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Abstract

This work presents a numerical investigation of Richtmyer—-Meshkov instability (RMI) in
shock-driven single-mode stratified heavy fluid layers, with emphasis on the influence of
the Atwood number. High-order modal discontinuous Galerkin simulations are carried out
for Atwood numbers ranging from A = 0.30 to 0.72, allowing a systematic study of interface
evolution, vorticity dynamics, and mixing. The analysis considers diagnostic quantities
such as interface trajectories, normalized interface length and amplitude, vorticity extrema,
circulation, enstrophy, and kinetic energy. The results demonstrate that the Atwood number
plays a central role in instability development. At low A, interface deformation remains
smooth and coherent, with weaker vorticity deposition and delayed nonlinear roll-up. As
A increases, baroclinic torque intensifies, leading to rapid perturbation growth, stronger
vortex roll-ups, and earlier onset of secondary instabilities such as Kelvin-Helmholtz
vortices. Enstrophy, circulation, and interface measures show systematic amplification with
increasing density contrast, while the total kinetic energy exhibits relatively weak sensitivity
to A. Overall, the study highlights how the Atwood number governs the transition from
linear to nonlinear dynamics, controlling both large-scale interface morphology and the
formation of small-scale vortical structures. These findings provide physical insight into
shock-interface interactions and contribute to predictive modeling of instability-driven
mixing in multicomponent flows.

Keywords: Richtmyer—-Meshkov instability; shock-interface interaction; Atwood number;
stratified heavy fluid layer; vorticity dynamics; discontinuous Galerkin
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1. Introduction

Shock-driven instabilities occur when a shock wave interacts with a perturbed mate-
rial interface that separates fluids of different densities [1]. The impulsive deposition of
vorticity at the interface produces rapid deformation, nonlinear evolution, and eventual
turbulent mixing [2,3]. These instabilities are of broad relevance in high-energy-density
physics, such as inertial confinement fusion (ICF), where shock-induced mixing degrades
capsule performance [4,5], and in astrophysics, where they play a central role in supernova
explosions and interstellar mixing [6,7]. In engineering contexts, such instabilities affect
the design of supersonic combustion chambers, blast-wave interactions with structures,
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and explosive dispersal of multiphase systems [8,9]. The interplay between compressibil-
ity, density stratification, and interface geometry makes shock-driven instabilities both a
fundamental problem in fluid dynamics and a key challenge for predictive modeling in
real-world systems.

The Richtmyer—-Meshkov instability (RMI) provides a canonical framework for under-
standing shock-driven mixing. First introduced by Richtmyer [10] through linear theory
and later confirmed experimentally by Meshkov [11], RMI is triggered when a shock wave
impulsively accelerates a perturbed density interface. The initial shock generates a velocity
field that amplifies interface perturbations linearly, followed by nonlinear roll-up and
secondary instability formation. In later stages, interactions between vortex structures
drive turbulent mixing. Unlike the Rayleigh—Taylor instability (RTI) [12,13], which is gov-
erned by sustained acceleration due to gravity or body forces, RMI originates from a single
impulsive acceleration and subsequently evolves under complex mode interactions and
reshock events [14]. This makes RMI an excellent model system to study the mechanisms
of impulsively driven flows and their transition to turbulence.

A key parameter governing RMI dynamics is the Atwood number [15],

A:Ph_Pl’ (1)
On + pi1

where p;, and p; are the densities of the heavy and light fluids, respectively. The Atwood
number quantifies the density contrast across the interface and directly determines the
baroclinic vorticity deposition. For small Atwood numbers (A < 1), interface growth is
relatively weak, with perturbations evolving smoothly and with limited nonlinear coupling.
At higher Atwood numbers, however, strong vorticity deposition results in vigorous roll-up,
Kelvin—-Helmholtz (KH) shear-layer formation, and the onset of secondary instabilities [16].
High-A cases are often associated with large-scale bulges, jet formation, and enhanced
mixing rates. Consequently, the Atwood number serves not only as a scaling parameter
but also as a critical control variable in experiments and simulations, influencing shock
attenuation, reshock amplification, and the eventual transition to turbulent mixing.

Studies of RMI have frequently employed the single-mode perturbed interface as a
canonical problem because of its relative simplicity and suitability for theoretical analysis.
In his pioneering work, Richtmyer [10] introduced an impulsive model to predict the linear
growth of such perturbations under incompressible conditions, assuming initially small
interface amplitudes. This theoretical prediction was later examined experimentally by
Meshkov [11], whose shock-tube experiments confirmed the impulsive model qualitatively,
though with discrepancies in the exact growth rates. Since then, a large body of research
has explored RMI evolution in the single-mode configuration through theoretical, compu-
tational, and experimental approaches [17-19]. Theoretical efforts have largely focused on
developing growth models—both linear and nonlinear—for sinusoidal interfaces [20-22],
whereas numerical studies have provided valuable insight into mixing-layer growth and
turbulence statistics during instability evolution [23-25].

Advanced simulation methods such as large-eddy simulation (LES) have been em-
ployed to capture three-dimensional multi-mode perturbations and their impact on instabil-
ity growth. Thornber et al. [26] examined how different initial perturbation conditions affect
mixing-layer development, while Lombardini et al. [27] demonstrated that, at sufficiently
high shock Mach numbers, a two-fluid mixing layer exhibits a Kolmogorov-like inertial
subrange and eventually transitions to fully developed turbulence. Complementary to
numerical efforts, experimental campaigns have also emphasized the role of initial condi-
tions and shock strength in shaping RMI development. For instance, Mohaghar et al. [28]
systematically investigated how variations in initial interface geometry and shock strength
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influence the transition toward turbulence. More recently, Probyn et al. [29] presented
detailed simulations of two-dimensional single-mode RMI, providing insight into both
early-time interface deformation and late-time nonlinear dynamics.

