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Abstract The interaction of a planar shock with one elliptic heavy-gas (SF6) cylinder surrounded by air is
investigated experimentally. By changing the aspect ratio of the elliptic cylinder, the influence of the initial
shape on the evolution of the interface is visualized by a series of dynamic photos utilized by a high-speed
camera. It is found that the longer the axis perpendicular to the shock front, the faster and the severer the
deformation of the gas cylinder. This can be explained mainly by the different amount of vorticity produced
by the misalignment between the density gradient and the pressure gradient. When the vertical axis is much
longer than the horizontal axis, the vorticity production is mainly concentrated at the upper and lower
corners, which rolls up in time, and results in a structure of big vortex-pair. When the horizontal axis is
much longer than the vertical axis, the baroclinic vorticity production distributes at almost every position
along the interface, which leads to a faster rolling up of vortices, and even second vortex may develop at
later times.

Keywords Flow visualization � Richtmyer–Meshkov instability � Elliptic gas cylinder � Shock wave

1 Introduction

When an interface between two fluids with different densities experiences an impulsive acceleration, the
perturbations of the interface will grow, which is called the Richtmyer–Meshkov instability (RMI) (Meshkov
1969; Richtmyer 1960). This instability occurs in a wide range of applications such as supernova (Arnett et al.
1989), inertial confined fusion (Lindl et al. 1992), deflagration to detonation transition (Markstein 1957), etc.
Therefore, it has been extensively investigated in the past two decades by means of experimental, numerical
and theoretical methods. Surveys are given by Brouillette (2002) and Zabusky (1999).

The interaction of a shock wave with a gas cylinder can be regarded as one common test problem for the
study of the RMI. The shock wave provides the impulsive impact on the interface which is formed either by
a cylindrical bubble (Haas and Sturtevant 1987) or by a gas cylinder (Tomkins et al. 2002, 2008). This
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problem has been examined experimentally (Haas and Sturtevant 1987; Jacobs 1993; Prestridge et al. 2000)
and computationally (Quirk and Karni 1996). This gas-cylinder problem can also be served as a good
benchmark for code validation because it exhibits complex and non-linear behaviors in a very simple initial
configuration (Zoldi 2002).

The evolution of the interface after the sudden impact of the shock is mainly related to two mechanisms,
the baroclinic vorticity deposition (Jacobs 1993) and the pressure perturbation (Haas and Sturtevant 1987).
The baroclinic vorticity is generated where the pressure gradient is misaligned with the density gradient. The
pressure perturbation is caused by the wave phenomena including the shock focusing. Both mechanisms
strongly depend on the initial shape of the gas cylinder. In the present work, we performed an experimental
investigation of the interaction of a planar shock with one elliptic heavy-gas (SF6) cylinder surrounded by
air. By changing the axis ratio of the elliptic cylinder, the influence of the initial shape on the evolution of
the interface can be studied. In fact, the circular gas cylinder can be considered as a special case of the
elliptic cylinder.

2 Experimental facility and method

2.1 Facility

All experiments for this study are carried out in a stainless-steel shock tube IFP50 with a length of 4.7 m and
a square cross-sectional area of 50 9 50 mm2. As shown in Fig. 1, it consists of a driver section, a driven
section and a test section. The driver section is movable and has a length of 1.03 m. The driven section is
fixed and has a length of 3.02 m. The test section is 0.65 m long and has four optical windows
(250 9 50 mm2). To generate a shock wave, the driver chamber is slowly filled with nitrogen until a plastic
membrane, separating the driver chamber from the driven chamber, is ruptured. Both driven chamber and
test chamber are initially at ambient pressure. In this case, an incident shock wave of Mach number 1.25 can
be produced with a repeatability of the shock speed typically within ±2%.

2.2 Elliptic gas cylinder creation

The method of the gas cylinder creation is similar to the one used in Tomkins et al. (2003, 2008) and Jacobs
(1993). Supplied from a high-pressure bottle and monitored by a rotameter and a needle valve, SF6 gas is
introduced into a chamber placed above the test section of the shock tube. When the volume fraction of the
SF6 in the chamber is larger than 98% (monitored by a SF6 gas analyzer FT-103P), glycol fog droplets,
created with a theatrical fog machine, are then transferred into the chamber and mixed with the heavy gas
for the purpose of visualization. In order to have a good mixing with the heavy gas, the injection nozzle of
the fog locates at the bottom of the sidewall of the chamber. It should be pointed out that the volume fraction
of the glycol fog droplets in the heavy gas is about 1:105, which means that adding the glycol fog droplets
has a negligible influence on the heavy gas density (less than 0.1%). The fog droplets have the typical sizes
in the order of 0.5 lm in diameter, and the flow-tracking fidelity has been analyzed by Rightley et al. (1997,
1999) and Prestridge et al. (2000) in the similar shock acceleration system. It should be noted that, although
the dynamic particle tracking is good using this diagnostic, the precise edges of the cylinder are not known
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Fig. 1 Schematic of the shock tube IFP50 with peripheral devices. IC camera for taking the initial shape of the gas cylinder,
DYN high-speed camera for taking dynamic photos of the gas cylinder
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because diffusion dominates the initial conditions of the cylinder, and the SF6 diffuses faster than the fog
(Goodenough et al. 2005).

