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Abstract 

axis mmetric, analytical and computationa I his paper reviews prior 1U and 20 
studies,as well as empirical studies o the shaped charge jet particulatior 
problem and discusses their associated insights and problems.lt proposes a neM 
3D computational model of the particulation process,based upon a simplifiec 
version of the observed counter-rotating, double helical surface perturbations 
found on "softly recovered"shaped charge jet particles, from both Copper anc 
Tantalum jets.This 3D approach contrasts with the random, axisymmetric surface 
perturbations which have previously been used, to try to infer the observed length 
distribution of jet particles, on the basis of the "most unstable wavelength' 
concept, which leads to the expectation of a continuous distribution of particle 
lengths. 

Y 

The 3D model , by its very nature, leads to a non-random, periodic distribution oi 
potential initial necking loci,on alternate sides of the stretching jet.This in turn 
infers a potentially eriodic, overlapping, multi-modal distribution of associated 
jet particle lengths. sp ince it is unlikely that all potential initial necking sites will be 
activated simultaneously,the 3D model also suggests that longer jet particles 
containing partiai,but unseparated necks, should be observed fairly often. In 
addition,the unseparated partial necks should be expected to reflect the periodic 
geometry which characterizes the periodic distribution of the potential necking 
sites. Examination of numerous radiographs of jets from Viper warheads, 
indicates that longer jet particles with partially necked portions,are found quite 
frequently and most of the partial necks display the basic expected periodicity. 

The computational analysis is in its very early stages and the problems involved 
in inserting the two helical grooves and in defining the initial conditions and 
boundary conditions for the computation will be discussed. Available initial results 
from the 3D comwtation will be discussed and intemreted. 

INTRODUCTION 

The penetration performance of a shaped charge jet depends very directly upon 
the ability of the jet material to stretch without breaking, prior to the onset of the 
particulation process, which ultimately defines the limits of the cumulative jet 
length. This material ductility, together with adherence to the essential high 
symmetry requirements, therefore controls the jet's penetration performance.This 
paper will start by reviewing prior published models of the jet breakup process 
(Refs.1-26), involving both empirical and analytical studies as well as 
computational analyses, in order to assess the current state of understanding of 
this very important facet of the shaped charge behavior. From this review, it will 
be seen that despite the extensive and increasingly sophisticated approaches 
which have been used to attack this jet stability problem, as well as the major 
forward steps which have been taken in improved modeling of this 
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process,especially those involving dimensional analysis, (Refs.6,9), there are still 
some significant gaps in our understanding of the particulation process. 

There is also an interpretation problem which arises because the definition of the 
length of a jet particle, as measured from a flash radiograph, needs to be 
properly understood in terms of the details of the process through which it was 
formed, in order to correlate it with the model predictions. The models can only 
attempt to estimate where the necking processes first start on the jet. As a 
result of inhomogeneous stretching at the separated particle necks during ductile 
particulation,this estimate does not directly provide the measured lengths 
(corrected for image magnification) of the jet particles, which are seen on the 
radiographs. This problem will also be addressed later. 

OVERVIEW OF PRIOR ANALYTICAL, COMPUTATIONAL AND EMPIRICAL 
MODELS OF THE PARTlCULATlON PROCESS. 

All of the prior work reported (Refs.1-27) involves 1D and 20 analysis, both 
analytical and computational. Also included are the semi-empirical analyses 
based on the observation of an average,"constant" interparticle AV and a 
"constant" number of jet particles (Ref. 10, 24). 

The earliest reported study, of the effect of a small axi-symmetric disturbance on 
the plastic stretching of a cylindrical jet of known yield strength, was actually a 2D 
computational study, by Karpp and Simon (Ref.1) in 1976. This work utilized the 
Lagrangian HEMP code, and the authors concluded that the plastic instability 
which they observed was "similar to that observed in a quasi-statically stretching 
rod and was sufficient to explain the observed behavior". Shortly afterward, Chou 
and Carleone (Ref.2) developed a 1D code which was able to simulate a similar 
kind of perturbation growth, including the necking and particulation processes, as 
were seen earlier with the 2D HEMP code. The original 1 D studies (Ref.2) could 
not provide any quantitative insights regarding the expected average lengths of 
the jet particles. Subsequent 20 computational studies (Refs.3,5) did reveal 
preferred wavelengths. 

