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ABSTRACT

WONDY V solves the finite difference analogs to the Lagrangian equa-
tions of motion in one spatial dimension {planar, cylindrical, or spherical).
Simulations of explosive detonation, energy deposition, plate impact, and
dynamic fracture are possible, using a variety of existing material models.
In addition, WONDY has proven to be a powerful tool in the evaluation of new
constitutive models. A preprocessor is available to allocate storage arrays
commensurate with problem size, and automatic rezoning may be employed to
improve resolution. This document provides a description of the equations
solved, available material models, operating instructions, and sample
problems.



1.

2.

INTRODUCTION o < ¢ ¢« ¢« o o ¢ ¢ o o o o o ¢ s o o

mIc mmTIm . - * & * L] . L] . L ] L] 07. . L] . L]
2.1 Conservation of Ho-nntug, Haés, and Enerqgy

2.2 Pressure and Sound Speed . . . o « . s e e

2.3 Stress and StYain . . . o ¢ 4 ¢ s o o o o o

e

2.4 Difference Eruations . . « ¢« « ¢ ¢« ¢ & ¢« &
2 . 5 Artifical viscosity L] L] L L] * L ] L L] L] L] L ] L]
2 - 6 Stabj-lity - L4 L L L L] L L] L] L ] L] L] L L] L L -

2.7 Orxder of éonputations e e s e e e e e e

EQUATIONS OF STATE AND CONSTITUTIVE RELATIONS .
3.1 STATL - General Solids = 1 .« « « o o « o «
3.1.1 Hy&Wc Fluids « o o o o o « o
3.1.2 Elastic-Plastic Solids . « « « « « &

3.2 STAT2 ~ High Explosives

3.2.1 Ideal Gas Model .+ « « « « < o o o «
3.2.2 JWL Model . .+ ¢ s s b e s o s s
3.2.3 BKW Model . . . ... ¢ s & s s o o o
3.3 STAT3 - 1deal Gas Law o o o o o o o o o o .
3.4 STAT4 -~ General Solids — 2 . . « ¢« « « o »

3-4.1 Strain Hardening Solids e e e s o o

3.4.2 sStrain Rate Dependent Solids . . . .

3.5 STATG - Distended Solids e & & o o & ® o

3.6 Practure Options . « « « ¢ « o« 2 « ¢ o ¢« =

13

14

16

30

33

a3

33

40

50

52

52
53
54
55
60
65

72



4. INITIAL AMD BOUNDARY CONDITIONS « « « - T P £
4.1 1n1t1a1\Vuriab1e‘nef1n1uon.'....... ....,....... 77
4.2 Initial ZomING = v o e e s s s o s o e s es s as e aans s 80

T 4.3 Bouncia:_:y(:ondiﬁions............_......’...‘.. 84
4.4 MORSTOR k!nergy Deposition) « . « « « o e o v . . Y -

4.5 Activity Te't L . L] - l - . * - - - ] L4 L3 B . L] L - L L] - o - L) .PL' - - 89

5. INPUT, OUTPUT AND ERROR CHECKS ® e 2 ¢ 4 o s s s e s s e s s 0 e s 91
5 L4 1 Inmt (Restarts ) L - L L L] L] L] - L] L ) L d L ] . L [ ) . > - L .i L L L] L] 91
5 - 2 mtput L J L4 . L . * L] L ] L] L . L] L] L] L] L] ® . ‘e - L] L d - L] - - - Ll - 93

S.B !rrqr checks N ‘. . e L] L3 L J . - L) . L L] L] L] . . .y -« - L4 * . - . - - 96

6. REZONING S ® % % 0 s s s s s e s e s o s s s s e e s s e e 0 s e 2 e 101
6.1 REZONE CTALOTEA « o o o o o o ¢ o o o o o o o s o o o o o o o .0 101
6.2 DiViding Zones e e o & o o e s o e bo ¢ o o @ - e o ¢ o o s = » » 104

6.3 Combining Zones - « « « « « « o o ; o o . . e s o o a o s s o o 106

7. STORAGE ARRANGEMENT ¢ ¢ o « o o 2.0 » o o o o 0 6 1 06 0 06 06 06 0 0 2 o 111
7.1 The Main STORE AYTAY ¢ « o o o o o o o o o o o« a s s o a o« o .+ o 111
>7.2’The1>reprocessor ® & 6 o 5 4 s s s s e 6 s s e s e ¢ o o e o s o 117
7.3 AAditional Variables .+ « - - s + « s s o e o o o+ 0 o e e o . o118

REFERENCES « « o o o o o o o 2 o o ¢ o o o e o o o s o o s o o o oo o« 0121

APPENDIX A - Code Structure and Glossary of Variables Appearing in COMMON 123

APPENDIX B - Research Material Studies » « « « o« o o « o o o o o o o o o « 139

APPENDIX C - Non-Dimensionalization L R R 147

"APPENDIX [ -~ Sample ProblemsS o « « o o ¢ « s o ¢ o « = a » s » o o » « o a 153

APPENDIX E 183

WONDY V Input Instructions

°
.
.
-
*

-
.
°

-
e
L]
L
L]
°
®
.
L)

APPENDIX F Plotting Input Instructions . « . ¢ ¢ ¢ » « o o & « s o o »-215



- PREFACE

Readers of this'rcpoﬂ: and users of WONDY V should be cautioned that, -

althmjgh the code has been used considerably and appears to be relatively
error free, aome "bugs" may well remain. Needless to say, the authors
cannot take responsibility for versions of the code that do not borre’apond

exactly to the description provided in this report.
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1. INTRODUCTION

WONDY V is a revised computer code in the ﬁries 6f one-dimensional

, finite difference wave propagation codes originally called WAVE 1’4.. and
‘more recently named WONDYS5~8, fThe present code 1n§1ud;s ;11 of the capa-
bilities of WONDY IV8, as well as refinements in material modeling. A

. preprocessor is now #n/qption, providing'the user with the means to match
the code's céu-on storage to the problem size, which will usually réhul: in
‘reduced computer storage (and cost) regquirements.

In general, this code integrates the one~dimensional Lagrangiah differ—
ential equations of motion by usé of finite differenc§ 5nalogs. The geometry
employed can be recfilinear, cylindrical or spherical. The first of these
three is the familiar case of uniaxial strain, appropriate for a platerof
infinite lateral gxtent,\and cﬁnnqnlyrused té simulate gas gun plate impact
experimenté. The latter two geometry options allow for the anglysis of
divergent wave and material motion. The method of artifical viscosity is
employed to solve problems involving the propagation of pressure discontinui-
ties, 6rkshock ﬁaves. o

Equations of state and constitutive relations for a number of classes
of materials are provided as options in the code. Solidsrare assumed to
obey the Mie~-Gruneisen équation of state and can be treated as either hydro-
dynamic or elastic-plastic. For the latter, plastic flow occurs on the
basis of the von Mises yield criterion where the yield strength can be in-
finite, constant, or variable. The variable yield strength can be a function
of strain, enerqgy, or plastic work. The variation of yield strength with

plastic work is derived from an isotropic strain hardening assumption. An

*Superscripts refer to references listed at the end of the report.
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alternate constitutiva relation treats rate dependent stress relaxation

and anisotropic strain hardening. These models also allow the material to
vaporize if the problen' 80 requires. Equations of state for ideal gasses,
detonating high explosives and initially porous or distended solids are

also 'p'rovided. To supplement these models the code contains an explicit

treatment for dynamic fracture which“allaws both sepatat:l.on and rejoining

to occur.

Additional eguations of state and material requnse models are con-
tinually being developed for WONDY, and the code's flexibility allows fqi'
their inclusion with a minimum of effort on the part of the user. In
particular, the number of variables carried in each zone may be altered
by an iriput parameter, so that models formulateé with internal state vari-
#bles are easily added to the code. Areas in which WONDY has heen employed
as a research tool 1nc1ude dynamic fracture, piezoelectricity, ferroelec-

tricity, viscoelasticity, explosive reactions, granular and porous materials

.and bubbly liquids. Short descriptj.ons of these models are found in

Appendix B.
Initial and boundary conditions may be specified to meet user reqnire-
ments. For example, time dependent pressure loads may be applied, and energy

deposition, explosive detonations, or plate impact conditions may be pre-

scribed. The code allows for the introduction of gaps or voids between

‘individual plates, and for offsets from the origin to establish the appropri-

ate curvature .for non-planar geometries. The user may request a dynamic

rezone technique that continually adjuéts the Lagrangian mesh to provide

both improved resolution in shock fronts and reduced computational time.
The input and output routines in WONDY V are quite flexible. Numbered

input records are employed so that their order is immaterial. In addition,



.,

many .vatiableé are \ag\s'iq‘ned’ standard default values if they are not included
in the data. The pri;tcipél output routine is the ;tandu:de'dit which lists
all the main variables at prese).ecte& times. The variables included in the
edit may be selecte& by the user as part of the input instmet:ioiu. 'l.'hroe
additional output routines are provided: th§ fi.rst generates a file suit-
able for subsequent plot;:inq; fhe second createé a restart file from which
the calculation may be’ continued if desired; and the third can easily be
adapted to specific user needs. |

It sh;m].d; be noted here that WONDY has beén programmed without recwrie ‘
to any specific physical units (with the excéptipnrof the BXW explosive model,
Section 3.2.3). Henée, any self-consistent set of units may be employed, oﬁ
alﬁernately one may non-dimensionalize a given calculation with respect to a
léngth, time, ‘or other parameter characteristic of the problem (Appendix C).
‘Some sets of bunits which have been utilized with WONDY are givenv in the
accompanying table. | |

This manual is separated into sections that allow the user easy refer-
ence both for general purposes and to clarify input instructions. The basic
formﬁ}ation of .the code is discussed in Section 2, with the conservationrlaﬁs
and general matgtial4model form set forth. The method of differencing these
equations, and thé'computational scheme, including artifical viscosity and
stability arguments, éomplete the section. The routinely available material
models are outlined in Section 3, including the options for treating
fracture. The remaining sections are devoted to inéut,and boundary condi-
tions ‘4), input and output specificati;ns, {including diagnostics) (5),
rezoning techniques (6), and storage arrangements of the variables (7).

Six appendices are included in which are discussed code structure and COMMON

variables (a), auxilliary‘material models (B), non-dimensionalization (C}),



sample problems (D), WONDY input instructions (E), and plotting iuput'

instructions (r).

Self Consistent Units for wompY"™

Quantity

iopo‘.'

CoegeS. - Cege ﬁsdc s.I. SWAP
Time sec 10-6 gec sec 10-6sec sec
Length | cm cm meter ] inch
Mass | om gn kg | 10~4gm 1b sec?/in
Density g-/a3 gm/cm3 kg/m3 104-19-/«::3 ib sec2/in4
Energy erg 1012grg Joule | 106erqg ’ in 1b
Energy/Unit mass ez;g/g‘ © 1012erg/gm Joule/kg . 1010erg/gm  in2/sec?
Pressure dyne/cnzf 1012ayne/cn2' uewton/#" 109dyne/c:2 nolini’

**Some auxiliary programs and routines for WONDY include dimensional con-

stants.

The appropriate units must be used when these routines are employed.

Note that since the acceleration due to gravity is not employed in the code,
the units of mass and density must conform to a self consistent gravita-~

tional system.

* 1 kilobar = 10% dynes/cm2; 1 megabar = 103 kilobar = 1012 dynes/cm2

**1N/m2 = 1 Pa; 1 bar = 105Pa; 100 MPa = 1 kilobar

12



2. BASIC FORMULATION

The ‘conservation laws of momentum, mass, and energy, complemented by
a material law, lead to a formulation that can be differenced and numeri-
cally solved. The description of material behavior in the time durations

ch;ractefistic of wave motion are of interest here.

2.1 Conservation of Momentum, Mass, and Enerqy

The one~dimensional differential equation expressing comservation of
momentum is |

pas—_a.!’.-aﬂ-i-(a-ﬂi
ox x

ox ’ (2-1) )

\where x is the Lagrangian spatial coordinate, p thé density, a the accelera~

tion, o the Cauchy stress ir the x direction, and q the viscous stress, both

 taken positive in compression. The Qumtity ¢ is the difference between

the stresses in the longitudinal and transverse directioﬁs (a = 1 for

rectangular, 2 fﬁr/dylindrical, 3 for spherical one-dimensional coordinates).
The material par£1c1e3 will be followed in their motion, and thus the

acceleration is given simply by

at « ‘ ‘ , (2.2)
where u is the velocity defined by

w=3x
it - | S : (2.3)

Mass conservation is expressed by

(1=

g%

‘ , - (2.4)
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vhere 4V is an elmn? of voiume at time t = 0, when the density is pé,
and av is the current volume bf the same element at time t; ,

The one-dinﬁsionil equation for conservation of energy equates the

‘rate of increase of internal energy per unit mass to the rate at which

" work is being done by the stresses and the rate at which heat is being

added,

& 1 aé sh h

Poae =(P+a) T e + Py + 3+ (a-1) T +pQ 7 (2.5)
where gri.s the internal energy per unit mass, Q is the heat added (lay by
chemical reaction or radiation) per unit mass and un:f.t time, h is the heat
flux due to heat conduction, and Pgq is the rate of deviator stress uﬁrk.
Note that the work done by the viscous stress q has been included.

Heat addition Q may be aséigned as required, while h will depend on

the temperature gradient; Since the energy equation is included in the 7

constitutive subroutine, Q and h do not appear anywhere else in the code.

2.2 Pregsure and Sound Speed

An eguation of state, or constitutive law, is required to complete

the formulation, and is usually taken in the form
p = £p.& . : {2.6)

where p is the pressure, ¢ the density, and & the energy per unit mass. The
nature of the subsequent differencing is such that .a\ convenient form for

{2.6) is

p = f1(p) + £2(p) & - (2.7)



_ Although the sound speed is not \ued explici.tly in the calcuhtiou
of any of the state variables it is neess-ary to detorline the artificial

viscosity and the time step. The sound speed can be defincd as ‘
Cc = d (ap )8 ’ . (208)

where ( )s indicates that the differentiation is carried out at constant

entropy. Differentiating (2.7) at constant entropy y:lelds

(B2 o2l

wl =% *%% *f2\%) - (2.9)
Noting t.he tﬁennodynamic relatibn
(%), - (), %) - (- ) - 5 e
/g \Wgl\oefg ™ P 2)7 2 v , g
- where
1 , . | |
V=5 T (2.11)
is the specific volume, the sound speed can be easily obtained from
2 d4fy af; pfp
c =% *é% *r 7 - | (2.12)

Since the equation of state (2.7) can also be expressed in terms of the '
specific volume via (2.11), (2.12) can be rewritten as a function of spe-

cific volume -

bk ()
02 \ 37

- {2.13)

o

15
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; gy ,
vhm(i? = =p has been used. - -

The results given in this section are common to all of thc oqnntion '

- of state subroutines in Section 3.

2.3 Stress and Strain

In one dimensional motion, there is a coincidence of coordinate axes

with'pr;nciple stress and strain orieni:ationl. In this absence of‘ shear

'straihs, it is convenient to work in terms of the strain rate or stretching.

In the direction of motion, i.e., the x direction, the stretéhing is defined 4

su

L

In fectangular coordinates there is xio motion in the y and z coordinate

directions so that

du :
de =3x s+ =0, a4, =0, fora=1 . (2.14)

In cylindrical coordinates there isino motion in the z direction, so that

4dz = 0. However, motion in the x direction will induce a circumferential

strain, so that (x is the radial direction)

u ,
@ =3x+ dg=%, dp=0, fora=2 . (2.15)

In spherical coordinates there is a hoop strain induced in mmtually per-
pendicular circumferential directions when there is motion in the x

direction, so that (x is again the radial direction)

u n
A =3x ¢ =%, 4 =5, fora=3 . {2.16)



The volumetric ‘stra:ln rate or dilatation is defined as
d=ay+dy+dy . ’ : ‘ (2.17)

Thus it must be related to the rate at which the density is changing by

1 ap o ’ i
d = = 3 ﬁ " ) (2-18)

Stretching deviators are defined as

d 1 '+ 1 3 ;
=d, ~=d=4_ + - X :
% = % 3 X" 3ot - : . ‘ (2'19)

and similarly for dg ’ dg +» They are a measure of the rate of distor-
iion independent of the volume change. From (2.17) and (2.19) it is evident

that

a qd o : .
de+dg+dz o . | ; (2.20)

_ Since the shear strains are zero in one diuénéional motion, shear
. stresses are zero. The stress components in the coordinate directions are
Ox » Oy + 0z « The pressure is defined as
1 .
(-p) = 3 (0 + 0y + 03) , (2.21)
the minus sign appearing in agreement with the convention that stresses

are considered positive in tension, while pressure is considered positive

in compression. Stress deviators are defined as

d : ‘
o = UX - (-P) = ax + p . : . {2.22)
- ) .



and si-ilarly for of , of . From (2.21) and (2.22) it is evident that

e

d , qd - : . (2.
cx~+oy+o o . , v (2.23)

The rate at which mechanical work is being done by the stresses, i.e.,

the stress power, is given by
P = oxdy + Oydy + Opdy o \ (2.24)

Using (2.19), (2.21), (2.22), and {2.20) the stress power may be expressed

‘as
P=pPy +Pg , : (2.25)

where Py is given by

(2.26)

°lny

v'w

1D
-

representing the rate at which work is being done by the pressure against

a volume change, and P3 is given by
end qd, d.d. d.d '
Pg=o0 dx""’ydy"’“zdz ’ (2.27)

X

representing the rate at which work is being done by the deviator stresses
against distortion. Using (2.20) and (2.23) the components in the y direc-

tion can be eliminated, yielding

= 263 ad 4 o8 g8 4 44 4@ a .a
Pq = 20, 4, + o, dz+ozdx+2az d, . (2.28)

The momentum equation (2.1) requires the quantity

4’ = ox - 6y R ‘ » . (2-29)

18



Note that, using the definition (2.22), ¢ can be written as

"‘“g"’yd'- ‘ | S (2.30)

and using (2.23), this can be put into thc more convenient form,

¢=200+02 . | | , - (2.31)

Also the quantity ¢ in the momentux equation, from (2.22), is

¢=-0, =p=-oF , , . - (2.32)

where 0 is taken positive in compression for convenience. Considerable
-simplification arises when @ = 1 or 3. The symmetry inherent in rectangu-
lar and spherical one dimensinal motion implies that Oy = 6z . Thus

(2.20) and (2.23) can be written

1

a_d__+r4a ' ’
af = ag =-5a ,  {2.33)
o= cd = ---]"' ad | ' {(2.34)
Y z 2 X b ‘o .

Therefore, for a = 1 or 3 (2.28) and (2.31) become

)
Q

1
I m

d ,d ' , ~
oy dx K (2.35)

and

®

] ' (2.36)

©
]
o w
Q

9
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2,4 Difference Equations

In the finite Vdif.ference method all quantities are sampled at discrete

- material pért:icles and at discrete times. The particles are labeled in

order with an index j, and times are labeled in order with an index n.
Thus the value of an arbitrary quantity ¥ at the jth particle and nth time
'is denoted '!3‘. The differential equations are set into finite difference

form by consistent— use of simple, centered, second-order analogn,

n n n
oY Y541 - ¥y
= = '
L :
; ' (2.37)
n+1/2 oo+l _ gn
ay 5Ty
at = ' ’
3 tntl - ¢n
and li.neai interpolation expressions,
1
n g % , n
Yi4172 =3 (’j+1 +v3)
(2.38)

The difference equations uéed, corresponding to (2.1) through (2.4)

are

no_ o, ‘(og;l/Z + qg;l/Z)' - (°g+1/2 + q?+1/2)£
J

as
{ 031s2 (B - =) + 03eayp (4 - 22a) |

(2.39)

(6D, + OB
s 200 - 1 (634172 + $5-1/2)

P§+1/2 (x§+1 + xg) * pg—l/z (X§ + x?—l)



v.f;:: the aoeelent:ioh, ‘and

'ugq-l/z - u,;:—ué +.’£_( A‘tn-l-l/é + M'._n-llz) a2, |  (2.40)
for the velocity, vﬁere Atn+1/ 2 - entl - ¢N,  The position i.s‘ thus

xg‘ﬂ - "g + Atn+1/2 ugfllz , | | » (2.41)

and conservation of mass yieids

el »§-1/2
Pi-172 = , (2.42)
T2 eyt ath®
wheré m is a zone constant initialized at t = 0 to
° o ' 1]
o o ,
172 = Py-1/2 l(xj)‘,- (xj_l) } . ; (2'f3)v

Note that this is the actual mass only for rectangular (a = 1) geometry*.
These equations are subject to excessive roundoff when a = 2 and 3.

The zone constant m can be written in the equivaleﬁt form,

mi_1/2 = 05-172 (5 - x§3) &1 o

*The actual mass My_3/2 is given by

{a = 1) Mj—l/z = my.1/2 . mass/unit cross sectional area, in one~zone
slab,

(¢ = 2) Mj_3/2 = "Tmy.1/2 . mass/unit axial length, in one-zone cylindri-
cal shell, :

47
3) My.1/2 =7 mj-1/2 . mass in one-zone spherial shell.

and {a«

‘This distinction may be important for user-programmed output routines
that use mass-related quantities such as momentum.

21



£ o . fora=1 |,
(x':')2 + x0 xO + (20 )2 | | fora=3 ,
b | J -1 3-1 - '

The mass equation may be written in the alternat_e forms
' n+l n+l * n-l-l
"3=1/2 = Pi-1/2 {"‘j R }
n n a n a
= pj_l/z ,("j) - (xj-l) ‘
Rearranging and subtracting leads to

1 1 1 + a
T St 1] ") "‘3—1’ = "‘j’ * "‘j—l’
P3-1/2 Pj-1/2 Rye1/2 l

and therefore the mass equation (2.42) apbears in the code as

' ~1
n+l 1 Atn+1/2 F n+1/2 n+l 2 ntl/2 n+1/2
Py - n+l/ " / '-1/ wiy
j-1/2 n mJ -172 L°3 ;] 3 3
\Pj=-1/2
whefe
1 v : for a =1 ',
+1 2 +1 2
n n - .
(x?j,1 Y o+ xg x5 + (xj) . for a = 3



\ 'l‘wo quantities useful in later calculations are

\ ( A ) - | 2("?:%/2 - °lj‘-1/2) ' | \ (2.44)
N NG I |
and
(%_g%) - 2(“?:%/2 - "’?‘j}-"«’) (2.45)7

AP/ (o34 + 031 /0)

In the cude these quantitites are called DELRHO and RHODOT respectively.
Note that a, u, and x are centered at j, while all other quantities

: -1 :
are centered at j ~ 3 in space. This suggests the following interpretation:

’01 by 0, € X, Uy a

| \l /|~
I S N

3-1 j -

1
i+ 3 j+1

Nl
L=

If lines are drawn on the material at the initial instant to define a
_material coordinate mesh, ﬁhich di.étorts wii;h the material as thev-otion
proceeds, the positions, velocities, and accelerations of these lines de-
- fining the zone boundaries'are found at discrete times. The same material
particles are always contained in a given zone. Stresses, densitities, etc.,
are found which may bhe regarded as averages over each ‘zone between succes-
sive zone boundaries.

All quantities are centered at n in time, except the wvelocity u, which
‘is centered at n + %‘- This presents no difficulty except at the initial
instant. Velocities are usually either zero or counstant prior to t = 0,

so that uglf 2 - ug + and starting the computation is not a problem.



Y

In order to facilitate storage, zone quantities, e.g., Uj-l)'z' qd§-1/27
pj-l /2, etc., are indexed j. The veloéity un+l/ 2 is stored at n + 1.
The energy equation (2.5), uéing the difference analogs (2.37) becomes,

in the absence of heat conduction,

n+l AL n+l/2
43172 = 8- 12 * (P4-172 * P3ag2 * 293072 2,,2

o (2.46)
+ MBS 1 ¥ BQs 1/n s

where AQj-l/z is the heat addition during the time increment AtP1/2 |

AQj.1/2 is ordinarily initialized to zero when there are no energy sources.

To treat external emergy sources a routine should be included which initi-

alizes AQJ_]_ /2 appropriately {see Section 4.1). The term b ——— has been
2p2
defined in (2.44), and

_zAtn+1/de
A8 = i - .  (2.47)
Pi-172 * Pj-1/2 -

The latter term is non-zero only when material strength is included as
in Section 3.1.
The constitutive law (2.7) is now recalled, and centered at n + 1 in

time and j ~ 7 in space:

Pn-l-l gotl = gntl gr}‘#l .
j=-1/2 < 1]-1/2 2:;-1/2 i-1/2 (2.48)

It may be seen that equations (2.46) and (2.48) are two simultaneous 'equa-

tions for the two unknowns pj l /2 and é"J_l /2° Equations {(2.46) and (2.48)

may be solved explicitly yielding



n+l

n- A n . n+l/2 Ap a
&4 ‘ Gy-172 * (flj-l'/z * Py-1/2 t 2qj_1/2) (;5)4- A& + AQ
3-1/2 .1 fn+1 ( Ap ) }
T ge1s2 {52 ‘ (2.49)
’21 /2 \ 29 - ’
Ap ‘ :
where q is the viscosity, ;‘;’Z is given by (2.44), A8% is given by (2.47)

and AQ is the energy added during the chrrent‘ti-e increment Atnﬂ-/ 2. once
&51/2 is obtained the hydrodynamic pressure can be calculated using
equation (2.48). The total stress can then be cbtained by adding to this
result any deviatoric stress component which may be present. Note that by
restricting the basic equation of state to the form (2.7), 'the use of
’ iteration to solve for the pressure and energy has been avoidedf In WONDY,
equations (2.48) and (2.49) aire evaluated in the “equation of state™ routines

diséussed in Sec;‘:.ion 3.

2.5 Artifical Viscosity

For many materials, thé stiffness, and therefore the vave’ velocity,
increases with compression, vcausing a propagating wave front »té steepen into
a shock wave, or discontinuity. The pressence of such a front violates the

. continuity assumptions inherent in the differential eguations. Within the
finite difference analogs, the techniques to effectively deal with these
discontinuities occur at two levels: (1) track the shock front explicitly,

~or (2) smooth the shock over several zones via artificial viscosity. The
former method is used in characteristic codes such as CONCHASY, in shock-
fitting codes such as SKTWOl0, and in the SwaPll code.

The alternative is to include viscosity, which spreads the shock fronts
and prevents formation of discontinuities. Thus shock waves are recognized

as very steep but finite gradiénts in the solution. It is clear that a shock
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wave must occupy several zone widths in order to satis'f.y\the roqn:l.re-eqt that

differences in quintities across a zone remain mli.

ﬁqt\iral viscosity ‘can be used. However, for -ﬁst paterials natural
viscosity is so small that shocks would be extremely narrow and very Aiffi-
cult.t'o resolve numerically. To insure that a shock occupies several zones.

it would thén be necessary to use such small zoneg, that for the usual physi-

.cal problems, an extremely large number of zones would be required.

Fof ‘this reascn an artifically large viscbs:ltv is introduced. Care
is necessary so that the viscous tem does not affect the solution anywhere
except near shocks. At shocks the solution V'j;.s intentionally distorted to
insure that gradients are much lower than in nature, so that a reasonable
number of zones can be_ ﬁsed in a given prbblen. In effect, use of arti-
ficial viscosity bréadens or smears shock waves. Thus, for normal nterial#,

the tendency for pressure waves to steepen is balanced by the spreading

-caused by the artificial viscosity.

The exact choice of form for the artificial viscosity is somewhat

arbitrary. WONDY uses a quadratic viscosityl? in the form

2 (1 3p)\?
q = pby (p at) R (2.50)

| | . 13
where by is a constant with dimensions of length. Since \p at) represents

the volumetric strain rate, q is essentially a bulk viscosity.

The quadratic form is chosen so that thé viscosity is very small
éxcept v;vhen rates become large, at which time the viscosity becomes very
large. The guadratic form is therefore most effective in controliing

gradients at shocks while introducing minimal disturbances elsewhere.



A linear viscosityl3 is also used in the form

a=bye(®) S (2

. where c is the sdund speed and by is a constant with dimensions of length.
The iinear viscosity is effective in controlling ‘mll spuricus oscilla-~
tions in which gradients are insuff.iciént; to make the quadratic viscosity
effective. Great care is necessary in the uge of linear ﬁscosi.tf, as |
there is a much greater chance of distorting the solution in areas -away
from shocks. U
The constahts b; and b, determine the shock width}?. since it is

desirable that thé shock encompass a given number of =zones, inﬁependent
of the choice of =zone size, bi and by are non-dinensionalizedfhy usg of -

the zone size,

In finite difference form, the artificial viscosity thus becomes

n+l n+l n n.
n+l/2 _ pntl + pn ¥ - %-1*X-%-1) n 13
j-1/2 = 2 By 2 ] ©5-1/2 \p ot
2 (2.53)
n+l n+l n “n
2[ X5 ~ ¥j.1 t X5 - Xj-1 } (1 3p 13p
+ B 2 p ot p ot ’
(}_ 2&) .
where \p 3t/ is given by (2.45). Since rarefactions do not normally steepen

: 2
into shocks, the viscosity is set to zero when 3t < 0 14, It should be

noted that in some instanceslS5, it has been found necessary to retain the

artifi.ial viscosity contribution during expansion in order to obtai=n accuprt-

able soluz_.ons.
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2.6 Stability

The ccnbutation is -advanced each cycle by a time increment
Atn+l/2 = tn"'l - tn . (2 05‘)

This characte:istic time is dependent upon the zone size and the local sound
speed, and ig the key tn the stability of thekexplicit numerical method. If
the tiﬁe increment becomes too lﬁrge, instabilitieé result that may appear
as ogcillations which grow'very rapidly with time. The criterion for

stability of the difference equations used here igl6

Ax

Bsoc + znﬂ%l Ax + J(Bzc + 233%[ Ax)z + cz_ (2.55)

At <€

where Ax = x?+1 - ng%, and B; and B, are the artificial viscosity co-

efficients defined in Section 2.5; Note that if a foam {(Section 3.6) is

being uéed, Bl'ahd By must be replaced with Bj + B3 and By + By respectively.
The criterion (2.55) is'appliea éo each zone, the minimum value over

all zpngé being used to advance the calculation. The criterion (2.55) is

actually computed at the conclusion of each zone computation, the minimum

value first being used in (2.40) and (2.41) on the next cycle. Thus (2.55)

is written

: ‘ ‘ n+l
n+3/2 Fe1dxye.1/2

n+l : 2!_'Ql ( n+l 2fp ntl 2 ,(2.56)
Bacj-1/2 + 2B1|p| 8x + §\Pacj-1/2 + 2Bi|p| Ax + (Cj-l/z)

o

where p is given by (2.45). The timestep calculated by (2.55) is based upon

2 linearized stability analysis, and presumed to be applicable to the more

general case. To ensure stability of the ralculation, a factor K¢y appears




in (2.56), (0 € Kgy < 1), to allow the timestep to be artificially reduced.
CIf Ky is left unspec‘ifig’a,; the code defaults it to 0.95. The appearance of
unstable oscillations in a calculation suggests the@qnihﬂity that (2.55)
may not adequately represent a staﬁle timestep, vand that K. shonld\ be
reduced to recover a sta/lhle calculation. | |

in order to limit the r."ate of iﬁcrease of At, the value actually
used on the next cycle is

- n+3/2 ! n+3/2 : n+1/2)

At = Min (Atj-172 , Fe2bt o (2.57)

The factor K¢y is an input variable and is normally chosen to be a little
greaterx than‘ 1.8. If this feature is not desiied, x,._z may be made a very
large number, say 100. If it is left unspecified in the input the code
defaults it to 1.05. In any case, the product of K¢y and Ko should be kept
less than 1.0. | B -

-Occagionaly, in order to maintain a phys;cally acceﬁtablé solution,bit
is necessary to start a calculation with a smaller At than normally required
for computational stahility. Such a case arises, for instance, if there is
a large pressure or velocity discontinuity in the initial conditions, and
the ﬁormally stable timestep could lead to zpné inversions on the fi:;st cycle.
The desired initial time increment may be read in as input in DELT(4). Then
Ki.o may be used to control the rate at which At increases until. it is con- |
trolled entirely by stability. If this feature is not desired, DELT( 4) ‘may
| be left blank. The program then automatically assigns a value of 105,

When energy sources are included, the energy added each‘cycle as
AQ in {2.46) must be small. Thus the time step is further restricted

to be less than one hundredth the deposition time TDEP while the energy

is being added.
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2.7 Order of cm

The calculation éroceédl as follows: ;k’at t = '0,. all qﬁantities are ‘
defined for all zones by the initial data (via the ‘initia];izing routines
described later). The computation is performed successively at each zone
starting with the 1eft-hnd boundary. At the jth zone the momentum equation
(2.39) is used to compute the acceleration at the jth zone boundary. velo-

1 ’ ,

city at a time ‘5Atn+1/ 2 after the initial instant at the jth zone- boundary
follows from (2.40). Pos’ition at time Atntl/2 afterr the initial instant

at the jth zone boundary follows from (2.41).

Calculations completed ‘ Calculation being performed

T

§=2 =13 jnl

Tpe new position of the (j - l)gt zone has a:_l.ready‘been found at this
stage of the calculation. The mass equation (2.42) can therefore*be used
to detérmine 4;:he density in the zone between j ~ 1 énd j. For elastic-
plastic materials the velocities at j - 1 and j can be used to determine
strain rates at j - % The energy equation (2.46), equation of state (2.48),
and devi.atpric stress relationships are then used to determine the energy
and stresses at j - %- These calculations are accomplished in the equation
of state subroutines (Section 35 . 7

At this éoint the various tests for rezoning the Lagrangian mesh can
be made (see Chqpter 63} If the zones are too small the variﬁbles associ-

ated with zones j - 1 and j - 2 are appropriately combined, or if the zones

are too large two zones are created from zone j - 1.



The computation at the’jth zone is now complete, including the rizonf
‘ing which may or may not be performed on previous zones, and the next zone
in seQuance can be treateé ip the same way. When all the zones have hoen 
treated, the solution for AtR*1/2 after the intial time has been con-
structed. The\préce&ure can be repeated for ﬁhe next time increment.
Purther repetition aliow; construction of the solution for‘the‘entite

time of interest.
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3; EQUATIONS OF STATE AND CONSTITUTIVE RELATIONS

There are Vsevaral options for equations of ﬁ:ate and con:ti.tntive rela- -
tions in the code. In the prosant‘ version six d:l.ffe‘rent models can be
accommodated. Alternate eguations of state aie most commonly included by ,‘
replacing an unused model. Esch model is programmed in a separate subroutine |
and an input parameter for each material layer determines the appropriate
subroutine required. These models treat 1) general solids (including
vaporization), 2) detonating high explosives, 3) perfect gases, 4) rate-
dependent and strain hardening solids, and 5) foa-s or initially diatemled
solids. Other models are available, some of which are described in Appen
dix B. The functicm of the "equation of state” routines is to use the
newly calculated density, in conjunction with the values of the state
variables (e.g. pressure, energy, etc.) from the previous timestep, to

advance the state variables to the new time.

3.1 STAT1 - General Solids - 1
3.1.1 Hydrodynamic Fluids
The constitutive model generally used for solids has a basi¢ equation

of state of the Mie-Gruneisen form, which can be written
pP=pPg= Io(& -~ (ga) ’ . (3.1)

where pg(p) and égip) are the pressure and energy along some reference
path and are functions of density only, and where I'(p) is the Gruneisen
ratio and is also a function of density only. The referencg pressure pgpip)
and enerqy &ul(p) are generally taken from experimental data along the

Hugoniot. Two forms are common for py. In the first,
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2
PoCoN
(1

Py

—em2 (3.2)

where Po is the initial density at zero pressure and ambient temperature,

Co and s are material constants, and

This form follows from the observation that for many materials, the shock

velocity U may be expressed as a linear function of particle velocity u
U=co+8su , , (3.4)
where ¢, and s are giver} constants. Using the r 1.ations@ps
P=u éo g .,
and
n=uwu ,

along with (3.4) leads to the form (3.2). Note that, assuming s > 1, the"

form of the denominator in (3.2) yields a limiting conpressién given by

‘1
‘n<“1m=; .

or equivalently, from (3.3),

spo
p<$"1 e

1
It should also be noted that at n = - 3, there is a tensile minimum, and

thereafter in tension, negative sound speeds are calculated. (Since the



form (3.4) applies only to compressive states, cautium is advised when ten-
sions are expected to form.) Alternately, pyg is givem as a power series

axpansion in n,
P = KNl +km+kn2 +knd 400 ) | (3.5)
where the k's are non-dimensional constants. In order to match F— at

n = 0, it is necessary to assume that

x 2 ’ .
K = Po% ’ : - (3.6)

where c, cortesponds to the bulk sound speed and K, is the adiabatic bulk
modulus at zero pressure and room temperature.

The energy &y is related to pg by

bgn
tS’H = -2-9—; . , (3.7)

In addition the internal energy ’é“ is equal to zero at p=0aund p = pge

The Gruneisen ratio is usually expressed as
= o 2 : ,
I'-I'o(1+h1n+h2n + o o o) . .3.8}

where the h's are non-dimensional constants. Thus, rearranging (3.1l) yields

T (o :
? ‘P‘*{l "2 (Q - )} +Tes C (3.9)
so that the £'s in the basic equation of state (2.7)

p = £1(p) + £2(p)&
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£, = pg (1.- 7-) , . : (3.10)

. and
f2=Tp , , - o (3.11)

where
-u-%--l , ‘ (3.12)

and Py is given by either (3.2) or (3.5) and T is given by (3.8).
Note that in (3.8) if the only non-zero term is hy = -1.0, Ip becomes

a constant, i.e.,
=T~ - - (3.13)

which is a commonly assumed form for the Griineisen parameter.
The sound speed (2.12) can be computed from (3.10) and (3.11), where

the required derivatives of £f; and f; are

(3.14)
Po fépm ( _Tu) _pm ar
= pz an 1~ —i - "3 T(u + l) + an H .
and
dafy ar
@G =T+3F @ -n) | : (3.15)

The Gruneisen ratio (3.8) can be differentiated as

ar 2



~ and the derivative of pg determined using (3.2)

dpy _ Pooll + sn)

ér (3.5)

I = Koll 4 2kn + a4 .., (3.18)

Under certain circumstances, especially when the material is heated
by external energy sources, the material may vaporize. To take this be-
havior into account a vapor or pod:l.fied expansion equation of state must be .
utilized. WNote that the va;ior equation of state is used for distencad
materials (p < py), independent of the internal energy of the ntetia]..

It is taken in the form

p= b{n + (Tg - H) v’ﬂ_-l-_i}{é’-~88 _[1 - exp(ﬁ(l'- n))]} » (3.19)

where the Griineisen ratio is always assumed constant. This form is chosen
1] ' ,

for the following reasons. When ‘p"’ << 1, i.e., for very expanded materials,
o ‘ .

the equation essentially reduces to
Pp=H(&-&) . (3.20)

where the material constant ég rei:resents the sublimation energy of the

material. Equation (3.20) is the;-:efore equivalent to the perfect gas law,
p=(y ~-1) p(& - &) ., ' (3.21)

if H =y - 1, where Y ig the ratio of specific heats of the perfect gas,

and the sublimation energy is subtracted from the internal energy.
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When p = p,, the equation reduces to

p= L'l'ooocf- p \ , ' (3.22)

.and is therefore continuous with the Mie-Gruneisen equation ,(3.1) at this ,

density. Differentiating the vapor equation (3.19) and setting p = p,

1e$ds to

sp 1 A & ' :
p =To8+ 2(To - H)E +Tgpo 3p + Mo 85 " (3.23)

bifferentiating the Mie-Griineisen equation in the form (3.9) and setting

P = 0y leads to

3 ar & |
5%’ =2t G E+TE+T 0,55 o+ , (3.24)

for py given by either (3.2) or (3.5) providing that (3.6) is satisfied.
In order that the 'slopes match, (3.23) and (3.24) are equated, yielding

thé condition ’

2 s
N ~o + z (21 1+ ‘H—) £
= 1. - .
ré&; 2 1 ‘3’5 '

where the derivative of (3.8) has been used. The second term is much

"smaller than the first when & << é”s, and N is usually chosen as '

N=re& , ‘ . (3.25)

so that the two equations (3.9) and (3.19) are equal in value and approxi-

mately continuous in slope at p = Po and for low energies.



xquati.on (3.19) can be put into the for- éf (2.7),

p= £1(p) + fztplé e

by expressing the £'s as
£, = ‘A(.xp B - i)pe, ' . ‘ | (3.26)
f2=m . | | (3.27)

The sound speed will be given byv (2_.127). The required derivatives are

dafy | a B | an

'35",=v(1\+pa—p') ‘(expB- 1)€g+paexpﬁ"a_p' és , - (3.28)

and

df, .
dp ’ o {3.29)

aa
’A-i-p‘é;
A={a+(ro-n)lii"-r‘1}, .

