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We studied the evolution of elliptic heavy SF6 gas cylinder surrounded by air when accelerated by a planar
Mach 1.25 shock. A multiple dynamics imaging technology has been used to obtain one image of the experi-
mental initial conditions and five images of the time evolution of elliptic cylinder. We compared the width and
height of the circular and two kinds of elliptic gas cylinders and analyzed the vortex strength of the elliptic
ones. Simulations are in very good agreement with the experiments, but due to the different initial gas cylinder
shapes, a certain difference of the initial density peak and distribution exists between the circular and elliptic
gas cylinders, and the latter initial state is more sensitive and more inenarrable.
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An instability induced by a shock wave colliding with an
interface between two materials of different density is known
as the Richtmyer-Meshkov �RM� instability. Numerous pa-
pers �1–4� have investigated the experimental techniques and
simulation methods of the shock-accelerated circular heavy
gas cylinder. As we all know, initial conditions have a major
effect on the development and evolution of the interface in-
stability throughout the process. A one-dimensional �1D� fi-
nite interfacial transition layer �ITL� or “diffused cylinder”
has been posed by Gupta et al. �5�. ITL is an important
consideration for the validity of the simulations at late time
and an important aspect for comparison with experimental
results. These kinds of hydrodynamic RM experiments are
mainly realized in shock tubes �6–10�. Many scientists stress
the uncertainty in the initial conditions of the interface and
the resulting even more uncertainty in the use of experimen-
tal data to test numerical schemes. In all known horizontal or
vertical shock tube experiments, the initial interfacial condi-
tions are rarely accurately measured �11,12� but often back-
ward estimated. Recently, the authors investigated the influ-
ence of nonuniform flow initial conditions on the interface
instability �13� with well-conducted experiments and nu-
merical simulations. Our work illuminated that besides own-
ing the identity of initial interface condition, the initial non-
uniform flow would have a significant effect on the RM
instability.

This research is motivated by the interest of understand-
ing and controlling the noncircular �elliptic in this paper� gas
cylinder shock tube instability experiments and numerical
simulations. We arranged three experiments to achieve this
goal. The first one was a preparative experiment, in which a
shock wave accelerated a circular gas cylinder, while in the
two others, the elliptic heavy gas cylinders were driven by
shocks in two different vertical directions. The objective of
our work is to study the relationship between the circular and
elliptic gas cylinders and construct approximate initial con-
ditions of two-dimensional �2D� diffuse ITL with finite
thickness to elliptic ones. In particular, we also analyzed the
effect of convergence and vortex features of the induced gas
cylinders with time under different shock-accelerated direc-
tions to the elliptic gas cylinder. This is another experimental

and numerical study with a shock-accelerated elliptic heavy
gas cylinder.

The experiments were performed in the National Key
Laboratory of Shock Wave and Detonation Physics horizon-
tal shock tube which is 5 m long and 5�5 cm2 square cross
section. It was coupled with a high-speed multiple dynamics
imaging technology �the interval between two consecutive
frames was 100 �s� which allows a 2D visualization of the
interface. Tracer fog was applied to the gas to enhance the
light scattered and charge-coupled device cameras were used
to increase the dynamic range of the images. The interface
between light gas �air� and heavy gas �SF6� was created us-
ing a cylindrical contoured nozzle with a diameter of 5.0 mm
for the circular gas cylinder, while in the elliptic cases, an
elliptic cylindrical contoured nozzle with its major and minor
axes of 10.0 mm and 2.5 mm, respectively, was adopted. The
Mach number of the incident shock wave was 1.25 in air.
Table I summarizes the properties of air and SF6 gas in the
present experiments at 0.97 atm and 20 °C. By using the
multiple dynamics imaging technology, we obtained one im-
age of the experimental initial conditions and five images of
the time evolution of the cylinder two-dimensional diagram
from t=200 to 600 �s at intervals of 100 �s. Figure 1
shows the typical frames obtained for the three experiments
�Figs. 1�a�, 1�c�, and 1�e�� and simulations �Figs. 1�b�, 1�d�,
and 1�f��.

The pressure of initial SF6 gas cylinder is 0.97 atm and
the initial spatial distribution of density is difficult to be mea-
sured and not known. In our experiments, we mainly esti-
mated the SF6 gas concentrations at the center of the gas
cylinder from the initial images; they are approximate about
of 0.87 and 0.71, respectively. Therefore, we need to deter-
mine the initial distribution of density in the gas cylinder
with the help of numerical simulation and experimental re-
sults in order to reproduce the whole experimental process
and understand the impacts of different cylinder shapes and
different shock-accelerated directions on the development
and evolution of cylinders. This work has an important sig-
nificance on the setting of initial conditions for experimental
study of interface instability, analysis of experimental phe-
nomenon, and results.
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This paper applies our large eddy simulation code multi-
viscous flow and turbulent �MVFT� to numerically simulate
the multiviscosity fluid and turbulence. MVFT is based on the
parabolic method �14�, the Vreman �15� subgrid eddy viscos-
ity model, and it solves the Navier-Stokes equations,
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�Ȳ�s�

�t
+ ũj
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Where �̄ij =�l��ũi /�xj +�ũj /�xi−2 /3�ij��ũk /�xk�� is the vis-
cous stress tensor, �ij =��uiuj − ūiūj� is the subgrid scale
�SGS� stress tensor, q̄j +Qj is the energy flux of unit time and

space, q̄j =−�l� T̄ /�xj, Qj =−�t� T̄ /�xj, �l=�lcp / pr,l, �t

=�tcp / pr,t, D̃= D̄l+Dt, and Sc,t=�t /Dt�̄. �l is the fluid vis-

cosity, �t is the turbulent viscosity, T̄ is the temperature, �l is
the efficient heat-transfer coefficient, cp is the specific heat of

fluid, pr,l is the Prandtl number, D̄l is the diffusion coeffi-
cient, and Dt is the turbulent diffusion coefficient. N is one of

the kinds of fluids and Ȳ�s� is the volume fraction of the sth

fluid and satisfies �1
NȲ�s�=1. An operator splitting technique

is used to decompose the physical problems into three sub-
processes in MVFT, i.e., the computations of inviscid flux,
viscous flux, and heat flux. For the inviscid flux, the three-
dimensional problem can be simplified into three 1D prob-
lems by dimension-splitting technique. For each 1D problem,
we apply two-step Lagrange-Remap algorithm to solve the
equations. During one time step, the calculation can be di-
vided into four steps: �i� the piecewise parabolic interpola-
tion of physical quantities, �ii� solving Riemann problems
approximately, �iii� marching of Lagrange equations, and �iv�
remapping the physical quantities to stationary Euler meshes.
More information about the flow equations, algorithms, nu-
merical schemes, SGS turbulent model, etc., can be obtained
in the author’s literature �13,16�.

For the initial density distribution of the circular SF6 gas
cylinder in the first preparative experiment, numerical simu-
lation is used to approximately describe the interface dissi-
pative transition layer, the same as literature �5�. In the dis-

sipative transition layer, SF6 gas density is calculated by 1D
Gaussian function,

��r� = �0�SF6
e−��r − rc�2/�2�, �2�

where r2=x2+y2, rc=0.9 mm, and �=2.15 mm. �0 is the
concentration at the center, �0=0.87 in the circular case. The
initial density image and distribution are plotted in Fig. 2�a�.

However, for the elliptic SF6 gas cylinders, i.e., in the
second and third experiments, the initial density distributions
are more complex than in the circular case in the numerical
simulations. How to determine the density distributions of
elliptic SF6 gas cylinder is the first to be considered before
the calculations, as it may directly impact on cylinder insta-
bility evolution. According to the experimental initial image
and the interfacial transition layer assumption, an approxi-
mate “diffused elliptic cylinder” initial condition of 2D dif-
fuse interfacial transition layer with finite thickness is con-
structed. The SF6 gas density is calculated by 2D Gaussian
function,
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TABLE I. Properties of air and SF6 gas.

Gas
Density
�kg /m3� Specific heat ratio

Kinematic viscosity
�10−6 m2 /s� Prandtl number

Diffusion coefficient in air
�cm2 /s�

Air 1.15 1.40 15.7 0.71 0.204

SF6 5.34 1.09 2.47 0.90 0.097

FIG. 1. Multiple dynamics images and numerical simulation re-
sults by MVFT at t=200, 300, 400, 500, and 600 �s after shock
passage. �The experiments corresponding �a�, �c�, and �e� and the
simulations corresponding �b�, �d�, and �f�.�
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where x0=y0=0, 	k� �	min,	max�, 
k� �
min,
max�, 	min
=
min=1.0�10−5 mm, 	max=6.30 mm, 
max=2.30 mm,
	k=	min+ �k−1�d	, 
k=
min+ �k−1�d
, d	= �	max
−	min� /M, d
= �
max−
min� /M, M =1000, and �
=6.16 mm. �0 is the concentration at the elliptic center, �0
=0.71 in the elliptic case. The initial density image and dis-
tributions along major and minor axes of the ellipse are plot-
ted in Fig. 2�b�. The difference in the SF6 gas concentrations
at the center of the two kinds of gas cylinders leads to a
certain difference in the initial density peaks and distribu-
tions between the circular and elliptic gas cylinders. In the
circular case, a core with definite size radius could exist
where the density is uniformly distributed. Although the idea
of the elliptic initial density comes from the circular case, but
under the cylindrical contoured nozzle with ellipse size of
2.5 mm�10.0 mm and 2D diffuse effects, in our elliptic
SF6 gas cylinder experiment, not only the density peak is
reduced but also the core may be absent in the symmetrical
center of the cylinder.