One of the most useful 1D analytical studies was carried out by Walsh (Ref.6) 
who provided a dimensional analysis of the stability of a perturbed stretching jet 
and deduced the applicable scaling laws. Walsh defined an -parameter 
a, as follows: 

Eq. 1 
where p= the jet density UFthe initial strain rate 

R = the jet radius o=the dynamic yield strength 
The instability parameter a, increases as the jet continues to stretch. 
Walsh further defines Lb, the length of the jet, at the time of breakup ,in terms 
of the following relationship: 



where @ C= a constant, which is the critical value of @ for 
which particuiation starts 

the initial value of the jet length 

a0= the initial value of Q,, the-parameter. 

Walsh analyses the effects of various types of small si- symmetric perturbations 
including surface roughness,velocity gradient and yield strength. He concludes 
that there is a specific limiting wavelength, hQ, given by 

ho =( xD/2)/21/2 
Wavelenghts smaller than ho are all w, and larger wavelengths are all 
unstable. He later defines the wavelength with maximum instability as 

h,= x% or A,= xD/2. 
Romero, (Ref.9), on the basis of a more elaborate 2D analysis, which explicitly 
takes inertial forces into account, also defines a dimensionless, time dependent 
Stabilitv parameter , r2, as follows: 

(D = Jet diameter) 

where p= the jet density p= the strain rate 
a= the jet radius Y= the dynamic yield strength 

Romero further notes that the dimensionless ratio in his mbilitv parameter, r2, 
expresses the relative importance of the inertial terms with respect to the plastic 
terms, in the equations of motion. 

It is clear from a comparison of the Walsh and Romero analyses that, except for 
differences in nomenclature, including the explicit time dependance in Romero's 
parameter and a multiplicative constant,Walsh's a and Romero's r2 are 
essentially reciprocals of each other,as they should be,since cp is an instability 

t parameter and r2 is a &&&y parameter. Both parameters contain the same 
physical quantities but with exponents inverted. 

Romero also searches for a "most unstable wavelength", in attempting to shed 
some light on the question of the most likely jet particle length. He concludes 
that it is not possible to assign a single value to the critical wavelength because 
the flow. is evolving with time as the jet is stretching.Therefore the "most 
unstable wavelength" is a varying function of time, changing as r2 becomes 
progressively smaller. However, he estimates that this critical wavelength, (hc ) ,  
is of the same order as the jet radius, but could be larger if the jet is stretching 
slowly. He states, without proof, that the "most unstable wavelength" lies 
between aD and 2xD, where D is the jet diameter. Note that Walsh's most 
unstable wavelength was estimated to be xD/2.This difference is left unresolved 
for the present. Note also that both of these analyses lead to the expectation that 
the jet particle length distribution is continuous and not multi-modal. 
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The empirical observation of an almost "constant", average, equilibrated, velocity 
difference AV, between adjacent jet particles, after particulation has occurred, 
was first reported by Chou et ai (Ref.2-3). Hirsch (Ref.10) first labeled this VPL 
and proposed the idea of a connection with a "critical" plastic wave velocity, given 
by (a/p)'Q, where 0 is the dynamic yield stress and p is the jet density. This 
"constant" average velocity difference between adjacent jet particles, has found 
its way into numerous empirical analyses (Refs.10-27) and is clearly a 
convenient first order approach to correlating the average number of jet particles 
as well as the average "breakup time"of the jet. However,while it is useful for 
practical purposes, in its present form, it provides very little additional physical 
insight regarding the breakup mechanisms and does not account for the 
observed fact that the jet particle lengths are not ail alike and the individual AV's 
vary widely. Neither does it explain the multi-moda1,nearly periodic distribution of 
particle and sub-particle lengths, which has been observed by the authors, and 
which will be discussed 1ater.Although many attempts have been made,it has 
been difficult to make a direct, physically based, first principles connection with 
the experimentally observed average value of AV. While Hirsh and others 
(Ref.10-27) utilize the semi-empirical (VPL) to provide useful correlations with the 
average particulation process, it has not been convincingly shown that the 
implied connection of A V  with the plastic wave velocity, given by (dp)'", can be 
derived from a "first principles" analysis.Haugstad,(Ref.22) makes a case for a 
"heuristic" generalization of Hirsh's analysis, to try to show such a 
connection. Walters and Summers (Ref.27) list the outcomes of the various 
versions of the empirical AV  analyses. 

