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Effects of microstructure on shock propagation in foams
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Abstract

Foams are an important component of various inertial confinement fusion target schemes. The propagation of shock
waves in foams is also an important issue for many other laser experifeegtdaboratory astrophysics experiments

The usual approach is to assume that the foam can be considered as a homogeneous mixture. Taking into account the
effects of foam heterogeneity leads to increased shock velocity and reduced compressibility. Evidence of this effect is
obtained using two-dimensional adaptive mesh refinement Eulerian numerical simulations. Nonetheless, for the very
low density foams filled with DT ice used in recent direct drive target designs, the homogeneous mixture model provides
adequate shock timing, density, and pressure profiles.
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1. INTRODUCTION dimensional(2D) Eulerian code. But these calculations
were made with a regular, periodic cylinder array model

Foams are an important component of various inertial conwithout dealing with the random aspect of foam structure.
finement fusion(ICF) target schemes. Recent target designdMoreover, uniform mesh resolution lead to a prohibitive
for direct-drive ICF use either a wetted foam ablator tocomputational cost for large-scale calculations. In this arti-
provide both high ablation velocity and efficient laser absorp-cle, we present the first description of that kind of foam with
tion (following the earlier proposal of Sacks and Darling, a 2D Eulerian code with adaptive mesh refinem@iviR)
1987 or a very low density foam buffer for density profile and interface tracking, which makes it possible to tackle
tailoring and imprint reductiofiMetzleret al, 2002. The large-scale simulations. In addition, a random distribution
double shell targets designed for indirect drive I@fendt  of fiber positions has been considered.
et al., 2002 also include a foam layer. Finally, the propaga- Section 2 is devoted to the mathematical formalism describ-
tion of shocks in foam is an important issue in laboratorying shock propagation in a heterogeneous medium. Simula-
astrophysics experiment®emingtonet al., 2000, where tions and their results are detailed in Section 3.
their use is very widespread.

In this cqntext, foams are u§ually modeled as homo;,  GENERALIZED RANKINE-HUGONIOT
geneous mixtures. Although this may seem a reasonab

> > o EQUATIONS

approximation on intuitive grounds when pore size is small,
to assess the reliability and accuracy of the results obtained the size of the foam structure is small compared to the
with this simple model, a detailed understanding of theresolution of experimental measurements or numerical sim-
effect of foam microstructure is needed. From a microscopialation, it is interesting to consider all physical quantities
point of view, the foam structure appears like a solid fiberA(x, y) averaged over the direction transverse to the shock
tangle with open cells, either empty or filled by another fluid front and in the direction of propagation over the character-
(“wetted foams). The first computational study of shock istic scale lengti. of heterogeneities. This double averag-
propagation in a foam with this more realistic model wasing process is hereafter denoted by double angle brackets:
done by Kotelnikov and Montgomer§1998 with a two-
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wherex is the direction of shock propagatiopthe trans-  deviation to pressure and density. In the following simula-
verse direction, an¥ the averaging volume. tions, we will consider a perfect gas equation of state:
It was shown by Hazalet al. (1998 that the double
averaged values on each side of a shock front are related by
equations analogous to the well-known Rankine—Hugoniot e(P,p) = (y -1
set:

The deviationf\p, AD, AP, Ae are thus implicitly given as

functions of the homogeneous values and correlation terms.
According to Hazalet al. (1998, the effect of correla-

tions is to increase shock velocity and reduce pressure and

[((p)D = {puN]5 =0
[(pu)D = (puh]s = [(PN]5

1 1 1 density behind the shock front. A physical interpretation of
[<< —pu?+ pe>> D - <<<— pu? + ps) ux>>] this effectis that part of the energy is stored in the transverse
2 2 0 . . . . .
fluid motions associated with the vortices generated when
= —[(PUN3, the shock crosses a fiber, rather than used for compression.

Unfortunately, there is no simple analytical expression
for the needed correlation terms, and numerical simulation

whereP is the pressures the densityg the internal energy, .
P i ye gy is needed to evaluate them.

and u the fluid velocity. The subscripts 0 and 1 denote,
respectively, the preshock and postshock values.
These generalized Rankine—Hugoniot equations diffeé_ NUMERICAL SIMULATIONS RESULTS
from the classical ones due to the existence of nonvanishing
correlationterms defined by the following generic expressionNumerical simulations were performed with the HERA 2D
hydrocode, developed at the Commissariat a I'Energie
(8F (Ag, .., AN = (CT(A - ADD) — FILALD), - ((AL)). Atomique(CEA). HERA 2D is a multifluid two-dimensional
Eulerian hydrodynamic code with tree-based AMR capabil-
Therefore, the averaged quantities behind the shock arigy. Its hydrodynamic solver uses a time-explicit Godounov-
different from the values that would be predicted for antype scheme with interface reconstruction. The code supports
homogeneous medium with the same averaged densiy. If various parallel modes, from full MPI to full multithread or
is the value predicted for the quantiyin the homogeneous hybrid multithreag MPI with dynamic load balancing via

case, we define the deviatidvA by subdomain migrations. The code is available on various
computer architectureeHP-Compaq Tru64, Sun Solaris,
(A) = A+ AA, PC Linux. Implicit thermal conduction and paraxial laser
propagation solvers are also available in HERA 2D, but
and the shock speed deviatia by were not used in this study.
We focused our study on shock propagation in two sam-
D = D, + AD. ples of foam relevant for direct drive target designs, with a

