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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 set 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 mcasurement technigques 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. Our 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 experiment, summary of results, and a vortex -based explanation of the phenomena.

Our techniqque for forming an interface between fluids is an improvement over
previous methods using a membrane or gravitational stratification. The vertically -tlowing,
“pas curtain’ is a quasi-planar, Faminar jet flowing transversely (o the direction of shock-
vave propagation (shown schematically tn Fig, D The gas/pas intefaces on both sides of
the jetare diffuse with thickness of only - 1 mm. The technique is an extension of work

. N . . . . . )
with transverse cylindrical jets used to study vorticity production and evolution. -

We use i shock tube to produce a Mach 12 shock wave (inaie) to unpinge on the
pas cartun, Lesential parts of the testsection e shownom Figo 1o A schlicren system (not
shown in Fig, 1) checked for stabilization of the jet betore mitating: the shock wave. The
diagnostie techmque uses PLIE How visualization to observe the shock aceeleried
transversely Howing pas jet The PLIE diapnostic consists of sheetillamination by a dye

Laser beam, and imaping by an intensified, pated CCD camera having o frome ducaition of



*...instability growth pattemns of 1 shock-accelerated, thin fluid byer” by J. Jacobs et al. page 2

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 patterns shown in Fig. 2 are representations of
time 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-based 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-
ties of shock-accelerated cylindrical it as did Jacobs with PLIF.2 Qur attempts to use
schlicren imaging to detect the frec-strcam 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 jet (i.e., the
“gas curtain”) initially 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 independently, one expects the first
interface encourniered by the shock, i.e., the air->SFg interface, to experience perturbation
growth after shock compression, whereas one expects the second interface, i.c., SEe->air,
to mvert phase before growing. Thus, the varicose cross-section is expected to transtorm
LG a sinuous cross-section with growing amplitude after phase inveision, if the interfaces
grow independently. This occurs about 40% of the time as shown by the ensemble of PLIF
images presented in the middle row of Fig. 2, However, some experiments produce
mushroom-shaped protiles, characteristic of vortex pairing, cither on the upstream side of
the mean interface position, upper row of Fig. 2, or on the downstream side, fower row of
Fig. 2. "The “upstream mushrooms™ occur about SO%% of shots and the “downstream
mushrooms abowi 1%, For mitial condinons which are indistinguishable by measurement
techniques available for our work, we observe that the intermediate growth staye of this
Richtmyer-Mesbhkov flow evolves unpredictably into one of three distinet sets of patterns

during cach exvernnent.

These pinomiena can be described qualitatively by the dynamics of the vorticity in
these tHows, siown schematicalty in Figs 30 Vorteity is produced by the ousalipnment of
pressure and dersity pradients, sometimes relerred o as the barochinic pencration of
vorticity. Because the domiant pressure peadient is produced by the shock front, and the
donmant density pradient s at the besndaries of the pas layer, vorticity produced by the
shock interacton will lie on the boundaties of the Laver, and will vary periodicatly along
the Tayer as a vow ol distertbuted vortices having alternating sipn. We postulace that the

atfluse e of the ntedbaces erables the voroeny atbothomterfaces to couple, and form
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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
modces 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 SEg layer; we do not measure the peak-to-peak amplitude of each wavelength.
The W vs time data have considerable scatter. We have fit the experimental data to the
function, W = Wq (1 + A, where we estimate the initial width, W, and treat A and n
as fitting parameters. We find that n = 1/2 for all three patterns. ‘This result is preliminary,

and must be compared with future multi-frame data,

Atempts to simulate these flows observed experimentally have been made at Los
Alamos? and Lawrence Livermore National Laboratories.®  These caleulations find that
inttial upstream-downstream asymmetrics of the perturbation amplitudes can produce
sinuous-shaped and mushroom-shaped tlow profiles. Also the Los Abimos calevlations
show that initially symmetrice perturbations of sufticiently large amplitude can evolve into
the mushroom shape mode. These simulation results are preliminary and we expect that

future calculations will clucrdate the possible mechanisms causing this bifurcating: flow.

In summary, we present How visualizations showing a biturcating flow associated
with the Richtmyer-Meshkov instabality of contipuous inteefaces. ‘The shock -accelerated
pas curtn evolves into one of three distinet flow patierns i cach experiment. The tlows
can be explained qualicatively interms of shock -iduced vorticity production and transport

Maodels, stmulations, and mult frame experiments we needaed to understand these tloves

The shock wibe expertments were performed at the Fos Alamos National
Laboratory, supported by US Departinent of Enerpy Contract W/7405 ENG 36, followiny
nozzle development at the University o Avizona, We e pratetul (o 1] Removsky and H
Ropers tor encoutapement, to RoFapnttor nuse of the imtensithed camera, and 0 ¢

Fandley and D) Baonerman Tor echmeal assistainee
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Figure captions

I.  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 pattemn.
The upper row shows “upstream mushrooms,” the middle 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 (s intervals.

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

causes pairing (d) and (¢), or remains more uniform (f).
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