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ABSTRACT
The microscopic-scale Richtmyer–Meshkov instability (RMI) of a single-mode dense-gas interface is studied by the molecular dynamics
approach. Physically realistic evolution processes involving the non-equilibrium effects such as diffusion, dissipation, and thermal conduction
are examined for different shock strengths. Different dependence of the perturbation growth on the shock strength is found for the first time.
Specifically, the amplitude growths for cases with relatively lower shock Mach numbers (Ma = 1.9, 2.4, 2.9) exhibit an evident discrepancy
from a very early stage, whereas for cases with higher Mach numbers (Ma = 4.9, 9.0, 16.0), their amplitude variations with time match quite
well during the whole simulation time. Such different behaviors are ascribed to the viscosity effect that plays a crucial role in the microscale
RMI. The compressible linear theory of Yang et al. [“Small amplitude theory of Richtmyer–Meshkov instability,” Phys. Fluids 6(5), 1856–1873
(1994)] accounting for the viscosity dissipation provides a reasonable prediction of the simulated linear growth rate. Furthermore, a modified
compressible nonlinear model [Q. Zhang et al., “Quantitative theory for the growth rate and amplitude of the compressible Richtmyer–
Meshkov instability at all density ratios,” Phys. Rev. Lett. 121, 174502 (2018)] considering both the viscosity effect and the corrected linear
growth rate is proposed, which gives an excellent forecast of the linear and nonlinear growths of the present microscale RMI.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5143327., s

I. INTRODUCTION

The Richtmyer–Meshkov instability (RMI)1,2 arises when a cor-
rugated interface separating two fluids of different properties is
impulsively accelerated by a shock wave. After the shock impact,
initial corrugations on the interface are strongly stretched and, as a
consequence, the perturbation amplitude grows continuously with
time and finally triggers the flow transition to turbulent mixing.
In the past few decades, the RMI has been a subject of intensive
research due to its crucial role in applications of a broad range of
scales ranging from millimeters [e.g., inertial confinement fusion
(ICF)]3 to light years (e.g., supernova explosion).4 Previous studies
on RMI mainly focused on the instability development at a lab-
oratory length scale, and numerous theoretical models were pro-
posed to estimate the perturbation growth from linear1,5,6 to non-
linear stages.7–10 Recently, the validity of the existing models has
been thoroughly examined by a set of high-fidelity experimental
results.11

The RMI at microscales under a strong shock is a more realistic
approximation of the hydrodynamic instability in ICF, and thus the
related research is very desirable and attractive. However, the micro-
scopic scale and the strong shock condition bring great challenges
to the experiments, simulations, and theoretical analyses on this
subject. Experimentally, it is very difficult to capture the instability
evolution process at small scales.12,13 Numerically, traditional hydro-
dynamic methods, which are widely applied in the study of RMI at a
laboratory length scale, are not applicable to the simulation of micro-
scopic RMI for requiring known equations of state and appropriate
settings on a numerical scheme and a grid structure. Moreover, the
interface evolution at microscales involves strong non-equilibrium
effects including molecular diffusion, viscosity, and heat conduction,
for which the traditional hydrodynamic methods cannot provide
satisfactory results.14

The molecular dynamics (MD) approach, which is based on
the track of atom movements, has been demonstrated to provide an
unmatched capacity in reproducing microscopic flows with strong
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non-equilibrium effects. In recent years, the MD approach has been
successfully applied to the RMI research. A straightforward appli-
cation of the MD method to simulate a heavy/light liquid inter-
face subjected to a shock wave in cylindrical and planar geome-
tries was reported by Zhakhovskii et al.,15 and detailed flow struc-
tures with atomic resolution were captured. The MD simulation
of a solid interface impacted by a strong shock was performed by
Zybin et al.,16 and the dependence of the instability evolution on
the shock strength and orientation was discussed. Large-scale non-
equilibrium MD simulations of a roughened Cu/vacuum (Cu/Ne)
interface impacted by a planar shock were conducted by Germann
et al.,17 and rich phenomena were observed. In addition, the prop-
agating behavior and the wave structure for a strong cylindrical or
spherical shock imploding in a convergent geometry have been care-
fully investigated via the MD method by Liu et al.18 Recently, the
RMI of a single-mode lithium/hydrogen interface under extreme
shock conditions is numerically studied by the MD simulation
incorporated with the electron force field model, and the ionization
effect was found to play a significant role in the instability growth.19

In addition, several published works using the MD method studied
the role of ejecta production and mostly focused on the velocity and
size distribution of the ejected material.20,21 An alternative atom-
istic method, Direct Simulation Monte Carlo (DSMC) simulation,
was also demonstrated to be able to investigate the hydrodynamic
instabilities.22,23