CH fibers network embedded in DT ice. Simulations were
For a given piston velocity, and assuming the preshockonducted for a low densit§20 mg/cc before DT filling
medium is at rest, taking the difference of the generalizedoam, and for a higher density ori200 mg/cc before DT

and classical Rankine—Hugoniot relations leads to filling). In each case, simulations of the structured foam
were compared to simulations of a homogeneous one with
(pn— po)AD + (D, — )Ap + ApAD = ({8pSuy)), the same average density. The fibrous foam structure was
modeled as a random distribution of transverse, infinite CH
(Ap)u+ ((6pdu 1 (D + AD) + p,uAD cylinders on a DT ice backgroun@f. Fig. 1). The initial
+ UAPAD — U2Ap — ((8(pu?))), = AP sample size was 2m across and &m along the shock

propagation axis.
A simple perfect gas equation of state was used in the

1
> {(6(pu?)))1Dp + (((8pde)), — ((8pde))o) (Dy + AD) simulation, withy = 5/3. The initial fluid velocity of the
1 1 sample is 40 knis toward the left, with inflow boundary
+ <§ U2 + (pnes — poso) + > <<5(pu2)>>1> AD conditions on the right side and wall boundaries everywhere

else. This generates a shock propagating from left to right in
the foam, with velocities and pressure typical of the first
shock in direct-drive targets. These initial and boundary
conditions place the simulation in the piston rest frame.
An additional relation is given by the equation of state of theFrom a numerical point of view, it ensures a more accurate
fiber/background mixture, which links the internal energy description of the vortices and mixing behind the shock

1
= 5 {8 (puU)N: — (8 (peu)h + ((8(PU)): = 0.
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Fig. 1. Initial random distribution of CH cylinders on a DT ice background.

front, as the medium is at rest on average after shock
passage.

Figure 2 is a snapshot of the foam density 144 ps after the
beginning of shock propagation. As seen in Figure 2, when
the shock crosses a fiber, baroclinic instability leads to
vorticity deposition at the interface between fiber and ice.
The fiber is then quickly destroyed and mixed with the
surrounding background.

The evolution of a single cylinder subject to a shock wave
was experimentally studied by Jacali®©93, and is accu-
rately reproduced in our simulation, thanks to the high
resolution permitted by AMR and interface reconstruction.
In a random foam structure, interactions between neighbor-
ing cylinders can occur, which has been shown experimen-
tally to affect the first stages of evolution of the instability
(Tomkinset al., 2003.

The comparison of the shock average position between
the heterogeneous and homogeneous cases shows no notice-
able difference in shock velocity. This can be confirmed
Fig. 2. Density map at = 144 ps in a 20-mgcc foam filled with DT ice using previous formulae. We findD/Dy, < 0.3% in this
(upper partand in a homogeneous mixture of the same average densitgase. Moreover, pressure and density profiles with and
(lower par}. The vertical dashed line represents the shock front. without foam structure are in good agreemétft Fig. 3
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Fig. 3. Pressuréright, barg and densityleft, g/cc) profiles along the shock propagation axis &t144 ps for the heterogeneo(isl|
line) and homogeneouslashed lingcases.
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the simulation is found to be in good agreement with the
numerical valueAD/D;, = 1% + 0.3%.

Finally, perturbations of the shock front start to appear in
the denser case, and could seed Richtmyer—Meshkov insta-
bility at the interface of the foam with another medium.

4. CONCLUSION

AMR simulations of shock propagation in wetted foams
have been performed, including a random initial distribu-
tion of fibers. The study of shock propagation in low density
foams (20 mg/cc) shows no discrepancy with the homo-
geneous mixture model. Designs involving higher density
foams (100 mg/cc) should take into account the effect of
foam structure, because changes in shock timing will have
consequences on the choice of laser pulse shape for optimal
gain. It can be expected that besides modifying shock prop-
agation, the foam structure can have effects on foam abla-
tion physics and instabilities at foam interfaces. These latter
topics are the subject of further investigations.

Fig. 4. Density map at = 60 ps in a 100-mgcc foam filled with DT ice
(upper partand in a homogeneous mixture of the same average density
(lower par). The vertical dashed line represents the shock front. REFERENCES
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Fig. 5. Pressuréright, barg and densityleft, g/cc) profiles along the shock propagation axig &t60 ps for the heterogeneo(fsll
line) and homogeneouslashed lingcases.
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