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ABSTRACT

The Atwood number plays a critical role in describing the physics of fluids behind the hydrodynamic instabilities in gas dynamics. In order to
investigate the impacts of the Atwood number (At), the evolution of a shock-accelerated square bubble containing either SFe, Kr, Ar, Ne, or He
and surrounded by N is investigated numerically. For this purpose, the unsteady compressible Navier-Stokes—Fourier equations are solved
using an explicit modal discontinuous Galerkin method. For validation, the numerical results are compared with available experimental results
and are found to be in good agreement. The results demonstrate that the Atwood number has a significant influence on flow morphology with
wave patterns, vortex creation, vorticity generation, and bubble deformation. For At > 0, the speed of the shock wave traveling along with the
bubble inner surface is often less than that of the incident shock wave and greater than that of the transmitted shock wave. Moreover, vortex
pairs from the upstream and downstream corners are generated, and the former vortex pair ultimately dominates the flow morphology. For
At » 0, the incident and transmitted shock waves move at the same speeds, whereas for At < 0, the transmitted shock wave travels faster
than the incident shock wave. Moreover, only one vortex pair at the upstream corners is generated, which dominates the flow morphology.
Furthermore, a detailed study of Atwood number impacts is investigated through the vorticity generation at interfaces. A quantitative analysis
based on the shock trajectories, the interface features, and the integral diagnostics is also studied in detail to investigate the impacts of the
Atwood number on the flow structure. Finally, a comparative study of the flow physics between the shock-accelerated square and cylindrical
bubbles is conducted to examine their natural differences.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0031698

I. INTRODUCTION models in astrophysics,” and many more as surveyed in the review

of Brouillette.’

The Richtmyer-Meshkov (RM) instability"” is one of the well-
known fluid interface instabilities leading to a turbulent mixing
zone in nature. The RM instability is a physical phenomenon that
arises when a planar shock wave impulsively accelerates an arbi-
trarily perturbed interface separating two fluids of different den-
sities. Owing to the misalignment between the pressure gradient
of the shock wave and the local density gradient across the arbi-
trarily disrupted interface, this instability is triggered by the baro-
clinic vorticity generation at the interface. The RM instability is
ubiquitous in many natural and engineering applications, including
inertial confinement fusion,” supernova explosions,’ medical shock
wave lithotripsy,” scramjet combustion process,”” stellar evolution

Numerous experimental, theoretical, and computational stud-
ies have been performed and published in the past to explain
the physical phenomenon of the RM instability. Planar shock-
accelerated bubbles, referred to as shock-bubble interaction, are
widely considered for studying the RM instability. At first time,
Markstein'’ and Rudinger and Somers'' investigated the shock-
bubble interaction experimentally to describe a complex turbulent
flow field phenomenon with long-living vortex rings. Haas and
Sturtevant'* investigated experimentally the interaction of a pla-
nar, weak shock wave with a single gas bubble containing either
helium, refrigerant, or fluorocarbon by using a shadowgraphy tech-
nique and described the flow morphology phenomenon for both
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divergent and convergent conditions. Subsequently, the interaction
between a weak shock wave and cylindrical light/heavy gas bubbles
was experimentally investigated using a planar laser induced fluo-
rescence technique by Jacobs,”'* and high quality flow morphol-
ogy visualization was observed. Layes et al.'” ' investigated experi-
mentally the interaction between a plane shock wave and a bubble
containing different gases such as helium, nitrogen, and krypton
using a high-speed camera shadowgraph diagnostic. The experimen-
tal results obtained could be used to test other numerical and theo-
retical studies. Meanwhile, Ranjan et al.'® investigated the physics
for shock-spherical bubble interaction in divergent shock-refraction
geometry using shock tube experiments.

Generally, the flow morphology of the shock-bubble interac-
tion essentially depends on a dimensionless parameter called the
Atwood number defined as

At = w, with
Pb+ pg

-1<At<1. (1)

Here, p; and p, are the densities of the bubble gas and its surround-
ing gas, respectively. To demonstrate the impact of the Atwood
number on the shock-bubble interactions, two different values of
the Atwood number (At = 0.17 and 0.68) were tested experimentally
by Haehn et al."” The results revealed a secondary vortex ring for the
low Atwood number immediately after a reshock. Numerous experi-
mental sets of He and SF¢ bubbles surrounded by air with high-speed
schlieren photography were performed by Si et al.”

Besides the experimental works described above, various stud-
ies on the shock-accelerated bubble were also carried out numer-
ically. Quirk and Karni’' performed a detailed numerical investi-
gation on the flow morphology of the shock-accelerated cylindrical
gas bubble based on Haas and Sturtevant’s experimental results.'”
Zabusky and Zeng” investigated numerically the planar shocks
interacting with a Refrigerant-12 axisymmetric spherical bubble and
showed the evolving upstream and downstream complex wave pat-
terns and emphasized the appearance of vortex rings. Bagabir and
Drikakis™ subsequently numerically analyzed the incident shock
Mach number effects on the shock-accelerated cylindrical bubble,
revealing additional gas dynamics with the rising shock Mach num-
bers. Niederhaus et al.”* performed an extensive numerical study of
the three-dimensional shock-accelerated spherical bubble to investi-
gate the flow morphology and time-dependent integral properties,
including the impacts of the Atwood number (-0.8 < At < 0.7)
and the shock strengths (1.1 < M < 5.0). Later, Zhai et al” stud-
ied numerically the shock-accelerated spherical bubble containing
various gases (SFs and He) using the VAS2D code and investi-
gated the flow morphology, including the evolution of interfaces and
the development of wave patterns. Thereafter, Zou et al.” explored
numerically the evolution of heavy bubbles with different gases (SFs,
R22, R12, and Kr) in a shock accelerated flow, and the influences
of the different gases on the shock wave focusing and jet forma-
tion were investigated. Recently, Zhu et al.””** studied numerically
the shock-accelerated cylindrical bubble to investigate the deforma-
tion and instability of light and heavy bubbles, the formation and
evolution of vortex rings, shock wave patterns, the shock focusing
processes, and jet formation mechanisms.

Interestingly, most of the earlier experimental, theoretical, and
computational studies have investigated the interaction between an
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incident shock wave and bubbles of different shapes, including cylin-
drical, elliptical, or spherical. So far, there are a few studies avail-
able on the shock-accelerated gas bubbles having polygonal inter-
faces that provide good conditions for shock refraction physical
phenomena. This type of research has various practical applica-
tions, for example, a helium-filled balloon over a volcanic moun-
tain for providing an early warning of a developing eruption. When
such an eruption happens, there is an interaction with the pro-
duced blast wave that propagates in the air with a bubble contain-
ing a different gas. Zhai et al”’ investigated experimentally and
numerically the interaction of a planar shock wave with polygo-
nal N, interfaces (square, triangle, and diamond) surrounded by
SF¢. Emphasis was placed on the investigation of the wave pattern
of the shock refraction at the slow/fast interface and the effects of
the interface shape on the interface morphology. Later, this study
was extended to explore the shock refraction phenomenon at a
fast/slow interface and the effect of the initial interface shape on the
RMI through dealing with the interaction of a planar shock wave
with six different SFs polygons (a square, two rectangles, two tri-
angles, and a diamond) surrounded by air.’' Igra and Igra™ stud-
ied numerically the interaction between a planar shock wave and
square and triangular bubbles containing either SFs, He, Ar, or
COs. Subsequently, this work was further extended for the interac-
tion between a planar shock wave propagating in air and a polyg-
onal bubble (composed of two triangles) containing two differ-
ent gases.”” Recently, a series of heavy gas inhomogeneities with
very simple geometries (square, rectangle, circle, and triangle) were
numerically reproduced to trace the source of the jet formation by
Fanetal™

Encouraged by these developments, the shock-accelerated
square bubble is again revisited in this study, and the impacts of the
Atwood number at several values (At = 0.667, 0.466, 0.074, —0.218,
and —-0.773, corresponding to SFs, Kr, Ar, Ne, and He, respec-
tively) on the flow morphology of the square bubble surrounded
by N, are comprehensively investigated numerically. The reason
behind for the selection of these Atwood numbers is that the related
gases have been widely adopted in the above-mentioned research
works for the Richtmyer-Meshkov instability study. Emphasis is
placed on the flow morphology visualization, wave patterns, vortic-
ity generation, and their quantitative analysis based on the shock-
trajectories, interface features, and integral diagnostics. For a com-
parative analysis of flow physics between the shock-accelerated
square and cylindrical bubbles in depth, a numerical investigation
is also performed. Furthermore, the present work can be seen as a
supplement to the RM instability research to examine the Atwood
number effects on the dynamics of a shock-accelerated square bub-
ble (such as shock refraction phenomenon, shock-focusing, and
jet formation).