. To-H
T2, YuF1

&g

and > (3.30)

B = Na(l-n) ,

® _ eo
o anpz(;~2n) . /

The vapor equation (3.19) represents materials reasonably well for high

energies (€ > &) and low densities but can yield fairly large errors for
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mrg:lu in Vthev range &g > & > &, where & i- the melt m;&gy- To help

correct this problem any stress calculated via (3.19) ’;s limited by

where
Omin = Opin (1 --g—)% o . | | (3.32)
m ) i

u?n and d:in are _input constants with the former generally representing the
melt energy and the latter (a negative input quantity) represénting a )alx:l-
m,tensile’stress that the material can susf.ain at low en@rgies. Note
that the latter quantity should be substantially larger in magnitude than
any fracture stress associated with the material or fracture may be unin-
teqtionally supressed. Note also that this provides only an approximation
of vaporization, not an explicit treatment of phase changes.

Since H=Y - 1 is a cons&:ant associated only with the equation (3.19),
it is used as an indicator to bypass the vapor equation of state. If H is
input to the code as H < 0, éhe routine selects the uié-Gruneisen expres-
sion (3.9) as it extrﬁpolates to negative strains (p < Po)+ This latter
choice may be the most appropriate one for problems involving very low

energy densities.

3.1.2 Elastic~Plastic Solids

The prior description is complete for materials with no strength, i.e.,
when materials behave hydrodynamically. For lower stress levels or where
stress deviators cannot be assumed negligible, thé elastic-plastic portion

of this material model must be considered.



For such a material, ‘which can support shear stress, the constitutive

relation is of the general form,
Ox = f((lx,dy,dz,cg) . (3.33)

with similar equations for Oy and 0,. However, (3.33) may be decomposed
into separate equations for pressure and tha deviatozs\ throuqh the use of

(2.19) and (2.22). Thus for the deviator stresses
ol = f(ag,p,e?) . : | (3.34)

and si.milar; equations for 0'3 and ag, where the pressure is obtained as

described above. The deviator relations are specifically,

- = 2de ., | o (3.35)

where G(p,&) is the shear modulus and is take: as a functic o7 the thermo~-,
dyriamic state. If the material exhibits plasticity, the deviator stresses
have an upper limit determined by the yield condition. The von Mises yield

condition is

’ 2 2 2 2
fy= o)+ 6h'+ (6D T, (3.36)

where ¥(p,&) is a material constant labelled the flow stress. It is more
‘convenient to eliminate the y component by the use of (2.23), obtaining
| a4 22 3.37)
/; (o)+oo+(o) <3vY . (3.

When @ = 1 or 3, the symmetry condition (2.34) reduces (3.37) to

. d,2 .= 2 EET-3
/:‘.7“2 (ox) <3Y . ‘_,.,JB
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Thus, putting these relations into finite difference form, dg is given by

(2.19) and (2.14) as

2( n+l/2 n+1/2) |

a n+l/2 uj - = Uj-l 1(1 _P.)
e §-1/2 =/ n+1 n n+l n \t3\p o] . (3.39)
(Xj + Xj) - (xj-l -+ Xj..]_)

(22 .

where (p at) is given by (2.45). Then o, is given as if the material

were entirely elastic, by

da dn - n+*l/2 n*l/2 4 n+l/2
Ox = Ox j-1/2 + 20t Gy-1/2 d& j-1/2 . (3.40)

' This value is limited by the yield conditonl?. For a = 1 or 3

3 4.2

/y (o ) . , , (3.41)
Thus, if fir“ $ 20t /2) + then of 5‘:{,2 = ¢d. However, if
/ >3 (Yn+1/2)2 then
4 n+l dy 2 ntl
) 3 Y172 - : (3.42)

Ox j-1/2 = \Sgn oy

The deviator stress work is, from (2.35) and {(z.47),

4 n+l + dn
[4] [+] s
3 n+l/2 dntly2 X312 x §-1/2
26 - 3 at / ay ;_1;2 n+l n (3.43)
pPj-1/2 *+ 0§=1/2
and from (2.36)
n+l 3 dntl ,
$4-1/2 = 2 Ox j-1/2 . (3.44)



However, when o = 2, it is first necessary to compute d: given by (2.15)
~and (2.19) as | |

am1/2 1 (1%
3 \p 3t

dy §=1/2 = ,  (3.45)

13
wvhere \p fat) is again given by (2.45). Then 0‘2 is given as if the

material were entirély elagtic, by

d dn ntl/2 ntl/2 4 ntd/2
Oz = 0z j-1/2 + 2 At Gj-1/2 4z 3-172 . (3.46)

The yield condition is therefore, from (3.37),

2 2
fy = 2{(0,‘2) + o2 6d + (6} } . | (3.47)
2 {n¥l \2 4 n+l d n+l
Then if £, < 3 \Yi-1/2) . % 3~1/2 = o3, and %z 5-1/2 = ¢d. mHowever,
2 [ ntl \2
AE £, >3 ¥j-1/2] , then
2 [ nt1 )2
( d)n+1 _ 3 \%5-1/2/ a
O%l3-1/2 '_"‘""'"/y O |, (3.48)
2 [ n¥1 \2
( dya+l 3 \¥Y5-1/2 a ‘
Oz2l3-172 © /A = (3.49)

and the deviator stress work is, from (2.28) and (2.47}%,
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\ , Atn+1/2 ' [ ( a n+l dn ) (2 dntl/2 4 n+1/2)
[+2

A = el n 9% 3172 + 9x 3-172) \28x 172 * 4z §-1/2
Pi-172 ¥ P3-1/2 "
_ . (3.50)
n#l  dn dntl/2 4 n+1/2)
+ (oz j=1/2 * Oz 34-1/2 2z 4-1/2 *+ Ax j-1/2 ‘
and from (2.31),
n+l d n+l d n+l .
¢4-1/2 = 20x §-1/2 + Oz j=1/2 . , | (3.51)

The energycgg:ilz and pfessure pgti/z are then found from (2.49) and (2.48)

as before. Then from (2.32)

n+l n+l a n+l
04-1/2 = Pj=1/2 = Ox §-1/2 . (3.52)

The sound speed appropriate to the elastic-plastic case is

atl V¥ _3a-w , | -
j=1/2 (1 +v) ¢© R {3.53)

where c2 on the right is given by (2.12) and v is Poisson's Ratio, usually
taken to be constant.
It now remains to specify the functions G(p,&) and ¥(p,&) which
appear on preceding pages. The most common assumption is that the shear
modulus G is related to the bulk modulus K by
3(1 - 2v)
6=+ kK (3.54)
where v is Posson's Ratio taken to be a constant. The bulk modulus is

related to c2 (2.12) by



k=pc2 . T ‘ . (3.55)
Thus in finite difference form, in terms of (3.53) and (3.55),

n+l/2 (1-2v)) n ( n )2' ,
Gj~1/2 = 2(1- v) { P3-1/2 \C4y-1/2 . 7 : - (2.56)
where C?-l/z is the sound speed calculated by (3.53) on the previous
cycle, and thus (3.56) is not precisely centered in time.
An approximation that is used for G is to assume G is a function of

p only, written as a power series in nj,

G=G(l+amn+gmi+...) |, | (3.57)

where
2p0 ~ ‘ _
nl = ] - p!.“ + pn+1 ’ . (3058)
j-1/2 i-1/2
and
3(1 ~ 2v) , '
Co= 201 +v) Ko . , : (3.59)

The yield or flow stress Y can be calculated in six different ways,
- selected by an input constant NOY:

If NOY = 0 the materiai is assumed to behave hydrodynamically and
the equations of state (3.9) and (3.19), if desired, are selected to cal-
culate the stress directly; no deviatoric stress components are used.
This is equivalent to taking Y = 0.

If NOY = 1, Y is taken to be a constant Y,. This case correspondé to
an elastic perfectly plastic material.

Setting NOY = 2 éields a perfectly elastic material. Thié is equi-

valent to an infinite yield strength or Y = w,
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NOY = 3 selects the following expréssion for Y:
¥ = YL 4yl ~&/y2) >0, (3.60)

where ¥,, ¥; and fz,are input constants. The parameter y; is generally
taken to be the melt or subliﬁtion energy, and thi.s term yields a decrease
in flow siress with iﬁcreasing energy."The term in the constant yj yields
an increase in the yield strength with compression and a corresponding
decrease with expansion. The valuerfor Y is set to zero whenever eigher
of the two terms becomes negative. Note that (3.60) is not intended to
represent strain hardening.

For NOY = 4 and 5* the yield stress is obtained from an isotropic
strain hardening ﬁodel. ‘(See Section 3.4 for additional comments on
strain hardening.) By assuming that £he volumetric strain is entirely
elastic, the amount of plastic work per unit initial volume done in the

' . dentl/2 17
current time step, Apg?;llz is given by

- 2 2

dgn+l/2 Pofy 2(yntl) 2(yntl)

Af31/2 = w173 [ n w1 7 A 7 & (3.61)
Gj-1/2 \Pj-1/2 + 05-1/2

and the total plastic work per unit initial volume done on the material

in the zone is then

a n+l an a_n+1/2 ; ,
1%5-1/2 = o85-172 + Af3-172 (3.62)

* Set NVAR » 13 to use either of these optioms.



From the isotropic hardéning assumption, the yileld surface grows in
éhe same manner for any stress co‘-binati.ons causing plastic flow. There-
fore, by expressing the éay the ‘yiqld stres§ depends on the phstiq‘ work
per unit initial volume for a simple tensile test, the yield stress for
any plastic loadizig conditién can be obtained by snbsti.tufing the cor-
responding plastic work into this expréuion.

For NOY = 4 the uniaxial-stress engineering stress-strain curve is
assuned to be bi-linear. Therefore, this case corresponds to linear 1ao-
tropic strain hai.‘dening.. Here, the yiel: stress for tﬁe simple tgns;l.le

test is obtained by substituting the plastic work (3.62) in

n+l 2yiy2 an 2 :
¥5-172 = J ¥ -y o512 %,  (3.63)

where the y's are input constants and Y, is the initial yield stress. y;
is‘ ‘.!oung's modulus and yp is the tangent modulus. Thus, any loading re-
Sulting in the plastic work (3.62) gives, with the bi-linear stress—strain
asgumption, the yield stress (3.63). | |

NOY = 5 ig identical to NOY = 4 except that the stress-strain curve
is des;crihed by a power law hardening model instead of the bi-linear re-

lation. For this case, the stress—strain curve is given by

Yo + B[ - €3], ¥ > ¥,
¥ = (3.64)

€E , Y < ¥,

where Y, is the initial yield point, €, is the strain in one~dimensional
stress at Y = Yos @ and g are the hardening coefficients and E is Young's

modulus. All of these are input constants with E given by y3, ¢ given by
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Y1, and 8 given by y2. The value of the yield stress for any loading
resulting in the plastic work (3.62) is obtained from an iterative solu~

tion of

an - Y - ¥, YVa  y2 4 y2
25-1/2 =Y "B +eg| -
(3.65)
S otl '
af . "0 al ¢ atl
-aF1 B+ ¢&o -€ (.,

where the yield stress Y is at time n + 1 and position j - 1/2. 1In this

model the value of Y, is adjusted, if required, so that iﬁ is equal tg
EQE. \

Bbth of these hardening models employ foung's wodulus, input as either
y1 or y3. Note that this paraqeter should be calculated from the stahd—

ard elastic relation,
E = 3K5(1 - 2v)
where v is Poisgson's ratio and K, is given by (3.6).

3.2 STAT2 - High Explosives

High explosives are treated by a "programmed burn"™ method, where no
pressures or motion appear in the undetonated explosive. Rather, the
detonation wave is artifically forced to proPagate'at the Chapman-Jouguet
velocity from the detonation point, xp. This technique essentially treats
explosives as a source of prescribed energy release. An alternate method

is considered in Appendix B.

A~y-ﬂ



Yor a given xp, the position of the point of initiation, the time at

which the detonation wave will reach a particular zone is given by

b b
t5-1/2 = 12

o o l
Xj ¥ X341 %D} L pr o (3.66)

D ‘ :
where D is the chap-an-ﬂouguet detonation velocity and DT is the delay time
for the initiation of detonation. Note that this allows the initiation of a
detonation wave for a given high explosive layer to occur at times after the
start of a problem.

The equation of state of the high expldsive detonation products,

using the general form (2.7), is written,

ntl n+l
Pj-1/2 = F\f1 + &5,2 £2) , (3.67)

where F is a burn fraction given by,

_ n+tl . ,b )
F=0,if t™ <t3,,,
_ (3.68)
( nl b )
ro N %5172 i LD
B (xPtL - xotl > F3-172
3 j-1 '

with the restriction F < 1. The consuznt By is a factor, genmerally 2.5,
which spreads the detonation front over several zones.

Solving (3.67) and the energy equation (2.49) for the internal ener@y

leads to
n n+l/2 ( )
n+l S5-172 + \Ffy + PJ-1/2 + 2q3-1/2 2
(=12 = X (3.69)
J 1 - Pt -—p—z— : «
2p

il
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. the prosmé.bcing found from (3.67). Note that the external energy source

term AQj—l/Z is not included in *+his routine.

Since explésive gasses cannot support a shear stress, it is unnecessary
to distinguish between the pressure and the total stress. Thus the pressure
p is stored directly as the stress o. The burn time tb, which is computed

at the beginning of the problem, is stored in the location normally reserved

.for the pressure.

Function f3 and f; appropriate to the explosion product gasses must
be supplied. Three forms are currently available, making computations

possible with almost any explosive: perfect gas, JWL18, and BXwl9.

3.2.1 Ideal Gas Model -

For a perfect gas, the equation of state is

where Y is the ratio of gpecific heats. Writing this in the form (2.7), the

functions fi and f5 for perféct gas explosion products are

fl = 0 ”

, 1 (3.71)

; n
f2 = (y - 1)pj_1/2 .
Also
afy
@ =0 ,
{3.72)

afy

@ =y -1



80 that if these are inserted into (2.12), the expression fér sound speed

in a perfect gas is obtained, i.e.,

c =5 . : | L (3.73)

If the equations for mass, momentum, and enei'gy conservation across a

shock, i.eb.,
P(D = u) =py(D - uy)

p+e-wZ=p +p (D-u)? , | (3.74)

1l
E-~8 -Q=3 (p+p,N¥% -¥) ,

where Q is the chemical energy added in the detonation, are combined with

the Chapman-Jouguet ‘condition,
P=c+u , ‘ : (3.75)

along with the expression for souﬁd speed (3.73) and the equation of state
(3.70), then the pressure, density, and energy at the Chapman-Jouget point

imediatély -behind the detonation wave moving into undisturbed solid explo-

sive (py, = ug = 0) are,

1 2
Pcj = y+1 PoD ’

Y+i ‘
Pei =y Po , ‘ (3.76)
i 2
é“c. = 5 X D
Iyt -1y + 1) S
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The che-iqal en@rgy added in the detonation is

p2 :

To use this subroutine the density is initialized to p, and all other

‘state variables (i.e., p, 0) are set to zero. The program initializes the

energy to the value given by (3.77).

3.2.2 JWL Model

| The perfect gas model for detonating explosives in the previocus section
may not represent the explosive behavior well at large expansions. The Jones—-
Wilkins-Leel8, or JWL, equation of state provides a better fit to explosive

products behavior, and takes the form

, 5
- - wp -Ry0,/P wp “Rop,/p _ wp .
P A(l - FRlpo )e °/ + 8(1 - _RZpo )e o +-—-—p° & . " (3.78)

so that in (3.67)

) -Ry0o/P wp \ =Rypo/P
f]_(p) = A(l - R],po )e +'B(1 - RZDO (3.79)

and
£,(0) = wp?/p .
2 o

Appropriate derivatives of equations (3.79) are required to compute the
sound speed (2.12). The initial specific energy for the explosive must be

entered as an input paraméter.

3.2.3 BKW Model
An alternative to the JWL form which also provides a good fit to

explosive products data is the Becker-Kistiakowsky-Wilson19, or BKw model.

~



The functions £3(p) and f2(p) for the BXW model take the form

£31(p) =P - W&,m oy

i ;

f2(p) =gy » (V' = 1/p)
where:

n P (¥) = A + B ¥+ Can2¢+ D 3%+ & by ,

(G V) +&,) =K+ Lnp, +Men?p +Nende, +0oeme, , (3.81)
and
- 1/8 = R+ 2S tn¥ + 3T n2¥+ 4U 3V .

In this formulation, Py(¥) is an isentrope through the C-J point, so the

sound speed may be written as

=-v25y ., . (3.82)
[+) o
c? = ~¥B_(/)[B + 2C ¥ + 3D 2%+ 4E 0:n3¥ . (3.83)

The specified units for the BKW model are P in Mbar, ¥ in cm3/gm, and & in

Mbar cm3/gm; in the code, the pressures will appear as dynes/cm2.

3.3 STAT3 - Ideal Gas Law

When F = l.in Eg. {3.67), the equations of Section 3.2.1 are appropriate

- for a gas. irrespective of whether the gases are detonation products or not.
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‘hus, equations (3.69) and (3.57) with F = 1 can be used. Mnctions for f3,
ary of \
£2. 3p and'ﬁz' appropriate to the particular real gas being used must be
supplied. If the gas is a perfect qas,- then equations (3.71) and (3.72) are
used, and 'gubroutine S'I'ATBV is supplied using this option. | |
In this subroutine the pressure ls stored diiecély as the stress; the
variable pressure is not used. The pressure, density, and internal enerqgy
must be ’initialized to appropriate values./ Note that the pressure (stored
as stress) must never be initialized to zero; neither Qhould the energy. .
The initial values of pressure, density, and energy mmust .exactly satisfy
the equation of state. (For a perfect gas p, p and & must exactly satisfy
(3.70), and must be inserted as initial conditions.) In addition this
routine dQoes hot allow for external energy sources, although such a modifica~

tion could easily be made.

3.4 STATZ - General Solids - 2

There is much experimental evidence 20:21 that many materials do not
behave according to an elastic perfectly plastic model. - Even varying the
yield strength or allowing"for isotropié strain hardening (c.f. STAT1,
Sectiqn 3.1) appears to be inadequate for some materials. Strain rate
dependence is evident in the stress relaxation observed in some metals and
crystals, and a Bauschinger effecf., which can be treated with anisotropic
hardening, has been seén in a number of ductile alloys. |

The subroutiné STAT4* included here was written to treat these two

additional phenomena, while at the same time keeping most of the options

*This routine has been coded for rectangular (¢ = 1) and spherical (o = 3)
geometries only; cylindrical (a = 2) geometry is not allowed.



available in smn (Section 3.1). A more ccnpleﬁe description of the promt

routine is given in Reference 20, along with several examples.

3.4.1 Strain Hardening Solids

Strain hardening is incorporatéd in a manmer similar to that described
at the end of Section 3.1, i.e., the yield strength Y is a monotomically
incresing function‘ of the plaétic work (3.63). Since it is assumed that
the equilibrium yield strength is rate independent, any experimental tech-
nique (e.g., a static uniaxial-stress test) that provides a relat:l.on
between the plastic work and the yield strength will suffice to determine
the material parameters necessary to use the model.

wa isotropic strain hardening models are included in this routine.
‘i‘he‘ first assumes a bilinear uniaxial~-stress engineering stress—strain
curve, the same as described in Section 3.1. Thus the yield stremngth Y is
given by (3.63) using the plastic work (3.62). These equations are repeated

here for convenience. The plastic work gé’ is

ant1l a d n+l/2
p’3-1/2 = g’3-1/72 + Ap""“::--llz ' _ (3.84)
where
) 2
Qg+l Pofy 2(yntl)s  2(yntl) )
P’3-1/2% T“n¥i/2 n n+l 3 = T37
Gj-1/2 (pj-l/z + pj—l/2) y Y

and /;, is the yield function given by (3.38) and G is the shear modulus.

The yield stress is

n+l J 2EE* 4 2
¥Yj-1/2 = E - E* (®°j=1/2 + Yo , (3.85)
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where E is Young's modulus and E* ig the tangent modulus. The second

isotropic hardening model employs # power law uniaxial-stress stress-strain
curve of the form
Ee Y <Y,
(3.86)
o
_— .
Y°+B($"-i)' Y)Yo ’
where € is the strain in uniaxial stress, E is Young's modulus, and the

material constants o and § are the hardening coefficients®. Note that this

equation is different f_rom (3.64) in Section 3.1. This expression yields

1/a
dgn Y - Y, Y + a¥,
j=1/2 = g8 a + 1. ’ ’ (3.87)

which, although it is not explicit in ¥]'},,, can be solved by iteration,

usirig the value of d éan / obtained from (3.84), via Newton's method, to
p®3~1/2 ~ .

obtain the required yield stress.

These two isotropic hardening models have been derived from stress—

strain curves of the form sketched below.

)
0 a
¢ 0
H Y
# g1}
0 [
-l
o "
o ol
x Y
« o
‘g o
5 5
‘ €
: av Eaf
*Note that for Y < Yor @e = Y . and thus ¢ £ 1.0 is reguiresd.
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To treat anisotropic strain hardening and thus provide an explicit
treatment for the Bsuschinger effect, the stress deviator q: is assumed

to be made up of N elements,

) N
. | z: a ~
Gx = aiaxi P . (30“’
i=]

with weighting factors aj such that

N .
2 oag=1 . (3.89)
i=1 -
Note that, since cylindrical geometry is explicitly excluded from this
routine, consideration need not be given to other co-ponents of the stress
deviator. Each of the elemental deviators "gi is treated in a manner
identical with that described in Section 3.1. Thus each deviator element,
in analogy with (3.35), is governed by the elastic stress relations
a
aUxi

—<5¢ =268, i=1,2,...,N, (3.90)

vhere G = G(p) is the shear modulus and dg is the stretching deviator from

(2.19). 3In analogy with (3.40) these expressions are differenced as

d n¥l dn n+l/2 4 n+l/2 n+l/2

i=1,2,.. ., R,

where for clarity, the additional subscript j -~ 1/2 has been dropped. The

stretching deviator dg ntl/2 e obtained directly from (3.39). 1In analogy
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with (3.38) the elemental deviators are in addition subject to N yield

conditions of the form

.3 2 ‘
-.2.. (cdxi,z < 3 !?- . : (3-92)

‘Thus to obtain the total stress deviator ol, (3.91), subjected to (3.92),

is used to calculate each of the elements. The individual elements are
then summed according to (3.88). . Note that to use this model, storage -nst/
be provided for each of the deviator ‘elenents at each zone, so that the
integration in (3.91) can be accomplished.

- For a typical loading and unloading cycle this anisotropic hardening
model gives rise to the behavior sketched below. ©Note that the stress de~
viator, as plotted in the figure, is added to the pressure, as obtained
from either (3.9) or (3.19), to obtain the total stress [equaﬁion (3.52),

Section 3.1}.

The input parameters required by this model, a; and Y;, can be obtained
from a uniaxial-stress stress-strain curve. The curve is broken into straight

line segments, and the points thus generated are tabulated sequentially as



cjand€g4, i =1,2, . .4+, K, (N is limited to 7 or less in the present
réut:l.ne). The modulus for each line segment is calculated via

Of = O4-1

E, =
i ei - ei_l .

(3.93)

E; = 01/€3 is Young's modulus and is considered constant. The elemental

yield stresses ¥; are then
YY) = Eyey . 7 (3.94)
and the veiqhting factors aj are

Ef - Ej+l
34 Ey y (3.95)

where Ep4y = 0.
It is reasonable to suppose that material strength decreases with in-
creasing temperature or internal energy. To qualitatively take this effect

into account a function k(&) is provided. It takes the form
{ 2
v & ' (&
k(&) =1 - (ky + 2) (_g——m )+ (ko + 1) (gm ) ‘ (3.96)

where ko, and &y ( genérally the melt energy) are material constants. This

results in

k() (ko + 2)
K& =1 , 3@ =-"@g = .,até&=0 ,
m
k() ko
k&) =0 . TaE =g at &=y .

(7}
\Q .



Generally, kg falls in the range -2 < kg < -1. 1In the anisotropic harden-
inq model the vield :tteuci ¥4 in (3.92) are multiplied by k(&) whenever
the vapor eguation of state (3.19) 1; employed for a givcn material.

An additional yiela» model, analogous to (3.60) in Section 3.1, is

available in this routine. In this case the yield stress Y is given by
Y= Y5(1 + yn)k(&) > 0 (3.97)

.and is thus a direct function of the strain n and the internal energy &.
In the code, all of the preceeding results in the calculation of an
equilibri}m s&ess deviator by one of seven different models. The desired
model is indicated by the input parameter NOY. The possible choices are
summarized below.
NOY = 0: hydrodynamic; Y = 0

NOY = 1: constant yield stress; Y = Y,; NVAR must be at
least 13

HOY = 2: infinite yield stress; Y = «; gubroutine STAT1
should be used for this option

NOY = 3: variable yield stress (3.97); NVAR must be at
least 13

NOY = 4: bilinear isotropic strain hardening (3.85);
NVAR must be at least 14

NOY = 5: power law isotropic strain hardening (3.86);
KVAR must be at least 14

NOY < 0: anisotropic strain hardening (3.88) - (3.92)
with |NOY| components (maximum of 7); NVAR
must be at least 13 + |Noy|

3.4.2 Strain Rate Dependent Soiids

Strain rate dependent stress relaxation can be treated by considering

only the deviatoric part of the stress. 1In the subsequent discussion the



previously calculated equilibrium stress deviator o3 will be denoted by
0‘2 vhere the x has been dropped since only one component is being
congidered.

To treat this problem it/is assumed that the final stress deviator od
can be obtained via a relaxation from some instantaneous value to the equili-
brium valué og. This yields a éoristj.tutive relation, analogous to (3.35)
for the rate independent case, of the form20

Eo_d. d da d ‘ '
3t~ 2G[dy - g(o®” - Oa)] v . (3.98)
where, as before, G is the shear modulus and dg is the stretching deviator
from (2.19). The function g(o? - 63) is generally called the relaxation
~ function and will be discussed later. |

The expression (3.98) could be differenced directly and inserted into
the routine. However, to maintain accuracy consistent with the rest of the
code, a second order accurate analog would have to be used. To avoid this
difficulty a scheme involviﬁg the subcycling of (3.98) within a given zone-
cycle calculation is employed. It can be shown?0 that using a first order

difference analog for (3.98) results in an approximate error in od given

by
. ﬁ - gt
e = GAt(g" - ¢°) —F— ,
d ,
X
where dg and G are congidered constant over the entire time step. Thus

to limit the error e < §0d, the normal time step AtPr*l/2 must be divided

into M subcycles with time step AtR = Atn+l/ 2/M each, where M is given by
aat™1/2(gn . ofy (gl - g7

M= , ; ~ . {(3.99)
60d n di
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and then rounded to the next hig!iei: 1ntegcr.‘ The needed relaxation func~

tions are obtained from

| gt - qtaf’ n -\ag n - | ' (3.100)
and | '
of = g(o? ™ + pg, - ‘cgl'“'l) . | (3.V101)
where
Aoy = 2Gath*1/2 40 | (3.102)

Hence the finite difference scheme proceeds as follows. After the new
equilibrium deviator 62 n+l is calculated with one of the methods given

in the earlier part of this section, Ac; is co;nputed with (3.102). The
two relaxation functions g" and gf can then be determined from (3.100) and
(3.101). Then (3.99) is used to compute M. If M is one or less no sub~
cycling is required and the final stress deviator ¢ ntl jg given directly

by the first order difference analog to (3.98),

<,d nt+l _ cd n A"i - A"r (3.103)
where

Ao, = 26t™1/2 g(gd n _ g8 my | (3.104)

However, if M is greater than one, it is necessary to subcycle the computa-
tion M times, with the time step At® = AtN+1l/2/M, using equations (3.102),
(3.100), (3.104), and (3.103) with n replaced by m. Note that since the

e

equilibrium deviator cd depends on the time step, it will also have to be

appropriately subcycled. Note also that since d"z and G are assumed constant



over the entire zone-cycle, they do not have to be recomputed for the
sﬁbcycl:lng. , | \ 4
Prom (3.104) it can be seen that the relaxation function g must have

units of time~l. The present routine contains the simple linear form for

9.
g = -GE;—‘ , \ ’ (3.105)

where t, is the material relaxation time (input to the code as Al), and,

as before, G is the shear modulus. Since the expression for g appears at
only one plage in the routine, more complicated functions of the overstress
(o9 - og) can easily be incorporated. The input constants Al througl A4
are provided for this purpose. It is also possible to introduce other
relaxation functions dependent separately on the stress deviator od, the

equilibrium stress deviator cg, or even the total pinstic strain,
& = zn: Atn+1/29n .

Due to the complications introduced by the subcycling, these latter types
of changés are best attempted only be Qoneone faniliar with the program.
Examples of the derivation and implementation of more complex relaxation
functions can be found elsewhere.20,21

As with the equilibrium yield stress Y, it is probahlj reasonable to
assume that the overstress (ad- g), or equivalently, the real viscosity,
should be reduced with h&easing temperature or internal energy. Accor-
dingly, whenever the vapor equation of state (3.19) is used for a given

material layer. (3.103) for the stress deviator is modified to read

g@ ntl o'g' ntl k(&) [Ud o Aoy - Ao, - Clg n+1] ) (3.106)
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where k(&) > 0 and is given by (3.96). This expression reduces to (3.103)
tfhen the internal enerqgy density & = 0, and results in a zero overstress
(¢d - og) when & > 6m. Note that the equilibrium deviator 02 may well ‘
also be a function of internal energy through (3.97) or the modified vexsion .
of (3.92). It should be emphasized that the use of k(&) in the form (3.96)
is in no way meant to infer that reai materials behave in this manner; the
form j.s included simply to introduce a qualitative temperature dependence
into the constitutive relation.

To illustrate how this rate dependent stress relaxation model behaves,

a typical loading and unloading cycle is qualitatively sketched below in

" the total stress—-strain plane. Here the equilibrium behavior is character-

ized by an elastic-perfectly plastic model (NOY=l).

—- Dynamic hydrostat

Rate dependent path

Rate independent equilibrium path

In this subroutine, several of the options available in STAT1 (Section

3.1) have been eliminated. In this context the Hugoniot can be represented

only by

2
PoCol

p TE T ———

the Gruneisen parameter is restricted. to




and the shear modulus is always calculated internally as

3(1 - 2v) .
G=2(1+v) K ,

where X = pc2 and is the bulk modulus. The basic equation of state is given
by either (3.9) or (3.9) and (3.19). For zone-cycles on which the vapor

equation (3.19) is used, the tensile stress is li-itqd by
G ? Opyn = Opyp K(&) < 0

where k(&) is given by (3.96). The latter is analogous to equations {(3.31)

and (3.32) in Section 3.1.

3.5 STAT6 - Distended Solids

Foams or initially distended solid materials are treated aceordigg to
the p~a model of Herrmann22.23,24, This model is hydrodynamic, where
the needed reference states are described by the Hugoniot of the non-
distended solid material.

A new parameter, o, describing the distention of thé foam as a function

of pressure is defined as

Ps

' (3.107)

p
A

where p and ¥ are the density and specific volume of the distended material,
and pg and 7 are the same properties of the corresponding solid material
at the same pressure and energy density. Thus since the equation of state
of the non-~distended solid material can be written (for hydrodynamic

behavior) as

P=f(Vs 'éa) ’

o

o



the equation of state of the distended material becomes
p= f(%: 3) , . (3.108)

where f is the same function in both expressions. Writing (3.108) in the

form (2.7) one obtains

n+l Antl +1 n+l
Py-172 = %) ('}/):_1,2 * fz(%{):_l,z * €372 . (3.109)

The distention parameter a is assumed to be a function of pres:zure and

energy density,

aj-1/2 = 9\Pj-1/2 « €3-172
The energy equation (2.46) can be rewritten as

nt+l
'51-1/2 =Dpj-1/2+ B | (3.111)
where D and B are constants for a given zone at a given time cycle. These

constants are D = Ap/2p2 computed previously via ( 2.44) and

| n+l/ 2) n+l/2 n
(Pj-—]_/z + 2q4-172/] D + AQy-1/2 + &5-172 .
The desired solution is obtained by solving the three simultaneous equations
' + +
(3.109), (3.110), and (3.111) for pji] /5, afil/y, and £33/, This is
most easily accomplished by inserting (3.111) into (3.109) obtaining

f(“tf)nﬂ + fz(_»g)mi/z -

n+l i=-1/2

Pj-1/2 =
' 1- (¥ Y—uz D

. {3.112)
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Inserting (3.111) into (3.110) yields

n+l ( n-l-i )

@j-1/2 = 91\Pj-1/2 (3.113)

Thus (3.112) and (3.113) are two implicit expressions for p and ¢ that
can be solved by iteration.22 Eguation (3.111) can then be emloyed directly
to obtaiil the new energy. | |

The distention relation (3.110) is deséribed differently in three
. different regions. Above some compaction pres#ure pg(®), all the voids are
assumed to be closed, i.e. the material is solid and a =l. neiow some
elastic limit pressure po(&) on loading, and for all unioading and reloading -
to the previous peak pressure, changes in a are aésuned to be due to elastic
deformation of the foam structure. In this region an elastic distention
relation, a = go(p,8), is used. For loading between po(#) and pg(&) the
voids are assumed to collapse irreversibly and a crushing distentioﬁ rela-
tion, a = 99(9.8), is employed. Certain continuity and smoothness conditions
are imposed on the thi:ee p~a relations at the boundari.és of these regions.

The qualitative behavior is diagrammed below.

L X - X ¥ X _ 1 1 X ]
§
=
(]
0
=
-]
-}
8

Blastic
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The elastic distention relation used in the program given here is
chd.en so that the sound speed Qariu smoothly between cg, tho ambient
value in the virgin foam at the intial distention a,, and the bulk sound
ipeed of Eho reference solid material at ambient conditions, c,. r'l.‘hi.s

results in the expression 23

("_“.) e (& '
\BL,"5 " 2w/ - (3.114)
where

hic) =aa + (1 - a) o (3.115)

Here a is a constant, evaluated *rom c, and c, by
- Ce - Co
& = gla, - 1) .
Also, K, in (3.114) is the ambient bulk modulus of the reference solid and
is given by (3.6). Equation (3.114) is set into finite difference form

directly by writing

@ =q {1 Y T 2em . ’ (3.116)

Note that this expression is forward differenced. Also note that in this
déscription, the enerqgy density does not enter the elastic distention rela-
tion explicitly. However the boundary of the elastic region pe is taken
to be energy dependent, as will be seen.

The crushing distention relation, i.e. for pressures between p, and
Pg: is the simplest form which p'rovides the correct intercepts at the
elastic and solid boundaries and alsc provides continuity in the first

derivative at the solid boundary.22,24 The expression is



Pg(®) - p }2 ,
’ (3.17)

a-1+(a.-1){m_—p:m

wvhere ae is the distention ration at pe, but can be very closely approxiutod
with ag. More complex functions are easily coded if roquired.* On the
basis ﬁha.t the m&ion presm pPg and the elastic limit p, should be
decreasing functions of energy, and hence of temperature, pg(f) and pg (&)

are formulated as

Pe =™ ki(&)Peo ’ |
(3.118) °
pg = k(&)pgo
where the function k(&) decreases monotcnically from 1 at & = 0 to O at some
reference energy tS’o vhere the material strength is assumed to become negli-

gible. A simple guadratic is provided,

K& =1 - (kg + 2) (-éé-).,. (ko + 1) (}‘&)2 . ©(3.119)

Here ko is an input constant related to the rate of change of material
strength with energy at & = &,. Generally ko should lie in the range
=2 € ko € =1. This energy dependence can be defeated by setting k(&) =

const. = 1. This is accomplished in the routine by inputing &, = 0.

*The following alternate forms for (3.117), without energy dependence, are
available in a routine described in Reference 23:

Quadratic: a = “o‘ + a;p + azpz
Cubic: a = @, + a;p + a2p2 + u3,p3

Exponential: o =1 + (ay, = 1) expla(p = pe)]
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Only the functioﬁl ‘\f]_ and f3 remain to be specified. Remesbering from
(3.109) tﬁat these functions are expressed in terms of thervolun of the
reference solid ‘T‘ = 1//9'., i£ is appropriai:e to use the same dcacription
as is employed in Section 3.1. Accordingly, whenever ¥g < Vg, where ¥,
is the ambient specific volume of the reference solid, f; and £, are given

by (3.10) and (3.11) respectively. They can be rewritten in termes of 73 as

T ‘
fl-pa(l-s'f %o - %)

(3.120)
r

£2 "'178" v

where pg is expressed, as before, as either (3.2) or (3.5) vith p replaced
by pgs and T given by (3.8). ¥hen 73 > ¥;,, the vapor equation of state
(3.19) can be used in an analogous manner, if desired.- Choosing this option
results in the limitation of any calculated tensions in a manner identical
with that described in conjunction with equations (3.31) and (3.32). If the
form (3.19) is not chosen, (3.120) is extrapolated into this region'. Note
that ﬁe material constants relating to the equation of state of the refer;
ence solid are input to the code in a manner identical with those for normal
solids.

The sound speed is obtained from (2.13). Since a, given by (3.110) is

an implicit function of volume, care is required in carrying out the differ~

entiation of f3 and f£5. After some manipulation the result is

tFor problems involving high internal energies, this latter approach can
lead to gross errors.



c? = g2 (":'5/)' =-- (dfl (3.121)

> + ngzwa‘:'/%”
] -]

where the appropriate value for %% is obtained from (?.114).

The numerical iteration technique, as well as the logic required to
determine which r$gion the material is in, are described elsewhere 22-24,
Since the model is hydrodynamic, only one stress variable needs to be
carried by the program. Thus the pressure is stored directly as o, and a
is stored in the location normally reserved for pressure.

One additional po;nt should be mentioned in regard to this constitutive
model. Due to the large total volume change which occurs when a porous
material is subjected to relatiyely mbdest'presaures, it is necesaa:j to
include extra artificial viscosity to maintain calculatiomal stabiiity.
ihe form ussé is‘the same as that described in Section 2.5. The coeffi-
cients cui . .ling this viscosity, By and By, are analogous to B; and !2;
and are input as constants for this material model. In the absence of a
reasonable thzoretical treatment of artificial viscosity in foams, values
of By and E; about an order of magnitude greater than the normal viscosity
coefficients seem to be appropriate. Since this large compression occurs
only during the crushing of the foam, the extra viscosity is added only when
> 1 and the material is actually compressing. Note that when this vis-
cosity is used the time step for stability must be suitably modified

(Section 2.6).
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often leads to fracture of the material. This material fracture is m et

3.6 Practure QOptions

planar geometries, or divergent waves in cylindrical “: Mmi

in m!'bythru options, two of which result in the appearance of .giiqit

gaps, either internally, or between layers. Alternatives, in the form of
continuum damage failure models have been successfully implemented in
m,anducnotodinhppondix»n. In the current version of WOMDY, each
-;terial laycr and the interface between each layer utilize independent
sets of failure criteria.