The former studies mainly considered the RMI of the multi-
phase material interface, and the analyses were restricted to qualita-
tive descriptions of the interface evolution. So far, the microscopic
RMI of a dense-gas interface under a strong shock, which is a realis-
tic approximation of the hydrodynamic instability in ICF, has never
been studied, and the flow regimes (e.g., the shock intensity influ-
ence and the spatial scale effect on the instability growth) are not yet
understood. This motivates the present study. In this work, the RMI
of a single-mode gaseous interface between dense helium (He) and
argon (Ar) accelerated by a shock wave is simulated by the classical
MD method. Various incident shock (IS) strengths are considered
to examine the influence of the shock intensity on the instability
growth. The validity of the existing models in predicting microscopic
RMI will be assessed. In addition to the well-known flow mech-
anisms such as baroclinic vorticity and pressure perturbation,24–26

new physical regimes for the microscale RMI will be discussed and
modeled.

II. NUMERICAL METHODS
The microscopic RMI of a single-mode helium/argon gaseous

interface is simulated by the Large-scale Atomic/Molecular Mas-
sively Parallel Simulator (LAMMPS) code, which was originally dis-
tributed by the Sandia National Laboratory.27 The LAMMPS solver
has been widely used and also shown a good performance in studies
of shock propagation and shock-induced interfacial instability.19,28,29

For the classical MD method, the atom is treated as a whole and its
movement follows Newton’s second law,

Fi = mi∇U. (1)

Here, mi denotes the mass of molecule i and Fi is the sum of forces
acting on molecule i, which can be obtained by the gradient of poten-
tial function U. Once the Fi is obtained, the molecule acceleration ai,

velocity vi, and position ri are available by the mechanical laws,

Fi = miai, vi = v0
i + ait, ri = r0

i + v0
i t +

1
2
ait2. (2)

Then, macroscopic physical quantities such as temperature, pres-
sure, and density can be readily obtained via statistical methods.

The pair interactions for He–He, He–Ar, and Ar–Ar are
described by the Lennard-Jones (LJ) potential,30 which is formulated
as

Uij = 4ε
⎡⎢⎢⎢⎢⎣
( σ
rij
)

12

− ( σ
rij
)

6⎤⎥⎥⎥⎥⎦
, rij < rc, (3)

where the LJ cutoff radius rc is set to be 10 Å. σAr = 3.405 Å and
εAr = 0.010 32 eV are adopted for the Ar–Ar interaction and σHe
= 2.28 Å and εHe = 0.000 876 eV for He–He.30 The parameters for
the interaction between He and Ar are calculated by the customary
Lorentz–Berthelot mixing rules,

σHe−Ar =
σHe + σAr

2
, εHe−Ar =

√
εHe ⋅ εAr . (4)

The computational setting for a planar shock colliding with a
sinusoidally perturbed helium/argon interface is shown in Fig. 1.
The simulation box has a volume of 9500 × 800 × 20 Å3 (x × y × z)
and is filled with 4.8 × 106 atoms initially. An incident planar shock
is produced by a solid piston moving from left to right at a constant
velocity. The regions on the left and right sides of the interface are
occupied by helium and argon atoms, respectively. In the Cartesian
coordinate system, the single-mode interface is described as x = x0
+ a0 cos(ky), with k standing for the wavenumber, a0 for the initial
perturbation amplitude, and x0 for the mean position of the initial
interface. Periodic boundary conditions are adopted in the y and z
directions. The time step is set to be 0.0001 ps throughout the com-
putation. In order to save the computational time and memory, the
present domain is automatically enlarged along the x direction as
the shock wave reaches the box boundary and, accordingly, the atom
number is increased gradually from 4.8 to 11 × 106. Note that in the
MD simulation, the computational domain is just filled with atoms
without a spatial discretization. Hence, there is no grid convergence
problem here.

The simulation system is first relaxed for a short period of
1 ps with the isothermal–isobaric ensemble (NPT), for which the
absolute temperature and the pressure are fixed at 300 K and 2500
bars, respectively. Then, a thermodynamically equilibrium state is
obtained with the densities of helium and argon being 0.24 g/cm3

FIG. 1. Schematic of the computational setting for a planar shock wave interacting
with a single-mode helium/argon interface. The a0 refers to the initial amplitude of
the perturbation and λ to the wavelength.
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and 1.26 g/cm3, respectively. It should be pointed out that the
present gaseous helium and argon are in moderate-energy-density
state for which any ideal equation of state loses its validity, and the
density of each gas is calculated by dividing the mass by volume.
Later, the solid piston starts moving from left to right at a constant
velocity (vp) under the microcanonical ensemble framework (NVE)
where the particle number, volume, and energy of the system are
fixed. The moving piston compresses continuously the helium and
eventually produces a planar shock wave with a certain strength.
In order to prevent the gas diffusion across the interface before the
shock-interface collision, a spurious solid wall is set along the inter-
face and then removed just before the shock arrival. Note that in
our previous work,19 the electronic effects on the instability growth
have been specially discussed. Nevertheless, in that work, the effects
introduced by the microscale were not clarified since the coexistence
of electronic effects and microscale effects complicates the flow anal-
ysis. In the present MD simulations, we close the ionization switch
to eliminate electronic effects such that the microscale effects can be
analyzed in detail.