In many high-energy-density and astrophysical systems, such as ICF capsules and
supernovae, shock-driven flows often involve finite-thickness fluid layers separated by
multiple interfaces. Perturbation growth at one interface can influence the evolution of
neighboring interfaces, a process known as interface coupling [30-32]. Such coupling intro-
duces asymmetry and complex mixing since each interface may evolve at a different rate
depending on density contrast and initial perturbations. Understanding these mechanisms
is vital for predicting instability growth and mixing in shock-driven multiphase systems.
Early theoretical efforts on coupled instabilities include Taylor’s linear RTI model for two in-
terfaces [13], Ott’s nonlinear thin-layer solutions [33], and Mikaelian’s RMI growth models
for stratified fluids [34-37]. Experiments by Jacobs [38] demonstrated distinct deformation
patterns depending on interface asymmetry, later categorized into upstream mushroom,
downstream mushroom, and sinuous modes [31]. More recent studies have advanced this
understanding: Liu et al. [39] derived weakly nonlinear solutions for two-layer RMI, Liang
and Luo [40,41] analyzed multilayer coupling and reverberations, Li et al. [42] investigated
reshock-driven RMI numerically, and Guo et al. [43] studied finger interactions experi-
mentally. Extending to complex geometries, Singh [44] simulated instability growth in a
shocked V-shaped N, /SF¢ /N, layer using a high-order DG method. Recent high-fidelity
simulations have provided new insights into the dynamics of single-mode RMI in light
fluid layers, particularly helium-nitrogen configurations [45]. Collectively, these works un-
derscore the importance of finite-thickness, multi-interface studies for capturing coupling
effects absent in single-interface models.

The influence of the Atwood number on RMI remains only partially understood. Lin-
ear theories capture early growth but fail in the nonlinear regime where mode coupling and
secondary instabilities dominate. Higher Atwood numbers enhance baroclinic vorticity
and Kelvin—-Helmholtz roll-up, yet experiments are limited to moderate density contrasts.
To address this gap, we employ compressible multicomponent Euler equations, which
capture shock-interface interactions through compressibility and density gradients while
neglecting viscous and diffusive effects. This framework allows systematic analysis of inter-
face measures (amplitude growth, stretching, trajectories) and flow diagnostics (baroclinic
vorticity, dilatation, circulation), thereby linking Atwood number variations to instability
dynamics and mixing efficiency.

This work presents a systematic numerical study of Atwood number effects on shock-
driven instability in a single-mode stratified heavy fluid layer. Simulations spanning
A = 0.30 to 0.72 are performed by solving the compressible multicomponent Euler equa-
tions with a high-order modal discontinuous Galerkin solver, enabling accurate resolu-
tion of shock-interface interactions. The analysis combines a wide range of diagnos-
tics—interface measures and flow quantities—to clarify how density contrast governs
instability growth, secondary instabilities, and mixing efficiency. The remainder of this
paper is structured as follows. Section 2 introduces the governing equations, numerical for-
mulation, and initial configuration for the stratified heavy fluid layer simulations. Section 3
presents detailed results, including interface morphology, schlieren structures, and flow
diagnostics across the range of Atwood numbers. Section 4 discusses the implications
of these findings, emphasizing the role of the Atwood number in controlling instability
growth rates, secondary instabilities, and vorticity dynamics. Finally, Section 5 summarizes
the main conclusions and identifies directions for future work.



Mathematics 2025, 13, 3032

4 of 26

2. Problem Description and Mathematical Formulations

This section presents the physical and mathematical framework employed in the
present study. We first describe the shock-driven stratified heavy fluid layer configuration
and the choice of gas pairs spanning different Atwood numbers. The governing compress-
ible multicomponent Euler equations are then introduced, followed by the specification of
initial and boundary conditions used to initialize the shock and ensure physically consistent
inflow—outflow behavior.

2.1. Problem Description

Figure 1 shows the initial configuration adopted for the two-dimensional shock-driven
single-mode stratified heavy fluid layer. The computational domain extends 200 mm in
the streamwise (x) direction and 100 mm in the transverse (y) direction. A finite-thickness
heavy gas layer of base thickness d = 20 mm is embedded in the domain, bounded by
two distinct material interfaces: an upstream interface I;, which is perturbed sinusoidally
with amplitude a9 = 15 mm and wavelength A = 100 mm, and a downstream interface
I, which is initially planar. This setup results in a local heavy-layer thickness that varies
between d — ap/2 and d 4 a¢/2 depending on the phase of the sinusoidal wave. A planar
shock wave, initially positioned 25 mm from the left boundary, propagates from left to
right and interacts first with the perturbed interface I;, whose trough is located 5 mm
downstream of the shock front. The shock-interface interaction deposits baroclinic vorticity,
initiating RMI and subsequent nonlinear interface deformation, followed by the interaction
with the downstream interface I,. To investigate the effect of density contrast, six gas-pair
configurations are considered (Table 1), corresponding to Atwood numbers in the range
A = 0.30-0.72. In all cases, the incident shock Mach number is fixed at Ms = 1.21. This
configuration provides a systematic framework for analyzing how the Atwood number in-
fluences interface evolution, secondary instability development, and mixing characteristics
in shock-driven stratified heavy fluid layers.

Shocked region

Il IQ

Gas a

B e i

—1— shock wave

Figure 1. Initial configuration of the two-dimensional shock-driven single-mode stratified heavy
fluid layer. A planar shock wave propagates from left to right and interacts with a heavy gas
layer of thickness d, bounded by an upstream sinusoidal interface I; with initial amplitude 4y and
wavelength A, and a downstream planar interface I,. The shocked region, heavy gas layer (Gas b),
and surrounding light gas (Gas a) are indicated.
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Table 1. Material attributes of tested gas for the numerical simulations.

Gasa Pa Ya Gasb Pb Vb A

69% Kr + 31% Air 2.71 1.55  67% SFg + 33% Air 4.96 1.12 0.30
71% He + 29% Air 0.46 1.56 4% He + 31% Air 1.14 1.41 0.44
71% He + 29% Air 0.46 1.56  54% Ar + 46% Air 1.42 1.51 0.52
69% Ar + 31% Air 1.49 1.55  85% SF¢ 4 15% Air 5.22 1.10 0.61
100% Air 1.18 140  91%SF¢ + 9% Air 5.51 1.09 0.68
66% He + 34% Air 0.51 1.54  84%Kr + 16% Air 3.05 1.60 0.72

2.2. Governing Equations

The governing equations employed here are the two-dimensional compressible multi-
component Euler equations, which represent conservation of mass, momentum, energy,
and species concentration in an inviscid framework. Physically, these equations capture the
essential mechanisms of shock—interface interaction, including the impulsive deposition
of baroclinic vorticity arising from the misalignment of density and pressure gradients.
The inviscid formulation is appropriate for RMI, where compressibility and density stratifi-
cation dominate over viscous and diffusive effects in the early and intermediate stages of
instability growth. This Eulerian description has been widely adopted in previous studies
of RMI [45-48] and provides a robust basis for modeling shock-driven flows. In the present
work, this framework enables systematic assessment of Atwood number effects on interface
dynamics and vorticity generation without additional modeling complexity.

