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ABSTRACT

A vertical shock tube is used for experiments on the three-layer Richtmyer—Meshkov instability. Two closely spaced membrane-less interfaces
are formed by the flow of two different sects of three gases: one with air above CO, above SF¢ and the other with helium above air above SF.
The lightest of the three gases enters the shock tube at the top of the driven section and flows downward. Conversely, the heaviest gas enters
at the bottom of the shock tube and flows upward while the intermediate density gas enters at the middle through porous plates. All three
gases are allowed to escape through holes at the layer location, leaving an approximately 30-mm layer of intermediate-density gas suspended
between the lightest gas from above and the heaviest gas from below. A single-mode, two-dimensional initial perturbation is then imposed on
the lower interface by oscillating the shock tube in the horizontal direction. The flow is visualized by seeding the intermediate gas with par-
ticles and illuminating it with a pulsed laser. Image sequences are then captured using high-speed video cameras. Perturbation amplitude
measurements are made from the three-layer system and compared with measurements from 2, two-layer systems. It is observed that the
presence of the upper, initially flat interface produces a decrease in growth of instability amplitude in the nonlinear phase over an equivalent

single-interface configuration.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0179296

I. INTRODUCTION

The Richtmyer-Meshkov instability (RMI) occurs when a per-
turbed interface between two gases having different densities is impul-
sively accelerated, typically by a shock wave. The impulsive
acceleration causes an initial perturbation to grow and eventually
become turbulent. RMI is closely related to the Rayleigh-Taylor insta-
bility, which exhibits similar behavior but which is produced by a con-
stant acceleration such as by gravity. The RMI derives its name from
the analytical and numerical work of Richtmyer," which was later con-
firmed in shock tube experiments by Meshkov.” RMI is of fundamen-
tal importance to a number of applications. For example, it has been
attributed as a source of mixing in supernovae’ and in supersonic
combustion.” In addition, it has been identified as a major obstacle to
achieving positive-net-yield in inertial confinement fusion (ICF)’
experiments.

There has been a significant amount of work carried out in the
study of RMI from theoretical, computational, and experimental per-
spectives (see recent reviews’ ? and Refs. 10-15 for recent experimen-
tal results). The large majority of previous work has been focused

solely on the instability of a single interface separating two different
gases. However, it is important to recognize that applications such as
ICF involve configurations having multiple, closely spaced interfaces.
Multi-interface RMI has received some attention in theoretical, com-
putational, and experimental studies. Mikaelian'® "’ has published
extensively on the RMI of multiple-interface configurations in both
Cartesian and cylindrical geometries. Computationally, there has been
recent work on the numerical simulations of the two-interface RML"’
On the experimental side, there have been a number of studies per-
formed at the University of Science and Technology of China, focusing
on several different two-interface configurations.”’ *° However, these
experiments utilize a soap film to separate the different gases and,
therefore, cannot accurately duplicate the vortical structures known to
dominate the late-time, nonlinear evolution. It is, therefore, the focus
of this study to expand upon previous work by exploring experimen-
tally the RMI of a system consisting of two membrane-less interfaces
separating three gases. Specifically, the presence of an unperturbed
interface near an evolving RM unstable one is examined for its interac-
tive effect on the growth of the instability.
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Il. EXPERIMENTAL SETUP

Single-interface, membrane-less Richtmyer-Meshkov instability
experiments have been previously carried out in a vertical shock tube
at the University of Arizona employing a wide variety of initial pertur-
bation, including both two-dimensional”” " and three-dimensional®’
single-mode perturbations, as well as multi-mode semi-random per-
turbations.””” The present study utilizes the apparatus and experi-
mental techniques of these previous investigations modified to allow
the generation of two interfaces separating three gases.

