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Rayleigh-Taylor Instability Experiments Examining Feedthrough Growth
in an Incompressible, Convergent Geometry
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(Received 29 September 1997)

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, whic
were then observed during implosion with high-speed framing cameras. These experiments are the fir
to study feedthrough perturbation growth in an incompressible, convergent geometry. We compare th
results to small-amplitude perturbation analysis and to a recent radiation-drive feedthrough experimen
[S0031-9007(98)05987-0]
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The study of hydrodynamic instabilities in a converge
geometry is critical for understanding important featur
of inertial confinement fusion (ICF) experiments [1,2
supernova core collapses [3], and underwater explosio
In all of these phenomena, a lighter fluid accelerate
heavier fluid, which results in a Rayleigh-Taylor (RT
interfacial instability [4]. In the case of ICF experiment
a RT instability develops at the ablation interface whe
the high-pressure plasma pushes against the denser ca
shell. It is widely recognized that small nonuniformitie
in either the capsule surface or the drive illumination c
seed the growth of RT instability modes. In the case
supernova core collapses, the apparent large-scale mi
suggested by observations of the supernova explosion
1987A has been attributed to RT instability growth [5,6
For all of these examples, convergence plays an impor
role since it expands or compresses perturbation scales
alters the RT growth characteristics.

In ICF experiments, another factor that must be cons
ered is “thin wall” effects, which can result in the appea
ance of perturbations on the inner surface of an implodi
spherical shell due to the feedthrough of perturbations fr
the outer, RT unstable surface. These inner surface
turbations are highly undesirable since they are believe
limit ICF capsule performance [2,7]. Again, convergen
plays an important role since, as the capsule implodes,
turbation length scales change and the capsule shell th
ens, thus affecting how the outer perturbations couple
and influence the inner surface perturbations.

Because of experimental difficulties in accurate
controlling and diagnosing perturbations in a converg
geometry, most RT experiments have been planar
ometry experiments, and relatively few experiments ha
been performed using convergent geometries [8].
present here the results of a 2D, convergent geom
Rayleigh-Taylor experiment featuring precise control
initial perturbations and high-resolution images of t
RT and feedthrough growth. Experiments of this ty
provide valuable data on RT and feedthrough growth
the inviscid, incompressible, large Atwood number limi
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In our Rayleigh-Taylor experiments, we studied insta
bility growth modes on transparent gelatin cylinders im
ploded with high-pressure gases, a technique original
developed by Meshkovet al. [9]. The experimental appa-
ratus is shown in Fig. 1. A cast cylinder of low-strength
gelatin was sandwiched between transparent plates
Plexiglas and borosilicate glass in a hermetically seale
chamber. The gelatin cylinder consisted of a 6% conce
tration of gelatin (Kind & Knox Company; 225 Bloom
gelatin) with water, and was gelled at 7±C for at least
12 hours to form a low-strength elastic solid. The cylin
der had an outer diameter of 11 cm and an inner diamet
of 8 cm for a radial thicknessDR of 1.5 cm. The axial
thickness was 1 cm. The measured shear modulus w
0.07 bar and the Poisson’s ratio was 0.5. By machinin
sinusoidal undulations on the Plexiglas molding parts use
to cast the gelatin, we were able to fabricate precise pe
turbations on the outer surface of the cylinder to seed R
growth modes of interest. In this way, we fabricated a
cylinder with a mode-6 perturbation having an amplitude
of 1 mm. The outer surface was thus described b

