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FOREWORD 

The program descr ibed i n  t h i s  r e p o r t  has  evolved over  

a per iod of many yea r s .  

Readers should be caut ioned t h a t  some e r r o r s  may remain 

i n  the  program. It i s  customary f o r  u s e r s  t o  a l t e r  the  program 

t o  f i t  t h e i r  own requirements and tas tes .  Such u s e r s  are urged 

t o  append a s u i t a b l e  des igna t ion  t o  the  program name, s o  t h a t  
d i f f e r e n t  vers ions  may be d i s t i n g u i s h e d ,  and t o  add d i s t i n c t i v e  

i d e n t i f y i n g  symbols t o  the  l a s t  e i g h t  columns of t he  FORTRAN pro- 

gram ca rds  which have been a l t e r e d .  Needless t o  say ,  t h e  au thors  
cannot take r e s p o n s i b i l i t y  f o r  any vers ions  of t h e  program which 

do n o t  correspond e x a c t l y  t o  the  program l i s t i n g  i n  t h i s  r e p o r t .  
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TO: ALL WONDY AND TOODY USERS - 5 6  Q- 6 6 -bo/  

From: L. -D. Bertholf  - 114f 

June 1 2 ,  1967 

Re: Equation of S t a t e  S t a b i l i t y  

The Grueneisen Equation of S t a t e  and the  s t r a i g h t  l i n e  U,-Up f i t  rela- 
t i o n  combination i s  sub jec t  t o  i n s t a b i l i t i e s  a t  high compressions. 

For a cons t an t  Grueneisen Ratio t h i s  i n s t a b i l i t y  i s  poss ib l e  f o r  

2 + r o - s  - p >  
P, i + r o - s  

or 

r 0 = 2 s - i  . P l + s  if - >- 
Po s 

r e  Po 
However f o r  r = - , t he  equation s t a t e  combination i s  s t a b l e  f o r  I', < S+1 P 
as long as t h e  compression i s  less than t h e  asymptotic va lue  f o r  t he  s t r a i g h t  
l i n e  f i t .  

S ince  r, i s  u s u a l l y  less than S + 1, i t  i s  recommended t h a t  WONDY and 
TOODY runs be made wi th  
us ing  NOH = 2.0 with h, = -1.0. 

= (I',p0)/p . This  is e a s i l y  accomplished by 

LDB : 1142: sm 

copy to  : 
L. D. Ber tho l f ,  1142 
F i l e  1142 
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1. INTRODUCTION 

WNDY i s  a v e r s a t i l e  FORTRAN code f o r  computing, wave propa-  

ga t ion  i n  one dimension i n  rec tangular ,  c y l i n d r i c a l  o r  sphe r i ca l  

coordinates .  The code i s  based on conventional f i n i t e  d i f f e rence  

analogs t o  t h e  Lagrangian equations of motion and i s  similar i n  

many r e spec t s  t o  o the r  such codes.” 

Considerable e f f o r t  nas been expended t o  produce a very 

f l e x i b l e  code. Routines f o r  equations of s t a t e  o r  c o n s t i t u t i v e  

r e l a t i o n s ,  s p e c i a l  boundary rout ines ,  r a d i a t i o n  e n e r w  add i t ion ,  

a s  we l l  as t h e  i n i t i a l i z i n g  r o u t i n e  a r e  w r i t t e n  as se l f -conta ined  

subrout ines ,  and new rou t ines  a r e  e a s i l y  w r i t t e n  t o  cover prob1w.s 

not handled by t h e  o r i g i n a l  set. I n  t h i s  way most problems of  

motion i n  one dimension may b e  handled without d i f f i c u l t y .  

Since many users  m a y  be unacquainted with previous w o r k  i n  the 

f i e l d ,  a very elementary t rea tment .of  t h e  d i f f e renc ing  technique 

i s  given. However, no attempt i s  made a t  a r igorous  d e r i v a t i o n  o r  

t reatment .  

