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Summary

Extensive recent work has demonstrated that predictive under-resolved simulations of the velocity fields in turbulent flows are possible
without resorting to explicit subgrid models, when using a class of physics-capturing high-resolution finite-volume numerical algo-
rithms. This strategy is denoted implicit large eddy simulation (ILES, MILES). The performance of ILES in the substantially more
difficult problem of under-resolved material mixing driven by under-resolved velocity fields and initial conditions (ICs) is a focus of
the present work. Progress is presented in analyzing the effects of IC combined spectral content and thickness parametrizations.

BACKGROUND

In the large eddy simulation (LES) [1], the large energy containing structures are resolved, the smaller, presumably more
isotropic, structures are filtered out, and effects of subgrid scales (SGS) are modeled. ILES [3] effectively addresses
the seemingly insurmountable issues posed to LES by under-resolution, by relying on the use of SGS modeling and
filtering provided implicitly by a class of physics capturing numerics; extensive verification and validation in areas of
engineering, geophysics, and astrophysics has been reported [2]. In many areas of interest such as, inertial confinement
fusion, understanding the collapse of the outer cores of supernovas, and supersonic combustion engines, vorticity is
introduced at material interfaces by the impulsive loading of shock waves, and turbulence is generated via Richtmyer-
Meshkov instabilities (RMI). Given that ILES is based on locally-adaptive, non-oscillatory, finite-volume methods it
is naturally suited to emulate shock physics. The unique combination of shock and turbulence emulation capabilities
supports direct use of ILES as an effective simulation anzatz for RMI [3]. Here, we further test this approach using a
particular strategy based on a nominally-inviscid, Schmidt number ~ 1, simulation model that uses the LANL RAGE
code [4,5] to investigate planar RMI. Issues of initial material interface characterization and modeling difficulties, and
effects of IC resolved spectral content on transitional and late-time turbulent mixing were examined in our previous work
[6]. The focus here is to carry out a systematic analysis of effects of combined IC spectral content and thickness.

RESULTS

The planar shock-tube configuration investigated involves high (SF) and low density (air) gases, presumed ICs at the
material interface separating the gases, and eventual reshock off an end-wall (Fig. 1). The contact discontinuity between
air and S Fy is modeled as a jump in density using ideal gases with v = 1.4 and v = 1.076, respectively, with constant
pressure across the initial interface at rest. A shocked air region is created upstream satisfying the Rankine-Hugoniot
relations for a Mach 1.5 shock. The shock propagates in the (x streamwise) direction through the contact discontinuity
and reflects at the end of the simulation box on the right. Periodic BCs conditions are imposed in the transverse (y,z)
directions. RAGE solves the multi-material compressible conservation equations for mass density, momenta, total energy,
and partial mass densities, using a 2nd-order Godunov scheme, adaptive mesh refinement, a variety of numerical options
for gradient terms (limiters), and interface treatments (not used here); ); the Van Leer limiter option was chosen for the
present simulations.

A crucial issue when simulating turbulent flow instabilities such as considered here is that of modeling the insufficiently-
characterized ICs in the laboratory experiments. The inherent difficulties with the open problem of predictability of
material stirring and mixing by under-resolved numerically generated multi-scale turbulent velocity fields, are now com-
pounded with the inherent sensitivity of turbulent flows to ICs [6,7]. The surface displacement of the material interface in
the RMI experiments has been modeled combining well-defined perturbations in terms of a prescribed top-hat wavelength
range of modes, Apyin < A < Amag, involving random amplitudes and phases and a specified standard deviation [3].
Simulations were performed for a variety of grid resolutions and perturbations. To study the effect of ICs on the evolution
of RMI, the spectral content of the interface and the thickness of the interface have been varied. Figure 2 describes the
material interface parametrized in terms of the relevant quantity n = k.0, where k, = 2m/X,, and A, is a representative
(mean) wavelength in the particular range of wavelengths considered. The cases considered in this work are categorized
into two distinct — low and high 7 — categories with cases having correspondingly the same spectral content but different
thickness (left and right columns in Fig. 3, respectively). For cases with low 1, A, >> 6, single perturbation modes are
well separated and it is less likely that they will interact with each other; in these regimes, the modes grow in a ballistic
manner without interfering with each other. For cases with high 7, say, A\,/2 < 4, i.e. the size of the vortices formed at the
interface are of the order or less than the separation between them, and it is more likely that there will be mode coupling,
and transition to non-linear regimes. The border-line case is A, /2 ~ d or g ~ 7 .

The impact of this IC parametrization on material mixing has been investigated in detail; representative examples of our
results are exemplified below. Analysis of the simulation data is based on using an ensemble (cross-stream) averaging
operation, denoted by < f >= A~ [ f(y,z) dydz, where A = [dydz. Relevant quantities used are, ¥(z) =< YsF, >,
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Figure 2. Characteristics of the initial mmerial interface peturbation.
Figurs |. Schematic of the planar shockiube dorma.

16

3 D
2 B

_.
N
005;;‘-

M%evc--

5 Figure 4. Mixedness shifted and normalized with IC parameters.

Figure 3. Volume visumlization of ¥, ot time |~ 3000 ax after shock

M(z) = 4y(z)(1 — ¥(z)), where p is the mass density, psr, is the SFs mass-density, and Ysr, = psr,/p is the SFg
mass fraction; the integrated mixedness is defined by dprz = fM(x) dz [6]. The instantaneous volume visualizations
of the local mass fraction Ys, at the selected time = 3000 s shown in Fig. 3, suggest smaller-scale content and mixing
increasing with 7. Agreement with Richtmyer’s theory [8] (early time growth proportional to 7) is found for a very short
time after the material interface is shocked. Soon thereafter, the growth is found to be actually inversely proportional
to . The above analysis suggests that relevant RMI integral mixing may scale with suitable IC parametrizations. We
have addressed this possibility by plotting appropriately shifted and normalized mixedness measures vs. nxtime (Fig. 4).
Except for the highest » considered (n=5m), low 1 and high 7 results tend to correspondingly collapse into distinctly
different correlation groups, collapsing well with temporal behaviors ~ t! and ~ %5, respectively, suggesting transition
to non linearity above the threshold value  ~ m. Efforts made to scale other relevant flow quantities will be reported in
the presentation and final version of the paper. Turbulent flow characteristics and dynamics of the problem, and metrics
for transition to turbulence will be investigated in detail for cases with and without reshock; appropriate grid resolution
issues will be addressed in this context.
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