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ABSTRACT
The interaction between a planar shock wave and a spherical gas bubble containing sulfur hexafluoride, Refrigerant-22, neon, or helium is
studied numerically. Influences of the Atwood number (At) on the evolution of the shock wave and gas bubble are clarified by using high-
resolution computational simulations. The results show that the difference in the physical properties between the ambient air and the gas
bubble has a significant influence on the evolution of wave pattern and bubble deformation. For the fast/slow configuration (At > 0) in the
present study (At = 0.67 and 0.51), the incident shock focuses near the interior right interface to form an outward jet. Besides, the mixedness,
average vorticity, and the absolute value of circulation all increase as the Atwood number increases. By contrast, for the slow/fast configuration
(At < 0) with At = −0.19 and −0.76, the rotational directions of the vorticities formed at the same position are reversed compared with those
in the fast/slow configuration, which induces an inward air jet to impact on the gas bubble from the outside. In addition, the mixedness,
average vorticity, and the absolute value of circulation all increase as the Atwood number decreases. Nevertheless, regardless of At > 0 or
At < 0, the effective volume of the gas bubble basically decreases when the Atwood number decreases. Hence, on the whole, the Atwood
number has a nonmonotonic influence on the evolution of effective volume of gas bubble, mixedness, average vorticity, and circulation
simultaneously.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5092317

I. INTRODUCTION

During the interaction between a shock wave and a gas bub-
ble, vorticities will deposit on the bubble interface owing to the
baroclinic effect (misalignment between the pressure and den-
sity gradients), and they can accelerate the mixing between dif-
ferent gases. This phenomenon mainly involves the Richtmyer-
Meshkov instability (RMI), which frequently occurs in natural and
manmade activities.1–3 Therefore, research in this area is of great
significance.

Many relevant experimental and numerical studies have been
conducted and reported in the past. In 1987, Haas and Sturtevant4

used the shadowgraphy technology in their experiment to
exhibit the light (helium, He) and heavy [Refrigerant-22 (R22),

a fluorocarbon (CHClF2)] bubbles’ deformation processes; however,
only one photograph was taken during each run. Then, Jacobs5,6

experimentally studied the interactions between cylindrical gas bub-
bles [light (He) and heavy (sulfur hexafluoride, SF6)] and a weak
shock wave by adopting the planar laser induced fluorescence (PLIF)
technology, and high quality flow visualization was obtained. By
means of the high-speed shadowgraph system, Layes et al.7–9 investi-
gated the gas bubble evolution of different gases [He, nitrogen (N2)
and krypton (Kr)], which were impacted by a planar shock wave.
The obtained high quality experimental results could be used for val-
idation of other numerical and theoretical studies. During the same
period, the interaction between a shock wave and a spherical bubble
in divergent shock-refraction geometry was studied using the shock
tube experiments by Ranjan et al.10 A helium bubble in ambient air
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or nitrogen was considered, and the experimental planar laser diag-
nostics clearly resolved the features of the flow field. Actually, the
relationship between the gas bubble and the ambient gas is generally
represented by a dimensionless parameter called the Atwood num-
ber, At = (ρ2 − ρ1)/(ρ2 + ρ1), where ρ1 and ρ2 are the densities of the
ambient and the bubble gases, respectively. To reveal the influence
of the Atwood number on the shock-bubble interaction, two values
of the Atwood number (At = 0.17 and 0.68) were investigated exper-
imentally by Haehn et al.11 in 2012. The results showed that a sec-
ondary vortex ring appeared immediately after reshock for the low
Atwood number case. In the same year, Si et al.12 performed a num-
ber of experimental sets of He and SF6 bubbles surrounded by air
by using the high-speed Schlieren photography, and the differences
between the two cases were studied.