The first available criterion (FCRIT = 1) involves suppressing frac-

ture and allowing the material to stretch at some energy dependent maximum

tensile stress in a manner identical with that described in Section 3.1 i.n

vconjunction with the vapor equation of state. Thus the stress is limited

72

by
o351/2 > qww - (3.122)
where‘
Ourn = Ourn(l = &/Eugy) <0 | (3.123)

and og,. and &upry are input quantities. Here o is negative in tension
thus og,. should be input to the code as a negative quantity. Since this
option actually adjusts the stress existing in an interior zone, applying
this criterion to a material interface has no physical significance other
‘than to suppress fracture at this point. So that the energy balance can
be maintained, this adjustment in stress, if required, is performed in the

appropriate eguation of statc subroutine. (All the other fracture —viteria
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and calculations pertaining to them are located in subroutine JLOOP.) Note
that this voption is used for all zones in the plate for which it is callod,
where the stress limitation described in Section 3.1 is -ployed only for
zones utiiizing the vapor equation of state.

The secon& fracture criterion (FCRIT = 2) allows two zones to separate 7
whenever the interpolated stress at the:l.r common boundary is less than the
input quantity oppacre This parameter should be negative and represents
the spall strength of the material or the strength of the bond at a mate-
rial interface.

The third available option* (FCRIT = 3) allows fractures when a time-
integrated quantity exceeds some critical level.25 whenever the tension,
interpolated to a zone boundary, exceeds a hegative input value Gy (poq;
siby the tensile elastic 1im:lt_ for the material in question), the integral

quantity

t
k= f (c-o0at , foro<o, <0 , (3.124)
-

is calculated via

n n ) A n-1/2
n n-1 04-1/2 *+ O5+1/2 ) At s (3.125)
+ \1 2 - Oo

for

n n
2

< %, <0

* The input quantity WVAR must be set egual to or greater than 12 to use

this option.
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if the inequality in (3.125) is not met,

g-g7

#henever % for any zone boundary for which this option is heinq used ex~
ceeds Kyay, tuo free surfaces are formed at this position, thus creating |
a fracture or spall plane. This option requiies the input gquantitites
Kuaxs Ogr and 2.

When employing either of thé latter two criteria, and a fracture
occurs, the calculation proceeds as if there were two free surfaces at
this point. If subsequently these surfaces collide, then the material is
considered to rejoin, and the ordinary equations appropriate for an inte-
erior zone are used. Subsequent fractures at a zone boundary that has
thus fractur;ad and rejoined are treated according to the second ”crj..terion
above, irrespective of the éption used in creating the initial fracture. |
In this case however, the fra&me stress is a diffea;'ent input quantity.r ‘
SIGSEP, a single value for the entire problem. SIGSEP is generally set
to a small negative value to prevent separ@tion on small spufious oscil~
lations about zero stress which occé.sionally occur in the solution. Note
that if there are voids or gaps (see Section 4.1) in the initial problem
configui'ation, thef are treated as if a fracture had occt_xrred at some time
prior to the start of the calculation.

| The logic for t.is spall and join routine is accomplished through the
use of two arrays of iogical indicators, QFRACT and PFRACT. At the begin-
ning of a calculation both of these arrays are intialized to FALSE. When
either of the above fracture criteria are met, the values of QFRACT and
PFRACT for that zone boundary are set to TRUE. This signals to the code

that two free surfaces occur at that zone boundary. It is now necessary to



store extra values for the position x and velocity u. The wvalues ot x and
u for the left side of the fracture are stored in the locations normally
reserved for that zome, and the values of x and u for the right side of |
the fracture are stored in the separate array TABLE according to the scheme
given in the accompanying sketch. In addition, the storage locatidutralj
(see Chaptsr 7) of the zones currently separated are stored in the array

ITABLE.

Fracture
Left Side Right Side

~ 4

-1 3 j jr1
o u§“’1/ 2.u ; ITABLE(K) = INy {n = TABLE(1,K)
x'j‘ = x chr(:mj) = TRUE x = TABLE(2,K)

During subsequent cycles at a zone boundary where a fracture has
occﬁrred, a test is made to seé of the value of x at the left side exceeds
the value of x at the right side of the fracture. If it does, the fractured
surfaces have come together during that cycle. The values of x and u for
the rejoined zone boundary are then célculated from the previous left and
- right hand values via

n+l/2 _ Zr,uy, + Zpup

uy e ' (3.126)
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n_ n ’ n n
B, = P4<1/2 ©4-1/2 + IR ™ P3+l/2 C3+1/2

and

n n
n+l  Py=-1/2 %, + P441/2 XR

x5y = n n . (3.127)
P3-1/2 + Pj+1/2 ' :

At the same time QFRACT is set back to FALSE and PFRACT remains TRUE. A

value of FALSE for QFRACT signals that the zone is henceforth to be treated

as an ordinary interior zone, while PFRACT = TRUE indicates that subsequent

tests for fracture are to be made with the second criterion with the frac-

ture stress i:eplaced by SIGSEP.

If it is desired to supress these fracture calculations, the records
specifying the data for the fracture criteria can be ieft out of the input
instructions. The code then defaults the appropriate input parameters to
FCRIT = 2. and Oppacep = =10 x 10100,

Whenever a fracture occurs or fractured surfaces collide, appropriate
messages are printed on the standard output medium giving the cycle, time,
and zone number. A maximum of 50 current fractures are allowed. If this
numbér is exceeded, an appropriate error message is printed on the standard

output medium and execution is terminated.



4. INITIAL AND BOUNDARY COMDITIONS

The analysis of wave propagation is an initial value problem, and
recuires that the variables in the problem be defined at time zero, and

that appropriate boundary conditions be imposed.

4.1 Initial Variable Definition
Initial conditions are specified by assigning values to all principal
quantities for all zones. This is accomplished in subroutine GENERAT. The

variables of interest here are listed in the following table.

Report Fortran
Symbol Symbol ~ Definition
c | B ‘ Sound Speed
& E Energy per unit mass
m M Mass
p | -4 Pressure
q ' Artificial viscosity
p R Density
G ' s Normal Stress
u u | Velocity
x x Position
[ ] : z Difference Between
Principal Stregses
(ox = oy)

The artificial viscosity q is always initialized to zero for all zones.

The sound speed ¢, is initialized to the value input as the second equation

7
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of state comstant for each materiai layer and corrnéonda to the ambient
sound speed of the uncompressed material.

" The quantitites m and x are derived from other input data. The initial -

positions of the zone boundaries x4 are calculated from the initial zoning

described in Section 4.2. Then, based on the geo-etry,l- is computed via
(2.43). This latter quantity is used in the mass aqua_tion (2.42) and is
changed only by the REZONE routine.

The remaining variables, &, p, p, 0, u, and ¢, are input as initial
conditions and are usually assumed to be constant for each material layer,
Although the user may introduce more complex initial states if lLe desires
(see Section 5.1). The values of all of these gquantities, with the excep-
tion of the velocity, must be fully compatible with the equation of state
model being employed. Thus to start a calculation with a material initially
compressed to some pressure p, values of &, p, 0, and ¢ appropriate for
this compression fx;:om the ambient uncompressed state must be used. Note
that in this case the initial density p will be different from the reference
density po, specified as the first equation of state constant. The latter
quantity is generally the reference density of the material in the uncom-
pressed ambient condition. The ability to specify initial conditions in
this manner allows the user to program equations of state which utilize non-
zero tefer?nce conditions {e.g., The Ideal Gas Law, Section 3.3}.

The initialization of velocity is a little more complicated since the
velocity refers to the zone boundaries. The velocities of all boundaries
within a given material layer are initialized to the input gquantity UZERO,
while the boundary between this layer and the next is set to UZEROI. The
latter guantity is used to minimize starting transients when a calculation

is initiated with a velocity discontinuity (e.g., flying plate or plate



impact problem). | As an chanple consider plate A to i-pact plate B, initi-
ally at re;t, with a velocity up. The initial velocities for plates A and
B should be set to u and zero respectively. The initial velocity of the

interface between the tvo materials ug (the problem is assumed to start at
the instant of impact) should be calculated from the shock impedances %

of the two materials via

Zpup + Zpup

Ut T v 2y (4.1)

where for this exampic up is zero and Z can be approximated by the acoustic

impedance,
Z ™ poCo o : {4.2)

For symmetric impact (materials A and B identical), u; is equal to the aver-
a§e~ of the two velocities, in this case up/2.

Some difficulties may arise in problems where the difference in initial
velocities of adjacent layers is very large. Since the time step is deter~
mined by the stability criterion (Section 2.6), on the first cycle the time
incremefxt essentially reduces to

Ax

At =
Co =

Thus when the impact veiocity approaches the sound speed c¢5, it may happen
that the interface moves beyond one of its neighﬁoring zone boundaries,
leading to a negative density in that zone. To correct this situation it
is necessary to choose an initial time increment small enough so that the
Zones on either side of the interface do no change volume by more than a

few percent during this time step. This value for At is entered in the
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input as DELT (4) (see Section 2.6). A similar problem is likely to occur
when large pressure discontinuities are introduced as initial conditions.

Again reducing the initial time step usually corrects the difficulty.

4.2 Initial Zoning V
The initial spatial mesh is defir;ad independently for each material

layer or élate by four input parameters each. They aie THKNS, the plate
thickness; NOMESH, the number of zones in the plate; DELTAX, the size of
the first zone in the plate; and DELTAX1l, the size of the last zone in the
plate. These input parameters are used to determine the coefficients of

a cubic equation whiéh specifies the mesh for the entire plate. Thus the
position Xy of the right-hand boundary of the :Lth zone in the plate is
given by |

x; = % + Pyl + Byi2 42,13,

(4.3)
(i = 1' 2, e o ey NOMESH)

. where the coefficients are given by

p. = NOMESH(DELTAX + DELTAX1) - 2 ° THKNS
3 NOMESH(NOMESH - 1) (NOMESH - 2) '

p = DELTAX] - DELTAX
2(NOMESH - 1) — 1.5  NOMESH ° P3

]

Py DELTAX - Py -~ P3 .

and x; is the position of the left-hand boundary of the plate. The sizes

of the individual zones, say the kth zone in the plate, are therefore

Axp = Xp = Xkl o {4.4)



The lefi:-hand boundary xy for tl_xe first plate is set to the input
parameter XZERO. In slab geometry, o = 1, the choice of this position does
not affect tﬁe results and should normally be set to zero to minimize round-
off error. However, in the cylindrical and spherical geometries, a = 2 and
3, XZERO determines the radius of the left-hand boundary. If this boundary
is to be convex, then XZERO must be negative, ‘while if the boundary is to
be concave, XZERO must be positive. To take full advantage of the activity
test, the former situation should be employed for problems in which the
motion originates at the outside of the configuration, while the concave
geometi:y shouid be used for problems in which the motion starts ‘interior
to the cylinder or sphere. For subsequent plates after the first, x; is
set equal to the position of the right-hand boundary of the previous plate,

that is xyompgy for the previous plate.

negative

*

CONVEX CONCAVE

It is also possible to introduce a gap or void between successive
material layers. This situation is treated as if a fracture had occurred
at some tiine prior to the start of the calculation. The size of the gap,
XGAP, is input for each material layer and refers to the interface to the
right of that layer. Thus the value of XGAP for the last material has no
significance. If XGAP is read as a non-zero quantiﬁy, the iixdicators and
varigbles necessary to signal a fracture condition (QFRACT, ITABLE, and

TABLE) are appropriately initialized in subroutine GENERAT, and x; for
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the next plate is increased by the size of the gap, i.e.,
Xz, = xg, + XGAP . | (4.5)

Otherwise initialization proceeds in a normal fashion.
Note that in this scheme the left-hand boundary of the proi:le- is
assigned an index j = 1. Thus the index of the right-hand boundary of
any plate is one greater than the gsum of the numbers of zones through
that plate. For example,’ a problem consisting of two plates with 100 and
200 zones respectively will have the right-hand/boundary of the first
;ilate at j = 101 and the right-hand boundary of the second plate at j = 301.
For given values 4of plate thickness, initial zone size and last zone
size, the relative zone size distribution within the plate is dependent
upon the specified value of NOMESH. The parameters 6x; and §x2 can be

defined as

8x; = Min(DELTAX, DELTAX1) ,

6x2 = Max(DELTAX, DELTAX1) .
Then choosing NOMESH such ktha*lr:

3 _° THENS
NOMESH < 53732 ¢ oxg (4.6)

produces a zone size distribution with larger mid-plate zomnes, i.e.,
resolution is coarser in the interior of the plate than at the boundaries.
Setting NOMESH such that

3 = THERNS

NOMESH >



yields interior zones which are smaller than those near the boundaries and
consequently the interior resolution is finer. For values of NOMESH between
these limits, i.e.,

2 THENS 3  THENS
6x1+2‘6x2 Nmﬂ‘z‘ﬁxl-bﬁxz- ’

the zone sizes in the piate are monotone increasing or decreasing as
DELTAX < DELTAXl or DELTAX > DELTAX1 respectively. It should be noted that
whenever

3 « THRNS

NOMESH > 8x, ) (4.8)

zones of negative size will occur. The code tests for this condition, and
if (4.8) is satisfied, NOMESH is adjusted to

3 * THKNS

NOMESH =~ .

Several general “"rules of thumb" regarding zoning should be mentioned
at this point. First, no material layer should have fewer than about 10

zones, i.e.,
NOMESH > 10 . » (4.9)

Second, the zone sizes 'ij should be small enough so that any non-constant
initial condition (e.g., deposited energy density) varies only by small
amounts from zone to zone. To put this in a quantitative form, if ¥ is

any non—constant initial condition variable for a given plate, then

<11 . | (4.10)
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Applying this last rule along with (4.9) to the zone sizes Axj yields

approximately

THENS
DELTAX € 30

(4.11)

THENS
DELTAX1 < ~ 319

A final rule regarding the sizes of the zones on either side of a material

interface can be stated

Ax) _Ax
cla” clg (4.12)

where A and B refer to the two materials and the values of ¢ are the sound
speeds for the two materialg. This is equivalent to saying that thé transit
times for the two zones on either side of the interface should be approxi-’
mately equal. Many other criteria for matching of zone ‘sizes across
interfaces have been suggested, but it has been shown26 that violating
(4.12) introduces permanent density errors into the soiation.

Many problems will arise for which one or more of the rules (4.9)
through (4.12) cannot be satisfied. This will not necessai‘ily invalidate
the calculational results. However to maintain accuracy, it is suggested

that these rules be followed as closely as possible.

4.3 Boundary Conditions

Boundary conditions of four different types are provided at both the
left and right boundaries of the problem. They are 1) a fixed boundary or
reflection plane, 2) a fixed minimum position at the left-hand boundary or

a fixed maximum position at the right-hand boundary, 3) a free surface,



and 4) an arbitrary boundary condition érogra-ned in subroutine BOUNDRY,
which is generqllly.provided by the user. The indicators LHET and RHET are
used to choose the desired boundary conditions from the above options for
the left and right hand boundaries respectively. u#terthat the boundary
condition affects only the calculation of the acceleration, velocity, and
positionbat the boundary in equations (2.39), (2.40), and (2.41).

For a type 1 or fixed boundary, computation of the acceleration and
velocity are omitted and the position i§ left unchanged.

The‘type 2 boundary condition is a special case éf a fixed boundary.

It can be used to describe such probelms as the collapse on the center of
a hollow sphere or a cylindrical tube, or the impact of material such as
explosive detonation products én'a rigid containing wall which is initially
spaced some distance from the material. The calculation proceeds as fol-
lows. Each boundary is calculated as if it were a free surface, and then
tested to see if it has gone beyond its "fixed" position. Thus, on the
ieft, if xg*l <’xMIN' it is set to X, ., and on the right, if x%ﬁ%x > Xyax’
it is set to Xypy. At the same tire that the positions are fixed the appro-
priate velocities are set to zero. For a type 2 boundary Xyyy and Xypx are
input to the program as LBCON and RBCON respectively.

To treat a type 3 boundary or a free surface, ure is made of the
virtual zones outside the boundary. The values of o, ¢, and p are
initialized to zero in these zones and their values are not changed during
the problem. The application of equations (2.39), (2.40), and (2.41) at the
boundaries then leads to the correct acceleration, velocity and position
for the free surface.

A type 4 boundary condition results in a call to subroutine BOUNDRY

which is used to insert appropriate parameters in the virtual zones
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outside the boundaries. By suitably programing'this routine arbitrary
boundary conditions can be employed with WONDY. As an example of this
type of boundary condtion, a BOUNDRY subroutine i& included which applies

a time varying load on either boundary of the form
g = g5 + 01 exp {~-kt) ’ (4.13}

where 05, 03, and k are constants. If do = 0, an exponentially decaying
load is applied, and if o3 = 0, a step function load is applied. Note
that the time constant k should be input to the code as a positive quantity.

The const2 .3 necessary to use this option are input via the array ADDATA

‘ {see Section 5.1). The values of Uos 01, and k for the left hand boundary

are the sth, oth, and 10th quantities in AbDA'.l'A respectively, while the
11th, 1oth ang 13th guantities are the same parameters for the right hand
boundary. The input constants LBCON and RBCOON are also avﬁl&le for use
with user programmed versions of BOUNDRY.

¥hen an applied stress boundary condition is employed, the work done .
at the boundary should be added to the total energy when performing energy
checks (see Sectiﬁn 5.3). This work is simply the applied force times the

distance moved by the boundary, i.e., in finite difference form,

A

where the appropriate spatial index for the virtual zones is used for both
the stress o and the position x. Here A is the area over which the stress
is applied,

il 4 yn\e-1
A=2a(ec-\" 3 |

’

for cylindrical and spherical geometries, and 32 = 1 for i:ectangular geometry.



4.4 MORSTOR (Enerqgy Deposition)

The subroutine GENERAT in:l.t:l.#lizes the ten principal storage arrays
- associated with the problem as described in the Section 4.1. ' Howevery it
is often desired to run a problem with more than these ten basic variables.
This is accomplished (see Section 7.l1l) by inputting the number of variables,
_NVAR, as ;1 number greate: than ten. If these extra variables require a zero
initial value no problem arises since the entire STORE array is set to zero
at the beginning of WONDY, before any other initialization takes place. On
the other hand, extra variables requiring non-zero initial values need
special treatment. The subroutine MORSTOR is provided for this purpose.
There are many possible uses to which these extra quantities can be put,
s0 in general, this subroutine should be supplied by the individual user.

One specific use for this subroutine involves initiating a calculation
with the addition of energy at a constant rate for a given time duration.
Mére complex subroutines which determine the energy deposifim due to
various specific kinds of external energy sources may be programmed as
required,

The version of MORSTOR included here accepts as input a series of
up to 100 pairs of numbers where the first of a g;ven pair is an Eulerian
coordinate position on the initial zone structure, and the second is the
total energy per unit mass associated with this poini;_. The absolute mag-
nitude of the energies are immaterial since the routine normalizes them
to a given total absorbed energy fiuence. Thus this routine can be used
" to iﬁput to WONDY any arbitrary energy density profile desired.

The normalization is accomplished by taking an integral, across the
Lagrangian grid, of the curve defined by the arbitrary input profile.

Tris results in a quantity with dimensions of energy per unit area. The
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input values for energy density are then scaled so that this integfal
equals an input quantity, mbn.* (1If ENOR is set to zero, the 4nom1iza—
tion is bypassed and the energy densities are used exactly as input.) The

total deposited energy densities for each zone are then linearly inter-

‘polated or extrapolated 'from these normalized values and stored as the

array DATB (1) which is in turn overlaid wif.h the main STORE array 4(see
Section 6.2). Since difficulties might arise if energy appears in gaps |
that might gxist between individual plates, care must be taken to insﬁre
that the position of the points representing the energy density piofile
are actually located within the material in the problem. In addition, at
least two points should be provided for each material layer, even though
the layer may have no enerqgy deposited in it. |

The energy is depositéd at a constant rate for a total time TDEP;
after this time no further energy is added. The actual energy addition is
accomplished kin the equation of state subroutine (note that only STAT1,
STAT4, and STATE contain this option). A series of statements at thé
beginning of the subroutine calculate, at the beginning of a cycle, the
fraction of the total energy, DEP, deposited in that cycle via

Aen¥l/2
DEP = —FoEP . (4.15)

Then the energy added to a particuiar zone in that cycle, AQy.j/2, is the

Product of DEP and DATB(1l) for that zone. The value is then added to the

*As with the rest of the code, this subroutine can be used with any consis-
tent set of units. To conform with conventional usage, it is often desir-
able to employ units which do not meet this criterion. The constant ECON,
defined on record number MOR 22, is provided for this purpose. Adjusting
ECON appropriately will allow ENOR to appear in any units desired.



appropriaté total energies so ‘that the energy ¢hecks can be coi'rectly per-
formed (see Section 5.3). If the way in which the energy is to be added is
. ¢hanced (e.g. non-constant rate) these stataients in the equation of si;ate
subroutine must be appropriately altered. |

To best approximate the generally continuous energy deposition pheno~
mena, it is important to keep the amount of energy added on any given time
cycle small. Since the time step for stability may be too large for this
purpose, At is constrained to be no larger than one hundredth of the
deposition time TDEP, while deposition is occurring. Also, to preserve

accuracy, it is suggested that the rezone time (see Section 6.1) always

be set greater than TDEP.

4.5 Activity Test

In many problems the motion initiates at or near the left-hand poundary.
For a significant portion of the calculation, a large number of zones may
be inactive. In order to save computer time, an activity i:est is incorpor-
atéd. A quantity LACT is provided in the input. 'l‘he computation i§
performed normally from j = 1 to j = LACT. If the value of ¢ in the last
zone to be computed, i.e., § = LACT, is less than a quantity SIGACT which
is also an input ﬁri&le, the computation is interrupted and advanced to
the next time cycle. However, if ¢ is greater than SIGACT, theﬁ LACT is
advanced by one and the computation is advanced normally.

Thus, zones are activated as needed as a pulse propagatesr from left
to right. The vaiué of LACT should be specified in the input to be greater
than any zone number at which @tion is expected in the first few cycles.
To give an example of its use, consider a plate impact problem in which

the first layer has a positive velocity, while the second layer has a zero
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velocity. '.l'hen IACY is )gi.ven an integer value greater than the interface
zone number bj, say 5. As the shock initiated at the interface moves to
the right into the second layef, zoneg are progressivgly activated jﬁat
ahead of the shock. |

7 Note that zones are activated from left to right. Under no circum—
stances must LACT be less than jyay uhless it is absolutely certain that
no disturbances originate in the non-active region. The value of SIGACT
should be‘ a little greater than possibie. roundoff or spurious oscillations.

Since the rezoning scheme employed in WONDY IV can very effect;:lvely

reduce the number of zones being used in inactive regions of the problem,

‘it is important to use the activity test mainly when the REZONE routine

is bypassed. Accordingly, if LACT is left blank in the input, the code

defaults it to jyax-



5. INPUT, OUTPUT, and ERROR CWECES

In the actual process of operating the WONDY code,
available for both the input of information to mup the preb
materials, and to obtain computed results. In additiom, a miunt o

of some important integrated quantities, such as tatll mergy,

etc.

5.1 Input (Restarts)

WONDY V contains a semi-free form for 1np§t in the sense that since
the individual input records are pu-bcred, their order in the input file is
immaterial. In addition, a great number of input qmntitiu are defaulted
to "standard” values if they are left blank. Specific input instructions
are given in detail in Appendix E. Most input quantities for which the
meaning and use are not obvious have been discussed in earlier sections
of this réport. (For example, all thé equation of state parameters are
described in Chapter 3.) However there are a few points which do require
additional coament.

One method for starting a calculation involves using the RESTART
feature. The second output option described in Section 5.2 writes a
‘binary tape on logical unit 20 from which a calculation can be reinitiated;
To perform a normal restart the previously prepared dump tape 20 should be
equipped to unit 25. With the exception of‘the varizbles JTAPE and NSTART
the input remains the same as with the original run. A non-zerc value for
NSTART indicates that the current calculation is a rectart run. The value
of NSTART is the <rcle number at which *he restar: is to take place and

JIAPE is the numbe: of material layers To be rea? Troum tre Linazy Lupz.

Ea



Possible values for NSTART and JTAPE are obtained from the dump -essage‘
printed by the original run tor‘any cycle on which a hinary dump is per-
formed.

Under certain conditions it is ponsible to change the groblei slightly
when reﬁtarting. To give an example of how this may be done, consider a
plate impact problem in which the first material layer has a positive ini-
tial velocity while the second plaﬁe has a zero velocity. The problem is
run to a stage where the shock wave originating at the impact interface
has not yet reached the right-hand boundary of‘the second material. iat
thie stage a number of zones adjacent to this right-hand boundary have not
Qet undergone any motion and are uncompressed. If a dump is performed at
\this stage and the problem is restarted, it is possible to add more or
change material layers beyond the original right-hand boundary of the -
gecond material by suitably altering the input data. This feature is par-
ticularly useful when a parametric study is involved in which, say, a
third material layer is to be added and the effects of the thickness or
composition of this layer are to be investigated. It is‘unnecessary‘to
rerun the unchanged first part of the problem. Very great care is necas-
sary to insure that changes are made only in or beyond undisturbed material
layers. Under no circumstanceg may changes be made in plates that have
already undergone motion or compression.

It is also possible to use the restart feature to introduce complex
initial conditions not provided for in this version of the code. A binary
tape may be prepared by a suitable program, written for the purpose, to
initialize the variables contained in the STORE array and in the other

arrays on the dump tape. The necessary sequence and format for the variables



can be determined by examining the output statements eontained in subroutine
DUMP. Great care must be exercised to insure that the data contained on the
tape are fully compatible with the input data as well as with the eguations
| of state that are being used. If these values are not co-pletely compatible,
totally false results will likely result. | |

One addi£iom1 input quantity, the array ADDATA, has been provided to
communicate with the user~-programmed portions of the code such as the output
routines or the BOUNDRY subroutine. Up to 100 words can be placed in this
normally vacant array. The position of quantities to be read into ADDATA
via the input is also an input quantity, thus variables can easily be placed

ir any location within this array.

5.2 Output

WONDY V contains four basic output routines, each of which has its own
general purpose. Their use is based on real problem time and controlled
independently by a series of times (S; in the input) and time increments
(Aj in the input). A given output option is first called at time S;, with
suhséquent calls at intervals of A; until tine S3. Time intervals of Ap are
used between times Sy and S3 and so forth. Setting Ay = 0 calls the appro-
‘priate output every cycle between times Sj and Sj4). Leaving out all the
output time parameters results in a given output routj.ne being bypassed for
‘the entire run. Setting o] to some value greater than the problem run
time has the same effect.

The first output option, the standard edit, lists ten variables for
all active zones at the appropriate times and a summary of the current
momentum and energy sums and errors. The edit contains the zone number L,

n n n n n n n n n
XL, UL, PL-1/2, Sn-1/2, Pr-1/2, %r-1/2, €1-1/2, Q1~1/2, C1~1/2, and
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";:—1 /\2. The latter -i.x‘uy be replaced by other variables if the user so
specifies in the 1npﬁtv stream, Records 21 and 22. The coding for this edit
is located in the main program. For this output option the datar is written
on file TAPF21 rather than heingyprinted directly. In normal use this file
is eé;uivalenqed to the stapdard output medium, but if large amounts of out-
putv are required this equivalencing can be omitted and the data can thus be
stored directly on magnetic tape.

Normally the first of these standard edits will be given at the appro~-
priate S3; however, if it is desired to check the initial conditions or |
zoning, the input parameter NOL can be set to a non-zefo value. This will
initiate a standard edit before any calculations have taken ‘plaee. Hote
that setting slb to zexo yields a cycle one edit rather than a cycle zerc
edit. This "zero cycle"™ or initial edit is given automatically on a re-
start cal&uiation. The edit of the last cycle before termination of the
problem will be given if the parameter NUL is set to a non-zero value.

This value of NUL causes WONDY to terminate NUL seconds before allotted
computer time is reached to allow for subsequent operations, such as
plotting, etc. dust prior to the final edit, a message containing the
average rate of computation is printed (zone cycles/hour).

The sécond output option is the binary dump and is located in sub-
routine DUMP. This option is employed whenever a restart calculation is
desired. This couia result from long calculations requiring examination
at intermediate stages or parameter variation studies such as described
above. For cvcles meeting the appropriate time criteria the dump is written
on file TAPE2C. In addition, a message is printed on the standard output
giving the time, cycle number and number of material lszvers writtern on the

file. The latter two guantities will be needed to perforrm the restari.



The remaining tw‘o‘ output options are contained in subroutines OUTR
ané OUTPL: Since it is difficult to anticipate the various types of special
output which may be required, the;e routines are generally supplied by the
individual users. Note that the array ADDATA can be used to communicate
with these routines. |

For cycles meeting the appropriate time criteria each routine is
called at the end of the cycle and thus has access to all zonal variables
stored in the main STORE array. These routines can be used to prepare
tapes for subsequent calculation or plotting, or to calculate derived
quantities such as myenta or hon—noml stresses not carried in the STORE
array. For example, the three principal stresses

nt+l

n+l n+l .
Oy = 03-1/2 + $5-1/2 , ; (5.1)
n+l n+l n+l
and Oz = 3pj-1/2 ~ 205-3/2 = $5-1/2 ,

can easily be calculated and ’printed with either of the two routines (here
all stresses are taken positive in conpression)..

The version of OUTN included here will output the principal zomnal vari-
ables for the zones on either side of the material interfaces specified by
ADDATA(l) through ADDATA(7). .Note that the left hand boundary is congidered
to be interface number 1. The subroutine OUTPL listed here prepares a file
"named TAPE23 suitable for subsequent plotting. The default variables writ-
ten include all positions Xje velocities Uy, densities P4-1/2¢ streases

G3-1/2¢ .and internal energies (r‘;’j_‘l /2¢ as well as the current fracture
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status. Thus this file contains adequate data for virtually any desired
plot. | Should the user want to plot other variables, provision has been made

in the input instructions to select other variablesA.

5.3 Error Checks

A numbexr of features are included which permit checking for errors or
to speed up the computation, and in some cases, to halt the calculation if

errors becomé serious. These are described below.

Energy and Momentum Checks =~ The mass M in a zone can be related to m

(2.43) by

Mj-1/72 = k'my/0 (5.2)
where

k! =1 s fOora=1 ’

k' =% ¢y fora=2 .,

4
k! =37, foro=3 .

Note that m is not the mass in a zone except in the rectangular case a = 1.
The momentum* in a zone may be written in finite difference form, within the

factor k', as

*On occasion, the user mzay want to calculate the specific momentum, or impulse
(momentum/unit area), .#, in one or more zones. The calculation is as follows:

o ., @ =1
m
F= ME/A = {mk'T/2MFE = oF
mk G/ /4nx2 = B, § a =3
w2

where X = (x5 + x,.)/2 , U = (up + uy)/2, and the subscripts £ and r refer tc
the left and right boundaries of the zone being considered.



n+1/2
Hy-1/2

ntl/2 n+l/2 o ,
mj-1/2 (uj + ug-l - . _ (5f3)

{4

1
2
The kinetic energy in a zone is given within the factor k*, as

ntl/2 _ 1 nt172\2  n+1/2 nel/2  ne1/2\2
Kj-1/2 6 ®my-172 }lu +tuy uwje1 F U1 J o, (5.4)

while the internal energy in a zone is given, within.the factor k*, as

i+l

n+l/2 = n .
my-1/2 (83-1/2 +3j—1/z) . , (5.5)

1
By-172 2

These qﬁantities (5.3), (5.4), and (5.5) are computed at each zone
and cycle and could be called out via one of the special output routines,
if desired. Various sums of these quantities over ‘specified numbers of
zones are also occasionally of interest.-

It is possible to check whether momentum and ener ~a conserved

during the calculation. In particular, for the momentum,
Imax
n+l/2 4
k? z Hj_l/z = constant o (5.6)
j=2

This sum is computed initially from the input data (HTOT). It is subse~
quently éomputed on each cycle (HT). A test is made to see if momentum is
conserved by testing if

HT - HTOT
HTOT > HMAX (5.7)

‘where HMAX is the allowable relative momentum error and is specified as
an input variable. If this relative error is exceeded, the computation is

terminated, an error message is printed, and standard printed output is
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initisted. If no value is inserted for HMAX, read as zero, a value of
10100 ig used to defeat this test. |

If the initialv conditions are such that the iﬁ:l.t:l.al momentum HTOT is
zero, the calculation of the relative ‘nouentu- error is bypassed and it
is set to zero. Oonsequently this test is effectively bypassed for this
type of problem. Note also that if a problem involves boundary conditions '
other than free surfaces, the appropriate momentum transfer and refiection
is not taJ;en into account, thus the default option for HMAX should be used
for this clasg of prqblem.

The energy balance i# more difficult since energy may be addéd by
energy sourcés IAQj_l /2 in (2.46)] as well as by wprk done on hqmaaries
by an applied load (in subroutine BOUNDRY). The sum of kinetic and internal

energy over all zones is

Imax , '
n+l/2 n+l/2 n+l/2
Esum = k' Z (Kj-l/z + Ej-l/z) . 7 (5.8)
j=2

This sum is computed initial]:y from the input data (ETOT). It is subse-
quently computed on each cycle (ET). 1In addition, if erergy sources
exist, thege must be computed and stored in one of the additional storage
arrays available in STORE. The enerqgy added_ by these energy sources in
each cycle must be summed over all the zones and the result stored in
SUMDE. This calculatioxi can be done in the equation of state subroutine.
If a loa.d/is applied to either the left-hand or right-hand boundary, the
work done in each cycle must be computed and stored in WL or WR for the

left-hand and right-hand boundaries respectively. This calculation can

be done in the BOUNDRY subroutine (see Section 4.3). Thus the reference



~ snergy ETOT aust be updated each cycle by
ETOT = BETOT + k' * SUMQE + WL + WR . (5.9)

A checii is then made to determine if the ehergy is conserved by test-

ing if

> EMAX ’ {5.10}

’

l!’l‘ ETOT

where EMAX is the allowable relative energy error and is specified as an
input variable. If this relative error is exceeded, the computation is
terminated, an error message is printed and a standard printed output is

initiated. In addition, if the relative energy error exceeds 10 per cent v

of EMAX, a cautionary message is printed. If no value is inserted for ‘
EMAX, the code defaults it to 1.0 or 100 percent. Thus to defeat this
check a large value, say 10100, must be actually input to the program.

The total energy, kinetic energy, internal energy, and momentum
summed over all zones are printed in the standard printed output, as are
the relative energy error and relative momentum error.

Occasionally when conpleiz energy sources or boundary loads are used
for experimental runsg, it is convenient to omit calculation of SUMQE, WL,
and WR. However, for normal calculations the energy and momentum checks
are very valuable in halting ti:e éomputation if an error occurs and should

generally be used.

Overflow Test -~ When instabilities occur, osciilations usually grow

exponentially with time untii overflow occurs in the computer. If the
pProblem is terminated due to overflow, an abnormal exit occurs and no diag-

nostics are possible. For this reason an overflow test is incorporated.
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-If the stress ¢ in any zone exceeds a maximum value Oppx, an impat
varizble, the computation is terminated and a standard printed output is

initiated together with an error message
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6. REZONING

The rezoning features of WONDY V both improve the resolution and gener-
ally shorten the co-puﬁcr. time used for a given probles by inserting finer
zoning in regions where coq;tession or release waves exist and removing
unnecessarily fine zoning in regions where there is no discernible shock or
release activiﬁy. Chapter 7 contains a description of tne storage arrange-

ment neceésitated by the use of rezoning.

6.1 Rezone Criteria

The rezone criteria locate those active regions of a problem where
finer zoning is needed for better resolution and conversely the inactive
regions where a coarser zoning can be used to minimize the number of cal-
‘culations while éreserving adequate resolution. These rezone criteria are
applied in subroutine MOTION for every zone-cycle calculation.

Active regions are in general characterized by relatively large zone
to zone stress variations. This suggests a rezone cr:ltér:lon that locatcs
aciive regions by searcfxing for high stress variations and then subdivides
zones to reduce the variation to within some specified limit. 'rhus\ an
active, high stress variation region would be defined with many small zones
to keep the zone to zone stress variations within these limits. convetsely,
inactive, low stress variation regions will require fewer zcaes to hold the
~zone to zone stress variations v_rithin bounds. The “ideal”™ mesh for a given
problem then would be that which resolves the problem with the smallest
number of zones whose stress variations are within these 1limits.27

This concept is implemented in WONDY V for an arbitrary zone number j
as follows (note that actual tests on zone j take place after zone j+l has

been processed). Based upon Gy the stress in zone j, the maximua
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allowable stress variation, 034y, i® calculated as
Olim = Max (RSCRIT , RzZCO|oy ~ RzCL]) , - (6.1)

where RSCHIT, RZCO, and RZCl are input Q‘nriables. One set of these vari-
ables is given for each plate in the problem. Equation (6.1) defines the
stress resolution 01jm as a fraction, R200, of the local stress o, with
an absolute fixed lower lint,, RSCRIT. This criterion is designed to yield
a limiting stress which will result in nearly the same relative resolution
as the local sf:ress increases, and yet will prevent the resolution from
becoming infinitesimally fine as oy approaches zero.

. Consistently good results have been obtained with values of RSCRIT in
the neighborhood of 10~4 x pocg, although greater computer time savings;
at the expense of resolution, can be realized by using larger values for
RSCRIT. In compliicated problems, a short trial run will be found va].uable
in Qetemining a suitable value for RSCRIT. The variable RZCl in equation
(6.1) provides a means of calculating 03, 28 a fraction of the local
stress relative to somé stress level other than zero. This offset is par-
ticularly useful in treating maf;erials whose ambient stress is non-zero,
such ag perfect gases.

Once the maximum stress variation, 0jjn, has been determined by (6.1),
the actual stress variations ch - dj-..ll and laj - °j+1| are calculated
and compared with 0jjpn. If either of these actual variations is greater than
Olims zone j is to be divided. If, on the other hand, both of these vari-
ations are less than 0.66 0}y, then zone j is flagged as being “combinable."”
The inclusion of the factor 0.66 prevents’combining to create a new zone

whose stress variations are large enough to cause redivision on the next
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time cycle. When two adjacent zones are "“combinable,” they are combined
(subject to further restrictions detailed in Sectiom 6.3).

In some agpiicationl where stress gradients are changing rapidly due
to energy addition, e.g. problems involving high explosives or energy de-
| position, equation (6.1) may not divide zones quickly enough to achicve
" the dgsired i'esolution. In such instances the problem can be avoided by
setting up a fine intial zoning and delaying rezoning in tﬁe particular
plates involved until the energy addition is completed. An additionil
input pafmter, RZTIME, specifies the earliest time at which rezoning can
take place in a given plate. Since in geheral the time during which energy
addition takes place is small relative to the total problem tile. this
delayed reioning has no appreciable effect on the cnngntational efficiency.
Setting RZTIME to a value greater than the fotal problem time can ﬁe used
to completely avoid rezoning in a given plate.