FIG. 1. Schematic diagram of the containment fixture. A
6% gelatin cylinder is sandwiched between two Plexiglas an
borosilicate glass plates. The gas cavity surrounding the gela
cylinder is filled with an equimolar mixture of oxygen and
acetylene, while the gas cavity inside the cylinder is filled with
air. High-pressure driving gas is created when the oxygen
acetylene mixture is detonated by 122 exploding bridge wire
High-speed framing cameras record axial images of the cylind
collapse.
© 1998 The American Physical Society 3763
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Rsud ­ R0 1 A sinsmuud, whereRsud is the outer radius
as a function of azimuthal angleu, R0 s­ 5.5 cmd is the
unperturbed outer radius,A s­ 1 mmd is the amplitude,
and mu s­ 6d is the mode number. Based on the su
face roughness of the Plexiglas molding parts, we estim
gelatin surface roughness to be less than10 mm, which
is much less than the imposed perturbation amplitude
1 mm. Prior to the experiment, the annulus outside
cylinder was filled with an equimolar mixture of oxyge
and acetylene, while the inside of the gelatin cylinder w
filled with air at 1 atm. A xenon flash lamp was use
to backlight the cylinder for the 1.5 msec duration of t
experiment. The entire implosion history of the cylind
was recorded by a high-speed framing camera (Cor
Mod 6) running at9 msecyframe with a record length of
164 frames.

Instability growth occurs when the oxygen-acetylene g
mixture is detonated, and the cylinder implodes. To e
sure a highly symmetric implosion, 122 exploding brid
wires (EBW’s) were mounted inside the containment a
paratus on a ring surrounding the oxygen-acetylene
were simultaneously burst with a high-voltage capaci
bank. Perturbations due to shock interactions between
jacent EBW’s were negligible. The Chapman-Jouguet d
onation front pressure of an equimolar oxygen-acetyle
gas mixture is 45 atm (0.0045 GPa), which results in
initial inward radial acceleration of8.8 3 106 cmysec2

at the outer surface. Since the pressure is much lo
than the bulk modulus of waters­ 2.2 GPad, the gelatin
cylinder can be considered to be incompressible. Al
note that the elastic strength of the gelatin has a negl
ble effect on perturbation growth for modes which sa
isfy k2Gyrg2 ø 1 [10], wherek is the wave number,
G is the gelatin shear moduluss­ 7 3 104 dynycm2d,
r is the densitys­ 1 gycm3d, and g is the perturbation
growth ratesø2800 sec21d. For a mode-6 perturbation
k is 1.09 cm21, and sok2Gyrg2 ­ 0.01 ø 1. There-
fore, the elastic strength has very little influence on t
growth rate of the imposed mode for the mode-6 e
periment to be discussed. Finally, the initial perturb
tion amplitude ofA ­ 1 mm is small compared to the
amplitude threshold ofø0.1l s­ 5.8 mmd, where non-
linear effects such as mode coupling and harmonic gro
become significant.

Figure 2 shows a sequence of framing camera ima
from this experiment. Several interesting features sho
be noted. As the cylinder implodes and the outer surf
becomes RT unstable, a turbulent mix layer of detonat
product gases and gelatin starts to propagate through
cylinder (dark region of the outer surface). This grow
is seeded by surface roughness at the length scale o
most unstable growth mode, which is close to 0.18 m
the cutoff wavelength for surface tension stabilization.
addition to the mix layer, instability growth also occu
at the imposed mode-6 wavelength, and this will be
focus of the rest of this paper. The mode-6 perturbat
amplitude on the outer surface initially grows expone
3764
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FIG. 2. Implosion of a mode-6 cylinder with an initial per
turbation amplitude ofA ­ 1 mm. (a)t ­ 225 msec; (b)t ­
549 msec; (c)t ­ 675 msec; (d)t ­ 756 msec.

tially at a rate ofg ­ 2800 sec21, in good agreement
with the classical growth rate of

p
kg ­ 3100 sec21 for

an inviscid, incompressible fluid. The resulting flow
creates a mode-6 feedthrough perturbation on the in
surface, as seen in Figs. 2(a) and 2(b). The amplitu
of the feedthrough perturbation grows to approximate
0.5 mm at550 msec [Fig. 2(b)], while the perturbation
on the outer surface has grown from 1 to 2.43 mm. Thu
the observed attenuation is 0.21s­ 0.5y2.43d, in very
good agreement with the predicted attenuation factor
exps2kDRd ­ 0.19 from planar feedthrough theory [11],
wherek and DR are evaluated att ­ 0. At later times,
the amplitude of the feedthrough perturbation amplitud
stagnates, decreases to zero [Fig. 2(c)], and, finally,
756 msec [Fig. 2(d)] the amplitude becomes negativ
i.e., the feedthrough perturbation has reversed its pha
A plot of the feedthrough amplitude is shown in Fig. 3
Also shown is the predicted feedthrough from plan
theory. The agreement is very good up to abo
550 msec, but then planar theory completely fails t
model the subsequent feedthrough inversion behavior.

