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ABSTRACT

The evolution of shock-sulfur hexafluoride (SFs) bubble interaction is investigated using a detailed three-dimensional numerical simulation.
The influences of the end wall distance on the bubble evolution are analyzed by using the high-resolution simulations. The results show that
vorticities mainly emerge at the interfaces of the shock wave and the SF¢ bubble, and a downstream jet is formed, owing to the impingement
of the high pressure in the vicinity of the downstream pole of the bubble and the induction of nearby vorticities. Besides, the big vortices of
the SFe bubble could interact with the walls in the y-direction to increase the bubble volume. When the end wall distance is shortened, a short
and wide downstream jet is formed, owing to the untimely interaction of the reflected shock wave with the distorted SFs bubble. Also, a new
upstream jet emerges behind the impingement of the reflected shock wave, and there is no interaction between the distorted SFs bubble and
the wall in the y-direction until a very late time. From a quantitative point of view, the discrepancy between the bubble volume and effective
bubble volume is larger in the case with a long end wall distance, which has enhanced vorticities and strengthened bubble-wall interaction.
Moreover, the reflected shock wave has a dominant compression effect on the distorted SFs bubble evolution for the two cases with different
end wall distances, but for the case with a longer end wall distance, the bubble-wall interaction has a more significant influence than the
influence of vorticities on the bubble volume increase. The computational results demonstrate the three-dimensional effects of shock-SFg
bubble interactions, which have not been seen in previous two-dimensional simulations.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5126414

. INTRODUCTION

The interaction of a shock wave with a bubble features in a
broad range of scientific and engineering applications and has been
used widely as a canonical reference system to test new numerical
methods for compressible interfacial flows." Even so, the many com-
plicated physics and chemical processes involved have not been fully
understood at present.

During the shock-bubble interaction, the ambient unshocked
gas has density p; and the unshocked bubble gas has density p;
thus, an Atwood number At = (p2 — p1)/(p2 + p1) can be defined.
For the At < 0 case (the bubble gas is lighter than the ambient gas),
the transmitted shock wave inside the bubble propagates faster than
the outside incident shock (IS) wave. While the At > 0 case shows
the converse effect, that is, the transmitted shock wave propagates

slower than the incident shock wave, the transmitted shock wave
may focus at the downstream pole of the bubble and collapse into
a single shock-focusing point with high pressure. In the last few
decades, lots of relevant experimental and numerical studies have
been conducted. Haas and Sturtevant” performed detailed experi-
mental investigations into the shock-bubble interaction, and helium
(He) and chlorodifluoromethane (R22) were adopted as the bubble
gas. Although the bubble evolution under the shock acceleration was
obtained in their work, only one photograph was taken during each
run; hence, the experimental repeatability was not good enough.
Then, Layes et al.”~ experimentally studied bubble deformations of
different gases [He, nitrogen (N2), and krypton (Kr)] via flow visu-
alization techniques. The changes in the characteristic bubble sizes
were measured, and the influence of the initial shock Mach num-
ber (Ma) on the evolution of different gas bubbles was also analyzed.
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During the same period, with the aid of the planar laser diagnostics,
the unstable evolution of a He bubble subjected to a planar shock
wave in ambient nitrogen was studied by Ranjan et al,*” and the
different vortex rings of the distorted He bubble were investigated.
In recent years, Si et al.’ conducted a number of experimental sets
of He and sulfur hexafluoride (SFs) bubbles surrounded by air using
the high-speed Schlieren photography with high time-resolutions,
and the differences between the two gas bubbles were studied. Also,
distinct flow structures were observed due to the additional vorticity
and wave configuration caused by the reshock.”

