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Abstract
An experimental investigation of the shock-induced interfacial instability (RichtmyerMeshkov instability) is undertaken in an eﬀort to study temporal evolution of interfacial
perturbations in the nonlinear regime. The experiments are performed in a vertical
shock tube with a square cross-section. A membraneless interface is prepared by retracting a sinusoidally shaped metal plate initially separating carbon dioxide from air,
with both gases initially at atmospheric pressure. With carbon dioxide above the plate,
the Rayleigh-Taylor instability commences as the plate is retracted and the amplitude
of the initial sinusoidal perturbation imposed on the interface begins to grow. The
interface is accelerated by a strong shock wave (M =3.08) while its shape is still sinusoidal and before the Kelvin-Helmhotz instability distorts it into the well known
mushroom-like structures, but its amplitude to wavelength ratio is large enough that
the interface evolution enters its nonlinear stage very shortly after shock acceleration.
The pre-shock evolution of the interface due to the Rayleigh-Taylor instability and the
post-shock evolution of the interface due to the Richtmyer-Meshkov instability are visualized using planar Mie scattering. The pre-shock evolution of the interface is carried
out in an independent set of experiments. The initial conditions for the RichtmyerMeshkov experiment are determined from the pre-shock Rayleigh-Taylor growth. In
this article we describe the Richtmyer-Meshkov experiment in detail. One image of
the post-shock interface is obtained per experiment and image sequences, showing the
post-shock evolution of the interface, are constructed from several experiments. The
growth rate of the perturbation amplitude is measured and compared with some of the
most recent nonlinear analytical models of the Richtmyer-Meshkov instability.
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Introduction

The Rayleigh-Taylor (R-T)1, 2 and Richtmyer-Meshkov (R-M)3, 4 instabilities occur when
two ﬂuids in contact have a relative motion normal to the interface that separates them.
The R-T instability results when a light ﬂuid is constantly accelerated into a heavy one; the
R-M instability results when an interface is impulsively accelerated by a shock wave passing
through it, irrespective of the direction of propagation of the shock wave (and hence of the
induced ﬂuid motion). As a result of these instabilities, the amplitude of any perturbations
present at the interface grow with time, eventually leading to a fully turbulent mixing of the
two ﬂuids. The driving mechanism for these two instabilities is the baroclinic generation of
vorticity induced as a result of the non-zero cross product, ∇ρ × ∇p, at the interface. For
the R-T instability, ∇p is provided by the hydrostatic pressure diﬀerence, while in the case
of the R-M instability, it is provided by the pressure jump across the shock wave. In both
cases, ∇ρ is the density gradient at the interface.
The R-M instability is a fundamental ﬂuid instability that manifests itself in nature as
well as technological applications. In astrophysics, it is used to explain the overturn of the
outer portion of the collapsing cores of supernovas and the unexpected mixing in the outer
regions of the supernova5, 6, 7 . It has been used to explain the rapid collapse of gas bubbles
in liquids8, 9 and many other areas yet to be discovered. In technological applications, the RM instability occurs in inertial conﬁnement fusion (ICF)10, 11, 12 , supersonic and hypersonic
combustion in air breathing vehicles13, 14 and laser-matter interactions15, 16 . The turbulent
mixing induced by the R-M instability is deleterious in ICF applications: the spherical
shell that encapsulates the deuterium-tritium fuel becomes R-M unstable as it is accelerated
inward by the ablation of its outer surface by laser or secondary X-ray radiation. The mixing
between the fuel and the shell material causes dilution of the fuel and limits the compression
achieved in these reactions, thus lowering the energy yield. On the other hand, the R-M
mixing occurring as a result of the interaction of a shock wave with the ﬂame front can be
advantageous in supersonic and hypersonic combustion applications, where rapid mixing of
the fuel and oxidizer is desired.
The R-M instability has been studied over the last forty years theoretically, numerically
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and experimentally since Richtmyer ﬁrst presented his linear analysis in 1961. Typically, RM studies have concentrated in the quantiﬁcation of the temporal evolution of the amplitude
of interfacial perturbations, determination of the growth rates in the linear and nonlinear
stages, study of the distortion of the interface into bubbles and spikes and determination
of a thickness of the turbulent mixing zone (TMZ) and its temporal evolution. The linear
stage of growth of the instability is characterized by the amplitude of a perturbation being
much smaller than its wavelength. The growth rate of the instability in this stage can be
characterized with Richtmyer’s3 impulsive model:
dη
= k[v]Aη0 ,
dt

(1)

where k is the wave number of a sinusoidal perturbation (k=2π/λ, λ being the wavelength
of the perturbation), η0 is the initial amplitude, A=(ρ2 − ρ1 )/(ρ1 + ρ2 ) is the Atwood number
(ρ being the density of a ﬂuid and the shock propagating from ﬂuid 1 to ﬂuid 2) and [v] is
the velocity jump induced by the shock wave at the interface. However, when the amplitude
is no longer small compared to the wavelength the growth becomes nonlinear. The nonlinear
eﬀects result in: a decrease in the growth rate, a distortion of the initially sinusoidal interface
into shapes referred to as “bubbles” and “spikes”, interaction between diﬀerent modes (in
the case of a multimode initial perturbation at the interface) and the onset of secondary
Kelvin-Helmholtz instabilities.
Several models have been proposed to describe the growth of the interfacial perturbations in the nonlinear regime. Hecht et al.17 studied the bubble motion in the R-T and R-M
instabilities for an interface between an incompressible ﬂuid and a constant supporting pressure, corresponding to an Atwood number of unity. A model was proposed for the bubble
motion by considering potential ﬂow near the bubble tips. The model was applied to twodimensional single mode evolution as well as two-bubble competition. The model predicted
that the asymptotic growth rate of a single mode R-M bubble of wavelength λ decays with
time as λ/(3πt), while for the R-T case, it attains a constant asymptotic growth rate, equal
√
to 0.230 gλ. Zhang and Sohn18 formulated a nonlinear analytic theory to describe all stages
of the R-M instability, for the case of a shock wave propagating from a light to a heavy ﬂuid.
Their theory is based on the assumption that the R-M unstable system undergoes a tran-
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sition from an early linear, compressible stage to a nonlinear, incompressible stage at later
times. They developed a general nonlinear perturbative solution for incompressible ﬂuids
and evaluated it explicitly for the impulsive model through the fourth order. The early time
compressible solution was formulated on the basis of Padé approximations. They matched
the two solutions through asymptotic matching. The solutions are found to be:
νo =

