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I. INTRODUCTION

For several years the Ballistics Research Labora-
tories , using computer codes , have been invest igat ing the
phenomena associated wi th  the penetration by a shaped-
charged jet  into vehicle armor. The purpose of these in-
vestigations has been to provide an armor configuration that
is light in weight but effective against shaped—charged
j e t s .

The computer codes presently avai lable  can numeri-
cal ly solve problems of norma l or zero obl iqui ty impact.
For plane s t r a in , planes of non—zero  obliquity can be
solved using X-Y versions of Euler ian codes. There are
certain unique phenomena which occur dur ing oblique impact;  conse-

quent ly,  a three-dimensional model of the penetration pro-
cess is required to investigate in detail the phenomena
associated with oblique impact.

TR IDORF 2 is capable of per forming these oblique im-
pact calculations. TRIDORF is a two-material version of
TRIOIL ’ wi th  a r i g id—per fec t l y  p last ic  s t rength fo rmula t ion .
The description of the TRID ORF code is reported in Section
I I .  A norma l impact has been checked agains t  the DORF 3
code ( two-dimensional )  and is reported in Section I I I .

A series of four  oblique impact calculations (copper
jet  impacting a steel pla te)  have been solved using the
TRIDORF code and are reported in Section IV . In addi t ion ,
three oblique impact calculations (plexiglass spheres im-
pacting a plexiglass plate)  pe rformed for  the Naval Research
Laboratory are reported in Section IV.

A fue l tar get confi gurat ion has been calcula ted wi th
a two—dimensional model (DOk~,”) transferring over to the
three-dimensional model (TRIDORF ) when the .tress wave
(generated by the rigid jet ) reaches the wal ls  of the
cylinder.

1 Johnson , W. E., “TRIOIL - A Three-Dimensional Version of
the OIL Cod e ,” GAMD-7310 , General Atom ic , June 1967.

2 Johnson , W. E., ‘~ RIDORF - A Two-Material Version of the
TRIOIL Code with Strength ,” Computer Code Consultants ,
to be published .

~ Johnson W. E . ,  “ Code Correla t ion Study ,” Technical Report No .
AFWL-TR—7 0- 144 , Apr i l  1971; and Johnson , W. E., “Develop-
ment and Application of Computer Programs to Hypervelocity
Impact ’ 3SR-749 , Systems , Sc ience and Sof tware , July 1971.
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The results of these calculations are described in Section V.
The code modif icat ions , for both DORF and TRID ORF , required
for these tasks are described in Section VII .

A multi—material normal impact calculation has been
solved using the DORF 3 code and is reported in Section VI .
A splitting (a method of fractional steps , where one can
rep lace a complicated multi-dimensional problem by a suc-
cession of simpler one—dimensional ones)version of the OIL~code and techniques to eliminate the conventional “ i f ”  tests
from Eulerian formulations are described in Section VII .

II.. DESCRIPT ION OF NUMERICAL TEC HNI QUES

The TRIOIL 1 code has been modified to treat two materi-
a l s , and a rigid-perfectly plastic strength model has been
included. A routine to move massless tracer particles has
also be~ n incorporated into the code. This version is called
TRIDORF L and is in the final state of documentation. The basic
di f f e r ence  equa tions for the Lagrangian phase , the convective
phase and the s trength phase are listed below. Familiarity
w i t h  the  OIL 4 f a m i l y  of codes is assumed .

“ Johnson , W. E . ,  “OIL - A Continuous Two-Dimensiona l
Eulerian Hydrodynamic Code ,” GAMD-5580 , General Atomic ,
June 1965.
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A . Difference Equations For Phase 1 (Lagrarigian Phas~~

The Eu].erian equations we wish to solve are the
f ollowing :

-

~~~~~ 

+ V . (pa) = ( 1 )

-p

~pu 
-
~ 

-
~+ u V pu  = -VP (2)

3~~E -* -~
+ V . (~~E u )  . (Pu ) ( 3)

Equa tion 1 i~,. che conservation of mass equation, Equation2 is the conserva t ion  oti momentum equa t ion , and 1:~~u~~t ion  3
is the conservation of energy equation .

The second terms on the l e f t  side of Equations 1, 2
and 3 are temporarily dropped . Their contributions are
later approximated when we move mass across cell bound-
aries. Rewriting Equations 2 and 3 in cdrtesian coordi—
nates results in Equations 4 , 5 , 6 and 7.