In addition to the aforementioned experimental works, a wealth
of numerical studies have been performed on shock-bubble interac-
tion. In 2008, Niederhaus et al.” conducted the three-dimensional
Eulerian simulations to study the morphology and time-dependent
integral properties of shock-bubble interaction. The influences of
different Atwood numbers (-0.8 < At < 0.7) and incident shock
intensity (1.1 < Ma < 5.0) were investigated, and the time-dependent
volumetric compression, circulation, and extent of mixing in the
shocked-bubble flow were analyzed. However, they also found that
the three-dimensional effects were relatively insignificant with the
increasing incident shock intensity.” In the same year, Fu et al.'’
numerically studied the flow characteristics after the interaction of
a planar shock with a light bubble (At < 0) by solving the three-
dimensional compressible Navier-Stokes (N-S) equations, and the
distortion of the incident shock wave and the bubble was dis-
cussed. Subsequently, Zhu et al'' numerically investigated the
interaction between a shock wave and a He bubble using the
large eddy simulation (LES) method. The evolution of vortex rings
and the influence of the incident shock wave intensity were ana-
lyzed in detail. Moreover, Hejazialhosseini et al,'” Rybakin and
Goryachev,"” and Yang et al.'* also conducted numerical research
on the interaction between a shock wave and a spherical He bubble,
and the bubble deformation and the evolution of vortex rings were
discussed.

It is worth noting that previous three-dimensional numerical
studies were mainly concentrated on cases with At < 0. Actually,
due to the different densities inside and outside the gas bubble, the
evolution of the shock wave and the gas bubble shows a completely
different trend for At > 0 cases. Take the particular SFs gas bubble as
an example; a distinct SFs jet can occur at the bubble interface after
the impingement of the incident shock wave under a proper initial
condition. In recent years, Zhai et al.''® and the present authors'’ "’
have made several efforts to reveal the detailed evolution of the dis-
torted SFs gas bubble and the jet formation mechanism, but these
studies were all using two-dimensional simulations. In view of the
bubble interface instability being intrinsically nonlinear and three-
dimensional, a three-dimensional numerical simulation is needed
for the study of the shock-SFs bubble interaction. Moreover, the
reflected shock (RS) wave can interact with the distorted bubble
again. The interactions of the bubble with the incident shock wave
and its reflected shock wave would further promote the instabil-
ity of the bubble interface and therefore make the shock-bubble
interaction process more complicated. Hence, it is expected that a
three-dimensional numerical simulation of the multiple interactions
among the SFs bubble, the incident shock wave, and its reflected
shock wave can gain more fundamental insights into the instability
and evolution of the SF¢ bubble interface. Thus, in this study, SF is
adopted as the heavy bubble gas, and a highly accurate numerical

scitation.org/journal/adv

scheme is employed. The evolution of the three-dimensional dis-
torted SFs gas bubble and shock wave is presented and analyzed in
detail, and the influence of the reflected shock wave on the bubble
deformation process is also scrutinized.

1. NUMERICAL METHOD AND SETUP
A. Numerical method

The three-dimensional Navier-Stokes (N-S) equations are
adopted in this study, which can be expressed as

o) =0 1)
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where p is the density; u; is the jth velocity component (j = 1,82,

and 3); p is the pressure; 7;; is the viscous stress tensor, 7;; = pu(

du; . . L. . .
8—2 - %8,7 g—)‘:: ), where v is the kinematic viscosity and d;j is the Kro-

necker function; E is the total energy per unit volume, E = p/(y — 1)
+0.5p Y7, uf, where y is the adiabatic index; g; is the heat flux,
which can be expressed as g; = —kOT/0x;, where k and T are the ther-
mal conductivity and temperature, respectively; Y is the mass frac-
tion of the ambient gas; and D is the diffusion coefficient. Further-
more, the values of v, k, and D are given according to the ambient gas
properties.'

To solve the three-dimensional N-S equations, a ninth-order
weighted essentially nonoscillatory (WENOQ) scheme™ is utilized to
discretize the inviscid parts of the flux terms, and a tenth-order cen-
tral difference scheme is used to solve the viscous parts. Also, the
third-order Runge-Kutta method is employed in time advancing.

0%

FIG. 1. Computational domain and initial conditions.
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TABLE I. Physical properties of the used gas.
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Density Specific Sound speed Acoustic impedance Molecular
Gas (kg m ) heat ratio (ms 1Y) (kg m 2s weight
Air 1.19 1.4 346 411.7 29
SFe 6.03 1.1 135 814 146

