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ABSTRACT

The Richtmyer-Meshkov instability causes perturbations to grow after a shock traverses a fluid density interface. This increases the mixing
rate between fluid from either side of the interface. We use the Flash Eulerian hydrodynamic code to investigate alterations when a thin third
layer of intermediate density is placed along the interface, effectively creating two adjacent unstable interfaces. This is a common occurrence
in engineering applications where a thin barrier initially separates two materials. We find that the width of the mixing layer is similar or
slightly reduced; however, the total mass of mixed material can actually increase. The mixing layer becomes more compact and efficient.
However, the normalized mixed mass decreases, meaning that finger entrainment becomes more important than in the simple two-layer
case. The effect of adding the central layer appears to decrease when the Atwood number is decreased. The Flash results are also benchmarked

against two-layer experimental data from a shock tube at the University of Arizona.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0177419

I. INTRODUCTION

When a shock wave passes the interface of fluids of disparate den-
sities, mixing is induced via the Richtmyer-Meshkov instability
(RMI)."” In a process closely related to the classical Rayleigh-Taylor
instability in a gravitational field, the sudden acceleration imposed by
the shock generates vorticity on the interface. This vorticity, in turn,
causes any pre-existing perturbations to grow. If the perturbation
amplitude is much less than its wavelength, the amplitude grows line-
arly with time. Eventually, once the perturbation amplitude has grown
to be similar to its wavelength, the instability becomes nonlinear and
its growth rate decreases.” ° Simultaneously, the “fingers” of fluid
stretching from the interface into each fluid begin to grow asymmetri-
cally, with fingers of the denser material (known as spikes) obtaining
an amplitude a; that is greater than the amplitude a,, of the fingers of
less dense material (known as bubbles). The subscript s refers to spike
quantities, and the subscript b refers to bubble quantities.

If an incident shock passes from the lower density fluid (p;) to
the higher density fluid (p,), the RMI will cause perturbations to grow
from their initial shape. On the other hand, if the shock passes from
the higher density fluid to the lower, perturbations will first decrease to
zero before growing in the “negative” direction, such that the late time
perturbation has a 7 phase shift relative to the initial condition.”” In

the instability’s (early) linear stage, the growth velocities approximately
satisfy the relations

% = % = kagAAv, (1)
where k = 27/ is the perturbation wavenumber, A is the perturbation
wavelength, ag = a5(0) = a,(0) is the initial perturbation amplitude,
Av is the velocity impulse imparted by the shock, and A = (p, — p;)/
(py + py) is the Atwood number.

The effectiveness of RMI-induced material mixing is a key ques-
tion for many engineering applications, among them scram-jet
engines. This is because combustion relies on effective mixing of the
fuel with shocked air from the engine intake.”” In contrast, in nuclear
fusion experiments, such as those at the National Ignition Facility,
material mixing is a key degradation process that one seeks to
avoid.'”""” Indeed, the reduction of instability-induced mixing of con-
taminants into the fusion fuel was a key contributor to the recent
achievement of fusion ignition."”

The first objective of this work is to assess the accuracy of the
Flash hydrodynamics simulation code in reproducing experimental
RMI data from a gas shock tube at the University of Arizona."
Comparisons are made to a system exhibiting two-fluid RMI, as
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described above. Simulations are found to match well with the RMI
growth rate and shape of the fluid flow data well into the nonlinear
stage of instability growth.

One open question is how the presence of a thin third fluid layer,
sandwiched between the two main layers, affects the shock-induced
mixing. This is a question of relevance to several physics and engineer-
ing applications. Depending on the application, the density of this
intermediate layer may be higher, lower, or in between the densities of
the two main fluids. At one extreme, if the central layer is much thicker
than the perturbation wavelength, there will be little interaction
between the two interfaces and the problem reduces to two copies of
two-fluid mixing. If, however, the intermediate layer has a thickness
comparable to the perturbation wavelength, it will influence the
perturbation growth of both interfaces into the nonlinear stage.”” " In
this situation, the ultimate impact of the intermediate layer on the mix-
ing of the two main fluids is not obvious a priori. At sufficiently early
times, the presence of the thin central layer will prevent mixing
between the main fluids; at late times, the presence of two interfaces
may even act to increase the mixing rate.'” However, if the central
layer is of intermediate density, it will reduce the Atwood number at
each interface (relative to the two-fluid case) and will thus reduce the
mixing rate.'” The effect of the central layer is therefore not immedi-
ately obvious in the nonlinear stage and requires detailed numerical
investigation.

