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Abstract

The instability of shocked and reshocked perturbed interface between gases of different
densities is analyzed by comparing flow visualization from 2D and 3D shock-tube experiments with
2D numerical simulations and theory. ‘The shadowgraphs and calculations show similar large scales
of mixing by fluid imerpenciration indiced by the Richtimyer-Meshkhov instability. In 2D,
experimental instability growth following acceleration by the initial shock is less than calculated by
linear theory or stmulk: ied. The 3D experiments are approximately simulated by 2D calculations with
an increased inttial ampliade of the mterlace. The kinetic energy of the mterpenetriting velocity ficld
from the stinulations sire also compared to i theoretical estimate derived from the lincar theory.

Introduction

We performed two series of shock-tube experiments and the corresponding numerical
simulations to measure effects of a pianar shock wave impulsively accelerating a perturbed interface
and then decelerating it with the shock reflected from the end wall of the tube. These experiments are
performed in order to explore some of the mechanisms occuring in the implosion of Inertial
Confinement Fusion {ICF) 1argets as a consequence o: Rayleigh-Taylor instabilities (RTI). In shock-
tube experiments, the interface is subjected to the impulsive (i 2. shock-induced) RT], also called the
Richtinyer-Meshkov instability (RMI, see Sturtevant, 1988). After the interaction with the initial
shock, the interface behaviowr is actually dominated by the vorticity created at shock passage by the
non parallel pressure and density gradients. At the time of the reflected shock interaction, much more
vonticity is cicated becnuse the interface is highly distorted, in addition the preexisting vorticity is
shock-enhanced. As long as the perturbation amplitude are siall compared to their wavelength, the
R’I1 or RMI are well described by a linear theory. In order to study the non-linear phase, when the
amplitude 10 wavelength ratio s not small anymore, we rely on laboratory experiments and numerical
simulatous, The labmatory experiments are subjected to viscous effects acting on the shock-tube
wills as well as perturbations due to the membrane initially separating the gases. ‘The nunericnl
siinmlanons we use e only 2D, do notmadel viscous or tinbulent effects and suffer from mumerical
dissipation. The tollowmg s a precise compirnson of the growth rate of the large scales in the

expannes, i the stomlatow. sunl from the prediction of Linear theory.

Los ALamos experiments (two-dimensionnl)
I thas fist sentes ol expeetunents (Benpnmn, 1988), the shape of the imtial interface between
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mm'l), with a peak amplitude a of 2.4 mm. The test gas, either SI°6 (sulphur hexafluoride) or
helium, yielding Atwood numvers A = Pras Pair equal to (.67 and -0.76, is impulsively accelerated
PgastPair

by the Mach 1.2 planar incident shock (in air at 0.8 bar) to velocities V equal to 74 m/s and 175 m/s
respectively. A 0.5 pm thick collodion membrane separates air and the test gas. The shock-tube has
a cross section of 75x75 mm allowing the observation of two waves on the interface. The length of
the test gas section is 92 mm hence reshock occurs early (about 1ms for air-SF6, and 0.15 ms for air-
helium). The interface deformation under shock acceleration and reshock deceleration is recorded by
single shot flash shadowgraphy when details are required. The reshock of the air/S16 interface is
described with the experimental shadowgraphs (fig. 1) showing the resulting shock and rarefaction
waves and some mixing on the shock tube walls caused by shock-boundary layver interaction. We
obtain growth rates by using multifraining shadowgraphy, giving 10 to 14 fraines per shot. We find
that the growth rate for air/SI6 experiments, before interiction with the reflected shock, is 16 mys,
with a 10% uncertainty and 38 m/s within 10% for air/heliuin experiments.

The simulations are carried out at the CEL-V using EAD, a 2D, second order, non-viscous
Eulerian code. Membrane effects a.e not simulated; neither are turbulent boundary layers on the
shock-tube walls. The interface deformation in the reshock of the air -SF6 interface are illustrated by
a density and two pressure maps (fig. 2). These finely meshed numerical experiments (up to 100
cells per wavelength, and 13 in peak-to-peak amplitude) are done in order 10 obtain quantities such as
the the thickness of the interpenetration zone (IZT, fig. 3) and the kinetic energy (IKE, fig 4) of the
velocity fiuctuations around the deforming interface (Besnard et. al., 1990). 171" is deduced from the
y averaged mass fraction profiles: it corresponds to the region of space where the value of the mass
fraction of =ither material lies between 0.5% and 99.5%. IKI: is obtained from the local fluctuating
kinetic energy calculated from the yclqcily components uj :

p k =(pujy; - p ajy) where p Gj= puj, (1)
which is then integrated along the inean flow direction (x), over the extent of the interpenetration
2one, or over the total computational grid. Thus one obtains the kinetic energy (per unit area) of the
fluctuating velocity field restricted to the mixing zone (ZFKIE) or ncross the total grid, thus includiny.
also the energy due to the perturbed transmitted il reflecied waves CFFKIE) (i, 4).

The growth rates frinn the simulations show a decrease from 26.4 m/s 1o 17.6 /s in the
an/Sko case (g, 3) wnd about 75 nvs i the an/helimn case. ‘The closest theoretical estinnie nting
Kechitmver's formmla,

dl. 4na

AV DhkaAV, ")
dt A
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with a being the interface amplitude after compression by the incident shock, gives 29 m/s in air/SF6
case and 78 m/s in air/helium case. We attribute the differences between the experimental and
numerical values to membrane effects (diffusion and strength). The decrease observed in the air/SF6
simulation is caused by numerical dissipation and perhaps the transition into the non-linear regime.

