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Experimental study of instability growth patterns of a
shock-accelerated, thin fluid layer

J. W. Jacobs

Department of Aerospace and Mechanical Engineering
University of Arizona, Tucson. AZ 85721

D. G. Jenkins, D, L, Klein, and R, F. Benjamin

Los Alamos National Laboratory co
Los Alamos, NM 87545

We have discovered a remarkable sct of flow patterns induced by shock
acceleration of two nearby, perturbed interfaces. Using planar laser-induced fluorescence
(PLIF), we observe three distinct patteras in the nonlinear evolution of Richtmyer-
Meshkov (RM) instabilities associated with this flow. We observe two patterns dominated
by vortex pairs and one pattern showing no vortex pairing (until late time) for initial
conditions that are indistinguishable by measurement techniques available for our work.
‘The flow is initiated by spatially periodic perturbations imposed on a “gas curtain®
interacting with a planar shock wave. These flow patterns are not predictable nor
controllable in our experiments. Qur measurements appear to be the first observations of a
shock-driven flow exhibiting characteristics of bifurcation. Results were recently
published. ! and more detailed results are forthcoming. We present here a brief description

of the experintent, summiary of results, snd a vortex -based explanation of the phenomeni,

Onr teclmique for forming an mterface between thids s an nprovement over
previons methods using amembrane or gravitational stratification. The verticatly -flowig,
“pars crtain’ s a quasi-plmar, kuninar jet flowing tansversely to the direction of shock-
wave propagaition (showin sehematically in Fig 1)L The pas/gas interfaces on both sides of
the jetare ditfuse with thickness of only - 1, The techuique is i extension of werk

. . . F— . . A
with trimsverse (.'_Vllll('l'l(‘:ll jcts used to study varticity production simd evotution.

We nse i shock tbe to produee a Mach 12 shock wave (i air) to nnpinge on the
pas cartan, esential pats of the test section are shown e Fipo A sehlicren system (not
showarin Fip, 1) cheeked for stabilization of the jet before untinting: the shock wave. The
diapuostic techmgue nses PEIE How visiedization to observe the shock aceclerated
transversely Howing pas e The PLIEF dapnostic consists of sheetithnninaton by adye

Faser Do, and ineging by mnintensiticd, pated CCD camera haviag afrone darion of
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5 ps. We acquire only one frame per experiment, and use our judgement to assign it to
one of the three patterns. ‘Thus, the three paterns shown in Fig. 2 are representations of
ume sequences of each of the three patterns. However, each representation is an ensemble
of many experiments. Future experiments will attempt to image multiple frames per exper-
iment. The validity of this tracer-bascd method to image the flow at Mach 1.2 is confirmed
by recent results of Budzinski,3 who used Rayleigh scattering to measure the same proper-
tics of shock-accelerated cylindrical ieL. as did Jacobs with PLIF.2 Qur attempts to use
schlieren imaging to detect the frec-stcam flow patterns failed because optical distortion

by boundury effects obscured the {low patterns in the free-stream region of interest.

‘The observed flow patterns evolve from a shock-accelerated SFg gas iet (i.e., the
“gas curtain”) initally having a varicose cross-section, as shown in Fig, 1. The interfaces
on both sides of the jet undergo Richtmyer-Meshkov instability when accelerated by a
planar shock. Assuming the interfaces behave independenty, one expects the first
interface encouniered by the shock, i.e., the air->Slig interface, to experience perturbation
growth after shock compression, whercas one expects the second interface, i.¢., Slig->air,
to mvert phase before growing. Thus, the varicose cross-section is expected to transform
mtu a sinuous cross-section with growing amplitude after phase inversion, if the interfaces
grow independently. This occurs about 40% of the time as shown by the ensemble of PLIE
images prescuted in the middle row of Fig. 20 However, some experiments produce
nushroom-shaped protiles, characteristic of vortex pairing, either on the upstivin side of
the mean imterface position. upper row of Fig, 2, or on the downstream side, fower row of
Fig. 2. The "npsteam munshrooms™ ocenr abont S09% of shots and the “downstrcin
mushrooms aboni 1% For untial condittons winelvare indisunpuishable by measurement
techmques avatlable for omr work, we observe tit the intermediate prowth stage of dus
Richtmyer-Mesbhkov flow evolves nnpredictably into one of three distinet sets of patterns