III. RESULTS AND DISCUSSION
The sinusoidal helium/argon interface with an amplitude-to-

wavelength ratio of a0/λ = 0.05 (a0 = 40 Å and λ = 2π/k = 800 Å)
subjected to a planar shock of different strengths (corresponding
to different piston velocities) is considered. Detailed parameters
corresponding to the initial conditions for each case are listed in
Table I, where the post-shock quantities are also given. The post-
shock temperature is calculated by statistical mechanics Σ 1

2mv2

= 3
2NkbT, where the translational kinetic energy of the post-shock

flow should be ignored. The sound speed of the pre-shock helium
is evaluated to be 1442 m/s (14.4 Å/ps) by computing the dynamic
structure factor,31 and hence the incident shock Mach number can
be readily obtained. Special attention is paid to the influence of
the incident shock strength on the instability development. Even
though the spatial scale of the instability considered here is much
smaller than that of the ICF target due to the limited computational
resources, the results obtained can clearly reveal the scale effect on
the hydrodynamic instability.

A. Flow features and interface evolution
Representative atom distribution images illustrating the single-

mode interface development under three shock strengths (cases 2,

4, and 6) are displayed in Fig. 2. The instability developments for
the three cases are similar, and we shall take case 2 as an example to
detail the evolution process. Temporal origin in this work is defined
as the moment when the incident shock just traverses the sinusoidal
interface. The time is normalized as τ = kv0t, with v0 being the linear
growth rate. Generally, the whole evolution processes of the waves
and the interface are analogous to those of macroscopic-scale shock-
tube experiments.11,32,33 At the beginning (τ = −0.12), a planar inci-
dent shock (IS) is well produced in He due to the continuous com-
pression by a moving piston and the initial interface (II) presents a
distinct single-mode morphology with no diffusion before the shock
impact. The perfect initial conditions produced demonstrate the
good feasibility and reliability of the numerical techniques for the
shock and interface formations. As the incident shock passes across
the initial interface, it bifurcates into a downstream-moving trans-
mitted shock (TS) and an upstream-moving reflected shock (RS).
The transmitted and reflected shocks present a visible sine-like per-
turbation at the early stage and later recover gradually to be uniform.
As time proceeds, the shocked interface (SI) moves forward with its
perturbation amplitude growing persistently. Although gas diffusion
across the interface is allowed after the shock-interface collision (i.e.,
the artificially embedded solid wall is removed from the interface),
the evolving interface still presents distinct morphologies during the
time of interest, which greatly facilitates the measurement of pertur-
bation amplitude and the extraction of interfacial morphology. Since
the MD approach is based on the track of atom motions, the present
instability evolution naturally involves all non-equilibrium physi-
cal processes such as diffusion, dissipation, and thermal conduction,
which cannot be accurately modeled by the traditional hydrodynam-
ics methods. Hence, we claim that the present results are more phys-
ically accurate than the traditional hydrodynamics ones. Induced by
the baroclinic vorticity distributed along the interface, the shocked
interface deforms persistently, causing a continuous increment in
perturbation amplitude. At the early stage, the distorting interface is
symmetric and presents a perfect sinusoidal shape, which indicates
a linear growth of the instability. As time proceeds, nonlinearity
becomes pronounced and higher harmonics are generated gradually,
producing asymmetric spike and bubble structures (τ = 0.71). At late
stages, the spikes start to roll up. It should be pointed out that the
roll-up structure here is much less distinct than that of macroscopic
RMI,34,35 which is mainly ascribed to the intense molecular motion.
For case 6 with a much stronger incident shock, the interface suf-
fers a greater compression by the shock and subsequently presents a

TABLE I. Parameters corresponding to the initial conditions for each case. vp, vs, vi , and vt are speeds (Å/ps) of the
piston, the incident shock, the shocked interface, and the transmitted shock, respectively. a0 and λ are the amplitude and the
wavelength of the initial perturbation, respectively. The superscript + denotes the post-shock state. T1 (T2) denotes the gas
temperature on the left (right) side of the shocked interface.

