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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 tharge is used in the test. One jet parameter which seems to be of
imporiance 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 1o calculate this energy
profile was needed. Thus the hydrodynamic penetration theory was empioyed to
calculate these enargy deposition profiles to assess effects of standoff and various
combinations of corditioning plates on the stimulus level seen by test samples.

METHOD

Calculations of energy deposition were carried out using the hydrodynamic
penstration model. The energy deposited by the jet in penetrating an infinitesimal
distance dp is just the kinetic energy of the jet which is used up in obtaining this dp.
Thus, the energy daposition can be shown o be

E.1l 7 ua,
dp 2 % Ui AJ (1)
where U; and A; are instantaneous valugs of jet velocity and cross-sectional area at the
stagnation point of the penetration cavity while r; and r, are the respective jet and targei
densities.

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

A 2dU;

T 0A

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 dUy/dm is not a function of t and the jet area is given by

Aj==
1- I'A ——L(l t) (2)

with integration.constants Ag and to . While penetrating a target, the rate at which mass
is used up is given by
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with "= 5’

After subsctution of equation 2, the sxpression for mass 088 1§

am=_.,s.w,.a_‘*‘_fiw
dt

1- l'A m-g-(t 1) )

where Uj, Ag and dUydm are only functions of m. A.simple-integral of penetration
velocity gives penetration depth, ~

—
i l-l-pdt &)

In this formulation, the shaped charge jet is completely describgd by stipulating
valuity and cross-sectional area at a given time as a function of accumulated mass,
"There are numerous ways to handle’ the requlred init|a| condgtlons Oner posssbmiy is
to calculate the cross section whan the element of jet forms and record the time when it
forms as a function of accumulated mass up to this pomt Another approach istouse.a
jet snapshot to measure area, in whjch ¢ase imls the' same for each lot element. “This
fatter method was used here and the tlme of the snépshot is relative to-the instant
when the first jet particle forms.

Note that the equation 2 can be used to calculate (dUlldm) it-two x-ray
snapshots of a jet are taken at different times The'time interval is chosen largs
snough that the jet area change is easy to measure. With area from the earliest
snapshot and (dUydm) from equation 2, a cogiplets initial condition data set is
-gstablished.

VIRTUAL ORIGIN ASSUMPTION

Some simplifications can be obtained if the virtual origin jet assumption is
invokad. A virtual origin jet has a linear velocity d;stnbuhon so that

U
m1=-f(t) o Up=-10x+Uy,

{6)
At any instant of time, 1y

m

_om 3
3, o au =1;4

( f(‘o))
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However, accumulated mass is a Lagrangian coordinate so that

om _ dm
oU;  dU;

and thus
du;

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

Uy &
S <[t o i

Now equation 5 Is integrated using thig expression to give

1
Uy t e
P=m'—q)2{[l +1(to) to(g- 1)] }

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

ty= Xiip- %y
Ulip‘ U,

with (), referring to the last element of the jet, which, after substituting for the velocity
difference fiom equation 6 feads to

ol
07 Hg)

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

th
= el
Pt 1




Catculations of Enerdgy Deposition Rates for Several Jets

Ernest Baker of ARDEC pravided a copy of the analytical shaped charge cods
PASCC1 (ref 2), which he developed, (and also tutorials to thé author which allowed
successful use of his code) to calculate jet formakicn conditions for several cha*ges.
Another code was written to integrate equations 4 and 5 using tne output from
PASCC1. Some results are discussed belov.

First, a viper jet was calcuiated using PASCC1. Insufficient detail of the cong
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
hormogeneous 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
puint more rapidly than the square of velocity falls off, according to the calculation.
Standofi has almost no effect after about 25 cm of target has been penetrated.

The calculated atfect 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 the jet causing the large area portion to hit target material at a lesser
distance than if the early material were allowed to impact the target. The jet cross
section has less time to shrink, which causes the maximum value of energy dissipation
o be higher with the thinest plate than without it. It becomes clear that energy
deposition 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. Ensrgy deposition by the BRL-81 mm runs about
50% above the Viper. The Tow2a produces a jet with wildly varying radius. The thin
eorly 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
velor.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
thase paricles 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
cther two charges and the particles dominate energy deposition.