The RMI of a single interface has been extensively investigated in
experiments.”’ >> The RMI instability of two interfaces has been
recently investigated by Liang et al.”” " Their experiments and simula-
tions used a central intermediate density gas layer between two per-
turbed interfaces. Even in the linear stage, there were interesting
modifications to the RMI. For example, in one case, the usual pertur-
bation phase reversal for a heavy to light gas interface was not
observed. To investigate the effect of two interfaces on the chaotic fluid
mixing stage, our simulations in this work continue to much later
times than those of Liang et al.”*”” Due to the lower effective Atwood
number, we find that the perturbation growth is similar or reduced rel-
ative to the case of a single interface, while the total mixed mass often
increases.

After benchmarking the Flash code against existing two-fluid
experimental data in Sec. II, we then apply it to investigate the role of a
third intermediate-density layer on shock-induced mixing in Sec. I11.

Il. FLASH CODE VALIDATION FOR
RICHTMYER-MESHKOV FLOWS

The work of Morgan et al.' established an experimental data set
for low Mach number, two-dimensional, single-mode RMI growth
well into the nonlinear stage, using an apparatus developed based
upon that of an earlier study by Jacobs and Krivets.”” In it, the RMI
occurs in a shock tube filled with layers of ambient gases selected from
helium (He), air (78% nitrogen, 21% oxygen, 1% other gases), carbon
dioxide (CO,), and sulfur hexaflouride (SF). At a ambient shock tube
pressure of 0.93 Bar, the gas densities were 0.155, 1.14, 1.72, and
5.02 mg/cm®, respectively. Their equation of state is modeled as ideal
and polytropic, with adiabatic indices 1.666, 1.4, 1.3, and 1.095, respec-
tively. Given the different densities of these gases at ambient condi-
tions, the interface between the layers was observed to be RMI
unstable after the passage of a Mach 1.2 shock toward the denser side.
A well-characterized repeatable initial perturbation was induced on
the interface via shaking the shock tube. Diagnostics including high-
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speed cameras took snapshots of the gas mass fractions and vorticity
fields at late times.

The air to sulfur hexaflouride experimental results of Morgan
et al’s study were in moderately good quantitative agreement with
fluid simulations using the Miranda and Ares codes."” Minor differ-
ences arose from late-time interfacial accelerations due to fluid bound-
ary layers in the experiment. We now compare the experimental
results with simulations using a third numerical code called Flash, an
Eulerian multi-physics hydrodynamics code’ with adaptive grid
refinement. We adopt two-dimensional Cartesian coordinates to solve
the Euler equations (i.e., zero viscosity, diffusivity, and conductivity),
using the HLLC Riemann solver and third-order interpolation. The
domain size was 8.9 x 267 cm®,

The simulation was initialized with a two-fluid system (air and
SE¢) with a perturbed interface in a shock tube, similar to the experi-
mental design of Morgan et al."* The air mole fraction profile was ini-
tialized to vary smoothly across the interface,

1 1 _|y—yo— agcos(kx)
Xi(xy) =5 +erf : , @
with the SF¢ mole fraction profile X, = 1 — X. In these expressions, y
is the coordinate perpendicular to the interface, x is the coordinate
along the interface, yp = 0 cm is the average initial interfacial posi-
tion, ap =0.2 cm is the initial perturbation amplitude, and
L =0.20 cm is the transition lengthscale measured on the experimental
apparatus.”’ The corresponding mass density profile was p(x, y)
= X1p; + X2p,, with species mass fractions Y;(x,y) = X;p,/p and
Y,(x, y) = Xap,/p. The air had mass density p, = 1.14 mg/cm’ and
the SFs had mass density p, = 5.02 mg/cm’, giving a pre-shock
Atwood number of 0.63.

The simulated evolution is then given by

%+V.(py}u) =0, ©)
%—i—u-Vu:—%, 4
O V(U ] =0, )
U_%p|u|z+vl’1, ©)

where u is the fluid velocity, p is the scalar pressure, and U is the total
fluid energy density. The local adiabatic index y(¢, x, y) is calculated
locally from the species mass fractions in the mixture and the adiabatic
indices 7; for each species.