For a system with conserved state vector [45]

U= |pv|, 2

where p is the mixture density, (1, v) are the velocity components in the x- and y-directions,
E is the specific total energy, and Y} is the mass fraction of species k, the governing equations
take the conservative form

9U  9F(U)  aG(U)
e ey O 3)

The flux vectors in the x- and y-directions are given by

ou v
pu? +p ouv
F(U) = ouo |, GU)=| p?+p |. (4)
(PE + p)u (oE + p)v
pYyu pYyv

The mixture pressure is obtained from the ideal-gas law,
p=pRT, R=Y YRy, (5)
k

where Ry = R,/ M} is the specific gas constant of species k, M, its molar mass, and R, the
universal gas constant.
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The total energy is expressed as

__P 1./,2 2
pE—ﬁJrjp(u +U), (6)
with ¥ denoting the effective ratio of specific heats of the mixture, defined from the mixture-
averaged specific heats

CP = ;chp,k, Cy = ;ch‘li,kr Y= E/ Zk = Mk )
For each species, the ideal-gas relations hold,
YieRu
= — fr— — R
Cp,k e — 1’ Cv,k Cp,k Us (8)

where 7 is the specific heat ratio of species k. The mixture pressure may also be written
using Dalton’s law as
p=2_p
k

pr = peRi T, Pk = PYk- )

This formulation provides a consistent framework to investigate the effect of the Atwood
number on shock—-interface dynamics in stratified multicomponent flows.

2.3. Initial and Boundary Conditions

The simulations are initialized with a planar incident shock wave placed 25 mm
from the left boundary of the computational domain, propagating from left to right into
a quiescent multicomponent gas mixture. The domain contains a heavy gas layer of base
thickness d = 20 mm, bounded by two interfaces: an upstream sinusoidal interface I; with
initial amplitude g9 = 40 mm and wavelength A = 100 mm, and a downstream planar
interface I. The surrounding light gas (Gas a) and heavy gas layer (Gas b) are selected
according to the gas-pair combinations listed in Table 1, which correspond to Atwood
numbers ranging from A = 0.30 to 0.72. For the shock-driven single-mode fluid layer,
the initial ambient conditions are set to a pressure of Py = 101,325 Pa and a temperature of
To =273 K.

For a prescribed incident shock Mach number, M; = 1.21, the post-shock flow vari-
ables are obtained from the one-dimensional Rankine-Hugoniot (RH) jump conditions
across a discontinuity [45]:

_ P2
2o 2t =DMy 1M gy Y 1+(7+1)p1. (10)
2T l—q+29M2 p1 1+9M3 o1 14 (y-1)E2

Here, M; denotes the ratio of the shock velocity to the ambient speed of sound, M is the
post-shock Mach number, p; and p; are the pre- and post-shock pressures, and p; and p; the
corresponding densities. The post-shock state, obtained from the RH relations, is imposed
at the left inflow boundary to generate and sustain a planar shock of the prescribed strength.
Outflow boundary conditions are applied at the top, bottom, and right boundaries of the
computational domain. This setup ensures that the shock propagates without distortion
and interacts with the stratified heavy fluid layer without introducing spurious reflections
from the domain boundaries.
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3. Numerical Methodology and Validations
3.1. Numerical Scheme

Accurate numerical modeling of the RMI demands schemes capable of resolving
shock-interface interactions, nonlinear perturbation growth, and subsequent mixing dy-
namics with high fidelity. Experimental studies face inherent challenges such as uncertain-
ties in initial conditions and diagnostic limitations, making high-resolution simulations
a vital tool for investigating the detailed physics of RMI. In particular, high-order dis-
cretization methods are required to capture perturbation amplification, interface roll-up,
and baroclinic vorticity generation without introducing excessive numerical dissipation.

In this work, the governing compressible multicomponent Euler equations are solved
using an in-house-developed high-order discontinuous Galerkin (DG) solver [45,48,49],
which is well established for hyperbolic conservation laws. The computational domain is
partitioned into non-overlapping Cartesian elements, with the solution in each element rep-
resented by third-order Legendre polynomial expansions. This formulation ensures strict
local conservation, geometric flexibility, and efficient scalability on parallel architectures.
Communication between elements is handled via numerical fluxes computed with the
Harten-Lax-van Leer-contact (HLLC) approximate Riemann solver [50], while surface and
volume integrals are evaluated using Gauss-Legendre quadrature [51]. Time integration is
performed using a strong-stability-preserving third-order Runge-Kutta scheme (SSP-RK3),
which provides robustness for hyperbolic systems with discontinuities while maintaining
third-order temporal accuracy [52]. To suppress nonphysical oscillations near steep gra-
dients, a moment-based limiter following the approach of Krivodonova is employed [53].
The limiter is selectively activated in troubled cells identified through a modified total
variation bounded (TVB) criterion, thereby retaining accuracy in smooth regions while
enhancing robustness near shocks and contact discontinuities. All simulations are carried
out with a fixed Courant-Friedrichs-Lewy (CFL) number of 0.2, ensuring stability of the
explicit time-stepping scheme. The combined use of high-order DG discretization, SSP-RK3
integration, and selective limiting enables accurate resolution of interface deformation
and vorticity generation, thereby providing reliable data to assess the role of the Atwood
number in the growth and nonlinear evolution of shock-driven stratified fluid layers.

3.2. Validation Studies

The present numerical framework is validated against the experiments of Luo et al. [54],
who studied a two-dimensional shock-driven chevron-shaped air/SF¢ interface impacted
by a planar shock of Mach number M; = 1.2 with a vertex angle § = 60°. Figure 2a
compares schlieren images from simulations and experiments at several time instants
(t = 64 ps, 171 ps, 408 ps, 531 ps, and 1011 ps). Shortly after shock impact, the transmit-
ted shock in SFg becomes curved while a reflected wave propagates into air, leading to
baroclinic vorticity deposition and deformation of the chevron tips. At intermediate times,
the perturbations amplify into elongated jets, and later, these jets roll up into vortices and
fine-scale structures, accompanied by multiple wave interactions. The schlieren fields
predicted by the present DG scheme reproduce the experimental patterns with high fidelity,
capturing shock refraction, jet formation, vortex roll-up, and secondary wave generation.
Figure 2b shows the upstream interface displacement Ds, where symbols denote exper-
iments and lines indicate simulations. The close agreement throughout the evolution
demonstrates the accuracy of the DG solver in capturing both global interface motion and
small-scale features.
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Figure 2. Comparison of (a) numerical schlieren images and (b) the temporal evolution of the
upstream interface displacement Ds, between the experiment “Reproduced with permission from [54],
Cambridge University Press, 2016” and the present results for a shocked V-shaped air/SFg interface
at Mg = 1.2.