1 + νlin η0

k2t

νlin
2
+ max{0, η02k 2 − A2 + 12 }νlin
k 2 t2

(2)

for the overall growth rate,
νb = −νo +

2
t
Akνlin
2
2
2
1 + 2k η0 νlin t + 4k νlin [η02 k 2 + 13 (1 − A2 )]t2

(3)

for the bubble growth rate, and
νs = νo +

2
t
Akνlin
2
2
2
1 + 2k η0 νlin t + 4k νlin [η02 k 2 + 13 (1 − A2 )]t2

(4)

for the spike growth rate. Here, νlin is the growth rate in the linear regime, given by
Richtmyer’s impulsive model; and post-shock values of A and η0 are used. It is evident that
the following relation exists among these growth rates:
1
νo = (νs − νb ) .
2

(5)

The integration of the above expressions gives the growth of the perturbations. The integration shows that the amplitude growth is predicted to have an inverse tangent dependence on
time. Their model predicts that the spike grows faster than the bubble and as the Atwood
number decreases, the interface becomes more and more symmetric.
Barenblatt19 and Mikaelian20 have proposed analytical models to estimate the thickness
of the R-M turbulent mixing zone. Barenblatt’s19 analysis predicts a thickness evolution
described by:
h ∝ tθ ,

(6)

where t is the time and θ=2/3 without dissipation and θ < 2/3 with dissipation (θ is called
the scale invariant R-M parameter). Mikaelian reformulated Read’s21 model for R-T mixing:
h = αAgt2 ,

(7)
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α is called the scale-invariant R-T parameter and obtained
h ∝ [v]At,

(8)

for the R-M case.
Based on the application of potential ﬂow theory at the tips of the bubbles and spikes,
Alon et al.22, 23 have proposed the following expressions for the asymptotic growth rates:
νb =

Cλ
t

(9)

where νb is the bubble growth rate, C=1/3π for A ≥ 0.5 and C=1/2π for A → 0 (lower
Atwood numbers); and





1 + A Cλ
νs =
1−A t

(10)

where νs is the spike growth rate. The amplitude of the perturbations is found by integrating
the growth rate which gives a logarithmic behavior in time.
Recently, two new models have been proposed to describe the growth of the R-M instability in the nonlinear regime. Sadot et al.24 proposed a simple formula which ﬁts the linear,
early nonlinear and asymptotic behavior of the bubble and spike evolution. This result is a
reﬁnement of the formulation proposed by Alon et al.22, 23 . It is expressed in terms of the
growth rate, given as:
ν = ν0

1 + Bt
1 + Dt + Et2

(11)

where ν0 is the growth rate in the linear regime, given by Richtmyer’s impulsive model and,
B = ν0 k

(12)

D = (1 ± A)ν0 k

(13)

for the bubble and the spike,

and,
E=

(1 ± A) 1 2 2
ν k
(1 + A) 2πC 0

(14)

where the plus and minus signs are for the bubble and spike respectively. For A ≥ 0.5,
C=1/3π and for A → 0, C=1/2π. Integration of the growth rate expression indicates that
the amplitude has a combination of a logarithmic and inverse tangent dependence on time.
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The model predictions were compared to numerical simulations as well as experimental data
and found to be in good agreement. Ramshaw25 proposed a model using a Lagrangian
energy formulation to describe the bubble growth in the linear as well as nonlinear regimes,
for an arbitrary acceleration, g, imposed on a perturbed density interface. The R-T and
R-M instabilities were considered special cases of the acceleration. The growth of the bubble
amplitude, h, is described in terms of the diﬀerential equation
bhḧ +

bh 2
ḣ + 2πcḣ2 − 2πAgh = 0
2h

(15)

where b is a model constant and c is a dissipation factor (b and c are expressed in terms of
the scale-invariant R-T parameter, α, and the R-M power law exponent, θ; both α and θ
are chosen from previous experimental results.) Therefore, the model is semi-empirical. If
the R-M case is considered to have no acceleration for t > 0, the ﬁnal term in the above
equation can be dropped for late time growth. The equation can then be rearranged in the
following form:





1 2πc 2
+
ḣ = 0 .
hḧ +
2
b

(16)

This equation can be solved with the following result:


h = h1





h˙1
1+p
(t − t1 )
h1

1/p

,

(17)

where h1 and h˙1 are the values at t = t1 , and
p=

3 2πc
+
.
2
b

(18)

The constant, p, is related to the R-M power law exponent, θ by:
θ=

1
.
p

(19)