B. Computational setup

To reduce the computation cost, a quarter-spherical bubble is
simulated on a uniform Cartesian grid (grid size Ax = Ay = Az
= 0.2 mm) in a three-dimensional domain (35 mm x 20 mm
x 130 mm, corresponding to x-y-z directions), as shown in Fig. 1.
The initial x-y planar shock wave (Ma = 1.21) propagates along the
z-direction, and it impinges on the initial spherical SFs gas bubble
with a diameter of Dy = 32.5 mm and initial pressure of Py = 101
325 Pa. Then, the incident shock wave reflects from the end of the
computational domain in the z-direction, which impinges on the
distorted SFs bubble again. In this study, two cases with different
values of the end wall distance L are investigated, and L is measured
from the SF¢ bubble center to the end wall in the z-direction. Specif-
ically speaking, L = 79 mm is adopted in case 1, L = 27 mm in case
2, and the other initial conditions are the same in the two cases.
Moreover, the physical properties of the chosen gases are given in
Table I.

For the boundary conditions, the inflow boundary condition
at the right z = 0 mm plane is imposed, and the left, rear, and
upper planes employ the no-slip wall conditions. Besides, symme-
try boundary conditions are applied at the two cut surfaces of the
bubble (the front and bottom planes).

I1l. RESULTS AND DISCUSSION
A. Numerical validation

To demonstrate the reliability of the adopted numerical method
and grid size, the numerical results of the interaction between
the planar shock wave and the spherical SFs gas bubble are com-
pared with the experimental results of Si et al.” The computational
Schlieren results of the x-z plane are obtained by Eq. (5), which is

written as”!

p .\ Ik
e |(fFo) (S o) e
where I is the light intensity decrease of the computational x-z
plane. Figure 2 presents the comparisons between the experimental
Schlieren images and the present computational Schlieren results at
the selected time instants, where Figs. 2(a) and 2(b) correspond to
the time period behind the incident shock wave impingement and
Figs. 2(c) and 2(d) correspond to the interaction between the dis-
torted SFs bubble and the reflected shock wave. The result shows
that the initial spherical SFs bubble is compressed by the incident
shock wave in Fig. 2(a). Simultaneously, the refracted shock within
the SFs bubble propagates more slowly than the outside incident
shock, which forms an undisturbed zone (UZ) near the downstream
interface of the SF¢ bubble. Then, owing to the complicated pres-
sure distribution in the SFs bubble, a downstream SFs jet forms
behind the incident shock wave, and the curvature of the curved
incident shock wave affected by the different acoustic impedance of
SFs and air decreases in Fig. 2(b). During the interaction between
the reflected shock wave and the distorted bubble, a slender down-
stream jet is found in Fig. 2(c), and the reflected shock wave interacts
with the jet at this time instant. Eventually, the reflected shock wave
has passed through the distorted bubble completely in Fig. 2(d), and
the SFs bubble is further compressed and more vorticities emerge
throughout the distorted bubble interface. From Fig. 2, it is easy to
find that good qualitative agreement between the experimental and
the computational results is obtained, and the resolution can cor-
rectly capture the evolution of the SFs bubble and the shock wave,
which implies that the numerical method and grid size are reliable
and acceptable in this three-dimensional study.

FIG. 2. Comparisons between the exper-

imental® and the present computational
results: (a) t = 118.5 us, (b) t = 195.3 ps,
(c) t=393.2 us, and (d) t = 500.7 us.

(@) (b) (©)
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B. Incident shock wave-SFg bubble interaction
(case 1)

Figure 3 shows the interaction between the incident shock wave
and the SF¢ gas bubble at the y = 20 mm plane of different time
instants in case 1 (L = 79 mm), where the top half contour of each

inset presents the vorticity magnitude (Jw| = \/w? + w} + w2, where
wx, wy, and w, are the vorticities in each direction, respectively), the
bottom half contours represent the density, and the black lines rep-
resent the pressure isolines. Due to the large acoustic impedance in
the SFe bubble, the refracted shock wave inside the bubble propa-
gates slower than the outside incident shock wave, and an undis-
turbed zone (UZ) is formed by the curved refracted shock wave
and the downstream bubble interface in Fig. 3(a). At this time, the
vorticities mainly emerge at the interfaces of the shock and the
compressed SF¢ bubble. Especially for the top and bottom inter-
face of the bubble, the baroclinic effect owing to the misalignment
between the pressure and density gradients is the strongest, which is
beneficial for the production of vorticities. Subsequently, the inner
refracted shock wave converges in the vicinity of the downstream
SFs bubble interface, so UZ shrinks with a pronounced pressure
increase in Fig. 3(b), and this phenomenon can be called the shock
focusing. The final shock focusing state is during the time between
147.9 ps and 195.3 ps, which is not shown here. In Fig. 3(c), the
high pressure zone owing to the shock focusing begins to expand to
impinge on the downstream bubble interface, and small vorticities
can be found near the downstream interface of the bubble. Finally,
the high pressure impingement and the induction of the down-
stream vorticities can both promote the formation of the down-
strean}ijet in Fig. 3(d), which is in accordance with our previous
study. '