As a further validation, we examine the classical two-dimensional shock-bubble
interaction, where a planar shock wave impinges on a heavy cylindrical gas interface. This
configuration has been extensively studied experimentally by Haas and Sturtevant [55] and
numerically by Quirk and Karni [56]. In these studies, the bubble consists of Refrigerant—22
(Rp2) surrounded by quiescent air and is impulsively accelerated by a weak incident shock
of Mach number M; = 1.22. Figure 3 presents a comparison of schlieren images at selected
times (¢ = 55, 98, 147, 197, and 247 ps) obtained from experiments, reference simulations,
and the present DG computations. At early time (f = 55 ps), the incident shock interacts
with the upstream interface, generating reflected and refracted waves. As the transmitted
shock propagates into the bubble (t = 98 us), the interface begins to deform under the
combined action of transmitted and reflected shocks. At t = 147 us, baroclinic vorticity
deposition initiates jet formation, which further intensifies into strong shear layers and
vortex roll-up by t = 197 ps. At later stages (t = 247 ps), well-developed vortical structures
and continued jet penetration are clearly observed. The present DG simulations accurately
capture these processes, including shock refraction, interface deformation, jet growth,
and vortex roll-up, demonstrating the robustness of the solver in reproducing canonical
shock-bubble dynamics.
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Experiment (Hass & Sturtevant, ‘}987)

ni, 1996)

Present

55 us 115 us 135 ps 187 ps 247 ps

Figure 3. Schlieren comparison of the experimental data [55], reference computation [56], and present
DG simulation of a shock-driven heavy cylindrical interface at successive times (55-247 us).

4. Results and Discussion

This section presents the numerical results for the interaction of a planar shock wave
with a sinusoidal single-mode stratified heavy fluid layer. The analysis focuses on the
influence of the Atwood number on the evolution of interface morphology, shock—interface
interaction, baroclinic vorticity deposition, and global flow diagnostics such as enstrophy;
circulation, and kinetic energy. To achieve this, simulations are carried out for a fixed heavy-
layer thickness of d = 20 mm, initial perturbation amplitude a9 = 40 mm, and wavelength
A = 100 mm, with an incident shock Mach number of Ms; = 1.21. Different gas-pair
configurations, as listed in Table 1, are considered to span Atwood numbers in the range
A = 0.30-0.72, thereby providing a systematic framework to examine the role of density
contrast in shock-driven instability growth and nonlinear flow evolution.

For consistency in describing the temporal dynamics, a dimensionless time parameter
is introduced. The physical time ¢ is scaled by the characteristic time ty = L/V;, where L
denotes the interface wavelength and V; represents the velocity of the incident shock wave.
Thus, the normalized time is expressed as

T=—=—. (11)

All simulations presented in this study are performed with a proprietary high-order
DG solver of third-order accuracy, developed in FORTRAN 95 and compiled under Vi-
sual Studio 2019. The evolution of the flow field, including the interface deformation,
vorticity generation, and instability growth, is analyzed through visualization and data
post-processing carried out in Tecplot 360 (2019R1).

4.1. Grid Resolution Study

Figure 4 presents the density contours at T = 25 for the shock-driven single-mode
stratified heavy fluid layer with Atwood number A = (.72, obtained using four different
grid resolutions. At coarse resolutions, such as Ny x N, = 200 x 100 and 400 x 200,
the interface morphology is poorly captured, and small-scale flow structures are noticeably
smeared. With an intermediate resolution of 800 x 400, the interface evolution and large-
scale features are resolved more accurately, though finer details remain underrepresented.
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The highest resolution, 1200 x 600, provides a well-resolved interface shape and sharper
gradients, ensuring accurate representation of vorticity deposition and instability growth.

(b) () (d)

Figure 4. Density contours at T = 25 for a shock-driven single-mode stratified heavy fluid layer
(A = 0.72), obtained with four mesh resolutions: (a) Nx x Ny = 200 x 100, (b) Nx x Ny = 400 x 200,
(c) Nx x Ny = 800 x 400, and (d) Ny x N, = 1200 x 600.

Furthermore, Figure 5 shows the density profiles along the centerline (y = 50 mm)
at T = 25 for a shock-driven single-mode stratified heavy fluid layer with Atwood
number A = 0.72, computed with four mesh resolutions. At coarse resolutions
(Nx X Ny = 200 x 100 and 400 x 200), the density distribution is poorly resolved, with no-
ticeable deviations near the shock front and interface. Increasing the resolution to
Ny x N, = 800 x 400 significantly improves the profile accuracy, though small differ-
ences remain. The finest grid, Ny x N, = 1200 x 600, captures the sharp density gradients
and shock-interface interactions most accurately, while showing close agreement with
the 800 x 400 case, indicating grid convergence. Based on this assessment, the resolution
Ny X Ny = 1200 x 600 was chosen for all subsequent simulations, as it provides reliable
accuracy with acceptable computational cost.

15
12
> °r
e
e |
a |
er
i ——— 200x 100
s ————— 400 x200
I —— 800 x400
| — 1200 x 600
0 L L L L L 1 L L L L 1 L L L L 1 L L L
0 40 80 120 160
X
Figure 5. Density profiles along the centerline (y = 50 mm) at T = 25 for a shock-driven
single-mode stratified heavy fluid layer (A = 0.72), obtained using four mesh resolutions:

Ny x Ny = 200 x 100,400 x 200,800 x 400, and 1200 x 600.

4.2. Interface Development and Instability Structures

Figures 6-8 collectively illustrate the temporal evolution of shock-driven single-mode
stratified heavy fluid layers at progressively increasing Atwood numbers, ranging from
A =0.30to A = 0.72. Immediately after shock impact, the interaction between the incident
shock and the perturbed interface generates a transmitted shock (TS) propagating into the
heavy fluid and a reflected shock (RS) traveling into the light fluid. The misalignment of
pressure and density gradients across the perturbed interface deposits baroclinic vorticity,
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which drives the subsequent growth and deformation of the interface. For the lower At-
wood numbers (A = 0.30 and A = 0.44, Figure 6), the density contrast is modest, resulting
in weaker vorticity deposition and relatively smooth interface evolution. At A = 0.30,
the perturbation amplitude grows slowly, and roll-ups along with Kelvin—-Helmholtz (KH)
shear layers emerge only at later times. In contrast, at A = 0.44, the stronger density gradi-
ent amplifies the baroclinic torque, producing more pronounced roll-ups, bulges, and early
onset of secondary instabilities, which accelerate the transition toward the nonlinear regime.