Due to the symmetry of the gas cylinder and model, the
calculating region �−2.0 cm,18 cm�� �0.0 cm,2.5 cm� is
adopted, which is the upper half of the whole one
�−2.0 cm,18 cm�� �−2.5 cm,2.5 cm�, and it is discretized
into 2500�312 grids. Sample images from the 2D numerical
results are shown in Figs. 1�b�, 1�d�, and 1�f�. These images
have been chosen because they can illustrate some salient
features of the experiments. From Figs. 1�a�–1�f�, we can see
that good qualitative agreement was achieved between the
images obtained from the simulations and the experiments.
Quantitative measurements allow us to perform a more rig-
orous comparison that can be made on the basis of a visual
inspection of evolutionary images. In the three experiments,
we mainly compared the length measurements of the evolv-
ing cylinders at each experimental time. The width and
height of the evolving cylinders are measured using the six
experimental and computational images. To distinguish the
three experiments with three kinds of initial contoured
nozzle, we use the shapes of these three kinds of initial con-
toured nozzles to denote them in our simulations. We define

the width as the horizontal length or the streamwise dimen-
sion of the evolving cylinder and likewise the height as the
vertical length or the spanwise dimension of the evolving
cylinder, the same as in literature �17�. Plots of the width and
height are shown in Fig. 3. We can see that quantitative
agreements were achieved between the experimental and
computational width and height of the evolving cylinders.
Because of the errors in measuring the interface positions
between air and diffused SF6 gas from the experiment initial
images, the initial width and height in our simulations are
slightly greater than those in the experimental. Actually, the
experimental and computational initial conditions were im-
portant for the width and height values, and the initial state
of the elliptic is more sensitive and more inenarrable than the
circular.

In the two vertical shock-accelerated directions to the el-
liptic heavy gas cylinder experiments, a large difference ex-
isted from the experiment images at the same times in Figs.
1�c� and 1�e� and the conclusion that the second experiment
has stronger convergence than the third experiment was eas-
ily obtained. To illuminate this phenomenon from the simu-
lations, we mainly analyze the vorticity, the circulation of
each vortex, and the distance between the two vortex cores.
In the MVFT code, vorticity is determined by calculating the
curl of the velocity field. This relationship for the 2D flow is

��x,y,t� = � � V = �v/�x − �u/�y , �5�

where V is the 2D velocity vector and u and v are the x and
y components of the velocity. Circulation is a measure of the
average vorticity over an area A,

FIG. 2. The density images and distributions of the �a� circular
and �b� elliptic SF6 gas cylinder initially constructed. �The sizes of
the images are same as Fig. 1.�

FIG. 3. Comparison of the width and height between the experi-
ments and simulations. �The error bars of this visual measurement
are equal to 10%.�
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��t� = �
A

��x,y,t� · dA . �6�

In our experiments, the elliptic heavy gas cylinder evolves
into a vortex pair due to the deposition of vorticity on the
cylinder interface, and two obvious vortex cores are formed
in the flow field. The vorticity has a negative maximum
value in the vortex core of the upper half region we con-
cerned and it has a positive maximum value in the vortex
core of the lower half region. Here, we use a parameter d to
describe the distance between the two vortex cores. Figure 4
shows the vorticity at the center of the core and the distance
between the two vortex cores of these two simulations. We
can see the evident difference between the two cases: the
initial contoured nozzle of 10.0�2.5 mm2 model has larger
absolute values of 	�core	 at the center of the vortex cores
than the 2.5�10.0 mm2 model at the same time, with an
average discrepancy factor of about 1.72 during the time
600 �s; the former has smaller d’s than the latter, with an
average discrepancy factor of about 0.61. Because of this, it
appears that the 10.0�2.5 mm2 model has a stronger effect
of convergence than the 2.5�10.0 mm2 model. In our cal-
culation, the gas jet appears at the symmetry center of cylin-
der during the early times, shown in Fig. 1�d�. This differ-
ence was due to the shockwave loading elliptic heavy gas
cylinder in different major axis directions. Moreover, the re-
sults of verification can also be calculated by circulation.
Figure 5 shows the positive circulation, the negative circula-
tion, and the total circulation evolution over time of the flow
field. From Fig. 5, it is clear that although the two models
differ little in the positive circulation, the difference is more
obvious in the negative circulation, resulting in the great dif-
ference in the total circulation of the flow field. The absolute

value of the former is larger than the latter, consistent with
the results of the vorticity of the vortex cores. This phenom-
enon reveals features that previously studied circular cylin-
ders do not have.

In summary, based on the circular gas cylinder experiment
and simulations, we studied the evolution of elliptic heavy
SF6 gas cylinders surrounded by air when accelerated by
planar shocks. The relationship between the elliptic and cir-
cular gas cylinders is constructed by an approximate initial
condition of 2D diffuse ITL with finite thickness. By using a
multiple dynamics imaging technology, the experiment ini-
tial conditions and five images of the time evolution of cir-
cular and elliptic cylinders were obtained. With the help of
our numerical simulation tool, we compared the width and
height of the circular and two kinds of elliptic gas cylinders
and analyzed the effect of convergence and vortex features of
the induced gas cylinder with time under the different shock-
accelerated direction to the elliptic gas cylinder. However,
due to the different initial gas cylinder shapes, a certain dif-
ference of the initial density peak and distribution existed
between the circular and elliptic gas cylinder. In this inves-
tigation, although we succeeded in building a possible link
between the gas columns, the elliptic ones are more compli-
cated and hard to describe objective reality. Actually, it is
difficult to be imagined for the more complex initial gas
cylinder shapes.
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