In addition to the aforementioned experimental studies,
Zabusky and Zeng13 simulated with the Euler equations planar
shocks interacting with an Refrigerant-12 (R12) spherical bubble,
and the collapsing shock cavity caused an expelled weak jet which
was found at a low Mach number, but the “vortical projectiles”
appear on the downstream side of the bubble at higher Mach num-
bers. Then, Bagabir and Drikakis14 numerically investigated the inci-
dent shock Mach number effects on the interaction of a shock wave
with a bubble, which revealed the additional gas dynamic features
with the increasing shock Mach numbers. Niederhaus et al.15 con-
ducted a series of three-dimensional Euler simulations to analyze
the processes of shock-bubble interaction, and the influences of the
Atwood number (−0.8 < At < 0.7) were investigated. Remarkable
results from the simulations were obtained when At > 0.5; besides,
a new mathematical model for velocity circulation was proposed.
Then, Zhai et al.16 numerically studied the interaction of a planar
shock wave with a spherical gas bubble which was filled with differ-
ent gases (SF6 and He) by using the VAS2D code, and the detailed
flow field structures including the evolution of bubble interfaces and
waves were obtained. Subsequently, Zou et al.17 numerically stud-
ied the evolution of the heavy bubbles with different gases (SF6, R22,
R12, and Kr) in the shock accelerated flow, and the influences of
the different gases on the shock wave focusing and jet formation
were investigated. Meanwhile, Georgievskiy et al.18 carried out a
numerical research on the interaction of a shock wave with spher-
ical bubbles of light or heavy gases by using the axisymmetric Euler
equations. A computational parametric study for different At (−0.54
≤ At ≤ 0.5), shock strengths, and bubble geometries was performed.
The results showed that the shock focusing pattern was governed by
the Atwood number, Mach number, and the bubble shape simul-
taneously. The authors19–21 also numerically investigated the defor-
mation and instability of He and SF6 bubbles, and the formation
and evolution of vortex rings, shock wave, and the influences of
initial parameters (such as the incident shock wave strengths) were
analyzed in detail. Recently, the interaction between a planar shock
wave and square and triangular bubbles containing SF6, He, argon
(Ar), or carbon dioxide (CO2) was numerically studied by Igra and
Igra.22 The results showed that different wave patterns and pressure
distribution inside the bubbles were developed owing to the large
physical differences (such as the acoustic impedance) between these
gases.

In summary, a lot of experimental and numerical studies on
the interactions between the shock wave and gas bubble have been
carried out. However, it should be noted that previous studies mainly

concentrate on the interaction between a shock wave and one or two
kinds of gas bubbles. Furthermore, even when the shock waves inter-
acting with bubbles filled with various kinds of gases are considered,
the influences of the Atwood number on the shock wave-bubble
interaction have not been analyzed thoroughly, especially from the
viewpoint of quantitative analysis. Therefore, in the present study,
by means of numerical simulation based on a high accuracy method
and a high grid resolution, the influences of the Atwood number
at different values [At = 0.67, 0.51, −0.19 and −0.76, corresponding
to SF6, R22, neon (Ne), and He gases in ambient air, respectively]
on the interaction between a shock wave and a gas bubble are dis-
cussed qualitatively and quantitatively. To be specific, the evolution
of the shock wave and the gas bubble, and the time-dependent inte-
gral properties all need to be analyzed to reveal the influences of the
Atwood number.

II. NUMERICAL METHOD AND SETUP
A. Numerical method

The two-dimensional Navier-Stokes (NS) equations are
expressed as

∂U
∂t

+
∂F
∂x

+
∂G
∂r

+ W = 0, (1)

where
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.

In the above equations, ρ is the density, u and v are the velocities in
x and r directions, respectively, E is the unit volume total energy, Y
is the mass fraction of the ambient gas, and P is the pressure. τxx,
τxr , τrx, and τrr are the viscous stresses, which can be written as τxx
= 4/3(µ∂u/∂x) − 2/3(µ∂v/∂r), τxr = τrx = µ(∂u/∂x + ∂v/∂r), and τrr
= 4/3(µ∂v/∂r) − 2/3(µ∂u/∂x). The thermal conductivity k, the dif-
fusion coefficient D, and the kinematic viscosity are given according
to the ambient gas properties. The values are set to k = 2.34 × 10−2 J
m−1 K−1s−1, µ = 1.86× 10−5 kg m−1 s−1, andD = 1.73× 10−5 m−2 s−1,
respectively.21

To avoid unphysical oscillations for the computational results,
a global Lax-Friedrich’s flux splitting combined with a ninth-order
weighted essentially nonoscillatory (WENO) scheme23 is adopted
to discretize the inviscid fluxes. A tenth-order central difference
scheme is employed to solve the viscous fluxes. Moreover, a
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FIG. 1. Computational domain and initial conditions.

third-order Runge-Kutta method is used to integrate the equations
in time marching.

