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ABSTRACT

An A/B/C-type gas cylinder with various concentrations of SF6 (ranging from 5% to 80% in volume fraction) in the inner cylinder is
constructed to investigate the dependence of the interface evolution on the Atwood number. For negative Atwood numbers, secondary vortex
pairs emerge at the downstream interface of the outer cylinder following the interaction of a high-pressure triple point with the downstream
interface, while a downstream jet is formed due to the generation of a notably higher-pressure zone after the transmitted shock wave traverses
the convergence point. The widths and heights of both outer and inner cylinders are analyzed to quantify the interface evolution. The mecha-
nism behind the vorticity evolution is investigated using the vorticity transport equation. The vorticity equation is introduced to investigate
the mechanism of vorticity evolution. The dilatation and baroclinic terms play a dominant role in the dynamics of vorticity production. The
net circulation can be predicted by linearly summing existing circulation models. Analysis of the area and mean mass fraction histories of the
outer and inner cylinders shows that more ambient gas dilutes SF6 and promotes gas mixing as the Atwood number decreases.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0221371

I. INTRODUCTION

The Richtmyer–Meshkov (RM) instability occurs at an interface
between two fluids of different densities when subjected to a sudden
acceleration.1,2 The perturbation at this interface leads to complex fluid
motions and turbulent mixing. Moreover, RM instability widely exists
in various scientific and engineering fields, including inertial confine-
ment fusion (ICF),3 supernova explosions,4 and supersonic combus-
tion engines.5

The interaction between shock waves and gas cylinders is of sig-
nificance in the study of RM instability. Corresponding experimental
and numerical investigations have been conducted to enhance our
comprehension of RM instability. For the scenarios of the interaction
between shock waves and single-layer gas cylinders, the evolution of
shock-induced heavy- and light-gas cylinders was investigated through
both experimental observations and numerical simulations.6–11 Ding
et al. expanded the two-dimensional (2D) gas cylinder to a three-
dimensional (3D) one and introduced a 3D theoretical model to fore-
cast the upstream interface movements of both heavy- and light-gas
cylinders.12,13 Moreover, the initial conditions including nonlinear
acoustic effects and incoming shock intensities have a substantial influ-
ence on the morphologies of the gas cylinder, turbulent mixing, and jet
formation.14–19 Bagabir and Drikakis14 numerically examined the

influences of Mach numbers on the interaction between the shock
waves and cylindrical bubbles. Their findings indicated that bubble
deformations occur and the velocity of the jet increases with the
growth of Mach numbers. Niederhaus et al.15 investigated how differ-
ent Atwood numbers and Mach numbers affect the interaction
between shock waves and bubbles. They illustrated the significance of
nonlinear acoustic effects and the generation of primary and secondary
vorticity, especially forM> 2 and A> 2. The discussion regarding the
types of jets and the mechanisms behind jet formation is extensively
explored due to the influence of shock intensities and acoustic imped-
ance.16–19

However, RM instability is generally associated with multi-layer
interface evolution. For example, there are usually several layers made
of different materials in an ICF capsule, with the outer layer referred to
as the ablator layer and the inner layer as the fuel layer.20 In addition,
fuel-atomized droplets contain air cavities in supersonic combustion
engines. Therefore, it is crucial to research the issue of the multi-layer
interface evolution in engineering applications. Previous studies pri-
marily focused on the RM instability of an A/B/A-type fluid layer and
an A/B/A-type gas cylinder, where two interfaces separate two kinds of
gases (gas A and gas B). For an A/B/A-type fluid layer, Mikaelian21–24

developed a theoretical linear solution for the amplitude growth rates.
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Henry de Frahan et al.25 and Liu et al.26 employed different analysis
approaches to investigate the dependence of the perturbation growth
on the initial conditions, such as the amplitude, phase difference,
and Atwood numbers. Liang et al.27–29 and Cong et al.30 proposed
linear and nonlinear models to predict the growth of interface per-
turbations on both the heavy-fluid-layer and light-fluid-layer, con-
sidering additional instabilities at the two interfaces caused by
reverberating waves within the fluid layer. Based on these studies,
Cong et al.30 studied the RM instability subjected to reshock, concen-
trating on the influence of initial layer thickness on interface growth
and constructing a nonlinear model. For an A/B/A-type gas cylinder,
Wang et al.31 illustrated the morphologies of gas rings and proposed
a circulation prediction approach by linearly summing the results
from circulation models. Feng et al.32,33 and Li et al.34 studied the
dependence of fluid evolution and turbulent mixing on the initial
conditions, such as radius ratio, eccentricity, incident shock intensi-
ties, and Atwood numbers.

