. TIIP co~it , i~il~ous curves are from 
direct numerir;tl sirr~lllat,ions with 7)" = 0.35, 0.70, and 1.-L0 cm. k=277/1:3 c ~ n - l .  .A Mach 1.2 sl~ock 
travelling at. IVi 121 cin/ins ill Ilcliuin strikes a IIcl/Xe int,c>rfacr (a11 exa~nple is sliown in Fig. 2) 
giving AV 8.25 cm/ms. The tlaslic~i c ~ ~ r v c ~ s  arc frorr~ Eqs. (13)-(15). 

4. Discussion 

C o ~ n p a r i ~ i g  2D and BD geo~netr ies  we fintl rl,(:ID)/v,(2D) = ( 3 k 1 1 / ~ i ~ ) ' / ~  a i d  3k11/2Ll1 for 

W and R M  respeclivrly. If wc i(lcn1tify liR wit11 rr TV? gct m 1.6 and 3rr/2,13~ E 1.2 

rcspcctively. If \v<: itlcntify kR  with ; j l  \v(, gct  $7 E 1.7 alltl l . 5  r.espc\c.t,i\.ely. '1'11(. first 
idcnt i f ica t io~~,  adoptvtl 1,y Layzcr, is perhaps lnorc ~>hysical ( t l ie ratiir~s of t.lle t,111)e i s  half thr 
distance hetwef,Ir t hc  parallel ~valls) ,  ~vliile t.he sc~or ld  itleiliific.at,io~~ yic,ltls cclual initial growt.h 
ratcs. In either caso t,lic ratio is largcr for RT than for R11. 

Eqs. (13)-(15) arc plotted in Fig. l for rlok = 116, 113. a ~ ~ t l  213. S':rl. (13) is a11 equally 
good representation for all r.llrc:c: c.rlr\rc,s, tiiffcl.ir~g 1)y no nlore tliaii 10% from t,he rxact, rest~lt,s. 
Note t h a t  Eq. (13) implifts 

which automatically gives tlic corrcct 7ju and TT..(= 2/31it). For c>ach value of k we also plot 
the results of direct nulnericnl s i r r l r~la t io~~s tvith the  fully co~npressil)le liydrocode CI.ALE. \\'e 
cllose pc r tu rba t , i o~~s  of X = 13 cnn and 11,~ = 0.35, 0.7. ailtl 1.4 cm a t  t l ~ c  interface between 
Hclillm ( p  = 0.1 71ng/c1n3, ?=5/3) and X c ~ i o ~ i  (p=5..1 ~ n ~ / c ~ r l " ,  ?=5/3) whicli have an At,mood 



3.0 rns 5.0 ms 

Figure 2. Isodensity corrt,ours from a Mach 1.2 IIc/XP si~r~~llation with ~ertt~r.I)ations of 110 = 1.40 cln 
artd X = 13 cm. 

number of 0.94. il Llach 1.2 shock direc:t.ed from He to X(: induces a AV zz 8.25 cm/ms. These 
parameters were chosen from (:alTech's 17  inch shock t.uhe wit11 a 122 cm long test section. 

Fig. 1 sl~ows good agreement 'I>rtweerl Eqs. (13) through (15) and the direct numerical 
si~nulat,io~is. S~lapshots of the large-amplitude rllri. vo=1.4 crn, are shown in Fig. 2. Many 
fe,ltilres of the i1iterfi3ce. partic.ularly thr: mushroorn i~ l~  spikes, are beyond the scope of I,ayzerls 
theory. What we have shown is that his tl~eory. ger~eralized t,o 710 # 0 arid applied to the HM 
in5tability, can hc solved analytically and captures well the 1notio11 of the buhblc vertex frorri 
t,he linear to 1,lie llonlirlcar regime. 

Acknowledgement. The author would like to thank P. Mill~r for help with the formatting of this 
paper. 
'L'Liis work w a s  perforrr~ed under the auspices of thc U.S. Dcpartment of Energy by t h ~  Lawrmrc 
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2D Navier-Stokes Simulations of Richtmyer-Meshkov 
Instability in Shock Tube 

C. Miigler and S. Gauthier 
CEAICentre de Limeil-Valenton 
94195 Villeneuve-Saint-Georges Cedex, France 

Abstract: 2-D numerical simulations of the fluid instability of shock-accelerated interfaces 
between a light fluid and an heavy one are co~llpared with experi~nental measurements. Nu- 
merical and experimental amplitude growth rates are in good agreement. 111 the experiments 
performed at  C.E.A./Vaujonrs, the laser Doppler anemonietry techriique gives rneasurerne~~ts 
of the fluctuating velocity. In these experiments, turbulent boundary layers strorigly perturb 
the basic flow. This behaviour has been reproduced by two-dimensiolial simulatioris which take 
the turbulent boundary layers into account. 

1. Introduction 

When two different fluids are impulsively accelerated into each other by a shock wave, small 
perturbations at  the interfacegrow first linearly and then evolve into no~ll i~lear  structures having 
the form of "bubbles" and "spikes". This instability was tlleoretically discovered and tiescrihcd 
by Richtmyer [ l ] ,  and confirmed experimentally by Meshkov [2]. This phenornerio~~~ known as 
the Richtmyer-Meshkov (RM) instability is a typical mechanism for turbulent mixing of layered 
fluids. It is closely related to  Rayleigh-Taylor (RT) instability [3], which is the instability of a 
planar interface undergoing constant acceleration, such as caused by the suspension of a heavy 
fluid over a lighter one in the earth's gravitational field. RT and RM instabilities are of critical 
importance to  inertial confi~lement fusion. 

RM instability is often studied in shock tubes, where measurements are easier to  carry out 
than in small pellets [4, 5, 61. 

A number of numerical studies have been performed on the RM instability [7, 8, 91. The 
initial growth rate of the perturbation (that is between the first and second shocks across the 
interface) was predicted in the two-dimensional calculations t o  be approximately a factor of two 
too large, as compared with the experi~ne~ital  results. More recently, front-tracking numerical 
simulations produced growth rates i11 much closer agreement to the experimental values [10]. 
In this paper, we present numerical simulations of single-mode and multi~notle Richtmyer- 
Meshkov instabilities. In first, we briefly describe the code used. Afterwards, ~lurrlerical simu- 
l a t i o n ~  are compared with experimental measurements in the  linear and turbulent regimes. 

2. Motivation and description of the numerical choices 

In order to  carry out two-dimensional simulatiorls of compressible mixing, as those occuring 
in shock tubes, we have developed the code CADMEE [ l l ] .  This code, derived from the code 
CFDLIB [12], takes all nlolecular transport effects into account: it solves the 2D unsteady 
Navier-Stokes equations and mixing is described by a concentration governed by an advection- 
diffusion equation. A Godunov method is used t o  accurately describe strong discontinuities 

More information - Ernail: gautllier@limeil.cea.fr 



s11cl1 as s h o ~ l i  waxtes. 'File com~)utat,ioi~ is perforn~ed i l l  tmo pllascs: i t I;lg~.irngi;rrl 11l1;rsc ;111(l 

a rerriapl)irlg pllase in wl~ich cor~scr\~a!.ivc~ \.;~rial)lr!: arc. l.ransferetl froiri tlle lag~.arlgiar~ 111csii 
t'3 arl ar l~i t rary specified 1ries11. 'I'l~is approac.11 is tlie so-c;tllcd ; I r l~i t r i~ry I,;lgrn11giai1-E:11lesii111 

(i\l ,E) forlriulatio~~. As the accllracy of t l ~ c  11~111lcrica1 rnctlio(l is very iriipo1.t a i ~ t ,  sccon(1 0rdt.r 
differcnci~~g tech~liqltcs i11 space and timc are used. r l  t lrrblilc~~t algcl~raic rnodcl. the 13aldwii1- 
Lon~ax motlrl, has been i~i iplen~ei~tcd in ortier to ~nodclize turl,ulent I~ountlirry 1i1yc.r~ which 
usually develop along sllock tube walls. 
This code lrns 1~ee11 valid;tt.ed against rlumeroils cor~figurat,ions of cornpressihle viscous flo\vs 

[l 11. 

3 .  Richtmyer-Meshkov instability with a single-mode interface 

The present stutly uses 111c experimental c.o~~ditions of %aytsc,v et (11. [1:1], pcrfornicd in a 
7:2 X 72 m m 2  square cross scct.io11 shoclc t u l ~ e .  111 t I~ese cxl)erinicllts, a very tl~iii  mc~l~l)raire 
a.-ates two inert gases, a. light or~c, (I<rypton) and all heavy orie (Xc>non) ~ I I I ( ~  provides ;I I ~ I I O W I I  
two-di~nerisional (2D) sinusoidal i~iitial interface pcrturbatio~i. 'The expc~rir~~ental iiilnges s l ~ o w  
well-resolved flow pattc:rns. A detailet! descr ipt io~~ of thc  set,-up car1 11e found in [13]. 
111 these experiments, tlic, iiiitial pertl~rbatior~ at  t l ~ c  I<r/Xc interface is wc.11 dcfirlc~d: its \vaxrc>- 
length is equal to  3617 , r r~  and it,s aniipllitude ( 1 ,  is equal to 5 rnr~r. Tllc prcssllre a11c.ad of the 
shock is 5.0 X 10" Pn. 'I'he I<r/Xc ir~t,erfaco is accelerated by a strong shock of hIac11 ~ r n ~ n b e r  
3.5 moving fro111 I<r to Xe, i.e. from the light gas to  thc heay); one. 'li~ ohserve thc evo111tion of 
t l ~ e  illstability on a sl~fficient,ly long tiinc, thrcc expcriniental shots have hren necessary. 1'11e 
Mach number is not exact,ly t l ~ c  same for the t.l~ree cxperimc,r~ts but does 1101 c1ifft.r too il~ucll 
fmm 3.Tj. The instant t = 0 corresponds to the illonlent tl~c: shock striltes tlie ir~t,erfacc. 
In nurnerical simulatioiis, t l ~ e  regioil whcre the ii~stability dc\~elops is covered wit11 0.1875 X 

0.18 m r n ~ o n c s .  

Experimental sch l ie re~~ pict.urcs and nurnerical co l~ccn t ra t io~~ isovalucs of the HM instal~ilif,y 
at thc times t = 0 and t = 464;~s are prcsentcd i11 Figure 1. As the incidrut shock wi1x7e 

Fig11rc 1. Experimental schlierril pic:turcs a ~ ~ d  nu~r~erical patterl~s of thr mixing zone at. t = 0 and 
t =- 464 p. 

trz~vels from tlle light gas to  t l ~ e  heavy onc, there is rlo in~c~rsion of concavity aft.er tl~c! shot:k 
passage. The dimensionless initial perturbatior~ ampli t~lde a i k  is eclual t,o 0.87. As a result, t l ~ c  
perturbation rapidly evolves into nonlir~ear struct~ircs callcd "buhblcs" and "spikes": t l ~ c  heavy 
fluid penetrates into the light fluid. 11s t,he Atwood nunnher is srrlall (,&l = 0.22 and A = 0.184 
be core and a.fter thc passage of (.he incident shock wave) the tlifference of structure hetwc3e1i 
bubbles and spikes is not important arid the Kelvin-Hel~nholtz instability is well tleveloped. I11 

the, above, t h e  Atwood number is tiefined as ( p z  - +- /l1) wlrerc p1 is the density of the 



first shocked fluid. As orLe car1 see in Fig.l, the visual agreement between the data  and the 
s i~~iulat ion is good. 

Time (S) Time (S) 

Figure 2. Evoll~tion of the mixing zone width and mixing zone growth rate versus time. Plots 
correspond to experimental results. The e~rorbars ale equal to 10%. Full lines correspond to numerical 
results obtained from code CADMEE. 

Ei-om sclilieren pictures, the interface and refracted shock locatio~ls and f,lie perturbation 
anlplitude are measured a t  various times. In order to  compare experiments with calculations 
on a quantitati~re way, we have plotted the mixing zone width vcrsus tirne (sec Pig.2.(a)).  The 
numerical width is defined as the largest, distance between the isovalues of the concentration 
c = 5% and c = 95%. The errorbars of the experimental results are equal to  10%. As one can 
see, the mixing zone width in the sirnulat,iori is approximately the same as in the experimental 
pictures. VC'e also plotted in Figure 2 . ( b )  the a ~ i ~ p l i t ~ ~ d e  growth rate of the perturbation as 
obtained from experiments and numerical simulations. Here again, ~~t~rrlcrical si~r~ulation results 
are in agreement wit11 experimental results even in the nonlinear regime. 

4. Richtmyer-Meshkov instability with a multimode interface 

In the experiments performed in the SO X SO 7rtm2 shock tube a t  C.E.A./Va11jo11rs [l4],  a mul- 
timode interface is accelerated by a shock wave rnovi~ig from SF6 to air. l'lrc Mach number of 
the incident shock wave ranges betwee11 1:4.15 and 1:155. The disco~ltinuous interface is made 
of a plastic membrane 0 . 3 p m  thick, which is placed directly below a thin wire mesh (wire spac- 
ing and diameter: I .Ol mm and 0.08 m m ) .  The membrane is brolten into small pieces by the 
passing incident shoclc wave through the grid. A scllliereri visualizatio~i allows us t o  measure 
the time-dependent location and thickness of the mixing zone. 

In numerical simulations, the initial perturbation of the int.erface is rr~ultirnode and composcd 
of eight wavelengths X with O . 5 m 1 n  5 X 5 2.5 mm. All a~llplitudes are equal to 0.2  mm. The 
initial shock Mach ~ ~ u m h e r  is equal to 1.453. The  eulerian fornlulation of the code CADMEE 
is used. As a consequence, the grid is fixed. The  region where the instability initially develops 
is covered with 0.05 X 0.08 mm2 zones. At last tirne, the mixing zorie moves in a region covered 
with 0.7 X 0 . 0 8 n z m 2  zones. 



Figure 3 displays t,he evolution versus time of the cxperin~ental and ~~ur r~cr ica l  lnixillg zone 
vvidths. The) cxl~crinierital width is 111c:asured from optical pictures anti the nulnerical one is 
clefilled from nu~nerical dc~~si t .y  profiles in t,lie ~ r ~ i x i n g  zone. In Fig.3, comprcssioris due t,o t,lle 
interaction of the rellect,ed shock waves rvilll t . 1 1 ~  ~riixing zone clearly appear. Before tlie first 
reflected stlock/rr~ixing zone interactio~l, rnicrodensit,o~llet,ry of schliercri ])l~otographs (crosses in 
E'ig.3) gives mixing zone width greater t h a ~ i  direct n l c a s ~ ~ r e ~ r i e ~ i t  from optic;r.l ~ ~ i c t u r c s .  Nu111er- 
il-a l si~llula.tion results are l ) r t  cveen these trvo experi~nental rrs11 I t  S .  After the first interaction 
anti before the second one, txpc~rilne~ital arid 1111lnc.rica1 widths arc vrry similar. 

reflected shocks 
Interaction 

Fig1n.r 3.  Evoll~tiorl of the mixing zorle width versus time. Plo1.s correspond to exp~ri~r~rrltal res~~lts .  
The c>rrorhars are equal to 10%,. Crosses correspond to microdcr~sito~~~ctry of schlirrc,rl l~l~olographs. 
Full liiie corresponds to numerical sirri~~lation with code <:ADMT:E. 

,411otlier ciiagnostic; the Laser Doppler Anernometry (LDA) .  gives mea.sureme~lts of the fluc- 
t ~ ~ a t , i ~ ~ g  flow ve1ocit.y. This qua~ititati\re expcrirnclital rneasurelnent may he  directly corr~~,ared 
with results of llunlerical si~r~ulations. 111 the rxl~eriments [l-l] . t h r  posi t,ion of the 1,I)A prol~e 
is successi\~cly at 12>.5rn,rc, 161 7n7n ancl 17X.5rnrn downstrcaln the initial interface abscissa. 
Here, wc, will only c~orlsidcr thc first locat,iori a t  125.5mrn, i r i  order to  study honrltlary layer 
effects. Fignrc. 11 s l ~ o ~ v s  \-c.locity ~ n e a s u r c r i ~ e ~ ~ t  s at t.his abscissa. 'I'lic, inst,ant. 1 = 0 corrc~sl)onds 
tile nlomcnt tlie shock arrives a t  the prol~e. In Fig.4. tlie first \rclocity 1)lateau at  131 n 2 / ~  firstly 
corresponds to air accelerated by i.lle irlcident shock (for 1 5 0.6 ms)  and aftcr\va.rds to  SF6. 
The second plateall a t  57rn j . s  corresponds to SF6 tlrcrlerated l ~ y  the first rc'flected shock on 
the end wall. This second plateau ends wit11 the arriva.1 of the second reflected sllock wave. 

Two siriiulatiorls of this experiment ha\rc, Ijee11 performed. 'I'liey principally differ 11)- the 
h o u r ~ t l a r ~  colitiif.ions ~ised.  In the first si~r~r~lat.ion. the four shock tulle walls are consitiered 
as reflective walls ancl t l i ~  SF'6/air interface is planar. 111 t l ~ e  second simulation, 110 slip and 
isotherm (Tk, = 293 11') 1,ounda.ry c:or~tiitio~is are assumed arid turbulent boundary layers a.re 
~notl(.llt~ti 11)- usil~g the Ualdwi~i-l,o~riax rilodel. Furtl~ennore, the: interfacc is r i~~~l t i rnodc .  As o l ~ e  
ca,n sec in Fig.4, one effect of the turbulent I ~ o u n t l a r ~  layers is to ;~cceleratc tllc: SP'6. The first 
si.nulatio~i, whose rcs~~l t , s  in pure, ga.scs arc sill~ilar to the Rarilii1le-II11go1iio1, solut,iol~s, gives a 
tlieorctical mean velocity of 47 rn/s in t l ~ c  secolld platca~l, wl~ilc: exl~erirnental measurcn~e~~t , s  
give a value of 57 m/s .  \'$'hen two turbulelit hou~itlary layers arr! sirnulnted, the Inearl vcloc:ity 
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Figure 4. Veloc~ty ~neasurclnerlts at 125 n2nz. Dots correspond to experilnental lesults. Full and 
dashed lincs correspond to lirlmelical slrnulations respectively with and without tr~rbr~lent boundary 
layers. 
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equals 52 mls .  By simulating wit,l~ a. 311 cotlr the four tilrl)~llr~lt. 1)ountlary layers wllicl~ develop 
in the shock tube, we should find the experi~nental value. 

Another effect of the turbulent I )o~~ndary  layers is the ulltlersS~oot, of the velocity just after 

- 
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Figure 5 .  Numerical schlieren picture at  a time t just after the first reflected shock wave/mixing zone 
interaction. Becausc of its interaction with the bounddry I d y ~ r ,  tile t1anslnittt.d shock il l  the SF6 
bifurcates. 

the passage of the first reflected shock. .As this shock interacts with the mixing zone, a 0.42 
hdach number shock is transmitted in the SFG. Because of its interaction with the houndary 
layer i11 the SF6 and according to t,he l~ytirodyr~a.rr~ical conditions (h8Zach number and adiabatic 
coefficient values), this transmitted sliock bif~~rcates .  In Fig.5, one clearly sees the lambda shock 
structure. The bifurcation height increases as the shock moves in thc SFG. Othcr simulatiorls 
of the interaction of a shock wave wit11 side wall boundaries in a shock tube have already 
been carried out. Good agreement between nllrnerical results and experimerltal measurements 



;ivailabl(. i l l  thc  l i t  (,rat urc. i n s  I)ec.n c)l)sc:rvc~tl {l11 

\\'c also calculated velocity versus tilllc ;it 161 I ~ I T I I  arrd 17'$..5 I ~ T ~ I  ( i o~v~ i s t , r ea~r~  tlr(> illit ial 
irrterfacc. i~bscissa. Experiment.al LD.A rncasuremerlt,~ cl(,arly slro\v tile t ~ l r l ~ ~ i l c l i t  s tage  of tire 
ln ixi~ig  zorle a t  t l ~ e s c  al)scissas. LTr~fort.uriatly. tlicsc, 2D ~ir~rncrieal  sim~llat . io~rs tlitl 1101 alloiv 11s 1.0 

ol~scrvc. tur l )u le~i t  tIr~c:tuat.ilrg \-cloc.ity. I t ,  is 11rol,;1111y ti11e to  [Ire rctst,rictio~l to t lie I,iditne~rsiollal 
{;eorrrc>f.ry. 

5 .  Conclusion 

>!-D rlumerical siiiiulalion of  t 1 1 ( ~  fluid ills[ ;iljility of a s1ioc.k-;~ccel(~riitcci si~rgle-rrrotl(> intc~rft~cc~ 
1)ctween a l i g l~ t  fluid alld an heavy one slro~vs flow patt vr11 \.($I.). simil;rr t o  oul~crirrrcwtal 1)ict urcs. 
I;i~ri,herrno~.t,, 1111mcrical a11d exl~crilllenti>l alnl)litudc grocvt.lr ratPs are  i l l  gootl agreclr~c>llt aritl 
;.re d(:ca,yillg in tirrle in  ;I similar way. 0 1 1  orlo I ia l~d,  this c.o~ril)iiriso~i SIIOWS t.Iial 1v11ct11 t.11r 
( x1~erirlrental i~rit.ial rorltlitio~rs (an~l~litutl( .  and \vavenl~~nt)cr of tlic 2-11 pert ~lrbiit ion) arc, well 
krlo\v~r, i t  is possil)lc t,o si~ii l l lat ,c~il  acc.~iri~tc,ly. 0 1 1  t,lrr ot1rc.r Iianti, llris 1.cs111t aliows t,o c-o~ic.liidr~ 
that  frolit tracking is ]lot rrecessar~- to  o l~ t . a i l~  good agrc.c~r~rc~~lt xvitlr cx l~ t~ r i lne l~ t s .  Iiitic~c~I. in 
t l ~ o  cod(. rised. nrixirig is descril~cd 1))- n co~icr>lltrat ion. Tlresc c.o~lclusiolls :rrcT still \-;xiitl Tor 
I-nlltirnotlc 1tXI cx l ) c r i~nc~r i s  l)cl.for~uctl ~ I I  a SO X 501,1111' s(lllilr(' c 1 . o ~ ~  sectiori S I I O C I ~  till)(,. 
? i ~ ~ n ~ e r i c a l  sirn~~latiorls of t l r e c  c s p c r i ~ l ~ e i i t , ~  also s l ~ o ~ v  t l ic .  irlfl~lcrlce of t u r l ~ ~ l l r l l t  I ,or~~itlary 
lilycrs on Inran flow velocity m c a s ~ ~ r c d  i r l  t,llc middle of t , l ~ r  t.ul>c. 'Turl)r~lent 1)ouncIary 1;~yers 
confine t h c  flow arid accc.lcratc i t .  111 3-I) si l~rulatior~s,  tlicxsr effccl,s coulti I)c c.oln])ared with 
exprrirnents or1 a quarititative Tvay. h r t  l le r~nore .  3-11 s i n ~ r ~ l a t  ions s l io~~ l t i  l~c r r~ r i t  1.0 o11,5crv<% 
t ~ r b u l e ~ i t  f luctuating velocity. 

References 

[ l ]  Riclit,rliyer R I ) ,  ( 'omm. 1'11rc Appl. .\,li<tli., I :l. 297. ( 10601. 
[2] i\Ieslikov EE, lzv. Acatl. Sri .  IISSR I . ' l ~ ~ i t l  1)yli.. . l ,  101, (I!)Ci!) ) .  
[:I] 'Tiiylor GI] l'roc. Soc. I,ondon, 201, 192, (1!)30). 
141 Galarr r r t ,~  I, 1)c~lorlis C;, T h o r c i ~ r l ~ c ~ .  XfII, !<a?-er C ' .  I1otlrigr~c>z ;incl 1~la;is .Jll'; I'roc.. o f t  lie 5tlr 

I l ~ t .  \Vor:orksl~op on t lle Pliysics of (:onil)rrssibl(~ 'I'url)i~lelrt Alixillg, Stony Urook, S Y ;  editctl 
11y 11. Yollrlg, .l. ( : l i~nm and B. l3osto11, (1!)?16). 

[S] .Iourdair G ,  IIouas L autl Hilliotte 11. I'hys. Rev I,(xi.l.. 78. I T , % .  (1997). 
{G] i3oliazza I < ,  S t ~ ~ r t c , v a ~ i t  13: I'liys. Fluids, 8, 9; 23!)(i. (IO!lG). 
[7] I\leycr T<:l arrti Blc\vrtt 1'.J, 1'11ys. F'li~ids, lc). 75.3, (1072). 
181 ( > ~ O I I ~ , I I I ~ I ~  1,l); LVcli~i(!r h fF>  P I r ~ ~ s .  1~111it~s :\. 4 ,  S? 1821, (l!):)?). 
[O] 13altrusaitis 1114, ( : i t l i ~ i ~ s  R4L. \Yc;r\.er Iil'. 13crr.j;iriiin l{F anti Rutlzi~lslii . l , I ,  I'lrys. Fliiitls, 8. 

9; 2.471, (1996). 
[l01 Grow, .J7.'. Ilolrr~es R, S l ~ a r p  1)II. Yalrg Y :  %I~ang  C), I'lrys. Iicv. I,ett., 7'1. :I.17:l. (1993).  
[l l ]  Miigler C :  C:aut,llier S ,  Hallo l,. Aul)ert S. .+\Ir\l\ I'apcr. !)ti-2068. XCTV OrIear~s,  (IO!Ki). 
[l'] i\tldcsio F L ,  Ba111~1gardl1c.r . JR .  I )u l i~ \~ ic . z  . l l i ,  .lohlrso~l NI,. liaslii\.a BA. R a ~ i c ~ r l z l i : ~ ~ ~  ItA1, 

Zelnacl~ C, Los i l la~l los  Itc,port. I,~\-lOCil:3-;\1S, ( l ! I Y O ) .  
[In] Zaytsev S, ~Zlrsllili A ,  1,axareva 1.:. Titov S, ('l~c.botarc:\;a I<, Ilozanov V,  I,c,11o I .  l)enrc.i~r~iko 

V: Proc. of tlic 3rtl Int .  \ \ o r k s l ~ o ~ )  or1 tlic~ Physics of (:orrlprcssiI)lc '1'11rl~ulelrf. Tklixirrg, Itoy- 
aumo~i i , ,  Franc(,, t he  exl)c~rirnclital s t l~ t iy  of a t , ~vo - t l i i r r c~ r~s io~ i i i l  Rh11 Iras t o  11e ~~nI)lislrc~ti ,  
(1991). 

[l41 Poggi I?, corrlmunicat,iorl ill this \vorltslrop aliti T'oggi 12. .l'irorrrnbey h~I11, Iioclriguoz arrtl 
1l;ras JF ,  I l-'I'rZhI Sy1ii1). or' \.arial)lc Dc~rsiiy I,o\v S~)ectl  ~ I I ~ I ) I I I ~ I I ~  Flows. l\~fai.seiIlc, ( 1!)96). 



Turbulent Mixing of Two Fluids Moving in 
Gravitational Field 

V.E. Neuvazhayev 
Institute of Tecllnical I'hysics 
456770, P.0.245, Snczhinsk, Cllelyabirlsli region, Rl~ssia 

Abstract: Two fluids of different density 1nove i r ~  gravitation Iield with different velocities 
relatively one anotller. R e y ~ ~ o l d s  number is large enough, tl~crclforc the interface collapses and 
turbulent mixing takes place. .~\n;~lytical forrui~la was cleri\-cti for width of mixing zonr dcpertd- 
ing on distance and initial paranlcters of a problerr~. Coli~parison with know11 espcrirncllts of 
G.L. Brown and A .  Rozllko [2] and O.V. Yakovlevsky [ l ] .  In these experirnents tlie ir~fluence of 
gravity acceleration can be neglected. 'l'he consent of the theory with experiments is received 
not always, as well as the consent of experi~nents anlong thelnselves. 

1. Introduction 

The work is dedicated to theoretical study of turbi~lent ~ilixillg resulting from combined i11- 
fluence of shear and gravitational (convective) instabilities (Fig.1). The theory is based on 
semiempirical model using equation of balance for kinetic energy of turbulence. Source giving 
birth to  turbulent ~ n i x i r ~ g  is specified through iricrernent ohtairied as a result of studying resis- 
tance to  srnall perturba.tions of ir~itial flow. Separately the both phenomena have bee11 studied 

in detail. In the sirnplest case whcrl there are t.wo incompressible flows moving along axis :r 
with different \,elocities lil and [I2 the interface between these flows is gets ti~rbulent,  and the 
mixing zone width increase linearly according t o  tlie law 

where X - is a distance from point z = 0 in which the flows adjoin, a, is some constant 
determined from experiment, A, = m. If two incompressible liquids are in gravitational 

More informatiorl - Email: nio3@eco.ch70.cheI.su 



fiel(l go ill ur~stal~lo posif,io~~, w1lc.11 tile lic~avy liquid is al)o\.c f,llc ligllt ono, 1,llol~ t,li(! ir~tc:rfaccl 
i i  dest,royed and subsecluclitly cvolvc~ according f,o cll~adraf,ic law: 

T l ~ e  laws ( 1 )  a,nd (2)  can I)? ol)t,ainecl fro111 ge11cr;il t iclibc~atio~ls proceeding fro111 arlalysis 
of dimc~~sional  constarlts which leads to  e s t a l ~ l i s l l ~ ~ ~ c ~ i t  of the fact that the  l~ot l i  motioris if 
c(3nsidered separatkly are of self-silrlilar ~iature. Here a general case is considercct wlien two 
flows with different derlsities are n~ovirlg with respcct to  each other in gra\~itational field go 
perperltiicl~lar to their i~ltc,rfarc. 

In tlie paper a forrnula for gencra! case of flows lllovirlg in gravitatiorial field is obtained. It 
is constri~cted for tlie case when there is i ~ ~ i t i a l  rlo~r-zero roligll~lcss L": 

The formula presentat io~~ (3) ohtai~ied leads to the law of evoh~t,ion of shear mixing of flows 
with different dc~lsitics. In a particular case of zero ac:celeration the forrr~ula (3) has tlic fo r~n:  

T i i s  case was investigated ~ I I  rxperimerits 1,). O.\'.Vako\-levsl.;y [l] and A.Hosl~ko [2]. 'flie 
theoretical depend~rlce obtained agrces wcll wit11 cxperirrie~lt a.l resl~lts a t  -4 < 0 wI1el.e results 11y 
different authors agree. linfortunately. a t  .4 > 0 the exl)erime~ital res~rlts disagree. 'I'hcrefore, 
additiorial c~xpcriment.atio11 is ~lecdetl to verify va1idit.y of formula (4) .  

2. Conditions of instability and balance equation for kinetic energy 
of turbulence 

1rl:itability conditior~s are ltnown i l l  the cast: under study i r~cre r~~er l~ ,  w, cl~aracterizing evolut,io~i 
of small perti~rbations in time is 

Balance equation for kinetic energy of turhi~lericc is t a l t e ~ ~  in the form proposecl l ~ y  Prar~dllc. 
anti I<olmogorov: 

- 
dpl/,2 p - - likPk aP - 8  , 

28t + dzk 8 . r k  dn, 
- p ' c L k ? L , y  - ?L!,- ,  if;) 



U,, = ,U,, + LA , p = p + p. T l ~ c  balance equat,io~i is supple~ric~ited bp avcragcd equations of 
hydrodynamics. Closute contlitions arc determined according to Prandle hypotllesis: 

where D = 114 and D,, = l,\< - arc coefficients of t i~ r l )u l r r~ t  tliffusion and velocity: respectively, 
1 = NI,, l ,  = 0 I .  For inco1npressi1)le liqliids ill(: final syste~ri of equat,ions l ~ a s  the form: 

11 a  PI,';^) = ,,gq 
5, (P\!*) + 7. + diffusion and adtlitiolial terms, 

- Y 3?1 ' 

v is a new empirical constant. Hereii~aft,cr t,llc averaging sirubol is drol~ped. 111 turbulent mixing 
theory tlie ulidcrlined ternis irl t,hc right part of halar~ce equation play a decisive role as source 
terms. Their value is specified using: 

3. Approximate integration 

A s s ~ ~ m e  that t,url,nlcnt velocity i r ~  t i i rect io~~ .r does *lot deper~d o11 y: % = 0. 'l'hen for 

coefficients: D = D(.r); D,, = 1),(.r). Making another assl~rl~ptions obtain finally ttvo equations: 

If initial data  lie on the straigl~t line, then t.lrt, gc~leral solutior~ will I,e rclatiolishi1~ (.'I). 
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4. Comparison with experiments g = 0 

In [2] and [ l]  the effect of flow diffcrent densities on mixing ir~tensity detcr~nined by derivative 
d,: was studietl. In [2] flows of nitrogen, Iielium, and air were considered for difrercnt, veloc- 
ities ant1 for different corr~hinations. Three cases were provided: l )p l  = p2(.4 = 0); A, = 

I , ) ) ;  /l, = 0.75. The 0.75; 2 ) p l l p z  = 7; (.4 = 0.75); :2, = 0.75; 3 )p l /pz  = 117; (/l = 0."' 
e:<peri~nentsof 0.V.Yakovlevsky [l] were carried o11t for Atwood numbers -4 = -0.18; 0; 0.515 
anti for different A, within tlie range 0.25 < .4, < 1 .  It was fount1 that a t  .4 < 0 mixing is more 
intensive than at A = 0 (identical densities) and at  il > 0 it is less intensive. Experimental 
results are presented in Fig 2. arid Fig.3. It is swri that agreement wit11 the experiments takes 

Fi;:ure 2. Drpendencc) of jet inclinat,ion g on A, for variotls Atwood numbers .4, go = 0 csperi- 
1'2 2 

ment,s from 121, @ for .4 = 0; + for A = 0.75; * for A = -0.75; - - - for ,4 = -0.75; - formula (4) for 
11 = 0.75. 

Figure 3. Depender~ce of jet ir~clinatiorl 9 on .4, for various Atwood nulnbers A.  go = 0;  experiment,^ 
from [I], (3 for = 0: * for A = -0.18; + for A = 0.515; - - - fortnula (4)  for A = -0.18: . . . formula 
(4) for /l = 0.515. 

place when intensity increases, i.e. a t  .4 < 0. Let us consider the a~ialytical depende~lre deter- 
milled by formula (4) .  Unlike ltnown dependencies ([ l ] ,  [2]), the key feature of tlie depe~idence 
proposed is illat ~llaxirilum width of a jet (at fixed -4, > 0) is achieved at  certain negative value 



of Atwood number which is equal to  .4, = - 

This feature seems t o  be natural. In extreme cases, when Atwood number .4 = f 1: i.e. 
incompressible fluid moves in parallel with a fluid of null density, flow is stable according to 
formula (5). Therefore, there are no turbulerlt mixing and mixing intensity g is equal to  
zero. This follows from formula (4). Unfortunately, the theoretical inference on existence of 
maximum inclination was not verified experimentally because of lack of sufficient information. 

Fig. 2 and 3 illustrate the comparison between theory and experi~nents. Fig 2 presents the 
experiments from [2] and Fig.3 - those from [ l ] .  The experiments of 0.V.Yakovlevsky [l] well 
agree with theory. As to  the experiments of Roshko [2], one can say about the agreement only in 
the region where A 5 0. When A = 0.75, there is a significant discrepancy which remains non 
clear. Maybe, in the experiments [2] the influence of the initial conditions took place (initial 
turbulence, initial roughness, etc.) resulted in overestimated inclination of turbulent mixing. 
One more note should be  made. If in (4) we turn from X to  %: 

Figure 4. Dependence of jet inclination g on Atwood number A; * Roshko's experiments [2]; + 
Yakovlevsky's experiments [l]; - formula (20). 



Thus, intensity g deepends only or) iltwood ~ ~ l ~ r n l - ~ f : ~ .  ancl achic~\:c~s its rilaxi~nl~rn vallle a t  .A = 0, 
cvllen flows arc identical density. F'ig.3 tlernor~st.ratcs t . l~c c,omparison will1 the experiment on 
dependence of intensity $$ 011 .4 for different Atwooti rn~rnbcrs. \$'hen .'l > 0. results of t,11e 
~experirncnts [ l ]  and [2] disagree. Like Fig.2, Fig:{ slrolvs thc essential diffcre~lce between t,lleory 
< ~ n d  r~s i l l t s  of the experiments [2], ~vlreri .,l > 0. 

[ l ]  Yako\~levsky OV, 011 Issue of 'l'urbule~it Mixing %OIIC Width at Interface of Two Gas r<'l'lows 
of Diffcrent Velocities and J)e~isities, lavestiya A N  SSSR, Techrrical Sciences, 0; 15:1-155. 
(1  958). 

[2]  Brown G],, Rosliko .+l, On density effects ant1 larg-c, struct,tire in f , ~ ~ r b u l e ~ l t  ~rlixing layers, Fl~iiti 
hlecli, 64, 4, 775-815:(1!)74). 



Non-Linear Stage in the Development of Perturbations 
at a Shocked Interface 

V.E. Neuvazhayev and I.E. Parshukov 
Institute of Technical Physics 
456770, P.0.245, Snezliinsk, Cllelyabinsk region, Russia 

Abstract: The problem concerning the develolxne~lt of the perturbations at, the sllockcd in- 
terface is considered in approxi~nation of t,hc action of i~npulsi\re ac.celeration or1 t l ~ c  interface 
between two ideal inco~nprcssihle fluids. h r  nun~erical study vortex rnethotl is used. Tlie regu- 
larities of i~~te r face  evolution during the linear and ~lonlinear stages are obtained. A quantitative 
estimation of linear t,lieory applicability is given. The approach is descril~cd which allows to 
obtain the estimation of compressible fluids int,erface development, describing both initial and 
~ l o n l i ~ ~ e a r  stages. Comparison with sorr~c experi~nex~tal and ~lurrierical results is given. 

1. Introduction 

When a shock wave passes through i~lterfacc between two media any small i~~te r face  pertur- 
bations begin to  grow (Richt~riyer-Mcshlcov instability) [1,2]. 111 tliis paper the prohle~n is 
considered in approxi~nation of tlie action of impulsive acceleration or1 the interface bctween 
two ideal incompressible liquids. An effective numerical rncthod based 011 the reprcscntation of 
fluids interface by a vortex sheet [0-51 is nscd. So~rie gencral regularities of the interface evo- 
lution in nonlinear stage, tlctcrmi~leti by tllc 11l.wood ~ i u r n l ~ r r  .+l anti init ial interface arrll)litude 
no, are obtained. 
Pre\~iously [6] the applicability of vortex technique for approxi~na t ,~  description of the develop- 
~nent ,  of single-u~ode perturbation of interface bet,cvc~en co~npressil)le gases after the propagation 
of a plane s t a t i o ~ ~ a r y  shock wave was  show^^. 
Vortex ~rietliod being used provides correct de~cript~ion of the nol~lincar stage of the Richtrnyer- 
Meshkov instability for the ca.se of compressible fluids, hut it does not describe ari initial stage, 
when tlre shoclc wave is still in the vicinity of the interface and the cornprcssibility influence 
is still essential. An approach is described that allows for tlie specific initial conditions of the 
problem for compressible media on tlle basis of computat.ions of correspondi~~g incompressible 
case and linearized gas-dyr~arnic equat,ions to  obt,ai~l the est.irnation of interface development 
and thus describing both initial and ~lo~iliriear stages. T l ~ c  idea of such approacli was p r o ~ ~ i p t e d  
in [ 7 ] ,  however its implcmentat,ion in [7] hat1 in our opinion sorile s l~or tcomi~~gs ,  that we t.ried 
to eliniinate. This approach was a1)plied to  describe the experimer~t.~ [S]. 

2. Incompressible fluids: Impulsive acceleration 

Consider a two-dimensional problern 011 the I~ehavior of interface between two infinit,rly deep 
ideal incolnpressiblc liquitis, when the affecting acceleratioll has the form g ( t )  = 7 J S ( L ) ,  where 
b ( t )  is the Dirac delta filnction. li > 0 corresporids to the case wlien the shock wave passes from 
lower half-plane into upper one j11 tile djrect,iorl of axis y. The initial interface per tu rba t io~~ is 
y = n o c o s ( k ~ ) .  The densities of fluids occupying the half-spaces y < 0 and y > 0 are p, and (12, 

respecti\~ely. The linear theory [ l ]  ( n k  << 1) gives follo~ving depe~~dencc  of amplitude growth 
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where .4 = (pl - p 2 ) / ( p l  + p 2 )  is the Atwood number. 
However, since some ~ n o n i e r ~ t  colrditio~i ak << 1 is always heirig violatcti, a ~ i d  the lilroar theory 
becomes in;tpplical)le. It is necessary to solve tllc systcni of ~iolllir~ear eql~at io~is  tlescril~irig the 
initial problem. The  problcrr~ is stutiied ~n~rnerically using vortex ~ i~e t l iod  [3.4]. The opportunity 
and peculiarities of tecliriiclue application for the case of impulsive acceleratiori wcrc sliolvr~ in 
[S]. 
S o n ~ e  general interface devclopn~cnt regularities in the nonlinear stage arc obtained. For 1.41 = 1 
xndencies of the spike velocity to  co~istaiit value and hubble velocity to  zero are discovered. 
For equal initial conditions, tlie spike velocity for il = $1 (when cliangc of interface phase 
i.akes place) is Inore t l ia l~ for '4 = -1. The quantitative dcperidencc of perturbation growtl~ 
].ate (especially ~ioticeahle for spike) on iliitial perturbation amplitude is observed. When 
aok -i 0 the nonlinear spike velocity ,U, + 1.9ZnokC'. It is obvious that if one considers 
interface developmerit not separately for light and 1leal.y substa.nces but for total arnplit,ude 
( a  = 0.5(a, + ( l h ) ;  wliere U, and a* are t,lic coordinates of spike and bubble, respectively), t,lie 
law of a~npli tnde growtli is ohtairietl similar to  ( l ) ,  arid t.lie diffcrelrce of obtained for advarrcetl 
1101ilinear stage anlplitude growt,h rate fro111 Richtmyer's for~rlllla is depcndrnt or1 nok vali~e. 
The prob le~r~  about the border of tlrr: liuear stage of i~iterface e\~olut,ior~ is co~lsidercd. For t,lie 
:mall values of no deviatior~ of spilie ant1 bubble development fro111 linear laxv (1) takcs place 
i~lrnost sirr~ultaneously, I ~ u t  as the initial arriplitudr i~icreases, one (:it11 observe faster deviation 
of blibble (in co~i~par i sor~  wit11 spike) from the linear t,lieory. It is important to  consider spike 
i.nd l~ubble tlevelopmerit separately, especially for absolute va.lltes of t,he Atwood nnmher close 
to 1. On  the basis of cornputations one can infer that the linear theory is al)plicable (xvitliin 
the error of IOtlie nlorne~it, n711c1i thc ratio of bubblc a m p l i t ~ ~ d e  to witvelcngth bccornes crlrlal 
to 0.05-0.1. 
For IAl < 3 spikc and I~ubble grow1.h rates arc al)l)roacliirrg zero. For this case the deper~dr:nce 
cf tlie law of spike velocity cliangc on initial pcrt,urhatio~i a~npli t~ude was discovered (there 
exists a critical value of initial pertl~rl~ation amplitutie a: slid mlic~i a(] < G ; ; "  sl)ilte velocity 
grows only withill a finite tirne interval). I r i  all cases the reductiol~ of intc>rface growth rate at  
no~llinear stage follows thc law close to  lit. 

2;. Account of compressibility 

Itichtmyer [l] showed that after sniall transitiorl stage, gronrtli rate of total amplitude is ap- 
proximately constant in time. For sinusoidal perturl)at,ion y = aocos(kr)  1ir1ea.r theory [l] gives 
approximate growth rate of a~npli tnde 

where I/ is the increrrierit of interfacc velocity, imparted hy the shock, :l a ~ l d  a(O+) are the 
Atwood nurnl)cr and the perturl)atio~i artiplit~lde after t l ~ e  shock, respectively. S o ~ n e  t i ~ n e  after 
the shock wave lias passed througli the interface, the gases call be apl,roximately considcrcd 
a:; incompressible fluids. Compressil)ility is esselitial in some vicinity of t l ~ r  shock wave and 
is taken into a c c o ~ ~ n t  only as change of initial pcrt~~~.b;ttiori a ~ n p l i t l ~ d e  which for the case of 
the shock wave propagation from light substance into heavy olle is give11 by tlie approximate 
for~nula from [l] 

C L ( O + )  = &(I - I J I U ) ,  (:J) 



where D is the velocity of iricidcrit sl~ocli wave. 
7'11e cor~tlit~ior~ of the lir~ear thcory applicabilit,y (nk << l )  is not  net freque~itly in real rxperi- 
ments for large times, where noi~lincarity p1aj.s all essential role. l!sil~g approxinlation of gases 
interface as tlre interfacc of ideal incomprcssihle liql~itls allows atiditiorlally, rernai~~ing within 
the frarneworlt of impulsive Ricllt,rnyerls   no del, to take illto account nonlinearity of the process 
under investigation. 
In ap~)roximatio~i of iricornpressil~ility we compute the, ~)rohlerr~ with initial data n(O+), k ,  .A, l,', 
~vherc 11. 11 are obtai~ied as the result of solving one-dimensional problem for ideal po1ytrol)ic 
gases, a(O+) is fo~iiici from (3 ) .  As it was st~own in [S]; s11cl1 apl)roacl~ gives corrcct, description 
of iriterface growth rate at  the ~ionlincar stage, hnt the initial stagc is described incorrectly, 
since i11 i~icompressible case growth rate char~ges inst.a~ltly and spasmodically as t l ~ e  result of 
impulsive acceleration, while in co~npressil~le case there exists the finite transition period of 
getting a specified velocity vall~c. 11, was vcrifictl in [6.9] 1)y thc csamplc of conlputatiorls of 
a series of test problems, where ql~alitativc and qnantitative agree~ncnt was ol~srrved between 
compt~t,ational vortex results a r ~ d  results ohtaineti ac-cortiir~g to t,he gas-dy~~alnic t,echr~iclues. 

4. Comparison wit h experiment 

111 [g] thc behavior of air-5'176 ir~t,erface is c-onsidered. i\ plane stationary shocli wave wit11 
Mach number M = 1.2 propagates from air to  ,715 (i.e. from light substance illto heavy one). 
I~lcidcnt shock wave velocity /l = 108 m/s,  the interface \~elocity i~~cre~ller l t  I T  = 66.6 ni/s, and 
postshocked .eltwood riurnber is :l = 0 . 7 .  The initial am1)litude ant1 the wavele~lgth of the 
interface pertur l~at io~l  arc no = 2.4 m m ,  X = 37.5 rnni (a/X = 0.063 ) .  
Approximation of ir~cornprcssible fluids in similar cases is quite al)plicable, sillce the growth 
rates of interface perturhat,ions arc s~na l l  il l  cornparison with the speed of so1111ti ( L , / c  % 0.1, 
where c is a 1niriimu111 value from the values of speed of sound obtained or1 bot.11 sides of irlterface 
after the  shock). For thc: case of tlic sl~ock ~ v a \ ~ e  prol~agation from light, substarlce i r~to I~eavy 
one, accordi~lg to the computatio~lal results [5,G], tlie formula of Kic:l~t,rr~yer gi\.c:s t l~r ,  upper 
lirnit for t l ~ c  value of the ir~itial g r o ~ \ ~ t l ~  ra1.c of total amplitude, the11 the rate decreases in time. 
Results of cor~~putat ions of experi~rielit [S] are ~~reserl t rd i l l  i'ig~lre 1. Also for cornparison, 
the rlu~nerical results [l01 arc given, w11c.1.o it is stated that  for thc first tirrie f,l~e quantitative 
agreement ~vitli experiment is ac-l~ie\-cd i r ~  tr>rrns of coincitlcnce of the growth rates of interface 
total arriplit~ide. The \,alue o f  vclocit,y ol)tai~~c:tl i l l  the cxpcrirncnt is 11 9.2 m/s. However: 
the computations show coi~sitlerahle d(,crease of vcslocity i r l  time. At a final ~ n o ~ n e r i t  t = S00 
nlc:s growth rate is less 1,ha11 ~r lax in~um initial value by a factor of 2. 'I'iie coinc.itl(:ricc in [l01 
is obtained for the velocity averaged over t hr. perioti of slrj)crvision f r o ~ n  300 up to 700 mcs: 
that takes place also ill our calculations. Such coinc-itlcnc-c, o f  average velocities is, apparently, 
accidental since it depends hot11 on the processil~g ~r~c t ,hod  ancl on the timc interval of a\reragi~lg. 
We have good agreement betwee11 the reslilts for the total a ~ n p l i t ~ i d e  obtained with different 
~lumerical t.echniques. For total an~pJit.~~de: sigrlificant shift is observed bet we er^ the experin~ental 
and computatiol~al curves; wliicl~ is exp1a.ir1c.d i l l  [ l  01 11y the possible effects of tlie rnelnbrano. 

5. The nonlinear theory 

The rnost of theoretical worlts, stutiyil~g the Ttichtmyer-Meshlcov i~istability, are focused on 
solving the linearized Euler's eqliations and can not describe tlie ~ ~ o n l i l ~ e a r  stage of the interface 
development, though in some cases they allow to irnprove the formula of Richtmyer (2) for the 
li~lear stage. 
111 [7] analytical expressio~~ for thc. g~.owth rate of ul~stable irlt.crfacc in the case of corrlpressibl(: 



Figure l .  Simulations of experiments [X]: 1 - spike, 2- bubble, 3 - total amplitude, 4,4' - linear theory 
(fbr incompr~ssit~le and colnpressiblc rases, respectively), - - - - result [8], 5 - result [10]. 

fluids is prescnt,ed and agrcv,ment with con~putat,ions [l01 is obtained. The result has the form 

where for incolnpressible case v,,,, = aoEAU, and for compressible case v,,, is talien from the 
al~propriate  con~putations of t,he linearized gas-dynamic equations like [l]. The form of func- 
tional F is derived f r o ~ n  the theory of inco~r~pressible liquids, since at  the nonlinear stage (when 
the shock wave has alrcady retreated far enough from the interface) the fluids Inay be approxi- 
~ n a t ~ l y  considered as incompressible (colnpressibility is essential only a t  the initial stage). The 
nllmerical simulations of experiments [S] using this formula are presented in [7] and agreement 
with numerical resulfs [l01 is obtained. 
111 our opinion in [ i ]  there arc sevrral controversial issues in derivation of (4) .  To l~uild F 
a~ithors  of [7] 11sc5 their theory of pertrrrhations in the form of Taylor series with respect to  the 
a~llplif.ude of tllr, initial pert~lrbation a~i t l  Pade approxi~llatiori of this series. It is linown from 
cc~rnputations 311d theoretical reasons that t l ~ c  int,erface growth rate tends t o  zero wlierl t + m. 
Knowing the  1)ehavior of required func:t,ion near t = 0 (taking the finite part of the series) anti 
a t  infinity; authors of [i'] l~uild an approxi~r~at,ing fi~nction as a rational fraction with respect 
to t .  But its for111 esscntially depends both on a number of the series terms taken into account 
a rd  on the character of approaching zero a.1, infinity. It is obvious, that available data  are not 
sufficicant to construct such f ~ ~ n c t i o n  reliably, since there are rnany functions (not only rational 
fractions) wliicl~ meet the specified co~iditio~is it1 zero and in infinity and give essentially differ- 
ent results for tlie finite values of t ir~terest,ing to  us. 
111 thc case of incompressible liquids the vortex method allows to obtain rather precise results, 
which, however, show essential disagree~ncnt, with the formula (4).  As it was mentioned above, 
our conlputations show that for large times tendency of velocity to  zero has the form I / t ,  while 
(4), for example for expc,riment.s [8], gi\,es 1 / t 2 ,  that  actually Incans that interface amplit,ude 
becomes constant that (toes not agree wit.11 ~iunlcrical si~nulations a.11d experiments. 
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Our approach consists in finding the functional P from vortex computations of incorripressible 
case with initial data  A,  M, aok. And we obtain three functionals E',, i = 1,2,3,  describing the 
development of spike, bubble and total amplitude r e ~ ~ ~ e c t i v c l y .  
For the  case of ideal incompressible liquids the developnlent of iriterface may be written down 
in the following general form a = a(nok, U, A, t ) .  Taliillg into account the invariant properties 
of hydrodynamics equations it is possible to  write down for fixed values no,A 
a = E'(vokt) (where v. = aokAli) ,  and respectively v = a a l a t  = voF'(vokt). 
Thus, construction of estimate of the  Richtmyer-Meslikov i~istability development for the in- 
terface between compressible fluids involves the followi~lg stages: 1) computing linearized gas- 
dynamic equations (for example as it  is in [ l ] )  we obtain v~,,,; 2) for values A, k, li,a(O+) 
appropriate to  the initial problem we calculate (using vortex method) incompressible case and 
obtain the required dependencies for spike, bubble and total amplitude v,/vo = I;,(uokt), where 
vo = a(O+)kAU; 3) as the result we obtain the estimates in the form v,  = v~,,F,(v~,,kt), 
i = 1 ,2 ,3 .  
This approach is used t o  describe experiments [g]. The  result is presented in Figure 2. For 
small t ime values Fi are closc to  1 and the behavior of interface is specified by v),,. And when 
v,,, gets the constant value, the development goes as in the i~lcon~pressible case. For large times 
one can observe distinction in the character of change of growth rate of the total amplitude if 
compared with results of [7,10], where the decrease of ,growth rate in time is faster. 

In May 1996 at  the .Joint Conference of Computational Mathematics held in S~lezhinsk 
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Figure 2. Simulations of experiments [8] (interface growth rate versus time). Incompressible case: 1 - 
spike, 2 - bubble, 3 - total amplitude, 4 - linear theory; 1: 4: the same for compressible case, 5 - result 
[7,10], 6 - RAGE. 

the results of computations (code RAGE) of the mentioned exper~ments were presented by 



Dr. ' I .  ildalns from Los .A lanlos a ~ ~ t l  t 11(,y arc also gi\-c11 i ~ i  I:igl~rc' 2. 'l'licy art' i ~ i  good agrec- 
ment with our results. 

6. Conclusions 

' r h e  problem of the pcrtnrbatio~l tie\~elol)~nent at, the interface 1)et wee11 t,wo itl(!al inc:o~~rprcssil)le 
i c l ~ ~ i d s  under the effect of i ~ n p ~ ~ l s i v e  ac:celeratior~ dcsc:ribes al)~)roxilnately t,l~tr tievc~lopmcnt. of' 
.lie sliocked gas-gas int.crface. ' r l ~ e  rcsults obt,ai~icd arc confir~ried q1ialitativc3ly and q ~ ~ a ~ ~ t i t a -  
~,ivcly 1 1 ~  ~iurnerical simulations usir~g other tecll~~iques and expcriinents. 
.Yumerical s i r r~~~lat ions using vortex mct l~od  allowed to obtai~l  ~.c%gularitit,s of interface tlevelol)- 
~ n e n t  within nonlirlear st,:tge in relation to the iriit,ial contiitions of t , l~e ~jrol~leln. 
It is shown that. in studies of tlrc: nonlinear stage of tllc Kichtmyer-Mcsl~lm instability onc 
:;liould follow the developrne~it of sl~iltes ant1 bubbles sepa.rately, cspecially for tllc cases with 
,Itwood nurnbers close to  1. It is possible to ~ n a k e  t,he cor~clusio~l tliat t l ~ c ~  linear theory is 
applicable up to the moment wlien the ratio of amplitude of bubble to the wavelerigtl~ beco~nes 
e q ~ ~ a l  to  0.05-0.1. 
The offered method of the estimation of the interface t ie \~elol)~i~e~it  based 011 appropri- 
ate comp11ta.tions of the incornpressil~le case and linearized gas-dynarliic equat,ions allows to 
describe both initial linear and nonlinear stages rather precisely. 
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Numerical Simulation of Turbulent Mixing in 
Two-Dimensional Flows 

V.V. Nikiforov, Y.V. Yanilkin, Y.A. Yudin, G.V. Zharova and V.A. Andronov 
Russian Federal Nuclear (lentre - Inst i t~l te  of Exl)erinlerit.;t1 Physics 
Prospect Mira 37, 607190, Sarov. Nizl~ny Xo\rgorod Region, Russia 

1. Introduction 

Numerical results for turl~nlent mixing in vario~ls one-dimensional and two-tiirnensional flows 
a.re presented in this prcseritatiori. (lornputations were carried out. using the one-dimensional 
\'II<HR code and the two-dimensional EGAI<-1' numerical method. The multi-parameter tur- 
bulent mixing rnodel of iTiliiforo\~, wliicli was prcvio~~sly rcalizcd witliin tlie VII<HR code, now 
is numerically im~~lementcd  within tlie EGAI<-\I code. Co~nprltat,ional results were compared 
with available experimental data. 

2. EGAK-V method for numerical simulation of turbulent mixing 
wit h multi-parameter turbulence model 

Tlie general from of the EGAK-\I equat~on system is presrnted below in cylindrical coordinates. 
Equation for averaged quantities are as lollows: 

* Equation of ~notiori 

a 
- ( p c )  + dru (p;?;) = - V P  - drea?, 
d t 

* Equation of continuity for co~nponents 

a 
0% p + d ~ v  ( a , p l t )  = d ~ u  ( P I ) V ~ 2 ) ,  z( 

* Equatio11 of conser~ation of ~ o l u ~ n e  for corripo~le~lts 

* Equation of energy for colnponents 

d @ 
- ( a , p e , )  + dzv (a ,p t , cZ )  = dzv ( p D V a , c , )  - /j,P,dlv (C - G )  + a , p & ~ .  
d t e  

Viscous stress tensor rr.r has four components in two-di~nensional case 

1::; 2 : 1 where u,k = a:A = 2 p $ @  , 

More information - Email: otd03-2305~~4s~)cl vni ief . r~~ 
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@ = ( I L : U : )  + ( P ' , t ~ j ~ ~ : )  - full kinetic t ~ ~ r b u l e l i c e  energy. 

i < c l ~ ~ a t i o ~ i s  for t u rbu l e r~  t quanti t ies:  

+c,: f ,  g (ll'l(j1 + + 
7 1 

+ c :  ( R )  { k  j - 7 1 2 ] 2 )  + ' & l  ( - 1) (1.1 :l -1 

1 1 
R )  f ( - 1 0 ~ l g l )  +?W (c: - S(i)) ieS4, + 

3 
+cE2p ( R )  {20k11 ("11 - I )  ( - g )  -1- 
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Here we introduce the following additional notifications: 

where ;(U], u2)- velocity vector; p - average density of medium; p, - density of the i-th component 
of medium; e, - specific internal energy of the i-th component of rnedium; P - average pressure 
of medium; P, - pressure of the i-tll component of medium; i3, -volume concentration of the 
i-tli component (p, = \ i /V) ;  a, - mass conce~ltration of the i-th component (a ,  = h.I,,"14); E - 
viscous dissipation rate for turbulent energy; e:- components of velocity component fluctuation 
tensor (e: are denoted as e:); I/;, - components of deformation rate tensor; w'(wl, w2)- velocity 
vector for turbulent mass flow; R - relative mean square for density fluctuations; 1/11, VZ2, 7/ ;3  - 

components of deformatiorl rate tensor; E - rate of viscous dissipation of turbulence energy, u, = 
& / e T .  Here and below indexes 1, 2 indicate longitudinal and radial con~ponents, respectively. 
Transport terms II, being divergences of third order tensors, have a quite bulky form. Therefore, 
i11 the original version of the numerical method we use a diffusion approximation for t h e ~ n  in 
the following form: 

1l,k = dio ( D F V E ;  - G?:), rI@ = diu (D$v@ - G@) , 

We have adopted the followirig expressions for coefficients: 



(l!] ?L9  
C''' = ef cos2 p + 2t:yi cos sir1 p + c:' sin2 p, COS p = - s ln 'p  = -. 

lwl ' l [L) l 
i?' is a cornporic~~l of the tensor r , k  in a loc.al coordillat,c, systern 'vvt~cre o r ~ e  of t.lle axes coilicidcs 
W t h  tlic directio~l of tllc turbulent mass flow. 

- + 4 = :l S + (.17 - .4s) [l - y (p)] . 

nrtcre y (9) = (1  - ) 9 = S / ( p ~ p l r @ ) ,  S - llcat corld~lctivit~, 1, E - scale of 
tu~.l)ulence. Diffusior~ coefficicllts are: 



Diffusior~ coefficient D in equation of contir~lrity for components and in equation of energy 
is assumed to he equal D = DT in twc-dimensional case instead of I )  = G l  / 1.4 in onc- 
dimerlsiorinl case. Such assumption seeius to he more accurate for a ?D cornputat,iona -1 lnethod 
f,ecause turbulent ~ n i x i ~ i g  Inay take place even i11 tlie case wllerl both ($1 and 1.i) are equal to 

I I 

zero (for example, tarigential disconti~luity of t,he velocity on tlie interface hetwee11 two fluitis 
with equal densities). 

3. Numerical results 

Numerical results for si~nulat~ion of turbulent rnixing in Lrarious one-dimcnsio~lal and two- 
dime~lsional flows are presented I)elow. These co~nl>~~ta t ions  were carried ant using the one- 
tlimensional VII<HR code and the two-dimensional EGAI<-V code that is a two-diine~lsional 
simplified version of the multi-parameter   no del irriplernented within the VII<IIIL code. Co~npu- 
tations with the EGAK-V code were carried out on a fixcd computational grid. One-dime~~sional 
computations were used to test tlie two-dime~~sio~lal code itself. Nunlerical siir~ulatio~lof gravity- 
arid shear-driven turbi~lent mixing in pla~le geon~etry and Richtmyer-Meshlio~~ i~~stabi l i ty  ill 
cylindrical geometry was carried out with the EGAI<-V method. Obtai~ied results are in good 
agreement with results obtained earlier with tlie VIIiIIR and E(:.AI<-T ( the X: - 5   no del) codes 
[l]. For two-dimensional computations obtai~ietl resi~lts are sliowr~ ill form of isoljr~es of volr~me 
concentrations. Compiltatio~lal results are compared with cxperi~nerits where such data are 
available. For all computations, if not ot,l~erwise stated, l~ouiidaries of the turhule~it mixing 
zone were tleter~ni~led from the volume conce~rt.ratiorl levels /j = 0.01 and P = 0.91). 

3.1. Gravity and shear driven turbulent mixing 

Two incompressible fluids were separated by a plane interface. The gravity acceleratioil g was 
directed norinally to the interface. Tangential discontinuity o f t  he velocity A71 was set on the 
interface. Normal component of the velocity was assumed to he zero. Note that g call have 
either positive or negative sign so that the flow can be either stable or unstahle regarding tlie 
Rayleigh-Taylor instability. Tlie ThlZ growth with time for differeirt signs of g is illustra.ted 
by Figure 1. It can be shown that for g  > 0 the mixing zone grows faster that for a merely 
gravit,y- or shear-driven mixing case. For g  < 0 the T!WX growth slows tiown and finally stops 
with t,ime. For the latter case t,he TMZ width should be proportional to i l r ~ ~ / ~ :  

Coefficient .*l can be deter~nined fro111 c o m p ~ ~ t a t i o ~ i s .  Three EGIZK-V computat,io~ls of gravity- 
and shear-driven t,urbule~lt mixing case were conducted for g  = $10; 0; -10 and Au = 6. Tliese 
coniputations fully corifirrn theoretical concepts regarding the character of the TMZ spreading 
(see Figure 1). All flows wit11 g < 0 became stable with time. Coefficient A determined 11y the 
EGAI<-V metlrod turned out to  be A 5/6. 



Figure 1. Dcpende~lcr of T.MZ width L 011  tinlc, t for gr<~vity- and slrear-driv~n turbulent lrlising 
(I3GAK-V). 

3 .2 .  Slanting interface 

The computed configuration is show11 in Figure 2. Tllc slanting interface betwecrl air aud 
1lt:lium was locatccl on 20 cm from the right rigid wall ancl it had the ampli t~tde A.1:/2 = 1.2 
cm and the wave ler~gtlr 24 cm. The hlacir 11uml)er of the incident shocl< wave was 21.1 = 1.3. 
For heliurn tlic equation of statc, for perfect gas was used wit.11 adial~atic index 7 = 1.63. Air 
parameters corrcspondcd to rlor~nal co~~dit ions.  h r  tile collsidered ~~roble rn  experirlie~lts wit11 

shock interface rigid 

Figure 2. Initial geometry for 2D computations with slanting interface. 

the slanting interface between air and 11eliu1n wcrc co~tdt~ctcd or1 a sliocli tube 11y Meshltov's 
team [2] .  The  experi~nent.al data ol)tni~~c,tl i ~ i  t.hesct c x l ~ c ~ i ~ n e n t s  allow to uscl t,his prohlern as 
a ~ e l i a l ~ l e  test for liumcrical t,echniclucs. Earlier t.11~ hllMOZ.4 and ITI<T, corr~l)utations of tltr. 
11roblem were carried o ~ ~ t ,  [2] .  l?igure 3 s l ~ o ~ v s  isolir~es of \.oln~ne corlcc~~t,ratiorl /l = 0.01 and 
13 = 0.99 plotted on the frarnc photograpl~s of tllc flow ol~tailleti i ~ i  t,l~e csperirlle~~ts. 111 this 
Figure contours of volumo co~lcerltratio~ls ol>tai~led i11 the EC:.~III(-rI' cornputat.ion (tl~c, X: - c 
model of turbulent mixing) is plotted 11y 11laclc line, anti contours of voh~me concentratiorls 
ob;ained in the EGAI<-V comput.ation - by tvl i i t~ line. T'lie obtained ~lurnerical results are 
consistent for all numerical tecllniques ( i l l c l ~ ~ d i l ~ g  the MIMOZA and VI<L codes). Moreover, 
thcbir comparison with the experimental data ;11so shows satisfactory agreemer~t,. Howevor it 
should be noted that  all above-mentioned ~ n t ~ n t r i c a l  tecllniql~es (including the E(;tll<-\r code) 
faiied to describe properly the progressio~i of a "hril" in the lower part of the flow. 111 the 
upper part of the flow some differer~ces ca.n also be seen as Inore rapid movement along the 
wall obtained in the computations in cornparison with the experiment. At  present there is IIO 

justified expla~lation for these differences. It is possi1)le that presence of the hour~dary layer in 
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Figure R.  Expcrimcrital fralnr photographs of slantir~g interface e\,olution with calc~~lat .~d isolines of 
volume roncent,rations (EC:.Al<-'Y alld EG.Al<-V computat,ions). 

the experiments affected tlic flow neai the  walls. Xote that the cornput~tions were carried out 
in assumption of ideal sliding 

4. Conclusion 

Numerical i11vestiga.t ions of turI)~~lc:nt mixing in various one-tiirnensioilal and two-dimensiorial 
hydrodynamics flows wore carried. Co~nputations were conduct,cd with the one-dimensiorlal 
VII<HR code and the two-diinensional EGAK-V code. 'I'hc multi-parameter turbulent nlixing 
model of Kikiforov, whicl~ was previo~~sly realized wit,hin the VIKHR code, now is numerica.lly 
implemented within the EGAI<-V code. Numerical results were presentet1 and discussed in this 
prese~ltation. They MWrC coinparf.rl with al~aila1)lc cxperirner~tal data. Good agreement between 
the VIICHR code and the F:G!Zl<-\[ code was obser\~ed for one-dimensional flows (gravity-driven 
turbl~lcnt mixing and cornpl~tations in cylindrical geometry). For ttvo-dimensiorla.l modeling of 
shock tube experiments the E(:AI<-\[ method gave results t,lrat are consistent with the exper- 
imental data. In concl~ision, it can he surll~narized that developed compt~t,ational t echniq~~es  
allow to carry out numerical simulatio~i of turbulent mixing in the wide range of one- and 
two-dimensional hydrotiyilarnics flows with reasonably good accuracy. 
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Stages of Richtmyer-Meshkov and Rayleigh-Taylor 
Instabilities 
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A b s t r a c t :  'I 'l~e report p r c s c ~ ~ t s  t l ~ c   result,^ fro111 studyillg the r~onlinear st,age of the dcvelol)- 
mcnt of Richt~r~~er-Mcshltov anti Raylc>igh-7'a)-lor insfal1i1itir.s. Tllc sirnulations have bren made 
wit,li tlic, I~elp of 21) and 31) (.ode "NliT" [ l ] .  The criteria for t l ~ e  transition to thc  tur1)ultlice in 
atcort1a.11c.e lvith tlifferel~t \ralues of the At,wootl anti llac:11 nl~rr~lters and the iriitial paral-rreters 
of tlict I~ertur l)at io~ls  (aurplitudc arrd slial)e) have bee11 foin~d ljasing on the prrforlrled simula- 
t,ions. We have also fount1 the te~nporal  tlepe~idcnces of the amplitude arid mass growl11 and 
the pertur1)at ion circulation. 