B. Computational setup
The computational domain and the initial conditions are

shown in Fig. 1. A spherical gas bubble surrounded by air located
at the symmetry axis of the flow field. The symbol L represents
the end wall distance, which is the distance between the bubble
center and the end wall. The distance between the gas bubble cen-
ter and the left x direction boundary is chosen sufficiently large
to avoid artifacts due to shock reflections and expansions.24 The
initial pressure P0 is 1 atm, and the incident shock wave first
propagates from left to right to impinge on the bubble, then it
reflects from the right wall to impinge on the distorted bubble
again.

The no-slip wall conditions are enforced on the solid sur-
faces of the computational boundary, while the inflow condition is
enforced on the x = 0 mm surface. To reduce the calculation, half
the flow field is utilized as the computation domain, and thus, an
axial symmetrical boundary condition is used. The uniform mesh
size 0.1 mm is adopted in the present study, which is sufficient to
ensure the computational accuracy and minimize the computation
cost simultaneously.20,21

III. RESULTS AND DISCUSSION
A. Numerical validation

To demonstrate the reliability of the present numerical method
and model, numerical results of the interaction between the
planar shock wave and the spherical gas bubble with different
densities (SF6, Ne, and He) are first compared with the exper-
imental results of Si12 and Layes.9 Table I presents the initial
conditions of the three different experimental cases, and the com-
parisons between experimental Schlieren images and computa-
tional Schlieren results at the selected time instants are shown
in Figs. 2–4.

Figure 2 shows the comparisons between the experimental and
the numerical simulation results during the shock-SF6 bubble inter-
action, where Fig. 2(a) corresponds to the interaction between the
initial SF6 bubble and incident shock wave, Fig. 2(b) the focusing of
refracted shock waves inside of the bubble, and Fig. 2(c) the interac-
tion between the distorted SF6 bubble and the reflected shock wave.

TABLE I. Initial conditions used in the three different experimental cases including
the incident planar shock Mach number Ma, the initial bubble radius R0 (mm), the
end wall distance L (mm), and the bubble gas density ρ (kg m−3). Note that L→∞
denotes the case without reshock.

Bubble R0 L ρ Surrounding
gas References Ma (mm) (mm) (kg m−3) gas

SF6 Si et al.12 1.21 16.25 79 6.030 Air
Ne Layes et al.9 1.62 21.00 ∞ 0.802 Air
He Si et al.12 1.23 14.95 64 0.160 Air

The results suggest that the SF6 bubble are compressed into an ellip-
tical shape induced by the incident shock wave in Fig. 2(a), and the
refracted shock within the SF6 bubble propagates more slowly than
the outside incident shock. Subsequently, the shock focusing occurs
in Fig. 2(b), and a local high pressure zone emerges near the down-
stream pole which accelerates the right interface of the SF6 bubble.
In Fig. 2(c), a long downstream SF6 jet emerges, and the reflected
shock wave impinges on the distorted bubble again. Moreover, a
large number of small vortices form throughout the bubble interface
at this time instant.

Figure 3 presents the comparisons between the experimental
and the numerical simulation results during the shock-Ne bubble
interaction, where Fig. 3(a) shows the initial interaction of the Ne
bubble with the incident shock wave, and Figs. 3(b) and 3(c) show
the incident shock wave has completely passed through the bubble.
The results indicate that the left interface of the Ne bubble is flat-
tened by the incident shock in Fig. 3(a), and the refracted shock
within the bubble propagates slightly faster than the outside inci-
dent shock. Then, the entire Ne bubble has been elongated signif-
icantly when the incident shock wave has just passed through the
bubble in Fig. 3(b). As there is no reshock in this case, the Ne
bubble evolves into the shape of an elongated squash and some
small vortices are generated at the top and bottom of the bubble
in Fig. 3(c).

