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I. INTRODUCTION

A series of four oblique impact computations (30°, 45°, 60°, and
77.5°) involving a copper jet impacting a steel plate were completed in
1975 for the Ballistic Research Laboratory.l! This work was performed
using TRIDORF2? and DORF3,“ and ancillary programs CUBIT3 and ADJUST"
under Contract No. DAADO5-75-C-0738.

The effort for 1976 has been directed towards a graphical display
of the data from these computations. The four oblique impacts in the
series are presented in sequential volumes®>6,7 with the results of the
77.5° obliquity impact being reported here.

II. DESCRIPTION OF THE PROBLEM

The 77.5° oblique impact computation involved a copper jet with a

0.7086-mm radius impacting on a 12.7-mm thick stecl target. The obliquity

angle is measured between the normal to the target and the axis of the
jet. Since TRIDORF uses a retangular grid, the copper jet was treated
as a bar with a square cross section of 1,256-mm width, thus preserving
the cross-sectional area of the jet. The impact velocity was 7.55 km/s.

The Tillotson® form of the equation of state was used for the
computations.

1. W, E. Johnson, "Three-Dimensional Computations on Penetraton-Target
Interactions,” Ballistic Research Laboratory Contractorn Reponrt
No. 338, May 1977. (AD #A041058)

2. W, E, Johnson, "TRIDORF - A Two-Material Versdion of the TRIOIL Code
with Strength," Computer Code Consultants, CCC-976, September 1976,

3. W, E. Johnson, "Code Cornelation Study," Ain Fonce Weapons Laboratonry
Repont No. AFWL-TR-70-144, April 1971,

4. W. E. Johnson, "Development and Application of Computer Proghams %o
Hypervelocity Impact," Systems, Science and Software, 3SR-749,
July 1971,

5. W. E. Johnson and V. Kuchenr, "Three-Dimensional Computations,
Volume T: 30° Oblique Impact”, Ballistic Research Laboratory
Contrnacton Repont No. 344, July 1977. (AD #A043295)

6. W, E. Johnson and V, Kucher, "Three-Dimensional Computatdions,
Volume I1: 45° ObLique Impact", Ballistic Research Laboratonry
Contractor Repornt.No. 354, November 1977.

7. W. E. Johnson and V. Kucher, "Three-Dimensional Computations,
Volume T1T: 60° ObLique Impact", Ballistic Research Laboratory
Contract Report ARBRL-CR-355, Decembern 1977.

§. J. H., Tilkotson, "Metallic Equations of State gor Hypervelocdity
Impact,” Gulf General Atomic, GA-3216, July 1962.
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A view of & threc-dimensional grid is shown in Figure 1. Each cell
is identificed by the coordinates (I1,J,K), which number the cells in the
X,y,z~-directions, respectively. The overall size of the computational
erid was x = 19,884 mm by y = 55.596 mm by z = 8,367 mm. The maximum
number of cells in the x-direction was I = 36, in the y-direction, J = 60,
and in the z-direction, K = 15. The total number of cells in the grid
was 32,400. Table I presents the dimensions of the cells, DX, DY, and
DZ, and the grid coordinates as shown in Figure 1. These data are
displayed in Figure 2.

The xy-plane was used as a plane of symmetry through the bar in
order to keep the number of computational cells at a minimum. Since the
width of the bar was four cells, the bar was two cells wide from the
plane of symmetry. Figure 3 shows the penetrator-target configuration
as it is located in the computational grid.

III. GRAPHICAL RESULTS

The numerical output of the computations is presented as density
and pressure fields. The density and pressure are plotted on a two-
dimensional 'spatial plane ‘having the coordinates corresponding to the
centers of cells. The fields are plotted such that a cell-number
coordinate is held constant. For example, K may be constant meaning that
the density or pressure is being presented for the cells between two
z-planes bounding the K-cells, These bounding planes will be indicated
in each figure. Figures 2 and 3 should be useful for orienting oneself
in the grid.

The density scale for the density field plots can be realized from
the initial density of the jet and the target, 8.9 and 7.8 Mg/m3,
respectively. The density scale is the same in all the density field
plots.

The pressure scale is not the same in all the pressure field plots;
therefore, the maximum pressure, Pmax, is indicated on each figure.

The first set of figures, Figures 4-18, shows the density and
pressure fields at a constant time of 1.55 us for various K-slabs which
are numbered from the plane of symmetry. The jet appears distinct
only when K = 1 and K = 2 since, initially, the jet was two cells in
width from the plane of symmetry.

