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An improved high resolution LaGrangean tracer oarticle technique
(using 198 idencified tracer particles arranged as 99 particle
pairs) has been used with an Eulerian Code (MESA 2D) to detenmine
the locations in the jet to which liner material flows from
various tagged locations in the liner, during the cnllapse, jet
formation and jet stretching process. Time dependent etrain and
straln rate data has been computed, using the identified particle
pairs of LaGrangean tracer particles as linear strain pauges.
Sharﬁ radial gradients of strain and strain rate have been found
in the jet, with the liner material flowing nearest the jet axis
being subjected to the highest strains and strain rates. Lirer
material from many extended initial locations along the liner
can be traced by this method to jet locations corresponding to
individual Jet particles. The new quantitative data derived is
éllust:rated with selected examples whose interpretation is
iscussed.

INTRODUCTION

Prior work by Zemow (Ref. 1,2,3,4) involving optical, XRD and SEM exari-
nation of copper shaped charge jet marticles, '"softly recovered' by slow
deceleration in low density recovery media, has indicated the poasibility
that previously unidentified and unquamtified varistions in radial strain
gradients ad radial strain rate gradients in the jet, may provide inputs
to possible explanations for the radially concentric but cyclically in-
homogenaous grain structures observed in these recovered jet particles,as
shcwn in Fig, 1. These puzzling observations pruvided the motivation, in
this present computational study, which applied a high resolution La-
Grangean tracer particle technique, utilizing an Eulerian Cods (MESA 2D).
This method wms previously applied at Low Alamos National Laboratory, in
a simpler form, by Chnpyni (Ref. 5).

In this paper we will describe the use of advanced versions of the tracer
particle technique to analyse computationally, the flow of liner material
{nto a shaped charge Jet, as specific portions of the liner move from
their original locations in the liner, through and past the stagnation
zome, partitioning the liner mass into the jet and alug resrectively. We
will therefore be defining the oripgins of the liner material that end up
as parts of spacific regions in the jet and slug. In the course of this
mgysin. we e tha opportunity to examine a muber of funixmental

d c aspects of the jet formation and elompation process, extracting
quantitative information gbout time-dependant strains snd strain rates,
and their ax.al end radial gradients.
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The picture that emerges from this analysis, indicates that the physics
and dynamice of the liner collapse process and the jet and slug forma:ion
processes, are much more complex than was conmonly believed, on the basis
of earlier hydrodvnanic models.

The Initial shaped charge collapse and jet formation computations des-
cribed here, were carried out at Los Alamos Narional Laboratory, using the
MESA 2D code and a simple elastic, perfectly plastic material model for
copper. The question of how variations in the material model would affect
these results has not yet been addressed.

HISTORICAL BACKGROUND

When a canical copper shaped char%e liner is collapsed by the very high
pressure from a detonating explosive charge, the liner material, with yield
srrength far below the detonation pressure, first flowr hydrodynamically
into a convergent high pressure stagnation region around the liner's axis
of syrmetry. There is an {nltial unsteady collavse of the apex of the
liner, after which the collapse process is stabilized to a quasi-steady
state, with a nearly constant collanse angle B (Fig. 28) &ur the early
collapse process. At this carly stage, the moving center of stagna-~
tion zone attalns a ncarly constant velocity relative to the groud. To
an observer stationed at the origin of the coordinate system fixed at the
center of the stagnation zone, the incoming flow is seen to senarate into
two streams moving in opposite directions, designated as the '"jet'" and the
"slug" respcctively. In the original simple, dteady state hydrodynamic
plane strain wedge model of this flow (Rer. 6), the liner mass partition
into the jet and the slug, 1s quantitatively defined in accordance with
the requirements for conservation of linear momentum and the assumption
that there is simple streamline flow into and out of the high pressure
stagration zone (eometimes called the collision region). Hence, the re-
spective narticle velocities and the outgoing mass per unit length of the
jer and the slug are thereby defined. This eriginal wedge model, while
informative about some key aspects of the jet formation process, predicts
8 constant velocity jet of constant length, in contrast with the experi-
mantally observed axially symmetric eong collapse process, which ylelds ¢
stratching jet with an approximately lingar welocity gradient along its
length. In recognition of this discrepancy, this criginal paper included
an ad h-c approach to a collapeing cone model. The hydrodynamic collapsing
cone mr lel was subsequently modified (Ret. 7a,b) to permit the natural
introduction of an axial velocity gradient into the jst, by virtue of a
non-steady etate collapse process. In this process, there is a contimu-
ou.al‘); collapse angle 8 (Fig. 2b) eopecially i tha later ctagas
of tha collapse. The changing 8 arices as the masa per unit height o

the cone 1s increasing and the corresponding mass per .nit length of ex-
plosive is decreaning, while the detonation proceeds toward the base of
the cone, e.g. in a cylindrical varhead of finite dimmeter.