Figure 4 exhibits the comparisons between the experimental
and the numerical simulation results during the shock-He bubble
interaction, where Fig. 4(a) presents the interaction of the He bub-
ble with the incident shock wave, Fig. 4(b) the incident shock wave
completely passing through the bubble, and Fig. 4(c) the interaction
between the distorted He bubble and the reflected shock wave. The
results illustrate that the left interface of the bubble is flattened by
incident shock in Fig. 4(a), and the refracted shock within the bub-
ble propagates significantly faster than the outside incident shock.
Subsequently, the He bubble undergoes a reversal and the rear inter-
face of the bubble gradually catches up with the front in Fig. 4(b).
It should be noted that the experimental Schlieren result repre-
sents the three-dimensional projection of light, but the numerical
result is obtained from two-dimensional simulation, and thus, the
distorted He bubble in the experimental result seems larger than
that in the numerical result. This result presents similarities with
those reported by Layes and Metayer8 and Zhai et al.16 When the
reflected shock from the end wall interacts with the distorted He
bubble again in Fig. 4(c), the bubble evolves into the shape of a
kidney and a smaller vortex ring emerges at the right interface of
bubble.
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FIG. 2. Comparisons of SF6 bubble between the exper-
imental12 (top) and the present computational (bottom)
results.

FIG. 3. Comparisons of Ne bubble between the experimen-
tal9 (top) and the present computational (bottom) results.

From Figs. 2–4, the good qualitative agreements between the
experimental and the computational results have been obtained in
the three cases, which indicate that the present numerical method
and model are reliable in a wide range of bubble gas densities (i.e.,
different values of the Atwood number).

B. Visualized flow fields

As aforementioned, distinct evolution of the spherical gas bub-
ble with different densities will emerge under the incident shock
and reshock conditions, and the related complicated phenomena are

FIG. 4. Comparisons of He bubble between the experimen-
tal12 (top) and computational (bottom) results.
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TABLE II. Initial conditions used in the four cases.

Bubble R0 L ρ Acoustic impedance Atwood number Surrounding
gas Ma (mm) (mm) (kg m−3) (kg m−2 s−1) (At) gas

SF6 1.21 16.25 79 6.030 822.1 0.67 Air
R22 1.21 16.25 79 3.690 635.8 0.51 Air
Ne 1.21 16.25 79 0.802 362.8 −0.19 Air
He 1.21 16.25 79 0.160 162.1 −0.76 Air

worthy of detailed studies. Hence, four cases with different values of
the Atwood number under the incident and reshock conditions have
been designed and simulated, and the computational size is 250 mm
× 35 mm. Table II gives the different initial conditions of the four
cases, where the acoustic impedance is obtained by Z = ρc (ρ is the
density and c is the speed of sound), which indicates the resistance
that a pressure wave needs to overcome when it propagates in a cer-
tain medium. Spherical gas bubbles with four typical different gases
are considered in Table II, where the Atwood number At < 0, At ≈ 0
and At > 0 mean the density of the gas bubble is heavier, similar, and
lighter than the density of surrounding air, respectively, and the val-
ues vary from a large negative value to a large positive value which
cover a wide range.

For the SF6 bubble case (At = 0.67), Fig. 5 shows the evolution
of waves and SF6 bubble at different time instants. Due to the larger
acoustic impedance, the propagation velocity of the shock wave in
the SF6 bubble is smaller than that in air. Therefore, the refracted
shock wave (TS) inside the bubble is far behind the incident shock
wave (IS) outside the bubble in Fig. 5(a). When the IS propagates
around the SF6 bubble, a diffracted shock wave (DS) and an inci-
dent diffracted shock wave (DTS) emerge. A closer look shows that
an undisturbed zone (UZ) is formed by the TS, DTS, and the right
interface. As shown in Fig. 5(b), the DS waves outside the bubble
first collide near the downstream pole of the bubble, and then the
DTS waves inside the bubble will also collide near the downstream
pole of the bubble. During this process, the TS and DTS converge
continuously and their intensities continue increasing. Meanwhile,
the area of UZ continues to shrink. As the TS and DTS get closer
with time, the UZ will disappear eventually and the shock focus-
ing occurs near the interior right interface, as shown in Fig. 5(c). In
Fig. 5(d), the expanding shock wave (ES) generated by shock wave
focusing impinges on the right interface of the bubble and leads to
the formation of a SF6 jet (J). After passing through the right inter-
face of the bubble, the ES continues to propagate to the downstream.
At t = 443.2 µs in Fig. 5(e), the reflected wave (RS) generated by the
IS impacting the right end wall interacts with the significantly dis-
torted SF6 bubble again, and a pair of large vorticities emerges up
and down the SF6 bubble interface. When the RS propagates the dis-
torted SF6 bubble completely in Fig. 5(f), the SF6 bubble is further
deformed, and more vortices form on the surface of the bubble and
jet. Actually, take the upper half of the SF6 bubble as an example, vor-
ticities with clockwise direction emerge due to the impingement of
the IS [as shown in Fig. 5(d)]. Whereas, owing to the impingement of
the RS, new vorticities with counterclockwise direction emerge even
though the clockwise vorticities exist [as shown in Fig. 5(f)]. Thus,