A 5-m long vertical shock tube (shown in Fig. 1) with a 3.7-m
long, 10.2-cm diameter circular driver, and a 5.25-m long, 8.9
x 8.9 cm’ square driven section, including a 1.1-m long test section is
used for this study. The distance between the layer location and the
shock tube end wall is 1.05m. The lightest gas (either helium or air)
enters the tube at the top of the driven section immediately below the
diaphragm, and the heaviest gas (sulfur hexafluoride) enters at the bot-
tom of the test section, while the intermediate gas (either air or CO,)
enters through two plenums fitted with porous metal plates positioned
at opposite sides of the test section. The gases exit the shock tube
through two sets of holes in the test section located at the top and bot-
tom of the porous plates, leaving behind a flat layer of intermediate gas
of thickness, h ~ 30 mm suspended between the light gas from above
and the heavy gas from below, separated by two diffuse interfaces. This

gas configuration yields two Atwood numbers: Aypper = ﬁ =0.21
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FIG. 1. Drawing of the experimental apparatus.
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for air/CO, or 0.76 for He/air and Ajoyer = ﬁz;‘z = 0.54 for CO,/SFg
or 0.67 for air/SFs. ‘

In addition to the two-interface experiments with the two combi-
nations of gases described earlier, additional single-interface experi-
ments using the two gas combinations: air/SFs and CO,/SF were also
carried out for comparison with the two-interface experiments. In
these cases, the gas supply to the middle layer was turned off and one
set of exit holes was blocked, mimicking earlier experiments carried
out at the UA on single-interface RMI.

As has been done in previous studies,”” > a two-dimensional,
single-mode initial perturbation is generated by periodically oscillating
the square shock tube, laterally using a stepper motor and crank mech-
anism, to produce a two-dimensional standing wave on the lower
interface, while no significant perturbation is generated on the upper
surface. In the experiments presented here, the perturbation is that of
2.5 waves spanning the test section, yielding a wavenumber of
1.76cm ™. A M = 1.177 shock wave for the air/CO,/SFq experiments
and M = 1.074 shock wave for the He/air/SFq experiments are gener-
ated by puncturing a polypropylene diaphragm and travel down the
tube where it impacts the interfaces to produce the instability. The fir-
ing of the shock tube is synchronized with the motion of the stepper
motor to achieve repeatable initial perturbations. Experimental param-
eters for the experiments presented here are listed in Table 1. Here, M
is the incident shock Mach number, k is the perturbation wavenumber,
ao— is the mean perturbation amplitude measured immediately prior
to shock arrival, gy, is the mean perturbation amplitude measured
immediately after shock arrival, SD(a,_) is the standard deviation of
the ay,_ measurements, Ajoywer is the Atwood number of the lower
interface, Apper is the Atwood number of the upper interface, h is the
measured initial layer thickness, and V is the measured interface veloc-
ity following passage of the shock wave.

The flow is visualized by using planar laser Mie scattering images.
As described earlier, the middle layer gas is seeded with 2 um diameter
propylene glycol droplets using the particle generator used by Sewell
et al.” The particles are then illuminated by the second harmonic of a
pulsed Nd:YLF laser operated at 6 kHz and positioned at the lower end
of the shock tube. The laser’s output is passed through spherical and
cylindrical lenses and reflected upward through a window in the shock
tube end wall, producing a light sheet normal to the camera view that
illuminates a thin cross section of the gases. The resulting Mie-
scattered images are captured using either four high-speed video cam-
eras in a stacked array or a single higher resolution high-speed camera.

TABLE I. Parameter values for the experiments.

Air/CO,/SFs  CO,/SFs  Helair/SFs  Air/SFq

M 1.117 1.205 1.074 1.117
k (mm™") 0.177 0.177 0.177 0.177
ap_ (mm) 1.64 1.46 2.71 1.62
do+ (mm) 1.03 0.94 2.64 1.26
SD(a,_) (mm) 0.22 0.06 0.29 0.19
Ajower 0.54 0.54 0.67 0.67
Aupper 0.21 NA 0.76 NA
h (mm) 27 NA 29.5 NA
V (m/s) 63 67 46 65
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In both cases, the cameras are positioned to cover the full interface
evolution, including re-shock.

A total of 20 experiments, 5 of each from the four gas combina-
tions: air/CO,/SFs, CO,/SFs, He/air/SFe, and air/SFg, are presented
here.