There a r e  seve ra l  vers ions  of WONDY. The code descr ibed i n  

tnis r e p o r t  i s  designated WONDY 2 .  It is w r i t t e n  i n  C.D.C. 3600 FORTRAN 

4 3 
*In p a r t i c u l a r  t h a t  of Herrmann (1964) and of  Wilkins and Giroux (1963). 
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and in i t s  present  conf igura t ion  occupies two 3X banks on t he  C.D.C. 

3600.* A maximum of 3,000 mesher and 20 d i f f e r e n t  l a y e r s  of l aa t e r i a l  

can be accomodated. While c a r e  has been taken t o  Kinirnize computing . .  + t i m e ,  t he  program has been w r i t t e n  f o r  f l e x i b i l i t y  r a t h e r  than extreme 

d s to rage  s i z e  a . '  , e f f i c i e n c y ,  and s 

running t i m e  hav t ilit 

no attempt has been made t o  mi 

at tempts  t o  do so wqt 

* *  

' For spec ia l  c l a s s e s  

is requi red ,  i t  would be advisable  t o  modify and s p e c i a l i z e  the  code t o  

minimize running t i  o r  opt imize s t o r a  par- 

t i c u l a r  compute 

The f i n i t e  

i c h  t h e  code is t o  be used., 

the  non-l inear  p a r t i a l  , d i f f  dimensional 

motion. The 

c i a 1  v i s c o s i t y  c o e f f i c i e n t s  which a r e  

*he main s to rage  a r r a y  is forced i n t o  Bank 1 and occupies  approximat 
31,100 decimal loca t ions .  
program inc luding  ' l i b r a r  
approximately 18 
s to rage  a r e  t o  b 
must be reduced t o  appro 
a maximum of 800 meshes 

+ 
Running times depe 

the  amount of ou tput  requested.  For most problems, about 0,s t o  0,8  mil 
mesh c a l c u l a t i o n s  (number of meshes times the  nurnber of cyc les )  can be, 
done per  hour on the  C.D.C. 3600. 

2 
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It is quite possible to obtain completely false or even random 

results by inappropriate choice of mesh sizes and viscosity coefficients. 

It is always advisable to run several problems with successively smaller 

mesh sizes and often with several choices of viscosity coefficients to 

insure that the solution is insensitive to choice of these parameters. 

A few problems cannot be handled adequately by finite difference tech- 

niques on present computers due to the fact that sufficiently small 

mesh sizes would entail prohibitively long computation times. 

Results are, of course directly dependent on the constitutive 

equations or equations of state describing the materials involved. 

If physically realistic results are to be obtained, then physically rea- 

listic constitutive equations and material constants must be used. 

For some materials these are known less precisely than for others, 

and results will therefore have a greater uncertainty. The question 

of the sensitivity of the results to variation in any particular 

material constant connot be answered in any generality. If material 

constants have considerable uncertainty attached to them, it is al- 

ways advisable to run at least three problems: one with the most 

probable value, one with the maximum, and one with the minimum 

probable value. 

When the constitutive equations and material constants are known 

precisely and when the proper mesh sizes and viscosity coefficients 

are chosen, the finite difference technique is capable of great accuracy. 

3 



2 .  BASIC DIFFLRXNCE EQUATIONS 

2 .1  D i f f e r e n t i a l  Equations 

The one-dimensional equation of motion expressing conservation of 

momentum i s  

(2 .1 )  

where x i s  t h e  s p a t i a l  coordinace, p the  dens i ty ,  a trle acce le ra t ion ,  

T t h e  s t r e s s  i n  t h e  x d i rec t ion ,  and q t h e  viscous stress, both taken 

p o s i t i v e  i n  compression. The q u a n t i t y %  i s  t h e  d i f f e rence  between t h e  

stresses i n  t h e  long i tud ina l  and t r ansve r se  d i r e c t i o n s  (z = 1 f o r  rectangu- 

lar, 2 f o r  cy l ind r i ca l ,  3 f o r  sphe r i ca l  one-dimensional coord ina tes ) .  