1 ,. Modeling of the Richtmyer-Meshkov instability. Comparison wit h 
the shock tube experiment 

The NTJT code was bee11 11sctl ill n~~nier ical  n iodc l i~~g  of the Kh'f iristahilities a t  the gas b o ~ ~ i i d a r y  
for thct cases: I )  lt'r - X c  jiltwood 1111rrll1er O.1SS); 2) .At. - Xc (Atwood n ~ ~ r n l ~ e r  0.535); 
3) H r  - X e  (Atwood mlrnher 0.94). 'I'lie init.ial prcssurc, i r ~  hot11 gases was 0.5 bar. At 
the contact l~our~dary  t,he si~lusoidal perturl)atio~is lverc I)roduced. The perturbations liact 
t11'~ form Z ( T )  = no * co.s(k * .c )  + Z,,. ~ . I i e r c  X. = 2irlX. MTe \-aricd tlic perturl)at,ion initial 
amplitudes and wal-cle~~gtl~s as ~vell as !,lie .llacli nu~iiber ~ I I  tlie shoc.ltwave. The gas pa.ra~neters 
were taker, i l l  accordarice wit11 the exl)erimc,t~t,s made at Iirzliizhauovsky Power I~lstitute. 7'he 
l~ertilrl)ation development stro~igly d e p e ~ ~ t l s  on tile listed para~rleters. Belo~v are give11 t.he 
c x ~ m p l c s  of such calculatio~is. Fig. 1 i l l~~stsatcs  the dc\*elopl-rlcr~t of ~)e r tu rba t io~i  ~vi th tlie 
wavelcl~gtli of X = 3.6ctn anti the ilrit,ial a~~l j ) l i t~ lc I (~  (tlic distance fronl tlie "l)otto~n" to  the 
"top" of tlic l ~ e ~ t u r l ~ a t i o ~ l )  of no = l o r ? .  'l'o tile left one call see tlrr tcrli1)oral depentiencc 
of tlie p e r t ~ ~ r b a t i o ~ i  a~npli tudc for the gas pair /<I. - .Yf: to tlie riglit - for :lr - X c .  Thf: 
(101s s l~ow tlie cxperi111enta.l data  [ l ] .  Tht. left fig~lre also shows t l ~ e  r c s ~ ~ l t s  ol~taincd for such 
I>erturl)at,io~is at Courant Ir~stitutc,, I:niv. of N(:w York (dotted lint,). One can see good 
a g r ~ e m n l t  Iwtween tlie ca lc~~la ted  and experimental data.. The dotted line in the right figure 
sho~vs the amplit,~ltle temporal dc~jrridcnc:r for a "solitary" p~r t~urha t ion  ( the side 1)oundaries 
wcrc shifted ljy lialf of t l ~ c  \vavcl(tngtli). 'I 'l~e soliti line ill~lstrates tlie "sinusoidal" pert.urbatio11. 
Fig; 1 also shows the deiisit,y isoli~ies for :lr - .Yf' at 100ps. Figure 2 illustrates t,lic temporal 
tlc1)(~rdenccs of arnplitucl(, of contac.1 hounti;rry for gas pair l r t  - .Ye and different wavelengths 
such as X = 3.6cm, X = 2:1cm, and X = 1.2cm. Thc initial amplit,lides were sul>l~osed to 
1)e eclual no = lon. In tlris case an "ulircgl~lar" regime of perturl~ation growth is observed. 
U'c can see that tlie growth rat.c, is the same for tlie riiffrrent wavelengths. The dotted linc i11 

fig. 2 shows the experimental data ohtailled l ~ y  S.G.Zaitsrv3s group from Krzhizha~iovsky Power 

More informatioll - Email: nikish1n#4~~~in1an1od.msk.su 
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.\toy( cm! 

Figure 1. Comparison 2D results: a) I i r  - Xe b) ,  c) A r  - X e .  

Institute [2]. To the left side of the figure one can see the cornparison of the results obtained by 
"NUT" code with experimental data  anti with results of the group of scientists from Moscow 
Institute of Physics and Technology [3] for "u~lregular" case ( X  = 0.8cm. a" = lcm).  Fig. 2 also 
shows the density isolines for one case from the set of the describing problems. It is seen the 
similar amplitude for different wavelengths is observed a t  the same time. Numerical simulations 

cxper. 
(%h)  

Figure 2. He - Xe 2D interface; "unregular" case. 

with different initial forms of the perturbation such as sinusoidal, triangle and parabolic was 
made. All perturbation had the same initial mass. left Fig. 3 shows density isolines for these 
cases at  the  time moment 4 0 0 ~ s .  Fig. 3b,c illustrate the temporal dependences of amplitude 
and perturbation mass. We have carried out the series of numerical sinlulations of multimode 
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Figure 3. Different forms of initial perturbation 

initial perturbations in 2D geometry for tliffcre~~t gas pairs. Fig. 4 ~)resent,s such numerical 
r'esults for H c  - >YE i ~ i t ~ r f a c e .  111 the first case pert11rl)ation ~llodes are i11 tlle samc I~hascs ( 
ol = +0.5cm, X I  = I.ticrr~ ; n2 = 1 ~ 7 7 1 ,  X:, = 3.6cm ) and i l l  the sccor~d cast,  nodes arc i r ~  tlic 
opposite phases. ( a1 = -0.5cm, X I  = 1 .8on  ; (12 = I o n ,  X 2  = :{.firm). 'I'he distance l ~ e t w c r ~ ~  
spikes was equal 2.7cm. Tlie growth rate of the c o ~ ~ t a c t  boundaries was the same for these 
cases (sce fig. 1). Below the resl~lts of 3D sirnrilations of IIf. - X e  gas pair p e r t ~ ~ r l ~ a t i o n s  are 

Case l ( t = 3 0 0 ~ ~ s ) '  Case 2  ( t = 2 5 0 ~ s )  

Figure 4. H e  - Xe 2Il  multimode pertrlrbations. 

presented. ( 'o~~tact  bourldary between interacting gases has the h a r ~ n o ~ i i c  form: Z ( z ,  y)  = 
(11 * c o s ( e z ) c o . s ( c y )  + Z,, wherc We took into account three cases of iriitial perturbation: 1) 

a1 = I o n ,  X, = X, = 7.2cm. The R'lach nu~nber  of incident, sl~ock wave was equal to  2.5. 2) 
n l  = O.Slr?n, X, = X, = 3.6o-1, and = 3.11. 3 )  (L, = -O.!)lcrrr, X,. = X, = 3.6cm arld !V = 

3. 11. \.1'e hitve compared our rc:sults with ~lurncrical soh~tions obtair~ed by Prof.l).Youngs (AWE: 
Alderrnasto~~, IT10 arlti rxperiment,al data. Figurcx 5a shocvs t , i~ne dependencrs of alril,litudc for 
l ) ,  2) and 3) cascs. Solid lint correspo~~ds to t l ~ e  "NI.!'I"' solutior~ and t,llc "crosscs" present 



the results of Prof. D.Youngs. At the middle of this figure t . 1 1 ~  experimental data  obtained by 
Zaitsev's group are presented [3] .  Right figure 5 exhibits tlre isolines of average concentration 
alone OY axe at the loops. One can see a good agreerilent between these r e s ~ ~ l t s .  Besides 

Amp(cm) Crise 3: M = 3 l I .  a,, 

3 * 7 E \ ~ ~ e n m e ~ l t n l  
/ - 

/ data (ENIN) 

110 PS 

= -0 91 cm. i. = 3 G c111 
.l\,eragzd S e  volume fraction 

t = 1 0 0 ~ ~ ~  

Figure 5. Co~nparisoll I l c  - .Ye 311 results (ENIN!IMM,A\5'E) 

we have started tllc numerical simulatioils of ~nultilnotic three dirn~nsional pert,urhatio~ls. We 
divided all region (area parameters: 7.2 X 7.2cm) on six subregioris. \Ye assu~ned that, tliesc 
s ~ ~ b r e g i o ~ l s  were formed with the help of tlii11 wires. Two wires were put alone OY axis (at  
z = 1.2cm and .c = 3.6crn) and a.notllcr onc alone OX axis (at y = 2.4cm). We supposed 
sirn~soidal initial perturbation in all subregions. Initial anlplitucie i l l  each subregiorl is cllosen 
according to tlic law: %(X, y) = , . Z , j * s i n ( + ~ ) s i l ~ ( & y ) ,  L t 

YJ 
wllere :l,, = 0 . ! 1 1 d m / 3 . 6 .  Ilsing 

subregions pararnctcrs was i~r,xt: 11,)1 = 1.2c1n, I'l",.a = 2.4on, = 3.6cm and I1,'yl = 2.4cm, 
IVY, = 4.8cm. Fig. 6a show averaged co~lce~itration at  200/1s, ohtail~etl Ily "NIJT" code. l'lie 
right illustration presents temporal dependences of amplitutle "NIiT" results (solid line) and 
AWE results (points). 

Average Concent!alion ' = Ss Avcraqc Concentration 
alone S dvprhon Machz 3.11 alnnb Y- direction 

Figure B.  Llultilnodr I I c  - ,Yc 3D  result,^. 



2. Rayleigh-Taylor instability modeling 

I11 this section rve consider t,l~e contact l~ou~it lary I~et~vecri gases i r i  tlic* field of const a ~ i t  accelera- 
:ion g. We assunne the heavy gas (rvitli de~isity to  be  disl)osed at, t lie top of tlicl regioli. Lklorv 
..he light gas (with dei~sity 01) is placed. iltwood number is equal /l = m (for inconlI~ressil)le 

/ ' 2 + 0 1  

case). 

1,et the initial perturbation contact boundary lla\-~. t l ~ e  form Z,.,. = Zo + sin(L.:r). M'liere 
tao is tlie fill1 a rnp l i t~~de  fro111 the "bottorn" to the "spilie" of 11o11ntiar)-, i; = 2 ,, ' 1s tlic walrcl 
~iurnher. We suppose that, the value kn(t) to  be tlic "currcr~t age" of t h ~  s t n ~ c t , ~ ~ r e .  Hencc kclo 
is the i~iitial age of structl~rc. In the casc of zero initial velocity tlic aniplitl~de growth rate il l  

linear stage is clianged with accordaricc the law: a ( t )  = nOch(yot )~  where yo = is classical 
i~icrcrrient of the Rayleigli 'I'aylor iristability (RTI) under cont l i t io~~ I;ao << I .  

Gases is submittc~d the isoe~itropic state equation P,, = B,Tp3, (ci = 1,2) .  We takc pressure 
11 and dcr~sity p near interactive area frorri simulations of Rltll. IIsing stationary Euler equation 

with the constant acceleration along 0% axis we can ol~tain tliat p,(z) = [p;l-'(0) - U]&. 
?B., 

7-1 

entl P,(a) = [pRT(0) - ,W]*, I11 n~ltnerical sin~nlations we set t11e initial p a r a m e t ~ r s  rvitli 

accordar~ce to  these forri~ulac 

Mre consider next proble~r~s s e t ~ ~ l )  for gas pair AT - .Ye : case a )  g = 0 .02r r~ /n /~~s ' ,  1',04 = 
0.18(GPn)0-4 and casc l ) )  g = 0 . 2 ~ s ~ r r 1 / ~ 1 s ~  = l . s ( ( > l ' i ~ ) ~ ~ .  Wave Iwgth a11d iniit.ial a n -  
plitudc are the same for bot11 cases ( X  = 24/n/n, ail = 3m7n). A t  li11ea.r stage thc forrnula 
a ( t )  = a,)cl~(yot) is true. It allorvs to coniputc t hr. v a l ~ ~ e  of effective ir~crernerit RTI 7, as func- 

tion of relation n( t) /no : 7,  = fin[$ + d-1. We oht.ain a good agreemcr~t between 

numerical effect,i\.e 3, and theoretical KT1 i~icrement yo = in these cases. Also nlnnerical 

Figure 7. RTI; density isolines at 30 /LS. 

sirnulations was carried out for the compressible gases (like case "h" which derisity isoli~ics is 
sllown a t  the top of fig. 7). 

111 next section we made more detailed colrlputations, for c.xample, in co~npressihlc gases 
va.riants. Easy to u~idersta~id:  the influence of co~npressibility is characterized by tlie scale : 

L,., = C ~ ( O ) / ( ~  - l )g,  where c, is adiabatic soulld velocity. Initial pressure distribution niay 
9/[7-1) 

11e rewritten i r i  t11e follow form: p,,(:) = p,,(O) [l - &] . For less entropy Ilravy gas like 
Xe gas in early described connputations have LCI zz 201nm anti a t  thc time the amplitude grcrv 
up to value IOmm. It is advisable to  start t.xploration of weakly compressible gas for detail 



analisys the  dependences of RTI cliaracteristics which depe~ided from the stmcture age and 
including for the checking of analytic theory formula ( k a  << 1). We carried out computation 
with B1 = 1.35, P0.4(0)  = 2.F, and g = 0.05 (system units see above). Tlie value LC1 was 
equal to 1 5 0 m m  for this case. We took into account the traditional gas pairs -41. - X e  and 
He - Xe with Atwood numbers 0.535 and 0.941 corresponding. Wave length was 36mm. The 
arnplitudc of perturbation on developed stage was rcached =:50mm. LVe obtain the  formula 
for evolution the periodic s t n ~ c t u r e  0x1 linear stage. 'I'he expressio~is for the 1rion1t:liturn P and 

TPhravyYfla 
velocity circulatior~ C on "halfle~lgth" area arc cclual to  : P = - 

2k2 
t h ( y n t ) I l ( k a / 2 ) ,  

2ayo C = - - t h (y f l t ) ch (ka /2 ) .  Fig. S shows the computatio~lal results for impulse P (subfigure a )  
k  

Figure 8. Momentum and circulation versus ku for linear stage 

and circulation C (suhfigure b). 'I'he solid Iinc is theoretical res111ts and squares is t . l~e numerical 
data. One can see the perti~rbation growtli follows the linear theory for ka  5 1 and afterwards 
it rejects from this theory. Magnitude of circulatiorl is the i n ~ p o r t a ~ l t  thirlg to describe sliding 
velocity and it may be predicted up to non linear stage. Indeed, like theory says g = 2rZga, 
where a = aoch(y t . )  Obtained from numerical si~riulations value g has a marked difference 
from expression 2Aga f l ch (yo t ) ,  but it is practically equals expression 2Aga ,  where a = a ( t )  
is amplitude value getting from this computation. This fact we car1 see at  figure 9. Some 
distinguish for case "b" connect with "falling" the spike of the heavy fluid on the botto111 of 
the computatio~lal region. Wc nlay compute circulat,ior~ C: with the hell) obtained characteristic 

F~gure 9. Comparison of the theoretical and numerical results for d C / d l  versus ka  for different Atwood 
numbers a) A = 0.535 and h) .A = 0.941. 

velocity 2 and corresponding curvc length from "bot to~n" to "spike" of the pert,url~atioll. If 
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the vorticity s t n ~ c t u r e  in the "mushroomlike" region developed not so strong We Inay take the 
chord length 11 ~nstead of valuc L. Results of tliese tests is shown on figure 10"a", "b" for 
different Atwood numbers. Here by square is marked numerical results for expression C, by 
crosses we mark expression Ldaldt  and by stars we mark another one for .Ada/dt. One can see 

Figure 10. Comparison different forrnulac for circulation C versus k a  for a) A = 0.535 arid 
b) .4 = 0.941. 

for case lLb" the "musl~roorn" don't presented and both approximated expression was the same 
as numerical results. For case lower Atwood riu~rtber ( case "a") the  perturbation has a great 
"mushroom" structure and only thc value Lda ld t  is fitted t o  numerical results. 
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Gaseous Layer in Plane Stratus Cumulating Systems 
Numerical Study 

P.N. Nizovtsev, V.A. Rayevsky and V.P. Soloviov 
Russian Federal Nuclear Centre - Institute of Experimental Physics 
Prospect Mira 37, 607190, Sarov, Nizhny Novgorod Region, Russia 

1. Introduction 
Gasdynamic systems assigned for energy concentration increase (curnulatilig systems) oftenly 
use alternating layers of light and heavy materials. When compression wave is propagated 
towards decreasing layer thicknesses, the front wave pressure and specific layer energy are iri- 
creasing. These systems are used either for gasdynaniic thermonuclear inertial fusion [l], laser 
fusion or for the devices accelerating plane liners to  high velocities used for high energy den- 
sity physics [2]. Gasdynamic energy transfer from layer to layer is accompanied by growth of 
perturbations initially presented in any system. Perturbations grow intensively when heavy 
layer is accelerated by light gas or when layer is decelerated at  lighter layers, that is when 
Rayleigh-Taylor instability is realized. Perturbations growth in l~ydrodyriamic instability con- 
ditions is the main reason of cumulating devices effectiveness drop. Perturbations propagating 
intensiveness depends on initial conditions-layer surface beriding arid density difference. 111 
many cases of practical value the main source of perturbation growth is heterogeneous pres- 
sure in conlpression wave accelerating the layer. Under these conditions acceleration of initially 
"ideal" smooth layer is accompanied by perturbation growtli. Perturbations transfer from layer 
to  layer depends on many factors such as: initial sys te~n  geometry, perturbation wavelengtli, 
layer substance density gradient, layer material strength. Perturbation propagation from layer 
to layer may he completely supressed a t  specific combinatio~i of system parameters. Tliis phe- 
nomenon was registered by A.D. Sakharov, A.I. Davydov, V.P. Pheodoritov. We liave studied 
numerically perturbations propagation from cascade t o  cascade in plane geometry. 

2. Results of calculations 
The simpliest case of interaction between substance layer arid bended rigid wall via light gaseous 
layer was dealt with. Initial geometry of system under investigation is shown on Fig. 1 .  At 
the initial time period substance (titanium) layer of 0.05 cm thickness and gaseous layer move 
towards rigid wall with U. = 8 km/s velocity. Perturbation of a = aocos(2ry/A) is specified at  
rigid wall surface. The calculation simulates the position where titanium layer is accelerated by 
significantly heavier and more dense substance layer. Fig. 2 shows the diagram of layer ~notiorl 
without perturbations (one-dimensional calculation) and dependence of pressure a velocity on 
titanium boundary on time. 
Maximum gas compression is zo/x, 27.8 (zO, 5, - initial and min gas layer thickriesses), 
provided that  sound density and velocity in it are p, 0.136 g/c1n3, C, 12.6 km/s. Fig.3 
shows perturbations amplitude at  titanium layer surface contacting gaseous layer, for different 
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X values, vs 1,irnc'. 
At groat wavelength (X/.c, >> I )  si~npl(, ~)c.rturl)ation refiection occurs. When wavelength 

l.'igure 1. 111itial system configuration. 

is shortened, one or Inore pressure perturbatior~ wavcts happen to travel towards O Y ,  provided 
that pressure perturbation value at  titanium layer surface cl~angcs the sign. As a result: pertur- 
bation of titanium threshold position changes the sign 1.0 the opposite one. Titanium strength in 
this area vaguely effects perturbations propagation. In shorter wavelength area. (Xlx, 2 - 5 )  
pressure perturbation at  layer surface cllanges the  phase se\~eral tirr~es as titaniurn layer is re- 
flected. 
As a result, instability propagation for several wavelengths (X - 0.7 - 1.8 cm) in t i taniu~n 
layer is noticeably decelerated. Strength effect i11 tliis area 1)ecornes more evident. (Fig. 4a, b,  
c). Fig. 4 shows the anlplitude of perturbations on tit.aniunl layer surface in time a t  different 
strength: continuous linc corresponds t o  Y = 0.1 GI'a, hroken line - to  Y = 2 GPa. 
One of the peculiarities of this wavelength area is change of sign of perturbations at  plate sur- 
face, wavelength 1)eing slightly changed. It s110uld be noted that perturbations sign changes as 
well when the initial amplitude is cl~angcd. At the first sight it, co~ilti be viewed as a paradox 
that for several I values (Fig. 4c), when st,rengtll is increased, perturbations amplitude value 
grows. This is a result of corr~plex interference of waves in gaseous p natter. 

In the area of X/xm 1 and shortcr wavele~lgths pressure pi~lsatior~ period rp X/cm is sig- 
nificantly shorter than specific reflection t i~ne .  Abovt, all. perturbations growth time at  the 
expense of Itay leigh-Taylor i ~ ~ s t a l ~ i l i  ty beco~nes sul>stan t,ially low. 
In this wavelength area st,rength has the ~ n o s t  cvidcnt stabilizing effect. Propagation of per- 
tu rba t ion~  emerging from the rigid wall a t  the area of very short wavelengtlls (X + 0) for ideal 
liquid layer is out of question as soon as turbulent rl~ixture occurs in it ,  which leads to  complete 
destruction of t11c layer. 
Actually, turbulent mixture layer width for specific reflection t,irne will hc n 0.4 g 7,212 - 
3.18 (-y - 1)x, - 0.7 cm, which significantly exceeds titanium layer tl~ickr~ess. 
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3. Discussion of results 

The most characteristic of perturbations propagation through lightgas layer is multiple change 
of perturbation phase depending on wavelength. Fig. 5 shows relative perturbation amplitude 
(a( t ) /ao)  vs wavelength rated to  n i i ~ i  gasdyna~nic thickness (X/x,,) for the time mornentum 
t = 20 ns. 
It can be seen that for determined wavele~lgth va luc~  (X/T,  - 40; 3; 2) perturl)atio11 amplitude 
converts to  zero. This can be explained by interaction of several waves iri gas with accelerated 
la.yer. At short wavelength area perturbatio~is deprrssio11 call be due to layer strength. For 
ideal liquid i~lcdium the nature of perturbation propagat.in11 from cascade t,o cascade via liglitgas 
layer is deterr~iiried by relationsl~ip of three cliaractcrist,ic time values: 
- reflection time TO - ~ : L . ~ / C ~ ;  

- time of compressioll wave circulatio~i over t l ~ c  gas layer perpendicularly to motion T, - Xlc,; 

- pertl~rbation growth time due to R,ayleigh-Ta"1or instability T, - $E. 
In case of T,  << rt perturbation amplitritie is doubled when reflection occurs. When TO - T~ and 
r, 5 T, suhst,antial perturbation depression is possible due to  intcractio~i of comprcssion waves 
with rarefaction waves in gas llavi~ig thick layer. Wlie~i  r o  >> T, , perturhations grow rapidly 
thanks to Rayleigli-Taylor insta1)ility. In this casc perturbatio~i depression is possible only due 
to  thick layer strength or viscosity. Subs ta~~t ia l  strcngtl~ effect in the above case manifests itself 
at X/z, < 2.78 ( X  < l cm). Practical significance of t,he above results is as follows. If the  most 
"dangerous" pertur l~at io~ls  wavelcngt,li is k ~ ~ o w n ,  ol,timu111 liglit ga,s layer thick~less (or density) 
selectio~i is possible only at precise gas para~nctcrs sclrctio~i. The resn1t.s arc to some extent 
true for spherical cumulati~ig syste~lls as well. 
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Figure 2. Charact,eristics of 7'2  lay^^. mot,ion 

Figure 3.  Pcr t r~rba t ions  arr~plitudc vs time for different X .  1) 0.5 c111: 2) 1 cm; 3) 2 cm;  4) 5 cm; 5 )  10 
cln; 6) 20 cm;  7) l00 cm. 



Figure 4. Perturbations amplitude 011 Ti layer surface in time at different strengths. 1) Y = 0.1 GPa; 
2) l' = 2 GPa. 
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Figure 5. Relative perturbation amplitude on Ti layer surface facing gas layer vs wavelength for time 
momentum t = 20 ms. 1) Y = 0.1 GPa; 2) Y = 2 GPa. 
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Measurements of Turbulent Richtmyer-Meshkov Mixing 
on the AWE HELEN Laser 

K. Oades 
AWE(A), Building Cl5,  READIKG, Berkshire. RG7 4PR, Englantl 

Abstract: T l ~ e  growt,l~ of the turbulent mixing zonc at  a Riclit~riyer-11Zeshkov ~ ~ n s t a l ~ l e  ir~terface 
is hcing investigated in a series of experi~nents on the HF:I,I*:S laser. 111 tlie expcri~nent, two 
beams of the laser, delivering a total of Y00 ,J in a 900 13s Gaussian pulse, are usctl 1.0 lieat 
a gold liolilraum target. This produces a radiatio~i tlrivc ~vliicli ca.llscs a sliock to he  driven 
d o w ~ ~  a tliiri-wallet1 tube, ~ n o u ~ l t e d  011 the end wall of t,lie liolilraum, \vliich contains two plastic 
foams, of tlensitics 0.2 g c~n-"nd 0.03 g cm-3 respectively; the shock being driven from the 
high density to  the low density matcrial. A rantlom three-di~nensional per tur t la t io~~ is added to 
tlie interface between the two foams by forrning the foams against ;t pre-cliaractcrisctl surface. 
hleasuremr~ril.s of the width of t , l~e t ~ ~ r h u l e n t  1nixi11g zone are ~nat ie  via, X-radiography, by sccding 
tile int.erface wil.11 a highly opa.que tracer layer with a Illass ~lrgligillle compared to that of the 
foams. Infor~nation on the distril~l~i.ions of tlie rilaterials within the ~nixing zone can Ile olltai~ied 
by using spect roscoj~ically distinct materials for t11r foams and tlie tracer layer 

1. Introduction 

The growth of Riclit,~r~yer-l\lesl~l<ov instability [ l ,  21 in tile ~iori-linear and fully turhl~lcnt rcgin~es 
is currently the subject of widesl)reati invc~st,igatiorl, 110th experi~nental [3. 41 and tl~voretical 
[S, G] .  -An experi~nent lias I~ec:n designeti for t , l l c>  AWE HELED: laser, in whicli we ail11 to 
measure the growth of a turl~ulcnt mixing zoue iriitiated hy Riclitmyer-Meshko\, instability at  
the interfact between two low-dcnsify foams. The ultirnatc airn of the, experirne~~t  is to use 
spectroscopic methods to measure the intiivitlual ~naterial distrihutio~ls witlii~l t.l~is t . ~ ~ r l ~ u l e n t  
mix regio~i for co~r~parison witli rnodcl ca lc~~la t io r~s .  111 this way it should also he possible to 
adtlress issues such as the: relat.ivc, growth rates of I )~~hl) l rs  arld sl~ikes. Foallis, not fi~ll-dclisit,~ 
material, are used to give accel)tal)lo X-ray t.rarismission tlirougll the rclati\rc:ly wide target, 
which is necessary to rcdl~ce prol~lerns due to two-diniensio~ial effects. Tlic target design is 
sl~own in Figure 1 .  The target colisists of a 11n1r1 long two-section tulle with all internal 
diameter of 400 micro~ls. Tlie first section of t11l)c corit,ains the higher density foarn, triacrylate 
at 0.20 g cm-3, ~vhicli is c:ontained xvit11i11 25 micron t,liick gold walls to  reduce lateral energy 
losses and maintain the planarity of the sliock. T h e  second section of tube contains lower 
density foam, triacrylate at  0.04 g c~n-". contained \vithin a plastic-walled tulle, with a wall 
tllick~iess of less than 10 microns, to allow X-ray diagnosis a t  photorr energies of around 3 
keV. Tlic length of the first tube scct ion is 200 ~nicrons, and that of the sccor~tl section is 800 
microns. A random three-din~erisional perturl~ation witli an rnis aniplitude in the range 3 - 

5 microns is for~ned on the i~it,erface by crcati~lg a s~l i tablr  surface or1 a thin plastic barrier, 
characterising this on a Laser Scanning h,ficroscopc, and forming the two foa~ns against it in 
situ. A typical power spectrum ohtainetl from the ~ i ic~asurc~i r~c~~t ,  of tile i~~t.erface barrier is sllown 
in Figure 2;  destructive cliaracterisatio~i of sample foam surfaces created in this way Ilas shown 
good replication of the original surface. For t l ~ c  ~)relilr~irlary ~n~a.sc~rcrr~erits reported here the 
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Figure 1. Schematic of the Richtmyer-Meshkov experiment target design. 

Figure 2. Power spectrum obtained from Laser Scanning Microscope measurement of interface. 

barrier consisted of 1 micron of Parylene-N, and this was coated with a 0.1 micron thick disc 
of gold, with a diameter of 300 microns, t o  act as an opaque tracer t o  identify tlie width of the 
mix regiori. Future targets will either use a lower opacity tracer material with spectroscopic 
absorption features matched to those of a foam dopant material or two doped foams with no 
tracer layer. 

2. Experimental 

In the experiment, two 900ps, 450J laser pulses are used to heat a gold hohlraum target. 
This hohlraum produces a radiation drive, with a peak Planckian-ecluivalent temperature of 
approximately 132 eV, which drives a shock wave from the solid plastic ablator into the  foa~n- 
filled tube. The shock passes through the foam-foam interface from the dense to the less 
dense foam after approximately 7 ns, resulting in a post-shock Atwood number of -0.6 and 
an iristantaneous acceleration which gives the interface a velocity of 35 microns/ns. Previous 
experimental work [7] and two-dirnerisional liydrocotle sirnnlations confirm that the shock arid 



Gth I\IIPCTM - ~ I A R S E I L L E  . T I T N E  1997 - Oades 

Figure 3. Experimental da t a  - translr~ission image from HE1,EN shot 9049, t = 17 ns. 

Figure 4. Transmission along axis, and area1 density profile - HELEN shot 9049, t = 17 ns. 
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interface r c ~ r ~ a i n  sufficiently planar for a reliable measure~nent to be ~ r ~ a d e  on tlrc growth of 
tlie turbulent mix region. Later in time, two further laser pulses, with pulse durations of only 
loops, are focused onto 5 micron diameter silver-coated carbon fibres to 1)rovide t,he sources 
for point-projection radiography of the foam target. 'I'ypically thesc radiograplrs are taken 511s 
apart to  give a clear i~ldication of the developme~it of the mix region. Spatial resolution: due to  
the finite size of the e~ni t t ing  r e g i o ~ ~ ,  is about l 0  microns) and motion blurring due t.o the 100 
ps pulselength is less than 5 microns. On each shot the carbon fibres arc carefully positior~ed 
to the calculated position of the interface for ea.cl1 backlighting time to minimise the cffect of 
parallax on the measurement. 

3. Results 

Typical radiographs from this experiment are sliowr~ in Figures 3 and 5, with the sl10~1i heirig 
driven fro111 the bottom to the top of the figure in each case. These images have been processed 
to take into acco~n~t .  the response of the detector, and then converted to  show the target t,ra.ris- 
mission 11y dividing 11y t l ~ s  u n a t t e n ~ ~ a t e d  bacltlighter signal. The images show tlie unsllockcd 
foam towartis tllc top of thc tul)e, t,l~e positior~ of the shock front (clearly visiljle tluc to t l ~ c  
lower translliissio~l of t,he comprcssc~tl foam behind tlie sl~ock) and t , l~e  extent, of the opacluc, 
region duc to the gold tracer disc 011 thc interface (limited to the c e ~ ~ t r a l  scct.ion of the i , l~be). 
The opaque region in the lower part of each figure is that part of t,lle plastic al~lator wliicll is 
driven 111) the t l~he .  A tulrgsten wire visible on the tube wall is 11sed as a sI)atial fiducial. 
The width of the rnixing zone. can be detcrrnined by taking l i ~ ~ e s r a ~ l s  along the axis of tlre f,~lhe 
and idrntifyirlg t.he changes in t.ransmission due to the gold layer. A more detailed analysis is 
performed by using tlre i~ifor~nat ior~ on the foam densit,y profile in the annular region away from 
the gold layer 1.0 infer the area1 tlerlsity of the gold in the axial region. These linescans and the 
associated arcal densit.y profiles are shown in Figure 4 for the backlighting time of 17 ns, a.nd 
in Figure 6 for 22 11s. For tlrc tkrget shown here the width of the turbulent mixing zone is 55 
microns at  1711s (10ns after shock passage) and 80 microns at  2211s. These data  are con~l~ared  
with tlie results of a one-dimensional hydrocode calculation includi~rg a turbulent nnix model 
due to  Youngs [ G ] .  Figures 7 arid 8 show the calculated mass fractio~ls through the ~ n i x i r ~ g  zone 
at  the mcas~iren~ent  times; con1l)aring the ovcrall widths of tlie mix region at  the two times 
shows good agreement between the experiment and this calculation. 

4. Conclusions 

Experirne~lts have been c o ~ ~ d u c t e d  using t11e .4WE I-IEI,RK laser to  invcst.igate the growth of 
the turbulent mixing zone at a Hicl~tmyer-hlesl~liov u~istahlc iliterface. A strong sl~ocli is driven 
through a foa,~n colurnn in which there is an interface between high density and low density 
foam. A rando~n three-di~ncnsiollal perturbation with an rnis a~npli tude of 3 - 5 microns is 
forrr~ed on this interface. Measurements of the width of i,he turbulent mixing zone, made via 
X-radiography of t,he opaque tracer layer, are shown t,o \)c ill good agreerlient with calc~llations 
performed with a one-di~nc~~sional  hydrocode co~~ta in ing  a t11rl)ulent rnixing rrrotiel. Furthc,r 
experi~r~ents  are planncd to c x t c ~ ~ t l  the range of these ~neasureinents. ancl ultimately i~iformation 
on the distributions of t  11e ~r~a.t.erials within tlie rnixing zone will be ol~tained u s i ~ ~ g  sprctroscopic. 
methods. 
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Figure 5. Esperimental d a t a  - transmissio~i image from FIELEN shot, 9049, t = 22 11s. 
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Figure 6. Transmission along axis, and arcal dellsit,y profile - HE1,EN shot  9049, t = 22 ns. 
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Figure 7. Calculated Inass fractions at, t = 17 ns. 
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Scaling of the Rayleigh-Taylor Nonlinear Evolution in 
Ablatively Driven ICF 
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A b s t r a c t :  A theoretical ~llorlrl for thc a.blativcly driven Kayleigll-'l'aylor (R'r) illstability single- 
mode and multimodc mixing fronts is prc,sented. The effect of ablation is approximately iri- 
cludcd ill a Layzer-type potential flow  nodc cl, yielding the description of botli tllc single-mode 
evolution and tlre two-bul~ble nonliilear cornpetition. The ablat,ive stabilization of the  linear 
growth rat,e obtairicti by the model is sinlilar t o  tlie Takalje f o r m ~ ~ l a .  Tlie single-bubble ter~iii- 
nal velocity is found to be r c d ~ ~ c e d  by ablation. in good agreement wit.11 ~mmcrical sirm~lations. 
Tn~o-buhble cornpcl,itio~~ is t l ~ e n  calc~~laf,ed. ar~tJ a statist,ical mecha~~ics  modcl for multi-bubhlc 
fronts is prcselited. The asy~nptotic a b l a t i o ~ ~  corrcctior~ to the classical IYJ' t v y 1 2  law is deriveti. 
Tlie effect of tllis corrcctiol~ to  the ablatio~t front mixirlg zone evolution i r ~  an ICF target is 
discr~ssed. 

1. Introduction 

'l'lie understa~lding of hydrotlyriamic instal>ility growtll a t  a.rl a l ~ l a t i o ~ ~  frol~t is c r ~ ~ c i a l  for the 
achievcnlc~it, of energy gain in inertial coi~fincmt!r~t fusion ([(>F). R'I' instabilities may 11,reak 
111' the implotiirig shell ~ L I I ~  P ~ C V C I I I ,  the formation of a hot spot,. Thus. R'r instabilit,ies li~riif 
tlie radil~s of tlie i~nploding sllell to scveral t.imes its tliick~iess. 'I'he stabilizillg effects clue 
to  the ablative flow, that retluce tl~c, il~stal)ili l .~ growth rate as cornpared with "classical" RT 
i~lstaljility, may enable the tiesign of fusion pc1l~~t.s with liigl~er aspcct ratios) thus req~iiririg less 
driver energy to achieve energy gain [l]. 

The initial perturbation, due to  I)otli surfa.ce rougliriess and laser imprint, is of a rniilti~node 
nature, with wave numbers spanning over 3 orders of ~nagnitude. il full ~iurncrical si~nulation 
of the proble~n is practically irnpossihlc. .As a rcsult, the 1jubl)lt front c , \~ol~~tion 11as to be 
tiescrihed by a simple model. Two main classes of niodels of this liind cxist [ l l ] .  

Motial models (Haan ['l, Ofer [3]) dcscribe thc  front evol~~tiori in k-space, taking into account 
the single-mode l~eliavior, niultimodc saturation, and ~norle coupling effects. E r ~ l ~ b l e  competi- 
tion models (Glimm and Sharp [4], Alon e t  a1.[5]) describe thc instability front in real space, 
taking illto account si~igle "part,icleX (1j1it)ble) hchavior and two-particlc interaction (bubble 
merger). These ~notlels deal wit,li classical KT' instabilit,); in the inco~npressil)le limit. 

Simpler models, such as t.liose by 'I'aliabe [Ci] a ~ ~ d  Neuv~lzayev [7], include the nonlinear 
effects in a n  effective diffilsion equation for the c:volutio~~ of t,lre mixing zone thickness. 

In the present work, the huhl~lc  c o ~ ~ ~ p e t i t i o n  ~notiel of Alori el a1.[5] is es t . e~~ded  to include, 
albeit approximately, t,he rnaiil effects of ablative st,abilizatior~, in order to  estimate the effects 
of ablative stal~ilization or1 the I j~l l~ble front cvolrltion. Sincc spherical effects arc relatively 
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uriirn~)ortant during tlle acceleration stage. tlie present mode is planar. 111 the absence: of a 
satisfactory 3D l~uhhle merger model, and since much of tlir, physics in 2D and 3D appears to 
be similar [12], the present model is 2D. 

In section 2, the potential flow model, descrihi~ig the single- and tlie two-bubble bel~avior, is 
discussed in det,ail. In section 3, t,lle statistical mechanics rnotirl for ~nultirnodc perturhatio~ls 
is developed. 

2. The potential flow model 

In this section an incompressible poter~tial flolv model, wliich is a geiicralization of Layzer's 
single-hul~blc~ model [g] a11tl the IIccht e t  (d.['3] two-l)ul)l~lc competitiori ~notlel, is dcscribcd. 
The model co~lsiders the sirnple case of an i~ico~npressiblc inviscid fluid accelerated by a ~nucli 
lighter fluid (A=] ) ,  rcpresentetl by a, free boundary will1 constant supporli~ig pressure. 

Tlie fluid veloc~ty is derived frorn a potential, 3 = V@. Tlie time dependence of all flon 
bariables is found 1)). expanding t h e  flow equations and the Bernoulli equation to second order 
at  the bul~ble tips [g]. 

2.1. S ing le -mode  RT b u b b l e  w i t h  a b l a t i o n  

The effect of the ablative flow is included ill tlic model through the addition of an ablative tern1 
A@ = -(.\,:,z to  the potential, resulti~ig i l l  a net flow of the fluid pcrpendic~11;rr to the fillid 
interface, where c is a constant of ortictr 1 to  Ije deter~r~ir~cxd Iatcr, and l/;, is t , l~c al~lation velocity. 
The defirlitio~i of llie constant c i ~ ~ c l r ~ d o s  the ambiguity of t11c tlefinition of t.11e a1)lation velocity 

0 

I/, =!l/[ /p,,, (wlicrc IZ/I is tlie lliass al~latiori rate per ~ m i t  area) usi~ig a s l ~ a r l ~  boundary density 
profile. c i, l since the density at  the instal~ility front is lower then the ~inaxirnrnn density. We, 
therefore, choose the potential: 

@ ( . c ,  2 )  t )  = n ( t )  cos (LT) c-"' - c\/;_. (1) 

where k = 2x11 anti c is a co~lst,arit of order unit.y. 

The bubble tip lias to  satisfy t fwo cqua t io~~s :  the L%PI . I IOII~~~ equation for a constant supporting 
pressure, arid a kinematic equation, rc:ql~iring that the fluid move with the ablation \~clocity 
relative to  the interface. Expanctirig tlie intcrfacc lo second order near tlie 1)111)1~1e tip results i11 

three ODE'S in the bubble height,, bubl~le  curxTa.ture aild tlic potential pararnctcr a ( t )  [g]. 

For small initial perturbations we get the linear growtli rate: 

where is the non-djmensional ablatior~ velocity: 7; = fi and -,,l = &. A' 
Thr Takahe formula for laser accelerateil targets [(i], -, = - 3 = - y  (1 - 3z) is 

recovered for small values of 14, using c=6. 

Neverttieless, it should be noticed that t,hc present potential flow nlodel result exhil)it,s no 
cutoff in the linear growth rate, and thus deviates frorn the Takabe result, a t  high values of the 



11orl-di~nensional ablatio~i velocit,y. 11 comparison of thc. rllodel results for the rctiuction of 7 
wit11 the T a h b e  forrnula is presented in fig. ] ( a ) .  

Tising the constant c=6 derived earlier, the asyruptotic l>~~lbble velocity is: 

where U,[ = d g / 3 k  is the ~lassicdl asyrilptotic I~ubhlr  vrlocity. 

:1 c.ompariso11 of the rr~odel rcs~llts for t Ile retl~lction of r ~ , , , ? ,  wit11 sirnula.t,ion rcs~llts is 1)re- 
scnted in fig. l(11). rllso 1)lottcd is the vall~e O.OY?X, whic11 is the asy~i~pto t ic  vclocity assurrling 
that the transitio~i to 110111inearit.y occurs at an arnplitndt, of 0.OYX (tiottctl). 'I'he agree~ncnt 
betwcer~ the model, the sirr~ulation and the O.O!JyX  r re diction is good. 

The sirnl~latio~ls wvre perfornied on LEEOR-3L)3 all ALE hydrodynamic code [Y] iricludirlg 
lascr energy deposition, 2-group ratiiatiorl diffusion, and two t e r i ~ p e r a t ~ ~ r e s  (ions and electroris). 
The equation of state was talien as tlrat of all ideal gas. The foil was a YOp~ii C112 foil, irradiated 
by a 35011m lascr, with an i~i te~ls i ty  I z 5 . 1014T.lJ/orr? Thc acceleratioli is approxirnately 
4 . 1015cm/ sec2, and the initial perturbation was seeded only after the ablatioli front had 
reached a steady profile. 

Figure 1. a) 'The reduction of 7 due to ablation: Takabe forlnula 1's. n~otiel. 11) Ttlc redurtion of U,,,, 
due to al,latio11: si~nulation, model, prediction of 0.091X. c) Tllc merger rate w(q) at several values of 
E, where q = X1/X2. 

2.2. Two-bubble competition with ablation 

Followi~ig Hecht rt al.[S] we use the potential: 

3 

= a ,  ( l )  cos (7zli.c) e-nk" - 61/,x. 
n= l 

(4) 

and solve seven ODE'S in the pote~itial pararr~eters a,, i = 1 , 2 , 3  and the bubble heights 
Zao,  Zbo arid curvatures Z a l ,  Zbl .  The initial condi t io~~ is a vclocit,y pertllrbatio~l creating two 
slightly asyrnrnetric h ~ ~ b b l e s .  A typical merger process goes through several stages: a linear 
growth stage, in which both bubbles grow iridependently, a coexistence stage, where both 
bubbles enter the nonliriear stage almost independently and the larger one begins to  out,grow 
the smaller one, and the merger stage, wliere the smaller hubble is washed downstream [g]. 

The time scale for a merger of two bubblcs of radii XI, X 2  under tho conditions g, 1,: can be 
obtaincd from these calculatiolis. Defining the tirne of t,lie rncrgrr process as the time het,wecn 



t I ,  the peak velocity of thc sruall hl~l)I)le, and t2, w l ~ e ~ i  t l ~ c  slnall bul)l)l(~ has reached u = 0 ,  it~id 
tlic ratio q = X 1 / X 2  from the velocit>. ratios at 11, t.11e functiol~ AT,,,,,.,,,. (XI, X2,g: 1);) = t2  - t l  
is defincd. l'lle fit betwcer~ ~rlodcl anti si~nulat ior~ is gootl i f  rieitller I)ul)l~le is IICHI. the  c ~ ~ t o f f .  

\,ire define tlic rncrger rate W = I /At .  (:liaitgi~ig variables to I; = ( X 1  + X2)-' , q = X1/X2, 
- 

t l ~ e  function W oheys two syrnrnetry nllcs i11 whir11 the 1lo11-di1nc11sio1ial varial~le I,:, = 1;1/,/& 
is conservecl, since the merger process time c ~ ~ o l u t i o ~ i  is sralal~le 011 l~otlr tlie l e ~ i g t l ~  scale and 
the time scale. 

Thus, tlie function u, is a c t ~ ~ a l l y  a fimction of t,lit, two non-dimensior~al varial)les q:l/ ,:  

The value of i~ i l l  several values of is plotteti ~ I I  fig. l (c ) .  'I'he lnergcr ra.te u, (X1.  X 2 ;  l/>, g) 
and the asymptotic brrl~ble ve1ocitic.s I/,,,, (X: \ / , , g )  serve as illput, for tlic sta1,istical int~.lra~lics 
bubble front calculatioi~ described ill t,he followil~g sc:ctio~~. 

3. The statistical mechanics bubble merger model 

111 the classical RT case, where aftcl a sufficiently lorig tirnc only the time, scale associa.ted with 
t,he acccleratio~~ is left, tlie bul)l~lc- front reacl~r,s a scalc i~i\.ariii~lt, regime ( G l i ~ n m  arltl Sharp 
[ 4 ] ,  Zliaiig [10], Alon e t  a l . [ 5 ] ) .  The additior~ of al~lat~ive flotv adds a second tiinc scale to tlic 
prol)le~n. .A true scalc irlvariarlt rcginicl would bc  at.tai11et1 either xvl~e~i I;V, << fi. whicli is 
the classical limit. or wlier~ K = I ; V ; , / f i  = ro r~s l .  

- 
We first colisider t,hc, case of n corisl,a~it if;, rvlicxrc: flie hubblc fror~t, readies a scale invariant 

ilistrihutioii, froin which WC may c.iilcrllate tlic ac.celeration of t.11e huhblc ensemble. I~ollowing 
Xlori et nl.[5] we ilsc the rrlearl ficld al)proxin~at,iol~. Tlie scalc irivaria~lt d i s t r i l ~ u t i o ~ ~  is calculated 
for each value of c. 

For r a c l ~  distrihutio~i tlic I )~~l) t ) le  frolit volocity is givc.11 I)y: 

where ( f )  = !1'-' J' f (X) 1V ( X )  dX tl(,~iotes tl~c- ei~semhle avcrage, and barred values are 
averages over !,he scalc ilivariar~l dis t r ibut io~~ (wlirrc tllc longt,h is scalecl o u t ) .  Using: 

33 = ( W )  (X ) )  = (a) . (h ( t ) )  at 

we may calcrrlate the I)ubl~le front accclcrat ion: 

a2~lj,,,, a (4  
= " ( E )  . (g) atz dt  2 

Tllus, assurnirlg a constant I/;,: t l ~ e  brrbble front height scales, aftcr reaching the scale in- 
varia.11t regime, as: 
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For small values of K, t,ypical of ICF applicatiolis, the rnodel predicts 

a (K) = ci,-l . (1 - 21/;,) , xvllcrct r l , l  zz 0.05.  
- 

In realistic prol~lems, v, decreases as lo11gt.r wavelengths are generated. We may now use 
the adiabatic assumption; that the 11011-dimensional ahlation \vlocity changes slowly enouglr 
that the bubble size distribution Inay adjust itself to the d i s t r ibu t io~~ of the changing value of - 
11, arid remain the scale-invarial~t, one. The adiabatic approxi~r~ation is found to be accurate 
riumerically [l 31. 

W-e may now writ,(: two ordir~ary differential equa.t,ions for t,he time e \ ~ o h ~ t i o ~ i  of the 1,1111ble 
front height, assumir~g the scale invariant tlistrih~lt,ion for tlie initial va111e of as the initial 
bubble spectrum: 

where tlie enscmble averages arc cal~ulatetl  using the scale invariant spectrum of the current 
value of E. 

The model has been cornpared to a fill1 ~ i lu l t in~ode  nu~nerical si~nulation. The target and 
laser parameters were as tliosc q~roted above, except that. t,he initial conditio~l is a wide spectrurn 
multirnode one, using thc asy~nptotic bulj1)le size distrib~~t,ioii corresponding to the iriitial xralue 
of I/;,. 7'1ie initial condition ir~cll~dcd fifty I~llbbles with an average size of / I / r r n ,  totaling arr 
area of sligl~tly over 200pm.  'I'he acccl(.ration is g X 1 . I01%cr/sec2, a ~ l d  tlie aljlatiol~ velocity 
l/, zz I . 'L. 1O5r.i-/,j sec, tlnls K(i = 0) X 0.21. In fig. 2(a)  t , l~c temporal evolution of the bubble 
front is shown; with tlic rising ljlll~l~les (those whicli do~iiirlate the flow) d e ~ ~ o t c d  I)g a '"'. In 
fig. 2(b) thc tenlporal evolutior~ of the I)r~hl~lc frorit "er~velopc", resultirig from a 11uhble merger 
motl(~1 is s l ~ o w i ~ .  It  s h o ~ ~ l t l  be  ~ ~ o i . e d  that. the f ~ ~ l l  lncrger motlel shown is slightly dikrel l t  
from the mean-field nlodel sllow~i above, taking illto accou~lt t l ~ e  finite number of bul)bles, the 
exact, initial corlditions, ant1 the correlatiol~s 130th ill size and i11 temporal evolutio~i between 
neighboring bubbles [l 31. 

In fig. 3 the alrerage perletration of the rising b~lbbles is sliown, cornparirig the sirnulation, 
t l ~ c  mean-field ~rlodel? the full ~rlodcl, and t h e  mean-field motlel without, the ablative stabilization 
correction, starting tvith tlie sanlc i r ~ i  tial velocity. There is very good agreement between 
the si~r~ulation and both the full and thc mean-field models. The model predicts that the 
allowed value of H j A R  for typical co~iditioris of laser-driven shells is approximately 2.5, while 
the classical allowed value is ~ 1 0 .  
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Figure 2. a )  Simulation bubble front (contour of maximal light fluid penetration) evolution, rising 
bubbles denoted by ' * l .  b) Model bubble front evolution and rr~erger history. 

Time (ns) 

Figure 3. Mean bubble front penetration in: Simulation, Full model. Mean-field model, Meall-field 
modcl without ablation cor~ection. 
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Abstract: h le  review experime~its and c.ilIculat,ior~s of t l ~ e  co~npressihlc R i c h t n l y e r - M e s h  
instability from a single-mode: ~ ~ o n l i n c a r  initial pertr~rl)atiorl. These experirrients were per- 
formed using the Nova laser. L/leasurelrients of the ti~ne-evolution of the niixing region were 
report,ed previously. \.Ve compared the experiniental rr~eas~~rernents wit.h nurr~erical simulat.ions 
[1,2]. L e  found botli experiment and si~nulatioii to  he ill good agreement with recent tl~eories 
for the nonlinear e\,olution of t l ~ e  instability [3,4]. 

Ex~)erirncnt,al results beyond those, previo~isly prcsel~ted pro\7ide additional support for the 
use of two phase flow lllotlels to  tlescril~c. t lie flow in the- ~ronlinear regime. Tlicse  experiment,^ 
i~iclude measurerncnt of tlic ~nixilig region at  atltlitional t,i~iies, including t,i~nes earlier i11 the 
evolution of the inst.ability than prc!viously reportctl. \.$'c 11ave also carried o11t cxl~c~rirncl~ts 10 
examir~e the diff(:rence in the evolution of the instability fro111 i ~ ~ i t i a l  l)ctrturhatio~~s co~rsisting 
of circular sawtootli grooves as well as rectilinear sawteeth. Our prcvious twudirrie~isional 
nulnerical sirnulations approxi~n;ti,ed tlie exprri~riental linear groo17es as circular grooves. We 
reasoned that  the difference between the two cases would he sniall, based on scaling a r g u m e ~ ~ t s ,  
and limited t o  a very small region near the  centerline. New experi~nental and ~lu~rierical rcsults 
confirm this. Finally, we discuss some additional issues in t,he derivatiorl of tlre two-pliasc flow 
model used previously in describing t l ~ c  growth of the Richtrnyer-1Clesl1Iiov instability in tllo 
nonlinear phase relevant to  other work presented at this i r~eet i~ig [5,6]. 

1. Review of the experiment 

The experiments l~sed a m i ~ ~ i a t u r c  berylli~riii shock tube ~riounted over a 700p1n clia~ncter 
liolc made at the cerlter of tlic side of a 31rilr1-long, 1.51rinl-diarneter cyli~idrical gold Nova 
Hohlraunl [i']. The shock tube was 2200prn long, 700j~rii in diameter wit11 a 100pm wall 
tliickncss. The working ~nater ial  of tlie shock tube consisted of a 500 prn -diameter, 300j~m-long 
sectio~r of a higli-density (1.22g/c111") broniinatcd polystyrene ablator and a 500 prri diameter, 
1900p1n long low-density (0.1 g/crl~") carbon resorcinol foam payload. A schematic of the 
IIohlraum and the attached slroclc tubo can Ilc ol)t,aincti rlsc~vhere in these proceedings and in 
the lit,erature [1,2,5,6]. Ther~na l  x-ray radiation from the interior Hohlra.unr walls inci t ie~~t  ont.o 
tlle exposed 1)rominatcd polystyrc~ie results ~ I I  a rapitl ablatioll of material and tlie gencratioli of 
a strong shock (85 Mbar) which travels down the sl~ock t11l)c t.owards t l ~ e  perturbed plastic-foa.n~ 
interface. A rectilinear sawtooth pattern was n~aclii~letl illto the Iiigh density plastic with a liigli 
initial amplitude (no  = 10pm ) relative t o  tlie dorni~~arit  nravc>length ( A  = 23 jlni ). The largc 
amplitude-to-wa\~ele~~gt,I~ ( ao /X  = 0.43) initial perturbation was chosen so that t,he inst.ability 
would make all early transition into tlic nonlineal- stage. 'I'll(! rriixing rc2gio11 width was rnea.sured 
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with high-speed gated x-ray framing camera diagnostics usirlg radiography side-on to thc sl~ocli 
tube cylinder axis [1,2,5,6]. 

2. Effect of Mach number on the spike and bubble amplitude 

Iligll-power laser-driven experiments make it possible to  acl~ieve extremely high Mach num11er 
sliocks. At the time the shock is incident on the, ii~terface, the YIacll nu~nher  is greater than or 
equal to  20. This is inlportant since cxperi~ilerlt,s a t  high hlach ~ i u n ~ b e r  exhibit the effc:c:t.s of 
co~npressihi l i t~~ more strongly tl1a11 low A'lach nl1rn11c.i c ~ r l ) c ~ r i ~ l ~ e ~ ~ t . s .  

The experiments were s i ~ n ~ ~ l a t e t l  using CALI;:l il two-tii~lie~isional arbitrary Lagra~lgian- 
Eulerian (ALE) hydrodynamics code [g]. In ALE:-t.ype codes, the mesh moves with the flow, 
giving adticd rcsolut ion in regions of high con~pl-ession. TJnlike purely 1,agrarlgian codes, Iiow- 
ever, advcction is allowed so as to  avoid mes l~  tangling. For thc simillatiolis presented here, we 
use an initially rectilinear grid (~lnless otherlvisc noted) with 1 micron square resolution near 
the material hollndary. Tlie resolution decrcascs away from the boundary. R e c a ~ ~ s e  the grid 
moves with the flow, Ilowcvcr~ high resolution of the mix region is ~naintaincd. The numerical 
simulations include the cylindrical rcgior~ cont,aining the plast,ic, the foam, tlle l~erylliurn sleeve 
and a portion of the gold support ring. 'l'he effects of tlic laser drive are simulated by applying 
a te~nperature source to the edges of tlle plastic which extend into the l ~ o h l r a ~ ~ m .  

Previously, we found excellent agrcc~nent, 011 the time cvol~~t ion  of the rnixing region bctwcen 
the 2D CAI,E sirnulat,ions and the measured r e s ~ ~ l t s  of the experiment. Fig. 1 shows the time 
evolution of the material interface d u r i ~ ~ g  the growtl~ of the instability. The calculatiorls suggest, 
in contrast with incompressible or wcakly cornpressil~le flows, that tlle Mach n~lnlhers of the 
present flows result in spike and huhble amplitudes of roltghly comparable magnitucles [g]. As 
shown in Fig. l a ,  the instability is well within the nonlinear regime by 411s (approximately 
0.5ns after the shock was i n c i d e ~ ~ t  on the i~~t~er fa re ) .  The similarity in the morphology of the 
spikes (heavy material) and 1)ul)l)les (light material) is reatlily apparent a t  this tirnc. The spiltes 
and bubbles shapes and amplitudes in subst:cl~ie~~t material plots a t  5, 6 and 711s continue to  
appear highly symmetric as shown in Figs. 111. l c ,  arid I d .  

A detailed con~parison of thc instability with a sirnlllatiori of a srrlootli, ~mperturbed intcr- 
face allows us to  obtain qliantitat.ivc: estimates of the spikc and b111)ble :tnlplitutles as sllo~v~l 
i r ~  Fig. 2a. T11c. spike and h11111,lc aml,litl~ties in t,hc, pert,nrl>ed calculatio:i arc: clet,ermi~ied by 
analysis of the material plots as in Fig. I itl~ove and conlparison wit11 thc location of the un- 
perturbed interface at  the salnc tirnc in the LVc 11ax.c followed the same p r o c c d ~ ~ r e  
as in our earlier work and removed the effect o f  t l ~ r  axial target decomprc~ssion to facilitate 
coml~arison between experiment and calculation on the one hand and nonlinear theory on the 
other Iiand [l  ,2]. Fig. 2b shows the growth of the o\.erall ]nix region represented by the sum of 
the spike and bubble amplitudes (sec below). The initial interface locatior~ for tlle unperturbed 
calculation was chosen to be 290prn, i.e., a t  the centerline of the 20p1n peak-to-valley saw- 
tooth perturbation, so as t o  conserve the total mass o f  the high-density bromi~lated polystyrene 
i11 the calculat io~~.  We assllme that the presence of the instal~ilit~y does not significantly alter 
the overall hydrodynamic trajectory of the ii~terface. This is consistent with estimates from 
the numerical simulations suggesting that the ltinetic energy in the mix region is much less 
than 0.05 of the liinetic energy in t,he axial flow. \VC find that the spikc and 11ubble amplitudes 
are roughly comparable (although not iden1,ic:a.l) for the dura.t,ion of the calculation and the 
experiment. 
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Figure 1. Density plots s l ~ o w i l ~ g  tlrc, time cvolrrliol~ of t l ~ ~  material interface, frorn 211 CALE simlll;~- 
lions, at. (a) 4 ns, (l>) 5 IIS,  (c) (i rls, and (d) 7 ns 
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Figure 2. (a) Approximate spikc and hubhlc arnpli t .~~dcs (correct,cd for axial target decompression). 
as a function of time, from con~parison of pc,rt,url~ed and unper t r~rbed  2D CAT,E sirnulatior~s of tllp 
experiment; (b) Comparison of exl)t,r.ilncntal da ta .  2U CAI,E simulations and results of a simple {.WO- 

p l ~ a s c  flow model for the   onli linear evolut,iorl of the inst,at)ility using two values for the  coefficient of 
drag 



3. A simple two-phase flow model for nonlinear Richtmyer-Meshkov 
growth in the high Mach number regime 

There arc now numerous models for growth of i,ho Ricl~t rnyer-hdeshkov bubbles i l l  t,he nonlincar 
regime wliich suggest that the evolution of the brtbble velocity goes inversely with time for a 

single- node It follows accordirigly that the I)ubblc amplitudes in these lrlodels 
have a logarithmic time dependence [10-131. As s1iow11 above, for conditiaris in the presc~~i ,  
expmilneiit, the spilce and bubble pcnctrat,iolis are roughly equal. The spikes are remarliably 
l>ubblc-like in their appearance and 1,ime cvolr~tion, he11cc1 the total mix width for thc  single 
 node ~~rohle rn  ~ tnder  these conditioris can l)(. approximated l ~ y  a single, simple logarithmic: tinle 
depentier~ce [ l  :2]. 

Wc rcpcat l ~ e r e  our derivation of a silnplc t,wo-phase flow model with a clearer statement, 
of tlie assurriptions and the parameters ill the model than provided earlier [1,2]. The equatio11 
of motion for a bubble of low density p, displacing a l~eavier fl11id of density p, can he  written 

wliere 1' is the volume of the bubl)le, aA/i! is the added mass coefficient, A is the frontal 
area ( A  = x d2/4 for bubble of diameter (l) and C,, is the coefficient of drag. Nurnerous 
experiments on bubble rise beginning with the work of navies e t  al.in tlie early 1950s have 
show11 tha.t t.lie bubble front retains its splierical character during its rise [14]. This is consistent 
with Inore recent c:ornpilations of bubble geometry a t  high Reynolds numbers applicable to this 
problem [15]. Since we are invoking nonlinear tlieory only when the a m p l i t ~ ~ d e  and wavelengt,h 
are comparable, it is pcrrnissihle from the assusnl)tion of sI)l~ericity as well as from general 
dimensional analysis to  treat tlie ratio of area t o  volilrnc i11 Eq. 1 as a characteristic scalelength 
given by the  wavelength X of the single mode perturbation. In the high velocity limit, the arltled 
mass coefficient A*/2 is equal t,o one. Finally we assume filrther that there arc no ad(litioria1 
forces (gravity, pressure gradient terlils etc.) acting on the systern. Eq. 1 then becomes 

Eq. 2 can be  rearranged and i~~tcgraf,etl to give the following cxl)ression for tlie bubble velocity 

where 

Finally, a further integration of Eq. 3 gives 

whcrc a. is the initial nonlinear amplitude, m is given by Eq. 5 above and depends on the 
coeficient of drag, the densities o f  t . l~r  mat,erial and the wavelength of the perturbation, U. is 
the initial relative velocity of the bubbles (compared to the riorninal interface location) after the 
passage of the shock and is tlie tirnc a t  which tlic llolllincar pliasc of tlie instability begins. Given 



tllc similarity l~etween spike and bubble a m p l i t ~ ~ d e  growth in the I~igh i\lacl~ nllmbers of t l ~ e  
present problem, Eel. 5 can be rewritten as an cql~ation for the total mix width evolutio~i \v where 
wo is equal to t.wo times the il~starltaneous nonli11ea.r a~npli tude and Iio = (U;pik' - L h r l h b l e  z 1 
at tlie time of onsct of nonlincarity. 

2 
w = wo + - In[l + m IT, ( t  - to)] 

r n (6) 

'I'l~is is n~otivatcd, in part,  by the fact that  the cxpcrimcntal observahlc fro111 the experiment Jvas 
tlic total mix width, not separate spike and hubl~le  amplitudes. Since we do not l i110~ the values 
of tlie initial nonlinear amplitudes, relative velocities or time of onset of nonlinearity cit,llel- a 
priori or directly fro111 the experimental data. we lnalce use of the 2D nunic~ic:al s i n n ~ l a t i o ~ ~  
to obtain esti~nates of these qua~~tit , ies.  A11 rxarrli~~atiori of tlie calculalioris suggests that the 
instability begills t.o rxl~il,ii, nonl i~~cari ty  at, apj,roxil~~at,ely 3.8 rls t,o 4 . 3  ns. Fig. 3 shows the 
density and \.elocity plols at, 3.8 11s frorr~ the 'D CALE sirnulations. At this time, we find from 

Density (glcc) , -- Velocity (pmlns) A A - 

Figure 3. Density arltl vcllocity  lots a t  3.8 11s sl~owing or~sclt. of llol~linear. a~rrplit,udrs fron~ 2D CALE 
simulation 

tlie siniulations that tlie total lnix width W(, = 1Sp111 and one-half the relative velocity of the 
spike and bubble U. = l 4  p i r ~  111s. A least sclllares f i t  of t l ~ e  data shows fi~rt her t.l~at the ljehavior 
of the ~ncasured rnixil~g r e g i o ~ ~  atllnits a, logarit,l~rr~ic. t,irnr tlepcndencc ~vitll tn = 0.09Gp1~1 - l .  

Assunl i~~g  densities i l l  F:q. 1 of p, = O:1 ,g/cm:' and p, = 1.6 g/c~i~%o~isis tel i t  with the nu~nerical 
simulation, we find a va111e for {.he, apparent, coefficient, of drag E 2.8 f 0.3 where the 
uncertainty is due to  the scatter in the data as well as the simplifyi~lg assumption used i11 the 
model. Pretlic:tions from the nonlinear tlleory for two values of the coefficient of drag are sllown 
above in Fig. 2b. Int.rrestingly, the cocflicic,nt of tlrag thus inferred from this experinlent is 
consisterlt with pu1,lislrcd \,all~cs for an air 1)11l)l~lc in water a t  lligli Reynolds numbers [15]. 

4. Additional experimental data on the nonlinear mix width 

Measurements from additional e x l ) e r i ~ ~ ~ c r ~ t s  carried out, sul)seqllcnt to tllc results rcportccl prc- 
viously are shown in Fig. 211 ; t l )o \~c! .  As wit11 the prcvious results, tlie total mix width is inferred 
from a detailed analysis of tlie 5 - 95% t t a r ~ s ~ ~ ~ i s s i o r ~  of x-rays across the norninal  nix region. 
The experimental data  (scll~arc!s) arc in good agreemerit wit11 bot.ll t l ~ e  ~~mncr ica l  s i ~ ~ l l ~ l a t i o n  
(c:ircles) and Eq. G above using 1,11(. quotod ~)aran~etcrs .  These data  ~)oi l~t .s  were. all ohtailled 
with initial l~crturhations that, we~.e rcctili11c;lr i11 nature as shown in a 11igl1-resolution scanning 
electron microscope image i11 Fig. 4a. UC~ I~avc also plotted t,lie nieasuretl  nix widtli (triangles 
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Figure I .  High-resol~rtion scanning electror~ ~nicroscope image of ( a )  the original rectilinear sawtooth 
perturbations and (h) t,he c~ll.vilinear perturbations 

in Fig. 211) from experiments ill wliicli the, i~iitial l~erturhations were circnlar i l l  na t l~re  its shown 
in Fig. 4b. T11r:re appears to be little difference 11etwcc.11 thc two ~)c>rtl~rl>a,t,ion types wliicli 
afIirms tlie use of a two-dimensional axisyrnmctric code to silr~ulate the instability growth from 
the non-axisymmetric perturbations used in t l ~ e  experiment. We have also found little differ- 
ence in the growtli of the mix region betwcc~i nnn~orical sinn~lations having cyliridrical and 
Cartesian geometries. This is not surpr i s i~~g  fronn siniple dimensional considerat ions sirlce the 
radius of curvature in the calculations is large compared with the amplitude and wavelength of 
the pertur1)ation. 
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Software for TMZ Image Processing 

A. Poduvalov 
Russian 1;'cderal Xuclear Ccnt.re - Inst,itute of Experii~rental Pliysics 
I'rospect Mira 37, 607190, Sarov, Nizhny Novgorod ltegion, li~lssia 

Abstract: The paper describes software capabilities for processing in~ages ohtaincd by exper- 
irnents loolting into the tiirLulent rriixing xonc ( 7'112) st,ructure used sl~ock t,~ibes ( ,ST)  and 
convergent jelly cylinders. Tllc software is aplllied to irnagc ~)rocessil~g hascti oli millti-sl~ot. 
irnaging. Each scanned irnage is using as a I~acl<ground for rriarlter tlefinitioli of tlic location of 
ir~terface or wavc front. Specific 11roc:essing algori th~~is  for these coordinates arc to develop a 
protocol with relationships to  acc:ount for TjV1.Z behavior with time. With L'la.ser shcet" appli- 
cation, the software also incorporates fulictions to  visualize the flow images produced 1)y b o t l ~  
numerical silnulatiori and cxperi~ncntion in superposition way. 

1. Introduction 

From the multipleshot ThfX irnaging, there rnay he up to 32 inlagcs provided for processing in 
each experiment. Every irnage contairls inforrnatiori on tlic behavior of interface or wave front 
a t  a certain point in time. Every interface or wavc front is accounted 11y a certain group of 
points, their coordinates relative. Processing the coortiiriates of grouped poirit,s can result in 
relatiollships that, define t.he ThfZ hehavior in time. Shock-tul)e e x p c r i ~ u e ~ ~ t s  have I I ~  to 7 the 
groups per in~agc,  each corltai~~irig about 80 poir~ts.  

It had bee11 the author's task to  develop software that would cover tlie entire processirig 
run for scanned TMZ images. What ~notivatetl tlie softwave developlnent for Y'i1.IZ coordinates 
entry to PC is that the n~arltet had no inexpensive ancl easy-to-operate codes operating in OS 
Windows environment and capahlc of reatiiilg thc digital coordi~iat,cs of an outline. from the 
image and then storing these coordinates as cha.rts into the text file. For example, sucli code 
as Corel Photo Paint [l] can o~ily allow the user to llighligllt in the status line the current 
template coordinates of the cursor nioving around the image, but it is unahlc to  keep them 
accessibly formatted in t h c  file. ' r l ~ e  systcrn is required to store as Inany as 32 images and allow 
their ready irlterswitching. Given the total n~rrnber of points uy t,o about 2000, the marking 
becomes a long procedure, therefore the software must il~volvc tlie exit possibility with the 
ciirrent status saved. With a repeat entry, a st,ates file can I)e opened to go back tliro~ig tlie 
previous digitization history. hlloreovc~r, the software should provide for a specialized algorithm 
for the dat,a fro111 a set of images to 1)e procc.ssed aritl integraf.ed into a resulting protocol. ' r l ~ e  
sarne software incorporating bath coordinatcs identification anti l i~ial data  processing functiorls 
helps improve perforlnance and efficiency of the whole systcrn. All processing procedllres are 
consistently implemented in the same application. 

2. Software elements 

The software incorporates two Windows applicatior~s: 
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m A u t o v i e w  (intended for ThfZ inlage ~)rocessing in S'I' and co~ivergcnt jelly cylinder 
experiments); 

m Prof i  ( ThfZ image processing in "laser sheet" experiments). 