Compared to detailed studies on the A/B/A-type fluid layer, the
A/B/C-type gas layer widely exists in engineering applications, where
two interfaces separate three kinds of gases (gases A, B, and C). For
instance, there is a CH form shell (35mg ml�1) existing between the
outer shell (2.7 g ml�1) and the inner shell (200mg ml�1) in a
double-shell ICF capsule.35,36 The materials of different shells are
completely dissimilar. Liang and Luo37 focused on a gas layer with a
light/medium/heavy density configuration. They introduced a linear
model to assess amplitude growth and extended a nonlinear model
to depict perturbation growth at the two interfaces. However, the
ICF capsule exhibits a multi-layer spherical configuration, which dif-
fers from the gas layer. To simplify the analysis, the three-
dimensional multi-layer spherical structure of the target capsule is
approximated as a two-dimensional multi-layer cylinder. While
numerous parameter studies have explored the interaction between
planar shock waves and A/B/A-type gas cylinders, research on the
interaction between shock waves and A/B/C-type gas cylinders
remains lacking.

To fill this gap, this work uses a numerical approach for multi-
component compressible flow to explore the flow morphologies of a
double-layer gas cylinder with various concentrations of SF6 in the
inner cylinder. The formation of the secondary vortex pairs and down-
stream jets is discussed, and the mechanism of vorticity production is
investigated. The net circulation of a double-layer gas cylinder is pre-
dicted by linearly summing circulation models. The impacts of the
Atwood number on the gas mixing are explored by analyzing the area
and mean mass fraction.

II. NUMERICAL METHODOLOGIES
A. Governing equations and numerical schemes

The 2D Navier–Stokes equations are employed to solve multi-
component compressible flow. When chemical reactions are neglected,
the governing equations for ns species are given as follows:

@U
@t

þ @ F � Fvð Þ
@x

þ @ G� Gvð Þ
@y

¼ 0: (1)

The conservative variable vector U and inviscid fluxes F and G are
defined as follows:

U ¼

q1
:
qns
qu

qv

E

2
6666666664

3
7777777775
; F ¼

q1u

:

qnsu

qu2 þ p

quv

E þ pð Þu

2
6666666664

3
7777777775
; G ¼

q1v

:
qnsv

quv

qv2 þ p

E þ pð Þv

2
6666666664

3
7777777775
;

(2)

where qi i ¼ 1� nsð Þ and q signify the density of each species and the
total density of the mixture, respectively; u and v represent the velocity
components in the x and y directions, respectively; E is the total energy
per unit volume; p denotes the pressure.

The expressions of the viscous fluxes Fv and Gv are given as
follows:

Fv ¼

�J1;x

:

�Jns;x
sxx
sxy

usxx þ vsxy � qx �
Xns
i¼1

Ji;xhi

2
6666666666664

3
7777777777775
; (3)

Gv ¼

�J1;y

:

�Jns;y

sxy

syy

usxy þ vsyy � qy �
Xns
i¼1

Ji;yhi

2
6666666666664

3
7777777777775
; (4)

where qx and qy refer to the heat conduction terms; Ji;x and Ji;y stand
for the species diffusion terms; sij represents the components of vis-
cous stress; hi denotes the enthalpy of each species.

In this work, an in-house multi-block parallel finite-volume CFD
code called PHAROS38–40 is conducted to simulate the evolution of
the double-layer gas cylinder. When solving the Riemann problems,
the Godunov-type methods have been applied to estimate the inviscid
fluxes due to their robustness and usefulness in computing flows with
complex shock structures. The original Harten–Lax–van Leer (HLL)
solver simplifies the Riemann problem to a shock and expansion wave
pair, with a single average state in between. Despite its simplicity, this
approach is notably dissipative. The Harten–Lax–van Leer Contact
(HLLC) solver41 is an extension of the HLL scheme, which reduces the
dissipation by restoring a contact discontinuity to the theoretical wave
structure. The Godunov-type method is inherently free of spurious
oscillations around shock waves but is restricted to first-order accu-
racy. To address this limitation, the monotone upstream-centered
scheme for conservation law (MUSCL) reconstruction is extended to
the Godunov-type method, achieving second-order accuracy in
smooth parts of the flow while not interfering with the region of any
discontinuity. The van Leer limiter, which provides the best accuracy
reliably, is used in the MUSCL reconstruction.42 Viscous fluxes are
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calculated using a second-order central scheme. Temporal integration
is conducted by using a three-step third-order Runge–Kutta method.

B. Computational settings and mesh convergence
study

As shown in Fig. 1, the computational domain is a two-
dimensional rectangle with a length of 275mm and a width of 68mm.
To improve computational efficiency, the domain is set to half of the
test section. The boundary conditions on the left and right boundaries
are specified as inlet and outlet, while the lower and upper boundaries
are set as symmetry and slip wall conditions. The center of the bubble
is defined as the coordinate origin (0, 0). The radii of the outer and
inner cylinders are 28 and 14mm, respectively. The poles are defined
as the intersection points of the symmetry axis with the interfaces of
the double-layer gas cylinder. The incident shock (IS) propagates
downstream from the left boundary. The moment when it reaches the
upstream pole of the outer cylinder is denoted as t¼ 0, where t repre-
sents the physical time. The Mach number of IS is 1.27, the initial tem-
perature T0¼ 293K, and the initial pressure p0¼ 101 325Pa. The
ambient gas is set as air, and the gases in the gas ring and inner cylin-
der are a mixture of air and SF6. For the baseline, the volume fraction
of SF6 in the gas ring and inner cylinder are 0.5 and 0.05, which are
consistent with the experimental conditions in Table I. Physical prop-
erties regarding air and SF6 are illustrated in Table II.

