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Ejecta Research: Perspectives, Model Development and Validation

W. T. Buttler, F. J. Cherne, G. Dimonte, J. Fung, J. Hammerberg, A. Harrison, R. S. Hixson, F. G.
Mariam, K. O. Mikaelian, C. Morris, R. T. Olson, D. M. Or6, D. L. Preston, P. Rigg, G. D. Stevens, J. B.
Stone, G. Terrones, D. Turley, D. Tupa, W. Vogan, and M. B. Zellner

I present a brief history of experimental ejecta physics and contrast the early approaches to ejecta physics
with our recent successes. Our successes in model development at LANL intrinsically link to a basic
application of the scientific method to ejecta phenomena where we control the variables to look for
correlations in the measurements. The observations imply that ejecta form as a special limiting case of a
Richtmyer-Meshkov (RM) instability. | present an RM based Mikaelian model and compare its
predictions to simple experiments. | also show how ejecta physics are being implemented in the FLAG
hydrodynamics code.
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Ejecta are Important Because...

It is well known that when a Shockwave
Interacts with a Metal-Vacuum Interface the
Metal will “Eject” Liquid/Solid Metal -20
Fragments: Ejecta
*  Known as Source Term

X- adiograph. 2 mm Sn Sample. HL: Drive

-15

-» Mass-Velocity Distribution 10
- Size-Velocity Distribution
- Temperature and Phase

+ Bulk Material Phase

If a Gas is Present the Ejecta will Interact
with the Gas
+ Transport 10

Distance (mm)
[

— Drag (Reynolds: Viscous -- Laminar)

» Breakup (Weber: Surface Tension --
Turbulent)

20
Other Processes?
N 5 10 [s 20 25
P Distance (mm)
=P
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Current Experimental efforts are motivated to Develop and
Validate Physics Based Ejecta Source and Transport Models for
Inclusion in FLAG

o Source Term Assumption: Ejecta Form as a Limiting Case (A =-1) of a
Richtmyer-Meshkov Instability (RMI).

— Implies Wavelength and Amplitudes of Perturbations are Important
o Transport is ballistic with drag (kinematic or ???)

o Immediate Goal is to provide modeling contraints on:
= Total amount of mass ejected
= Velocity of the bulk mass (mass-velocity distribution)
= Fundamental conditions under which ejecta form (solid or liquid material)
=

Discover regimes of drag on transport
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A Brief Ejecta History...

s James Asay: Pb, Al Ejecta Formation Measurements
«  Flyer Plate Experiments
- Ejecta Formation Linked to Material Phase: Solid or Liquid
« Ejecta Mass a Function of Defect Volume

= In the 1980s, the French became involved: Sn, Ta
» Flyer Plate Experiments
» Ejecta Formation Linked to Micro-jetting

= Some work at
» LLNL
» Particle Sizes: LLNL and LANL in 1990s and 2000s
» Russian Work in 2000s (Not well published, SCCM-2011)
+ Chinese Workin 2000s (SCCM-2011)
- English Work Over Similar Periods.

s Some M-Division Reports from the 1980s
s AWE, LANL and LLNL Pu Experiments in 1990s, 2000s

e
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A Brief Ejecta History...
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Scientific Method: Question Accepted Conclusions

s We asked: How much, how fast, under what conditions?
+ Do Ejecta Production Link to Surface Perturbations?

—  Accepted position was yes

» Do Ejecta Link to Loading-Pressures?

Accepted position was only material phase
+ Do Ejecta Link to Shockwave Loading Profile?
Accepted position was only peak stress mattered

= Can We Cause Ejecta From Solids?

—  Accepted position was only material phase mattered

s We are now investigating

»  Sensitivity to First Shock? Sensitivity to Second Shock?
« Sweeping Shockwaves Link to Ejecta Production

+  Size Versus Wavelength and Amplitude

]
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LANL 2000s: Basic Experiments

/;;"_‘""1: et — X-radiograph. 2 mm Sn Sampie. HLE Drive
SnSwpWedge A y i S— 220 —— -
g S"""'\"‘; TE RS
PEE-F501 L -
= L N o oty .
8 (,-4__7:3 15
o, Evmcumed” | "=
= Fackage | 106 PAMA o 10
w T e e
P 3 7 m:\\l-rm [
Cohabomnagh) =
Cont mnamsnt Vesied = -5
Feos Bor =
Pudied X Ray Sorce -
a .
(a) 0
a 5
= 10
=
Q
15
20
(b) 10 15 20 25 30
Distance (mm)
{% Alamos (
.NAQ(EMLLAM!!A‘“MV UNCLASSIFIED Skde 7
Operated‘;' Los Alamos Na ional Securi y, LLC for the U.S. Department of Energy's NNSA N “ Sm
LANL 2000s
s Ejecta Measurements: Mostly from Sn
= Control Variables: Material, Perturbations, Driving Conditions
Fix Loading Pressure, Vary Finish (Perturbations)
—  Fix Finish, Vary Pressure
»  Pressure Varied Two Ways:
Flyer Plate (Supported Shockwave)
- High Explosive (Taylor, or Unsupported Shockwave)
= Look for Correlations to Build a Model
Calculated Taylor Profiles for Calculated supported profiles for
varying Sn thicknesses varying Sn impactor velocities
y ‘ — immsn e L. o Yo
1 i 3mm Sn
4 4mm Sn
> 3e / b S
=g S \ ik 'gj
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B 3 |
o 1 F
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Control Variables (2000s)