2.1. TMZ image processing for ST experiments 

The Autoview-based data  processing technology in ST cxperi~ne~its  includes t.llc$ following 
steps: 

scannzrig and savzng the T I ~ I Z  zinayrs f i o ~ n  photone,yatzues or pr.znts; 

m reading digital coordi~zc~tes of the ir~terface or ujclue front. This process rriust be followed 
carefully, I~ccause of the application exit l~eing I)ossiblc wif,l~ tlie current status saved. 
145th repeat application l o a d i ~ ~ g ,  tlie file can be ol)cllr:ti t,o scan back the provious dig- 
it.izat,ior~ history. The image in tlic application window can 1)c highligllted in sliades of 
gray, while digitizetl point coordinates can ))c indicated at user's will with color ~narliers 
variable in sizr. This f(>atl~re is 11seful to cliscriminate our: group of points frorrl ailother. 
'I'he i ~ n a g e  is scrollable. 12 s t a t ~ ~ s  line has been incorporated which is to disl~lay t.lrc? c:llr- 
sor coordinates, shape al~t l  color, the point darkenirlg c.otir, and the grouped 11u1nber of 
points. Switching from one i~nage  t,o a~lotller is provided 1)y switches in the 11011-inodal 
dialog wirrtlow. There is a service to delete and nlo\.e the ~narked points. 

systematization and intc.gration of data from a .set of iinclges, output  protocol generation. 
Every image has an average value to  be set for each digitized interfacc or wave front, with 
the independent variable I~eing the tinle point, ar~ti the average rnentiolretl as dependent 
variablc (i.c%. iriterface or wave front displacement in relative units a t  a certain time). 
Eventually, there sllo~~ltl  be a family of cllrves generated, each curve slioving the  TAU or 
wave front behavior at  a specified l>oi~it in time. 

2.2. TMZ i m a g e  process ing  i n  convergent  je l ly  cy l inder  e x p e r i m e n t s  

Figure 1 shows a scanned flow image from mult~~>le-shot i~naging of the c x p c ~ ~ ~ n e n t s  with ~ e l l y  
cylinder convergence. 

The followi~ig data are digitizccl internc lively for each iniagc,: 

m ~ o i n t  coordiliates of the inner sllell l ~ o ~ ~ n d a r y  (the poi~its arc needed to define thc  center 
for each ilnagc); 

coordir~atrs of the points defining protr~~clc~tl shapes (as LLl>ul)l>les") 011 the T.MZ inner 
l~ollndary; 

coordinates of points for the T1Vf.Z o l ~ t r r  I )o~~r~t ia ry  shape; 

m coordinates of points for jelly prnrtrat irig into explosion products ( E r )  on the  outcr 
boundary. 

The  following quantities are obtained as interin1 (i.e. a t  a spccilicd tirne) for each irrlagc: 
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front radil~s of TAfZ inner bountlary as tlic aritllinct,ic rnean; 

frorit radius of TPfZ inner bo111idary with the allo\va~~ce for "l,i~bblen ~nagnit l~des;  

front r a d i ~ ~ s  of T11fZ outer l~oundar j ;  

frorit r a d i ~ ~ s  of jelly penctrations into EI'. 

?'lie software nln results in a protocol coiilaiiling relationsliips such as i11terfa.ce displacement 
versus tirnc, interface accclernt,ion versus tirnc, tot,al 'f71bf% thickness versus time and other 
derivative data. 

Figure 1. Flow image from jelly cylindcl convergence expc.liln~slts 

2.3. Image processing in "laser sheet" experiments 

The "1asc.r sheet" experiincnts [2] were required to  evaluate clualitatively the agreerne~lt (iri 
geornetry and time liistory) bctwrer~ the flow images obtained by 11u1ncric:al simulation and 
experiment. This check for agrec:ment is done by superposing the volurne coriceiitration isolines 
of the cxperirrierital images on those of tlie irliagcs produced by sirriulation. 

Profi performs the  flows image processing in strps as follows: 

enters the e ~ ~ ~ e r i r n e ~ l t a l  7'hfi: flow images into the syst.em memory; 

coriverts the entcrcd ilrlages into a voluine conce~itrations matrix throisgh the optical 
wedge (OW) whilc adjust,ing for non~~riiform backligliting across the c h a n ~ ~ e l  where volume 
conccntratioiis are non-zero; 

builds isolines; s~rperimposes thc silrl~~ldted and experimental isolirles; 



m superimposes the images of volunie concentration rnatricrs obtained experirrientally and 
the calculated isolines. 

As a secorid step, darkening irltensitics are converted to  volrlrrie concentratio~ls llsing optical 
wedge technique. The 014' pattern (iridividual for each experiment) is represented by several 
rectangles varying in darkening intensity. Tlrc light intensity is tiecreasing f ron~  grade to grade 
in OIY by a constant factor of A. 'I'lie darkening int,ensity for each point of the irr~age is 
converted to  the air volume coricentratio~l in a line-by-line mariner via OIY pat,tern. The 01.V 
reference points are used to generate a tabulated transfer function to translate from one unit of 
measurement to  another. 'I'he points in het,ween the OW reference points are found by linear 
interpolation. 

Figure 2 shows a scanned image of "stepn-sha.ped flow. It  is apparent from the figure, that 
the image darkening intensity in the arrow-pointed direction (100% air volume concentration) is 
not constant, but it has the  maximum in the middle and is decreased towards the edges. For line- 
by-line image processing, a darkening code is set in each line of 100% air volume concentration, 
which is taken from the vertical dashed line in white, whose location is predetermined to be in 
the air region. The transfer function for each line is updated based 011 this code. 

When a volume concentrations matrix has been developed from the flow imagc, isoliries are 
to be built a t  0.15 and 0.9 levels, respectively, and then superimposed on the respective isoliries 
as obtained by numerical simulation (Fig.3a). Also, superposition is performed for calculated 
isolines on the experimental volume concentrations matrix (Fig.3b). 

Lines l 

Lines2 

Lines N 

Figure 2. Scanned flow image Left-darke~~ing intensity variation over the image area (arrow-pointed 
along white line). 

3. Conclusions 

The software package Autoview v.2.7 for Windows 95 has becn developed and is successfi~lly 
used for TM,Z' imagc processing in shock-tube and jelly cylinder convergence experiments. With 
this software, all the TMZ image data  can be digitized irlt,erartively and then obtain a protocol 
with relationsliips describing the ThfZ behavior. Using this software allows higher speed of 



Figure 3. "Stepn-shaped initial perturbation. Volume cor~centratior~ isolines taken at the levels Pi,,,, 
= 0.15 and PhzgrLe, = 0.9 T,-lime point in calculations, Te-tiine point ilr experiment. 

TMZ irnage processing, as well as unbiased and accurate output data  res~llting from Inore 
nurnerous input points. 

Comparative analysis has bee11 tlorlc for ii~lage processing ~nanually and using this software. 
The analysis has found a good agreement to  be ljetween the ~nanually oht,ained data  and 
those resulti~lg from software processing. T l ~ e r c  have been no significant i~lconsisterlcies in 
terms of basic relationships (inner sllall radius, interface displacelr~ent length) for jelly c y l i ~ ~ d e r  
convergence experiments. 

The  above-dcscribcd softwarc has been succc~ssfully applied in selected experiments to study 
TMZ interface and wave front beliavior, the cdses with spherical shape (reproducibility exper- 
iments). 
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Velocity Measurements in Turbulent Gaseous Mixtures 
Induced by Richtmyer-Meshkov Instability 
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B.P. 7, 77181 Courtry, France 

Abstract: Irista~itarieous velocity measurements in a gaseous ~n ix ture  arising from the shock 
wave-induced Richtmyer-Meshkov instability are c o n d ~ ~ c t e d  for the first t,irne i r l  a shock tube. 
Laser Doppler anemometry gives us the  turbulent kinetic energy evolution of the mixing zone 
at  several locations. In particular, we study the gaseous mixture interaction with reflected 
shock waves from the shock tube end wall. Experimerltal r e s ~ ~ l t s  quantify the t~~rl)ulcncc level 
before and after the amplification by shock irlt,eraction and the decrease of that level between 
t,wo shock arrivals. 

1. Introduction 

The Richtmyer-Meshliov instability (RMI) occurs when a shock wave accelerates a perturbed 
interface hrtwccn two fluids of different densities. The RMI is a 1)arocliriic plieriornenon: the 
production of vorticity is proportional to  t.he vector protiuct. of pressure gradient of the shock 
and density gradient a t  the interface. It  leads to  all amplification of the intcrfacc pcr tu rha t io~~s  
and possibly to t l ~ e  formation of a turbulent mixing zone (TMZ). This ins1,ability appears 
in tecl~liological applications si~cli as tlic inertial confinement fi~sion capsules [ l ] .  Tl111s this 
subject is widely investigated froin experimental, theoretical and numerical points of view [2]. 
However the available experiments are essentially schlieren visualizatio~ls of the flow. Only some 
diagnostics (X-rays, infra-red absorption or emission and differential interfcro~nctry) provide, in 
addition to  the thicltness, average density profiles of the gaseous mixture [3, 41. These quantities 
(thickness and density distribut,ion) result of the turbulence diffusion of the mixing zone. They 
give an insufiicient infor~nation about it .  

The purpose of the present experi~nental investiga.tior1 is to  directly cliaracterize the tur- 
bulence intensity in a gaseous mixture arising frorn a l ) la~le  tliscorltinllous heavy-light interface 
between sulphur hexafllloridc ('SF6) ancl air. I(i11etic energy profiles are ohtaineti from velocity 
meas~ircrnents w h e ~ ~  the 'I'M% sweeps by the fixed measure~nent abscissa. I?% measure in- 
stantaneous velocities by Laser Doppler Anemornetry (LDA). 'l'he few investigators who study 
turbulent air flows in shock t,uhes generally use hot wires [S, 61. The hot wire output is a func- 
tion of the turbulent mass flux and tlie temperature. In our case, tlie ur~known distribution of 
density through the mixing zone thickness incitcd us t o  choose LDA, which is a non intrusive 
diagnostics. We adapt,eti this to  our specific study. 

2. Experimental configuration 

In a vertical shock l u l ~ e ,  t , l~c two gases are impulsively acrrleral,etl 1)y a11 int:iclcnt. rlpward 
propagating shock wave (Mach number 1.45) and decelerat.etl 1)y sevcral reshocks of decreasing 
strength (Fig. 1) .  Tlie tube has a square cross scct.io~~ (8 x 8cm2)  and the distance hetween 
the initial interface positiori a~i t l  t,hc end wall is set to  30cin. Plane discontilnlous interfaces 
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arc usl~ally materialized by a flat rnembrar~e separating the gases. The initial pert,~lrbation 
wa.velcrigt11s influerice tht? instability devclop~nent. 'I'liey st.rongly depend on the rnernhrane 
beha\~iour at  shock crossing. 111 order to  fix tliese initial sca.les, lve pla.ce a thiri wire ~nesh  
(wire spacing 1010pm and diarncter 8OPm) directly above a plastic mcrnhrarle 0.3pm thick. 
This mesh does not induce any ~ncasurahle turbulence by itself. The ~ne~nl)l-anc is tor11 by the 
propagation of tlie incident shock wave through tlie grid. Thus, the initial l)ertl~rbation scales 
are essentially imposed by the ~ n e s h  size. As a result, the ~nixing zone is rrlorc 111liform across 
the tube. 

waves 

Incldent 
shock wave 

, Expans~on 
waves T ~ m e  L -- + Tlme 

Origin 

Figure 1. Schematic shock tube and (x,t) diagram. 

3. Measurements 

3.1. Schlieren m e a s u r e m e n t s  

We first performed a schlieren visualization to nieasure the time-dependent location arid thick- 
ness of the mixing zone. In tliese experimerits, we used a liigli speed camera JCORDIN 350 
DYNAFAX - 35000frnmesls ~naximuln). The recorded images include tlie interactions of thc 
mixing zone with the first and tlie sccond reflected shock waves. In Fig. 2, the shock waves 
and the  mixing zone edge positions versus time are drawn. The abscissa origin is the initial 
position of the interface and the tirne origin corresponds t o  the incident shock wave crossing at  
this location. We also performed a schlierer~ visualizatio~~ of the mixing zone wlier~ it  crosses 
the abscissa of 51mm. We measure a rnixi~ig tliickriess of about 51nm. 

3.2. C h o i c e  of t h e  LDA abscissas  

First of all, we can try to  estirnatc the beginning of tlie riiixing zone turbule~it period. The linear 
period occurs as long as (~727r&/X/  < 1, where X and 11 are the perturbation wavele~lgtli (equal 

to  the mesh size: 930pm j and the implitudc respectively and where taltes into account the 
3D perturbatio~l.  We can estimate an upper bound t,,(. of thc non-linear regime beginning by 
taking 7 = - X  in the Richtmyer formula [7]: 

q( t )  = ( ~ T & / x )  1rAll;t + r,; (1) 
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Figure 2. Time rvolutio~~ of the mixing zone edges and of the shock wave locations. Positiorls o f  the 
LDA abscissas. T l ~ e  ~lurr~bered squares rnean: l ,  trar~sn~itted sllock in air; 2, first arid secor~d reflected 
shocks from itle entl wall; 3. co~npression waves reflcc,t,fd fro111 t.llr mixing zorlc, ; ~ r ~ d  coalescing into a 
shock wave; 4, translnit,t.ed shocks i l l  SF6. 

with '4 = (p,,,,. - pSFG)  / (pozr + the Atwood number wit11 post shock derlsities, and U 
the gas velocity. We need to k11o1v the post sliock a~npli tude of the perturbation 7:). In this 
aim, we placed a memhra~~c:  alorlc i r ~  t l ~ c  t1111c. cross sc>ction. \li. defonncd this ~ n c m h r a ~ ~ c  I)y 
an oxrer-pressure of 1.44rnb(zr. O\.er this critical value, tlie l ~ l c l r i l ~ r a ~ ~ c  was t , o r ~ ~ .  Hy all optical 
technique, we 1uea.sl1rcd an amplitude of 7inrn. \?.'c suppose that the ~ n a x i ~ n a l  a ~ n p l i t ~ ~ d c  of 
an inflated m e r n h r a ~ ~ e  i l l  a sqllare s e c t i o ~ ~  is proportional t,o t l ~ c  side of t,he squarc. 1 1 1  t , l ~ t ,  

grid cell, tlie ~ n e n ~ l ~ r a n c  has then an a~npli tudc v;, = 0.093 . 7/30 = 0.0Snlin cal~sed by t l ~ c  
overl)rc:ssllrc at  sllock crossi~~g.  ' r l ~ ~ i s ,  t,lle R i c l r t l ~ ~ ~ e r  fol.11111la givcs t , ,~, = 13 .5 / r , s .  i l s  l l ~ e  
niixiiig zone crosses the a1)sc:issa of 5lmrrt at t E 3YOps, it is already in a turbulent stage. 
'1'11e11, wc, clloose to  locate the LL1.4 probe succc,ssi\-ely at. 51rr i~i  and 125..5inn~ downstrcarn the 
initial interface abscissa (Fig. 2). 'I'his allows 11s to measllrc the decrease of turbulence level 
before the first reshock arrival. LVe also choose to realize velocity measurenlents at, 161inm in 
order t o  quantify the enllance~nent of turbulence level in tlie mixing: zone at  sllocl< crossing. 
Finally, we choose to perfor111 velocity nlcasurements at  17S.5mm. Indeed, the co~nparison of 
the measurements performed at  161 and 178.5mm allow to cluar~lify the tlirbulence decrease 
l~etween two interactions wit11 sliock waves. 

3.3. LDA method 

For our velocit,y measurements, we use an argon laser of 300mll" ~naxi~r ia l  power and a Dantec 
burst spcctru~n a~ialyser (BS.11). 1,DA is a non intrusive diagnostics based 011 the Doppler effect. 
It requires to seed particles in the st.udied gases. 1J11fort1111atcly, co~npared with stationary flows, 
the studied phenomenon is very I~rief: the mixing zone crossing at  a fixed abscissa lasts no more 
than a few hundred nlicroseconds. Thus we have to seed j)art,icles in gases at  rest, before shock 
acceleration. The concentration of part,iclcs is higher than in stationary flows, so is the data  
rate acquisition. In the rnixture, cve ol~tain generally about 4001;Hz before the first reshock 
arrival and about 100kNz between the first. anti thc second reshock passages. In air: we use 
carboll particles fro111 the corllbustio~l of incc-nse cones and i11 SF6, whcrc t.l~c:rc. is 1 1 o  l)ossil)le 



corrrl)~~stion, we use olivo oil tlrol)lct.s producrtl 1,)- a diffuser. I11 terms of t,~lrl)l~lence rate ' ,  ollr 
global rneasurenlent ~ioisc is a lit,tlc higher witli olive oil tliali wit11 incerlsc: 2%, versus 1.5'36. 
This can be cxplai~ied by a liigller clispersiori of olive oil tlroplet sizes. Conscque~ltly, we prefer 
usilrg incerlsr in air iristead of olive oil. Suc11 a level of noise is comparable to  the one found in 
wind-t~nlnel tcsts, although our data rate is ~ n u c h  higl~er. Moreover, tlie presence of tlie wire 
1nes11 above the membrane ~ ~ e r t u r b s  a little the t ra~ls~i i i t ted shock wave in air and increases the 
dispersion of t,he velocity points fro111 1.5-2% t o  2.Ti-3%. Tliis measure~ncnt noise corresponds 
to  a 7 ~ ' ~  level of about 1 6 ( m / s ) ~ .  

Once t lie LDA was test,cd in siml)lificd flows, wc: started velocity measurenierits in SFG/air 
rnixing zoncs. \lie only ~neas~i rcd  the axial velocity cornl)onerit. According to our data  rate arid 
the values of the interfacc thiclcrlc~ss in our flow, about 40 sllock tube rulls need to 1)e d o ~ ~ r . .  
a t  the same locatior~, to  get st,atisticall?; co~t\~crgcnt measurcrne~its. This recluires to reproduce 
identical initial conditions: plane lncrllbrane ancl grid, a 1.45 incident R/lacli number hl, (in fact, 
iV1, ranges from 1.445 to  1.455): p~ir i ty  of gases. Afkr  each shot., we superpose the pressure 
measurements to  the ones stored tluril~g previous experirnerits. If there is no good agreement, 
the velocity nleasure~ner~t,s are rqjt:ct.cd. 

3.4. Velocity measurements 

We first set the probe a.t 5 1 m m  on the tulle axis. We performed a l~out  10 experirne~~ts  at  this 
abscissa. At this location, we slioultl ol~scrvc tlir ~ r ~ i x i n g  zone passage between 3YOps and 42Sps  
aft,er the irlc,idcnt sllock interaction with the initial i11t.erface. 111 this time interval, we measure 
a level of velocity fluctuations abo\-c the level o f  t,hc meas~~~.c~rrrcnt noise. This clearly means 
tliat the rnixing z o l ~ r  has already re;rclieti il tur1)uleut phase. 

'Tl~cn, we realized velocit,y 1neasure111cr1t,s at 125 .5 /n~n .  Accordirlg to  the sclilieren images. 

we should observe the mixing zor~c crossing I~cfore tlie lir-st reflectet1 sl~ock arrival (Fig. 2). 
Actually, we do not observe any i~~crcased l(.v(:l of turhr~le~rc(. (luring Illat period. T l ~ e  trlrbulent 
kinetic energy level is under the li111it of the ~ n e a s ~ ~ r c ~ n c n t  noise. 

The third position irivestigated is 161?nm, At this locatio~i, the T M Z  crossing is observed 
,just after its interaction with the first reshock. Abol~t, 40 experiments were necessary t o  describe 
t.hc turbulence level during the gaseous mixture crossing (Fig. 3 ) .  The first velocity plateau at  
1 3 0 m i s  corresponds to air accelerated by tlrc incident shock. Then, a brief plateau at  O m i s  
corresponds to  air decelerated by t h e  first reflected shoclc 011 the end cvall. This latter sllock 
reflects gradually on the de~isity gradient in thc  'IMZ. Con~ec~ucntly, it accelerates one Inore 
time tlie gases. Then, we ohscrvc a seco~~t l ,  perturbed plateau wl~icll i~lcludes the crossirlg of 
the turbulent mixture. With the Ilankinc-IIugo~~iot relations, cve calculate a theoretical ~ n e a n  
velocity of 4 7 m i s  in this plateau. But we Ilrr!asure a 111ean velocity of 5 9 m / s .  This accclcratio~l 
is due to  the h o u ~ ~ d a r y  layer rcversal effcct in the SF6 at shock crossing [g]. This second plateau 
ends with the arrival of the seco~id rc:Accted ~ l ~ ( > < . l i  \vave 011 t,l~p end wall. 

At the fourth location investigated, 178.5m?n, we o l ~ t a i ~ i  tl~c, same beliavionr except tlie 
T M Z  crossing is not quite entirely observed l~eforc the secorid rcsllock arrival. At this location, 
we also performed about, i10 e x ~ ~ e r i n r c ~ ~ t s .  

'U'e call U the instantaneous axial veloclty corr ipo~~cnt .  The  Itcynolds decolrlposition gives t h e  instanlar~eous 
velocity rrs a sum of a mean velocity arld a fluctuation: u = E + U' with = h z,L1 U;. N is equal t o  the 

rrurnbcr of realizations. The lurbulence rate T is dcfinrd as: T = 0 1 2 1 ,  with a variar~ce defined as 
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Figure 3. Cumulated measurements of the axial velocity component at 161 mm, from the su11erposition 
of 39 experiments with a planr interface of SFGlair submitted to arl incident shock of Mach number 
1.45. The numbered squares mean : 1 ,  trans~nit,ted shock in air; 2, first reshock on the end wall; 3, 
compression waves reHected from the mixing zone and coalescillg into a shock wave; 4 ,  second reshock 
on the end wall transmitted in SF6. 

3.5. Profiles of the Reynolds stress component p 

At 161 anti 17S.5mm, we sample tlie mixing zone passage duration in tirne intervals of 23ps 
in order to  quantify the profile of the Reynolds stress componerlt 3. The characteristic tirr~e 
scale of turbulence can he cst,irnated, in an isotropic hypothesis, with the ratio of the  'rMZ 
width to the level of m: we find about 1 ms. Therefore, during the sampling period, we can 

- 
neglect variations of d2 due to dissipation. Moreover, the rclative variation of thick~less in the 
mixing zone during 23ps is only about '4% : we also neglect (,lie variation of due to  diffusior~. 
Only the variation of 3 due to convection could influencc the results. Actually, there is an 
insta~itaneous spatial distribution of p in the T M Z  width. This ~rof i l e  is unknown, then tlie 
sampling period must be as short as possible. On the other hand, t,l~is period rnust contain a 
sufficient number of velocity points to  get a statistically convergent - descriptio~l of t~lrhulence. 
According to statistical laws, we estimate an error bar of f 15% on uI2 in a 23ps long sample 
at  161 and 178.5mm. 

At 51mm, we observe the TMZ passage during 3Sps. We could give a mean level of 
calculated from all the velocity points obtained during this period. But, if we want to  estimate 
the shape of the F profile, we have to divide the passage period in 3 samples a t  least. In that 
latter case, we estimate an error bar of 4~23% in each sarnple. If we increase the number of 
samples, the error bar will be higher. .4s a result, we choose to calculate the 21'2 profile with 
only 3 samples. 

A t  125.5mm, it is not necessary to  sample the  T M Z  passage because wr do not measure 
any turbulence above the ~neasurernent noise 

With these precautions, we obtain a convolut io~~ of time and spatial profile of during 
the mixing zone crossing at  all the measurement abscissas (Fig. 4). At 51mm, reaches a 
maximum value of about f i O ( m / ~ ) ~ .  At, 125.5mm, the turbulence level has decreased to less 
than 1 6 ( r n / ~ ) ~  by hot11 dissipation and diffusion effects. At 161mrn, wit,l~ a peak at 11 7(rn/s)', 



- 
Figure 4. Profiles of the axial component of the Rryrlolds stress rl'vin the rnixing zo11c crossing at 
.51, 125.5, I f1  and 178.5 mm. These profiles are ol>taincd I>y averaging the meas~lrelncnts OII  time 
intervals. 

we observe a strong increase of u ' ~  compared to t l ~ e  level lneasured a t  125.,5mm, (about 7 times 
more). The turbulence in the gaseous mixture has been excited by the reflected shock because 
of the baroclinic vorticity source term. Then, we noticc a global dccrease of the variance levels 
t ~ e t w e e ~ ~  161 and 178.Timm. Indeed, between these abscissas, t,here is no turbulence product,ion 
by shock, whereas there is diffusion and dissipation. 

4. Conclusion 

To su~nmarize, for the first time, \:elocity measurements have bee11 perfornled to  directly char- 
acterize the turbulence level in a ~rlixing zone generated by tlle Richtmyer-14eslikov instabilily. 
In our shock tube, the first reflected shock wave from the entl wall interacts with a pre-existing 
turbulent ~n ix ture  ind~lced by the RMI. Although this turbulence level is weak (about our mca- 
surement noise level), we measure an amplification of the axial velocity variance in tlie 1nixt11re 
by a reflected shock wave crossing. We interpretatc this phenomenon as a baroclinic effect. Fur- 
thermore, we measure a dccrease of t l ~ e  t u r h ~ ~ l e ~ ~ c e  level betwee11 two sl~ccessive shock arrivals. 
which is explained both by dissipatio~i and diffusion effects. 
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Abstract: \Ve iuvestigatc tlie geo~rsetrical complex structure of the instability due to plane 
shocks in different gcomctrics by Inea.lis of fractal analysis. ,411 i ~ n p o r t a ~ l t  point in the  1111- 
clerstanding of the complex structures that produce mixing across density interfaces with or 
without che~nical reactions is tlie cornbinatios~ a ~ i d  co~nparison hetwee11 numerical calculations 
and selected experiments perfor~ned llsirlg eitlier sliock tubes or explosives wliicli produce shocks 
that traverse sharp density interfaces 1)otweeri tiifrerent layers. Two experimental corifiguratio~ls 
are analysed, one is the growth of a reactive u~lst,ablc clensit)- interfacc at. low Atwood nurnbcr 
produced hy placing a layer of brir~e over a fresh water layctr arid re~rioving the harricr t , l~at 
separates thern initially [l], t,lie other one is the sr~ixir~g zor r~  ~ ) r o d ~ ~ c e d  by the passage of a I~igh 
Mach number shoclc across a density i~ltcrfacc [.I]. Changes in tlie fractal strnctiirc, which is 
related to  t h r  rclati\zc spacc tillingr~ess of the large a ~ i d  s111all eddies, is irsed to identify areas 
where boundary effects may disturbo tlit, I~asic. RT and RM instal~ilitics 

1. Introduction 

A \,cry i~nportant  problcrn regarding tile I I I ~ X ~ I I ~  of strongly accelerated interfaces is the effect of 
geolnetry on tlic tlcvcloprnent of Hicht~iryc~r-hleslikov and Rayleigli-Taylor i~~slabilit,ies. These 
instal~ilities produce often undesired I -n ix i~~g  at con~pressive interfaces wliich rcd1rc.c the yield of 
inertial confinenlr~rit f~lssion. Simple experinlcnts w1iel.c drt,ailleti n~easurernents of the growt,h 
of tlie mixing front have been dolie have colifir1r1r:tl r~urnerical calc~~lations [l ,  21, these effects 
are also i~nportant  in the applicatior~ of shock-induced mixing zonp to s~ll,ersonic i~npulses, ill 
the co~ltext of cornbustion, chernical reactiorls or in ast.ropl~ysics. Molecular mixing takes place 
at  the smalest scales generated in t,he flow, wliicll are sul,poscti to  l)e ir~depe~ldent on tllr rrrost 
energetic or large scales in turn ~ ) r o d ~ ~ c e d  as coherent s t m c t ~ ~ r c s  by the dominant instabilities, 
In this paper wcx i~lvestigate, using fractal analysis (,lie eflect of different instabilities on the 
sc,lf-sirnilarit,y of the turbulent 1nixi11g ant1 rc~act,i\rr, fronts. 

Mar~y  shock-f,~~he investigatior~s 011 shock-i~iducetl tu r l~u le~i t  ~nixing zone stlsrlies have used 
vislralization tccliniques [S, 41 lrieasuring only gross f ~ a t ~ ~ ~ r e s  of the flow, fractal analysis coupled 
with spectral rrietliods allows to use tlic selfsi~nilarity of the turbulence at  higli Reynolds number 
to  irsvestigate for example boundary effects or lnernhrane effects in shocks. 

2. Description of the fractal analysis 

From dimensional arguments I<olmogorov's spectral relations for the density of energy, 

More information - F,m;lil: rcdondoCOctarcc~~h.~~~~~-,es 
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where t is the rrieall dissipatior~ t = v 2  2 . tallis is eql~ivalcr~t to  state tlrat, t,lle second 

order moment of tlie structure f i~nct io~i  scales like < b v ( f )  >'= also valiti for higher 
morne~lts. Dethiled cxperirrlents show that agrrerilc~it is not as good as initially expected 1)); tl~c. 
earlier succcsrss of the i,l~eory. Obukov ancl I<ollnogorov ilitroduced a correction by t,akii~g illto 
account the ir~tennittency of the distri1)ution. I,y addirig a factor (fk.).' where is called the 
iritrrrnittcncy, arrd rc,presents the average ~ i l r n ~ b e r  or vorticcs wliic:l~ are formed tvlier~ a larger 
vortex decays. E(X.) = c ~ ~ / % ~ ~  (f~:)'. 

This interrnit,t,ericy of tlie turb111ci)cc is refli~c-tetl ill t l ~ e  Fractal din~elisiori ~vliicli is related 
to t l ~ e  percentage of space occ~~pict l  11y i.lle r.elrrnants of ;l tiecaj,rd vortex ;it ;r. srnallcr scale. 
'111e spectrurr~ of trrrl~~ilencc o f t . c ~ ~  has arl ir~crt,ial s~~brarige,  or range of scalcs xv l~c~e  t, l~e er~c,rgy 
c o ~ i ~ i r ~ g  frorn the larger cddics is tlrr, sarlle as the energy tra.risf(~rc>tl tonrards t,hv srnaller ortes. 
If c arid L/ are t l ~ e  only rclc\.ant ljaran~eters, tlrc, sn~allest j)ossil)le t,~irbulent c ~ l d y  size, I~efore 
viscosit>7 acts) is l<olmogorov's Icngi,liscale 17 = (r/"/c)'14 anti sirrrilar Icntgl~scalcs may I,c tiefintd 
i f  a scalar. s11cl1 as tcrrrpcraturc or corlco~tratiori is iir~ol\>cd. 'T'licr~ del~endirlg 011 tlic I'ra~~titl 
r~ulnl~er ,  the niicrostrrlcturc~ is tlilrt~scd eit1lr.r f'ast,er lJr < 1 or slocver 1'1, > 1 than tlie velocit.!;, 
and we h a v ~  t l ~ c  Bai,clielor 'l!) = P I , - ~ / ~ I ~  or t l r ~  C(orrsi~~ 71, = scitlcs. Tlicse tlifrlrsive 
lcngtliscales dolriinat,e wl1c~1 a clleniical reaction takes placc. 

The range of tirne antl lengtlr scales i~ivolved i11 comprcssiblc tur1)ulence is large, dur  t o  
the high speeds which reduce the I<oln~ogorov, Batcliclor or Corsiri lenghtscales. Tlie analy- 
sis of convoll~ted surfaces ant1 its application t o  t u r h ~ ~ l e n c c  has witnessed a rapid expansion 
due mostly to  Mantielbrot, who gave pracf,ical tlefinitions of fract.al tli~nensions of real ohjects. 
IJractal ol>jects: as {,hey arc called, (lisplay self-sirr~ilarit,y over a range of scales. .Ilatlicmatical 
fractal o l > j ( ~ t s  may disl)laj. self-similarity over an infiriitc rarigc and the IIaustlorff tiimc~rsioli 
can 1)~ :  usetl to doscribc. tlicrr~; for I)hysic.al o t ~ j e c t , ~ ,  tllcrc. is a limited l,arlgc wlierc. self-similarity 
applies. 111 turbirlc~ice this range may l)e hctcvecn tlrc largest scale and thc l<olrrlogorov scale. 
,4 practical definition of the rractal dirne~ision,D can be give11 as 

~vherc 11' is t.11e r iu~nl~cr  of self-similar parts or covering boxes at  size r r .  Ari extcrisioi~ of t,he 
fractal climension to a set wherc cliffererit isolincs ha,ve different fractal tli~nensior~s may hc tJone 
using i~rultifractals. For a fractal curve, its 1ne:~sured lengtlr L will have a power law t1epcridenc.e 
on the measuring yardstick c as L m a'-"' The exponent U, is called t l ~ c  frac:tal tlinier~sion 
of the curve ant1 is a measure of tlra rougl~ness of fragmentation of tlie curve. The s~rl~indcx i 
indicates tlie irrrhcdtied Euclidea~i space,(l for a linc, 2 for a plane, 3 for a \~olirmc, etc) frorr~ 
which tlic fractal tlimensio~i is derivetl ;LS a l)roject,ion. Many rxperimeuts have calculai,ed t11e 
fractal tiilnension for several flotvs, both for velocity and for lnarlted scalar regions i l l  t l ~ c  flo~v, 
ant1 found sliglilly differc~~t  valurs for diffvrent classical tl~rbulent flows; 1.38 for a t~ountiary 
layer, 1.35 for an axisymlnetric Jet ,  1.33 for a n~ixing layer, for D2 anti 0.10 for I), . 

The fractal convolutions of turbulent interfaces will i~icrease the arca bct,wecr~ different 
rnarlted regions of the flow, In a similar way as for a line we can express the are& detcrlnii~cd by 
the fractal set, as :l cc cr2-D2 . If the range of scales where self-similarity is exlribitc:d is Iin~itr~tl 
1)y, say. a large scale C arid a small scale, sa.y tlic I<olmogorov lent,hscale 77, t,hen t.lie fractal 
nature of turh~rlcrice will increase tlie area of any turl~ulent i~~tc r facc  marltcd by a scalar. If 
the arca of a surface, filtered l)?; tlie l~ieasurernent a t  scales colnpara1)le to l measures At. then 

2-D, 
due to the a(lditiona1 fracial scales the fractal (real) area is .lD = .li. (:) . This increase i l l  



colltact arca needs to  be take11 into a c c o u ~ ~ t  ~ v h c ~ i  discl~ssir~g ~nixing thra11g11 density interface, 
tlie real fluxes will be greater lliat thc ellclidean calculated ones. 

Memhrsne 

Shock tr~be 

Mlxing box 

Figure 1. Experirnc~ltal appnratus used in the reactive ~rlixing. 

3. Experimental method 
Fig. 1 presents the two experimental configurations analysed. A reactive Rayleigh-Taylor mix- 
ing frorlt generated by placing dense fluid (brine) with (NaOH) basic p11 plus phe~lolpht.halei~~ 
on top of fresh water with (CIH) acid. The other configuration is a shock tuhe experiment of 
which only selected sllliering images have been analysed, hcre Richmayer-Meshkov i~lstability 
is produced. More details may be found in [ l ,  4,  51. 

In both experiments the Atwood nu~nber ,  defined as: 

where the accrleratior~ or shock wave goes fro111 fluid l to  fluid 2, was used 

Figure 2. Shadowgraph of an  Air/C02 mixing zone experiment. 



4. Results 

For the shock expcrilnent shown in Fig 2. measiiren~ents of t l ~ e  fractal diluerlsion were ~ i ~ a d c  
for differerit intensity levels arid difere~lt positiorrs and the result ir~g values are given ir i  l'ahle l .  
r 7 Ihis experi~nent was performed at  M = 1.28 with a riiernl~ra~ie of 0.5 ~nicrons srl~aratirig the 
two layers AirlCO? at  a position of 250 inm. 'Slle diff(1rrnt regio~is of tlie tui-l~uleni flow visu- 
:tlizetl hy shlieri~lg show different self-si~nilar s t n ~ c t u r e  as ir~dicatetl in the ta.ble. 7'lie position 
X/Xo= 0.9 corresponds with the turl>i~lerit mixirlg zone and t,lierc is a similar fractal 1,ehaviour 
for all i~iter~sitic.~, the cer~ter region has 111ore coli\~o111t ions at t lie darlier arcas while earlier there 
is no developed turl)~~lerlcc. Tlle effect of adding srn;~llcr scales nt t l ~ c  iriitial coridit,io~ls, wif,h 

Tahlp l. Fract,al dimension for different, positior~s and Icvcls. 

an irlcren~cnt in t h e  complcxit,y of t h e  i~lstal~ility patterns, I)rodi~cc:s higher fractal dim~nsions 
and thus a nlixirlg enharlcemcnf,. Thc overall prediction seerris to he that the  more complex 
the i~iitial perturbatio~is the greater tlie e ~ r s i ~ i ~ ~ g  instability. I t .  is clear that only in fully de\rel- 
opcd t.urbulcnt flows tlirt fractal dirncrlsiorl aproaclies I),, = 77 - 213 where 17 is t,he 1<uclidca11 
dirrle~lsiori of t,he em1)edding space. The effect, of mernbrane pieces nray be tietecteti by a large 
decrease of the local fractal dirnc~~siorl in t.lieir wake. 

For the reactive ~ r ~ i x i ~ l g  cxperilnerit, the time evohltiori of tlie fractal dimcnsior~ of a low 
Atwood nmnber, l W 4  < A < 5 X 10-*, rnixetl layer shows arl i~icrease while the R-7' instability 
deve1ol)es. A decrease in D? is ol)served after a IIOII dir11e11sional t , i~nc describetl below of 2.5. 
This is due to t l ~ e  large scale Row i~rtluced by tllc sides of t,he experimental tank, 1)ut also to the 
rc,st,oring cffect of the  stratificat.ion, once tlie whole tank o\~crtnrns. The ~iumcrical calculatio~is 
do not show this behaviour, and t . 1 1 ~  valilc of D2 c.or~tinircs ilcar 1 :1. 

'The effect of strat,ificatior~, specially at liigli Kichardson riurnl)ers, produces a lrlarkcd rednc- 
tion in the vertical velocii,ies. and of the t,l~ickrless of stal)le iilterfares tliis is take11 into account 
using the results of Iiedo~ido (1987) [ G ] .  and or Redor~tio and 1,irrdeli (1096) [2]. 

where the local Riclrardson nurnher is defined as Ri = g$ and the non-dimensional time scale 

used is scaled on il as r = (+)- ' /? t  

In t l ~ c  sarne way as stratificatiorl reduces vertical scales t,he wall I~our~dary layer becomes tlre 
domir la~~t  feature a ~ r d  t, l~e large, tlerlsity flr~ctuations ol~scrvetl by shilieri~lg or oi,her tecllrliques 
have two tiiffere~~t soitrc.es, thc haroclinic vorticity protiuction ar~tl the shear fro111 t . 1 1 ~  hourltiary 
layer, wlrich seem to have differerit, scalirig laws arlci iiligllt Ije tlctected p;eometrically. 
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Kolmogorov Capncity 

Fractal d~rnension: -1.3007 .. 
.X. .. .. .. '.. -. 

+ --.. +. 
K 

""-t 

-++%+ 
+++k +-+ 

-+++. +.. 

+ l.. .. 
\ ,M,, c " ~ ~ "  7 8 i t ,  .. .._ 

Figure 3. Relationship between the number of boxes needed to cover a fractal intensity contour at  a 
shock induced turbulent mixing zone. 

5. Conclusions and discussion 

An iritroduction of the basic Richtrnyer-h,lcslikov (RM) and Rayleigh-Taylor (R?') instabilities 
and the effect of these on the geometrical (Fractal) structure might lead irl the future to  a wide 
clasification of different types of turbulent instal)ilit.ies acording to the lncasured fractal and 
multifractal dimensions. 

The information obtained 11) the visualizatior~ of tlie interface mixing zone by several mcth- 
otls, such as shadowgraph, shlierillg and reacti\.c colour change may I)c used to clasify the growt11 
and characteristics of the interfaces, i r ~  particular c l ia~~ges i r ~  t,he fractal structure. which is re- 
lated t o  the relative space fillingness of the large and small eddies, is used to identify arms 
where boundary effects disturhe the basic RT and R M  instabilities. Tliese instabilities are seen 
to be dependent on the complexities of the initial conditiondifFerentnd combinations of random 
and well controled superpositions of azimutal wavenumbers show this dependence very clearly 
as seen by Toque(l996) [7] in inlplosions for plane and cilindrical shocks with different azi~nu- 
tal waveforms. The variation of the fractal dimension with tin~c. t,ogether with a coniparison 
of the different geometrical characteristics as a function of Atwood number provides a better 
understanding of the evolution of tlie turbl~lent instal~ility. 



Acknowledgement. l'liis work is supportecf by t l ~ c  1<:11ropean I!nior~ and DGES, C'o1itrad.s No IC15- 
CT9G-0111 and EU-9600141 I thank N. 'l'oque, .].V. Ilaas a11d I.. Ilouas for providilig some of the iir~ages 
used lrcre and for helpfull discussions. 

References 
[I] 1,iriden PE', Redontio .JM arltl Youllgs D; hlolccular ~ n i x i ~ i g  in RT instal~ility, .l. Fluid LIecl~., 

265; 97-124, (1994). 
[2] Redolido JA'f and Linder~ PF,  Geometrical obsc~rvatio~ls of turbulent density interfaces il l  The 

physics of defor~rii~ig surfaces, 1;\1A srries, 56, 221-218, (1996). 
[3] Rodriguez C:, Galarnetz I, Croso [I and FIaas .JF,  Ricl~tmyer-M(-slih instaltility ill a vertical 

shock tulle, Proc. of the 19t,h Intrnlational Symposium on Sliock Waves, hlarseillc, France, 
lV,  275, (1993). 

[4] Houas L, Che~nour~i  I ,  'l'ouat A and Hrun It, 31.d. Int. Worksllol~ on t l ~ r :  physics of Conipressi1)le 
Turbulent blixir~g, Rouyamont, 127-136, (1991). 

[S] Fortes J ,  Ra~ndalli  A a11d Houas L: CO:! laser absorption measurements of t e ~ n p e r a t ~ n e  and 
d e ~ ~ s i t y  in shock induced Ricl~lmyer-Meshkov mixing zone, P l~ys .  Rev. E, 50, 1, 3041-3049, 
(1 994). 

[6] Redondo JM, Effects of ground proximity on dense gas entrainment, J. Haz. i\/lat., 16, 381.393, 
(1987). 

[7] Toque N, Ph D. Thesis, Univ. Paris IV, (1996). 



G'" I w r c r r ~  - MARSEII,I,E .J I JNE 1997  - Ricllard et al. 

Indirect Drive Ablation Front Instability Experiments 

A. Richard, H. Croso, M. Valadon , F. Mucchielli, P. Salvatore, C. Reverdin, 
0. Lamontagne, F. Zielinski and B. Meyer 
CEA-DRIF Li~neil-Valenton 
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Abstract: Experiments devoted to the measurerncnt of the growth rate of the ablation front 
instability have been performed with tlic Phebus laser facility at  CEA-L)RIF. We used X-rays 
converted from 3w laser light (1.3 ns FIZ'HM square pulse, 2.5 k , J )  in a gold hohlrau~n to 
accelerate modulated foils and wr studied the Raylcigll-'raylor instability at t,he ablation front. 
The accelerated samples were 1S p m  and 24 pm 1,hic.k l~rorninatcd plastic. 'l'he wavclcngtl~ of 
the pert;urbatioris was 50 pm and their arn~)litudes 0.C) pin and 1 .S pm. Face-on radiography 
was used to measure the growth of t llc perturhations. \V(, 11seti a laser beam to crcate a 
radiography source on a copper disk (1.5 kr\17). Good contrast picturrs were recorded with a 
rraming camera. Time r c s o l ~ ~ t , i o ~ ~  is S0 ps and spatial resolr~t ion was obtained wit,h i)i~lholes of 
10 pm diametcr. 'I'he cxperi~ilelltal results and t,l~eir arlalysis are prosc~lt,t:ti. 2D simulatioi~s 
were carried out and their results arc, co~npared to the ~~ioas r~ren ie r~ ts .  

1. Introduction 

Hig laser facilities for ICF arc plailr~ed in the ncxt ttecades in the 1.Tnitcd Sf,at,es (National Igni- 
tion Facility) [l] arid in France (Laser Mbga.Jo111~s) [2]. They are devoted to reach DT ignition 
with direct, or irtdirect drive. I-Iydrodynarnics instabilities impose l i~ni ts  on the defi~rition of 
these facilit,ies anti t.o control the physics of the implosion we Ilavc, to  1111derstand it. 

The experiments we perforrneti with the Phbhus la.ser facility at  CEA-DHIF focused onto 
the Rayleigh-Taylor [S] instability at  the ablation front in illdirect drivc. 

Indirect drive 1.11 consists in co~lverting t l ~ c  laser liglit into X-rays onto tile walls of Iiigh-Z, 
liohlral~ms. In t,he irriplosion proccss, nia.t,ter is ablated I>y X-rays from the outer surface ar~tl t)y 
reaction implodes t,he microhalloorl. The ablat,ed plasrna (lighter) accelerates the sl~cll (heavier) 
whic11 is a Rayleigh-Taylor unstable situation. Irradiat,iori non-uniformities and surface rough- 
ness are seelis for the tieveloprnent of the abalation front instability. Then the perturbations 
are transmitted to  inner interfaces, where tli'p grow again at the stagnation phase, when the 
lighter fuel decelerates thr, heavier shell. 

Fi~lally hydrodynamics inst.abilities growth pertur l~s the fuel a ~ r d  degrades t,11e performance 
of the i~nplosion. 

Com1xired to classical Rayleigll-'l'aylor instability, tllo growth rate of 1,he a l~ la t io~ i  front 
instal,ilit\;: in its linc~ar pha.se, is reduced c111e to the tlensity gradient at, thc ablation front and 
due. t o  t, t i r .  ; ~ l ~ l a t , i o ~ ~  procrss it.self. The growth ra1.e of t,lle i~istability call l)e rriodelized by a 
Roti11r.r-Taltiil~c [5] like f o r ~ n l ~ l a  : 

7 = Cu& - /'kP. 

More information - Email: ricbarda@limeil.cea.fr 



The ~ ~ a r a m e t c r s  a (depending on the density gradient le11gt11) anti !j llavr: to  tleterrnir~etl 
through the comparison between sirnulatioris and experiments. 

,4 rir~nlber of experirnerlts addressing these issues have already been ~)erforrnetI on otlier 
laser facilities [G].  

2. Experimental configuration 

T'l14l)us is a Neodynium glass laser facility at  1.06 pm wavelerigtli. It cor~sists of two l ~ e a m s  
delivering about two times 3 k,J after conversion to 0.35 pm wa\,eler~gtli. We used square laser 
pulses about 1.3 ns FWHM. 

3. Growth measurement 

'I'lie cxpcri~nental arrd~igement for this experi~nent is show11 i11 figure 1 

2.3 % CHBr 
modulated foil v 

X-ray imaging 

As in many previous c x l ) e r i n ~ c ~ ~ t s  in other laboratories, we ~neas i~red  the growth of the 
perturl)ation by face-on radiography. U'e used one of the laser l~ealns to  create the X-ray drive 
in the 1 m m  dianleter gold hohlrau~n onto a gold con\.erter. The o1,lier t ~ e a ~ n  was used to crclate 
a, source around 1.3 ~ E V  orlto a copper disk. It was smoothed with a KPI'. 'L'hr: rr~otiulated 2.3 % 
CHBr sample was placed on the wall of the cylindrical part of the hohlra~lm. 'I'lie wavelength 
of the perturbation was 50 pm. 

We i~naged the transmission of t l ~ c  X-ray source light throng11 the sample (figure I ) .  The 
measured intensity is related to tlie tl~ick~iess of the CHHr  and is convolvcd with the diagrlostic 
Point Spread Fu11c1,ion. X-ray inlaging of the foil was realized witli it twelve, pi~llioles gatcd 
irnager. Its rnagnificatioli was 10 ;rrltl the pilll~olrs dia~netcrs were 10 jlm. The rsposllrc time 
was SO ps. An exarnl)lc of recorded radiograplis is s l i o w ~ ~  ill figure 2. 

4. Drive characterization 

We charactelizetl the X-ray flux in tile hol~lra~l ln and chcclted the opacity of the hrorni~lated 
plastic samples with burrithrolrgll ~neasureme~lts .  

The  holilraum geometry was tlie same (tlirnensions and apertures) as for the growth rate 
measurements. 

A gold foil and a (IHHr foil were set over a wi~ldow i11 tlie wall. \Ve ol~scrvcd with a 140 CV 
to  280 elf c,ncrgy range soft X-ray streak camera and ~ileasureci the delay bctwecn the light 



Figure 2. Radiographs of the ~r~odulated foil. 

appearing after h~lrnthrough of tlie samples and tlie light corili~lg out of a reference hole. b e  
got a nlaximum radiation temperature aroulltl 140 c l / .  

5. Data analysis 

The initial perturbations were measl~red and analysed. 111 figure 3 we show the mod~~la t ions  for 
the 18 pm thick / 1.7 pm peak to valley CI-Inr sample and its Fonrier decomposition. W'e notice 
that it preser~ts a strong initial second harrilo~lic, a l ~ o l ~ t  25 % of the fundarne~ltal amplitude. 

18 pm th ick  
1.7vm peak to v a l l e y  

0  2 5  5 0  7 5  1 0 0  
W a v e l e n g t h  ( pm) 

Figure 3. Iriit,ial modulation. 
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'I'he datas were analyzcd as follows [7] (figure .4) : 

lsmoothed = I s o u r c e e x ~ ( -  PPe) 

Ln( l )  - Ln( l  s m o o t h e d )  = - FVa 

a(h,t) = a o l V e x ~ l y t )  

m i c r o n .  

Fig~lrc 4.  Data analysis principle. 

thc transmitted intensity is related to tlie source intensity, 

we get profiles across the rneas~~red  signals modulations. Then we smooth it7 we divide tlie 
measured signal 1)y the smoothed one and we take the natural logaritll~n of it,. Doing so 
we remove tlie effect of tlie sourcc non-uniformity and we get the optical dcptli amplitude, 

from this flattened signal, we took a finite nu~nber  of periods on which we applied a 
Fourier decompositioil to derive the a~nplit,ltdes of t,he perturbatio~l for each wavelength 
present in it. 

In this case, wc ha.ve contribt~tions at, 50 pm arid 2 5  prn wavelengths. 

6. Results and comparison with 2D simulations 

In figure 5, we give tllc Ehurier anlplitutics that  wc derived for two differelit shots with similar 
CRBr samples : 23 pm thick, i~iitial peak to valley arnplitudc 0.9 pm. Tliese values were not, 

o 0 , s  1 1,5 2  2 , 5  

T i m e  ( n s )  

Figure 5. Example or cxperiinental results. 
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corrected from the diagnostic Modulation Transfer Fur~ction 

We observe that the perturbation's f u i ~ d a ~ n e ~ ~ t a l  grows. The secor~d h a r ~ n o ~ ~ i c  does not grow 
mucl] on these shots nt the times of the rncas~lrernents. 

Two dimeus~o~lal  simulations were carlied out for these cwperi~nents. In figure 6, we glve 
the values of some important palameters give11 b) the simulation. The foil is set in motion after 

CHBr sample  : 18 pm t h ~ c k  
1 pm (peaklva l ley)  ~ n ~ t ~ a l  a m p l ~ t u d e  

0 , s  1 1,5 2 2 , s  
T i m e  (ns )  

Figure G .  Frlndarner~tal parameters given by the simulatior~s. 

the shock break out a t  1 ns. The ablation front acceleration, co111,inuous line, is abo l~ t  7el5 
crn.~-~. The ablation speed, daslled plot, varies from 1 to 4e5 c1n.s-l. The density gradient 
length, dot-dashed plot, used to calculate cu, goes from 0.5 p m  t o  about 2 pin.  

On the plots In figure 7 we compare the ewperime~ltal dat as, corrected from the MTF, wit11 
a mean growth factor give11 by thcx si~nulations. Wr scaled th(> data to the silnulations values 

23 Km Ihlck C H B r  s a m p l e  

U T F  .o,r.rt.d d.,. 

MTF oo,r.et.d d.,. 

. *  

. *  .. 
0 , 5  1 1 . 5  2 2 . 5  0.5 1 1.5 2 2.5 

T i m e  ( n s )  
Time ( "S)  

Figure 7. Cornparison of experimental results with silr~ulatiosls and with Bodner-Takabe formula. 

a t  the time of shock break-out. Doing so, we get a reasor~ahle agrecrnent between experimental 
data and sirnulat,ion for both thicknesses samples used ( I S  pm and 24 p m ) .  

A post-processing of the diagnostic is in progress and will allow a Inore precise and more 
rigorous comparison. 
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We also compared datas anti sirr~ulatio~is \vitll a lit by the Bodrier-Titltabc: forri~ula. Lire 
calculated it with tlie values of r u ,  g,, and I/, given 1)y t.11e sirr~i~l;i.tiorl, taliir~g a /l of 1.5 (frorn 
I,LNI, experi~ncnts).  The agreement at  the times of tlie measurements is good hut after 1.8 71s 
I~egi~is  to deteriorate. This co111d l>e due to tlie tleconlpressiori of tllc foils that is not, take11 illto 
accou~lt in t,he formula. 

7. Conclusion 

We measured, by face-on radiography, the growth rate of the Rayleigll-Taylor illstability at the 
ablation front of planar geometry sarnples accelerated by indirect drive. 

WC observed growth of tlie perturbatioris for both tliicknesses used : 18 pin arid 24 p7n. 

2D sinlulatiol~s were carried out and agree reasonably with expcrimc~its. 

The diagriostic post-processir~g is i l l  progress and will allow Inore rigorous co~npariso~i .  

\Ve plan to perform expcrimcrlts in the llcar f i ~ t ~ ~ r c  wit11 s~nallcr wa\~elc~igt l~s to validate t l ~ c  
Rodner-Takabc f o r m ~ ~ l a .  
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Vortex Model for the Richtmyer-Meshkov Instability at 
Low Atwood Numbers 
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A b s t r a c t :  Tllc norllinear growth of the 1111rlt.i-mode Rh! instability i l l  the limit of t n ~ o  fluids 
of similar densitdies ( A  + 0) is trcat,ed hy th r  ~ r ~ o t i o ~ ~  of poil~l potent,ial vortices. Two-l~uljble 
Inerger is dernonstrated and l~ubble coni1)etitio11 rates are calcl~lateti. Using a statistical 11ubl)lf. 
rrierger model, sirrlilar to that usc.tl ~ I I  the l in~ i t  of ;\=l [ 6 ] ,  the front c\-olution scaling law is 
derived. A power law of for t,hc rriixiiig zoncJ gro~vth ri1.t.c~ is obtained, sirliilar to  that derived 
for the .A=] case, in good agreelnoit wit11 siln~~lat,ions and cxl)cr-inler~ts. 

1. Introduction 

The Hicht~nyer-Meshkov [ l ]  (KM) inst,al)ility occurs when a sl~ocl< waxFe passes through an in- 
terface betwecn two fluids. Under (,his instability, srnall ~)rrturbations on the interface grow 
into a formation of bul)l)lc~s and spikes. Recently, ,41011 r t  ul.[2] apI)lied a l~rlhble cornl)f~tition 
~notlel to  study the tilrlo evolution of l)ilhhle fronts of the l1h4 a r~d  RT (Itayleigh-Taylor) in- 
stabilities in the limit of infinite dcnsit.y ratio (!\t'ivood n l~rn l~er  of A = l ) .  'I 'l~e 111odel is based 
on mot1t:lirig t,he front by an array of 2D bubbles, each rising wit11 its si~~gle-mode asymptotic 
velocity ol)t,ained fro111 Layzcr's potential flow lnodcl [S: 31: \l' = C? . X / / ,  with C = 1 / 3 ~  for 
t,lre case of A = l .  13uhbles overtake sttlaller neighl~orir~g ones to for111 larger b1111l)lrs ("hul)ble 
merger") [2, 41 at  a rate w calculated 11si11g arl extension of tlie potent ial flo~v nlod(,l to descril~e 
two-bul~ble competition. 'l'he results frorn the ~notiol were that asy~~lptotically t,he l1111)1)1(1 front 
evolut,io~~ is do~ninated hy a self-similar grocvth. 'I'll(. I)ubble size sprc.tru~n, nor~r~alized t o  t l ~ e  
average 111111blc sizc, reaches a fixc:tl distribl~tio~t.  The t~ l r l )~dent  ~nixing zolle (TAIZ) growtll 
rate was fou~itl t,o grow according 1.0 the p o w c ~  law: h(,  = (10. 1,'" with Oh = 0.4 and uo tlepending 
011 the initial pcrt11rl)ation. This rcsult wa,s confirlr~ed by full 21) uumerical sin~ulations [2] and 
r e c , c ~ t t l ~  11). experiments doncx 1)y Dimontr r l n l .[5] .  

For Atwood numl~ers srnaller than one, numcrica.l results [G] sl~ow that the single h ~ ~ b b l e  
velocity will remain as \l' = CX/t but wit,l~ C having a weak depencIerlc.e on A (varying from 
about 0.11 for A = l  to  about O.lfi as !\GO), and that, tile multi-mode I~ubhle front still oheys 
tlie power 1a.w of for all Atwood ~lurnhers. 

'I'he R.kI ir~stability evolution can be considered as a ~ l ~ o c l i - i ~ n p o ~ ~ d  velocity pertl~rbation 
follo~vcd hy a 'l'hl% evolution. W11cl1 .A is exactly zero a shock wave leaves no velocity pertur- 
bat.io11, but since the T M Z  cvol ves from t l ~ c  i rlitial pert~lrl)af,iori in the velocity, regartiless of 
the sollrcc of the pc:rtr~rl~atior~, one can study it also for A=O. This scr-ves as a model for t l ~ r  
RhI at  low Atwooti ~ ~ u ~ n l ~ e r s .  'The l'urpose of the IXCSCC"~ \vorI< is to study [,his limit, o f  .A=O 
(two fluids halring the same d ~ ~ l s i f . y )  by constrltct i t ~ g  i). vortex motl(:l for the singlc brr111)lc e v e  
lution and two-l)uhl~le interaction a.ritl applying it to a st,at.istical rliodel in ortier to dcrivc, t.lie 
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asy~nptot ic  behavior of the mlrlt,i-nlode pc,rturbation. 011r  vortex ~notiel is haseti on ex t , e~~ding  
the single-mod(. vortex models of .lacohs rl (zI.[7] and % ; i l ) l ~ ~ l i ~ ~  e t  (LI.[IO]. 

2. The vortex model 

2.1. Rotational flow 

Iproln tht,ory, rr~r~nerical sirrn~latio~i 1101 and expcrir~irnts [i'] of i,lle R M  inst.ahility a.t low Atwood 
~ ~ u ~ n b e r s ,  orrc: call clearly scc 1,he early for~ilation of vortices i ~ r  the flow patterns, fornled hy 
the strong at.tractivc cfF(:c:t,ive potential I)ctu~ce~l vorticity ~)oirrt,s in the. vorticity fit3ld. 'I'his 
observation implies that tlie flow is rotatiorlal rather l , l ~ a ~ i  potential. cvhiclr is the case for 
At,wood number A = l .  In a rotatiorral flow ficld the vorticity w is ticfirled as: 3 = V X 1,' 

The vortex strengt,h (:i311 he calc111a.trd fro111 Iic~lvin's t l i c o r e ~ ~ ~  of circulat,ior~: 

wlicre the surface integral is taken over tllc. area containing tlrr vortic.it.y frorn w11icl1 thc 
vortex is gcncrat,ed, arlrl the cont,or~r integral is t,aken o v ~ r  a contour lirrlitirlg this area. 'I'lre 
iiltcgrals al.cx take11 for t l ~ c  ir~itial velocity dis t r ih~~f, ior~.  Iiclvirr's t.11eorcm of circulat,io~i also 
states tlrat the vortex strength rcl i~ai~ls  c o n s t a ~ ~ t  in ti111e as long t11c.re is no viscous loss of 
t ~rrl)lrlrnt ellergy. 

Irr our problem we arc ticaling wit.11 arrays of b ~ ~ l ~ b l e s ,  t:acl~ consisting of two vorlices in 
opposite directio~ls. \.Ye motlel tliis array 115; a set of infinite vortex lines c:ach contri1)uting rhc. 
complex pot,ential [7, 81: 

where a is the tlist,ance betwt~c*rr neiglil~orirrg vorticcs alorrg the lir~c,, I' is the vortex strcrlgth 
and z is tlir corn1)lex location coortli~~ate. . = .r + i . y. 

2.2. Single-bubble perturbation 

111 tliis work we examine the rase of a pc~tlrrhation givc,~~ 11y ;I co~rrl)i~iation of sir~es ancl cosines, 
rather tlrar~ 1oc:alized vortices. 111 t.lrr casc of Ai~vood 1lu1111)er A=O, an irrit,ial cosir~o perturbation 
t,ransforms, early ill tirne, into a loc;~lized vortex array. 'l'lris e ~ ~ a h l c s  11s to model tlie 
a:; s~rggested by Jacobs r t  (11.[7] and Za1)rrsky ct n1.[10] as an infirlite vortex line witli alternating 
dircctioi~s, as can IIe seen in Fig.] .  

Figirrc? 1. Schematic drawi~rg o f  [.WO vort,ex li~rc,s, with a distalce U bet.wccn the vortices in each 
line and with a vortex strength &l', representing a single-b111)ble array pertlrrhation. Tlre int,erface 
perturbation is represented by a dasl~ed line. 

For a given c o s i ~ ~ e  velocity pcrt,url)at,iori the strc~rgt,l~ of each vortcx i r r  the vortex Iirre, using 
Eq( l ) ,  is: = 4 ~ 1 ~ / k  wherc v0 anti k are the per t i~r l~a t io r~  arnl)lit,irtle arid wave ~lurnhcr. 111 
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the case of a single-buhble array there is a full symmetry between the vortices and therefore 
the velocities of their centers are zero. This allows us to  solve the equations for the bubble 
tip analytically, as was done by Jacobs e t  a1.[7] arid Zabusky et  a1.[10] to  give: h ( t )  = 1/k . 
sin h-' ( r k 2 / 2 x .  t ) ,  where the asymptotic velocity for that solution is: 

This result should be compared to the result a t  A = l  where = 1 / 3 ~ .  X/t, as was derived 
from a potential flow model by Hecht et (~1.[4]. The difference in the  coefficient sllould be  
attributed to the added mass in the A=O case. The result of Eq(3) is compared, in Fig.2, with 
a full 2D simulation of a single-mode cosine perturbation evolution, and the agreement is very 
good. Previous numerical work by Alon et  a1.[6] showed that for the case of A=0 the velocity 
behaves as: V,,, g 0.15 . Xlt, very close to  the model prediction. 
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Slrn / 
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Figure 2. Comparison between the model and a full 2D simulation for the case of X = 1: (a) bubble 
tip height, (b) bubble tip velocity multiplied by the tirne. Marked in the figure is l j ( 3 . n )  and 1/ (2 .7r ) ,  
the asymptotic behavior for A=O and A = l  respectively. 

Since we know, due to  symmetry, that the vortex locations remain constant with time, we 
know that the coniplex flow potential will be the sum of two vortex lines(Eq(1)) with a distance 
a = X between each vortex in the line and ari opposite strength of ir as seen in Fig.1 This 
enables us to  n u ~ n e r i c a l l ~  find the evo lu t io~~ of the wllolc interface. The agreenie~lt between the 
model and the full numerical 2D simulation is very good, as will be demonstrated for the case 
of two bubbles. 

2.3. Two-bubble interaction 

In order to model the random perturbation case with a statistical model, as was done for 
A = l  by A1011 e t  a1.[2, 61, we constructed a model for the interaction between two neighboring 
bubbles. The  single-bubble model was extended to the case of two-bubble interaction by setting 
an array of four periodic infinite vortex lines creating an array of alternating large and small 
bubbles, as described in Fig.3. 

In this case the  syrnnletry of the problem prevents relative 11lotior1 between the vortices of 
a given line, but enables relative motio~l  between the lines themselves. Thus, we followed the 
line  notion in t , i~ne, where cacll line moves i r i  the complex potential field i ~ ~ d u c e d  by the other 
three. 111 this case, of an initial of the S U I I  of two cosi~ies, there are two different 
vortex strengths (each appearing twice, f rl and f r2 )as  is shown in Fig.3: 
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Figure 3. Schematic drawing of 4 vortex lines represellting a two-bubble perturbatiorl. The perturba- 
tion is represented hy ttic dashed line which is a suIT1 of two cosi~les, L stands for a large bubble ,S for 
a small one and tlie 4 vortex lines are nurnhered 1-4. Notice tht~t, lii~cs 1 and 3 represent vorticrs with 
a clockwise direction where line 1 is of srriall vorticrs of strengtl~ and lir~e 3 is of large vort,ices of 
strength T l .  Lines 2 and 4 are tlirecl(3d col~ntc>r-clockwise of strerlgth and r2 respectively. 

rl = 2( vr, ( l  + Cos (kl  . r , ) )  0 ,  (1 + Cos (kg . .r,)) + 
L2 

) (4) 

K'llere VL and vs are  the  two hul>bles' initial velocities, k1 arid k2 are  the  wave numbers 
from which tlie initial perturbation is fo r~ncd  a ~ i d  :I . ,  is a reference point between tlie t,wo 
bubblesjthe point where tlie initial flow velocity is zero). 

L 

~...~............. 

0  01  0 2  0 3  04 0 5  C 6  0 7  OB 0 9  1 
0  0 5  1 time 
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Figure 4. Cornaprisorl between the niodel and a fidl 2D si~nulation, uslng an ALE code with interface 
tracking [G]  for v~ = 1 and vs = 0.5. (a) bubble interfdce. (13) bubhlc tip heights. (c) huhF~le tip 
velocity multiplied by time. 

From t h e  complex potential induced by t h e  vortex lines, two equations, for the  location 
2 , ( t )  and y l ( t )  of one of t h e  lines of t he  large vortices and two equations for t h e  location ~ ~ ( 1 )  
and y2(t)  of tlie lines of t h e  sinall vortices are  obtained, where the  locatior~s of t h e  other two 





Figure 6. Cornal)risor~ I)c?t.wc,cr~ ~.II( ,  rr~ocjcl and a full  211 sini~~l;,t.ior~ f o ~ .  A = O .  (a) a fill1 21) silnrllatio~~. 
(b)  t,hr silnrrlation 7'347, height. 

4. Conclusion 

TJsirig a vortex rnodel for t,lle Richtqer-h,lc.sliliov illstability for i\t~rootl n11rnl)er A=O, we rnodel 
the sir~gIe-br~l)l)le vc1ocit.y to get tlie asymptotic value t~,,, = 1 /2ir . X / i  and tlie cornl~lcx intcr- 
action l~ct~veen two neigllboring 1111bl)l(~s. I.'t~rt.lier~norc~. nsirig a statistical modcl ~ v e  describe 
the d~vclopmcnt  of rartdo~n ~)crtnrbations. ?'lir, niccl~;inisrn of 1)11l)blc merger, lllodeletl I I ~  the 
vortex rnodel, leatls to 1 1 1 ~ .  pocvrr law of tO', sul)l)orti~ig t,l~o c ~ o r ~ c l i ~ s i o ~ ~  tllat the potver law 
~expo~le~i t  for the RA4 instability for thc 1)ul)ble froi~t is i~itlepe~ltlrrit of the Atwood nr~rnber. 
Note that for the spike frolit, an Atwood 1nln1l)cr deperrtler~t power law was found ['L]. 111, !l+ 0 
lbubbles ariti spiltes Ijecorrie sylnnletric and the entire TIIZ grows as 

1'rc:sent.ly wc. arct l ~ s i r ~ g  a s i r~~i la r  vortex model to lnodel t,hc 1ielvii1-IIcln~lroIf,~ irist.ahility in 
the limit of A=O. 
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Experimental and Theoretical Study of Nonlinear 
Evolution of Single-mode and Two-Bubble Interaction 
under Richt myer-Mes hkov Instability 

0. S a d o t ' ,  L. Erez' ,  U. AlonK4,  D. Oron',",  L.A. Levin3, G. Erez ' ,  G. Ben-Dor2  
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A b s t r a c t :  Expcrirnelits have been pcrforrned ~ n ~ a s u r i n g  tlie time devcloprrient of shock-wave 
induced turbulent mixing betwee11 two gases initially ~epara t~cd  11); a thin m e ~ n b r a ~ i e .  For the 
single-mode experiments l~ubble and spike were measured separately in both linear and non- 
linear growth regimes. Tlle experimental results were fou~itl to  be in very good agreement 
with tlie results of a potential flow model wliicli describes tlie linear, early non-linear and late 
asymptotic behavior of the bubble. In addition to the single-mode experiment, two-bubble ex- 
periments were performed and analyzed. Bubble cornpetition was identified. The expcri~riental 
results of the bubble competition, which determines the front cvoh~tio~:, were found to be in 
good a.gree~nent with both full numerical sintulations a.nd the ~)ot,ential flow model. 

1. Introduction 

The instability mechanism wliich appears at an interface between two fiuids of differerit densities 
accelerated by a shock wave, known as the Richtrnyer-Meshkov(RM) instability, can give rise 
t,o turbulent mixing. The turbulent mixing caused by thc Hhd illstability is of great interest 
in inertial confinement fusion and astrophysics. Recent tlieorctical ivork [ l ,  21 has predicted 
t,he evolution of the instability through t.he late norilir~oitr stage. After t,he shock passage the 
interface call be described by an inco~npressihlc evolution of the flow field [ l ,  2, 31. For a single 
mode perturbation the instability can be described by a linear stage, during wliich t1:e growth 
is characterized by a constant velocity, followed t)y a nonlinear stage during wltich the growth 
velocity reaches an asymptotic l / t  bchavior 121. 