Most of the past experimental investigations of the R-M instability have been carried
out in shock tubes where results have been limited to weak shocks to keep the pressure
loads within the structural limits of the existing facilities. The behavior of the instability
for moderate to strong shocks remains to be investigated. Many shock tube investigations
in the past4, 26, 27, 28 have used thin nitrocellulose or mylar membranes (about 1 µm thick)
to separate the two gases initially to form an interface. These membranes are, in general,
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undesirable in order to study the behavior of the instability in its purest form. A survey
of previous investigations shows that experimental data are needed in the nonlinear regime
of growth of the interfacial perturbations for providing a set of benchmarking data for the
analytical models and numerical calculations being developed worldwide. Thus, the two
primary goals of the present work are: 1) to perform R-M instability experiments with
strong shocks (M ≥ 2) in a large cross-section shock tube (in order to eliminate any wall
eﬀects on the growth of the perturbations), and 2) to perform planar imaging of the R-M
unstable interface and measure growth rates of the perturbation amplitudes in the nonlinear
stages of evolution. In order to create a membraneless interface between the two gases, we
utilize the retractable plate technique described in part I of this two part series by Puranik
et al.29

2

Experimental setup

2.1

Wisconsin Shock Tube and related instrumentation

The experiments are performed in the Wisconsin Shock Tube30 . The shock tube has several
key features: 1) a large internal square cross section (25×25 cm2 ) for minimizing wall boundary layer eﬀects, 2) a vertical orientation for preparing a gravitationally stratiﬁed interface
between two gases, 3) a strong structural capacity for studying strong shock waves in gases
at atmospheric pressure (maximum design pressure is 10 MPa), 4) a modular construction
for studying interfaces of diﬀerent ages and 5) a boost tank for rupturing the diaphragm at
a precise time. The shock tube is equipped with an interface section and a test section. The
interface section, located above the test section, has slots where an interface between two
gases may be formed using a thin membrane or a retractable plate. Flow visualization takes
place in the test section where optical access is available through a 24 cm diameter fused
quartz window. An interface may also be formed in the test section by retracting a plate
out of the test section through the plug on the opposite side from the window.
A Continuum (Surelite II-PIV) pulsed Nd:YAG laser is used as the light source for imaging. The laser consists of two laser cavities capable of delivering 200 mJ/pulse (and hence
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400 mJ/pulse when the beams are superimposed) at a wavelength λ=532 nm, with a pulse
width of 10 ns. A CCD camera (Spectra Video Series, by Pixel Vision) is used to capture
the post-shock ﬂowﬁeld images. It has a backlit, thermoelectrically cooled, 1024×1024 pixel
array, with a 16 bit resolution per pixel. The camera is controlled with a personal computer
which also stores the image. An 105 mm f2.8, focal length AF Nikkor Micro lens is used
with the camera. In order to visualize the post-shocked interface, a planar Mie scattering
technique is employed. The test gas is seeded with ﬁltered cigarette smoke with an average
particle size of less than 0.5 µm31 . The degree to which the smoke particles track the ﬂow
has not been quantiﬁed, however, based on particles of similar size32 , the smoke particles are
believed to closely track the ﬂow velocity for the velocities and time-scales of the experiment.
For further detail the reader is referred to part I of this two part series29 .

2.2

Experimental procedure

At the time of an experiment, the entire optical setup and a portion of the shock tube
containing the test section are surrounded by an enclosure made of thick theater curtains
so the area surrounding the test section is completely dark. Wall-mounted piezoelectric
pressure transducers are used in the driven section of the shock tube to measure the incident
shock speed, and to trigger the laser to pulse (through a variable delay box).
First, the driven section is evacuated to approximately 6 kPa and ﬁlled with driven
gas to atmospheric pressure. This procedure is repeated twice to achieve the desired gas
purity. The supply of the driven gas is continued until approximately two volumes of the
driven section have been ﬂushed. The sinusoidal retractable plate and its support frame are
inserted in the interface section. At this time, driven gas is present above and below the
plate. Now, the driver section is evacuated to about 2 kPa and ﬁlled with the driver gas
to just above atmospheric pressure. The test gas is slowly introduced into the portion of
the driven section below the interface plate to minimize any leaks past the retractable plate
into the portion above it. The test gas enters from the bottom ﬂange of the shock tube and
displaces the driven gas upward. This driven gas exits the shock tube just below the plate.
After approximately two test section volumes worth of test gas is circulated, the direction of
the ﬂow is reversed. Now, the test gas is introduced just below the plate and ﬂows downward
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to exit from the end wall of the shock tube until two more volumes are circulated and the
ﬁlling is stopped. This minimizes contamination of the test gas by the driven gas. The
purity of the gases is conﬁrmed by the fact that the transmitted shock speed (for a given
incident shock speed) is within 1% of the value predicted by one-dimensional gas dynamics
calculations.
The driver section is then pressurized with the driver gas to a pressure about 200 kPa
below the predetermined diaphragm rupture pressure (which is known from the diaphragm
characterization). The 0.15 m3 boost tank is pressurized to 15 MPa. The laser ﬂashlamp
capacitor is charged and a reed switch is opened which enables the laser to remain charged.
Oscilloscopes are set to record the pressure transducer signals. The camera shutter is opened
and the CCD exposure is set for 6 seconds. The plate retraction is started using a pneumatic
mechanism. The voltage output from a linear voltage displacement transducer (LVDT)
attached to the retractable plate begins to change as the plate starts retracting. A trigger
signal is sent electronically (using the LVDT signal and a solid state relay) to the boost tank
valve after the plate has traveled a predetermined distance. The boost tank overpressurizes
the driver section rapidly until the diaphragm is ruptured. By the time the shock wave arrives
at the interface location, the plate has retracted out of the interface section completely and a
mechanical gate seals oﬀ the opening through which the plate slides out. The shock wave is
sensed by the wall-mounted pressure transducers. The signal from a wall mounted pressure
transducer is used to shut oﬀ the boost tank and to trigger the laser to pulse.
The retraction of the plate is performed in two stages. Figure 1 shows the schematic
of this process. The laser sheet is projected approximately at the center of the shock tube.
The plate is retracted slowly until it crosses the plane of the laser sheet. This is done to
minimize any disturbances the plate may introduce in the gases at the interface. This ﬁrst
stage is carried out in approximately 250 ms and is represented in the schematic by τ1 . At
this instant, the two gases come in contact with each other in the plane of the laser sheet
and the R-T instability begins to develop. The plate is then retracted out of the interface
section rapidly (in approximately 70-80 ms) by providing a pressure boost to the pneumatic
piston. This process is represented by τ2 on the schematic. The objective is to have the plate
retracted out completely by the time the shock wave arrives at the interface. Furthermore,
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it is undesirable to have the R-T instability evolve to a point where the K-H instability
generates vortex roll-ups. The LVDT attached to the retractable plate is used to provide
the signal for the pressure boost to the pneumatic piston as well as to trigger the boost tank
to rupture the diaphragm. The diaphragm rupture time is estimated to be 180 ms after the
trigger signal is sent to the boost tank. The LVDT signal corresponding to the plate edge
being at the laser sheet location is noted before the experiment. Thus, the time at which
the edge of the retractable plate crosses the laser sheet location is known and the age of the
R-T developed interface at the arrival of the shock can be estimated readily. The inherent
uncertainty in the rupture process of the diaphragm, however, results in an interaction of
the incident shock wave with an interface having a diﬀerent initial amplitude determined
by the R-T instability growth, each time the shock is ﬁred. Note that we currently can
obtain only one image per rupture of the diaphragm. Therefore, an experimental database
consisting of diﬀerent initial interfaces, accelerated by a Mach 3.08 shock wave incident in
CO2 , is generated. Due to careful characterization of the diaphragm rupture, we are able to
accelerate an initial interface that has a R-T age of 110 ms.