We w i l l  fo l low ma te r i a l  p a r t i c l e s  i n  t h e  motign, and thus  t h e  acce le ra -  

t i o n  i s  given simply by 
2 ,  

* = a t  
where u i s  t h e  ve loc i ty  def ined by 

- 3 x  
a t  u =  

b s s  conservat ion i s  expressed by 

e = -  dV 
? o  dv (2.4) 

where d V  i s  an element of volume a t  time t = 0, when t h e  dens i ty  i s  o o  and 

dv i s  t h e  cur ren t  volume of' t h e  Same element a t  time t. 

4 



These equations a r e  supplemented by t h e  equation express ing  energy 

conservat ion and t h e  equation of s t a t e  o r  c o n s t i t u t i v e  equat ion.  It i s  

convenient t o  d e f e r  cons idera t ion  of t h e s e  equations as they  a r e  solved 

sepa ra t e ly  i n  t h e  equation of s ta te  subrout ine .  

2.2 Difference Equations 

I n  t h e  f i n i t e  d i f f e r e n c e  method a l l  q u a n t i t i e s  a r e  sampled a t  d i s c r e t e  

m a t e r i a l  p a r t i c l e s  and a t  d i s c r e t e  t imes.  

o rder  w i t h  a n  index j ,  and t imes a r e  l abe led  i n  order  w i t h  a n  index n. 

t h e  value of an  a r b i t r a r y  quan t i ty  

denoted iJ. 

by c o n s i s t e n t  use  of  simple, centered,  second-order analogs 

The p a r t i c l e s  are l abe led  i n  

Thus 

I' a t  t h e  jth p a r t i c l e  and nth t ime i s  

The d i f f e r e n t i a l  equations a r e  s e t  i n t o  f i n i t e  d i f f e r e n c e  form 
n 

and l i n e a r  i n t e r p o l a t i o n  expressions.  

5 



The d i f f e rence  equations used, corresponding t o  (2 .1)  through (2 .4)  a r e  

n - 

n+* n + l  n 
where  A t  = t  - t  

( 2  . l o >  

where m i s  a mesh cons tan t  i n i t i a l i z e d  a t  t = 0 t o  

(2.11) 
rnJ-112 = PY-42 1 (xJ o a  ) - (xY- l )a  I 

These equations a r e  subject  t o  excessive roundoff when 3L = 2 and 3. 

The nesh constant  m i s  w r i t t e n  i n  t h e  equivalent  form 

6 



The mass equation may b e  written i n  t h e  a l t e r n a t e  forms 

Rearranging and sub t r ac t ing  leads  t o  

This m y  be w r i t t e n  a s  

n +I 
= ", + x; 

f o r  z = 1 

f o r  cz = 2 

= (x ;+I ) "  + x J n + l  Xn J + (xJn ) "  
for z = 3 

Two q u a n t i t i e s  are useful in l a t e r  c a l c u l a t i o n s .  

(2 2 2 )  



Note t h a t  a, u, and x a r e  centered a t  j, while  a l l  o ther  q u a n t i t i e s  a r e  

centered a t  j - 2 i n  space.  1 This suggests t h e  fol lowing i n t e r p r e t a t i o n :  

I 
I 

I 
, 
1 

I 
I 
I 
1 
I 

I f  l i n e s  a r e  drawn on t n e  ma te r i a l  a t  t h e  i n i t i a l  i n s t a n t  t o  de f ine  a 

material coordinate  mesh, which d i s t o r t s  with t h e  ma te r i a l  as t h e  motion pro- 

ceeds, t he  pos i t i ons ,  v e l o c i t i e s ,  and acce le ra t ions  of these  l i n e s  de f in ing  

the  mesh boundaries a r e  found a t  d i s c r e t e  t imes.  The same ma te r i a l  p a r t i c l e s  

a r e  always contained i n  a given mesh. S t resses ,  d e n s i t i e s ,  e tc . ,  are  found 

which may be regarded as averages over each mesh between success ive  mesh 

boundaries . 
A l l  q u a n t i t i e s  except ve loc i ty  a r e  centered a t  n i n  time, while u i s  