Toward this goal, this paper is structured as follows: In Sec. II,
the computational model including the problem setup and numer-
ical method are presented. In Sec. I1], the grid refinement analysis
and the validation of numerical method are studied. In Sec. IV, the
computational results for the Atwood number impacts on a shock-
accelerated square bubble are discussed in details. First, the general
features of the flow morphology in the shock-accelerated square
bubble are presented. After then, numerical results obtained with
a high grid resolution for flow evolution visualization at different
Atwood numbers are presented. Furthermore, the influences of the
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Atwood number on the vorticity generation and their quantitative
analysis are also investigated. Consequently, a comparative study of
the flow physics between the shock-accelerated square and cylin-
drical bubbles is conducted to investigate their natural differences.
Finally, conclusions remarks with further development in line of the
present study are given in Sec. V.

II. PROBLEM SETUP AND COMPUTATIONAL MODEL
A. Problem setup

Figure 1 illustrates a schematic diagram of the flow model used
to simulate a planar incident shock wave interacting with a square
bubble surrounded with ambient gas. The computational domain is
a rectangular two-dimensional space with length L = 200 mm and
width W = 140 mm in the directions of x and y, respectively. In this
study, a moving planar incident shock wave and stationary square
bubble are considered. The planar shock wave with the Mach num-
ber M; = 1.21 propagates from left to right in the x—direction. The
initial position of the shock wave is at x = 20 mm from the left-hand
side of the computational domain. The edge length of the square
bubble is set to a = 56.6 mm based on the experimental study con-
ducted by Luo et al.”' The ambient gas is nitorgen (N) with initial
pressure P =101 325 Pa and room temperature T = 298 K around the
bubble, while a light gas (He or Ne) or a heavy gas (SFe, Kr, or Ar) is
used as the testing gas within the inhomogeneity. The left boundary
is set to be inflow, while the upper, bottom, and right boundaries are
set to be outflow boundaries.

B. Governing equations

The shock-accelerated inhomogeneous flow problems are basi-
cally solved by simulating the compressible multi-species flow model
with a gas mixture.”’® Interestingly, it has been found in the previ-
ous research works of Picone and Boris,”” Samtaney and Zabusky,j"\‘
Quirk and Karni,”' and Bagabir and Drikakis”’ that the different
values of specific heat capacities y values for each gas do not affect
the details of the vorticity generation qualitatively, particularly the
creation of large-scale structures. According to Quirk and Karni,”’
for the problem of shock-bubble interaction, “...the errors intro-
duced by the single-gas model assumption are not catastrophic
and to some extent may be tolerated,” but such errors cannot be
tolerated in other applications, for example, air-fuel mixing in a

Post-shock _| Pre-shock gas

Bubble w
gas

FEVTETE]

FIG. 1. Problem setup: schematic diagram of initial flow field and computational
domain.
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supersonic combustion system, where temperature changes will sub-
stantially affect the mixing. Based on the above-mentioned dis-
cussion, the present shock-accelerated square bubble problem is
modeled through the unsteady compressible laminar flow, which
assumes a single-component perfect gas with specific heat ratio y.
Here, we consider the two-dimensional compressible Navier—
Stokes—Fourier (NSF) equations for the laminar flow model. The

. . 39,40 . .
unsteady compressible NSF equations” " are written in conserva-

tion form,
aU 8Finv aGinv aFvis aniS
it =0, 2
o " ax oy ox oy @
where
p gu pv
U-= puU i F" - pu-+p Ginv _ ,Dzuv i
pU puv pv-+p
pE (PE+p)u (PE+p)v
0 0
i 11 i 11
FYS = XX , vis _ Xy
H")’ G H}’}’

Iecu + nyv + Qx nyu + Hyyv + Qy

Here, p is the mass density, 4 and v are the velocity components in
x— and y— directions, respectively. E is the total energy density, and
p is the static pressure determined by the ideal gas law as

p= (= D(PE- 3G 7)), ®

where p is the specific heat ratio. The value of y is considered to
be 7/5 for nitrogen gas. The symbols Il., Ily, and I, are the
components of stress vector II defined as follows:

ML = | 404 _20v]

o #_38x 39y
Ov Ou

HX = a P B
4 ”[ax+ay]

[40v 2 0u]

y=-plz5 -z

7 ‘u_3 dy 3 0x|

The symbols Q; and Q, are the heat fluxes in the x— and y-—
directions, respectively, defined as

oT oT
a, Q= _Kaiy,

where T is the absolute temperature. In the above expressions, the
symbols ¢ and « represent the Chapman-Enskog shear viscosity
and the thermal conductivity, respectively. These expressions for the
Chapman-Enskog linear transport coefficients can be employed as”

TY TY
) @)

where T, is the reference temperature. Here, the value of T, is
considered as T, = 273.15 K. The symbol s stands for the index of
the inverse power laws of gas molecules, given as

1 2

s=—+ .
2 v-1

Qv=-x

(5)
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Here, the parameter v is the exponent of the inverse power laws for
the gas particle interaction potentials. The value of s is assumed to
be 0.78 for nitrogen gas."

C. Numerical method based on mixed-type
discontinuous Galerkin approach

Over the past few decades, the discontinuous Galerkin (DG)
methods have become popular as an alternative approach for solv-
ing the partial differential equations. The DG methods combine the
main features associated with the finite element (FE) and finite vol-
ume (FV) methods and have been successfully applied to a wide
range of applications in gas dynamics, acoustics waves, plasma
physics, quantum physics, and magneto-hydrodynamics.” ** As a
traditional FE method, accuracy is obtained by approximating the
solution based on a series of the higher-order polynomials within
each element of the domain, rather than employing wide stencils,
as in the case of the traditional FV method. However, similar to
the FV method, the physics of wave propagation is considered in
order to determine the physical solution among multiple solutions
at the interfaces of the elements. The DG methods have numerous
important features, including hp adaptivity; robustness with strong
mathematical properties, well defined for structured/unstructured
meshes associated within complex geometries, well suited for non-
conforming elements having hanging nodes, very efficient for adopt-
ing time-stepping algorithms, and highly parallelizable.

In this study, the compressible NSF equations (2) are solved by
an in-house developed explicit mixed-type discontinuous Galerkin
solver based on rectangular meshes."”"* The computational domain
is discretized into rectangular elements, and scaled Legendre
polynomial functions are employed for elements. The Gauss-
Legendre quadrature rule is implemented for both the volume
and the boundary integrations, and the local Lax-Friedrichs (LLF)

is applied for the inviscid term,”” while the local discontinuous
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Galerkin (LDG) scheme is employed for the auxiliary and vis-
cous fluxes at elemental interfaces." A polynomial expansion of
third-order accuracy is used to approximate solutions in the finite
element space, and an explicit third-order accurate SSP Runge-
Kutta scheme is used for the time integration. To eliminate the
spurious numerical fluctuations of the solutions, the nonlinear
total variation bounded (TVB) limiter proposed by Cockburn and
Shu is used.””

I1l. GRID REFINEMENT AND VALIDATION STUDY

In order to visualize the computational results, we consider the
numerical schlieren image based on the magnitude of the gradient
of the density field. It is defined as™’

5= exp(—k(%)M), ©

maxij|Vpijl
where

20 if ¢ij > 0.25,
100  if ¢ < 0.25.

k(¢ij) = {

For the numerical simulation, the computational time is considered
as non-dimensionalized to produce a dimensionless time scale (1)
defined as

M
T=t (7)
a

where t is the real computational time, ¢ is the local sound speed, M;
is the Mach number of the incident shock wave, and a is the edge
length of the square.

A. Grid refinement study

To evaluate the quality of the computational results, a grid
refinement study is carried out by computing two test cases on the

Mesh 2 g

Mesh 1 k Mesh 2 Mesh 3
C Q
C ©
-
(a) Shock-accelerated SF; square bubble
Mesh 1 Mesh 4

Mesh 3 @
\

Mesh 5 ,/:‘//

(b) Shock-accelerated He square bubble

FIG. 2. Grid refinement study: numerical schlieren images with five different meshes points for (a) the shock-accelerated SFg square bubble and (b) the shock-accelerated

He square bubble at Ms = 1.21 and time = = 14.
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FIG. 3. Grid refinement study: density distribution profiles for different mesh sizes along the centerline of the computed bubble for (a) the shock-accelerated SFg square

bubble and (b) the shock-accelerated He square bubble.

TABLE I. Comparison of total circulation I(m?/s) for selected mesh points at 7 = 14.