The basic stress variation criterion is complemented ir WONDY V by an
implicit rule that no zone can be more than twice as large as either of its
adjacent zones. Thus whénéver a zone is more than twice as large as either
neighbor, it is divided, even though its stress variations may be well
within the limit, 03j,, of equatior#{ 6.1). The effect‘ of this is that
vhenever a zone becomes divided because of its stress variations, as when
a disturbance moves into that zone, this "2:1 rule™ causcs seversl zones in
front of the disturbance to be divided, insuring that the disturbance wili
always be moving into regions which have already been predivided. Con-~
vetsely two zones cannot be ?onbined if the resultant zore would be more
than twice as large as either adjacent neighbor. This prevents zones from

combining too quickly behind a disturbance.
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6.2 Dividing Zones

' The O1jm and 2:1 rules of the previous section determine those zones

. that are to be divided. If there were no further restrictions imposed upon

the divide process, then in the region of a shock the rezone scheme mhlc'l

keep dividing and rédividing in an attempt to resolve the discontinuity.

A simple means of limiting the divide process involves specifying a lower

104

limit on the size of zones which can be divided. The plate input va.riabie,
DXMIN, provides this necessary limit.*

When it has been determined that a zone is to be divided, program
control is passed to subroutine REZONE, where the actual zone division is
performed, and the physical properties of the newly created zomes are
determined.

A zone 3 is divided by inserting a mesh point which divides j into

j-1 j+1

e

mp=m =2m

1S o an e o

two equally massed zones, r and 2. The densities pg and py of the new
zones are set equal to Py The position x, of zone r is set equal to xj.
Clearly the positon xg of the new mesh point must be such that it divides

zone j into two equal volumes, i.e.,

*The DXMIN limitation does not affect the initial zoning where zones much
fizer than DXMIN may be desired in certain applications, e.g. energy
deposition.



/o ,
xz#.[%(xﬁ +x;.1)] e ‘ (6.2)

where a is the geometry coefficient.
The expressions for the momentum and kinetic enercy of zone j are given

as (see Section 5.3)

Bi = ; (uj + uj-l) . (6.3}
and
Ky = ;—j (ug tugug g ¢ “%—1’ ’ (6.4)

respectively. It is easily shown that by setting

u=uy
and ‘ {(6.5)

1
ug =2 (uy +uy3)

one obtains , ’

He + Hy =By

and *
K + K =Ky

i:hat ig, for ‘these measures, both momentum and kinetic energy are comserved
in the divide process.

The remaining zcnal variables, sound speed, viscosity, internal energy
density, stress-like quantitiés, and any additional variables are set to

their values in zone j for both zones £ and r.
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6.3 Combining Zones

When two adjacent F zones, j and j-1, are found to satisfy the o144

criterion for combinability (Section 6.l1), they are considered for com-

bining, subject to several additional restrictions imposed by "physical

acceptability” and the need to prevent the ini:roduct:lon of any appreciable
distortion into the solution. “Physical acceptability” prohibits the com-
bining of zones lying in different materialsy, i.e. a material interface
lies between them as well as zones with a fracture or void between them
Because a fracture which has rejoined remains, in general, a weak point
in the material, zones with a rejoined fracture between them are not com-
bined in _order to preserve this property.

. In problems in which a material melts or v#porizes the absence of

significant stress gradients can allow the combining of zones in different

‘phases and thus obscure many real physical effects. A convenient means
of preventing this involves limiting the combining of zones to zones of

very nearly the same densities. In WONDY V the combining of zones j and

j=1 can take place only if

ij - pj_ll < RCCOMB * p_ (6.6)

where RCCOMB is a plate input parameter preferably 0.1 or less. This den—
sity limitation on combine also preserves the resolutiorn of other phenomena .
which manifest themselves in density gradients rather than stress gradients,
e.g. the contact discontinuities produced by shock collisions.

Finally the zones j and j=1 will not be combined if the size of the
resultant zone would exceed DXMAX, another piate input variable. This

limits the maximal size zone that can occur in a given plate, and conversely



insures that the plate will always have at least some mirimal ﬁu-ber of
zones in it.

when ﬁwo adjaceht zones have satisfied the tests ahove,'prograﬁ éontrol
is transferred to subroutine REZONE,kwhere the actual combination is per-
formed, and the physical properties of the new zone are determined.

Zones j and j-1 are combined to create a new zone c by removing the
mesh point, j-1, lying between them, where x, = X and xy = xj-3. The

3-3 3=2 3-1 3L

de

mass, m.,, of the newly created zone is set equal to my + my-1r and the

density, p., becomes

mc /
(xj - Xj_z) P fora = 1,
Me
Pe = { (¥5 = ®3-2) (x5 + x3-2) . for a = 2, T (6.7)

m
c

{x. - x. )(xg + X.X. + x? ) , fora =3,

R | 3=27"73 j*3-2 -2
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where a is the geometry coefficient. If Vir Vi-ls and v, are the'volunés
of zones j, j~1, and ¢ respectively, given by m/p with appropriaté sub-
scripts, then p, can be alternately expressed as’ .

inc mny + my.3 P3v3 + Pj=1 Vi-1

fo) T e - - - . .
€ Vo vy vy, vy * Va3 (6.8)

Internal energy is conserved by setting

_ &5 + my-185-1

9 mc . ) (609)

In order to exactly conserve momentum and kinetic energy small adjust-
mencs oot be made to ug = uj-2 and uc = uj. The adjusted velocities ug

and u, are determined from solutions of the simultaneous equations

Mo=§R' u, + ML ° uy ’ (6.10)
and
KEO=MR *uZ +ML * u2 + MB* u_ " u
(o] g c yA
{6.11)
+ KER1 ° u, + KEL1 ° u, R
where

MO = mj4juy + myuy + myuy-1 + my-juj-1

T Mi-184-2 T W2tz o
MR = mj+1 + mj + mj_l ’

ML,

i

my Myl * WMz ‘ )



MB = m, = mj + mj-]_ .
KERL = my410541 o
KELl = my_oU4.3 .

and

= M. 2 ¢ u.. u.) + m. (u2 + u.
KEO M3+1 (uJ u3+1uJ) m (uJ u.u

2
j j%4-1 * 1)

' 2 2 2 ‘

Equations (6.10) and (6.11) express conservation of momentum and kinetic
energy :espectively. The equations (6.10) and (6.11l) will give two sets of
sol@tions, (us, ug) and (ud, ui), both real or both complex. If the
solutions are complex then only the real part is used, whizh conserves mom-
entum exaétly and minimizes the kinetic energy errof. If hofh solutioﬁs are‘
real, then the solution "closest" to the original uj and uwy_p is chosen’

i.e., if

2 2 . 2 ' 2
(u.c - uj) + (uz - uj_z) < (ué - uj) + (un - uj_z) .
then (u,, uy) is chosen, otherwise {ug, ui) is chosen.

By combining equation (3.9) with (2.7), the equation of state can be

made to take the form
p = £f1(p) + Tpé& . (6.12)

Because the combine criteria restrict P53 and Pj-1 to being nearly equal,
it can be assumed tﬁat, between Pj and Py-1 f1(p) is locally linear and
r iskconstant.» Letting ¢ represent any linear function of p, from the

properties of linearity and equation (6.8)
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P33 + £3-1V3-1

'= VjY(pj) + Vj-l!(pj-l)

vyt Vi .
or
vi¥y + vy-1¥45-1 ’
Yc‘ = Vj + vj"‘l - (6013)

It is easily shown, using equations (6.8) and (6.9), that p& satisfies
the relation (6.13), i.e.,

_ Y3365 + vi-104-165-1

P&
c® ™ . (6.14)

Applying equations (6.13) and (6.14) to equation (6.12), with the assump—-
tions of f£3(p) "locally" linear and T "locally" constant, yields for the
pressure of the combined zone,

_ Y3Pj * ¥35-1P5-1

p
c ZEATS ’ : {(6.15)

that is p as givenjby (6.12) can be interpolated using {(6.13).
‘Because’the assumption of "local” linearity with respect to p is
reasonable in the inactive regions where combining occurs, equation (6.13)
is used to interpolate all remaining zonal variables including all stress
components, sound speed, artificial viscosity and any additional variables

being used when NVAR > 10 (see Section 7.2).



7. STORAGE ARRANGEMENT

7.1 The Main STORE Array

waDY v carriés all zonal variables in one largé'singly suhscripted
" array named STORE. This method has several advantages over -ére éon-
ventional techniques. First, all the needed information can, before any
rezoning takes place, be "close-packed" within the array. This allows a
fairly simple method for changing the computer core arrangement of the
code, i.e., changing the dimehsioned size of the STORE array (along with
the parallel arrays PFRACT, QFRACT, NEXT and DUM) permits the adjustment
of the code to fit virtually any available core size. Of course, the
maximum number of‘zones that can be used in the code depends on the size

of this array. In fact the total number of zones Lqgr must be such that

DIM

Lpor < ®VaR - 2 {7.1)

rounded to the next lower integer. Here DIM is the dimensioned size of
the STORE array and NVAR is the number of variables to be used. In adadi-
tion, with the scheme outlined below, most of the calculations can be
carried out using unsubscripted variables, resulting in a considerable

saving in computer time.

Before any rezoning takes place the STORE array consists of blocks of

variables NVAR quantities long, the first block containing all the variables

associated with zone 1, the second block containing all the variables for
_ zone 2, and so forth. The order of the variables within these blocks is
given by the appropriate "parameter index," i, as indicated in the accom-

canying table. Thus i ranges from 1 to NVAR where for most problems
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Parameter Report Fortran

Index Symbol . Symbol Definition
1 ' c’;_l /2 ] sound speed
2 g;.‘_l /2 E internal energy
3 my.3/2 M- mass
4 p;.‘_l /2 . pressure
5 q’;_l /2 0 artificial viscosity
n
6 Py-1/2 R density
. n
7 Oj-1/2 s normal stress
e ugfl/ 2 13} particle velocity
) xg X position
n .
10 $3-1/2 b4 difference in principal
stresses
11 Edep j-1/2 DATB(1) total energy deposited
in zone j (Section 4.4)
12 K;.‘ DATB(2) integral damage
' (Section 3.6)
13 i DATB(3) lastic work in STATL
p©j=1/2 ‘ plilastic work in ,
{Section 3.1.2)
13-20 — DATB(3) various parameters
- associated with STAT4
DATB(10) {Section 3.4)
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NVAR will be 10; cases fof which NVAR is greater than‘lo are explained in
| Section 7.3. Therefore using the difference sche-e given in Segtion 2.4,
and before any rezoning takes place, the first variable in the STORE array
is the sound speed for.the’virtual zone outside the left-hand boundary.
Similarly an applied sﬁress on the left-hand boundary would be placed in
STORE(7); the position of the left boundary is STORE(9); and assuming
NVAR = 10, the sound speed of the first real mass element or second zone
is stored as STORE(1l).

In order to maintain this sequential sﬁorage, it~wbuld be necesSary
to completely rearrange the STORE array every time a zone boundary is added

or removed with a rezoning operation. To avoid this time consuming process,

an array named NEXT is employed, which is parallel to the STORE array. The

values in NEXT indicate block numbers in the STORE array where the NVAR
quantities for a givenyzone c#n be found. Specifically, the value of NEXT
for a given zone j is the block number within STORE for the variables asso-
ciated with zone j + 1.* Thus when a zone boundary ‘is eiiminated by the
REZONE routine the values in NEXT are altered so th#t on the next pass
through the problem mesh the appropriate block in STORE is bypassed.
_Similarly, when a zone‘houndary is added, the variables for the newly
created zone are placed in the first empty block in the STORE array and
NEXT is adjusted accordingly. More specific details on how this is accom-
plished as well as the interrelationship between the STORE and NEXT arrays
can be found in Réference 27.

With this preliminary ﬁiscussion some specific examples can now be

given. A general variable ¥{i], with parameter index i, for jth zone

*NEXT is a link list for blocks in the STORE array linking the storage
block for a given zone to that of the next zone in sequence.
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and nth ﬁime sﬁep; éan §e fbuﬁd in the STOﬁE array at

Y{i]] = STORE (34 + 1) , (7.2)
where

Jj = (INy - 1) ° NVAR ‘ (7.3)

and JN is obtained from the récursion’relation

JNj = NEXT (IN4.1) (7.4)

where

1]
H N
.

Note that here and in the following, J always refers to a specific location
within the STORE array, where JN refers to a block number within STORE and
is obtained from the NEXT array. As an explicit example, if the stress

for the jth zone is desired, (7.2) is written as
n - .

with Jj obtained from (7.3) through (7.5).
Since rezoning adds and removes zone boundaries, a given zone number

j does not refer to the same mass element throughout the course of a calcu-

-lation. Thus to retrieve a specific variable for a specific mass element

the appropriate numerical value for j must be recomputed for each cycle the
variable is needed. The most straightforward way to accomplish this is

to ﬁse the array NOMESH which contains the updated number of zones in each
plate in order. Note that if rezoning is completely bypassed, this process

is unnecessary.



To clarify the use of equations (7.2) through (7.5) a few specific

FORTRAN examples will now be given. Consider again the problem of retriev-

ing the general variable Y[i]? for a given zone j on the time cycle n. A

generic segment of a FORTRAN routine which will accomplish this is:

[Calculate j, say from NOMESH (PLATE)])
JN =1 |
DO 10 L = 1, LACT
IF (L - j) 10, 20, 10
1o JN = NEXT (JN)’
GO TO 30
20 J = (JN - 1) ® NVAR
7[i]] = STORE (J + 1)
[Output or further process Y[ilg]

.30 CONTINUE

Here LACT is the current number of the last active zore. The stateﬁent
after 10, GO TO 36, is reached’only if the desired zomne, j, has not yet
become active. As before, i is the parameter index of the desired variable.
A more common situation involves the output of one or more variables for
all active zones in the problem mesh. The following program segment will

accomplish this:

JN = 1
DC 10 L. = 1, LACT

J = (JN - 1) * NVAR

HS
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¥[i]] = STORE (J + i) ,
[Reﬁrieve,bther ¥[il, place 1[1]2
in new array with subscript L, or
further process ?[i]g]

i0 JN = NEXT (JIN)

As was mentioned earlier, most calculations using these stored vari-~
ables employ unsubscripted counterparts according to the following scheme.
For the zone-cycle calculation at time n + 1 and spatial position j, the

general variable Y has the following forms:

I
-
.8

¥B =

-1 !
¥ = wg .
YA = ?§+1 ' (7.6)
yBN = yoil
and -1 ’
¥N = wg*l .

Note that A and B refer to "ahead" and “hehind"™ in space, where N refers

to "new” in time. The logic for performing these transfers is similar to

the examples given above and is located in subroutin JLOOP. At the be~
ginning of the zone-cycle calculation for time n + 1 and zone j the following

transfers are made:

JNA = NEXT (JIN)

JA

i

(JNA - 1) * NVAR



" YBx= V¥
¥ = ¥a
i = 1, NVAR

YA = STORE (JAa + i)
YHN = YN

ﬁhen these transfers are made, J, JN} Y, YA, and ¥N are avéilable from Fhe
previous zone-cycle atn+ 1 and j - 1. At the end of the zone-cycle cal-
culation, the new variables for n + 1 and j have been computed and placed
in YN. They are then transferred to the STORE array and the parameters J

-

and ON are updated with

STORE (J + i) = YN , 1 = 1, NVAR
JN = JNA

J = JA

Here again, i is the parameter index of Y. Thus for each of the NVEAR
variables only two references to the STORE array are made for eqch zone~
cycle; all other computations and transfers are made with their unsubscripted

ccunterparts.

7.2 The Preprocessor

The current Qersion of WONDY V conﬁains storage allocations for 20
materials/plates and NVAR * No. Zones = 19851, which nearly fills the small
core memory of a CDC 7600. If smaller storage limits are desired for econ-
omy purposes, or required for computers with smaller memory, a preprocessor
may be accessed to operate on the main storage arrays to the user‘'s specifi-

cations. The preprocessor reads input data that specify the total number
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of zonee in the problem, the number of variables desired, and the number of

of plates/materials to bhe used. The preprocessor w:ites update instructions
thﬁt are read during thé subsequent attachment of the WONDY V code. The
altered WONDY V code is then cbmpiled and run with the normal input informa-
tion (that must, of course, be compatible with the origiﬁal preprocessor
size request).
It should be noted that the use of the preprocessor does not influence

the overall operational efficiency of the code, but sinply removes excess
storage from the code. Use of the rezone capability may require that allow-

ance should be made for‘an increased number of zones due to zone division.

7.3 Additional Variables

As was suggested in the previous section, WONDY V carries an adjust-
able number pf variables, where the input guantity NVAR is that number.
NVAR must he’at least 10 for any calculation, but if the requirement exists
it can be made as large as 110. The extra variables are stored sequentially
with the 10 basic.variables.in the STORE érray and are transferred within
a given zone~cycle calculation via the array DATB(k) where k = i - 10, and’
i is the appropriate parameter index. If, for example,’one extra variable
is to be used, NVAR is set to 1l. This extra variable for zone 1 (left-
hand virtual zone) is then stored in STORE (11), and before rezoning takes
place, its value for zone 2 (the first real mass element) is placed in
STORE (22), and so forth. Within a zone-cycle it is carried as DATB(1).
Retrieval of the extra variables is achieved exactly as described in the
prévious section by using the appropriate parameter index.

Since the entire STORE array is initialized to zero, no problem arises

with regard to the initial values of these extra variables unless non-zero



" values aﬁe desired. If the latter is the case, a special subroutine MORSTOR
may have to be written for the purpose. However, if the extra variables are
used only by the equations of state, non;zero values can be set in the
initialization sections of the appropriate state routines.

’In the present version of ﬁhe code a number of these extra variables
have been assigned uses. The first (NVAR > 11) is used for the togal de~
posited energy density when initiating a problem with an external énergy
source és described in Section 4.4. The second (NVAR > 12) is the time
integrél damage, equation (3.124), needed when employing the cumulative
‘damage fracture criterion of Section 3.6. The third extr? variable
(NVAR > 13) is the plastic work, equation (3.62), used in the work harden~
ing elastic plastic material model of STAT1 as described in Secfion 3.1.2.
The remaining extra variakles currently programmed are employed by STAT4

(see Section 3.4.1). Here parameter index i = 13 refers to the equilibrium

d
e‘

stress devigtor g if the isotropic hardening model is used i = 14 refers
to the plastic work f3.84). When the anisotropic hardening model is em-
ployed 14 < i < 20 refer to the elemental stress deviators agi described
by equations (3.91) and (3.92). These uses for extra variables have been
included in the table of Section 7.1.

Note that NVAR must be equal to or greater than the indicated value
only if the appropriate option is being employed. 1In addition, other uses

for a given extra variable can be programmed as long as the corresponding

uses presented here are not duplicated.
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APPENDIX A

CODE STRUCTURE AND GLOSSARY OF VARIABLES

APPEARING IN COMMON

The WONDY V code contains the following subroutines and entry points

(indehted)g

WONDY
GENERAT
ZONER

MORSTOR
JLOOP
BOUNDRY
LBOUND
REBOUND
MOTION

INDSET
MESHES

REZONE

COMBINE

DIVIDE

Main program
Generates and initializes arrays
Zone genefator

Initializes extra arrays
-- may be dummy

Handles logic to advance through problem mesh; fracture
logic

Handles special boundary conditions
== may be dummy

Entry point for left boundry
Entry point for right boundry

Computes conservation of mass and momentum,
artificial viscosity, and rezone tests.

Combines and divides zones
Entry point for combining

Entry point for dividina



STAT1

STIN1
STAT2

STIN2
STAT3 :
Computes equations of state

STIN3 == up to 5 may be dummies
Entry point for initialization

STAT4
STINA
STATS
STINS
STAT6
STING
OUTN Handles special output
' -= may be dummy
OUTPL Handles special output (plotting)
-- may be dummy
DUMP | Prepares restart tape
DUMPF Writes restart tape
RESTART Réads restart tape

The following logical tape units are referenced in the code and should

be defined if their functions are desired.

TAPE1Q Available for user programmed routines
TAPE1ll Available for user programmed routines
TAPE20 Binary output for restart
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TAPE2] BC(D output when this unit not equivalenced to
- standard output medium

TAPE22 : Available for user programmed routines
TAPE23 Binary tape written by OUTPL
TAPE25 Binafy input tape for restart

~- format identical with TAPE20

TAPEGD Equivalenced to input

The common blocks contained in WONDY are

/ON/
/VAR/
/JIND/

/ /7 (blank}

These common blocks may be accessed for use in a new subroutine by the

statement
*CALL, SHORTEN

in the subroutine.
The following table provides a list of variables contained in the common

blocks in WONDY.
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GLOSSARY OF VARIABLES

APPEARING IN COMMON

FORTRAN NAME OOMMON BIOCX DESCRIPTICE-
ADDATA(100) ON dummy array for addi-
tional input data
ALPHA2 IND 2{(a ~1) geometry - constant
ANGLE N not used
Bl QON -B1 quadratic viscosity
coefficient
B2 CON By linear viscosity
coefficient
c VAR cg’_l /2 sound speed ‘
n+l/2
. CAPE VAR - By-1/2 internal energy
n+l/2
CAPH VAR CHy-1/2 momentum
n+l/2
CAPK VAR Ky-172 kinetic energy
CES(42,20) ON equation of state
constants for plates
HG(6,20) OoN not used
n+l
6.} VAR Cj-1/2 sound speed
DATB(100) VAR storage for addi-
tional variables
DE oon not used
DELRHO VAR Ap/2p2
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FORTRAN NAME COMMON BLOCK DESCRIPTION
n+l/2 n-1/2 n+l/2
DELT(5) VAR At , At i At4-1/2,
n+3/2 n+l/2 n-1/2
a™¥ }.(At + At )
' 2
DELTAX(20) CON initial size of first
zone in plate
DELTAX1(20) CON initial size of last
zone in plate
_ n+l n+l
DELXJ VAR Xy T X541
n+l n+l
DELXJ1 VAR Xj-1 = X§-2
. n+l n+l
DELXJ2 VAR Xj=2 = X§-3
n+l/2
DEP VAR At /TDEP fraction of energy
added
DUM(9025) temporary storage area
for variables to be
dumped to restart tape
plot tape
DXMAX CONM largest allowable zone
: size
DXMIN . CON smallest zone size
DXMi( 20) CON smallest zone size by
’ plate
DXMX(20) CON largest zone size by

plate
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DESCRIPTION

FORTRAN NAME COMMON BLOCK
n v
E VAR ‘35-1/2 internal energy
density
n+l
EN VAR ébj-llz internal energy
density
ETOT VAR total initial energy
plus added enerqgy
EXIT IND ex:i_t indicator -
EZERO( 20) CON initial energy density
in each plate
FCONST{20) CON constant for fracture
criteria for plate
FCONSTI(20) CON constant for fracture
criteria for interface
FCRIT(20) CON fracture criterion
for plate
FCRITI(20) CON fracture criterion
for interface
HTOT VAR total initial momentum
IALPHA IND a -2 geometry constant
IDUMP IND buffer ocut indicator
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PORTRAN NAME

COMMON BLOCK

DESCRIPTION

IPL1

IPL2

IPL3

IPL4

IPL5
ITABLE(50)
J

JA

JAN

JBEN

JBN

J3BN
J4BN
JONE

JTAPE

IND

IND

IND

IND

IND

IND

IND

IND

IND

IND

IND

IND

IND

IND

output plot variables

storage for zone
nurmbers at fractures

STORE Index for zone j
STORE Index for zone
j+1

position in NEXT cor-
responding to zone j+1

position in NEXT cor-
responding to zone j§-2

position in NEXT cor-
responding to zone j-1

position in NEXT cor-
responding to zone j

position in NEXT cor-
responding to zone j-3

position in NEXT cor-
responding to zone j-4

indicates first zone

number of plates to be
read from restart tape




FORTRAN NAME COMMON BLOCK DESCRIPTION

KM(3) CON symmetry constants:
l; ;4u/3

KTl CON time constant in
stability criterion -

K1z IND not used

L IND zone number

LACT IND number of active zones

LBCN CON minimum position of
left boundary

LDT IND zone controlling time-
step

LDUMP IND not currently used

LHBT IND left hand boundary
type

LMAX IND maximum number of zones

LOL IND zone at left of plate

LOR IND zone at right of plate

LPHA IND a symmetry coeificient

M VAR mj_1/2 zonme mass constant

MCTR IND not used

MORE IND fiag for MORSTOR
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FORTRAN NAME COMMON BLOCK DESCRIPTION

N IND cycle number

NAME1(20) CON . not used

NAME2(20) CON not used

NE IND not used

NEWPLAT IND indicator for first
zone in plate

NEXT(1805) array of zone sequence

: linkages

NEXTEM IND first uwnused position
in NEXT

NOMESH(20) CON number of zones in
plate

NONE IND indicator for first
cycle

NOP IND number of plates

NSTART IND cycle to restart from
dump tape '

NTWO IND indicator for restart
cycle

NVAR IND number of variables

n
P VAR Pj-1/2 pressure
n
PA VAR pj+l/2  pressure
PFRACT(1805) indicator for rejoined

fracture zone




FORTRAN NAME

COMMON BLOCK

DESCRIPTION

PLATE

PNUM{20)
PRINTE
PRINTL
PRINTN

PZERO{ 20)

on

QFRACT(1805)

ON

IND

VAR

CON

IND

IND

IND

CON

VAR

VAR

VAR

VAR

VAR

COoN

ntl
Pj-1/2

n
qj-1/2

n
q5+1/2

n+l
a45-1/2

Pj-1/2

Pj+1/2

plate index
pressure

not used

indicator for normal

editing

indicator for calling
OUTL

indicator for calling
OUTN

initial pressure in
plate
viscosity

viscosity

indicator for
fractured zone

viscosity
density
density

maximum position‘of
right boundary
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FORTRAN NAME

COMMON BLOCK

DESCRIPTION

RCCOMB

RCMB(20)

RHODOT

RSC(20)

RSCRIT

RSCO{20)

RSC1(20)

RZCO

RZC1

RZERO({ 20)

RZTIME

RZTM(20)

R1

CON
CON
IND
VAR

VAR

CON

CON
CON
coN
CcoN
CON

VAR

p/p

n+l
Pj-1/2

density gradient
combine criteria

RCCOMB by plate

right hand boundary
type

density

RSCRIT by plate
constant stress
resolution

RZCO by plate

RZCl by plate
fractional stress
resolution

reference stress level
initial density of
plate

beginning rezone time

RZTIME by plate

indicator of combina-
bility of zones j-1
and j-2




FORTRAN NAME COMMON BLOCK DESCRIPTION
R2 VAR indicator of combina-
ability/divisibility
of zone j-1
n
s VAR 04-1/2 stress
n
SA VAR O5+1/2 stress
n+l
SBN VAR G4-3/2 stress
SIGACT CON active stress
SIGMAF(20) CON constant for fracture
criteria for plate
SIGMAIF(20) . CON . constant for fracture
criteria for interface
SIGMAO{20) CON constant for fracture
criteria for plate
SIGMACI(20) CON constant for fracture
criteria for interface
SIGMAX CON maximum stress
SIGSEP CON separation stress
n+l
SN VAR 05-1/2 ‘stress
STATE(20) CON equation of state
indicator
STORE(19870) main storage array
SUMH VAR sum of wmomentum
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FORTRAN NAME . COMMON BLOCK - DESCRIPTION
SUMIE VAR sum of intermal energy
SUMKE VAR sum of kinetic energy
SUMOE VAR sum of added energy
SZERO(20) CON initial stress in
. plate
T VAR time
TABLE(2,50) VAR storage for u, x at
fracture
TDEP CON deposition time
THRKNS( 20} CON initial plate thick-
ness
TITLE(10) CON problem title
n-1/2
U VAR uy velocity
: n-1/2
ua VAR W5+1 velocity
n-1/2
UB VAR uj-1 velocity
n+l/2
UBBN VAR 4.2 velocity
n+l/2
UBN VAR -1 velocity
nt+l/2
UN VAR 4 velocity
UZERO( 20) CON initial velocity of

plate




FORTRAN NAME

. COMMON BLOCK

DESCRIPTION

UZEROI(20)

w4020

XBN

XGAP(20)

XRATIO(20)

XZERO

ZA

ZZERO(20)

CON
VAR
VAR
IND
VAR
VAR
VAR
‘VAR
CON
VAR
CON
CON
VAR

VAR

CON

n
Z5-1/2

zl;}4-1/2

n+l
25-1/2

initial velocity of

.interface

work at the left
boundary )

work at the right
boundary

indicator for printed
output

position

position

position

position

size of gap between

‘plates

position
ratio of initial zone
sizes

initial position of
left boundary

difference in prin-
cipal stresses, ¢

difference in prin-
cipal stresses, ¢

difference in prin-
cipal stresses, ¢

initial ¢ in plate
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APPENDIX B

RESEARCH MATERIAIL STUDIES

Although the numerical techniques discussed in this report are impor-
tant in terms of accuracy and stability, an area that remains open to
extensive research is the material characterization. Materials under shock
loading behave in éomplex.ways, and the code contains some common charac-
terizations that are believed to be satisfactory for general classes of
materials as described in Section 3. There are many materials that are not
covered by these models, and formulations exist to cover limited classes
of materials. Many of these models are formulated with internal state vari-
ables, involwing micromechanical concepts, and are conveniently incorporated
into the equation—of-sfate routines of the wavecode. They are not a part of
the permanent wavecode structure principally because of their specialized
nature. |

The purpose of this appendix is to briefly describe several models
which have been developed and successfully used in WONDY. WONDY often
serves as a proving code for the validity of a model, and is frequently ap
important step to subsequent incorporation into multi-dimensional codes.

The list here is meant only to be a sampling, and by no means represents
all of the models that have been developed.

Recalling that the equation of state routine is entered with new
(current‘cycle) values of the density (pP*l), current strain rates, and
the old (previous cycle) values of the density (p“), stresses, energy.,
and state variables unique to the model, the.routine must return new values:
of the stresses, energy, and state variables. The equations in many of

these models may be written as

139



140

‘;ij = f(p, Ei, coe) . ' (B~1)
ék = grlp, &g, Gi4 =)  {B~-2)

where &ij is the stress rate, and ék the rate equations for the‘intgrnal
state variables. The complex coupling in these equétions usually renders
direct differencing ineffective to advance them in time. A method found to
be quite successful is to retain the rate form, define the density.variation

with time over the timestep to be

pn+1 - pn
I r———— - n n
° =W = n (t -t +op (B-3)

- then use an ordinary differential equation system solver such as ODEBL to

integrate equations (B-1,2) from t@! to th*+l,  Extra internal state variables

are conveniently stored in the DATB array.

Fracture Models

The dynamic fracture of ductile metals and many rocks is often not
characterized by a unique “fracture stress.” Instead, the concept of con-~
tinuous "damage" accrual seems to be a more precise way to describe the
onset of failure. To model such a process, rate equations for the damage
are driven‘by some stress or strain measure, and the material moduli are
written as variables that decrease with increasing damage.

Ductile aluminum has been modeled with the damaze related to void
nucleation and growth in the metal, as well as complementary rate equations
for dislocation multiplication and visoplastic slip.B2,B3 0il shale is

representative of many rocks that exhibit strain-rate dependent fracture



strengths, and its fracﬁure and fragmentation,propeities have been described
by damage rate equations.B4 |

Loss of strength occurs in a cbntiﬁuous sen#e until the material cannot
support further tension, but may disperse impinging éompressive waves much

as would a porous material.

Piezoelectric/Ferroelectric Materials

‘Piézoelectric and ferroelectric materials are ciasses of solids that
exhibit electromechanicalrcoupling.35'35037 Under local mechanical loading,
an electric signal is generated which could cause a global response (depend-
ing on the circuit), hence distinguishing these materials from simpler
materials in which information travels only at4the solié wave speed. This
electrical coupling requires that a circuit equation be added to the code,
and that subsequent to the normal equation of state ca;culation, an overall
implicit iteration is required. The ferroelectric materials are character—
ized by complex coupling of several rate equations, notably for diﬁole
dynamics and domain switchingB7, while the simpler piezoelectric ﬁaterials
respond in a time-independent mode. Under low amplituae loading conditions,

the ferroelectrics behave like piezoelectric solids.

Viscoelasticity

The dynamic (mechanical) behavior of a non-linear viscoelastic material

may be characterized by a generalized Maxwell model,
o - Flo,n)n + G(a,n) =0

where 0 is the stress and n is the bulk strain. F(o,n) is the instantaneous
modulus, and G(o,n) is the relaxation function, providing viscous damping

to the modelB8/B%. pepending upon the characteristic relaxation time of the

141



142

material and the code timestep, a subcycling techniqué provides the means
to obtain the stress staﬁe.

A specific application of this model is to regqular compositesB9, where
the functions F and G are determined frdm.specified combinations of the cén-
stituent properties.

A modification of this model currently resides in STAT5 of WONDY.

Explosives

The current models for explosives in the céde {Section 3.2) treat the
chemicél energy release as a predetermined process -~ “programmed-burn®.
Althougﬁ this approximation is sufficient for many applications, it does
nbt address cases where s;ress waves may initiate the egplosive, or the
detonation is boundary dependent. These latter issues require that not only
the product gases be defined, but that an equation of state for the unreacted
explosive also be available. Laws'govérning the mixture of these two states
may then be written, where a state variable that accounts for the extent of
reaction, x, is definedBl0,B11,B12, p rate equation governing the change in
¥, and driven by the temperature (T) (for which a rate equation is also

required), and/or the pressure (p), and current extent of the reaction may

take the form
X = f(T,?,X, -00)

In such a model, the propagation of shocks into the explosive is
allowed, and eventually leads to reaction, or detonation failure. Although
two-dimensicnal boundary effects are particularly interesting explosive prob-
lems, the ability to more accurately simulate the transient wave phenomena in

explosives is an important capability.



Mixture Theories (Granular and Porous Materials; Bubbly Liquids)

The poréus material model deécribed in Section 3.5 is a limiting case
of a more general class of materials that can be modelled with mixture
theoriesBl3,Bl4, fThege theories have been applied to, for example, porous
and granular materials, mixtures such as alumina/epoxy, and bubbly‘liquids.
The granular aspect has been incorporated into a model for explosives with
hot spot férmationﬂlz, where rate equations for changeé in phase are re-
quired, and marked influence cf grain size is seen on the reaction properties.

The wave motion throuch a bubbly liquid has been studied using a two-
phase model. The micromechanics of bubble growth and collapse, both mechan~
ically and thermally induced, involves vaporization and condensation pf the
fluid, local heat transfer, local pressure imbalances, and inertia of the

bubble growth.
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Bl.

Bz.

B3.

B4C

BSI

BG.

B7.

B8.

Bg.

B10.

Bll.

Bl2.

B13.

Bl4.
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APPENDIX C

NON-DIMENSIONALIZATION

Since there are no dimensional constants in WONDY (except for the BKW

explosives model), any consistent set of units\can be used for running prob~-

lems. However it is also possible to run problems in non-dimensional form.

This occasionallly has advantages for parametric studies, although since
most materials are non-linear and possess at least three non-dinensidnal
_ properties (T, s; and v), the only scaling that is practiéal is
'geométric scaling. |

" To perform non-dimensional calculations no changes are required in the
coding, and any version of WONDY can be rendered non-dimensional in exactly
the same way, providing fhat no dimensional constants have been inserted.*
The only requirement is that the input parameters be specified properly.

To begin, one of the two independent variables, position or time, must

be chosen as a reference quantity. This will be either a characteristic

length, x,, or a characteristic time, t,. The former might be the thickness._

of one or more material layers, where the latter could be chosen as a char-
acterisﬁic pulse width or relaxation time.

To complete the non-dimensionalization two of the dependent variables
must be chosen as reference quantities. These may be any two of velocity,
density, stress, and energy. Note that since WONDY carries the energy as
energy per unit mass, the paif, velocity and energy, is not a possible
choice. The reference velocity, u,, could be chosen as a material sound

speed or input velocity; the density, py, would normally be a material

* Certain energy deposition routines for subroutine MORSTOR have been coded
with dimensional constants. These must be removed if these routines are
to be used in non—dimensional calculations.
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density; the reference stress, ¢,, may be one of the material moduli or

an input stress; and the reference energy, &, could be chnsen as a material
sublimation or melt enexrgy or possibly a deposited energy demsity. There
are, of course, many other choices which can be made for these reference
quantitites, in fact, the unit value may well be chosen for any reference
guantity. |

Once an appropriate set of three reference quantities has been chosen,

‘all dimensional code input parameters can be converted to their non-

dimensional forms by utilizing the relations given in the accompanying table.
To obtain the proper non-dimensional output, which is non-~dimensionalized
with the same relations used for the input, it is essential that all code
input variables be non-dimensionalized with respect to the same set of
reference quantities.

To illustrate the procedure, the input parameters necessary to non-
dimensionalize two sample problems will be.given here. Both problems involve
the same siggle material. It can be characterized with the following set of
material properties and will utilize the normél equétion of state for solids,

STAT1.

Density, = 2.7 gm/cm3

Po
Sound speed, Co = 5.0 x 10° cm/sec
Us/up slope, s = 1.5

Gruneisen parameter, Iy = 2.0
Poisson's ratio, v = .333

Yield strength, ¥, = 3.0 kb

11

Sublimation energy, &g = 10 ergs/gm



Vapor Y - 1 , H= .25

Spall strength, ogpary = 20 kb

Note th;t the quantities s, Ty, v, and H are already non-dimensional.

This material represents a generic form of aluminum.

Sample Problem No. 1

A 0.2 cm flyer plate impacts a target plate of the same material,
0.8 cm thick, at a velocity of 1.0 x 105 cm/sec. The problem is to be run

for 2.0 x 107 sec.

The problem is non-dimensionalized by choosing:

Xy = Flyer plate thickness (0.2 cm)
p, = Material density (2.7 gm/cm3)
u, = Material bulk sound speed (5.0 x 100 cm/sec)

The main problem input parameters therefore become:

Elyer plate thickness = 1.0 0¥ = 1.0
Target plate thickness = 4.0 co¥ = 1.0
Flyer plate velocity = 0.2 Y * = 4.44 x 1073
Maximum problem time = £.0 E£.* = 0.4

: . _ -2
Spall strength, °§PALL = 2.90 x 10

14©



Sample Problem No. 2

A single material layer 1.0 cm thick is subjected to a uniform energy
deposition of 1.5 x 1010 ergs/gm applied over 1.0 x 10~7 sgc. Maximum prob-
lem time is again 2.0 x 10~6 sec.

Non-dimensionalize with respect to:

xy = Plate thickness (1.0 cm)
é} = Material sublimation energy (1.0 x 1011 ergs/gm)
- : - 2
- 6, = Material bulk modulus (Ky = 0oCo = 675 kb)

The main problem input parameters are then

Plate thickness = 1.0 | po* = 0.4
Deposited energy density = .15 Co* = 1.58
Deposition time, TDEP* = 3.162 x 1072 | ¥_* = 4.44 x 1073
Maximum problem time = 0.6324 E* = 1.0

Spall strength, G;PALL = 2.96 x 1072 |

It should be emphasized that success in running non-dimensional calcu-
lations is directly dependent on the proper choice of non-dimensional input
parémeters. In other words all incidental code parameters such as zone
sizes, edit times, and activity stress, etc., must be put in the appropriate

non-dimensional form.



Dependent Variables Independent Variables
, And, in addition, non-dimensionalize

Nondimen - with respect to
sionalize ' ,
with Length X or Time t
respect z
to o* p* u* & x* : t* x* t*
Velocity uy, )

and 02 P u’ .!_;_. x_ tuy _X t
Density p, 0, Uz oy u ug Xy Xy Uty 1=
Stress o, X :

and o o u |Px SPy x t [ X [Pr £
Density p, oy Pr oy oy Xy Xr V Py tr V oy tr
Stress o, 2 N :

and o puy u < X tuy X £
Velocity u, o, O, u, u? Xr Xy Urty tr
Energy ¢, - | [ .

and o P 4 2 X EVéx X £
Density py préy Pr o &y Xy Xe tr\ &y ty
Energy ¢, '

and c pEy u £ X_ tyeér X ‘ t
Stress o, oy Oy Ey e Xy Xy tr\,é} ty
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*Quantities which have been non-dimensionalized.