Grid independence is verified using uniform meshes with various
sizes of 0.1, 0.2, and 0.4mm, which are labeled meshes I–III. By com-
paring the density distribution along the symmetry axis at t¼ 120ls,
it can be observed that there is a convergence in the curve of density
distribution as the mesh resolution increases in Fig. 2. The Richardson
extrapolation is introduced to quantitatively analyze the grid conver-
gence. Starting with the series solution of the discretization error,

f ¼ fexact þ g1hþ g2h
2 þ O h3ð Þ; (5)

where f denotes the grid solution, h is the grid spacing, g1 and g2 are
functions independent of the grid spacing, and fexact is the continuum

value at zero grid spacing. Equation (5) can be generalized for a pth
order methods and r-value of mesh ratio as

fexact ffi f1 þ f1 � f2
rp � 1

; (6)

where p can be obtained from three solutions using the grid refinement
ratio r,

p ¼ ln
f3 � f2
f2 � f1

� �
=ln rð Þ: (7)

The Grid Convergence Index (GCI) measures the percentage dif-
ference between the computed value and the asymptotic numerical
value. The GCI on the fine mesh is written as

GCI ¼ Fsjej
rp � 1ð Þ ; (8)

where Fs is a factor of safety and set to 1.25, and e is the relative error
of quantity f . It is crucial that the solutions at each grid level must be
in the asymptotic range of convergence, which can be checked by

GCI2;3 ¼ rpGCI1;2; (9)

Table III shows the grid spacing and the density at the intersec-
tion point of the symmetry axis and the UI1 at 120ls. The value of p is
5.158. The GCI for meshes I and II and meshes II and III are 0.016%
and 0.588%, respectively. The calculated ratio of GCI2;3 and rpGCI1;2
is 1.004, which is well within the asymptotic range of convergence.
Based on the above-mentioned results, mesh I can be adopted to ade-
quately resolve the flow.

In this study, the ambient gas is defined as air, and the gas in the
gas ring is a mixture comprising 50% air and 50% SF6 in volume frac-
tion. To construct an A/B/C-type gas cylinder, the concentrations of
SF6 (ranging from 5% to 80% in volume fraction) are adjusted in the
inner cylinder to investigate the dependence of the interface evolution
on the Atwood number.

Here, the Atwood number quantifies the density ratio between
the gas inside the bubble and its surrounding ambient gas, which is
given by

A ¼ q2 � q1
q2 þ q1

; (10)

FIG. 1. Schematic of the computational domain.

TABLE I. Physical settings in the numerical simulation. M refers to the incident shock
Mach number; R and r refer to the radii of the outer and inner cylinders, respectively;
VF1 and VF2 refer to the volume fraction of SF6 in the gas ring and the inner cylinder,
respectively.

M R (mm) r (mm) VF1 VF2 T0 (K) p0 (Pa)

1.27 28 14 0.5 0.05 293 101 325

TABLE II. Physical properties of different gases at the initial condition.

Gas Density (kg m�3) Specific heat ratio Sound speed (m s�1) Acoustic impedance (kg m�2 s�1) Molecular weight (g mol�1)

Air 1.20 1.4 343 412 28.965
SF6 6.14 1.1 136 835 146.055
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where q1 and q2 denote the densities of the ambient gas and the gas
inside the gas ring for the outer layer, while q1 and q2 represent the
densities of the gas inside the gas ring and inner cylinder for the inner
layer in the scenario of the double-layer gas cylinder. Table IV lists the
physical properties of the mixture at various layers along with their
corresponding Atwood numbers. With an increase in the concentra-
tions of SF6 in the inner cylinder, both the densities of the mixed gases
and their Atwood numbers rise, while the specific heat ratios decrease.
When VF2 approaches VF1, the absolute value of the Atwood numbers
gets smaller.

III. RESULTS AND DISCUSSION
A. Evolution of the double-layer gas cylinder

In the numerical simulation of the double-layer gas cylinder evo-
lution, the physical time (t) can be normalized by the velocity of the IS
(Wi) and the diameter of the outer cylinder (D0), represented by
s¼ tWi/D0. Figure 3 displays the numerical schlieren images at various
Atwood numbers. A comparison between these schlieren images for
case I and experimental results32 reveals a close alignment in bubble
morphologies and shock wave positions, which validates the accuracy
of the numerical method.