~~~~~~~~~~~~

2~E — — ~ ( Pu) 
— ~ (P v) 

— ~ (Pw ) ( ‘2 )p — 

~x ay
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p = density of cell L, g/cm3

x = x coordinate , cm
y = y coordinate , cm

z = z coordinate , cm
u = x component of velocity , cm/shake

( 1 shake = l0 8 sec )
v = y component of velocity , cm/shake
w = z component of velocity , cm/shake
P = f(p,Q) from the equation of state

= material pressure, jerks/cm 3

(1 jerk = 10 1 6  ergs)

E = total specific energy , jerks/g

t = time, shakes
Q specific internal energy, jerks/g.
Rewriting Equation 7,

— 
a (Pu) 3 (Pv) ~(Pw )

p ‘
~j  

— — ______ — 
~
y

or , substituting for the total specific energy ,

11 2 2 2\ ~(Pu) B(Pv) B(Pw)
Q + -~-~u + v + w = - ____  - ____  - ____

and differentiating

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- P - - - - -v — - P— -W- - - --
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But

3u ~P av aP aw aPand ~~~~~~~~~~~~~ and

thus

p~~~~~= - p ~~~~~+i ’~~+i~at ax ay az (8)

+
y

J = jM AX

I i~~~

~ I _ _ _ _I - . . _ _  I = iMA X
I I ~~~

,~~~~~ 
_ _ _

~~~~~ L _ _ _

~~~~~~~~~~~~~ _ _ _ _ _ _ _ _

Z K = KMAX

A VIEW OF A THREE-DIMENSIONAL GRID

5

S 
— — — —.

— ~~~s4~ ~ - fr ‘ .~~~~~~~~~ ~ 
- s . 

—

-
s 

•



The p, u, v , w, P, E and Q are all cell-centered
quantities with the cell index L , which is defined as

L = (J-l) IMAX + I + ( K —i )  iXMAX

where iXMAX = (iMAX) (j MA X) .

Al so ,
I

x(I) = ~~~ tt~x (i)
i=l

J
y ( J )  = E ~y ( j )

j= l

K
z(K) = ~~~ t~Z ( k )

k=l

The L storage for the cell quant i t i es  is ind ica ted
in the f i g u r e  below for a grid of 4 4 ‘ 4 .

j~~\X 
1i~J 14 1 5~~~] ~~9 30 31~~~~ [454 6 47 4 8  ~~~[62 64~~

— 
9 10 11 12 

—2 ~~~ 26 27 2~j 3  [41 42 43 44 
K=4 ~~~ 58 59 60

5 6 7 8 j2 1 22 23 2±~ ~~7 3 8 39 40 (K ~~a4~~3 S 4 55 Só

1 2 3 4 
- 

~~~~~~~ 18 19 2~~ ~~ 
34 35 36 L49 50 51 52

iMAX

6
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The x-momentuxn equation ( 4 )  becomes , in d i f f erence form ,

a fl fl n
fl/uL - uL\ ~L-l - ~L+lP
L\  At / — ____________

The y— momentum equation ( 5 )  becomes , in d i f ference  form ,

1~~ - v ~~’~ ~ n 
- 

n
n (  L L )  

- L-iMA X ~L+iMAX
At / — 2 A y ( J )

The z-momentum equation (6) becomes, in d i f f e rence  form ,

n n n
n /”’L 

- WL\  ~L- iXMA X 
- 

~ L+i XMA X

~L\ At / 2Az(K)

The (~ ) re fers  to the velocities at the completion of
Phase 1 (not au cycle n + l ,  since we have neglected the
tra nsport terms at this s tage) .  Here the acceleration of
cell L is seen to depend only on the pressures in the
neighboring cells and not that  of L. Defining pressures
at in ter faces,

PL~ = P BLO~ = ~
‘L— iM X +

n
PRR~ = 

L 
2 

L+l 
PABOVE~ = 

L ~L+iMAX

7
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PBIND~ = ~L-iX AX +

PZR~ = ~L+iXM X +

Subst i tu t ion of these interface pressures into the three-
momentum equations results in

n _ At PLn _ PRR
n

UL 
U

L
S
~~~~~~~ A x ( I )