(a)A=0.30 (b)A=0.44

Figure 6. Time evolution of shock-driven single-mode stratified heavy fluid layers at two different
Atwood numbers: (a) A = 0.30, and (b) A = 0.44.
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(a)A=0.52 (b)A=0.61

Density
— 11.0

Figure 7. Time evolution of shock-driven single-mode stratified heavy fluid layers at two different
Atwood numbers: (a) A = 0.52, and (b) A = 0.61.
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(a)A=0.68 (b)A=0.72

Density
14.0

Density
17.0
10.8 131

76

9.1

Figure 8. Time evolution of shock-driven single-mode stratified heavy fluid layers at two different
Atwood numbers: (a) A = 0.68, and (b) A = 0.72.

At intermediate Atwood numbers (A = 0.52 and A = 0.61, Figure 7), the instability
dynamics become more vigorous. For A = 0.52, the interface exhibits steady amplitude
growth, with clear bulging and roll-up structures appearing by T = 40, accompanied by
secondary transmitted shocks (TS2) and small-scale KH vortices. For A = 0.61, the density
contrast further intensifies vorticity deposition, resulting in faster perturbation growth,
stronger roll-ups, and earlier development of shear-layer vortices. At later times, large
bulges transform into jet-like structures and multiple small-scale vortices, signifying en-
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hanced mixing and energy transfer. At the highest Atwood numbers considered (A = 0.68
and A = 0.72, Figure 8), the interface undergoes the most vigorous evolution. Already by
T = 20-30, strong baroclinic vorticity accelerates perturbation growth, with transmitted and
reflected shocks interacting with the interface to further amplify deformation. For A = 0.68,
bulges, KH roll-ups, and jets dominate the late-time morphology, while for A = 0.72,
the instability develops even more violently. The higher density gradient triggers earlier
onset of secondary instabilities, rapid roll-up of the interface, and stronger jet penetration,
accompanied by extensive small-scale vortical structures that promote intense mixing.
Taken together, Figures 6-8 demonstrate the systematic influence of the Atwood number
on RMI dynamics. As A increases, baroclinic vorticity deposition strengthens, leading
to faster perturbation growth, earlier nonlinear transition, and more complex interface
structures. Low A values yield smoother, coherent evolution, whereas high A values favor
rapid roll-ups, jet formation, and enhanced small-scale mixing.

Figure 9 illustrates the effect of the Atwood number on the temporal evolution of in-
terface deformation in shock-driven single-mode stratified heavy fluid layers. The interface
positions are plotted at successive normalized times (T = 0-70) for Atwood numbers rang-
ing from A = 0.30 to A = 0.72. For the lowest Atwood number (A = 0.30), the perturbation
amplitude grows slowly, and the interface remains relatively smooth and coherent through-
out the evolution. The roll-ups and secondary instabilities develop gradually, with limited
nonlinear distortion at later times. As the Atwood number increases to A = 0.44 and
A = 0.52, the interface exhibits stronger deformation and earlier onset of roll-ups, indicat-
ing enhanced baroclinic vorticity deposition due to the larger density contrast. At A = 0.61
and A = 0.68, the deformation becomes more vigorous. The interface undergoes pro-
nounced bulging and roll-up structures, while Kelvin-Helmholtz instabilities along the
shear layers introduce small-scale vortices that accelerate the transition into the nonlinear
regime. By T = 70, jet-like protrusions and strong asymmetries dominate the interface
morphology. At the highest Atwood number considered (A = 0.72), the instability is most
intense. The perturbation amplitude grows rapidly, and the interface develops large bulges,
strong roll-ups, and multiple small-scale structures at earlier times compared to the lower
A cases. This highlights the sensitivity of RMI growth to Atwood number: as A increases,
baroclinic vorticity deposition strengthens, leading to faster perturbation amplification,
earlier nonlinear transition, and enhanced mixing efficiency.

Figure 10 examines the effect of the Atwood number on the shock-interface dynamics
at T = 30. Figure 10a shows numerical schlieren images for different Atwood numbers
(A = 0.30-0.72), while Figure 10b presents the trajectories of the transmitted shock (TS)
and the upstream interface (UI) as a function of A. As the Atwood number increases,
the transmitted shock penetrates more slowly into the heavy fluid layer due to the larger
density contrast, which increases the impedance mismatch at the interface. Consequently,
the position of the TS shifts backward with increasing A, as clearly indicated in Figure 10b.
Simultaneously, the upstream interface exhibits stronger deformation and roll-up at higher
A, reflecting the enhanced baroclinic vorticity deposition caused by the stronger density
gradient. At lower Atwood numbers (A = 0.30 and 0.44), the transmitted shock propagates
further downstream, and the interface remains relatively smoother, with weaker roll-
ups. At intermediate values (A = 0.52 and 0.61), stronger distortions appear, and the
transmitted shock begins to lag. For the highest Atwood numbers (A = 0.68 and 0.72),
the transmitted shock is significantly slowed, and the interface exhibits pronounced bulges,
KH roll-ups, and localized jet-like features. The inset in Figure 10b highlights the relative
locations of the TS and Ul extracted from the schlieren field, emphasizing the increasing
separation between the transmitted shock and the distorted interface with increasing A.
This systematic dependence confirms that higher Atwood numbers not only intensify
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interface instability but also alter the shock propagation characteristics by amplifying the
interaction between the shock and the evolving interface.

Figure 9. Influence of Atwood number on the temporal evolution of interface deformation in shock-
driven single-mode stratified heavy fluid layers: (a) A = 0.30, (b) A = 0.44, (c) A = 0.52, (d) A = 0.61,
(e) A =0.68,and (f) A = 0.72.
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Figure 10. Influence of Atwood number on shock-driven single-mode stratified heavy fluid layers at
T = 30: (a) numerical schlieren images for different Atwood numbers (A = 0.30, 0.44, 0.52, 0.61, 0.68,
0.72), and (b) trajectories of the transmitted shock (TS) and upstream interface (UI) as a function of A.
The inset in (b) highlights the relative positions of TS and UI extracted from the schlieren field.
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4.3. Shock-Driven Vorticity Generation and Transport

The evolution of vorticity in a compressible flow can be described by the vorticity
transport equation, obtained by taking the curl of the momentum equation. For a two-
dimensional flow, the z-component of vorticity w = (V x u); satisfies

Dw 1

— =(w-Vu—w(V-u —VoxVp, 12

pr ~ (@ V)u—w(V )+ 5VpxVp (12)
where £- = 9; + u - V is the material derivative. The terms on the right-hand side repre-
sent, respectively, vortex stretching and tilting, dilatation effects due to compressibility,
and baroclinic vorticity generation.