Upon the impact of the IS on the upstream interface of the outer
cylinder (UI1), it transforms into the first transmitted shock wave
(TS1). The gas composition within the gas ring is consistent in various
scenarios, resulting in a constant velocity for TS1 (s¼ 0.28), which sug-
gests that the moment when TS1 impinges on the upstream interface
of the inner cylinder (UI2) keeps the same at different scenarios.
Following the passage of TS1 over UI2, it turns to the second transmit-
ted shock wave (TS2). As the concentrations of SF6 in the inner cylin-
der increase, the acoustic impedance rises, thereby suppressing the
propagation velocity of TS2 in the inner cylinder (s¼ 0.75). The transi-
tion in morphology of TS2 from divergence to convergence can also be
observed, which induces diverse interface morphologies downstream
of the outer cylinder (DI1). When the Atwood numbers are below 0,
the secondary vortex pair emerges at the DI1. The distance between
the second vortex pairs decreases with increasing Atwood number.
Due to the small distance between the vortex pair, they rapidly merge
and form a jet at the later stage of evolution. When the Atwood num-
bers are above 0, a jet is formed at the DI1 (s > 2.45). In the scenario
of a single-layer gas cylinder, a downstream jet propagates from the
downstream interface due to shock focusing.19 However, the wave pat-
terns are complex due to the existence of an inner cylinder compared
to the single-layer gas cylinder, further investigation is needed to
understand the mechanisms behind the generation of secondary vortex
pairs and downstream jets of the double-layer gas cylinder.

B. Formation of the secondary vortex pair and jet

Due to the sign of the Atwood number for the inner layer having
an impact on the morphologies of the DI1, the mechanisms behind the
formation of secondary vortex pairs and jets at DI1 are discussed in
this section to investigate the dependence of the flow morphologies on
Atwood numbers.

TABLE III. Mesh spacing and density at the intersection point of the symmetry axis
and the UI1 at 120 ls among different meshes. The calculated values of GCI
between two meshes.

Mesh spacing (mm) Density (kg m�3) GCI (%)

Mesh I 1 3.743 0.016
Mesh II 2 3.726 0.588
Mesh III 4 3.118 � � �

TABLE IV. Physical properties of different gases at different layers.

Case I II III IV V

Ambient gas (air) Density (kg m�3) 1.20
Specific heat ratio 1.4

Outer cylinder (0.5 airþ 0.5 SF6) Density (kg m�3) 3.65
Specific heat ratio 1.16
Atwood number 0.50

Inner cylinder (VF1 airþVF2 SF6) VF2 0.05 0.2 0.4 0.6 0.8
Density (kg m�3) 1.45 2.19 3.17 4.14 5.11
Specific heat ratio 1.35 1.25 1.18 1.14 1.12
Atwood number �0.43 �0.25 �0.07 0.06 0.17

FIG. 2. Density distributions along the symmetry axis of the double-layer gas cylin-
der with different mesh sizes.
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For the scenarios of the Atwood numbers below 0 (see Figs. 4–6),
the sweeping of a diffracted shock contributes to the formation of an
internal diffracted transmitted shock wave (DTS) inside the bubble.
Upon TS2 passing over the downstream interface of the inner cylinder
(DI2), it turns into the third transmitted shock wave (TS3). The shock
k, the TS3, the DTS, and the reflected shock wave (RS) are connected
by a Mach stem. As time progresses, these four shock waves intersect
at one point. Subsequently, TS3 separates from the other three shock
waves, generating a new triple point (TP). It is noteworthy that the

position at which the triple points collide with the downstream inter-
face coincides with the position of the vortex pair formation. Due to
the interaction of shock waves, a high-pressure zone is formed down-
stream of the TP. As the triple points pass through DI1, the increase in
pressure gradient and the change in density gradient lead to the gener-
ation of baroclinic vorticity, thereby inducing the formation of second-
ary vortex pairs.

As depicted in Figs. 4–6, the morphological transition of TS2
shifts from divergence to convergence with increasing concentrations

FIG. 3. Numerical schlieren images of the double-layer gas cylinders for different Atwood numbers.
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of SF6 in the inner cylinder. The morphology of TS2 is divergent in
case I, while the TS2 tends to converge in case III. Therefore, when TS2
passes through DI2, the distance between the Mach stem and the sym-
metry axis decreases, and the length of the Mach stem increases. With
an increase in the Atwood number, the intersection point of the shock
k, TS3, DTS, and RS moves closer to the symmetry axis. Following the
separation of TS3 from this point, the distance between the resulting
triple points decreases. As the interaction between the triple points and
DI1 induces the formation of secondary vortex pairs, an increase in the
Atwood number leads to a reduction in the distance between second-
ary vortex pairs.

Figures 7 and 8 reveal the scenarios of Atwood numbers over 0,
where TS2 exhibits a convergent morphology. The TS3, DTS, and RS
meet at one point after TS2 impinges on the DI2, and TS3 does not sep-
arate from this point. The convergence of TS3, DTS, and its symmetric
counterpart results in the formation of two high-pressure zones. After
TS3 passes through the intersection point of DTS and its symmetric
counterpart, a significantly higher-pressure zone is generated down-
stream of TS3. As TS3 continues to move and impinge on the down-
stream interface, it gives rise to the formation of a bulge, followed by
the generation of a jet.