The postulated process of convergent streamline flow into the stagnation
zone and separation of the flow into the jet &l slug, defines (e.g. for

a uniform walled liner) sn Limer region of the cone which sevarates inte
the jet and an outer regian of the come which ends up in the sluy., For
the Bimple steady state wedge ocollapse with a consrant collapse angle B,
thore is an interior surface defining this separation boundary formaterial
partition, which 1s a plane wedge surfuce parallel to the ingide and out-
side surfaces of the original wedge. By analogy,the corresponding
scraration surface defining the mass partitioning for a hynothetical
steady state collapsing conical liner, would be an approximately conlcal
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surface of revolution on the interior of the liner, which partitions the
conc mass appropriacely. For a non-steady state collapse with a changing
(increasing) coilapsc angle 8, the defining separation surface would now
be a non-linear surface of revolution. Thus, for the late stages of
collansc, as B increases, a greater fraction of the cone mass enters the
Jet and a gmallexr fraction enters the slug.

These carlier hydrodynamic vwodels of the zollapse process invol stream-
line fluw, have tended ro lead cme to expect that relatively specific,
small well defincd regions on the interior of the conical liner could be
assoclated with specific localized relativ:l, well defined sections of the
Jet as shown in Fig.2c. The present study indicstes quanticatively that
this expectation is clearly not valid in terms of either the axial or
radial locations within the liner, alt there 1s still a defining
segar?tion surface marking the partition of liner material into the jet

and slug.

The cﬁroblm of identifying the locations in the shaped charge liner, from
which specific portions of a jet originate, 1s a problen of gencral
interest in understanding the physics of jet formaticn as well as of
specific Interest in connection with the internretatiou of the structures
obscf:rvcd in individual "‘softly recovered' shaped charge jet parti.les
(Ref. 4).

Over the years, a variety of techniques have been used to try to shed
light on various aspects of that stion of origin. These included
radioactive tracer methuxls (Ref, g‘;mand mechanical methods (Ref.9,10)both
of which have provided some illumirating insights, but have not provided
sharply defired answers to the detailed question of origin.

In 1987, experimental and analytical work by Walters and Golaski (Ref.ll)
on stratified bimetallic liners, showed what they called a "'tubular
layered'' liner collapse, wtilch differed frum the conventional simple
minded hydrodynadc conccpt and indicated that for jet regions away from
the jet tip, any given jer region could contain material varying
locations on the liner. While the visual interpretation of the smearing
of the lirer materlal between jet and slug was evident, detailed quantita-
tive interpretation was limited in their analysis because of the thick-
ness of the strata on the liner, mwd the absence of spatial resolurion
slong the interfaces between strata.

In 1989, Brown § Nordell (Raef. 12) discussed a cmpxtatioml technique
using tracer particles, which again confirmed the ''smoaring'' of tha liner
material betwein the jet and the slug, a9 shown carlier by Walters and
Golaski (Ref, 1l1) and also discussed the mixing of material from various
portions of the liner in the jet. The visual interprotation of th«
procens, based on the graphic material provided in the paner, was again
not straight forward and not quantified.

The original high resolution LaGrangean tracer particle technique used v
by Chagyak (Ref. 9) | déployed 99 tracer

particley thr the thiciness direction of the liner at threa widaly
separated locations along the liner height. There are 5 separate

{rprovanents in this taclmique inrvoduced in the present program. These
tmprovamente include deploying 99 ciose pairs of tracer points at known

short separation distances (e.g. lrm and 3mn separations) at various

locations alorg the liner height (Fig. 3a and 3b). Identifying tha

individual particlos vithmumbers and with symbols (o and +) provided

further unequivocal fdentification of their spaciiic locations at any
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time as shown in Fig. 3d. These identifiers precisely define the particular
line of particles from vwhich they originated. These corresponding pairs of
identifiable points therefore gerved as built-in internal linear strain
gauges, whose scparation djstance variation with time, could provide time
depenident linear strain data and time dependmt linear strain rate data.
Since it turned out thar these tracer point pairs ended up at many different
radial and axial locazions in the jet, they could also provide a measure of
the radial gradients in the pertinent dynamic quantities, when the results
of the separate computational outputs from different origination locations
were combined, Corresponding pairs of tracer voints were also joincd by
linea, on the graphical output, to avoid ambiguity, which was easily intro-
duced by difficultics in visual tracer varticle pair matching.