Held (Ref.24) has reported a previously unpublished analysis of the particulation 
process,done by W. Trinks in 1976, which used fundamental kinetic energy 
considerations to derive a value for AV. Trinks calculated the kinetic energy 
before particulation, (Ec) and after particulation (Ep) and found the difference to 
be expressible in terms of AV* as shown in the following equation. 

AE = Ec - E, = PAL( A V2/24) 
where p= the jet density 

A = the cross sectional area of the jet 
L = the reference length of the jet 

Trinks then equated the difference in the kinetic energies to the work that was 
done to cause the particulation, which he estimated to be 

W= YAdL =(YA AL/L)(L)=YAL. E 

AV= (24Y/p E)"Z Eq.4 

where Y = the yield strength of the jet 
The velocity difference AV, is then found to be 

Unfortunately,as noted by Held, this expression,which seems to have a sound 
physical foundation, does not yield values of A V  which come anywhere near 
matching the experimental observations, when static material parameter values 
are inserted. It is possible that if the correct dynamic values were to be used, 
especially as they reflect the effect of the jet temperature upon the yield strength, 
better agreement might be found. 

E = the strain at fracture 
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Shelton and Arbuckle (Ref.25) arrive at a similar result for AV, on the basis of 
kinetic energy considerations.However,on the basis of release waves from break 
points , they also attempted to predict the jet particle length distribution. Their 
analysis predicts a mildly unsymmetrical but continuous distribution of jet particle 
lengths, skewed toward the smaller lengths, which superficially appeared similar 
to nominal measurements on experimental flash x-ray observations of Viper 
charges, cited by BRL. These BRL observations do not agree, in resolved detail, 
with our own multi-modal observations on numerous Viper jet radiographs, based 
on the insights derived from the 3D model. The differences will be discussed 
later. 

In addition to Walsh and Romero,other 2D analytical and computational studies 
(Refs.3,5,7,8) have also sought to obtain the "most favored" necking startup 
locations on the jet, which arise as a result of small, random, axi-symmetric 
surface perturbations. Starting typically with the unperturbed cylindrical jet, a 
perturbation analysis is carried out,which is restricted to small perturbations and 
whose objective was to determine a "most favored*' perturbation wavelength, 
which would grow faster than wavelengths which were either larger or smaller. If 
a "most favored wavelength" could be identified, it might essentially define the 
probable average location of the jet's initial necking sites.This would indirectly 
define an estimate of the average jet particle length and the expected number of 
jet particles. By comparing the expected number of jet particles with the known 
velocity gradient over the jet length under consideration, one could empirically 
deduce a value for the average velocity difference (AV)  between jet 
particles,thereby connecting with the experimental data. An interesting result was 
reported by Curtis (Ref.7), whose 2D analysis uses "the axi-symmetric equations 
of motion and boundary conditions of continuum mechanics". Curtis has derived 
a Bessel function which, "under certain initial conditions ..... can approximately 
predict from the experimental data the observed critical wavelength".In a further 
extension of that approach,D.C.Pack(Ref.8),using the more complete Levy-von 
Mises stress-strain relations,examined the effects of small axial velocity 
disturbances.He proposes the interesting idea that besides ductile necking, it is 
possible for particulation to occur as a result of all of the principle stresses 
becoming tensile simultaneously, thereby creating voids which can cause 
f ractu re. 