Case vp vs Ma a0/λ a+
0/λ A+ T1(K) vi T2(K) vt

1 10 27.6 1.9 0.05 0.041 0.59 651.5 5.0 654.3 19.7
2 15 34.1 2.4 0.05 0.039 0.56 917.6 7.8 995.5 24.9
3 20 41.2 2.9 0.05 0.037 0.55 1 255.8 10.7 1 496.8 30.1
4 40 70.4 4.9 0.05 0.035 0.52 3 524.5 22.4 5 325.0 50.9
5 80 129.1 9.0 0.05 0.033 0.51 12 856.4 46.4 23 899.2 91.6
6 150 230.2 16.0 0.05 0.031 0.51 44 808.5 88.9 95 215.6 159.9
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FIG. 2. Representative atom distribution
snapshots showing the evolution of a
single-mode helium/argon interface with
a fixed amplitude-to-wavelength ratio
(a0/λ = 0.05) subjected to a planar shock
of Ma = 2.4 (case 2), Ma = 4.9 (case
4), and Ma = 16.0 (case 6). IS, inci-
dent shock; II, initial interface; TS, trans-
mitted shock; RS, reflected shock; and
SI, shocked interface. Numbers in the
images denote the dimensionless time,
which is normalized as τ = kv0t, with v0
being the initial growth rate.

quicker instability development. In addition, the transmitted shock
propagates more slowly relative to the shocked interface, and thus
the interface evolution suffers a longer-term influence by the pres-
sure waves emitted from the disturbed transmitted shock. As a con-
sequence, a considerably flat bubble structure is observed in case 6
(τ = 1.02), which is similar to the result of Sadot et al.36 It should be
stressed that the present study mainly concerns the microscale effect
on the instability growth, and the ionization process is not consid-
ered although the post-shock temperatures for cases 5 and 6 actually
exceed the critical temperature for ionization.37

Dimensionless variations of the perturbation amplitude vs time
for all cases are plotted and compared with the theoretical pre-
dictions in Fig. 3(a). Note in this work, the interface boundary is

determined by the middle position (i.e., 50% mass fraction) of the
material layer and the perturbation amplitude is defined as a half of
the distance between the tips of the spike and bubble (see Fig. 1).
Here, the time-varying amplitude is scaled as α = k(a − a∗0 ), with
a∗0 being the perturbation amplitude at τ = 0. Although each the-
oretical model in Fig. 3 gives different predictions for cases with
different shock Mach numbers, the normalized results for these cases
match quite well and show a very small discrepancy. Here, for a clear
presentation, only the prediction of each model for case 1 is given.
It is seen that the amplitude growths for cases 1–3 with relatively
weaker incident shocks are almost identical at the very early stage
(τ < 0.4) but later exhibit an increasing discrepancy. In addition, the
weaker the incident shock, the earlier the linear growth saturation.
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FIG. 3. Comparisons between the simu-
lations and the model predictions for (a)
the whole perturbation amplitude (α) and
(b) the amplitudes of bubbles (αb) and
spikes (αs). Note α = (αb + αs)/2. Sym-
bols stand for the MD results and lines for
the model predictions. Nonlinear models
are DR,9 ZS,7 and ZDG.10

Nevertheless, for cases 4–6 with stronger incident shocks, the ampli-
tude variations with time for these cases match quite well during the
whole simulation time. To the best of the authors’ knowledge, such
different responses of the instability growth to the shock strength
increment are first found for the microscopic RMI. Although the
influence of shock strength on the growth of RMI has been stud-
ied before,38–40 those works mainly considered the RMI at macro-
scopic scales through hydrodynamic simulations or experiments.
For microscopic RMI, new flow regimes caused by non-quilibrium
physical processes (well captured by the MD approach) play impor-
tant roles and thus the influence of shock strength on the perturba-
tion growth would be different from the macroscopic counterpart.
The reliable data obtained provide a rare opportunity to examine
the applicability of the existing theoretical models in predicting the
microscopic RMI, for which there is no theory.

Recently, an accurate and robust compressible nonlinear
model10 (called the ZDG model) applicable to systems with arbitrary
density ratios and strong incident shocks has been established based
on the methods of two-point Padé approximation and asymptotic
matching, which is written as

vcnl(t,A, vc∞) = vclin(t,A)P2
3(t,A, vc∞). (5)

Here, vcnl refers to the compressible nonlinear growth rate, vclin to
the compressible linear growth rate,41 and vc∞ to the asymptotic
growth rate of compressible linear theory. Although this compress-
ible model has shown a good performance in predicting the linear
and nonlinear growths of RMI under a wide range of shock Mach
numbers, it overestimates the present MD result from a very early
time. This is ascribed to the absence of viscosity effect in the theory of
Zhang et al.10 because viscosity may play a crucial role in the micro-
scopic RMI that usually presents a very low Reynolds number.42,43

For the RMI flow, a thin vorticity layer along the interface is pro-
duced by a baroclinic mechanism during the shock–interface inter-
action.44,45 This means that there is a sudden jump in the tangential
velocity of the flow across the interface. For such a strong shear flow,
viscosity would play a significant role in the vorticity transport and
further influences the interface evolution. In the following analysis,
we will verify this assumption.