The second set of figures, Figures 19-32, shows the density and
pressure fields at a constant time of 2.23 us for various K-slabs. Data
for K = 12 could not be recovered from the magnetic output tapes for
plotting.

The third set of figures, Figures 33-45, shows the density and
pressure fields at a constant time of 2.65 us for various K-slabs.
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Data for K = 3 and K = 6 could not be recovered from the magnetic output
tapes for plotting. Another view of the corresponding figures in the
third set of figures is shown in Figures 46-58, Also, three views of
of the density field at 2.65 us for K = 1 are shown in Figure 59.

A comparison of the density and pressure fields at K = 1 for various
times is shown in Figures 60-61,

IV. SUMMARY

Numerical computations were made in 1975 of oblique impact problems.
A graphical display of the results of the 77.5° impact of a copper jet on
a steel target are presented for future analysis. The results for the

30°, 45°, 60°, and 77.5° oblique impacts are presented in sequential
volumes,
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Table I. Grid Coordinates and Cell Dimensians

X_(mm) DX (mm) J y (mm) DY (mm) Kz (mm) DZ (mm)

S2,172 20172 1 6.379 6.379 1 0.314 0.314
3.672  1.500 2 9.874  3.495 2 0.628  0.314
4.672  1.000 3 11.674 1,800 3 0.942 0.314

15.372  0.700 4 13.274 1.600 4 1.256 0.314
5.872  0.500 5 14.674 1.400 5 1.601 0.345
6.372  0.500 6 15.874 1.200 6 1.981 0.380
6.872  0.500 7 - 16.874 1.000 7 2.399 0.418
7.372  0.500 8 17.674 0.800 8 2,859 0.460
7.872  0.500 9 18.274 0.600 . 9 3.365 0.506
8.372  0.500 10 18.774 0.500 10 3.921 0.556
8.872  0.500 11 19.174  0.400 11 4.540 0.619
9.372  0.500 12 19.488 0.314 12 5.213 0.673 .
9.872 0,500 13 19.802 0.314 13 5.953 0.740
10.372  0.500 14 20,116 0.314 14 6.767 0.814
10.872  0.500 15 20.430 0,314 15 8.367 1.600
11,372 0.500 - 16 20.744 0.314 :

11.686  0.314 17 21.058 0.314

12,000 0.314 18 21.372 0.314

12.314 0,314 19 21.686 0.314

12.628  0.314 20 22,000 0.314

12.942  0.314 21 22.314  0.314

13.256  0.314 22 22,628 0,314

13.57 0.314 23 22.942  0.314

13.884  0.314 24 25,256 0.314

14.384  0.500 25 23,570 0.314

14.884  0.500 26 23.884  0.314

15.384 0.500 27 24,198 0.314

15.884 0,500 28 . 24.512  0.314

16.384 0,300 29 24,857 0.345

16.884 0,500 30 25.237  0.380

17.384  0.500 31 25.655  0.418

17.884  0.500 32 26,115 0.460

18.384  0.500 33 26.621  0.506

18.884  0.500 34 27,177 0.536

19.384  0.500 35 27.796  0.619

19.884  0.500 36 28.596  0.800

37 29.396 0.800
38 30.196  0.800
39  30.996 0.800
40  31.796  0.800
41 32,596  0.800
42 33.396  0.800
13 34,196  0.800
44 34.996  0.800
45 355.796  0.800
46 36.596  0.800
47 37.3%6  0.800
18 38.196  0.800
49  38.996 0.800
50 39.796  0.800
S1  40.596 0.800
52 41.39  0.800
53 42.196  0.800
54 42.996 0.800
S5 43.796  0.800
56 44.596  0.800
37  45.386  0.800
58  46.196  0.800
59 49.396 3

60 52.596 3.200
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Computational Grid

Figure 2.



uoLgeanbLjuo) 18bue]-J4030433U34

‘¢ 2anbt4

13



+ DX

<

Figure 4.

Density and Pressure Fields

14



+« STEEL TARGET

T PRESSURE

S
N $~n¢»¢%¢

Uil SRR
R /&&99/&&
.,;;:,%wx%%

RS
ke

/AWZv

Density and Pressure Fields

Figure 5.