the bubble interface becomes more complicated under the reshock
conditions.

Considering the gas density and acoustic impedance of R22 are
both smaller than those of SF6, there should be some differences
in the evolution of waves and the R22 bubble. In order to study
these differences in detail, Fig. 6 gives the Schlieren pictures of sev-
eral typical time instants during the interaction between the shock
waves and the R22 bubble. Compared with Fig. 5, the refracted shock

FIG. 5. Evolution of the waves and the SF6 gas bubble.
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FIG. 6. Evolution of the waves and the R22 gas bubble.

wave (TS) and incident diffraction shock wave (DTS) inside the bub-
ble can also be seen clearly, and an undisturbed zone (UZ) is also
formed by the TS, DTS, and the right interface. However, due to
the acoustic impedance of R22 is smaller than that of SF6, the shock
waves move faster in the R22 bubble than those in the SF6 bub-
ble, and so the size of UZ in R22 bubble is also smaller than that
in the SF6 bubble, as shown in Figs. 6(a) and 6(b). Then the shock
wave focusing occurs in Fig. 6(c), but compared with the case of the
SF6 bubble, the shock focusing position is significantly closer to the
downstream pole of the R22 bubble, and the shock focusing time is
also advanced. As shown in Fig. 6(d), a jet (J) is generated at the
right interface of the bubble owing to the high pressure resulting
from the shock focusing phenomenon. Subsequently, the reflected
shock wave (RS) from the right end wall impinges on the distorted
R22 bubble again in Figs. 6(e) and 6(f). Unlike the case of the SF6
bubble, the jet is significantly slender in this case, and the vortices
generated on the surfaces of the bubble are also fewer. Although
there are some specific differences between the two different cases,
due to the values of the Atwood number for the R22 and SF6 gases
are both larger than zero, namely, the shock-bubble interaction is in
a fast/slow (F/S) configuration,13 the overall trends of R22 and SF6
bubbles in the evolution of waves and bubble interface are basically
consistent.

When the density of the spherical gas continues to decrease,
the density of Ne is slightly lower than that of the surrounding
air, which is characterized by a negative value of Atwood number
(At = −0.19). This configuration implies the shock-bubble interac-
tion is in a slow/fast (S/F) configuration.13 A sequence of Schlieren
pictures showing the interaction between the shock wave and neon
bubble is presented in Fig. 7. At the initial stage of the incident shock
wave (IS) interacting with the bubble [as shown in Fig. 7(a)], the
propagation velocity of the refracted shock wave (TS1) in the bubble
is slightly faster than that of the IS outside the bubble because the
acoustic impedance of Ne gas is slightly smaller than that of air. At
the same time, it is also found that due to the collision of the IS and
the bubble, a reflected rarefaction wave (RRS1) is generated in the
vicinity of the left interface of the bubble. As the IS propagates, the
RRS1 propagates to the top and the bottom of the flow field contin-
uously, as shown in Fig. 7(b). In Fig. 7(c), the Ne bubble has been
completely compressed into a rugby shape, and the IS and transmit-
ted shock wave (TS2) are merging into a straight plane in front of the
bubble. It can be seen from Fig. 7(d) that the reflected shock wave
(RS) generated by the collision between the IS and the end wall has
moved to the right front of the bubble, while the entire Ne bubble has
become a half moon shape, and some vortices appear at the top and