Figure 1: Schematic showing the two-stage retraction process for the sinusoidal plate.
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Table 1: List of relevant physical parameters for a M=3.08 shock wave incident on a CO2 -air
interface.

3

M

Wi
(m/s)

[v]
(m/s)

3.08

830.2

699.1

ρCO2
ρair
3
(kg/m ) (kg/m3 )
1.799

1.184







A

ρCO
2
(kg/m3 )

ρair
(kg/m3 )

A

0.206

7.158

4.307

0.249

Experimental results

To study the temporal evolution of the R-M instability, the interface section is placed at different distances from the test section by reconﬁguring the shock tube. The distance between
the center of the test section window and the initial interface location is increased through
the following values: 0.452 m, 0.757 m, 0.957 m, 1.261 m and 1.465 m. Corresponding to
these distances, the ages of the shock-accelerated interface are: 646 µs, 1.083 ms, 1.368 ms,
1.804 ms and 2.095 ms respectively. In addition to these relative positions, the interface is
formed in the test section itself for some experiments, to visualize the very early interaction
of the shock wave with the interface. For this purpose, the window plug in the test section
is modiﬁed to accommodate the retractable plate. Thus, the test section may also perform
as an interface section.
The relevant physical parameters are listed in Table 1. Note that CO2 and air are initially
at atmospheric pressure and room temperature. Furthermore, the initial amplitude, η0 , is
diﬀerent every time the shock is ﬁred. In the table, Wi is the incident shock wave velocity,
[v] is the velocity of the interface and primed quantities denote post-shock values calculated
from the solution to the corresponding 1-D Riemann problem.

3.1

Visualization results

In this section, example experimental images of the R-M unstable interface are presented.
All images shown are contrast-enhanced, raw experimental data. In all images, the incident
shock wave travels from the top (CO2 ) to the bottom (air seeded with smoke).
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3.1.1

Phase inversion

A shock-interface interaction, with the shock traveling from the heavy to the light gas, results
in a phase inversion of the initial sinusoidal perturbations4 . The perturbations continue
growing in time thereafter, maintaining the changed phase. The phase inversion phenomenon
is not observed in the case of a shock traveling from the light to the heavy gas. These
phenomena can be explained on the basis of vorticity generation at the interface by baroclinic
processes. It can be recalled that the driving mechanism for the R-M instability is the
baroclinic generation of vorticity induced as a result of the non-zero cross product, ∇ρ × ∇p,
at the interface. Figure 2 shows the vorticity generation at the interface during a shockinterface interaction. It may be pointed out that the vorticity is deposited at the interface
only during the time it takes for a pressure equality to establish between the reﬂected shock
wave and the transmitted shock wave (in the case of the incident shock wave traveling from
light to heavy ﬂuid) or between the reﬂected expansion wave and the transmitted shock wave
(in the case of the incident shock wave traveling from heavy to light ﬂuid). The perturbation
growth is caused by the dynamic evolution of the deposited vorticity at later times. From
Fig. 2, it is clear that the sense of vorticity (clockwise or counterclockwise) depends upon
the direction of shock propagation, and how it causes a phase inversion for the heavy/light
conﬁguration.
Figures 3 (a)-(d) show a few typical images obtained when the interface is initially in
the center of the test section window. Figure 3(a) shows a pre-shocked initial interface. The
incident shock wave is yet to accelerate it. The edge of the retractable plate is seen as the
thin bright sinusoidal line above the contour of the interface. The laser sheet is 0.3 mm
thick, and Mie scattering in the test gas (air) in the bottom half of the image, shows an
expanding fan of light from the bottom, to a width of 11.5 cm at the interface. The Mie
scattering signal is not a uniform value across the width of the laser sheet due to variations
in the laser beam and is typically brighter in the middle of the sheet and weaker at the
sides of the sheet. There are also variations in the laser beam from pulse to pulse which
results in the Mie scattering signal diﬀering from experiment to experiment. The formation
of the sinusoidal R-T-developed interface is clearly seen in this image. Note the phase of the