APPENDIX D

SAMPLE PROBLEMS

This appendix contains three problems, providing)a sampling of the
options available in WONDY: spherical divergence of a wave from an expio-
sive source into a thick ghell, energy deposition into a plate, and plate
impact with subsequent spall; The record set required for each problem is
reproduced, foilowed by selected output for that problem. The number of
zones in each problem has purposely been kept small to allow printed output
to be inciuded. All problems are done with mks units (length - m, time - s,
density - kg/m3, stress - N/m2(Pa)).

The printed output from each sample problem has been edited down to
selected times to be representative of what the user can expect. ‘The plots
;re excised from a larger figure, and may not contain all of the information
the user will see upon executing this problem. As with the printed output,
the plots are meant only to provide a representation of the more extensive
output available to. the user.

1. Thick spherical brass shell containing a charge of PBX-9404 explo-

sive that is detonated at its center.

Det. \/
Point > <WPBX 9404

]
I

0.01 m (10 zones)

ny
I

= 0.04 m {40 zones)

Pt
[§1}
[¥8)
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U W N e

w

10
15
10
15
15
17
19
{EOR}
{EOR}
XPLOT
XDATA
XLABEL
YDATA

YLABEL

END

PBX~9404 Brass

Py = 1840 kg/m3 P, = 8450 kg/m>
Cqo = 8800 m/s Co = 3726 m/s
D = 8800 m/s ‘ s = 1.434
Y = 2.658 To = 2.04
' v o= 0.32
’ Yy : 0.2 GPa

Input file for Sample Problem 1, with plottihg instructions:

SAMPLE PROBLEM 1 - PBX9404 IN BRASS SHELL

3 2 10 1 3 5 1 1 15
1. OE-05 -1.0E+06 1.0E+06 0.0
0.0 1.0E-06 1.0
0.0 1.0E-08 1.0
1 2.0 20.0 0.01 |0.0005  0.0005
‘1 1840.0  8800.0 2.658  B8800.0 0.0
2 1.0 40.0 0. 01 0.00025  O. 00025
2 8450.0 3726.0 -
2 00 1.434
2 1.0 2. 04
2 10 2. OE+08
0.0 1.0E-06 1.0
B! 0 1 -0.005  0.G55 1
POSITION (() M)
a2 0 1 ~-1.0E10 7.0E+10

STRESS (() PA)

2.9

0. 32



CARD NO. LPHA NOH
2 3 2
CARD NO. TMAX
3 7 OOOOE-06
CARD NO. KT1
4 9. 5000E-01
STANDARD EDIT ’
CARD NO. 81
5 1. DOOOE -06
OUTPL
CARD NO. st
6 0. 0000E+00
OuUTN
CARD NO. 51
7 0. DOOOE +00
DUMP ,
CARD NO. 84
8 0. 0000E +00
PLOT VARIABLES
CARD NO. 1PLY 1PL?
23 9 8

| SAMPLE FRUDBLEM 1 - PBX9404 IN BRASS SHELL

NVAIR LHBT
10 1

DELT(4)
0. 0000E +00

K12
1. O500E+00

DELTY
1. OOOOE-08

DELT1
1. 00OOE -0&

DELT1
0. 0000E +00

DELT!
0. 0000E+00

IPL3
6

RHBT
3

-1

2

IPLA
?

LACT
9

SIGSEP
. Q000E +0&

B1
. 000GE +00

E1=82
2. 0000E-06

El=82
1. 0000E+00

El=52
0. 0000E +00

Elx32
0. 0000E+00

IPLS

%

NJOB NIL

1

4]
SIGACT
1. CO00E+06
B2
1. 0000E~O01L

DEL.T2

4. 0000E-06

DELI2
0. 0000E+00

DELTR2
0. 0000E+00

DEL1IR
0. O000E+CO

NOL. NUL
] 15

XZERD
0. 000QE+00

SIGMAX
1. 0000+100

Ea=53
4. 0000E -06

. EQ=83
0. 0000E+00

E@=53
0. 00COE+00

ERw»§3
0. OQOOF +00

MORE. J1APE
[»] o]

LBCN
0. 0000E +00

EMAX
1. 0000E +00

DFL T3
0. 0000E +00

DELT3
0. 0000E+00

DELT3
0. O00OE +00

DELT3
0. O0COE +00

NSTART
o

RBCN
0. 0000E+00

HMAX -
1. 0000+100
E3

O 0000&+00
E3

0. 0000E+00

E3
0. 0C00E+0Q0

E3
0. 0000E+00
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PLATEL 1

CARD NO
10

CARD NO
11

CARD NO

12

CARD NO
13

CARD NO
14

HIGH EXPLUSIVE
CARD NO
15

CARD NO.
16

CARD NO
17

CARD NO
18

CARD NO
19

R

n

INT AT X -

SIaTE
OOOOE+00

RITIME
Q000E+30

EZERD

. DOQOE+00

FCRI11

- 0000E+00

FCRITI

. 0000E+00

CES( 1)

. B400E+03

CES( 8)

. O00OE +00

CES(15)

. OGOOE+00

CES(22)

. O00QE+0Q0

CES(29)

. O000E+00

1. 0000F -02

NOME SHE S

2. 0000k +04§

DXMIN

. O000E +00

PLZERO

. 000OE +00

SIGMAF

. 0000+100

BIGMAIF

. 0000+100

CES( @)

. 8000E+03

CES( 7)

. O000E +Q0

CES(16)

. O000E +00

CES(23)

. 0000E +00

CES(30)

. 0000E +00

1

0.

RT INT A1 20NF

THICKNESS
. QO00E -02

DXMAX
0Q0Q0E +00

RZER(
. B40QE+03

FCONST

. 000OE +00

CONSTIL

. 0000E+00

CES( )

. 65B0E+00

CES(10)

. 0000E +00

CES(17)

. Q000E +00

CES(24)

. DO00E+00

CES(31)

. ODOOE +00

(4

21

DELTAX
0000E -04

RCCOMB

. OOOOE +00

SZERO

. O0QOE +00

SIGMAD

. OCO0E +00

SIGMAOL

. 0000E+00

CESt 4)

. B0O00E+03

CES(11)

. OCQOE +00

CES(18)

. 000QE +00

CES(29)

. O0COE +00

CES(32)

. 00Q0E+00

DELTAXY
5. O000E--04

RSCRIT
0. 000QE.+00

UZERO
0. O00CE+00

CESCt B)
0. 0000E+00

CES(12)
0. 0000E+00

CES(19)
0. Q000F+00

CES(26)
0. 0000E+00

CES(33)
0. D000E+00

XRATIO
0. 0000F +00

R2CO
0. 000OE +00

UZEROL
0. O000F +00

CES( &)
2. 5000E +00

CES(13)
0. 00OOE +00

CEG(20)
0. 000QE +00

CES(27)

0. 0000E +00

CES(34)
0. O000F +00

XGAP
0. OVVUVE+00

R2CI
0. 0OVUE+00

ZZERQ
0 000QE+0Q0

CESC 7)
0. OUOOE+00

CES(14)
0. 0000E+00

CES(21)
0. Q000E+00

CES(28)
0. 0000E+0Q0

CES(35)
0. 0000E+00



LST

PLAIE

CARD !

10

CARD
11

CARD
12

CARD
13

CARD
14

HYDRO-VAPOR-ELASY IC~PLAST IC

NGO

NO

NG,

NO.

CARD NO.

15

CARD NO.

16

CARD NO

17

CARD NO,

18

CARD NO

19

KT INT Al X ¢

STAVE
1 0000E+0D

RZTIME
1 0000E+30

EZERD
0. 0000E+00

FCRIT
. OQ0OE+00

b}

FCRITI

. 2. 0000E+00

CES( 1)
8. 4500E+03

CES( &)
0. O00OE+00

CES(15)
1 O000E+00

CES(2d)
0. 0000E+00

. CES{(29)
1. OC000E+QQ

. 0000F ~02

NOME SHES
4. 000VOE +01

DXMIN
1. 0000 +00

PZERO
0. 00DOE+00

S1GMAF
-=1. 0000+100

SIGMAIF
~1. 0000+100

CES( @)
3. 7260E+03

CES( 9)
0. 0000E+00

CES(16)
2. O400E+00

CES(2D)
0. 0000E +00

CES(30)
2. 0000E +08

RT INT AT ZONE

THICKNESS
1. 0000E-02

DXMAX
0. 0000E +00

. RZEROD
8. 4500E+03

FCONST
0. 0000k +00

CONSTI
0. 0000E +00

CES( J)
Q. 000CE +00

CES(10)
1. 4340E+00

CES(17)
Q. 0000E +00

CES(24)
0. 0000E+Q0

CES(I1)
0. 0000E +Q0D

3

61

DELTAX

. H000E--04

RCCOMB

. 0000E +00

SZERC

. 0000E +00

SIGMAD

. O0COE+00

SIGMADL

. O000E+Q0

CES( 4)

. 0O00E+00

CES(11)

. 00COE+QQ

CES(18)

. 0000E+00

CES(25)

. OQ0QE +00

CEB(3R)

. 0000E+00

DELTAXL
2. S000E.--04

. RSCRIN
Q. 0000E+00

UZERO
0. 0000E: +00

CES( )
0. 0000E+00

CES(12)
0. 0000E+00

CES(19)
0. 0000E+00

CES(26)
0. 0000 +00

CES(3D)
0. O000E+00

XRAT1O
0 0OOOE +00

RZ2CO
0. 0000E +00

UZERDI
0. 0000F +00

CES( &)
3. 2000E -0t

CES(1

0. O000E +00

CES(20)
0. 0000E +00

CES(27)
0. 0000E +00

CES(34)
0. 000QE+00

XCAP
0. OV00E+00

RZCt
0. OO0OE+00

ZZERO
0. CO00E+00

CES( 7)
0. 0000E+00

CES(14)
0. 00QO0E+00

CES(21)
0. OO00E+00

CES(28)
0. 0000E+00

CES(3%)
0. 0000E+00



A5l

SAMPLE PRODLE Y 1

CyCi e = a9

POGETION

3
10 0000t rou
2 95 &2YIE-04
3 1 JOHZE-OD
4 1 6B12E-00
5 2 1914E-03
6 @ 7357E-03
7 3 2829E-03
8 3 Ha71E-03
? 4 DIB9IE~-OD
10 4 B754E-03
t1 % 3A760E-03
12 8 as32e-~03
13 & J2BUE-03
t4 o 7937E-03
19 7 2369E~03
s 7 L&2BE~03
t7 8 0774E-03
18 8 8177-02
19 9 0004€-03
20 9 5000E-032

WOKK AT LBOUND
INTERNAL ENERGY
ADDED ENERGY

REL  ENERGY ERROR

Or e e bWl=-Nb~bd[ET

0. 000UCE ¥OO
0. 39787F +0%
0 00000k +Q0
0 00000E+QD

fimMg = 1 00874808
VELOCETY DENSLTY
QUG 100 O OU0OE FO0
76976400 1 2903E+0D
65 (HE400 1. 3600E+03
1 CHGE+00 §. O912E+03
DOLE+00 i. ausai:+03
B907E+01 1 4192E+03

. 4022E+01 1 409QE 03
&977E+01 i A1UDE+03
S240E+02 1. 4515E+03
1008E+02 1 5103£+03
714584+02 1 B77QE+0]

. 45176402 1 6894E+03
JOBLEHO2 1. 7300E+03
Q29LE+0T 1. B176E¢03
2813€+03 1. TRVOE #03
3393E+03 & 0475E+03
R6IAEF03 R, 1476E+0D
OUBRE+02 2 OL&IE+0QQ

. ABS%3E+0L 1. 2001E+00

. OOOOE+00 1. 8412E+0D

- PURYA0A IN BIASS SkELL

VIME G1EF = 2 91877608
SIRESS PRESRURE PHI

0. 0000CY00 0. 00DDE+OC 0. OOOOLE+00
B ?P43E+07 2 8409 -08 O 0000E+Q0
9. OABJE+Q? 8. S227E-08 0 0000E+00Q
9 OIRDEFOY 1. 42056 -07 2. ODOQE +00
9. QA37E+QT 1.780a€-07  ©. OU00E+QQ
9. 02BOE+09 2. 5B%8E-07 0. 0000E+0O0
8. 7255E+07  J.1200E-07  © 000UE+O0
8. B234E+09 3. 693TE€E-07 0. DOOOL+00Q
G J9LBE+D? A DLIAE-Q7 0. OO0OOE+O0
1. 0374E+10 4, B29DE-07 0. 0Q0QE+QO
1. 1601E+10 5, 39776 -07 O 0OCQE+D0
1. 30136410 9. F&89E-07 0. 0000I+00
1 47458E+10 6. BOALE Q7 0. OQO0CE+OD
1 47B9E+1Q 7.10236-07 - 0. 0000E+00
1 736DE+10 7. 470%E-07 0. 0000E+00
2. 2E50E+10 B, PIWLE-O07 0. VOOOE+00
2. 9963E+1Q 8. 8068E-~07 0. 0000E+00
1 QB6UE+IQ 7. 37IQE~CY 0. 00QOE+Q0
1. 4799E+09 9, 9437E-07 0. OOOOE+00
0. OO0O0E +00 1. OB11E -4 0. OOCOE+0OD
WORK AT RBOUND 0. ODDDDE+QC

KINETIC ENERGY
TOTAL MOMENTUM
REL. MOMENTUM ERROR

0. 2384A4E+0A
0. 44109E+0)
0. 00000E +00

POONPCUUAIIUNWLNEISD

LDY =

ENERGY

. GOCUESOD

1994E£+Q6
0103E «Q6
MITE«OS
Q783E+06
32056406
7827E+Q6
T6L7E+D4
F046£+06
14341E+06
4361E+08
7585E+08
1427E+06
54650E +06
O0749E+0b
730GE +06
RE42E +06
COAVE +0&
A139E+0b

. 3842E+0b

18

ART VISHC

0000E +00
11595 +07
QODOE+00
DLEIESOS
0000E+00
P2BIE+O7
B433E +07
0000E+00
0000k +00
DOLOE+00
0O00E +0O0
0000KE+00
OCODE+00
QOQOE+QQ
0O00E *0D
DOQOE+00
BB00E+08
738EE+09
. 263TE+OF
2 2301E+07

NIBOCOOOOOSOON~INGC»O

[¢)
4
q
q
'
'
4
4
'
4
4.
4
L]
'y
3
>
S
a
a
-

HND B8P

VOUOE +00
J0INE+OD
S 2090L+03
1919E+0)
. 13%LE 40
1193k +03
1.9 Y5 Sox]
. Q743E+03
14982E+Q4
C&TIE+03
4215403
B7PAE+03
78606E 03
FL22E+0Q
17S0E+0J
Q463 +03
[T 1- 33 SR oK}
. BOCVE+O3
. BO0OE+QY
. BO00E+Q]

-~

W rmemm e GNP RN =B D~

MASS
DOOUE+00
300DE~0?
6100F.~06
J700E 06
5100E~06
4030E-D9
Q¥30E-0Y
9R10E-08
8870E~0d
9910609
Q330E-0%

. 6130F-Q%

1310E-03
0787E~04
FVFE~04
451 3E--04
&4383E-08
8791E~04

. 117E~-04
. 36R1E~04



6st

SAMPLE PROUVLEM 1 - PHX9404 IN BRASH SHELL

CYLLE = 80 TIME = ¢ 0S712€--08 TIME B1EP -
L POSITION VELOCITY DENGITY STRESS PRESHURE
1 0 0000E+00 0 QOQOE+00 0 00GOL 00 0. 0O00E+00 0. GOOOE +00
2 5 6299E-04 8 2040E+00 1 2717E+03 8. J8BYE+09 2. (409E-08
3 't 1097E~-03 2. BI41E+00 1. 3549E+03 8. 9434E+09 . 8, S227E--08
4 1 &653%E-03 b H367E4+00 1. 83838E+03  B. B955E+09 1. AQ05E -07
9 2 1973%€-03 4. 3347E+00 1. 3979E+03 8. 89HOE+09 1. 9884E- 07
& 2 7405E-00 5. 4047E+00 1. 4071E+03 8. P0B8E+07 2. 5560E--07
7 3 2B15E-03 ~1. 2912E+00 1. 4172E+03 8. ?575E+09 3. 1210E -07
8 3 BR3GE-03 -2 4B97E+00 1. 4212E+03  B. 9637E+09 3. 4930E 07
7 4. 3639E-03 -5 452BE+00 1. 4RB87E+03 9. 010BE+09 4. D614E--07
10 4 9024E-03 -3 0708E+01 1. 4376E+03 9. 103BE+09 4. BR95E--07
11 5 4201E-03 -2 48IV7E+OR 1. 4B0QE+03 9. BO70E+09 8. 29776-07
12 5 9271E-03. -5 4443E+02 1. B7465E+0y 1. 1653E+10 8, Y599E-07
13 6. 4032E~-03 -7. 4938E+02 1. 6B12E+0] 1. 3929E+10 6. 5IKIE-~07
14 6 8718E-03 ~7 3768E+02 1. 7411E+03 1. BR19E+10 7. JOR3E--07
15 7. 3601E-03 ~4. 6441E+02 1. 6951E+03 1. 4031E+10 7. &705E-07
16 7 8B769E-03 -2 599BE+02 1. 6103E+03 1. 21976+10 8. DIALE-07
17 8 3990E-03 ~1. 3962E+02 1. 5980E+03 1. 1834E+10 9. 8040E-07
18 6 9311£-03 6. 0707E+01 -1, B473E+03 1. 1R33E+10 - 9. 3750E-07
17 9 4444E-03 1. 9677E+02 1. 5541E+03 1. C948E+10 9. 743DE-07
20 1. 0Q04E-02 3. D464E+02 1. D44BE+03 1. 0777E+10 1. O511E-06
21 1 0541E-02 4. B4BBE+02 1. D421E+0Q 1. 0806E+10 1. 1080E-06
22 1. 07%2E~02 4 BOBAE+02 9. 0373E+03 1. 0956E+10 1. OB22E+10
23 1 0943g-02 4. 7630E+02 9. 0704E+0] 1. 1324E+10 1. 1193€6+10
24 1. 1179E~02 4. 7149E+02 9. 0947E+03 1. 157QE+10 1. 143BE+10
25 1. 1394E-02 4. 738RE+02 9. 12SFE+03 1. 1980E+10 1. 1B47E+10
26 1. 1610E-02 4. 7097E+02 7. 1992E+03 1. 499E+10 1. 8368E+10
27 1. 1B2sE-02 A. 7147E+02 9. 1B09E+03 1.2015E+10 1. Q6B1E+10
28 1. 2044E-02 4. H4B3E+0R 9. 2212E+03 1. 3417E+10 1. JO4BE+10
29 | 2261E-02 4 B463BE+OR 9. 2704E+03 1 AQBLE+10 1. A243E+10
30 1. 2479E-02 4 9779E+02 9. 306BE+03 1. 4819E+10 1. ABPE+10
31 1 2698E-02 5. 0129E+02 ?. 3529 +03 1. 5681E+10 1. 5745E+10
32 1. 2916E-02 5, 1883E+02 9, 3BBAE+0D 1. 6275E+10 1. 6406E+10
33 1. 913%E-02 5. 2B953E+02 9. 4B0BE +03 1. 7602E+10 1. 7o21E+10
34 1. 33%4E-02. 9. 43B2E+02 9. 4795E+02 1. BOIBE+10 1. B169E+10
a5 1. 3%72E-02 9. S007E+02 9. 8504E+02 1. 9736E+10 1. 960%E 10
36 1 IV92E-02 4. 6173E+02 9. B294E+03 1. 9241E+10 1. M27C+10
37 1 401BE-02 2 B793E+02 9. 2B4LE+0] 1. 4R92E+10 ). 4158k +10
38 1 ARSBE-0R 9 F071E+0} 8. 901%E+03 7. 1609E+Q9 7, OR7DE+Q
39 1. 4VDLE~02 2. 0931E+01 8, DBPAE+OD 2. OITIE+09 1. 7008BE +09
40 1 4. 30E-02 6. B46FE+00 8. 47BIE+0D 5. Q721E+08 3, 93BEE+OH
41 1 BODOE-02 2. 040DE+00 B AY2E+0D 2. 0010E+0B 1. 27%66+08
42 & 8 30E-02 4 BIR4E-O} 8. 4UDSE+03 5. bLROE+Q7 I, 6170E+07
43 1 5B00E-02 9 1047E-02 8. 4%04E +03 1. 2BO0E+07 8. 1B49E+0s
44 | 575CGE-OR 1 274RE-0RQ 8. AYDIEYQT R RITIE+06 1. ABALE+OS
4% ). 6000E-02 O QOCOE+U0O 8. 4300E+03 2. 2BLVE+0Y 1. 6796E+0%

WORK AT LBOUND
INTERNAL ENERGY
ADDED ENERGY

REL. ENERGY ERRUR

0 OOOO0O0E +00

0. 41129 +05
0 00000 +00
O 00000 +00

WORK AT RBOUND

KINETIC FNFRGY

107AL MOMENIUM
REL. MOMENTUM ERROR

2. 85315E-08

PHI
. Q000E +00
Q000 +00
0000E+00
0000E +00

0000E +00
O00OE 00
0000E+00
. DDOOE+00
. GO0DE+00
. DOOOE+00
QO00E+00
0000E +00
0000E +00
0000£ +00
0000E+00
0O00E+00
0000E+00
0000E+00
. 0000E+00
. 0000E +00

000000000 0000000000G

(=

~==MATERIAL INTERFACE

-2. 0000E+08
=2, 0000E+08
-2. 0000E+08
~2. 0000E+08
~2. 0000E+08
-2. O000E+08
«7. A044E+07
~&. 3760E+07
1. 0984E+08
9. &4D99E+07
2. O000E+08
2. BRO3E+07
2. 0000E+08
-2. O000E +0B
~2. ODOOE+08
-2, 0000E+08
~&. 0D00E+N8
«2. OQ00E +00
=2, 000CE+08
=1, OBRIE+O8
=3. O6UEE+07
~b. HLIBE+OSH
~1. BRIAE+08
=%, 10%99E+04

0. 00000E+00
[+]
" 0. 31010E+0R
0. V0000E+00

B07602E+0A

OQ00E+00 -

LDT = 37
ENERGY ART VISC SND SPh MASS
0. 0000E+00 0. 0000E+D0 O QUOOE+NO  O. YOBUE+CQ
4. 1973E+06 0. O0DOE+00 = 4 2009F+03 2 JO00E-u?
3 9813E+06 . 0.0000E+00 4 1B887E+OX 1. 6100k~04
3. B771E106 0. OOOOE+OD 4. 12336E+0% 4. 3700E-04
9. BUYJE«O06 0. 0V00E+00 4 11233E+03 8. 5100F~064
3. B187E+06 0. 0000E+00 4. 1023E+03 | 4020E-0%
3. 8121E+06 3. 6BIBE+0& 4. 0987E+03 . 0930E-0%
3. BO40E+04 1. OL27E4046 4. 0944E+O3 2. 92105-0%
3.8039E+06 2. 4423E+06 4. 0943E+03 3. BE70E~0S
3. 8193E+06 4. 5950E+07 4. 1026E+03 4. Y910E-03
3. 9965E+06 . 4. A737E+08 4. 1947E+03 6. 2330E-05
4. AS81E+06 1.0871E+09 4. 4324E+03 7. 6130E-09
4. 7973E+06  ©. 56BAE+08 4. 692BF+03 9 1310E-0%
5. R721E+06 1.3756E+08 4. B202E+03 1 0787E-04
4. 7925E+06 0. Q000E+00 4. 690&4E+03 1. 2581F-04
4. 5626E¢06 0. Q000E+OD 4. 4B41E+03 1. 4%13E-04
4. 4740E+06 0. 00008+00 4. 4404E+03 1 4383E--04
4. 3326E+06 0. 0000E+00 4. 3647E+03 1 8791E-04
4. 248BE+06 0. 000CE+00 4. 3271E+03 2. 1137E-04
4 F0RIE+06 0. 0000E+00 4, 3034E+03 2. 3&621E-04
4. 2270E+06  0.0000E+00 4. 3160E+03 2. £243E-04
1. 19618405 0.0000E+00 3. 2B890£+03 ' &. 4973604
1. 115E+05  0.0000E+00 5 JOFOE+03 6. B2R1E~04
1. 0432E+05 0. QUOOE+00 3. 3222E+03 7. {S4BE~04
1. 0039E+05 0. 0000E+00 3. 3434E+03 7. 4954E-04
9. 92BBE+04 0. O000E+00 9. 3497E+03 7. BAGOE-04
9. 7692E+04 0. 0000E+00 5. 3B8%4E+03 8. 2005E-04
9. 98B6E+04 0. Q000E+00 5. 4193E+03 8. S649E-04
1. 0435E¢05 ©.O00OE+00 5. 4613FE+03 8. 9372E-04
1.0743E+03 0. 000GE+00 5. AP1RF+03 9. 3174E~04
1. 1277E+05 0, 0000E+00 5. 3312E+03 9. 70%6E-04
1. 14B1E+05  0.0000E+D0  §. 3612E+03 1. 0102E-03
1 1643E+05  0.0000E+00 5 6147E+03 1. 0304E-03
1. 3007E+05 0. ODOOE+00 5. 6NBAFE+0R 1. 091HE-O3
1. A291E+05 0. O000E+00 9, 4991E+03 1. 1338E-03
1. 3451E+05 S, 789RE+0B B 6791E+03 1. 1763E~03
8. B977E+04 1. 7431E+0% 8 4S77E+03 ), 2001E-03
2. S664E+04 1. 9367E+0% . . OB71E+0N 1 Re4SE~0D
2. J520E+03 9. 0R79E+08 4. 7671E+03 1. 3096E-02
1. 2597E+02 8, 9BL3E+D7 4. H80UEAOD 1, NSSAKE-OD
1. 4302E+01 1.BYP7E+Q7 A 6414E+0OT |, 4ORIE-0
1. 1998E+00 6. 0R09FE+06 4, 6347E+02 1 4498E-0D
D. 1866E~0R 1. 470BE+06 4 GURAE+OT 1 49QAE-02
1.76128-03 ). OORBE+05 4 S321E«D] 1 S473E-00
2. RB4ADE~05 3 V4A%4E+04 4 LIUOELOI | S972E-03
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SadPLE PROBLEM | ~ POX9404 IN BHASS SHELL

CYOLE

-
CLWND DU -

Pt e e s B e h e et e et Gv B B B T fan Dt e o e bt Beb pme e b b ke b e b g

SECreYONNP UL IUNN—- NG

= d14

POSITION
0000E+00
6156E-04
4841E-03
1734E-03
B35%54E~03
4733E-03
0872E-03
6952E-03
JORBE-OD
F133E-03
B209E-03
13156-03
7363E-03
3372E-03
F278E-03
3127E-03
0096E~02
0692E-02
1312€-02
1947E~0Q
26B1E-02

2B39E-02

. 3001E-02
. 3169E~-02

3342E-02

. A519E~-02

3701E-02
3887E-02

. 4076E-02
- 42467€E-02

44460E-02

. 46954E-02

4851E-02
5049E-02

. 924%9E-02

5451E~0a

. 96B5E-0R

S860E-02

. 4066E~-OR

6R74E-02
448JE-02
H6F3E-~02
&F0%E-02
7118E-02
7333€-~02
7948E-0a2
7745E-02
79HR2E-OR
BR01E-02
84Q1E~0Q
B4LAQE-0Q
BR&LAE -0
BOBKE-OR
FIL0E -02

{3 I

FREARBLSULDLUUWULASELBUGNTENND I D=

& o

000000000 e0000000000

F097¢8-08

PHI
0000E+00
0000E+00
0000E+00
0Q00E+00
0000E+00
Q000E+00
0000E +00
0000E +00
0000E+00
000QE+00
0000E+00
0000E +00
0000E+00
0000E +00
0000E+00
0000E+00
0000E+00
000Q0E+00
Q000E+00
00Q0E+00
O000E+00

MATERIAL INTERFACE

TIME = &. 00199F -06 1IME SIEP =
VELOCITY DENSITY STRESS PRESEURE
QO0OE +Q0 0 0000E+00 0. 0000C+00 0. BOOOE +00
H260E+01L 8. 2073E+02 1. 1622E+09 2. B409E-08
1102E-01 5 S949E+02 1 11926409 8. S227E-06
44601E+02 6. 244BE+0R2 1. R641E+09 1. 4L0%E -07
3224E+02 &. 7904L +02 1. 4512E+09 i. 96884E--07
O0VPSE+02 7. 3450€ +02 1. 6970E+09 2. 5568E-07

. FOAJE+02 7. 9345E+0R 2. 0141E+09 3. 1250E~-07
- 49%58E+0 6. 2909E +02 2. 2UJGE+09 3. 6932E-07
. O735E+02 8. 5268E+02 2. 39%4E+09 4. 2614607
. BOHO4E+OR2 8. 6BIBELOR 2. 423LE+0% 4, B8295E--07
. 684%E+02 8. BOY3E+02 2. 5471E+09 5. 3977&-07
. 30Q7E+02 B. F1346E+02 2. B907E+09 9. 659€--07
- Q2B4E+02 9. 10076402 2. 732BEr0? & H341E--07
. 0739E+01 F. 259FE+02 2. B414E+09 7. 1023E--07
. BO9SE+01 9. HRLAE+02 3. O3R2E+09 7. 8705E--07
. 7481E+01 §. 725BE+02 3. 18R3E+09 8. DIBLE-07
. RABBE+OZ 7. B518E+02 3. 276%9E+09 8. 80468E--07
- Q225E+02 7. 7QB3E+02 3. 16RTIEHO9 9. 3750E-07
. 3802E+02 9. 3917E+402 2. B703E+09 9. 9432E-07
. @9i8E+02 B . 8671E+02 2. 4UB7E+Q9 1. 0511E-Q6
. 1906E+03 8. 044A3E+0R2 1. 9R90E+09 1. 1080OE--06
. 1447E403 8. 4288E+03 1. 244 1E+09 1. 1106E+09
. 132BE+03 B. 3745E+03 2. 9053E+08 1. 5720E+0B
O943E+03 8. J078E+03 - -7. 7651E+08 -9, 0YBAE+08
OS2BE+03 8. 2307E+03 -~1. F084E+09 ~2. 041BE+09
O100E+03 8. 1605E+03 -2 6817E+09 ~3. 0151E+09
S5995E+02 8. 100BE+03 -3 &779E+09 -3, 8113E+09
. OO1BE+02 8. 07D0E+03 -4. 0761E+09 -4 ROFSE+09
3280E+02 B OB00E+03 -4. O228E+09 -4. 1561F+09
6697E+02 8. 1018E+03 -3. 7984E+09 -3, 9317E+0%
O66BE+O2 8. 1370E+03 ~D. 4040E+09 =3. 5373E+09
S027E+02 8. 16465E+03 -3, 0739E+09 -3. 2072E+09
CO4E+02 8. 1864E+03 -2, BSSZE+09 -2. FHBLE+09
SBA3E+02 B 204E+03 -2. b645E+09 -2, 7978E+0%
2324E+02 8. 2RPLE+03  ~2. AIP7E+09 -2, HYIOE+09
F27%E+02 8 D40TIH03 -2 2330E+09  -2. 3544E+09
GORFE+02 8. R6P4E+0] -1, 9971E+09 -2, 1304E+09
4307E+02 B. 2BR1E+03 -1, 7632E+09. ~1. B964F+09
2242E+0R 8. 3004E+02 -1. 5434E+09 ~1. &767E+09
03FAE+02 6. 3167E+03 -1, 3465E+09 =-1. 4A799E+09
8729E+02 6. JJIPE+03 -1 1719E+09 ~1. 304BE+09
7RI0E+02 8. JMAPE+Q3  ~1. Q1R26E+09 ~1. 145FE +09
SB70E+02 8. 3D60E+03 -8, 4870E+08 ~1. QORE v09
4635E+02 8. JL4ALEY03 -7 A411Q2E+08 ~B, 744S5E+0B
3507E+02 8. A75BE+03 -4, A79BE+0B8 -7, 6131E+08
R477E+0% 8. 3BUTE+03 ~5. 2BYSE+OB -6, KRARBE+0B
1935E+0R 8. 3907E 03 -4, 4344E+08 =8, 7497E+0R
0bLH7E+QR 8. 3967E+03 -3, 7337E+08 -8, 0671E+08
P86 IE+QR 8. 4013E+03 -3, 1894E+08 -4, HLRPFE +0B
. 2109E+02 B 4047E+03 2. 7920E+08 -4, 1201E+Q8
! B410E+02 B J075HE+03 -2, 4999E+08 ~3. QUIDT w08
7763E+0Q B. 4097E+03 ~ -2. 2715E+08 -3 &048E+0B
71546F +QR 8. 4114E+03 -2 0B49E+0B -3 ALUDE+OB
4H4HSE QR B. 4134E+00 -1 G74NE+0B =3, QOVLE +OH

-2

-2,
-2,
-2.
-2
-2.
-2.
-2.
~2
-2.
-2
-2.
-2
~-2.
-2.
-2.
-2.
-2,
-2
-
-2,
-2,
-2,
-2,
-2
=R
-2
~2.
...;).
.

-

-lt

L.
":.'.

. DDOOE+08
0000E +08
0000E+08
0000E+08
0000E+08
0000E +08
0000E+08
0000E+08
0000E+0B
0000E+08
0000E+08
0000E+08
0000E+08
0000E+08
0000 +08
0000E+08
0000E +08
0000E+08
0000E+08
0000E +08
00Q0E+08
O000E+08
0000E +0B
0000E +08
0000E+08
DOOOE+08
0000E+08
0O0DE +08
0000E+08
0000E+08
0000E+08
000VE+08
‘0000 +08

é-—--r-----—--r-r-!J!JnJNJEJp§J§l§J§'§'9!l§lﬂlﬂlh‘:W

labadadad * N e i e N N R ~]

LDT = a2
ENERGY ART VISC SND SPL MAGS
-0000E+Q0  0.0000E+00 O 0OOGE+ID. O OOOOE+00
3461E*06 0. 0000E+00 2 4356E+03 2. 3000E-07
1853E+06 7. AQIBE+06 & 28DBE+03 . 1. 6100E-06
. 2209E+06 1. 303%E+08 2. 3196E+03 4. 3700E-06
. PE0E+08 1. 2420E+08 2. 3BI4E+03 . B100E-06
. A7059E+04 1. 2207E+08 g.479|ﬁ+03 1. 4030E-0%
. S310E+Q6 4. 0852E+07 . B975E+03 2. 0930E-0Y
. &176E+08 1. 1133E+07 2. 6700E+03 2 9210E-0Y
. b6LI1E+06 3. S840E+06 2. 7097E+03 3. 8870F <08
. GBBEE+06 6. 6319E+06 2 7281E+03 & 9910E-0S
. 7380E+06 5. 1639E+06 2. 7675E+03 6. 2330E-0%
7530E+04 0. 0000E+00 2. 7794E+03 7 &6130E-0%
.B8111E+06 0. O0D0E+00 2. 82%2E+03 9. 1310E-08
B507E+04 0. O000E+0D 2 B%59E+03 1. 0787E-04
7199E+06 0. 0000E+00 2. 908BE+03 1 2381E-04
P73VE+06 0. 0000E+00 2. 9491E+03 1. 4513E-04
- Q042E+06 0. O00DE+00 2. 9734E+03 1. 6583E-04
. 7606E+06 0. 0000E+00 2. 9394E+03 = 1. 8791E-04
.B433E+06 0. 0000E+00 2. B501E+03 2. 1137E-04
. 6703E¢06  0.0000E+00 2. 7131E+03 2. 3621E-04
- 4427E+06 0. CO0OE+00 2. S215E+03 2. 6243E-04
. 1665E+04 0. 0000E+00 4. 6944E+03 6. 4973E-04
. 0053E +04 1. 1593E+407 4. 6269E+03 6. B2R1E-04
. 1162E+04 4. O204E+07 4. S47BE+03 7. 1548E~0A
. 5704F+04 5. A768E+07 4. 4593E+03 7. 49S4E-04
3178E+04 6. Q526E+07 4. 3793E+03 7. BR40E-04
RUGFE+04 9. FIBRE+07 4. 3110E+03 8. 2005E-04
0699E+04 1. S622E+08 4. 2763E+03 B. 5649E-04
7653E+04 2, 1114E40B 4. 2B21E+03 B. 9372E-04
4191E+04 2. 143%E+0B 4. 3031E+03 9. 3174E-04
0303E+04 1. 9354E+08 4. 33BBE+03 9. 7054E-04
6886E+04 1. 8180E+0B 4. 3681E+03 1. 0102E-03
4099E+04 1. S039E+08 4. 387SE+03 1. 0S0&4E-03
1610E+04 1. 1B52E+08 4. 4042E+03 1. 091BE-03
FR92E+04 9. 1616E+07 4. 4219E+03 1. 133BE-03
7123E+04 7.1797E+07 A 4ALZE+03 1. 1765E-03
. 3150E+04 S. 7277E+07 4. 4609E+03 1. 2201E-03
. 3371E+04 4. &314E+07 4. 4B03E+03 1, 264%E~03
. 1781E+04 3. BUBIE+07 4. 4982E+03 1. 3094E-03
. Q371E+04 3. 15176407 4. S141E+03 1. 35%6E-03
7125E+04 2. SBHEE+07 4. B2ERL+0Y 1, 4023E-023
BO0BE+04 2. 1179E+07 4 B409E+03 1, 4498E-03
. 7006 +04 1. 726RE+07 4 3DQARE+0I 1, 49E2E-03
LOF4E+04 1. 3793E+07 4. S620E+03 1, ¥W47IE-03
. UR76E+04 1. O9B3E+07 4. B71RE+03 1. 997RE-03
. ABGOE+04 8. IBP4E+04 4, B7BE+03 ) LA479E-03
L A93RE+04 6. 0778E+06 4. DBYSE+03 1, 4994E-0U
. 33D6E+04 4, Q704E+400 4 B910E+03 1 7517E-03
. BYGE+O4 2, BBR1E+06 4 BB O3 1 BOAVE~O3
F915E+04 1. 66A7E+046 4 HBOEAOD 1 83N6E-0Y
L 190BE +04 B QUORE+OS 4 HOOAE DN 1 9133E~03
L AB0LE+0A 0. Q000E+00 4 H0ME O3 1 W48YVE-03
L 1197E+04 0. 0000L+00 4 QOIVE U D 0PBOE -0
. O7279E+04 0. 0000E*DD 4 H0vEC+ull 2 OBROE-0I
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SAMPLE PROBLEM | - PBX9404 IN BRASH SHELL

CYCLt

L
99
o4
87
S8
99
&0
(3}

WORK
INTER

= 214

POSITION
FHI%E 02
S 760E-02
FIB7E-02
0214E-02
0442€-02
0670E~02
0a99E~02

BI R RS B v pe e

AT LUOUND
NAL. ENERGY

ADDED ENERGY

REL.