I1l. RESULTS AND DISCUSSION

shows a sequence of Mie scattering images taken from a
typical air/CO,/SFs experiment. Here, the middle gas (CO,) has been
seeded, making it visible, while the other two unseeded gases are invisi-
ble. In this sequence, one can observe the initial perturbation on the
lower interface prior to shock interaction, followed by the development
of the instability resulting from interaction by the incident shock wave.
This is eventually followed by re-shock resulting from the shock wave
after having reflected from the shock tube end wall, interacting with
the layer a second time. Early in the development, the interface retains
a roughly sinusoidal shape. Later on, however, nonlinear effects appear
with the formation of vortices, resulting in the mushroom structures
observed beginning at approximately t = 4ms. Also, early in the
development of the instability, the perturbation on the lower interface
grows without influencing the upper interface. However, as the grow-
ing spike tips approach the upper, initially unperturbed, interface, the
developing mushroom structures begin to interact with the upper
interface, eventually deforming it. Following re-shock, the symmetry

ARTICLE pubs.aip.org/aip/pof

of the instability is destroyed with the production of increased vorticity
resulting from the reflected shock wave interacting with the highly dis-
torted interfaces, resulting in the development of turbulence.
is a similar sequence but shows the evolution of an He/
air/SFs experiment. In this case, air forms the seeded middle layer.
Relative to the air/CO,/SF, the lower interface spikes approach the
upper interface more quickly and break down more significantly
before the reflected shock arrives at approximately t=11ms. One
noticeable difference between this experiment and the air/CO,/SF¢ of
is that the quality of the evolving interfaces changes drastically at
t=7ms with the destruction of the mushroom structures and an
apparent penetration of the heaviest gas (SF¢) into the lightest gas
(helium). This is, in addition, accompanied by an apparent rapid tran-
sition to turbulence.
and 5 show two single-interface experiments designed
to illustrate the evolution of the instabilities depicted in and
but in the absence of the upper unperturbed interface. A sinusoidal ini-
tial perturbation comparable to that on the lower interface of three-
layer experiments is formed in this case on the sole interface. The
CO,/SF¢ experiment shows a similar development of mushroom struc-
tures as vorticity coalesces at the spikes at roughly t=5ms. The
appearance of these similarly shaped structures demonstrates that in
two-layer cases, the instability develops largely the same as in the
three-layer cases before interaction between the interfaces would begin.

t=11.0ms

t=10.0ms

FIG. 2. Image sequence of an air/CO,/SF4 experiment.
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FIG. 3. Image sequence of an He/air/SFg experiment.

Figure 5 likewise shows an air/SFs single-interface experiment corre-
sponding to the He/air/SFs experiments. Like He/air/SFs, vortices
develop more quickly and more intensely, with the presence of second-
ary instability, relative to the CO,/SFs case, due to its larger Atwood
number.

The perturbation amplitude, defined as one-half the height differ-
ence between the crest and the trough, was measured by determining
the locations of the leftmost fully formed peak and rightmost fully
formed trough in each frame as shown in Fig. 6. These values were
determined by finding the maximum vertical gradient of image bright-
ness across a frame and taking the highest point at which this maxi-
mum occurs as the crest height and the lowest point at which it occurs
as the trough height. Figure 7 shows the growth in amplitude of the
five air/CO,/SF; experiments. Note that the curves differ primarily due
to differences in initial perturbation amplitudes. The shape of the indi-
vidual growth curves is very similar to that of single-interface, single-
mode RMI, such as observed by Jacobs and Krivets.”” For comparison,
a plot of five “control” single-interface CO,/SF¢ experiments is also
shown, exhibiting the same type of behavior.

Figure 8 shows equivalent two-interface, He/air/SF¢, and control,
single-interface, air/SFs experiments. The instability amplitudes ini-
tially grow linearly with time as predicted by linear stability theory.
However, when nonlinearity becomes important, the growth rate
decreases with increasing amplitude.

An important question that we would like to address here is: How
does the presence of the upper interface affect the growth of the instabil-
ity on the lower interface? To answer this, it becomes important to com-
pare the growth of the two-interface instability with that of an
equivalent single-interface control experiment. Since we are considering
the RMI of the growth of only the lower interface in a two-interface sys-
tem, it is logical to compare growth with a single-interface experiment
having the same two gases as the middle and bottom gases. However, it
is also important to recognize that in this case, the direct comparison of
amplitude measurements is not appropriate since the impulse velocity,
V, produced by a shock wave of the same strength will differ between an
air/CO,/SF¢ configuration and a CO,/SF or between an He/air/SFs and
an air/SF4 one. In addition, while we attempt to keep the initial pertur-
bation amplitudes of the three cases the same, they differ owing to the
different gas combinations along with random run-to-run variation.
These two factors make comparing single- and two-interface experi-
ments in dimensional form virtually impossible. However, because it is
expected that the instability amplitudes in all four cases should initially
grow as described by linear stability theory, i.e.,

a=ap+ kﬂ()AVt =ay + aot,

where a is the amplitude, k is the wavenumber, aj is the initial ampli-
tude, A is the Atwood number, V is the impulse to the interface
imparted by the shock wave, a is the initial growth rate, and ¢ is time,
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FIG. 4. Image sequence of a CO,/SF4 experiment.