scitation.org/journal/adv

As time goes by, the SFs bubble deforms continuously behind
the incident shock wave in the flow field. To investigate the
three-dimensional deformation of the distorted SFe bubble, Fig. 4
presents the complicated three-dimensional SFs bubble structure at
t = 356.6 us, where Fig. 4(a) corresponds to the half-cutaway view
and Fig. 4(b) corresponds to the global view. The complicated SFg
bubble structure is represented by the isosurface of the mass fraction
of the ambient gas, where the blue color means Y = 0.01, the green
color means Y = 0.5, and the red color means Y = 0.99. The different
values of Y imply the different mixing degrees between the ambi-
ent air and the SFs gas. The larger the value of Y, the stronger the
mixing degree. It should be noted that the reflected shock wave does
not impinge on the distorted SF¢ bubble again at this time instant.
From Fig. 4, it is clear to observe the corrugation and vortices of the
SFs bubble interface owing to the incident shock impingement, and
a distinct downstream jet evolves in the flow field. Furthermore, at
the headmost of the jet, there also exist small vortices which can pro-
mote the stretch of the jet, especially for the Y > 0.5 condition. On the
other hand, the big vortices on the top and bottom of the SFs bub-
ble interact with the walls, owing to the small size in the y-direction,
and this interaction could induce an obvious increase in the bub-
ble volume, which reflects the influence of the three-dimensional
computation in this study to an extent.

C. Reflected shock wave-SFg bubble interaction
(case 1)

When the reflected shock (RS) wave interacts with the distorted
SFs bubble again, a more complicated deformation occurs. To depict
this, Fig. 5 gives the interaction between the reflected shock wave and
the distorted SFs gas bubble at the y = 20 mm plane of different time

ele T
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FIG. 3. Evolution of the incident shock wave and the SFg gas bubble (y = 20 mm plane): (a) t = 83.7 us, (b) t = 147.9 us, (c) t = 195.3 us, and (d) t = 229.8 us.
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instants, and the representation method is the same as that in Fig. 3.
In Fig. 5(a), the RS begins to impinge on the jet, and the vorticities
mainly deposit on the top and bottom interfaces of the distorted SF¢
bubble, where vortices with different sizes are found. With the prop-
agation of RS, the vorticities on the jet are strengthened in Fig. 5(b).
Actually, in accordance with the baroclinic effect, vortices produced
by the RS impingement are of the opposite rotational direction com-
pared with the original vortices. When the RS impinges on the com-
pressed and distorted SF¢ bubble, due to the bubble shape and the
difference in the acoustic impedance, a curved reflected refracted
shock (RTS) and a reflected diffracted shock (RDTS) emerge inside
the bubble at t = 459.1 us. As time goes by, the RS further compresses
the distorted SFs bubble, and the bubble volume decreases obviously
in Fig. 5(d). In short, more vorticities emerge on the bubble interface
during the interaction between the RS and the distorted SFs bubble.

To better depict the three-dimensional deformation of the dis-
torted SFe bubble during the interaction between the reflected shock
wave and the SFs gas bubble, Fig. 6 shows the complicated three-
dimensional SF¢ bubble structure corresponding to the time instants

(b)

ARTICLE scitation.org/journall/adv

FIG. 4. Three-dimensional SFg bubble structure at t = 356.6
us: (a) half-cutaway view and (b) global view.