Domain boundaries in x were reflecting, while the upper y
boundary at y = 87 cm had a fluid inflow/outflow condition and the
lower y boundary at y = —180 cm had a reflecting condition. Cell
sizes varied adaptively between 0.014 and 0.9 cm, depending on the
density variation. The grid for the simulation grew to contain over
600 000 cells. In keeping with the experimental setup (the case with 2.5
wavelengths across the shock tube), the perturbation wavelength was
set to A = 3.56 cm, with amplitude ay = 0.2 cm. The air species used
adiabatic index 1.4 and the SFs species used adiabatic index 1.095. A
shock was initialized by varying the density, pressure, and vertical
velocity of the air above y, =15 cm in accordance with the
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Rankine-Hugoniot conditions for shock Mach number 1.2 and adia-
batic index 1.4. The simulation was performed for a duration of 15 ms.

Figure 1 compares the simulated mass fraction evolution to
experimental observations'” in 1.5ms increments. Overall, the com-
parison is favorable, most notably in the timing of (1) the emergence
of mushroom cap vortices, and (2) the mushroom cap’s detachment
from the spike. Features such as the round shape of the mushroom cap
and the fine ripples at its extremities are also consistent. The interfacial
velocity Av ~ 69.5 m/s is within the quoted experimental range
(65.92 —70.45 m/s),"" and the initial growth rate ao ~ 7.9 m/s is
also within the quoted experimental range (6.3 — 7.9 m/s). There are
some boundary effects in the experiment that cause quite a different
evolution of the left-most spike attached to the wall. Nevertheless, the
height and shape evolution of the central spike and its mushroom cap
is quite similar to that in the experiment.

A key distinction must be made between the entrainment of fluid
fingers and the atomic-level material mixing. Although RMI and RTI
cause penetration of fluid fingers through the interface, it is only
microscopic diffusion processes that cause the materials to mix.””
Nevertheless, the growing fluid fingers can increase the mixing rate by
increasing the surface area of the interface, especially in the nonlinear
stage of the instability. In the simulations presented here, diffusion
occurs through numerical cell-level processes, rather than an explicit
physical model.

The most common measure of entrainment and mixing is given
by the width of the mixing layer. One definition uses the highest posi-
tion where all cells at that height have Y, > 0.5, and the highest posi-
tion where any cell at that height has Y, > 0.5. The mixed width W(#)
is the distance between these two positions, and the amplitude a(f) is
typically taken as half of the mixed width.

Figure 2 shows both the absolute (a) and scaled (b) amplitude
growth vs time. In order to establish a direct comparison with the
experimental results of Fig. 8 in Ref. 14, the axes of (b) have been nor-
malized using k and the initial growth velocity ap ~ 7.9 ms™, as
taken from the simulations. As a test of grid independence, solid curves
show the Flash results for various minimum cell sizes. Although the
differences are slight, the better-resolved simulations are a closer match
to results of the Miranda simulation documented in Ref. 14. The differ-
ences between the two Flash simulations with highest resolution are
minor, meaning that the results are well converged with use of a grid
resolution of 0.14 mm.

Early on, the simulated curves follow a trajectory close to that of
the experimental data, the Miranda simulation and the Ares simula-
tion. At late times, the experiment had acceleration that caused addi-
tional perturbation growth beyond the trajectory in the simulations.
The additional acceleration is caused by the interaction of the flow
with the shock tube walls, which creates boundary layers and mass flux
across the contact discontinuity. The presence of acceleration was con-
firmed with isolated experiments in the shock tube.'” The Ares numer-
ical simulations used a no-slip boundary condition,"* as opposed to
the periodic or reflecting transverse domain boundaries in the present
study and the Miranda simulation. This is why the Ares results had
closer agreement with the experiment.