An expansion of the flow equation to second order [ l ,  31 yields U(t) = [[,(l + 4klJot) ( the 
n1i1:us sign is for the bubble, the plus for the spike), showing that the bubble velocity begins 
to  decrease. At late time, thc A = I  bubble attains an asymptotic velocity of lJb = 1 / 3 ~  . X/t 
[2]. For .4 < 1 all bubble velocities approach the same asy~nptotic forln, (Jb = C .  Xlt ,  where 
C = 1 /37r for .4 > 0.5 and rises to  al)out C = l / 2 ~  at  low A's [4]. Thc difference in the  value of 
the coefficient C is attributed to  the added 1:1ass efTect,. 'Ihe spikes at  A = l  i~~i t i a l ly  accelerate, 
in accordance with the second-order expansion, and tlien saturate to  a constant velocity. At 
A < 1 the spike velocity also initially rises and tlien begins to  decreases, asylnptotically going 
as U, = (1 + .4)/(1 - A ) .  C .  X/t [ l ] .  The difference hetwceri the spike and the bubble velocity 
is attributed to  tlie difference in the drag forces. 

We find that the whole evolution can be fitted by a simple formula which captures the 
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linear, early nonlinear and asymptotic hehavior of tlie hubhlc arid spike elro111tio11 : 

n~i th  I3 = (lak for the huhl)lc anti for the spilt<:, I )  = (1  + /l) . IIuk for the b111)ble and 
13 = ( l  - A )  . V o k  for the spike, and E = i r l 2 C .  rTtk2 for the 1)ubble and I:' = n /2C  . (1 - 
t i ) ) / ( l  + A ) .  ITik2 for thc spike. Tliis for~nula captures thc linear and early no~ili~iear stagcs, up 
to 2nd order, with the correct A dependence ( c.xcept for A 2 0.9 for t l ~ e  spike) and converges 
to  the corrcct asyrnptotic limit wit11 C = 1 / 3 ~  for A > 0.5 and 1/27r for .4 +0. Note that a 
similar Pade expansion has been suggested by Z11ang [3]. 'T'lic present expression exterlds the 
F'ade approach hy captnring not only the early stages 111rt also the corrcct asyrnptotic fo r~n .  

For the case of an initial multi-n~ode pertur l~at ior~,  Alon e t  (11.[1]. I~avo ernployed a stat.ist,ical- 
mechanics buhblc-merger model for the h111>l)le frolit evolution. The ~notlel, which is an exten- 
sion of tSic Sllal-p-Wheeler inodcl [S] describes the bcliavior of arl ensernblc of rising bubbles, 
with overt.a.ke or merger intcractiol~s that lead to a conti~lual i~lcrcasc, of the typical 11uljl)le 
size. In the nlodcl thc 2D froill is treated as an e~ise~nljle of 1)~rl)bles arranged along a line , 
characterized by their ~va\~clcngt,lts~ X,. Each of tlics I)r~l)blr~s rises wit11 a vtxloc.ity lI,(X,), cq11a1 
to the asymptotic velocity of a pcv.iodic array of 1)ubbles mritll wavcler~gtl~ X,. The nor~linc~ar 
i~~teract ion of l)lrl~bles of different, wavele~igtl~s is descri1)cd Ily a ljubble-merger rate [ l] .  In this 
model, two adjacent 1111hbles of wavelength X, anti X,+1 rnergc at  a rate ul (X, ,  X,+l), for~rli~lg a 
new bubble of u~a\~clengt l~ X, + X,+l. 'I'l~is represents expansio11 of t , l~c surviving bubble to  fill 
the space vacated by the b~rI,l~lt~ swept away frolr~ the front. The model was al)plied to  derive 
the scaling laws for rnulti-mode classical R'I' and Rh4 cases, res~~lt,irig in new scaling laws for the 
bubble front evolution. Frorn the bubble front c\,o11rtio11 and the single-mode spike-to-l,uhble 
asyrnrnetry it was possible to i~ifer a.lso tlie scaling laws for t,lie spilie front,. It is tliereforc 
e,sserltial to provide t.lie nlodel ~ v i t h  the t.hree basic physical e l e ~ ~ l e n f , ~ :  thc singlc- node birl~ble 
evolution, the single-mode spike evolution, and the two-bubble interaction. 'l'l~ese elcments 
were provided in Ref. [ l]  using an .-I=] i~icompressihlc potenlial flow   no del 121 rlu~nerical 
simulation ancl simple 1)uoyancy and drag arguments. 

The present paper descril~es t,he first dircct experimental test of t,llese elements under a real 
shock acceleration and with real fluids. Wc ciescribe shock tube experime~lts with a shock of 
ilf -. 1.3 crossing an .4ir/S& ( A  = 0.67) iritcrface wit11 an initial pertur1)ation. Tlic initial 
perturbations that arc reported include a single-mode pcrturhatio~i,  for s t~rdy i l~g  the single- 
rrlodc bubble and single-mode spike evolu t io~~,  and arr init,ial two-bul)l>le shape per t~~rba t ion ,  
for studyirlg the bubble-cornl,ctit,io~~ process. The experimental rcs~llts are compared with full 
nulnerical si~nulations as wcll as the s i~nplc potent,ial-flow model [2]. 

The experiments arc ~)c,rfornietl in a 7.5 mctc:r-long llorizontal do~~ble-diapliragm shock tube 
with an 8 X S cm2 cross s~ct,iori. A thin ~ n c m l ~ r a n e  separates the two gases. To produco the 
initial pcrt~ul>:~t,io~t,  ~vr: ~ n o u n t  tliin (:opl)('r wires at  differcllt 1)osit.ions across the slio(:li t.111je 
and stretch over t l ~ c ~ n  a O. l /~ ln  ~litrocelluloid mcmbra~~c:. The developmc~it of the rriixi~lg region 
induccd by the sl~ock wave is measured hy 1>110togri~pl1illgg ii series of Sch1icrc:ll pic:(.lirrs using a 
copper-vapor 1a.ser l)ulsed itt a rate of aljol~t 10000 ~ u l s e s  per second a11ti a, shutterless r o t a t i ~ ~ g  
prism camera. More detail or1 thc cxl~erirr~er~t,al appa.ratns can be found in Ref. [G]. 
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2. Experimental results-single mode 

Single-mode experiments wcro carried out with initial perturl~atiori wavelengtl~s of 80, 40, 26 
and 16rrirli, corresponding to wave numl~ers  1,2,3 and 5 rcspcct.ivcly. Fig.l(a) sl~ows a time 
evolution seque~lce of the X=SOmm case. During r~lost of thc experi~rierit thc pcrt.urbation 
amplitude is small enough so i t .  can he expectcd t,o stay at  the linear regi~nc!. IIowever, for 
the X = 26mm case, Fig.l(h),  thc pc%rturl)ation lias entc>red tleep into tlie ~lo~ll inear  stage from 
early times. 

In the first few frames of each case onc ca.n see the shock advancing ahead of the per t l~r l~ed  
interface. Since we would like to infer the location of tlic bu1,ljlc: a.nd spikc frol~t, rcl a t '  ~ v e  to 
tlie unperturbed interface, one has to  measure the locatiol~ of the unperturbed interface. Thc 
interface velocity is obtairiecl from the rlieasured shocli velocity using the Rankinc-Hugoniot 
equation. Fig.2 shows the ovol~~t.ion of the 1111l)ble and spike tips relative to  the unperturbed 
interface. In order to  put all tho sirigle-mode cxperirnents on one unified graph, we have plotted 
in Fig.2 tlle bubble and spike tip heiglits, N ( t ) ,  ill dime~lsionlcss ~ ln i t s ,  ( I I ( t )  - H(0))  . L, as a 
function of dirnensionless t i ~ n e ,  lJo . k - t :  with (:h the Kichtmycr initial velocity. Also plotted 
in Fig.2 are the heights obtained fro111 the arialytical forl~ir~lit of Eq.1 using C' = 1/3n arid 
C = 1/27r. It can be seen that  the C = 1 / 3 ~  coefficient fits better the experiniental results, as 
is expected for A=0.67. The agreenient is very good for thc bl111l)le front and reasonably gootl 
for the  spike front, wliere tlie expcriniental error in determining the tip location is larger. 

A si~nilar experiment was coritlucted by Aleshin et (~1.[7] using Xc and .'IT. as gases (-1 = 
0.53) at  much higher Mach nurnber, M = 3.5, where co~n~ress ih le  effects are ~ n u c h  more 
pronounced. The agreement between our ~iiodcl,  Eq.1, and the experirnent results of Ref. [7] 
is good (data not shown). It sliould bc ~iot,ed that the  t,lieory which ur~derlines the simple 
analytical for~nula, Eq.l,  is a11 incom~)ressil~le theory. 'I'he fact that  the same fonnula fits well 
both the weakly compressible case (M=1.3) and the strongly corripressible case (M = 3.5) 
suggests that the evolution of tlie RM instability after passage of the sllocli is determined 
mainly by incompressible effects. 

3. Experimental results-bubble competition 

We now turn to the two-bubhle interaction experiments. We chose an array of altcrriating 
large (about 25n1n1) and srnall (10-15m1n) 1)11bbles for con~parison with similar simulations and 
modeling of Hechl et  a1.[2] The ccritral part of tl~c- rriernbralic always consistcti of a srnall 1,uI)l)le 
flanked by two large I)ubbles, and the two sides wcrc co~nplet,ed 11y partial s~nal l  bi~bhles. Thc 
initial anlplitudes of the large arid small hubhles wrre choscn srich that tho initial velocities 
of hot11 bubbles according to Richt~nyer forml~la are similar (i.e., al/a,  = X,/Xl  wliere s and 1 
are the small and large bubble respectively). 17ig.3 shows the tirne evolution of tlle interface 
in the 27mrn/17mm experiment. Superimposed o n  the  experimental pictures is the interface 
structure from tlie full sirnulation results. The  agreement between the experimental results 
anti the ~ iu~ner ica l  simulatio~i is very good, including tllc change in the sniall bubblc location 
and size relative to the two large ~ieighboring bubl~les. The bu1)hle Inerger process can be seen 
from the  shape of the s~na l l  and large bubbles and especially f r o ~ n  the oriclitation of the spiltes 
between the larger and smaller bubbles, which skew toward the large bubble as tlie sn~al l  1111bble 
disappear. 

T h e  competition process is most dramatically derrlonstrated by plot1,ing tllc b~ibble tip 
loca t io~~s  relative to  those ~neasurcd arid calculated for the single-mode case. 111 E'ig.4ja) we 



Iliivc. plottcd the two h u l ~ l ~ l c  heights. rrlat.i\.c: t o  t l i r l  uriperturbcd interfarc. TIi(: figl~re S I I O L V S  
t.he expc~ri l~~t~r~t .a l  reslllts, the l"111l nul~~c~rical  silnr~l;tt ior~ ancl tl~r! pof,eritial flow niotlel of 13ec.ht 
c t  ~1.[2] .  For thct 111ot1el we use thc .3=1 rlcscription l , r ~ t ,  ~ v i t , l i  tllr: i ~ ~ i f , i a l  I ~ ~ ~ b b l e  vclocity taken 
from the Ricl~t.myer for~nula, wl~irli includes t.he A dcpcridorlce. As is oxplainr:d 1)3. Alo~i rf nl.[l], 
this is the main :Z dependence oft Ile process. :Zlso plotted arc tlie two i~~t l iv id i~a l  ~lol~-ir~teracting 
1)ubblc evolution lines, derived from F:cl.l, whir11 was shown ;xbovc to fit tllc si~lgle-mode I)llbl~lc 
evolution very tvcll (Fig.2). 11s call 11c seen, tlie 1)ul)l)le conipct.itio~i process is vc,ry evidrnt, ;rntl 
1)rorio1triced. I~iitially the two bubbles evolvc~ accortiing to the nori-interacting lines. I)ut in the 
r~onli~lc~al. stage a strong illt,craction takes place, t,lic, 'esult of wliicli is llic f;rst,cr growtli of the 
larger bu1~l)lc~ a r ~ t l  the s h r i n k i ~ ~ g  of the srr~itller hnbble do~vnstrcan~.  'The agreerne~it between 
t,lie full sirnulat,ion and the experimental results is very gooti. Similar agreement is also fountl 
when comparing tlic experimental results with t l ~ e  simple p o t e ~ ~ t i a l  flow nlociel; esl~ccially in 
the 1xedic.i.iori of the merger time. Tlic bttbble co~npc,tit,io~~ is e\.cll rllore pronou11c.eti when one, 

looks a t  the  height difference between tlic: tips of tlic bwo hubblcs. This provides a11 accurate 
experimental ~ncasurernent since it is iridepcntler~i, of the irltcrface location. Fig 4(b) sliolvs the 
time rvolution of the difference in tlie heights of the two b~ll)l)les. The rapitl irlcrease i l l  the 
height difference comparetl to that of two no11-intcractiiig l~ubblcs is clearly seer); tic~rionstratiilg 
the 1)ubhle-merger process, in whicli tlie larger bubble overtakes the srnallcr one. 

4. Summary 

LVe have performed the first experimerits that clearly demonstrate the key clerlients of the 
bubble-merger ~notiel: the single-mode bubble and spike evolution a r ~ d  the two-1)ul)ble inter- 
action process in which the larger I~ubble overtakes the s~naller bubble. ' r l ~ e  experimo~tal  
results were found to be in very good agreement with both full nlnnerical simulat,ions and t l ~ e  
theoretical model, which was used to infer i , l~e evoh~tiol~ of a multi-mode initial pert~trbation. 
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Figure 1. Scrics of Sclllieren pliot,ographs from single experiment (a) Air to SFG, X=801~iiri. (11) Air 
to SFG, X=26mn1, nurrlbers indicate time after shock passage i l l  Insec. 

Figure 2. Bubble and spike height in nortl~alized coordinates. 
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Figure 3. The evolution of the interface for M=1.25, X1 = 27mm, X:! = l7mm. sinulation results 
-dashed line. 

Figure 4. (a) Bubble height in the bubble-competition experiment: experiment -dots: potential flow 
model -light line; full-scale simulation -full line; and independent bubble front growth -dashed line. 
(h)  Bubble height difference. 
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Baroclinic Circulation Generation on Shock Accelerated 
Slow/Fast Gas Interfaces 

R. S a m t a r i e y l ,  J. R a y 2  and N.J. ZabuskyZ 
'Sarnoff Corporation, C N  5300, Princeton, N J  08543-5300, USA 
'Dept. of Mech. Pr ,2ero F;ngg., P.O. Box 909 
Rutgers Univc:rsity, Piscataway, N.1-088Fi5-0909, USA 

A b s t r a c t :  Vorticity is deposited barocli~lically by shock waves on density inhomogeneities. 
We present 2D analytical results for U ,  the circulation deposition per 11nit unshocked interface 
length, within the regular refraction regime. We also derive scalings for strong and weak shocks. 
Our results arc validated hy quantifications of numerical simulations of the compressible Euler 
equations using a second-order Godunov code. The results derived for the planar interface are 
generalized to calculate the total circulation deposition on sinusoidal interfaces. 

1. Introduction 

The interaction S of sllock waves with density in homogeneities are of fundarne~ltal importance 
in compressiblc t~irbulencc and occur in a myriad of practical arid natural sit,uatio~ls [l ,  21. 
This interaction is often rcf(+rrc:d to  as the Richtmycr-Meshkou  Instability environment after 
Richt~nyer (linear stal~ility analysis [S]) and Meshkov (experimental confirmation [4]). 

Circlllation deposit,ior~ is the dorrlir~ant fluid dynamical process in early time Richtmyer- 
Meshkov iristal)ility erlvironnient. In this paper we employ local analysis [5; 61, to  quantify the 
circulation on simple 2-tli1ne1lsional (obliqlle-planar and sil~usoidal) interfaces. 

The  physicirl problem Inay be cl~aracterizcti by a shock wave of Mach 11~11nber M propagating 
in a rectangular shock-tube through a gas of density p. (and ratio of specific heats ?"), and an 
interface separating a gas of tlensit3y pb (and ratio of specific heats yb) .  We consider two possible 
physical situations : a sinusoidal interface with amplitude :l and wavelength X or an oblique 
interface inclincd at  angle a. The parameter space is four dimensional: the shock strength 
([(M) = (p1 - p o ) / p ~  = [%(M2 - 1)]/[1 t %(M' - l)]),  the stratification (v = pb/po), the 
geometry of the interface (Q or A/X) and yb/yo. There are two generic classes of interaction: 
"slow-fast" (s/f) and "fast/slow" (f/s) [8]. We will focus on s/f interactions where the density 
ratio 17 is less than unity and where the reflected wave is a rarefaction. For details of shock 
refractions at  slow-fast interfaces, see [7]. 

As the shock traverses the interface, the misalignment of V p  and V p  leads to  rapid vorticity 
deposition on the interface. The baroclinic vorticity drives the the slower evolution of the 
interface later. We will assume that  the gas interface is initially vorticity free. Samtaney 
and Zabusky [G] developed exact and approximate expressions for circulation deposition for 
fast/slow (f/s) interfaces using shock polar analysis. In this paper we apply their approach t o  
s/f interfaces with regular shock refractions. These refractions consist of a transmitted shock 
and a reflected centered expansion (RRE) which meet the incident shock at  a node. 

More infor~nntion - Email: jaray@caip.rutgers.edu 



2. Circulation at a planar slow-fast interface 

2.1. Local analysis equations 

Fig. 1 is a schematic of a pla~ias  shoc:k refractil~g at  a planar interface i~lcliiied at  an angle cr t o  
the vc:rtical. For n < a,,., a critical angle, t , l~e refraction is RILE. 'I'he density rittio of the gases 
separated by the interface is 77 ( 1 1  < 1 ) .  111 1''ig. l i n i r z  is the interface; i , r ,  t are the incident, 
reflected and trarismiti.ed wavc:s respc.ctively; s l  and s2 are the strea~nlines in the inc:ident and 
transnlilted media l ;  do and 61 are the  deflections of sl duc to  i and 7., respec.tively and Sb is 
the deflection of s2 d11e to t .  p0 and p b  are the initial pressures in tllc, incidcnt iind transmitted 
gascs respectively; p,,  p;! and p, are respectively the pressures beliind the incident, reflected 
and trarisnlitted waves. The frcestrearn hlach number in front (behind) the incidc\rit, reflected 
and transmitted wavcs are ~Vl~(hrl,) ,  iCIl(iL12) and A&(!VI,) respectively. 

Figu~c 1. Schc,inatic diagram of RRE refraction at an int.erface. 

Following Henderson [5] we write equations of shock polars as 

tan 6.(  ) - 
P - - ( p / p ; ) - 1  - - y ; ~ f  

.where i = 0, b for the incident and transmitted shocks and p: = S. In the shock polar plane 
1(6,p) d is the streamline deflectio~i, p is the pressure ratio across the shock and the origin of 
the reflected polar is (So(pl),pl).  The deflection of the streamline through the rarefaction is 
given by the Prandtl-Meyer expansion expression, 61 = u ( M 2 )  - u(M1). Since the velocity of 
t,he node in the two media is the same, Mb = iMofi(^io/Yb)i.  

Thc  fact that  the streamlines in the  shocked incident and transniitted gases have to be 
j~arallel as well as the continuity of pressure across the shocked contact discontinuity leads to  
the following two compatibility conditions: (a) &(p l )  +d1(p2)  = &(pt) and (h)  pt/pb = p2/p0 = 
(pz /p l )  X (pl/po). 'The compatibility conditions hold only for regular refractions. For a 2 o,,, 
the refraction may include a reflected shock instead of an expansion or may become irregular. 
Details of the transition criterion are in [10]. 

'The gas in which the incldent shock is initialized is loosely defined as the "incident" gas. The gas on the 
other side of the interface is loosely defined as the "transmitted" gas. 



For simplicity, we assume pb = p0 = p0 = 1 and pb = v. All results will have units of 
circulation per unit length i.e. units of velocity. In order to  convert to  physical units, our 
normalized circulation must be multiplied by c o / f i ,  the ratio of the sound speed (in physical 

l 

units) in the incident gas to $. 

2.2. E x a c t  c i rcu la t ion  

Consider regular refractzon of a shock a t  a slow-fast gas interface (see Fig. 1). Let a' be the 
circulation per unit shocked length of the interface i.e. a' is the jump in the tangential velocity 
across the interface. Then a' is given by a' = l , t  - v2, where vt = AItct and u2 = .U2c2. The 
difference vt - v2 multiplied by the geometric factor ds'lds = (cos a/ cos(ru - Sb)) gives the 
circulation per unit unshocked length a .  Omitting the algebra, we obtain 

I 

7; cot a 2 1 - *(Pz, ~ b )  sin2 a P - a = 
COS(O - S*) ( [  + ( ~ 0 / 7 b  ) 1 l 

Here ds  and ds' are the lengths of an infinitesmal element of the interface before and after being 
shocked. The only unknown quantity in Eq.(2) is the pressure behind the transmitted shock 
(pt) or the reflected rarefaction p2, which is obtained by solving the compatibility conditions 
along with the equations of polar analysis 

2.3. A p p r o x i m a t e  c i rcu la t ion  

For a > a,,, a does not exist and co~iseque~ltly an "approximate" expression needs t o  he 
derived. As in the analysis for fast-slow interfaces [6], we express a as an asymptotic series in 
sin a .  This gives 

a = a1 sin a + a3 sin" a + O(sin%), (3) 
where ul is given by 

where the  limiting pressure p20 = lim,,opz is obtained from a one dirnensior~al slow-fast inter- 
action. The derivation of a3 is omitted here. Note that the numerical values of the coefficients 
al and a3 are actually negative because of the derivation. 

The  series expansion (Eq.(3)) is terminated after one or two terms to yield the "approxi- 
mate" local analysis result for circulation. Thus, the approximate result to  the first order is 
eI = al sin a and to the third order is e3 = 01 sin a + u3 sin3 a. 

3. Numerical simulation and quantifications 

Our numerical method is a second-order accurate Godunov scheme t o  solve the '2D compressible 
Euler equation and includes interface tracking. The  boundary conditions are reflecting in the 
y-direction and inflow-outflow in the X-direction. Details of this method and the resolution 
convergence study can be obtained from [g] and [10]. 

We ran the code until the shock traverses the interface coinpletely. At any instant the total 
interfacial vorticity is computed as r( t )  = CD w ( i ,  j , t ) A z A y ,  where D = ( 2 ,  j , t )Vl<(x, t ) l  < 1. 
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d ( z ,  j, t )  is computed using a secorld-order central difference. The total interfacial circulation 
(F) divided by 1, the unshockrd length of the interface, to  get the numerical value of the 
circulation per unit length of the original interface (6). In Fig. 2 we plot the exact result ( a ) ,  
the tliird order approximate result (h) and the  numerical result (&) normalized by the first 
order approximate circulation (E1) as a furiction of ((M) for an a = 15' C02-Air and R22-Air 
interfaces. We see a good agreement between the numerical, exact and approximate results. 

Figure 2. Normalized circulation per unit original length at  different < for a COZAir (7=0.65) and 
R22 - Air (q=0.33) interface. a=15'. '0' = 6/f1, 'A' = C3/e1, and filled '0' = a/C1. 
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4. Circulation for sinusoidal interfaces 

0 a =  15 
C 0 2  Atr ~nterface 

W * * * *  * * * W  
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3rd ordcr 

Eq.(3) can he integrated for interfaces where cu varies over the length of the interface. Consider 
a sinusoidal interface defined by X = xo - A cos ky. Here k = 2 ~ l X  is the waverlumber. I'J, the 
total third-order accurate circulatio~l on one half-wavelength sirlusoidal interface (0 5 y 5 X/2) 
is given by - 

f 3  - 1 log [(l  + k2i12)i + kA 
2A 

= a1 + a3 - a3 
2kA(1 + k 2 ~ 2 ) i  (1 + k 2 ~ 2 ) f  - kA 1 

The largest angle between the  shock and the  interface occurs a t  (0, X/4) and is given by 
tana,,, = kA. For AIX = 0.05,am,, = 17.4'. 

We quantified the total circulation 011 C02-Air and R22-Air interfaces in numerical experi- 
ments, i' and comp'are this with F3 in Fig. 3.  We also plot the third order accurate circulation 
for a AIX = 0.01 interface in each of the  figures t o  show the  effect of A in the third order term 
in Eq. 5. 

We see that  the discrepancy between i's and f increases with decreasing 7 and decreases 
with increasing E .  Higher values of AIX show a bigger discrepancy because they contain larger 
.areas of irregular refraction. Higher increases a,,, rendering a larger part of the sinusoidal 
~nterface amenable to  RRE refraction, and thus increasing the agreement between the analytical 
,znd numerical results. 

15. Scaling laws 

!;ince the exact expression for circulation deposition is coupled to the expression derived by 
local analysis (by the term p z ) ,  it is desirable that  scaling laws be derived t o  understand the  
],henomenon in a certain region of the parameter space of ([(M), q,  a ) .  In a previous section 
we derived an asymptotic series in sin cu for the circulation deposition per unit length (Eq.(3)). 
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Figure 3.  Total rirculation deposition normalized by i'l = 2.40~ for a sinusoidal (:02-Air intrrfacc 
( ~ = 0 . 6 5 )  and a 1122-Air interface (7/=0.33) . '0' is for an interfacc wit11 i l / X  = 0.01, 'A '  is for an 
interface with A,'A = 0.05 and '0' is for a n  interface mit,h A,/X = 0.1.  'The lines denote the analyt,ic 
3Pd order circulation (F3) and the unconncctcd point,s arc. thc nunirriral results (1) .  

Thus clearly, thc scaling in a goes as sin o.. Next,, we try to  delernline the scaling of al witli 
respect t o  anti 7, in the limit of :\.I + x ( E  -+ 1) anti 1111 + 1 ( E  -t 0). For silliplicity we 
assume yo = yb := y. O~rlitting the algebra. we get a, = &(l - & ) ( ( M )  sir1 CY for weak shoclts 

and a, = L C h ' i  where WiTi 

p = l i ~ , ~  sp"(l - E )  and 6* is the streamlir~e deflcct,iol~ ca.used by tlie transmitted shock, 
for strong shocks. 

In Fig. 4 we compare the weak and strong shock scaling for a, planar 15" (202-Air interfacc 
with the  exact solution. We see that as [ -+ 1 ,  thc exact and strong shock scaling resi~lts for 
circulation deposition overlap. 

6. Conclusions 

An analytical   no del to  estimate the circulation deposition o n  a slow-fast gas interface by a 
regular shock refraction system with a reflected rarefaction was developed. AI] approximate 
expression for thc same was developed 1)y expanding the analytical expression in tcrllis of sin a. 
This model was derived for two dimensional interfaces only. For regular refractions and for weak 
stratifications (7 -+ 1)  and strong sllocks ( ( ( A l )  + I ) ,  the exact and approximate circulatioris 
from local analysis agree well with quantifications from numerical s i~n~ilat ions.  Fl~rthermore, 
we derived the scaling laws for baroclir~ic circulation generation at a, slow-fast gas interface. 

We believe that  the quantification of baroclinic circulation will find application in building 
models of compressible turbulent ~nixing in the future. 
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1.5" C02-Air intc~rface. 7" = y h  = 1.4. '0' tlrnot,es c~xact cirrr~lat,iorl per unit rrnsl~ocked interface, 
'A '  denotes the weak shock circulatior~ scaling and '0' t,hc strong shock circulation scitling. The filled 
rectangles denote the weak and strong shock linlits for 5% crror between the scaling nl~d exact results. 
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Three-Dimensional High-Resolution Simulations of 
Compressible Rayleigh-Taylor Instability and Turbulent 
Mixing 

0. Schillingl, R.H. Cohen l ,  W.P.  Dannevik',  A.M. Dimits ' ,  D.E. Eliasonl ,  
A.A. Mirin ' ,  D.H. Por t e r2 ,  a n d  P.R. Woodward2 
'University of California, Lawrence Livermore National Laboratory, CA 94551, USA 
2Department of Astronomy, University of Minnesota, Minneapolis, MN 55415, USA 

Abst rac t :  Preliminary results of three-dimensional simulations of compressible Rayleigh-Taylor 
instability and turbulent mixing in an ideal gas using the piecewise-parabolic method (PPM) 
(with and without molecular dissipation terms) are presented. Simulations with spatial resolu- 
tions up to 5123 were performed. Two types of convergence studies are presented. Statistical 
analyses of the data are discussed, including: 1) spectra, and; 2) horizontally-averaged terms 
in the kinetic energy and enstrophy density evolution equations. The application of this statis- 
tical data to the development and testing of subgrid-scale models appropriate for compressible 
Rayleigh-Taylor instability-induced turbulent mixing is discussed. 

1. Introduction 
The classical Rayleigh-Taylor instability [l, 21 of a fluid layer with density p, superposed upon 
a fluid layer with density p2 < p1 subject to a downward acceleration exists in a variety of 
flows, ranging from the overturn of the outer portion of the collapsed core of a massive star to 
the laser implosion of deuterium-tritium fusion targets. The three-dimensional incompressible 
and nearly-incompressible forms of this instability-in which the densities are uniform in each 
layer and compressibility effects are minimized, respectively-have been extensively studied 
theoretically [3], numerically (e.g., [4, 5]), and experimentally (e.g., [6-81). However, the fully- 
compressible form of this instability has been studied less thoroughly [g-131, primarily due to the 
severe computational requirements for variable density flow. Presented here are preliminary re- 
sults of high-resolution piecewise-parabolic method (PPM) [l41 simulations of three-dimensional 
compressible Rayleigh-Taylor instability and turbulent mixing in two horizontally-homogeneous 
ideal gas layers separated by a sharp interface. 

2. Numerical simulations 
2.1. T h e  equat ions  solved 

The dissipative equations solved are the continuity, Navier-Stokes, and total energy equations 

pp 
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where 

is the viscous stress tensor, E = v2/2 + p/[(y - 1) p] - g .  X is the total energy density per unit 
mass, p = (y - l)  pc,T is the pressure, and y = 513. The units are chosen such that the mean 
density po, initial mean sound speed c,o, and gravity g are unity. The flow is assumed to be 
statistically-homogeneous in the xy-plane (with periodic bou~ldary conditions) and bounded by 
two impe~letrable planes at  z = 0 and 1. In the Euler (PPM) calculations, p = K = 0. 

2.2. Initial conditions 

The initial thermodynamic state is that of stably-stratified compressible hydrostatic equilibrium 
in each layer. Consider a sharp interface at  z = 112 with li~niting Atwood number At = 

[p1 (2) - P ~ ( z ) ] / [ P ~  (2) + P ~ ( z ) ] ,  where p1 and p, are the initial mean density fields in the 
upper and lower layers, respectively. Rather than introducing initial perturbations 011 the 
interface, the equilibrium state was initially perturbed by velocity fluctuations 

where the amplitude v0 = 0(10-4) has a random Gaussian distribution, and L,, L,, and L, are 
the lengths of the sides of the computational domain. The corresponding initial kinetic energy 
spectrum is 

where ko = 16n and kl = 32n; the velocity modes are initially excited up to a horizontal 

wavenumber kl = (k: + ~c:)"~ = 64n. The initial rms fluctuations of density, pressure, and 
internal energy are zero. The initial rms Mach number is iZ.In,,,(O) = 0(10-3), the kinematic 
viscosity is v = 4.0 X 10-5, and the Prandtl number is Pr = U / K  = 1.0. The li~niting Atwood 
numbers for the si~nulations reported here are At  = 113 and 517, corresponding to spatial 
resolutions of 512~ and 2563, rcspectively. In the 2563 simulation, a passively-advected scalar 
with initial profile +(X, 0) = 22 - 1 E [-l, l] was evolved to provide a measure of fluid mixing. 

2.3. Qualitative results 

Both simulations were run to 5ra,(0), where ~ , , (0)  is the initial acoustic crossing time in the 
lower layer. The qualitative dynamics of the nonlinear development of the multi-mode Rayleigh- 
Taylor instability was studied by visualizing isosurfaces of the passive scalar and temperature 
fields. The passive scalar is adveeted by the velocity field, and shows the forsnation of bubbles 
of light fluid and spikes of heavy fluid, and their subsequent growth and merger. Plates 1 
and 2 show the passive scalar field at  t = 3ra,(0) and 4ra,(0), respectively, from the 2.563 
simulation. As each fluid layer is initially isothermal, the temperature field provides another 
view of the bubble and spike evolution, and development of turbulent ~nixing. Plate 3 shows 
the temperature field at  t = 5ra,(0) from the 512%imulation. The horizontally-averaged 
thermodynamic fields (density, pressure, entropy) exhibited an asymptotic evolution towards 
a stably-stratified adiabatic equilibrium. The spatietemporal development of the mixed layer 
is also observed by examining the enstrophy field w72.  A more intense and rapid growth of 
enstrophy was observed in the 256"imulations with At = 517 than in the 5123 simulations 
with At = 113, as expected. Plate 4 shows the norm of the vorticity field at  t = 5ra,(0) from 
the 5123 simulation. 



2.4. Spectra 

'Ih tletcrminr the kinematic viscosit,~ required such that, the I'I'M sinl~~latiorls with molecll- 
lar dissipation (I'I'MNS) would be fully-resolved for a, given slntial resolution, two types of 
convergence studics were perfor~ned. 111 the first,, a scrics of 1 2 8 q P P M N S  sirnulatio~ls were 
performed for U = 3.0 X 10-" 1.0 X l W 4 .  and 1.5 X 10-5, togetlier with a. 125" PPM simulatio11. 
It was found that the PPR4NS spectra (,,.g., that of 1 : ; )  co~iverged t,o the PPhl spcctra as v was 
decreased. 111 the second, spectra from a scrics of I'I'IINS silnl11a.tiolis wit11 U = 4.5 X 10-"and 
sIjatial resolut.ions of 128", 256" ialid 51 2:' rvc,rc. c.omparcti to  t , l ~ o ~ e  from n 128" PI'M sin~l~latiori.  
The 256" arid 512' PPMNS spt:r:ts;l wcrc convc~rgccl. 

2.5. Statistics 

A preliminary s tud .  of the statistical properties of con~l,~~essihle ltayleigli-'Taylor ilistability- 
i1ic111ced t u r b ~ ~ l e n t  ~nixing was ~~lltlertakcn by exa~nir~irig horizor~t,;~lly-a\.t:raged t c r ~ n s  in the 
evolutiol~ e q ~ ~ a t i o n s  for both first.-ol.dc:~. (e .g . ,  velocity arld \;ort,ic:ity components) arici second- 
ordcbr ( r . g . ,  ki11~t . i~ cwergy, tot,al energy, el~stroplry) cllla~~t,itios ;IS a fl~rlctiolr of hcight z anti t h e  
t .  Analysis of thcsc ter~rls e l~~c idn tes  t.licb f u ~ ~ d a ~ r i c ~ ~ t a l  physical proccsscs ill I,noya~icy-tlrivc11 
compressible flows. In particular, the relative iniport allccxof thctsc terms durir~g the tieveloprnent 
of the instability and sul>seq~~ent, t r ~ r l > ~ ~ l e ~ ~ t  niixillg 111q he deter~nined. F~lrtl~errnorc, the fields 
call be fr~rthcr split into sl~pergrid i i ~ ~ c l  s ~ ~ b g r i d  fieltls 11si11g a Favrc filt,cr, and various subgrid- 
scale rorrclatio~ls that rccl~~irtx modcling can 11e c~valiiatetl. 

Let (.) denote a. llorizontal average. Neglecting viscous dissipation, the horizontally-averaged 
kinetic energy a ~ i d  e~lstrophy density equatio~ls are 

Figure 1. 'Ti~ne-cvolutior~ of thc horizontally-averaged e11~1.1.0phjr dellsity from the 256" sirnulatior~; 
O t = l , + t = 2 , D t = 3 , X 1 = 4 .  

--- 
force production dissip.=tion pressure di la tn t lon\  ' I f l e s S U r e  flux terrn 

kinrtii. rnergy f lux t e rm  



\vl-~r,re pc = c~,,dc'/a.r.,,, antl the viscolis fl~tx I c ~ . r i l  i l l  ( 7 )  i111r1 t11t: clissij);~tioli ~ C ~ I I I S  i l l  ( S )  
h;tvc 1,eerl neglcctc,d. Kot,c. tlr;~t, tllc. forcc pro(l11ctio11 t,cl.~r~ i l l  ( X )  \-;ir~isl~c-s. Figr~rcl l ~ l i o ~ v s  tl~c. 
horizonti~lly-;~v(~ragccI elrstrol)l~~. density ;LS ;I f~~r ic t io~ i  of l~t%igllt .s ;111tl l i~ i le  [ i l l  i111it.s of T ~ , ~ ( O ) ]  
fro111 tlicx 256.'' si~iilllatiori. iZt t -- I .  (dZ/2) is ~)(~;~l tet l  nl)o~lt tI1(\ iliterfac:c:. ;~ut l  grows aitd 
sl,rea(lsovcr tlic. vc>rtic.al c,xlelit of tlic tlori~ail~ i l l  ti111c. ' 1 ' 1 1 ~  cv~st,ropl~~. rclii,x(~s in t i 1 1 1 c t  fro111 
i t : <  m;t.uirnuln va111c a ~ ~ t l  spreads ~ ~ c a r l j .  syriin~c~t~.ic;tlly i i l~o~it  t11e iritc>r.facc> ils t lie 111ixed I;I)-t.r 
dc~\relol)s a ~ l d  grows. I~'igc~rc,s 'L and 3 show (h(: ro~rtrib~rtioirs of t,llc, riglit, sitics of (7) and (S)  
a: a f1111ct.io11 of height ,z a t  t = 4 from t h ~  256.' si~riulatioll. Thc pressurc flux allcl clilalatio~i 
terms in (7) ront rihl~tr, sigr~ifica~~tly to t , l~c Iiinctic. cnc>rgy evol~lt ion. 'I ' l l ( .  s trc%i,cl~i~~g tc>rm is tlie 
dorninant tcrirr in (S), ind ica t i~~g  strong 1 ~ ~ r l ~ u l c i ~ c c  protli~ctiol~, cvi~ile t i ~ c  h;~roc:linic [ )~odl lc t . io~~ 
t c r ~ r ~  (wl1ic.11 dornina~es at. c~arly t i r ~ ~ c s  ;111tl gc~ic:ri~ic,s 1,11c, i~~staltilit.y) tlornir~at,es t.11c. atl\.c\c.t.ior~ 
ai~t i  dilatat,iori t , c r ~ ~ ~ s .  

Figure 2 .  'I'crms ill tlrr tiori~,ont.ally-a~~er~~geci ltir~cltic rrlc3rgy tlt'nsity cqr~ation a t  tilnr ~ . O T , , ,  from t , h ~  
2r JO' .3 simulation; 0 force produrtiorl, + dissipation. press~~rc,-ciilat.atior~, X kinetic energy flux term. 

A pressure flus term. 

3. Future work 
, l  Ilie dcpr:ndencc of t.he mixing rates and scalillg propertics 011 t,he Atwood nurnl)er aud tlie de- 
grcc of  cornpressibility will he studietl by diagnosing high-rrsol~~tion (- 109 zones), longer-timo 
sinlulat,ions with aspect ratios having I,Z/L,., L , /L ,  > l fo  miriimize vertical b o u ~ ~ d a r y  cEects. 
Studies of cornpressil)ility effects on thc a.sympt,ot.ic propcrl,ies of Hayleigh-Taylor il~stabilit,y- 
irtduced turbulent mixing will he perforr~~ed.  In a.dditio11, F a v r ~  decompositions will Ile iml)le- 
~ r ~ e n t e d  t o  diagnose terms in the  cvolr~t,ion cclI~at,ions r~levallt, to subgrid-scale and ~ u r h ~ ~ l c ~ ~ i c e  
modelirlg. Several s111)grid-scale rnodels that Iiavo been prol)osed for compressible turl)r~lcnro 
will hc tcst,cd, and extclisions of these modols t,o b~~oyn~lc!/-rlr i t~crz comprcssiblc flows will bc. 
investigated. 



Figure 3. Terms in the horizontally-averaged enstropl~y density equation at  time 4 . 0 ~ ~ ~  from the 25@ 
simulation; 0 advection term, + stretching term, enstrophy dilatation, X baroclinic production. 
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Figure 4. Plate 1. Passive scalar field a t  t=3 from the 256/'3 simulation; Plate 2. Passive scalar field 
a t  1,=4 from the 256"s simulation. Plate 3. Temperat111.e field a t  t=5 from the 512"3 simulation; 
Plate 4. Vorticity norm field a t  t=5 from the 512"3 simulation. 



Structure of Mix in a Rayleigh-Taylor Unstable Fluid 
Cell 
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Lawrence 1,ivermore National 1,aboratoi-y 
P. 0 Box 808, L-43, Llvermore, CA 94550, I'SaZ 

A b s t r a c t :  Laser-induced fluoresce~lce is used to image the central plane of the rnix region of 
two immiscible liquids subject to  the Rayleigli-'raylor instability. The familiar bubbles and 
spikes display a complex internal structure. 'I'llis small-scale structure creates a large contact 
area whose density is constant in time. Thc size of the mixing zone, defined in a new way, 
grows with coefficient C Y ~  >= 0.054. 

1. Introduction 

The Rayleigh-Taylor (RT) instability [l-41, occurs during the acceleration of a heavy fluid by a 
light fluid. The rate of the  instability is paralrieterized by the acceleration, g, and the Atwood 
number, A=(p2 - p,)/(p2 + p l )  where p, (p2) is the de~lsity of thc liglit (heavy) f l ~ ~ i d .  For snlall 
initial perturbations, therc are linear [2, G ]  arid lion-linear growth phases [ S ,  7, 8, 91. Eventually 
a highly-disordered mixing zone (I)bI%) dovclo[,s, bourlded by a b11h1)lc front which penetrates 
the heavy fluid as - nb.Agt2 and a. spike frolit wliicll pcnctratcs the light fluid as - cr,Agt2. 
[IO-151 Tlie coefficient all is inscl~sitivc t,o .+l whereas cr, i~lcrc!asc.s with A [13, 141. 

Experiments [10, 11, 12, 151 using baclilit photograpliy obtain values of nb - 0.06 - 0.07 
that are larger than those found in all 3-D [ l  3, 161 and some 2-D [12, 16, 171 hydrodynamic 
simulations, but similar to  those found i112-D sirnulations whicll track t,he interface [18, 191. 'I'lic 
backlit photography experiments cannot measurr. the structure within the DMZ. This structure 
is important because it  determines the constit,ut,ive properties i11 the DMZ such as composition 
(or density), energy, effective opacity, and equation of state. 

This report describes RT experiments usi~lg laser-induced fluorescence (LIF) which image 
the DMZ of a cell containing two immiscible liquids at  Reynolds number of order 10'. The 
images show a complex internal fine structure in the bubbles and spikes. While the large 
bubbles and spikes define the boundaries of tlie DMZ, their small-scale internal structures 
increase the mix entropy, which eventually (for miscible fluids) leads t o  molecular mix. This 
study shows that: (i) the measured C Y ~  is consistent with recent. experiments [15]; and (ii) the 
internal structure is responsible for the large amount of c o ~ ~ t a c t  area between the mixing fluids. 

2. Experimental configuration 

The present experiments use the 1,inear Electric Motor (LEM) [20] a t  1,awrence Liver~norc 
National Laboratory t o  accelerate a co~ltai~ler  for 50 Ins at a downward constant g ( -  73go 
where go = earth's gravity). 'I'he fluid cavity is 73mm wide, S8 lnrn Iligll, and 731n1n deep. For 
LIF, a laser sheet parallel to  the acceleration i l luini~~ates  the central plane of the cavity from 
below. Images of the fluorescence are recorded on 35mm film. 

The  film images are digitized, converted t o  intensity images, corrected for the absorption 

More informatior~ - Email: schneider5@1lnl.gov 



of the laser light hy dye molecules ill t l ~ e  fluitl, s i l~oot l~ed l,o rc:cli~cc noise; alld ;tt!just,c:d for 
variations in the  laser Ijeam intc~nsity across the cell. '1'0 a\oid wall effects, o~l ly t,11(. central ti2 
IIIITI width of tlie cell is analyzed. 

The fluids are deca.nc ( p l  = 0.73 g/cni:'), and salt, water (pz  = l .43 g/cm") 11111s ;L slnall 
amount of fluorescent dye (I<itorl Red @0), givir~g an At,wood n ~ ~ m h e r  of .4 = 0.34. Tlrv 
surfactant AOT is added to lowrr t,hr interfacial tc~lsiorl lo ult.ra-low vali~es I)y forming a. 

microscopically-thin ~nicroeniillsion phase [21] at, the interface. Glucose is added to t,he salt 
water t,o match its refractive intiex to  within 0.03% of that, of tlcca.ne. 

3. Experimental results 

('orrectcd f i l ~ n  density ir~iitgcs 211.  27 i ~ n d  . l5 111s arv S ~ O \ V I I  i l l  t ,hc first. ci11t111111 of 1ig11rc l .  7 II( '  

Envelop. 
I 20 

- 
0 X m m )  50 

Figure 1. Images from a single run at  t.wo times illtrst.l.aling the various typcs of proc.c!ssed i~nagc>.<. 
The corrected film-density images are rlsetl to gcnrratcl tllcl hi-lt~vc~l images . 'rhe l~i-lrvcl images a1.o 
used to generate the edge irnagm and the envelope images. 

net displacement of the cell due to  the acceleration is Z and the generalized displacement is 
defined as AgtZ = 2AZ. The planar coordinatcl systeni nloving with the fluid cell is X, z, with 
z=0 at  the original interface. 

The interfacial tension, (T: stabilizcs the RT growth of perturbations with small wavelengths, 
leading to a lriode of fastest growth with wavelength 2~ (3 2 L, where L, is the capillary m 
length, L: = 2o/[(pz - pl)g]. [22] 111 the present experiment, L,=0.10 rnrn at  73 go so the 
fastest growing wavelength is -0.7 m m  with an e-folding time [22] ~ 0 . 9 1 n s .  When the amplitude 
becomes - I lk  - O.lm~n,  the mode saturates. Thus, by 27 Ins (the top iniage in Figure l ) ,  the 
system has evolved into the DMZ regime. 

The images are processed into bi-level and edge images to  e~nphasize the internal structurc's, 
and envelope images, which display the large-scale features. This is shown in Figure 1. Tl~c: 
bi-level image is generated from the corrected film-density image by  napping all pixels with less 
than -50% intenstiy t o  0, and all pixels with greater than -50% intensity to 100. The actual 
cutoff level used for the mapping is adjusted t o  keep about the same number of pixels in each 
fluid (conservation of volume). The bi-level irnage is used to generate (i) the edge image using 
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the Roberts Edge method [23] and (ii) the envelope image using single-valued (in X) bubble 
and spike envelopes. The lower (bubble) envelope function is obtained by finding the value of 
z at  which the maximum penetration of the top fluid into the bottom fluid occurs. The  spike 
envelope is similar but on top. In the envelope image, the region between the two envelope 
functions is shown in black t o  mi~nick the backlit photographs [10, 11, 12, 151. The  resolution 
of the  processed images is < l m m  [24]. 

3.1. The growth of the mix region (DMZ) 

The width of the DMZ is obtained from the bi-level image. Backlit photographs [10, 11, 12, 151 
obtain the width by measuring the penetration of the bubble- and spike-fronts. The present 
data  samples only one plane of the DMZ, so fewer bubbles and spikes are observed. To overcome 
the reduced statistics, a new penetration depth is defined from the projection of the bi-level 
image onto the z axis, as shown in Figure 2. The projection is plotted as a density profile and 

Figure 2. The projection of the bi-level images of Figure 1 onto the z axis. The projection is normalized 
to the density of the fluids. The definitions of bubble (hb) and spike (h,) penetration distances are 
shown. 

generally has many fluctuations, so it  is fit to a straight line. The bubble (spike) penetration, 
h*, (h,) is defined as the distance between the intersection of the straight line with pz(pl)  
and the original location of the flat interface (z=0). The latter can be measured t o  within 
-1mm. The  present definitions of hb and h, are statistically robust because they depend 
on the  entire 'profile. A procedure could have been employed which defines hb[h,] by the  
p1 + 0.95(p2 - pl)[pl + 0.05(pz - pl)] point of the profile, but the results would be too sensitive 
to  fluctuations in the projections. 

The variation of hb and h, with generalized displacement 2AZ appears linear, as shown in 
Figure 3, implying a self-similar evolution. This collection of data  represents 6 separate runs, 
recording three images per run. The errors are the  same size as the plot symbols and are due to  
the uncertainty in the location of the original interface. The data  are fit t o  straight lines [10, 171, 
h = h. + a 2AZ. The linear fits in Figure 3 give ab = 0.054 z t  0.003 and a, = 0.062 k 0.003. The 
value of ab is -10% smaller than the value obtained in backlit photography. This is expected 
because the laser sheet may not illuminate the most penetrating bubbles or spikes or their tips. 



0 2 0 0 400 0 200  4 0 0 

2 A Z (mm) 2 A Z (mm) 

Figure 3. (a) Bubble, hb,  and (h) spike, h,, penetrations vs. generalized displacement, 2AZ. The solid 
lines are (a) hb= -0.45 + 0.054 2AZ and (b) h,= 0 .95  + 0.062 2AZ. The dashed lines in (a) show 
L V ~ =  0.061 (upper line) and 0.05 (lower line). 

This effect is greater later in time when there are o11ly a small nurnber of I~ubbles (2-4) with 
large penctrations. Tlie uppcr dashed line in Figure 3a shows the backlit photography reslllt 
[Is],  hb= 0.061 2AZ. 'l'his line is consistent with the early-tirne data  (2A% < 200) and with 
t11e most-penetrating late-time data. Thus, the results indicate that backlit photography is riot 
seriously contaminated by wall effects. The ~neasured crb is -5% higher than those found in 3-D 
hydrodynamic si~nulations [13, 161. Tllr lower dashed line in Figure 3a shows the si1nulat.ion 
result, hb = 0.05 2.4Z. The simulations obtain h* and 1 2 ,  from the 99%, 1% [l31 points of a 
volume-fraction profile. The sinlulation results may 1)e slightly low. One difference is that the 
ex:periments use immiscible fluids whereas the fluids in the sinlulations are miscible. 

Finally, the ratio h,/hb, obtained from the data  in Figure 3, is hs/hb = 1.1 rt 0.05. Thc 
error bars reflect the sensitivity of this ratio to  the location of the flat interface. This ratio 
is in agreement with previous data  (see figure 8 i r ~  Ref. [l!?]) and one 3-D simulation [l31 but 
lower than the  1.3 predicted from another 3-D sirnulatiori 1191 and lower than the 1.3 [l91 to  
1.4 [14]that models predict for .4=0.34. 

3.2. Structure of the  DMZ 

The coritact area between tlie mixing fluids, sllow~l in the edge images of Figure 1, determirles 
the degree of particle and energy exchanges. In tlle 2-D edge image, the contact area is the 
le~igth of tlie white pixels. The two edgc images in Figure 1 display sin~ilar densities of white 
pi:iels in the centers of their respective DMZs, implying some snlall scale structure is always 
present. The edgc images will be analyzed in another publication [24]. Models 19, 14, 18, 25, 
26, 271 predict the evolutio~l of tlie boundaries of t he DMZ to larger structure sizes. Larger 
structures have a smaller perimeter density than smaller structures, so processes riot i~lcluded 
in the rnodels appear t o  be occurillg which maintain the density o f  the s~nall-scale structures. 

The images in Figure 1 do suggest, however, that a large lengthscale increases with time. 



This Icngthscalc, associatcd wit11 tllc. wit1i.h and sej~arat io~i  of the h1111hle and spike front,s, is 
seen niost clearly ill tlic cl~vclopc images. Not,icc- the- hi~bhles and spiltes are lo11g and skililiy in 
these images. It will be discussed in a future publication [24]. 

4. Summary 

In summary, images of the central plane of an RrI' unstaljle fluid cell are analyzed and givc inix 
widths that agree with those obtained using the backlit photography tcchr~iqnc [15], i~nply i~ ig  
that the latter are not hampered by window effects. The present study uses a statistically robust 
definition for hb and h, and finds lower lilliits 011 cub = 0.054 i 0.003 and a, = 0.062 + 0.003, 
consistent with recent hacklit pliotography experiments [l51 (ab= 0.061). The present results 
are still somewhat higher than in 3-D sinlulations (cub(3D) = 0.04-0.05) [13, 161. In addition, 
late in time, the bubbles and spikes are seen to ~ n a i ~ i t a i n  a complicated internal fine structure? 
as predicted in some numerical simulations [12, 19, 291 and models [28]. In contrast, the width 
of the large-scale features (buhhles and spikes) appear to  grow iri t i ~ n e  [28]. 
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Effect of Re-Shock on Richtmyer-Meshkov Mixing; an 
Experimental, Numerical and Theoretical Study 
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Physics Dept., Ben Gurion TJniversity, Beer Sheva, Israel 
Pliysics Dept., Princeton University, Princeto11 N J ,  USA 
Mechanical Eng. Dept., Ben Guriori University, Beer Sl~cva, Israel 

A b s t r a c t :  The nonli~iear growtli of single-mode, two-l~uhble arid random initial pertubations 
were investigated in a M=1.2 .4ir/SFs shock-tube experi~nent. Tlie interface evolution was 
studied both before and a.fter tlie arrival of the  reflected sliock. Experimental r c s ~ ~ l t s  for the 
single-mode and two-bubble cases, showing distinct bubble and spike evolution, were fou~id to  
1)e in good agreement with numerical simulatioils as well as wit11 a tlleoretica.1 predictio11 based 
on a recent potential-flow modcl. 111 the random pertubation casr, the 'l'MZ tliickness was 
fouild to  be in good agreement wit11 iiui~ierical si~nulation. 

1. Introduction 

Thc Richt,~nyc:r-Meslikov (RM) instability, which appears o i l  arl interface between two fluids 
accelerated by a shock wave, is of grea.t interest in inertial confinement, fusion applicatioris. 
Most tlieoretical treatments of t , l~e instability have been developed for the case of a single shock 
wave passing an interface with no pre-dcvclopeti lr~ixing [l; 2, 31. The shock wave is typically 
assumed t o  pass a wrll-defined stationary iriterface with small pertuhations. However, in many 
;tpplications and experiments, ~ n u l t i ~ ~ l e  shock waves ir~t~eracl, with the interface, of te~i  when 
mixir~g is already well developed. The present work atldrcsses the ql~estion of the effect of a 
shock passing through a mixing zone generated 11y an earlier shock wave. 

In a complenie~itary paper in these proceedings, we described a sliock tube experiment 011 

single-mode evolution and two-bubble interactio~i c a ~ ~ s e d  by a single shock wave [4]. In the 
present work we extend this experi~nent to describc t l ~ c  effect of a re-shock, reflected froin the 
end wall of the tube, on single- node and two-bubble evolution. We also extend the experiment 
to  study the evolutioii of a mixing zone generated from an initial randorr~ pertuhation, which 
grows mainly after the re-shock passes the interface. 

The shock tube apparatus used is described in Ref. [4] arid [5]. A M=1.2 shock wave passed 
an A%r/SF6 interface (Atwood nlimbcr A=O.67), where tlie fluids were separated by a thin 
membrane, 011 wliich the p e r t u b a t i o ~ ~  was iinl)osed. In order to create a re-shock, an end wall 
was placed at  diKerent distances from the interface. The results in tliis work are from an end 
wall a t  distances of lticrn and 24crn. The 24c1n configuration was designed to study single-mode 
and two-bubble interactio11, where the wavelength is of the order of 20mm. This distar~ce allows 
sufficient time for the pertubation to clit,cr well into the nonlinear stage beforct the re-shock. 
Tlie 18cm configuration was used for the random initial pcrtubation str~tly, since the typical 
wavelengtll is much shorter (of order of a few m m )  and therefore less tirlie is 11eeded in order to  
reach a well-developetl ~r l ixi~ig stage before the rc:-sl~ock. Tlic: experiments are compared to full 



scale simulations using ail AI,R code with ir~terfacc t,racI;ing anti to theoretical models [ L ,  21. 

2. Single mode experiments 

In Fig. 1 the interface evolution for X = 26mm is shown at  various t in~es.  The  irlit,ial amplitude 
is a0 = 2min. The  re-shock reaches the perturbed interface at  a.bout t = 2.11risec. 

The pertubation is scen to develop an asy~nrnctric 11ubble-spilie shape before tlrc: re-shockl 
similar t o  that described in Ref. 141. The phase reversal causcti by the rc-shock is clearly sec11 
immediately after the re-shock arrives at  the pertuhatioli. Later, a very ~ l o ~ i l i ~ i e a r  reversed 
bubble-spike structure is formed. 

The bubble and spike cvolutio~i, relative to  the uripertnrbed interface, are compared i11 Fig. 
2 to  a theoretical model (Ref. [4]) whicl~ accounts for t.he linear, early nolili~lear and asymptotic 
stages of the growth. In Fig. 2(a) the growth before thc re-shock is shown, and in Fig. '(h) 
the growth after tlie re-shock is shown, until t=3.2msec, wheri a rarefaction wave from t h c  
end mall reaches the interface. Tlie model was initiated in Fig. 2b using tlie experimentally 
measured pertubation velocity i~nmodiately after the re-shock. Very good agreen~crit is found 
between the experimental and theoretical results. ' r l ~ c  i~iterface shape and growth is also in 
very good agreement with full-scale sirnulations (data  not sllow~i). 'I'hus, even thougli the re- 
shock interacts with a pertubation which is highly evolved both in space and velocity, a simple 
incompressible model describes the evolutio~i after re-shock well. 

3. Two-bubble experiments 

In order to  investigate whether tlie bubble cornpetition phenomenon, whicli is a dornina~lt 
mechanism in the  multi-mode evolution, is present after re-shock, we have performed t~vo- 
bubble experi~nents with a re-shock. An array of alternating large (27n1m) and small (li'111ni) 
bubbles was used, with the central part of the mernbra~ie consist,i~ig of a srnall 1111l)t)le flanked 
by two large bubbles 141. However as opposed to the structure usecl in Ref. [4], the initial 
pertubation was the inverse of that used in Ref. [4] with the bubble tip pointing toward t,lie 
initial shock. 

The interface evolution is shon~n in Fig. 3, compari~lg t,he experimental results witli fill1 
numerical simulations. Immediately after tlie shock passage, a srriall spike is generated flanked 
by two large spikes. Since the two centerecl l>ubbles, on either side of thc small spike, are 
identical, no bubble competition is expected at  this stage. After the passage of the re-shock, a t  
time t = 2.lmsec, the pertubation reverses phase - the spikes bccoa~e  l~ubbles. The pcrtubation 
is thus inverted, creating a small bubble flanked by two large bubbles. As is clearly seen in 
both experiment and simulatior~, the bubble competition process bcgins after the re-shock 
passage. Very good agreement can be seen between simulation a.nd experiment a t  all stages 
- the initial pre-reshock stage, during phase inversio~i, and well after phase i~iversion, where 
I~ubble competition takes place. In Fig. 4, the difference between tlie two hu1)l)le heigl~ts after 
t,he re-shock is shown, comparing the experimental and the nu~nc:~.ical simulation results witli 
t.hc height difference predicted for two independent bubbles. This tlemonstrates the bubble 
cornpetiton, similar to the single shock- experiment 1.11. At early tirnes after t,he rc-shock the 
1)ubbles grow independently. After about lnlsec aft.er re-shock, the height differcr~ce is scen 
to grow faster than that expected from the growth o f  indepcndel~t l~ubbles as a res~llt  of tlie 
t~ubble competition process. Later on, 1.4 msec after re-sl~ock, the height differe~lce begins t,o 
grow ~ n u c h  faster. This is attributed to  a rarefaction wave that rcacl~es the iriterfacc from thc 
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end wall. The agreement with the fill1 s imula t io~~ is very good al. all stages 

4. Random initial pertubation experiment 

In order to study the cl~olution of the 'I'h4Z fro111 a rando~n initial perturhatio~i,  a flat ~ n e l ~ ~ b r a n e  
with no specific imposed initial perturbation was usc~i .  Tlie end wall was placed at 1Scn1, and 
thus the re-shock arrives at  an earlier time t l ~ a n  i11 the previous cases - at  t = 1.6 Illsec. Rcfore 
the re-shock passa,ge the TMZ thickness is small a ~ i d  only after the rc-shock hits the interfacc~ 
the growth is pro~iounced. In Fig. 5(;t); three reprcse~ltativc frames show the 'I'R'IZ a t  tliree 
times after t,he re-shock passage. In Fig. S(\))  the TMZ t,Iiickrless is c.ornparet1 wit.11 simulatiorl 
results. The sinlulation started from an ir~itial p e r t ~ ~ l , a t i o ~ ~  spectrlrm C = 25 - 50 a ~ ~ d  an initial 
amplitude of lmrn. Show11 ill Fig. 5(h)  are the numerical sirm~lation l~redictioris for the 10%- 
90% and 1%-99% TMZ. Tlic rr~ixing zo11c grows slowly before re-shock, with a I~est-fit power 
law of ro~lglily After the re-sliock, the ~ n i x i ~ i g  zone tl~icliriess initially decreases due to 
shock compression, and then starts to  grow at  a rnucl~ i11creasc:tl rate. This growth follows a 
power law of rouglily At time t = 2.6msec, the rarefaction wave from the end wall arrives 
at the interface, causing a further increase iri thct growtli rate, d11c to the density d e c r e a s ~  and 
the ir~terface deceleration. 'I'he compar i so~~ between the r!xperinlental 'I'MZ growtli rate ant1 
the si~nulations is seen t o  IN: good. 

It is a t  prcsclit, (JifIicrrlt t o  accurately cteduce thc l)l~l,hle and spikc fro~lt growth ~ r : ~ a r a t e l y  i r ~  
the ra11do111 front experirncnt. 111 Fig. 5 (c ) ,  t l ~ e  ~ ~ u ~ i i e r i c a l  r c s ~ ~ l t s  for the l~ilhble and spike fro~its,  
defi~lcd as the l%,  10%. 00% and 99% resprcti\~cl?;, are sl~own and co~li~>nred with tl~c. estirnatetl 
bubblc and spike front locatiolis deduced from t,he experi~nclif,al data. The asymmetry 11et.ween 
tlie buhhle and spikc front power laws is clearly seen ill botli the nmnerical and experirnent,al 
results. The agreement between the experi~nental arid t.he numerical results is fair, corisidcririg 
tlie relative large error in defi~ii~lg the froni,s and the uriperturbed intcface in the ctxperiment. 
While both fronts are predicted to  evolve rouglily as t o 4  11eforc IT-shock arrival, it is seen tliat 
after the re-sliocli passage the h ~ ~ h b l e  front grows roughly with tlie same powcr-law exponent, 
while the  spike front grows with a larger power-law expo~lc~l t ,  These pon7er laws are roughly 
consistent with theoretical predictions [2]. 
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Figure 1. Experimental r.es1~lt.s of the singlr-mode evolution for an !\.I = 1.2 .4ir/,SFG case. X = 26n1m, 
(LC = 2mn1 arid end wall loc.;itcd at, 2351nrn. 

Figure 2. Experimental a ~ ~ t l  potential flow model results for bul>I>lr ancl spike evolution i l l  t l ~ c  singlc~. 
~nodc case of Fig. 1. (a) beforr rcshock: (I)) aft.cr res11oc.k. 
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Figure 3. Experimental and numerical results for the instability evolution in the two-bubble case. 
M = 1.2 .4zr/SF6, XI = 17mm, X:, = 27mm, a1 = 2mm, a2 = lmm,  end wall located a t  235mm. 



Time (msec) 

Figure 4. Bubble height difference in the two-bubble case of Fig. 3 after re-shock. Shown arc, the 
experimental and numerical results. Also sllowri is the difference in bubble heights when no hubble 
interaction takes place. 

Figure 5. Evolution of a random initial perturbation. (a) Shlieren photographs after re-shock a t  
t:=1.7msec, 2.lmsec, 2.3msec. (b) TMZ evolution, experiment vs. simulation. ( c )  But~blc and spike 
height evolution (relative t o  the unperturbed interface), experiment vs. simulation. M = 1.2 Air /SF6 ,  
end wall located a t  180mm. 
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Abstract: 'I'll(. direct 3U m ~ ~ n e r i c a l  sirnulatio~i for f,i~rbule~lt mixing (7'111)  a t  the plane inter- 
face of two i~lcompressible liquids (gases) with various tlensity, ~~iovi i ig  at  :L c:oiista~it ac:celeratioli 
was performed carlier iri papers [ l ,  2, 31. Tlierc, are signific.arlt, differences l~e twce l~  tlie results 
of [l ,  21 and [3] concer~lirig the growtlr rate of turbulent ~nixilig zone (T.hfZ) at  thc self-similar 
stage. Additional nllmerical investigat.io11s are ticsirable to  expose this circiinistancc. 111 this 
paper we nsc I)ot,l~ explicit sclir:~ue arid implicit. 30 cliffcrc~ice scheme, ill~plementctl witliili the 
TREK ~) rogra~i i  co~nplcx [,l], i l l  order to  ~liakc, 11101.c acc~lriitc tlic results o1)tairied i11 [3]. WP 
have \.aried geo~nctric sizes of calcl~latio~i domain, as well as 111111111er of calculation cells slid dc- 
gree of coml~rcssio~i. 'I'lre calculatior~ rrsirlts arca c.om11ared wit11 correspo~~tl i~lg results [ I ,  2,  31, 
aiid also with prc~dictions of ~)lic~rro~ue~iology t ~~~. l )u lencc  nlotlels [5> G] anti Iinown c~xl)eri~ncntal 
data. IVc helti the spectral analysis for 1)otli velocity ~)ulsation anrl de~isity p i ~ l s a t i o ~ ~  a t  the 
mixiug zone. Thus we st.lldied tllc infltierice for al)l,l-oximatio~l to I<olmogorov spectrulll for 
t,hese valucs in .?D calculatio~is for various sct~lp.  

1. Calculation setup 

The problem setup is similar to  that of 131: at, the initial moment two half-spaces sepitrated 1)y 
z = z,  = 11 plane are filled with perfect gases (y  = 1.4) at  rest wit 11 tlie following densities: p ,  E 
np2 = 3 if z, < z < 20 and p2 = 1 if 0 < z < z,, Atwood number -4 E (p l  p 2 ) / ( p l  + / l 2 )  = 0.5. 
Gravitational acceleratio~i gZ E -g = -10 is directed from heavier substance t o  light,er one. At 
the initial ~ r ~ o m e n t  at  the interface (in one-cell layer) we set ra~idoln density perturbations ( they 
have different spcct,rum for all calculatioils) 611 = f plS, where (5 = 0.05. l'lie calculatior~ domain 
is a r~ctaiigular parallelel,iped wit11 ~ ~ l a x i ~ n a l  side I,o = 20 - sec. 'l'able 1, that  presents llurnl~er 
of calculation nodes N , x N y  x N ,  for different, c:alculations. 111 doing so t,lie calculation grid 
was always uriiforni with equal calculation cells sizes h,=h,=hz. At the do~riain outer borders, 
parallcl to  we made a conditior~ of wit11 period L. = 20, for ot her borders - "rigid 
wall". Notice that pressure value ( P  = 103) is such that the condit,io11 of i n ~ o m ~ ~ r e s s i l ~ i l i t y  was 
approximately fulfilled for the turbuleiice: k = ( L l  g << yplp,  where = cons2 << 1, L1 < Lo, 
L ,  - width of ThIZ, k - t ~ ~ r b u l e n t  energy. 

2. Calculation results 

Th? flow cvoh~t~ion observed in these 31) calculatio~\s is gel~erally sirililar t o  the previolls ones 
[3] .  We can sec tile cnlargtlnent, of vortexcs by the  time anti (,?;it t,o self-similar rnodc. The latter - 
for given prolIIe~n is expressed i l l  l i ~ ~ e a r  depcl~tl<>rice law for val11c. 1f7(r)  = J L ~ / L ~ ,  r E //to, 

to E Jm 2 (1pig.l). As rviiient, linearily for 111ore detailed grid is already when r > 0.5 
- derivative dk17/dt gives the magnit.ude Jcrr in 7'!21% width expression: Ll  = nr,Agt2. In our 

More inforrnatior~ - Eniail: utd0:3_23051'3spd.vniief.r11 



1 46 46 46 explicit 

2 100 100 100 explicit 

3 25 50 50 cxplici t. 