In shock-driven flows, the baroclinic term

1
p—ZVp x Vp

dominates vorticity production. It arises from the misalignment between pressure and den-
sity gradients at the perturbed interface when the shock passes through it. This mechanism
deposits circulation at the interface, initiating the RML

Figure 11 schematically illustrates the mechanism of vorticity generation in shock-
driven single-mode stratified heavy fluid layers. Before the shock arrives (pre-shock state),
the interface is perturbed but remains aligned with the pressure field; thus, the gradients of
density (Vp) and pressure (Vp) are largely parallel, and no baroclinic torque is generated.
When the incident shock impinges on the interface (post-shock state), the pressure gradient
Vp imposed by the shock becomes misaligned with the density gradient Vp at the per-
turbed interface. This misalignment gives rise to a finite cross product Vp x Vp, which
acts as a baroclinic torque in the vorticity transport equation. As a result, circulation is
deposited along the interface, producing localized vorticity patches with alternating signs.
These baroclinically generated vortical structures are then advected and stretched along
the interface, forming shear layers that subsequently roll up into vortex pairs. This marks
the onset of the RMI. With time, the continuous interaction between the deposited vorticity
and the evolving interface amplifies the perturbation, leading to nonlinear roll-ups, KH
instabilities, and enhanced mixing.

vp

VP

Pre-shock

—r— Shock

Figure 11. Schematic illustration of vorticity generation in shock-driven single-mode stratified heavy
fluid layers. The sequence shows the pre-shock state, the post-shock misalignment of pressure
and density gradients (Vp x Vp), and the subsequent formation of baroclinically induced vortical
structures along the interface.

Figure 12 shows the vorticity distribution at T = 70 for shock-driven single-mode
stratified heavy fluid layers at different Atwood numbers, ranging from A = 0.30 to
A = 0.72. These distributions provide direct evidence of the role of baroclinic torque in
generating and amplifying vorticity during RMI. For the lowest Atwood number (A = 0.30),
the vorticity field is weak, and the interface develops relatively smooth roll-ups with limited
secondary structures. The circulation deposited at the interface is insufficient to drive strong
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nonlinear interactions, resulting in more coherent and large-scale vortices. As A increases
to 0.44 and 0.52, the baroclinic vorticity deposition strengthens due to the higher density
contrast. This leads to more intense roll-ups, larger vortex cores, and the onset of small-scale
structures along the interface. At these intermediate Atwood numbers, the balance between
large coherent structures and emerging fine-scale vortices characterizes the transitional
nonlinear regime. For higher Atwood numbers (A = 0.61, 0.68, and 0.72), the vorticity
field becomes significantly more complex. Stronger shear layers and Kelvin—-Helmholtz
instabilities develop along the interface, producing fine-scale vortices that interact, merge,
and break down into turbulent-like structures. Jet-like protrusions and secondary vortex
shedding are also evident, demonstrating enhanced transport and redistribution of vorticity
across the domain. In summary, the vorticity dynamics are strongly governed by the
Atwood number. A higher A amplifies baroclinic vorticity generation, hastens the transition
to the nonlinear regime, and promotes the development of small-scale vortical structures,
thereby enhancing mixing and facilitating the energy cascade in shock-driven flows.
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Figure 12. Influence of Atwood number on vorticity distribution in shock-driven single-mode
stratified heavy fluid layers at T = 70.

The vorticity transport equation for compressible inviscid flows (Equation (12)) con-
tains two principal source terms relevant to shock—interface interactions: the dilatational
contribution, —w(V - u), and the baroclinic torque, pl—sz x Vp. While the dilatational term
reflects compressibility effects associated with local expansion and compression of fluid
elements, the baroclinic term provides the dominant source of vorticity production in RMI.
To quantify the evolution of these contributions, spatially integrated measures are defined
over the computational domain D:

wgi(t) = /D | —w(V -u)|dxdy, (13)

Wharo(t) = /D

where wy; and wy,, denote the global strength of dilatational and baroclinic vorticity

1
p—ZVp X Vp‘ dxdy, (14)

contributions, respectively.

Figure 13 presents the temporal evolution of the spatially integrated contributions
of dilatational and baroclinic vorticity in shock-driven single-mode stratified heavy fluid
layers at different Atwood numbers. Figure 13a shows the dilatational vorticity (w;),
which remains relatively small across all Atwood numbers. Its contribution grows slowly in
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the early stages (T < 30) and only becomes noticeable at later times (7 > 40), primarily due
to local compression and expansion effects caused by secondary shock interactions. Even
at its peak, however, the dilatational contribution is at least an order of magnitude weaker
than the baroclinic source, confirming its secondary role in driving interface dynamics.
Figure 13b shows the baroclinic vorticity (wp,,), which dominates the overall vorticity
budget. Right after shock impact, (wp,,) grows sharply as a result of strong misalignment
between the pressure and density gradients across the perturbed interface. Its growth
continues as the transmitted and reflected shocks interact with the interface, reinforcing
the vorticity field. The results also show a clear dependence on Atwood number: as A
increases, the baroclinic contribution systematically intensifies, reflecting the enhanced den-
sity gradient and stronger shock—interface coupling. The comparison between Figure 13a,b
highlight that baroclinic torque is the primary mechanism for vorticity generation in RMI,
while dilatational effects act as a minor correction. Moreover, the monotonic increase of
(Wparo) With A directly links stronger density contrast to greater instability growth, more
vigorous roll-ups, and enhanced mixing.

-4 -4
24 x10 15 x10
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Figure 13. Influence of Atwood number on the spatially integrated vorticity source terms in shock-
driven single-mode stratified heavy fluid layers: (a) dilatation (w; ), and (b) baroclinic (wp,,,) vorticity.

To further quantify the strength of vortical structures generated during the instability,
we examine the temporal evolution of the maximum and minimum vorticity within the
computational domain. These measures provide a direct indication of the intensity of
circulation deposited along the perturbed interface and the subsequent development of
roll-ups and small-scale vortices. Mathematically, the extrema are defined as

Wmax (t) = max w(x, t), Wmin(t) = min w(x, t). (15)
xeD xeD
where w(x,t) = (V x u)(x,t) is the scalar vorticity field in two dimensions, and D denotes
the computational domain. In the discrete form used for numerical simulations, these are
computed at each time step as

Wmax (") = n'll&]lX wi,j(tn)/ wmin(tn) = n’ll;n wi,j(tn)- (16)
Tracking wmax(t) and wmin (f) allows us to assess the asymmetry between positive and
negative vortical regions, and to evaluate how increasing the Atwood number amplifies
baroclinic circulation and accelerates the transition to nonlinear dynamics.