-
~ n At P~ LO~ - pABOVE ’~VL

_ V
L =~~~~~

_5_
~~~~y (J)

- n At PBIND~ - PZR ~~~~~~~~~~~~~~~~~~~~~~~~~~ Az(K)

where the usual tilda ( )  designates the new velocities
(no t at cycle n+l), since we have temporarily dropped the
transport terms.

The specific internal energy equation becomes

v
fl41

~
’2 

- v~~
V2 u

r
~~~

’52 
- 

n+ 1/2
— n L-IMAX L+iMAX L-1

At 
— — 

L 
— 

2Ay (J) 2Ax (I)

- ~
n+ l/ 2

+ 
L-iXMAX L+iXMA X MASS2Az (K)

MASS = M4X ( L )  + A MD ( L)

8

S -‘

- 
. .  .

~~ 

~~ 
.

-

~~::~~~~~~
-
.

- ~~~~ ~~~~~~~~~~

- - - -5  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ L~± S



pr ~~~~-~~~~~~~~~~~~~ —~~~~~~~~~~~~~~~~~~ - - -5

where Q = specific internal energy , ANX = X mass of cell ,
gin and AND = • mass of cell , gin. The reason for the
velocities at time (n+l/2) can be seen from energy con-
servation considerations. Defining

n+l/2 u~ + U
L

uL 
= 

2

n+l/ 2 — 

V
L 

+

V
L 

- 
2

n+ 1/2 - 

W
L 
+

W
L 

- 
2

and

VBLO = 
~~~~~~~ L’-iMAX

VABOVE = 

vL + “L+iMAX

— 

UL + UL_ 1UL 2

URR = 

U
L 

+ U L+l

UB IND 
WL + WL iXMAX

= 

WL +

then

9
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( AQ ) = ~,n VBLO~ + VBLO 
- 

VABOVE~ + VABOVE UL~ + UL
A t L 2 A y ( J )  - 

2Ay(J) + 2Ax (I)

URR~ + U S R  UBIND~ + UBIND - WZ R~ + WZR 

~~— 2 A x ( I~ 
+ 2A z ( K )  2 A z ( K )  /

The solution of the momentum equations are very
straightforward ; however , the solution to the energy
equation requires the old and new velocities. Two passes
are made through the routine : The first pass for~n u l a t es
the interface velocities for the work term contri—
bution to the internal energy before integrating the
momentum equations (since we have allowed only one array
per velocity component), arid the second pass byp asses the
momentum equations and only comput~~ the new interface
velocities for their contribution to the work term .

The change in specific internal energy f o r  each
material is assumed to be proportional to the fractional
volume of each

= AQf/ M
~

and

AQ =

where (x) and ( - ) re fe r to the two d i f f e r e n t  m a t e r i a l s ,
x ari d dot respect ively,  and f is the f rac t ion  of the tota l
cell volume occupied by ( x)  mater ia l .  The fac to r , f , is
calculated from the equation of state , where we iterate art
the densities until the pressures of each material are the
same.

10
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B. Difference Equations For Phase 2 (Convectiv e Phase)

The Eulerian equations we wish to solve are the
following:

ap -p
= (pu )  (9)

apu -p -
~

= —u • Vpu ( t o )

= —V ~ (pEa) (ii)

Rewriting Equation 9, the mass transport equation in
finite difference form results in

p 
— 1’~J-l “.3-1 

- P J ~
I
J 

P1_1 u1_1 - p
1

At — 

~, 

Ay(J) + 
Ax(I)

P~ _l W~~~~1 - 
PK W~

+ AZ (K)

The velociti~ v, ~ and ~ are average type velocitiesas described in Reference 1.

Mass , the three components of momentum and the
energy across all six sides of the parallelpiped are cal-
culated . By conserving the x, y and z momentum and the
total energy , the new velocities are calculated and the
new specific internal energy is the difference between
the total energy in the cell (after transport) and the
new kinetic energy .

11
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For the mass fluxes , we must determine (for amixed cell) how much of each material to move. Fourpossible situations concerned with two materials arise.

C].) Material moving from a non-mixed cell to a
mixed cell. This presents no difficulty or
modification to the transport terms.
EXAMPLE (non-mixed to mixed):

4- x and . materials
LA 

A

A3 (cell interface area)

L 
4- x material

Mass flow is f rom cell L to cell LA.

AM = ‘~L v A3 ~5t

=

AM = 0

where p = density of x material in cell L.