15




DENSITY T

PRESSURE

£

£
o™
<t
jeal
(e

[}

2]
o
O

Density and Pressure Fields

Figure 6.

16



%
N
NN

//,.K R ,/M.OO\\\\ % \\;
X /
>

Q

&

+~ STEEL TARGET

1 PRESSURE
17

DENSITY T
Density and Pressure Fields

Figure 7.



X

1.256-1.601 mm
= 218 kbar
1.55 us

Figure 8.

DENSITY r

Density and Pressure Fields

18



QR

STEEL TARGET

\
3
R

\ f,""" W AR
(o
&
%\m‘“&%?}\\ A\
\%3... ‘.V&o«/ &&Woo : g y

R L RS N

SRR
=

SR RN
w%//%%’

,.. N ./\_1. \\\ \
O/IX.OW// %ﬂw\ v& S
S/ s /,
SN2
.oo"o
X

T PRESSURE

A\

19

Density and Pressure Fields

Figure 9.

175 kbar
s
S

.601=-1.,981 mm



= STEEL TARGET

SSURE

PRE

.981-2.399 mm

139 kbar

Density and Pressure Fields

Figure 10.

20



STEEL TARGET

A NS AM&V& n L gx,axv.¢
i S O AR
NN s
AR 25 RS
IR 83 VERN R

R KR Nty

N in -

O u,n » e
e =5y

PRESSURE

]

Q

K
z
Pm,
-1-

Figure 11.

Density and Pressure Fields

21



DENSITY

« STEEL TARGET

PRESSURE

.859~3,365 mm
= |28 kbar

9
2

K
z
Pm
*

Figure 12.

Density and Pressure Fields

22



>+ STEEL TARGET

T PRESSURE

.365-3,921 mm

Density and Pressure Fields

Figure 13.

23



A\
e

o¢;&%4
RN
N

O

.

X

&v W

A

PRESSURE

Density and Pressure Fields

Figure 14.

24



“+——

DENSITY

- £7
< X
I )
¢ GO
' ..._,,m_/ %M/MVMN%&W&’ X \\
TN ,ﬁw/.oo »o,oo/ O %
///W xoMWM.WMW%.oo. %
3 )
\\“o. 0 b oo””aM.%u.."..«.
4

#a

M

R

.
é(
N

&

+ “O

»

.
/ 4.%&///, NS

D

U D
,, //wz
O\

T PRESSURE

Figure 15.

Density and Pressure Fields

25




DENSITY T

STEEL TARGET

T PRESSURE

z
!
+

Density and Pressure Fields

Figure 16.

26



s STEEL TARGET

T PRESSURE

Density and Pressure Fields

Figure 17.

27




DENSITY

-

i

T PRESSURE

5

K=
Z =6

.767-8.367 mm

P
+

Density and Pressure Fields

Figure 18.

28



STEEL TARGET

3

m e
N

@%J \
N

%z.

8

!

i i P ,.// "'
o %w

O

)
o
&
W

A\
¢~z

5

T PRESSURE

Density and Pressure Fields

Figure 19.

29




~ STEEL TARGET

+

—
[§8)
-
o
[£3)
1
n
Q
[

5SURE

PRE

394 kbar

Figure 20.

Density and Pressure Fields

30



STEEL TARGET

mw,¢m@ﬁ
¢

3
¥

5

0"
O&
9

0‘

Sk

N\
o
3

W

Density and Pressure Fields

o

.

O
TR
R
,,//,,,,,”,%
%w/ X ,%V//

fé‘%w _:,/4//

P

>

Figure 21.

31



RS + STEEL TARGET

LM

q&\\}?k:’

S “‘ \\:";s:“"‘l
< T SmsSeSE
“\‘o’,'o’:"’o': V5
B
=

A

X :
OS5 9"% 2
2 2 //’7(/ <( ]

Z = 0.942-1.256 mm T PRESSURE
Pmax = 279 kbar
t = 2.23 us <<

mw o n

Figure 22. Density and Pressure Fields

32



.+ STEEL TARGET

T PRESSURE

.256-1.601 mm
x = 228 kbar
2.23 us

5
|

n i @M

K
z
Pm
&

Figure 23.