In the final computations, each liner location for a pair of tracer lines

(each line composcd of 99 tracer points) required a separate computation

becausc the M'SA 2D cole was not set up to handle more than 198 tracer
ints in any problem. This is a memory constraint and not an inherent
imitatinn of MESA 2D,

In order to gain additinnal specific supplemcntary information about the

d c procesres occurrlng in the jet itself, after it has emerged from
the stagnation zone, another extension of the technique applied the lLa-
Grangean tracer method directly to the Jet. This served as a supplement
to the original tracer point analysis which used tracers originating in
the liner. In t'is extension of the tracer techmique, 8 paits of tracer
particles (lmm apart axially) were inserted, perpendicular to the jet axds,
into the rear of the visible jet, starting from when the jet first emerged
from the stagnation zone. These insertions of tracer pairs were repeated
four times and carried out approximately every five microseconds, as the
jet length grew. This permitted the tracer pair's time dependent locations
and separations to be tracked after the jet emerfed and stretched. It also
provided direct access to radial gradients in velocity, strain and strain
rate, at varlous radial and axlal locations within tha stretching Jet.

OUTPUT FROM THE PRIMARY LINFR COLIAPSE AND JET FORMATION COMPUTATIONS

The talulated raw data was firgt damloaded from Los Alamos National
Laboratory to lakewood, Colorado where it was to be analysed. For each of
the 198 identified tracer points originally located in tha liner, the indi-
vidual spatial courdinates R (radial) and Z (adal) were printed out, as &
function of time, at on: microsecond intervals. For a 198 tracer point
camputation, lasting 50 wsec, chis meant 198 x 50 data paire (Ry, Z{) or
9,900 data pairs per ¢ tation. Since thare were 9 separate computations
of this type, sane with 99 tracer points and othars with 198 tracer points,
there were of the ordar of 58,000 raw data pairs which were imput to the
processing of the data.

PROCESSING THE RAW DATA

It was clear that the sheer volume of data posed a ma_ié problen for the
required data processing. At each microsecond time {nterval, the distance
batween correapondin? pairs of tracer points had to be calculatad for each
of the 99 individually identified point pairs, in each of the computations,
imolving 198 tracer points.

The simplae algoriitm for the distance between two Carteslan coordinate
peints, was generalized to handle wuccewnsive worresponding point pairs

e.g. points 1-100, 2-101, . . . .99-198, with ruming indices, s copu-
tation wes automated to provide the cite dependen: values of these
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interparticle distances, given the time dependent coordinates of all of the
tracer points. The camputed time dependent interparticle distances were
then analysed to exfract strain and strain rate as a function of time and
location within the collapsing liner, the jet and the slug. The output of
each of the 99 point pair distances was tabulated in successive blocks of

1 microsecond time steps, for each computation.

The outmuts from this time dependenit strain and strain rate analysis were

plotted as functions of time, at microsecond intervals, for each pair of

the 99 pairs of tracer points. This was done saparately for each c. Tpu-

;;?;éon, i.e. for each new set of tracer origination points on the original
T,

The time dependent Cartesisn coordinate locations of cthe 99 tracer points
Ry, 21) at a glven time were also plotted separately, for each computation
and finally combined for the varlous compurations on a single composite plot
of Rvs. Z at each given time, over the duration of the computation, which
was 50 usec for the VIPER.

SIMMARY OF RESULTS

In the time and space available for this paper, it would be impossible and
rot very useful to go through all the details of the mossive data proceseing
and data reduction. It was therefore considered best to extract the most
useful sumary data and some specific exarples which define the new
qumftitative information which has been generated as s result of this
analysis.

FINAL PROCESSED COMPUTATIONAL OUTPUTS

The r of the hi?\ resolution tracer tectmique is illustrated in Fig. 4

which 18 an output for onc of the VIPER cunputations. This indicates how

the tracer pairs, which originally scarted apart within the liner wall,

move into the collision .one and partition therselves between the jer and

the slug. Their distribution axially end reifally, at any given time

(30 usec in this case) clearly illusfrates some of the changes that have

Ot:ﬁ:u?ed in strain and 1ts radial variation, as a function of location within
et. .

Fig. 4 also {1lustrates the results of the original negative velocity
gradient at the tip of tha jat which acoounts for the increased diameter
of the front of the jer, which {s now moving at a constant velocity, with no
axial velocity gradient along its length. It also illustrates the very
high strain t is undergone by particles which end wp near the jet's
geametric axis, particularly where the two tracer points in a pair move
apart in opposite dircctions, with one going into the slug and the other
one going into tha jut. This figure aleo qualitatively tllustratea the
radial strafn and strain rate gradients, with the strain and strain rate
both increasing dramatically as the particle pair aporoaches the axis of
the jet. Quantitative data is shown in Fig. S5a,-b, ¢ and d.

