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We have recently been applying & poweful computational toal, direct numerical
aimulation (DNS), to svaluate the stability cf lmploding inertial confinement fusion
(TOF) capeules deslgned for the Nationa! Ignition Facility. In DNS, we explicitly
calculate ihe svolution of rvalistic surface perturbations far lnto thelr nanlinear
regimes, using a 2D Lagrangian radiation-hydrodymsmics code. Because the mesh
may bacomwe grestly distarted during the calculation, requirtng frequant applicstion
of an autowatic rezoner, and hacatwe we use a 3D coda to repressnt 3D perturbe
tions whoae nanlinear behavior s shape-dspendent, wa have bewn vedking to asvess
the accurecy of DNS in ss many regimes as possible. For Lhis purposc, we have
conductsd cxperimantal campaigne to cherve the instabllity of vadiatively drives
Imploding cylinders, deutavetal-shell spharical capsules, and radistively aceela:
ated Bat folls perturbed on the unhested sarface (“fosdeut” enpesimants). We
have compared DNS calculations to data from these experiments, and (o theo-
retical predictions for incompressilie Raylelgh-Taylor lnstability, with eatlsfactory
agreancnt. Thus we are gradually accumulating confidenon In Lo validity of DNS
wa applied L0 ICF.

1 Introduction

Large-memory vector-processor compulers have s recent years mads it prac.
tical to compute the evolulion of nwllimnode perlurbations io inortial confiue-
ment fusion (ICF) capsule implosions throughout the duration of the implo-
sion. Flexible sutornatic rezoning tochniques ! Lave enabled the use of 2D
Lagrangian radiation-bydrodynamics codes such as LASNEX ? for this pur-
pose. A typical multitmode surfuce-displacenent perturbation, for example,
can be followed computationslly as It passes from au initla} linear stage to
au exteemely uonlinear Inte stuge, characterived by mode interactions, strong
vorticity, and u large depurture of the flow fleld froan ils unparturbed state,
We weo the termn divect nwunerical stranlation {DNS) to denote the process of
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calenlating the implosion of capsules and the development of such multimode
nonlinear perturbations. ¢

Many DNS calculations have been performed 34 (o evaluate the stability
of capsules designed for the National Ignition Facility (NIF)® and similar fa-
cilities. DNS has allowed us to: set quantitative limits on the roughness of
shall susfuces that in permissible if NIF capaules are to ignite; determine that
capsules with expected levels of surface roughness are more sensitive to radia-
tion drive time variations than are idealized 1D capsules; compare the relstive
bydrodynamic stability of shells with different ablator materials; and demon-
strate the coupling of radiation drive asymmetry with surfuce perturbations.

Becauss of our increasing reliance on DNS for assessing the stability of NIF
capsules, it is crucial that we bave confidence in its accuracy. * We must try to
validate DNS in a5 many regimes as poasible, by comparing the results of DNS
to experimental data and exact theoretical solutions, to identify the regimen
of validity of the technique. In this article we shall describe briefly several
ongoing efforts to carry out such validation, and describe some improvements
to the computational technique of DNS.

2 Experimontal Comparisons

&1 Deuterated-shell implosions

An oxtensive series of experimenin has been conducted over several years
at Lawrence Livermore National Laboratory’s Nova laset, to investigate the
growth of perturbations in rpsule implosions®” In the most recent exper-
iments, hundreds of small pits are deliberately introduced into the ablator
susface of the capsule during the fabrication process, ss s controlled initlal
perturbation whase subsequent evolution may be diagnosed. We huve recently
applied DNS to the modeling of ane class of perturbed-shlator experinients,

“In the fluld mechonlcs conamunlty, DNS refers strictly Lo calculations in which the viscous
disslpation scale is revolvad, Calculations which do not reselve much a small scale, but
inslead empley a modal of the small-scale flow halow the grid resolwtion, are called large
eddy simulations (LES). Qur calculatione more wearly rescmdble LES calculations, but use
an artlfcial viscosily instead of & subgrid turbulence model, We prefer (4 aveld (hena flue
dhlindl'o:-hdnwuldlm’.nldmmm "DNS" in a locss stiise t0 apply to our
shiyulations.

¢ Accinacy may La comprusleed by, for example, tha severs distortion of the Lagrengion
meah for bmplosions with relatively large bnltial parturbations. Typlcally it ls mecessary in
such situatiom o puform frequent resouing of physical quantites (o » wore peadly orthoge:
nal menli. Futthesinore, aconacy ey Le compromlsed by the fact that real portusbations are
¥-dimensjonal, wherena in our calculations we st (80 (ar) 18prenent (ier s 2-dinensional,
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in which e capsule contains hydrogen gas instead of deutarium gav, and a
deuterated polystyrene (CD) shell instead of the ususl polystyrene® Thus in
these implosions the fugion processes occur in the compressed CD shell rather
than in the gaseous core, permitting an asscssment of thermodynamic pro-
cesses ccupling the core and the shell. DNS bas been successful in accounting
for the obeerved variation of peutron yield with imposed surface roughness,
including the relativaly sudden fall-off in yield dus to shell breskup, when the
surface roughness exceeds 0.5 um RMS. Tho obeerved width of the neutron
spectrum is also explained by Doppler broadening resulting from bulk mo-
tion of falling Rayleigh-Taylor (RT) “spikes” of deuterated polystyrene, with
velocity of ordes 107 cm/s, during bura.