( 2 )  From a mi xed to a pure cell:

~ - . material
LA

AJ

L
~~- x and . material

The f lu x  is positive from cell L to cell LA.

12
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The volume of material to move from cell L to
cell LA is VAt O~x(I) DZ (K)) where V is theweighted velocity to use in the mass flux equa-
tion. The volume of x material in cell L is
VOL , the volume of the dot material is (l-f)VOL.

A. If ~At~~X (I) DZ (K)) > (l-f)VOI- , let all the
dot mass move out, that is,set AM~ AMD(L).
Now the remainder of the volume to move will
be assigned to the x flux as follows : We can
calculate the x mass to move from conserva-
tion of partial volumes,

AM
VA t ( D X ( I )  D Z ( K ) )  = VOLX + VOL = —~~ + (1-f)VOL~p x

But

- 
AMX ( L)

— 
f VOL

thus

AN = ~V ,~t - ( 1-f)  D Y ( J ) J f 5 ~~~
S

(
!
J)

B. If V A t ( D X ( I )  D Z ( K ) ) < ( l - f ) V O L  then the
x mass to mo ve ~Mx is set to 0 ari d the dot
ma ss to move AM is given by

- 
M4D(L) 

~~ = ~~~~ 
Mt— ( l — f ) D Y ( J )

( 3 )  Ma terial  moving f rom a mixed cell to a mixed
cell requires some modification in the trans-
port terms in order to keep the material
interface defined in a single mixed cell.

EXAMPLE (mixed to mixed):
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1 ‘- x and materials
LA 

_ _ _ _

~- x and • materials

Mass flow is from cell L to cell LA.AM = pV A3At , where p is the total
dens ity  of both mater ia ls  in cell L~then

ML 
+ MLA

— X X 
AMx

ML L A L~~~~~~x x

( 4 )  From a mixed to a pure cell , with a pure l ikematerial below — use the mass weighting schemeas calculated in situation Number 3.

mater ia l
LA 

A3
L ÷ x and . material

LB 
• material
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C . Difference Equations For Phase 3 (Strength Phase)

The Eulerian equations for the rigid-perfectly
plastic strength equations are again , dropp ing the trans-
port terms:

Conservation of Momentum :

B u .
1p — 0 . .at

Conservat ion of Energy :

BEp ‘
~~
-
~~ 

= (a. u.), j

where E = total energy per gram , in t e rna l  plus k i n e t i c .

The dev iatoric stresses are def ined as

= B ( ~~. - 
~~
. .\~~) = B

~ ij  ij ~ 3 ij

where

y v
f
~ SB = ,~ (y is defined on page 2 2 )

~~~

E £ab ab

Bx 2 \ B y  B x /  2~~~z Bx

l I B v  B u l  By 1/B y  Bw
e. . = — i - — +— - - i —

13 2\Bx By ! By 2~~Bz ~y

2\Bx Bz/ 2\By ~z )
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3 Bx By Bz

+ l (Bv + Bu\ 2 
+ 
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+ 

Bw ~2 i ~~v Bw
2~ Bx By) 

~~~ ~~
) + +

The forces these stresses produce are then simp ly
the stresses mult ipl ied by the area over which they are
ac t ing .

These stresses are indicated in the following
figure .
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S 3 2 F  I
S31F 13R

S 33 F 
x

In addition to the nine stresses as shown , the re are
three on the l e f t , three on the back and three on the
bottom side of the cell , a total of 18 stresses.

There are six forces acting on the cell in the y
direction as shown.

F22T = S22T (Dx(I))(Dz(K))

F22B = -S22B(Dx(I))(Dz (K))

F32 I F 12R = S12R(Dy(J))(Dz(K))

~~ E 3 2 B  F 12L = -S12L(Dy(3))(Dz(K))

~ x F32F = S32F(Dx( I))(Dy(J))
Jl 2L~

F32B = —S32B(Dx(I))(Dy(J))

F22B
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Six forces act on the cell in the x direction as
shown.

Y F11R = SllR (Dy (J))(Dz (K))

FilL = - SllL (Dy (J))(Dz(K))

F31B F2 1T = S 2 1 T ( D x ( I ) ) ( D z ( K ) )
FilL

— —— I 
Fu R  F21B = —S213(Dx(I))(Dz(K))

F31Tt. _ — — —~~
.