C. Widths and heights

The widths and heights of both outer and inner cylinders are
investigated to quantitatively analyze the evolution process. For the
outer cylinder, the compression effect of the IS on the UI1 leads to a

reduction in widths at the early stage of evolution, as shown in
Fig. 9(a). Since gas composition within the gas ring remains constant
and the change in the gas composition of the inner cylinder has mini-
mal impact on the morphologies of the outer interface before the pas-
sage of the IS, the widths and heights of various cases remain
essentially unchanged (s¼ 0–1.22). As the Atwood number increases,
the morphologies of the UI2 transition from secondary vortex pairs to
jets, leading to an increase in widths. As the concentration of SF6 in
the inner cylinder increases, the acoustic impedance increases, which
slows down the propagation speed of the transmitted shock wave
within the inner cylinder for the positive Atwood number cases.
Consequently, the high-pressure zone associated with the TS3 in case
V reaches the DI1 later than that in case IV, and the formation of the
bulge and the jet is delayed (see Figs. 7 and 8), leading to a smaller
width in case V compared to case IV. As depicted in Fig. 9(b), the
heights of the outer cylinder remain unchanged during the early phase
of the evolution (s¼ 0–0.7). After the IS passes through the highest
point of the outer cylinder, a diffracted shock wave (DS) is generated,
resulting in compression of the heights (s¼ 0–1.22). A large amount
of baroclinic vorticity is deposited near the highest point of the outer
interface, generating the primary vortex pair, which promotes the
increase in heights. As the Atwood number increases, the morpholo-
gies of the inner cylinder noticeably transition from divergence to con-
vergence, leading to a reduction in the growth rate of heights.

Figure 10 reveals the variation of the widths and heights of the
inner cylinder. The physical time (t) can be normalized by s0 ¼ tWi

0/d0,

FIG. 4. Time sequences of numerical schlieren images and pressure contours for case I. DS, diffracted shock wave; DTS, diffracted transmitted shock wave; RS, reflected
shock wave; TS3, the third transmitted shock wave; K, a shock wave; and TP, triple point.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 36, 082105 (2024); doi: 10.1063/5.0221371 36, 082105-6

Published under an exclusive license by AIP Publishing

 28 N
ovem

ber 2025 03:27:13

pubs.aip.org/aip/phf


where Wi
0 represents the velocity of the first transmitted shock wave

(TS1) and d0 represents the diameter of the inner cylinder. During the
initial phase (s0 ¼ 0–0.87), the widths of the inner cylinder undergo a
rapid decline due to the impact of the TS1 with the Atwood number
decreasing.

For the inner cylinder, the width in case V is significantly larger
than that of other cases, and the heights will decrease due to their con-
vergent pattern with the Atwood number increasing. During the initial
phase (s0 ¼ 0–0.87), the widths of the inner cylinder undergo a rapid
decline due to the influence of the TS1 with the IS intensity increasing,
as depicted in Fig. 5(a). This phenomenon occurs as the increased
intensity of the TS1 caused by the intense IS leads to compression on
the UI2. Simultaneously, the intense IS compresses the outer interface,
prompting an accelerated downstream displacement and subsequently
causing compression on UI2, which results in a reduction in widths.
Following this compression phase, the development of the DI2 and the
growth of the vortex pair contribute to an increase in the widths of the
inner cylinder until it ultimately couples with the outer interface.

The compression of the inner cylinder in the flow direction by
the shock wave promotes its spanwise development, contributing to a
slight increase in heights at the early stage of the evolution (s0 ¼ 0.4–
0.75). The heights are compressed due to the TS1 passing over the
highest points of the inner cylinder (s0 ¼ 0.75–1.3). As the intensity of
IS increases, the development of the vortex pair in the spanwise direc-
tion is further enhanced, resulting in the growth of the heights, as illus-
trated in Fig. 5(b). However, at the later stage of evolution, an increase
in the intensity of the IS accelerates the coupling between the vortex

pairs of the inner cylinders and the primary vortex pairs of the outer
cylinders.

D. Vorticity generation

1. Dynamics of vorticity production

During the interaction between the shock waves and the gas cyl-
inder, a large amount of vorticity is deposited at the interfaces, result-
ing in mixing. To investigate the mechanism of vorticity evolution, we
introduce the vorticity transport equation by taking the curl of the
momentum equation for compressible fluid, which is given as
follows:43

@x
@t

¼ x � rð Þu� x r � uð Þ þ 1
q2

rq�rpð Þ þ l
q
r2x; (11)

where x denotes the vorticity of each grid over the whole computa-
tional domain.

The first term on the right-hand of Eq. (11), referring to the
stretching term, is crucial for 3D turbulence but is absent in this 2D
model. The second term is the dilatation term, which holds signifi-
cance solely in scenarios involving highly compressible fluids. The
third term is the baroclinic term, which signifies the misalignment
between pressure and density gradients, inducing the formation of
small-scale rolled-up vortices at the bubble interface. The last term is
the viscous term, denoting the rate at which vorticity changes due to
molecular diffusion of vorticity. At the initial stage of evolution, the

FIG. 5. Time sequences of numerical schlieren images and pressure contours for case II.
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deposition of baroclinic vorticity on the bubble interface is widely con-
sidered to be the primary factor of vorticity production.