Having assessed the mixed width and amplitude, it will also be
helpful to consider the convergence of an alternative method for quan-
tifying fluid mixing, namely atomic mix. In particular, the degree of
local two-species mixing can be quantified’” via the mixed density,
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FIG. 1. Evolution of the SFg species mass fraction (darker regions) in the two-
dimensional Flash simulation for air-SFs. The panels are shown at times (a) 0, (b)
1.5, (c) 3, (d) 4.5, (e) 6, (f) 7.5, (9) 9, and (h) 10.5ms. A moving portion of the full
domain is shown. The corresponding images on the right are experimental Mie scat-
tering snapshots on the same scale at the equivalent times."* Note that the simula-
tion data have been translated vertically so that the interfaces line up with those
from the experiment. The reshock has not yet occurred in this figure.
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FIG. 2. Evolution of the perturbation amplitude (a = W/2) in the two-dimensional Flash simulation for air-SFg shown in Fig. 1. Results are shown for several simulations with
different minimum cell sizes in the adaptive numerical grid. In panel (b), for a direct comparison to Fig. 8 in Ref. 14, the axes have been normalized using k= 1.765cm~" and
the initial perturbation growth velocity 8, = 790 cm/s. Squares indicate the experimental trajectory from Ref. 14 (shown in Fig. 1) and circles indicate the simulations in Ref. 14
using the Miranda and Ares codes. Panel (c) shows the mixed mass evolution for the three simulations with different minimal cell sizes.

P1, = 4pY1Y,, where Y; is the ith species mass fraction and p;, = p
(ie, Y; = Y, = 1/2) corresponds to a fully mixed region. The mixed
mass, M, = f p12dV, can be shown to be nondecreasing in time,””
and can only increase due to inter-species diffusion. As such, M, is
sensitive only to the amount of atomic mixing, and not to entrainment
of fluid fingers. This gives it an advantage over the mixed width, which
is sensitive to both atomic mixing and finger entrainment.

Figure 2(c) shows the mixed mass from the three simulations at
different resolutions. Use of finer grid resolution decreases the mixed
mass at later times. This is because the inter-species diffusion in the
simulations occurs only due to numerical diffusion processes, which
are sensitive to grid cell size. There is no explicit model of inter-species
diffusion in these implicit large eddy simulations (ILES).” The artifi-
cial nature of small-scale diffusion processes is a drawback of the ILES
approach, and it is unlikely to show grid convergence. Nevertheless,
the differences in mixed mass for the two most-resolved simulations
are minimal at late times. This acts as a verification that the simula-
tions at the 0.14mm resolution give sensible results for the mixed
mass. As the amplitude in Fig. 2(a) is a metric dependent on large-
scale features and the mixed mass in Fig. 2(c) is a metric integrating
the mixing in small-scale features, these metrics give an independent
validation of the numerical convergence at small and large scales.

lll. THREE-LAYER MIXING
A. High Atwood number simulations

Having benchmarked the Flash code for two-layer RMI growth
in a gas shock tube, we now proceed to investigate the three-layer case.
Several three-fluid simulations were performed, using various combi-
nations of the same four gases employed in the two-fluid simulations
described above: He, air, CO,, and SF¢. The gases were initialized to a
pressure of 0.93 Bar.

The first case considered is helium-air-SFq. A two-fluid control
simulation was performed using He and SFg, with a shock of Mach
number of 1.1 initialized in helium. The interface at yp =0 cm was
perturbed via the mole fraction profile of Eq. (2), with 1 = 3.56,
ap=0.5, and L =0.46 cm. Simulations were performed for a

duration of 15ms. In a separate three-layer simulation with
helium-air-SFg, an intermediate layer of air with a thickness of 3 cm
(on the order of the wavelength) was included, with the He/air
interface located at yy = 3 cm and with L = 0.63 cm. The perturbation
was imposed only on the lower of the two interfaces. The x domain
boundaries were at x =0 and x=7.12 cm, with a periodic
boundary condition, and the y boundaries were at y = —110 and
y= 68 cm. The numerical algorithms and resolution were the same
as quoted in Sec. II.

Figure 3 shows the density evolution in the pair of simulations
described above, with the top set of panels corresponding to the two-
fluid case, while the bottom panels include the intermediate air layer,
visible between y = 0 and y = 3 cm. The shock transit occurs early
in the simulation, around 0.1 ms, which induces a shock-compression
of the SFs. The perturbation grows quickly in both cases and reaches
the deep nonlinear regime by the time the simulation is stopped. After
2ms, the spike develops a mushroom cap through the action of the
Kelvin-Helmholtz instability.}4 In both cases, the spike is transversely
much thinner than the bubble. Vortices are shed from the spike tips,
and fluid is mixed in small-scale structures. By the final panel
(t=14ms), the initial 2 = 3.56 cm perturbation is barely discernible
and the RMI has entered the chaotic mixing stage.” One important
complication is the shock’s reflection from the bottom of the domain,
after which it travels upward, eventually transiting the interfaces a sec-
ond time in the opposite direction. In the final two panels, this reshock
compresses the mixing layer and significantly alters the fine scale flow
structures.”” "’ The reshock occurs at £ ~ 11 ms.