in Fig. 5, where the structure representation method is the same as
thatin Fig. 4. In Fig. 6(a), the reflected shock wave begins to impinge
on the jet [as shown in Fig. 5(a)], and the bubble interface exhibits
corrugation and vortices, owing to the incident shock wave impinge-
ment. Meanwhile, the distorted SF¢ bubble also interacts with the
y =0 mm wall. With the impingement of the reflected shock wave in
Figs. 6(b)-6(d), the distorted bubble is compressed obviously, and
more vortices and corrugation can be found at the SFs bubble inter-
face. Also, due to the interaction between the distorted bubble and
the wall, the bubble area on the y = 0 mm wall increases greatly.
When the reflected shock wave has passed through the SF¢ bub-
ble completely, the distorted bubble continues to deform in the flow
field. Figure 7 further presents the complicated three-dimensional
SFs bubble structure at t = 612 ys by using the same structure rep-
resentation method as above, where Fig. 7(a) corresponds to the
half-cutaway view and Fig. 7(b) corresponds to the right side view.
It is found that the red isosurface of Y = 0.99 is much larger than the
green and blue isosurfaces, which indicates that the mass is stripped
away from the original SFs bubble, and the mixing between the
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FIG. 5. Evolution of the reflected shock wave and the SFg gas bubble (y = 20 mm plane): (a) t = 372.1 us, (b) t = 393.2 s, (c) t = 459.1 us, and (d) t = 500.7 ps.
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ambient air and the SFs gas is relatively strong at this time instant.
From the view of green and blue isosurfaces, the distorted SFs bub-
ble is further compressed, and two distinct pairs of vortices emerge
on the headmost and adjacent locations of the jet (from the isosur-
face of Y = 0.5). Also, the big vortices on the top and the bottom of
the distorted SFs bubble continue to interact with the walls in the y-
direction, and an obvious increase in the bubble volume is observed,
which reflects the influence of the three-dimensional computation in
this study. It is worth noting that no jet forms in the upstream inter-
face of the distorted SF¢ bubble after the impingement of reflected
shock in this case.

D. Influence of end wall distance (case 2)

If the end wall distance L reduces, the reflected shock wave
will impinge on the distorted SF¢ bubble earlier, so the deforma-
tion degree of the bubble is smaller than that in case 1 and therefore
induces a different evolution process of the bubble and the shock

(b)
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(d)
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FIG. 6. Three-dimensional SFg bubble
structure during the interaction between
the reflected shock wave and the SFsg
gas bubble: (a) t = 372.1 us, (b) t = 393.2
s, (c) t=459.1 us, and (d) t = 500.7 us.

wave. To compare the numerical results with different end wall dis-
tances, case 2 is constructed in this study, where all the initial condi-
tions remain unchanged compared with those in case 1 expect the L
reduces from 79 mm to 27 mm.

Figure 8 presents the interaction between the incident and
reflected shock waves and the SFs gas bubble at the y = 20 mm
plane of different time instants in case 2, and the representation
method is the same as that in Figs. 3 and 5. In Fig. 8(a), a same
undisturbed zone (UZ) is formed by the curved refracted shock wave
and the downstream bubble interface, and the vorticities mainly
emerge at the interface of the shock and the compressed SFs bub-
ble. However, the incident shock (IS) wave has interacted with the
right solid wall at this time instant. Consequently, the UZ shrinks
with a pronounced pressure increase in Fig. 8(b), and the reflected
shock (RS) wave has formed. In Fig. 8(c), the RS moves from right
to left to impinge on the distorted SF¢ bubble again, and a new
expanding shock wave named TES is generated, which is mainly
because of the expansion of the high pressure zone during the shock

FIG. 7. Three-dimensional SFg bubble structure at t = 612
us: (a) half-cutaway view and (b) right side view.
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focusing process in the vicinity of the downstream of the SFs bub-
ble. Meanwhile, small vorticities can be found near the downstream
interface of the bubble under the integrated effects of the reflected
shock wave and the high pressure zone during the incident shock
focusing process. The high pressure impingement and the vortic-
ity induction promote the formation of the rightward jet (Jet-R) in
Fig. 8(d). Moreover, at this time instant, the RS has passed through
the distorted SF¢ bubble, and a similar undisturbed zone (UZ1) of
the RS forms. Later, the UZ1 shrinks to complete a new shock focus-
ing process to form a new high pressure zone, which will continue
to expand to form the expanding zone (EZ), and a new expanding
shock wave named TESI is generated following the RS in Fig. 8(e).
Finally, a new leftward jet (Jet-L) can be found in Fig. 8(f), owing to
the complicated shock impingement and vorticity induction. Com-
pared with the results in case 1, two distinct SFs jets (Jet-L and
Jet-R) emerge simultaneously behind the reflected shock wave. This
is mainly attributed to the fact that the distorted SFs bubble in case
1 becomes more flat, which weakens the reflected shock focusing
effect in the distorted bubble. Furthermore, owing to the short end
wall distance in case 2, the reflected shock wave impinges on the
distorted SFs bubble during the budding stage of the Jet-R forma-
tion, which induces a short and wide jet compared with that in
case 1.