N,-bubble configuration Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5
N,-SFs —2.044 —2.544 —3.044 —3.850 —3.902
N,-He 6.168 6.568 7.068 7.925 7.972

shock-accelerated SFs and He square bubbles in N, gas with M;
= 1.21. A series of five uniform rectangular mesh points is taken
into account. The labels “Mesh 1”-“Mesh 5” correspond to mesh
points 200 x 100, 400 x 200, 800 x 400, 1200 x 600, and 1600 x 800,

Present results

-

respectively. When the incident shock hits the square bubble sur-
face, the volume of the bubble is evidently compressed and the shock
waves inside the SFs and He square bubbles take on the convergent
and divergent shapes, respectively. Figure 2 shows the numerical

FIG. 4. Validation of the numerical solver: comparison of schlieren images between the experimental results of Luo et al.>' and the present numerical results for an SFg

square bubble surrounded by air at different time instants.

Phys. Fluids 32, 126112 (2020); doi: 10.1063/5.0031698
Published under license by AIP Publishing

32,126112-5


https://scitation.org/journal/phf

Physics of Fluids

100

IS - Present
5 o IS - Experiment
[ -—-=— ISB - Present
a0 A ISB - Experiment
[ —mime — DTS - Present
[ <© DTS - Experiment
60
£
- DTS < | /(,/*’
a0 2
[ o
20~
IsB | Q i
Foat, s
b ao
oW .
0 50 100 150 200 250

Time (ms)

FIG. 5. Validation of the numerical solver: comparison of computed trajectories
of the incident shock wave (IS), the incident shock wave along the bubble inter-
face (ISB), and the direct transmitted shock wave (DTS) between the experimental
results of Luo et al.>" and the present numerical results for an SFg square bubble
surrounded by air.

schlieren images for the computed shock-accelerated square bub-
bles at time 7 = 14. The numerical results that the rolled-up of small
scale vortices are well captured with “Mesh 5” of mesh points 1600
x 800. Furthermore, the density distribution profiles at the early
stage along the centerline of the computed bubbles are also illus-
trated in Fig. 3 to demonstrate the grid sensitivity. The results
show that the “Mesh 5” with mesh points 1600 x 800 is very
close to asymptotic range. Table T provides the circulation values
for N,-SFs and N,-He pairing at the computational time 7 = 14.

Experimental results (Luo et al., 2017)

Present results

ARTICLE scitation.org/journal/phf

The difference between the total circulation values with the “Mesh 4”
and the “Mesh 5” is only 0.26%. Based on above-mentioned finding,
all the numerical simulations are performed on “Mesh 5.”

B. Validation of humerical solver

In order to verify the reliability and accuracy of the present
computational model and numerical DG solver, the obtained results
are compared with the experimental results of Luo et al.’' where
the gas square bubble was filled with SFs, while the ambient zone
was composed of air. The aforementioned experimental studies had
a weak shock with M = 1.17. Figure 4 shows a comparison of the
schlieren images between the experimental results of Luo et al.’'
and the present numerical results at different times. These numer-
ical simulations share the same initial condition, resolution, wave
pattern, and diffusion layer thickness. The present schlieren images
show a good degree of agreement with both the experimental and
computational results, with the vortex structures resembling one
another. In addition, Fig. 5 illustrates a comparison in the trajec-
tories of the incident shock wave (IS), the incident shock wave
along the bubble interface (ISB), and the direct transmitted shock
wave (DTS). As shown in Fig. 5, the numerically obtained tra-
jectories of these shock waves are very close to the experimental
of Luo et al.”’

To further demonstrate the reliability of the present computa-
tional method and model, the numerical results of the interaction
between a planar shock wave (M; = 1.29) and a two-dimensional
N; cylinder surrounded by SFs are compared with the experimen-
tal results of Ding et al.”’ Figure 6 shows the comparisons of the

FIG. 6. Validation of the numerical
solver:  comparison of  numerical
schlieren images between the exper-
imental results of Ding et al”’ and
the present numerical results for a
two-dimensional N, cylinder surrounded
by SFs with M = 1.29 at different time
instants.
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FIG. 7. Validation of the numerical solver: comparison of measured characteristic
scales (the length and the width of the evolving interface) between the experimen-
tal results of Ding et al.”° and the present numerical results for a 2D N, cylinder
surrounded by SFg with Mg = 1.29.

schlieren images between the experimental and the numerical simu-
lation results during the shock-N; cylinder interaction at the selected
time instants. Good agreement is clearly seen for the evolved shock
wave patterns and the cylinder shape at these time instants. Fur-
thermore, the time variations of the interfacial characteristic scales
i.e., the length, and the width of the evolving interface for the two-
dimensional N, cylinder, are also illustrated in Fig. 7. It can be seen
from the plot that the present results, including the general trend
of the interfacial characteristic scales changing with time, are found
very close to the experimental results of Ding et al.”’

IV. RESULTS OF ATWOOD NUMBER IMPACT
ON THE SHOCK-ACCELERATED SQUARE BUBBLE
AND DISCUSSION

In this section, the impacts of the Atwood number (At) on
the flow morphology of the shock-accelerated square bubble are
investigated. The impacts of initial interface perturbation on the
flow morphology, wave patterns, vorticity distribution, interface
movements, and qualitative analysis are emphasized. The incident
shock wave with M = 1.21 is considered for the numerical simu-
lation. Five tested gases inside the square bubble are considered to
investigate the impact of the Atwood number—sulfur hexafluoride
(SFs), krypton (Kr), argon (Ar), neon (Ne), and helium (He), while
nitrogen (N3) is considered as the surrounding gas of the square
bubble. These gases have been widely adopted in the study of the
Richtmyer-Meshkov instability.

This section is divided into five parts: In the first part, the
general features of flow morphology of a shock-accelerated square
bubble are discussed. In the second part, the flow morphology visu-
alization for selected Atwood numbers are presented. In the third
part, the vorticity generation and its related physical phenomena
are discussed. In the fourth part, the quantitative analysis based on
the shock trajectories, interface features, and integral diagnostics is
reported. Finally, a comparative study of flow physics between the
shock-accelerated square and cylindrical bubbles is discussed in the
last part.

scitation.org/journal/phf

A. General features of flow morphology
in a shock-accelerated square bubble

The shock-accelerated bubble is an unsteady flow problem,
which results from a planar shock wave passing through a density
inhomogeneity of finite size and prescribed shape. The flow mor-
phology for the problem studied here is categorized based on the
Atwood number value defined by At = (p, — pg)/(py + pg), where
py is the density of the bubble and p, is the density of the gas
surrounding the bubble. The sign of At determines the configura-
tion of the shock reflection-refraction patterns, which develop dur-
ing the shock-acceleration process. If the bubble density is greater
than the density of the surrounding gas, the value of the Atwood
number becomes positive, i.e., At > 0, and this scenario represents
the “fast-slow” or “heavy-light” configuration. On other hand, if
the bubble density is lower than the density of the surrounding
fluid, the value of the Atwood number becomes negative, i.e., At
< 0, and this scenario illustrates the “slow-fast” or “light-heavy”
configuration.

Figure 8 represents the schematic diagram of the typical flow
morphology for the shock-accelerated square bubble in the “fast-
slow” (At > 0) and “slow-fast” (At < 0) configurations during the
early stage of the initial shock wave transit and shortly after the
initial shock wave transits. These configurations usually bring out
some interesting flow phenomena and processes, including a set of
wave configurations associated with the interaction and the defor-
mation of the square bubble interface. When the incident shock
wave hits the leftmost surface of the square bubble from the left-
hand side, it modifies its uniform front and develops two parts
inside the bubble. One part does not directly interfere with the
bubble gas, whereas the second part turns into a transmitted wave
that interacts with the bubble. In the case of At > 0, the trans-
mitted shock travels through the gas bubble more slowly than the
incident shock outside the bubble, which is the consequence of
the mismatch in acoustic impedances across the bubble surface.
Thus, the transmitted shock takes on a convergent shape, whereas
in the case of At < 0, the scenario is completely different. The
transmitted shock travels through the gas bubble faster than the
incident shock outside the bubble, and the bubble front attains
a divergent shape.

B. Flow morphology visualization

In the study of a shock-accelerated bubble, visualization of the
flow evolution is considered a very important tool. To understand
the impacts of the Atwood number during the interaction process,
we conducted an extensive investigation of the time evolution of the
flow morphology in the shock-accelerated square bubble. Hence, five
test cases with different values of the Atwood number under the inci-
dent and reshock conditions have been considered. The different
initial conditions of these five test cases are illustrated in Table 11,
where the acoustic impedance is obtained by Z = p,c (where pj, is the
bubble density and c is the sound speed), which indicates the resis-
tance that a pressure wave needs to overcome when it propagates in a
certain medium. The evaluated Atwood numbers for N-gas square
bubble configurations are listed in Table I1I, where the Atwood num-
ber At > 0, At » 0, and At < 0 mean the density of the gas bubble
is higher, similar, and lower than the density of surrounding gas,
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wave transit.

respectively, and the values vary from a large positive value to a large
negative value, which cover a wide range.