A further aspect that alters the RMI from the classical treatment
is the nonzero initial transition width L, which causes a diffuse bound-
ary between the materials. This will decrease the density gradient at
the interfaces and thus decrease the baroclinic vorticity generation
A(V x u)/dt = Vp x Vp/p?, which is proportional to the density
gradient as the shock transits. It is known that this decreases the RMI
growth, at least in the linear stage.”' The diffuse transition widths in
our simulations were chosen based on the experimental measurements
for each gas combination.”’
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FIG. 3. Density evolution from two-dimensional Flash simulations of He-air-SFg. Upper panels show the control two-fluid simulation (no central air layer), while lower panels
show the simulation with a 3 cm air layer. Panels are separated by 2 ms along each row. The main shock transits downward after the first panel, and the reflected shock transits

upward at { = 11 ms, before the second-to-last panel.

The initial evolution of the three-layer system is typical of lower
Atwood number RMI. This is because the SFg¢—air interface has
A =0.63, lower than the SFs-He interface with A = 0.94. Growth ini-
tially occurs only at the lower interface, and the mushroom caps are
more pronounced than in the control case. The spike tip breaks
through to the upper interface at t ~ 2 ms. At this point, mixing
between helium and SF4 begins. At all times, the mixed width is visibly
smaller than in the control case.

Realistic perturbations in applications of interest are unlikely to
be localized to just one of the two interfaces. Manufacturing defects or
material grains will perturb the upper and lower interfaces. For exam-
ple, a key perturbation in inertial confinement fusion is the fill tube, a
micrometer-sized tube used to fill the target capsule with hydrogen
fuel.*” Figure 4 shows two further simulations in which both interfaces
were perturbed with amplitude ay = 0.5 cm and wavelength 4 =
3.56 cm. The relative phase of the perturbations makes a significant

10

y (cm)

y (cm)

0 3 6 0 3 6 0 3 6 0 3 6 0
X (cm)

x (cm) x (cm) x (cm)

3

X (cm)

difference to the fluids’ late-time evolution. When the perturbations
are in-phase, the lower spike collides with the rear of the upper spike.
This causes the upper spike to become detached after 2 ms, after which
it merges with the lower spike. In the antiphase case, the upper spikes
remain separated. Sensitivity to the phase of adjacent perturbations
has previously been reported in numerical work.”” Another interesting
feature is the small low-density vortices that propagate downward into
the SFe. This behavior has been observed previously in
simulations. "’

Eventually, given a sufficiently high Reynolds number and simu-
lation time, the fluid fingers may become turbulent across a broad
range of length scales."*"” This cascade of turbulent kinetic energy to
small scales can rapidly increase material mixing.

Figure 5 shows the positions of the 99% and 1% mass fraction
contours for Helium and SFg as functions of time. These are defined as
the positions where (Y;) =0.99, (Y;) =0.01, (Y2) = 0.99, and

N w &
Density (mg/cc)

-

6 0 3 6 0 3 6 0 3 6

x (cm) x (cm) x (cm)

FIG. 4. Density evolution from two-dimensional Flash simulations of He-air-SFg. Upper panels correspond to a 3 cm central air layer and both interfaces perturbed, while lower
panels correspond to both interfaces perturbed in antiphase. Panels are separated by 2 ms along each row. The main shock transits downward after the first panel, and the

reflected shock transits upward at t = 11 ms, before the second-to-last panel.
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FIG. 5. Positions of the 99% species mass fractions in the two-dimensional Flash simulations shown in Figs. 3 and 4. Panels correspond to (a) the control case with no central
air layer, (b) 3cm air layer and perturbation only on the lower interface, (c) both interfaces perturbed in phase, and (d) both interfaces perturbed in antiphase. The upward

reshock occurs at t = 11 ms.