ENERGY ERRUOR

TIME = & 0019706

VELDOCITY
5980E +02
3400E+02
48258 +02
4261E4+02
I713E+02
J187E+02
261E+02

Qs oEm

O 00000E +00
Q. 18790E+0%
0. 00000E +00
0. 00000E +00

DENSITY

4100 +0Q
. A180E+03

AR07E+03
4231E403

. 4258E+«03
. ARFLE+03

435BE +03

TIME SIEP =
S1RESS PHE SHURE
=1 &306E+08 -2, 9639E 10
~1. 3859E+08 <2. 7192E+04
~1. 1RPEE+0B -2 4602E+08
~8. B211E+07 -2, 2I154E+08
=& JI2HE+O7  ~1. 96LLE+OH
~3. B300E+07 -1, 7163E+08
~1. 23746E+07 1. 4571E+08

2. 69097£-08

PHI
~2. 0000E+08
-2. 0000E +08
-2 0000E+08
-2. 0000E+0D
~2. 0000E+08
~2. 0000E +0B
~2. 0000E+08

- emm -=MATERIAL INTERFACE

WORK AT RBOUND
KINETIC ENERGY
TOTAL MOMENTUM
REL. MOMENTUM ERROR

0. 00000E+00
0. 3039CE+0%
0. 10649E+03
0. O0O00E +00

NPBBII -

LDT =
I-NERGY

. Q276E+04
. 8290E+03

JO12E+03

. 7580E+03

0329E+03

. 4169E407

F707E+03

22

ART VIS(

. QUOOE+00
. O00OE+00
. 2BO2E+0%
736SE+09
7225E+08
. 8313E+05
. 7322E+04

N=QR=CO

Y Yy ¥y

SND 8PD
SO078E103
6OFSE+QY

- 611%5E+03
. 6135E+03
- 8158E+0]
. 6178E+03

&205E+03

MR RRRR N

MASH
13968E-03
1984E ~03
2979E-03
3181E-03
3791E-03

. 4409E-03
. 5024E-03
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STRESS (10'° pa

PA)

STRESS (10'°

STRESS (10'% pA)

25.
20.
15.
10.
5.0

'SAMPLE PROBLEM 1 ~ PBX9404 IN

l

TIME=.100S7E-05S

5.0 15. 25.

TIME=.20271E-0S

i l‘ 1 1 1

1T

¥ T { T

5.0 15. 25.

TIME=.300392E-05S

1 o $ | i

.0

5.0 15.
POSITION (107° M)

23.

PA)

STRESS (10' PA)  STRESS (10'? pA) STRESS (10'®

STRESS (10'° PA)

20. | TIME=.40239E-05
15. |
10. |
5.0 | r_//’“‘*
0.0 |
-5.0 F
-10. S S
-5.0 5.0  15.  2s.
1s. | TIME=.50082E-05
10. }
5.0 | /,_//’/—‘
0.0 b
-s.0 |
-10. SIS E— -
-5.0 5.0  15.  25.
15. | TIME=.60020E-05
10. F
5.0 |
0.0 f ”’—~’~\\/,——
-5.0 '
-10. NSNS P S
-5.0 5.0  15.  25.
15. b TIME=.70119E-05
10. +
0.0 r [\\_N\\"
-5.0 L
-10. NS VR
-5.0 5.0  15. 25,

BRASS SHELL

POSITION (10> M)



2. Energy deposition in a thick aluminum plate.

3
A3 :
\
a=>0.0lm ) \ Aluminum
(50 zones) \
. \‘ x
a/s

Triangular deposition of energy, €5 = 1.0 (106) Joules/kge.
Deposition time = 1 ns

Aluminum

Py = 2785 .kg/m3 (Fracturersuppressed)
Co = 5355 m/g ' :

s = 1.345

I'p = 2.1

v = 0.333

Yo = 75 MPa

Input file for Sample Problem 2, with plotting instructions:

SAMPLE PROBLEM 2 - ENERGY DEPOSITION IN ALUMINUM PLATF

1
2 1 1 11 3 3 .25 1 1 15 1
3 5. DE-06 1. 0E-09 -1.0E+06 1.0E+06 0.0
5 0.0 0. SE~-06 1.0 :
& 0.0 1. OE-08 1.0
10 1 1.0 S0. 0 - 0.0t 0. 0002 0. 0002
15 1 2785.0 5355. 0 : 0. 333
16 1 0.0 / , 1. 345
17 1 2.0 2.1 -1.0
19 1 1.0 7. SE+07
{EORY '
31 1.0E-09 0.0 ‘
38 2 0.0 1. 0E+0&6 0.002 0.0
{EOR>}
{EOR?} \
XPLOT 0.0 0. 1E-06 1.0
XDATA : 1 0 1 -0. 002 0.04 1
XLABEL POSITION (() M)
YDATA 4 0 1 -0.3E+10 1. 7E+10
YLABEL STRESS (() PA)

END

163
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BAMPLE PRUBLEM o -

ENERGY DEFOSITION IN Al UMINUM FLATE

CARD NO. LPHA NOP? NVAR LHWY RHBT LACT NJUB NIL NOL NUL MORE J1APE NSTART
2 i 1 1 3 3 25 1 0 0 15 1 [+] Q
CARD NO TMAX DELT () S1GSEP SIGACT XZERO LUCN RECN
3 3. 0000E ~0&6 1. 0000L -09 1. QO0O0E +0&6 i. 00Q00E+0& 0. 0000E+00 0. 0000 +00 0. O0UOE+0O
CARD NO WT1 KT2 B1 82 SIGMAX EMAX HMAX
4 .9 5000E-01% 1. OS00E+00 2. 0000E+00 1. 0000E--01 1. 0000+100 1. 00COE +00 1. 0000+100
BTANDARD EDIT
CARD NO. S1 DELT1 EJ=52 DELTR E2283 DELT3 €3
S 1. 0000E~06 1. O000E-06 2. 0000E -06 0. 000OE +00 0. 0000E +00 0. 0000E +00 0 0000E+00
OuUTPL
T 51 DELTT E1=62 DELT2 Ea-63 DELT3 E3
) 0. 0000E+00 2. O000E -07 1. 00QOE +00 0. 0000E +00 0. 0000E +00 0. 00Q0E+00 0. CO00E+00
OUTN ¢
CARD NO. S1 [ELT! El=89 DELT2 ER=853 DELT3 E3
7 0. O0Q0E +00 0. 0O000E+00 0. D00QE+00 0. 0000E +00 0 O000E+00 0. 0000& +00 0. O000E+00
DUMP ’ .
CARD NO S1 DELT1 E1=82 DELTZ E2=53 DELT3 "E3
8 0. 0000E +00 0. 0000E+00 0. 0000E +00 0. QOOOE+00 0. 0000F +00 0. 0000E +00 0 0000E+00
PLOT VARIABLES
CARD NO. 1PL1L IPLR IPL3 IPL4 1PLY
23 9 ] [} ? 2



S91

Lart 1

CARD ND
10

CARD NO
11

CARD NO

12

CARD NO

13

CARD NO
14

HYDRO-VAPOR-ELASTIC-PLASTIC

CARD NO.
15

CARD NO.
16

CARD NO
17

CARD NO.
18

CARD NO.
19

RT INT AT X =

STATE
1 OOQOE+00

RZTIME
1 CO00E+30

EZERD
0. 0O000E+00

FCRIT
@ OO00E+00

FCRIT!
2. 0000E+00

CESL 1)
2 7850E+03

CES( 8)
O 0000E+00

CES(1D)
2. 0000E+00

CES(22)
0 O000E+Q0

CES(2%)
1. 000QE+00

1 0000F -02

9

"

0.
-1.

_l_

NOMEUHES
GOOOE +O)

DXMIN

. Q00CE +00

FZERQ
0000L +00

S16MAF
0000+100

SIGMALF
0000+100

CES( )

. A500E+0]

CES( 9)

. D0OOE 00

CEG(16)

. 1000E +Q0

CES(23)
0000C +00

CEG(30)
S000&+07

R1 INT A1 20NF

THICKNL 8%
1. COOOE -02

DXMAX
0. 0000E +Q0

RZERU
2. 7850E+03

FCONST
0. OOOOE +00

CONST]
0. 000QE +00

CES( 3)
0. 0000E +Q0

CES(10)
1. 3450E+00

CES(17)
~1. O000E 00

CES(24)
0. 0000E+00

CES(1)
0. 00D0E +00

51
DELIAX

. ODOOE -04

RCCOMB

. OOOOE »00

SZERO

. O000E+00

S1GMAD

. OOO0E +00

SIGMACL

. O0Q0E +00

CES( &)

. 0OOOE +00

CES(11)

. 00Q0E+00

CES(18)

. 0000E+00

CES(2%)

. O000E+00

CEB(32)

. 0OQOE+00

DELTAXS
2. 00N0E--04

RSCRIT
0. 0000L +00

UZERD
0. 0000t +00

CES( %)
Q. 0000E+00

CES(1)
0. 0000E+00

CES(19)
0. 0000k +00

CES(26)
0. 0000E+00

CES(33)
0. 0000i:+00

XHATIO
0. 0O00E 0O

RICO
O: DOVOE +00

UZERDL
0. ODOOE +00

CES( &)
3. 3300€ -01

CES(13)
0. 000GE v00

CES(20)
0. 0OLOF +00

CES(27)
0. 0000E +00

CES(34)
0. 00COE +00

XGAP
0 ONOOE+Q0-

R2C1

0. OOUQE+00

22ERD
0 00LOE+00

CESt 7)
0. 000CE+00

CES(14)
0. O0GOE+00

CES(21)
0. O000E+00

CFS(28)

0. OVOOE+00

CES(3Y)
0. CO00E+00
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ARBITRARY ENERGY DENSITY FROFILF DAYA

TIME DUHATION OF ENFRGY SOURCES 0. 100E -08
INPUT AHSORBED FLUX 0 000000t +00
ACTUAL ABSORBED FLUX 0. 278500 +07

NO OF POINTS IN ARBITRARY DEPDSITION PROFILE

‘ ARB]TRARY NORMAL 1 ZED
POSITION ENERQY DENSITY ENERGY DENSIY

-0. 0000E+00 0. 100E+07 0. 100E+07

0. 2000€-02 0. 000E +00 0. 000K +00

ENERGY DENSITIES FOR PLATE 1

. 950E+06 3 0O B50E+046 4 0 730E+06 o
. 350E +06 9 0. 250E+08 10 0. 130k 08 11
O0OE+00 15 0. O00E +00 14 0. O00E +00 17
000E+00 21 Q. O00E+00 22 0. O00E+00 23
Q00E +00 27 Q. O0OE+00 28 0. O00E +00 29
. 000E+00 33 0. 000E+00 34 0. 000E+00 35
Q00E+00 39 0. C00E+00 40 0. 000E+00 41
000E +00 4% 0. O00E+00 46 0. O00E+00 47
000E+00 51 0. 000E+00

ooocecoooo

. bU0E 06
. SO0E +05

000E +00
000E +00
000E +00
O00E +00
000§ +00

. OO0E +00

oocecoo00

S35CE+08
OO0 +00
O0CGE+00
000E+00
000E +00

. QOOE+00
. Q0QE +00
. 000E+00

13
19
25

37
43
49

o0

000000

. A50E+06
. D0OE+00
. Q0OE+00
. O00E +00
. O00E+00
. COOE+00
. 000E+00
. O00E»00



SAMPLE - PROULEM o

CYCLE = 282
L POSITION
1 -8 Q703€-003
2 1 3406E-04
3 3 47)13£-04
4 5 SB&4IE-04
5 7 6BYIE-04
6 9 76HOE-04
7 1 1837€-02
8 1 188%E-03
9 1 5927€-03
10 1 79%0€E-03
11 1 9959E-03
12 2 1960E-03
13 2 3961E-03
14 2 5963E-03
15 2 794%E-03
16 2 99&9E-03
£7 3.1975€-03
18 3 398%E-03
19 3. 6000E-03
20 3. 8023E-03
21 4 0054€E-03
22 4. 2096E-03
23 4 4146E-03
24 4 620%€-03
25 4 B261E-03
26 % 0301E-03
27 5. 2319E-03
28 5. 4316E-03
29 5 4294E-03
30 S5 #261E-03
21 6. 022%E-03
32 6 2189E-03
33 6 4313B1E-03
34 & H113E-03
35 6 80BOE-03
36 7 Q0%4E-03
37 7 20346E-03
38 7 4024E-03
39 7 &4O018BE-02
40 7 BO13g-03
41 8 O0010E-03
42 8 2Q0BE-03
43 8 400%E-03
44 B 6003E-03
4% 8 BOORE-0D3
45 9 0001E-03
47 9 2000E-~03
48 9 40QUUE-03
49 9 4000E-03
50 9 8000E-03
S1 1 Q000E-02

X VA Ry g Vg S

WORK AT L DOUND
INIFRNAL ENERGY
ADLED ENERGY

L971

1
o

CNmUNTD—~——gy

[}
—

I S T O I I |
VNP~

' U
27 R

CUPRN-UNNTRI-NUUNS=~CIDS

TIME =

VELOCITY
F910E-02
6U81E~0)
4962E-01
QUI83E +00
1980E+00
0933E +00
2218E-01
7684E-01
S397€-04
7991E-01

. B474E-02
. Q210E-01
- Q417E+00
. 2199E+00

4834E+00
1458E+01)

. 0B63E+0L
. 4363E+0)
. 2333E+014
- 1864E+01
. 9319E+01
L R410E+02

4445E+02

. B243E+02
- 1362E+02
. 0098E+01
. 01138E+00

F56FE+OL
37689E+01
7314E+0)
4F81E+0)
06D0E+02
0B&L4E+OR
602B8E+0}
6514E+01
SR73E+01
H286E+0)
2I26E+04
3999E+01
9907E+00

. B19BE+00

0711E+00
OHZ0E+Q0
3R04E+00
3088E+00
HF6LE+00
1934E-01
5614E-01
S8H3LE-02
0225E-03
0000E+00

NHBRNRRINNRNRRNNNRNNNARRNNNNUNNNNNSRNNNNR NSRRI RGN C

1 02303k -0&

DENSITY

Q0LOE +00
SP36E 03
6141E+03

&P35E€ +03
7133E+03
7332k +03
7542E +03
7731E+03
7832E+03
7833E+03
700'9E+03
7Q/0E+03
7001E+03
7743E +03
7710E+03
743688 +03
7538E+03
7424E+03
7_277E+03

. 7169E+03

7040E+03
7008E+03
7312E+03
7597E+03
78790E+03
B155E+03
BJ19E+03
B8357E+03
BIGLBE+03
G397E+03
8371E+03
831 4E +03
BR13JE+03
B810%E +03
BO12E+03
7947E+03
. 790%E +03
7892E+03
70USE +03

. 76B4E+03
. 7879E+032

7B71E+03
7B53E+03
2857E +02
7653E+03
. 76518+03
. 7050€ +03
. 7050E4+03

6339E v03
. 6938E +03
. &734E+03

NN )
Ll T T Ny XY AN TRAY TROL Y

11
PN Ore et I N0 e @) N~

© ENERGY DEFDSITION IN AL UMINUM PLATE

TIME SIEP =
STRESS PRE SHURE
. 0000E 00 0. GOOOE +OO
OROIEFOS -4 3BUSE +O7
S107E+07 -3 P5B2E+07
1792E407 -2, S867E+07
 1064E+07 1. BRTDE +07
. 6135E+07 -1, BE&YE+07
. 1025E+07  -B. 9753E+06
[ G9F4E407  ~1, J006E+07
35B7E+07 -f. 6413E+07
89136407 -2, 1087E+07
. 9SBUE+O7 -3, 0ALIE+0?
76HOE+07 =3, 2I20E+07
YBI0E+07 -3. 0170E+07
. 79D97E+06 -4. 4247E+07
. 044BE+07 - ~7. 0448E+07
. 4471E+07 -1 P447E+0B
.B31RZE+08  -2. 3D12E 08
. 3073E+08 -3. G273E+08
. 3651E+08,. -5 BLS1E+08
 1416E+08 -0, 64146E+08
. 1RY0E+09 -1, 1790E +09
. B262E+09 -1, S76RE+09
.B139E+09 ~1. B63IVE+09
. 1667E+09 -2, 1497E+09
1325E+09 -2, OB2SE+09
. B360E+Q9 . ~1. 4BGOE+09
. S4B4E+08 ~7. 0LBAE+OB
. 7034E+07 1. P703IE+0B
. A406E+08 8. 9405E+08
. B377E+09 1. 3877E+09
. A6RLE+09 1. S034E+09
. A679E+09 1. SOBLE+09
. B673E+09  |. 42BEE+09
65426409 1. 4OANE+O9
. 4275E+09 1. 3775E+09
. 114%E+09 1. 0443E+09
. 92EQE+06 7. APBOE+08
. 1992E+08 4. 4992E +OR
2970E+08 2, 7920E+00
.ROBIE+0B 1. 7051E+08
. 7031E+08 1. POJAE+08
3312E+08 1. 031RE+0B
AB39E408 9. 4913E+07
. 2%01E+08 B, 3314E+07
 1710E+07 &, 11215407
. D76BE+07 3. 721DE+07
. BOZ3EF07 1. B711E+07
[ 14B9E+07 7. BOBLE+06
.OB14E+0& 3. 73D&E 04
. DOSOE+0&  &. 7B11E+0%
.BL19E404 4, BEDE0A

0 QOO0 +O0
O @7379F 07
0 000001 +00

& 43427F -08

[+]
-6
7.
~7.

-7.

-7
-7.
-7.
-7.
-7.

-7,

-7
-7
-7.
-7.
-7
-7.
-7.
=7.
=7.
-7.
-7.
=7.

BENNNNNNPD

-3
-7.
~7.
~7.
~7.
-7
~7.

-7.
-7,

7.
-7
=6,
-4,

-
=9
-2

=4,
R,

P
00D0E +00
4351 +07
1934E+07
118BE+07
4003E +07
B000E+07
SO000E +07
S000E +07
S000E+07
S000E+07
S000E+07
S000E +07
$Q00K +07
S000F +07
$000E+07
5000E +07
SOO00E+07
SO00E+07
S000E+07
5000E+07
S000E+07
S000E+07
S000E+07

. B448E+07
. SO00E+07
. B000E+07

S000E+07
S000E+07
S000E+07
SO00E+07

- 1160E+07
. 6489E+07 .

7627E+07
SO00E +07
S000E+0?7
S000E+07
BO00E+07
B000E+07

B000E+07 .
5000E +07

3000E +07
SO00E+07
27020E+07
2SIAE+07
S8R7E+07
7B33E+07
3983E+07
BRORE+06
ORDIE +0s
90373E+05
AXATE+DA
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MATERIAL INTERFACE

WORR AT RBOUND
KINETIC ENERGY

10EAL. MOMENIUM

0. 00000L +00
0. 4D993E +0%

-0. 150560 -03

S P NAAN NP e NUAUNRNNINUN =N USRI ENDD

NeRYmsmpULsOne -

LDT =

LNERGY

. 00O +00

- 71108405
. 0063E +0%5
- 1146E4 08

2216E+0Y
3103E+09
3793E+05
4364E+05
A8L2E +0Y
S511E+0%
2B863E+04
OO06E +03
F696E+03
F063E+03
7875E+03
7817E+03
B072E+09
8543E+03
228BE+03
0315£+03
3434E+03
BUO7E+03
U166E+04
3015E+04
PR3T0E +04
S5046E+03
2443E+03

. 18RQ0E +02

A4403E+03
&805E+03
3261E+03
3329E+03
1101E+03
J374E+03
4793E+03
7729E+03
A4173E+00
0514E+CQ
OR1DE+OR
A2J3E+01
9439E+01
4B74E+0)

‘REVIE+DL

4916E+01
3208E+01
FI07E+00
PBTUE+00
FOLPE-01
IROBE-OR
HBUIE~0D
9689E-06
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ART VISC

0000E +00
0000E+00
0000E+00
Q000E+00
0000E+00
7903E+09
6F92E+0Y
9402E+04
S5105E+05
130BE+0%
. B8B1E+0S
. 24312E+06
1714E+08
7943E+06
. 0603E+08
1248E+07
7379E+07
6G902E+07
55776407
. 8640E+07
&009E+07
91681E+07
Q074E+07
412BE+07
0000E+00
0000E+00
Q000E+00
. 0000E*00
. O000E+00
0Q00E+00
393BE+0%
0000E+00
Q000E +00
A978E+07
1379E+07
S029E+07
9419E+07
7993E+07
&108E+QY
8R90E+08
7291E+08
1736E+0%
BRI7E+04
2530E+0s
7R6AE+0s
. FI7LE+OS
L T971E+06
487LE+0%
, A649E+0Y
. 1R99E+08
7. A07E+03

UNNamoOOOC

COOO0O PABWUNN = mmmn

NmNwssNOOD

1 I3 T T Y T

P CO0COOPODRODPOCCDO00D0D000DPO0000P0DOPO0EC0D

SND GPD
0000k +00
2763k +03
- 30467E+03
33%eE +03
651E+03
3943E+03
4241E+0Q
. A9U9E+03
48208 +07
5113E+03
. 3404E+03
5556E+O3
S999E+03
3539E£+03
SS03E+03
542B8E+03
. 527S5E+03
50%4E+03
1773E+03
A4369E+03
3903E+03
3301E+03
RES54E+03
2400E+03
2508E+03
J441E+03
4603E+03
3783E+03
6814E+02
7438E+03
7606E+03
7609E+0Q3
7765E+03
7734E+03
7A45E+00
7041E+Q3
&418E+O]
6RBNE+OD
4994E+0U
SB845E+02
8776E+00
. D7OUE+OQ
. B744E+00
. B723E 03
&, Y694E+0QI
6. D66I1E+OD

6. B436E+0D .

& B6RIE+O3
6. DSINE O]
6 D611E ]
6 B6LOE 0D

S R L L T R R P R R T T R TR rp

VPO RRPIRAI PR TSRV EPD

MASS

. 0000E+Q0

3700E~-01
5700E~0)
3700E~01
5700&-01
3700E~01
5700E-01
Y700E-01
5700E-01

5700E-01
3700E-01
5700E-01
5700E-04
5700E-04
5700E-01
$700E-01
5700E-01
$700E-01
8700E~-01
$700E-01
S700E~01
5700E-03
5700E-01
5700E-01
B700E-01
$700E-01
5700E-01
5700E-01
5700E-01
5700E-01
3700E-01
3700E-01
3700E-01
5700E-01
8700E~01
5700E-01
$700E-01
$700E-01
3700E-01

. $700E~01

$700E-01
5700£~01
S700E~01
9700E-01
B7008-04
B700L-01
$700E-01
$700E-~01

- 7008 -01
. B700E~Q1

5700E-01
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49
50
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SAMPLE FRUBLEM 2

LF

¢
343

1

= 32

3

POSITIUN
1797€--0Y
J296E-04
4508E-04
S5760E -04
67 96E-04
7997E-04
1828E-03
3882E-03
S920E-03
7944E-03
FI5RE~03
1954E-03
3995E~03
5957€-03

. 7958E-03
. 9959E-03

1960E~03

. 396RE-03
. 5963E-03

7964E£-03

. 9946E-03

1947E~03

. 3968E-03
. 9970E-03

7971E-03
F973E-03

. 1975E-03
. 3978E~-03
. 5980E-03
. 7983E-03

9987E-03

2
e
3
3
3
3
3
4
4
4
4
4
5
o
S
5
5
b 1991E-03
&,
&
[
7
7
7
7
7
8
e
g
a8
a
9
o
9
9
9

3995E-03

. 6000E~-03

8007E-03
0016E-03
2027E-03
4042E-03
H063E-03

. BOBYE-03
- 0121E-03

21B7E-03
4197E-03
&242E -0
- B292E~03
0347E-03
S405E-03
44D6E~-03
. H495E~0]
8H522E-03
0053E -02

WORK AT LBOUND
IMIERNAL ENERGY
ADLED ENERGY

TIME -

VELOCTITY
2763E+00
- 2606E+00
2696E+00
26IJE+00
QU4E +00
2361E+00
1918E+00
26336 +00
3033E +00
. 3215E+00
. 3115E+00
. 2211E+00
. 1945E+00
. 3328E+00
2796E+00
. RSS7E+00
- 216FE+00
. 3R6FE+00
. 8174E+00
. 3255E+00
. 2871E+00
. 2143E+00
. QAS9E+00
. 8779E-01
7905€-01
. 3409E-014
. 4510E+00
F477E+00
1454E+00
1101E+00
. Q724E+00
. 2143E+00
0785€+00
2112E+01
653BE+0)
1958E+01
O5B3E+01
QHR7E+01
2117E+01
- J29BE+0{
F794E+0}
746SE+01
. BBYSE+01
1 767E+03
. 9948E+01
=1 1392E+0}
=4 36U4E+0)
-8. 499E+Q}L
~1 2BEBE+02
=1 B4H9E+Q2
=1 Sb6742E+02

llllilll'llllllllllllill’l
-—m\g»...----...-..--...._..........-..n—.-...._

CAUCCTARUN = INC UL~

3
2
2
2
2
2
2
2
2
2
3
?
2
2
2
2
2
2
2.
2
2
2
2
2
2
2
2
2
2
-
2
2
2
4
2
2.
.
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LNERGY DEPODSITION IN AL UMINUM FLATE

0 00LOOL +OO
O 2795906F v07
0 Q0LOOE HOO

<

& 00243t 08 VIME SIEP - 2. 62276E -08
DENSBITY STRESS PHE SHURE PHI
. 000O0E+00 0. 0000E+00 0. DOOOE roO 0. 00QOF +00
STIGE+03 " ~1. B311E+06 ~4. 4421£+07 -6, 3B8YE +07
H1UGE+OT -2 OBA0E+0& -4. 4039E+07 ~6. 2932E+07
6333E+03 7 92YBE+05 -3 F641E+07 -6. 0680E+07
6HPIE+03 1 4798E+06 -3. 7987€+07 ~5. 9200E +07
6706E+03 1. 9466E+06 ~2. 6TLOE+D7 -5, 7459E +07
6725E +03 1. 3B540E+04 =-3. BA13E+07 -3 51%0E+Q7
71H45E+03 P. 9545E+05 -3, 6335E+07 -5. B996E+C7
7305E+03 1. 60796406 -3, 4741E+07 -8. 75028+07
7527€+03 3. 7115E+06 -3. 3B10E +Q7 -5. 6283E+07
. 7730E+03 3. GBRBE+06 -3, 4905E+07 ~5. 7881E+07
. 7831E+00 7. 9065E¢05 -3 7307E +07  -S. 7191E+07
7B31E+03 -7  39D4E+05 ~3. 72108 +07 ~8. 4718E+07
. 7831E+03 2. 3BA0E+0S 3. L05BE+07  ~9. 7654E+07
- 783ZE+03 D Y00ZE+0L ~3. 543SE+07 -5, 7603E+07
. 7032E+03 3. 3149E+06  ~3. 5715E+07 -9. 8545E+07
. 7HIRE+03 2. 20LE+06 -3, 4558E+07 -%. 8187E+07
. 7832E+00 2. 1945E+06 -3. SBB7E+07 8. 7126E+07
. 7832€+03 1. 9418E+06 -3 &375E+07 ~3. 6B75E+07
. 7831E+03 1. GR6IE+OS <3, 7958E +07 -5, 722BE+07.
. 7832E+03 2, 1202E+06 -3, b557E+07 ~5. 8016E+07
- 7802E+03 2. O356E+06 -3, 744E+07 ~5. BL70E+07
- 7B31E+03 -9, 4065E+05 -3. 8B63E+07 ~5. 6854E+07
- JOBLE+03 -6, 2344E+06 ~-4. 1694407 =3. 3193E+07
. 7809E+03 -3, D293E+07  ~4. 720BE +07 ~5. @371E+07
. 7BP6E+03 ~d. 4764E+07 -5, 4548E+07 ~4. 4676E+07
. 7821E+403 -4, 7928E+07 =7. O512E+07 -3, 4476E+07
. 7815E+03 - 7. 4AD21E+07 -B. BRYLE+07 -2. 0962E+07
- 7611E+03 . -7, 1060E+07 =9. 93483E+07 ~1. 24833€E +07
- 7808E+03 -1, U393E+08 1. 0BO7E+0B -8. 0007E+06
. 7BO3E+03 -1, 2055E+0B ~1. 2307E+08 ~3. 7792QE+06
779BE+03  -1. 3713E+08 =1.3717E+08 -3. 9697E+04
. 7790E+03 . -1 4439E+08 -1. 6015E+08 6. 3532E+06
i 7776E+03 -2, 067BE+08 -1, 9947E+08 1. 0970E+07
. 7796E+03 -2 4BO2E+08 -2. 5453E +0B 1. 7R39E+07
- 7732E+03 -3, 5334E+08 ~3. 2495E+08 4. 2577E+07
- 7672E+03 -4, 8B22E+08 -4, 3B2DE+08 7. S5000E+07
- 7606E403 -4, ABH3E+08 -9, 9OHIE+0S 7. 5000E+07
- 7BH6E+00  -B. 404BE+Q8 ~7. 904BE+08 7. B3000E+07
. 74956403 -1, O354E+09 -9, B%42E+08 7. S000E+Q7
- 7813E+03 -1, DGOOE+O9 -1, R100E+09 7. 5000E+Q7
< 7348E+03 -1 3472E+09 -1, 3BO7E +Q9 -6 QRBYE+O7
 7300E+03 -1, 4UERE+OY -1, HOBDE+QY =7. SOO0E+07
- 7RAAE 0D -1, G1ALE+H09 -1, 4LALE+OD -7. BO00E +Q7
- 716BE+03 -1, BIYBE+09 -1, B4IBE+09 =7. BO00E v07
- 7105E+03 -1, 979PE+0% -2, O29BE +0% =7. S000E+07
7071E+03 -2. Q690E+09 ~2. 1170E+09 =7. B000F+07
- 7103E+03  ~1 BB49E+09 -1. HYOA9E+09 ~7. DOO0E+07
7313E+403 -1, 4320E+09 -1 ABDSE+O9 ~7. S000E+07
7485E+03 -9 490IE+0B -1, 0190E+09 ~7. B3000E+Q7
7717403 -3, B3BOE+08 -3, 788PE rOB -3 4970E+07
- “=MATERIAL. INTERFACE
WORR AT RBOUND 0 Q00OOE 00
KINETIC INERGY 0. QA024E +05
TOTAL MOMENIUM 0 R4013€ -04

NN NUEERNRNNOA NI N D

SH P OB UUNNNINNN SRR

LDT =

ENERGY

GOO0E +00
7110E+09
0063E+05
1165E+0%
R216E+05

. 3103E+0%

3793E+05
4364E+05
4822E+09
5131E+0%
863E+04
O009E +03
7700E +03
F074E+03
78B3E+03
7727€403
7423E+03
6BIE+03
6189E+03

. S861E+03
. A9B2E+03

4852E+03
4371E+03
3801E+03
3547E+03
7037E+03
2906E+03
2544E+03
21B856+03
1980E+03
1494E+03
1439E+03
1111E+03
10B0E+03
12206+03
1370E+03

. 3252E+03

6447E+03
2600E+03
7975E+03
0L07E£+03

- 9749E+03
 BA7HE+0J
- J483E+03

O2I0E+04

. 1970E+04

2AQGE +04
OLQBE +04
T7TINE+Q3
< 19E+03
PIIUE+OR
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ART VISC
0. 0000E v00
0. O000E+00
1. 4697E+04
0. 0000E+00
0000E+00
4113E+03
0. 0000E +00
1. @513E+09
7. 08%95E+04
3. 26B7E+04
QOOQE +00
Q000E +00
0. O000E+00
2. 4896E+05
0. 0000E+00
0. 0000E+00
O000E+00
0078E+05
1. 6525E+0%
0. O000E+00
0. 0000E+00
0. 0000E+00
0. C000E+00
0. 0000E+00
0. 0000E+00
0. 0000E+00
0. 0DO0E+00
0. 0000E+00
0. D000E+00.
0. O000E+00
0. 0000E+00
0. O000E+00
0. 0000E+00
0. 0000E+00
o.
0.
0.
0.
0.
0.
0.
4
1.
3.
4
6.
&,
8.
9

0000E+00
QO00E+00
Q000E+00
O000E+00
0000E+00
Q000E+0Q0
0000E+00
0a3%1E+08
J669E+07
R448E+07

JVOVE+O7
S20RE+07
&779E+07
7559E+07
4 RDEE+07
3. 38IFE+0S

0
[}
[}
6
[}
6
6
6
6.
)
&
6
6
6
)
[
6

SND Sieb
GOOVE+00
d761E+03

3049E+00

3336E +03

. 361E+03
. AF09E+03
. G202E+03

4495E+03
4791E+03

.- SO9BE+03

B398E+03

. 5548E+02
. 5549E+03
. 5551E+03
- 3552E+03
. S852E+03
. B550E+03
6. SB592E+03
6. 5SS51E+03
6. H5549E+03
6. 5551E+03
6, 5551E+03
6. 5548E+03
6. 5544E+03

6. 5537E+03
&. $527E+03
6. 5505E+03
6. H480E+03
6. 5445E+03
6. S451E+03
&. 5432E+03
6. BA12E+O3
&. 5380E+03
-}
6
[
[
[
[
6
6
[
[
6
[
[
[}
[}
6
&
6

V3VE+02

. BRABE+03
. 514BE+03
. 4987E+03
- 47564E+03
. 4479E+03
. 4193E+03
. 38BFE+04
. ABBYE +0)

3407/E+03

L B16DHE «03
. 2BB1E +03
C@OPIE O3

CA49E+0]
/B 0D

C38ALE O3

1 46E+OY

. B0U0E +03

0
5.
b
5
-]
)
]
]
9.
-
S
5
5
S
S
E]
S

]

]
S
S
5
-]
-]
5
3
-]
9
5
S
5
-]
-]
-]
]

]
-]
-]
]
S
]
S
-]
8
]
]
9
]
Y
4

MASS
OGOOE+00

.- 9700E-01
- 9700E--03

S5700E~01

. 9700E~-01
- 9700E-01
. B700E-~-01
. B700E-03
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.. B700E-01
. 5700E-01
. 9700E~01
- 8700E-01
- 3700E-01
. $700E~01
. 3700E-01
. 3700E-01
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$700E-01

. 9700E-01
. 5700&-01

S700E-01
5700E~01
5700E-01
5700E-013
5700E~01
$700£-01
%700E-01
5700E-01
S5700E~-01
5700E~01
$700E-01
3700E-01
$700E-01
%700E-01
$700E-~01%
5700E-01
3700E-01
5700E-~-01

. 5700E-01

5700E-01

. 9700E-01

$700E-01"

. 8700E-01
. $700£-01
. 3700E~01

$700E-01

. ¥700E-01
. B700E -01
. B700E~-01
. B7Q0E~04
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3. Impact of a copper plate onto a copper target.

v
b
—
—a a = 0.01 m (20 zones)
Copper Copper b = 0.002 m (40 zones)
. Vv, = 300 m/s

Copper
po = 8930
Co = 3940

s = 1.489
T'o = 1.99

v = 0.345
Yo = 25 MPa

19
{EOR}
{EOR}
XPLOT
XDATA
XLAREL
YDATA
YLABEL
TIMEPLOT
XDATA
XLABEL
YDATA
YLABEL
END

PI PO P R P A e ba it bt 4s s e

Fracture stress ~ 3.5 GPa.

SAMPLE PROBLEM 3 - CU FLYER ON CU TARGET (210M/5)

1 2 10 3
i. 5E-06 _
0.0 1. OE-O7
0.0 1. OE-08
1.0 20.0
2.0 -1. OE+06
8930.0 3940. O
0.0
1.0 1.99
1.0 2. SE+07
1.0 40.0
2.0 -3. SE+09
8930. 0 3940. 0
0.0
1.0 1. 99
1.0 2. SE+07
0.0 1. OE-O7
1 0 1
POSITION (() M)
4 0 1
STRESS (() PA)
3 G 1
0 1
TIME (() S)
2 0 1

3 25 1 i 15
-1.0E+0& 1.0E+0&6 -0. 001
1.0
1.0
0.001  0.00005 O. 00005
2100  105.0
0. 345
1. 489
0.002  0.00005 0.00005
0. 345
1.489
1.0 o
-0.0015 0.00485 1
~4.0E09  16. OEO9
0. 3E-06 2.3E-06 1
0.0 1000. 0

VELOCITY (() M/S)

N



LT

SAMP

CARD
-

'

GCARD
3

CARD
q

CARD
5

CARD
CARD
7

CARD
8

PLOT
CARD
23

LE PROOLEM 4 -
NO LEHA NOI
i a
NO THAX
1 9000E- 08
NO. KT
9. B000E~01
STANDARD EDIT
NG). : 81
1. QOOOE -07
DUTPL
NO. s1
0. ODOOE +00
OUTN
NO. =31
0. 0000 +00
DUMP
NO. &1
0. O000E +00
VARIABLES
NO. IPLY IPL2
L a8

NVA
10

R LT
3

DELT(4)
0. 0000E +00

Kia
1. 0500k +00

DELTY
4. 0000E -07

DELYL
1. 0000E -08

DELT1
0. 0000E+00

DEL TS
0. 0D00E+00

IPL3
&

CU FLYER ON CU TARGET (210M/%)

R4BT LACT
3 2

SI1GSEP

=1, O00Q0E r08&
B1

2. O000E +00

Ei=Sp
%. 0O00E--07

E1=82
1. O000E +00

Elng2
0. 0000E +00

E1=82
0. 0QO0O0E +00

1PLA IPLY
7 @

NJOl N1L
1 [+ ]

SI1GACT

1. O0O0E +0&
B2

1. O000E--01

DELT2
5. 0000E-07

DELTR
0. 0000E+00

DELT2
0. 0000OE+00

DELT2
0. 0000E+00

NGOt NUL
1 195

XLERQ
~1. O000E~-03

SIGMAX
1. 0000+100

E2=82
1. O000E-06

E@+:83
0. COO0E+00

EQ=83
0. DOOCE +00

E2=803
0. 0000E +00

0. 0000t +00

JIAPE  NSTART
o 0
- LHCN . RBON
0. 0000 +00 0. OD0DE+00
EMAX HMAX
1. COODE +OO 1. 0V00+100
DELTO E3
0. OO0OE +00 0. 0OCOE+OD
DELT3 E3
0. 0000E +00 0 OUBOE+00
DELTS E3
0. 0000 +00 0. 0000E+00
DELTI . Ea
0. 0000E+00




€LT

HLATE 1

CARD N
10

CARD NOQ
11

CARD NO
12

CARD NO.

13

CARD NO
14

RT INT AT X

STATE
1 000OL +00

RZTIME
1. QOOOE+30

EZERD
0 0000E+00

FCRIT
2 000QE+00

FCRITI
# Q000E+00

HYDRO~VAPOR-ELASTIC-PLABTIC

CARD NO
13

CARD NO
16

CARD NO
17

CARD NO
18

CARD NO.
19

CES( 1)
8. 2300E+03

CES¢ &)
0. O000E+0Q0

CES{(15)
1. 000QE+00

CES(22)
0. 0000E+00

CEB(2%)
1. 0000E+00

0 000O0F +O0)

NOME GHE S
& 0000E 01

DXMIN
1. O00OE +00

PZERG
0. 0000 «00

S1GMAF
-1. 0000+100

SICMALF
-1, OQ00E +06

CES( )
3, 9400E+03

CEBtL 9)
0. Q0COE+00

CEB(14)
1. 9900E+00

CES(2™)
0. QOO0E +00

CES(30)
2. 5000E+07

RY INT AT 20NE

THICKNESS
1. 000OE. -03

DXMAX
Q. QONOK +00

Lo
8. P300.-]

LAY §
0. 00C0E +10

CONSTI
0. 0000E +00

CES( 3)
0. 0Q000E 00

CEG(10)
1. A890E+00

CES(17)
Q. 0000E+00

CES(24)
0. Q000E+00

CEB(31)
0. Q000E+0D

21

DELTAX
8. 0000E -0%

RCCOMB
0. CO00E +00

SZERQ
0. 0000E+00

SICMAD

0. 0O00E +00

S5IGMACL
0. 0000E+00

CES( &)
0. 0000E +00

CES(11)
0. 0000E +00

CEs(18)
0. 0000E+00

GES(2%)
0. COOOE+HO

CES(I)
0. 0000E+00

DELTAXY
9. 0000NE-0

RYCRIT
0. 000VE+00

UZ2ERO
2. 1000E+02

CESC %)
0. 0000E+00

CES(12)
0. 0000E+00

CES(1?)
0. 0000E+00

CES(26)
0. 0000E+00

CES(33)
0. G0OOE+00

XRATLIO
0. OOVOE +00

R2C0
0. 0000E +00

UZEROIL
1. 0500F+02

CES( &)
3. 4500E-01

CES(13)

0. 0000F +00

CES(20)
0. 0000 +00

CES(27)
Q. 0000E +00

CEB(34)
0. 0000E +00

XCAP
0. QUOLE+GO

R2C1
0. 0000E+00

’ 2ZERO
0. 00LOE+00

CESt 7)
0. 0O000E+00

CES(14)
0. 0000E+00

cES(2L)
0. 0000E+00

CES(a)
0. 000CE+QD

CES.(2%)
0. 0000E+00




FLT

PLATE

CARD
i0

CARD
11

CARD

NO

NO.