Figure 14 shows the temporal evolution of the maximum vorticity wmax(#) and min-
imum vorticity wmin(t) in shock-driven single-mode stratified heavy fluid layers for a
range of Atwood numbers. These diagnostics quantify the extrema of circulation deposited
along the interface and highlight how positive and negative vortical regions evolve dur-
ing RMI. Figure 14a illustrates wmax(t). Right after the shock impact (T < 10), Wmax



Mathematics 2025, 13, 3032

19 of 26

rises sharply due to strong baroclinic vorticity deposition at the interface. For higher
Atwood numbers (A = 0.61-0.72), this peak is considerably larger, reflecting the stronger
density gradients that enhance baroclinic torque. Over time, wmax exhibits oscillations
associated with secondary shock—interface interactions and vortex roll-ups. Although the
peak values gradually decay due to redistribution of circulation and mixing, higher-A
cases consistently maintain stronger positive vorticity levels compared with lower-A cases.
Figure 14b presents wnin (), which captures the evolution of negative vorticity regions.
Immediately after shock passage, wmin drops sharply, indicating the generation of strong
counter-rotating vortices at the interface. Similar to wmax, the magnitude of wm;n increases
with the Atwood number, with the strongest negative vortices observed for A = 0.68 and
A = 0.72. As time progresses, wnin continues to fluctuate due to nonlinear vortex interac-
tions, roll-up, and merging of small-scale structures. Together, both positive and negative
vorticity extrema grow systematically with the Atwood number, confirming that higher
A values intensify baroclinic circulation deposition and accelerate the onset of nonlinear
roll-up. This asymmetry between wmax and wmin further reflects the directional nature of
vortex formation during shock-interface interaction, with high-A cases promoting stronger
mixing and more vigorous turbulent-like dynamics.

(a)
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Figure 14. Influence of Atwood number on the spatially integrated vorticity diagnostics in shock-
driven single-mode stratified heavy fluid layers: (a) vorticity maximum (wsmay ), and (b) vorticity

minimum (w,;, ).

Circulation is a fundamental quantity for characterizing the strength and evolution of
vortical structures in shock-driven flows. In the context of RMI, it directly measures the
baroclinically generated vortices at the perturbed interface and provides insight into the
balance between positive and negative rotational motions. The total circulation in the flow
field is defined as the spatial integral of vorticity over the computational domain D:

Tiot(t) = /Dwdxdy. (17)

For further analysis, the circulation can be decomposed into its positive and negative
components, representing the contributions from counter-rotating vortical regions:

Tpos(t) = /D,w>0wdxdy, Theg(t) = /D,w<0wdxdy. (18)

These diagnostics provide a quantitative measure of the circulation deposited along the
perturbed interface through baroclinic torque. While I'pos and I'neg capture the evolu-
tion of positive and negative vortices generated at the interface, their sum yields the net
circulation T'(t).
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Figure 15 illustrates the influence of the Atwood number on the temporal evolu-
tion of circulation in shock-driven single-mode stratified heavy fluid layers, separated
into positive circulation I'pes, negative circulation I'neg, and the net total circulation Tio.
Figure 15a shows the growth of I'yos(t), which represents the contribution from regions of
positive vorticity. After shock impact, I'yos increases steadily due to baroclinic deposition
of circulation at the interface. Higher Atwood numbers (A = 0.61-0.72) exhibit systemati-
cally larger values, reflecting stronger density gradients and enhanced baroclinic torque.
Figure 15b presents I'neg (), which corresponds to the negative vorticity regions. Similar
to the positive component, the magnitude of I'neg grows with the Atwood number, reach-
ing increasingly negative values as A increases. This indicates stronger counter-rotating
vortices generated along the interface at higher density contrasts. Figure 15c shows the
net total circulation Iyt (t). At early times, the positive and negative contributions nearly
balance, keeping I'tot close to zero. However, as the instability progresses into the nonlinear
stage, asymmetry between the positive and negative vortical regions emerges, leading to
fluctuations in I'tot. These deviations are more pronounced at higher Atwood numbers,
where stronger secondary instabilities and vortex roll-ups introduce localized imbalance in
circulation deposition.
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Figure 15. Influence of Atwood number on the spatially integrated circulation diagnostics in shock-
driven single-mode stratified heavy fluid layers: (a) positive circulation (I'p,s), and (b) negative
circulation (T'neg), and (c) total circulation (T'ry).

4.4. Enstrophy and Kinetic Energy Dynamics

Enstrophy and kinetic energy are fundamental diagnostics for characterizing the evo-
lution of shock-driven instabilities. While enstrophy quantifies the amplification of vortical
structures generated through baroclinic torque, kinetic energy reflects the redistribution of
bulk flow energy into interface deformation and small-scale motions.
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For a two-dimensional flow, enstrophy is obtained by integrating the squared vorticity
over the computational domain D

Q(t) :/Dw2(x,y,t) dxdy, (19)

which serves as a measure of the overall strength of vortical activity in the flow field.
The total kinetic energy in the domain is defined as

E(t) = /D %p(x, y,t) (1 (x,y,8) + 0% (x,, 1)) dx dy, (20)

providing a measure of the bulk flow energy and its transfer into smaller-scale structures
during the nonlinear RMI development.