4 23 23 49 explicit 

5 or 1 3  75 75 explicit 

6 75 75 75 explicit 

Table l .  'l'hr initial data f o r  cslc~~lations. 

c;~lc~llations it, is 011 average (:lose t,o expcrirne~~tal  data  [7, X ,  91; t1la.t is 0 1 ,  -- 0.15, while in 
c ~ ~ l c ~ l l a t s  [ l .  21 it is signific.aritly Icss. i l l  ~)articular,  i l l  [2] value of al, was approxirriatclq- equal 
to z 0.085. Not,iceal~lc deviaf,io~~ fro111 lilicar law slionr it,self if T > 2, whc~i Tt)' > 0.8 -L 0.9, tliat 

Figure 1. Mixi~~g zone width oerslls tinie 

is 7'12.12 widt'n hecon~e co~nl)arablc wit11 vertical size of calc~~lat ion domain L". Tllc decrease of 
llorizontal size in cases 3, '4 t lo~l ' t  i~~fluenc.e ~ignificant~ly to IV(r)  depende~~ce.  We cnlpl~asize 
high r e p r o d ~ ~ c t i o ~ i  ability of this law while comparing the results of tlic great 1~11rnber of very 
different calc~~lations, aud alnollg tl~ern calculat.iu~~s [3] perfor~ncd or] 4 6 ~ 4 6 x 4 6  grid. Biglier 
L,i:t) was determined as a ~vidtll of self-sirnilar density profilr, illat follo~vs firo~n p l le r~o~ncr~olog~ 
t1ir:ory (see below), and tho closcst to t h ~  3D c-alculat,ion rc>s~llt (1:ig.2). M'liilc doing so we t,ook 
from nu~nerical calc~~la.i,ion the profiles of value p ( - )  ( p ) .  Here ant1 below we perfor~ncd 
averaging () at t l ~ e  planc z = consl,  that  is parallel to  the interface plal~e, with Inore detailed 
calculation grid in calc. IV(]2. I t  ca.n b e c ~ ~  sec11 that version [5] of p1~e1lorrle1lolog.y t,lreory 
describes better part of the profile ncar the 11eal.y liquid, while versioll [6] (used generally ill 

giver1 work) describes \letter t , l~e profilr ncar the light liquid. Clloosing of the tlensit,y profile 
for tile pointc,d goal is rnotivat,c>tl by t l ~ e  following c,irculnstance: i t ,  is self-silnilitr fro111 the: 
very heginllil~g to the last moment, \vlien 7'.21fZ co1rlc.s into contact wit11 ea1culat.ion t l o m a i ~ ~  



Figure 2. Density profiles: * - 30 calculation; pheno~nenology theory for: -- given work, - - - - work 

PI. 

borders. By the other hand, comparison of the  profiles of turbulent energy k ( z ) ,  obtained hy 
phenomenology theory, and corresponding value k z  < r ~ i ' r ~ i  > 12, ( z L : ~ u ,  - (U:)), obtained 
from 311 calculation, shows (see Fig.3) that t ime interval wit11 self-similarity is significantly 
less. Difference between these two versions of pl~e~iome~lology thcory is relatively small. We 
can observe the deviation from self-similarity t o  a greater extent a t  the initial dornain (T < 1); 
a t  the last stage ( T  E 2.2 + 2.4) borders muse non-monotony of k-profile. Phenomenology 

Figure 3.  Profiles of turbulent energy:* - 3D calculation: pheno~nenology theory for: - given work, 
-... work [5]. 

theory [5] (of k-E models type) does not take into account any anisotropy of Reynolds tensor. 
That is why we compare (Fig. 4) value of relation of longitudinal and transverse components 
of Reynolds tensor 

RLZ (?l;tl:.) 
p-- - 
RZZ (uhl~h) 

(obtained from 30 calculation) wit11 version [6] of the theory (described further in this paper). 
We can consider self-similarity in 30 calculatior~ as established from T E 1.5, and when T E 2.4 
we can see non-monotony in the profile. Relation of "horizontal" components R,,/R,, (Fig.5) 
is s i~ni lar  t o  the previous case. Notice that ,  as for [3], longitude component of Reynolds tensor 
is much greater than each transverse component - the transverse components arc similar on 
the average. This corresponds to  the results of semi-empirical theory, where we have to take 
coefficie~lt b twice greater than i11 [5] (see below). Fig.6 illustrates the profiles of meall-root- 
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Figure 4.  Profiles K,,/RZ,: o 3D calculat,io~~; - pheno~r~e~rology   no del for this work. 

Figure 5. Profiles R,,/R,z: o 3 D  cdlculation: - pl~enomenologj~ lrlodcl for this work 

square density pulsation value (p'p') l (pj2.  Thcir self-similar form (as for dcnsity profiles - see 
Fig.2) is tlie sa.me till the last mornent, whe~i  7'!bIZ comes into contact with calculatiol~ domain 
l~orders. It is equitable also for turhuler~l Illass flow (Fig.i'), expressed as dimel~sion less value 

L,inearity of the value J L t ( t )  [3] itself <:an not servc for the si~nplt, crit,eria for the self-similarity. 
M% can take for additional criteria exit 1.0 tlie time-constant. value F:(t)  c k , / l , , g ,  where 

X: ,,-rnaz((k) = ( z ) ) .  Fig.8 shows this valrlf. \.ersus T'. /\S cve can see i r l  these cal(:ulations, we 
can corisider ~nixing ~ n o d c  as self-siimilar for criteria E ( t )  G const only when r > 2. Notice, 
that it is ohvious fro111 this f i g ~ ~ r ~ ,  that ill calc~~lat ion [3] sclf-si~liilarity was 11ot nearly acl~ieved 
for thc last. ~rioment, so va111c of l.: is ~nucl i  greal.er than possible self-similar value. I4:xit to thc 
time-constant, value of R,,(r), w l ~ r r e  R,,, = man;(R), RE (p'p') can serve for similar criteria. As 
ol-)vious frorn Fig.9, in thesc calculatio~ls wc can observe mixing rr~ode as self-similar for criteria 
R,(T) = cotlst already when T > 1 .  \n7e can also notice lligli rcl)roduction ahility of R,,(T) 
dependence for very different. calculations. Iso-surfaces of v o l ~ ~ r n e  concentration P = 0.5 (see 
Fig.10 for calculation 2) illustrates 30 s t r u c t ~ ~ r e  of this flow. While performing analyses of 
hydro-dynamic velocity one usually observe spectral power (obtained by Fo~~rier-decomposition 
of its componellts) of pulsatio11 square for these components. The result of such approach we can 
see from the example of calculatiorl 2, where this 2D Fourier-analyses was made for the points of 



Figure 6. Profiles of relative average root square densit,y pulsatiol~: * 3U calcr~lation: 
ogy model for this work. 

Figure 7. Profiles of relative turhlilent mass flow: * 31) calculation; - phenomenology lnodrl for this 
work. 

Figure 8. Time depcdencc of lnaxilnal value of turbulent energy: - - - calc. Nol; ... calc. No2; + calc. 
No6; o calc. No7; x calr. No5; calc. No3; - -  calc. [S] 011 the grid 41i3. 

the planc, located in the middle of calculation domain (see Fig.11). 011 the average, as evident, 
while local non-uniformity we can see the closeness to  I<ol~nogorov spectrum (normalized on tlie 
computation results in the range of great k) both for transversal and for longitude components 
of velocity on the wide interval of "wave numbers" L x ~ h / X  ( h  - calculation cell size). 111 doing 
so a~iisotropy preserves till the greatest values of kA.  We also calculated the value of t h e  spectral 
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Figure 9. Tilnc depedencc of rnaxirrral value for desity 11lilsation square: calc. N o l ;  - - - calr. No3; 
... calc. No2; o calc. N07;  calc. Na4. 

Figure 11. Spectral power of squared velocity prllsation: - E,, - - E z , - - - Kol~nogorov spectriim. 

turbule~lt energy (depending on averaging scale)) that differ fro~rl the previous approach in ]nore 
illustrative physical meaning and in more integral (and so more s~nooth)  character (see also 

131): 

E = ( ( )  1,. - ( U )  1 :  = c , ;  i = l V ;  E = ( ( E ) )  1 ;  r = 2 N .  ( l )  

Here we do averaging () I,. in the i-th (along the  z axis) horizo~ital layer within the square 
with tlie side r: and then averaging (0) through all squares with dat,a r witllirl the whole I-th 
layer. The results for calculatior~ 2 are compared or1 Fig.12 (where Ii' = 2 ~ 1 1 ,  l r r h ,  f 2  - sizc of 
calculation cell) with Iiollnogorov spectru~n for several values z when t = 4. We can see that 
in mixing zonc both for full crlergy El = F,',, + E/, + El,, and for separatc c:ornponcnts El,, El,, 
I;,, spectrum is very close t,o Iiolmogorov spec tn~ln  (lg El(ria) = -2Ii'/3 + const), b u t  in doing 
so, however, arlisotropy takes place till the least scales. Tlle same valuc for density pulsation 
square 

(2) 

i ~ ;  presented on Fig.13 for calculation 2. As evident, in TIWZ the spectrum of the full value 
rl at small scales telids t o  liohnogorov's one. This is I~cs t  shown at  the edges of the  zone, 
especially near the heavy liquid. Notice, that for all 3D calculations we o b t a i ~ ~ e d  (according 
to phenomenology model [ 5 ] )  the relation of coordinates (relative to the initial location of the 
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I , .  . . . .  . . . . , 

Figure 12. Spectrum of turbulent energy: 3D calculation (calc.No2, t = 4 ) :  o El, - - - E - .  El,, 
- - - E ;  - - pi, - I<olmogorov spectrum. 

Figure 13. Spectrum of density pulsation:3D calculation (calc.No2, t = 4 ): o El, - -  - -  - Er,, 
-. - Elz; - - p!! - Kolmogorov spectrum. 

interface) of the heavier substance in the light one and of the lighter substance in the heavy one 
Slz- Lt2/Lt l  M 1.5, when coordinates are determined by small value of density perturhat,ion (see 
below). This is significantly larger than in [S, 91 (M 11.15), but mucl1 less tlian in calc~llations [2] 
(M 2.8). The  described below p h e ~ ~ o m e ~ ~ o l o g y  theory gives yet S12 M 1.1 1. if we get 
the coordinates in 3U calci~lations according to [g] via density pert url);ttjon A p  = O.l(pI - p z )  
(see Fig.2), we shall obtain the close value of S12 (X 1.15). In this case the described bclow 
phenomenology theory gives S12 M 1.06, that s e e l ~ ~ e d  to 1)e acceptable with regard to  the 
~nistalte of experiments [g]. 

3. Phenomenology theory 

The described case ( U  = 0 ,  gravitational acceleration g) corresporlds to  R, + -W, then 
from versiorl [6] of the theory like [10, 111, regarding to Reynolds tensor anisotropy, follows the 
equation: 

dp p dR,  
- pp - 
dt  d z  ' (3) 

where turbulent mass flow: 
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turbulent energy: 

the average square of density pulsation: 

A2 g k = 
a p d z '  

2 R,A d p  R E (p 'p ' )  = - 
k k d z '  J 

relation for the Reynolds tensor components: 

R,, 113 - b 
- -  

p R,,/R,, = 1 
R,, 113 + 2b1 

So. directing to the results of 3 0  calculations, we can soon get exacting limit for value of b - 
we suppose b = 0.19. Here: c E l + + i ,  G 36; /L = $ - b. Let's take for length turbulent 

C 
scale A: 

A = f f L , ,  (8) 

that is similar to  using of Prandtl-I~olmogorov relation. Here L,  = zl - z2 is TMZ width in 
z direction. We determine it  by points 21, 2 2 ,  in which we achieve the small enough value of 
perturbation for hydro-dynamic value, density, for example. Then Ict's consider that p( - , )  = 
2.95, p ( t z )  = 1.05. We determi~ie the full ThfZ widtli L = z,l - z,2 by points t u g ,  z,,, where 
perturbation of hydro-dynamic valuc reaches its zero value, that is p(zo l )  = 3 ,  p ( z02)  = 1. Let's 
mark their relation as k L = L / L t .  ],et's introduce self-similar variables: 

where z, - the initial coordinate of interface plane for heavy and light liquids. Values and 
q 2 ,  in which y converts into zero, correspond to the  zone interface, and value V L  = 71 - 172 

corresponds to  the mixing zone width L. In our case d p l d z  > 0, then we can write the 
equation ( 3 ) :  

27 + 3?J1 - y3 = 0 ( 1 0 )  

The stretch values of the magnitudes of interest are following: turbulent energy: 

turbulent mass flow: 
- R. 

- 3bcay3?Ei2 
" - p m  - 

, 
a 

average square of relative density pulsations: 

Filnction 'l' = exp (J,"~ y2d7) ,  and also the values ( 7 ) ,  (11 ) - (13 ) ,  obtained as a result of decision 
of equation ( 9 )  for the parameter values a = 2, b = 0.19, k = 0.35, cu = 0.09 are shown on 
Fig.2-7. As we can see, we have significant agreement with 30 calculations. While doing so 



TMZ growth \:elocity, cliaracf,erized by the. value t r l ,  = ~~?,c:/ilkr, RZ 0.132, tliat is close to  t.he 
measurements [7, 8,  91. We have t,o choose t l i ~  following values of phenomenology coeficieiits 
for description of given problerri: n = 2. h = 0.19, k = 0.35. They noticeable differ from 
the parameters adopted in [Ci, 101 (a  = 0.5 t 0.75, 6 = 0.05 t 0.08, k = 0.45), where, however, 
atmospheric problems were generally observed witli small relative different de~lsif,y, or proble~ns 
with R, 2 0. 

4. Conclusion 

High reconstructior~ ability of dcpcrldencc Clfr(r) ~ ~ , / l , ~ t a k e s  place rvher~ conrparing the 
results of the great riu~nber of much different calculat,ions 011 differcl~t, calculaf,ed grids: among 
them calculatior~s [3], performed o n  the 4 6 x 4 6 ~ 4 6  grid, and also calcl~lation oil the 7s3 grid, 
made by implicit scheme. Value of velocity of 1'121Z width growt,h agrees witli experi~ne~ltal  
data  of different authors, but differs from calculatiori data  [ l ,  21. 

In a similar manner, we can observe high performance for dependence R,,(T), where R, = 

max(R), R ( p ' p ' ) .  
It  is shown, that exit to  tlie constant value both of E ( t )  G k,/I,g and R,,,(T) is proper simple 

criteria of exit the decision into auto-modcling mode (hesides l.he linearity of @@ value). 
Spectrum of velocity pulsation a t  the  small scales is close to  Kolmogorov spectrum - it is t m c  

for turbulent energy. Spectrum of density pulsation also tends to  I<olmogorov spectrum, but 
in less degree. 

We have formulated version of semi-empirical model for observed flow calc~~lat ion with regard 
of Reynolds tensor anisotropy, and obtained auto-~riodcl i~~g solving of equations of this model. 

Used versioii of semi-e~npirical ~llodcl possess f,he opportunity of rnorc represcntativc descrip- 
tion of corresponding experimcnts, than versioil [G] isotropic Rcynolds tensor. It  also 
satisfactory agrees witli the results of 30 calculatioi~. 

Acknowledgement. T h e  work was performed with the  help of ISTC, contract No 29 
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Shock Tube Investigations of the Richtmyer-Meshkov 
Instability Due to a Single Discrete Perturbation on a 
Plane Gas Discontinuity 

A.V. S m i t h ,  M.K. P h i l p o t t ,  D.B. Mil lar ,  D.A.  H o l d e r ,  N.W. C o w p e r t h w a i t e  a n d  
D.L. Youngs  
AWE, Aldermastori, Readings Berkshire, RG7 4PR, England 

A b s t r a c t :  This paper describes an investigation of the Richtmyer-Meshkov shock-induced in- 
stability growth of a singlc discrete perturbation imposed on an otherwise plane interface sep- 
arating two gases of different density. The experi~nental technique as applied t o  a 2D bump 
perturbation is described. Comparison with corresponding unperturbed membrane cxpcrilneuts 
reveals the effect of a single discrete perturbation on an essentially I-D turhulcnt mixing zone. 
The required membrane perturbation was achieved by means of a profiletl tmt-sect,ion and fine 
wire meshes that were used to support the membrane and ensure its effective fragmentation. A 
pulsed copper vapour laser sheet illuminated seeded particles mixed with one of the gases (sul- 
phur liexafluoride, SF6) which enabled a high-speed, 35mm drum camera to  record, typically, 
forty images of the instability and mix development over a 4111s period. Direct 3-D nunlerical 
simulation was carried out using the 'I'URMOII, 3D code with a random perturbation rcpre- 
sentative o f  the mesh-induced fragmentation t,o initiate the growth of the I-D t ~ ~ r b ~ ~ l e r i t  mixing 
zone. Respectable a g r e e l ~ ~ e ~ ~ t  was obtained with the experinlental results. 

1. Introduction 

This study followed as an extension t o  the Richtmyer-Meshkov laser sheet investigatiorls rc- 
ported at  the 5th IWPCTM. These new experiments were similarly performed a t  shock Mach 
No 1.26 (shock pressure 10 psi, 69 kPa) ,  but using a new shock tube of increased cross-section, 
200 X 100m1n. The test gases were air/SFs/air a t  atmospheric pressure zoned as in Figure 1, be- 
low. Gas separation across each interface was achieved using a microfilm membrane (normally 
a single layer) supported by a wire mesh for profiling the perturbation and for fragmenting 
the membrane. Visualisatio~~ of the gas ~nixing process was by means of pulsed laser sheet 
illumination at, 100ps intervals of a vertical plane t,hrougll t,he seeded SF6 gas, with recording 
on a synchronised 35mm rotating drum camera. From several perturbation profiles examined, 
a forward-facing shallow bump (circular arc, dimensions 20 X 31nrl-1) a t  the downstream inter- 
face was selected for presentat.io11 together with its corresponding unperturbed (plane / plane) 
case, as in Figure 2. The major interest concerned the  observed mixing development across 
both the  upstream and downstream interfaces resulting from passage of the incident and the 
subsequent reflected shocks from the end plate of the shock tube. Cornpariso~~s are included 
between results from experimental and direct numerical simulation using the Turmoil 3D code. 
General agreement is evident conditional upon illclusiori in the code of randorn represeritatiori 
of the initial mesh-generated perturbation. 

More informat~on - Fax: +44 (0) 11 89 82 48 R6 or Email: dyoungs@awe.gov.uk 
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Figure 1. 

Figure 2. Schematic representation of the derlsr gas regions and the defining membrane drld wire 
mesh. 

:2. Aim of the shock tube experiments 

The aim of the shock tube experiments described was to prov~de data, in combination with 
results from 3D direct numerical simulation codc calcul~tions, for the development of a 2D 
turbulence mixing model Fragmentation of the membranes induces random perturbations 
which lead t o  the  growth of turbulent mixing zones which are, on average, one-dimensional. 
'I'he plane - plane experiment (unperturbed "flat" membranes) served therefore to  characterise 
:,uch a I D  turbulent mlxing zone. The plane-bump experiment served to modify this experiment 
with a 2D feature to  give an essentially 2D turbulent mixing zone as required for 2D turbulent 
  nix model development. 

3. Profiles investigated 

Figure 2 indicates the meshlmembrane configurations examined. An additional mesh was 
inserted at  the first membrane to prevent pre-shock bulging in the upstream direction due to 
the SF6 gas density. A corresponding mesh fitted in previous tests t o  the second membrane 
to preserve equivalence has been excluded. The defect on the interface as represented by the  
bump perturbation is equivalent t o  0.17 % of the total SF6 gas mass. The dotted outline of the 
mesh wires supporting the membrane is for indication only. 
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4. Use of wire meshes 

Figure 3 illustrates the use of wire meshes i~~dividually woven from tungsten wire of 25 pin 

diameter and with a 4 m m  square aperture. 'I'lie horizontal wires were in tension; tlic 11igher 
tension demanded by those wires defining the perturbatiori normally necessitated sul)stitution 
with wires of 50 p m  diameter. T l ~ e  vertical wires were maintained in a suitably slack state to 
avoid interfering with the hump profile across tlie width of the test-scctio~~. Llcshes generally 
remained intact after a test 1,111, arc replaced as a matt,cr of routir~e. Flow blockage is 1.2 per 
mesh. 

Figure 5. Detail of the  wire rricsh constructio~~ used t,o support the ~neml~ranes. 

5. Comparison between sample images and 3D code results 

Figure 4 sl~ows six sample piiot,ographic iniages selectccl from a sequence of forty negatives 
recorded during a "hump" perturbation cxl)eri~lient. Sliown unprocessed, they provide a snap- 
shot of the shock response of tlic initially perturbed SF6 zone a ~ l d  its s~tbsequent  nix devel- 
opment. Interrogation wa.s by a laser sheet typically 21nm thick. It was notetl that ,  to a first 
approximation, the  light scattered fro111 the seeded gas in the slieet and recorded by the c a n -  
era was proportional to  its density. T11e 3D code result,s a t  the sarrle times and on the sarne 
scale show the SF6 gas volume f r a c t i o ~ ~  (a.t contour levels 0-0.05; 0.05-0.25; 0.25-0.75; 0.75-0.9.5: 
0.95-1) representing a slicc of the calcl~lat,ion. The first photographic image (0.firns after shock 
arrival a t  the first interface) shows the enhanced light intensity in the sliockctt SFc, gas as the in- 
cident shock front approaches t . 1 1 ~  second (port,urhed) i~lterface. The first, interface is i r ~  e\~iclerice 
as a thin vertical line inset fi-orn the left edge of the 1)11ot,ograph: tllc tiow~lstrean~ end of tlir 
test-section is not visible but is insc.1 a si~nilar d i s t a ~ ~ c e  from tlie right edge. 'l'lie secolitl image 
shows a phase i~lversion of the perturbation and the passage of the first rellected shock tlirougli 
the SF6 gas. The 50 node pcrturbatio~l (2001n1ri/41nm) originating from the downstrea~n mesh 
which accounts for the predominant disturbance across both the gas bou~idaries cannot be seen 
in the reproduced photograpl~s, but can be itie~ltified i r ~  t,l~r original 11ega.tives. Followi~lg the 
passage of the reflected shock though the SF6 zone, the latter is now compressed t o  about 113 
of its original volume. Memory of the wire 111esh wavelength has largely disappeared along the 
downstream boundary by selective growth or regrouping into longer wavelengtll, larger a~npli-  
tude structures. A second reflection is visible in tlie following image as is evidence of developing 
mixing of the gas with air across the gas hol~ntiaries. Tllc rernaini~lg images show contirluing 
evolution of the buht)le and mix growth across hot11 the upstrearn and downstrealn bou~~darics .  
.411 tlie images show llunierous fraglnc~nt,s from both melnl)ra~~es as visil~le c.o~~firmation or suc- 
cessful break-up. While co~nparisori of gross features 11etwcc11 c>xperilne~ltal ancl code result,s 
demonstrates distinct si~nilnrities, s11cl1 as tlic 11uhhle size and asymmetry, t l ~ e  l)hotograpliic. 



IWPCTM - ~ I A R S E I L L E  . J I J N ~ :  1997 - Smith rl (11. 183 

images fail to  reveal the more dilute regions of SFn gas at later t,ilncs, thereby preventing niore 
cetailcd co~riparison. Uigitisat,ion and suhsequerit processi~lg is therefore necessa.ry for further 
a.nalysis. Onc particular ~cquireme~it ,  is to  compensate for t l~c ,  non-~~niform spatial intensity of 
tlie laser sheet which visually preclndcs study of wall effects a.t the top and bottom of the test 
section (Figure 4 helow). 

LASER SWEET 
(Phorogr;tph~c Nsg,?tlve~) 

C nl 2.8 in, 



484 6th IWPCTM - MARSEILLE JUNE 1997 - Smith e t  al. 

6. Image processing 

The first stage was digitisation of the images using a CCD camera. A basic level of processing 
was then performed by applying an algorithm to individually identify the membrane particles 
within the image. For visual enhancement purposes, the algoritllm used automatically replaced 
each with a grey scale value representative of the  immediate local environment. In the  proposed 
densitometry technique, offering improved analysis capability, each particle will in contrast be 
treated on a "not a number" basis. A deficiency of the current a lgo~ithm concerned its reduced 
effectiveness in removing an elongated particle in the image representing a fragment of wire 
mesh; a necessary extension of the technique degrades the whole image quality. The problem 
is currently being phased out by the use of an improved technique whereby the meshes remain 
totally intact and in-situ. 

7. Turmoil 3D code calculations 

1 D Lagrangian 
region 3D 

< .M - - 3- 1 shocked air 1 a;. SF6 I air I ' 
1.72bar 1 bar 20cm 

L 
end wall 

Figure 5. Zoning used in code calculations 

Zoning used in 3D region: 400 X 320 X 160 cells 

Semi-Lagrangian calculation: X direction mesh moves with the mean fluid velocity 

Calculations were carried out with and without the "bump" perturbation 

Random initial perturbation at  air/SF6 interfaces: 

- wavelengths: 0.5cm to 5cm 

- amplitude rms: 0.Olcm 

Calculations were run on a Cray C98D: -100 CPU hours 

8. Boundary/mix measurements 

The location of the 0.95 mix (volume fraction) position within both the upstream and down- 
stream boundaries was determined, by z-averaging (vertical axis) of the  experimental data. On 
the bump experiment, it was necessary to  exclude the central region and to supplement the 
data  with that  identifying the bubble base and the  induced protuberance on the interface (0.95 
values). Corresponding measurements were taken from the 3D code results with, in addition, 
the inclusion of the 0.05 level. The derived distance-time plots are shown in figure 6 below. 
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Figure 6 

!3. Conclusions 

13xperiments similar to  those reported at  the 5th IWPCTM have been satisfact,orily trans- 
ferred to  a new shock tube of larger cross-section 200 X 100mln. The results from using thin 
membranes supported by fine wire meshes has continued to confirm the effectiveness of such 
cornbinations in gas separation in Riclltmyer-Meshkov irista.bility experiments. Such cornbina- 
tions: 

guarantee fragmentation of membranes 

enable range of interface profiles to  be used 

provide good agreement with 3D simulation if an initial small amplitude random pertur- 
bation of the  order of the mesh spacing is used. 

Only a partial analysis has been preserited and a more detailed analysis is planned for the 
future. 

10. Future studies on linear shock tube 
Improve present image analysis (film characterisation; fragment removal; non-uniform 
laser intensity) 

Develop densitometry techniques (providing full mix analysis of laser sheet images) 

Simultaneous recording of parallel or cross (ie both horizorital and vertical) laser sheets 
using a 70mm format Cordin camera 

Investigate additional perturbation profiles (eg. dual bump; step) 

Further null-type tests 
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Measurements and Simulation of the Turbulent Energy 
Levels in Mixing Zones Generated in Shock Tubes 

D. Souffland',  0. GrCgoirel ,  S. G a u t h i e r ' ,  F. Poggi2 a n d  J.M. Kcenig2 
'CE.4/Li1nciI-Valenton, lq'9419.5 \!illc~ieu\-P-Saint-Georgc,s Cedex, 1;i-ante 
2CEA/Va~~jours-1Cloro~~villiers, W P7, F771 81 Courtry, France 

A b s t r a c t :  A scco~~t i  order closure tur l~~llence 11lodel is tlevelopcd t,o sinlulate ~ n i x i ~ t g  zones 
generated i r ~  shock tubes. The maiu effort is directed tocvards the   no del ling of the production 
processes. Compa.risolis betn~eeri the si~nillation results and tlie nieasilrerne~lts of instantaneous 
velocities carried out a t  the CEA/Va~!jours-Moro~lvilliers sllock tulle show satisfactory agree- 
ment. Enhancement of the t,urbulcnt kinetic energy by the shock wave crossi~rg the mixing zoue 
and tlie anisotrol~y of the Reynolds s t r ~ s s  tensor are correclly reproduced. 

r 7 Ihus far, in shock tube experiments of turl~ulent ~rrixing, ~ ~ ~ e i t s u r e m e ~ r t s  give 11s global infor- 
mations on the thickening of the mixing zonc. Schliercn visualizat.ion~ interfcrometry or radio- 
graphy provide only evohltion of the n ~ i x i ~ l g  zone thick~lcss a r ~ d  of the conccntl-ation profiles. 
Direct data on turbule~lt energy arc 11ow a\,ailal)l~, thanks t,o 1,1le mcasurement,~ of instanta- 
neous velocities by laser Dopplcr a~iemomet,ry carricd out a t  thc (IEA/\I-M sl~ock tube. These 
inforrrlations allow one to test the capabilities of statistical turbulerlce models. \&'c focus on 
the proc-esses of turbulent energy production by sl1ock waves, in pa.rticular by harocli~lic effect, 
and on t,he evo l~~t ion  of Iteynolds stress anisotropy. To this aim, we, have developed a second 
order closure  nodc cl, with e\~olution e q ~ ~ a t i o ~ ~ s  for the Illass flux and the density variance. These 
quant,ities are cmciitl in flows wit11 s t r o ~ ~ g  density gradients. After a s l~ort  prese~ltatiorl of the 
cxperirncntal setup, we describe the f,urbulenc:e model allti present first colnparisons between 
experimental data  and sim~llation r e s ~ ~ l t s .  

2. Experimental configuration and diagnostics 

The shock tube facility is ext,er~si\-ely described in the con1 rihution o f  Poggi r l  (~1.[1] i r ~  this 
issue. Nre will recall here o~i ly  the features of tl~c: flow and tlte characteristics of f,he diagnostics 
used as a reference i11 this paper. il gaseous mixture between SF6 a11d air is generated in a 
vertical shock tube. An upward propagating sllock wave, (M-1.15) i~npulsively accelerates t,he 
two gases initially separat,ed by a 0.3pyn tliick flat ~ n e ~ n b r a n e .  -4 t1ii11 wire mesh is located 
directly al)o\re the mcm1)rane to  break it into sniall pieces dilring the shock wave crossing. 
This device prevents large mernbrane fra.gments t,o inhibit the ~l l ixir~g development induced 
by Riclltmy~.r- Mesllkov instability. This wire mesh (wire spacing IOlOpm, diameter 80pm) 
does not, ge~lerate ~ncasurable turbulence by itself. To characterize. the turbulent mixing zone 
('rMZ) wc nsr here schlicren visualization r e s ~ ~ l t s ,  which provide information on the tllicliness 
of the  rrlixing zone, and laser Doppler anernorneter (I,DA), t o  measure i~ l s ta l l t a~~eous  velocities. 
For each LDA abscissa, se\~eral experiments are needed to get enough velocity ~neasure~nents  
and to deduce Reynolds stress values statistically converged. Five abscissas arc studied, two 
between tllc setting in ~ n o t i o r ~  of the mixing zonc I,y the incidelit shock wave and its i~l teract io~l  

More information - Einail. soufflan9lilneiI.cea.fr 



with tilc first reflected shock wave, and three between thr. two first resl~ocks (Fig. 1). The 
.!,angengial component of thc velocity is mcasl~red, on top of (,lie axial component, for the 169 
mm abscissa. The sct of velocity ~ n c a s ~ ~ r e ~ n e n t s  ohta.ilied at this a1)scissa is prcse~ited in figure 
2. The data  from forty shots are superimposed. Statis1,ical values, as rnean veloc:ity, axial and 
radial velocity variances, are calculated on iritervals of 23ps (Fig. 5).  By lookillg at figure 2, 
we sce clearly a turbulent behaviour d ~ i r i i ~ g  the mixing zoIie passagc. 

r- -- p - 
M ~ r ~ n g  7onc edges 

L LDA probe posif>ons 

I?igure 1 .  Evol~~l io l~  of the t l ~ r b ~ ~ l e n t  mixing zo~lc measr~red I)y sclllicren visualizat,ion arrd sllock wavt3 
1:1aths. The 11u11~11ered sqrlares Irlcarl: 1,  t,rar~s~nittrd shock i l l  air; 2, first a.rld second rc.flrcted sl~ocks 
from the erid wall; 3,  compression waves tluc. to the reflect.ion on the rnixing zone; 4. transtr~if.ted 
sliocks in SF6. R n ~ r  locations of t l ~ r  LUA proF)c> arc also S ~ O M ~ I I .  
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Figure 2. Measurern~rits or the axial ( 1 1 )  ; L I I ~  radial ( 1 1 )  cornpone~its of t l ~ c  instantanc,o~ls velocit,y a t  
169 mm. 40 shots are sup~rimposcd. 



3. The second order closure turbulence model 
r ,  I he flows in shock tubes are strongly compressible and turbulent mixing zones are supplied 
with energy by interaction with the ~liocli waves. Therefore the generated turbulence is ex- 
pected to be highly unsteady and non-isotropic. Thus, we choose to  develop a second order 
closure turbulence model a.nd to emphasize the correlations irlvolved into energy productio~i 
terms. Turbulent quantities are expressed within the Favre averaging framework. We have 
implemented the model in a I D  hydrocode, for si~nulation of two perfect gas rriixi~lgs. Thus the 
model reduces to  equations for five turbulent variables: two components of the Reynolds stress 
El = / p and RZ2 = pv"v" / p, tlie dissipation rate - C (which is assumed to be isotropic), 
the mass flux ;S?? = -m / p  and the density variance p". The clos~lre relations are valid under 
the large Reynolds number hypothesis. If Reynolds stress models are quite comrnon in liter- 
ature, especially in incompressible flows context, there2re only few second order models for 
compressible flows with evolutiorl equatio~ls for 1-L" and p'? [VC can cite coniplete   no del [2] and 
works focused o11 these equations [3], [4]. The modelling adopted here, directly derived from the 
averaging of Navier-Stokes equations, shares some choices witall tlie last two papers. The cqua- 
tions for the mean variables: density P,  velocity C, mass co~lcentratiori Z = P,,, / (p,,,. + pSF6) 
and internal energy F, are 

D e -a6 - a ~  
p- nt - P - t ~ " - + p ? + ~  

dx d r  d.?: c ax 
The single fluid approximatiori for a binary mixture is 11sed. The coricentratio~l and enthalpy 
fluxes are modelled by a classical first gradient law, with C, = 0.15 and C, = 0.19. In order 
to  take into account the anisotropy of the Reynolds stress tensor we use a tensorial turbulent 
diffusivity. The five equations of our turbulence model read 

The main choices for turbulent closures are described below. In the Rey~lolds stress equations, 
the modelling of the pressure-strain correlation follows the Launder-Reece-Rodi proposal [5]. 



'The closure of the  redistribution process in the mass flux equatio~l is inspired by tlie rnodellir~g 
of passive scalar equations. To model the er~thalpic production term in the 1L" equation, we 
only keep the first three terms of the Taylor expa~lsion of l/p. The des t r~c t~ ion  processes for 
1,he last three equations are gathered in dissipation like terms with a dissipation time scale 
cqual to  K/?. The model coefficients are given in Table 1. Iriitialization of turbulent variables is 

Table 1. Model coelficients. 

I~ased o n  assumptio~ls upon the develop~rie~lt of Richt-~nyer-Meshkov illstability at  an interface. 
Ilensity variance is defined from density jump through the exprcssior~ (pSFG - p,,,.)L/4. T ~ I C  size 
of the wirc mesh and the elasticity of the rnemhranr give us values for the initial perturbation 
wavelength a.nd amplitude [l]. C o m h i ~ ~ e d  with thc shock strength, which supplies inforrriation 
e,bout the energy transfcred to tllc: mixing, we eventually get indicatiorls upon t,he generated 
turbulerice i11 tcrms of time a,nd length scales. 

<L. Simulation results versus experimental data 

The comparison between measured and ca lc~~la ted  meall velocif,ies emphasizes the 3D effects 
in the experiments. In particular, the interactiorl betweer1 the reflected shock wave and tile 
boundary layer i11 SF6 ge~ierates a X shock wave and irlcreascs the thick~iess of tlie hountlary 
layer [6]. .4s a result, tlie experi~ner~tal  rnear~ velocity of the secorid plateau after tlie mixing zone 
passage (Fig. 2) is about 60m/s, to he colnpared with t l ~ c  t,heoretical 1D value of 47ml.s. The 
chronology of the passage of TMZ at  the obser~~at ion (LDA) abscissas is thus slightly shifted. 
Figures 4 and 5 take into account this shift to  facilitate the comparisons. Figure 3 presents the 
thicknenirig of tlie T M Z  versus time. .Agreement is quite good before the first reshock as well as 
between the  two reshocks. Tlien, the diffusiori process seeIns to l ~ e  correctly reproduce hy the 
n~odel .  The  comparison between measuretl and calculated' Keynolds stress tensor co~nponents 
i:; shown in figures 4-5. Figure 4 demonstrates that simulated turbulent energy reproduces 
experimental profiles t o  within 30%. (The cumulate error on experimerital data is esti~rrated 
to k15%.) The results at the first two abscissas show that the Richt~nyer-Rileshliov iristability 
at  the interface SF6 / air g e ~ ~ e r a t c s  ~i~easllrable turbule~lt energy, slightly undcresti~nated hy 
the simulations. The enhancement of the turbulent energy level by the first reshock (hetwee11 
the abscissas 125.5 and 16l inm) is overpredicted. Thc second reshock interacts with thc TMZ 
during its passage at, the 178.5rnm abscissa. N o  experil~lental values of kinetic energies are 
available during this period because of the rapit1 variation of the mean velocity, wliich nlakes the 
statistical treatment of the velocit,y measurements ~neaningless considering the data acquisition 
rate. The shock wave passage indnces the peak in tlre simulation profile a t  1.84m.s. The 

'As experimental data are Reynolds averages, wr have to establish passage forrllulas fronl one system to 
another. The main quantities are velocity and Rrynolds stresses. We have 

11 = 21 + U" , (3)  

The non-resolved correlation p'.u"u"/p is rnodelled as  i r~  the  evolutiol~ equation for p. 



Figure 3. Evolution of the edges of the TMZ.  Experimcl~tal values are obtained by schlieren visual- 
ization with an error of *10%, Calculated curves represent the 0.01 - 0.99% limits based upon the 
mass concentration. 
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agreement after relaxatio~l of turbulence is satisfactory. Figure 5 illustrates the a~lisotropy of 
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Figure 4. Evolution of the axial component of the Reynolds stress tensor, or velocity variance, a t  the 
five probe abscissas. 
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the Reyriolds stress tensor at  the 169mm abscissa, i.e., around 0.3ms after the  irltcraction with 
the reflected shock wave. At the maxi~num of the profiles, thc ratio c~'c~'/v'v' reaches the value 
3 in the experiments and 5 in thc calculatio11. In the sinlulation, this ratio increases I I ~  to 12 
during the first reshock passage. The eghancrrnent of anisotropy has a direct illflue~lce upon the 
diffusivities which are proportional to kR11/2. Further information on experime~ltal arlisotropy 
at  other abscissas could decide if the simulation distorts too ~ n u c h  the tensor or if the return 
to  isotropy is underestimated. 

tlme (S) n . 0 0 ' 5  



Figure 5. Evolution of the axial and radial components of t l ~ e  Rcynol(1s stress tensor. ; ~ t  the 169 1nl-n 
:~bscissa. 

5. Conclusion 

The velocity measurements reported here clearly demonstrate that developed turbule~icc is 
generated in shock tubc experiments even l~eforc the i~ltoraction with the reflected shock wave. 
'rhis behaviour is facilitat,ed by tllr wire ~riesh, which prc.\~e~lts the membrane to stay in orle piece 
2nd initiates small scale perturbations. The si~nulation with our secorrd order closure rriodel 
is in reasonable agree~ncnt for the thicker~ing of tlie TM% as well as for the Rey~iolds stress 
tensor evolution. This agreement is acl~ieved during the overall time interval of expcrirriental 
clbservation. To exarriine the distortion of the t u r l ~ ~ ~ l e n c e  spectrum clue to  the interact,iorl with 
the shock wave, the two-time- scale concept, already developed for a k - E model [ i ' ] ,  might 
be ~ ~ s e d .  Such an approach can rnodel tlie delay of t l ~ e  energy t,ransfcr from large scales to  
dissipat,ive scalcs. 
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Abstract: Numerical analysis of spherical implosion experiments done with Gekko XI1 laser 
system is described by mainly focusing on a nornlniforrn implosion with relatively long-wavelength 
perturbatio~ls. By use of a two-dimensio~lal code, it is shown that  all the available experimen- 
tal da.ta such as neutron yield, ion temperature by ti~ne-of-flight, and doped argon emission 
dyna.mics are well reproduced, when we assume that the velocity nor~uniformity of 20% for 
e=6 the most dominant mode ill Gekko XI1 irradiation configuration, a t  the time when tlie 
stagnation phase starts. 

1. Introduction 

In the inertial confinement fusion research, the most critical issue is an accomplishmel~t of 
sph&ically symmetric implosion and a variety of efforts have been devoted to study the physics 
of hydrodynamic instability and analyze the implosion performance with multi-dimensional 
implosion codes [l]. At ILE, Osaka University, beam smoothing and power balance of Gekko XI1 
laser system (12 beams) have been achieved as a project "P-project" [2]. After the improvement 
of optical system of Gekko XII, a series of implosion experiments have been carried out t o  
demonstrate the technical accomplishment for improving implosion performance. Data of the 
implosion experiments have been at  first compared to one-dimensio~lal ( l -D) code ILESTA-ID 
[3] and a good agreement of implosion dynamics has been obtained. However, such as neutron 
yield is still below the l-D yield and two-dimensional (2-D) simulation has been carried out t o  
know the physics mechanism reducing the neutron yield. By focusing on the detail dynamics 
in tlie stagnation phase, we clarify tlie physics of degradation of implosion performance due to 
nonuniforln hydrodynamics characterized by the spherical wavcnumber !=l-12, relatively long 
wavelength perturbations. It is concluded that all experimental data  available at the present 
time can be explained self-consistently if we assume 20% velocity nonunifor~nity of l=6 a t  the 
time of start of the stagnation phase. 

In Sec.2, the implosion dynamics is compared between experiments and I-D simulations 
and the discrepancy in neutron yield is discussed. 111 Sec.3, two-dimensional s im~~lat ions are 
carried out to  explain the discrepancy by focusing on relatively long wavelength perturbation 
effect. In Sec.4, time evolution and spatial profile of argon line emissions are co~npared with 
tlie two dimensional simulations. In Sec.5, brief summary and conclusion are described. 

2. Implosion experiment and l-D simulations 

In the P-project campaign experiment, plastic targets filled with deuter iu~n gas are irradiated 
by the laser with 12 beams of 0.53pm in wavelength. The diameter of the targets are about 
500pm and the irradiated laser energy is roughly 1.5-2kJ on target. 

More information - Email: takabe@ile.osaka-u.acjp 
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In Fig.1, the experimerltal neutron yields arc plotted with l-D siml~latior~ yields obtained 
with three different models. The irradiated laser pulse shape is of a singlc pulse or rlouble 
1,ulses consisti~lg of square picket pulse of 0.2 ns pulse width and a main square pulse of 1.6 
11s width. The gap between the two pulses is chosen as a parameter t o  control the density at  
t.he ablation front in the acceleration phase. That is, we expect an increase of ablation flow 
velocity by reducing the ablation front density with increase of the gap interval. Since the 
ablative stabilization is enhanced by increasing the ablation flow velocity [ l] ,  we expect stable 
implosion at  larger pulse gap. 

111 Fig.1, the experimental neutron yields with the irradiation (shot) numbers are plotted. 
The neutron yields obtained with l -D code are also plotted with square masks. It is seen that  
t.he experimental yield is an order of magnitudes less compared to l -D for the case of no gap, 
while it approaches slightly t o  l-D with longer gap. For reference, the l-D yields obtained by 
turning off the radiation transport and modifying the equatioll of state for ions according t o  
the Cowan's model [4] are plotted with + and X ~r~ar l i s ,  respectively. It is clear that with such 
~nodifications of physics inch~tleci in l -D code, we can not explain the s~~hs tan t ia l  reduction of 
the yields seen in Fig.1. 

It  is instructive to study the details of a typical shot ($16623). In this shot, total energy 
of 1.63kJ is irradiated on a target of 241pm outer radius with plastic layer of S.2prn thickness 
2nd D2 gas of 30 atm. The ion temperature in l-D is almost lkeV a.t the peak neutron 
emission time and the radius convergence ratio Cn=7.5. By taking account of the fact tlrat the 
core temperature is low by roughly an order of magnitude compared to the old experiments 
cd LIIART [5], the difference of a, factor 4 in neutron yield indicates mucl1 better uniformity 
compared to the case of LHART. 

There are also another experimental data such as neutron time-of-flight ion temperature and 
time history of line emissions of argons slightly doped in the fuel gas, indicating discrepancy 
a.gainst those predicted by l-D simulations. In what follo.cvs, we try to  explain these experimen- 
tal data  consistently by carrying out 2-D model simulation for nonuniform implosion dynamics 
near the  maximum compression. 

D 1 2 1 1  I I 1  l S s 0 1 ~ 0  

mode number 

Figure l .  The experimental and numerical (1- Figure 2. The 'L-D neutron yields normalized hy 
D) neutron yields as a function of the pulse gap l-D ones as a function of spherical wave num- 
01' laser pulse shape. her (mode number) !. The velocity perturbation 

amplitude is a parameter. 
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3. Two dimensional simulations 

In order t o  explain the experimental results, we have carried o~r t  2-D hydrodynamic simulation 
in axially symmetric geometry with an Eulerian code based on the 2-11d order Godunov scheme 
[6]. The flux limited Spitzer-Harm electron heat transport and multi-group radiation trans- 
port are solved by time-splitting method after solvillg hydrodynamics at  each time step. The 
equation of state is assumed to hc of ideal plasmas in fully ionized state. The contact surface 
between the fuel and the plastic (CH) capsule is tracked by a surface-tracking method which 
is modeled after modifying the basic idea given in Ref. [7]. 

We have studied the effect of single mode nonuniforrnity in the stagnation phase. For this 
purposed, we at  first store numerical data  at  the time of the beginning of the stagnation phase 
(in what follows, we devote this time as t=t,) obtained by l-D simulation. Then, the numerical 
data  are absorbed in the 2-D code as the initial condition after modification by imposing velocity 
perturbation so that  a surface-mode-like structure is localized around the contact surface. 

We have carried out a para~neter  study for the case of v16623. The stagnation phase is 
defined so that  it starts when the shock wave arrives a t  the center of the target and t,=1.9 ns 
in this shot. We have varied two parameters : one is the spherical mode number and the 
other is the amplitude of the velocity perturbation. 

In Fig.2, the normalized neutron yield [=(2-D yield)/(l-D yield)] is plotted as a function of 
the mode number of !=l-12 for four different amplitudes of the velocity perturbations (du/u0=5, 
10, 20 and 30%). It is seen in Fig.2 that  the decrease of the neutron yield is enhanced around 
!=2, while no substantial reduction is seen for the modes C 28. The temperature profiles near 
the time of peak neutron emission rate are shown for the case of !=2, 6 and 12 with d ~ j / v ~ = l O % .  

The reason why the reduction of neutron yield is not so enhanced for ! roughly larger than 5 
is as follows. In these cases, the spikes penetrating into the central region confine and heat the 
central part of the fuel. As the result, a small fraction of fuel becomes higher temperature than 
l-D case and enhancement of neutron prod11ct,io11 is observed. As the result of compensation 
between this enhancement and less heating of the fuel i11 outer region, the total neutron yield 
does not change substantialy. For the case of the perturbation of relatively long wavelength 
such as !=2, on the other hand, the fuel is not confi~led in the central region and the yield 
reduces drastically as seen in Fig.2. 

In the irradiation configuration of Gekko XI1 laser system, the dominant nonuniformity 
of intensity distribution is !=6. As far as we limit our discussio~l to  the contribution from 
l=6 nonuniformity, it  is concluded that the experimental neutron yield can be reproduced by 
assuming that  the velocity perturbation of 20% is generated through the acceleration phase. 

Regarding not only the neutron yield, but also the ion temperature observed with time-of- 
flight method by use of the multi-channel neutron detector, we have compared experimental 
data  to  those from the 2-D simulation. 111 Fig.3, the time and space integrated ion temperature 
weighted by neutron emission rate is plotted as a function of the mode number for the cases 
of dv/vo=lO, 20 and 30%. The ion temperature decreases for !=2 mode, while it effectively 
increases for l 2 6  because of the confinement effect by spikes. In this shot (#19714), the observed 
ion temperature is plotted with the shaded region which covers an error bar of the data  point. It 
is clear that  by assuming about 20% nonuniformity we can reproduce this experimental data. 
It  should be noted that in general the observed ion temperature is higher than the l -D ion 
temperature although the neutron yield is lower in thc cxpcri~ncnt. 
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relative tlme (p=) 

Figure 3. The time and space inte- Figure 4. The tirne evolutior~ of the normalized line intensity 
grated ion tempcrdture weighted by of and of argon atoms. The lines are obtained with 
rleutron emission rate as a function 2-D code, while the X marks are experimental data. 
of the mode number. The data are 
calculated with 2-D code and ex- 
perimental data is shown with the 
shaded area. 

This fact indicates that a part of the fuel which predomi~~antly heated hy spikes due to  
instability growth plays impotent role in producing neutrons as seen i11 the 2-D simulations. 

<L. Line emission from argon doped in fuel 

In order to  study the time evolution of implosion dynarr~ics near the maximumcompression, line 
emissions from argon doped in the fuel gas have becr~ observed with space-and-time resolved 
);-ray spectroscopic method. We have focused o11 ~ y , '  line [ArI7+ (1s-3p)l from H-like and 
l i e a  line [ArI6+ ( 1 ~ ~ - 1 s 3 ~ ) ]  from He-like argon plasmas [S]. The line emission history has 
Eleen calculated as post process for tlle 2-D siinulation explained in the previous section. In tlle 
post-process package, line radiation trarlsport is calculated with spectral emissivif,y and opacity 
given by RIYI'ION code [g]. In the process, we have prepared data table for Te=lOOe\i-2kcV 
with 10 data  points and n,=1021-1025 ~ : r n - ~  with 10 data  poirlts. Each line profile is divided 
roughly into 100 groups for 20e\; energy range around the line pea.k. 

At first, emissio~l intensity profiles as a funct,ion of time is compared with an experiment 
of $19714 in which a plastic capsule of dia~rieter of 500p1r1 (thickness 7.2pm) over-coated by 
palylene (0.5pm) and A1 (0.03pm) filled with 9.5 atin fuel gas is irradiated by 2w laser with 
1.85kJ on target. In this shot, the laser pulse shape is same as g16623 discussed above. In this 
shot, the  fuel consists of H2 , D2 and T2 gases in ratio of G : 4 : 0.02 arid Ar of 0.025 a t m  is 
doped for diagnostic purpose. 

In Fig.4, the time evolutions of ~lormalized line interisity are plotted by lines for the case of 
2--D simulation. On the other hand, the  profile observed in the experiment is plotted with X 

marks. It is clear that in 1-11 simulation, which is indicated by the solid line, relatively long 
confinement time in the stagnatior~ phase provides a long clnissiol~ tirne of highly ionized Ar 
plasma. This tendency can be seen in both of Lyp and H@ emission profiles. By increasing 
nonuniformity of P=6 mode in 2-D simulatioll, eflective confinement time reduces and, roughly 
saying, a good agreement is obtained when we assume 20-30% velocity perturbation at t=t,. 
This conclusion is consiste~lt with that  described in the previous section regarding the  neutron 
yield and ion temperature. At the present time, no absolute values of the emission intensity 
are available. It should be, however, noted that in 2-D simulation the intensities of both line 
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erriissions drop by about a factor of 5 in case of 20% nonuniformity compared t o  l-D case. 

In the experiment of 1119714, the time-integrated spatial profiles of these line emissions have 
also been observed. In Fig.5, the line emission profile of Ar HcP obtained in the experiment 
is compared with three numerical profiles obtained from 1-11 simulation and 2-D with 10% 
and 20% nonuniformities. It is clear that the observed e~nission zone shrinks compared to 1-11 
and the profile of the emission is well reproduced by assuming 10-20% nonuniformity, being 
consistent with the above discussion. 

The line intensity ratio of Lyf l /Hef l  has been used to derive electron temperature of the 
compressed fuel. Then, the experimental line intensity ratio is compared to that calculated, for 
example, with collision-radiative equilibrium (CRE) atomic model like RATION. Regarding the 
line intensity ratio, the numerical value increases from 0.2 (l-D) to  about 0.4 (2-D, 20%), while 
this value does not coincide with the observed value of 0.75. I4'ithin the present model based 
on RATION code, it seems to be impossible to  reproduce such intensity ratio. If we dare to  
increase the line ratio, higher temperature of the compressed fuel is required. Then, however, 
the other data  such as neutron yield can riot be explained with 2-D code. It is, therefore, 
concluded that the most ambiguous point is the  assumption of CRE and the rate equation for 
argon atomic state should be solved. This work is on going with the code FLY [10]. 

experiment -- l D srmulatron -- 

2 0  srrnuiatron (modes f 0%) 20 strnrrlation (mode6 20%) 
> 

Figure 5. The time-integrated emissiori profiles obtained in the experimental and 2-D simulations. 

5 .  Conclusion 

A Series of Implosion experiments have been carried out with Gekko XI1 laser system after 
improving beam intensity uniformity and beam power balance. At first, the experimental data 
have been compared to simulations with l-D i~nplosion code ILESTA-1D. Regarding implosion 
dynamics it is confirmed that  l-D simulation well reproduces the experimental data  by com- 
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paring x-ray streak image. However, the other data  such as neutron jield and ion temperature 
have not been reproduced. 

In order to  study the physical mechanism resulting in such discrepancy, we have carried 
out 2-D simulation by focusing on a single-mode nonuniformity of e=6, which is the dominant 
intensity nonuniformity in Gekko XI1 irradiation configuration. It is shown that  most of the 
experimental data  are well reproduced as the result of instability growth at  the contact surface 
between furl and plastic capsule. Higher ion temperature while less neutron yield in tlic exper- 
iment can be explained so that  a small fraction of the fuel near the target centcr is confined 
and heated by the spikes of capsule as seen in 2-D simulation. About 20% nonuniformity in 
the velocity field is concluded to be generated by the time when the stagnation phase starts. 

Spectroscopic measurernerit of doped Ar line emission has also been compared to the simu- 
la t ion~.  The time history of Ar+l7LyB and .AT+ '"rep line ernissioris arid their time-integrated 
spatial profiles are found to be well reproduced in 2-D simulation, whicli is consistent with the 
ion temperature and neutron yield. There remains, however, a discrepancy in the line ratio 
and further improvement of atomic rnodel 1s left as a subject to  be done next. 
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Comparison Between Numerical and Experimental 
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A b s t r a c t :  Results given by thc 1D version BHR t~lrbulerice transport model are compared 
with shock tube experimental data. Different couples of gases with both various Atwood and 
incident shock wave Mach  lumbers are considered. Mixing zone thickness time cvoltions are 
presented a ~ i d  directly compared with experimental results to  test and analyse thc second order 
turbulcrice model. Using two diffcrc~~t  initializations, to  better describe the first phases of the 
phenomcnor~ under study, i.e. taking into account the presence of an initial niernbra~le in a 
horizontal shock tube configuration, WC have fountl fliat agree~rient between calc~~lations arid 
experiments are satisfa.ct,ory. 

1. Introduction 

Over tlie last decade, a large effort has been devoted to the ~~rrclerstanding of thc problem of 
tile stability of a11 interface between two fluids of different densities s ~ ~ b ~ n i t t e d  to a prcssure 
gradient and inducing turbule~it mixing, problem often referred to as Riclltmyer-Meslikov [l ,  
21 instability. Among possible experimental tools for studying these processes, shock tubes 
are very conve~iie~lt oncs, since they allow for easier diagnostics than any other experirner~tal 
facility. However, a specific difficulty is related t,o the presencc of tlie mcmbrane that  generally 
separates the two gases to  be mixed under thc shock passage. In this paper, we compare 
BHR simulations with an update of experiments pcrfor~ned at IUSTI [3]: using a spect~roscopic 
method to investigate diffcrcrrt experirncntal configl~rations, in which the !,WO gasw are init.ially 
separated by a thin plastic mcmbrane (1.5 pm,). The cases where the sl~ocl; wave passes from 
the llcavy gas to the light one ( C 0 2 / H e ) ,  from one gas to  an other of close dc11sit.y ( 0 3 0 2 / i l r )  
and from the light gas t o  the heavy onc ( C 0 2 / I i r )  have been studied in a square cross section 
horizontal shock tube. 

1.1. E q u a t i o n s  f o r  ID  flow 

For 1D flow, the BHR model [4] can be written as follows: 

hlorc information - Ernail: hol1as@iusti .u~1i~~-111r~.fr  



dc l 3 d c  
dt 

= --(-4C,c(l - c)pa, + (,',C,,pt-) 
p d z  (3 z ( 4 )  

dk &L, 2a, dp  1 a 3 k  
dt 

= -2 (k  - k l ) ,  + -- - c k k f i  + -7(cvkpt-) 
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dt 
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dt t -- + - - ( C r a } 4 - )  
P d n  d z  3 : ~  P V ~  p d x  a:l. ( 7 )  
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- 
dt 
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d x  p d z  p d n  dz (10)  

~ D L  2 l i) d D L  
dt  = C , , ~ ~ ( ~ I I  - D') - C ~ D ~ J ~ ~  + --(,,,L,) p d z  az  (11)  

dn, ,  I 80 a(, l lx)  1 8  (?Da7 
= --CI,,,(D - I),)- - D,,.------- 

dt P a.r an + ~ ~ . . , ~ j ) j i  p2 d z  + - - (c*D~,L~-)  p d x  d z  (12)  

- C D a ~ a r f i  (13)  
~ D B  3 p  3 ( p a , D ~ )  I j B  ~ ( T L ,  - a,) 1 8 

= -2I),,. + an, 
dt d.c d z  + p - - ("D&-- -  d r  d z  1 ( l 4 )  

- Cu,l>,fi  ( 1 5 )  

where pt = correspo~~ds to the coefficient of t u r b ~ ~ l r n t  dynamic viscosity and p, I, U,, p a 
and c represent the pressure, thc internal energy, the Inearl flow velocity, the density and the 
concentration, respectively. 

1.2. Correlations 

The full BIIR rriodel cquatio~is which arc reported use different correlatiorls such as the turbulent 
kinetic energy k = (m - pz~,u,)/p, its ort,liogonal component k L  = (Pl(liUk - pu,t~,)/p,  the 

t ~ ~ r b u l e n t  Inass flux n, = plrll , /p,  the self correlatio~l of tlie density fl~lctnatior~ B = the 
dissipation correlation for k ,  1) = 22, the dissipat,ion corrclatioll for k L ,  D L  = D -  azi a,, 1 

801 silt, the dissipation correlation for a,, D,, = and the dissipation correlation for B, DB = 
ap1 apr -- - 
a .~ ,  a,, . 

1..3. Model constants 

As with all transport models, BHR contains rnodeling c o ~ ~ s t a ~ l t s  of order 1, determined either 
by numerical opti~nizatiorl or by cornparison with soIne key publisl~ed experiments performed 
with incompressible and compressible fluids [S] ,  as well as from theoretical results [ G ] ,  using a 
spectral turbulerice rnodel [7].  Note that for the present study, all the simulations liave been 
conducted with the  same coefficient set, wliicli is given in Tal~le  1. 
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CD CDa, CD,, alla CD, a D B  CDB DD 

1.0 1.0 1.0 0.09 1.0 0.09 0.9 0.06 

Table 1. Model coefficient set. 

2. Resolution 

2.1. Numerical method 

BHR is implanted in one-dimensional Lagrangian hydro-code, which uses a finite difference 
scheme. The time step is splitted in three phases: the first one solves the hydrodynamic with 
a Richtmyer and Morton explicit scheme and the secorid explicitly solves turbulent part in 
averaged equations and the non convective terms in turbulent equations. Diffusion terms are 
implicitly calculated in an third additional phase. 

2.2. Initialization 

The rupture of the membrane initially separating the test gases is not considered in detail in 
the present work, but rather modeled. A turbulent mixing layer XIMzT was considered, in 
which the volume fractions were linearly distributed between [O; l ] .  For example: 

.L 

crl = - + cst and a 2  = 1 - a1 
XIMZT 

(16) 

From that,  the 1D BHR code can initialize the computation by two different ways. The first 
(type A) considers t h e  pre-mixing X I M Z T ,  over which the  density variance B is defined by: 

where a, and p, represent the volume fraction and the density of each constituent of the mixing 
zone, respectively. Calculations starte with no mean velocity U ,  and therefore initialize the 
turbulent kinetic energy I; and its dissipation D to zero. The density gradient constitutes 
the turbulent source production. The second (type B) corresponds to a "k - c" initialization 
type where the pre-mixing layer XmAfzT is initialized with a triangular turbulent lci~letic energy 
profile and a dissipation rate t in the form of f ( k t ) .  The velocity, the density variance B and 
the turbulent mass flux a, were put t o  zero. 

3. Results 
3.1. Description of the numerical applications 

In order t o  prove the ability of the BHR model to  simulate several configurations, with different 
Atwood numbers, defined by A = S, and Mach numbers, we have directly compared the 
BHR calculated evolution of the mixing zone thickness with some experimental points, obtained 
in the double diaphragm 8 meters horizontal shock tube of IUSTI [3, 81. The cross section of 
the test chamber is 8.5 X 8.5 cm2, and its length was of about 115 cm downstream of the second 
diaphragm. Table 2 gives the  initial conditions of the different considered tests, where P,, AV1,s,, 
A', p l ,  pz and AU correspond to the initial pressure, the incident Mach number, the post-shock 
Atwood number, the initial density of the gases 1 and 2 at  rest and the velocity jump of the 
interface through the impulsive acceleration, respectively. 



Gas combinations P, [Pal  iZft,, pl  [kg/m3] p2 [kg/m3] .4' Ali [m/.s] 

C 0 2 I H e  2000 2.4 3.63-2 5.4E-3 -0.74 605 
C 0 2 / I ~ r  2000 2.4 3.63-2 6.9E-2 $0.06 370 

CO2lAr 2000 2.4 3.6E-2 3.3E-2 -0.24 450 

CO2IHe 2000 4.5 3.GE-2 3.3E-2 -0.4 1020 

Table 2. Initial conditions of the different simulated configurations 

4. Comments 

Both the  mixing zone thickness and thc profiles of the space integral of the turbulent kinetic 
(energy Jkdx  time evoltions, are presented on Figs. 1, 2 and 3 for the C 0 2 / H e ,  C O z / I i r  
.and CO2/Ar cases, respectively, initiated by a 2.4 shock wave Mach number. First, the code 
'correctly reacts to  the Atwood number variations, since the higher the density ratio is, the 
thicker the mixing zone is [g]. For the C 0 2 / H e  and C O z / I i r  cases (Figs. 1 and 2), where 
-the initial Atwood number A is positively or negatively far from zero (AcozlH, = -0.73 a11d 
ACO,IK, = +0.33), experiments with calculations are in good agreement. For the CO2/.4r case 
(:Fig. 3), where the initial Atwood ~ iumbcr  is close to zero (ilcoZlnp = -0.05), we can observe 
that calculations and experimental data  a.re in disagrerrnent. The present restitution of the 
r:'02/Ar turbulent mixing zone thickness is riot satisfactory when using thc same initialization 
]3rinciples as above. This relatively small thickncning of the calculated COz/.4r mixing zone is 
logical, given that  the density gradient is the production source of turbulence. This discrepancy 
between calculations and experiments is probably related to  tlie very complex phelionlena which 
occur during the initial interaction (membrane ruptnre process) and which generate additional 
t,urbulent kinetic energy. 
In this way, for the C 0 2 / A r  case, in order to take into account this menlbrane induced energy, 
we have initialized the mixing zone with a triangular profile of kinetic energy as s l io~v~l  in 
t,he Figs. 4 and 5. The COz/.4r illustrations represent the results of BHR calculations with 
t.wo different initializations (A and B) for an incident shock wave Mach number of about 2.4 
(Fig. 4) and 4.5 (Fig.5). One can sec that ,  the mixing zone thickness and tlie created kinetic 
energy level increases with the incident shock wave Mach number. Moreover, it appears that 
the "k- t" initialization better describes the mixing growth with an adequate additional initial 
kinetic energy (kIrr). However, up to  this day we have not yet found rigorous arguments to  
calculate kINI. 

5 .  Conclusion 

I3HR code describes correctly the mixing zone growth for different couples of gases. Even for 
low Atwood number experiments (as C02/ .4r)  which arc ~ ~ s ~ ~ t ~ l l y  very difficult to  simulate, we 
f f ~ u n d  an initialization state which gives correct results. One of our principal center of interest 
for the  moment is t o  find an analytic lncthotl to  rigorously calculate the initial turbulent kinetic 
energy level used in the initialization B. 
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Figure l. (a) Mixing zone thickness (A cxperin~ental points, --  calculations) and (b) space integral 
t,urbulent kinetic energy evolutions versus tlie time, for the C 0 2 / H r  mixing zone induced by 2.4 
incident shock wave Mach number; BIIR calculat,ior~s wcre initializecl with t,he type A for XrMZT = 0.6 
and 7 nodes /cm. 
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t'iglrre 2. (a) Mixing zonr tl~ickncss (A (~xperirnental ~)oirlts, c.alc~llations) arld (I,) space intcgral 
turbulent kinetic energy evolutions versus the tirnr. for t.tie C'Oz/Tir rnixing zone induced I,y 2.4 
[ncident shock wavc Mach number; BHR calculalions wrrr irlitialized with 1,tle type A for .'iInrzT = 0.6 
.and 7 nodes /cm. 

Figure G .  (a) Mixing zone tllick~lcss (A exprrirr~cntal points, - calculatior~s) and (h) spacc integral 
turbulent kinetic energy evolutions versus the tirnr, for the COz/Ar  mixing zorlr induced t)y 2.4 
incident shock wave Mach number; BHR calculations werc initialized with the type A for. .XInzr = 0.6 
a r ~ d  11 nodes /cm. 



Figure 4. (a) Mixing zone thickness and (b) space integral turbulent kinetic energy evolutions versus 
the time, for the C 0 2 / A r  rnixing zone induced by 2.4 incident shock wave Mach number; Comparison 
between results given by the initialization type A - and type B - - - (XIntzT=0.3 and krNI = 5 .10~) .  
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Figure 5. (a) Mixing zone thickness and (b) space integral turbulent kinetic energy evolutions versus 
the time, for the C 0 2 / A r  mixing zone induced by 4.5 incident shock wave Mach number; Comparison 
between results given by the initialization type A - and type B - - - (XIMzT=0.3 and kINl = 6.107). 
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Richtmyer-Meshkov Instability: The Impulsive Model 
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Abstract: In a previous comn~unication [S], a new general formula for the growth rate of the 
Richtmyer-Meshkov instability was derived within the framework of the impulsive model. It  
was only tested against a few cases. This formula is now validated over Inore than one hundred 
cases available in the  literature. It allows us to  predict the growth rate in both heavy-light and 
light-heavy configurations. The range of validity of the impulsive model is also specified: the  
shock strength must be smaller than 0.4 and the  ratio of the adiabatic exponents srnaller than 
1.5. 

1. Introduction 

When two different materials are impulsively accelerated into each other by a shock wave, small 
perturbations of the interface are first compressed, then grow linearly and finally evolve into 11011- 

linear structures. This instability was theoretically discovered and described by Richtmyer [l], 
and experimentally confirmed by Meshkov [2]. The Kichtmyer-Meshkov (RM) illstability oc- 
curs, in particular. in inertial confincrnent fusion. 111 the fra~nework of the ilnpulsive model, 
Richtmyer [ l ]  proposed the following expression for the linear growth rate of tlie instal~ility 

where a is the amplitude of the perturbation, k its wave number, Au the velocity jump across 
the shock wave, a$ the amplitude immediately after the shock passage and A+ the Atwood 
number after the  interaction. In the above, the Atwood number is defined as (pz - p ~ ) / ( ~ ~  + p l )  
where p1 is the density of the first shocked fluid. It is usually admitted that  expressioi~ ( l )  gives 
relatively good results for light to  heavy accelerations altliough several exceptions to Richtinyer's 
formula have been found [3, 41. For heavy to light acceleratioi~s, Meycr & Blewett [ S ] ,  hereafter 
noted MB, recommend to use the following expression, where a; is the preshocked a~npli tude 

da 1 
- = - k ~ z l i l +  (ad  + a;) 
dt 2 

These two formulas are just prescriptions. 
Various theoretical results are available in the literature: Fraley [ G ]  solved the perturbation 
equations for the case of a reflected shock wave. The results obtained from this approach 
were compared with Richtmyer's prescription by Mikaelian [3]. Yang e t  al. [4] have nlimerically 
solved the linear theory of the RM instability. Velikovich, r ~ s i ~ l g  the same kind of techniques 
as Fraley, proposed an analytic theory of RM i~lstability for the case of a reflected rarefaction 
wave [7]. 
However, in the context of inertial co~lfinement fi~sion, simple formulas are very cvelco~nc~ and 
this explains the success of hot11 Richtmyer's and Meyer tk 13lewett's prescriptions. 

More illformation - Email: gauthier@limeil.cea.fr 



In this paper, a new simple formula [S] based on t ,hc  inipl~lsive model is proposed. It, is first 
postulated and validated [g] against co~ifig~lra.tioris t,alten ill Refs. [3: 1, 71. 'I'liis formula has 
been heuristically derived by usir~g the equation of evo lu t io~~ of a perturbatior~ subjected to a 
Rapleigh-Taylor instability for incompressible fluids [Ill. All cxl~ression of this liew forrr~ula is 

Specific lirnit cases lead Eq.(3) to  either Richtmyer's or Meyer & Blewctt's prescriptions. 
In the next section, the formula (3) is validated or1 the reflected shoclt wdve cases. In Section 3, 
the reflected rarefaction wave case is studied In Section 4, we shall discuss the validity of our 
proposal and consequently the range of applicability of the impulsive model. 

2. Case of a reflected shock wave 

Formula (3) is now validated for the case of a reflected shock wave. Mikaelian [3] compares the 
growth rate obtained from the work of Fraley [ 6 ] ,  hereafter noted FM, with classical Richtmyer's 
growth rate for several initial Atwood numbers A- arid various pairs of adiabatic exponents 
(yl ,  7 4 .  The normalized growth rate is defined as N G R  = ri/(n;Auk), the shock strength t as 
t = 1 - Po/P3 where PO is the initial pressure and P3 the pressure behind the incident shock 
wave. The evolutiorls of NGR are cornputed versus c. We prese~it here one of the configurations 
of Ref. [3]: ( Y l r Y 2 )  = (1.667,1.667) and A = (0.25: 0.5, 0.75, 0.95). Fig. l (a)  presents FM's 
results (dashed lines) and Richtmyer's prescription (continous lines). For the same values of 
parameters, Fig.l(b) presents FM's results and those of Eq.(3). It appears clearly that ,  in 

NGR 
A- = 0.95 

(a) A- = 0.50 - - - - - - - 
0.4 - - - 

A- = 0.25 
- . . 

0.2 - - - - - -  -. 

0.6 
A- = 0.50 

0.4 
A- = 0.25 . . 

O.? - - -. 