NO.

12

CARD
13

CARD
14

NO.

NO.

RY INT AT X -

STATE
1 0000E+00

-RZTIME
1. OOOOE +30

EZERO
0. OOO0E+00

FCRIT
2. 0000E +00

FCRITI1
2. 0000E+00

HYDRO-VAPOR-ELASTIC-PLASTIC

CARD NO.

1%

CARD NO

16

CARD NO

17

‘CARD NO

18

CARD NO. .

19

CES( 1)
8. 9300E+03

CES( 8)
0. 0000E+00

CES(15)
1. O000E+00

CES{(22)
0. Q000E+00

CES(29)
1. O0O00E+00

2. 000003

NOMESHES
4. 0000t +01

DXMIN
1. 0000E+0D

PZFRO
0. 0000KE +00

GIGMAF
3. BSOVOE+09

SIGMAIF
=1, 0000+100

CES( 2)
3. F400E+03

CES( 9)
0. 0000E+00

CES(16)
1. 9900E+00

CES(23)
0. 0000E+00

CES(30)
2. S000E+07

R1 INT AT Z2ONE

TH] CKANESS
&, 0000 -03

DXMAX
0. O000E +00

RZERO
8. 9300E+03

FCONST
0. 0000E +00

CONSTL
0. 0000E+00

CES( )
0. 000QE +Q0

CES(10)
1. 4890E+0Q0

CES(17)
0. 0000E +00

CES(24)
0. Q000E +00

CES(3)
0. 0000E+00

&1

DELTAX
. UDOOE -0

RCCOMB

. OOOCE +00

SZERO
. 0O0OE +00

SIGMAQ

. 0000E+00

SIGMAOI

. 0000E+00

CES( 4)

. 0000E +00

CES(11)

. 0000E+00

CES{18)

. 00Q0E+00

CES{(2%)

. 0O0CE+00

CEB(3R)

. OOOOE +Q0

DELTAX1
5. 0000E~0%

RGCRIT
0. 000VE+00

UZERO
0. 00V0E +00

CES( 5)
0. 0000E+00

CES{12)
0. 0000E+00

CES(19)
0. 0000E+0Q

CES(24)
0. 0000E+00

CES(3M)
0. 00Q0E+00

XRATIO
0. 0000k +00

R2C0O
0. G000E+00

U2EROL
0. OO00E +Q0

CES( &)
3. 43006 -01

CES(13)
0. 0000E +00

CES(20)
0. 0000E +00

CES(27)
0. 0000E +00

CES(24)
Q. OO0k 0O

XGAP
0. UOLOE+Q0

R2¢1
0. OROOE+00

22EROD
0. COOOE+00

CES( 7)
0. 0Q00E+00

CES(14)
0. 00LIOE+00

| CES(21)
0. 0000E+00

CES(28)
0. 0000E+00

CES(3%)
0. 0000E+00



SLT

SAMPLE PRUBLEM 3 - CU FLYER ON CU TARGET (Z10M/5)

CYCLE

L]
o

34
as

e e e e e e e o e
~amuu~uauu~o~nmuomaum—-r

NCOUUAAUUNN -~

-9

-2

= 13

PUSITION

-9. /BI0E~04

. 2B30E-04
7B830E-04
2830E-04

. 7830E-04

-7. 2830E ~-04

. 7830E~-04
. 2830E-04
. 7B30E-04
2B31E~04
. 7835E-04

2056E-04
. 7920E-04

302BE-04
“B1Y1E-04
327BE-04
. B405E-04

. I532E-04

. 6605E-08
. 7875E-05
. 0850E~-0%

9575E~-05
0830E-04
5702E~-04
0575E-04
5448E-04
0321E~-04
3198€-04
0090€-04
S026E~04
CO0bBE~D4
S001E-04
QO0Q0E-04
. 5000E-04
. Q000E~-04

WORK AT LBOUND
INTERNAL -ENERGY
ADLED ENERGY

REL. ENERGY ERROR

T e e e e e M MBI R

QO BRI G e +s e v o oa

0. OO000E +00
0. 41557608
0. OV0OOE »00
0. 62711E-00

WORK AT RBOUND
KINETIC ENERQY
TO1AL MOMENTUM
REL  MOMENTUM ERROR

MATERIAL INTERFACE

TIME - 1. 03332E~07 TIME S1EP =
VELOCLITY DENSITY STRESS PRESSURE
1G00E +02 0. 00GOE 00 0. 0OOOE+O0 0. GOOOE +00
1000E +02 8. 9300E+03 0. 0000E+Q0 O, QOOOL H0O
1000E+02  B. 9300E+03 0. OOVOE+00 0. Q000E +00
1000E+02 8 9300E+03 0. 0000E+00 0. G000E +00
1000E+02 8. 9300E+03 0. 00VOE+00 0. 0000E +00
1000E+02 8. 9300E+03 0. OOVOE +00 0. 0O00E +00
100CE+02 8. 9300E+03 0. 0000OL+00 0. 0000E +00
1000E+02 8. 9300E+03 . 0. ODOOE+00 0. OO0OE +00

- O9B6E+02  B. YIONE+03 4. 4B57E+0s 3. 0704E+06
OBF2E+0Q 8. 9317E+03 3. 7494E+07 2. 5667E+07
OSUPE+02 B. 9373E+03 1. 3024E+08 1. 1358E+08
B740E+02 8. 96HOE+03  &. 1182E+08 S. 9515E+08

- 4770E+02 9. 04L61E+03 1. B494E+09 1. G527€ v09

- 1586E+02 9. 125%5E+02 3. 1925E+09 3. 1798E+09

. 0701E+0R2 9. 1967E+03 3. 7245E+09 3. 7076E+09

- OB84E+02 9. 1614E403 3. BOLUE+09 3. 7894E+09

- 0399E+0R 9. 16UBE+03- 3. BA7YE+09 3. B309E+09
0L JE40R 9. 1630E+03 3. B274E+09 3. 8188E+09

- Q843E+0Q 7. 1647E+03 3. B4L4E+O? 3. BA9SE+0O

. 0L 7E+02 9. 16268E+03 | 3. 8239E+09 3. @2275+09

-OZ00E+02 9. 1637E+03 3. B564E+09 3. 8396E+09

-0463E+02 9. 1637E+02 3. BS64E+09 3. B396E +09

<O537E+02 9. 16PBE+03 3. B235E+09 3. BRR7E+09

-0873E+02 9. 1647E+03 3. B6LLE+09 3. B499E+09

-OBO1E+02 - 9. 16H0E+03 3. BR74E+09 3. 81GBE+09

-0416E+02 9, 163BE+03 3. BA73E+09 3. 8309E+09
O299E+02 9. 1614E+03 3. BOGOE+09 3, 7894E+09

. 4141E+01 9. 1567E+03 3. 724%5E+09 3. 707BE+09

- 2300E+01 9. 1255E+03 3. 1923E+09 3. 173BE+09

. @601E+0} 9. 0441E+03 1. B694E+09 1. 8527E+09
606RE+00  B. F4B0E+03 6. 11B2E+08 %, 9815E+08
O0BI14E+Q0 B.9373E+03 1. 30QAE+08 1. 130BE+08

. 3799E-01 6. P17E+03 3. 7494E+07 2, H667EFO?

- O000E+00 8. 730RE+03 4, ABS7E+04 3. 0704E+06
- ODOQE+00 B, P300E+03 0. 00DOE +OO 0. 0000E 00

8. 02705E -09

PHI
0000KE+00
0000E+00
0000E+00
O00VE+00
0000E+00
. O000E+00
0O00Q0E+00

0. 0000E+00
-2, 12U9E+04
=1 7740E+07
-2. S000E+07
~2. S5000E+07
-2. S5000E+07
-2. 5000E+07
~2. S000E+07
-2. 5000E+07
-2. 5000E+07
~1. 945E+07
~2. S000E+07
-1. 9002E+04
~2. 4964E+07

oosoooo

~2. 49L4E+07
=1. F002E+06
~2. Y000E+07
=1. 2945E+Q7
-2. S000E+07
-2. 5000E+07
-2. S000E+07
-2. S000E+07
-2. 5000E+07
-2. 9000E+07
~2. 53000E+07
~1. 7740E+07
~R. 1229E+06
0. O000E+00

O000OE+Q0
150208 +06

0
0
0. 18733E+04
=0.

19399€-13

Nimeauaw

LDT = 14
ENERGY ART VISC SND 8PD MASS

0. OODLE+OO 0. QVOOE +00 0. O00UE+UG 0. 0000E+00
0. 0000E+00 0. 0000 +00 4 7623E+03 4 A450E-0)
0. 0000E+00 0. QOOOE+00 4. 7623E+03 4 4650E-01
0. 0000E+00 0. Q0OOE+00 4. 7623E+03 4. 4650E-0)
0. O000E +00 0. PODOE+00 4. 7623E+03 4 4450E-01
0. 000VE+00 0. 0000E +00 4. 7624E+03 4, 4650E-01
0. Q00UE+Q0 0. OODOE+00 4. 762BE403 4, 4630E-01
0. 000UE+00 0. 00DOE+00 4. 7523E+03  4_4450E-01
6. 2909E-03 5. @7A7E+09 4 762%E+03 4. 4630E-01
A. 3200E-01 4. 04446E+06 4. 7640E+0D 4, 4430E~01
7. 1991E+00 1. SAS0E+07 4. 7700E+03 4. 4650E-01
1. 6919E+02 8. 8545E+07 4. HO2IE+03 4. 4650E-01
1. 5214E+03 2. 29ME+08 4. UBALE+0Y 4. 44630E-01
4. JB01E+03 1. 7943E+08 4. 9469E+03 4. 4650E-01
5. BAB4E+03 4. 3243E+07 4. 999RE+03 4, 46%0E-01
5. BO17E+03 8, A201E+08 5. 0041E+03 4. 4650E-03
5. 7671E+03 3. @862E+08 5. 0044E+03 - 4. 4630E-0)
6. O0BOE+03 0. OCQOE+00 5. 0059E+03 4. 4650£-~01
6. RUIBE+0I 2, 9605E+08 5. 0077E+03 4. 4630E~01
& 8122E+03 0. O000E+00 5. 0060E+03 4. 4650E-01
6. 5776E+03 1. 7085£+06 3. 0O70E+03 -&. 4650E~01
6. 5776E+03 1. 7085E+06 8. 0070E+03 4. 46%0E-01
6. 4122E+03 0. OOCOE+00 5. 00L0E+03 4, 4650E-01
6.2125%E+03 2. 9603E+0s 5. 0077E+03 4. 4430E-0t
6. 00BOE+03 0. ODDOE+00 9. 00S9E+03 4. 4630E-01
F671E+03 3. 8R42E+06 5. 00&66E+03 4. 4630E-01
-8017E+03 5. 4201E+06 3. 0041E+02 4. 4630E-01
SAB4E+03 4. 3243E+07 4. 9992E+03 4. 4450E-01

. 1801E+03 1. 7943E£+08 4. 9669E+03 4. 4630E-01
O214E+03 2. 2951E+08 4. 8BARE+02 4. 4450E-01
6719E+02 8. A54A5E+07 4. DORIE+03 4. 44350E~-01
1951E+00 1. 3450E+07 4. 7700E+03 4. 4650€£-01
4. J200£-01 A OAQLE+YDS 4. 7640E+03 4. 46450E~01
6. 2909E-03 9, 8737E+03 4. 762%+03 4. 4650E-01
0. CO0OE+0Q0 0. 0000E+00 4. 7623E+03 4, 4630E-01



9LT

SAMPLE PROBLEM 3 - CU FLYFR ON CU TARGET (2 lOMIS)

CyCLt = &3 TIME = 5 05187807 TIME S1EP = 8. 34003E~-0%9 LDT = 25
L POSITION VELOCITY DENSITY STRESS PRESSURE PHI ENERGY ART VvisC SND- 5PD - MASS
1 -9 4885%E- 04 1 9191E-0) Q. 0000E +00 0. 0000E+00 0. 0000E +00 0. 0000E+00 0. O0VVE+Q0 0. DO00E+00 0. O0OUE+OD 0. 000OE+00
2 -8 98HSE-04 1. 80&48E-~01 8 9310E+03 2. 4465E+05 1. 4849E+07 2. 4424E+07 §. 7640E+01 4. 7750E+04 4 7634E+03 4. 4650E-01
3 -8 44B4E-04 2 0771E-0} 8. 9308E+03 -4, 2734E+04 1. 45B4E+07 2. 4940E+07 2. 5335E+¢02 0. 0000E+00 - 4. 7633E+03 4. 4650E~01
4 -7 9884E-04 1. 8271E~04 8. 9307E+03 1. 4312E+04 1. 7804E+07 | 2, 4563E+07 3. LI72E+0R 1. 0637E+0% 4. 76434E+03 4. 4650E-01
5 -=7.4884E-04 i LB35E-0) 8. 9307E+03 2. 38198+04 3. B4156407 2. QO9BE+07 3 F401E402 6. 1094E+04 4 7634E+03 4 4630E-01
& ~6. 9887E-04 1. 7509e-01 8. 9307E+03 1. 7B49E+06 1.BO4BE+Q7 2. 4I9E+07 4. OUBBE+02 0. 0000E+00 4. 7634E+03 4. 4650E-01
7 -b& 4887E-04 1. 84%3E-01 8. 9307E+03 2. 5017E+04 1. B273E+07 2. 3657E+07 4. 1939E+02 0. C000E+00 4. 7634E+03 4. 4430E-01
8 -5 9888E-04 1. 9574E-01 8. F306E+03 2. 0160E+06 1. 4745E+07 2. 2093E+07 4. J027E+02 0. 000OE+00 4. 7633E+03 4. 4650E-01
? -5 488LE-04 1. 4864E-01 8. 9307E+03 & OBY4E+06 1. BBRBE+07 1. P198E+07 4. 4194E+02 2. 004%E+05 4. 7634E+03 4. 4630E-01
10 -4 9888E-04 1. 725301 8. 9309E+03 2 H719E+08 1. 5330E+07 1. 898BE+07 4. 5350E+02 0. 0000E+00 4. 7632E+03 4 4430E-01
11 -4 4889E-04 1. 6241E~-01 8. 9306E+03 6. 92IE+06 1. 72131E+07 1. $911E+07 4. 710BE+02 4. 3063E+04 4. 7633E+03 . 4. 4430E-01
12 -3. 9889E~04 1. 7572€-01 8. 9302E+03 -4, BI44E+04 1. 1B00E +07 1. 7802E+07 1. BEHOE+02 0. Q000E+00 4. 7630E+03 4. 4450E-01
13 -3 488%E-04 2. 4694E-01 8. F30BE+03 7, B112E+08 1. 64LBE+07 1. 3434E +07 5. 100BE+02 0. 0V00E+00 4. 7633E+03 4. 4530E-01
14 ~2. 98B9E-04 3. SO8SE-02 8 9300E+03 ~-1. 3YI0E+06 9. 5563E+06 1. 6334E+07 9, 3%43E+02 9. 0259E+05 4. 7620E+03 4 44630E-01
15 -2 4889£-04 5 2131E-01 8. P002E+03 = 4. B305E+06 1. 3955 +07 1. 3687E£+07 5. 67B9E+02 0. 0000E+00 4, 7631E403 4, 4630E-01
16 -1. 9889E-04 -3. 3432E-01 8. 9301E+03 6. 7791E+06 1. 3029E+07 9. 3749E+0s 6. 06A5E+02 = 3. 664DE+06 4. 7430E+03 4. 4650E-01
17 -1.4889E-04 ?. 0468E-01 8. FR97E+03 -3, 9037E+0L 7. S573E+06 1. 7192E+07 6. 6119E+02 0. ODOOE+00 4. 76206E+03 4. 4650E-01
18 -9. B894E-05 -4. 5897E-01 8. 930BE+03 . 2. 918%E+07 2. S5195E+07 1. 5444E4+04 7. 2443E+02 6. 7355E+06 4. 7638E+03 4. 4650E--04
19 -4 BBBR7E-05 4. 1970E+00  B. 9287E+03 ~R. 12B1E+07 -4. 6b141E+06 2. 5000E+07 B, 5%&3E+02 0. 0000E+00 4. 7617E+03 4. 4450E-01
20 1. 0428E-06 1. 6356E+01 8. 94R26E+03 1. 9894E4+09 2. 1550E+08 2. 5000E+07 1.1434E+03 0. 0000E+00 4. 7766E+03 4. 4530F-01
21 5 0B08E-0S 3. 3774E+04 8. 9721E+03 6.65 7E+08 6. BI94E+08 2. SO00E+07 1.4223E+03 0. 0000E+00 = 4. BO77E+03 4. 4630E-0)
—————————————— MATERIAL INTERFACE
22 1. 0035E-04 $. 3101E+01 9. O124E+03 1.309IE+09 1. 3RYBE+09 2 SO00E+07 1. 9146E+03 0. 0000E+00 4. B3500E+03 4. 44%0E-01
23 1. 4964E-04 7. 1401E+01 ?.0557E+03 2. 0097E+09 2. OPGAE+0Y 2. S000E+07 2. &7315E+03 0. 000CE+00 4. B951E+03 4. AL30E-03
24 1. 987SE-04 8. 5908E+0} ?. 0757E+03 2. 6642E+09 2. 4829E+09 2. 5000E+07 0. S2Y9E+03 0. 0000E+Q0 4. 9344E+03 4. 4630£-01
25 2. 4767€-04 9. 5256E+0) 9. 1263E+03 3. 1768E+09 3. 193%E+09 2. S000E+07 4. 4730E+03 0. 0000E+00 4. 9679E+03 4. 4450E-01
26 2. 7649E-04 9. V939E+0¢ 7. 1453E+03 3. 4987E+09 3. 9154E+09 2. 5000E+07 5. 1611E+03 0. 0000E+00 &, F876E403 4. 4650E-01
27 3.4527E-04 1. O197E+02 9, 1546E+03 3. 355E+09 3. 6722E+09 2. 5000E+07 9. 4987E+03 0. 0000E+00 4. 9971E+03 4, 4650E-01
28 3 9402E-04 1. 0265E+02 9. 19846E+03 3. 7230E+09 3. 7397E+09 2. S000E+07 S. 4342403 0. 0000E+00 5. 0011E+03 4, 4650E-01
29 4. 4274E-04 1.0276E+02 9, 1398E+03 3. 7436E+09 3. 7603E+09 2. SO00E+07 5. &555E+03 0. C000E+00 5. OOR24E+03 4, 4630E-01
30 4. .%151£-04 1. 0292E+02 9. 1400E+03 3. 7481E+09 3. 7637E+09 2. 3466E+07 5. 5390E+03 0. 00OVCE+00 5. 002KE+03 4. 4650E-01
31 . 8 4025E-04 1.0345€+02 7. 1604E+03 3. 7996E+09 3. 768BE+09 1. 9904E+07 5. 6310E+03 0. 0000E+00 % Q02VE+03 4, 4630£-01
32 5 8899e-04 1. 0417E+02 9. 1414E+03 3. 7813E+09 3. 7863E+09 7. B93SE+06 5. S392E+03 0. 0000E+00 5. 0040E+03 4. 4630E-01
33 6.3772E~04 1. 0464E+02 9. 1427E+03 3. 8137E+09 Q. BOEbE*O? ~7. 793BE+06 5. 7024E+03 0. Q000E+00 3. 005IE+03 4. 4630E-01
30 & BbR4E-04 1. 048BE+02 9. 1636E+03 3. BIAGE+OT 3. BR2BE+Q9 -1, 769BE+07 5. 7267E4+03 0. 0000E+00 5. OO&ZE+03 - 4. 4630E-01
35 7 3517E-04 1.0494E+02 9. 1440E+03 3. B44YE+09 3 BAYFES0Y -2 26O7E+O07 5. 7339E+03 0. 000CE+Q0 9. 0066E+03 4, 4630E-01
36 7. B389E~04 1. 0499E+02 9. 1641E+03 3. B4BAE+09 3. BIRVE+09 -2, 4251E+07 5. 7296E+03 Q. 00QCE+00 5. 0D&7E+03 &. 4650E-01
37 8. 3261E-04 1. 0300E+02 9. 1642E+03 2. 8A9LE+Q9 3, B330E+09 -2. 4824E+07 5. 7223E+03 0. 0000E+00 9. 0D&BE+O3 4. 4650E-01
38 8. BI33E-04 1. O300E+02 9. 1642E+03 3. B499E+09 3. QII2E+09 -2, 4973E+07 5. 7145E+403 0. OVOOE+00 ‘5. 004BE+03 . 4. 46%0E~01
39 9. 3006E-04 1. OS00E+02 9. 1642E+03 2. BA99E+09 9. B33E+09 -2, SOD0E+07 9. 7069E+03 1. 6074E+03 3, 004HE+03 4. 4650E-01
40 9. 7878E-04 1. OS00E+02 9. 1642€403 3. 8499E+09 3. BITRE+09  ~2. BOO0E+07 5. 6997E+03 4. 2Y3DE+0) 5. 006BE+03 4 4650F-01
41 1.0R275€-03 1. OS00E+0R2 9. 1642E+03 3, H498E+09 3. 8331E+09 -2 SO00E+07 5. 4933E4+03 8, 3304E+03 9. 006BE+03 &, 4630E-0)
42 1. 0762€-02 1. O499E+02 9. 16A2E+03 3. B4A9BE+0F 3. B3BIE+OH ~2. S000E+07 5 6873E+03 6. 2920E+03 8. O004BE+OS 4, 4650E-01
43 1. 124%9E-03 1. 0499E+02 9. 1643E+03 3. B498E+09 3, BIBLE+OY -2, B000E +07 5. 6817E+03 &, 0633E+03 5. 006OE+VT . 4, 4650E-0)
44 1 1737E-03 1.0499E+02 9. 1443E+03 3. BAY7E+09 3. B931E+09 -2, 50005+07 5. &769E+03 8, 7770E+03 5. 00&HE+)3 4. 4430E-01
43 1. 2224E-03 1. 0499E+Q2 9. 1643E+03 3. BA97E+09 3. RIJOE+09 -2 S000E+07 5. 6716E+D3 B, 2021E+03 9. 004BE+03 4, 4630£-0)
46 1. 2711E-03 1. 0499E+02 9. 1643E+03 o, BAYOE+OD 3. BARYE+09 =2, S000E+07 5. 666BE+03 8. 4309E+03 5. 006BE+0D 4 4&30E-01
47 1. 3198E-03 1. 0899E+02 7. 1640E+03 0. 6493+09 3. B327E+09  -2. 4971E+07 0. &4RTEL03 0, OO00E+00 5. 0060E+03 4, 4650E-0)
48 1. 346B4E-03 1. 0B01E+0R 9. 1642E+03 3. BAHUSE+09 3, QILE+09 -2 4620E+07 5. 6304E+03 0. 0000E+VO 3. 0047E+03 4. 46308-01
49 1 4173g-03 1. 0507E+02 7. 1601E+03 3. B456E+09 3. BR00E+09 @ 3417E+07 5. 447HEQ3 O, OOGOE+OO 3. 0064E+03 4 44%0E-01
50 1. 4660E~-03 1. O5QUE+0R 9. 14639E+03 3. BI9AEL09 . DINTE+09 -2, 0624E+07 & &4RAE+03 0. 0000E+00 9. 0064E+0Y 4. 46%0t-01
S1 1. 5147E-03 1. 0543E+02 9 1634E+03 3. B29DE+0% 3. DIBSE+OY ~1. 6170E+07 5. &101E+03 0. 0000E+00 3 00%3E+03. 4 46308-01
52 1§ 563%E-03 1. 0571E+02 7. 1609E+03 3. 8163E+09 3. QOVAE+09 -1, 04A1E+O7 9 NURREL03 0. Q00OE+00 5. 00B4E+03 4. 46%0E-01
53 1. 6122E-03 1. 0600E+02 9 16RJE+03 3. BOWLEH+O? 3. 7RHSEHNT -4 O0R3E +0b 5. DB0YEC03  O. 000OK+O0  ©. DDA7E +03 4. 4630E-01
54 1. 6609E~03 1 QAUSE+02 9. 1614E+03 3. 78461E+0% Q. 7833E 0% ~4, 1176E+06 L. BOBOE+03 0. 0000E 00 5. Q0IRE403 &4 4650E-01



SAMPLE PRONLEM 3 =~ CU FLYER ON CU TARGET (210M/5)

CYCLE - 62 TIME = 5. 05187¢-07 TIME S1EP = 8. 34003E-09 Lor - 29
L POSITION VELDCITY DENSITY STRESS PRESSURE PH1 ENERGY ART vi1sC SND SPD MASS
95 1. 7097E-03 1 OVGAE+Q2 9. 1597E+03 3. 7090E409 3. 7048E+09 -7, LO2%E+0% S, 4298E+03 0.0000E+00 3. 0021E+03 4. 4650E~0)
36 1 7584E-03 1. OBYLE+02 9. 1559£+03 3. 6703E+09 3, 4BBFE+09 =. 3408E+07 5. 2543E+03 0. 00OOE+00 4. 9981E+03 4, 4630E~01
57 1. 807R2E-~-03 1. 1301E+02 9. 1474E+03 3 LY248E+09 3. 543GE+0% 2. 5000E+07 4. 8798E+03 0. 0000E+Q0 4. 9893E+03 4. 4650E-01
58 1. 8562E-03 1. 2077€+02 9. 1289E+03 3. 2126E+09 3. 2295E+09 2. 5000E+07 4, 1197E+03 0. 0000E+00 4. 9702E+02 4. 4630E-01
39 1. 90S3E-03 1. 3346E+02 9 0928E+03 2. 4059E+09 2, 62R6E+09 2. 5000E+07 2. B13%E+03 0. 0000E+00 - 4. 932BE+03 " 4. 46%0E-~01
60 1 9547E-03 1. 4690E+02 9. O3BOE+03 1. 7030E+09 . 1. 7197E+0% 2. 300GE+07 1. 2800£+03 0. 0DOOE+00 4. 9797E+03 4. 4450E-01
61 2. 0044E-03 1. SQ3E+02 8. 7691E+03 5. 9D64E+08 4. LI31E+08 2. BO00E+07 1. 7689E+02 0. 000OE+0D 4.B033E+00 4. AL30E-0)
————————— T e e e e e e o ~-MATERIAL INTERFACE
WORK AT LBOUND 0. 00000E +00 WORK AT RBDUND Q. 00000E+00
INTERNAL. ENERCY 0. 9566%E +05 RINETIC ENERGY 0. 99117E+05
ADDED ENERGY Q. 00000F +00 TaTAL MOMENTUM 0. 18753k +04
REL. ENERGY ERROR 0. 59989F -0 REL. MOMENTUM ERROR 0. 24701E -0V
FRACTURE OCCURRED AT X= 0. 51129 -04 CYCLE 70 TIME 0. 87189E-06 STRESS  -0. 20210E+07 Z0NE 21
FRACTURED SURFACES COLLIDED AT Xe 0. B1132E-04 CYCLE 71 TIME 0. S80R23E-06 ZONE 21
FRACTURE OCCURRED AT X= 0. 51144E-04 CYCLE 95 TIME 0. 783%0E-06 STRESS  ~0. 24088E+07 20NE 21

FRACTURE OCCURRED AT X= 0. 10584E~02 CYCLE 97 TIME 0. 801526-06 STRESS  -0. 35723E+10 20NE 4)
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CYCLE = 121 TIME = 1 00968E~06 TIME S1EP = B8 74711E-09 1T =
L POSITION VELOCITY DENGITY STRESS PRESSURE PHI ENCRGY ART VISC SND SPD ’ MASS
1 -9 487%E-04 9 Jus67€-02 0. 00O0E +00 0. 0Q00E 00 0. GOOOE +00 0. 0000E+00 0. O0OCE +00 0. 0000E +00 0. DOOVE+0L O, DODOE+00
2 -8 9880E-04 ?. 71H0E-02 8. ?310E+03 2. 3485E+05 1. 4527E +07 2, 4439E+07 5. 7640E+01 0. 0000E+00 4. 7634E+03 4. 44%0E-01
3 -8 4BBOE-04 9 B8%81E~02 8. 9300E+03 4. 2378E+0% 1. L6B7E+07 2. 3990E+07 2. DIISE+OR 0. OVO0E+00 4. 7624E+03 4. 4650E-01
4 -7 9B881E-04 1 O343E-0{ 6. 9307E+03 8. 6937E+05 1. 6816E+07 2. 3920E+07 3. 597UE+02 0. OD00E+00 4. 7433E+03 4. 4650E-01
5 -7 4881E-04 1 OHOYE-Q} 8. FU0SE+03 9. 0BBR2E+09 1. 66B4E+07 2. 3663E+Q7 3. 7401E+02 0. O000E+00 4. 7633E+03 4. 44350E-01
6 -6 9882E-04 1 0716E-01 B. 7304E+03 8. 2348BE+05 1. 6774E+07 2. D929E+07 4. OBEBE+02 3. 9300E+403 4. 7633E+U3 4. 4650K--0}
7 -6 4B8B2E-04 1. 0113E~01 8. 9306E+03 © B. 3676E+05 - 1. 4B09E+07 2 IS09E+07 A 1939E+02 2. 56BRE+04 4. 763UE+03 4. 4630E~01
8 -5 98H2E-04 9. B319E-0Q  ©. 9305E+03 9. 7411E+0% 1. 6032E +07 2. QUBLE+O7 4. J027E+02 1. 1962E+04 4. 7633E+03 4 A450E-.0%
9 -5 4882E-04 9. 4043E-02 8. 7305E+03 1. 2511E+06 1. 55776+07 2. 1489E+07 4. 4193E+0R 1. I29E404 4. 7632E+03 A 4650E-0}
10 -4 9BB3E-04 8 4031E-02 8. 9304E+03 1. 4753E+06 1. 4512E+07 1. GHBBE+07 4, SLLOE+OR 3. A1R3E+04 4. 7621E+03 4. 4630E--08
11 -4 3883E-~04 8 4116E-02 6. 7303E+03 1. 3283E+06 1. 3%76E +07 1. B371E+07 4.7107E+02 8 1476E+03 4. 7631E+03 4. 4450£-01
12 -3 7883E-04 9. 0Q0393E-02 8. 9303E+03 1. 1321E+06 1. QGRIE+07 1. 7235E+Q7 4. 0BG0E+Q2 0. 0000E+00 4. 7630E+03 4 4450E-0%
13 -3 4883E-04 9 F051E-02 8. 7302E+03 9. 4111E+05 1. 1973E+07 1. 6548E+07 5. 1007E+02 0. O000E+Q0 4. 7620E+03 4. 465%0E-01
14 -2 9883E-04 9. 1421E-Q02 8. 930JE+03 1. 0900E+06 1. 1247E+07 i. S191E+07 5. 3B64E+0Q 3. 24BJE+04 4, 7629E+03 4. 446850E-01
15 -2 48B3E-04 9. 331QE-02 8. 9301E+03 7. 405%5E+05 1. 11460E+07 1. 5630E+Q7 S. 6791E402 0. O0QOE+00 4. 7629E+03 . 4, 4450E-01
16 ~1. 9883E-04 1. 0271E-02 0. P299E+03 3. 6201E+0% 8, 4441E+06 1. 2423E+07 © &6, 0626E+0Q 0. CO00E+00 4. 7627E+03 4. 4650E-01
17 -1.46883E-04 1. 1202E-01 8. 9299E+03 3. 7260E+0% 1. 04946E+07 1. 5185E+07 6. 6125E+0R 0. 0000E+00 4. 7628BE+03 4. 4650E-01
18 ~9 BBRFE-05 1. 0551E-01 8. 9297E+03 6. 018BE+0% B, IBB3IE+06 1. 1680E+07? 7. 3430E+0Q 2. B96RE+04 4. 7626E+03 4. 4650E-01
19 -4 8827E-05 1. 0438E~01 B. 9297E+03 4, 72BLE+QS 1. 0303E+07 1. 474%E+07 B. B56SE+Q0R 4. BR93E+03 4. 7627E+03 4. 4450E-01
20 1. 177BE-06 1. 0844E-0} 8. 9291E+03 1. 1D386E+0D - 6. Q769E+06 9. 2RABE+04 1. 1276E+03 0. OC00E+00 4. 7624E+03 4. 4450E-01
21 5. 1182E~-0% 1. 1701E~01 8. 9RIPE+O3  -3. 7BY0E+04 ?. 7936E+06 1. 4747E+0Q7 1. 2469E+03 0. 0000E+00 4. 7626E+03 4, 4650E-01
--------- MATERIAL INTERFACE
§ 5742€-05 1. 1392E+02 —— - e me e omoees ERACTURE -
22 1. 0591E-04 1. 1390E+02 8. B99RE+03 -4, 6857E+08 -4, LR1E08 2. A670E+07 1. 3369E+03 8. ATBBE+04 4. 7309E+03 4. 4650E-01
23 1. 5641E-04 1. 1187E+02 6. BABOE+03 ~1. 2999E+09 ~1.3043E+09 -&. 043E+06 1.8610E+03 6. 4834E+06 4. 6712E+03 4, 4630£-01
24 2 0710E-04 1. 0044E+02 8. BOBIE+03 -1 80SBE+09 -1. BR44E+09 -2 5000E+07 2 J142E+03 5, 102QE+Q7 4 6337E+07 4. 4650E-01
25 2. 5774E-04 7. 9326E+01 8. B134E+03 -1, 7319E+09 ~1. 7486E+09 -2. 5000E+07 2. 12327E+03 1, Q370E+08 4, 64394E+03 4, 4630E-O1
26 3. 0B17E-04 4. 2444E+01 8. 8574E+03 -1, 0773E+09 -~1.0940E+09 -2. 5000E+07 1. JB0BE+03 1. 7R73E+08 4. 6BL2E+0T 4 45650E-01
27 3. 5831E-04 1. 7111E+01 8. 9050E+03 -3. 5194E+08 -3, 48H1E+08 -2. B000E+07 1. 0002E+03 1. 2881E+00 4, 7348E+03 4, 4650E-01
28 4. 0B32E-04 5. 8767E+00 8. 9276E+03 -3. BALILE+0S -1 70805E+07 -2. YOO0E+07 9. 3289E+02 9. 1920E+07 4 7409E+03 4. 4650E-01
27 4. 5830E-04 2. 9143E+00 8. 933PE+03 8 2145E+07 &, B478E+07 -2 . 5000E+07 9. 2203E+02 1. 3000E+07 4. 7665E+02 4. 4650E-01
30 5 0829€E-04 2. 3122E+00 8. 93P9E+03 7. 7062E+07 6. 0396E+07 -2. YOOOE+07 9. OB49E+02 R.5754E+06 4. 7641E+03 4. 4450E-01
31 9 %B26E-04 1. SB45E+Q0 8. 93P3E+03 6. F10BE+07 D. QA4IE+07  -2. S000E+O7 9. 0717E+02 3. 1159E+06 4, 76456E+03 4. 4450E-01
32 6 0827E-04 1. 4028E+00 8. 9308E+03 4. 5073E+07 2. BAQBE+07 -2. SO00E+07 9. 0BUBECOD 7. 7427E+05 & 7&640E+03 4. 4650E-01
33 6. 5827E-04 1. 0401E+00 8. 9303E+03 3. 68R9E+07 2. 0162E+07 -2. S000E+07 9. 1296E+02 1. GA70E+06 4. 7634E+03 4. 4650E-01
34 7. 0827E-04 1. 2031E+00 8. 9278E+03 2. B213E+07 1. 3369E+07 -2. 226VE+07 9. 3827E+02 0. 0000E+0D 4. 7629E+13 4. 4650E~01
35 7. 5827€-04 4. 0329E-01 8. 9300E+03 3. DR72E+07 1. 6500E+Q7 -2 S000E+07 9. BS332E+02 3, 420BE+06 4. 7631E+03 4, 4650E-01
36 6. 08276-04 8. 7843E-01 6. 9294E+03 1. 9492E+07 6. 1392E+04 -1, 7029E+07 1. 00R4E+03 0. QUOOE+Q0 4. 7626E+03 4. 4430E-01
37 B 5828E-~04 3. 6227E-01 8. 9290E+03 S, 9324E+06 3. 7665E+046 -3, 2789E+04 1.08574E+03 2 R009E+06 4. 7622E+03 &, 4630E-01
38 9. 082BE-04 $. 5230E-01 8. 9292E+02 1. 0A3LE+07 8. 9700E+06 -R2. 1920E+08& 1. 1637€+03 0. Q000E+00 4. 7626E+03 4, 4450E-01
39 9. 5829E-04 6. 380%E-02 6. 7RBBE+03 6. 7797E+06 9. JIRIE+0S -8, 7697E+06 1. 3419E+03 2. 0B%0E+06 4 V6R0E+03 4. 4650E-01
40 1. O0B3E-03 5. 2333E-01 8. 926RE+03 5. B071E+06 2. 7834E+06 ~4. D3B1E+06 1.75738¢03 0. 0000E+QQ &, 7620E+03 4. 4630E-01
41 1. O583E-03 2. 1843E-01 8. 9248E+03 -3, 5339E+04 2. 3R4LE+0D 9. 64498E+06 Q@ 76833E+0D2 1. 3991E+06 4. 761%E+03 4 4630E-01
1. 1017E€-03 2. O940E+0R - =~ FRACTURE ===
42 1. 1518E-03 2 092%E+02  B. 9268E+02 -6, J6BLE+06 ~1. 7797E+06 6. BBI2E+DS 2. 7R91E+03 &, 224DE+08 4. T614E+DI 4 4430E-01
43 1 R2018E-03 2. 0975E+02 8. 7RB1E+03 4, 3733E+06 1. OLB0E+0s -8, DI70E 06 1. 7289E+03 0. 0000E+00 4. 7619E+03 4, 46350E-01
44 1 2518E-03 2. O928E+0R 8. FRESE+03 4. 91U0E+06 —6. 9I1TDE+OS -0, 4O9RE+04 1. 27176403 R, 1D47E+06 4. 7619E+03 4 4450E-0)
45 1 3018E-03 2. 0937E+02 6. 9294E+03 1. 10ABE+Q7 9 7704Er(Q6 ~1. 9158E+D6 - 1. O9NIE+03 -~ 0. 0000E+00 4 76R6F+01 4 4450&-01
46 . 3518E-02 2. 0BB3E+02 B, IXPIEFOT B TR70E+04 3, JATE+06L -8, WIWTE+06 9. QAHIE+OR 2. J003E+06 4 V6QE03 4 A6¥OE-O1
47 1 401BE-0] 2. Q92QE+02 8. YR97E+03 2. BLBIE+O7 1 109E+07  ~1 BAORE+Q7 9. 1e%7E+0R 0. O0Q0E+00 4. 762BE+O3 4 46¥OR-O1
489 1. 4518BE-03 2. 0833E+02 8. 730BE+03 4, OBUVE+07 2. D&HV0E+Q7 -2, SO00Er0? 3. B34BE0D D . B2DPEL06 4 76IVEOD 4 ALDDE-OL
49 | 5018E-02 & OBOLE+OR 8. 9312E+03 4, 9818E+07 3. J10BIEQ7 -2 SO00E+07 8. 1910E+0R 1, 1879E+06 4. 74AHE 01 A 4830E-01
90 1 5518E-03 ® O799E+0R 8, 3QULEH0T & AIBLEHOT 4, B6HFEXOV R, BOOOEO? 7. 74%8E+02 1. 9BORE+OS 4. 76HUEAOT 4, 4630F-04
51 1 6017E-03 & O735E+0R 8. FINVE+OT 7, UFH7EHO7 B ARLEL07 -2, DOOOE+Q7 - 7. G704E+0R 1. 0082E+06 - 4 7639F 101 4 4630E-01
%2 1 &H17E-03 @ 06FZE+OR B. 9334E+03 8, BBLIE+OQY 6. OB4AE+Q7 - -2 YOOOE+07 7. 3ROBEYOR 1. 7280E+06 A4 744NE+U 4 46%0E-01

SAMPLE PROBLEM 3 - CU FLYFR ON CU TARGET (210M/S)
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SAMPLE PROBLEM 3 - CU FLYFH ON CU TARGET (210M/S)

CYCLE = 121 TIME = 1, 00548E-06 TIME S1EP « 8 74711€-09 ApT s 27
L POSITION VELOCITY DENSITY STRERS PRESHURE PHI 1:NERQY ART VISC SND sPD MASS
53 1 7017E-03 2. 0439E+02 8. 7337E+03 - 8. 7600E+07 7. 0934E+07  -2. SO000E+07 7 1636E402 2. IB10E+06 4 7569E+03 4 4650E-01
54 1 78517€-00 2. 0343€+02 8 9338E+03 8. 7971E+07 7. QR05E+07  -2. BOO0E+07 6. 7304E+¢02 1. QBUAE+Q7 4 7669+03 4 A450E-01
95 1. BO17E-03 1. 9216E+02 B 92B4E+03 3. 1534E+06 ~1. 3B13E+07 -2 BO00E+07 &, 6733E+02 9. 2104E+07 4. 7612E+03 * 4 4650E8-01
96 1 B51BE-03 1. 67126402 8 9057E+03 -3. 4712E+08 =3, 4379E+08B ~2. S000E+07 4. FRO4E402 1. 2689E+08 4 7372E+00 4 4450E-01
57 1 9022E-03 {. 3433E+02 8. B4OOE+03 ~1. 044R2E+Q9 ~1. OLOBE+09 -2. S000E+07 9. BRYOE+0R 1. 7231E4+08 4. &4BB7E+03 4. 4630E-0%
58 1 9529E-03 1. 1054E+02 6. B184E+03 -1, 46ABE+09 ~1. 4831E+09 -2, SO00E+07 1. Y904E+03 1. 1600E+08 4 6A4LE+OD ' 4. 4630E-01
59 2 0035£-03 1. 0013E+02 8. BI4BE+03 ~1. 7214E+09 =1. 7381E+0Y -2 S000E+07 1. 0766E+03 4. 6RI0E+O7 4. 6403E+03 4. 4650E-0)
60 2. 0540E-03 9. 8734E+01 8. B4B9E+03 -~1. RABIEF09 ~1, DIBFEL09 R BYFHE+06 8. 1791E+02 0. BIRIE+06 4. 676DE+03 4. 46508--01
61 2 1041E-03 9. 8397E+01 8. F031E+03 -4, Q721E+08 -4, 142%E+04 1. PABOE+O7 1. 1195E+02 1. 4246E+06 4. 7339E+03 4. A6S0E-O1
----------------- —— m——— me==MATERIAL INTERFACE
WORK AT LEBOUND 0. O0000E +00 WORK AT RBOUND 0. 000O0E+00
INTERNAL ENERGY 0. 27049E +05 RINETIC ENERGQY 0. 16B12E+06
ADDED ENERGY 0. 00000E +Q0 TOTAL MOMENIUM 0. 18750F v04
REL. ENERGY ERROR Q. 768384E -02 REL.  MOMENIUM ERROR 0. 35100E-07
NORMAL EXIT ON CYCLE 179 AT TIME 1. 50834E-06 COMPUTER TIME 3. 0262IE+00 SEC

PROBLEM RUNNING AT §. Q04E+07 ZONE-CYCLES PER HOUR




SAMPLE PROBLEM 3 - CU FLYER ON CU
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Rear free-surface particle velocity history:

INTERFACE 3 FPLUS -0 ZCON

)

m

CVELOCITY (102 M/s)
-

)
-

.20 .60 1.0 1.4 1.8 2.2

TIME (10' <)
SAMPLE PROBLEM 3 - CU FLYER ON CU TARGET (210M/S)
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APPENDIX E

WONDY V INPUT INSTRUCTIONS

In the subsequent record descriptions the following conventions apply:

1. The subscripts on a variable name indicate the colusms in which
it is to be located, e.g. 11VARyg indicates VAR is to be located

in columns 11 through 20, according to the specified format.