This occasions no d i f f i c u l t y  except a t  the  i n i t i a l  centered a t  n + 3. 
i n s t a n t .  Ve loc i t i e s  a r e  usua l ly  e i t h e r  zero or  constant  p r i o r  t o  t h e  i n i t i a l  

0 i n s t a n t ,  s o  t h a t  u " = u and s t a r t i n g  t h e  computation i s  not a problem. J J' 

I n  order  t o  f a c i l i t a t e  s torage ,  mesh q u a n t i t i e s ,  e .g . ,  uJ-+, q3 1, 
-2- 1 

r) 1, e tc . ,  a r e  indexed j .  The ve loc i ty  un+' i s  s to red  a t  n + 1. J - 2  

'2.3 Order of Computation 

The ca l cu la t ion  proceeds as follows: a t  t = 0, a l l  q u a n t i t i e s  are 

defined a t  a l l  meshes by t h e  i n i t i a l  data ( v i a  t h e  i n i t i a l i z i n g  rou t ine  

descr ibed l a t e r ) .  The computation is performed success ive ly  a t  each mesh 

8 



s t a r t i n g  w i t h  t h e  le f t -hand  boundary. A t  t h e  jth mesh t h e  momentum equat ion 

(2 .7)  i s  used t o  compute t h e  a c c e l e r a t i o n  a t  t h e  jth mesh boundary. 

a t  a time + A t n + '  a f t e r  t h e  i n i t i a l  i n s t a n t  a t  t h e  jth mesh boundary fol lows 

from (2.8) .  P o s i t i o n  a t  time A t  a f t e r  t h e  i n i t i a l  i n s t a n t  a t  t h e  j 

mesh boundary fol lows from ( 2 . 9 ) .  

Veloc i ty  
1 

t h  1 n+ T 

Calcula t ion  be ing  performed 

J - 1  J J + l  
The new p o s i t i o n  of  t h e  ( j  - 1)st  mesh h a s  a l r e a d y  been found a t  t n i s  

s t age  of t h e  c a l c u l a t i o n .  Tne mass equat ion (2.10) can t h e r e f o r e  be used 

t o  determine t h e  dens i ty  i n  t h e  mesh between j - 1 and j. 

p l a s t i c  m a t e r i a l s  t h e  v e l o c i t i e s  a t  j - 1 and j can be used t o  determine 

For  e l a s t i c -  

s t r a i n  r a t e s  a t  j - 3. 
used t o  determine t h e  energy and s t r e s s e s  a t  j - $. 

Tne energy equat ion and equat ion of s t a t e  a r e  then 

These c a l c u l a t i o n s  a r e  

accomplished i n  t h e  equat ion of s t a t e  subrout ine  zncl are d iscussed  l a t e r .  

The computation at the jth mesh poin t  i s  now complete, and t h e  next  mesh 

i n  sequence can be t r e a t e d  i n  t h e  same way. Boundary c a l c u l a t i o n s  a r e  de- 

scribed below. ' h e n  a l l  the mesh p o i n t s  have been treated,  t h e  s o l u t i o n  i 'or 

t i m e  A t  a f t e r  t he  i n i t i a l  i n s t a n t  has been cons t ruc ted .  Tne procedure 

can be repea ted  f o r  t h e  next  time increment. F u r t h e r  r e p e t i t i o n  allows 

cons t ruc t ion  of t h e  s o l u t i o n  f o r  t h e  e n t i r e  t ime of i n t e r e s t .  

1 n+q 

9 



2.4 U n i t s  

No dimensional constants  a r e  coded i n t o  t h e  program. Thus any s e l f -  

cons is ten t  .;et of' abso lu te  u n i t s  may be used. The use r  must b e  cautioned 

t h a t  nowhere does t h e  acce le ra t ion  due t o  g rav i ty  appear and absolu te  mass 

and f'orce units must be used. Several  s e t s  of u n i t s  which have been round 

u s e f u l  a r e  shown i n  t he  t a b l e  below. 