Figure 1. Part (a): Normalized Growth Rate (NGR) according to Richt~nyer's prescription (continuous 
lines) and according to Fralry's analysis (dashed lines). Part (h):  NGR according to formula (3) 
(continuous lines) and according to Fraley's analysis (dashed lined). A-=0.25, 0.50, 0.75 and 0.95; 
y1=1.667 arid y2=1.667. 

the weak shock limit, all growth rates obtai~ied from formula (3) are tangential to  Mikaelian's 
curves. On the contrary, the NGR obtained from Richtmyer's prescription deviates from Fill 
values even for very small t .  The relative errors defined as E = rilmpui,,,,/ciT,,,,,., - 1 for the 
two considered impulsive ~noclels can he cornputeti versus c. For e s~llaller lkian 0.4, the relative 
error for F,q.(3) is lrss than 10% and is tangential to  zero when c decreases. This is not true for 
Richtrnyer's prescription (1). These conclusions are still valid for other co~~f ig l~ra t io~ls  of Ref. 

131. 
In Ref.[4], Yang e t  al., hereafter noted YZS, compare the results of Richtmyer's impulsive model 
to  those obtained with small a~riplitude theory. The relative error between the terminal growth 



rate of tlie linear theory antl the one of Riclit~nyer's iir~pl~lsive   no del is plot,tc!ti, for various 
comhinatiorls of gases, versus t ir i  Fig. 16 of Ref. [4] i ~ n d  rcl)roduccd i r i  P'ig. 2(a).  T l ~ e  relative 
error for the rnodel presented i r i  this paper is l>lott.ed in P'ig. 2(l>). 'I'lie conclilsions ~~rcvioiisly 

E l  AIR-CO? E, - -  41R~CO2 

Figure 2. Part (a): The relative error E1 = ( i ~ ~ ~ ~ ~ t ~ ~ ~ ~ / i L ~ ~ . ~ - l  V C ~ S I I S  the incident shock strength pa- 
ranleter t for various combinations of gases. The para~netcrs used arc ?H,  = ?.a,. = ?,vc = 1.ri67, 

"liczr = 1.4, ?CO, = 1.3, Y S F ~  = 1.0935, = 1.53, ps,/pAr = 3.211, /)sFc/p.a,,. = 5.1, 
p ~ ~ ~ / p ~ f ~  = 7.25. h1 .1  (b): Same as in l'art (a) for the relative error Eg = afi:4,(3)/kYZS - 1. Tlle 
slope at the origin of E2 is clearly zero. This is not true for El .  

drawn from Fig. 1 still hold in these cases. The results of the linear theory [4] arid tlie impulsive 
model defined by Eq.(3) tend to each other as the iricide~it sliock strength decreases. In tlie 
weak incident shock limit, they are in better agreernerit tlian the linear tlieory a ~ i d  Richtrriyer's 
impulsive model are. 
To confirm this conclusion, as it was presented in the 45 test case Table I of Ref. [4], we have 
carried out a comparison of the predictions of the linear tlieory with those of i~ripulsive modcls. 
Varying parameters are the adiabatic exponents yl antl 72, the incident sllock strength c arid 
the preshocked density ratio pglpl. Ii'or small c, thc NGR calculated with forlnuls (3) are closcr 
to  the linear tlieory than Richtmyer's results. But ,  as one could expect from an incompressible 
model, the discrepancy l~etwecn formula (3) and the linear theory increases with tlie shock 
strength parameter c and the difference between the  adiabatic exponents. 

3. Case of a reflected rarefaction wave 

Same kind of co~nparisons between the linear theory solved in Ref. 141 and the impulsive niodel 
can be carried out for the case of a reflected rarefaction wave. Let us remark that,  in Ref. [4], 
the authors use MB's prescription (2) for the caso of a reflected rarefaction wave. We emphasize 
that in this paper the same formula (3) is used in bot.11 cases (ligthlheavy and heavy/light). 
111 Fig. 3(a), the relative error between the terminal growth rat,c.s of the impulsive model with 
MB's prescription and the linear theory is p1ott)ed for variolls conibinaiso~is of gases. The rel- 
ative error for the formula (3) is presented in Fig. 3(11). For the considered para~nct,er values, 
the errors remain smaller than 10% for \ . a l~~es  of 6 as large as 0.5. 
We also carried out tlie same corriparisons about growth rates as in Tahle I1 of Ref. [3]. For- 
mula (3) gives again good results in the wealc shock limit, for 71/72 not too different from 1. 
This formula can also be tested in configurations defined by Veliltovicll [7] who uses failure of 
both Richtmyer's and MB's prescriptions to deny the relrva~lce of the i~npulsive model. Pa- 
rameter values are: yl = 1.8, y2 = 1.45, t = 0.213 and the preshocked Atwood number varies 
from -0.02 t o  0. As shown in Fig. 4, formula (3) gives NGR alir~ost equal to  the one obtained 
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Figure 3. Part (a): The relative error E3 = a.MB/~, ,zs- l  betweerr the terminal growth rate of the 
linear theory [4] and the one of the prescription of Meyer Blewett versus E for the same combinations 
of gases as in Fig.2. Part (h): Same as in Part (a) for the relative error E2 = aEq ( 3 ) / a Y Z S - l .  

from Velikovich's analytic theory whereas Richt~nyer and MI3's prescriptions arc, far from the 
theoret,ical result. For example, for A- equal to 0, the relative error for the N(:R is about 9% 

NGR 

0 . 0 2 1  

Figure 4. Normalized Growtl~ Rates given by Velikovich's linear theory (curve L ) ,  the in~pulsive model 
with the prescription of Riclitmyer (curve R) ,  the prescription of Meyer & Blewett (curve MB) and 
the formula (3) (curve Eq.(3)) versus initial Atwood number. yl = 1.8, yz = 1.45, t=0.213. 

for our model whereas it is about 97% for MB's prescription. 

4. Concluding remarks 

From the results presented i11 Sections 2 arid 3, it appears that the maximum relative errors 
between the various theoretical results [1, 6, 71 and Eq. (3)  is about 10% for t-parameter values 
s~nal ler  than 0.4 and ratios of adiabatic exponents y,,,,/y,,, s~rialler than 1.5, where y,,, (resp. 
y,,,) is the maximum (resp. minimum) of the two adiabatic exponents. No counter-example, 
for both reflected shock and reflected rarefaction cases, has been found in the range of validity. 
On the contrary, Richtmyrr's prescription is only used for reflected sllock wave case whereas 
MB's prescription has been introduced to handle reflected rarefaction wave case, and nobody 
was able t o  establish a reliable range of validity for these two prescriptions: for example, 
Richtmyer applied his incompressible prescription t o  a very compressible configuration ( t  = 1) 
with fortunate good results [l]. But, on the other hand, for quasi-incompressible configurations 



Richt~nyer's l)resc.ript,io~i can fail. For example, in tlie case of a reflected shock wave, we consider 
two gases with -,I = 1.667 and 7 2  = 1.9 (yma3./7mtn = 1.14), molar masses M1 = 40,q/mol, 
M:! = 4.lg/rnol and = 0.4. Eq.(3) produces a quite good result: tlie relative error with 
respect t o  Fralcxy's tl~cory is less than 2%. However, Ridltlnyer's prescription is iriaccura.te: the 
relative error is a b o l ~ t  40%. For the reflected rarefaction case, we borrowed from Vclikovicli [7] 
the following configuration: A- = -0.02, t = 0.213, 71 = 1.6 and yz = 1.45. Herc again, ever1 
in these quasi-ii~con~pressihle conditions ( t  = 0.213 and yl/yz = 1.24) MB's prescription fails 
to  give a reasor~aljlc value. Tlie relative error is about 60%. However, Eq.(3) provides a rather 
good result with a 7% rrror. 

Tlie new forlnnla Eil.(3) has been lic~~rist,ically established from tlie Kayleigli-Taylor growth 
rate. Tlie only c:o~npressil~ility effect that cve consider arc variatioris of both thc perturbation 
amplitude and tllr ilt.wood mlmljrr during the iriteraction. All previous comparisons have 
shown that  this fo rnr~~la  produces a good estimate of tlie growth rate of the Richtmyer-Meshkov 
instability provid<d if  is i~sed  wit,hin its range of validity, i.e., the  shock strcrigtll parameter 
r < 0.4 and t , l~e ratio of tlie adiabatic expo~ierits y,,,,,./?,,, 5 1.5. It allows us t,o predict 
the growth ratc i l l  I)ot,11 heavy-light, light-heavy configurations. 111 this respect, systematic 
condernriatiori of thc irilp~~lsive model appears t o  be nnjnstifiablr. 
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Abstract: \V<: conduct shock-tube experiments to  investigate Iticlltmycr-Meshltov ( I tM)  insta- 
bility of a narrow curtain of l~eavy gas (SF;) ernbedded in lighter gas (air).  Initial j)erturhations 
of the curtail1 can be varied, prodncing different flow pa(,ter~ls in the subsequent evol l~t io~i  of tlie 
curtain. Multiple-exposure flow \risualizatio~~ provides images of tho growth of the i ~ ~ s t a l ~ i l i t y  
and its transition to  turbuler~ce, making it possible to  extract quarititativc inforrnatio11 such as 
the width of the perturbed curtain. Wt. de~llonstrate that the width of the curtain with initial 
perturbation prirnarily 011 the dow~lstreanl interface is non-monotoriic. As the initial perturba- 
tion  ridergo goes phase inversion, the width of t l ~ e  curtair1 actually decreases before hcgin~ling to 
grow as the RM instability e\,olves. 

1. Introduction 

Ricthmyer-Meshkov instability [l, 21 is the impulsively-driven analog of the well-known Rayleigh- 
Taylor instability. Understanding and quantification of the evolutiorl of RM instability is irn- 
portant in many fields ranging from astropl~ysics [3, 41 to  high-speed combustion [5] and inertial 
confinement fusion [ G ] .  There also has been a significant interest in numerical simulatio~ls of 
RM instability [7]. The present study provides both the ql~alitati\,e information on the flow 
morphology during the instability growth and the measurements of the thickness of tlle mixing 
layer associated with the instability. The latter also serve as a, benchmark for CFD codes. 

Earlier experimental studies [S: 9: 101 revealed the existe~lce of three basic flow patterns in 
the cvohltion of a shock-accelerated heavy gas curtain emhedded in a lighter gas. Both the 
upstream and tlle downstream interfaces of the curtain arc Richtmyer-Meshkov unstable. At 
the upstream interface the shock front moves across a positive density gradient, and an initial 
si~irlsoidal perturbation of Idhis interface begins to  grow ilnmediately after shock compression, 
producing the flow pattern known as the upstream mushrooms. If similar perturbations are 
initially present a t  the downstream interface, where the shock front traverses a negative density 
gradient, the pcrturhat,ions must first reverse phase arid the11 grow, evolving iut,o the pattern 
known as the downstream mmlshrooms. If both sides of the curtain are perturbed anti its initial 
cross-section is approximately varicose, the downstream perturbation rcverses phase whilc the 
phase of the upstream pcrturbat,iorl does not reverse, leading to fornlation of the siliuous flow 
pattern. Earlier studies did not possess tlie te~llporal resolut,ion to  detect the ~~ar rowing  of 
the gas curtain corrcspondi~~g to phase reversal of the dow~lstream interface. Initially only 
one or two successive exposures per one-millisecond event were captured, and our more recent 
investigation [I l l  provided 8-10 images per event. Thc p r e s e ~ ~ t  study increases the temporal 
resolution to 30-32 images per event. With this resolution, it becomes ~)ossible to  observe 
norl-rnonotonic growth of the mixing layer for the case of the ga.s curtain with the initially 
perturbed downstream side. 
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2. Experimental setup and techniques 

Our experime~lts ernploycd a 5.5 m llorizolltal sllock t ~ r b e  ~vitli ir~terrritl dirrlc~lsioils of 75 rrlm 
square producing a Mach 1.2 planar s1ioc.k wavc. The  driver section and the thiven scct ion 
(wbicll is kept at ambient l~ressi~re)  arc sel,arated 1)). a ~ner r~brar~e  of three i l l i l l  sllc(>ts of 
polypropylc~ie wliicll arc punct,urctl 113; a solenoid-actuated spike. Two flush-rrlo~r~ltcd pressllre 
tra~lsducers ~ n o u r ~ t e d  near the tlownstrearn end of tile drive11 scc,tion rr~onit,orctl shock cluality 
ar1t1 speed. One final tra~~sducc,r just ilpstrc>aru of the test section t,riggcrs the diag~losfics. 

curtain of heavy gas (sulfur Iiexafluoride ,SF6. r~orninal t i ~ ~ l s i t y  at a~nl~ient .  prcssurc, alIont 
5 times that  of air) flows vertically tlirough the test section. 7'he c ~ ~ r t a i r i  enters t . 1 1 ~  test sectio~l 
through a co~~toured  nozxle. Microscoj)ic water/glycol droplets are prodirccd tvitl~ a nlodilicd 
tl~eatrical fog geslerator and rnixc%tl with .SF,;. 'The lilean size of the droplets is estiniat,rd t o  l,(' 
0.5 prri; the clo~td of droplets does not colltrihutc any significant Inass l o a d i ~ ~ g .  After flowing 
vertically downward through the test sc.ction, t,he gas c ~ ~ r t a i r ~  is removed from f,he s11oc.k till)e 
by a vacuum system. 'I'l~e co~ltoi~red ~lozxle through ~vllicl~ the gas c.urtai11 ?nto.s the shock 
tube provides the desired initial colidit,io~~s. Tllr, vertical mot,ion of t,lle gas curtairl doe.: not 
provide a significant perturbation to the mot.io~l of the flow or1 the i,imescales of interest. Also, 
the slow t.cinpora1 evolut.io11 of the gas curtain pro\-ides a. rich variet,y of irlitial co~~dit ions,  1111t 
also eliminates sl~ot-to-sliol rcprotlucibility. This rccl~~ires tllat a s iguifica~it airlo1111t of data  he 
ol~tainecl for each evcill if the tirrlc evolulio~i of the flow is to 11e cliaracterizetl. Tlic experimental 
apparatus and diagnostics arc disc:usscd in greater tietail elsewhere [ l  l]. 

Laser-sheet flow visualization ernployctl a 1 \.V A r t  (Lercll Model 94) laser. \We recorded the 
evolutio~l of the flow ill thc plane of tlie laser sllcc-t (parallel to falie direction of sl~ock prol)agation 
and perpc~1dicular t,o thc gas curtain) with a IJadlar~d P h o t o ~ ~ i c s  468 video camera.. 'Tl~is camera 
is composed of c-ight individual h/lCP-intensifieti CCD cameras arranged I,(] use a single optical 
axis. 'l'hc gas curtair] is thin and its Inearl dow~lst.rc-a~~~ motion after shock acceleration ~ r ~ a k e s  
it possible to acquire up t o  four exposures on each ('CD by p11lsi11g the opl,ical inter~sifier. Thus 
the total number of successive exposures of the cisrtair~ that can be acclllircd in one cxpcrimcnt 
is 32. Eacli of tlie CCD cameras iiltcrrial to the 468 is ir~dcpender~tly progra.rnrnahlc, and the 
camera as a whole is triggered by the third pressure transducer just upstrea~n o f  t h r  t,est section. 

3. Observations 

Figure 1 sllows the t,ypical evolutionary sequc~lce of the downst.ream mushroo~n flow pattern. 
The leftmost exposure (1 in tlre figure) shows the i~iitial condition with the prevailing 6-mm 
wavelength perturbatio~l on the downstream side. The following exposures are acquired start- 
ing with the beginning of the intera.ction of the shock wavc with the curtain. T i l l~e  i l~termls  
between exposures 2 to 14 are 20 ps, and 40 /IS for later exposures. The duration of each expo- 
sure is 10 ,us. The initial compression and phase inversion of the dowr~strean~ interface lcati to  
noticeable tllirining of the curtain in exposures 2- .1 and flattelling of the downstreanl hour~dary. 
Subsequent cxposllres show the growth of the p e r t ~ ~ r b a t i o ~ l  and formation of rrlusliroorrl-like 
shapes formed by the curtail] 1nat.eria1 rollir~g I I ~  around tlre vortices deposil,ed by t l ~ e  int,er- 
a c t i o ~ ~  of t,he sliock with (,he curtain [ I l l  (exposures 12-15). I;~lt,il exposure 15. tlrerc. is little 
or 110 cvidcrice of iriteractiou between t l ~ c  i~idivid~lal wavel(.r~gtlis of the c~lrtairl: Ilowe\.er, 1at.e~ 
niode-coupling I)ecorr~es evident., as well as c,rrlergellcc. of srnall-scale spatial sfruc.f,ures. Figure 
2 shows thc evo ln t io~~ of upstarearn ~nushroo~ns  fro~rr initial conditions with upst,reanl-sidr per- 
turbation prevailir~g. In this irl~agc sequence, t,here were two wavrler~gtlis initially prc,selit. fi 
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Figure l .  Evolution of downstream m~ishroom flow pattern. One wavelength (6 mm) w a  present in 
initial pertllrbation. 

rnm aritl 12 mm. Tiriic intervals hef,weer~ exposures 1-13 arc 20 / I S ,  and 40 ps for subseq~lent 
exposures. IJnlike the dowristrearn mushroorr~s i l l  Figure 1, upstream rnusllroolns begin growing 
immediately after the shock compresses t,he cr~rt,ain ( e x p o s ~ ~ r e  2 ) ;  arid smaller spatial structures 

indicative of transition to  turbulence are more prominent t h a ~ i  in tllr prcvious data set, likely 
due t o  the presence of two wavele~igtlls in the initial conditions that creates a broader spectru~n 
of scales. 

Figure 2. Evolution of upstream mushroo~n flow pattcrn wit11 two wavelengths (6 and 12 mm) present 
in initial perturbation. 

4. Analysis 

The image sequence ill Figure 1 sliows that  a t  the early stages of the evolution of the dow~lstream 
mushroorn flow patter11 the width of t h e  gas curtain decreases. In Figure 3, t i ~ n c  history of 



the widths of the individual wavelengths of the curt air^ is plotted for this image sequmre. 'I'hc 
picture in the bottom right corner of the graph shows the i~na,ge of the gas curtain with a 
schematic depicting how the width per wavelength is measured. The measurement procedure 
is described in detail elsewhere [I l l .  Widths of all three ~vavcle~lgt,lis measured have a local 
mini~nuni  at  the time approximately 40 ps after the ~hoc l i  hits the curt air^. 

Figure 3. Width of the perttlrbed gas curtain per wavelength vs. time; dou,ristream rriushroo~ris. 
Schematic shows measurement of curtain width for individ~~al waveler~gths. 

Some previous studies [10, 111 used a simple model that  approximates vorticity deposited 
by tlie shock i~lteraction with the  curtain as an infinite row of point vortices and assnmes initial 
symmetry of tlie layer and vorticity distribution. This niodel is clearly not adequate for tlie 
description of the evolution of dowristrea~n mushrooms, because it predicts ~noriotor~ic growth. 
However, qualitatively the graphs closely resernble those p r o d ~ ~ c e d  with a simplified vortex-blob 
numerical simulation that neglects density gradients or compressit)ility but uses finite Gaussian 
vortex cores and takes into account the asy~nrnetric initial co~lditions and resulting asymmetry 
in the deposition of vort,icity [l]]. 

Another interesting feature of the gral)h is that a t  t i~lles earlier tl la~i 400 ps perturbation 
in the first wavelength (a)  grows fast.er than that in the second wavelcr~gth (o) ,  while at  later 
times the  amplitude of the second wavelengt,h exceeds that  of the first wavelength. This may 
be the effect of wavelength iriteractiorl and mode coupling. 

5 .  Conclusion 

With tlie recent refinements of tllc gas-curtain experimental technique, iiow it is l)ossihlc to 
acquire more than thirty images OS the evolution of the gas curtain during and after the shock 
interaction. The temporal resolution of 20 ps between subsequent exposures is sufficient t o  
resolve the phase inversion on the downstream interface of the curtain result,irlg, in the case of 
the dowristrea~n mushroom flow mor~)hology, in delay in the growth of the perturbations in the 
curtain. There is also more evidence of both mode-coupling and emergence of smaller spatial 
scales a t  later stages of evolutio~i, even t~~a l ly  leading to turbulence. 
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Rayleigh-Taylor Instability Growth Experiments in a 

Cylindrically Convergent Geometry 
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Abstract: Corlvcrgent geornetry Rayltigli-'l'aylor exl)erir~~ents I~ave I~een perfor~ncd tvi t  11 a 
122-point d~torlation initiation systcrn on cylirldcl.s I~avirig s i~n~soidal  ~)c~r t l~~~l ) ; t t io r~s  on the 
outer surface ranging frorri mode-6 to ~riotle-36. Fxpcrir~~cllts tvc,re perforrncd. wit11 rarious 
pcrtur l~at iol~ rnotie n r~~nhers ,  ~ ) e r t ~ ~ r l ) a t i o n  ;rrnplitutic~s, anti sing aecel(~rations. Fc t~ t i t l~ ro~~gl i  
p e r t ~ ~ r h a t i o ~ ~  gro~vtll on the iil~icr surface \vas o b s c r ~ c ~ l  i l l  sc>\-cral cxl)erilrlc.trts, a11ti i l l  olre 
cxperir~iel~t the feedthrougl~ pr~tur1)ation i~r~t icr~vcnt  a 1111asc invc>rsion. l'ltesc~ c s l ) e r i ~ ~ ~ r ~ i t . a l  
resul1,s wcw foi111d to be in good agreeme~~t  wit11 linear. srnnll-arnplihldeanalysis of fecdthrougll 
gro~vth i l l  an  incomprcssihlc, cylir~drically converge~lt geometry. 

1. Introduction 

'I'hc gelatill cyliudcr t.ecli11iq11c. [l] lras rnany featllres wl~icli ~rlakc it a very attractive tr~etl~otl 
for s t u d y i ~ ~ g  liayleigh-Taylor iristabilities. I'rccisc co~itrol c;rr1 11e exercised over t.hc gelat.ill 
strci~gtli; {,he tlrivilig prcssurct, aritl 1111. initial ~)rr t l~r l)at ions.  111 addition, 113; l~sing hig11-spcted 
f r a ~ n i ~ ~ g  carrleras, it is possil~lc l,o ol~tain Iiiglr-resolntio~~ ilr~agc.s of t,l~e cutircb irnpiosion I ~ i s t o r ~  
and 00 c x a ~ l l i ~ ~ e  in detail ;ill stagcs of t , l ~ r  insta1)ility grotvf11 a r ~ d  cylintl(~r colla1)se. 

A 1l11111her of irttcrc>sting tol~ics car1 I)e stuciicd with tliis tc~cl~nic~uc, incl~ldi~ig t l ~ e  rat,e of 
t ~ l r h ~ ~ l e r l t  niix devclop~ner~t ill a co~~\~ergeri t  gcwllrclry, tllcl lnotle-rnodt, couplirig or Ii'l' unstable 
ii~odes i11 t l ~ e  wcaltly 11on-linear regime, and the rrcdthrol~gh grocvt.l~ of ~)ertrirhat,iol~s 011 tli(> 
innrr surface of the cyl i~~tler .  This last, t.opic is of special i~itc%rest, to n~ern l~ers  of t l ~ r  int.ertia1 
collfi~lerrie~it fusion (ICI") corr t~nu~~ity,  sincc, tlic feedt hroilgli grotvt,lr of instabilit,ies is an iriil~or- 
t.ant. ICE' capsrlle design c:oncc3rn [2]. 111 our most, recc~nt c,xl~crirncr~t s. we hat-e c:ltosc~~~ to focus 
on the observation and arialysis of frctithrougl~ growth in a cylir~tlrically cor~vcrgent gco~nct.ry. 

2. Experimental 

111 tlic previo\rs sct of c?xpcrinlcnts, cve nt,ilizctl 111) to 12 cxplotiing 1)ritlge wires (EBLfT,) to 
initia1.e the detor~atior~ of the oxygc,r~-acctt.)-lerle tirivir~g gas. IIowevc~r, wit11 f.llis s~tiall nun~ber  
of initiatio~i poii~ts,  dct.onat,io~i front irttcractior~s 1)et.n-c3en atljacc,~it I?B\C7, tvcrc, sigrlilica~~t. and 
this seedeti largf. loc.;rlizcti pc:rt,r~rl)atio~~s 011 t,hc: cylirrdr~.. In oirr latest sericbs of expc~rirr~c~nts, 
tve c%limi~~atccl t11c.sc. Iargr, l ) r e s ~ ~ r e - i ~ ~ d u ( ~ ( ~ ( l  pc~rt11rl)ations 1)y 11si11g ;I I2%-l)oi11t. 1"131Z7 systc3rri. 
Witlr this new ilritiation system, wc irre able t,o systematically st.udy 1.11~ RT a ~ ~ d  feeclt,hro~~gll 
gx)wtl~ rates for various initial pcrturl)atior~ wavelcr1gt.11~ and alnpl i t . t~d~s.  

Our apparaf,l~s is essentially tlie same as tlrat r~sed in our prc~vious experitrlelits [S], excrpt 
for tllc iritrodrrctioi~ of tlie 122-point EH\?! systcrii. 'I 'l~e gelatilr rings wcre forrncd using water 
with a 6% corlcent,ration of gelatin (I<irld a ~ ~ d  I<~lox (hrnpany, 22.5 Blooli~ gc:lati~i). The ririgs 
tvcre fal)ricatc:ti by all ill-place c a s t i ~ ~ g  t e c l ~ n i q ~ ~ r .  .Judging 1,; tlic srlrface finish of tlrv P1(txiglas 
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parts used to cast the gelatin, we estimate that the surface roughness of thc gc~lntill ring is < l 2  
pm, which is much less than typical imposed perturbation amplitudes of d11o11t l mm. Gcla t io~~ 
was performed at a temperature of 7 "C for at least 12 hours. 

Optical diagnostics included two high-speed frarni~ig cameras (Cordin: Model 6 arid Model 
121). Illumination was provided by back-lighting the gelatin ring with a Iiigll-intensity xenon 
flashbulb, and control electronics were programmed so that the high-speed cameras were prop- 
erly synchronized to the xenon flash and the firing of the EBW,. 

3. Experiments performed 

In our experiments we fabricated small sinusoidal perturbations in the azimuthal direction in 
order to seed Rayleigh-Taylor instability growth. These sinusoidal pcrturbat Ions are charac- 
terized by two parameters. the initial amplitude A arid the mode number m0 (Figure 1) .  In 
addition, we varied the ring thickness AR, which has the effect of varjing the acceleration 
history as well as varying the amplitude of the perturbations which feed thlough to the inner 
surface of the ring. No perturbations were fabricated in the axial ( z )  direction on either the 
outer or inner interfaces. A summary of the experiments performed IS listeti i11 Table I. We 

Figure 1. Gelatin Ring Geometry. 

analyzed the growth of the fundamental mode and of the first four harmonics for both the 
Rayleigh-Taylor growth on the outer surface of each ring and, for those experiments which 
showed measureable feedthrough growth, the perturbation growth on the inr~cr surface. The 
growth rates were determined by digitizing the framing image records, tracing the gas-gelatin 
interface boundaries for the inner and outer ring surfaces, and then Fouricr analyzing these 
boundaries. 

In a planar, thin-wall geometry, the amplitude of a feedthrough perturbation is related to 
the amplitude of the associated RT perturbation by an attenuation factor of exp(-kAR). In 
our experiments, kAR, ranges from 1.1 to 9.8. We observe measurable feedthrough amplitudes 
only in the three experiments where kAR, is less than 1.7 (GELB-4, GE1,R-7. and GELB-11). 
In the other experiments, the inner surfaces of the rings showed no feedthrough pcrturbations 
to within the resolution of our system ( ~ 0 . 1  mm). 

A mode number 6 experiment (GELB-11) is shown in Figure 2. In this experiment the 
Rayleigh-Taylor instability growth on the outer surface of the ring is clcarly seen to feed 



Table 1. Summary of Gelatin Ring Experimants. 

Experiment 

GELB-l 
GELB-4 

through t o  the inner surface, imprinting a mode number 6 ~ ~ e r t i ~ r h a t i o n .  At 540 /Isec: the. 
feedthrough perturbation is in-phase witlr the outer pcrturbatio11, i.e., the peaks of the iri~ler 
feetithrough perturbation correspo~ld to  peaks i11 the outer perturbation. Tlie develop~nc~it of 
the feedthrough perturbation is interesti~ig. At a later time of 675 psec, tlie fecdthrough pert~rr- 
bation has reduced to nearly zero a~nplitude. F'irlally, a t  729 psec, the feedthrough perturbatiori 
is seer1 to  be present again, but with an oppositt, phase. 

Feedthrough growth was also observed i11 two other experi~nents (GELB-4, GELB-7), I)ut i l l  

these cxperime~lts the  feedthrough growth remained in-phase with the RT perturbation within 
the t,imo period of observation. 

Mode Nurnber 

36 
18 

4. Analysis 

For the long wavele~igth mode-6 experirrients, both the RT and t h e  feedthrough perturbations 
remain in the linear growth stage tl~roughout the experirncnt, and so it is possible t,o apply 
small amplit,udc analysis to  compute both the RT a ~ i d  feedthrougl~ growth rates. First, we 
determined tlle acceleraf,ion history of the  cylinder using Lagrarrgian analysis and taking into 
accourlt the potential energies due to  the  cxpandi~lg gas outside the cyli~lder, gas insidc tlie 
cylinder, and the elastic energy of t,hc cylinder itself. Gamina-law eqilations-of-statrs-oftate were used 
to describe t,he deto~lat io~l  product gases outside the cylinder and the air irisidc (,he cylintler. 
Good agreement between experimental and calculated ring rnotiorls was obtained for an initial 
pressure of P,=16.5 a tm.  Figure 3 shows the normalized accelerations at  the outer cyli~ider 
surface plotted versus the irlstantanrous outer surfa.cc radius. Note that the a.ccclerations 
decrease very rapidly as the cylinder collapses due to  the corivergent geometry of the ring. In 
other words, there is a significant "funneling" effect which affects the acceleration even at  very 
early times. This is an importa~l t  fact t o  note whcn analyzirlg convergent ring experirnent.~ for 
instability and turbulent mix growth. Si~nulations based or1 a P,=16.5 a t m  were also perfor~ned 
for rings with initial radial tliick~lesses of 0.5 cin arid 1.0 cm. These simulations were also found 
to he  in excellent agreement with experiment,al data. Initial t=O acccleratio~ls were S.H5x106 
cm/sec2 for a AR=1.5 cm ring, 1.40x107 cr~i/scc.~ for a 1.0 crn r i ~ ~ g ,  and 2.96x107 c1rl/sec2 for 
a 0.5 cm ring. 

Illitial Alnplit,~~de 
(inln) 

0.5 
0.5 

We also derived tile linear-stage perturbation evol~~tiori ecluations for an ir~co~npressil~le 

Iliitial AI< 

(cm) 
0.5 
0.5 
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1.1, .(h) 

Figure 2. E'rami~~g Images from Ilrc? GELB-11 L.:.uprri~nr~~t (perturI~at,ior~ a~ripIit.ude = 1 mm,  l n ~ =  fi. 
and AR=1.5 cm). (a) 90 p e c .  (1)) 540 /Iser. (c) 675 /iscc.. (d )  729 jisec.. 

cylinder uridcrgoing a radial implosion. This cylindrical georl~rt.ry tlcrixration proceeds along 
esserrtially the same path used 11y Plesset '41 and R~likaeliar~ [5] to  study spl~crically ilr~l)lotlillg 
shells. The small amplitutlc analysis resultetl in two, coupled, 2"" or-tlcr tliffcrential ecluatioris i l l  

a ( t )  and b(t) ,  the amplitudes of tllc outer a ~ r d  i~lrrcr 1)crti1~11atio11~~ respectively. The eqllalio~is 
can bc presented in the form 

where the G,, are fu~~ct ions  of the outer cylinder radius r,(t,) and the mode 1lu1n1)er Irlb By 
numerically solving these coupled differential equations, we wcre able to accurately predict the 
growth of both the outer perturl~ations as well as tlie inner, feedthrough prrturhatious for our 
mode-6 experiments. In particular, these e q ~ ~ a t i o n s  predict the drvelopment of the feedthrough 
phase illversion at  about the tinie actually observed in thc GELB-l1 experiment [ G ] .  

5 .  Conclusion 

The latest, set of experiments shows that wc can e1irninat.o tlie effect, o f  shock pert.~rrhat.ions 
on the gelatin cylinder with a 122-point i ~ ~ i t i a t i o n  systoli~. I"urtl~c:r~ilore, by using a n  i ~ l - ~ l a c e  



R,, (cm) 

Figure 3.  'Jorntalized accelerations of the outer cylinder srlrfacc. vs. out,er raclil~s. 'I'hir~ solid line: 1.5 
err1 thicli ring. Thin tlolted l i ~ ~ e :  1.0 cm thick r i ~ ~ g .  'Tl~in dasl~ed Iirle: 0.5 cln thick rirlg. 'Tltick solid 
line: 1.5 cln thick ring wit11 outer gas I,rcssurcX fisetl a t  15.5 atm ;~rrtl in1lc.r gas pressclre f ixtd  a t  O atrr~.  

casting techr~ique, we can fabricate ~jrecist, initial cylirlder surface pert~rrhatioris.  Keccrit es- 

pe r i~nen t s  havc focused on studying f ecd t l i ro~~gh  growth: alld int,erestirlg 1,clravior s11cl1 as a 
frctithrough phase inversion lias bceri oljservcd. :llt,liough tliis pliasc il~vcrsiori I)cl~avior carr- 
not I)e explained hy thc  s tandard,  first-order E s p - k A R )  a t t r r~uat ior i  fact,or, wr can accur;rtely 
lxcclict this and ot.her feedthrough Ijehavior using l i r~ear ,  srnall arnplitrlde a11;rlysis. F'~~t,rrre 
c s p e r i r ~ i r ~ l t s  will f o c ~ ~ s  on the  iss11r.s of rnode-r~iodc coupling and tu r l~u len t  mix t le\~elo~)rricr~t.  
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Numerical Simulation of Turbulent Mixing Zone 
Evolution at the Gas-Liquid Interface 

Y.V. Yanilkin,  V.I. Tarasov ,  E.E. Meshkov ,  N.V. Nevmerg i t sky ,  E.A. Sotskov  a n d  
V.P. S t a t s e n k o  
Russian Federal Nuclear Centre - I n s t i t ~ ~ t r  of Experimental Physics 
Prospect Mira 37, 607190, Sarov, Nizliny Novgorod Region, Russia 

A b s t r a c t :  This paper presents turbulent mixing ( T,M) at the plane ga.s-liquid interface. arid 
also at  the convergent and dix~ergent interfaces witliin cyliridrical flows. Tlle paper adduces 
the results of 2D and 3D direct, numerical sirnulation (with gas-dynamic approximation) of 
experiments, performed by jelly  neth hod. Two-diniensioiial ca lc~~la t io~is  were performed by 
EGAIi complex programs, and three-di~nensio~ial calculations - by Lagrangian-Eulcriall gas- 
dynamic ~netliod of 'rREI< complex. The results of calculatio~ls are cornpared with the data  of 
phenomenology theory ancl w ~ t h  experimental data. The cal~ulatiori ddta satisfactorily agree 
with the tlieory and with experimental da ta  for R-t charts of $table interfaces and of turbulent 
mixing zone ( 7:VZ) width. 

1. Introduction 

Investigations of ?".&if evolution at  the interface of two substances grow essentially for the  last 
time in connection with increasing of experimental, and especially calculation ~pportuni t~ies .  
Nevertheless, this problem is far removed from termination, in part, dynamics of 7'MZ evolu- 
tion for accelerated 11011-plane iriterfaces was not studied practically. Difficulties of experimental 
investigations of such flows are connected both with the problern of initial setting of these inter- 
faces, and also with opportur~ities of iniplenientatiori of accelerated motion of these interfaces. 
111 terms of numerical simulation the difficulties are those, that these problems, as a rule, are 
three-dimensional and need the great memory and computer performalice. The jelly method 
[l, 21 is better developed now for experimental studying of described process. It gives the  op- 
portunity to  set the coniplicated fornls of gas-liquid interfaces. This paper presents the results 
of numerical studying of TMZ evolution both a t  the plane interface and at  the convergent and 
divergent interfaces within cyliridrical geometry of experiments, described in [3]. 

2. Experiment setup 

Acceleration of the plane jelly layers by compressed gas was performed as follows: two compart- 
ments on each side of the jelly, located in hermetic acceleration channel, filled by compressed gas 
(helium) with equal pressure. The initial gas pressure P=17 atm. Then fast dehermetization of 
one compartment was performed hy destruction of diaphragm on one side of the channel: gas 
flows from beneath the jelly layer to at~ilosplieric nietliuili, and the layer accelerated vertically 
down by the upper gas pressure. 111 the accclcration process the downer interface of tlic layer 
was stable, and the upper one - unsta1)lc. Compressing of cylindrical jelly shells was performed 
by compressed gas in the special experiniental environment. Inner and outer (relative t o  the 
shell) volumes of experi~nental environrneilt were filled by gas with equal prcssure. Then gas 
was cluickly trampled down into atmospheric mediurn, and the shell converges to the center 

More information - Email: otd03~2305t3spd.vni1ef.r~ 
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rapidly by the gas pressure i l l  the outer volurnc. 111 t.11e sllrll coslvergencc: process it.s ont.er 
surface was unstable. Shell geometry: outer radius RH g 70 nilll; i1111er radius G 58 Inin; 
shell lieigllt b=16 mm;  i~iitial pressure of colnpressed gas (lieliisln) P S 18 ahn .  Divergcrlce of 
cylindrical shell was performed witl~in the sarrie cxperilr~ental enviro~il i~rnt ,  ljut hy the actiosl of  
the explosion protiucts of gas explosive stecliiornctric acetylene-oxygen ~ i ~ i x t u r c .  (Tliis snixt~rr(~ 
filled thc i111ler compartmcl~t of the sllell ar~tl was blasted i ~ i  ollcJ poi l~t  in it ccnter.) The shell 
scattered into tlie atmospheric mcdiurn, its ir~rier surfac.e Jvas ~111st.ablc. Shell gconietry: I?',, r 
39 mln; 7. Z 18 m m ;  b=30 mlri. T h r  shells were ri~atic fro111 tllc jellies of tlic watctr soirrf ion of 
gelatin with concc~ltratiorl C=3.6%. l'lie init.ial ~)eriodical 3 n  p(d,l~rt)ations r v i t , l ~  ; ~ ~ ~ ~ l ) l i t i ~ t l r  
a,  S 0.15 nil11 and wave length X, r 0.5 rcirii were set a t  tlirl shell surf;tccs kno~vl~ to I,(> u~rst,ablt:. 
?'he arrangctnent of experi~nerrts was prc~sentetl in tic.t,ails in [S]. 

3. Calculation set up 

Nu~nerical s i~nulat ior~ of experirnents described was pcrforinc~tl i r i  21) and 3D ;tpproximation 11y 
the 111ct11ods of EG'/ll< program cornplex [3] alrti TIZl?li progratll coniplcx [S]. LZ'e woultl not 
enlarge on tlic fcaturcs of tllc ~netllods; implerrrentcd in tlle c o r r ~ ~ l c x ,  hecausc t,l~ey are tlcscri1)ed 
in details i r ~  [6, 71. Notice only. that c;ilculat,ions wero performed is1 Plllerial~ and Lagr;tngial~- 
E~rleriari sett,i~igs in gas-tiynar~iic and elastic-plastic aplxoxiu~atioris. 'l'lie c.alc~ilatiolis wit11 
usirig k - E  [g] arid multi-parameter [!l] TA1 models were also ~)crforn~ed.  ljut tlre rcsl~lts ol~tair~ed 
are not satisfactory aud der~iand firrtlier ilivrstigatior~s. 'I'lie iliit,ial georrlct,ry for- calculat.ions 
correspor~ded to above prcse~ltetl sizes of esperi~ne~ltal  c ~ l ~ . i r o ~ i ~ r ~ e n t s .  7'11(~ state equatioi~ for 
jelly was got in Mi-Grmiaisen for111 with t.lle followirig paramet,ers: tie~lsii,y p ,  = 1 $/SIII.~, si)i~nd 
velocit,y c, = 1.48 km/s, cornpressio~~ ilidex TZ = 7.15, G~-trriaisc~n coefficiclrt r = 0.105. i\ir (p ,  - 
0.0013 g/sm3): arid explosion prod~icts of in(lamn~al)lc explosive trlixturc. (I1:'.21) were ciescril~ed 
by perfect gas state equation wit11 y = 1.3 and 7 =1.136, corrc~spontlingly. Dctonatio~i of IL'IZI 
respected to  be perfect with dctonatiorr velocity D = 3.09 k ~ n / s  nnd calorie corit,ent Q = 12.3 . 
101° erg/g. For all ZD and 3D calcirlations at the unstahle jelly interface there were set randolnly 
distributed perturbations with the form of t , l ~ e  interface ancl wit,\] a~riplitutle equal to  l Ilrrn. 
Border conditions: pressure l atm was supportrcl 011 the Ijordcr, correspo~rding to tl~c, darr~agctl 
diaphragm in tlie experiments, on tlic other Imrders therc: was set no11-flow corrdition (rigid 
wall). Reforc discussing the results, notice some circ~~rnstal~ces,  that prevclrf, fro111 idcrltical %D 
anti 3D sirnulatio~i of the flows presented. 12irst of all noticc. illat we cart not, f111ly simlrlate t,lic 
border conditions on the borders, wlrere the pressure is trampled down. 11, takes place d ~ i e  t o  

both 3D flow character in this region (in 211 calculations) and ~rsing of ~not.ionl(~ss calrulat,ion 
grid (ill all calculations). 111 principlc, we can talic t l ~ r  fully idctrt,ical setting of calculat io~~s ill 
3D calculations, however, computer opport~lnit.irs don't per~nit. to do so. The sc~corltl difficulty 
is connected with the fact, that in 7jZ1 dys~a~nics  there are sigrrificant differences in an cxterit of 
flow chaotization for different density relatiolrs. 111 t,he oxperililents consicierctl pert,urbat,ions Tor 
the extended period llave regular cliaractcr in agrectnie~it with given 3D il~itial I)erti~rbatio~ls 
and without noticeable flow cliaotizatioli (see [3]). Ilrifo~~tu~iately, t l~ere  was observed oslly 
2D flow pattern in these cxlxri~nerits, t l ~ a t  is 2D sanil)le of 3D perturbations. Moreover in 
t11c experiment the flow patter11 is get frosn the pavclnent of cylir~dcr, but in 21) calculatio~~s 
perturbations are axis-sy1nmetrica.l. T l ~ e  third circumsta~lcc connects with the fact, tliat i l l  

experirnents jelly lias some viscosity and firrmless, t,hat car1 influence 011 the resrllts. 'I'he fourth 
circurnsta~rce connects with the fact, t,liat precise state eq l~a t io~i  for GEh4 is uriklion~tl, ancl 
GEM can have different nlixture co11t.ent for different experirnents. Anti finally, tlrese problcms 
rieeds for high precision of mathematician  neth hods for tiescribing of rnixed cells, corltairiing two 



or more substances, because of the great differcncc in densities of substances and in their state 
eqnations. This circumstance also prevents from using of semi-empirical Th1 models. Studying 
of all ahove nlentioned iterns needs in performing the great number of calculatioi~s and falls 
outside the scope of this paper. W e  adduce below the results of sorne calculations (see 'ra,hle 

1). 111 these calclilations we used calculation grid with cell size h = l  rr i r r l  for 21) calc~llatior~s 
and h = 2 mrrl for 31) calculations. Calculation 6 was repeated also or1 t,lit: grid wit,l~ h = 1.5 
mIn and 11 = 1 mm. 

calc~~lat ion number geo~net,ry flow typc 

1 2D(axis-sym~netrical) divergence 

2 2l)(axis-sy1nmetrical) convergence 

5 3D divcrgcncc 

6 3D convergence 

Table 1. Calculation setup 

4. Calculation results 

In the experiments performed full TlZIZ width H = Rz - RI  and avera.ge depth of penetration 
front for light suhsta~ice (EP, 11eli111n) into jelly [IL = RL - RI  were determined by motion 
pictures. Here RI  - location of 7'MZ \>order on jelly side, R' - location of TMZ border on light 
substance side, RL - location of jelly border, calculated from its condition of non-compression, 
that is from condition of volunle co~istancy of jelly. Motion pictures for experiments adduced 
are presented in [3]. The pattern, typical for all 21) calculations presented on Fig.1 as raster 
patterns of volume conce~~trations for calculation 3, and the pattern, typical for 3D calculations 
- as iso-surface of jelly voh~me concentration on 0.5 lcvcl for calculation 4 - see F'ig.2. These 
figures give illustra.ti\le pa.ttern of cvolntion of unstability and TiZil. As evident from comparing, 
evolution of perturbations in 3D calcnlations significantly differs from experimental data. While 
evolution of perturbations goes in accordance with given init,ial perturhations at  the interface 
(for ohservi~ig time prevailing harmonics have little changed visually), number of cogs (jets) 
a t  the gas interface in calculatio~is is significantly less. 111 doing so spectrum of harmonics 
is essentially wider because of rar~tlom initial perturhations. That is why there take place 
significantly greater flow chaotization. Fig.3 presents dependencies of t,he track passetl for the 
jelly stable border SR versus time square t' for 2D calculations (they are si~nilar in both 2D 
and 3D calculatio~ls) and for experilnents for three flows being observed. As evident from Fig.3, 
calculated SR( t2 )  charts is somewhat different than experimental one, because of non-adequate 
setting of the calculations. In part, detonation model being used and state equation for GEM 
explosive products lead finally to  some increasing of SR(t2)  . However, we ca.n notice that these 
dependencies are close to linear ones with exception of initial interval both in calculations arid 
experiments. Thus, motion of the border is evenly accelerated, mag~iiludes irr tlie experirne~lts 



14gurr 1. Rastcr patterns of voll~rne conccntratioiis for calcr~lation of plallc task: - t=O.:J, 13) - 1.=0.5. 
c) - k 0 . 7 ,  d )  - t=0.91nsec:. 

and in 311 calc~~lations have the following values: for divergent flow gR(e:r.p) r 58.6, nl((calc) " 
63.8; for convergent one - g W ( e r p )  Z 82.8, g12(cnlc) g 80.8; for pla.rle flow gR(e .cp)  E 77.6 and 
yR(calc) Z 53.8. The sigrlificailt diffcre~lres I)etwc,en calcr~lat,ion arid experirrlental data at  
tlie initial interval are result from different initial pertui-hations of the interface. fIowever, the 
differences presented are not dccidir~g for the problrms ohscrved, since we are firstly interested i l l  

TM evolution laws in self-similar varial~les. That is tvl~y information allout T1Z.E width versus 
the distance passeti presents tlip ~nost  intc~rcst,. 7'.21% borders were tleter~nincd in calculatiol\s 
l,y avera.gec1 profiles (in their cross-sect,ion) of t h r ~ j c l l , ~  v o l ~ ~ ~ n c  co~icrntratiorls for Icvel 0.01 and 
0.99. We consider dependence &vers~ts value .l = Ji f i c l t ;  wl~ere HT, - wiclth of penetrating 
of the light substance into the hcavicr one, g - accelcratiori of the interface, t - tillie. Hot11 in 
the experiment and in all calculatiol~s perfor~ned (see Fig.1,5,6) a ( J )  are close to  the linear 
ones for every geometry, except o f  thc initial depend(~ncc interval. But we must noticc, that  in 
calculations with scattering shell it is difficult to isolate precisely intervals with lincar law of 
the growth. Notice that penetration velocities in calculations agree wit21i the cxpcriment, and 
therewith value velocity in 21) calc~~lat ions is less than in 31) calc~rlations. This fact agrees wit11 



Gth IWPCTE~I - MARSEILLE JUNE 1997 - Yanilkin e t  al. 

Figure 2. Iso-surface of jelly volume concentration on 0.5 level a) - t=0.3, b) - t=0.5, c) - t=0.6, d) - 
t=0.7msec. 

the data  obtained in the work [l01 for gravitational Th f  in the case of relation of substances 
densities n=3. Table 2 adduces calculation and experimental values of self-similar constant 
a,  obtained by the formula I f L  = as, where S = J2 (for the plane case the average value for 
three calculations presented). 'I'lie table also shows the phenomenology theory data, obtained 
under the assumption of the light substance small density. Generally, one can get the greater 
(comparing with the experiment) value of n. in 3D calculations. It is properly with regard t o  
the fact that we don't obscrve viscosity and surface t e ~ ~ s i o n  of jclly in the calculations. As a 
rule, coefficient cr for 2D calcl~lations is significantly less tha11 in 3D calc~~lations. Analysis sllow 
that there is linear law of growth for common T.bli: widtli in calculations, with regard t o  the 
distance passed. Comparing with ca lc~~la t io~ls  for the caminon ThlZ width were performed for 
two experiments (see Fig.7). As evident, there is a good agreement for the convergent shell, 
and significant difference for the plane one. 
Interest is in the relation of width of zone of penetration of light substance into the heavier one 
and of the heavy substance into the lighter one. Table 2 adduces t l ~ e  coefficients = H T / H L  
on the  self-similar interval, where I fT  - width of zone of penetration of the heavy liquid into the 
gas. Phenomenology theory solving [l01 is presented for the plane case. The agreement may 
be thought to  be satisfactory. 
From analysis of the results of 3D calculations follows that in t,he case of compression the faster 
penetration of the light substance into the heavier one takes place, and that in the case of 
divergence there is more decelerated front evolution comparing with the plane case. 'I'l~is agrees 
with experimental data. Not,ice, however, that  this effect doesn't present for 2D calculations. 
Further investigations with wide varying settings of calculations (especially for divergent shell) 
are necessary for quantitative estimation of the effect obtained. At the same tirne, mentioned 
above effect of geometry takcs place for full width of ThfZ i11 2D calculations also. 



Figure 3. I)cpe~~derlce ,YR \rcrsus t 2 .  

I'igllre 4. Dcpentlencies versus J (pla~~ca geomrtry) 

5. Conclusion 

l h u s ,  in spite of tlie above meritioried difficulties, concerning with simulation of observed fiows, 
we get the satisfactory agreement of calculatioli arid cxperimrntal da.ta hot11 for Il-t charts 
for interfaces, and for H(? ancl IJL(S) dependencies. Thereby, studies perfor~ncd show that 
EGAl i  anti TREK program complexes can be sllccessfully used for ~lurnerical simulation of idhe 
flows presented. We ha.ve numerically confirm tllc conclusion of [3] that cliaractcr of hehavior of 
T'MZ fronts dcpends 011 the Row geornctry. It follows from thc analysis of thc results that  faster 
penetration of light substance into the heavy one takes place in thc case of cori\Tcrgelice, and 
also more decelcratcd (comparing wit,h the plane case) fro~lt evolutiorl ill the case of divergence. 
This study is the first numcrical i~i\restigation of the flows observed, so the results obtained 
have unfinished charact,er. There are some questions, having sig~iifica~itly ur~proved answcrs: 
m discount, of viscosity and surface tension of the jelly, 
m influence of real GEM state equation, 
m the wider variation of calculatio~l grid, 
m discount of TM by mixing ~nodels, evolut,ion of determined 2D and 3D perturbations. 
Authors hope to get the answers for set questions in their further work. 
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,4bs t rac t :  The Raylcigh-Taylor bubble evo lu t io~~ in cylindrical geo~netry is described using a 
new pote~ltial flow model which i11corj)orates Bell's flow potential into a 1,ayzer-type   no del. 
'rile correct cyl i~~drical  liriear growth ratc is obtained. The late time bubble evolution is shown 
t,o display different behavior frorr~ t l ~ e  ~ ~ l a ~ ~ a r  case. In a cylindrically cxpantiir~g geometry, t he  
I)ubble reaches a constant acceleration; while in a convc~rging geornetry it reachcs thc origiu in 
:L finite t i ~ r ~ e .  A treatrner~t o f  !,he ~nulti-  node front using a h~~l)l)lc-n~crgrr approacll is c1esc:ril)c~d 
i~nd  applietl to  tl~c: cylir~drical case. The growth ratc of the lnixirig zone ill convcrgit~g and 
t.xpandi~lg geo~netries are show11 to 1)c larger and smaller respectively t , l ~ a r ~  t.he planar growt,l~, 
in agreetnent with recent cxpcrime~ital results. 

:L. Introduction 

1:nderstanding the evolution of the I~aylciglt-Taylor (RT) instability is crucial for achieving 
Inertial Confinement Fusion (ICF).  Most theoretical irlvestigations of the RT instability have 
1)eeri i11 a planar geo~r~etry.  111 ICE' as well as astrophysical al)l)licat~io~ls, the instal~ility typically 
d(,\rc:lo~)s i11 a ~ ~ o r l - p l a ~ ~ a r  geo~nc>t,ry. It is of interest, therefore, to study t.he e f ic t s  of no~l-plal~ar  
geo~netry: sucll as cyl i~~drical  or splierical geo~netry, on the mixing zone growth. 

8 1 heoretical approaches have so far mainly beer1 concerned lvitll tlle lineal- growt,h regimc. 
Ilcll [ l ]  anti later Plcssct [2] tlcriveti an expression for the linear growth i l l  cylindrical and 
spherical geometry. There is, to  o l ~ r  kr~o~vledge, no tlleoretical analysis of the late nonlir~r:ar 
stages of the evolut i o ~ ~ .  Several groups have recently st~ldictl sil~glt: a ~ t i  ~l~ul t i -mode evol~rt,iol~ in 
cyli~ldrical geo~net~ry experimentally [3, 41 and ~~umerical ly  [S]. 111 part icu1a.r; Xleshkov c t  (~1.[4] 
f'3und that  the multi-mode front evolution is alfect.txl by cylindrical geornetry - the growth ratc 
i:i greater than the classical planar growth in a co~lvergi~ig cylindrical geo~nctry, and s~nal ler  
than the  planar growtll rate in an expanding cylindrical geornetry. 

In the present s t ~ l d y  we consider tlie n'l' evolution in cylindrical geornetry using a potc~itial 
flow 11lodel [ G ,  71. This allows us to  dcscri l )~ t,he single-mode bubble motior~ il l  the linear, early 
110111irlear ancl late stages of the flow. 111 order to  study tllc rr~ult,i-uiode front evolution. we use 
thcsc results in a statistical-mechanics model [8], and uncover the main physical effects that, 
determine thc front evolution. 

21. Potential flow model for a bubble in cylindrical geometry 

\;VC consider an interface between an irlco~nprrssil)le flr~id ;tnd a n311ch lighter fluid (i l twood 
nurr~ber -4 = l ) .  Two gcolnctries arc defined: all c,xpal~tlir~g geo~netry where the bubbles grow 

More ~r i for~nat ion - Elnail: scl~wartz(i?bgumail.1~g11.ac.~l 



011 the inner interface of a radially expanding fluid layer. and a cor~vergi~ig geometry cvlicre tltr 
bul-,bles grow on t l ~ e  outer interface of a ratlially convergir~g layer. 'I'lie layer is assumed to bc 
much thicker t h a r ~  thc peri,urba.tion wavelength. The radial position of tltc iilt,erface is R ( t ) :  
t,he radial position of the huhl~le  tip is Ro(t) ancl the l)ubl)le ari~plit~ltie is h( t )  = IKo(t) - IIf(f)l. 
The interface accelerat io~~ is giver1 hy and is positive (outgoi~ig) in the expantling cast, and 
negative (ingoing) in the co~lvcrging casc. 'I'he s a n e  i~lodcl has l~een also applied to  thcse cases 
where the velocity is directed i11 the opposi1.e directior~ to tlie accelcratios~ anti will hc tiisrllsseti 
in a future puhlicatio~i [g]. 

We e x t ~ r ~ d  tlie models of Layzer [G] ant1 Iledit et n/.[7] to  tlic cylirltirical case. T l ~ e  essential 
itlea is to e x p a ~ ~ t l  thc Ilow equations ancl flow potential near t l ~ e  bubble tip, assunli~ig a siml~lc 
tirne-dependent flow potential. Tlris niotlel is known to accurately tlescril~e all stages of t,he 
bul~hle flow in various planar geometrics [7]. We rlsc the flow potential first proposed 11). Re11 

[ ] l :  

where E is t l ~ e  mode number, t l ~ e  plris sign in tho power law correspo~~ds t,o tire expa~itling 
geometry and the rninus sign corresl~o~ids to the convcrging geon~etry. The first terrrl or1 tlie 
right-hand side corresporids to a radially symmetric potential flow of a cylindrical fluid layer, 
and the second tern1 represents the per t~~rha t ion .  The interface is assl~mctl to rr10\~e wit11 the 
%lid as specified by the kirirrnaticcquatio~i, I/;. = ~ l , n t e , , o , , ,  a~iti  the flow dyna~nics is described 
hy the Bcrnoulli equation, 6 + ;V2 =COIIS~,. The interface, is then cxpanded t,o second order in 
B: r ( Q )  = R. + RIO2, and tlie flow equations are solved to the same order [7], yielding t hrce 
ODE'S in the three u~lknowns & ( l ) ,  R1(t) ,  n(t)  : 

'The upper signs in Eq's '2-4 correspond to a converging gcorrietry anti the lower signs to  an 
expanding geometry. Thus, given the interface positio~i as a fi~rlctiori of time, K(t) ,  orir call 
solve for and get the bubble amplitude, curvature and the potential amplitude near the tip. 

3. Results for single mode bubbles 

3.1. Linear regime 

The model equations yield the expression for the linear growth rate derived by Bell [l] 111 the 
rcsgime when h/X << 1, where X is the effect~be wavelengtl~ X = 27rR/B. 

The linear growth rate equatior~ is: 

dZ 
R, ( R .  h )  +P. K .  ( R .  / l )  = 0 

clt 
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In the  case wlrcrc I >> 1 i l ~ e  result. of tl~c, li~rearizcd c'cl~iatious yields a silnple ant1 ~tscxf~il 
solution [S. 101: 

CZ'e now dcsc r i l )~  t h e  late t i r i ~ e  1)chavior for l l ~ e  cxpantii~lg ar~t i  convcrgilig cases 

3.2. Expanding geometry 

111 Fig 1, tlie l111h1)lc velocity is ~)lott,ccl for air c.xl)alrdi~~g gcolnct,r!;. Altor t h c  lirrc~iir stage. tilt. 
,;ro\vtll is slowc~l a~r t l  approacl~es arr asyn11)totic growtl~ rat(. at. I ; r f , c  t,irnes. '1'11(, 1110(1el allo~vs i311 

.analyt ic solutiorr for tile asynrj)t,otic vr loci t~- .  J:or ~vave l l t~ l~ i l )o~ . ,~  P > 6. t l ~ c t  iisytnl)tof,ic \.elocity 
;;ro\vs l i i~carly ill ti111e: 

"0 100 200 300 400 
Time 

T'ig~~rc 1. Singlr-tnocle I~rtbblc vc.loc.ity in an ~spatltlirrg gcomctry. cotn1)arcd with I3~ll's cxl~ression. 
anti wit11 pla~lar I,III,IIIP vplocit,y. In  tllis case R( t  = 0) = 1, g =l(= 2( - 4. and ! = 36. 

Notice illat f his restlll is ill contrast with the  I ~ l a l ~ a r  c.ils~, tvhere tl~c, l) t~l)ble reachc,s ;i 

c o ~ l s t a l ~ t  asy~rlj)totic vc~loci1.y \';ji,,,,,,r - ( g  . X )  / ( f i n - ) .  7'0 I I I I ( J ~ ~ I . S ~ , H I I ( I  1.l~is result, V\'(! tiote that  -7 
t he  effective l)~il)l)lc \ v i~ \~ (~ l (~~ tg t l r .  X -- ?irR/!, irlc.rr~asc,s witlr t i ~ l ~ o  in t.ll(\ ( ' ~ ~ ~ i ~ r r d i l l g  geol~l('try. 
ant1 t11us increases tlie h u o y a ~ ~ t  force on t II(: l)~il)l,le. c a u s i ~ ~ g  t h e  \.clocity to  ir~crcase wit , l~ t irnr.. 

We! call tic:sc.ri\)c, t,llc, asympt.otic I ~ u l ~ l ~ l c  l~v l~av io r  using an atlial~;xt,ic i ~ ~ ) ~ ~ i . o x i r n a t i o l ~ .  S\il)- 
st j t ,uti~rg tlte eff(bc.l,ive ~ v i i \ . r ~ l e ~ ~ g t l ~  illto t lrc, cx~)rc~ssiorl for \;l,,,,,,. and takiitg i ~ r t o  accoullt tllc. 
cffcct of t hc  thi~inil lg of t I ) ( %  ~)c~~t,nrI)ittiorr duc to tlics cylintlrical flow (111~ fluid layor, alrtl the 
per t ,~~r l ,a t ion,  becornc t11i111ic~ its t h e  r ad i t~s  it~c.rc.ascs) leads to: 



t (f?i?/[ti, - it) L ( I  /v15T) . l,{ . I  (8) 

3.3. Converging geometry 

111 I'ig 2. l I j 1 1 1 ) l ) I c ~  \rc,loc.ilj. i l l  ;I c.or~vc.rgi~~g gc.o~i~c.t,~.>. is S / IO \ \ - I I .  : \ f t c > l .  1 lir~c,;r~. grow1 11: t I I ( ,  
I ) I I I ) ~ ) I ( >  i~cc.eleratos ;i11(1 ~.circ.l~c,s l !I(% o r i g i ~ ~  i l l  ;I f i ~ ~ i l  r .  ti~rlc, I , .  ' I ' l ~ r  ~)l~ysic~;rl  I.c,;rsolr Tor t.lris is t 1l;rt  

i r ~  l11(. coi~\ .c%rgir~g gc~orr1c~1,r.j- 111(- clo11li11al11 ('fS(~.t a t  Iirtc, ~ ~ I I I ( > S  for all)- f is t.11(1 I l ~ i c l i c i~ i~ ig  of ~ , I I ( .  
fIui(l I ; r y i ~  (111c t o  l l ~ t ,  ( . o r~ \ . (> rg i~~g  r;~clii~l flo~v. ~ . I I ( :  ])er1 ~ ~ r l ) i \ t  iori Ilo\vs ~ I I  t11i: s i ~ ~ l i  l>ot(x~li i d  i111(i 
l l~c  c.oll tr i l ) l~tio~r of ~ I I C  1 j111~1 Ilrr gron:t11 is small .  '1.lius. ;is t i i c ,  I ) i~l)bl(~ ;~p~ j roac . l~c s  t I r c 3  c.elitcl- it 
:;rows as 1' = k - Ri</Ro. 'I'lic. ;i~r;ilyt ical ror~lr o f  t l ~ c  ~,c~i . turl)at ior~ g r o w t l ~  is i r ~  tliis case 

/ i  z /< - 4 1 ~ 2  - l?; (10) 

wlrc.rc /I, is t 1 1 ~  ratli;rl ~)osi t ioi i  or' t l ~ c  i ~ ~ l ( > ~ . f ; ~ c c ,  t i ~ r ~ c '  I f .  

0 5 0 100 
Time 

12igurc, 2. Si~~glr-rr~otle I~rrljblc \,c~loc.ify ~ I I  ;I (.oll\.cl.gil~g gt~o111c.11.y. c.olnp;~l.cd \\ril.l~ t . l ~ c ~  ;~tli;~bal.ic ail- 
p,.oximat,ion (Eq. 11). Ucll's C X ~ I I . C ~ S S ~ O I I .  a~r t l  \vitl~ ~ ~ l ; t l ~ ; > r  Ix~l)l)lt~ \;eloril,y. 111 this  casc3 l?(t  = 0) = 1. 

g = - R= 2~ - 4 ,  and ! = S(;(). 
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.4. MultiJmode bubble front 
:Recent theoretical studies [g] have shown that  the planar RT niulti-mode evoh~tion can he 
described in terms of a statistical mecha~lics model. Tlie main i~lgredients arc the single ~ n o d c  
bubble evolution and the two-bubble overtake interact,ions (mergers), which can hc viewcti as 
effective single particle and two-particle interactions i11 the flow. 

In the planar case, the bubble merger rate was calculated using a poter~t~ial flow two-hubl~le 
model [8]. This merger rate is the rate at  which b~tbhle pairs merge into larger, arid faster, 
1)ubbles. T h e  bubble size distribution flows t o  a self-similar distributiori, in wliicll tlie o~i ly 
length scale is g t 2 .  The bubble front growth rate was fo~lrld to 1)e h = cugt%vherc n. = 0.05, ill 
;,greement wit,h sirnulatiorls and experime~lts. 

111 order to  assess the effect of cylindrical geornc.i,ry on the n111lti-mode front evolr~tioli, we 
employ the statistical mechanics model used for the planar case. Ilowever, ir~stcacl of t,lie planar 
a.symptotic bubble velocity we use the asymptotic bubble velocity fro117 i he present cylindrical 
potential flow model in tlie limit ! >> 1; 

where X = 2.irRjI. 

In the present work, the merger rates are assumed to be equal to  the planar merger rate. 
This is assumed to be justified when the bubble wavelengths are much smaller than the iriter- 
face radius. When the wavelengths and R are co~nparable, cylindrical effects are expected to  
i~lfluence the  merger rate. In future work these effects will be investigated more rigorously. 

Fisure 3. Multi-mode bubble front growth rates vs. the distance covered by the unstable interfare, 
for planar, converging and expanding geometries. The cases are tahen from ref. [4]. 

The model results for the growth rate are shown in Fig. 3 for planar, converging and 
expanding geometries. The interface position, acceleration and initial perturbatio~l are taken 
as roughly similar t o  the experiment of Meshkov et n1.[4] It is seen that ill the converging case, 



the growth ratc is larger tlrali tlre col.respoliding planar case, wliilc i r l  the exl~andirlg case tile 
growth rate  is srrialler than the planar growth ratc. Tliis is i r i  agreerncrlt wit11 tlie rcxsults 
obtained hy Meshkov e t  a1.[4] Quantitatively, the growth rates prcdictcd by our hybrid nlodel 
are in fair agreement with those obtained i11 the experime~it. 

The  basic physics resporlsihle for these tiifferenccs, according to otlr motiel, is based 011 tlio 
competitior~ between two effects which are inherently non-planar in nature: l )  The charigc 
of the  effective wavelengtli due to tlie cllangc in iiiterface radius. 2) 'rile effect ol  dilatiori 
or corliprcssio~l of the fluid due to the cylind~.ical flow - thc. shell thicliness changes a.nd t,lie 
pcrturbations are accordingly distorted. 'I'liesc effects enter the rriodel t111.ougIi the asyn~ptotic 
bubble velocity (the two terllls in tlie right lland side of Eq. 11). \&'c riotc that l,hc secorlci 
effect, (thickness changes) is doniiriant and clualitativcly dct,er~nilles tlie differences in growth 
rate 1)etweerl the variol~s cases. Thus, irl the converging geometry thc per t~~rba t ion  is dilated 
as tlie shr:ll al~proaclies tho origin, wliile in thc expanding geometry, the asymptotic velocity is 
r e d ~ ~ c e d  in com~)arisorl to  the pla,nar case due to the shell compressiori. 

In tlie planar case, it was f o ~ ~ n d  by Alon et  a l . [S ] :  t.liat ill the self-sirnilar regime h\X = co.nst. 

It see~ns  that also i11 cylindrical geomctries / , / X  reach(:s a corlstanf, a t  late times, hut the valuc 
of the co~lstant is different in differclit geo~netries: 

This result is consistent wit11 the different bubble shapes that were observed by Mcshkov 
et  a,1.[4] for the different geometrics. Tliese differerices can also 11e explained in terms of the 
two non-planar effects discussed above, as will be clone il l  Inore detail i11 a future publication 

PI. 
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'Variable Acceleration Rayleigh-Taylor Mixing 

13.L. Youngs 
!\wI<, ? \ l d e r ~ ~ ~ d s t o r r ,  Reddiiig R(;? 11'R, I':l~gl~tr~d 

Abstract: Higlr resolut i o r ~  direct ~ n ~ ~ n c , r i c ; ~ l  s i t ~ ~ u l a t i o ~ r  lrsirlg t l1c~ ' I ' l ! I~~~lOTI,3I l  cotlc \vit Ii t11c>s11 
~iec,s 111) f,o ,420 X 320 X 320 has I)celr 11scc1 to ill\.c>st ig;rtc, l i i ~ ~ l ~ ~ i g I ~ - ' l ' ~ r \ ~ l o r  r n i r i r ~ ~  i l l  \vlriclr t l r c l  

;~cc.rleratio~r g \.;rrics wit11 t.irnc, (c.lt;r~tges s ig~r) .  I h ( %  lllairr ~)rrrljose of Iltis s t i~ t i ,~ .  is t o  S(%(, i f '  
;. l D  t11l.Ij~11~1icc 1natlr.1 for IIa~-li~iglr- ' l 'qlor ~i l ix ing givrs rc~;ison;rl~lc rc:sr~lts ill t l ~ i s  sit 11;rt  iorl. 
I r l ~ e  t ~ ~ r l j ~ ~ l c r r c c ~  lnodel ilic.l~ldes ;In i~nijlicit, t r r a tn l rn t  for the tlissiIj;rtion of tl(%r~sity i l ~ ~ c t l l i ~ t i o r ~ y  
( r r~olec~l lar  ~r t ix i r~g)  wl~ic.lr plays a li('y rolc i t t  tltis 1)1.o/)l(~iu. '1 I I V  1jaj)er tlcrt~orrstr.atc~s lio~v 
tlirccl. n l~mct i ra!  sirnulatious i l l  sirnplc s i t . l~ ; t t i o~~s  111i1y I>c rrsetl t o  aid tlrct t!c~vcloi)iiic~~r~ of tht. 
t i ~ r I ) ~ i l r ~ r c o  motl(,ls 1)-hich ;Ircl rtc.c~lrtl to 1.eprf.scllt i ~ ~ i s i r r g  ill 11rorc. c.oi~rj)l(~r ~ ) r ; ~ c t  i c , ; r l  ;ri)plic.iit io~rs.  