* Pressure and Loading Profiles
* Sn (ESPI, 0.99995 purity)
» Machine Finishes (Fly-Cut grooves, R, = 16 to 250 pin.)
— Same rotation angle/feed rate/fly-cut radius, rake angle
— Most experiments done with a single tool R, =32 pin.
— Same machine and tool holder
— Felix—Machinist with MST-7
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LANL Historical Sn Data (2002 - 2010)

Fixed Finish
Varied Pressure: Py,

Fixed Pressure: Py = 27 Gpa
Varied Finish
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These data show marked consistency, and begin to reveal trends that imply we
can find correlations and develop a model.
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Mass Distributions

 Square vs. Taylor Loading Differences:
* Mass vs. Velocity Distributions
* Total Mass
* Fastest Ejecta

Mass Distribution, Free-Surface at 20 mm

S+ ——F
I : SQUARE |
b |
£ ; !
%’b 100 ' i | ' Fastest Ejecia {
£ 505 khJ_‘iS kbar
— & “RKar Fastest Ejecta
- 235 kbar 235 kbar 215 kbar
N 50 185 kbar
0 bl : . . . - - E
20 21 22 23 24 25 26 27 28 29 30 3l
- z (mm)
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s Results Imply Mass and Distributions are Linked to RM Instability
s Gun Experiments
« Total Mass Increases Linearly with Increasing Pressure
+ Mass Distribution is Nearer to the Free-Surface than Taylor Wave Loading
= Implies we Should Focus on HE Driven Experiments
2
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" A Fluid Source Model

.‘-
Unhsocked System Shocked System
Target How Fast
X
N
n
“.
4 0
"
Wigh Explosive - Bubble
s Height
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Operated !;y L.r:u Alamos National Security, LLC for the U.S. Depatment of Energy's NNSA N “&
Bubble and Spike Model, High-Strain, High-Strain Rate Model
Selting g = ek = 0 in .l:-|. S in Mikaelinn |l'."\|;-“l. pives [ NON-LINEAR “EGIME_I
i Yo \ﬁ 1 \/ﬁ 1 - " 1
—_—— = = \J = —p— ] For spikes, Dimonte and Ramaprabhs (2010) Gt A
wm ¥ 2 2/ 4 i I simulativns in Velikvich and Dimoate (1992) and found: I Fa L+
Tntegrating (1) gives (applics to babbles and spikes) |
For bubbles a similar fit to simulations in w {
- (W34 (VY - 1) Velikinich aad Bimonte (1992) gives: Fo=——=
| —= 8 1+ 2=
(VE=1(V2Y +1) ’
n [ VI+1 ]
g (3 = IV2Y + 1) Assuming Compressible and non-linear

effects are independent we find:

Asymptotic Spike Velocity from (1):  limn (e} = /3
o=

Mikaclian (199%) Gises an I i = % ' |fl3’sl — F-(;ﬂlpl:f:is | '!I[] Il'- i J‘SI

approximatios to the bubble velocity:

Equations (1) to (3) requir the ) TR NG -
quatioas (1) to (3) requir l Ty = —ify = toke g,
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& is the height the spike reaches after inversion. growth and arrest
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FY10 pRad Experiments: Model Validation
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FY10 Results: Model Validation

sLarge drive, improved target design = minimal curvature.
Sn targets liquefied, Cu target solid.

*Non-arrested spike growth in Cu dependent on wavenumber-amplitude product.
*Spike breakup evident in Cu.

*FY10 work studied on/off mechanism of ejecta production :
-> Piriz, et al. found that yield strength saturates the RM amplitude

pRad0425(Sn; Py, =27 GPa)  pRad0427(Sn: Py, = 21 (iPa)

Tiene ity Stk Hecabomt —— 752 g

) pis

PRad0426(Cu: Py = 37 GPa)

I-‘ 2
(nl — mk = ,,,,,L"‘E}__"_L‘l.