N o  n t i t y  
Time 

Length 

Mass 

Force 

Energy 

Energy  Density 

Power 

Density 

Pressure 

C . R * P S  
usec  

cm 

gm 

Tdyn 

T e r g  

mar cm /grn 

T erg/sec 

3 

gm/Cmj 

M ba r  

- 
s. I. 
s e c  

m 

k@; 

Newton 

Joule  

J/& 

Watt 

kg, m3 

N/m2 

f . p . s .  
s ec  

f t  

slug 

l b  

f t  l b  

f t  l b / s l u g  

f t  l b / sec  

3 s lug/  f t 
2 l b i f t  

i . p . s .  
sec  

i n s  

s l u g  

lb 

i n s  lb 

i n s  lbs/slug 

i n s  l b / sec  

s l u g j i n s  3 

2 l b j i n s  
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3.  AHTIFICIAL VISCOSITY 

Since m a t e r i a l s  a r e  non-l inear  i n  t n e  sense t n a t  t hey  become s t i f f e r  

a s  tney  a r e  compressed, s o l u t i o n s  t o  wave propag€t ion  problems which do not  

include v i s c o s i t y  may develop d i s c o n t i n u i t i e s  o r  shock waves. Such discon-  

t i n u i t i e s  would nave t o  be haridled a s  i n t e r n a l  f l o a t i n g  boundaries s ince  tne  

d i f f e rence  a n a l o g s  ( 2 . 5 )  a r e  only  approximately co r rec t  f o r  small d i f f e r e n c e s  

i n  a l l  parameters.  These i n t e r n a l  boundaries  a r e  part of t h e  s o l u t i o n ,  and 

it is extremely d i f f i c u l t  t o  handle  them.  

Tne problem i s  resolved" oy inc luding  v i s c o s i t y ,  w h i c h  renders  t h e  

s o l u t i o n  continuous and prevents  formation of mathematical d i s c o n t i n u i t i e s .  

Shock waves a r e  recognized as very  s t e e p  but  f i n i t e  g rad ien t s  i n  t h e  s o l u t i o n .  

I t  i s  c l e a r  t h a t  a shoch wave must occupy s e k e r a l  mesh wid ths  i n  o rde r  t o  

s a t i s f y  t n e  requirement t h a t  d i f f e rences  i n  q u a n t i t i e s  remain sma l l .  

Natura l  v i s c o s i t y  can be used. However,  f o r  most materials n a t u r a l  

.v i scos i ty  i s  so small t h a t  shocks would be extremely narrow. I n  o rde r  t o  

insure  that a shock occupies s e v e r a l  mesnes, i t  would then  be necessary t o  

use extremely smal l  meshes. For t h e  usual physical problems t h i s  would mean 

t h a t  an extremely large number of meshes would be requi red .  

For t h i s  reason an a r t i f i c i a l l y  l a r g e  v i s c o s i t y  i s  introduced.  Care 

i s  necessary so t h a t  t h e  viscous term does not  a f f e c t  t h e  s o l u t i o n  anywhere 

i 
*See Von Neumann and Richtmyer (1950). 

A 
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except near shocks. A t  shocks the  so lu t ion  i s  i n t e n t i o n a l l y  d i s t o r t e d  t o  

insure tha t  gradients  a r e  much lower than  i n  nature ,  so t h a t  a reasonable 

number of meshes can be used i n  a given problem. I n  e f f e c t ,  use of a r t i f i c i a l  

v j scos i ty  broadens o r  smears shock waves. 

The exact choice of form of a r t i f i c i a l  v i s c o s i t y  i s  somewhat a r b i t r a r y .  

Ke use a quadra t ic  viscosi ty"  i n  t h e  form 

1 6 3  where b i s  a constant  w i t h  dimensions of length .  Since ( p  E) e s s e n t i a l l y  
1 

represents  t h e  volumetric s t r a i n  r a t e ,  q i s  e s s e n t i a l l y  a bulk  v i scos i ty .  

The quadrat ic  form i s  chosen so t h a t  t h e  v i s c o s i t y  is very small 

except when r a t e s  become la rge ,  a t  which time t h e  v i s c o s i t y  becomes very 

l a r g e .  The quadrat ic  form i s  therefore  most e f f e c t i v e  i n  c o n t r o l l i n g  

gradients  a t  shocks while  introducing minimal dis turbances elsewhere. 