12

Figure 2: Schematic showing the shock-interface interaction for the case of a shock traveling
from a light to a heavy gas and vice versa, illustrating whether or not the deposition of
vorticity results in phase reversal.

sinusoidal interface being formed. Figure 3(b) shows the progress of the incident shock wave
through the interface. Note that the shock wave is visualized as the bright horizontal line
seen approximately halfway through the interface. The number density of smoke particles is
increased enormously in proximity of the shock wave, thus increasing the scattering signal.
It can be readily seen that the shock wave has compressed the initial interface. The initial
crest locations are seen ﬂattening behind the shock. The interface is not completely ﬂattened
yet: a slight convexity of the crests is still observed.
Figure 3(c) shows an image captured slightly later in time, with the transmitted shock
further into the light gas. The ﬂattening of the initial crests is seen to be almost complete.
This image shows the early stages of the phase inversion process and an incipience of troughs
in the original crest locations is clearly evident. The transmitted shock is clearly seen to
have a sinusoidal shape, with its crests and troughs in the same locations as the crests and
troughs of the original sinusoidal interface, respectively. Figure 3(d) shows the conclusion of
the phase reversal process. From this image, the emergence of a crest at an original trough
and the emergence of a trough at an original crest is clearly seen. The phase reversal process
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(a)

(b)

(c)
(d)
Figure 3: Images showing the very early interaction of the shock wave with the interface.
(a): pre-shocked initial interface (t=0 s); (b): compression of the initial interface by the
shock wave (t=5 µs); (c): progress of the shock wave through the interface leading to the
phase reversal of the original sinusoidal perturbations (t=36 µs); (d): ﬁnal stage of the phase
reversal (t=39 µs).

is estimated to take approximately 40 µs after the initial shock contact with the crests of
the interface.
There are two types of phase inversions possible during a shock-interface interaction:
direct and indirect33 . The direct phase inversion occurs at or before the conclusion of the
shock-interface interaction while the indirect phase inversion occurs as a result of the shock-

14
interface interaction, during the later dynamical evolution. It is believed that the direct
phase inversion occurs only when the incident shock (and hence the reﬂected rarefaction oﬀ
the interface) is suﬃciently strong. In general, an indirect phase reversal is to be expected.
The phase inversion observed in our experiments seems to fall into the latter category.
3.1.2

Temporal evolution of phase inverted interfacial perturbations

Figures 4 (a)-(d) show images of the shocked interface at 646 µs, 1.08 ms, 1.80 ms and 2.10 ms
respectively, after the initial shock acceleration. All images show post-shock interfaces that
are in the nonlinear stages of growth and clearly not sinusoidal. The smoke particles have
been shown to be following the ﬂow, since the interface location is very close to that predicted
by one-dimensional gas dynamics. The phase inversion is clearly seen in these images, with
presence of troughs in places of original crests and vice versa. The growth of all crests/troughs
is not seen to be identical. This is in general observed in all experimental images. We believe
that part of the reason for this is the fact that the crests/troughs in the initial R-T unstable
phase do not grow by identical amounts. Due to imperfections in the proﬁle on the retractable
plate and minute changes in the plate retraction each time, it is observed that the R-T
instability does not grow all crests/troughs identically. Moreover, if the incident shock is not
exactly planar, it does not come in contact with the sinusoidal interface at once. The shockinduced ﬂow is approximately two orders of magnitude faster than that in the pre-shock R-T
case. Any small irregularities on the initial R-T developed interface (which constitute higher
order modes) grow rapidly after the initial shock acceleration. This, coupled with the phase
inversion process, seems to result in additional turbulence making the post-shock interfacial
contour deviate from being smooth and sharply deﬁned. The crests and troughs seem to
grow sideways after the phase reversal; this is more apparent in late time behavior (Figure 4
(c)). The reason for this is probably some lateral growth of skewed initial perturbations,
especially during the dynamical evolution in the late stages. This observation shows that
the late stages of the R-M instability are extremely sensitive to the initial conditions. In
the highly nonlinear stages of growth, there is considerable interaction between adjacent
mushrooms and an incipience of turbulent mixing can be identiﬁed. Furthermore, the mutual
penetration of the two gases slows down considerably and an increase in lateral movement
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of the mushrooms is observed. The instability growth at this very late time results in a
mixing zone (Figure 4 (d)). The interfacial contour is no longer discernible. CO2 penetrates
into the air and as a result of lateral mixing, a cloudlike region is generated. At this point,
it is diﬃcult to determine the extent of the penetration of CO2 into air, due to a lack of
measurable diﬀerence in the scattering signal obtained oﬀ the smoke particles entrained in
the mixing region from that obtained oﬀ the smoke particles in the pure air region away from
the mixing zone. Since the intensity of the laser light in the sheet is not uniform across the
width and since due to the shot-to-shot variations, the peak of light intensity is seen to shift
from the center of the sheet toward its edges, the identiﬁcation of the penetration of CO2
into air is diﬃcult, as it is uncertain if an apparent weakness of the scattering signal is due
to the presence of CO2 or an inherent decrease of intensity in the sheet. In such late stages
of the instability, when mixing of the two gases needs to be studied, a technique such as
Rayleigh scattering would be useful along with a laser with minimal shot to shot variation.
In such a case, a signal calibration would help identify the pure gases from the mixing zone.