Figure 9 illustrates a sequence of the numerical schlieren images
of the square SF¢ bubble in N gas (At = 0.667) accelerated by a pla-
nar incident shock wave with M = 1.21 at different time instants.
The propagation speed of the shock wave inside the SF¢ square

TABLE . Properties of nitrogen and different bubble gas under standard conditions.

bubble is smaller than that of the outside medium due to the larger
acoustic impedance (i.e., Z = 814 Pa s/m). The transmitted shock
wave inside the bubble is thus situated well behind the planar inci-
dent shock (IS) wave outside the bubble. Before interaction with the
IS wave, the initial state of the SFs square bubble interface can be
clearly observed (7 = 0). When the IS wave passes through the square
bubble, the frontal and lateral sides of the square bubble are swept
(t = 1.9). The IS wave contracts the frontal region of the gas initial
interface (OI), and the trailing region remains intact. A planar direct

Density Sound speed Acoustic impedance

Bubble (pp) (¢) (Z = pye) TABLE lIl. Atwood number for Np—bubble configurations.
gas (kg/m3) (m/s) (Pa s/m)

N, —bubble configuration Atwood number Flow pattern
SF¢ 6.03 135 814
Kr 3.43 222 761 N,-SFq 0.667 Convergent
Ar 1.45 319 462 N,-Kr 0.466 Convergent
N; 1.25 352 401 N-Ar 0.074 Convergent
Ne 0.80 452 362 N,-Ne —0.218 Divergent
He 0.16 1007 161 N,-He —0.773 Divergent
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FIG. 9. Time evolution of numerical schlieren images for the shock-accelerated SFg square bubble at Ms = 1.21 and At = 0.667.

transmitted shock (DTS) wave is produced after the impact of the IS
wave, which apparently travels downstream slower than the IS wave.
A lateral transmitted shock (LTS) wave is produced by the IS wave,
which sweeps both the top and bottom of the lateral surfaces at a
certain angle toward the OI lateral surface. The incident shock wave
along the bubble interface (ISB) is also noticed, which travels slower
than the IS wave. Besides it, a reflected shock (RS) wave traveling
upstream simultaneously is also observed.

As the IS wave propagates along the upper and lower sides
of the square, an irregular refraction occurs and the shock-shock

interaction between the DTS and LTS waves induces the genera-
tion of new shocks (S1 and S2), an internal Mach stem (IMS1), and
two triple points (TP) followed by two slip lines—the upper slip line
(USL) and the lower slip line (LSL)—inside the bubble (7 = 3.5). As
time goes on, the irregular refraction phenomenon is also enhanced
(t = 5.5). When the main part of the IS wave moves ahead of the
square, a curved diffracted shock (DS) wave is observed to be con-
nected with the top and bottom ends of the two straight sections of
the IS wave (7 = 6.2). Meanwhile, a reversed transmitted shock (RTS)
wave is observed inside the leeward corner of the square, which then
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moves upstream simultaneously. As the IS wave passes, the baro-
clinic vorticity generation (the local pressure and density gradient
misalignment) and depositions on the upper and lower interfaces
form a small upstream vortex pair (UVR; 7 = 7.1). Later, the upper
half USL and the lower half LSL are merged, and the triple points
move further downstream and separate, leading to the formation of
another internal Mach stem (IMS2) and inward secondary shock
(ISS) wave (r = 7.9). This IMS2 and the corresponding two slip
lines—the converging upper slip line (CUSL) and converging lower
slip line (CLSL)—form a “wedge” structure (7 = 8.4). Besides it, a

scitation.org/journal/phf

distinct shock focusing occurs inside the square near the leeward
stagnation point due to the DS wave intersecting with each other.
The upstream vortex pair (UVR) continuously increases in size over
time, and a small downstream vortex pair (DVR) emerges (7 = 8.9).
After focusing, the DS wave emerges from the bubble downstream
end and a secondary transmitted shock wave (STS) is generated,
which expands outward downstream. Subsequently, a bulge with the
same width as that of the IMS2 front is generated at the gas interface.
Shortly afterward, the bulge moves downstream, and consequently,
an outward jet, driven by the peak pressure caused by the complex
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FIG. 10. Time evolution of numerical schlieren images for the shock-accelerated Kr square bubble at Ms = 1.21 and At = 0.466.
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interaction among shocks inside the bubble near the downstream
boundary, is observed and grows along both vortex pairs UVR and
DVR with time (7 = 11-15).

There should be some difference in the flow morphology of the
shock-accelerated Kr square bubble, given the gas density and acous-
tic impedance of Kr are both smaller than those of SFs, as shown in
Table I1. In order to study these differences in detail, Fig. 10 shows
a sequence of the numerical schlieren images of the square Kr bub-
ble in N, gas (At = 0.466) accelerated by a planar incident shock
wave with M, = 1.21 at different time instants. Compared with Fig. 9,

scitation.org/journal/phf

the reflected shock (RS) wave can also be seen clearly in the frontal
part of square, and the direct transmitted shock (DTS), lateral trans-
mitted shock (LTS), reflected transmitted shock (RTS), diffracted
shock (DS), and other shock configurations can also be observed.
However, because of the smaller acoustic impedance of Kr than that
of SFg, the shock waves in the Kr square bubble travel faster than
in the SF¢ square bubble, and so, the size of the unshocked region
in the Kr square bubble is smaller than in the SFs square bubble
(t = 3.5-5.5). Then, the focusing of the shock wave takes place dur-
ing T = 7.8-7.9, but the shock focusing position is slightly closer to
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FIG. 11. Time evolution of numerical schlieren images for the shock-accelerated Ar square bubble at M = 1.21 and At = 0.074.
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the downstream pole of the Kr square bubble relative to the case
of the SFs square bubble, and the shock focusing period is also
advanced. Unlike the case of the SF¢ square bubble, both upstream
and downstream vortex pairs (UVR and DVR) are generated at the
corners of the Kr square interface with lower strengths. Interest-
ingly, a different pattern of jet formation is observed at the central
part of the rear surface of the Kr square bubble owing to the high
pressure resulting from the shock focusing phenomenon (7 = 15).
Although there are some specific differences between the two dif-
ferent cases, due to the values of the Atwood number for the Kr

scitation.org/journal/phf

and SFs gases, the overall trends of the Kr and SFs square bub-
bles in the evolution of shock waves and bubble deformation are

basically consistent.

When the density of the square gas bubble continues to
decrease, the density of Ar is slightly greater than that of the sur-
rounding nitrogen, which is characterized by a positive value of
the Atwood number (At = 0.074). This configuration implies that
the shock-accelerated square bubble is still in a “fast-slow” config-
uration. Figure 11 shows a sequence of numerical schlieren images
showing the interaction between an incident shock (IS) wave and

RS -
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FIG. 12. Time evolution of numerical schlieren images for the shock-accelerated Ne square bubble at Ms = 1.21 and At = —0.218.

Phys. Fluids 32, 126112 (2020); doi: 10.1063/5.0031698
Published under license by AIP Publishing

32,126112-12


https://scitation.org/journal/phf

Physics of Fluids ARTICLE

an argon square bubble. As predicted, the resulting wave pattern
in this configuration would be different from the one shown with
At=0.667 and At = 0.446 because of the close similarity in the acous-
tic impedance of the involved gases (nitrogen and argon). Indeed,
one can observe in Fig. 11 that the IS and the direct transmitted
shock (DTS) waves travel at similar speeds. At the initial stage of
the IS wave interacting with the square bubble, the propagation
speed of the DTS wave in the bubble is slightly slower than that
of the IS wave outside because the acoustic impedance of Ar gas is
slightly greater than that of N;. At the same time, it is also observed

scitation.org/journal/phf

that due to the interaction between the IS wave and the bubble,
a reflected shock (RS) wave is generated near the left interface of
the square bubble. As the IS wave propagates, the RS wave prop-
agates to the top and the bottom of the flow field continuously.
It is observed that the DTS into the Ar bubble reaches the bub-
ble rear surface almost at the same time as the IS wave reached
this location. Once the DTS shock wave within the square bubble
reaches the rear surface of the bubble, a shock wave is transmitted
into the ambient N, gas and a reflected transmitted shock (RTS)
wave is generated inside the bubble. This RTS wave later exits the

Bubble
(He)

~—Ol

STS

FIG. 13. Time evolution of numerical schlieren images for the shock-accelerated He square bubble at Ms = 1.21 and At = —0.773.
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bubble from its frontal surface and proceeds to propagate upstream
into the nitrogen gas. Different bubble deformation at At = 0.074
is visible relative to the results obtained at At = 0.667 and
At = 0.446, as shown in Figs. 9 and 10. Interestingly, no vortex pair
is generated at the frontal corners of the initial square bubble due to
generated weaker shock wave from the bubble frontal surface. How-
ever, the bubble frontal corners are slightly bent outward during the
investigated time.