Figure 11 illustrates the impacts of the Atwood number on the
vorticity distribution at various time sequences. Initially, the vortic-
ity is uniformly 0. Following the passage of IS over the interfaces,
the baroclinic vorticity is mainly deposited at the interfaces. Due
to the nearly orthogonal nature of pressure and density gradients at
the top and bottom regions of the gas cylinder, a large amount of
vorticity is deposited in these regions. The vorticity along the axis
of the gas cylinder is 0 due to the pressure and density gradients
being collinear. The negative vorticity is generated at the outer
interface of the double-layer gas cylinder. In the scenarios with neg-
ative Atwood numbers, positive vorticity is deposited at the inner
interface, while in the scenarios with positive Atwood numbers,
negative vorticity is deposited at the inner interface. As the IS prop-
agates from the left boundary to the right boundary, the density
gradient points inward radially for the light/heavy interface where
the Atwood numbers are over 0, while it points outward for the
heavy/light interface where the Atwood numbers are below 0, and
the pressure gradient acts perpendicular to the upstream direction
of the IS. With the growth of the Atwood number, the morpholo-
gies of the DI1 transition from the secondary vortex pair to the
downstream jet.

To have a further understanding for effects of the Atwood num-
ber on the vorticity production, the spatially integrated dilatation,
baroclinic, and viscous terms are investigated in detail, which are
given by

Px;dil ¼ �

ð
D
x r � uð Þ�� ��dxdyð

D
dxdy

¼ �

ð
D
x

@u
@x

þ @v
@y

� �����
����dxdyð

D
dxdy

; (12)

Px;bar ¼

ð
D

1
q2

rq�rpð Þ
����

����dxdyð
D
dxdy

¼

ð
D

1
q2

@q
@x

@p
@y

� @q
@y

@p
@x

� �����
����dxdyð

D
dxdy

;

(13)

Px;vis ¼

ð
D

l
q
r2x

����
����dxdyð

D
dxdy

¼

ð
D

l
q

@2x
@x2

þ @2x
@y2

 !�����
�����dxdyð

D
dxdy

: (14)

As illustrated in Fig. 12, the absolute values of the dilatational and
baroclinic terms surpass that of the viscous term, indicating their dom-
inance in vorticity production during the evolution. Following the pas-
sage of the IS over the UI1 (0.43 < s < 1.1), the value of case I in the
dilatation term is greater than other cases, implying that the large abso-
lute values of the Atwood numbers result in stronger compression
effects, especially for the compression stage of the IS acting on the UI1.
Moreover, the absolute values of the Atwood numbers increase, con-
tributing to the growth of the density gradient, which leads to an
increase in the baroclinic term due to the misalignment of the density

FIG. 6. Time sequences of numerical schlieren images and pressure contours for case III.
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and pressure gradients. For the scenarios of negative Atwood numbers,
the first peak values occur after the TP impinges on the DI1. The gen-
eration of the secondary vortex pairs and the presence of the stretched
structures around the vortex core result in relatively large peak values
of cases I and II in dilatation term. For the scenarios of positive
Atwood numbers, the first peak values occur after the TS3 with a much
higher-pressure zone passing over the DI1. The peak values of cases IV
and V are relatively high due to an increase in density gradient. As
time progresses, the values in baroclinic term remain elevated under
the impact of the reflected shock structures.

2. Circulation

Integrating the vorticity over the computational domain gives the
circulation

C ¼
ð ð

D
xdxdy; (15)

where D represents the area of the computational domain.
Figure 13 illustrates the positive, negative, and net components of

the circulation, respectively. It can be observed that the magnitude of
the positive circulation is consistently smaller than that of the negative
circulation, resulting in a net circulation magnitude that remains
below 0. The magnitude of the net circulation increases with the
Atwood number rising.

It is evident that both positive and negative components of the
circulation exhibit a linear change during the early stage of the

evolution. The net circulation can be predicted by linear summation of
the positive circulation and negative circulation.31 Three circulation
models are introduced to predict the net circulation of the double-
layer gas cylinder. Notably, Picone and Boris (PB) model8 demon-
strates effective prediction for the circulation of both shock-heavy gas
cylinder and shock-light gas cylinder interactions. Samtaney and
Zabusky (SZ) model44 is suitable for predicting circulation in heavy
gas cylinders. Yang, Kubota, and Zukoski (YKZ) model45 is applicable
for predicting circulation in light gas cylinders. The expressions of vari-
ous circulation models are as follows:

CPB ¼ 2RV 0 1� V 0

2Wi

� �
ln

q0
q1

� �
; (16)

CSZ ¼
4

1þ c
C�; 0 < A < 0:2;

pþ 2
1þ c

C�; AP0:2;

8>>><
>>>:

C� ¼ 1�
ffiffiffiffiffi
q0
q1

r !
1þM�1 þ 2M�2ð Þ M � 1ð ÞRc0;

(17)

CYKZ ¼ 4R
Wi

p00 � p0
q00

q1 � q0
q1 þ q0

; (18)

where V 0 represents the flow velocity behind the shock, q0 and q00 are
the pre-shocked and post-shocked density of the ambient air, while q1
is the pre-shocked density of the gas within the gas ring. Similarly, p0

FIG. 7. Time sequences of numerical schlieren images and pressure contours for case IV. hpz, high-pressure zone.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 36, 082105 (2024); doi: 10.1063/5.0221371 36, 082105-9

Published under an exclusive license by AIP Publishing

 28 N
ovem

ber 2025 03:27:13

pubs.aip.org/aip/phf


and p00 are the pre-shocked and post-shocked pressure of the ambient
air. c ¼ ðc0 þ c1Þ=2; c0, and c1 denote the specific heat ratio of the
ambient air and the gas within the gas ring. c0 represents the sound
speed of the ambient air.