Sixdn the virlual origin approximation is so widely used, it is worthwhile to
calcuiate. th energy depasited by a virtual origin jet having the leers velocity
gradient tad wass.  in order to calculate energy deposition for virtual origin jets, a
knowlege of how their cross-sectional area varies along the jet is needed. Asan




example, pick the simplest passible 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

2 -(3p+1)
:}Hﬁﬁ Uy Ao(f+1)

U (1@

The valua of AgS is calculated from

@

1 Uy
. N I
AS rUhp U,.m

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 PASCC1 output
gives jet velocity as a function of axial distance as a snapshot picture at some
patticular time. Let x; ba the distance of the tip from the cone reference point, the point
wherefthe first jet particie is formed. The distance of the tip from its virtual origin can be
found from

-~ Uy
S UP_p
Utip'Ur

where h is tha distance from the tip to the chosen rear element which has velocity U,
(taken nominally as 2.6 K/S ). Then, if xz 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=x

2+x3+s-x‘

Formula 7 is plotted in figura 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 considsrabis. Net deposited energy generally
v?ries l\1~ith the square of tip velocity, but is notably sensitive to ihe 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 forms. Note that the firing pulse occurs at




-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 resuits are shown in figures 5
and 6. A best eslimate for the axis of symmetry was made by fitling 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 inversicn 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 dUydm as a function of
accumulated mass (fig. 8) and ultimately jet velacity (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 PASCGC1 as
can be seen when comparing velecity distributions in figure 11.  The velocity gradient
after mass coordinate =.002 kg is similar to, but slightly steeper than that calculated by
PASCC1. 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, the.lip delivers a lot of energy. Eerergy deposition drops to
that from PASCC1 after the lip is absorbed. These resuits on a larger scale are
shown in figure 14. It seems the PASCC1 results can be used satistactorily beyond
about 4 cm penetration. The effect of a 1.27 cm stee! conditioning plate on the x-ray
derived jet data is shown in figure 15. The large lip 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 hydrodynamic analysis gives a
quick way to quantify the stimulus for any test setup and also serves o 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.




sedip uo yopugls jo 1063 L ainbigd

(W) uoiiensuad

c'0

§

00

aje|d Buluonipuoo cu

00000}

~ 000002

3

-~ 00000€

000009




seje|d Buuompuco jo 1o8l3

() uoljesnasuad

0°0

- 000001

ABiaus

~ 000002

-~ 00000€

(W/r)

- 00000V




sjef esayy, ‘¢ eInbld

(W) uonemnsuad

S0 $°0 £'0 20 o oo

l‘iljlfll >

‘ %llell(\l?atils.
wwig

BZMO]

ajeid Buiuonpuos ou

T T =TT

g0}

ABjiaua

(w/e)




suosuedwoo 19dip Y a.nbiy

() uoijesjauad
¥'0 €0 0°0
1 00000}

- 000002
5

é«m _ 00000€
!
1 0oooov

-

- 000009

uibuo  feniiA 1 000009

- 000004
alejd Hujuonipuod ou X

000008




81

SpU02aSOIoIY SO LY 1B tep °G emnbid

(s3Tun Xxex3tqrz) STXR TRIUOZTIOY

LT 91 ST
1 ‘ 1 L

00°T

Kxjowuis JO STXe PolewTlss

me ¢ ese & wes

Aex-x woxy pesax sjutod TelTOHIP

=3 Z+¥8980°0 + XEGE6°Z - 688%°9¢ = & »

SL°0

(s3Tun Azexj3TqIR) STXE TEOTIIDA

11




SPUODBSOIONL G/ 19 IE I8 "g anbld

(s3Tun AzexjrTqae) sSTXe TEJUOZTIOY

0t 8 9 4
1 [ 2 — - L Oo.m

Ax3oumiAs JO STXE POIBUTISD — [
- 00701

D Dt o ”-v.‘.-. i ... ””-.-”...-....“..r s s¥red Thtan oy g0 ®® .u ‘ 5
T eesli R 00°TT

Kez-x woxz peax sjutod TeITOHIP 3
- 00°¢T

00°T = ¥ ZvX8800°0 + %8202°0 - 6FPS TIT = 4

{(satTun K:ezng&:‘z) STX® TewT3IDA

12




(sxo39w) snrpex

SPUO23S0IOIU GO" L 1e 18] JO sishjauy <L emnbid

(sxaj9w) dDURISTP

2070 10°0 00°0
0+800°'0 L L t 000°0
| snipex -
£-800°¢ - 10070
€900 - i
sseul
] L. 2000
£-900°9 - i
1 L €00°0
£-900'8 ~

¢-900'}

(b3) sseu

13




(szajsu) suipex

80°0

S0°0
1

SpU0oasoIoNl G271 g 1. 19l Jo sishjeuy g einbid

(sxejou) souelsSTP
v0°0 €0°0 20°0 10°0
L — 1 — 1 — L —

00°0
060°0

0+800°0

£-900°¢

-

£-800'Y 4

€-900°9

€-900'8

-

snTpeI

sseu

- T00°0

- 20070

—~ €00°0

¢-900'}

(by) ssew

14




£00°0

wietpesb A1oojeA ‘6 eanbig

(b3) ssew pajerTnundoe

¢00°0 T00°0
} : 1

000°0

- 000008~

- 600008~

- 000007~

- 00000¢-

-0

-~ 000062

[
.