The normalized variations of individual amplitudes of the bub-
ble and spike are also shown in Fig. 3(b). The amplitude of the
bubble (spike) is measured by taking the trajectory of the corre-
sponding unperturbed interface as a moving reference. It is seen that

the bubble growth remains almost identical for all cases (i.e., very
weak dependence on the shock strength) and can also be reasonably
predicted by all the existing models. This suggests a straightforward
application of the previous theories to predict the bubble growth of
microscopic RMI. Differently, the growth of the spike depends heav-
ily on the incident shock strength for cases 1–3 but exhibits a very
small discrepancy among cases 4–6. The overestimation of the spike
growth for cases 1–3 is a major reason for the large deviation in
the overall perturbation amplitude between the MD result and the
model prediction. The present result can be explained by that vis-
cous dissipation can evidently damp secondary instabilities such as
Kelvin–Helmholtz (KH) instability at the roll-up of the spike46 and
hence produces a more pronounced influence on the growth of the
spike than the bubble.

B. Evaluation of viscosity effect on microscale RMI
In previous studies,42,43 to quantify the viscosity effect, dimen-

sional quantities such as viscosity coefficient are introduced to the
theoretical models. The authors believe that a nondimensionalized
Reynolds number (Re) can better reveal the viscous effect and should
be adopted in the viscous models. For this purpose, a Re defined by
characteristic quantities of the RMI flow is proposed,

Re = v0λ
(ρ1 + ρ2)2(√ρ1μ1 +√ρ2μ2)2

ρ1μ1ρ2μ2
, (6)

where μ1 (μ2) and ρ1 (ρ2) are the dynamic viscosity and the density
for fluid 1 (fluid 2), respectively, and v0 is the growth rate at the linear
stage. The dynamic viscosities and the densities of the post-shock
fluids on both sides of the interface can be calculated by the statistical
mechanics and are listed in Table II. It should be pointed out that the
definition of Re, here, aims to facilitate the formulation of Eqs. (7)
and (10), i.e., the dimensional quantities such as dynamics viscosity
in these equations can be replaced by Re, which better characterizes
the viscosity effect.

Figure 4 plots the variations of Re vs the piston velocity for
all cases. Note that to enable a smooth fitting, the data from addi-
tional four cases (vp = 30 Å/ps, 60 Å/ps, 100 Å/ps, 120 Å/ps)
are also given. It is found that the increase in Re is dramatic as
the piston velocity increases from 10 Å/ps to 40 Å/ps (cases 1–3),
then slows down gradually when the piston velocity is higher than
40 Å/ps. Thus, the instability growth in Fig. 3 can be concluded that
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TABLE II. Reynolds numbers for the present cases and previous experiments. v0 is the growth rate at the linear stage, and
μ and ρ are the dynamic viscosity and density for the shocked fluid, respectively. The unit of dynamic viscosity is kg/(m s).

Case vp (Å/ps) λ (Å) v0 (Å/ps) μ1 (×10−5) μ2 (×10−5) ρ1 (g/cm3) ρ2 (g/cm3) Re

1 10 800 0.73 7.1 33.9 0.44 1.68 1291
2 15 800 0.96 9.5 42.5 0.51 1.83 1353
3 20 800 1.34 11.8 48.1 0.57 1.94 1624
4 40 800 2.50 22.1 73.6 0.70 2.24 1909
5 80 800 4.78 44.4 121.2 0.82 2.54 2139
6 150 800 8.49 93.0 209.2 0.91 2.80 2106

Liu (2018) 2.0 × 108 0.11 2.09 2.43 2.04 × 10−3 8.46 × 10−3 1 204 052
Mariani (2008) 8.1 × 108 0.08 3 657 811
Jacobs (2002) 7.3 × 108 0.04 1 570 165

for cases 1–3 with different Re, their perturbation growths exhibit
an evident discrepancy, while for cases 4–6 with the nearly same Re,
their amplitude histories collapse quite well. This finding implies a
correlation between the Re and the instability growth, which is in
coincidence with our physical intuition that the great viscosity in
the present microscale RMI provides a strong resistance on the shear
deformation and further inhibits the instability growth.