As the density of the square gas continues to fall, the density of
Ne is slightly lower than that of the surrounding N3, distinguished
by a negative value of the Atwood number (At = —0.218). This con-
figuration means that the shock-accelerated square bubble is in a
“slow-fast” configuration. Figure 12 illustrates a sequence of numer-
ical schlieren images of the square Ne bubble accelerated by a planar
IS wave with M; = 1.21. At the beginning of the IS wave hitting the
square bubble, the propagation speed of the direct transmitted shock
(DTS) wave inside the bubble is much higher than that of the IS out-
side the bubble because the acoustic impedance of Ne gas is slightly
smaller than that of nitrogen gas (7 = 1.51-2.95). At the same time, it
is observed that the IS and bubble collision creates a reflected shock
(RS) wave near the left bubble interface. As the interaction proceeds,
the Ne square bubble starts to compress, and both left-most inter-
face corners slightly begin to bend due to the baroclinic vorticity

scitation.org/journal/phf

(1 = 4.09). Similar to the Ar case, as the DTS hits the rear surface
of a square bubble, it transmits a shock (STS) wave into the ambient
N, gas and it produces a reflected transmitted shock (RTS) wave (7
= 4.56). After then, the STS wave is merged into a straight plane in
front of the bubble, while the RTS exits the bubble from its frontal
surface and proceeds to propagate upstream into nitrogen gas. In
the case of At =-0.218, a completely different bubble deformation is
observed from the previous results obtained with all positive Atwood
numbers, as illustrated in Figs. 9-11. Over time, the frontal corners
of the bubble are gradually more bent inward, and the rear corners
of the surface are also slowly starting to bend.

Finally, helium (He) gas is considered as the fifth gas in our
shock-accelerated square bubble computation. Figure 13 presents
the numerical schlieren images of the time evolution of the square
He bubble in N (At = —0.773) accelerated by a planar incident shock
wave with M = 1.21 at different time instants. When the incident
shock (IS) wave travels along the upper and lower boundaries, and
the transmitted shock (TS) wave within the square bubble moves sig-
nificantly faster than the IS wave outside the bubble. Also, a reflected
shock (RS) wave propagating upwards is generated outside the
square interface (7 = 1.9). The TS wave is itself refracted at the bub-
ble interface and transmits a new oblique shock wave, the so-called
free precursor shock (FPS), in the ambient gas. The FPS and IS waves

(e) (b)

(©) [[at=0.074

FIG. 14. Impacts of the Atwood num-
ber on a shock-accelerated square bub-
ble at the same early stages: numerical
schlieren images for (a) At = 0.667, (b) At
= 0.466, (c) At=0.074, (d) At = —0.218,
and (e) At=-0.773 at 7= 3.
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are then joined together and mutually modified, producing a triple
point (TP), a Mach stem (MS), and a shock outside the bubble. Two
small vortices are observed at the left corners of the square interface
due to the vorticity deposition (7 = 2.5). When the TS wave inside
the bubble encounters the downstream interface, a secondary trans-
mitted shock (STS) wave traveling downward is produced and seen
ahead of the original IS wave (7 = 3). Then, a reflected transmitted
shock (RTS) wave inside the He bubble is produced at the upstream
surface and is moving now in the opposite direction toward the bub-
ble’s front. A new shock wave called reflected free precursor shock
(RFPS) is generated and connected between the RTS wave from the
bubble rear surface and the FPS wave. This RFPS wave propagates
toward the bubble frontal surface. A diffracted shock wave (DS) is
also produced, moving along the rightmost surface (7 = 3.5). Once
the RTS wave within the bubble reaches the bubble front, it trans-
mits into the surrounding gas in front of the bubble (7 = 4.5). The
shocks reflected from the shock tube wall (WRS) are also clearly seen
at (7 = 8), which can affect the interface height and the vorticity
production. The impact of the incident shock wave on the inter-
face evolution is decreased as time goes on and the vortex pair at the
corners gradually grows, caused by the produced vorticity (7 = 10.9-
15). The flow field is completely controlled by the vortex pair at later
times (7 = 20.5).

For comparative analysis of the different Atwood number
effects on the shock-accelerated square bubble, the numerical
schlieren images at the same early stages 7 = 3 and the same shock
strength M; = 1.21 are considered in Fig. 14. For each Atwood
number, the deformation of the square bubble during the penetra-
tion of the incident shock wave is determined by the density and
acoustic impedance. The slowest speed of penetration is observed
in SFe¢ and Kr, and this speed is, at the same time, slower than
the normal incident shock wave. In these cases, the transmitted
shock travels through the square bubbles more slowly than the inci-
dent shock outside the bubbles boundary. The transmitted shock
in the SFs square bubble moves also more slowly than in the Kr
square bubble. This situation is different in the case of the Ar square
bubble, where a slight difference between the speeds of transmit-
ted and incident shock waves results in a smaller deformation of
the bubble. The case of Ne and He exemplifies a scenario oppo-
site to that for the SFs and Kr gases. The fastest speed of pen-
etration is observed in the He bubble, and this speed is, at the
same time, faster than the normal incident shock. Figure 15 illus-
trates the relation between the displacement of the direct transmit-
ted shock (DTS) wave and the Atwood number at time 7 = 3. It is
observable that as the Atwood number goes toward positive values
and becomes larger, the DTS wave propagates through the bubble
more slowly.

Figure 16 shows the impacts of the Atwood number on the
pressure distributions at two different time instants 7 = 2 and 6. The
pressures are displayed along the centerline of the computed bub-
ble with My = 1.21. As seen from the pressure profile, the fastest
shock propagation inside the bubble is observed at At = —0.773,
while the slowest shock propagation is noticed at At = 0.667. The
largest pressure jump is witnessed at At = 0.667, while the small-
est pressure jump is observed at At = —0.773. At the early stage
7 = 2, the pressure jump across the DTS wave in the case of
At = 0.667 is noticed as 1.5 times of the value in At = —0.773, as
shown in Fig. 16(a). The pressure jump is fairly uniform during the
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FIG. 15. Impacts of the Atwood number on the displacement of the direct
transmitted shock (DTS) wave at 7 = 3.

investigated time for all Atwood values except from At = —0.773.
Due to the shock reflection from the He square bubble interface,
the pressure state behind the propagating IS wave starts to be non-
uniform, as seen at x = 42-52 mm in Fig. 16(a). At time 7 = 6, the
pressure state behind the propagating shock wave is clearly non-
uniform for all Atwood numbers due to multiple shock reflections
from the bubble’s interface, as illustrated in Fig. 16(b). The direct
transmitted shock (DTS) wave inside the bubble travels downstream
toward the square bubble rear surface, while the reversed trans-
mitted shock (RTS) wave from the square bubble frontal interface
continues to travel upstream into the surrounding N, gas for At
=0.074, -0.218, and —0.773, as shown in Figs. 11-13. In the case of
At = 0.466, a sudden pressure change behind the DTS wave front is
observed at x = 72 mm due to the concentration of the compression
wave in this region, as shown in Fig. 10. In the case of At = —0.733,
the flow morphology is observed to be more complex. At x = 43 mm
and 7 = 6, the RTS wave from the bubble rear surface has already
reached the bubble frontal surface and emerges into the surrounding
N, gas, as shown in Fig. 13. The other secondary transmitted shock
(STS) wave at x = 112 mm continues to move downstream, as shown
in Fig. 16(b).