The cylinder acceleration history based on a Lagrangi
analysis calculation of the cylinder motion [12] is show
in Fig. 4. The Lagrangian analysis assumed an elas
incompressible cylinder, which is radially imploded by th
adiabatic expansion of high-pressure gas in the annu
surrounding the cylinder. Potential energy terms includ
the energy of the expanding gas surrounding the cylind
the compression of the gas inside the cylinder, and t
elastic potential energy of the cylinder itself. Lagrange
equation was then solved numerically and a very go
agreement between the observed and calculated cylin
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FIG. 3. Feedthrough perturbation amplitudebstd vs time.
Experimental data points are indicated by small squares. T
dashed line is the prediction based on planar feedthrough the
[11]. The solid line is the result of the small-amplitude analys
described in the text.

collapses was obtained whenP0, the initial pressure of
the gas outside the cylinder, was set to 16.5 atm. Fro
Fig. 4 one sees that, for the first550 msec, both the outer
and inner surfaces are accelerating inward, so the ou
surface is RT unstable and the inner surface is stab
From 550 to740 msec, the accelerations for the outer an
inner surfaces are directed in opposite directions, with t
outer surface accelerating outwards, and the inner surf
continuing to accelerate inwards, so both interfaces are
stable at this stage. Finally, at740 msec, the inner surface
starts to accelerate outwards, and this interface becom
RT unstable. This sequence of acceleration stages
primarily determined by the time-varying geometry of th
gelatin cylinder itself, and is relatively insensitive to th
detonation pressure or to the equations of state used
model the gases.

Since small amplitude analysis has been applied to
study of perturbation growth on spherical shells [13,14
it is straightforward to derive the perturbation growt
equations for cylindrical rings [12]. Here, we will outline

FIG. 4. Radial acceleration vs time. The solid line is th
acceleration history at the inner surface of the cylinder a
the dashed line is the acceleration history at the outer surf
of the cylinder. Negative accelerations correspond to inwa
accelerations, and positive to outward accelerations.
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the approach used. A more detailed description will b
published [12]. We used the fact that the pressure mu
be continuous across the outer and inner surfaces of t
ring, and then applied Euler’s equation to obtain tw
linear, coupled, 2nd order differential equations inastd and
bstd, the amplitudes of the outer and inner perturbation
respectively. The differential equations can be cast in th
form [12]

a00std ­ G11a0std 1 G12astd 1 G13b0std 1 G14bstd ,
(1)

b00std ­ G21b0std 1 G22bstd 1 G23a0std 1 G24astd ,
(2)

where theGij ’s are time-dependent functions of the oute
cylinder radiusr0std, the inner radiusristd, and the mode
numbermu. The initial conditions areas0d ­ A, a0s0d ­
0, bs0d ­ 0, andb0s0d ­ 0. At t ­ 0, G12 andG24 are

G12 ­
gmu

R0

µ
1 1 C2mu

1 2 C2mu

∂
;

G24 ­
2gmu

R0

µ
Cmu22

1 2 C2mu

∂
,

whereg is the inward acceleration at the outer surface o
the cylinder,R0 is the initial outer radius,Ri is the ini-
tial inner radius, andC ­ RiyR0 s­ 0.727d. Note that, at
t ­ 0, the outer perturbation is growing exponentially at
rate governed byG12. In addition, a positive feedthrough
perturbation is starting to grow at a rate governed by th
cross-coupling functionG24. To determine the full time
evolution ofastd andbstd, Eqs. (1) and (2) were numeri-
cally integrated using ther0std andristd determined from
the Lagrangian analysis. As seen in Fig. 3, the calculate
feedthroughbstd describes the observed feedthrough be
havior much better than does planar feedthrough theory

Examination of the numerical values of theGij coeffi-
cients at various times provides some insight into the ev
lution of the feedthrough growth, which can be roughly
broken into three stages.