3.2

Image processing

The instability growth is described in terms of the peak-to-peak amplitude, measured from
the experimental images. An image processing algorithm is adopted for this purpose. The
camera used to capture the R-M images has a 1024×1024 pixel array, with a 16 bit resolution
per pixel; the typical range of pixel values in the experimental images is 1700-6500 out of a
possible 65536. Figure 5 shows an image enhanced so that the pixel values fall within the
range of two standard deviations from the average of the pixel values. The image shows a
CO2 -air interface, accelerated by a Mach 3.08 shock wave, 646 µs after the shock interaction.
The instability growth is seen clearly in this image; however, the image is not very “clean”.
In particular, there are a number of high intensity specks present in the portion above the
interfacial contour and the intensity in the laser sheet is not uniform across the width.
The high intensity specks present in the otherwise dark portion of the image constitute an
“outlier” type of noise. To remove it, a nonlinear spatial ﬁlter based on order statistics is
applied. In particular, considering the type of noise and the fact that we are interested in
determining the contour of the interface, a median ﬁlter with a ﬁlter mask of appropriate
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(a)

(b)

(c)

(d)

Figure 4: Images showing the late time evolution of the interface following the phase reversal.
Images (a)-(d) are captured at 646 µs, 1.08 ms, 1.80 ms and 2.10 ms respectively, after the
initial shock acceleration. Development of a mixing zone is evident by the latest stages of
the evolution.
order is employed. The median ﬁlter is shown to perform well to remove outlier type of
noise while preserving edges in an image34 , in that blurring of the image, associated with
the application of a low-pass ﬁlter, is minimized. The order of the ﬁlter mask is determined
as the minimum order of the mask that removes the noise. In a ﬁlter mask F of order N, a
set of (N − 1) pixels surrounding a given pixel are considered. The pixels are ordered from
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their minimum values to maximum values as follows:
F(0) ≤ F(1) ≤ · · · ≤ F(N −2) ≤ F(N −1) ,

(20)

where F(0) and F(N −1) are the minimum and maximum values of the pixels considered in the
mask, respectively. The median ﬁlter is then deﬁned as:


 F(N/2) +F(N/2−1)

Fmed = 


2

F((N −1)/2)

if N is even

(21)

if N is odd .

After the high frequency noise is removed from an image, the pixel values above the average
pixel value of the image are set to the maximum pixel value of the image and those below the
average pixel value are set to the minimum pixel value of the image. This procedure makes
the intensity of scattering signal uniform across the width of the sheet and divides the image
portions separated by the interface contour into two distinct regions of uniform intensities,
while maintaining the shape of the interface contour intact. Figure 6(a) shows the result
of this operation. Finally, a contour ﬁnding routine is employed on the “cleaned” image
to extract the shape of the interfacial contour. Figure 6(b) shows the extracted contour
from the cleaned image. The peak-to-peak amplitude is then measured, as an average of
the minimum and maximum mutual penetrations by the two gases. These are shown in
Fig. 6(b) as η1 and η2 , respectively. The average peak-to-peak amplitude is denoted by η
and represents the overall growth of the instability. A growth factor, F , is then deﬁned
as the ratio of the average peak-to-peak amplitude of the shocked interface to that of the
corresponding initial interface.

4

Experimental growth rates compared with recent nonlinear models

In this section, the experimentally measured growth of the R-M instability is compared with
the predictions from existing nonlinear theories. As mentioned earlier, by careful characterization of the diaphragm rupture, we have been able to accelerate an initial interface that
is approximately 110 ms R-T old. At this stage, the initial interface is sinusoidal with an
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Figure 5: Example of a R-M experimental image, enhanced in contrast.

(a)

(b)

Figure 6: Processed image (a) result of spatial ﬁltering and adjusting the uniformity of
the scattering signals; (b) shows the extracted interface contour with the minimum and
maximum mutual penetrations by the two gases.
amplitude to wavelength ratio of 0.232. Therefore, the initial perturbation is considerably
nonlinear. Table 2 lists the following:
• The distance, X, between the centers of the test section and the interface section.
• The post-shock delay time corresponding to the X (the age of the R-M imaged interface). There are multiple values for the amplitude at each post-shock delay time
because each experiment had a diﬀerent pre-shock amplitude. The diﬀering preshock
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amplitudes correspond to diﬀerent ages of the R-T interface when it was shocked.
• The initial (pre-shock) peak-to-peak amplitude
• The measured peak-to-peak amplitude at the given post-shock delay corresponding to
X.
The theoretical peak-to-peak amplitude at any time is found by integrating the growth
rates for the spike and bubble separately and adding the results. In all theories, the postshock values of the initial amplitudes are used along with the post-shock value of the Atwood
number. Furthermore, the phase inversion observed in the experiments is ignored in the
calculation. The post-shock value of the initial amplitude is determined using the relation
suggested by Richtmyer:




η0 = η0



[v]
1−
,
Wi

(22)

where [v] is the mean velocity of the interface and Wi is the velocity of the incident shock.
Substituting the values for the velocities of the incident shock and the interface, it can
be seen that the post-shock amplitude is approximately 15.8% of the pre-shock amplitude,
indicating the compression associated with a strong shock wave.
In order to compare with the predictions from the various theories outlined in the introduction, all data points with a peak-to-peak amplitude of the initial (preshock) perturbation
within a range of 14.39 mm to 20.96 mm are selected. Considering the fact that the preshock initial amplitude is compressed to approximately 15.8%, the corresponding post-shock
initial amplitudes fall within ±0.5 mm of an average value of 2.79 mm. This average value
is used as the initial amplitude for all theories.
Figure 7 compares the experimentally measured peak-to-peak amplitude with the theoretical prediction. It can be seen that there is a qualitative agreement between the experimental
data and predictions from nonlinear theories. The impulsive model overpredicts the growth
at all times, as expected. Recall that Alon et al.22, 23 theory predicts the asymptotic growth
of the perturbations. Hence, it is plotted for moderate to late times only. The experimental
data falls between the predictions from the Sadot et al.24 theory and the Zhang and Sohn18
theory. At late times, the slope of the Sadot et al.24 curve and the Alon et al.22, 23 curve
are similar. The Zhang and Sohn18 theory underpredicts the perturbations growth at all
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Table 2: Experimentally measured peak-to-peak amplitudes (η) and corresponding initial
pre-shock peak-to-peak amplitudes (η0 ).
X (m)

t (ms)

η0 (mm)

η (mm)

0.452

0.646

0.757

1.083

0.957

1.368

1.261

1.804

1.465

2.095

12.52
17.67
17.16
16.64
9.10
9.82
28.94
20.96
18.25
10.79
16.64
17.67
16.64
20.44
18.25
18.84
18.25
19.64
15.57
18.25
17.67
14.39

24.69
34.24
27.21
31.47
34.78
26.29
34.88
51.07
31.37
31.93
36.24
34.10
29.32
46.47
45.78
41.15
33.72
36.50
43.43
45.54
31.86
36.23

times and predicts saturation at very early times. The prediction from Sadot et al.24 theory
agrees best with the data. The theories have been reported to agree well with experiments
involving weak shocks (on the order of 1.5). The incident shock in the present experimental
campaign is considerably strong, which could have a signiﬁcant inﬂuence on the behavior of
the instability. Furthermore, the initial growth rates in Zhang and Sohn18 theory and the
Sadot et al.24 theory are approximated by the value obtained using Richtmyer’s impulsive
model. However, it should be noted that the behavior of the impulsive model for strong
shocks and highly nonlinear initial perturbation is doubtful.
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Figure 7: Comparison of the experimentally measured instability growth with predictions
from nonlinear theories. The prediction from the impulsive model is shown for qualitative
comparison.

Figure 8 shows the prediction of the Ramshaw25 model compared with the experimental
data. The experimental data seem to fall between the predictions using p=1.923 and p=1.492.
The reciprocal of the constant p is equal to the scale invariant θ parameter, proposed for the
R-M mixing zone growth25 . Thus, the experimental data yields a value of θ=0.595±0.075,
which is consistent with θ ≤ 2/3 where 2/3 corresponds to the zero dissipation case from
elementary scaling arguments25 .

5

Influence of initial nonlinearity

At a given conﬁguration of the shock tube, the distance between the test section and the
interface section is ﬁxed and so is the post-shock delay time of capturing an image. In an
eﬀort to qualitatively study the eﬀect of initial nonlinearity of the interface on the postshock growth, experiments are carried out to accelerate the initial R-T developed interface
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Figure 8: Comparison of the experimentally measured instability growth with prediction
from the Ramshaw25 model.

at diﬀerent stages of its growth. In order to achieve this, the instant at which the trigger
signal is sent to the boost tank to rupture the diaphragm is either advanced or delayed. The
plate retraction is nominally identical in each case.
A dimensionless parameter τrt is formed as the ratio of the absolute age of the initial
R-T-developed interface to a characteristic Rayleigh-Taylor time deﬁned by
τrt,c = √

1
.
kgA

(23)

Therefore, τrt describes the nonlinearity of the initial R-T-developed interface: the higher the
value of τrt , the more nonlinear the initial interface is. A second dimensionless parameter
τrm is formed as the ratio of the absolute age of the shocked interface to a characteristic
Richtmyer-Meshkov time deﬁned by
τrm,c =

1
,
k[v]A

(24)

where [v] is the velocity of the accelerated interface. Thus, τrm is a measure of the nonlinearity
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of the shocked interface. A dimensionless nonlinearity ratio, R, is deﬁned as follows:
R≡

τrm
.
τrt

(25)

Thus, low to moderate values of R imply that the initial interface is highly to moderately
nonlinear and moderate to high values of R imply that the initial interface is moderately
to marginally nonlinear. The growth of the perturbation is measured as the ratio of the
peak-to-peak amplitude at any time to the initial peak-to-peak amplitude. Thus, a growth
factor is deﬁned as:
F ≡

η
.
η0

(26)

In the above deﬁnition, the pre-shocked initial amplitude is used, without loss of generality.
Figure 9 shows the growth factor (F ) for diﬀerent nonlinearity ratios (R). Qualitatively, it
can be said that the growth factor increases as the initial nonlinearity factor increases. In
other words, the more nonlinear the initial interface is, the sooner its growth saturates. The
interaction between adjacent mushroom structures that dominates the mixing in late stages
occurs sooner for an initial interface with low R. On the other hand, mushroom structures
resulting from an interface with high initial R continue to grow independently for a longer
period of time. It must be pointed out that several initial R-T-developed interfaces in this
campaign are in a highly nonlinear stage and are no longer sinusoidal.