To clearly show the three-dimensional deformation of the dis-
torted SFs bubble in case 2, Fig. 9 shows the complicated three-
dimensional SFs bubble structure corresponding to the selected time
instants in Fig. 8, where the structure representation method is the
same as that in Figs. 4, 6, and 7. In Fig. 9(a), the SFs bubble inter-
face remains basically spherical, which means the compression of the

scitation.org/journal/adv

incident shock is not obvious, but at this time instant, it is found that
some distortion emerges downstream of the bubble interface. This
is because the SF¢ bubble interface is affected by the impingement
of the high pressure zone during the shock focusing process inside
the bubble and the reflected shock wave simultaneously, which can
be shown in Fig. 8(c). Furthermore, under the influence of the ear-
lier impingement of the reflected shock wave, a short and wide jet
emerges in Fig. 9(b), while the bubble interface also exhibits cor-
rugation due to the reflected shock wave impingement. As shown
in Fig. 8, there is also a high pressure zone emerging in the vicin-
ity of the upstream of the bubble; thus, a jet following the reflected
shock wave is formed, as shown in Figs. 9(c) and 9(d). It should be
noted that in case 2, due to a shorter end wall distance, not only
a distinct variation in the jet formation is observed, but also no
interaction occurs between the distorted SF¢ bubble and the wall in
the y-direction until this time instant. Hence, it is expected that the
bubble volume is smaller than that in case 1.

The distorted SFg bubble continues to deform in the flow field
behind the reflected shock wave. Figure 10 further presents the com-
plicated three-dimensional SF¢ bubble structure at t = 362.3 us by
using the same structure representation method as above, where
Fig. 10(a) corresponds to the half-cutaway view and Fig. 10(b) cor-
responds to the global view. It is found that the SFs bubble shows
distinct corrugation for every isosurface of the different mass frac-
tion of the ambient gas, and there are two short and wide jets emerg-
ing on the distorted SF¢ bubble interface. Besides, small vortices are
shown on the surface of the jets. A big vortex pair also forms on the
top and the bottom of the bubble, which begins to interact with the
wall to enhance the bubble volume to an extent.

FIG. 9. Three-dimensional SFg bubble structure during the
interaction between the incident and reflected shock waves
and the SFg gas bubble: (a) t = 167.1 s, (b) t = 265.1 ys,
(c) t=294.3 us, and (d) t = 349.4 ps.
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(b)

E. Evolution of SFg bubble volume in the two cases

As shown above, the SFs bubble undergoes complicated defor-
mation during the impingement of the incident and reflected shock
waves. In order to further investigate the evolution of SFs bubble
volume in the two different cases, the bubble volume V and effective
bubble volume V. (the influence of air is eliminated) are defined as

follows:
V= f av, ©)
B

Veﬁ:fD(l—X)dV, @)

where the subscript B represents the bubble zone, D represents the
entire computational domain, and X is the air volume fraction.
Figure 11 shows the evolution of the dimensionless V/V, and
Ver/Vo with time (V) is the initial bubble volume). In this figure, I,
indicates the incident shock compression stage for the two cases, Iy
indicates the reflected shock compression stage for case 1, and I,
indicates the reflected shock compression stage for case 2. Besides,
the short solid lines with different colors represent the variation rate
of V/Vy and Veff/ Vo during different time periods, and the same
color means the same value. For case 1, owing to the complicated
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FIG. 11. Evolution of the bubble volume and effective bubble volume.
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FIG. 10. Three-dimensional SFg bubble structure at t =
362.3 ps: (a) half-cutaway view and (b) global view.