2. Columns 1 -~ 5 are reserved for a record identifying number,
CARDRO. The number given should actualiy be located in the
appropriate column(s). This allpus a much freer form of input

for many of the optional input records.

3. Columns 6 - 10 are reserved for additional information about the
record, e.g. number of parawmeters to be read, storage location of

data in the record, or plate number to which the data applies, etc.

4. All default values given apply to variables that are left blank.

If no default value is listed, zero is assumed.

S. Numbers in parentheses following a variable description refer to
page numbers in the WONDY V report where the variables are more

fully described.

6. In the case when redundant record type identification appears, the

data on the last one in the data sequence will be saved.
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The input routines allow stacking of multiple problems in a single rum.

This option is particularly useful when a series of problems is desired
"to check the effects of varying some input parameter, say the yield stren’qth.
When multiple problems are desired, this fact must be specified by setting

NJOB for tﬁe first problem (on Record 2) equal to the number of problems in

‘the run. The following illustrates the input structure for single or mmalti-
ple problems on a given run. If MORSTOR is not to be used, the MORSTOR
portions of the file must not be presént; this includes the MORSTOR data
and its subsequent End-of-Record, <EOR>. Note that the data for the second
and foilowing problems need include only data which is different from the
first problem; the unchanged data is appropriately carried over by the code.
However, if one variable on a record is clanged, all the others should con-
‘tain appropriate values. Note also that the form specified for the End-of-
Record <EOR> and End—of—Filg <EOF> have been chosen for CDC computers.

Appropriate control stream

(update and execute WONDY)

7/8/9 <EOR>

Data for initial WONDY problem

1st
7/8/9 <EOR>
Problem ,
' MORSTOR data for initial problem
7/8/9 <EOR>
( . Changes to WONDY data for 2nd problem
7/8/9 <EOR>
2nd
< Changes to MORSTOR data for 2nd problem
Problem
7/8/2 <EOR>




Changes to WONDY data for last (NJOBth) problem
Last (NJOBth) 7/8/9 <EOR>
. Problem Changes to MORSTOR data for Njopth problem

6/7/8/9 <EOF>

If it is desired to execute WONDY using only as much storage as the
specific prbblem at hand reQuires, then the following instructions are appro-
priate (p.)L17) {(CAUTION: If REZONE is active, the user must be certain that

sufficient size is reserved.)

Appropriate control stream
(update and execute PREPROCESSOR and WOND!)

7/8/9 <EOR>
7/8/9 <EOR>
1NOPg gNVAR; 313NZONjg FORMAT( 315)
(NOP = number of plots)
(NVAR = number of variables - normally 10)
(NZON = total number of zones in problem)
7/8/9 <EGCR>

*READ TAPES0
7/8/9 <EOR>
Data for WONDY problem

7/8/9 <EOR>
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Normal Input Data:

RECORD 1 FORMAT - (2I5, 7210)

Record 1 provides identification information used in *
standard edit and output routines. Data may include user's

name, run date, run number or any other identification.

NAME DESCRIPTION

1CARDNO5 - 1

11TITLEgy =~ any string of BCD data.

- RECORD 2 FORMAT (1615)

125

NAME DESCRIPTION

1CARDNOg - 2

11LPHA 5 - geometry coefficient.

1 - rectangular.

2v- cylindrical.

3 - spherical.

=g¥0Pon — number of material layers (plates),
maximam of 20.

21YVARy5 - number of variables required to describe
material state, normally 10. {(p. 118)

26LHBT 39 - left boundary type. (p. 84)

3
-

2

fixed.

fixed minimum (maximum) position.
{(must specify LBCM (RBCN) in Record 3)

free boundary.

special boundary condition from
subroutine BOUNDRY.

DEFAULT



NAME DESCRIPTION
31RHBT35 =~ right boundary type, same as LHBT above.

36LACT4g = zone number of right-hand limit of
initial activity. (p. 89)

41NJOBgs - number of stacked problems in this job.
4¢NILgg - Unused

51NOLggs =~ initial conditions (cycle 0) printed if
NOL # 0. '

s6NULgg - last cycle before computer time termination
will be printed if WNUL # 0. NUL is the
number of CPU seconds remaining to cause
termination.

61MOREgs - set to 1 if MORSTOR.is to be called, NVAR
must be at least 11 if MORE # 0. {p. 87)

66JTAPE9g - for restart only, set equal to number of
plates to be read from restart tape. (p. 91)

71NSTART7g - for restart only, set equal to restart 7
cycle number to be read from restart tape.
{p. 91)
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RECORD 3 FORMAT (215, 7E10)

NAME DESCRIPTION
1CARDNOg - 3

11TMAX5q - maximum problem time, problem has normal -
- exit when T > TMAX.

21DELT(4)30 - maximum initial time step,* when zero
- initial time step is determined by GENERAT.

31SIGSEP49 - separation stress for previously fractured
zone, a negative value exceeding in ampli-
tude the expected numerical noise in stress.
(p. 76)

41SIGACTgg -~ zones become active as stress exceeds
SIGACT. (p. 89)

51XZEROgg - initial position of left boundary. (p. 81)

61LBCNyg = left boundary parameter. (p. 85)
ILBCN = XMIN for ILHBT = 2, or can be used
for communication with subroutine BOUNDRY.

71RBCNgg - right boundary parameter. (p. 85)
RBCN = XMAX for RHBT = 2, or can be used
to‘communicate with subroutine BOUNDRY.

*A useful gquide, for problems in which the first zone may be subjected to
large strains by a boundarv stress, is

At = Axy Yepo/2 Opary

where £ = ho is the desired strain.
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RECORD 4 FORMAT (215, 7E10)
RECORD 4 is optional. Default valﬁes are assumed for
any variable set to zero oryleft,blank; or if RECORD 4 is
absgent.
NAME DESCRIPTION ‘ DBPAUU?
{CARDNOg - 4 \

11KTlyg =~ stability criterion constant. (p. 28-29) 0.95

21KT239 -~ maximum rate of time step increase. (p. 29) = 1.05
31Bl4p - quadratic viscosity coefficient. (p. 26) 2.0
41B2g59 = linear viscosity coefficient. (p. 27) k 0.1

, SiSIGMAXGO - ‘problem terminates whenever stress exceeds
SIGMAX. (p. 99-100) 1.0E100

61EMAX909 - problem terminates whenever energy error
exceeds EMAX, warning is printed when-
ever error exceeds 10 percent EMAX, 1.0 ,
equals 100 percent. (p. 99) 1.0

71HMAXgg -~ maximum allowable momentum error,
problem terminates when this value is
exceeded, normally the default value is
used. (p. 97) 1.0E100
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RECORD 5 FORMAT (2I5, 7E10)

RECORD 5 is optional and specifies the frequency of

producing the standard edit. If absent, no standard edit

is produced. (p. 93)

NAME DESCRIPTION
jCARDNOg - 5§

11S1y9 - Standard printed edit will start at time

21413 S1 and is produced at every Al time interval
315249 until time $2, then at every A2 tiwme inter-
418259 val until time S3, etc. If S3 = 0 edit will
515360 stop at S2, if 84 = 0 edit will stop at S3.
618370 \
715480

RECORD 6 FORMAT (2I5, 7E10)

RECORD 6 is optional and controls calling of subroutine
OUTPL to write file for subsequent plotting of selected
variables (see RECORD 23). When RECORD 6 is absent, OUTPL

will not be called. (p. 95)

NAME DESCRIPTION

jCARINO; -~ 6
115139 - see RECORD 5 for description of parameters.
715480




. RECORD 7

NAME
1CARWOS

115129

.

715430

RECORD 8

NAME

1CARDNOS

11S1z9

-

715489

FORMAT (215, 7E10)

KECORD 7 is optional and controls calling of subroutine
OUTN. If RECORD 7 is absent, OUTN will not be called.

(p. 95)

DESCRIPTION
- 7

- see RECORD 5 for description of parameters.

FORMAT (2I5, 7E10)

RECORD B8 is optional and is used to control the writing
of a restart tape. If no restart tape is to be produced RECORD

8 is to be omitted. (p. 94)

DESCRIPTION
- 8

- see CARD 5 for description of parameters.
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- RECORD 9 FORMAT (2I5,7E10)

RECORD 9 is optional and is used to specify additional
data as may be required for subroutines OUTPL, OUTN, BOUNDRY

etc. (p. 86, 93, 95)

NAME DESCRIPTION
1CARDNO; - 9

6110 - position in the array ADDATA where data on
this card is to be stored, I < 94.

11ADDATA(I)39 - specific use of the variables will depend

. upon the subroutines using them, maximum
. dimension of ADDATA is 100.
71ADDATA{I+6) 80
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RECORD 10 FORMAT (215, 7E10)

RECORD 10 specifies equation of state and initial zoniag
for each plate. Must be present for each plate or material

layer in the problem configuration.

NAME DESCRIPTION
1CARDNOg -~ 10
6PLATE;g - plate number for data in this record.
11STATEpq =~ equation of state indicator for this plate,
' 1.0 < STATE < 6.0, corresponding to desired
EOS routine. If STATE = -IPLT, then EOS o
parameters, initial conditions, and fracture
data for IPLT will be assigned to PLATE.

- 21NOMESH39 = number of zones in this plate (p. 80). If
NOMESH = -IPLT, then zoning configuration and
rezoning parameters for IPLT will be assigned
to PLATE.

31THKNS49 = plate thickness. (p. 80)
4lDELTAX50 - size of leftmost zone. (p. 80)

51DELTAX1gg =~ size of rightmost zone. (p. 80)

61XRATIO7q - not used.
7185APgy ~ distance between right boundary of this

plate and left boundary of the next, when
XGAP = 0.0 plates are in contact. {(p. 81)
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RECORD 11 FORMAT (215, 7E10)

RECOR’ 11 specifies rezone parameters. If RECORD 11 is

absént for any plate, rezone will not occur in that plate.

- NAME

1CARDNOg

6PLATE] o
11RZTIMEyq

21DXMIN3g
31 DXMAX 40
41RCCOMBgq

51 RSCRIT¢
61RZCO7¢

71RZClgg

DESCRIPTION

11
plate number for data in this record.
time to start rezoning this plate. (p. 103)

smalles; allowable zoné size for this
Plate (# 0)- (po 104)

largest zone size allowed in this plate.
(p. 106)

zones to be combined must have a differ-
ence in density less than RCCOMB*p,. (p. 106)

stress resolution constant. (p. 102)
stress resolution fraction. (p. 102)

reference {(ambient) stress level. (p. 162)

DEFAULT

THKNS

0.1

0.01



RECORD 12 FORMAT (215, 7E10)

RECORD 12 is optional, and specifies the initial con-
ditions for a given plate. When absent default values are

assumed. (p. 77-79)

NAME  DESCRIPTION DEFAULY
1CARDNOg - 12

6FLATE}g - plate number for data in this record.

11EZEROp9 =~ initial energy in this plate. 0.0
21PZERO3g —~ initial pressure in tnis plate. ' 0.0
331RZERO4q =~ initial density in this plate. Pp
415ZEROgy = initial stress in this plate. 0.0
51UZEROg, - initial velocity of this’plate. 0.9
6IUZER6170 = initial velocity of right boundary

of this plate. 6.0

71ZZEROgy - initial value of ¢ in this plate. 0.0
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RECORD 13

FORMAT (215, 4E10)

CORD 13 is optional and specifies plate fractute criteria.

Default values are assumed only when entire record is absent, in.

which case, no fractures will occur in the plate. (p. 72-76)

NAME

1CARDNO; ~ 13
¢PLATE1g -

‘11FCRITyg -

1. - stretching at minimum stress.

2.

-~ maximum tensile stress failure.

DESCRIPTION

plate number for data in this record.

fracture mechanism type.

3. - cumulative damage criterion

(NVAR > 12).

(p. 73)

1) - minimum stretching

2151GMAF30 - {(FCRIT =
stress, < 0.
(FCRIT = 2) = fracture stress, < 0.
({FCRIT = 3) - fracture integral,
Kmaxs > O-
31FCONST4q - (FCRIT = 1) - melt energqgy.
(FCRIT = 2) - not used.
{FCRIT = 3) - exponent, A, in fracture

integrai, >

415TGMAOgg ~- (FCRIT =
(FCRIT =

(FCRIT
fracture

196

0.
1) - not used.
2) - not used.

3) ~ tensile threshold limit for
integral, ooy, < 0.

DEFAULT

-1.0E100



RECORD 14 FORMAT (2I5, 4E10)

RECORD 14 is optional and specifies fractu:§ criteria for
the right hand interface of a given plate. Defapltrvaluec are
assumed only if RECORD 14 is absent, in which case, the speci~
fied interface will not fracture. Parameter definitions are

the same as those for RECORD 13. (p. 72~76)

NAME DESCRIPTION ‘ DEFAULT

1CARDNOg =~ 14
- PLATE;g - plate number, data which follows
applies to right hand interface of
PLATE.
11FCRiT120 - FCRIT at right hand interface on PLATE. 2.0
21SIGMATF35 - SIGMAI at right hand interface of PLATE. . ~1.0E100
31 FCONSTI,q =~ FCONST at right hand interface of PLATE.
41SIGMAOIgg - SIGMAO at right hand interface of PLATE.
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RECORD 15 FORMAT (215, 7E10)

REéQRDS 15-19 specify, by plate, the equation éf state
data which is read into the array CES(I,PIATE). 1In éases;
where the specified state routine (STAT2, STAT3, etc.) does
not require certain of the 35 constants, the corresponding
recordsimay be omitted. All unspecified CES parameters are
defaulted to 0. Definitions of the 35 constants appropriate
for each of the available state routines are found at the end

of this appendix:

STATL - p. ’
STAT2 - p. .
STAT3 - p. ’
STAT4 - p. .
STAT6 - p. .

NAME DESCRIPTION
1CARDNO5 - 15
¢PLATEj9 =~ plate number for data in this record.

11CES(1,PLATE)5q - equation of state constants.

71CES(7,PIATE ) 80



RECORD 16

RECORD 17

RECORD 18

" RECORD 19

FORMAT (2I5, 7E10)

Same as RECORD ‘15 only for CES(8,PLATE) ‘through

CES(14,PLATE).

1CARDNOg = 16.

FORMAT (2I5, 7E10)

Same as RECORD 15 only for CES(15,PLATE) through

CES(21,PLATE).

1CARDNOg = 17.

FORMAT(2I5, 7E10)

Same as RECORD 15 only for CES{22,PLATE) through

CES(28,PLATE) .

1CARDNOs = 18.

FORMAT (215, 7E10)

Same as RECORD 15 only for CES(29,PLATE) through

CES(35,PLATE) .

1CARDNOg = 19.
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" RECORD 21

FORMAT (2I5, 3(E10,A10), E10)

RECORD 21 allows the user to replace any or all of -

three standard edit variables‘in edit colusms 5-7 with

NAME

1 CARDNOg

11EX1yg

21 LABA3g

31EX249

41LABBgg

51EX3g9

61LABCyg

other variables. This option is particularly useful

when NVAR > 10, and the user desires edits containing

these new variables. Default is the standard edit. (p. 94)

DESCRIPTION
- 21
- variable number for edit column 5.
-~ heading éot edit column 5.
- variable number for edit column 6.
- heading for edit column 6.
~- variable number for edit column 7.

- heading for edit column 7.

DEFAULYT

PRESSURE

16

ENERGY




RECORD 22

NAME
1CARIDNOg

11EXd3g
21LABD3g

31EXS549

41 LABEgq

51EX6g0

61LABF7g

RECORD 23

. FORMAT (215, 3(ElQ,Al0), E10)

‘RECORD 22 has the same function as RECORD 21, except

edit columns 8;10.

DESCRIPTION

22

variable number for edit colunhys
heading for edit column 8
variable number for edit column 9
heading for edit column 9
variable number for edit column 10

heading for edit column 10

FORMAT (215, 7E10)

DEFAULY

VISCOSITY

SND SPD

RECORD 23 allows the user to replace any or all of

the five variables written onto the plotting output file,

TAPE23. (Note: RECORD 6 must be present to obtain data

NAME

1CARDN05
11EPLlyg
21EPL23q
31EPL3yg
41EPL4gg

51EPLS54q

for plotting). (p. 95)

DESCRIPTION

23

DEFAULT

variable number for first plot output variable 9 (x)

variable number for second plot output variable 8 (u)

variable number for third plot output variable 6 (p)

variable number for fourth plot output variable 7 (dy)

variable number for fifth plot output variable

L%

()
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Special Input Cards Read by MORSTOR:

This version of MORSTOR allows for the input to WONDY of an arbitrary
energy density deposition profile. An <EOR> must appear hetween the above

WONDY data and the following MORSTOR data. (p. 87-89)

RECORD 31 FORMAT (2I5, 2E10)

NAME DESCRIPTION
1CARDNOg -~ 31

11TDEP5g - deposition time (P. 88)
21ENOR3g < energy per unit surface area deposited,

set ENOR = 0. to avoid normalization of
deposition profile to this value (p. 87-88)

RECORD 38 FORMAT (2I5, 6E10/(8E10))

RECORD 38 is a multiple record set which specifies the
unnormalized arbitrary enerqgy density profile. At least
two points should be used for each material layer,keven if
their enerqgy density values are zero. No points should

appear in gaps which may exist between plates. (p. 87)

NAME DESCRIPTION
1CARDNO; -~ 38
gNXY¥35 - number of points specifying the arbitrary

energy density profile, < 100

11¥E{l})3y - FEulerian coordinate for first point 'in
profile
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NAME  DESCRIPTION

——

21YE(l)39 <~ wunnormalized energy pef unit mass at
first point in profile

Use as many records as required, in the specified format; note that the

data is in the order XE(1), YE(1l), XE(2), YE(2),..., XE(NXY), YE(NXY)
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Equation of State Constants for STATL

This equation of state routine is used for rate independent initially

solid materials. (p. 33-~48)

1. Po ~ reference density of uncompressed material (p. 34)
-2 o - bulk sound speed of uncompressed material (p. 34)
3. €&, - sublimation energy density (used only in vapor EOS;
s 30
if blank or zero, s is defaulted to 1.0 x 10°Y) ‘p. 37)
4. &y - melt energy density (used only in tensile stress

limitation with vapor EOS; if blank or zero, ., is
defaulted to 1.0 x 1030) (p. 40)

5. cgin - maximum tensile stress allowable with vapor EOS (a
negative quantity; if blank or =zero, o:in is de-~
faulted to -1.0 x 1030) (p. 40)

6. v -~ Poisson's ratio (used only when NOY > 0) (p. 44-45)

7. H=y-1 ~ where Y = ratio of specific heats for expanded vapor
(set H = 0. to bypass vapor EOS) (p. 37)

8. NOK - number of K constants, including Kb {p. 34-35)

9. K4 - ambient bulk modulus (computed intermally from py, Cg)
10. ky - 1if NOK = 0. the Us/up slope s appears here; otherwise,

k3 - kg are non-dimensional parameters in polynomial

12’ k3

13. k4

14. kg

"For linear elastic material set NOK = NOH = 1., NOG = I, = 0., NOY = 2.
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1S. NOH - mumber of I constants, including T, (p. 33, 35-36)

&* .

16. Ty - ambient Gruneisen parameter (if NOH = 1., T = Iy) {p. 35)
17. my ~ if hy = -l., other h's zero, I'p = Ty, (p. 36)
18- h2
19. h3
200 h4
210 hs
22. wog* ~ number of G constants, including G, (if NOG = O.,

‘G is compited from K and v internally) (p. 41-45)
23. Gg - ambient shear modulus (computed internally from c,, ¥) {(p. 45)
24. gl -
250 g2 -
26. - §3 - non-dimensional parameters in polynomial for G. (p. 45)
27. 94 -
28. gs “(
29.  Nov* - yield strength indicator (p. 40-48)

NOY = 0. - material is treated hydrodynamically (p. 49)

NOY = 1. - Y is constant at ¥, (p. 45)

NOY = 2. - Y is infinite (p. 45)

WOY = 3. -~ Y varies with energy and strain ‘x. 46)

NOY = 4. - linear isotropic work hardening (p. 47)

NOY = 5. -~ power law isotropic work hardening (p. 47)
30. Yo - initial yield strength
31. 71 - ‘coefficient 1'\\ variable yield moﬂelsr
2. vy - coefficient in ‘\_\variable yield models

!
3
33. v3 -~ coefficient in \}.\ariable vield models
34. - not used \\
’ \

35. ~ not used \
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- Equation of State Constants for STAT2

This equation of state routine is used for detonating high explosives.

The three models available are ideal gas, JWL, and BKW. (p. 48-53)
e

l. Po
2. o
3. Y
a.
5. Xp
6. Bg
7. pT
Ideal Gas
8. - 35.
JWL
8. A
9. B
10. Ry
11. sz
12. ]
13. EDET
14. - 35.
BKW
8. A

density of undetonated explosive
initial sound speed (generally D is used)

detonation products form:
¥ > 0, ratio of specific heats for ideal gas model {(p. 50)

Y 0, selects JWL model (p. 52)

N

Y 0, selects BKW model (p. 52)
detonation wave velocity (p. 49)

detonation point (problem dependent constant) {(p. 48-49)

wave width constant, general ~ 2.5 (p. 49)

) initiationrdelay time for given HE layer (p. 49)

(y > 0)
not used
(y = 0)

dimensional constants

non~-dimensional constants.

iritial specific energy of HE
ot used.

{(v < 0}



9.
10.
11.
12.
13.
14.
- 15.
le6.
17.
18.
19.
20.
21.
22.
23.
24.
25,

26.

EDET

- 35‘

initial specific energy of HE

not used

specific energy adjustment

not used

not used
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Equation of State Constants for STAT3

This equation of state routine is used for perfect gasses®. (p. 53-54)

1. po - initial density

2. Co ~ dipnitial sound speed
3. Y - ratio of specific heats
4. -~ 35. = not used

*When using this equation of state, initial pressure, density, and energy nmust
be prescribed with RECORD 12.



Equation of State Constants for STAT4

This equation of state routine is used for rate dependent and strain
hardening initially solid materials. Superscript letters refer to notes

immediately following. (p. 54-65)

1. Po ~ reference density of uncompressed material (p. 34)
2. ¢, - bulk sound speed of uncompressed material (p- 34)
‘ ‘ i

3. é; : - sublimation energy density (used only by vapogoﬂos:

if blank or zero, ég is defaulted to 1.0 x 10°Y) (p. 37)
4. éh\ - melt energy density (used in k(éﬂ(a): if blank or

zero.«’;”;m is defaulted to 1.0 x 1037) {p. 59)
5. “gin - maximum tensile stress allowable with vapor EOS(P)

(a negative quantity; if blank or zero, ¢2. is

min
defaulted to -1.0 x 1030) (p. 40)

6. v - Poisson's ratio (p. 65)

7. H=yvy-1 - where Y = ratio of specific heats for expanded vapor
(set H = 0 to bypass vapor EOS) {p. 37)

8. Ko - ambient bulk modulus (computed intermally from 2,5, Cg}
(p. 64)
S. s - slope of shock velocity - particl velocity Hugoniot {p. 54)
10. NOH - Gruneisen parameter indicator (p. 64)

NOH = 2. - Tp = Fopo

11. Ty ) - ambient Gruneisen parameter (p. 64)

12. & - constant in k(éﬂqa) (if blank or zexo ko is defaulted to
-2.) (p. 59) :

13. AKX — strain rate dependence indicator {p. 60-65)

AK = 0. - no rate dependence
AK = 1. - rate dependence
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14. woy(h)
15. v,
16. Yl
17. yz
18. Y3
19. y4
20.

21.

220 al -
23- a2 -
24. az -
25- 34 -
25. ag -
27. ag —
28- a7 -
29. 5
30.

yiell strength indicator (P. 60) .
NOY = 0. -~ hydrodynamic (rate independent) (p. 60)
NOY = 1. - constant yield stress, Y = Y, (p. 60)
NOY = 2. - infinite yield stress (use STAT1 for this
‘ option (p. 45}
NOY = 3. =~ wvariable yield stress(€) (p.60)
NOY = 4. - linear isotropic work hardening(d) (p. 60)
NOY = 5. - power law isotropic work hardening (€) (p. 60)

NOY < 0. - anisotropic work hardening with |Noy|

components {maximum of 7) (p. 60)

- NOY > 0. NOY < 0.
initial yield stress Yy -
used for NOY > 3. Yy -
used for NOY > 4. Y3 - individual
. components of-
computed internally Yq - anisotropic

yield stress(f)

computed internally Yg - (p. 57-58)
not used : Yg -
not used ¥Yq -

weights of Y; for NOY < 0.

{p-

57-58)

maximum allowable fractional error in rate dependence
(if blank or zero, § is defaulted to .01) (p. 51)

not used



310 Al -

32. a2 - , |
\ constants for use in relaxation function{d) (p. 63)
33. A3 - .
340 A4 -
35. - not used
Notes:

.2
(a) k()=1-(ko+2)2;éi+(k°+1)(g§-)>o :
“m m (p. 59

(b) If a given zone-cycle passes through the vapor EOS, then

= 50 : ,
G 2 Onin = %nin K(€) € 0 (p. 65)

{c) ¥

]

¥Yo(1l + yin) k(& > 0 (p. 60)

(d) Y=E¢g, Y <Y,

Y =Yg5 + E¥(e - g45), Y > ¥4
where € is the strain in uniaxial stress, E is Young's modulus, B* is the

tangent meodulus, and Yy = Egy. E* is input as Y2 and E is input as yi- If

y1 is left blank it is calculated as

v1 = E = 3(1 - 2v)K,

(e) Y=Ee,Y< Y,

]
1

o o
Y, + 3{z~¥/E}* , ¥ > Yo
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where € is the strain in uniaxial stress, and a and B are material constants .

input as y3; and yp respectively (E is not explicitly required as input to

this model)

(£) If the vapor EOS is employed for a given material laver, then

the individual yield components are reduced by
Yy =¥; k(&) > 0

(g) The currently programmed relaxation function is

where Ud

d
and g, are the total and equilibrium stress deviators respectively,
G is the shear modulus, and Al is the material relaxation time. Other

functions can easily be inserted, and the input constants A2 through A4 are

provided for this purpose. (p. 63)

{h) NOY = 0: NVAR must be at least 10
1. € NOY € 2.: NVAR rust be at least 13
NOY = 4., S.: NVAR must be at least 14

-1. > NOY > -7.: NVAR > 13 + |novy|



porous materials.

RZERO {PLATE).

gggation of State Constants for STAT6

This equation of state routine is used for initially distended or

(p. 65~71)

THE INITIAL DENSITY OF THE FOAM MATERIAL MUST APPEAR ON RECORD 12 AS

1. fso
2. Co
3. &
a. €4
o
5. Omin
6.
7. H
8. NOK
9. Ko
10. ki
11. k2
12. k3
13; k4
i4. kg

density'of uncompressed reference solid material (p.67).

bulk sound speed of uncompressed reference solid
material (p. 68)

sublimation energy density (used only with vapor EOS;
if blank or zero, &, is defaulted to 1.0 x 103%; {p. 37)

melt energy density (used in tensile stress limitation
with vapor EOS; if blank or zero, €y, is defaulted to
1.0 x 1030) (p. 20)

maximum allowable tensile stress with vapor EOS {(a
negative quantity; if blank or zero, Oyj, is defaulted
to -1.0 x 1030) (p. 40)

not used

vapor Y - 1 (set H = 0. to bypass the vapor EOS) (p. 37)

number of K constants, including K5 (p. 34-35)

ambient bulk modulus for reference solid material
(calculated intermnally from pg,, Co) (p. 35)

if NOK = 0., the Us/up slope s appears here (p. 35)
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15. NOH

16. T,

17. hl

18. h2

19. hj

20. h4

21. hg

22. Cp

23. LS

24. Peo

26. ko.

27. &g

28.

290 63

3l. N

32. . a

33, (kg+2)/Eq
1c2

34. (e, +1)E

35.

number of T constants, including To (p. 33, 35-36)

ambient Gruneisen parameter for reference sclid (if

NOH = 1., [ = I'y) (p. 35)

if hy = ~1., other h's zero, Ipg = Fpge (P- 36)

bulk sound speed in uncompressed foam material (p. 68)
Pso

initial distention ratio = 77— , where pg, is the
fo
initial density of the foam (p. 65)
elastic limit pressure of unheated foam material (p. 67, 69)
crushup pressure for unheated material (p. 67, 69)
constant used in energy dependent model (usually
=l. 3 kg ? =2.; if blank or zero, %, is defaulted
energy density at which foam strength becomes
negligible (if , = 0., energy independent model
is used) (p. 69)
not used
additional quadratic viscosity coefficient
(try 3.0} (p. 71)
additional linear viscosity coefficient (try 0.7) (p. 71)
calculated internal constant Cg/rofé
calculated internally (p. 68)
calculated internally (p. 69)

calculated internally (p. 69)

not used



APPENDIX F
PLOTTING INPUT INSTRBCTIONS FOR
» WONDPLT - A GENERAL PURPOSE PLOT ROUTINE

It is frequéntly of interest to have a visual display of the simulation
calculated‘by WONDY, and the plotting routine WONDPLY provides this capability.
Two kinds of plots are available ~ history of a variable at a fixed Lagrangian
point, and spatial dependence‘of a variable at a fixed time. The-iatter may
be used to generate movies of the material response, which are often indig-~
pensible in obtaining a good overall view of a given problem. The former is
a useful tool when cross-plotting variables. Histery plots may he used in
conjunction with digitized experimental data to merge on the same plot both

the numerical solution and the experimental results.

TAPE UNITS WONDPLT

10 plot output
23 input from WONDY
50 Data for merging with History plots

In order to obtain plot output from WONDY, RECORD 6 must be included in
the WONDY input. Input to the WONDY code (RECORD 23) may be used to define
output for other than the listed variables, and the WONDPLT code may be
updated to plot inkcolor, and to plot multiple sets of information on a
single frame (i.a. suppress film advance).

Current plotting limitations are set at ten (10) TIMEPLOTS (histories),
and the number of points on any given plot may not exceed 1200 without

causing plotting truncation.
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SPATIAL PLOTS INPUT

Time to begin plotting
Interval between plots

Time to end plotting

interfaces and fractures drawn normal to
horizontal axis (use when abcissa is
positioned)

no interfaces and fractures drawn

1 x  {position) defaulit vari-

2 u {velocity) ables from

3 P (density)- OUTPL. user sel-
4 § oy (axial stress) ection available
S5\ & {internal enerqgy) ) {s=ze p. 201.)

linear scale
logarithmic scale*

automatic scaling**
scalinc supplied by user

if (26-30) non-zero
if (26-30) non-~zero

points not connected
points connected

RECORD 1la _ FORMAT(10X, 3E10.0)
(1-5) “XPLOT" |
(11-20) To
(21-30) At
(31-40) T;
RECORD 2a FORMAT (10X, 4F5.0, 2E10.0, 2F5.0)
(1-5) *XDATA"
(11-15} 0
1
(16-20) Variable number:
(21-25) ¢
1
{26-30) 0
1
(31-40) XMIN
(41-50) XMAX
(51-55) 0
1
(56-60)

Character code ({see Table E-l)
{if blank, 42 is used)

* Automatic logarithmic pealing could be used if any value of the variable
is less than zero. .
**Automatic logarithmic scaling goes to nearest appropriate whole decade.



RECORD 3a FORMAT (10X, 7Al10)
(1-6) "XIABEL"

(11-80° . Desired Hollerith label forlx-axis
’ {Center of scale zt col. 40)

RECORD 4a FORMAT (15X, 3F5.0, 2E10.0)

(1-5) | “YDATA"™
(16-~20) Variable number (see RECORD 2a)
(21-25) 0 ’ linear scale

' 1 logarithmic scale*
(26-30) 0 j automatic scaling*

1 scaling supplied by user

(31-40) YMIN if (26-30) non-zero
(41-50) ¥YMAX if (26-30) non-zero
RECORD S5a FORMAT (10X, 7aAl10)
(1-6) | "YLABEL"
(11-80) Desired Hollerith label for y-axis

(center of scale at col. 40 for hardcopy, col. 30 for MOV.

RECORD set la-5a may be repeated as necessary for other variable
combinations.
If a movie is desired, RECORD la should be preceeded by a RECORD with

"MOVIE" in col. {(1-5).

*See footnote on previous page.
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HISTORY PLOTS INPUT
(Spatial Order Required)

" FORMAT (10X, 3F5.0)

RECORD 1b
" (1-8) -“TIMEPLOT"
(11~15) interface number (1 is left boundary)
(16~20) zone number from interface; either + or -.
(21-25) frequency of data: 1 every point
2 alternate points
etc.
RECORD 2b FORMAT (15X, 3¥5.0, 2E10.0, 275.0)
{1-5) "XDATA"
{16~-20) variable number (see RECORD 2a)
{blank for time)
{21-25) g linear scale
1 ) logarithmic scale
(26-30) 0 automatic scaling
1 scaling supplied by user
(31-40) XMIN if (26-30) non-zero
{41-50) XMAX if (26-30) non=-zero
{51-55) 0 points not connected
1 points connected
(56-606} character c¢ie {(3ee Table E-1)
‘ (if blank, 42 is used)
RECORD 3b FORMAT (10X, 7al10)
(1-6) "XLABEL"
(11-80) Desired Hollerith label for x-axis




RECORD 4b FORMAT (15X, 3¥5.0, 2E10.0, 3F5.0)

(1-5) "YDATA"
(16-20) ’ Variable number (see RECORD 2a)
(21-25) 0 linear scale )
1 ’ logarithmic scale
(26-30) 0 automatic scaling
‘ 1 scaling supplied by user
(31-40) ) YMIN if (26-30) non-zero
(41-50) YMAX if (26-30) non-zero
(51-55) 0 no merge plot
1 merge plot
merge tape format (TAPES50): NPOINTS,
(X(1), Y(I), I = 1, NPOINTS)
(56-60) 0 7 points not connected on merge data
1 points connected on merge data
(61-65) ' character code for merge data {(see
' Table E-1
RECORD 5b FORMAT (10X, 7al10.0)
(1-6} “YLABEL"

{11-80) " Desired Hollerith label for g-axis

RECORD set 1b-5b may be repeated up to a limit of ten (10) TIMEPLOT's,
in spatial order. The TIMEPLOT card need not be repeated to obtain histories

of other variables at the same point.

Both XPLOT's and TIMEPLOT's may appear in the same plotting data file.

The final record in the data file must be a record with "END" in col. (1-3}
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Character

0

2 H R QG H XD O g 0w O 0 N0 D W N

< o ¥ n o ow 0 "Wwoo =

TABLE E-1

Standard Scientific Characters

Decimal

Code

O 0 8 A bW N e

U s W W W W W W N NN NNN R e
W N O O W NN D Wb WN N e YW O

Character

W

X
Y
2

W

I+ ™

=

(= 1

by

o ™
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