Distance (mm)
!'\ -

= ezl

/\ 1] ] 20 5 0 3510 15 20 25 0 10 £ ] i W0 5
) Al Distance (mm) Distance (mm) Distance {mm)
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Selected FY10 pRad Movies

Tin Copper
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NATIONAL LABORATORY UNCLASSIFIED Shide 18
Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA N“ 5‘%

12/16/2011



Sn Bubble and Spike Velocity Comparisons

wk o omw | e Mva s | AR 0
() (ps)  (@s) | (mmfps) (m/ps) | (mo/ps) (um/ps)

Su-pRad0428 025 22 -0012 <0.14| -007 —0.12 0.63 0.61
Psp = 26.7 GPa 0.5 #0023 <0.13| -0.15 —0.15 114 116
upy) = 185 (mmfps) |10 88 —002 <0.21| -0.11 ~0.17 1.60 1.97

e = 397 (mm/us) (2.0 175 -0.088 <034 -0.2¢ -0.138 2.10 2.46
Su-pRad0427 0.12 11 40010 <0.11 (.00 —~0.08 0.31 0.26
=219 CPa 035 31 -0013 <009/ -0.02 —-0.13 0.81 0.74

upy) = 159 (uuafps) [0.75 66 —0.026 <008 -0.09 —0.1¢ 1.26 1.43

wa =377 umfps) |15 131 —0073 <022 —006 —0.7 | L.78 200

Nt 035

A =0.55 mm
no: imtial perturbation amplitude

Tho: time the spikes began to compress and invert
75 titne over which the spikes rise m@uf their maximum velocity

. b, 9 o
s nst bubble velocity relative to uy; at t = 0.3 ps

CEN 1)

" the measured asymptotic spike velocity

)= the pre icte spike velocity.

0 ' 2
uncertainty in all measured velocities is of O(0.01 to 0.02 mm/ps) T
uncertaintics in 75, is of O(0.005 us)
.
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Cu Strength Velocimetry

*Evidence of initial growth in all perturbation regions
Perturbation growth quickly arrests in smallest two amplitudes.
*kh, = 0.75 perturbation growth shows pull-back.

*Material strength clearly affects spike growth.
PR 0. Pep = W0 GRay

T g ., it
/..{m.-m #hd g | - Ciruwih 6‘_5-.«'»-‘
T (Residual Sircngth Tritial Coromih Follim
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Junap Vehoomy (i)
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sty s 2 a5 -3
© Distamce Gmm Timwe {pas) Time (ps) Time (ps)
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Preliminary analysis by Preston of Cu kh, = 0.35 w/ PTW

Copper pRed0426  kho=0.35

25%x10°
20x107
15x10°

10x10°

<é(t)>, (s7')

<i>, = 15107

50x 10"

DDB ot 02 03
t Ges)

Mean plastic strain rate in

the spikes vs. time

04

Piriz machinery says:
Y(n'=0.29) = 0.37 Gpa

woee [0 2m) /(%
)/

I

T4y K)
EEEEER

Copps  pRadds26 khe=035

Peas =361 GPa
T = 388K

0 01 02 03 04
t(us)
Mean spike temperature vs.
time. <T> reaches T, at
0.35 ps, but the Cu remains
solid until growth arrests.
Plastic work while <7> =
Toen FESUltS in ~25% of heat
required to melt Cu.

Copper pRad0426 king =035

gy = 150007 5

€T > = 5.7 kb

2l)l) [A] 02 03 84

)
Mean stress in the spikes
vs time. Growth becomes
plastically unstable at 0.06
us, which corresponds to a
strain of approximately
60%.

Y =0.52 GPa
The simple constitutive relation chosen by Piriz et al., namely elastic-perfectly

plastic, is a poor approximation. In order to extract high strain rate flow stresses from

ejecta data it will be necessary to generalize above equation using a more realistic
_~constitutive relation.
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FY11 Campaign 1: Cu Strength — Stastics
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High on our List: Two-Shockwave Uniaxial Strain Physics

s Results Cross Campaigns
» 2-wave Drive Developed and Tested Under C2

- 2-Wave Drive Used to Support C1 Physics Topics Macrame Calculation
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FY-11 Transport(Sn): 2.5 Atm Ne
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Implementation: Modeling Experiments

s W. Buttler and colleagues at LANL have made extensive ejecta
measurements in tin.
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The general setup for the experiment applies slidelines,
Lagrange and ALE over a dendritic mesh.

ALE on in HE/plastic/air
Lagrange in Sn, Al

slideline
slideline
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FLAG captures the general hydrodynamics of the Al-Sn experiment.
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=  We have demonstrated the conditions under which ejecta form from
solids and liquids.

=  We are predicting bulk ejecta velocity.
=  Work remains on total mass, but some success here as well.

s FYI12:
= One Sn: 10 Atm Helium
« Two Sn Two-Wave experiments — Into vacuum into Gas
« Ta Strength?
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