Density and Pressure Fields

33



A Fas
s &
/ \\ \\.\ (\ S/
o= \ \A g ,vv

T
L e 7
[G] 4N
g o
-.H_._ . \“ \\\ /.,
m 7 @)
y. 5 %

T PRESSURE

W
4 R Aﬂwv
IR /&/V& "/‘
R LR '0¢
N ,Mwwmmmwmmw¢ mv
RS
£ %% 5%%%% ﬁ%»mo%%;
el 2 A\m%&z%%%%%%sz\
Ve AN i s\
WS g SR>
Nie 8,8 S
P PN # O

Density and Pressure Fields
34

Figure 24,



DENSITY

STEEL TARGET

T PRESSURE

b
.

¢ M‘J.f_..vu/ﬂ./
i
AR
5 ,%%%M% R
W 4W¢
N

VN
? o;oov, % %W 95%&&
3

W
\\\% SRR X
AERIRE S

4%%4%7
il

f@
W

2

N
v.#‘// /
A

S
Q)
N

S

Density and Pressure Fields

Figure 25.

35



DENSITY

STEEL TARGET

PRESSURE

.399-2.859 mm
141 kbar

Density and Pressure Fields

Figure 26.

36



DENSITY

+ STEEL TARGET

T PRESSURE

,859-3,365 mm
{15 kbar

v
a3
N
o~
o™~

Density and Pressure Fields

Figure 27.

37



+ STEEL TARGET

SURE

PRES

!

.365-3.921 mm

|
3

: SN uM;
X <<
%a,,‘%,v,%%ﬂmw%é %nn%%oﬂ’
SRR

X
\ N IR
: PR

..%%%W%%w«%%

SO —

R TR
oo /,Nf%%////

S

3

Density and Pressure Fields
38

Figure 28.



DENSITY T

< STEEL TARGET

N

,,,,,%/%
a%%
N

D
N\

4&
W
N

T PRESSURE

86 kbar

+

¥

L
O
ot

.vﬁw/

W
%) »ﬂ,,%,

Density and Pressure Fields

Figure 29.

39



STEEL TARGET

PRESSURE

!

8
X

3
(X

wuw

55

&

R

\
0
)

N
N
W

RS
,¢»w X S

%
8
N

N
A\
%%&@%ﬁx
e %/

N

o

AR

N

e

g
<
>
mmm
R

A
SR ‘vjmv”y'
W

R

X

O

Density and Pressure Fields

Figure 30.

40






<>

>

5o
oSS
S
o’,
o
R

=

oo

7%
<

o
S
2%

>
<>

===
=

/
5
<>

s

& STEEL TARGET

5

T PRESSURE

<.
<>

&
— R
: =
Z NN = J%ﬁ.%.%
< : AR
N xfw%ﬂoa 3

b, ”."«,, .W%%WM&&&& IMNAMWWM”&MWI/"' X S
NN
il R R
OB R RS
RTINS
»..‘.%,%%m%,%mw%

8

SR
.
9

15 kbar

SN
s

Density and Pressure Fields
42

Figure 32.



+ STEEL TARGET

DENSITY

>

COPPER JET

T PRESSURE

L0-0.314 mm
x = 406 kbar
2.65 us

nu @n

K
z
P
+

Density and Pressure Fields

Figure 33.

43



- STEEL TARGET

DENSITY T
<=

PRESSURE

2

0.314-0.628 mm
x = 404 kbar
2.65 us

o
XN

[ ]
O+

m

Density and Pressure Fields

Figure 34.

44



.+ STEEL TARGET

el

T PRESSURE

304 kbar

Density and Pressure Fields

Figure 35.

45



[
w
U}
14
<C
[
=)
(B3]
wl
-
w
4

KN N
o .. S /

L ST Rmm D
TS U TN
‘.m - .lm.l}.w,uﬂh,nlw..uﬂl/l./ o /\ -
o TR RS .\.v,\\

wmwwwmzyymx e

d
{ PRESSURE

.256-1.,601 mm

Density and Pressure Fields

Figure 36.

46



>+ STEEL TARGET

T PRESSURE

178 kbar

.
™~
o
[
-
>
o
o
[

Density and Pressure Fields

47




« STEEL TARGET

PRESSURE

.399-2.859 mm

!

150 kbar

Density and Pressure Fields

Figure 38.

48



DENSITY T

[
[js]
a
X
M

E
E
wny
O
M
.
M

]
(o]
w0y
[+0)
.
N

N
o
(]
L.
>
o
o
L

Density and Pressure Fields

49




»+ STEEL TARGET

Density and Pressure Fields

Figure 40.