during cach experiment,

These phcnomesn cnn be deseribed qualitatively by the dyimnies of the vorticity i
these Hows, ahown schenntically an s 30 Voroeity is prodoced by the nusalipimnent of
pressure and Jersity gradients, sometimes referred o as the barochinic pencration of
vorticity. Beciase Cre domiamt pressuee pradientis produced by the shock front, and the
donmra density pradient s at the beandaries of the pas Tiver, vorticity prodoced by the
shock mteractuon will hie on the bonndanes of the Loyver, and will vary periadically atong
the Tryer as i cow of distributed vortiees living altermating sipn. We postulage tlin the

attfnse watine of the mterfaces epables the vortieny ahoth mtertaces o conple, and fonm
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cither a uniform distribution or pairing. The pairing is manifest as upstream and
downstrcam mushrooms. The sinuous pattern would be produced by a more uniform
distribution. Subtle asymmetries in the initial conditions may favor one of these threc
modes in cach experiment. Because we do not observe upstream and downstream
mushrooms in a single frame during the first millisecond of growth, we suggest that the
pairing mechanism is a collective phenomenon. Our model is not yet precise enough to

quantitatively estimate how much initial asymmetry is needed to induce pairing.

We have attempted to quantify these images by extracting the growth rate of the
peak-to-peak perturbation. We measure the width, W, of the envelope enclosing the
periurbed Skg layer; we do not measure the peak-to-peak amplitude of each wavelength.,
The W vy time data have considerable scatter. We have fit the experimental data to the
function, W = Wq (1 + At), where we estimate the initial width, W, and trecat A and n
as fitung paramceters, We find that n = 1/2 for all three patterns, ‘This result is preliminary,

and must be compared with future mulu-frime data.

Attepts to simulate these flows observed experimentally have been made at Los
Alamos? and Lawrence Livermore National Laboratories.®  These caleulations find tha
intial upstrean-downstream asynunetries of the perturbation amplitudes can produce
stnuous-shaped and mushroom-shaped flow profiles. Also the Los Ahmos calerlations
show that initially synnnetrie perturbations of sufficiently large amnplitnde can evolve into
the rmshroom shape mode. These simulation resuits are preliminary and we expect that

fute calentations will clucidate the possible mechanisms cansing tiis hitureating: flow.

lu simnary, we present How vismalizations showing a bifurcating: flow associated
with the Richtnyer-Meshikov instability of contipnons intertaces, The shock -aceclerated
pas cnetnn evolves into one of twee distinet flow patterns m cach experiment. The flows
ci be explained gualatively i tenns of shock -mdneed vorticity production and trausport

Models, sunalations, and mnla frame experiments e needed to maderstimd these Hows

The shock e experiments were performed at the 1.os Almmos National
Faboratory, supported by US Department of Fucrpy Contract W/A05 ENG oo follownp
nozzle developrent at the University o Arizona. We e puatetul to ) Removsky and H
Ropers tor encontapement, to Ko hnpntfor nse of tdus intrnsibed crmern, ad o ¢

Findiey and D Bmmenan for weelnied assistmee
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Figure captions

1. Experimental sctup. The shock wave moves left to right at Mach 1.2, The interaction
cross-section, denoted I X-S, is the portion of the shock-accelerated gas jet that is
illuminated by the laser sheet. The vertical jet is formed by the SFg nozzle, and SFg 1s
removed in the exhaust plenum below the test section. The camera is an intensificd CCD

camera that captures one image per event,

2. Experimental data. Each row is a representation of time sequence of a flow pattern.
‘The upper row shows “upstream mushroems,” the middie row shows the sinuous pattern,
and the lower row shows “downstream mushrooms.” Each row is actually an ensemble of

images from different events. Adjacent images are at = 100 ps intervals.

3. Voricity by the pressure gradient of the shock wave and the density grvdient of the
interface (a) was cxpected to produce a sinuous profile (b), based on the assuniption of
uniform vorticity distribution (¢). The observations suggest that the deposited vorticity

causes pairing (d) and (¢). or rienins more uniform ().
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