Variation of the ratio between the internal energy (Ep) and the
kinetic energy (Ek) of the shocked fluid vs the velocity of piston is
shown in Fig. 4. The Ep is estimated as Ep = 3NkbT/2, where N is
the total number of atoms and kb is the Boltzmann constant. The
Ek is calculated by Ek = Nmv2/2, with m being the atom mass and
v being the post-shock velocity. It is seen that the value of Ep/Ek
drops gradually as the piston velocity increases from 10 to 40 Å/ps
(cases 1–3) but remains nearly invariant for cases 4–6. This is highly
similar to the variation tendency of Re. As we know, the inter-
nal energy represents the microscopic behaviors, e.g., the viscosity,

FIG. 4. Variations of the Reynolds number and the internal energy-to-kinetic energy
ratio (Ep/Ek ) vs the piston velocity (vp). The Ep is estimated as Ep = 3NkbT /2,
where N is the total atom number and kb is the Boltzmann constant. The Ek is
calculated by Ek = Nmv2/2, with m being the atom mass and v being the post-
shock velocity.

and the kinetic energy indicates macroscopic dynamic motions such
as the growth of perturbation amplitude. A much higher Ep/Ek in
cases 1–3 (vp ≤ 20 Å/ps) means a stronger influence of molecular
thermal motion on the macroscopic phenomena, which is in accor-
dance with the greater viscosity effect observed in these cases. The
present results illustrate the viscosity effect from molecular dynamic
perspective.

C. Theoretical considerations on growth rate
in microscale RMI

We first examine the linear growth of the present compress-
ible viscous RMI. The linear growth rates for all cases, obtained
by a linear fitting of the MD results, are listed in Table III, where
the prediction of impulsive theory1 and the asymptotic growth rate
of compressible linear theory41 are also given for comparison. The
compressible linear theory, which is expected to give a good predic-
tion, apparently overestimates the perturbation growth at a linear
stage (especially for cases with stronger shocks) for the ignorance of
the viscosity effect.

To characterize the RMI growth under the viscosity effect, two
linear models considering the viscosity effect have been proposed
by Mikaelian47 and Carlès and Popinet (CP),42 respectively. Accord-
ing to the comments of Mikaelian,43 the viscous model of Carlès
and Popinet42 (CP) is merely a small-time expansion of the model
of Mikaelian47 (Mik) and thus performs slightly better in the linear
stage even though it has a narrower validity range. Based on the CP
model, here, a compressible linear model accounting for the viscous

TABLE III. The linear growth rates (Å/ps) from the MD results (vMD), the impulsive
theory (vRich),1 the compressible linear model (vc

∞
),41 and the compressible linear

model considering the viscous damping [v̄cvis, see Eq. (8)].

Case 1 2 3 4 5 6

vMD 0.73 0.96 1.34 2.50 4.78 8.49
vc∞ 0.93 1.35 1.79 3.50 6.78 12.42
v̄cvis 0.72 1.05 1.41 2.72 5.26 9.49
vRich 0.76 1.06 1.36 2.51 4.78 8.71
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damping is proposed, which is expressed as

vcvis = vclin
⎛
⎝

1 −
√

128
Re
√
τ
⎞
⎠

. (7)

Here, superscript “c” denotes the compressible flow and subscripts
“vis” and “lin” denote viscous and linear regimes, respectively.

Integrating Eq. (7) from 0 to τ1 and then dividing the time
interval τ1, an averaged linear growth rate (v̄cvis) for the compressible
viscous RMI is available,

v̄cvis = (∫
τ1

0
vcvisdτ)/τ1. (8)

Here, τ1 = 0.7 is adopted for the limited range of linear regimes, as
suggested in previous work.11 As shown in Table III, Eq. (8) provides
a much better prediction of the MD results for the early-stage per-
turbation growth. It is surprising that the impulsive model, which
ignores both the compressibility and viscosity effects, provides a
quite good prediction of the linear growth. To illustrate the reason,
time-varying growth rates predicted by the impulsive model, com-
pressible linear model, and modified compressible linear model are
shown in Fig. 5 (here only cases 2, 4, and 6 are given for a clear
presentation). It is seen that for the present cases, the compressible
linear theory predicts an asymptotic growth rate much higher than
that of the impulsive model, and the modified compressible model
prediction [Eq. (7)] considering the viscous damping is in fairly
agreement with the impulsive theory. It illustrates that the com-
pressibility effect, which promotes the linear growth for the present
cases, can just compensate the viscosity effect, which inhibits the
instability growth. This is a main reason for the reasonable predic-
tion of the MD growth at the linear stage by the impulsive model
ignoring both effects. It should be stressed that this agreement is
just coincidental and the impulsive model may fail for other situ-
ations (e.g., in an air/SF6 case where the compressibility causes an

FIG. 5. The predicted growth rates for the impulsive model (vRich, dotted line),1 the
compressible linear model (vclin, solid line),41 and the compressible viscous model
[vcvis, dashed line, Eq. (7)].

asymptotic growth rate lower than the impulsive model prediction7).
The present analysis indicates that for the microscopic RMI, three
main flow regimes including baroclinic vorticity, viscosity, and com-
pressibility dominate its linear growth, which is different from the
macroscopic counterpart.