1.. Irltroduction 

111 thc  I ) r o l ~ l e ~ n  consitic~r(~t1, f l ~ ~ i t l  of cl(>rlsit>. p l  i r ~ i t i ; l l l ~ .  rcs1,s irI)ov(, f l l ~ i c l  of dr i rs i t j  (<  ) 
irr a gravitatiolial field g wlticlr V;LI.~<~S ~vitl i  t i ~ r ~ r .  liritiillly. g is 1)ositive (~~rrst,ill)le). ' l ' l l c ~ ~  g is 
negativc for a period (s1,;iljle~). I"irlally, g is 1)ositivc' ag;rill. 
tligh rrsoliit,io~i : ID d i r i ~ , t  ~iunrc~rical siiiiiilatiot~ ~lsilrg f i r ( .  7 '~~1~1\1011,:iI l  cotle ['l; is lrsod to i l l -  

vf:st.igatc t Ire mixing 1 ) roc . c~~ .  T17Hh~IOIT,3D is ;L sinlljle lirriic~-\~olr~tirc c.onrpressil)ic~ cotlc. wit 1ro111 
intc,rb~cc tracl;it~g. The  mani~tonic  advc,ctiort inc~tltoil of \.;ill 1,ec.r is 11setl for ill! l l ~ r i t l  vi~l.ial,lcs. 
r 1 I his jjrovides i.Ii(~ rc,cluired dissipatiorl at. lrigll wn\;c~rr~uill~c~.s. 1,ow .\liiclr I I ~ I I I I ~ ) ( ~ I .  ( ~ i t l c i ~ l i i f i o ~ ~ ~  
are  11secl to  rc.lj~.c~sellt irtc.oinl)i.cssil)I(~ r~ririlig. ' I  I I O  cflec.t of I I I C S ~ ~  s i ~ c  ~ I I  tlic :{l) ( . ,r lc.~llatio~~s is 
c.c)risitlcrcd. ' l ' l r c ,  t1ifirellc.c. I)c.t\vec~~i 21) i~ricl :3I) c.;rl(.llIill,io~is is slrolvir. 
l icsr~l ts  from t I t ( .  31) siim~laf iorrs i11.c cortll);r~.c~l ivif.11 tllosc o l ~ t  i ~ i r ~ c > t l  l)\. ~rsilrg a 1 L) 1111~l1111(~1ici~ 
r~iotlcl 131. ' I ' l t r  1n;iili objeci,i\.(: of'tlrc. st 11tly is to s r c  i f  t I I) l i~rl)r~lortc.c 111otIc~1 gives ~.c~;isotl;~ljlv 
r t s r~l ts .  

2. Calculatio~ls performed 

T h e  irritiiil dcrrsity tlistribr~t,ioli is givcli l)? p p1 = 3 for .r. < 0. = l,2 = 1 for .(. > 0, I.'or t l , ( .  
g]-avitat,ioria.I field g t.llrri. cases are corrsitlercci: 



'rlic. cross-scictioii for tlio cornl ) r~l ,a t io~~al  tloinai~l is 0.0 < y, z 5 1.0. 'I'I11.ec c.lloiccs for tlir 
z o ~ ~ i r i g  arc  11sec1: 
Co;trsc 3D ~licsli : 210 X 160 X 160 
1"irie :Ill ~iresh : 320 X 320 X 320 
Fine 21) 111esh : 120 X 320 X 1 
.An iriitial r ; i ~ ~ d o i n  1)ert11rIjat,ioii is ;ipljlirti to t , l~e  i~rt,c.rfac,c  wit,!^ \ v ;~vc lc~~g ths  of order G 1.1. il11ti 

arnl)liiudc -0.2 A.[.: \vl~el-c. A.? is t,lie ~ric:sIi six(,. 
rls T1JIt41011,31) i s  a co inpross i l~ l~~  cotic,. ~ x r ~ - i n g  g co~rt , i~iuor~sly is i l i~ l j ra~t , i ( . i~ l .  'I 'l~is ~vor~l( i  
1,ocl11irc> coriti~rrrally atbusling 1,1lc pressurr gradic~~it  i ~ r  ortlcr t o  1nailrtai11 liydrost ;~t,ic. c .q l~ i l i \ , r i n~~~  
outsitlcs the  urising zo~rc.. Jloivevcr: tlic tliscrc,tc\ clla~lgr:s i l l  g i.cf(~r~.rtl t o  i~l~ovcx itrc. fc~asil)le. 111 
ortier t o  cl~arigc g fro111 g 1.0 $1' it1 1i111e t(l . tlic calcrilatior~ is first r u i ~  1x1 t j~iir ,  t o  r~sirig g - g-. 
At t i ~ i i e  to , t l ~ e  deiisity ( p ) :  fluid 1 Inass fractioii ( r 1 j l )  a~ i t l  \.cloc.it.y ( v )  d i s t r i l ~ l ~ t i o ~ ~ s  arc% left 
u~ialtercd l)ut t,hc pressllrc gradie l~t  is adjl~stetl  t o  allow for idlit. cl ia~ige in g. I t  is asslrr~~etl  tliat 
the  ratcl of cllarige of d i r l  I L  (wliicI1 sllol~ld 1~ (:Iosc t ,o zero) is t h e  silliic, ljefore ai~ci aftcr. tlic 
cllarrge in (1. This  gives a L'oissor~ ecjr~at ion for tlic ~ ~ r c s s ~ ~ r e  dist r i l~ution (p+ j i i i ~ ~ ~ ~ c ~ t l i a t c ~ l y  i~ft,c.r 

at. :r = .r,,,, arid .I. = .r.,,,,,. 'l'lic I 'o isso~~ eqlralion for p+ is solvr:tl I,!; tkic cori,j~rg;rt,e gratiient 
rr~etliotl. 111tc.rrial criergic~s are  tlicrt ad,jrrst.rtl t o  gi1.c. tllc rctcjuirctl press1lrc. d is t r i i~r~t ion a~ i t i  tlic 
calculatio~i cor~tiriues wit11 the. rie\v value of g = g+. 

3. Overall behavio~zr of the mixing zone 

12igure 1 shows a st~clrleiicc~ of 21) sr>ctior~s fi.oln t l ~ c  :3I) c ; ~ I c l ~ l a t i o ~ ~  for t l~r  ~) ro l~ Ic~ in  ~ v i t l ~  t,lic 

extc:ndcti st,al>lr 11lr;rsc (case ( i i i ) )  using 120 x 320 x 320 zoiics. 
At t 11r: rnd  of t llc first 1111sti~111c p l ~ a s r .  / = l .5 (1:igur~ l ii). i~pl)roxiri i ;~t(~ ?elf-sil~iilar ~ r l i s i ~ i g  
is acliie\.ctl witli n ~ i r i r ~ g  zorrc ~vitll.lr growirig i l l  prol)ortio~r to g t 2 .  T1ic1.c- has,  lrowc\.c~s, 11c~c.11 
signific.a~it tiissip;~tio~r of dcr~sit j .  f111et11at,iol~s. \Zil~e~l t l ~ c ,  staljl(, 1111asr starts ( F ' i g ~ ~ r c  1 I)) tiissi- 
~xitioli of dr,r~sity flrlctuatioi~s co11t.i1111c~s and as a rcsr~lt littl(' t lo-n~ixir~g occlrrs. By tlie rntl of 
tlie stal)le, p11as(' (Figlirc' I c )  ;L s ~ n o o t l ~  cIc11~ity gradirnt is r~st ,~~bIislird.  'I'his r.c.ti~~ct.s Lhc growth 
~ t t c  i r ~  tlie early part of tl~cl seco~rti 1111stahle phase. By / = 6..5 (Figllrv Id)  ~ r ~ i x i n g  is ~vcll 
~rlider~vay agaili. 

,4. Quantitative results 

' r l i r  t irne variation of two c l~iant i ta l i \~c  nieasurcs of t he  nmo11111 of r~iixing is s l io~vr~ in E'igurc 2. 
8 7 I11e int,rgral widtli of tlic rnixing zone is calc~rlatcd from: 

~vllerc E is t he  1)litnc. avc.rngc of tlie volii~llc f r ; ic t io~~ for fiuitl 1.. :\S 11- - ,q12 for t Ile u ~ ~ s l a l ~ l c ~  
r a w ,  f l  is ~ ~ l o t t , c ~ l  a g i ~ i ~ ~ s t  t f i~ r  all t / I ( ,  casc3s co~~s ide rcd .  .A lileaslire of t ,he  cor~c.c~iitr;rtiori 
~ l u c t l ~ a t i o ~ i s  is given 1jy 

J mL d.1. 
I = 

J f, .FL c1.c 
(8) 



viliere u2 = (fl - The quantity I lies in the raiige 0 to 1 .  I f  i,liere wcw no dissipation 
-- 

of density (cotrce~~tratiori) fluctuations: m2 ~voulci equal J']. f2 atiti I wonlti l ~ e  111rity. The paper 
1:ly Dalziel ct  nl.[l] sl~ows that 'I'T;RXIOIL:ID gives k ~ s ~ ~ ~ < o l ~ r i o g o r o v - l i l t e )  power spectra for 
concentration fluct~~al.ioils sirr~ilar to those srleasured in a Hayleigh-'l'aylor experiment. l'liis 
gives some confidence in the a11ilit.y to calcl~latc the fine-scale strl~ct,ure. As thc power spectra 
decay at high wave ~rumbers, t.lie va11rf:s of u2 should I)e dominated by c .o~~t r ib l~ t io~ls  from tlir 
lower part of wave nurnber sl>ectrnm which is resolved ill thc siiriulations. Hence it should be 
possil~le to  estima.te I from tlie rl~ltrrerical sirul~latiorrs with sorne degree of reliability. 
I'br the 3D calculatioiis the effect of mesh size is not large (Figures 2a, 21)). For the consta~it g 
case, tlie slope of the m vs 1 curve and tlie values of I are initially higher t l~al i  the late-time 
(self-sirriilar) values. This is attributcti to the inability to resolve tlie small-scale features until 
the mixing zone is of order 50 rneshes wide. During tlie stable phases, the absence of de-mixing 
and the  decay of concentration fluctuations is very si~nilar for the two ~ n c s h  sizes. At the start 
of the second unstable phase there is a slight delay i l l  the growt,h of the mixing zone, due to the 
slnooth density gradient est,ahlishcd during the s tal~le  phase. However, when mixing does get 
underway again the rat,e (as given hy the slope of the fl versus t curve) overshoots that for 
tlie constant g case. Moreover, values of I also overshoot the lirniting val~rc for tlic consta.nt g 
case and the11 din~iriisli by the end of the calc~~lat ion.  This is attril~uted to t,he fact that when 
mixing begins for the second t i ~ n e .  the smootlr density gradiciit suppresses the growth of the 
short wa\~elength pertwhations ~ v h i c l ~  getic,rate the fine-scalc turbulence needcti to dissipate 
concentration fluctuations. 
For the  2D calculatioils (Figure 2c): the I~eliaviour of t,lre mixing zone widi,li (U') is similar t o  
that seen for the 3D calculations. However, con cent ratio^^ fiuctuations are significantly higher 
in the 2D calculatio~ls which are not able to  niodel the fine-scalc rnixing correctly. 

5. Turbulence model calculations 

A 1D turbulence model for Rayleigll-Taylor mixing was tlescrihed by Youngs [3]. The   no del is 
based on the equations of two-pliase flow with turbulent diffusion terms added. Mass exchange 
between the phases is used to represent the dissipation of concentration fluctuations. This 
rnakes the model very suitable for the l)rohle~ns considcretl liere in wliicll the magnitude of 
the concentrat,iorl fluctuations varies significant.ly wit11 time. Results for tlre three cases are 
shown in Figure 2d. Tlie behaviour is sirnilar to  that seen ill the 31) si~nulatious. There is little 
dt:-mixing in the stable phases. Co~lcentration fluctuations decay d~rriilg the stable phase and 
then grow again in the second unstable phase. 

6.. Conclusions 

Rityleigh-Taylor mixing for the  case when t,he acceleration varies with time (chariges sign) shows 
some interesting behaviour. 3D nulnerical sirnulatio~l has given rcs~slts which are insensitive to 
the rnesli size. Thc results obtained have bet11 used to check the validity of a one-dime~lsional 
tlirbulence model. 
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(a) t=1.5 (b) t=2.0 

(c) t=4.5 (d) t=6.5 

JZigure l .  Volume fract.ion distrilxltions. 2D sectior~s from a 3D cal(:ulatioll. (a)  t = 1.5. end of first 
unstable phase (b) t = 2.0, early par t  of stable phase. (c) t = 4.5. end of stable phase (d) t = 6.5, 
second unstable phase. 



(a )  3D Calcu la t ion:  210 X 160 X 160 z o n e s  

(b)  3D Calcu la t ion:  420 X 320 X 320 z o n e s  

. i~ .---p. . - 

1.5 3 0 4 5 Time 

(C) 2 D  Calcu la t ion:  420 X 320 z o n e s  

0 0 1 5 3.0 4.5 Time 8 0 0 0 1.5 3 0 4.5 Time 8.0 

16011 01 
( d )  lD T u r b u l e n c e  m o d e l  ca lcu la t ion  

Figure 2. Variation with t ime of ~ n i s i n g  zonc widt,h (\V) a ~ ~ d  t h e  Ir1e;Lsurc of concentration f l l~ctuations 
(I). Solid lirle: constar~t  g,  case (i). Dashcd li~ie: rr~rstal~le/stable/~~nst.able, cast, (iii). I lot tcd Iinc: 
extended stable phase, case (iii). 



Vortical Project,iles from Shock-Bubble Interactions 

N.J. Z a b ~ ~ s k ~ l ,  S .  Z e n g ' ,  J. l t a y 1  a t id  11. S ; ~ r ~ ~ t . a n c ~ ~ '  
'l)vl't . of .\l(Y-il. !\c~ro 1:ngg., l'.(). ))ox 000 

W iltgc3l.s I .r~i\-c!rsi l)., Piscit t a ~ v i ~ y ,  N.I-OS85~5-0!10!). (is!\ 
'L 5. rlofl' ('01.1~orat i o ~ i .  (-'K .5300, l'ri11cc1 011. h.1 085 I:j-33(10. ('S!\ 

Abstrac t :  \\'c irltr~othlcc~ I l l ( ,  c.o~rcc.l)t of ;I  irrovi~rg '.vol.t.ic.nl p~.oj('ctil(>" (\:l') t.o sylrtlrc-si~c~ i t  

I I ( > ~ V  ~ ~ r i d c r s t i x ~ ~ ( i i ~ ~ g  of vortex ({y11;1\1iics i l l  ( \ I ( -  vicir~ity of i~r t ( : r ;~ci , i~~g 11(\;1rl)y I ~ I J ~ C ~ I ~ S  01, s t r r ~ ( . t ~ ~ r r s  
,of opl)o,>i/c -s i ! j r i fd  \-or1 i c . i  t !.. 111 j);~1.1 iur I ;~r  l llosc. I;ryc.l.s il<,posil ctl at cor~t ,tct srrr.f;ic.c>s \vI~c%r~ ;I 

:,l~oclc 01. Ijli~st \vi~\.(. i~rtc:racts i v i t l l  a s1jlicric.irl or. c ~ l l i l ) t i c . i ~ l  I j~~ljl j lc,  11c.a~ic.r. i.lrirn a~l i l ) ic~nt .  ' l ' l~is 
~.ouccxijt, is g c ~ ~ e r i c  to  c.o~nl)lt:x slialjes i l l  1 \YO ;111d t llrc>c> ( j i ~  I I C I I S ~ O I I S .  \Y(' co~!je(.t III.(' t.lliit I.(YC,II t, 
~~I ) se rva t io~r s  o f  ~~cx~)losiorr r r a g ~ ~ ~ e ~ ~ l , s "  ill t Ire \.ic.i~rity of sirpcl~rrova rcv~rr la~~ls(SNIt)  c:or~ld l ~ c  
.\,k's, 

'ik irsc, t.Iro gc,rreric. tc.rr11, "L-orticnl pro,ject,ilc" or  (\W) to itlenf,ify cohc:relrt vortex s t ruct r~rcs  
((,:\'S) of 11osii~ivc airtl ircXgat iv(, circrrlatior~ ill  21) or oijpositely-tlirrctc(i nc,;trljy t111,r-lilte rty,io~is 
((:.g. a vorlex ..ril~g") i l l  31). ~ ' I I P S C  \;PS lrio\-e 1111dcr t11cir OWII s ~ l f  i~iduct. io~r.  i.('. t l r ~ y  Ira\~c a 
tlonrirlarrl frar~slatiorlal rnofiorl in a frarnc or refi.rc.~rc~c i r r  ivl~ich tl~c. nleiln fio~v is ~ i ea r ly  zero. 
';'he sirllljlrst, c~uaiirl)les i~ich~dt. :  ( ? D )  tlrv rcc.1 ilirrrar pair of poi~it  vortices. (I1, - I ' )  scljarai ed 1jy 
(!, wl~icli t,ra~rsl:itcs wit11 s p c ~ ~ t i  J'l(2xrl) or tllc. itlral small corr circular ring \.artex of'cir.ctrlat,ion. 
l ' ,  ratlius, It. a~l t l  corc3 sizc (1, ((l/f{ << 1 )  \vlric.lr t.rir~rslatc-s 1 v i t l l  vc.1ocit.y ;= & j , [ l o < l ~  - i]. '1'11~ 
'.l;-statc>sv [ l ] .  s t ,a t ior~;~ry  co~lligiii~atiorrs of tIr(' Errl(xr cclt~atio~rh i l l  t\vo t i i~~ic~r is ior~s  ;IIT ('\:S o f  
l ~ i i c c ~ r ~ i s r - c ~ o r ~ , ~ t c ~ r ~ l  ~ u r i i c i l y  tlorrr;~ilis ivlriclr lniry l.~.;irlsIat(t. Tlills \.ortcs is ;~ltol l ~ c r  finite clor~raill 
~ S ~ S > ~ I I I I I I ( ~ ~  ric t r i ~ ~ i s l ; i l i ~ ~ g  ('\'S. 

' r l~ (%sc  a11(1 ;](l \'l's I I I ~ I ~  itrisc t I I ~ I I  i ~ r s t i ~ I ) i l i t ~ ~  o f  S O I I I ( ~  s t i ~ t i o ~ ~ ; ~ r y  or  slo\vl)7 (,vol\ i l l& 

(.<31rfig~~riitiij11s of positive i111tI rr(-g;rt,i\.(% cir(:111itt,i(>ii. ( ' o ~ ~ d c r  and col l (~i~g~~( ,s  12, :3] ill l j i o ~ ~ c ~ ( , ~ . i ~ ~ g  
e~pe>riii~c,ilts arrti si~~imtlittioris ~ I I  2tl cyliiiclc~r tvaltes sl~o~vc.cI tlrat pc-rti~rhat,io~rs will i l l t l~~cc, strain 
firltls t1i;it cause rlearby olj[)osilc~-sig~retl vor.ticc.s t o  link-1111 or . ' I j i~r( l"a~~d II IOI~C t,ogetlrcr as a 
sirrglc tiipolar 1'1' [-l, 21 ~vIlic.11 ; ~ r ( %  fi.c~luc11t 1y ~~lall if( ,st  as "mm~slrroorn" or "ta(lljolcV s t r i~cturcs .  
Note: in c~orr~pr~c.ssib/c n ~ c ~ l i a  isolatetl dil)oles 111o\-e 1vitl1 \-irria1)le spc'c'ds ivlriclr d o p c ~ ~ t l  111jon 
tlleir Mac11 rri~nrljer alltl asl)c~c.l ratio 151. 

In 3 di~ncusiorls. \,l's Inay arise f r o n ~  vortex c.ollisions, as  sec11 ljy l , i~n  a ~ l d  Nicltels [G].  'L'hey 
collidcti ol)posit.c~ly tiircct.t.d c.oaxii11 ( ~ l r 1 i 1 1  rntiii rirrgs ;it I tc t=  I ,  4.50: and forrll(l tha t  l l r c a  r i~rgs 
rcconllc~ct i~rld t l isassrrrlbl(~i~lto nhorrt ~ r i r ~ c t c ~ c ~ ~  sn~i l l l  ri~/!js. T l ~ c  ;rrrtliors r~ot.c~. "!\S t I r c 3  I ~ c ~ y ~ ~ o l c l s  
r ~ ~ r n ~ h c r  is i~lc.rea,qrtl fronl - l ..500 1 0  :1.000 (1;ig .l 1 ) ) .  t ll(l 1101~ goes t,hrorrgl~ ;r. tralrsit iolr i l l  wlii(:lr 
Ilrc small r i~ lgs  ;t]j]j('i~r t o  I I ; I \ . ( \  f i f i ( >  s11.11cl I I T ( -  s r ~ l ) ( ~ r i ~ ~ ~ l ) o s ( ~ ( I  0 1 1  111(~111". 

2 .  Recent simulations at -l/ > 2 

\Vi~ikIer e t  n/ . [7 .  S] w:ro first t o  oljserve ant1 carefi~lly visualize l l ~ e  simple coaxial vortex rings 
that  arise in a.xisyrnmet ry orr tllc) docvlrstrea~~r (afl.) side of n Iienvy spherical Ix~bh le  wlier~ tile 
Mach ~ ~ u ~ n b e r  and (lensit,?; ratio arc s~rlTicic~r~tly large. Zal~usliy a r ~ d  Sarnl,aney [g] obscrvcld ( in  



their Fig. 9)  a cornplex corifigtlratior~ of two dipolar vortices aft of a 2d cylinder wlierl.l~l = 1 .0  
and density ratio = 3.0. I<lein e t  a1.[10] did tlic first systenlatic study o f  t,11e pararnetcr space 
fbr a fast/slon. spherical bubble. In their canonical case (All = 10 arid rj = 10) they presented 
evidence of new "swirling motions" (see their Fig. fi), I I I I ~  diti ]lot provide any tliscussio~~ of 
creation mechanisms or long-time consequences. 

VPs have been seen in other compressible sim~llations. D. Youngs [l l]  sirnulatcd a rarido~rily 

perturbed interface and observed l ' . . .  vortex pairs that propagate away from the rnixing zone". 
?diiller e t  u1.[13] simulated SN 1987a in axisyln~netry and ohserved tlie formation of elongated 
"fingers and mushroom caps". Maclow e t  a1.[14] prcscntetl very liigh resolution s11ock bubble 
runs with structures similar to  ours. 111 all cases only derlsity structures wcrc sliow~i and no 

causal interpretation of their evolution was given. 

Recently, Zeng and Zahusky [l51 have quantified tlie vortex del)ositioll pheilomena at  1 1  5 5 
and demonstrated that the coaxial ring arises from the roll up of the Mach stem shear layer 
vvhich results from the collision of the curved incident shock on the tiowristream sidc of tlie 
bnbl)le, as sketched iri Fig. 1: wherc three phases of thc iriterac:t,ioli of a planar slloclc with a 
l-eavy l~llhhle are shown. In tlie last phase thc upward going shock wave, reflected from tlic 

a.xis on the aft sidc of tlic bubble, deposits opposite-signed (positive) vorticity 011 the interface 
a.nd will account for the off-axis VPs found as shown below. 

Figure 1. Three phases during the interaction of a, st~ock wave with an axisy~nlr~etric spherical bubble. 
l) The incoming shock (I)  is in contact at a nodr with the upstream side of t l ~ c  bubble . Shown are 
the reflected (R) and transmitted (T) shocks and the negative vorticit,~ layer. 2) The incoming shock 
( I )  is in contact via a curved Mach s t e ~ r ~  with the downstream side of the bubble . Shown are the 
reflected (R) and transmitted (T) shocks and t,he positive vorticity layer arising at t t ~ c  triple point. 
The transmitted shock has created a cavity (dotted) with a shocklet, Cs(2), (dashed) at its point of 
highest curvature. Also a shear layer is produced at this point 3) T l ~ e  incoming shock (I) is in contact 
with Mach stem (MS) at  a triple point. Shown are two reflected waves, the original R1 and a. new 
one, Rz reflected from the axis. The latter is travelling upward  a ~ ~ t i  thus deposits a positive vorticity 
w+ (3) layer on the perturbed downstrea~n bubble face. This is adjacent to the negative vorticity layer 
the continuation of w+(l) (not shown for clarity) deposited by t.l~e passage of the Mach stem. T l ~ e  
strong vortex produced at the triple point between M S  and 114s~ produces a bulge in the shock and 
hence an additional triple point at which a negative vortex layer arises. 



Table l .  Parameters of the runs. hf is the Sfach number of tllc shock: 1lb is the initial radius of tllc 
trlast wave: E is the energy inside tlic Ijlast wave, PO = C Y p T / y  is t,t~e energy in thr ambic,~lt flow. 'l' is 
the tcmperat,~lre of the flow, C> is tllr specific. Iwat at constant l~ressure, 11 is the scmi-rnajor axis of 
the rllipse, h is the serrri-minor axis. .rl R = n / b  is the aspect ratio of the ellilrse ant1 n is tllo de~.iatiorr 
ill degrees of the rnajor axis of tlle cllipsc, from t,lrc vert,ical. 

'I'ypc of H u n  

Blast Wave - 
Huhhlc 

Sl~ock-F:llipse 

1 

I'igllre 2. \'ort,icity pat,terns r'srllting froln an axisyln~r~ctric I>last wave i~nlxicting from the left \\,it 11 
an 71 = 10 b~ihble. 'I'hc, l~last  wave was initiatecl hy raising the, inter~ral energy of a small tlolnairr of' 
r;tdius 20 zones to t.t~e left t r f  tlir t ~ ~ l l ~ b l e  of radius 80 zorrcs ('1'11(1 time rcquirecl for t.hr blast wave, 

to cross a bubhlr dia1netc.r is 0.0017. 'The cnergy c n h a ~ ~ c e ~ n e r ~ t  factor was 40, 000 over. the arnhient 
internal energy, eo = p u / [ p o ( y  - l ) ] .  'rhis silnr~lntion was don(, with our Ilartelr-Yee second-order 
a~rcu~.ati, code. 

3. New results 

SI rcrlgtll 

E / e o  = 40,000 

M = 10.0 

Below we show in 2d o r  2d-axis!rm1ilet,ry tha t  tliese dil)olar ancl near dipolar VPs arise iri 
shock ariti blast wave bu\,l>lr in tc~~.act io i~s .  13ccausc tile pliysical ctlviron~rlrnt is similar, it 
is reasonable t o  co~!jecturc that  these s t r r~ctures  may I~elollg t.o tlic I ~ o p ~ r l a t i o n  of of olrjects 
("interstellar bullets", " explosion f r ;~gme~i t s "  or "co111c.t ary k ~ ~ o l s " )  sct,r~ in tlre v i c i ~ ~ i t y  of SNI l  
and  astrolrt~ysical jets. 

In ' l i b l e  1 wc present tlle pararr~etcrs for tho runs illust~.atctl bricfly in Figs. 2- 3. 

I)cnsit,y ratio 

10 

10 

In Fig. 2 we see (,he vorticity ~)a i ier r is  1.es111ting frorn an  a x i s y ~ i ~ m c t r i c  blast. wal-c, interacting 
\vlt,li an  rl = 10 bubbl(%. 'The ))last. wave was ir~it,iatetl 11y raising the  internal energy of a s r ~ ~ a l l  
domai r~  of radius 20 zoncxs t.o tllc, left of t h e  hub l~ le  of radius SO zones. 'I'lie ti11ie required for t,lic 
hlast wave to  cross a Lul~hle  d ia l r~r ter  is 0.0017. T h e  cnergy er~hnncerrlent factor was 400; 000 

oker tlio a ~ n b i c n t  illternal cnergy, c0 = po/[pa(~ - 1 )]. 111 Fig. 2a the  curved bla.st ~ld, has a 
Mac11 ~ lun lbe r  of 9.1 whereas tlic coaxial Vl' lias a blach m~rriher of 21.9. ?'lie speed of t l ~ e  VP 
is also dccreasirig, e.g. t o  ICI = 9.8 in Fig. 2c (by a self-similar effect). Note t,lie c i rcr~la t io l~  
cont in~les  to  flow into t11e 1'1' as i ts  centroid departs froln tlie axis. 111 Fig. 21) we sec: a nmv 

N I I I ~ I  I\lttllod 

2"" Order,  
Ilarten-Yec 'l'vn code 

2""rder. 
EFM c.odc 

Geometry 

S l ~ l ~ e r e  

Ellipse 
AH = 1.5 
N = -30 

Hesolutlo~~ 

R= 120 A x  
Hb=40 Ax 

b = 60 A x  
n = 90 A x  



Figure 3.  Density and vorticity at three times for A.1 = 10 sl~ock impacting an elliptical huhble of 
aspect ratio 1 .5  and major axis 180 grid poillts and tilted by 30 degrees. The density ratio rj = 10 alld 
y = 715 for both media. The hubble interface (ol~tained from our interface tracker) is shown a s  the 
black line on the density (above) and vorticity (below). This simulation was done on a uniform mesh 
with our second-order accurate EFM code. 

VP forming off axis as a conseclucnce of the interaction of the two layers. We believe that, 
in a run at  higher resolution, this protruding tlouble struct,~lre would continilc to  escape from 
the bubble. It should be empl~asized, that  in a realistic 3-dinlensional study, perturljations to  
awisymmetry will cause the nearby opposite signed rings t o  reconnect, and yield an outgoing 
array of VPs, e.g. as seen by Linl and Nickell. 

Finally in Fig. 3 we see a M = 10 shock striking an 17 = 10 ar~tl 1.5:1 ellipticnl b ~ ~ b h l e  with its 
st:mi-major axis tilted hy 30 degrees from the horizontal. Thc hubble i~rterface (obtained from 
our interface tracker) is s1row11 as the black line or) the density (above) and vorticity (l~elow). 

In Fig. 3 (t=7.7), the inconling shock has passed the bul)ble and at  its "kink" has a Mach 
shock whiclr produces a (-/+) VP separating from the interface into regio~ls of very low density 
011 the downstream side of the bubble. 

111 t h e  last frame ( t= 45.9) the bubble is "shredded" or destroyed by the differential strains 
produced by the vorticity and in the lower region we sce two VPs forming, the largest (-,+) 
at  left moving downward and {,he smaller (+,-) moving to the upper right. Note that  the 
mass within the lower two regions is much larger than t.he mass associated with the dominant 
negative vorticity. We conclude that symmetry breaking enhances VP formation. I11 all cases, 
the codes arc too dissipative to carry our calculatio~rs t o  longer tirnes. 



4. Conclusions and discussion 

We arc familiar with laboratory experiments at !\.I < 2.5 (Ilaas a11d Sturtc\rani, [l61 for Frco~i 
and Hc bubbles in air; Bo~irne aiid Field [l71 for air in gelatin: Yamada, Iiodarna and Takayanla 
[l ' L ]  for a. Ire b11111~1e in HOH; arid Zrrf arid Ilorri~irig fbr [ l  81 for IIOH l)i~hl,les i l l  air) and so oln 
rrsul t .~ arriount to predictions. Brysorr anti C:ross [ I 0 1  captl~reti nrany trspects of the, early-iinlc 
flolvs witli r?(lzd cyliriders ( 121 = 2.84) ant1 sljllercs (11.1 = 2.89). Howevrr, althougll tlie schlicren 
and shadowgraplis in these experin~e~its  exlii bit vortical rnanifestai.ions, tlie ~ i c w  phenoniena 
and mechariisms dcscrihrd in this paper have riot \wen previously 1jec.ri ativanced. 'This is tluc. 
to tlie difficulty of visi~alizing vorticity. 

\.1'c, conclude tliat the interrnediate and late t i ~ n c  rnarrifestations of jets or st,rong pressure 
gradient flo\vs (e.g. shock or blast waves) over i~~ho~liogei~ei t ies  or f l~~ctuat ions of delisity are the 
appearance of collercrit vort.ex st,ructures wl~icli we Ilavc 11amcd '.vortical project,ilcs" or VPs. 
These ~jrojcctiles arc ring like regioris of vorticity anti arc3 ~nariifcst as "m~ishroorn" structures 
which col~ld be uscd to explain "\)~~llet,s", "explosion fragmmlts" or " comet,ary knot.sl' observed 
in the vici~iity of supernova relririarits [20, 211. The quantification of the ternporal variation of 
lhe translational speed, radius and ii~terrzal rotutionnl rrlotiorl associated wiili VPs, will allow 
1s to  suljstantiate the corijccturc rnade hcre as well as provide illformation ahout the intier (and 
remote) state of their sources. 
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Investigation of Rayleigh-Taylor Instability on an 
Interface Between Two Gases 

S.G. Zaytsev, E.I. Chebotareva, S.N. Titov and V.V. Krivets 
Krzl~izhanovsky IJower Engineering Institutr (ENIN)  
Leninsky pr. 10, Moscow, 117071, Russia 

Abstract: 111 the present, study, we performed an experimental investigation of l)ara~net,ers 
around the continl~ous interface during the accctlerated rnotion (up to  g e 10' cm.s-l). Tlie 
reprcserited data irlclude the continuation of tlie studies of lincar stage of RTI started in [l] .  
and also t.lie investigations of nonlincar, transitional arltl early turbulent stages. 

1. Experimental set-up and wave diagram of the process 

The cxperi~nental set-up is a vertical chamiel of 72x72 mm2 cross-section conriectrd to  thc 
test-section of the sarne cross-section. The sidr walls of tlie test-section have optical glasses to  
visualize the process ur~der  invcst,igation. The test-section is equipped with a 2 ~ n r n  metal plate 
P, iriserted to  separatt, tlie top and bottorri parts of t,he clianr~el prior to  experilrient. 130th top 
and hottom parts of the channel are closed with flanges. ['he top part of the cl~annel is filled 
with oxygen-hydrogen mixture (molrc.ular weight 1S.5), and the I~o t tom part is fillrtl with one 
of inert gases (He, Ne, .4r, I<r, Xc) or SF6. Prior to  experimcnt, both parts of the chanr~el a r t  
jiml~ltaneously pumped out to 10-' torr. 'l'hen, these spaces are filled with the gases intlicated 
shove. Prior to experi~nent, the pressures p" in I)oth spaces are set strictly the same and equal 
to 0.5 a t .  T l ~ e  plate P is removetl from the channel by a spring meclianism. 'I'lie total time of 
plate removal is varied within 40-150 ms. During the removal of tlle plate P) tlie initial interface 
I(o between oxygen-hydrogen mixture A. and gas B. is forrned. After the plate P is completely 
:-emoved from tlie channel, tlic mixture A" is ignited in tlie top part. Ahead of the flame front, 
F, the  cornpression wave CO, is generat,ed which i~npar t s  the acceleration t o  tlle interface h;. 
'The process was recorded by Mach-Zehnder interferometer. The plate P was ren~oved from the 
channel towards y axis. Figure 1 gives an x,t-diagram for the motions of the flame front F, 

Figure 1. X ,  t - diagram. F - the front of flame; 
Coa - the head front of compression wave; Iio 
- initial interface; CRn,C;b - the reflected arid 
refracted compression waves; C,, and C:.h - rar- 
efaction waves; CRb* - the compressio11 wave re- 
flected from the bottom flange; K - i~~tcrface; G' 
- the region filled wit11 the products of hurni~ig: 
A. - initial oxygen-hydrogen ~nixture; R" - inert 
gas or SF6. 

r onstationary compressiori waves C",, Ctb, the interface , etc. Here, x = 0 is matched ~vil,li the 
p~oi~i t  of the flame initiation. The head front of the compressior~ wave C&, is generated by the 
flame front F. G,, reaching lCn at  the time t = t l ,  generates the refracted (Ctb) and reflected 
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(CII,,) coml~rcssiorl waves arrtl cr~traps t,lrcx illterfircc 11' i11t.o ac.cclc~.att~ci ~not , iol~.  Paran~elers of 
the ..pure" gases arourid h7 arc, t l e p e ~ ~ d e ~ ~ t  or the cIrarac.l,rristics of ~ ~ o r ~ s t a t  ions ry co111l)r~ssioii 
waves Cl(, ancl Clb Tlle interaction of c.oiilpressio~i wave C:ri,, with tlic flalrle front I.' results 
ill generation of t . l~e reflected rarefaction xave C,.,, tl.avc%lirlg in gas .Ao. 1ntcrac.t iorl of t i~ i s  witvc 
with I< at  t= t2  clecelerates tlic, latter. Tlie strongcst deceleration of I i  is o1)servcd when K 
interacts with tlrc, cornpression wave reflected from t11o bottom flange: CnbX at t = t 3 .  The 
deceleration of I i  rilust bc accornpanicd by stratificatiori of tlie ir~terfacc. 'rlie interaction of 

the flow A with I i  is c~itlrtl a t  t = t j .  

The experinie~ltal set-1111 and the properties of initial con1 ilil~oils intcrfa.cc tvere disc~~ssed in 
[l]. Tlre scheme of interface, de~iotatious of its c1i;tracteristic. ~)oirits and lrleasurcd parameters 
are given i11 Fig. 2 and i11 relatiorrs (1) and (2). Here X is the wavclo~gi,l~; a],., is t , l~e 11ertllr- 

O0 0 h-oC 00 10.00 

Figure 2. A sketch of init.ial ir~terface. S,mni 

.J,,  .A*. B, are positions of charact,e~.istic E'ig111.r :l. 'I'hc tllichrlc~ss of intc,rfacr I,etwcc,n 

points on t,he frontk separating 1 1 1 c ~  mixing zorw ox?;gelr-l~?;drogcn ~nisture a11t1 Xe I~lot,tecI 
]from gases A. and U". against. tllc distanre ~~;issccl. Solitl line reprc- 

ser11.s 1.trr data of one-tlimcnsional calculatiori. 

ixtion amplitude; IJJ;t is tlie d c p t l ~  of penctratioll of orle gas illto t,lie other for the consi<lered 
perturbatio~i; S, is the dist,a~lce j~asscd Ijy the ~ n c d i a ~ l  of I~erturbat io~i ;  h,(y) is thc thiclincss of 
iliterface: 

X ,  = y(.Jz+l) - y ( . J , ) :  01;~ = .r(J,") - . r ( J , ) ;  Lli, = ~ ( 1 3 , )  - x(.Jt): (1) 

S, = 0.5 . .r(R,) + 0.25 . [.r(.l,+l) 4- ~ ( . / , ) ] ; h , ( ~ )  = .c(&) - . r ( J tX) .  (2) 

Let us note the following propcrt,ies of' tlie resulting interfaces: the density distribiltion 
insidc tlie interface coincidcs wit.11 that calc11lai.eti using tlic lnodel of molecular diffusior~; tlie 
wavelengths of observed perturbations ir~creasc with decreasirig gas tiensity in bot,l,o~n part of 

X, 
the cl~anncl. Tai~le  1 giws tlic vallles of i = for gases Ho, ~lsed in t l ~ r  presc~it st,lrdy (pll 

:= 0.5 at, tlie time of plate rcn~oval - l00 nls). 

'I'able l .  Values of X ( m r l ~ )  for t,lrr 11ertul.l~al.io11s or1 tllc' fro111, of coritir~lior~s interface. rnea- 
surcd on the side of gas :l". 

B" I He / Ne / 1 Xe I SF6 
X 1 20f 2 1 - / 15f 2 / 12+2 / 9% 2 1 6 3 ~ 2  

Tlir absolllte error for tlie ~ncas~~rc~rnc~nts  of thc a111~)lit.lrcie tlic tlr\~)i,lr of pelictrat,ion 

/,K,, arid tlle wa\~ctl(:r~gtli is i 0.3 mm. 



2. Results of experiment 

2.1. Compressibility 

We llavc n~easurcd the cha.11ge in thickness of the, ir~terfacs tluririg its r~lotioir along 
visr~alization ficld. The rrleas~~rernents were performcti in a specifictl cross-sectiori g,. I'ig. :I 
gives t.he va1ut.s of b ~neasrlred in xenoli. In t l i ( ~  sectio11 .r < 20 mm, t, i~e val11<1 of (F(!/,) dsc.rc~asc~s 
1,). SO!%. Solitl line in Fig. 3 corresporids to t.lie tlata c;~lculated Ijy I D  ~llotlrl of i,lrc process, o r1  

tl~cx assllrr~ption that initial interface is a lab-er with diffuse dciisity distrib~~t,iori. 

2.2. Linear stage of RTI 

To obtain t,he quantitative information on tlie evolution of RTI at  linear stage, we cliosc t lle 
perturbations with the smallest amplitudes. This allowctl us to  make enough rtleasurc:~licnts 
I>efore lve ol~srrved the signs of distortio~is ill the s l ~ a p e  of perturbat,io~i indicating t,o t,Iic start. 
of spike forrnatio~i. Two sections corresl~arlding t.o tlic tiilfrrent change ratcs o l  pert url)at.ion 
arriplitude Inay be distinguislied. 1x1 the first scct,io11, arc, < X/2, the rxperi~ilerit,ally rncas~iretl 
v a l ~ ~ e s  of a ~ , - ~ ( m )  are satisfactorily approxirnai.ed h?; (.he relation 

In the second section, the growth rate of rr l i t  is rnarliedly decreased. T l ~ e  va111c.s of 1jr1.1 url)a- 
tion arril>litude growth rates W ~neasured on t,he 1)ortier between the rnixil~g zo~lc. ;tnd t,11f l  ligl~t, 
gas ( a I i , ) ,  arc give11 in 'I'able 2. 'The experimc~rital data  arc co~npared to the data calclllated 1 ) ~  
tlie relat.ion suggested by Taylor [2]: 

' l 'l~is rclat.iori assulnes the disconti~iuous cliangcl in delisit); on the int,c.rfaccx itr~d t , l~c~  ~ioric.onl- 
pressibility of media. 'I'he area, of applicability of tlre relalio~l is reslrictctl t,o n,ia < 0.1X [:l]. 
I'al~lc 2 represents tlie data ca lc~ la ted  by the relation snggestccl in [4]. I-Ierc, 

'l'lle function @(S, Al) is calculated rlu~ncrically. This relation allows us to estimate tlic effect 
of replacement of the discoritinuo~~s interface, for wliicll Q=1, for the continlious il~terface of 
thiclc~less S. The density distrihutiori on continuous interface depends on molec~llar diffr~sion. 
r , I he theory suggested in [4] assumes that  thc rnedia  rider (.onsideration are ~ionc:omprc~ssil~l(~. 

Tahlc 2. The values of perturbation arnplitl~tie growth rates W, W?., Wu for the 1inc:ar 
:,tage of R'I'I. 



Figure 4. Evol~ltion of Rayleigll-'l'aylor instability on t l ~ e  continllous i~~ter face  between oxygen- 
hydrogen mixture and SF6. 



2.3. Nonlinear and transitional stages of RTI 

Yignre 4 givcs a series of irlterferograms showing the  notion of cont inuo~~s i~~terfac-c. I< I,ot,~veen 
oxygen-hydrogen mixture and SFG. These i ~ ~ t e r f r r o g r a ~ r ~ s  denloilstrate t h e  e\~olut,ion of K T 1  a t  
nonlinear and transitional stages. Over the frames, the  values of time r1 are giveli. The  rl is 
counted off the timeof recording of the first fralne. A characteristic feature of tllc interfcrograins 
in Fig. 4 is the absence of interference bands i r l  certain sections, due to  the s t r o ~ ~ g  refracf,ion 
in SF6 in t l ~ e  sections of i~ltcrferogra~rls corresponding to large shifts of interf(:rencc bands. 
Because we used non-snonochron~atic light beam, in the  resulting picf,l~re the, l~ands overlal)l)ed 
each other. The shift of interference bands ohservc:tl in Fig. 4 below !cl was ca~lsetl I)!; a dcr~sity 
chauge in the refracted compression wave ctb travelislg in SF6. :\S seen, consisl,~ of s('v(:'B~ 

apl>roximatcly plane fronts. Dliring thc ~llotion, the followi~lg fronts ovcrtalie thc prccctiing 
ones. !Arc rrleasured the d e p t l ~  of penetration of one gas into the other for the I)er t~~rl ,a t ions 
whose evolution proceeds tlirougl~ nonlinoar and transitional stages. Figure 5 gives t,he ~ a l u c s  

Figure 5. The depth of penetration L. 'l'lle ill-  Figure 6. Trajectories of 1 . 1 1 ~  points J , .  Tllc 
terfacc separates the oxygen-llydrogcn mixture numbers of config~~rations c:orrcspontl to t l ~ e  
from SF6. po=0.5 at; g = 1 . 3 .  10' cm/s2. numbers of points in Fig. .4. 

of L, for a selected perturbation. These values are given as the function A t .  S ,  where .4t=(p2 - 
pl)(p2 + is the Atwood number, and S is the distance passed by the median of selected 
perturbation. 

2.4. Development of the  vortex structures of second generation 

Figure G gives the trajectories of cha,racteristic points for several perturbat,io~ls i r ~  y,t 1)larle. 
The denotations for these points are given i11 Fig. 3. As seal,  the perturbations do not shift 
along 11 axis at  the initial stage of c~volutiorl. .At the following stage, aft,er vort.ex structllres have 
been formed, we can otlserve the shifts which result in fusion of adjacent vort,ex structures and 
thus in for~natiori of a new vortex structure. Later, a part of thus formed structure tca.rs off t,o 
he "dissolved" in gas A .  In the site of fusion of t,wo first-generatio11 vortex structures, a Ilew 
:second-generation vortex structure is formed. Significant vagueness of the boundaries of tlre 
fortex structure does not allow the reliable determination of the depth of penetration in this 
site. A qualitatively similar scenario of the early formation of vortex stnlctures was observed 
in xenon, though here this process occurrcd later than i11 SF6, when the interface approached 
{,he bottom border of the visualization field. Because of that ,  the end of the  process of f ~ ~ s i o n  
of vortex s t r ~ ~ c t u r e s  was not recorded. 



3. Conclusions 

Mie have performed an cxperilne~ital ir~vest~igatioil of Rayleigll-Taylor inst,abilit.y in a cor~tinuol~s 
interface betweell accclerateti gas flows of tliff(~rent, density. 'l'lir, acceleration ( I I ~  to 2 . 1o7 
c i r ~ . s - ~ )  is iluparted by the ~~on-st ,a t iol~ary corr~pression 1val.e. I t  has been s11ow11 that a t  the 
initial linear stagc of evolution of co~it,inuous interface. t,lw anll)litntle arc, of the pert url)ation 
011 the front separating the  interface from light, gas grows exponentially as a f~iiirtioll of m, 
where S is the dist,ance passed by c:ontinuous i~~terface.  !It this stage, tlle growth of ampliti~tle 
(LK is detern~iiled by the r e l a t i o ~ ~  a ~ ;  = aoc~xp(l,i~' . a), for a,,- < 0.5X. Tho \~alues 11,' arc 
2-3-fold 1owc:r t11a11 the values obtained horn tlict relation of 'raylor ['L] and I)y 10-70% lower 
than those ol~tainecl using the 11~xlel suggested in [4] for lllc evohltion of cor~t ir iuo~~s interface 
in ~~onco~npressible  rnedia. For 'or I<( / )  > 0.5X, the sllape of continuous interface char~ges. Thc. 
sections corresponding to the pcnetrat,ion of the 1ie;tvy rnedi~nr~ into the light one, transform 
into spiltes narrowing with time. The sections correspo~~clir~g to the penetration of the light 
rr~ediuirl illto t.he heavy one, trallsform into c.xpar~ding \,~ihblcs. Later, the first,-generatio11 
.G-ortex structures of c11ar;tcteristic mm~shl.oo~r~ sllape are forn~ed o11 t.he t.il)s of spikes. l ' l~ i s  
,:orresponds to  onli linear alitl transitional stages of K'rI. A t  thcse stages of RTI evolution, tile 
clepth of penetration I, of one gas iiito tlic otlic>r is al)proxi~r~ated I)y thc relation L - (I . :it . ,Sl 
where S is the: distance passed by the ii~t,erfacc,, :It is the i\twooci nunlber, and th(- grow111 rate 
of 1.21e dept,l~ of pr:r~etration is approximat,ely two-foltl l~igller t11a11 that for tlie turljr~lent stagc 
of mixing i11 acceleratctl norlco~npressihle media [5, 61. I,at.er, we observe tllc vortex structurc.~ 
filsing in pairs and forlnation of the sccol~d-gci~eratio~i vortex strllctilres. 

Acknowledgement. LlJe are grat,eful to Dr. 1togc.r Cl16rct ar~tl Dr. .Tcan-F~.anqois Tfaas for thc 11sef111 
con~rncnts made during t,hr discr~ssion or thc work i l l  tlw C'entre d'Etudes de Vaujorrrs-hlIorori\.jlliers. 
']?his study was supported by Il~ternational Srier~cc. and Tcrhnology Center, project No. 029-94, anti 
Fl.ussian Foundation for F'undarncntal In~estigatioi~s, project No. 96-01-01295. 

References 

[l] Zaytsev SG,  Chebotarc\~a El ,  'l'itov SN, Rozano\r \;R ;111(i 1,cl)o IC,  ' l l ~ e  illfluence of ir~terface 
on the  evolution of Rayleigh-'l'aylor iristal)ilit,y, I'is'ma Zll. Eksp. i Tckh. 17iz., 15, 13, 
33-36> (1989). 

[2] Sir Geofrey Taylor FRS, Tlre inst,aIjilit,y of liquid srlrfacrs whc11 acceleratetl in a direction 
perpc~ldicular to tlieir plarlcts, Proc. of the Iloyal Society. Series A . :  1065, 201, 192-196, 
(19.50). 

[3] Lewis DJ, Tlic i~lstability of licluitl surfaces \vlren accelera.tetl in a direc.tion ~)erpcndicillar to  
their planes, Proc. of the  Royal Society, Series A,  1068, 202, 81-96, (1950). 

[.l] Duff RE, Harlow FH and Hirt CW, Efects of diffrision o11 interface instability I)et,wec~l gases, 
Phys. Fluids., 5 ,  4 ,  417-425, (1962). 

[5] Yoilngs IIL, Experimental investigation of t,urbnient ~nixing Ily Rayleigh-'l'aylor instability, 
Advances in compressible turhulerlt mixing, E:,ds. Ilannevik WP; Huckinghan~ AC, and Leith 
CE, ,January 1, 607-626, (1992). 

[6] Kucherenko YuA, rl'omasl~che\r C:G arid Shiharshov L1: Experi~nental investigation of gravita- 
tional tiirbulent mixing in ai~t~o~nodcl  regime, Prol>lems of nuclear science and technology, 
Series: Theoretical and applied ~)l~ysics, I ,  13-19, (1988). 



Cavity Collapse and Vortex Projectiles in 
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Abstract: 111 t,his paper, a corl~prelicrlsiv~ nl~nlc>rical s t , ~ ~ d y  of thc l~ydrotlynamic rvol~ltion 
of all axisyrnmetric spherical cloud ciill~eddcil i l l  ;L Icss dense lr~liforrn arribier~t rnedi11111 ivlicr~ 
strl~c.k hj. a stror~g plaiiar S I ~ O C I ~  wave is carried o~lt, .  M'c \-isualizc: arid qlialltify 111e s h o ~ l i  
inlplosioi~ nlorpliologies and the. vortic.ity ge1lc.ratio11. 11. show 11ow "tloul~le Llach rcfirctioli" 
gerieratvti by tlrc- tlowrlstrcarr~ collisioll of t , l r c .  incid(,rrt s110cks evolves i11to i t  co~~ligural iol~ of 
"triplc h/rae11 rc'flccf,io~~" diic, t.o thc srcpc>rsollic. ring g(-rlera.tiol~ at tl~ct l'lach disk. hlorc~ovc%r, 
'.vorti,x ljro,jfhci il(,s1' arisfx fro111 t11e l j i ~ i ( l i ~ ~ g  of o ~ ~ l ~ o s i t , r - s i g ~ ~ t ~ ~ l  vorticii,y or1 t,11e < I ~ L V I I S ~ ~ ( : ~ I I I  sidc 
of the hilljljle. 

1. Introduction 
7 1 111(- de\cloprrlr>nt of slll)errro\ra renlnants(SNR) as a resl~lt) of  shock wavc: i~lteract,io~ls affect,s 
galactic c~volut.ior~. Ry a ~jassagc of stro~ig sl~oclis, i~lterstcllar clol~ds arld intercloud mrciium nlay 
hc tiisruptcd bj. hydrodylla~r~ical i~~stal~ilit . ies,  e.g. shock generates a Hiclitmyc~r-Mesliliov(RM) 
ir~stahility. Iluri~lg tlic ir~teractior~, large "fillgers" or colrere111 "muslirooms" arise wllic11 carry 
"fragn~i~r~t,s" away frorn t h c  clouds arltl mix tllenl wit11 the i~itcrst,ellar n ~ r d i u n ~ .  Our work 
c3iahoratc.s arid extcrltis i.lle worlc of [ l ,  2,  31. 

A s  showil i l l  Fig. 1 ;  a vortex l j roj~ct i l r  is a 1oc.alized rc.gio11 of positive anti negat,ivi, cir- 
clrlation wllosc: ce~ltroid rot.ates al~olit  a poi~i t  0 t l ~ a t  is rcrriote from l.lie configuratiorl. For. 
c~xamplr I,lle rectilinear pair of line vortices in 2-di1ne1isio1is of c i ~ . c ~ l l a t i o ~ ~  l', > 0 a.rltl r2 < 0,  
sc~paratct! \)y a tiista~rct:, d ,  wlric.1~ has a velocity I I I  ahout a  joint 0 with a distallee o f  R frorr~ 
the, centroid. If / l ' ,  / = 11'2/, t 11e c(:r~i,l.oid is illiclway between tllc'~r~ arltl t l~e j -  trailslat,~ wit11 a 
velocit,y cu = & wit11 R = cc. Tlir t.vo111tion of cohcrc>r~t ring-like vortcx st r ~ ~ c t u r r s  (CVS) 
yiclti ;r, host of shock and \rort.ex corlfguratiolls. 'I'llese s~llall vortex dirnples (or k~lo t s )  wllich 
arise Iicar tlrrisity stratified il~tc,rl'aces or jets may disi~rtegratr into srr~all CVS. c,scapc) fro111 t l ~ e  
original source ali(1 ljeco117e "vortex projectiles" ( \ /P).  

2. Description of the physical problem 

L1'(, ~iiotiel ~ r ~ u l t i c o i r ~ p o ~ ~ e r ~ t  flows usilig the coml)rrssil,lc Euler eq~~at ior ls  a ~ ~ g ~ r l e ~ ~ t c d  by a r i ~ l -  
uisit e t ~ v o  species equatiolls i r ~  a 2-diri1cmsio1ial axisymmc,t sic rcprcsrr~t a t ior~.  181'~ 11sc. 0. 1) ;  I<;, 
H = y, I I  and v to  cle~lote tllc clerlsity. the press~irr. the total erlergy Ijc3r unit volurne. t l ~ c ,  
total c:rlthall,y pcr 1 1 1 1 i t  mass: arid thc ~ r l o c i t y  il l  l)ot,11 X aritl r tlirections, resprct,ively. c t!c,rlotes 
the illtcrr~al energy per unit mass. 111 the case of idwl gas, c = --" 111 lllis nobat ion, tllc. 

~ (7 -11 .  
governi r ~ g  ec~~~atior is  i l l  co~lser\~ativc form arc, 
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1 
U, + F(U), + G(U), + W ( U )  = 0 

X 

Tlie effective specific hcat ratio is 

Here m, is the molecular weight, R, is the gas constdnt and 7 ,  is the sl)ecific hedt for both 
intercloud medium and cloi~d gases. 

The cornplitatior~al dornain considercd in tho j)resent work is ill~lstratotl in fd'ig. 1. w11ere 
the base flow field consists of a spllerical cloud rcgion and an ambient mctiiurn region. For 
ail idea case, we asslnne that !,he ratio of spc,c.ific licat., 7 = 5, for 1101 h clo11d and I(2M. The 
density ratio is = 10. We drive the system with a planar sllock wave of Mach nun~l>ers: 1.5, 
3.0, 10 and 40. We define the  time t.hat takes for the incident shock t o  traverse the half of tlie 
cloud interface as a time scale t ,  = where 7 1 ~ ~  is the shock speed in tlie the ambient intercloud 

V a  

medium. The  rnesli resohltion is 903 X 303 zones and the radius of the bubble is 120 zones. .4t 
t-0, the shock is 40 zones to  thc left of the  cloud. The thickness of the shock front and cloud 
gradient in the interface is two zones. 

We solve the tirne-dependent two-dimensional axisyinn~etric two species Euler equations (1) 
by utilize the  Harter-Yee type upwind T V D  (Total Variation Diminishing) scheme. ,4 more 
detail description on our numerical scheme can be found i11[4, 51. 

3. Visualization and results discussion 

The numerical shadowgraph, A p ,  is used to juxtapose contact discontinuities and shock fronts 
for numerical visualization. The nnnierical shadowgraph for a planar shock is shown in Fig. R 
for early time during which the sl~ocks crosses over the cloud interface. 

In Fig. 3(a), all three shock waves, the inc.ident, I, reflected, R, and transmitted, T ,  meet 
at a node, which is the well known Regular Reflected type refraction. .At the node where the 
incident shock meets the transmitted shock on the  iriterfacc, the pressllre attains its mirii~num 
value. Thereby an expansion wave occurs at  the corner between incident sllock and the interface, 
decreasing the strength of tlic incident shock and making it bend upstream. The plierloinenon 
can be seen in Fig. 3(b). When the incident sliock is a t  the apex of the cloud, tlie shock 
co~ifiguration is Mach reflection type of refraction, where a Mach stern, MO, rises on the interface. 

After c ross i~~g  over the apex, tlle shock is diffracted and cilrved back to meet the interface 
(Fig. 3(c)). The  downstream side of the cloud interface requires a decclcration of the flow ~vllich 
is generated by an almost normal sliock on the interface. The upstrearri traveling expansion 
wave accelerates tlie gas arountl the region of the tliffracting apex, and tlie flow behind the 
shock can hecome subsonic or supersonic depending 011 the strength of the incident shock. 

We now study the cavity implosion phenomenon and downstrearil coherent shock configura- 
tions. When the fast rnolring incident sliock (I)  t,ouches thc axis on the downstream side of the 
cloud, two curved incoming shock waves collide 011 downstrearrl side of tlie cloud. It generates 
a reflected shock (rI) from the axis. The sequencc frames of divergence, div U,  is shown i r ~  
Fig. 4. In Fig. 4(a) here T and diT are the transmitted shock and its downstrean~ component, 
separated by a sharp kink, frorn which the corner shock (CS) emanate. The corner shock in- 
teraction with the cloud interface, creates the secondary positive vorticity. Tlie ca.vity collapse 
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cavit>- occurs iri Fig. l i b ) ,  where a "hcxabasic. point" F a.ssociate n-it11 t l 1 ( ~  tlirre i1ioc.k-. I . 
OiT. allcl r l .  foc~~sir ig  illside of t he  cloud. 'The seco~id  dominating f i . d t ~ ~ r e  i r ~  Fig. l (<i .  1 ) )  is tlic 
itl-orig vortex roll-up at  t he  dowrlstream side of tlre cloud. Tlic don.~istr .ea~n m(]\ illg slioclis a1.r 
gcneratctl in this regiori i~ idicated by tlre wave front, "JIS", ill Fig. 4. l \ e I ~ ~ i ~ i - H t ~ l i ~ i l ~ ~ ~ l t z ~ ~ I ~ l l ~  
i~lstahilit. del.~.lops 011 the  I~itckside of the  clouds induced by tlre iritcr,<ctio~~ I ~ c t \ . - c ~ ~ ~ r  ~.i,flcctcci 
;iriti ciifFrac.tec1 bliock. l 'lie sh0~1i interaction r c s~~ l t , s  thc. l a ~ n i n a r  or t111,1)11le1it 1)~1~11!c l i ip .  ! i i > i > r  

d lo~ig  the  i~ilerface arlcl a local flow scl)aratio~i. 

Pig. I 11o1v. that  the  cavity iml)losiorr d(:velol)s a sigllific*!it ..~ccc~~rciar.!. ~liocl<" I 5 5  l .  

n~Iiii.li ~ x o l ) a p ; i ~ e >  ton.artiq tlle c iownstrca~~l  side and in tcrack wit,l~ t l ! c .  l)r~.tilri)eil \.urtez rcyiorl 
I I P ~ ~ ~  the i i : t~rface.  l I r i  ..iecoliditry sliock" is t l ~ e  ~ l l a j o r  clrecl or] tlie e\.ol~i!ioii of tlie l.ortc,z 
~nus l~ roorn  ( o r  I t -  I iiligers i and the  '.rscapctl of vortex projcct i le~"  ;I- t l i ~ c i ~ ~ ~ c c l  l ) e l o \ ~ .  

Due to t h e  rapit1 forniation of vorticity in tlie regior~ of the  l lacli  ilisli a i ~ d  the  i~itc.r,ictiol~ 
11etwcc~11 reflectrd iliock with Mach s tem,  !2.1S1, t l ~ e  flow in the  rcgio~i of tlie .\Iai./i ilibk is 
accelcl.atec1. Tlic l l a c h  ~ i l ~ m b e r  in t l ~ e  the  region a t  tlie vortex clipolc. .\f q 2 .  rlra!. hetorlies 
great er tlla11 11l;lt or1 tllc l tac l i  stclrr, AIS1. h i  this ca.se. a shock i~iteractioil  O ~ C I I ~ '  i ~ c ! t ~ \ - e e ~ ~  these 
tn.0 \lac11 .llocli~, I-Sle sliock configuration in tlre Triple Mac11 Rcilectio~i rrgioll i k  i l l r~ i t r a t e~ l  i ~ i  
1,'ig. .i. \\-liicli co~lsist-  of : three triple-points ('I'Pl, '1'1'2 and TP.3):  l l a c l ~  itt>ini I \l,?':. 
a l ~ ( i \ f  c ' , ) :  ~~rl iec te t l  ~ 1 1 0 c l i s i R I ~  H2, ant1 W3); arrtl slip layers(,S1, i'?. a11~1 , \ ' : I .  5iric.e tlio \lac11 
s l~ock Jf..;'3 is qc~lieratetl 1,- the  axial vortex projectile, tlic st ,rengtl~ \I , ' ,  \:.ill i l c r r c~a~c~  \;.it 11 

\-orticit!. d i f f~~i io i i .  

The  t i~ l l e  allcl the  l i~agrii tudc of the ~ n a x i m m n  pressure arising irisitle tlic~ c lo~~c l  tlil~.irig tile 
c;t\.it>. ii~rpIo.iorl are ~ l i o w ~ i  in Fig. 6 for dilrerent Mach 1nnri1)er. 11=10 a ~ ~ d  .\l= 10. If \\-I. 

assuIne that  the  cavit!. collisio~l is an  incide~it  s l~ock refloct,ed a t  dxis ill tire cloiicl: I lit-. ratio 
Ijcit1vee11 prrssure Ihel~iritl the  reflected sllock, p3, and pressure I~clliriti t i r c .  trnribll~itteti \liocli. 
112 c211 1be ~vrit terl  as foll~jivs according to  t,lie shock relatior~sllip 

Here ,l = %. tile q1111scril)tions 1 ,  '2. and 3 indicate t.he states at in front of tlle iliock. l~ellirlti 

and iri front of tlie tra11'1llittcd S I I O C I ~  ill the  cloud. Accortiirlg to  \:h. if tlie irlriilent ~IrocSi 
i~ s t ro~ ig  enol~gli i o  tha t  I\-(, can assllInr t , l~at  --i m; thc  al)l,ro\-in~,it F. erl):.cc.iorl for the  

1'1 
r n a x i m i ~ ~ ~ i  \.<1111t.  i:! tile i.101111 can l)(, ~vrittcrl as 

111 case -, = :. tllc. n i a x i ~ i l l ~ m  presslll-r is about 6 t irr~es higher than  tile precsllre 11rhi1ltl tile 
traris~ili t tcd shock n.lieri t he  shock cavity implode i11 thc  cloud (see Fig. 6 ) .  

4. Vorticity deposition and R-T instability 

The  \.orticit?- dc~josit ion is t l ~ e  dominant fluid dynamical process d u r i ~ i g  tlie iriteractio~i 1jetn.er11 
a .hock \\-aye a11d a dcrisity-stratified interface, wlliclr results in tlrr "Rcyleiglit-Pa! lor" or tlie 
~~Itirht~~i~~er-lIcslilio\~" i~lctal)ility. 'rhe physical phenornerra of tlie \.orticit!- ge~leratioil 011 the  
-loud car) l ~ c  co~r~itiercrl  a. t,hrec tlistinct pl~ases:  thr. vorticity tiepoiitiori phase ( i  I vcilil(~ t lie 
;hock strikrs the tlelisit> inliornogr~reity, wl~ich p rod~~c : r s  a 1ayc.r of ricgdt i \ e  ~.ortic.it>. cli~c to 
~ a r o t l i ~ i i c  effrrts: tlie \-orticity (or positive vorticity) accelcralecl gericratio~l l,ll'ise i i i ) :  111i. 



gorreratio~i of the positive vortic.iiy is associ;rtetl with ~.cflcc.l,ed i11c.ide11t slio(.Ii on axis and 
secondary shock interaction whicl~ generated 114. t,11(% ca\rity irnl~losiorr i r ~  th(1 c.lolltl; the vorticit y 
evolution phase (iii): coupled \vitli secontiary I ~ a r o c l i ~ ~ i c  cff(~cts, which tirivc tlre flow af1,c.r thc 
primary incident shock leaves the interface. 

In Fig. 3(a),  a negative vorticity layer is tleposited along the c l o ~ ~ t i  intc.rfacc.. Fig. 3(c) 
and (d)  show that ,  after the i ~ ~ c i d e ~ i t  sl~ock rnovcs over t,lle top of thc 11ubl)lr it curves 1)ac:li 
to  meet, the interface car~si~ig 1)y an c,xpansio~~ wave to be gmc.ratcd arol~litl t,hc back side of 
the interface. The intcraction between reflcc:tcd slrock a11t1 diffracted sliock on t h ~  dow~~s t rca l~r  
side of the cloud takes an very im1)ortant rolc o ~ l  tlic vorticit ,~ gencr;ilion. It, will 110 tloul~t for 
strong iricident shock de\~elop illto vortrx s t r u c t ~ ~ r c s  in tlris rc,gio~~, leadir~g to t,ilr1111lr>11t ~nixilig. 

Tllc Phase (ii) is started at  t.irnc xvhile t,lic: i~rcid(,r~t slioclc t o ~ ~ c l ~ e s  to tlre axis on t.lle t1owr1- 
stream side of t l ~ e  cloud. i.he reflected incide~rf. shock ir~duco to positive vol-ticity f,o be accclc~r- 
ated generat ion. I11 Fig. 7 we show vorticity /tlcnsity sequence i~nagcs s t a r t i ~ ~ g  at phasc(ii) for 
Mach shock, hZ=4O. These positive vorticity generation can be explained by ( 1 )  the interac- 
tion betwee11 the reflected incident shock on (.he axis and the dorisity inllomog~neities: (2) the 
secondary shock which is associated with shock cavity irnplosio~~ strikes the interface frorn the 
inside of the cloud; (3) the shock interaction ~ I I  the region of the Mach disk where a vortex 
dipole occurs. 

Next to  the phase (iii), we also see t l ~ e  vort,icity evolution in Fig. 7 from (h) to ( d ) .  In 
Fig. 7 (a)  the region of downstream vortcx is dcvc.loped as i , l~e i~icitlent sliock passes over or1 
the downside of the cloud. ?'he vortex shcar Iaycr or1 the rcgio~r of the Mach disk n~oves ill 
r-direction accompauy with the vori,icity diffusing. I11 horlt of t l ~ e  interface. the vortex laycr 
develops a weak r)erturhat,io~i causing strorig "I<elvin-Hel~ulloltz" insta1)ility. If, rolls-up arid 
merges with other vortcx rings on the apex of the cloud with the vortex evol~~t ion .  7'he slualler 
vortex ring has already developed into a rnushroo~n on the front side of the interface which is 
shown in Fig. 7(c). 

111 Fig. 7(c) and ((1) we see clearly to  the p l i e r ~ o ~ r ~ e ~ i o ~ ~  of escaped of vortcx projectile. 
The forn~ation of vortex projectiles is duo i.o sevcral effects. Tlic dominant effect. arises from 
the bi~ldirrg of parts of tlre original primary (-) and secondary (+) circulations near tlic apex 
of the bubble. ('I'lie latter is deposited 113; the tiownstrcarn r-directed sec.ondary shock (SS)). 
The biriding is enllanced Ily the d o n ~ i ~ l a n t  negative circulatio~i regior~ which separates f r o ~ r ~  thc 
do~vnstrearn bubble. Smaller projectiles arise from other hindir~g processes. 

These "vortcx projectiles" (VP) Inay lie111 interpret tlrc, so callcti "li~lot-like ol)Jectsn seen in 
astrophysics that have escapc,tl from their source of t11e origin. 