TIME DEPENDENT AND RADIAL VARIATIONS IN STRAIN AND STRAIN RATE

Tha caputed strain and strain rate history as a finction of time, for
selected tracer points in this eame VIPER computation, is shown in Fig.5a
and b. In order to illustrate the extnmwlmgl'l radial gradients in
strain and strain rate within the jet itself, these calcula.ed parameters
were also plotted in Fig. Sc and d as a function of the iInftial locacion
of the tracer point pairs in tha liner. For 99 puint pairs, adjacent
point pairs represent initial trucer pair ¢ pararion distances in the
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thickness direction of the liner, of the order of 30 yneters in the VIPER
liner. The quantitative data obtained in this analysis indicates that
order of magnitude changes can occur in the strain and strain rate over
radial distances in the jet, as short as 60-120 umeters.

CCOMPOSITE PLOT OF ALL COMPUTATIONS ON A GIVEN LINER

Fig. 6 i'lustrates a corposite plot of the Ri, 2i coordinates of all
tracer particle paire at a late time in the jet stretching process. In
this particuler case, the initial locations of the identified tracer
particles cover the full range of liner positions shown In the inset.
Clearly, a jet particle coming frum the regioa between 28 -.3 and Zw -1.6
would contaln material coming fram all four of the initial locations on
the liner. This material would be distributed at verious radial loca-
tions within the jet particle.

DATA ORTAINED FROM THE JET INSERTION COMPULATIONS

Fig. 7 illustrates the early data obtained from the insertion of twc pairs
of 8 tracer particles (separated by lmm axially) into the jet at successive
tire intervals 5 microseconds apart. Clear evidence of radially varying
coaxial shear and axial strctching can be seen for regions of d"l\e jet away
from the front lead particle.

CONCTUSIONS

The imoroved high resolution LaGrangean tracer oarticle technique used in
this study with an Eule:rian Code (MESA 2D) provides a detailed estinate of
tlme dependent linear strains, strain rates and strain and strain rate
gradients in quaititative terms. The sharpness of the radial strain and
strain rate gradients found in this study, indicates the inrhamogeneity of
the material processing going on in various radial portions of the jet.
Clearly the region near thew?et axis is subjected to the highest strains
and strain rates. To the exfent that strain and strain rate dependent
processes play a role in determining the radial inhomogeneity in the grain
structure of "'softly recovered" shanad charge jet particles (see Fig. 1),
the quantitative information provided by this study provides an initial
basis for cherking scre of the theoretical models. :

The quantitative infortmtion obtained about the initial large range of
lecations of the origins of the liner material that can become part of an
individual jet particle, indicates one of the reasons why previous axperi-
mmtal studies (Ref. 8-10) could not find simple and clean correlatioms.

There are some interesting questions remaining that warrant further study.
One of these 1s the effect of changes in the material model. Another
concerns the Yoasible extensio of this method of analysis from linear
tracer particle pairs to planar quadrilateral cells and ultimately to
three dimensional parallelopiped cells. There are also soma presently
wnanswered quentions regar the apparently anomalous bahavior of some

of the ctracer particles and clearly observed rotation of the axes of
the tracer particle pairs.
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GSTRAIN RATES SHOWN AT 30.% tiwed A A FULWUTION OF
PARTICLE PALR NUMBERS IDENTITIFED BY THM LOWER
NUMDMER IN THE PAIR, I1iUS Y1 MEANG THE PARTICLE
PAIR 91(4) - 190¢o),
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Tracer Point Locations FROM THE APEX TO Z2Al

Time = 20.01890 uSec
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TRACER PARTICLES tme 24.0420
zernZaZ—zermow s ¢.e—p.y=-0030, dr=dx=.05, log part 2x33

FIG. 7 TwO YERTICAL ROMS OF 8 TRACER PARTICLE PAIRS, lmm APART, INSERTED INTO

REAR OF JET PERPENDICULAR TO JET AXIS AT 5 usecond INTERVALS, JURING
JET FORMATION ANG ELONGATION. MNOTE COMFRESSION JE LIAD PARTICLE AND

RACTAL VELOCITY GRADIENT RESULTIMG IN CONCENTRIC AXTAL SHEAR. INSET
SkOWS ENLARGED VIEL OF TRACER POINT PAIRS FROM SECOND INSERTYION.
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° SECOND INMSERTION OF 8 TRAZER PAIRS, ORIGTHALLY TNSERTER

g lam APART AT t = 10 usec, AS THEY APPEAR AT t = 24 luscc.
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