(i) A strong-coupling stage (t , 450 msec).—In this
stage, there is significant coupling between the function
astd and bstd of Eqs. (1) and (2) (i.e.,G14 and G24 are
relatively large), and the RT growth of the outer perturba
tion strongly drives the growth of the feedthrough pertur
bation. During this stage, the feedthrough amplitudebstd
scales very well withastd exps2kDRd, in agreement with
planar feedthrough theory.

(ii) A decoupling stage (450 , t , 740 msec).—
During this stage, the functionsastd andbstd of Eqs. (1)
and (2) become weakly coupled to each other (coefficien
G12 and G22 become at least an order of magnitude
larger than the other coefficients) and to a very goo
approximation the equations describe two nearly free an
independent harmonic oscillators. This decoupling is
result of two influences. The outer surface acceleratio
becomes positive (i.e., outward) as seen in Fig. 4, and
3765
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the outer surface becomes RT stable. In addition, the
dial thicknessDR increases due to increasing convergen
as the cylinder collapses. The feedthrough perturbat
which developed during stage (i) now starts to under
a nearly free oscillation, resulting in the observed pha
inversion.

(iii) Deceleration stage.—During this stage, the inner
surface starts to decelerate and becomes RT unsta
resulting in rapid exponential growth of any existin
feedthrough perturbations.

It is interesting to compare the feedthrough develo
ment in our incompressible experiment with a rece
compressible feedthrough experiment involving a rad
tion-driven cylindrical implosion [15]. In the radiation-
drive experiment, an initial strong-coupling stage wa
observed in which the growth of the feedthrough perturb
tion at a marker layer was consistent with the exps2kDRd
attenuation factor. At a later stage when the marker lay
interface became RT stable, the growth of the perturbat
was shown to be consistent with Bell-Plesset [16] grow
which is a geometrical convergence effect. In contra
to the radiation-driven experiment, we find that the Be
Plesset effect plays a very minor role in the feedthrou
growth of our incompressible experiment, except just b
fore the deceleration stage. This difference appears to
attributable to the fact that, in the radiation-drive expe
ment, the outer perturbations are carried by an ablat
front which propagates through the cylinder during the e
periment, thus reducing the effectiveDR and ensuring sig-
nificant perturbation coupling throughout the experimen
Thus, exps2kDRd scaling holds until convergence eventu
ally forces the appearance of Bell-Plesset growth. In o
incompressible experiments, however, there is no ablat
front, andDR increases due to convergence. In additio
the incompressible nature of our experiments together w
the convergent geometry causes the outer surface acce
tion to drop significantly during the implosion. As a re
sult, a perturbation decoupling stage occurs about halfw
through the implosion, which leads to the observed pha
inversion. Finally, note that, in a radiation-driven exper
ment, both the strong coupling stage and the Bell-Ples
stage preserve the phase of the feedthrough perturbat
so feedthrough phase inversions such as we observed
not normally expected to occur.

In summary, we have performed Rayleigh-Taylor in
stability feedthrough experiments in an incompressib
convergent geometry, and have observed the growth
the feedthrough perturbation. The observed feedthrou
growth characteristics are in better agreement with t
behavior predicted by our small-amplitude analysis th
with planar theory. During the initial strong-coupling
stage, the feedthrough perturbations scale according
the exps2kDRd attenuation factor. At a later stage, th
feedthrough perturbation becomes decoupled from
outer perturbation and starts to undergo nearly free h
monic oscillations which, in our experiment, results in
feedthrough phase inversion.
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Rayleigh-Taylor experiments with gelatin cylinders an
high-pressure gas drives offer the ability to perform we
controlled and well-characterized convergent geometry
periments in the inviscid, incompressible, large Atwoo
number limit. This experimental technique offers the p
tential of performing quantitative, high-resolution exper
ments to study not only feedthrough growth, but also oth
important related topics such as mode-mode coupling a
turbulent mix development in convergent geometries.
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