5 .  Conclusions 

Tlit: incident shock is diffracted after it passes the apex of t l ~ e  cloud. The interaction between 
interior transmitted slrock anti dow~lstrea~n t,hr axial-reflected illciderit shock affects the 
collapsi~lg cavity. Arr axial s~~l)erso~iic. vortcx ring emerges fro111 the axial Mach disk which arises 
frorri collisior~ of shocks or1 the dow~~strcarri side of the cloud. The generation of "vortex pro- 
jectiles" arises from several effects on tlic downstrcarri side of t,he bubble. Ejected L'musllroom" 
consist of two adjacent eddies which l l a \ ~  opposite signs of circulation. 
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AMBIENT / F K U ' A V E  

Figure 1. lnitial and l101111dary conclitions f o ~  the sl~ockcd-cloud intc,raction. 

Figure 2. Schematic of vortex projectile 

Figure 3.  \'orticit.g/Numerical shadowgraph, Ap, for sl~ock refraction on the cloud interfacc at  i~~i t ia l  
time. 



Figure 4. C . Z patterns for shock cavity implosion. 

Figure 5. Configllrdtion of "Trlple Mat11 reflectio~i" 

F i g u ~ e  6. Maxirnurn ~nagni t~ldes  of Pressules in Megapascal normalized time t l t , .  

Figure 7. Vorticit,y/Density seyilence irrlagcs for Mach shock. M=40, a t  later timc. 
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Abs t rac t :  Tlieorctical and rlumerical sti~dics of 1,hc Ricl1f,myc~rh4eshkov J R M )  instability arc, 
nai~ily perfor~nctl i11 plan(, gcornct.ry. In nlost pliysical al~ljlicafions-sucll as, Inertial ('onfir~e- 

~ n e n t  Fusion artd i~r  Sl~pernova~-tlic ItR,I instability occurs in c ~ ~ r v e d  geornet,ry. LVe prcsc~~it. a 
~~unler ical  study of the Rh1 instahility i s 1  cj.lindrical geo~netry. IJlistahlc finger growtli drix7c11 
11y sliock waves of various 1 I a ~ I i  I I I I I I I ~ C ~ S  is stndied. A scaling law for lnaterial i~lterfaces clrivc,~~ 
11y s tro~ig el~ocks is itienlifictl. 

:L. Introduction 

Iticlit~nyer \~feshkov (Ith4) inst,ahilities play an irnportarit in t.hc st,udies of Ilic~tial Corrfinc,- 
rilerit T.'irsiori arid Supernova. 111 l,ot,h of tliose a~)plicatiorrs, t,lic ir~stal~ility occurs i l l  spl~erical 
geornctry. Silmcrical simulatior~ of t,lie HM instability in sl,hcrical geoinetry is c.om~)i~tai,io~ially 
x.c,ry cxpcnsive, i f  it is possiblc at  all. Hero we present a mlr~~erical st,ucI>- of !,he Ric11f.myer- 
b/leslil;ov inst,al>ility i l l  cylindrical grorrietry. ISarly work on R M  iristal~ilif.ies can be follntl in 
and t racctl fro111 [ l ] .  

Curved geolrietry co111l)licates f he sys tc~u  cor~s idr rab l~ .  I2or cxaml)le; t,Iie ~ l r l p c ~ t u r l ~ e d  sys- 
t(>sn tloes 11ot have a11 alralytical solution, wliile tlie ~ ~ r ~ p e r t u r l ) t d  systc~rii i l l  georl~etry 
tloes. 7'11(1 occurrclice of re-acceleration or reshock of tl~ct material int,erface c.ausc>d 11y t l~ '  
wa\.cs reflecting Imck f ron~  tlic, origi~i is unavoidabl<s il l  c.l~rl~c\ti gco~nctry. 111 1,lallc gcoiilct,ry, 
one needs o~i ly t,o dist,i~ignisll 11etwcc.11 t l ~ e  cases of th(' ilicitlent sliock colliding wit 11 tlie n~a tc~ . ia l  
i11tt.raco frorn tllc light and lieavy fli~itl pl~asc,  ~vhile i l l  curvod geometry, o ~ i e  ncc,tls firrtlier to  
tlisti~lguish bct.\vec~r the cascs of an explotlirlg sliock and all imljlodi~lg sl~ock. 111 plancx georn- 
cl,ry, tlicrc: are two classcs of R M  unstable sj.stems: a sliock wave collides wit,h the material 
i~lterface frorn tlie liglit f l ~ ~ i d  phase to  the heavy fluid phase and vice versa. 111 curved gconietry, 

8 > t,lierc: arc, four classes. I tie first class is a shoclc wave cxplo(iing from ligllt. fluid t o  hca.vy fluid 
(ligl~t-explodiiig-lieavy). The secorid class is a sllock wa.ve i~rlplotlirlg fro111 light fluid to  hcaxry 
fli~itf (ligllt-i~ill~lotlir~g-lieaxiy). 'I'lie tlrird class is a shock wave exljlodi~ig f r o ~ n  Ileav); fli~itl to 
lit;lit fluid (hea\,y-exploding-ligllt.). I'hc fourt,h class is a sliock wave imploding from 11c:avy 
f l ~ ~ i d  to light fluid (lic:a\~y-i11iplotii11g-ligl1t,). 'I'heso four classes are sk(:tclicd in Figl~res l (a)  ( d ) ,  
rc:spcctivoly. This classification can also he used for the RXl instahility iu spl~ericai gcXornctry. 
111 Figure 1. as n.ell as i l l  otlic!r figllres, only tlic results ill t.11~ first quadrant a.re slio\vlr. For all 
r~unrerical results shown i l l  this paper, the liglit fluid is Air. and t,he hea\,; fluid is SF(;. 
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Figure 1. A classification of RM trnstal~le systems in c~~rveti geonletry. (a) Class 1: an incident sliock 
propagates outward from the liglit fluid toward the heavy fluid, (light.-exploding-hea\,y). (h )  ('lass 
2: an incident shock propagates ir~ward from t,he light fluid toward t,he hcavy fluid. (light-ilnl)lodirtg- 
heavy). (c) Class 3: an irtcider~t shock propagates o~lt,ward from the Iieavy fll~itl t,oward the light fluid. 
(heavy-exploding-light). (h) Class 4 :  an incident shock propagates inward from tlie heavy fluid to\vard 
t.he light fluid, (heavy-imploding-light). 

2. General features 

The general features of the developinent of the Rhsl int,erface i r l  cylindrical geometry are ex- 
plained and shown in Figure 2 for Class 2. Wlicrl arl incident sliock collides with the rilaterial 
interface, it bifurcates into a transmitted shock (TS) and a reflected wave (see the upper lcft 
frame of Figure 2).  This is the hifi~rcation stage, or the shock-contact interaction stagc. In 
this case the  reflected wave is a shock (RS). Depcndil~g on the ~nater ial  properties of tlie fluids 
across tlic material interface and the i~lcidcnt sliock st,rcngtli, the reflected wavc can be either 
a sliock or a rarefaction wave. For tlie ~najori t~y of real gases, tlie cr i t~r ion is f,llat wl1e11 the 
shock collides with the material interface from the light fluid phase to  the heavy fluid phase, 
the reflected wavc is a shock; otherwise, it is a rarefaction wave. Here heavy and light are 
measured in terms of acoustic irnpcdance, pc, where p is tlie density of a fluid and c is the 
speed of sound. A more general theory on tlie reflect,ed wave type can been follnd in [2]. At 
the end of the interactiori stage, both the TS and the reflected wave detach fro111 the material 
interface. One wave propagates away from the center (or origin); and for an open space, the 
outgoing wave will not interact with the rnaterial interface again. The other wave propagates 
toward the center (or origin). Accelerated l)?; the incident shock, tlic material in1,erface becomes 
unstable and fingers grow to form spikes of heavy fluid ant1 bubbles of light fluid. In the upper 
right frame of Figclre 2, the RS has exited the corrtplltational domain, and the TS is about 
to enter the origin. Later, the wavc which moved toward the ccntcr reflects back from the 
origin. .4s the reflected wave propagates from the origin, it collides wit,lr the material interface 
again, which is known as resliock (sec (,lie lower left frame of Figure 2). A second bifurcation 
occurs. Thus, the occurrence of resliock is una\~oidal)lc i l l  cc~rved geometry. It can be scs!n in 
the lower left frame of Figure 2 that the hou~iced-fro~n-the--origin TS is nestled between the 
peaks, and the reflected rarefaction (RR) is forming arltl beginning to move toward the  origin. 
The reflected wave is a rarefaction in tliis case sillcc t.llr3 I ) o r ~ r ~ c t ~ i  sllock wa.s traveling througli 
a heavy fluid to a light fluid. During the resliock, the shock wave travels from the heavy fluid 
to the light fluid for Class 2 shown in Figure 2. This causos a pliase inversion at  the material 
interface-namely, the portion of fltliti in one region which appears in the figure as valleys (and 
are buhhles of light fluid) and the other portio11 of fluid which a,ppears in tlie figure as peaks 



Figure 2. Evolution of material intc~rrare for Class 2 at i = 0.21.2.0,3.9 and 4.2. Tllc. figure. shows: 
:upper Icft) i~iterfarc after bifurci~tion, r.cflect,c~d ~ h o ~ l i  (Its) Inoyes radially inwartl, trar~smitl.c~tl sl1oc.k 
I~TS) rnoves radially outward; (~lppcr  right,) RS txitc~d r o ~ n j ~ ~ ~ t n t i o n a l  domain. TS ahor~ t  1.0 c n t , ~ ~ .  origi~l; 
(lower left) 1's hour~ced back frorn origin kund reshocked tlir rr~atcrial interface, callsing pt~ase in~~crs ion;  
a n d  (lower right) nonlinear. finger groxvtl~ a t  latv ti~ilt'. with c.omplet,cd phase invclrsion. 

(and a r e  spikes of heavy fluid) pr io~.  t o  resllock will s t a r t  t o  cllangc positioris after res l~ock aritl 
:hock refraction. T h a t  is t o  sa.y that, t h e  valleys (hu l~ l ) l r s )  will become peaks (spikes) and t l ~ e  
peaks (spikes) will hecorr~e vallcys (111lbhlcs). At later t,ilne, t h e  ~ l o n l i ~ l e a r  fiugcr growth l ~ a s  
formed illto t h e  fill1 huhhles of light fluid and spikcs of hca\.y fluid with ttie farrliliar ~nrrshtoorr~  
t aps  at, t h e  t ips of t h e  fingers (see tlic~ lolvcr right frame o f  F ig l~ re  2).  Hy cornpari~rg f.lic rlpl)er 

right f i-a~ne with t l ~ e  lowcr right f r a ~ n r  of Figl~rc. 2, olie can see t ha t  tlie fingers a1 the  ~ r ~ a t r r i a l  
interf;tces have been i r~\~er tc t l .  



3. Nonlinear finger growth driven by weak shocks 

The growth rate of the fingers at  a HM u~istablc ~llaterial interface in the lionlinear rcgirrie 
is one of the most important pliysical quantities. The overall growth rate and perturbat ion 
aniplitude are defined as 

,U = ( fmaZ - i.rnz71)/2 and n = (I.,,, - r  ,,,,, )/2, (1 

where r,,, and r,,, are the maxiinum radius and minimmlm radius of the perturbed lnaterial 
interface, respectively. In this s e c t i o ~ ~ ,  an cxplai~ation is provided for the ql~alitative hehavior of 
the growth rate for an incident shock ilnplodi~ig froni a light fliiitl to  a heavy fluid-namely, Class 
2. We specify the ur~i ts  used to present the rcsults. 'I'lie di~nensiol~less radius ailtl tli~nensionless 
velocity are 

r 
r =  - - 71 

and 71 = - 
flo CV, (2) 

respectively? where KO is the mean radius of the material ir~terface ( the radius of the unperturbed 
interface) at  t = 0. 1.1: is 111e speed o f  the incident shock. 'I'irese u~l i t~s  determine dinlcllsionless 
time 

In these dimensionless u~l i ts ,  the initial Iocat,ioi~ of the material interface is given by i: = 1 + 
&cos(n*), where nj = aoll&, is a dinlensionless perturbation amplitude, and a. is a dimensional 
perturbation a.mplit.ude. A t,ypical result shelving the Ilist,ory of t , l~e dimer~sio~llcss amplitude 
growth rate i ( t )  and din~ensiolllcss perturbation amplitude a ( t )  versus dimensionless time from 
numerical simulations is de~nonstrated in Fig~~rc: S for a system in Class 2. 111 this ca.sr, a shock 
of Mach number 1.2 propagates from air to SFc,. The dimensionless perturbatior~ aliiplitudc at  
the initial material interface is = 00.03. These physical paranicters are take11 from the 
experiments performed in plane geometry [3]. \,VC; discuss several regions of the growth rate, 
particularly those peculiar to  tlie effect of cur\.ature-such as, reshock. The irnplosiori of the 
incident shock causes tlic: r~~at ,er ial  i~lterface to move toward the origin at  the early stage of 
tlie development of the finger growth and coritirlues to do so until the transrr~itted shock has 
bounced back from the origin. This can he seen ill the upper right f r a ~ n ~  of Fignre 2. By i = 2.0, 
the reflected shock has exited the co~nputational dornairl, and the t ra~ ls~ni t t ed  shock is about to  
converge at  the origin. Since the wavelength dccrcases as i,he material interfacc Inovcs inward, 
a t  early til-ne, the growth rate in the imploding case is higllcr than that in the planc gcoirietry. 
l 'his can be easily underst,ooct from the fact that  thc linear grocvt.ll rate in plane gconlet,ry is 
inversely proportional to  the wave length. As the ~natorial i~~tel-face Inoves closer to tht, origin, 
the velocity decreases. ' rhe slow tlown of the \~elocity field causes tllc sloiv dowli of the growth 
of the fingers at intermediate times (1.6 5 i 5 2.55). 'Tl~e ~.eslloc-l< can be seen ill thc growth 
rate graph as thc st. t~,p vertical j u r ~ ~ p  ~ ~ I V I I  a t  1 = 3.2.5 ancl t,hc kii~li i l l  the  a~liplit.ude graph at 
the same time. The phase i~lversion process call I)(> sc.cx1~ i l l  t i i ( >  growtlr rate (Figure 3(a.)) taliir~g 
place from the tirne of reshock a.t 7 = 3.25 and continuing until approximately i = 4.1. I t  call 
also be seen in the amplitude graph Figure 3(b) a t  f = 3.75. Secoridary shocks also for111 ill this 
sim~~latiorl and propagate radially outward. They hit the material intcrface Iwfore the reshock 
caused by the wavc bouncing back from the o r i g i ~ ~ .  'I'his is seen i l l  I,l~e slight bump in Figure 
3(a) i r ~  the time irltcrval 2.85 < f < 3.1, which is jnst bcforc t,l~o reshock. There is a significant 
alnount, of wavc interaction inside the region hetwec~l the reshocked ~llatcrial interface anti t l ~ e  
reflected ra.refactior1. 'Thc highly llollli~lear activity there accourlts for the series of reshocks (or 
oscillations) see11 ill IY'igure :$(a) a t  f > 4.18. 
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4. Nonlinear finger growth driven by strong shocks 
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Figure 4. Scaled growth rate and scaled amplitude versus scaled time for Class 2 with various strong 
incident shocks. 

In Figure 4, we show the  growth rate arid amplitude of perturhatior~ at  the  material i~~ie r facc  
in Class 2 driven by shock waves of various Mach ~iumbcrs. The rcsult,s of growf,li rate for 
incident shocks of Mach liurrlber 121 =1.2, 10, 15, 40 and 100 are s111)erimposed i11 Figi~re 
4(a) and are show11 ill terrris of dimensionless velocity arid dirnelisionless time. 'I'he initial 
(11reshoc:lied) di~ncnsionless perturbation alill)litude is n/Ko = 0.033. 111 Figure 4(1)) we sliow the 
corresponding scaled dimcrisiorlless ~ ~ e r t i ~ r b a t i o n  amplitude as a function of tlie dirnerlsionless 
tirne. Figure 4 showed that  once tlic Mach number of the incident shock is larger than 10, 
the scaled quantities are no longer sensitive t o  the incide~it shock stre~lgtli. Therefore, R M  
unstable systems driven by strong shocks satisfy a nice scalirig law. Let vhf ,( t)  be the growth 
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A b s t r a c t :  .A rr~aterial iriterfact~ 1)etwc~rli two c:oml)rr~ssiljl~~ fluids of different, tlctlrsity is unstable 
rrnder the accc.leration of a slrock wave. 'I'l~is insta1)ility p l a y s u ~  importnnt role in inertial 
corili~icmerlt fusion and slipernova. 'I'hr iiriear t.lreory a.nd tllo i~npl~ls ivc niotlel providc clliali- 
t,at,ively irlcorrect predictioris for the growf.11 of the fingers at  tlrc, unsta.l~le material iriterfac.(> at 
interlncdiate ancl late t,inles. LV(' ~)rescxrrt a no~~lirlear 1,lleory oT Lhc, growill rates of tlic spikes 
ailcl I)ubblc at  Hicl1t111yc~r-1\Iosl1liov ~iristaljlc iliterfacer of arbitrary tic,nsity ratio. It has hcc.11 
sl~owrl prc,viously t,liat our t,Ireoretical prctlictions are i r r  rernarkal>le agreenic~r~t wit11 the rc.sults 
from full nll~rlerical sirriulatio~~s and c~xperinlents for s y s t ( ~ ~ r ~ s  \vit,l~ 110 phi~se i ~ l v c r s i o ~ ~ .  I-Ierc we 
sl~ow that, the predictions of the t lieory are also in gootl ag~,cf,lnent with t , l l r>  rc,s~ilt s f r o n ~  full 
~~urrierical sirr~rilations for systeins wit,h ~ l l a s e  invc,rsion. O r ~ r  theory is based on t. l~e ~nc%t,hods o f  
Pad6 approxi~r~iit,ion a r ~ d  asyml)totic niatchii~g. l ' h c  validit)- of thcse rnetllotls is also tliscr~ssed. 

1. Introduction 

'rllc s t , ~ ~ d y  of irr~stahlc interfacial fluid rnixing ciriven by s1ioc.k wavrs has l~een carricd 0111 over 
thrce dcc.aties sincc the first, theorrtical 1)rediction of the ins1,al)ility il l  1960 IT,] antl the first 
cxperime~ilal confirmation i11 1961) [2]. Most p r e \ ~ i o ~ ~ s  theoretical st~idies have foc~iscd or1 the 
growth ratf, in ttre linear (small a~nplitrrtle) reginre. ' l ' l~e linc>ar i~nl)rrlsive rrlodcl ~)roposcttl hy 
Richtmyer [Fj] is a widely used tlieoretical   no del. 7'11(, rnodrl a~)proxirnatcs tlie incident sl~ock 
as an i1r1~1111sive force ancl the postshocketi f l ~ i i t i  as ir~corl~pressihlc. Tlic solut,iorr of lllc liric~ar 
i~l~plrlsive  nodc cl is 11""" = =(I, , ,  wlrerr U = - A r1.4k. Atr is tlrc, tiiffcrc~~ce ljctween tlrr ~ l~oc l ied  
ancl 1111s11ockcd nlean int,c>rfacc velocities, and :l = (p' - p ) / ( p l  + p) is the ~ I t ~ v o o d  r11rrril)cr. 
ancl p' arc tlie fluid densities Iwt~iild tlic, rellcctc>ti lvax7c> and t l i ( .  l,rarlsnritt.c:d sl~ock. ~~c,spcxc.ti\.rly. 
no is tlio I)t>fi~ho(:lic:d ~jertlirl)atioii i ln~~jlit  r~df~  at t Ire int,c.rr;~ce. I"or weak shocks, the predict,ion 
of irnl)~~lsi\ .c ~notlrl  agrc,c3s quite tvc,ll wit11 the i~sy~npt,otic growtli rat(. Srom t,Iie 1inc:ar bhcory for 
co~rrpressil)l(~ fluids. A systc~lratic corr~parison ijetwc>rn th(, ions of the in~l)ulsivc~ rllodcl 
and tire solution of the l i~~earizcd Eulci equations slrowwl, I~owever, significar~t disagreemc-II~ in 
certain physical parameter d o ~ n a i ~ i s ,  ii~clridi~lg strong shocks and dissimilar n~aterials [7j. 111 
.my case, linear tl~eories are valid only for srnail a~nplitudes and consequently for s111al1 tinles. 
\2:11en applied to  the initial arnI)litudes of typical wc.alc shorlc experi~rie~lts,  t.he in i~) r~ ls i \~e  rrrodcl 
(3grees with the lincar theory ill the region wl~erc tlie linear tl~eory is 110 longer valid. 

I-Iecllt et tr1.l-lave developed a Layzcr-type potential flow 111odel for the systern of ilifinity 
(ierisit); ratio and deter~nirreti an asyrrlptotic. 1111bhle growth rat(, of 2ICEt [ l ] .  hliltaelian Iias 
found an analytical sol11t.io11 of t l ~ i s  rnodel for a particular initial c:orrditiol~ 141. Zllalig has for~rld 
i,li(> analytical solution for arbitrary initial conditior~s anti has filrt,l~er ext.ci~tied tlic. rnodcl to 

hlore informatior~ - Emall: zlrangKfiams sl~rlysh cdu o r  sonsiii'itrl~s su~lysl) rd~r 



spike [S]. T11e analyt ic:nl sol~lt.ion de~.ived 1,)- Z , l la~~g st~orvcrl t l~;lt  for :I = l liie s11ike gro~vtll 
rate reaches a constant 181. 

In this paper, we present a quarititative theory for the gl.owt11 rates of a si~lgle b ~ ~ l ) l ) l e  and 
spike in compressihle fluids of all density ratios and for time periods ant1 i ~ i t e r f a c ~  a~nplit,rrties 
from tlie linear into the no~~liliear regimes. The results presented here arc t.lie first analytic 
thcory with these capabilities. 

The following three main steps are key to our analysis: (i) nonlinear perturhatior~ solutions 
(Taylor series in the arriplitude of tlie initial ~)erturbation) truncated at  finit,(: order (n  = 4 hcrcj 
for ir~cornpressible fluids; (ii) Pad6 approxiniation of the finite 'raylor series; (iii) h,fatching of 
thc linear compressible solution a t  early t i~nes  ancl tlie nonlincar incon~prcssihle sol11tio11 at  
latcr times. The methods of Pad6 approxiirlation hy a finite Taylor series ancl of asymptotic 
matching were first introduced into the s t ~ ~ t i y  of Ricl~t~nlyer-R~lesl~kov instability by the ar~tliors 
[g], yielding an analytic t,lieory of the overall (con~biried l11111ble and spilte) growth rates in t,wo 
dimensions. A detailed prese~ltatiorl of our results can be found in [g, 10, 1 l ] .  

2. Physical picture 

Our theoretical approach is based on the following picture. The dominant effects of the corn- 
pressibility occur near the sl~oclts. Thus compressihility influences the material interface when 
the shocks are in the vicinity of the material interface. We assume that the initial disturbance 
at  the interface is small. Thus at  early times after the shock hits the material interface the com- 
pressibility is important and the nonlincarity is less important. -4s time evolves, the magnitude 
of the disturbance at  the material interface increases significa~itly and the transmitted shock 
and reflected wave move away from t h c  interface. 'I'he effects of co~~~pressi l~i l i t ,y  are red~~ce t l  
and the nonlinearity associatcti with a largc interfacc a~npli tude starts t,o play a dolniria~it role 
in the interfacial dyr~arr~ics. From this pliysical 1)ic.ture. we sec t I~at, a t  early tinles the dyria.~~iics 
of the system arc mainly governed I I ~  the El~lcr equations for con~pressihl(* f l ~ ~ i d s  lincarized 
with respect to  tlie interface an~pli tude [>: 71: while at  later tinies tlie dyriamics a.re mainly 
governed by tlie norllinear equations for incompressible fluids. Our ~natlie~riatical approacli is 
to  determine the solutions at  early and later times separately. 'Then we ~nat,cli the two solu- 
tions t o  obtain a11 analytical exprcssiori which clla~iges gradrrally from one to the other. These 
matched asy~nptotic solutions give quantitative prcdictioris for the growth rates of the spike 
and bubble in compressible HM instability from the linear to moderately late nonlinear stages 
of the instability growth. 

3. Perturbation expansions 

At early time, srnall amplitude solution is given by the linear theory of the compressihle Euler 
equations. The solutions of the compressiblc linear theory can found in [S] for the case of 
reflected shock and in [7] for the case of reflected shock anti for the casc of rarefaction wave. 

iFrom our physical picture for R M  instability, thc system becomes nearly incorripressibl(~ 
at  later times. Therefore, we consider incompressible, inviciti arid irrotatiorlal fluids t o  approx- 
imate tlie late time solution of K M  instability. We have systematically derived the nonlinear 
perturbation solutions for such system. The detail of this derivation can be found in [ l l ] .  
Conceptually, one expands a quant,ity f in terms of no, i. e. f = fn where fn - (no)? 

For example, the velocity at  tlie tip of the sl~ikr. and the tip of bubble are given by 

vsp = ' U ( ' ) + V ( ~ ) + ' U ( ~ ) +  u ( ~ ) + ( ) ( ( ~ ) ~ )  and ? I ~ ~  = -U( ' )+  U(2) -u (3 )  + v ( 4 ) + ~ ( ( a o ) 5 ) ,  (1) 



\l(> ha~c.  n..umcc! ?l;at - n o  ant1 t,liat, or~ly o ~ r c ~  ~i iodc I ~ a s  he(.:, c ~ r c . i t c ~ i \  < i t  t : i r l t ~  ! = i J  

1 O I I I I : I C ' I ~ ~  olii). i ~ ~ ~ o i i i l ~ r e ~ ~ ~ i l ~ i l i t y  a l ) ~ ~ ~ . o x i ~ ~ ~ i t t i o l ~  is r i~at l<~ I~(:ro. ' I ' l ~ c .  i r n l ) ~ ~ l ; i ~ ( ,  i ; , ~ . c r .  ~ : l ) l ~ ~ ~ ) s i i n +  
tioii for tile i11ciilcl:t .hoe-k is not matlr. For incoml)ressil~lt. fluid. iI: . j \-( , ; i  l):! , i r i  ir:~;~iri.i~.c> i;ircc, 
at t = 0. otlicr ::iotlei cdrl also h r  rxxcitcti a t  t = 0. Tlic, rro~iliiic~,:r i)('i,l l:rl~iiiiol~ -c , l l~t ic) :~~ for 
i ~ : c o i ~ ~ l ~ r t ~ ~ . - i l ~ ! ( ~  I l ~ i i c I ~  c l r i x . ~ ~ ~  a11 in~p~ils ive force call l ) (% foulid i l l  16: for 1 lie t-a+e, of . 1 = l < I I I ( I  i ~ )  
-1  1 ;  fu1 < , l ~ ! l : ~ r t i r ~ ~  . l .  

\ \ ( S  c:~n~~lifii;  illat t1:t. ~iolililrcar per t~lr l~at ion solu1,iolis [~re~el i tc t l  1ie1.c ,trr not O I I ~  ti11<11 
resl~l t i .  Tllex. ~irt ,  o111>- ilitc~rrnediatc~ st.eps towards t l ~ e  constr~~ct , ioi i~ of l ' ~ i l ( ;  i ~ ~ ~ ~ ) r ( ~ x i l i ~ ~ i ~ i t ~ .  

111 grrieral. tl~c, lionli~ic:ar solutior~s given by the pc.rturhatio11 exp;lii~ioli tlo iiot collI.c,rgc: ~.;.lrc~:i 

t is large. Tlnlr \ye apply the techriiclue of I'adi. al~proxi~iiatior~ to tllc, pert~~rliatior! so l i~ t io~~. .  
t ' ro~n ( 2  I .  1 . ~ ~  and l.l, iI  call he expressed as 

n-here isa rrpreqerlts t he  overall groxvtll rate defi~ieti as ua = ;(L.") - t 3 i l l j )  a11d r e ~ ~ r r - e ~ l t s  
( r> ip  t i31,11 'I. Thcr~ \vr h a ~ r  

1 
= v0 - nouik2t + (.A2 - - ) o ; k 2 t 2  + O(((t, I' I .  i ii I 

2 

Ecj l~at io~;  ('1) i ?  liaieii ori tlie P: l'atld apl)roximalit wtie~i !l2- 5 i i iX . '  i i ~ i i i  0 1 1  tlle Pi1 fJatlh 
a p p x ~ x i ~ ~ ~ a ~ ~ r  \vlic,r~ i i i1c2 < :l2 - i. '1'11(! physical reason for cl~oosi~lg t heie Patlc: <ip],roxiin;t~it. 
i~ tliat t l ~ t ~  ox-erall gl.o~vth rate dccays at large times. 

i;i~~lilarl!-. ~ v c  coriitruct the I?,' Padh  approxilnarit for (10), and  tlie resl~lt i~ 

To chrclc the ~alitiit!- of Padd aplnoxirnation. WC, c-o~isider the i ~ l c o l l ~ ~ ) r c ~ ~ . i l ~ l c  i111iei. 11:i1ii 

.-l = 1. For this a?.kt  em. Hecl~t c l  n/.[l] have develol)ed a Layzc,r-1 J pc rrit ial fio;v ~notic,l 
for tlir huhhlc .  I t  liae heell shown that tlie numerical solutioll of tlie i . a j . ~ e r - ~ - p c >  iiiodel for ;i 

,ubLle i.: in escc~llerit agreelncrlt witli thc result of a full ~io~il inear  ~lurncl-ical 5ilnulatior1 aiiti 
-esl~!t.: fro111 confor~iial mapping for systems witli A = 1. In Figure i .  we silo\\- the coi~iparisor~ 
,11nong the predictions of tlie Layeer-type potential flow model, the prr t~~rhat ior l  ioilltioli~ gi;.eli 
,- j3i-(3I. allcl tile Pad4 approxima~its give11 I)y ( G ) ,  (9) and (10). I l c ~ r .  tile as~.n~lj tot ic  h u b l ~ l e  
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Figure 1. Colnpai.isol~ of the perturl~at,io~~ soll~tions givc~11 1)) (:I)- (S), t l ~ c  1'atlP r4l)r)roxiluatio11 gi\c.t~ l,!; 
( G ,  (9) alrtl (10), arld thc Layzrr-type poter~tial flow ~r~od(,l { l rc~ l~ t ]  for -1 = 1 .  Tlrc asylnpt,otic Ijr~l~blc 
growth rate of (.he I,ayze~t,ypc niodel is based or1 tlrc arral\.t.ic ~ ~ p r o s s i o i ~  2/ : Ik l .  I'hc 1);ira111etcrs her(, 
are nok = 1.0 = 112. 'l'he curves lal~c.l(~l a .  17. r and ( l  c.or.~.c~s~~o~id t,o I.!'). I .( ')  - v('), I , ( ' )  - I I ( ~ )  + I:('] 
and c ( ' )  - T>!2) + - resl)r~ctivr[y. 

growth rate of tllc Layzcr-type rrlodel is l~asctl O I I  tlte. a~ialytic exl)rcssio~~ 2/3X. t .  'Tlic 11ara111eters 
~lsed liere arc nok = 11" = 112. It is clear f r o ~ ~ r  Figure L ,  t Ilat, t l ~ c  rallge of tllc valitlit,~. of the 
pert,urhation solutiolr is srrrall, 1)1it. the rarlgc of t , l~e validity of t l ~ r  PatlG ; tppros i~ i~a~l t  is quite 
largc. 'liliis is all irr~porta~lt feat ilre of I'atli. aljproxi~natioi~. 

5. Asymptotic matching 

111 ordcr to o l ~ t a i ~ t  a ~ l o r ~ l i ~ ~ e a r  theory for c.orr~pressil)lc fluids.  MY^ a1)1)14; t hc tccl~i~icllrc~ o f  ;isj.ml)- 
totic 1natc.hirlg to  co~rrl~iuc. the early tirr~c, c.orrrpresui11lc. lillctar sol~itior~ wit11 tlir 1atc.r tirne 
i~~comprcssiI)lc, r~olililicar solrttior~. ' 1 1 1 ~  teclillicl~~cs or asyliiptot,ic ~ n a t  cliilig were dr\.clopctl in 
l~ountlar!; 1aye.r I)rol)lrrr~s. 111 a bountlary 1ayc.r l)r.ol)le~i~. tlic ci\.lia~nics i l l  a thirr layer rtc>xt. to 
tl~c, Ijort~~dirry. calleti i~iner  layer, is cjuitc. tiilf(,rc,nt fro111 tl~c' tlyr~a~rrics i l l  tile region away from 
the hol~ndary. c a l l ~ ~ d  or~t,er layer. One detcr~nitrc~s the solutio~i i l l  tlic i l ~ ~ ~ e r  layer, called i1111r.r 
so111t iorr, i t r l t l  t h r  solllr.io11 at  the outer layer, (.allet1 outer solutioli. scl)arir.t,rly, a~i t i  1natc11 tl~c,se 
t ~ v o  solutiorrs f o forlr~ ~natclled asyml)t ot,ic.s. Sir~c.c, our s!.str~n is all i t  l i t  ial value probIc111. rat.her 
t l ~ a ~ i  a houndarj- \lalue problcm, a l ) o ~ ~ r ~ t l a r y  coriditior~ is rc,plac:c,ti 1jy the initial conditior~s and  
t l ~ e  sl)at,ial \rarial)le is replaced by tllc tc~ilporal \.ariablr. lu our case. tllc ir~r~c,r solution is 
t,he li~iear compressible solutioll and t l ~ c  o~t,c.r solr~t.ion is t,he ~ l o ~ i l i ~ l c a r  i~~co~rr~)ressihle  solu- 
tion give11 by (9 ) .  ' r l~ere  are several ways to nlatcll asylrrl)t,ot,ic.s. 'Tl~e essence of the ~nai,c.llet-l 
asymptotic tech~iique is to blend the i~ i~ i ( ' r  a~r(i o111c:r so111t.io11s ~111oot111y. Tlie facts tl~at,  (9) 
approaches v. at early t i ~ n e s  and tllat t h c  growt 11 ra.tr of tit(, lirlcwr t11r:ory for compressil~lc 
f i ~ ~ i d s  approaches a11 asymptotic constant I:?,, at  1i~tc.r ti~rres sl~ow tliat a sirril)ly way 1x1 achieve 
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E ~ ~ I I I . P  2 .  A co~iiliarisori f01. tlrr growth ra1.c.s of the bubblc t ~ n d  spike at ( ; I )  Sl'i-:'ai~. and ( 1 1 )  
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Numerical Simulations of Rayleigh-Taylor Instability 
with the Simplified Reynolds Stress Model 

2. Zhang and J. Wang 
I,a\,oratory of ('orr~putational I'hysics. I!AI'(:'lI. 13c\iii11g, 1'.1t. ( ' l ~ i ~ r a  

Abstract: 'I'lre Kayleigli-'l'aylor instal~ilit.y is i~lvcst igat(,tl ~ r i t  1 1  l I) co~lil)rc~ssil,le hytlrotIyn;\~>~ic- 
cotlc where the s in~~~l i f i ed  Reynolds-st ress ~notic.l is i ~ n l ) c d ( ~ i .  'I'lie mod(,l is c-aliljrat c ~ l  11y sc\.c'rirl 
sl~ock t u l ~ c  cxl~erirrients. TIcre I)otli Rotlricll~ez's ~ l ~ o ~ l i - t l ~ h ( ~  cxl)c~i~neni,s i ~ ~ ~ t l  Iiuclic~rc~rilio's 
exl~( ' r i rne~~ts  are si1n111at.cd. 'l'lie rcsult,~ itre l>asically coincidelit ~v i th  tl~c. ctxpr~imc~it S. The 
tllr1)11le11t rnixirig pro(:(>ss 1111dcr aci.clf~ration, deceleration a~itl  re-ac.cclcr~i.ior~ is investigated. I t  
is fo~~ir t l  t,hat a t  the first ac.celeratio~i pl~ase t,lic t~lrl~irlelit mixing tlevelops i l l  a self-similar wa!. 
as Youngs'. During dc:celeratio~l i ) l~i~se,  tlic: t~~r I ) i~ len t .  ~iiiwi~rg tie\-clops slo~vly anti grad~lally 
stops. At re-accelcri~t io~i phase it aga.in devclol)s as the first 1)liase after a period of t i ~ ~ i i '  t l~lay.  
('he i n f l ~ ~ c ~ n c t . ~  o f  At~vood n111i7l)c.r ar~tl arc-cxlcration arc also i~i\.c~stigi~t.c~cl. l'lley 1)asically ag1.t.e 

wit,l~ tlie existed cxpcri~nentai rcs~~lt ,s .  

1. Introduction 

'I'he Iiaylcigh-'l'aylor i~istahility occ.urs on an i~~tc,rface sel~aratilig t WO fluitls of di/r(~rr:~~t d~risit,ios 
wl~r,r~ t,lris two fluids arc. in ;? gravi tat io~~al  lit,ltl wliosc~ tlirrc-t,ioli is f1.o111 I~eavy fll l i t l  toiva~-tls i11( ,  

light o ~ ~ c ,  or t.1iey are accclcrat.eti i r i  t h e  dirc%i.tiori of ligllt f l i ~ i t l  to~vard tl~c. Ircavy o~ic, [ l ] .  L)II~, 
to its great, i ~ ~ f l u e ~ i c r ~  on inertial ~ . ~ I L ~ ~ I ~ ~ I I I ~ ~ I I I  f i l~ io~i  and o t , l ~ c ~ s  , i t  is investigatc~tl i l l  tlctail 1)). 
cxi)(~rirrierits, tlieorics a~i t i  ~ii~iiierical s i ~ ~ r ~ ~ l ; ~ t i o u s .  I t  is roi~r~tl t l l i ~ t ,  for r;~riciom ~)c.~.t,r~rl);itioli, i t  
leatls to  a crc:ation of it nlixi~ig zo i~e  be t~vec .~~  tlie two fluids. For solllc c.ornl)licatecl ~) l~ysical  
problcnls, it seems diffic:ult to directly siiin1la1.e tlie l ,ehavio~~r or t ~ ~ r l ) u l c ~ r t  r~lixirig process [!2; 31. 
So serics of t11r1)ulerIt mixing lnotiels 11nvc 11cc.11 tlevelopc~i anti sonlr. of thclll l~ave Ibeen 1)11t  illto 
uses. i\lt,horrgli there are sorrle discussio~rs 011 tllc hcllaviorlr of instability 11ndcr acceleratio~~ 
and dccclcrat,io11, no puhlicat.io~~s are fol~~it l  a1,olrt tlic I~c.lia\.iol~r lindcr re-accelcratios~ phase 
[4, 51. Besides, t,he t ~lrbulerit stat,isi ic- rllodcls arc, seldom l~sctl i l l  t hc, in\~cstigat,io~is of I(ayIctig11- 
'1'a.ylor i11stal)ility. l l(~ri%, 1,lir Rayieigii-'l'aylor i~lst,irl)ility is i~~vcst.igiitcd wit11 l I) corr~prcssil)le 
hydrodynamic- code where a sirril)lified Rey~~oltis-stress  nodc cl, i.aliLr;rtctl 1jy se\.cral ~ 1 1 0 c . l i  t i ~ l ~ e  
exp(~rirnents [ 6 ] ,  is in~l)edeti. Both I<otlriquez's sl~oc.li-tube cxl)c~rirr~c~rit,s [7] A I I ~  l i~~c l~ercnko ' s  
experi1nc1it"[5] are simulated. 'I'he t u r b u l c ~ ~ t  rriixing process under accrleration. tlccclcration 
and re-acceleration is in\~estigatcd. I 'he i~ i f lue~~ccs  of Atwood ntnnl~er a ~ i d  accclel-at.io11 arc also 
jtudied. 'fllo rrlodrl will he i~~t , rot l l~ced in St.(..%. Anti s i~~~l i l i t t ed  r e s ~ ~ l t s  ~vill 1)c ~ ~ ~ w u ~ l e t l  i r i  

5ec.3, 4 ,  and 5. 

2. Simplified Reynolds stress niodel 

Our basic. Iiypot.11c~srs are the saillc3 as [S]. Firsi,ly, rnicro-intc.ractio~~s of molccul(~s arc: ~~egl ig i l~ lc .  
'I'llus the visco~ls call 11e excludctl. Autl two f l ~ ~ i d s  are i~r~nliscil)lc. Scco~~dly,  tlic t i ~ ~ . l ) ~ ~ l e ~ i t ,  lIacl1 
11urrrl)er !\.li = g) is sn~al l  so a local c~cluilil)ri~~rn of tlir prcssurc. esists ill diffcrc~~l  rr~atel.ials. 



2.1 .  I D  transportat  ion equat io~ls  

From I:iil(.r eclc;l t io~~s ,ii~il ronce~~t,rat , ion ccji~at,ion, wc' cIeri\-c tlle tr.,ii~i~~or!;itiori i-cl11,it iox. a+  
tile Uc<llnrtl f t  cil.[.'! i~:!il p~ r se r i t  it i r r  [G].  :\S for 1taylcig1l-'l'aylor i::kr;il,ilit!- a11tI K ic i i t i n~ t~ r -  
I l e b l ~ k o ~ .  iiiitaliilit!.. lT:c car1 reduce tlterri t,o a 11) \.c,rsioli. 'l'l~c- tlerix-(-(l t~ t~ i i ; i t i o~~z  <ire 

(li' i l l / ,  
- = , ' -  
ill 0.1, 

tiri, ill' 0 11 : 
{ I T  - ij.r 0.1 

c/ T I -  a h,. NI 
"27 = -l'-- + - {cl ( . ( l  - c)p(lr I + (.2p-- :} 

i1.1, 0.r ,m 3.1 

cl h. ill1 ,. dp  a I i  i ) I i  
P z  = -li)&+ 0.r  + .)a,- + -(rip--) - crp\/jj~ 

a . ~  a., J ~ S  a., 
(i Ii ! - 2 a r i  8 I i  

0 = c I <1 - l , )  + ( p )  - c,pJ7il,.(, 
d.r f i i 1 . r  

ci B dp ilp(~,U pBt/(ur - a,.) il OB r- 
/ idt  = - ? / I ( I ~ - ~ - -  $ -(c8pP- 1 c$(/,\ 

I ,  a., a:(. iI.7 d.), 
on 

- 811, (1, i ~ p  i )  nu 
- -.'('U. 7 + c,o-- + -(clip-----) - cl.LPL/T';~ 

d.1, L W . r  i)r JrJ 8.r 
h, 

D~, = D-. / i  = sigrz{(c - n ) )  1 1  I 
11. 

Tt.herr 17. p .  c ancl riL arc ciiice~nbleal-cragetl pressurt arid de~isity,  l"a\.re a\-eragcd cor~ceiitratioli 
a~ i t l  .r-clirectioil \.elocit>-: n is vo111mr fraction: .Arid I i  = l<,, I<,.: D = D:,. L);.  R anti (lJ ,ire 
twice t ~ ~ r l j u l e r ~ t  f l u c t i ~ a t i ~ ~ g  energy, :I-dircct,ion Iteynolds st,ress, tllc tract. of tli~5ipatiol1 t.orrela- 
tio11 aiici its .c,-clirectio~~ componerlt, derisity fluctuating c-orrelation aiitl .~.-tI irert io~i f i l ~ r t u a t i ~ i q  
Illass f l~ix  resprctivel~..  I<? = I< - Ii, : l),l = D - D, ar~t i  L  is t ~ ~ r b ~ i l e r ~ t  ~nis i l ig  t1iic~kr:e~~. 
First-order i~llplicit tliffere~lce scheme i s  used. Sirice we introduce f,lrr slobal cjlldrltity L i l l  I 11e 
equation. n-e ha\-e t o  sol1.c t l ir  equations 1)). iteration. 

2 . 2 .  State  equation of rllisture 

l'lie perfect $as s t a i r  e c [ u a t i o ~ ~  is used for e a c l ~  rrlaterial. Tlic, st.ate ecluatio~i of iiiizturc i i  t Ilr 
tllr caIlle as [b. $1. . i l l  e ~ ~ l ~ a t i o l i s  arc listptl as follow: 

2.3. Model constants 

The aho\.c ~not lc l  lias bee11 c .~l ibra ted wit11 Ilrouillot tcx's shocli t11ljr esl>i. l ir i ier~t~ :'l: ,1r1c1 I lcil~iic '~ 
a i r ! l i r l i i~~n  cllock t l ~ l ~ e  es l~el . i lne l~ts  [ l@].  l~lotic~l constants are cl=O.,i. c2=0.2. ( .?=0.1.  c l= : i . l .  



3. Sill~ulatioll of R-M instability and R-T instability experinlents 

3.1. S imula t ion  of R-\I instability experiirlents 

<iir ; a - , < !  .Y, ail. +11!)!,1< t t 11 )~  ( ~ x p f ~ r i ~ i i t ~ ~ ~ t s  of l i o ( l r i c ~ ~ ~ ( ~ x ' s  arc ~ i ~ i ~ i ~ l ~ i t t ~ , l .  l.!!(> it211~11: of ,,I: 
. , . . ,  
I -  .30c,111. <ii111<> C L -  1 1 1 ~  ! C ~ I ) ~ L ~ I I I P I I ~ S ' .  'l'liex left I)o1111ilary is ;l pis1(111 <i!,(I 1 1 i ! ~  ~,igli! : <  , I  I ~ I ~ : ( I ~ ~ ~ , , ~ I I .  
~ I I ~ I ~ I O - ~ I ~ :  t l l d t  : : \ U  1111itIc i ~ ~ i t i ; ~ l l y  rnix ~ v i t l ~  the  s;lnlc \.olumc fractiol~ = 0 . i .  .S'.!, : :~it ial  
fit '](! of 13. i i c . ~ ~ i ; t  !-. i l l1  c r l ~ ; ~ !  crlc,rgy of disturbed area fro111 1':cls.(2), :';llic!r ,<I c, p r c < ( . ~ ~ t o ( l  i:i I ~ 1 1 1 i i ~  

1 .  1-11? i~ i i t i~ i l  \ c ~ l ~ ~ e ~  of ( l i> t ,~~rbc ( l  area i l l  all our s i i i ~ ~ ~ l ; ~ t i o ~ i s  arc  W: i l l  r l l i .  \>:C:J.. ' I I I ~ ~ ) ~ I ~ ( ~ I I ~  
\-arial~!c,b 11-1:ii.ll 'Ire 1101 i i~i . l~lt ied arc  sc.1, t o  z c ~ o  a t  the I i c ~ g i l ~ r ~ i ~ i ~  of c .o~r r ! )~~ t ; i t i o~~ .  - i i  1 .  1 .  ! .(I0 
a~icl l . ( ;  1; for <iir. .\'E, c r r ~ c l  .Vc res~i(~rtive1y. ( ~ i i r r t ~ ~ ~ ~ t a t i o r t i l l  ;irl(l ex11(>1 i~!lrritaI ti111(> t> \ .o l~~ t io r~  of 

'lable 1. Initial Distribution. 

-. 
i , ,Y t.;; I). area air 

' ( - I ~ I ~  I ' !l O(i  O.U(1:4fi45 0.00129 
8 , l d / 1 0 7 . 1  1 1 1 
l B I i l  1 521 X 10-" 0. 
1 1) iL1-' cin' . S ? ,  0 1-352 0.1867 0.1'338 

niixing t l i i c .k r i r~~  are I)l.c'cc'r~ted in I"ig.l(a.1,). Both r e s ~ ~ l t s  ;tgree ~r i t l r  r 1:r c\-l~cl.niir~~it . ' .  Ilc'rr 
i ~ l d  b c ~ l o ~ r .  the  mixing tllickness is defirlctl as the witit,ll of area n.l~i>ril cl the  c'o~~cc~rltratiori of 

nnteria! 1 )E 10.Oi.O.cji!. 

. - 
S, 1) 3 1 ' i X  a ~ r  

U U0558 0.ilU:I 1.45 I) I J I , ~  1 >:I 
1 1 I 
U l.:i,'i(I A l ~ j - '  1 )  

0.02778 O . L i * O T ,  1 1  ]'.I:\? 

F'igrlre 1. E\-olution of t ~ ~ r b u i e n t  lrlixi~lg thickness. Tile real line dcnot,~s co~iil ,~~tatio~ial  rc ' i~~l t i .  illc, 
cot denotes experimental results of Rodriquez's. 

3 .2 .  Simulations of Kucherenko's R-T experiment 

1;11cherc11ko r i  n l . [5]  ohservc~ti t ha t  a t  t hc  deceleratioll phase, t he  gro\vt 11 of tile ~ l i i x i ~ ~ g  tllick11i'$? 
qlo~vs tio~vrr and up011 a t ime  t h e  rrlixiltg th i rk~lcss  begins to  tl('i.rea5e. T!iii i>~per imerr t  15 



s i m ~ ~ l a t c d  with tlic siniplificti Iteynolds stress ~~lo t le l .  'The left allcl t,lie r igl~t  bo1111daric~s arc 
p i s t o ~ ~ s ,  ~ n o \ ~ i ~ i g  at the sa~rle  acceleration as tl~ca t ~ x l ) c r i r ~ r e ~ ~  (.'S. The spacc Irngt, hs of t,wo Illlids 
are sel to Gcrri, sarne as the experimr~lt's. Ilcre tlie perfect gas equation of sta.tc is used and 7 
are srt  to 2000 in order to  get a large sou11d sl)eetl. Tl~r: tler~sit,i<~s o f  t h r  t ~ v o  fillitis arc, 0.G!f,q/on3 
and 2.01,9/cn~3. 'l'llc il~it,ia.l val11c.s of tlist,~~rl)rd area arc sct i l l  t . 1 1 ~  wily wt. nlc11t.ioned il l  Scc.3.1. 
The t:x~)erir~~or~t,itl and co~rlpntitt i o ~ ~ a l  rcs~~l t , s  arc prcscntcd in l"ig.2. I r i  t lit) dccclcratiol~ pliasc, 
tlic growth of ~ilixirlg tliickness slows clown as the cxperillierit's. but we tio 1101 ol~sc,rvc the 
drcrease of l r ~ i x i ~ ~ g  tl~ickl~ess. 

I . Exp result of Kucherenko ~ 
I -accelerat~on 

-S~rnulated result 1 
4P. l 

Figure '2. Evoliltiol~ of t11rb11lr111 ~ r ~ i x i ~ ~ g  tl~i(.]\~l(~ss ;i11(1 i i ( .c(~I~r;~t io~~.  is ~ I I C  thiclill~ss oI' t h ~  11cavy 
f l ~ ~ i d ,  7'11c. dot drnotcs thr rsl~rrilnrnt rrs~rlt ar~d t,hr r.t>al line clrnot,es t,llr> silnlllat,rd rrsllit. 

4. The behaviour of turbulent mixing under acceleration, decelera- 
tion and re-acceleration 

The fur1111l(~11t, I I I ~ S ~ I I ~  I ) ~ O C C S S  1111dcr acc.clcratiori, dcc.elc~rat,io~~ and re-i~cccl(.ratior~ is ir~vesti- 
gatcd. Tlic space lengths are the same as Sec.3.2, Ij11t p(, = 'bar. p, = 1. p, = :Jg/on3. Jt is 
found that a t  (.he first iic.cc:lor;tt io11 plri~sc~ t.11(, ~ . I I I . ~ ) I I ~ ~ I I ~  111ixi11g (l(~v~1ops i l l  a svlf-si~~~ilitr  \\~iiy as 
Yonngs's [ l  01. Dllri~ig dccelcr;itior~ 111lasc. tlic: t l~r l)ulc~i t  lllisillg (Ic\.('Io~)s slo\vly a.11d gratlually 
stop" At rc-acceleratio~i phase i t  a g a i ~ ~  clri.r~Io11s as t11t. first pl~ase after a pcvioti of time tielay. 
r 3 I i l r i r  rvoll~t ior~ of turl)ulc~it ~nixilig t l ~ i c k ~ ~ c s s  a l ~ d  ac.cc,l(.rat iol~.  arc. prc.scntetl in 1-ig.3. M'(, (.all 
see that the delaycti t . i ~ ~ l r ,  d(,l)c%~~(ls O I I  1 . 1 1 ( ~  d(~c.c.l(~iilior~ lirnc:. 

5. Investigation of the influences of Atwood number and acceleration 

5.1. T h e  influences of Atwood numbers 

Turbulent mixing i~lduced 1)y Hayleigll-'l'aylor i~~st;tl)ilit.y wit,I~ different Atwoocl 1n1rn1)rrs is 
investigated. The left, a ~ ~ t i  thct right arc,  pistol^ ~novi r~g  1111der all acceleration presrrlted in Fig.2, 
bu t  witl~out deceleration. Both space lengths of two fluids are 6c1n. Tlic initial conditions 
are pl = lg/c7n< ,p2 = 3, 6 and 12g/crn3 and p" = 2bar all ot.ltc~r val~rcs arc set in tllc way 
mer~tior~ect ill Sec.S.1. The t i ~ n e  evolut iolls of turI)~llc~lt lllisillg tllicli~iess wit11 t II(: ratio of t WO 
rnaterials are prese~lteti i l l  lJig.il(a). It is ol~vious that as Atwood r~unnbcr increases, the growth 
rate of mixing i~~creases  slowly. It l~asically agrees wit11 the existed rcsults 1111. We fit tllose 



Eig~~re  3. Evolution of t l ~ r l ~ i l l ~ ~ ~ t  ~nixi l~g thickness and acccleration, real line for At ,,,,!,, ..,-,,! = 0.OOi.i 
-rnd dash line for At !., = 0.01s. 

11). least sciuare rnethotl. T11c a' is present,ed in Table 2 ja) .  T h e  rclntecl \-aliiri n-11ic.h are fittcti 
fi.0111 1.0111igs' esperirneiit [l01 are also prpsentcd in Table 2(a),  deliotetl a >  n.,, . 

Tablr 2 .  ( a )  The ratio of two materials a l ~ d  cut (h) The accelaratio~is and n' 

28.2. T h e  in f luences  of accelerations 

l-lie p i~ to i i s  n1ol.e frorii left t o  right in t h e  acceleration of 0.05, 0.1. O . . i .  1. 5 10Gcm .S? rc- 
ipecti\.ely. Turbulent 1nisi11g developes between the  two fluids. I'lie initial co~ltiitions are  
p1 = l g / o n 3 .  p? = :3g/on3. p" = 2bar. T h e  t ime c.volutions of turbi i l r~i t  rnixing tliickrless n.itli 
tlie acceleration are prese~ited i11 Fig.4(h). I t  is observed tha t  as accelrratio~l iricreaies. tile 
grolvtll vale of m i x i ~ ~ g  illcreases linearly. We fit thosc curves accordii~g to P.i1.(3j. T h e  ~.erult .  
arc presciltetl iri l'ahle .'!l)I. These results agree with the  existed r c v ~ ~ l t s  :11;. 

Fro111 tlie a l~ove  tliscussion~. we can draw t h e  fellowi~lg co~lclusions: The firit is that tlic si111- 
plifed Re>-~lolcis-<tre.:: modc~l can tlescribe bo th  the  R-T and R-ICI iristabil i t~.  11-cll. -1.Ile liclxt 
is tha t  at the  first acceleratio~i phase, the  t~irbulerit  ~ n i x i n g  develo1)s i11 a self-cimilar n-a>. as 
\roui~gs'  '101. ~Iieri du r i~ lg  the  deceleratior~ phase, t he  turbulent mixirlg tlel.elo~js slolx-l>. a114 
g~.atluall>- stops. aritl at  t hc  re-acceleration p l~ase ,  i t  again tievelop.: as t he  firit p1i; i~ after ;I 

pt:riotl of t i ~ i l r  delay. . A I I ~  tlie delay t ime depends 011 t h e  duration of the  cieceIeratic,~l pliase. 
Tlle last is t ha t  t h ~ .  p r o ~ v t l ~  r a t e  i~icreases slowly wit11 t,he density ratio of two matcrialq a n d  
ilicl.eases li~iearl>. wit11 tlic accelerat,io11. 'rliey basically agree with the  existeci cxperirrierital 
r.c .ult.c. 



Figure 4. Evolution of tl~rbulent rr~ixing tt~ickness with different Atwood numhcrs(a), with different 
accelerations(b). 
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On the Nature of Differences in the Evolution Pattern of 
Turbulent Mixing at  the Gas-Gas and Gas-Fluid 
Interface 
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l .  One of the problems or1 Kayleigli-Taylor iiista1)ility that, i r ~  recent years was s1111jcr1. to 
tlic interisivc studies I~otli  expcrillle~it.ally arid tlleoretically using nl~ri~crica.l sirnulatiori is tlio 
evolution of t.lie fronts o f  buhl~les and jt,ts under a complic.ated lnl~lti~rlodc sl)ectrliim of i~ritial 
perturl)at,ioris wit11 small amj)litudes [ l ,  2 ,  :I: 4 .  51. .*Is is l i ~ l o ~ i i .  (see, for c>xa~nplc. 161) Ra),leigh 
-Taylor i~lstabilit,y occurs at tlie irit.c~rface I)c>t~z-een ~ , I I ( ,  Iieavy and liglit fl~rids ( o r  gases) i l l  the 
gravity field wlien tlrt: Iieavicr fillid is "1). AS \\-as s l io~vi~ 1iy the cxperirnmtal st11dic.s (sec. e.g.. 
[2]) arid by the, llurnerical simulat,iou of Rayleigli-l'aylor inst i~bility [ l ,  51 tlic fi.orit of tlie bubbles 
asyn~ptotically rrioves wit11 an acceleratior~ followir~g tlie law 

\vherc 1 1 ~  is the penetratior~ tieptli of tlic light 111atc.rial wit11 tlie der~sity pl  i~r t~o tlic 11eaL.y 
rr~aterial with the density p2; 

g - gravity ac:celeratiorr; 

'I'lie 2 D  ril~lrierical calculatioiis [4, 51 give a = 0.03 . . .  0.0.5; wliile tlic experin~erits yielded: 
for fluid-fluid or fluid-gas [l, 21 0 = 0.05 ... 0.07 arid for gas-gas [3] o 2 0.1, i.e. approxirl~;ttely 
two times greater. l'lie sourcc of this tliscrcpancy is not clcar a t  tliis point. Tile assumptiori 
was made t,hat this dilferencc, Illay l,(, due to  tlie differe~it st,r.~~cturcs of the mixing zolles in t,wo 
cases [7]: wllilc or1 the gas-fluid case tlic lighter gas penetrates into (,he fluid as bul)liles, in t lie 
:;a>gas case the heavier gas penetra.tes the t~rrbulcrit mixing zone as jets. Otlier callses of' t,lie 
tliscrepancy between 0 values in ( 1 )  itre also possil)le. In 1.lris view tlie follo~virig qllcstions rliilst, 
1)e a.riswcrcd: 

what  is tlrc, rlature of t,lle law ( l ) ;  \vl~at is its versatility degree; 

what is the rclat.io11 l~etweer~ the coristant tr arid ot.l~er ltnowr~ co11star1t.s; 

More, i r l format~on - t;lriail: otdU:1~2:105'~Gs~)(1.\~111icf.r11 



what is tlie role of pl~ysical cl~aracterist ics sl~cti  as  st,rcrlgtl~. colnl~rcss i l ) i l i~>.  \-iico.-it!.. 
surface tc~liioii  aiid others i11 the  formulatio~i of law (1); 

~ v h a t  is t hc  role of initial spectrum of the  final aml)litude per turhat io~ls  in the  forrnulatiori 
of law i l l  and so 011. 

This list can he corlti~lued. 'I'liis paper proposes onc of the  possi1,le \va!.i t o  o l j t a i ~ ~  the  
a11rn.ei-c to  these ql~cstioiis. 

2 .  To esp la i~ i  tile t>-pica1 evolution laws a t  t h e  interface experiencilig tlir Ka?-leigh-Ta>.lor 
instability. various ~nodeli;  were suggested among which one can disti~iguisll the  ..mergillg" of 
bubbles [ C ; ]  and the  rnodal model [S] that, represents a furthcr dcvclopcii Haart inodel ~ c J ] .  1-r i r~g 
these lliodcls and direct ~iunierical  simulation of Rayleigh-Taylor inqtai,ilit>. ~ v i t h  a complicated 
initial spectrurli [-l, .i. S] it lvas found that  with t ime  the  dy~ la~r l i c s  of the bi111111es front reacllcs 
tlie scale-in\.ariarit (self-sirnilar) mode where the  distribution of t h e  1,ubbles ol.er bize (o r  o \ e r  
the  correspo~iding w a ~ e l e ~ l g t h s )  is determined by tlie o11ly parameters:  rlir a\.erage kize of t he  
bubbles or t he  al.erage perturbation wavelength < X > and does not depc~ id  oil tile tJ.pe of 
iriitial (small!  perturl~atioris.  T h c  ql~antit ,y < X > grows with t h e -  y t 2  n . l i i c . I~  irflrctq the  effect 
ohserl.ed hot11 erperirnerltall>- and nurncrically: tlie forlnulatio~l of ex-cr p i . o ~ ~ i r ~ g  i t r l ~ c t u r e ~ .  tlic 
50-called ..i11\-erse cagcatie". In this steady-statc mode the  linear ccale of tile I ~ l ~ r ~ ~ o ~ ~ ~ e ~ ~ o ~ ~  i i  
tieterrni~led only 11)- t he  ax-prage wavelength < X > and tlic t,ypical t.irne iri tlic case of KL>-leigli- 
Ta!-lor iristaliilit>- h!. (9,: < X > ) - ' l 2 .  

C' .  ~ixe11 . tlie s i~np le  a~ i t l  clear d i~nei ls io~l  co~isid(>rat,ior~s corlfirrned h>- tlie ~ l ~ u n e r i c ; ~ l  c .o~ l~pu ta -  
tioris ;\lori. Slix.art:: arid others [S, 101 proposed the  e v o l u t i o ~ ~   nodc cl of tllc l ~ l ~ l ~ l ~ l e s  frorits for 
Ra>.leiglt-.La>.lor iristabilit>. according to wltich t.he e\~olil t io~i of t he  al.cragc v<al.clcligtlt < X > 
ir tIrsc.rihrt1 1)). tiic cquatioii !wit,lt .4 = l )  

\ ~ l l e r e  the  corista~it .i was ohtaincd from tlie comput.at,ions using t h e  "~nergiiig" of bul)I~le.; and 
was co~ifirrried ljy tlie direct ~lumerical  computations of 9 = 1 [10]. 

The  1notio11 of tlie b11111,les front, hi, withi11 thc  rnodcl [S, 101 is de t e r r~~ ine t i  l,!- the  eciuatioi~ 

bvliere I T B ( X j  is t he  as!mptotic velocity of a single bubble with t h e  \val.clengtI~ X 

where - is t he  c o ~ l s t a ~ l t  depending on t h e  bubble form, particularl>-. for ,'D harmonic 1)er.tur- 
hations = 0.23 a1lt1 for 3 0  llarmonic per turbat io~ls  7 = 0.4 [ l l ] .  

I t  follons froln ( 2 .  33 that  t he  a sy~np to t i c  hchavior of tllc hl~bbl(.  front i ?  tieterrninetl h!- t he  
relatiori 

4 l i/3/4 ' 

Pllus. withi11 tlie rr~odel : S ,  101 tlic constarit <I iri ( 1 )  is rclatcd to  t i t ( ,  c ~ o ~ t ~ t a r i t s  -;. ?' i i ~  the 
f o l l o ~ i n g  n-n> 



The relatio~i (4) allows to investigate basically the effect of various physical and geomct,ric 
factors on cu , if we know how they influe~ice the constants y,$. 

It seems to he  t,rue t.11at (,he ~najori ty  of cxpcrirnerits [ l ,  2, 31 actually always i ~ n l > l c ~ ~ ~ e ~ ~ t , r d  
3 0  perturbations for which it can be expected that thc pararnct,crs ij and herlcr n s11o11ltJ br  
uniql~cly tiefined. 

3. For the verificatio~l of this assu~nptio~l  the ~lu~nerical  colnputatiorls were perfor~ned in 
the followi~lg formulation. The cylindrical tube with the radius K = 1.8 placed vertically in 
the gravity field with g = 1 contains a heavy gas having: the density p2 = 0.001 225 !l/crn3 with 
z > 0 and a light gas with the density pl = 0,0001694 g/cm%t 2 < 0. A srrlall perturbation 
was initially applied as n = nocos r r / R  at unstable interface ( z  = 0). 

The coniputations were run for two values of ao: 

1) a0 = 0.018 (central bubble); 

2) a. = -0.018 ( the bubble on the wall). 

Figs.1, 2 show the amplitudes and the velocitics of the bubble as fu~lctions of time for both 
types of initial conditio~ls. 

Figure 1. Bubble amplitude versus time. 

Figure 2. Bubble velocity versus time. 

Fig.2 presents also the asymptot~c velocities of the bubble for 2D and 311 geometrie3. 



cvl~ere 7 = 0.23 for .!I1 anti 7 g 0. I for ,111 i111cl tlio ivil \ .c~l(~~~gi 11 c.orrcspor~di~ig t o  t l i (% c,)-li~itlrical 
geometry was take11 to  l](, X = 'R, wl~cxre / I  is tlic till)(% r i ~ t l i ~ ~ s .  'I'll(, tiala fro111 1:igs.l. 2 illdicatcs 
that the  central h u h l ~ l e  rises 1111 111or(' ri~piclly- t lla11 tlicx I j 1 1 1 j l j I ( ~  1.isi11g 1111 011 t h e  wall ant1 t lit, 

velocit,y of tllrs celltral L ~ 1 1 ) l ) l c ~  i ~ t  later t inics is close. to t Iic ~ < I I O \ Y I I  rcslilt for :ID Ijul1ljlc wllile l11e 
asymptotic vclocity of t , l~c  Ijr~ijljlr~ rising 011 t 11c \ v i ~ I l  c.orrr,sljontls to tlic: rcsillt for >D l j i~h l~ lc .  

3. l'lie exalllple fro111 ile111 3 i l l i~stratcs t.lle effect of t11c gconlct.ric fac.tol. - i l l  oilr cnsc, tllrl 
hi11)hlc shap t  - ~ I I  7 in 31) gc~jrriet ry. If ollc assilllli,s t l ~ a t  t .he int.eractioli of ,911 Ijill~blcs ill 
t,llr, rrlotiel [S, 101 tloes not depr~litl on t,l~c.ir  for^^^. i . r .  ; j  = l , i h c ~ i  ( l )  yicllds t l ~ a t  t 11c possiljlrx 
tliscrcljaiicy i l l  a c~orrcsl)orltlir~g to  the  ciiscrcl)a~ic.~. i l l  -, = 0.23 ... 0.1  is n = 0.0 G... 0. l .  Returiiilig 
to  the  aljovc assumlj t , io~~ aljor~t t I I P  ( . i i 1 1 ~ < ~  of t l ~ c  tlisc.rc.[j;c~~c.y- oi' the  c spe r i~nc~ i t a l ly  oljt,iiirlc~d a ill 
the  c~r l ) c~r i rnc~~~t s  gas-gas i~lld gas-fli~id dtic to  t l ~ c  tliff(~rcrri s l ~ . u c t ~ ~ r c . s  of tl~cx ~~r i s i r rg  zolie [i] tlrc. 
follo\viirg can I)c said. 'I'll(: case gas-flrlitl c ~ o ~ ~ c ~ s l j o ~ ~ d s  to  t11(1 rise-1111 gcornci.ry of t l ~ e  ..central" 
l~ubbl(, .  i.e. 7 0.1 wliil(, for t.I1(> systeln gas-gas t I I P  gc.ol11c.1 ry of the  r i s i ~ ~ g  111) Ijriljljlrs s c ~ e ~ n s  
to  l)(: close. t o  t11(: cascx oi' I l ~ e  1111ljl1lc rising 1111 a lo r~g  t i ~ ( %  wall. T l~e r i  for tl~c, corrsf,alit :$ ( J  = 1 )  
rvit l~ir~ the  lnodcl [S. 101 for gas-fl~~iti  we r1111st ol)taili n z 0.1 wl~i le  for gas-gas \vc sllall llave 
c\ z 0.0fi. i.c. t l ~ c  result colitratlic.tirrg tlle ~ s p c r i ~ ~ r c ~ ~ t a l  c l i i t ; ~ .  1'1111s. if on(, ass1lirlc.s tliiit tlic 
rc:li~t,iol~ (4 )  1.es111tirlg fro111 !,lie lllodcl [S. 101 is \.aliti tllc>rl tllc tlisc.rcp;~~~cy i l l  rr t l o c ~  ~ ~ o t  seen1 to  
be c i i l~sc~i  l]?. tllr, diffc,rr:~~t strr~ctl~rc::  of t l ~ c  111ixi11g zorles for gas-gas allcl girs-flllitl s>.stcms as 
was assiir~~c.tl i l l  [7]. Ilowc,vc%r, t11(~r(, is I IO  tlic~ fi l~al co1i11)rc~l1c~rtsi\-(~ iiilswor to  tlic quc>st, io~~ i~l~or l t  
how the  geonletric.al faclor inlipacts ( I  sill(.(. \v(' tIo11'1 l i 1 1 0 \ ~  I~o\v t l r c ,  I,~~l)l,lc~s of varior~s forms 
i l~tcract  ill 311 geometry. N(~\;c~i.t,l~r~less i t ,  scxellls t.o l,c ~ j i . o n ~ i s i ~ ~ g  to  i ~ s e  tl1t~ results of t,lie ~ r ~ o ( l r I i  
by Aloli; SI~\;i~rts H I I ~ I  otliers [ X :  101 i l l  the forln of 1 . 1 1 ~  r-c~lirfio~r ( 4 )  t o  allaIy7c. t l ~ c .  i ~ ~ l l j i ~ ( . t  of 
m r i o i ~ s  pliysic.;tl ant1 geo~lletrical  factors on ri t , l ~ o l ~ g l ~  this will require t,hc, ~jreirnilrary s t~ldics  
of how these factors i~rflur,l~ce the  c o i i s t a ~ ~ t s  -, alrtl ,'l. 
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