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INTRODUCTION

Shaped charge jets are being used as initiating stimuli in tests of energetic
materials. The response of these materials can vary considerably, depending on
which shaped charge is used in the test. One jet parameter which seems to be of
importance is the energy that the jet deposits in the target. This energy is spread out
over the penetration path in a complicated way and a means to calculate this energy
profile was needed. Thus the hydrodynamic penetration theory was employed to
calculate these energy deposition profiles to assess effects of standoff and various
combinations of conditioning plates on the stimulus level seen by test samples.

METHOD

Calculations of energy deposition were carried out using the hydrodynamic
penetration model. The energy deposited by the jet in penetrating an infin;tesimal
distance dp is just the kinetic energy of the jet which is used up in obtaining this dp.
Thus, the energy deposition can be shown to be

d•=g r, U2A.

dp 2 Ji J 1 (1)

where Uj and Ai are instantaneous values of jet velocity and cross-sectional area at the
stagnation point of the penetration cavity while rt and r, are the respective jet and target
densities.

The cross-sectional area of the jet constantly changes due to jet stretching. At a
fixed Lagrangian point on the jet (which we choose to measure using the accumulated
jet mass), the area change is given by

ýL=t~ .2dU.
=t ri Aj drn

where m is the accumulated mass in the jet, measured back from the tip. If we invoke
the usual assumption that the velocity of a jet particle does not change during flight,
then dU/dm is not a function of t and the jet area is given by

A- A0A

J -
1-rj A0 (t- to) (2)

with integrationconstants Ao and to. While penetrating a target, the rate a.t which mass
is used up is given by

dm=rr A. U
dt J J l. i (3)
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with T

After substitution of equation 2,,tri oxpression for mass 1.6si It

4=ri T+1L7A UL.

dt dlU.

where Ul , A0 and dUj/dm are only funictions of, m. A~simple~integral of penetration
velocity gives penetration depth,

In this formulation, the shaped charge jet is completely described by stipulating
velý&ity and cross-sectional area at a given~ time as a function~ of accumutated mass.
'There are numerous ways to hahidle the required initial 'cpndjti66s. Onrposilbility is
to calculate the cross section when tlhe elerniefiftf jetforms 'andrecrd t& time when it
forms as a function of accumulated miass up'to this" `~~t 'A -_t-ierapoac st
let snapshot to measure area, in wh Icbh case Its thd'insiifor each let elemient. This
latter method was used here andithe" tiniir of thb snapshot isrelative to- the insfan't
when the first jet particle forms.

Note that the equation 2 can be used to calculate (dUjidm) lf~tw6 x-ray
snapshots of a jet are taken at different times. The ti1me Inter'val is chosen large
enough that the jet area change Is easy to miasl~re. With area from the earliest
snapshot and (dU/dm) from equation 2, a corJiplete initial' condition data set is
established.

VIRTUAL ORIGIN ASSUMPTION

Some simplifications can be obtained if the virtual 1dgm jet assumption Is
invoked. A virtual origin jet has a linear velo~ity distribution so that

!HL = 4(t) or U.=-At) x + Uax (6)

At any instant of time, to

am am ax
ýUj ~ ~ jA f(tj)



However, accumulated mass is a Lagrangian coordinate so that

i-j dUj

and thus
A0dU1 f(to)

is a constant. Then equation 4 can be integrated to give the velocity at the bottom of
the penetration cavity, viz.

U. m

Now equation 5 is integrated using this expression to give

P=r0 1+•f(tO) to -

Choose to as the timeowhen the jet tip hits the target. The time from the virtual origin to
the.target is found from

SXtip Xr
toUtiip Ur

with Or referring to the last element of the jet, which, after substituting for the velocity
difference from equation 6 leads to

giving the usual form of the Allison - Vitali formula (ref 1, p.138), viz.

3ip o [ILI 0



Calculations of Energy Deposition Rates for Several Jets

Ernest Baker of ARDEC provided a copy of the analytical shaped charge coda
PASCC1 (ref 2), which he developed, (and also tutorials to the author which allowed
successful use of his code) to calculate jet format•on conditions for several cha, ges.
Another code was written to integrate equations 4 and 5 using the output from
PASCC1. Some results are discussed below.

First, a viper jet was calcuiated using PASCC1. Insufficient detail of the cone
apex was included for PASCC1 to predict any tip particle phenomena for this jet. The
calculated effect of standoff on energy dissipation for a Viper shaped charge against a
homogeneous target with density of 1.1 gm/cc located at 36.83 cm (14.5 inches) from
the base of the Viper is shown in figure 1. A curious feature is that energy deposition
peaks at some distance into the target because jet area increases at the stagnation
point more rapidly than the square of velocity falls off, according to the calculation.
Standoff has almost no effect after about 25 cm of target has been penetrated.

The calculated effect of various thickness of steel conditioning plate is shown in
figure 2. These plates are assumed to be located 12.7 cm (five inches) from the
charge, while the 1.1 gm/cc target is still located at 36.83 cm. Thin plates wipe off the
early portion of thejet causing the large area portion to hit target material at a lesser
distance than if the early material were allowed to impact tfie target. The jet cross
section has less time to shrink, which causes the maximum value of energy dissipation
to be higher with the thinest plate than without it. It becomes clear that energy
depozition is sensitive to details of the jet structure.