an appropriate comparison may be made using the dimensionless
coordinates defined by Jacobs and Krivets,” i.e., k(a — ag) vs kaot,
which effectively collapses the linear growth of experiments having dif-
ferent gas combinations, initial amplitudes, and Mach numbers. This
allows for the comparison of differences in the nonlinear growth
behavior, which is where we expect to observe the effects of the upper
interface on the developing instability of the lower interface. It should
be noted that we do not use ag = kagAV to evaluate the initial growth
rate since, for it to be accurate, it requires modification to account for
the effect of initial interfacial diffusion thickness as has been previously
shown.”*”” Instead we use the measured initial growth rate obtained
from linear curve-fits of the first five post-shock amplitude measure-
ments for each experiment. This ensures a good collapse of the data in
the early linear stage, allowing for comparison of differences at later
times where the effects of interaction with the upper interface are
expected to be revealed.

Figure 9 is a plot of the amplitude measurements in Fig. 7 but
using the dimensionless variables defined by Jacobs and Krivets, i.e.,
k(a — ag) vs kagt, where in this case ao is found from a curve fit of
amplitude measurements for each experiment. In comparing the air/
CO,/SF¢ and CO,/SF¢ experiments in Fig. 9, it is apparent that the
two-interface amplitudes lie slightly below the single-interface ampli-
tudes, indicating that the presence of the upper unperturbed interface
may have a slight effect on reducing the growth rate in the nonlinear

stage. However, this difference is small and comparable in size to the
run-to-run variation.

Figure 10 shows the amplitude measurements of Fig. 8 compar-
ing the He/air/SF; experiments with the air/SFs experiments plotted in
the dimensionless variables of Jacobs and Krivets.” In this case, again,
the dimensionless variables do well in collapsing the curves at early
times, allowing the nonlinear growth behavior to be highlighted.
However, in comparing the air/SFs growth curves with those of He/
air/SFs, a larger difference can be observed with the two-interface
experiments on average lying well below the single-interface control
experiments. Thus, it appears that the presence of the He/air interface
above the air/SF; interface reduces the growth of the instability in the
nonlinear regime. Also shown in Fig. 10 is a curve representing the
model of Sadot et al.,**

éb/s _ 1 + kﬂ()t

ao 14 (1xA)kaot + E(kaot)*’
3/1+A
—|——] for A>0.5,
2\1+A4

1£A
— for A < 0.5,
1+A

evaluated here for A = 0.67, where the subscript b/s represents values
for the bubble or spike and the plus sign is used for the bubble growth
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t=10.0ms
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t=11.0ms

FIG. 5. Image sequence of an air/SFg experiment.

Wavelength = 2rt/k

Layer thickness, h

Amplitude, a =
half height I
difference

FIG. 6. lllustration showing the definitions of perturbation amplitude, wavelength,
and layer thickness.

rate and the minus sign for the spike. As has been shown for our previ-
ous single-interface experiments,” the model shows good agreement
with the present air/SFs amplitude measurements.

To quantify these differences further, Fig. 11 shows the mean val-
ues of the amplitudes for the experiments comprising the two groups:
air/CO,/SFs and CO,/SFs. In each case, the plot symbols indicate
mean values, while error bars indicate the 95% confidence intervals

30 T T T T

o csi
cs2
25 O cs3 J
O cs4
csb
A acst
acs2
A acs3

-0
060
A acsd 000°0° 20
(o) Vo (0.5
A acsh » &Q% M |
2488 02°
BB
S SN

nN
o
T

Amplitude (mm)
o

—_
o

0 . L . .
0 0.002 0.004 0.006 0.008 0.01

Time (s)

FIG. 7. Dimensional amplitudes of the five air/CO,/SFg experiments as well as the
five CO,/SFg experiments over time. Here, the format cs# denotes a CO,/SFg
experiment and the chronological order in which it was run. Likewise, acs# denotes
an air/CO,/SFg experiment and the chronological order in which it was run.
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FIG. 8. Dimensional amplitudes of the five He/air/SFg experiments as well as the
five air/SFg experiments over time. The format as# denotes an air/SFg experiment
and the chronological order in which it was run. Likewise, has# denotes a He/air/
SFs experiment and the chronological order in which it was run.
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FIG. 9. Data of Fig. 7 in nondimensionalized variables.