$ A l i n e a r  v i s c o s i t y  i s  a l s o  used i n  t h e  form 

4 = b 2 C ( % )  ( 3 . 2 )  

where c i s  the  sound speed and b2 i s  a constant  with dimensions of length .  

The l i n e a r  v i s c o s i t y  i s  e f f ec t ive  i n  c o n t r o l l i n g  small spurious o s c i l l a t i o n s  

i n  which gradients  a r e  i n s u f f i c i e n t  t o  make t h e  quadrat ic  v i s c o s i t y  e f f ec t ive .  

*Introduced by Von Neumann and Richtmyer (1950).' 

*Introduced by Landshoff (1955). 
2 

1 2  



Great c a r e  i s  necessary i n  t h e  use of l i n e a r  v i s c o s i t y ,  as t h e r e  i s  a much 

g r e a t e r  chance of d i s t o r t i n g  t h e  s o l u t i o n  i n  areas away from shocks.  

The cons t an t s  b and b2 determine t h e  shock width." Since it is 
1 

d e s i r a b l e  t h a t  t h e  shock encompass a given number of meshes, independent of 

t h e  choice of mesh s i z e ,  bl and b 

mesh s i z e .  

a r e  non-dimensionalized by use of t h e  2 

= B2Ax bl = B I A x  b2 (3.3 1 

I n  f i n i t e  d i f f e r e n c e  form 

where($ 8) I s  given by (2.13). 

Since r a r e f a c t i o n s  do not s teepen i n t o  shocks, v i s c o s i t y  is s e t  to 

zero when 2 < 0. 

~~ _ _  
1 

*See von Neumann and Richtmyer (1950) f o r  a d i scuss ion  of t h e  r e l a t i o n  

of t h e  shock width t o  b i n  t h e  case  of a p e r f e c t  gas. 
t 1 
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4. CONSTITUTIVE EQUATIONS 

There a r e  s e v e r a l  opt ions f o r  c o n s t i t u t i v e  equations i n  t h e  program. 

Currently,  s i x  d i f f e r e n t  c o n s t i t u t i v e  equations can be  accommodated, b u t  

it i s  very simple t o  increase  t h i s  number. 

are programmed i n  subrout ines ,  an input parameter f o r  each l a y e r  determining 

Indiv idua l  c o n s t i t u t i v e  equations 

which subrout ine i s  t o  be called f o r  t h i s  l a y e r .  Only some of t h e  a v a i l a b l e  

subrout ines  w i l l  b e  descr ibed i n  t h i s  r epor t .  Other special-purpose sub- 

rout ines  can b e  wr i t t en  as required.  

The equation expressing conservat ion of energy i s  included i n  t h e  con- 

s t i t u t i v e  subrout ine.  Before wr i t i ng  down the  energy equation, it i s  use fu l  

t o  note  a f e w  r e s u l t s  concerning stress and s t r a i n .  

4 .1  S t r e s s  and S t r a i n  

I n  one-dimensional motion shear s t r a i n s  are absent  s i n c e  t h e r e  i s  no 

shear ing  of the material. 

s t r a i n  rate or s t r e t c h i n g .  In t h e  d i r e c t i o n  of motion, i .e.,  t h e  x d l r e c t i o n ,  

It i s  more convenient t o  work i n  terms of t h e  

- a u  t h e  s t r e t c h i n g  i s  def ined as - 
d, 

d, = 

I n  rec tangular  coordinates  t h e r e  is no motion i n  t h e  y and z coordinate  

d i r e c t i o n  so t h a t  

3, 
3Y d, = d ,  = 0 d g  = 0 f o r  a = 1 (4.1) 
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I n  c y l i n d r i c a l  coordinates  t h e r e  i s  no motion i n  t h e  z d i r e c t i o n ,  

so t h a t  d, = 0. 

f e r e n t i a l  s t r a i n ,  so  t h a t  ( x  i s  the mdial d i r e c t i o n )  