Furthermore, this comparative analysis can be extended to
visualize the evolution of the square bubble shape during interac-
tion with the IS wave at different Atwood numbers, as shown in
Fig. 17. The bubble appears to be compressed by the IS wave along
the x—direction, and its top and bottom edges have been pushed
forward near the horizontal axis of symmetry as compared to its
middle section. At the beginning of interaction, this compression
starts as soon as the IS wave hits the upstream end of the bubble. For
At > 0, the downstream interface hardly moves, while the upstream
side presses forward under the influence of the IS wave at the early
instants, as shown in Figs. 17(a)-17(c). As time goes on, the upper
and lower interfaces of the bubble also fold forward toward the axis,
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and the bubble takes the convergent shape. A small upstream vor-
tex pair (UVR) is created on the upper and lower interfaces due to
the baroclinic vorticity generation, particularly for At = 0.667 and
At = 0.466. The UVR is continuously increasing over time, and a
small downstream vortex pair (DVR) is also emerging at the cor-
ners of downstream interface. Later, an outward jet and an inward
jet are observed near the downstream boundary at At = 0.667 and At
= 0.466, respectively, and expand along with both vortex pairs UVR
and DVR with time, as shown in Figs. 17(a) and 17(b). In the case
of At = 0.074, the IS and the direct transmitted shock (DTS) waves
travel with the similar speeds. Therefore, no vortex pair is observed
at the frontal corners of the initial square bubble. However, as time
passes, the bubble frontal corners are slightly bent outward, as shown
in Fig. 17(c). On the other side, for At < 0, the both upstream and
downstream interfaces travel fast, and the upstream side presses
inward under the influence of the IS wave at the early instants, as
shown in Figs. 17(d) and 17(e). When time goes, two small vortices
are observed at the left corners of the square interface due to the
vorticity deposition. The impact of the IS wave on the interface evo-
lution as time goes on and the vortex pair at the corners gradually
grow. At later times, the flow field is completely controlled by the
vortex pair.

C. Vorticity generation

In the study of a shock-accelerated square bubble, the vorticity
occurring due to the misalignment of the pressure and the density
gradients plays a vital role in understanding the flow morphology
phenomena during the interaction process. When the incident shock
wave crosses the bubble, vorticity is generated in the flow field. It can
be expressed as the curl of the velocity

w=V xu (8)

The role of the acoustic impedance mismatch in the creation
of a vorticity field can be explained based on the vorticity transport

equation, which includes several physically distinctive quantities.
This equation can be obtained by taking the curl of the momentum
equation for a compressible flow, given as

ow

(w0 V)u-(V-u)+— e
o =(w-V)u-w(V u)+P2(VpXVp)+pV w9

where w, p, u, p, and y represent the vorticity, density, velocity, pres-
sure, and shear viscosity coefficient, respectively. On the right-hand
side of Eq. (7), the term w(V -u) represents the fluid convection
and thermal expansion, which is only appropriate for highly com-
pressible fluids. The term (w - V)u represents the vortex stretching,
which is critical for the 3D turbulence and mixing discussion. The
term (u/p)V>w represents the acceleration due to the diffusion of
velocity. Finally, the term (1/p%) (Vp xVp) denotes the baroclinic
vorticity decomposition, which is responsible for the production of
small-scale rolled-up vortices at the bubble interface. Let us analyze
closely the impact of the baroclinic vorticity term as the incident and
refracted shocks pass the stationary square bubble interface in the
early stage of evolution. At the leftmost vertical interface, where the
pressure and density gradients are perfectly aligned, a small quan-
tity of vorticity (rolled-up vortex) is generated at the corners (top
and bottom) when the incident shock touches them. As the incident
shock propagates along the horizontal upper interface, Mach reflec-
tion occurs in which the Mach stem (MS) connects the IS wave with
the square interface. Therefore, the MS contributes the pressure gra-
dient for the vorticity generation on the interface, and the baroclinic
vorticity term is thus triggered gradually as the incident shock trav-
els upwards over the square interface. Interestingly, the downstream
end of a heavy gas bubble interface grows less rolled-up vortices
compared to the downstream end of a light gas bubble interface. The
schematic diagrams of the vorticity generation on the interfaces of
the square bubble after initial shock wave transit in heavy (At > 0)
and light (At < 0) gas bubbles are illustrated in Fig. 18.

Phys. Fluids 32, 126112 (2020); doi: 10.1063/5.0031698
Published under license by AIP Publishing

32,126112-16


https://scitation.org/journal/phf

(a)

At =0.667

Physics of Fluids ARTICLE

scitation.org/journal/phf

(b)

At = 0.466

(c) [at=0.074
t=5.0 8.9
t=1.9
| 1
.
t=0
t=3.0 70 108

(d)

At=-0.218

t=29
~

t=20

(e)

At=-0.773

FIG. 17. Impacts of the Atwood number on a shock-accelerated square bubble: evolution of the bubble shape showing early compression for (a) At = 0.667, (b) At = 0.466,

(c) At = 0.074, (d) At = —0.218, and (€) At = —0.773.

It is well known that the key factor leading to growth in the
initial disturbance is the deposition of baroclinic vorticity (i.e., mis-
alignment of the gradients of pressure and density) with the interface
of the bubble. To illustrate the impacts of the Atwood number on
the vorticity distribution in the shock-accelerated square bubble, the
vorticity contours at several time instants are shown in Fig. 19. It is
observed that there are significant differences in vorticity distribu-
tion for the different Atwood numbers after the interaction. In the
case of the positive Atwood number (At > 0), it can be observed that

significant quantities of negative and positive vorticity are generated
on the upper and lower interfaces of the square bubble, as shown
in Figs. 19(a)-19(c). A great amount of vorticity is found in both
the upper and lower vortex pairs (UVR and DVR) at the corners
of the square interface. Moreover, the deformed shock wave pro-
duces a small quantity of negative and positive vorticity on the upper
and lower interfaces after shock focusing, and the dominant posi-
tive (negative) vorticity is also gathered on the upper-half (lower-
half) plane in the outward jet head, particularly at At = 0.667 and
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At = 0.466. The potential explanation for the gathering of dominant
positive (negative) vorticity in the outward jet head on the upper-
half (lower-half) plane is the higher amplitude attenuation of the
deformed shock wave when it hits the downstream pole of the bub-
ble. This positive (negative) vorticity on the upper (lower) jet head
promotes outward jet movement, which implies the relationship
between the jet formation and the vorticity deposition.

In the case of At ~ 0 i.e,, At = 0.074, which still follows the
“fast-slow” configuration, it may be observed that there is no vor-
ticity generation in the leftmost and rightmost vertical interfaces of
the square bubble. Interestingly, in the case of a negative Atwood
number (At < 0), the positive vorticity is generated on the upper
horizontal side of the bubble and the negative vorticity is generated
on the lower horizontal side of the bubble, as shown in Figs. 19(d)
and 19(e). This is because of the IS wave propagating from left
to right along the bubble interface. As a result, the density gra-
dient is everywhere radially outwards at the bubble interface, and
the pressure gradient is across the upstream IS wave. Furthermore,
the vortical structure in the upper interface is observed with posi-
tive vorticity at the center, surrounded by tails of negative vorticity,
while vice versa situations are noticed in the bottom interface of the
square bubble.

D. Quantitative analysis

In order to investigate the impacts of the Atwood num-
ber on the shock-accelerated square bubble, a quantitative anal-
ysis is presented here based on the physical phenomena of the
shock trajectories, the interface features, and the integral diagnos-
tics (i.e., the enstrophy, the average vorticity, and the dissipation
rate).

1. Shock trajectories and interface features

Figure 20 illustrates the trajectories of the incident shock (IS)
wave, the incident shock wave along the bubble interface (ISB), and
the direct transmitted shock (DTS) wave computed for all prescribed
Atvalues in the square bubble. It can be noticed that the fastest waves
are found in the case of At = —0.773 (He gas), while the slowest waves
are seen in the case of At = 0.667 (SFs gas). Interestingly, in the case
of the At > 0 value, the velocity of the ISB wave is always higher
than of the DTS wave and less than that of the IS wave, as shown
in Figs. 20(a)-20(c). Since the difference in the acoustic impedance
between Ar and N, for At = 0.074 is small, i.e., Z = 61 Pa s/m from
Table 11, the difference between the IS and ISB wave is also small to

be observed in Fig. 20(c). However, in the case of At < 0 value, the
fastest is the DTS wave and the slowest is the IS wave, as shown in
Figs. 20(d) and 20(e).

Figure 21 shows the impacts of the Atwood number on the
temporal variations of the interfacial characteristic scales (i.e., the
height and the length of the evolving interface) for the computed
square bubble. The definitions of the height and the length of the
evolving interface are inserted in the diagram. The interface height
increases constantly due to the continuous rotation of the vortex pair
until the wall reflected shock waves strike the interface and reduce
the interface height growth rate. As shown in Fig. 21(a), the maxi-
mum interface height is observed in the case of At = —0.773, while
the minimum interface height is witnessed for At = 0.074. On the
other hand, the interface length decreases due to the shock com-
pression at early stage for all At values, as shown in Fig. 21(b). After
the compression phase, the interface length is almost constant for
a long evolving time. In the case of At = 0.667 and At = 0.466, the
interface length decreases until 7 = 6, and then, it increases slowly
due to the growing the jet and upstream vortex pairs (DVR), as also
shown in Figs. 9 and 10. For the remaining At values, the inter-
face length decreases slowly until 7 = 7 and then remains fairly
constant.