Since the Atwood numbers for the outer cylinders are greater
than 0, the process of IS passing through the outer cylinder can be
viewed as the shock-heavy gas cylinder interaction, the circulation of

which can be predicted using either the PB model or the SZ model.
For the scenarios where the Atwood numbers are below 0 for the inner
cylinder, the passage of TS1 over the inner cylinder can be regarded as
the shock-light gas cylinder interaction, the circulation of which can be
predicted by the PB model or YKZ model. After linearly summing the
PB model or SZ model for the outer cylinder and the PB model or
YKZ model for the inner cylinder, the comparison of net circulation

FIG. 8. Time sequences of numerical schlieren images and pressure contours for case V. TS2, the second transmitted shock wave.

FIG. 9. Variation of the widths (a) and heights (b) of the outer cylinder.
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FIG. 10. Variation of the widths (a) and heights (b) of the inner cylinder.

FIG. 11. Time sequences of vorticity distribution for different cases.
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between numerical and theoretical results is presented in Table V. The
findings reveal that the absolute value of the relative error obtained
from the summation of the SZ model and PB model is under 5%, indi-
cating an accurate prediction of net circulation.

For scenarios where the Atwood numbers are above 0 for the
inner cylinder, the passage of TS1 over the inner cylinder can be con-
sidered as the shock-heavy gas cylinder interaction. Similarly, the cir-
culation in these cases can be predicted using either the PB or SZ
model. After linear summation of the PB model or SZ model for the
outer cylinder and the PB model or SZ model for the inner cylinder,
the comparison of net circulation between numerical and theoretical
results is listed in Table VI. The results indicate that the summing of
SZ and PB models or SZ and SZ models accurately predict the net cir-
culation, with the absolute value of the relative error being under 5%.

E. Mixing

To explore the impacts of the Atwood number on the mixing of
different gases, the area histories and mean mass fraction histories of
the outer cylinder and inner cylinder are analyzed. Overall statistics for
the double-layer gas cylinder cannot accurately reflect the individual

evolution of the gas ring and inner cylinder. Therefore, SF6 in the inner
cylinder is replaced by a hypothetical gas with the same physical prop-
erties. By tracking the mass fractions of SF6 and the hypothetical gas in
the gas ring and the inner cylinder, the physical quantities of the gas
ring and the inner cylinder can be distinguished. Among which, S0outer
represents the area of the gas ring, while Souter represents the area
where the mass fraction of SF6 within the gas ring is greater than 0.01.
Similarly, S0inner denotes the area of the inner cylinder, while Sinner
denotes the area where the mass fraction of SF6 within the inner cylin-
der is greater than 0.01. The equation of the mean mass fraction is
given as follows:

C ¼

ð ð
Cdxdyð ð
B
dxdy

; (19)

where C is the mass fraction of SF6 at each grid within the gas cylinder,
and B denotes the bubble. For the double-layer gas cylinder, C0

outer rep-
resents the mean mass fraction of SF6 of the gas ring at the initial con-
dition, while Couter represents the mean mass fraction of SF6 of the gas

FIG. 12. Spatially integrated fields of the dilatation term (a), baroclinic term (b), and viscosity term (c).
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FIG. 13. The positive (a), negative (b), and net (c) components of the circulation.

TABLE V. Comparison of circulation from the numerical simulation results (Csim) and theoretical predictions by the summation of different models when the Atwood numbers are
below 0 for the inner cylinder (the unit of circulation is m2/s).

Cases Csim CPBþPB jErrorj CPBþYKZ jErrorj CSZþPB jErrorj CSZþYKZ jErrorj
Case I �5.56 �5.07 8.81% �5.76 3.60% �5.39 3.06% �6.09 9.53%
Case II �6.65 �6.02 9.47% �6.37 4.21% �6.35 4.51% �6.70 0.75%
Case III �7.51 �6.88 8.39% �6.98 7.06% �7.21 3.99% �7.30 2.80%

TABLE VI. Comparison of circulation from the numerical simulation results (Csim) and theoretical predictions by the summation of different models when the Atwood numbers
are below 0 for the inner cylinder (the unit of circulation is m2/s).

Cases Csim CPBþPB jErrorj CPBþSZ jErrorj CSZþPB jErrorj CSZþSZ jErrorj
Case IV �8.02 �7.51 6.36% �7.57 5.61% �7.83 2.37% �7.89 1.62%
Case V �8.31 �8.00 3.73% �8.12 2.29% �8.32 0.12% �8.44 1.54%
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ring. Similarly, C0
inner denotes the mean mass fraction of SF6 of the

inner cylinder at the initial condition, while Cinner denotes the mean
mass fraction of SF6 of the inner cylinder.

