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Rayleigh-Taylor Instability Experiments Examining Feedthrough Growth
in an Incompressible, Convergent Geometry
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We have performed Rayleigh-Taylor instability and feedthrough growth experiments in a 2D
cylindrically convergent geometry by imploding gelatin cylinders with high-pressure gases. Instability
growth was seeded by fabricating sinusoidal undulations on the outer surfaces of the cylinders, which
were then observed during implosion with high-speed framing cameras. These experiments are the first
to study feedthrough perturbation growth in an incompressible, convergent geometry. We compare the
results to small-amplitude perturbation analysis and to a recent radiation-drive feedthrough experiment.
[S0031-9007(98)05987-0]

PACS numbers: 47.40.—x, 47.20.Bp, 47.20.Ma

The study of hydrodynamic instabilities in a convergent In our Rayleigh-Taylor experiments, we studied insta-
geometry is critical for understanding important featuresbility growth modes on transparent gelatin cylinders im-
of inertial confinement fusion (ICF) experiments [1,2], ploded with high-pressure gases, a technique originally
supernova core collapses [3], and underwater explosiongeveloped by Meshkoet al. [9]. The experimental appa-

In all of these phenomena, a lighter fluid accelerates aatus is shown in Fig. 1. A cast cylinder of low-strength
heavier fluid, which results in a Rayleigh-Taylor (RT) gelatin was sandwiched between transparent plates of
interfacial instability [4]. In the case of ICF experiments, Plexiglas and borosilicate glass in a hermetically sealed
a RT instability develops at the ablation interface wherechamber. The gelatin cylinder consisted of a 6% concen-
the high-pressure plasma pushes against the denser capsuégion of gelatin (Kind & Knox Company; 225 Bloom
shell. It is widely recognized that small nonuniformities gelatin) with water, and was gelled at’C for at least

in either the capsule surface or the drive illumination canl2 hours to form a low-strength elastic solid. The cylin-
seed the growth of RT instability modes. In the case ofder had an outer diameter of 11 cm and an inner diameter
supernova core collapses, the apparent large-scale mixired 8 cm for a radial thicknesAR of 1.5 cm. The axial
suggested by observations of the supernova explosion Stdickness was 1 cm. The measured shear modulus was
1987A has been attributed to RT instability growth [5,6].0.07 bar and the Poisson’s ratio was 0.5. By machining
For all of these examples, convergence plays an importasinusoidal undulations on the Plexiglas molding parts used
role since it expands or compresses perturbation scales atal cast the gelatin, we were able to fabricate precise per-
alters the RT growth characteristics. turbations on the outer surface of the cylinder to seed RT

In ICF experiments, another factor that must be considgrowth modes of interest. In this way, we fabricated a
ered is “thin wall” effects, which can result in the appear-cylinder with a mode-6 perturbation having an amplitude
ance of perturbations on the inner surface of an implodingpf 1 mm. The outer surface was thus described by
spherical shell due to the feedthrough of perturbations from
the outer, RT unstable surface. These inner surface per- ) Gelatin Cylinder
turbations are highly undesirable since they are believed to Alumindm Borosilicate Glass
limit ICF capsule performance [2,7]. Again, convergence
plays an important role since, as the capsule implodes, per-  Plexiglas
turbation length scales change and the capsule shell thick-
ens, thus affecting how the outer perturbations couple to
and influence the inner surface perturbations.

Because of experimental difficulties in accurately
controlling and diagnosing perturbations in a convergent
geometry, most RT experiments have been planar ge- Oxygen/Acetylene

ometry experiments,_ and relatively few experiments I']av%lG. 1. Schematic diagram of the containment fixture. A
been performed using convergent geometries [8]. W&o gelatin cylinder is sandwiched between two Plexiglas and
present here the results of a 2D, convergent geometryorosilicate glass plates. The gas cavity surrounding the gelatin
Rayleigh-Taylor experiment featuring precise control ofcylinder is filled with an equimolar mixture of oxygen and
initial perturbations and high-resolution images of the&cetylene, while the gas cavity inside the cylinder is filled with

- . air. High-pressure driving gas is created when the oxygen-
RT and feedthrough growth. Experiments of this typeacetylene mixture is detonated by 122 exploding bridge wires.

provide valuable data on RT and feedthrough growth inigh-speed framing cameras record axial images of the cylinder
the inviscid, incompressible, large Atwood number limit. collapse.
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R(0) = Ry + Asin(my0), whereR(0) is the outer radius (a) (b)
as a function of azimuthal angke, Ry (= 5.5 cm) is the S

unperturbed outer radiug, (= 1 mm) is the amplitude,

and my (= 6) is the mode number. Based on the sur-
face roughness of the Plexiglas molding parts, we estimai
gelatin surface roughness to be less th@rpm, which

is much less than the imposed perturbation amplitude c

1 mm. Prior to the experiment, the annulus outside the
cylinder was filled with an equimolar mixture of oxygen
and acetylene, while the inside of the gelatin cylinder was
filled with air at 1 atm. A xenon flash lamp was used
to backlight the cylinder for the 1.5 msec duration of the(c)
experiment. The entire implosion history of the cylinder
was recorded by a high-speed framing camera (Cordir
Mod 6) running a9 used¢/frame with a record length of
164 frames.