However, motion i n  t h e  x d i r e c t i o n  w i l l  induce a circum- 

d,  = - d, = 0 f o r  .z = 2 (4.2) U d U  
E X 

d g  = 

I n  s p h e r i c a l  coordinates  t h e r e  i s  a hoop s t r a i n  induced i n  mutual ly  

perpendicular  c i r cumfe ren t i a l  d i r e c t i o n s  when t h e r e  i s  motion i n  t h e  x d i r e c -  

t i o n ,  s o  t h a t  ( x  i s  t h e  r ad ia l  d i r e c t i o n )  

d U  
a; d, = 

U 
X 

d, = - f o r a  = 3 (4.3 1 

The volumetric s t r a i n  r a t e  o r  d i l a t a t i o n  i s  def ined  as 

d = d, + d, + d, (4.4) 

Thus it must be  related t o  t h e  r a t e  a t  which t h e  d e n s i t y  i s  changing by 

- Lda 
2 b t  d =  

S t r e t c h i n g  dev ia to r s  a r e  def ined  as 

(4 .5)  

d d  
and s i m i l a r l y  for d , ,  & . 
dependent of t h e  volume change. 

They a r e  a measure of t h e  rate of d i s t o r t i o n  i n -  

From (4 .4)  it is  evident  t h a t  

Since t h e  shea r  s t r a i n s  a r e  zero i n  one-dimensional motion, shear  

s t r e s s e s  a r e  zero.  The s t r e s s  components i n  t h e  coord ina te  d i r e c t i o n s  a r e  
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s X ,  yP, and oz . The pressure  i s  defined as 

1 ( -p)  - - (5 ,  + TY + 172 ) - 3  

t h e  minus s ign  appearing i n  agreement w i t h  t ne  convention t h a t  s t r e s s e s  a r e  

considered pos i t i ve  i n  tens ion ,  while  pressure  i s  considered pos i t i ve  i n  

compression. S t r e s s  devia tors  a r e  def ined as 

T X  = ux - ( -p)  = 3 x  + P (4.1) 

and s i m i l a r l y  f o r  J ~ ~ ,  T ~ ~ .  From (4.8) it  i s  evident t h a t  

T X d  + g y d  + 3 /  - - 0 (4.10) 

The rate  a t  which mechanical work i s  being done by the stresses, i.e., t h e  

s t r e s s  power, i s  given by 

P = a,& + Z Y d y  + D Z &  (4.11) 

Using (4.4),  (4.5),  (4.6),  (4.8), and (4.9)  t h e  stress power may b e  expressed as 

P =  's + 'd (4.12) 

where P is given by 
S 

and represents  t h e  ra te  a t  which work i s  be ing  done by t h e  pressure  a g a i n s t  

a volume change, and Pd i s  given by 

Pd = CJxd 4 + T Y d  4 + & d  d (4.14) 

and represents  t h e  rate a t  which work i s  be ing  done by t h e  dev ia to r  stresses 

aga ins t  d i s t o r t i o n .  Using (4.7) and (4.10) the  components i n  t h e  y d i r e c t i o n  

16 



I n  t he  momentum equation (2.7) w e  r equ i r e  

(4.16) - v =  01 - 0, 
We note  t h a t ,  u s ing  d e f i n i t i o n s  (4.9),  y can be w r i t t e n  

(4.17) d d q3 = ux - CYy 

and u s i n g  (4.10), t h i s  can b e  put  i n t o  t h e  more convenient form: 

(4.18) d CP = 2 Clxd + uz 

Also t h e  q u a n t i t y  (5 i n  t h e  momentum equat ion,  from (4.9), i s  

(4.19) 
d 

CJ = u x  = p - a ,  

wnere 7 i s  taken p o s i t i v e  i n  compression f o r  convenience. 