A comparison of three typical charges, all at 36.83 cm standoff from the 1.1
gm/cc target is shown in figure 3. Energy deposition by the BRL-81 mm runs about
50% above the Viper. The Tow2a produces a jet with wildly varying radius. The thin
early jet cannot deliver much energy to the target, but the rate of energy delivery
increases rapidly. There are large particles in the Tow2a jet, caused by reverse
veloc.ty gradients created during jet formation, which travel without stretching and
delive! ';arge energy input to the target as they impact. The figure shows that two of
these particles should impact within the 0.5 meters thickness of the target. Obviously,
the Tow2a delivers a completely different energy imput profile as compared to the
other two charges and the particles dominate energy deposition.

SLh.-S the virtual origin approximation is so widely used, it is worthwhile to
calculate, th{tu enerpv deposited by a virtual origin jet having the Viper's velocity
gradient Lnd ,.aiass. - in order to calculate energy deposition for virtual origin jets, a
knowlege cf how their cross-sectional area varies along the jet is needed. As an
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example, pick the simplest possible case, i.e., assume that the jet has constant radius
along its length at any instant of time, then its energy deposition is easily calculated,
and is given by

1F,=r- , E 'r. U t 2A s+1"( ÷)

,dP 2 t j T S (7)

2A I(- + 1)1,S2 i tiP \3/

The value of AoS is calculated from

A0S =1 Uti m
rj Utip- U,

with m the accumulated mass up to the particular element chosen as the rearmost
element (note that this product is constant as the jet stretches). The standoff, S, is
calculated from the PASCC1 Viper output in the following way. The PASCCI output
gives jet velocity as a function of axial distance as a snapshot picture at some
particular time. Let x, be the distance of the tip from the cone reference point, the point
where the first jet particle is formed. The distance of the tip from its virtual origin can be
found from

U h
Utip Ur

where h is the distance from the tip to the chosen rear element which has velocity Ur
(taken nominally as 2.5 K/S ). Then, if x2 is the distance from charge base to the target
and x3 is the distance from the charge base to the cone reference point, the target
standoff distance is

S = x2 + x 3 +4"- x1

Formula 7 is plotted in figure 4 along with the calculated results from PASCC1. The
constant area, virtual origin jet deviates from the PASCC1 jet for the first 15 cm of
target penetration and this deviation is considerabie. Net deposited energy generally
varies with the square of tip velocity, but is notably sensitive to the area distribution
along the jet.

Experimental Viper Jet

Mr. James Pham of ARDEC provided a double exposed x-ray of a viper jet for
analysis. The x-ray shows the jet at 28.904 microseconds and 49.329 microseconds
relative to the instant that the first piece of jet lorms. Note that the firing pulse occurs at
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-12.146 microseconds on this time scale, so the time relative to the firing pulse has this
value added on. Both jet images were digitized and the results are shown in figures 5
and 6. A best estimate for the axis of symmetry was made by fitting curves between
the points away from the tip. As can be seen, the resulting axis nicely pass through
the center of the tip also. Based on these axis, the axisymmetric volume at each time
was determined as a function of distance from the tip. The resulting jet radius and jet
mass (volume times density) are shown in figures 7 and 8. Consistent with the
hydrodynamic development used here, it is assumed that the point described by "m"
grams back from the tip of one x, ray is also "m" grams back in the other. Thus, the
assumption is that no inversion of mass coordinates occurs during flight. The
difference in radii between x-rays is nominally 20%, so that small errors in reading the
data are not crucial. Equation 2 can now be used to calculate dU/drn as a function of
accumulated mass (fig. 9) and ultimately jet velocity (fig. 10). The range of the
accumulated mass coordinate is limited by how much of the early jet appears in the x-
ray. Results of this procedure give a smooth velocity profile with two small regions of
reverse gradient. The x-ray tip velocity is faster than that calculated by PASCC1 as
can be seen when comparing velocity distributions in figure 11. The velocity gradient
after mass coordinate =.002 kg is similar to, but slightly steeper than that calculated by
PASCCl. A comparison of the jet radii from the x-ray with that calculated by PASCC1
is shown in figure 12. The x-ray results appear to agree with the calculation except in
the tip region. Energy deposition, calculated using these experimentai data, is shown
on figure 13. Obviously, thetip delivers a lot of energy. Energy deposition drops to
that from PASCC1 after the tip is absorbed. These results on a larger scale are
shown in figure 14. It seems the PASCC1 results can be used satisfactorily beyond
about 4 cm penetration. The effect of a 1.27 cm steel conditioning plate on the x-ray
derived jet data is shown in figure 15. The large tip effect is essentially removed by this
conditioning plate.

CONCLUSION

With the use of various shaped charges as initiating stimuli for probing assorted
energetic materials, the ability to quantify the strength of stimulus becomes important
for comparing results and in forming a basis for understanding what parameters
govern the response of the energetic material. This h'ydrodynamic analysis gives a
quick way to quantify the stimulus for any test setup and also serves to point up how
sensitive the stimulus parameters can be to details of the jet. It is particularly useful to
study cases where stimulated reaction appears only along part of the path of the jet
through the target. The point of cessation of reaction can be correlated with local jet
properties. Of course, this analysis is only as good as the basic jet description and
developing an accurate jet description should be pursued.
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