F3 1F = S31F(Dx(I))(Dy(J))

F2l8 F3 1B = — S 3 1 B ( D x ( I ) ) ( D y ( J ) )

Six forces act on the cell in the z direction as
shown .

F33F = S33F (Dx(I))(Dy(3))

F33B = — S 3 3 B ( D x ( I ) ) ( D y ( J ) )

F 13R = S13R(Dy(J))(Dz (K))
F13L . -

—cl3R 
F13L = —S13L (Dy (J))(D:(K))

F 2 3 T  = S23T (Dx(I’)(Dz(K))

F23B ,..~~~~‘ F2 3B = - S 2 3 B ( D x ( I ) ) ( D z ( K ) )

The si x forces in the z direction produce an ac-
celeration of

d M ~ [F33F + F33B + F13R + R13L + F23T + F23B]
(L)

The six forces in the x direction produce an ac-
celeration of

= M 
1 [F11R + FilL + F2 1T + F2 1B + F31F + F3 1B]
(L)
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and the six forces in the y direction produce an accelera-
tion of

= M [F22T + F22B + F12R + F 12L + F32F + F32BJ
(L)

These 18 f orces wil l  do work such that

BE
~~~~— =  (a u . )Bt  ij i 1,3

or

N (L)  ~t ~~ (L )  + 
~~ 

[u ~~~ + V
~ L) + W

~L)11

= {F11R(UR) + F11L(ULL) + F21T(UA ) + F21B (UB)

+ F3 1F (UF ) + F 31B (UBA ) + F22T (VA )

+ F22B (VB) + F12R(VR ) + F12L(VLL)

+ F32F (VF) + F32B (VBA) + F33F(WF )

+ F33B(WBA ) + F13R (WR ) + F13L(WLL)

+ F 2 3 T ( W A ) + F 2 3 B ( W B ) } =

or 

AQ
( L )  

= 
M (L )  

( A E )  - 
IU (L )~ U L) + v

(L)Av (L) + W ( L )
5
\ W

( L )

+ 
Au (L)

2 
+ Av

(L) 
2 

+ Aw (L) 
2~
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where the u, v and w are Phase 1 velocities and the velocity
mult iply ing the stress is an average velocity (Phase 1)
across tha t particular face at which the stress is applied .
This requires the saving of columns and slabs of u , v and
w velocities from Phase 1.

One requires only to solve for the stresses at the
top , right and front of each cell , since the stresses have
been calculated at the bottom (from the previous row) , at
the left (from the previous column sweep) and at the back
(from the previous slab sweep).

The stresses at the right (R) side of the cell (see
the figure below) are

6.
a.. =B(e.. _ _-!~2~~ )

13 3 aa

where

/ 2 2 
\l/2

B 

~[ab
r
ab) 

(y is defined on page 22)

On the r igh t  side (R)  , the stresses are

_ _ _ _ _ _ _ _ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- BR Bu BySl2R - - -~~--- +~~---
F

_ _ _ _ _ _ _ _ _ _  

S l 3 R = P t 5
~~~

+ 5
~~ j
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On the top side (T), the stresses are

S22T = BT ’~~~- ~~~~
(-

~~~~~~~~ +~~~~~~
-
~~~~~~+ ~~\IBy 3 ~Bx By az/i

S21T = ~~~ ~~~~~ +2 Bx By

S23T = ~~~~~ +2 Bz By

On the f r o n t  side ( F )  , the stresses are

S33F = BF ’~~ - ~~
(
~~~~+ ~~~~~ +B z 3~~ x By Th

S32F = 2-~ +2 By B z

S31F = +2

The velocity gradients and the second strain rate
tensor ~ab ~ab 

are all calculated at ~~ e th ree  posi t ions
indicated and the velocities a re the t i l da  ( )  Phase 1
velocities.

Provisions exist for subcycling this strength rou-
tine . The At for each subcycle is not At H/N (where A t1~ is
the hydrodynamic time step) but is calculated as follows :

At (N2 -s - l — N ) 2
H N 2 ( N 2 + l )
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where N2 = number of subcycles and N is the particular
subcycle.

The yield strength in simple shear is considered to 
Sbe a function of pressure and energy and is calculated as

+ 
~~~~~~ (1 -

where

= yield strength , jerk s/cm 3

= Constant

= energy to melt , j e rks/g

The r igid  plas t ic  equations are only appl ied tothose zones that have a p/p  > 1.0 or if p/~ 0 < 1.0 andQ > Q1 (Q 1 is an input  n umb~ r ) .