6

Issues concerning present technique

In this section, a few important points regarding the retractable plate technique and the
optical diagnostic technique are outlined. The plate retraction technique developed during
this experimental campaign is suitable only for the heavy/light conﬁguration. It was shown
in part I29 that with the light/heavy conﬁguration, the interfacial perturbations ﬂatten out
due to dispersion of the stable Rayleigh-Taylor oscillations and any discernible perturbations
have a very small amplitude after very short times. The heavy/light conﬁguration provides a
sharp, single mode nonlinear interface as an initial condition for the R-M experiment. It may
be noted that such an initial interface is not stationary, but the perturbations are growing
due to the R-T instability. Therefore, in reality, the initial conditions consist of an amplitude
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Figure 9: Growth factors for diﬀerent initial conditions with decreasing nonlinearity.

and a ﬁnite growth rate. The presence of an initial growth rate is ignored while comparing
experimental data with theoretical predictions, which assume a stationary initial amplitude.
However, we also note that the initial velocity is negligible compared to the shock induced
velocity.
The retraction of the plate initially separating the two gases induces three-dimensional
eﬀects in at least two ways. First, the plate leaves behind it a wake and a small amount of
ﬂuid is dragged with the plate that bounces back oﬀ the shock tube walls in the form of a
gravity wave. In all images obtained during the experiments these eﬀects are not explicitly
observed and the ﬂowﬁelds seem predominantly two-dimensional. However, these eﬀects are
present and probably aﬀect the instability behavior. Second, as the plate begins to retract,
the two gases come in contact in the region between the wall of the shock tube containing
the test section window and the edge of the plate and the R-T instability begins to develop
immediately. This is exaggerated and schematically shown in Fig. 10. The instability begins
to grow in the region S, but the plate has not passed the plane of the laser sheet yet.
Thus, the incident shock does not “see” a level interface. Rather, the shock impinges on

25
region S gradually, resulting in extremely complicated shock diﬀractions and reﬂections oﬀ
the envelope that bounds S and inducing three-dimensional eﬀects in the ﬂowﬁeld. This
phenomenon is not accounted for while comparing our experimental results with theoretical
predictions.

M

Sinusoidal plate
S

CO2
Air

Laser sheet

Figure 10: Schematic description of the physical processes responsible for introducing threedimensional eﬀects.

During the experimental campaign, the formation of consistent initial conditions is observed for approximately 80% of the time. Figure 11 shows images from two diﬀerent experiments. The images show two interfaces 1.26 ms after initial shock acceleration. From the
oscilloscope traces, the initial conditions are expected to be nominally identical; however the
shock accelerated interfaces are completely diﬀerent. Figure 11(a) is close to the expected
result, with the presence of distinct peaks and troughs while Fig. 11(b) is far from the expected result. Figure 11(b) is a useful data point only if the initial condition corresponding
to it is explicitly known. Therefore, it is concluded that it is essential to image the initial
conditions dynamically during the experiment. The interface section of the shock tube has
been modiﬁed to make it possible to image the pre-shock R-T development and capture
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(a)

(b)

Figure 11: Shocked interfaces 1.26 ms after the initial shock acceleration. Both images
correspond to initial R-T interfaces approximately 110 ms old and have nominally identical
experimental parameters.
the initial conditions dynamically during a R-M experiment. At present, experiments are
underway and the results will be reported in a forthcoming article.
During the very late stages of the evolution, when interaction of adjacent mushrooms
results in a mixing zone, the penetration depth of the unseeded gas (CO2 in the present
case) into the smoke seeded gas (air) is diﬃcult to determine. It is explained earlier that it
is diﬃcult to diﬀerentiate between the scattering signal oﬀ the smoke particles in the mixing
zone and that oﬀ the smoke particles in pure air below. A reﬁned technique such as Rayleigh
scattering, implemented with a more powerful laser than the one currently available would
overcome this limitation.

7

Conclusion

A novel technique to create a membraneless, single-mode sinusoidal interface between two
gases in a vertical shock tube has been developed and demonstrated. A thin copper sheet,
formed into a sinusoidal shape, initially separating the two gases of interest, is retracted to
form the interface. With CO2 above air, the initial perturbations grow due to the Rayleigh-
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Taylor instability, maintaining a sinusoidal proﬁle up to approximately 120 ms after the two
gases come in contact with each other. The ﬂowﬁeld is found to be predominantly twodimensional and the Rayleigh-Taylor-developed interface presents a useful nonlinear initial
perturbation for the Richtmyer-Meshkov experiment. The initial interface has nominally an
amplitude to wavelength ratio of 0.232. The plate retraction technique is modiﬁed further
to a two stage process and an R-M experiment to accelerate the R-T-developed interface by
a Mach 3.08 shock wave incident in CO2 is designed. The R-M experiments show that the
interfacial perturbations invert phase upon shock interaction, as expected for a heavy/light
conﬁguration. The perturbations are found to grow rapidly (after the phase reversal) during
approximately 700 µs after the initial shock interaction. The growth rate falls rapidly thereafter and the evolution is dominated by interaction of adjacent mushrooms, resulting in a
mixing zone. A comparison with nonlinear theories shows a qualitative agreement, with the
prediction from Sadot et al.24 agreeing best with the data. A qualitative study shows that
the higher the initial nonlinearity of the perturbations, for a given post-shock delay time, the
smaller is the growth factor and the sooner does the growth reach saturation. It is observed
that a change in the initial conditions formed at the interface results in a markedly diﬀerent
growth, keeping all parameters nominally identical. In order to eliminate any uncertainty,
we conclude that it is necessary to capture the initial conditions dynamically, i.e. just before
the arrival of the shock at the interface, during an experiment.
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