FIG. 7. Evolution of the waves and Ne gas bubble.
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the bottom of the left interface. Subsequently, the RS impinges on
the distorted bubble again in Fig. 7(e), and another reflected rarefac-
tion wave (RRS2) is generated near the right interface of the bubble.
By the time shown in Fig. 7(f), the RS has completely passed through
the distorted Ne bubble, and the bubble becomes a shape of a squash.
Meanwhile, large vorticities are generated and developed at the top
and the bottom of the bubble, and the left and the right interfaces
of the bubble generate a very small cusp (C) protruding to the out-
side of the bubble respectively. As is well known, the baroclinic effect
plays a vital role in the production of vorticities.12,15,19,21 In the Ne
case, the direction of density gradient is just the opposite to those
in the SF6 and R22 cases; thus, take the upper half of the bubble as
an example, the vorticities in Fig. 7 are in the opposite directions
compared with those in Figs. 5 and 6.

As a typical light gas used in the RMI study, helium gas is
adopted as the fourth gas in our shock-bubble interaction compu-
tation. Figure 8 shows the Schlieren pictures of several typical time
instants during the interaction between the shock waves and the
He bubble. In this configuration (At = −0.76), the refracted shock
wave (TS1) inside the bubble moves much faster than the incident
shock wave (IS) outside the bubble in Fig. 8(a), and a reflected
rarefaction wave (RRS) is generated when the IS impinges on the

FIG. 8. Evolution of the waves and He gas bubble.

bubble interface. It is also found that the bubble is flattened in the
direction of shock propagation. As time goes by, the left interface
of the He bubble begins to sink inward in Fig. 8(b), and the bub-
ble becomes a kidney shape due to the formation of a re-entrant jet
at the left interface.9 Compared with the outward jet formed in the
SF6 and R22 cases (on the right interface of the bubble), the forma-
tion mechanism of inward air jet formed on the left interface of the
He bubble is quite different. The density gradient around the light
bubble (He) is from the inside to the outside of the bubble, while
the density gradient of the heavy bubble (SF6 and R22) is in con-
trast to that of the light bubble. When the shock wave interacts with
the bubble, the shock wave induces an upstream-directed pressure
gradient. Simultaneously, under the dual actions of density gradient
and pressure gradient, vorticities rotating counterclockwise are gen-
erated at the upper half of the light bubble, while a large number
of vorticities rotating clockwise are generated at the lower half of the
light bubble. Furthermore, these vorticities drive the surrounding air
to impact the left interface of the He bubble and eventually form a
re-entrant jet. However, the direction of the vorticities generated on
the upper half and the lower half of the heavy bubble is opposite to
that of the light bubble, respectively, so that the heavy bubble can-
not generate a re-entrant jet at the left interface of the bubble. While
in Fig. 8(c), the jet develops further and eventually impinges on the
right interface of the He bubble, which also results in the produc-
tion of vorticities. Simultaneously, the IS and incident transmitted
shock wave (TS2) begin to merge. Subsequently, the distorted He
bubble develops into the vortex rings [left vortex ring (LV) and right
vortex ring (RV)] with different rotation direction in Fig. 8(d), and
the reflected shock wave (RS) from the right end wall has passed
through the RV. When the RS further impinges on the LV, the size
of LV obviously decreases in Fig. 8(e); however, LV and RV are still
attached to each other. At t = 393.5 µs [Fig. 8(f)], the RV is further
separated from the LV due to the different rotational direction, and
the streamwise stretching of the distorted He bubble interface inten-
sifies the mixing of the air and He gases; thus, the whole flow field
shows more turbulent eventually.

C. Integral diagnostics
In order to facilitate the study of the evolution of bubbles

with time, the time periods during which shock waves interact with
bubbles are shown in Table III.

As can be found from Table III, the time period of an incident
shock wave interacting with a bubble is continuously shortened as
the Atwood number decreases except for the He bubble case. A rea-
sonable explanation is that the density of the He bubble is much
smaller than that of the surrounding air; thus, the He bubble moves
the fastest along with the shock wave under the impingement among
the four cases, which will increase the time period when the incident
shock wave interacts with the bubble to an extent.