As depicted in Fig. 14, the gas cylinder undergoes compression
initially due to the impact of IS at the early stage, leading to a reduction
in area. For the outer cylinder, a secondary vortex pair and jet are
formed and continue to develop following the shock passage over the
outer interface, causing an increase in area. Due to the constant
Atwood numbers of the outer cylinder, variations in the Atwood num-
ber of the inner cylinder have minimal influence on changes in the
outer interfacial area. For the inner gas cylinder, as the Atwood num-
ber decreases, the vortex pairs develop upstream and couple with the
outer interface, resulting in a reduction in the area of the inner cylinder
at the later stage of the evolution.

Figure 15 illustrates the mean mass fraction of both outer and
inner cylinders. As the Atwood number decreases, the concentration
of SF6 in the outer gas cylinder increases following the passage of the
IS over the outer interface, which mainly results from the less ambient
gas diffusing into the outer cylinder. Meanwhile, the concentration of

SF6 in the inner gas cylinder significantly decreases, indicating more
ambient gas diluting the SF6 and promoting the mixing of different
gases.

IV. CONCLUSIONS

The A/B/C-type gas cylinder with different concentrations of SF6
(ranging from 5% to 80% in volume fraction) in the inner cylinder is
constructed to investigate the dependence of the interface evolution on
the Atwood number. Numerical simulations are conducted using a
multi-block parallel finite-volume CFD code.

Flow patterns converge as the Atwood numbers exceed 0, while
they diverge for negative Atwood numbers. This characteristic can be
confirmed through numerical schlieren images. In scenarios with neg-
ative Atwood numbers, secondary vortex pairs emerge at the down-
stream interface of the outer cylinder, with the distance between them
decreasing as the Atwood number is increased. However, a jet is gener-
ated at the downstream interface for positive Atwood numbers, sup-
planting the formation of secondary vortex pairs. Upon the analysis of
pressure contours over various time sequences, it becomes evident that

FIG. 14. Area histories of the outer cylinder (a) and inner cylinder (b).

FIG. 15. Mean mass fraction histories of the outer cylinder (a) and inner cylinder (b).
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a large amount of baroclinic vorticity is deposited at the interface follow-
ing the interaction of a high-pressure triple point with the downstream
interface in the cases of negative Atwood numbers. Conversely, a notably
higher-pressure zone is generated after the transmitted shock wave traver-
ses the convergence point due to the convergence of the shock waves. As
the transmitted shock wave propagates and collides with the downstream
interface, a bulge forms, subsequently giving rise to a jet. To quantify the
process of the interface evolution, the changes in widths and heights of
the outer and inner gas cylinders are analyzed with the Atwood number
increasing. For the outer cylinder, the widths expand owing to the forma-
tion of a downstream jet, while the heights contract due to the conver-
gence of the inner cylinder. For the inner cylinder, the heights decrease
due to their convergent pattern. The vorticity transport equation is intro-
duced to investigate the mechanism of vorticity evolution. The dilatation
and baroclinic terms play a dominant role in vorticity production. For the
positive Atwood number scenarios, the generation of the secondary vortex
pairs and the presence of the stretched structures around the vortex core
contribute to higher values of the first peak of cases I and II in the dilata-
tion term. For the negative Atwood number scenarios, the peak values of
cases IV and V are relatively high due to an increase in density gradient.
The approach to predict the net circulation is linearly summing the circu-
lation models. The findings reveal that the summation of the SZ and PB
model can predict the circulation of positive Atwood number cases, while
the summation of the SZ and PB model or SZ and SZ model can predict
the circulation of negative Atwood number cases. The area and mean
mass fraction histories of the outer and inner cylinders are analyzed to
explore the gas mixing. As the Atwood number decreases, more ambient
gas dilutes the SF6 and promotes the gas mixing.

Expanding on the research in ICF and scramjet engines, it is
observed that a reduction in the Atwood number can enhance the mixing
of different materials, thereby decreasing the concentration of the inner

fuel, which may result in ignition failure. Furthermore, when the Atwood
number is greater than 0, shock-focusing phenomena occur near the
upstream of the DI1, accompanied by the formation of a high-temperature
and high-pressure zone, potentially leading to ignition of the inner fuel.
Therefore, in the design of ICF capsules and scramjet engines, it is critical
to ensure that the Atwood number of the inner gas cylinder remains posi-
tive. The corresponding experiments are suggested to consider different
Atwood number combinations of the double-layer gas cylinder.
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FIG. 16. Comparison of numerical schlieren images at different time sequences with the experimental results from Ref. 32.
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APPENDIX: NUMERICAL METHOD VALIDATION

Figure 16 provides a comparison between numerical schlieren
images for case I and experimental results.32 The results reveal that
the morphologies of the gas cylinder and the position of shock
waves agree with the experimental data. In addition, Fig. 17 illus-
trates the comparison of the calculated widths for both the outer
and inner cylinders, marking the error bars between the numerical
and experimental results. It can be observed that the calculated
widths are in good alignment with the experimental results.
Through qualitative and quantitative comparisons, this numerical
method is suitable for simulating the interaction between the IS and
the double-layer gas cylinder.
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