A summary of the current understanding of the particulation process from prior 
work,would indicate that while we know much about the physical factors that 
play a role in the process, there are quantitative details about the observed jet 
particles for which there is no adequate model, capable of completely accounting 
for all of the experimental observations. As noted earlier, the 2D analytical 
limitation may be a factor in this problem. 

BASIS FOR THE NEW 30 COMPUTATIONAL MODEL 

The 3D approach to modeling the jet particulation process is intended to shed 
new light on the question of the distribution of jet particle lengths, which has not 
been answered definitively by any of the prior 1D or 2D analyses. The major 
difference between the new 3D model and the prior 2D models, lies in the 3D 
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geometry of the disturbances on the jet surface. These are clearly not axi- 
symmetric. They are believed, by the authors, to directly determine the locations 
along the jet at which the start of the necking process, (which precedes jet 
breakup) is favored. These locations are based on simple 3D geometrical 
considerations. 

The physical basis for the computational 3D perturbation model is experimental 
in origin and is founded on the observations first reported by Zernow in 1987 
(Ref.29) and in numerous additional observations subsequently made by Zernow 
(Refs.28,30-32), that surface perturbations on the best samples of the "softly" 
recovered shaped charge jet particles of copper (and tantalum), are not axi- 
symmetric, but are almost always found in the form of helical shear band traces. 
These surface traces are typically in the form of a family of counter rotating 
helices consisting of hierarchies of shear trace grooves of varying depths, 
oriented at nearly k45" to the jet particle axis. 

The original 1987 observations with ETP copper jet particles and subsequent 
observations with OFE copper and pure tantalum jet particles are shown in 
Figs.l,2 and 3. Fig.4, taken from Ref.28 provides an analysis of the hierarchy of 
shear band trace structures, in terms of the separation distance between the 
deep primary hefical grooves and the successive shallower grooves.The 
simplified 3D model uses only one set of primary grooves. 

STEPS REQUIRED IN MAKING THE CONNECTION BETWEEN THE 
RADIOGRAPHED (MEASURED) PARTICLE LENGTH AND THE PREDICTED 
PARTICLE LENGTHS. 

After particulation, the individual jet particles have separated and are individually 
distinguishable on the flash x-ray. One first proceeds to make measurements of 
particle length (Lm) and diameter (Dm) directly on the flash x-rays. These raw 
measurements first require corrections for the geometrical magnification of the 
x-ray images,to obtain LC and Dc, the corrected values. We will focus our 
attention on ductile particulating jets. 

Before necking and particulation starts, the cylindrical jet has acquired an axial 
velocity gradient which is often very nearly linear. Shortly after any individual 
necks start to form, between two or more regions on a jet, that will ultimately 
separate as individual particles, it has been shown that a rapid readjustment 
occurs in the axial velocity distribution along that region of the jet. As shown in 
Fig.5, the main interior portions of the particles, away from the necking region, 
rapidly equilibrate their axial velocity gradient and tend to acquire an averaged, 
constant, center of mass velocity, which they will exhibit after separation. In the 
necking region however, the concentration of plastic flow causes an increase in 
the velocity gradient along the neck, which makes that neck gradient even larger 
than the initial linear velocity gradient.This phenomenon is clearly illustrated in 
Fig.5 (Aef.33) which shows the computed transformation from the original linear 
velocity gradient to the inhomogeneous velocity gradient, with the main particle 
equilibrating and virtually all of the stretching now concentrated in the necking 
region.This situation poses an interpretation problem, because the portion of the 

6 



jet, which will end up as an individual particle, is now stretching 
inhomogeneously.Thus, the necking region is now contributing more to the final 
particle length than it did before necking started and while it was attached to the 
main body of the particle.The latter remains essentially constant in length. The 
total particle length measured on the flash x-ray, which is the sum of the main 
particle length and the stretched neck lengths, is therefore longer than it would 
normally be, by the amount of the added plastic stretching in the neck, at both 
ends of the particle, as illustrated in Fig.6. 