Those cell s , in which the or ig ina l  ve loc ity  has not
S 

changed by ~~~~ are bypassed for  the s t r ength  c a l c u la t i o n
(Phase 3).
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III. TWO THREE-DIMENSIONAL IMPACT CALCULATIONS

A comparison between a normal (two-dimensional R-Z)
calculation and a norma l (x-y—z) calculation has been com-
pleted for a norma l impact.

An inf in i te  copper jet moving at a velocity of
7 .5  x iO~ cm/sec impacted an aluminum target of finite
thickness. The radius of the jet  ( fo r  the two-dimensional
calculation) was .115 cm , and keeping the same cross-sec-
tional area for the projectile , resulted in a square cross-
sectional rod of .204  cm on each side (F igure  I l l - i) .

Th e Tillotson form of the equation of s tate  was used
both in DORF and TRIDORF . The two-dimensiona l ca l”u l a t i o n
was performed using a grid of 45 zones in the r,i~i i a 1 , and
48 zones in the axial direction. The three-dimensi~~~dcalculation was performed using a grid of 12 zones ir ~ the
x direction , 23 zones in the y direction and 12 zc~nes in
the z direction. Note , it is only necessary to solvc ’- nri e-
fourth of the problem in the three—dimensional mode , b~~c5 us&:
of the two planes of symmetry .

The results are shown (Figure 111—2) for the pressure
along the axis of symmetry for the two calculations at  a
time of about .54 ~sec . The agreement is very good , con-
sidering the very coarse zoning in the three-dimensional
grid . Results such as these add to the credibility of the
TRIDORF code.

IV . OBLI QUE IMPA CT

Two calculation s, using TRIOIL (with strength), w c re
completed several years ago for the Naval Research Labora-
tory. The configurations were as follows: A plexiglass 

~sphere (R = .3175 cm) impacting at a velocity of 6.1 x 10
cm/sec on a thin plexiglass ta rget of 2 . 5 4  cm th ickness .
The spherical projectile impacted normal (Figure TV-I) and
at 45° to the target (Figure IV-2) where the angle is
measured between the flight path and the target.

The figures shown are for the plane of symmetry as
a funct ion of time . The sequence begins at the upper left
and continues downward . The problem (n o r m a l )  was rezoned
(as indicated on the t = 1.68 psec f i g u r e ) .
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A series of four oblique impacts have been performed
using the TRIDORF code. The four calculations involved a
copper jet (R = .1 cm) impacting a thin steel target of
1.27 cm thickness. The copper jet was treated as a copper
rod with a rectangular cross section (.1772 cm on each side).
The impact velocity in all cases was chosen as 7.55 x i05

S cm/sec.

Massless tracer particles were placed in an orthogona
grid within the steel plate and copper rod . The configura-
tions at various times and for various planes are shown in
Figures IV-3, IV-4, IV-5 and IV—6.

Figure IV-3 is a display of the interaction for the
30° impact problem. The cross-sectional display begins in
the upper left, proceeding downwards , for the Z planes
(coming out of the paper). The jaggedness of the top sur-
face of the target is due to the large zones used in the
calculation . Fine zones were placed in all three direc-
tions near the original target—projecti le interface.

Figure IV—4 is a similar display for the 45° inter-
action. Figure IV-5 displays, in addition to the Z values ,
the interaction (plane of symmetry) as a function of time .
The Z planes are displayed for every other Z value. These
results are for the 60° impact.

Figure IV-6 is a similar display for the 77.5° im-
pact, as a function of the 2 planes. This calculation will
require considerably more computer time for complete pene-
tration (if complete penetration will occur).

V. FUEL TARGET INTERACT ION

The problem of a copper jet  traveling at a velocity
of 5.617 x iO~ cm/sec penetrating a cylindrical tank of fuel(initial density = 1 g/cc) has been completed . A modified
continuous boundary condition at the bottom of the tank
allowed the copper jet to continue through the tank at a
constant velocity. The copper jet was treated as a rigid
body , while the fuel was treated as compressible , using an
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equation of state developed by John Dienes 5 . The form of
the equation of state is

P = Ac~ + B~
3 , where ~ = log ( p/ p 0

)

The calculation (two-dimensional) was carried to a
time of t = l.84,~sec when the copper jet had penetrated
the top of the cylindrical tank. Stress waves have re-
flected from the top of the tank , but the stress wave has
not reached the upper right corner of the tank at this time .