2. Integral diagnostics

The physical phenomena of vorticity generation during the
interaction can be explained by measuring the time evolution of the
enstrophy. The time evolution of the enstrophy can be defined as the
area integral of the square of the vorticity in the flow field,

Enstrophy(¢) = / w*dxdy, (10
D

where D is the area of the computational domain.

Figure 22 depicts the effects of the Atwood number on the time
evolution of enstrophy in the interaction between the incident shock
wave and the square bubble. It can be observed that the values of the
enstrophy increase for all Atwood number except the Ar case (At
= 0.074) when the incident and reflected shock waves collide with
the bubble. For the He case (At = —0.773), the enstrophy increases
even faster when the reflected shock wave interacts with the distorted
bubble again (15 < 7 < 20). A reason behind is that the density of
the He bubble is significantly smaller than that of the surrounding
gas, and thus, the He bubble travels the fastest along with the shock
wave under the impingement among the five cases, which increase
the time period when the incident shock wave interacts with the
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FIG. 19. Impacts of the Atwood number on the shock-accelerated square bubble: contours of vorticity distribution at different time instants for (a) At = 0.667, (b) At = 0.466,
(c) At=0.074, (d) At=-0.218, and (e) At = -0.773.
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FIG. 20. Impacts of the Atwood number on the shock trajectories (IS, ISB, and DTS) for the computed square bubble for (a) At = 0.667, (b) At = 0.466, (c) At = 0.074, (d) At
=-0.218, and (e) At = —0.773.

square bubble to an extent. It is also observed that the time period of
an incident shock wave interacting with the bubble is continuously
shortened as the Atwood number decreases except for At = —0.773.

constant for the Ar case (At = 0.074) as the density and acoustic
impedance are almost equal for the Ar and N, gases. Thus, it can be
inferred that evolution of the enstrophy is not merely a monotonous

Furthermore, as expected, enstrophy evolution is observed almost relationship to the Atwood number.
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FIG. 21. Impacts of the Atwood number on the temporal variations of the interfacial characteristic scales: (a) the height and (b) the length of the evolving interface for the
computed square bubble. The definitions of the height and the length of the evolving interface are inserted.

The vorticity on the bubble interface plays crucial roles in gas
mixing inside and outside the bubble, which can be explained via the
evolution of the average vorticity in the bubble region. The average
vorticity is defined as follows:

Jp lw|dxdy
[y dxdy *

where the subscript B represents the bubble region.

Figure 23 illustrates the effects of the Atwood number on
the time evolution of the average vorticity during the interaction
between the incident shock wave and the square bubble. The values

1m

Average vorticity =

18
N,
I
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©
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FIG. 22. Impacts of the Atwood number on the shock-accelerated square bubble:
time evolution of enstrophy.

of average vorticity increased with the increase in the Atwood num-
ber, specifically for At =0.667 and At = 0.466, in the “fast-slow” con-
figuration. As the incident and transmitted shock waves affect the
square bubbles, the values of the average vorticity rise. The increased
vorticity subsequently promotes the mixing of the gases within and
outside the bubble, thereby speeding up the transfer and consump-
tion of vorticity energy, which can gradually weaken the average
vorticity intensity in the bubble zone. The value of the average vor-
ticity is found constant throughout the whole interaction process at
At =0.074, as shown in Fig. 23. In the case of negative Atwood num-
bers (At < 0), the average vorticity is observed in an increasing trend
when the Atwood number decreases. For At = —0.773, at the stage of
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FIG. 23. Impacts of the Atwood number on the shock-accelerated square bubble:
time evolution of average vorticity.
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the incident shock wave colliding with the square bubble, the average
vorticity is rapidly enhanced, and then, a partial oscillation occurs
due to the impingement of the waves within the square bubble. The
average vorticity rises at a higher rate as the reflected shock wave
hits the distorted He square bubble again and then oscillates under
the multi-influences of the collision of the waves within the bubble
and the transfer and consumption of vorticity energy.

Furthermore, the impact of the Atwood number on the shock-
accelerated square bubble can be investigated by introducing the
area-weighted dissipation rate of kinetic energy,

Dissipation rate(t) :fE(x,y, t)dxdy. (12)
o

Here, E(x, y, t) denotes the dissipation rate per unit volume and is
defined as

E(x, 1) = —(TLxSxx + Iy Sxy + ISyx + 1,5, (13)

where IT;; is the viscous shear stress and Sj; is the strain rate defined
as Sjj = Ou;/Ox;. Figure 24 shows the impacts of the Atwood number
on the time evolution of the dissipation rate in a shock-accelerated
square bubble at M = 1.21. It can be clearly seen that the value of
the dissipation rate is diminished as the positive Atwood number
decreases, while a reversed trend is observed for a negative Atwood
number.

E. Comparative study of the flow physics
between the shock-accelerated square
and cylindrical bubbles

A comparative study of the flow physics between the shock-
accelerated square and cylindrical bubbles is presented here. For
this purpose, two different Atwood numbers—At = 0.667 and
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FIG. 24. Impacts of the Atwood number on the shock-accelerated square bubble:
time evolution of the dissipation rate.

scitation.org/journal/phf

At = —0.773—are considered, according to filled bubble gases (SFs
and N;), while N, gas is assumed as the ambient gas of the bub-
bles. All numerical simulations are performed with the same Mach
number—M; = 1.21.

Figure 25 illustrates a series of the numerical schlieren images
for the comparison between the flow morphology of the shock-
accelerated SF¢ square and cylindrical bubbles in N, gas (At
= 0.667) at several time instants. In both bubbles, the propagation
speed of the IS wave is smaller than that in surrounding gas due
to the large acoustic impedance Z = 814 Pa s/m. As a result, the
generated DTS wave inside the bubble travels slower behind the
IS wave, and the bubbles take the convergent shape. In the case of
the square bubble, as shown in Fig. 25(a), when the IS wave passes
through the square bubble, a LTS wave is produced along the DTS
wave, which apparently travels downstream (7 = 3.5). Moreover, a
RS wave traveling toward upstream and an irregular refraction are
also observed. As time goes on, the upper and lower interfaces form
an upstream vortex pair (UVR) due to the baroclinic vorticity (7
=8.4). The UVR continuously increases in size over time, and a small
downstream vortex pair (DVR) also emerges (7 = 10). During the
interaction, a bulge occurs, which expands outwards downstream
and takes the form of an outward jet (7 = 15). On the other hand,
a different shock wave pattern is found in the case of the cylindrical
bubble, as shown in Fig. 25(b). It is found that the circular inter-
face does not have a straight transmitted shock front. After the IS
wave touches the upstream interface, the bubble begins to compress,
and a regular reflection initially occurs at the circular surface (7
= 3.5). As time goes on, a curved DS wave is seen to be connected
with the top and bottom ends of the two straight sections of the IS
wave (7 = 8.4). It is noticed that after the DTS wave crosses the bub-
ble, the part of the bubble—ambient gas interface behind it is thicker
than the undisturbed interface in front of it. This is because of the
roll-up of small scale vortices that are produced by the baroclinic
vorticity. A shock-focusing (SF) zone is also observed toward the
downstream end point of the bubble on its axis due to the converg-
ing the DTS and DS waves. After focusing, the DS wave emerges
from the bubble downstream end and a secondary transmitted shock
(STS) wave is generated, which expands outwards (7 = 10). Sub-
sequently, the size of rolled-up vortices increases, and they appear
conspicuously at the bubble interface. As time goes on (7 = 15), an
outward jet is formulated in the centerline at the downstream end
of the bubble.

Figure 26 depicts a series of the numerical schlieren images
for the comparison between the flow morphology of the shock-
accelerated He square and cylindrical bubbles in N, gas (At
= —0.773). It is shown that the propagation speed of the IS wave
is higher than that in surrounding gas due to the small acoustic
impedance Z = 161 Pa s/m in both bubbles. Therefore, the generated
DTS wave inside the bubble travels faster behind the IS wave and
the bubbles take the divergent shapes. A different flow morphology
from the square bubble is observed in the case of shock-accelerated
He cylindrical bubble, as shown in Fig. 26(b). As the interaction
develops, the IS and DTS waves form a quadruple shock nature
in gas that reveals an irregular refraction (7 = 1.9). As the conse-
quence, a Mach reflection configuration is generated with Mach step
(MS), triple point (TP), and free precursor shock (FPS). When the
DTS wave cross the bubble region, a secondary transmitted shock
(STS) is observed near the downstream interface. Also, a reflected
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FIG. 25. Comparison of the flow morphology between the shock-accelerated SFg square and cylindrical bubbles: numerical schlieren images for (a) the square bubble and
(b) the cylindrical bubble with At = 0.667 at several time instants.

transmitted shock (RTS) wave propagating toward the upstream interface, generating a third transmitted shock (TTS) wave (7 = 7).
interface of the bubble is produced due to the difference in acous- Simultaneously, the flow fields become more complicated near the
tic impedance of the internal and external gases (7 = 3.5). As time downstream interface and the bubble is deformed gradually dur-
proceeds, the RTS wave moves upwards and then hits the upstream ing the interaction. Later, the evolving bubble interface starts to

=14

(b) Shock-accelerated He cylindrical bubble

FIG. 26. Comparison of flow morphology between the shock-accelerated He square and cylindrical bubbles: numerical schlieren images for the (a) square bubble and (b)
cylindrical bubble with At = —0.773 at several time instants.
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transform into a mushroom shape, and a re-entrant gas jet head is
subsequently generated near the center of the bubble (7 = 14). As
time goes on, the jet catches up with the downstream bubble inter-
face, and then, a pair of vortex rings connected with a bridge emerge
and grow almost symmetrically.