A stainless-steel tube connects the chamber to the insert fitted on the upper wall of the test section. The
insert with the desired elliptic nozzle is modular and can be interchanged easily for all nozzles. Thus, the
configuration of elliptic gas-cylinder may be changed by simply switching inserts. Because SF6 is five times
denser than air, the gas–fog mixture flows into the test section from the chamber along the nozzle driven by
gravity. A mild suction through an exhaust plenum at the bottom of the test section extracts the SF6 gas
seeded with glycol fog out of the shock tube. The suction is carefully controlled and adjusted to obtain the
initial elliptic gas-cylinder in a steady, repeatable way. Compared with the speed of the shock (&420 m/s)
or the convective velocity of the SF6 gas (&100 m/s), the vertical flow velocity (&0.15 m/s) is very small
and insignificant, thus ensuring the quasi-two-dimensional nature in the visualization plane.

A top view of the cross-section of the elliptic cylinder configuration just prior to the shock impact is
shown schematically in Fig. 2. The initial geometry of the gas-cylinder in the test section depends upon the
shape of the output orifice, which is a series of elliptic cross-section. In the present work, as listed in
the Table 1, experiments are performed at different ratios of x-axis over y-axis of the ellipse, a/b = 4/1,
3/1, 2/1, 1/1, 1/2, 1/3 and 1/4 with a and b denoting the elliptic axis in x- and y-directions, respectively. For
all cases, the area of the ellipse 0.25pab keeps a constant 19.63 mm2. Figure 3 shows a picture of the initial
elliptic SF6 cylinder taken along the axial direction of shock tube in a typical shot. Due to the diffuse effect
of the gas cylinder that occurs immediately below the nozzle, the real sizes of a and b are slightly larger than
that of the nozzle geometry as measured from the initial condition image. This certainly reduces the density
gradient too. By measuring the size of the ellipse, the diffuse layer has a thickness of 10% of the nozzle size
at the observing plane, i.e. 20 mm below the nozzle exit.

2.3 Diagnostics

The shock tube is equipped with six ports. Four of them are used to flush mount piezoelectric pressure
transducers (PCB M113A26) on the wall of driven section. Other ports are used to inject or extract the
test gas.

As shown in Figs. 1 and 3, the flow is illuminated by a 10-W constant illumination laser (Coherent
Company, Verdi-V10) with a wavelength of 532 nm. The beam is transformed into a thin (&1 mm)
horizontal laser sheet by using a set of lenses. The light sheet enters into the test section at about 20 mm
below the nozzle exit and allows CCD camera to image the evolution of the elliptic cylinder. The trigger of
CCD camera depends on a pressure transducer at the downstream end of the driven section of the shock
tube.

All the images are captured using two independent cameras. The initial condition images, immediately
prior to shock impact, are captured with a Photron Fastcam SA1.1 camera (IC in Fig. 1), which is inclined at
60� to the laser sheet. Images of IC camera are re-mapped to compensate the distortion effect caused by the
inclination. The mapping coefficient is acquired by comparing a distorted picture of a test grid with the
undistorted picture of the same grid.
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Fig. 2 Schematic of one elliptic cylinder. The ratio a/b ranges from 4 to 0.25

Table 1 Experimental parameters in different cases

Case 1 2 3 4 5 6 7

a (mm) 10.0 8.7 7.0 5.0 3.5 2.9 2.5
b (mm) 2.5 2.9 3.5 5.0 7.0 8.7 10.0
a/b 4 3 2 1 0.5 0.33 0.25
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The evolution images during the post-shock flow are obtained by a Photron Fastcam-APX RS camera
(DYN in Fig. 1) which is oriented orthogonally to the plane of the laser sheet. The duration of the five
exposures on the CCD is 2 ls, which produces reasonable image quality at 20 lJ of optical energy. All the
images are acquired before the shock reflected from the end wall or the rarefaction from the driver section
reaches the test section. A frame rate of 104 fps is used, which corresponds to an image size of 640 9 384
pixels. These images give a resolution of 138 lm/pixel. As mentioned before, the sizes of fog tracer
particles are in the order of 0.5 lm in diameter. Because these particles are much larger than SF6 gas
molecules, they scatter planar laser light much more efficiently, enabling the camera to collect images of
local fog particle concentration, which in the post-shock flow is proportional to the actual gas density.

3 Results and discussion

The evolution images of all the seven cases are shown in Fig. 4. Cases 1–7 correspond to the rows from top
to bottom, respectively. As mentioned before, the initial images obtained from IC camera have been
corrected. It should be pointed out that images from 0 to 0.2 ms are not available because the gas-cylinder
creator blocks the view of the camera during that period. Therefore, the first time interval is 0.2 ms, and the
rest intervals are all 0.1 ms.