The CP and Mik models only considered the viscosity influence
on the instability growth at the linear stage. In the nonlinear stage,
higher harmonics emerge and their growths would also be damped
by the viscosity. The evident viscosity effect on the nonlinear growth
is revealed by the visible deviation of the present MD results from
the prediction of Zhang et al.10 (see Fig. 3). Here, to quantify the
viscosity effect on the whole-stage instability growth, the compress-
ible nonlinear ZDG model [Eq. (5)] is combined with the theory of
Mikaelian47 (denoted as the ZDG–Mik model) and written as

vMik
nl (t,A, v̄cvis) = vclin(t,A)P2

3(t,A, v̄cvis)e−2νk2t . (9)

As an alternative, the ZDG model can also be combined with the
theory of Carlès and Popinet42 (called the ZDG–CP model),

vCPnl (t,A, v̄cvis) = vclin(t,A)P2
3(t,A, v̄cvis)

⎛
⎝

1 − b
√

128
Re

√
kv̄cvist

⎞
⎠

. (10)

Here, b in Eq. (10) is a prefactor and equals 1.0 for the original
CP model. Note that in both equations, the averaged linear growth
rate of the compressible viscous model (v̄cvis), instead of the origi-
nal asymptotic growth rate of compressible theory (vc∞), is adopted
as suggested by the above analysis on the instability growth at the
linear stage.

Figure 6 compares the MD results with the predictions of the
ZDG–Mik and ZDG–CP models. It is found that the ZDG–CP
model gives a relatively more accurate prediction than the ZDG–Mik
model even though both of them evidently underestimate the viscos-
ity effect. It should be mentioned that the present ZDG–CP model
has two inherent shortcomings, as pointed out by Mikaelian.43 First,
it is applicable only at short times t < tcp. Second, it cannot be used
for systems where the viscosity coefficient of fluid at one side of
the interface is zero or much smaller than that on the other side.
The dimensionless critical times for cases 1–6 are τcp = 10.5, 11.7,
12.9, 15.0, 16.7, and 16.9, respectively, and the time range consid-
ered in this work (τ < 3.0) is much shorter than the critical time. In
addition, moderate density and viscosity ratios are employed for the
present cases, which satisfies the application condition of the ZDG–
CP model. These reasonably explain the good performance of the
ZDG–CP model here. For systems with very large density and vis-
cosity ratios or instability growths suffering very long-term viscous
dissipation, the ZDG–Mik model would be more appropriate.

As has been stated, the ZDG–CP model underestimates the
viscous effect and, thus, one can improve the model by increas-
ing the prefactor b in Eq. (10). We find that a modified ZDG–CP
model employing b = 1.25 (called the m-ZDG–CP model) gives a
fairly good prediction of the MD results from early to late nonlin-
ear stages for all cases considered in this work, as shown in Fig. 7(a).
In addition, the growths of the individual amplitudes of the bubble
and spike are well predicted, as shown in Fig. 7(b). Furthermore,
as shown in Fig. 8(a), the perturbation growth rates of the MD
results are well reproduced by this improved model, which provides
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FIG. 6. Comparisons of the MD results
with the predictions of (a) the ZDG–Mik
model and (b) the ZDG–CP model for the
overall perturbation amplitude growth.
Symbols stand for the MD results and
lines for the model predictions.

FIG. 7. Comparisons between the sim-
ulations and the modified model pre-
dictions for (a) the overall perturbation
amplitude and (b) the amplitudes of the
bubble (αb) and the spike (αs). Symbols
stand for the MD results and lines for the
model predictions. The large scale case
denotes the modified case 5 for which
the perturbation wavelength is doubled.

a convincing validation of the model accuracy. Note that although
the present m-ZDG–CP model exhibits a good capacity in forecast-
ing the compressible nonlinear viscous RMI with a broad range of
Re and Ma, it has the same limitations as those of the original CP
model.42

In addition, we increase the flow Re by enlarging the character-
istic scale (i.e., perturbation wavelength) rather than by intensifying
the shock strength. Here, we take case 5 as an example, namely, the
initial wavelength of perturbation in case 5 is enlarged twice, cor-
responding to an increment of Re from 2139 to 4278. As shown
in Fig. 7, for the larger-scale case 5, the viscosity effect becomes

much weaker, leading to a delay of the growth saturation. The MD
results are also well forecasted by the modified model. The present
study suggests that for RMI flow with Re lower than 105 [calculated
based on Eq. (6)], viscous dissipation produces an evident suppres-
sion on the instability growth, which should be taken into account.
It should be stated that the Re in previous shock-tube experiments
(Table II), calculated based on Eq. (6) utilizing the corresponding
flow data, is much higher than the critical Re and, thus, the viscos-
ity effect can be negligible. This reasonably explains the considerable
accuracy of the original ZDG model in forecasting the macroscopic
RMI.