(Y2) = 0.01, where angled brackets indicate the transverse mean. The
sudden acceleration imposed by the reshock is visible at # >~ 11 ms.
Panel (a) shows the control case, which quickly develops a mixing layer
with growth that slows over time. Note that the initial gap between the
lines at =0 is due to the initial 0.5 cm amplitude perturbation and the
initial transition lengthscale L. In the three-layer case, shown in Fig. 5
(b), mixed layer growth is initially restricted to the lower interface
(dashed lines), as only that interface was perturbed. After around 2 ms,
however, the SF4 perturbs the upper interface as well. This induces
growth of the gap between the He 1% and 99% positions (solid lines).
At late times, a complex mixing layer develops and the mixed width is
similar, whether it is measured by helium or SFs. However, this is not
true in the antiphase perturbation case. Here, the spike of air escapes
from the main mixing layer and remains separate until the reshock
arrives.

It is evident in Fig. 5 that the presence of an intermediate layer
reduces the rate of spike growth, flattening the curves. The bubble
growth is similar to the control case. This suggests that the addition of
an intermediate layer preferentially affects the spikes, consistent with
the interpretation of a lower effective Atwood number, as bubble-spike
asymmetry typically increases with the Atwood number.”
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Figure 6(a) shows the mixed widths—defined as the distance
between the 99% He mass fraction position and the 99% SFq mass
fraction position—as functions of time. In the three-layer case, this def-
inition implies an initial value of kW ~ 9, arising from the 3 cm air
layer thickness, the initial perturbation amplitude, and the diffuse mass
fraction transition. The time axis has been normalized using the initial
growth of the control case. The simulations in Fig. 3 are reflected in
the blue and orange lines. It is evident that the presence of a central air
layer reduces perturbation and mixed width growth. Even once the
perturbation breaks through into the helium region (after kaot = 10),
its growth is lower than that of the control simulation (blue), an effect
that may be attributed to the reduced Atwood numbers. Similarly, the
reduced RMI can be viewed as arising from the fact that the intermedi-
ate density layer creates a density gradient perpendicular to the inter-
face. The situation is then similar to the known suppression of RMI
with a smooth density transition.”’ The strong initial mixed width
growth can be partly recovered if both interfaces are perturbed at =0
(green line). As expected, the mixed width’s early evolution is indepen-
dent of the relative phase of the interfacial perturbations. The reshock
at kaot = 28 compresses the mixing layer, before it rapidly expands at
an even faster pace. This evolution of W is similar to that of previous
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FIG. 6. Analysis of the two-dimensional Flash simulations for He—air-SFg shown in Figs. 3 and 4. (a) The mixed width, defined as the distance between the 99% He and 99%
SFe mass fraction positions. Curves show the control case with no central air layer, the case with a 3 cm air layer and perturbation only on the lower interface, the case with
both interfaces perturbed and the case with both interfaces perturbed in antiphase. (b) The mixed mass between the two outer layers of He and SF. (c) The total mixed mass,
which is the sum of the mixed masses between each of the three pairs of species. (d) The normalized total mixed mass, which gives an indication of the transverse homogeneity

of the mixing layer.
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experimental and simulation data.”” °® Afterward, the mixed widths
are similar for each case.”

When more than two material species are present, several mixed
densities can be defined: two-species mixed densities, p; = 4pY;Y},
and their corresponding mixed masses, M;; = J pijdV. Thus, in the
three-layer system, we have M,, M3, and M,3. We can further define
the sum of the two-material mixed densities, p,o; = P12 + P13 + Pa3>
and the total mixed mass M, = My, + M;3 + My3. The total mixed
mass provides a means for quantifying the total amount of fluid mix-
ing as it is the sum of nondecreasing quantities, and is therefore itself a
nondecreasing quantity.

Figure 6 shows the He-SF4 mixed mass (M,,) and the total mixed
mass My as functions of time. Due to the nonzero initial transition
width L, the two-fluid control case has nonzero initial M,; the three-
layer cases, however, initially have separation between the He and SFs,
leading to M;, =~ 0. The curves for M, possess similar qualitative fea-
tures as the mixed widths. The central air layer decreases the interac-
tion between the He and SF¢ layers, and the He-SF4 mixed mass is
negligible until kayt ~ 8, when the perturbation breaks through. The
increased mixing rate caused by the reshock is also visible. Some
insight into the total amount of mixing can be obtained by considering
the total mixed mass, which provides a much more even picture—until
late times there is little difference in the amount of total mixing in the
four cases. However, in the chaotic mixing stage and reshock stage, the
three-layer cases have a higher total mixed mass. Interestingly, despite
all cases having similar mixed width after the reshock, the three-layer
cases produce a much larger total mixed mass. This suggests that the
three-layer case produces a more efficient mixing layer than the two-
layer control case. Another notable point is that the mixed masses in
the three-layer cases are more sensitive to the reshock.