It can be directly found that the larger the axis ratio, the faster the development of the interface. In the
late time, Case 1 shows a trend of turbulent mixing, while Case 7 only has two big vortices which may
correspond to the stage of the third image in Case 1. Furthermore, the structures of the interface in these
seven cases are different, which may be ascribed to the baroclinic vorticity deposition mechanism. As
depicted in Fig. 5, the larger the axis ratio, the bigger the misalignment of the pressure gradient with the
density gradient and, therefore, the larger the baroclinic vorticity produced. Actually in the limit situation of
a = 0, vorticity is only produced at the top and bottom of the ellipse, creating two opposing point vortices
whose evolution can be described as a vortex pair, yielding a similar structure as in the bottom row of Fig. 4.
Contrarily, in another limit case that b = 0, vorticity would be produced in two opposing horizontal and
uniform vortex sheets, yielding similar images as in the top row of Fig. 4.

In Case 7 with the smallest axis ratio, the vorticity production is mainly concentrated at the upper and
lower corners, which rolls up in time. Therefore, the development of this case is mainly driven by the corner
vorticity and can be regarded as a big vortex-pair structure. As the axis ratio increases, the baroclinic
vorticity production distributes at almost every position along the interface except the front and the rear
parts. The increasing of the vorticity leads to a faster rolling up of vortices. In the largest ratio case (Case 1),
due to the very big amount of vorticity produced along the very long interface, a second vortex develops in
the big vortex at later time as indicated by dashed circles in Fig. 4. For this reason, we can consider this
development as a bifurcation structure. We also noticed that from Cases 1–3 there are white areas attached
to the main interface center in the early stage as denoted by ‘S’ in Fig. 4. This area is defined as a spike in
Kumar et al. (2005) and is caused by shock focusing.

Fig. 3 Photograph showing initial gas-cylinder seeded with glycol fog
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Then we further study the two typical elliptic cases, Cases 1 and 7, by comparing the geometrical sizes of
the interface with that in the circular gas cylinder case as shown in Fig. 6. The geometrical sizes of the
interface, i.e. the height of the cylinder h and the length of the cylinder l, are measured from Fig. 4. It can be
found that the length of the cylinder trends to a same value after the initial impact and then deviates from

Fig. 4 Series dynamic images for all seven cases. Cases 1–7 correspond to the rows from top to bottom, respectively. The first
column is the initial condition image, and the rest of the columns are dynamic images for evolution time at 0.2, 0.3, 0.4, 0.5 and
0.6 ms, respectively, after the passage of the incident shock wave
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Fig. 5 The vorticity distribution produced by the interaction of a shock wave with an elliptic SF6 cylinder in Case 1 (left) and
Case 7 (right)
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each other. Figure 7 shows the relative deformation a and b defined as a = (h - h0)/h0 and b = (l - l0)/l0,
respectively, with subscript ‘0’ denoting the initial value. The increase of a in Case 1 is the fastest at the
early stage and Case 7 is the slowest. This is related to the shock compression. Although the incident shock
has the same strength, the traveling time of the transmitted shock is different due to the different shape of the
cylinder, which leads to a different compression duration. The relative length behaves differently for three
cases. In Case 1, the relative length decreases first due to the strong compression and then increases with
time. In Case 7, the relative length increases linearly with time because the shock compression is very short.

4 Conclusions

The interaction of a planar shock with one elliptic heavy-gas (SF6) cylinder surrounded by air is investigated
experimentally. Seven elliptic cylinders with different aspect ratios are employed to study the influence of
the initial shape on the evolution of the interface. These elliptic cylinders are different in axis ratio ranging
from 4 to 0.25. All experiments are carried out in a shock tube with an incident shock Mach number of 1.25,
and a high-speed camera combining with an initial camera is used to visualize the evolution of the interface.

It is found that the larger the axis ratio to the shock front, the faster and the severer the deformation of the
gas cylinder. This may be ascribed to the baroclinic vorticity deposition mechanism. The larger the axis
ratio, the bigger the misalignment of the pressure gradient with the density gradient and, therefore, the larger
the baroclinic vorticity produced. In the smallest axis ratio case, the vorticity production is mainly con-
centrated at the upper and lower corners, which roll up in time. The development of this case is driven by the
corner vorticity and can be regarded as a big vortex-pair structure. As the axis ratio increases, the baroclinic
vorticity production distributes at almost every position along the interface except the front and the rear
parts. The increasing of the vorticity leads to a faster rolling up of vortices. In the largest ratio case, due to
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Fig. 6 Height (left) and length (right) for three axis ratios a/b: 4/1, 1/1 and 1/4
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the very big amount of vorticity produced along the very long interface, a second vortex develops in the big
vortex at later times. For this reason, we can consider this development as a bifurcation structure. We also
noticed that for the very large axis-ratio cases there are white areas attached to the main interface center in
the early stage.
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