FIG. 8. (a) Comparisons between the MD
simulation (symbols) and the m-ZDG–
CP model prediction (lines) for the per-
turbation growth rate. (b) Comparison of
the DSMC simulation results by Gallis
et al.23 with the predictions of ZDG and
m-ZDG–CP models.
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To further demonstrate the model accuracy, the results of the
DSMC simulation for different shock strengths from Gallis et al.23

are compared against the predictions of the new model, as shown
in Fig. 8(b). As expected, the original ZDG model evidently overes-
timates the DSMC results, while the m-ZDG–CP model involving
appropriate viscous dissipation gives a fairly accurate forecast of the
instability growth, which makes the new model more convincing.
Note that the DSMC simulation has a larger spatial scale than the
present MD simulation and the Re increases slowly as the shock
Mach number increases from 1.5 to 6.0. This indicates that the vis-
cous damping effect changes slightly with intensifying the incident
shock, which reasonably explains the collapse of the DSMC results
for three cases. The m-ZDG–CP model also well reproduces such
a collapse. The present finding illustrates the significant role of the
viscosity effect in RMI flows at a small scale (low Re). We stress
again that the viscosity effect is a primary reason for the different
dependence of the perturbation growth on the shock intensity for
the present MD results. This is different from the Mach number scal-
ing laws for strong shocks reported by Zhang and Graham38 and
Samtaney and Meiron.48 The m-ZDG–CP and ZDG–Mik models
considering the compressibility, nonlinearity, and viscosity effects
would be useful for the further research on RMI.

There are a few experimental works on microscopic or high
Mach number RMI published before.12,13,49 It is found that there is
a significant difference between the previous experiments and the
present MD simulation for the initial settings. First, in those experi-
ments, the initial shock wave is produced by the laser irradiation on
the OMEGA or NOVA facility and, thus, the post-shock flow condi-
tion is different from the counterpart produced by a moving piston
adopted in this work. Second, in experiments, the RMI is examined
in a cylindrical geometry. As has been demonstrated recently,50 the
flow regimes of cylindrical RMI are much more complicated than
those of planar RMI due to the presence of geometric contraction
and Rayleigh–Taylor effect. Therefore, it is difficult to give a quan-
titative comparison between the present MD results and those of
experiments.

IV. CONCLUSIONS
The microscopic-scale RMI of a single-mode light/heavy

gaseous interface subjected to a planar shock is studied via the MD
approach. Physically realistic evolution processes involving the non-
equilibrium effects such as diffusion, dissipation, and thermal con-
duction are obtained for various shock strengths, which are crucial
for ICF application but cannot be studied via the traditional hydro-
dynamic method. Different dependence of the perturbation growth
on the shock intensity is observed. Specifically, amplitude growths
for cases 1–3 with lower shock Mach numbers (Ma = 1.9, 2.4, 2.9)
exhibit an evident discrepancy from a very early stage, whereas for
cases 4–6 with stronger shocks (Ma = 4.9, 9.0, 16.0), their amplitude
variations with time match quite well during the whole evolution
time. Such different behaviors are ascribed to the viscosity effect that
plays an essential role in the microscale RMI.

To characterize the viscosity effect, a new Reynolds number is
defined based on the characteristic quantities of RMI flow. The com-
pressible linear theory of Yang et al.41 accounting for the viscosity
dissipation provides a reasonable prediction of the linear growth
rate. It is found that the compressibility effect, which promotes

the linear growth for the present cases, can just offset the viscosity
effect, which inhibits the instability growth. As a result, the impul-
sive model of Richtmyer,1 which ignores both effects, can reasonably
forecast the linear growth.

Furthermore, a modified model of Zhang et al.10 accounting for
both the viscosity (Reynolds number) effect and the linear predic-
tion correction is proposed, which gives an excellent forecast of the
microscopic RMI from early to late nonlinear stages no matter if for
the whole perturbation amplitude or for the growth rate. This mod-
ified model is further validated by the DSMC results of Gallis et al.23

Note that the model is applicable only to the instability growth at
short times and to situations where the viscosity ratio is not very
large. The present finding provides deep insights into the RMI at
small scales and may be helpful for ICF capsule design.
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