A final quantity of interest is the normalized mixed mass,””

Wy jp(Yl Yz + Y1Y3 + Y2Y3) av (7)
Jo)((Y1)(Y2) + (Y1)(Y3) + (Y2)(Y3)) dV

This quantity is normalized to lie between zero and one. Its mag-

nitude gives an idea of the transverse homogeneity of the mixing layer.

After all, ¥ =1 only when p = (p), Y; = (Y;), Y, = (Y3), and

y (cm)
o

y (cm)
o

0 3 6 0 3 6 0 3 6 0O 3 6 0
x (cm) x (cm) x (cm) x (cm) x (cm)

3

ARTICLE pubs.aip.org/aip/pof

Y; = (Y3). In other words, there is no dependence of any quantity on
the transverse x coordinate. The upper limit ¥ = 1 indicates that the
layer consists of atomically mixed mass, and the lower limit ¥ =0
indicates interlocking fingers of separate species. The development of
¥ is in keeping with that found in previous work on two-layer RML*
Its initial value is nonzero due to the finite-width diffuse material tran-
sition. After the shock transit, the value rapidly drops as the bubbles
and spikes penetrate through the interface. At later times, small-scale
structures create atomic mixing and mixed mass, and so P’ recovers to
a larger value ~ 0.7. It is interesting to note that the control case has
the largest normalized mixed mass before the reshock, despite having
the smallest absolute mixed mass of the four cases. This means that in
the three-layer cases, the added interface increases the actual amount
of mixed mass, but decreases the importance of the mixed mass rela-
tive to the spike and bubble entrainment. The case with double pertur-
bations is exceptionally well affected, agreeing with the simple
intuition that finger entrainment is relatively more important when
there are more perturbations for the fingers to grow from.

Finally, after the reshock, all cases have a similar value of
W ~ 0.8. This is because the reshock merges the two separate mixing
layers into one, and a single well-advanced layer was previously found
to asymptote at ¥ =~ 0.7 — 0.8.”

B. Low Atwood number simulations

We now turn to consider the problem of three-layer fluid mixing
at a lower Atwood number. Figures 7 and 8 show simulations with the
same setup, except the He-air-SFg layers have been replaced with
air-CO,-SF; layers. The transition scale length was L = 0.2 cm. The
dimensions, shock Mach number, and other initialization parameters
were identical to those of the simulations represented in Fig. 3. In
agreement with the previous cases, the addition of the central layer at
intermediate density slightly stalls the RMI development. Some bubble
acceleration is visible just before the reshock in the control case.

Figure 9 shows the bubble and spike positions for the four cases
described above. In the control case, the bubble acceleration begins at
around t = 10 ms, leading to a much faster growth in the mixed
width. The bubble acceleration is much smaller in the other cases,

o ~ ®

v

Density (mg/cc)

6 0 3 6 0 3 6 0 3 6

x (cm) x (cm) x (cm)

FIG. 7. Density evolution from the two-dimensional Flash simulations for air~CO,~SFg. Lower (upper) panels show the simulation with (without) a central 3cm CO, layer.
Panels are separated by 2 ms along each row. The approaching reshock is visible at t = 12ms. Only a portion of the full domain is shown.
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FIG. 8. Density evolution from two-dimensional Flash simulations for air~-CO,—~SFs. Upper panels show the simulation with both interfaces perturbed, and lower panels show
the simulation with both interfaces perturbed in antiphase. Panels are separated by 2 ms along each row. The approaching reshock is visible at t = 12 ms.
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FIG. 10. Analysis of the two-dimensional Flash simulations for air—-CO,~SFg shown in Figs. 7 and 8. (a) The mixed width measured using the distance between the 99% air
and 99% SFg mass fraction positions. Curves show the control case with no central CO, layer, the case with a 3 cm CO, layer and perturbation only on the lower interface, the
case with both interfaces perturbed, and the case with both interfaces perturbed in antiphase. (b) The mixed mass between the two outer layers of air and SFe. (c) The total
mixed mass, which is the sum of the mixed masses between each of the three pairs of species. (d) The normalized total mixed mass, which gives an indication of the trans-
verse homogeneity of the mixing layer.