2.2 Perturbed cylindrical implosions; “fecdoui” experimont

Two other experiment campaigns of particular value for DNS validatios are
the cylindrical im.¢ losion experiments *:'% and the “feedout” experiments be-
ing performed at Nova. In the former, a cylindrical shell ablator compased of
polystyrene and monobromostyrene is fabricated with a single-mode azimuthal
surface perturbation (typically m=10 or m=14). Tho growth of the perturba-
tion during the x-ray-driven implosion of the cylinder is inaged with an x-ray
backlighter. Images of the perturbation have been compared diroctly with the
predictions of DNS, with satisfuctoty agreement.

The feedout experiment addresses the seeding of ablative Rayleigh-Taylor
(ART) instability at the ablation surface of a planar foil by & perturbation
initially present on the cold side of the foil, This process is analogous to the
seeding of ART by perturbations on the DT ice surface in NIF capsules. In
both casea, Richtinyer-Meshkov (RM) instability occurs whea a shock traverses
the perturbed surface, and the subsequent RM flow fleld casries & pertusbation
of all physical variables back to the ablation surface, where the pusturbation
may be rapidly amplified. Initial experinvents show reasonable agrcoment with
computational predictions.

3 Thoorotical Comparivons

3.1 Lincar phasc of incompressible R instability

We Lave studied the accuracy of LASNEX calculations of planar fncons yress-
ible IXY instability for small-smplitude pecturbations. In this case, thic cxact
growth rate is known from theory. Culcnlalions were pecformed with large
Inlernal energy, so the sound speed ¢ is very high aud the flow is nearly iu.
compresujble, For a perturbation with wavelength \ and gravity g, the com-



presaibility parameter M? = g)/c? 2« 0.006. Our study examined the effect of
mesh refinement on the accuracy of computed growth rates, for several values
of the Atwood aumber A, where A &= (p3 —p1) /(P2 + 51 ), a4 p3 and p, ure the
densities in the upper and lower fluids, respectively. Calculations were done
with A = 1/3,5/6, and 49/5]1 and with the pumber of mash cella per wave-
Jength N between 10 and 80. Various amounnts of linear artificial viscosity were
used. We found that for A > 5/6, the computed linear growth rate was within
5% of the theoretical value provided N > 20. For smaller Atwood numbers,
the convergence with mesh refinement was not so rapid. For A = 1/3, il was
required that N > 35 to give 2 computed growth rate within 5% of theoretical.

3.2 Lalc-stage bubble risc in incompressible RT instability

After the RT instability becomes nonlinear, the bubble eventually 1ises with
constazt velocity Veo. A simple analysis leads to Ve, = aJﬂ%ﬂ(ﬁ_
whmoz < a <03 Layzet founda~02303foruzbbubblewhen

= 1. Wc have begun a computational study of the constant-velocity bubble,
uatcuo“hcruonhgupablmyoﬂhecode. To date, we have results for
A = 1/3 and N == 56, using several difforent prescriptions for the extent of
rezoning. We find that the bubble velocily approaches within about 8% of
the value of V,, obtained using Layzcr's value of a, at about tha time that
an extrapolation of the lincar-stage Lubble velocity veaches this value. The
bubble velocity then dccreasss slightly (for a period of about one time unit

Af2xg, and then increases slowly again. There is no exact time-depeadent

cory of the bubblo rise for A < }J, but tho appraximate agreement with V,,,
in this case is satisfuctory.

4 Improvements to Numerical Tochniquo

We have made progrees it understanding the limits of the numerical technique
uged for DNS, und thereby increased our confidence in its results. Continued
experimentution with numericel procedures hus led Lo improvemonts in the
accuracy and efficioncy of the rezoning technique. An “unti-Low™ capability
s belug tested, which iv an efficient way to identily mesh eolls that require
rezoning. Thoe use of graded rapapping, where various purts of the mesh
are allowed to approach farther or nesrer the full Bruckbill-Saltaman mesh
solution, as nocessary, hus improved accuracy. Mesl rofinement studies of full
DNS capsule implosioa colculstions are loading to nn understunding of xoning,
requirements,

We have also identified o surprising effect of mesh “hourglass” oscillutions,
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Such oscillations are ove of the normal numerical modes of & finite-difference
meah, which preserve coll volume even as edge lengths oscillate in a correlated
way. Such ascillations do no work on the fluid directly. Neverthelass, we have
cbserved that such oscillations may be triggered by a physical pesturbation,
whose growth is then enbanc:d in some way by the presence of the housglass
oscillations, perhape relater to the effect of radiation flux. Thus it is crucial
to prevent the occurrence of the hourglass ascillations. We have found several
weys of doing so, including refining Lhe radial mesh und rezoning the ceclllating
eclls. Employing an “anti-hourglass™ mesh stiffening algorithm may also prove
useful.
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