The "most unstable wavelength" concept can only suggest where initial necking 
might start. Therefore, the definition of a preferred wavelength does not lead 
directfy to an expected measurement of a particle length on a flash x-ray of the 
particulated jet, without a correction for the extra neck stretching at each end of 
the particle. We will introduce a double ended correction, designated as "c",which 
is added to L n , the distance between initial necking points, to define the final 
particle length 1, generated by the inhomogeneous stretching process.Thus,k= 
L n + ~ ,  as seen in Fig.6. 

EXPECTED PARTICLE LENGTH DISTRIBUTION BASED ON THE 
PREFERRED kc CONCEPT DERIVED FROM WALSH'S ANALYSIS 

The preferred,"most unstable wavelength" concept, derived during the analysis of 
small axi-symmetric perturbations on the jet surface, (e.g. Ref.3,6 and9,) leads to 
an expected distribution of preferred necking startup locations. After suitable 
end corrections, this leads to associated jet particle lengths.These are expected 
to be distributed continuously around the particle length derived from the most 
unstable wavelength, kc (which Walsh defines as kc= nDd2 ) . The less unstable 
wavelengths (which are all larger than Walsh's minimum unstable 
wavelength,which he defines as Lo = zD0/23/*), on either side of hc,would be 
contributing particle lengths which are both larger and smaller.They would not 
necessarily be symmetrically distributed.lt would be expected that lower 
occurrence frequencies would be found as the absolute value of lkc-hl 
increases. Thus the jet particle length distribution expected from such a model, 
could be described schematically as shown in Fig.7. On the assumption of a 
linear velocity gradient along the jet prior to particulation, this distribution of 
particle lengths could lead to an average value of AV, the average velocity 
difference between adjacent particles, corresponding to h,, but with values for 
individual particle pairs which are both higher and lower than the average value 
of A V .  The expected distribution of particle lengths is clearly continuous. 

EXPECTED PARTICLE LENGTH DISTRIBUTION BASED ON THE 3-0 
MODEL 

On the premise that particulation and necking will start at the location of the 
greatest weakness in the jet, and based on the fact that the weakest portion of 
the jet is found at (and near) the locations where the two counter-rotating helices 
cross each other on the jet surface (seeFig.8), then the 3D model based on these 
surface shear trace perturbations,predicts the preferential start of necking at 
locations which are separated by intervals of nxD/2. It should be noted that 
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these weak spots are alternately on opposite and adjacent sides of the jet, as 
seen in Fig.8.Thus, IC D/2, w D, 3/2 w D and 2 K D are typical locations along the jet 
where the necking process could start. If the probability of a necking start at 
these locations is equally likely, this process could result in a single, unique jet 
particle length of ( w D/2)+c,(where c is the correction for the extra length of the jet 
particle due to neck stretching) as shown in Fig.6. However, if some variation 
exists in the jet strength at the various possible necking locations, or if perhaps, 
the necking process starts more easily when the two adjacent weak spots are on 
the same side of the jet surface,then it is possible that one could also find particle 
lengths of (~cD)+c, (2n:D)+c and possibly additional (nxD)+c length 
incrementsh any case this would result in a multi-modal distribution of particle 
lengths, as shown in Fig.9, rather than a continuous distribution. 

The 3D model also suggests that when two or more of the weakest locations start 
to neck almost simultaneously,one might expect to see jet particles with partial 
necks. This would occur when the first ("oldest") of the developing necks reaches 
a critical neck diameter and relieves the stretching gradient on the adjacent 
"younger" necks.The basis for this process can be seen in Fig.5.0ne might 
therefore expect to find multiple partialty necked particles which have not 
separated. However,on the basis of the 3D model,the components of these 
partially necked particles would still be expected to exhibit lengths which are 
derived from the periodic nature of the locations of potential necking points.The 
3D derived particle length distribution should therefore be multi-modal rather 
than continuous,as predicted by the most unstable h,  concept. Two specific 
actual examples of such an occurrence are displayed in Fig.10 And Fig.3. They 
are both "softly recovered" twin jet particles, captured by Zernow (Refs.28,30-32). 
A subsequent examination of numerous radiographs of Viper jets revealed that 
this mufti-modal partial necking phenomenon occurs quite frequently. 