Phys. Fluids 36, 014120 (2024); doi: 10.1063/5.0177419

Published under an exclusive license by AIP Publishing

36, 014120-8

02:,5'61 ¥20z Aenuged G|


pubs.aip.org/aip/phf

Physics of Fluids

suggesting that the central layer suppresses or delays the bubble accel-
eration. In agreement with Fig. 5, the bubbles and spikes for each spe-
cies begin to merge at late times, leaving only a single discernible
mixing layer. Again, the antiphase case creates a spike of the central
layer that remains detached until the reshock transits at t = 12 ms.

Figure 10(a) shows the mixed widths for the cases described
above. Adding the central layer slightly reduces the mixed width
just before the reshock. Adding the dual perturbation causes an
increase. This is in agreement with the He-air-SF¢ simulations dis-
cussed previously. The antiphase perturbation has a much lower
mixed width after the reshock. The effect of the central layer on the
mixed width is less pronounced than for the high Atwood number
simulations, and all four cases have a similar mixed width at the
time the reshock arrives.

The mixed masses are shown in Figs. 10(b) and 10(c). As
observed at a high Atwood number, the central layer greatly reduces
the mixed mass M;, growth. The reshock causes a sudden increase in
the mixed mass growth rate, and the in-phase perturbation case has
the highest total mixed mass. In contrast to Fig. 6, the total mixed
masses are fairly similar for each case. This shows that the effects of
adding a third layer are more pronounced at a higher Atwood
number.

The normalized mixed masses are shown in Fig. 10(d). Again, the
three-layer cases have a decreased value of W during the nonlinear
stage, indicating that entrainment becomes more important relative to
the atomic mixing. In this lower Atwood gas configuration, the layers
do not evolve into the homogenous asymptotic mixing state until the
reshock rapidly increases the mixed mass and the normalized mixed
mass. Again, 'V reaches a limiting value of ¥ ~ 0.7 — 0.8.

To further explore the dependence of the mixed width and mix-
ing efficiency, Fig. 11 shows the transverse average of the total mixed
density p,op = 4p(Y1Y2 4+ Y1Y3 + Y,Y3). The three-layer high
Atwood number case in panel (a) has significantly higher mixed den-
sity across a broad region, and the overall mixed width is less than the
two-layer case. There is less of a difference for the low A cases in panel
(b). This analysis was repeated for data at t = 15 ms, well after the
reshock for all simulations. The high Atwood number case in panel (c)
again has a much greater mixed density across a broad region, when
compared with the two-layer control case. However, in contrast to the
pre-reshock layer in panel (a), the mixed width is now comparable
between the two- and three-layer cases. For the lower Atwood number
simulations shown in panel (d), there is little change in mixing
between the two- and three-layer cases.

IV. CONCLUSION

In conclusion, RMI in a high Atwood number three-layer system
produces a more compact and efficient mixing layer than in a two-
layer system. At lower Atwood numbers, the effect of the third layer is
minimal. The simulations presented here indicate that overall mixing,
as measured by the total mixed mass, is largely unaffected by the pres-
ence of an intermediate layer and may even slightly increase. The total
mixed mass is dominated by material that is closest to the perturbed
interfaces. The presence of a central intermediate layer initially blocks
the mixing between the two layers on either side of it.

The mixed width growth is reduced by the central layer. This
reduction can be mitigated if both initial interfaces are perturbed.
If the two perturbations are in antiphase, dense spikes composed of
the central gas can escape the mixing region. In agreement with
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FIG. 11. Transverse average of the total mixed density. Panels (a) and (b) show the
high and low Atwood number cases at kagt = 10, with well-developed RMI before
the reshock. Panels (c) and (d) show the high and low Atwood number cases at the
end of the simulations at t = 15ms, after the reshock. Red lines show the control
two-layer simulation, and blue lines show the three-layer simulation with perturba-
tion only on the lower interface.

prior simulations, a second shock transiting the interface, when it
is already in the nonlinear stage, promotes the growth of fine scale
structures and increases the mixed width and mixed mass growth
rates.
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