Figure 27 shows the contours of vorticity distribution for the
comparison between the shock-accelerated SFs square and cylin-
drical bubbles in N, gas (At = 0.667) at several time instants. It
is known that the baroclinic vorticity deposition is the main cause
of a growth in the initial perturbation at the bubble interface. In
both bubbles, based on the direction of the IS wave (from left to
right), significant quantity of the negative and positive vorticity is
generated on the upper and lower half interfaces of the bubbles,
respectively. Interestingly, it is observed that the vortex pairs (UVR
and DVR) in the square bubble, and the rolled-up vortices in the
cylindrical bubble have a great amount of the negative and positive
vorticity. Some amount of the positive and negative vorticity are also
noticeable near the vortex pairs and rolled-up vortices in the upper
and lower half interface of bubbles. The deformed shock wave pro-
duces a small quantity of positive (negative) vorticity on the upper
(lower) interface after shock focusing, and the dominant positive
(negative) vorticity is also gathered on the upper-half (lower-half)
plane in outward jet head. The potential explanation for the gath-
ering of dominant positive (negative) vorticity in the outward jet
heads on the upper-half (lower half) plane is the higher amplitude
attenuation of the deformed shock wave when it hits the downstream
pole of the bubble. This quantity of positive (negative) vorticity on

ARTICLE scitation.org/journal/phf

the upper (lower) jet head promotes the outward jet movement,
which implies the relationship between the jet formation and the
vorticity deposition.

Figure 28 illustrates the contours of vorticity distribution for
the comparison between the shock-accelerated He square and cylin-
drical bubbles in N, gas (At = —0.773) at several time instants. In
the case of the square bubble, the positive vorticity is generated on
the upper horizontal side of the bubble and the negative vorticity is
generated on the lower horizontal side of the bubble, as shown in
Fig. 28(a). Due to the propagation of the IS wave from left to right
along the bubble interface, the density gradient is everywhere radi-
ally outwards at the square bubble interface, and the pressure gradi-
ent is across the upstream IS wave. In addition, with positive vortic-
ity in the middle, surrounded by tails of negative vorticity, the vorti-
cal structure in the upper interface is observed, while vice versa situa-
tions are seen in the lower interface of the square bubble, as shown in
Fig. 28(a), while in the case of the cylindrical bubble, the positive vor-
ticity is generated on the top side of the bubble and negative vorticity
is generated on the bottom side of the bubble, as shown in Fig. 28(b).
As time goes on, the vorticity distribution takes a “c-shaped” vortex
structure. Due to the interaction of the STS and TTS waves, some
amount of negative and positive vorticity is observed in upper and
bottom sides of the bubble interface, respectively. In the upper inter-
face of the bubble, the vortical structure has been observed with pos-
itive vorticity at the center, surrounded by tails of negative vorticity,
while the vice versa situations are noticed in the bottom interface of
the bubble.
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FIG. 27. Comparison of flow morphology between the shock-accelerated SFg square and cylindrical bubbles: contours of vorticity distribution for (a) the square bubble and

(b) the cylindrical bubble with At = —0.773 at several time instants.
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FIG. 28. Comparison of flow morphology between the shock-accelerated He square and cylindrical bubbles: contours of vorticity distribution for (a) the square bubble and (b)

the cylindrical bubble with At = 0.667 at several time instants.

V. CONCLUDING REMARKS

The Atwood number plays a critical role for describing the
physics of fluids behind the hydrodynamic instabilities such as
Richtmyer-Meshkov (RM), Rayleigh-Taylor (RT), and Kelvin-
Helmholtz (KH)- in gas dynamics. In this study, the evolution of
a shock-accelerated square bubble surrounded by N3, containing
either SFs, Kr, Ar, Ne, or He, is investigated numerically to deter-
mine the impacts of the Atwood number (At). The emphasis is
placed on the flow morphology visualization, wave patterns, inter-
face movement and deformation, vorticity generation, and quanti-
tative analysis. For this purpose, the unsteady compressible Navier—
Stokes—Fourier equations in two-dimensional spaces are solved by
employing an explicit modal discontinuous Galerkin method with
uniform meshes. For the validation study, the numerical results are
compared by available experimental results and are found to be in
good agreement.

The numerical results demonstrate that the Atwood number
plays a critical role in describing the RMI instability during the inter-
action between the shock and square bubble. The impacts of the
Atwood number result in a substantial change in the flow morphol-
ogy with complex wave patterns, vortex creation, vorticity genera-
tion, and bubble deformation. To be specific, the main remarkable
physical features are summarized as follows:

e For a heavy bubble with At > 0, the speed of the shock
wave traveling along with the bubble inner surface is often
less than that of the incident shock (IS) wave and greater
than that of the direct transmitted shock (DTS) and lat-
eral transmitted shock (LTS) waves. The IS wave focuses
near the interior rear surface and generates an inward

and outward jet at At = 0.667 and At = 0.446, respectively.
It is observed that the shock-focusing time is also advanced
when the Atwood number decreases. Interestingly, vortex
pairs from the upstream and downstream corners are gener-
ated and the upstream vortex pair ultimately dominates the
flow morphology.

For At » 0, the IS wave and the DTS wave travel with very
similar speeds. Once the DTS wave reaches the rear surface
of the bubble, a shock wave is transmitted into the ambient
N; and a reflected transmitted shock (RTS) wave traveling
upstream is generated within the bubble. Besides it, there is
no vortex pair observed at the upstream and downstream
corners.

For a light bubble with At < 0, the transmitted shock wave
travels faster than the incident shock wave. A smaller pres-
sure variation is observed, which is in marked difference to
the deformation of the investigated bubbles with At > 0. In
this scenario, only one vortex pair at the upstream corners is
generated, which develops with time and dominates the flow
morphology.

The fastest shock propagation inside the bubble is observed
at At = —0.773, while the slowest shock propagation is
noticed at At = 0.667. The largest pressure jump is witnessed
at At = 0.667, while the smallest pressure jump is observed
at At=-0.773.

For a heavy bubble with At > 0, significant quantities of
positive and negative vorticity are generated on the upper
and lower interfaces of the bubble, whereas this physi-
cal quantity is observed reversed for a light bubble with
At<0.
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o From the viewpoint of quantitative analysis, the time vari-
ations of the shock trajectories, the interface scales, and
the integral diagnostics are investigated. Interestingly, the
maximum interface height is observed at At = -0.773,
while the minimum interface height is seen at At =
0.074. The enstrophy evolution during interaction basi-
cally shows a non-monotonous relationship to the Atwood
number. By contrast, the values of the dissipation rate
and average vorticity all decrease as the Atwood number
decreases only for At > 0, and the trends are reversed for
At<O.

e A comparative study of the flow physics between the shock-
accelerated square and cylindrical bubbles is also presented
based on the numerical schlieren images and vorticity con-
tours. Significant different flow features are noticed between
square and cylindrical bubbles; in particular, wave patterns,
formation of vortex pairs, and vorticity generation on inter-
faces.

The main goal of the present study is to investigate the impacts
of the Atwood number on the flow morphology of the shock-
accelerated square bubble containing various light/heavy gases.
Interestingly, the bulk viscosity beyond the Stokes’s hypothesis plays
an essential role in determining non-equilibrium effects in diatomic
and polyatomic gases in compressible flows.”””" It is also expected
that the bulk viscosity will affect significantly the development of
the RM instability in compressible fluid flows. Therefore, in this
context, the current methodology based on the high-order discon-
tinuous Galerkin method will be extended to investigate the impacts
of bulk viscosity on the flow morphology in shock-accelerated
polygonal bubbles with different types of interface shapes in future
investigations.
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