During the processes of shock waves interacting with bub-
bles, the values of the spherical bubble volume change continuously
under the impingement of the incident and reflected shock waves. In
order to study the evolution of bubbles with different values of the
Atwood number, the effective bubble volume Veffective is defined first
as follows:

Veffective = ∫
D
(1 − X)dV , (2)
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TABLE III. Time periods of shock waves interacting with bubbles, where ISTP denotes the time period in which incident shock
wave interacts with the bubble and RSTP denotes the time period in which reflected shock wave interacts with the bubble.

Shock waves SF6 R22 Ne He

ISTP (µs) 11.5–141.3 11.5–129.1 11.5–78.0 11.5–99.8
RSTP (µs) 351.3–495.9 325.7–467.8 330.47–368.6 304.2–357.8

where D represents the entire computation domain, and X is the air
volume fraction.

Figure 9 presents the evolution of the dimensionlessVeffective/V0
with time (V0 is the initial bubble volume) for different values of
the Atwood number. It can be found that the values of effective
volume of the gas bubble for different values of Atwood num-
ber basically decrease with time and gradually stabilize after the
reflected shock wave passes through the distorted bubble. Espe-
cially for the period of the incident and reflected shock waves
impinge on the bubble, the values of Veffective/V0 decrease greatly.
For the cases of At = 0.67 or 0.51, the values of Veffective/V0 increase
slightly behind the incident shock wave, and a probable explana-
tion is that the outward jet formation of SF6 and R22 bubbles
could increase their effective bubble volumes. For the He bubble
case (At = −0.76), a continuous decline of the effective volume
can be found and its value is also the smallest among the four
cases. In general, the values of Veffective/V0 basically decrease when
the Atwood number also decreases. More importantly, the discrep-
ancy among the values of Veffective/V0 becomes more obvious when
At < 0.

Mixing between the different fluids inside and outside of the
gas bubble is an important aspect of shock-bubble interaction. Con-
sidering this, a dimensionless quantity ξ is proposed to scale the
mixedness

ξ = ∫
B
XdV/∫

B
dV , (3)

where B represents the bubble region (defined as Y ≤ 0.99). The evo-
lution of the mixedness is plotted in Fig. 10. It is obvious that the
values of ξ increase with time in all the four cases, which imply that
more and more air has been entrained into the distorted bubbles.
However, the growth rate of ξ is relatively slow during the period
of the incident shock wave interacting with the bubble, while the

FIG. 9. Evolution of the effective bubble volume.

growth rate of ξ rises rapidly after the reflected shock wave passes
through the distorted bubble. It should also be noted that for the
fast/slow configuration [such as the SF6 (At = 0.67) and R22 (At
= 0.51) cases], the values of ξ increase when the Atwood number
increases. While for the slow/fast configuration [such as the Ne (At =
−0.19) and He (At = −0.76) cases], the values of ξ increase when the
Atwood number decreases. In short, heavier or lighter gas bubbles
than the ambient air could induce more intense mixedness under the
incident and reflected shock conditions. Thus, it can be concluded
that the evolution of ξ is not a simply monotonous relationship with
the Atwood number.

Considering the vorticities on the bubble interface can greatly
affect the mixing of gases inside and outside the bubble, Fig. 11
shows the evolution of the average vorticity with time in the bubble
region, and the average vorticity is defined as follows:

ω = ∫B
∣ω∣dV
∫B dV

. (4)

For the fast/slow configuration [such as the SF6 (At = 0.67) and
R22 (At = 0.51) cases], trends of the average vorticity are basically
the same in Fig. 11. To be specific, the values of average vorticity
both increase when the incident and reflected shock waves impinge
on the bubbles. Subsequently, the enhanced vorticities promote the
mixing of gases inside and outside the gas bubble and thus accel-
erate the transfer and consumption of vorticity energy, which can
weaken the average vorticity intensity in the bubble region gradu-
ally. But in general, the values of average vorticity increase when the
Atwood number increases for the fast/slow configuration. In the He
bubble case (At = −0.76), the average vorticity strengthens rapidly
at the stage of incident shock wave interacting with the bubble, and
then a partial oscillation emerges owing to the impingement of the
waves inside the bubble. Even so, the general trend still rises. When
the reflected shock wave impinges on the distorted He bubble again,

FIG. 10. Evolution of the mixedness.
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FIG. 11. Evolution of the average vorticity.