Subroutines ADJUST and CUBIT were used to rezone the
two—dimensional grid such that the axial and radial zoning
will be identical to the x and y zoning for the three-
dimensional problem . Figure V-i indicates the initial
configurat ions for the two- and three-dimensional problems.
The radial pressure at the bottom of the cyl indr ical  ta nk
is di splayed in Figure V-2B . The axial pressures  ( fo r  given
radial positions) are displayed in Figure V-2A . These re-
suits are at the completion of the two-dimensional calcu-
lation .

Figure V-3A shows density profiles for an early time
(2-D) interaction . One can see the cavitation appearing
along the rigid rod .

Representative pressures (at the completion of the
three-dimensional calculation) are shown in Figures V-3B
and V—3C . Figure V-3B shows pressure contours for the
front face of the three—dimensional configuration. Figure
V-3C shows the pressure contour for the bottom face of the
box. Figure V—4A presents pressure versus distance along
the bottom and top edge of the fron t face of the cube .
Figure V-4B presents pressure versus time at the top right
hand corner and bottom right hand corner of the front edge
of the box . Additional pressure and velocity profiles
are necessary to complete the flow patterns in the corners
of the box.

Dienes , John , “The Response of Gelatin to High Speed
Impact , SSS—IR-74—2120.
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VI. MULTI-MATERIAL IMPACT

The configuration for the multi—material impact is
shown in Figure VI-1.

A copper jet (R = 1 mm) impacted on a finite aluminum
target (thickness of 3.75 cm) at a velocity of 7.5 x 1O 5
cm/sec. There are 35 zones in the radial direction and 90
zones in the axial direction.

Figure VI-2 shows density plots of the interaction
as a function of time. The density plots are produced by
assigning “400 random particles to the cell with the largest
density . All other cells are then plotted with a number of
particles proportional to the cell density divided by the
maximum density multiplied by 100.
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VII. CODE MODIFICATIONS

Several code modifications were required in order to
complete the fuel target interaction problem .

The slug was treated as a rigid body and moved through
the grid with a constant velocity . This required modifica-
tions in the transport phase and the Lagrangian phase of
the DORF code. A continuous bottom boundary condition was
required in order to simulate the infinite slug . An arti-
ficial viscosity routine (with linear and quadratic terms) was
incorporated into the DORF code . The viscosity is calcu-
lated at the zone interfaces rather than cell centers.
These artificial viscosity terms were then incorporated into
the momentum and energy equations for the Lagrangian phase
of the calculation .

The two-dimensional calculation for the slug penetra-
tion was carried out until the stress wave reached the wall.
A t this time , the codes ADJUST 3 and CUBIT 3 were used to
rezone the problem such that the zonin g in the R and Z
direction for the two-dimensional results would be identi-
cal to the zoning in the X and I direction for a plane in
the three—dimensional grid. One can then transfer the V
component of veloci ty ,  the spec if i c internal  ene rgy and the
density direct ly and t r ans form the u component of veloci ty
from the two-dimensional grid to the u and w components in
the three-dimensional grid.

Modifica tion s to the DORF code f o r  in ter ior  r igid
bounda ries have been completed . These in te r io r  boundaries
must coincide with cell boundaries. A material flag , “9”,
designates that the 4 sides of the cell are to be treated
as reflective boundaries. Options of allowing the bottom ,
top and right side of the computa t iona l  gr id to be either
ref lect ive or transmittive have been added. The sound
speed for the Tillotson formulation of the equation of
state has been changed to perform the evaluation of the
analy tical form of

c2 .~~ + . ~~~ f—.
Bp BQ 2

Basic equations for a splitting version of the OIL
code ha ve been derived . In addition , the conventional “ i f ”
tests have been removed and replaced with functions whose
values are 0 or 1.0. The splitting technique a~d theremoval of the conventional “if” tests are applicable to
the new generation of parallel and vector computers.
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Fi~~urc IV-l. Densi ty  as a Function of Time for  the Normal
Impact
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Figu re IV-l. Density as a Function of T ime for  the Normal
Impact (continued)
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Fi~~UiC IV-2. Density as a Function of Time for the 45°
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