Instability growth occurs when the oxygen-acetylene ga:
mixture is detonated, and the cylinder implodes. To en
sure a highly symmetric implosion, 122 exploding bridge
wires (EBW'’s) were mounted inside the containment ap-
paratus on a ring surrounding the oxygen-acetylene an
were simultaneously burst with a high-voltage capacitor IG. 2. Implosion of a mode-6 cylinder with an initial per
bank. Perthrbatlons dul_e FSIShOChk mt;:ractlon_s betweer:ja [irbation amplitude oft = 1 mm. (a)r = 225 usec; (b)r =
jacent EBW's were negligible. The Chapman-Jouguetdets g ,sec: (c): = 675 usec: (d)r = 756 usec.
onation front pressure of an equimolar oxygen-acetylene
gas mixture is 45 atm (0.0045 GPa), which results in artially at a rate ofy = 2800 sec !, in good agreement
initial inward radial acceleration 08.8 X 10° cm/seé  with the classical growth rate afkg = 3100 sec! for
at the outer surface. Since the pressure is much lowen inviscid, incompressible fluid. The resulting flow
than the bulk modulus of watdr= 2.2 GP3g, the gelatin creates a mode-6 feedthrough perturbation on the inner
cylinder can be considered to be incompressible. Alsosurface, as seen in Figs. 2(a) and 2(b). The amplitude
note that the elastic strength of the gelatin has a negligief the feedthrough perturbation grows to approximately
ble effect on perturbation growth for modes which sat-0.5 mm at550 usec [Fig. 2(b)], while the perturbation
isfy k2G/py? < 1 [10], wherek is the wave number, on the outer surface has grown from 1 to 2.43 mm. Thus,
G is the gelatin shear modulus= 7 X 10* dyn/cn?),  the observed attenuation is 0.Z% 0.5/2.43), in very
p is the density(= 1 g/cn?), and y is the perturbation good agreement with the predicted attenuation factor of
growth rate(=2800 sec'). For a mode-6 perturbation, exp(—kAR) = 0.19 from planar feedthrough theory [11],

k is 1.09 cm™!, and sok*G/py? = 0.01 < 1. There- wherek andAR are evaluated at = 0. At later times,
fore, the elastic strength has very little influence on thehe amplitude of the feedthrough perturbation amplitude
growth rate of the imposed mode for the mode-6 ex-stagnates, decreases to zero [Fig. 2(c)], and, finally, at
periment to be discussed. Finally, the initial perturba-756 usec [Fig. 2(d)] the amplitude becomes negative;
tion amplitude ofA = 1 mm is small compared to the i.e., the feedthrough perturbation has reversed its phase.
amplitude threshold of=0.1A (= 5.8 mm), where non- A plot of the feedthrough amplitude is shown in Fig. 3.
linear effects such as mode coupling and harmonic growtilso shown is the predicted feedthrough from planar
become significant. theory. The agreement is very good up to about

Figure 2 shows a sequence of framing camera imagess0 usec, but then planar theory completely fails to
from this experiment. Several interesting features shouldhodel the subsequent feedthrough inversion behavior.
be noted. As the cylinder implodes and the outer surface The cylinder acceleration history based on a Lagrangian
becomes RT unstable, a turbulent mix layer of detonatiomnalysis calculation of the cylinder motion [12] is shown
product gases and gelatin starts to propagate through the Fig. 4. The Lagrangian analysis assumed an elastic,
cylinder (dark region of the outer surface). This growthincompressible cylinder, which is radially imploded by the
is seeded by surface roughness at the length scale of tlagliabatic expansion of high-pressure gas in the annulus
most unstable growth mode, which is close to 0.18 mmsurrounding the cylinder. Potential energy terms included
the cutoff wavelength for surface tension stabilization. Inthe energy of the expanding gas surrounding the cylinder,
addition to the mix layer, instability growth also occurs the compression of the gas inside the cylinder, and the
at the imposed mode-6 wavelength, and this will be theelastic potential energy of the cylinder itself. Lagrange’s
focus of the rest of this paper. The mode-6 perturbatiorequation was then solved numerically and a very good
amplitude on the outer surface initially grows exponen-agreement between the observed and calculated cylinder
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1.5 the approach used. A more detailed description will be
/ published [12]. We used the fact that the pressure must
1.0 4 P be continuous across the outer and inner surfaces of the
7 ring, and then applied Euler's equation to obtain two
~ 0.5 linear, coupled, 2nd order differential equation(n) and
é O b(t), the amplitudes of the outer and inner perturbations,
< 0.04 respectively. The differential equations can be cast in the
- form [12]
-0.5 4 a’(t) = G1ad'(t) + Gpa(t) + G3b'(1) + Guub(1),
1
'1.0 T T T ( )
0 200 400 600 800 b"(t) = Gub'(t) + Gub(1) + Gya' (1) + Gasalt),
Time (usec) (2)