the average vorticity increases with a higher rate, and then oscillates
under the multiinfluences of the impingement of the waves inside
the bubble (strengthen the vorticity in the bubble region) and the
transfer and consumption of vorticity energy (weaken the vortic-
ity in the bubble region). Besides, it is easy to find that the value
of the average vorticity in the Ne bubble case (At = −0.19) is the
smallest among the four cases, which basically remains a small oscil-
lation after 100 µs. Hence, the average vorticity increases when the
Atwood number decreases for the slow/fast configuration. Further-
more, compared with Figs. 10 and 11, it is not hard to find that
the evolution trends of the mixedness and the average vorticity are
consistent. In other word, a higher average vorticity of the distorted
bubble means a higher mixedness of the gases inside and outside the
bubble.

The intensity of the vorticity can be expressed by the circu-
lation. In order to further study the vorticity characteristics in the
bubble region, the evolution of circulation in the bubble region with
time is investigated in Fig. 12, and the formula for calculating the
circulation is as follows:

Γ = ∫
B
ωdV , (5)

where Γ is the net circulation of the bubble region. Since the direc-
tion of the density gradient on the bubble interface with At > 0 is
completely opposite to that on the bubble interface with At < 0,
the rotational direction of vorticity is completely opposite in the
two different conditions and thus the circulation is positive or neg-
ative depending on the positive or negative vorticity in the different

FIG. 12. Evolution of the circulation.

Atwood number cases. From Fig. 12, it is easy to find that the abso-
lute value of circulation of the Ne bubble (At = −0.19) is the smallest
among the four cases, which remains close to zero despite some
small oscillations. For the same slow/fast configuration, the circula-
tion value of the He bubble (At = −0.76) is always the largest among
the four cases and oscillates around 5 m2 s−1 after the incident shock
wave interacting with the bubble. While for the fast/slow configura-
tion, the trends of the circulation of SF6 bubble (At = 0.67) and R22
bubble (At = 0.51) are basically the same. The absolute values of cir-
culation of the two cases both increase rapidly during the period of
the incident shock waves interacting with bubbles and continue to
grow with a small rate. Then, they decrease rapidly after the inter-
action between the reflected shock waves and bubbles. Although
the circulation is affected by the distorted bubble volume and the
vorticity simultaneously, the whole relative relations of the absolute
values of circulation are in accordance with those in the evolution
of the average vorticity in Fig. 11, which indicates that the vortic-
ity dominates the evolution of circulation in the inert shock-bubble
interaction process.

IV. CONCLUSIONS
In the present paper, a detailed numerical investigation of the

interaction between a planar shock and a spherical gas bubble con-
taining either SF6, R22, Ne, or He is conducted. High-order numer-
ical schemes and a high grid resolution are utilized. The influences
of the Atwood number on the evolution of the shock wave and the
gas bubble are clarified. It is shown that the difference in the phys-
ical properties between the ambient air and the gas bubble has a
significant influence on the evolution of wave pattern and bubble
deformation. To be specific, the main conclusions are summarized
as follows:

(1) For the fast/slow configuration (At > 0) in the present
study (At = 0.67 and 0.51), the incident shock focuses
near the interior right interface of the heavy bubble to
form a local high pressure zone, which induces the out-
ward jet subsequently. Besides, the shock focusing position is
closer to the downstream pole of the bubble and the shock
focusing time is also advanced when the Atwood number
decreases.

(2) For the slow/fast configuration (At < 0), the light bubble
is easier to be compressed, and the direction of the den-
sity gradient on the bubble interface becomes the opposite.
Hence, the rotational directions of the vorticities formed at
the same position are also reversed compared with those in
the fast/slow configuration, and an inward air jet is formed
which can impact on the gas bubble from the outside. Espe-
cially in the He bubble case, the He gas bubble is divided into
upper and lower parts by the re-entrant air jet, and two pairs
of vortex rings are generated after the impingement of the
reflected shock wave.

(3) From the viewpoint of quantitative analysis, the effective vol-
ume of the gas bubble basically decreases when the Atwood
number decreases. By contrast, the values of mixedness
and average vorticity and the absolute value of circulation
all decrease as the Atwood number decreases only for the
fast/slow configuration (At > 0), and the trends are reversed
for the fast/slow configuration (At < 0).
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