calculated from the assumed random variation of the values compris-
ing the means at each time instant. Of note is the fact that the mean
values indicate a small difference with the single-interface amplitude
lying above that of the two-interface amplitude. However, as is also
indicated on this plot, the difference between the air/CO,/SFs and
CO,/SFs mean measurements is less than the sum of the confidence
intervals, indicating that the observed difference is statistically insuffi-
cient to show a measurable difference with 95% confidence.

In contrast, Fig. 12 shows a similar plot this time comparing the
air/SFs experiments with those of He/air/SFs. Again, plotted symbols

ARTICLE pubs.aip.org/aip/pof

k(a — ap)

kd()t

FIG. 10. Data of Fig. 8 in nondimensionalized variables alongside expected behav-
ior as modeled by Sadot et al.
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FIG. 11. Mean values for air/CO,/SFg and CO,/SFg with confidence intervals shown
as error bars.

indicate mean values with error bars indicating 95% confidence inter-
vals. However, in this case, the differences lie outside the sum of the
confidence intervals for late times when kaot > 2, showing a statisti-
cally significant difference between the two cases. Thus, the presence
of the He/air interface above the air/SF; interface does indeed appear
to produce reduced growth.

The results above indicate that the presence of a second heavy
over light gas interface above the primary Richtmyer-Meshkov insta-
bility affects the growth at late times by reducing the growth rate. This
fact is clearly observed with the larger Atwood number He/air/SF
experiments. This difference was also observed with the air/CO,/SFy
experiments, but to a lesser degree, with measured difference in mean
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FIG. 12. Mean values for He/air/SFg and air/SFg with confidence intervals shown as
error bars.

values found not sufficient to be statistically significant. Additional
experiments increasing the number of measurements used in finding
the mean values would be necessary to show this difference for the
lower Atwood number experiments.

It should be noted that baroclinic vorticity production does not
end after shock passage. Since both interfaces contain substantial den-
sity differences, pressure gradients produced by the flow field of the
developing instability could result in additional vorticity production.
One situation in which this will occur is when the spike tips from the
developing RMI on the lower interface approach and come near to the
upper unperturbed interface. In this case, the vortical structures pre-
sent in the spikes would be expected to produce pressure gradients
that when combined with the density gradient at the upper interface
would result in additional secondary vorticity production. Depending
on the distribution of this secondary vorticity, one might expect it to
produce a velocity field, resulting in a reduction of spike growth. Since
the strength of this secondary vorticity would be larger for a larger
density difference, this could explain why the He/air/SF4 experiments
show a greater effect on the developing RMI than do the air/CO,/SF¢
experiments.

IV. CONCLUSIONS

Shock tube experiments are presented to study the Richtmyer-
Meshkov instability of two closely spaced interfaces. Two stably strati-
fied systems of three gases: air, CO,, and SF¢ and He, air, and SF were
formed in a vertical shock tube such that an approximately 30-mm
thick layer of intermediate-density gas (either CO, or air) is separated
from a lighter gas (either air or helium) from above and a heavy gas
(SFg) from below. A two-dimensional sinusoidal perturbation was
then generated on the lower interface by horizontally oscillating the
shock tube test section. The passage of a weak shock wave generated
by bursting the shock tube diaphragm then produces the instability.
Amplitude measurements of the perturbation on the lower interface
have shapes similar to those of a typical similar single-interface insta-
bility. However, when compared with single-interface CO,/SF; or air/

pubs.aip.org/aip/pof

SF¢ control experiments, it is found that the presence of the upper
unperturbed interface results in reduced growth during the nonlinear
growth phase. It is found that the observed reduction in growth is not
statistically significant for the lower Atwood number air/CO,/SF¢
experiments but is statistically significant for the larger Atwood num-
ber He/air/SF, experiments. One possible cause for the reduction of
growth when a second interface lies above the perturbed interface
could be the result of secondary baroclinic vorticity produced by the
interaction of the density gradient at the upper interface with the pres-
sure field induced by the approaching spike vortical structures.
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