MORE EXTENSIVE EXAMINATION OF RADIOGRAPHS OF VIPER JETS, 
SEEKING INDICATIONS OF MULTI-MODAL JET PARTICLE SIZES WHICH 
ARE PREDICTED BY THE 3DMODEL. 

Prior reports on the experimentally observed distribution of jet particle lengths of 
particulated Viper charges,shown in Fig.7, are attributed to BRL (Ref.25) and 
have implied a continuous jet particle length distribution, ranging from zero to 
about 22 mm, with a peak frequency at around 7-8 mm. It is not known precisely 
how particle measurements were treated when they contained multiple necks, 
which were not separated as individual partic1es.H is assumed however, that i f  
partially necked particles did not actually separate at the partial necks, their 
aggregate lengths were recorded as the measured length of the particle. 
However, as noted in Section 6.0, the 3D model indicates that potential necking 
locations can occur at intervals of nxD/2 and n K D, along the stretching jet.ln the 
first case, if n is odd, the adjacent weak spots are on opposite sides of the jet, 
while in the second case, if n is even, they are on the same side of the jet. 
Without making any corrections for the added, anticipated length increase at the 
plastically stretched ends of the particles, and using an observed value of - 2 
mm diameter for the Viper jet at the time of particulation,the 3D model predicts 
that there could be particles whose initial necking lengths are 1.57D (3.14mm), 
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3.14D (6.28mm), 4.71 D (9.43mm), 6.28D (12.56mm), 7.85D (15.7mm), 9.42D 
(18.84mm) and 10.99 D (21.98mm).lt is very clear that such a multi-modal 
distribution of particle lengths would not have been readily detected in the BRL 
data because it appears that the width of the particle size bins in the histogram 
was 2.5 mm and the separation between mean sizes in the multi-modal 
distribution is about 3.1 mm. Allowing for some spread around each mean value 
of the length,it would not be possible to resolve the multi-modal distribution. 
However a close examination by the authors, of numerous flash x-ray prints of 
Viper jets, clearly shows a well defined grouping of the particle lengths and also 
shows many longer particles with partial unseparated necks. If  these 
unseparated, partially necked particles are broken down into the visible length 
sub-components, one finds a further grouping of the particle lengths 
corresponding to the shorter particles and a reduction in the frequency of the 
longer particles, consisting of necked sub-components. Sets of such multi- 
modal, partially necked jet particle configurations, which are expected from the 
3D model, are illustrated in Fig.11. Table 1 which follows, shows the results of a 
careful perusal of numerous Viper jet radiographs.They illustrate predicted 
combinations of the various possible partial necking locations. Those 
combinations of partial multiple necks, with periodic sub-components, which have 
been checked in the table, have actually been observed during the examination 
of the Viper flash radiographs and therefore appear to support the definition of 
the distribution of possible necking locations derived from the 3D model. Note 
that Walsh concluded that the most unstable wavelength was zD/2 and 
Romero concluded it was between zD and 2xD.The 30 model suggests that 
both estimates may be partially correct, but each provides an incomplete 
description of the particulation details. 

SETUP OF THE 3D COMPUTATIONAL PROBLEM 

The 3D problem setup starts with the execution of the 2D axisymmetrit problem , 
which defines the initial material conditions and the particle velocities, as a 
function of time and location within the jet. Next comes the selection of the 
specific region along the jet that will be studied in the 3D problem. Then, comes 
the selection of the startup time, that will be used for the initial conditions on the 
3D problem. Finally, a method had to be developed for generating the two 
counter-rotating helical grooves on the surface of the smooth jet, in order to 
simulate the shear trace structure, which is the source of the 3D perturbation. 
This helical shear trace structure replaces the axi-symmetric surface 
disturbances which must be used in the 2D perturbation analyses. We express 
our appreciation to Dr.S.J.Mosso of the Los Alamos National Laboratory for 
developing a clever Monte Carlo technique for inserting the two counter-rotating 
helical grooves on the jet surface. 