pressure disturbance inside the SF¢ bubble, the value of the effective
bubble volume shows a small oscillation around an average value
between I;, and I, while the value of the bubble volume increases
gradually, which means the vorticities emerging on the SF¢ bub-
ble interface and the distorted bubble interacting with the wall both
have influences on the increase in the bubble volume. Furthermore,
for the time period behind the I, stage, the discrepancy between
V/Vy and V5/V gets more obvious, owing to the enhanced vortic-
ities on the distorted bubble interface and the strengthening bubble-
wall interaction, as shown in Fig. 7, which strengthens the mixing
between the ambient air and the SF¢ gas. For case 2, owing to a
shorter end wall distance L, the time interval between I;, and I, is
short, and the discrepancy between V/V, and Veir/Vo also becomes
large gradually for the same reason as that in case 1 behind the
reflected shock wave, but owing to the less developed vorticities and
the weaker interaction between the distorted SF¢ bubble and the wall
in case 2, the increase rate of V/Vy is smaller than that in case 1 by
comparing the purple and cyan lines. It is also worth noting that,
during the time period of the reflected shock wave compression (Ire1
and I.>), the variation rates remain unchanged basically except for
the bubble volume in case 1. The three red short lines with the same
slope for the bubble volume and effective bubble volume indicate
that the reflected shock wave has a dominant compression effect on
the distorted SFs bubble despite the different vorticities on the bub-
ble interface in different cases. Nevertheless, for the bubble volume
in case 1, the slope of the blue line is not steep compared with those
red lines, which implies that the SF¢ bubble-wall interaction plays
a vital role in the SF¢ bubble volume evolution compared with the
influence of vorticities during this time period. Even so, the decrease
owing to the reflected shock wave compression has a stronger influ-
ence than the increase owing to the bubble-wall interaction. Hence,
generally speaking, the incident and reflected shock waves can both
compress the bubble volume and effective bubble volume, but the
vorticities on the bubble interface owing to the impingement of the
shock wave could promote the mixing of the ambient air and SFe to
increase the bubble volume. Moreover, the interaction between the
distorted bubble and the wall also has a significant influence on the
increase in the bubble volume, especially for case 1 with a longer end
wall distance and a stronger bubble-wall interaction, which indicates
the three-dimensional effect of the computational domain again and
the influence of the end wall distance.
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IV. CONCLUSIONS

In this study, a detailed three-dimensional numerical investi-
gation of the interaction between the incident and reflected shock
waves and the spherical SFs gas bubble is conducted using the high-
order numerical schemes. The influences of the end wall distance on
the evolution of the distorted SF¢ gas bubble are also clarified. The
results indicate the three-dimensional effects of the computational
domain, and the main conclusions are summarized as follows:

(1) For case 1, the vorticities mainly emerge at the interfaces
of the shock wave and SFs bubble, and the high pressure
impingement and the induction of downstream vorticities
caused by the incident shock wave can both promote the for-
mation of the downstream jet. When the reflected shock wave
interacts with the SFs bubble again, the distorted SF¢ bubble is
further compressed, and more vorticities emerge at the bubble
interface. From the view of the three-dimensional SF¢ bubble
structure, big vortices of the SFs bubble interact with the walls
in the y-direction, and an obvious increase in the bubble vol-
ume is observed. Also, small vortices emerge on the headmost
and adjacent locations of the jet.

(2) For case 2 with a short end wall distance, the reflected shock
wave impinges on the distorted SFs bubble during the bud-
ding stage of the downstream jet (Jet-R) formation, which
induces a short and wide jet. Also, the distorted SFs bubble
is not flat like that in case 1; thus, a new upstream jet (Jet-L)
emerges during the impingement of the reflected shock wave.
In addition, there is no interaction between the distorted SF¢
bubble and the wall in the y-direction until a very late time, so
the bubble volume is smaller than that in case 1.

(3) The case with a short end wall distance has less developed vor-
ticities and weaker bubble-wall interaction; thus, the bubble
volume and effective bubble volume in case 2 are both smaller
than those in case 1, and the discrepancy between the two vol-
umes in case 2 is also smaller. However, for the two cases with
different end wall distances, the reflected shock wave has a
dominant compression effect on the distorted SF¢ bubble evo-
lution, although the bubble-wall interaction has more signif-
icant influence than the influence of vorticities on the bubble
volume increase in case 1 with a longer end wall distance and
a stronger bubble-wall interaction.
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