50



DENSITY T

2wt STEEL TARGET

s>

>
=

o

T PRESSURE

Density and Pressure Fields

P
<
(]
“
3
o
o
L

51




K= 12

Z = 4,540-5.213 mm
Pmax = |0l kbar

t = 2,65 us

Figure 42.

Density and. Pressure Fields

52



+ STEEL TARGET

¢

<>
<2

SO

Soosses

250

o

oS

S

o
50

o,

J$
<o

%

9,
oS

<5
C
’0’ s

)

C
5
oS
S

o
SO

<P
<
e %

%

o
3

e

7

3
s
53

I

%
B
254

£
=

":
i

B

T PRESSURE

67 kbar

13
= 5,213-5.953 mm

G i

K
z
Pm
1-

Density and Pressure Fields
53

Figure 43.

5



DENSITY T

¥

N

,,_—Wm \/ ’
i (.;./ \
.4u%ﬂvmv

i, S

SRR

R

N

2
W/ R W/ X

-

—mn

T PRESSURE

L " . \
AXXXE X X
. X SN
/! N3 n
ATt AJ/MW
AR
' X
\ )i
N 2RO

AR onw& ”9'&0
"
3 SR '
7 AN
R RS
5 SRR
i S AN
PR
RY . .m./%%% W
1% mf &
[ ) + )

KZM.T ¥

Density and Pressure Fields

Figure 44.

54



.~ STEEL TARGET

o3

é”o’

T PRESSURE

N\

X &
,%/ .
.

ST

=

~

29 kbar

Figure 45.

Density and Pressure Fields

55



DENSITY T

ST
SSSEEEEST =
A i SRR AR
A ,.,‘ X
QSRS
RN
R ‘?‘b\\ o ‘. ‘
3 «N\\\\\‘“Qv‘ ",
ey

s
%
>

” S5 \\ \' il
2l
e | || l\ 4‘3“0”.‘\

\

-

()

QG IRSRRREES <’
\&\»:ts:.»%&&\\\‘\:v%ﬁ,,@{

I
\Q \ SRR LLAX
TR
’ L3 R \%’%‘@& p.

W
TR <
.ﬁhﬁ&@&&%&%§@&5§§k/

%t e R
WSS
SN e

LHSSIN

e

o —

.0-0.314 mm %
x = 406 kbar y
2.65 us T PRESSURE

'+§N7(
o u

Sty
'h’i&‘\\‘&v N %
S SR RN
SRR s

X

R RR SR A XN 1

LR

: 2 %% IR ey
‘01%g§§®®§§@d&

Figure 46. Density and Pressure Fields

56



DENSITY T

(SIS

QSRR
A \*"_\.h’l“‘\:;":w‘:*"
\w\\\\\\\*\‘ow :«t‘,s:j;:t‘:;‘.:’:;&\

53 <

\\ W@*" ey S R
‘&%@*&ﬁ*@i&gﬁ:@.{* RIS >

C SRS <S s 354
o‘:‘ SR '\3)“;\:\(\\\*‘“&‘“:3“3" 3 0:;’ ~
o RN Qi cSe
AR LR
oS e i RGP or
GRSttt V
o IR
2
il

:,\

¥
I "‘“r\"

7
4
'

v;,'

| l
| }’0‘ AU TAUA <
RS Q‘\ékégﬁsas
T S
e .“\\\33“3:"@
R “,5“‘
R
R R‘?\\&?‘& N
R :
N
K=2
Z=0.314-0.628 mm T
Pmax = 404 kpar X
t = 2,65 us t PRESSURE
Z
& R " -
R §§®$&°0 ’9 ,' X
S el
‘,‘“i\ R SRTeaoS )
SESSNEE e <
e

S SN R ‘&
e R R
SRR

SRR
SRR
SRR

Figure 47. Density and Pressure Fields
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Figure 48. Density and Pressure Fields
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Figure 49. Density and.Pressure Fields
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Figure 50. Density and Pressure Fields
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Figure 51. Density and Pressure Fields
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Figure 52. Density and Pressure Fields
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Figure 53. Density and Pressure Fields
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Figure 54. Density and‘Pressure Fields
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Figure 55. Density and Pressure Fields
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Figure 57. Density and Pressure Fields
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Figure 58. Den_sity and Pressure Fields
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Views of the Density Field at t = 2.65 us for K = 1

Figure 59.
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Density Field and Pressure Field Histories (continued)

Figure 61.
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