In order to keep the initial 30 computational running times at reasonable levels, 
the problem starting time is selected to be just before the start of jet particulation, 
in the absence of any surface disturbance.The segment length of the jet to be 
studied is selected to contain three or more wavelengths of the helical grooves. 
The segment length and the starting time will of course define the velocity 
gradient which will be imposed across the jet segment ends, at the start of the 3D 

9 



problem. The helical groove design is semi-circular in cross section. Its depth, for 
the startup problem, was deliberately set at 0.1 times the jet radius, in order to 
reduce the initial resolution requirements and hence the running time for the 
initial 3D problem, while we were familiarizing ourselves with the difficulties that 
might be encountered during the early learning process. 

COMPUTATIONAL RESULTS. 

The computational problem was set up to run early in July, using Mesa 3D, so 
that the initial results could be reported in this paper. Unfortunately, coauthor 
Dr.E.J.Chapyak became ill at that time,while away from Los Alamos.He has not 
yet returned to work. We have therefore been unable to execute even the first 
3D problem, in time to include the results in this paper. S.Jay Mosso has 
generously offered to run the problem while we are hopefully awaiting 
Dr.Chapyak's recovery. It is hoped that at least the first problem will be run prior 
to the time of the meeting in San Francisco in September. All available 
computational results will be reported there. 

CONCLUSIONS 

The new insights provided by the reasoning stimulated by the 3D surface 
perturbation model, have already shed new light on the multi-modal periodic 
nature of the jet particle length distribution, which distinguishes it from the 
continuous distribution, expected from the "most unstable wavelength" concept. 
This has been verified by observation of the presence of periodic partial necks on 
longer particles, seen in detailed examination of numerous Viper radiographs. It 
is hoped that the particulation mechanisms that will ultimately become apparent 
during the running of the computational problem, will also be able to illuminate 
other issues like the mechanisms causing particle tumbling as well as the 
relationships between the necking processes caused by alternating adjacent 
weak spots on the jet , either on the same side of the jet,separated by RD, or on 
opposite sides of the jet, separated by zD/2.We may also learn more about the 
relative probabilities for the various particle and sub-particle configurations. 
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Fig.1 Shear band traces on a recovered 
ETP Copper jet particle (Ref.29) 
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Fig.3 Shear band traces on a recovered 
Tantalum jet particle. (Ref.31) 
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Fig.5 Computed inhomogeneous 
velocity gradient, during the 
nedting process (Ref.33) 

Fig.2 Shear band traces on a recovered 
OFE Copper jet particle (Ref.28) 

Fig.4 Hierarchy of observed helical 
surface markings (shear traces) on 
an OFE Cu jet particles.(Ref.28) 

Rg.6 Source of the end corrections 
for ductile particulation, due to 
inhomogeneous neck stretching 
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> 250; 
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APPROXIMATE LENGTH IN. cm 

Rg.7 Continuous Viper jet particle length 
distribution (ERL- Ref. 25) 

. . .  . 

Fii.9 Mutti-modal distribution of jet 
particle lengths,suggested by 
the 30 oarticulation model. 

n- 

Rg.11 Successive series of possibie 
particle lengths ,including those with 
partial necks,showing periodicity in the 
sub-partides,based on the 30 model. 

Length (W2B-W3T) = nD/2 
Length (W2B-W4B) = d . W4B’ -. 

Fig.8 Simplified double helical surface 
perturba!ions,used for 30 rnodei,showing 
weak spots on opposite and adjacent sides 

Fig.10 Recovered Double Copper 
jet particle,illustrating 1 case 
expected from the 30 model. 

PARTICLE 

CONTOURS 
CONFIGURATION 

NOMINAL 
PARTICLE 
LENGTH 

Table 1 Illustrating multiple particles 
observed on Viper jet radiographs, 
including those with partial necks. 
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