00600V

000000T-

(63/s/u) wp/up

15




Auoojea ejoied 0l emnbig

(63) ssew psjeTnuwnoOe

€00°0 c00°0 T00°0 000°0
z ] 1 1 1 0068

- 0006

16

- 00T6.

an ™
S/w) A3roorsa

(

L
1]
(]
o
o™
o\




uonnquisip A1oojeA Jedip 11 eInbid

(B3) ssew pejerTnWOdOE

S00°0 v00°0 €00°0 z00°0 100°0 000°0
2 1 i 1L 1 L 3
- 1 | 1«0 0008
. ., -
o - 0528
... 4
* - o
joosed e . 00s8 O
(Y 0
> i g
S, P
eé.( . osLg S ~
. g
- 0006
Aeix
] ]
0526
0056




snipes 1ef Jo uonnquisig ‘g4 enbid

(By) ssew pajenwunade
{0°0 00°0

c0'0
. L : 0000

1000
(spuooasaioi $99°82) }o0sed




e

seyoul g'#1 te sedip gL einbid

(W) uonenauad

S0°0
1

19018} oo/wb |} 81eq
aiejd Buuonipuod ou

00°0
3 0+200°0
+ + + + T
100SVd
-~ g+a00°}
o, ] e
- gt L2
™ L 020D & 3
L 4 '.3—.. ] -
L. . r)m\ - ‘mc
s VTV R S
. ﬂ w
Aeix ) =
o OTelst
+*+
Fram 8
9+800'S

1x




suosuedwod 18diA v1 enbig

S0

(i) uojesreuad
¥°0 €0 2’0 L°0 00
1 H : ] 3 H 3 ] 2 )O_.

7:.6...’:‘.’1
i, TP Loosed
:....I.:o.’v:t
ot TV

T

.-......v.v!....t...tot 3 .-00..:..9.«#. 5 o
5 3
| o
[ @
v - ’ o
v o < &~
v [0
‘ ——
wl
Aeix 2 2

atejd- Bujuonipuoo ou




sieyd youl g7L Y Jedip °G1 enbid

(y) uonzijoued

£'0 20 1°0 (URY
. A‘— L E 5 mOF

m_..;g
fa gl Ta L PRI FeY

ABlauo
21

T

(w/r)

1ebie} oo/ib '}
sjeid Buuonipuod [88is g/t

L SR ]




REFERENCES

Walters, W.P. and Zukas, J.A., Fundamentals of Shaped Charges, John Wiley &
Sons, New York, 1989,

Baker, Ernest L., A Parameliic Qptimization of Shaped Charge Wave Shaping,
Society for Computer Simufation 1892 Eastern Multi-conference, Military and
Government Simulation Conferance, 6-9 April 1992.




DISTRIBUTION LIST

Commander
Armament Research, Development and Engineering Center
U.S. Army Armament, Munitions and Chemical Command
ATTN:  SMCAR-IMI-l (5)
SMCAR-COr
SMCAR-TD
SMCAR-SF
SMCAR-AEE (3)
SMCAR-AEF-C, R.A. Chevalaz
SMCAR-AEE-WW, B. Fishburn (5}
Picatinny Arsenal, NJ 07806-5000

Administrator

Defense Technical Information Center
ATTN:  Accessions Division (12)
Camaron Station

Alexandria, VA 22304-6148

Commander
U.S. Army Armament, Muniticns 2nd Chemical Command
ATTN: AMSMC-GCL (D)

Picatinny Arsenal, NJ 07806-5000

Director

U.S. Armiy Materiel Systems Analysis Activity
ATTN:  AMXSY-MP

Aberdeen Proving Ground, MD 21005-5066

Commander

Chemical Research, Development and Engineering Center
U.S. Army Armament, Munitions and Chemical Command
ATTN: SMCCR-MSI

Aberdeen Proving Ground, MD 21010-5423

Commander

Chemical Research, Development and Engineering Center
U.S. Army Armament, Munitions and Chemical Command
ATTN: SMCCR-RSP-A

Abardeen Proving Ground, MD' 21010-5423




Director
Ballistic Research Laboratory
ATTN: AMXBR-OD-ST
SLCBR-TB-EE, E. Frey
G. Gibbons, Jr.
J. Watson
SLCBR-IB-P, A..Barrows
Aberdeen Proving Ground, MD 21005-5066

Chief
Benet Weapons Laboratory, CCAC
Armament Research, Development and Engineering, Center
U.S. Army Armament, Munitions and Chemical Command:
ATTN: SMCAR-CCB-TL.

SMCAR-CCB-DI
Watervliet, NY 12189-5000

Commander

U.S. Army Rock Island Arsenal

ATTN: SMCR!-TWL/Technical Library,
AMSMC-DS

Rock Island, IL 61299-5000

Director

U.S. Army TRADOC Systems Analysis Activity
ATTN: ATAA-SL

White Sands Missile Range, NM 88002

Director

VLAMO

ATTN:  AMSLC-VL-D

Aberdeen Proving Ground, MD 21005-5066