Figure 16 illustrates the temporal evolution of enstrophy Q(#) and kinetic energy Ej(t)
in shock-driven single-mode stratified heavy fluid layers for different Atwood numbers.
These diagnostics provide insight into the development of vortical structures and the
redistribution of energy during RMI. In Figure 16a, enstrophy () exhibits a sharp rise
immediately after shock impact, driven by intense baroclinic vorticity deposition along the
perturbed interface. The subsequent growth reflects the amplification of vortical structures,
roll-up of shear layers, and the emergence of secondary instabilities. At lower Atwood
numbers (A = 0.30 and 0.44), enstrophy growth is relatively weak and saturates at modest
levels, indicating smoother interface evolution with limited nonlinear roll-up. By contrast,
at higher Atwood numbers (A = 0.61-0.72), () exhibits significantly larger values, reflecting
the stronger density gradients that intensify vorticity generation and promote complex
small-scale vortical interactions. The oscillations observed in the time histories correspond
to secondary shock-interface interactions and vortex pairing events, which periodically
enhance and redistribute enstrophy. In Figure 16b, E; grows steadily in the early stages
(T < 40) across all Atwood numbers as the shock deposits momentum into the fluid layer
and drives bulk motion. After this initial growth, Ej tends to plateau, indicating a transfer
of energy from large-scale interface deformation into smaller-scale vortical and mixing
structures. The results reveal only a weak dependence of kinetic energy on the Atwood
number compared to enstrophy. While higher-A cases reach slightly larger peak values
of E, the overall similarity of the curves suggests that the primary role of the Atwood
number is not in setting the global energy level, but rather in controlling how that energy
is redistributed into vortical motions, as captured by the enstrophy dynamics.
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Figure 16. Influence of Atwood number on the spatially integrated flow diagnostics in shock-driven
single-mode stratified heavy fluid layers: (a) enstrophy (Q2), and (b) kinetic energy (Ey).
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4.5. Interface Characteristics and Growth

This section presents the evolution of interface characteristics and growth in shock-
driven single-mode stratified heavy fluid layers. The analysis focuses on interface trajec-
tories, normalized length, and perturbation amplitude to assess how baroclinic vorticity
deposition and shock interactions influence deformation and instability growth. These di-
agnostics provide direct measures of the Atwood number effects, capturing both large-scale
displacement of the interface and the emergence of small-scale structures that enhance mixing.

Figure 17 shows the influence of the Atwood number on the temporal evolution
of interface trajectories in shock-driven single-mode stratified heavy fluid layers. Three
normalized quantities are examined: the upstream interface position (Xj;;), the downstream
interface position (X});), and the transmitted shock position (X7¢;). Figure 17a depicts
the normalized upstream interface trajectory X;;;. Following the incident shock impact,
the upstream interface moves steadily in the positive x-direction due to the momentum
imparted by the shock. The growth rate increases systematically with Atwood number,
as larger density contrasts enhance baroclinic circulation deposition and accelerate interface
displacement. High-A cases (A = 0.68, A = 0.72) show noticeably faster progression
compared to low-A cases. Figure 17b shows the normalized downstream interface trajectory
X} The displacement of the downstream interface occurs at a slower rate than that of
the upstream side, reflecting asymmetry in interface response due to shock refraction and
density contrast. With increasing Atwood number, the downstream motion becomes more
pronounced, consistent with the stronger interface deformation and amplified instability
growth. Figure 17c illustrates the normalized trajectory of the transmitted shock X7.;.
The transmitted shock penetrates deeper into the heavy fluid layer as time progresses,
but its propagation speed decreases with increasing Atwood number. This behavior arises
from the larger density ratio across the interface, which increases the impedance mismatch
and slows the transmitted shock.

—

a) (b)

35

A=0.30
A=044
A=052
A=061
28} J ] A=0.68
ol A=072
S 1
> t
oL oo\
A NA
y
14}
\ \ . \ , \
10 20 30 40 50 60 70
T
(c)
5
A=030
A=044
A=052
A=061
4r A=068
A=072
)
Faf
//) /
e ]
| 5
A e
)\
] , , , .
0 9 18 27 36 5

Figure 17. Influence of Atwood number on the interface trajectories of shock-driven single-mode
stratified heavy fluid layers: (a) normalized upstream interface (X{j;), (b) normalized downstream
interface (X[y;), and (c) normalized transmitted shock wave position (X7g; ).



Mathematics 2025, 13, 3032

23 of 26

Figure 18 illustrates the effect of the Atwood number on the temporal evolution of
interface morphology, quantified in terms of normalized interface length (L*) and normal-
ized perturbation amplitude (a*). These diagnostics provide complementary measures of
interface deformation and growth during the RMI. Figure 18a shows the evolution of the
normalized interface length L*. Immediately after shock passage, L* decreases, reflecting
the initial compression of the interface by the incident shock. As time progresses, L*
begins to increase due to baroclinic vorticity deposition and the roll-up of shear layers,
which enhance interface wrinkling and extend the interface surface area. The rate of in-
crease becomes stronger with higher Atwood numbers (A = 0.61-0.72), demonstrating
that stronger density contrasts promote more vigorous deformation and generation of
small-scale structures. In contrast, lower-A cases show a more modest increase in L*,
consistent with smoother interface evolution. Figure 18b presents the evolution of the
normalized perturbation amplitude a*. Similar to L*, the amplitude initially decreases
due to shock compression, before recovering and growing rapidly during the nonlinear
phase of instability development. The recovery and subsequent growth of a* are strongly
dependent on Atwood number: higher-A cases show faster amplitude growth and reach
larger values, while lower-A cases remain subdued. This behavior reflects the enhanced
baroclinic torque at higher density contrasts, which accelerates the transition from linear to
nonlinear interface evolution.
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Figure 18. Influence of Atwood number on the interface evolution in shock-driven single-mode
stratified heavy fluid layers: (a) normalized interface length (L*), and (b) normalized perturbation
amplitude (a*).

5. Concluding Remarks

This study presented a detailed numerical investigation of Richtmyer-Meshkov insta-
bility (RMI) in shock-driven single-mode stratified heavy fluid layers, with emphasis on the
influence of the Atwood number on interface dynamics, vorticity generation, and mixing.
High-order modal discontinuous Galerkin simulations were performed across a range of
Atwood numbers (A = 0.30-0.72), providing a systematic assessment of flow features and
instability development.

The results demonstrate that increasing the Atwood number strongly enhances baro-
clinic vorticity deposition at the perturbed interface, thereby accelerating interface growth
and the transition to nonlinear dynamics. At lower A, interface evolution remains smooth
and coherent, with delayed onset of roll-ups and secondary instabilities. By contrast, higher
A cases exhibit vigorous interface deformation, rapid amplitude growth, and the emer-
gence of Kelvin—-Helmholtz vortices and small-scale structures, which promote mixing.
Diagnostic measures including vorticity extrema, circulation, enstrophy, kinetic energy,
and interface-based metrics (length and amplitude) consistently highlighted the sensitivity
of instability dynamics to the Atwood number. While kinetic energy displayed relatively
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weak dependence on A, enstrophy, circulation, and interface morphology showed system-
atic amplification with increasing density contrast.

Future work will extend this framework to multi-mode perturbations, three-dimensional
configurations, and variable Mach number effects, in order to further elucidate the interplay
between shock strength, density contrast, and interface complexity.
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