FIG. 3. Feedthrough perturbation amplitudgs) vs time. where theG;;’s are time-dependent functions of the outer

Experimental data points are indicated by small squares. TheYlinder radiusro(z), the inner radius;(¢), and the mode
dashed line is the prediction based on planar feedthrough theojumbermg. The initial conditions are(0) = A, a’(0) =
[11]. The solid line is the result of the small-amplitude analysis0Q, 5(0) = 0, andb’(0) = 0. Attt = 0, G1, andGy4 are
described in the text.

G _gm0<1+\1’2’"”>.
collapses was obtained whehy, the initial pressure of 12 Ry \1 — W2m )’
the gas outside the cylinder, was set to 16.5 atm. From dem pmo—2
Fig. 4 one sees that, for the firsi0 wsec, both the outer Gy = i b <1 o >

0 —_ 4

and inner surfaces are accelerating inward, so the outer
surface is RT unstable and the inner surface is stablavhereg is the inward acceleration at the outer surface of
From 550 ta740 usec, the accelerations for the outer andthe cylinder,R, is the initial outer radiusgR; is the ini-
inner surfaces are directed in opposite directions, with th&al inner radius, and = R;/R, (= 0.727). Note that, at
outer surface accelerating outwards, and the inner surfage= 0, the outer perturbation is growing exponentially at a
continuing to accelerate inwards, so both interfaces are RTate governed bysi,. In addition, a positive feedthrough
stable at this stage. Finally, 20 usec, the inner surface perturbation is starting to grow at a rate governed by the
starts to accelerate outwards, and this interface becom@goss-coupling functiorG,s. To determine the full time
RT unstable. This sequence of acceleration stages gvolution ofa(r) andb(r), Egs. (1) and (2) were numeri-
primarily determined by the time-varying geometry of thecally integrated using they() andr;(¢) determined from
gelatin cylinder itself, and is relatively insensitive to the the Lagrangian analysis. As seen in Fig. 3, the calculated
detonation pressure or to the equations of state used feedthroughb(r) describes the observed feedthrough be-
model the gases. havior much better than does planar feedthrough theory.
Since small amplitude analysis has been applied to the Examination of the numerical values of tlig; coeffi-
study of perturbation growth on spherical shells [13,14] cients at various times provides some insight into the evo-
it is straightforward to derive the perturbation growth lution of the feedthrough growth, which can be roughly
equations for cylindrical rings [12]. Here, we will outline broken into three stages.
(i) A strong-coupling staget (< 450 wseq.—In this
1.0E+8 stage, there is significant coupling between the functions

a ) a(t) and b(r) of Egs. (1) and (2) (i.e.G14 and Go4 are
3 ) relatively large), and the RT growth of the outer perturba-
E 5.0E+7 tion strongly drives the growth of the feedthrough pertur-
g P bation. During this stage, the feedthrough amplitéde
§ 0.0E+0 IS scales very well withu() exg(—kAR), in agreement with
S T s R S s S - planar feedthrough theory.
< \/ (i) A decoupling stage 460 < r < 740 useq.—
-5.0E+7 During this stage, the functions(r) andb(z) of Egs. (1)
0 200 400 600 800 1000 and (2) become weakly coupled to each other (coefficients
Time (usec) G, and G,, become at least an order of magnitude

, , , N larger than the other coefficients) and to a very good
FIG. 4. Radial acceleration vs time. The solid line is the pproximation the equations describe two nearly free and
acceleration history at the inner surface of the cylinder ancfal . ; : L
the dashed line is the acceleration history at the outer surfac@dependent harmonic oscillators. This decoupling is a
of the cylinder. Negative accelerations correspond to inwardesult of two influences. The outer surface acceleration

accelerations, and positive to outward accelerations. becomes positive (i.e., outward) as seen in Fig. 4, and so
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the outer surface becomes RT stable. In addition, the ra- Rayleigh-Taylor experiments with gelatin cylinders and
dial thicknessAR increases due to increasing convergenceéiigh-pressure gas drives offer the ability to perform well-
as the cylinder collapses. The feedthrough perturbationontrolled and well-characterized convergent geometry ex-
which developed during stage (i) now starts to underggeriments in the inviscid, incompressible, large Atwood
a nearly free oscillation, resulting in the observed phaseumber limit. This experimental technique offers the po-
inversion. tential of performing quantitative, high-resolution experi-
(iii) Deceleration stage—During this stage, the inner ments to study not only feedthrough growth, but also other
surface starts to decelerate and becomes RT unstabiejportant related topics such as mode-mode coupling and
resulting in rapid exponential growth of any existing turbulent mix development in convergent geometries.
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