One can also estimate from the linear analysis the amount of energy (due to velocity
fluctuations) ~ontained in the vicinity of the interface:

naZ o .,
IKE =?{V A% (Pgas+Pair) - 3)

‘The time evolution of 1K1 in the simulations indicate a peak just after inctdent shock passage,
tollowed by a decrease ending in a platcau. Then the reshock of the air-SI<6 interface induces
another, 10 times larger peak (fig. 4). In the air-heliumn case, the amplification due the fivst reshock
ts only 2, but the following reshocks bring the total amplification to 10. We compare peak (for
incident shock) and plateau values of IKIZ from the simulations with 13q.(3) and find a good
agreement between the theoretical estimate (corrected for compression by incident or transimitted
wave) and plateau values (Besnard et. al., 1990). Equation (3), used with reshock conditions,
overestimates by a factor of 4.2 the TFKE (grid) jump from the air/SFS simulations and
underestimates it by a factor of 3.1 in the air/helium case. Several othe: calculations performed for
slightly different Mach numbers and interface amplitude and with changes in storage frequency and
mesh size confirm this trend.

Caltech cxperimeuts (three-dimensional)

These experiments were performied in a square tube (cross section §9mm) with 600 nun
between the initial membrane location and the end wall. The membrance (0.5 pin nitrocellulose) is
mounted flat between the flanges at the junction of two test sections before being given a single 3D
bulge by a small pressure difference. One or several wires can be stretched on the plane of the
mewmbrane in order to ¢create two or more bulges. ‘1he incident shock Mach number is also 1.2 in jir
at | bar, and the gas downstream in the experiments shown here is helium, but refrigerant 22 (R22,
A -().5) or a 1/3 helium-2/3 argon mixture (A=-0.0175) were also usedl. The fickl of view extends
trom x=120 to x=234 nan downstream of the membrine and allows the visnalization of the reflected
wave interaction with the perturbed interface (at about 1 s, fips, 5 7) but, neither the initial
atnplitude of the bulge(s) Loexp nor the carly stages of the instability can be observed. We measure
instead the amplitude obtained from the quasi neatral experitnents perfonned with the helnan apon
tixtare, using the siune conditions for setting the bulpe(s), to estimate Loy ip to 20 mm @resp

1O for a single (resp. twin) bulge.
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The simulated 2D interface is spherical for an axisymmetric calculation or cylindrical for a
planar calculation. For the single bulge, the interface shape obtained at late time with the planar
calculation is in fact closer to the experimental snapshot (fig. 5) than the one obtained with the
axisymmetric calculation. The initial amplitudes (Lg2p) of the bulge in the 2D simulations are chosen
such that the calculated amplitudes (Lsim) match the experimental ones (Lexp) at the lat : observation
time (just before reshock, figs. 5, 6). The equivalent initial 3D bulge (Lo3p) is obtained by
multiplying Lgop by the ratio of the 2D (ky) to the 3D wave number (k = (ky2 + k;2)1/2). Lozp can
then be compared to the value (Lgihe) obtained by reversing the integrated version of the linear
crowth ene (2):

bexp .
(I + AK VYl - V/W
with the correction for compression by the transmitted shock of v_'.locily W,. In the case of the single
bulge (k = 0.1 mm- 1y the amplitudes observed at 928 {s: Lexp = 55 mm (fig. 5) and at 1.22 ms: 75

Lowe = (4)

mm < Lexy < 90 mm are obtained m a simulation with 1.g2p = 20 uun. This corresponds to Lg3p =
14.4 inm, which is experimentally possible and about twice the theoretical value: Lope = 7.5 mm. In
the double bulge case (k = 0.158 mm- 1), the amplitudes at 958 ps (35 < Lexp < 40 mm, fig. 6), and
at 1229 ps (50 < Lexp < 75uun, fig. 7) are sinulated (fig. 8, pressure plot) with  Lo2p = 10 mm.
Tlus leads to Loip = 8.9 mm (also realistic) to be compared with Loihe = 2.9 mm. This large
discrepancy shows that the linear theory 1s clearly inadequate at this stage of the nonlinear regime of
the fundamental mode. In addition, the slope discontinuitics of the membrane at the wall and on the
wire(s) introduce an infinite series of harmonics of the fundamemal wavelength, which have also
developed well into the nonlinear regime. The decrease of the growth rate of the interpenctration
thickness and the evolution of 1K for the twin bulge are illustrarzd on figs. 9 and 10.

Conclusion
‘The 2D and 3D experients and their reasonably similar 21 simulations demonstrate some
aspects ol the nonlinear regane of the RMI and the reshock phase. Lxperiments with better contrelled

artefucts (membrane, inttial conditions) and 3D siaulations should provide an improved approac.
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Figure captions
Figure |: Shadowgraph snapshots of the SF6 (left)-air (right) interface at reshock.
Figure 2: Density map after reshock and pressure maps during reshock (SF6-air).
Iigure 3: Interpenetration zone thickness (SF6-air siniulation, (.5-99.5% mass fraction).
Figure 4: Interpenetration kinetic energy in the zone and the grid (SI6-air stmulation).
Figure 5: Shadowgraph snapshot of the helium (left)-.ir (right) single bulge before reshock.
I'igure 6: Shadowgraph snapshot of the twin helium-aii bulge before reshock.
IFigure 7: Shadowgraph snapshot of the twin bulge after reshock.
lligure 8: Pressure maps during and after reshock (twin bulge simulation).
Figure 9: Interpenetration zone thickness (twin bulge helium-air simulation).

Figure 10: Interpenetration kinetic energy (twin bulge helium-air simuiation).
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