Considerable s i m p l i f i c a t i o n  a r i s e s  when z = 1 or 3 .  

i n  r ec t angu la r  and s p h e r i c a l  one-dimensional motion impl ies  that  ciy = cr . 
Thus (4.7) and (4.10) can be  w r i t t e n  

The symmetry inherent  

Therefore,  f o r a  = 1 o r  3 (4.15)  and (4.18) become 

'd = $ 3 :  4 

4.2 Conservation of Energy 

(4.20) 

(4.21) 

(4.22) 

The one-dimensional equat ion f o r  conserva t ion  of energy expresses  t h e  

f a c t  t h a t  t h e  r a t e  of i nc rease  of i n t e r n a l  energy per unit mass i s  equal  t o  
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where 2 i s  the i n t e r n a l  energy per  u n i t  mass, Q i s  t n e  h e a t  added (say,  by 

chemical reac t ion  o r  r a d i a t i o n )  pe r  unit mass, and h i s  t h e  hea t  f l u x  due t o  

heat  conduction. We have included work done by t h e  viscous s t r e s s  q. 

Heat add i t ion  Q m y  be assigned as required,  wh i l e  h will depend on t h e  

temperature grad ien t .  Since t h e  energy equation is  included i n  t h e  cons t i t u -  

t i v e  subrout ine,  Q and h are only included when necessary.  They do not  appear 

anydhere e l se  i n  t h e  program. 

Tne energy equation us ing  t h e  d i f f e rence  analogs (2 .5)  becomes, i n  the  

absence of heat conduction 

n + 1 ) 2  
‘ h e r e  ~ l Q , ~ - v z  i s  the  hea t  a d d i t i o n  during t h e  time increment A t  . 
AQJ-llc i s  o r d i n a r i l y  i n i t i a l i z e d  t o  zero when t h e r e  a r e  no energy sources .  

For an e r m p l e  of how energy add i t ion  may be accommodated, see Sect ion 6.7. 

h a s  been def ined  i n  (2.12),  and 262 

4.3 F lu id  Equation of S t a t e  

Liquids can support  on ly  a pressure,  and t h e  s t ress  devia tors  vanish.  

The assumption i s  sometimes made t h a t  when very high pressures  occur i n  s o l i d s ,  
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the s t r e s s  d e v i a t o r s  a r e  n e g l i g i b l e ,  and t h e  solid may b e  assumed t o  a c t  

,a like a l i q u i d .  

13 t h i s  ca se  it i s  evident  t h a t  

The equat ion of s t a t e  of t h e  material i s  u s u a l l y  taken i n  t h e  form 

P = J ( P , & )  (425) 

This eauat ion  i s  centered  a t  n + l  and j-+. 

energy equat ion (4 .25)  and t h e  equat ion of s ta te  (4 .28 )  are  two simultaneous 

equat ions for t h e  two unknowns pJ-itd, LJ-q2. 

It is t h e r e f o r e  seen  t h a t  t h e  

n + l  n + l  
If t h e  equation of s t a t e  has  

the form 

P = J i b )  + J a ( 0 )  
- 

then (4 .25 )  and(4.29) can b e  solved e x p l i c i t l y  

(4.29) 

d 
where d e  = 0 from (4.27) and(4.26).  Then 

n + 1  
PJ-yZ 

h 

0 (4 B . 3 3  ) 

The f u n c t i o n s  J l  and J 2  must be given. It  i s  commonly assumed t h a t  a 

l i q u i d  o r  s o l i d  can be descr ibed  by t h e  Mie-Grueneisen equation, which can 
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be  w r i t t e n  

A 

where p H  ( p )  and ( p )  a r e  t h e  pressure  and energy a long  some reference 

l i n e  and are funct ions of d e n s i t y  only and where ( p )  i s  the  Grueneisen 

r a t i o  and i s  a l s o  a func t ion  of d e n s i t y  only. The reference pressure  PH ( 9 )  

and energy &" (p ) are genera l ly  taken from experimental d a t a  along t h e  

Hugoniot . Two forms a r e  common f o r  p~ 

2 
P O C ,  rl 

Pn = (4 .35)  
(1 - s d 2  

where oo i s  t h e  i n i t i a l  d e n s i t y  a t  zero pressure  and ambient temperature, 

c and s are constants ,  and 

Po 

P 1 - -  (4.36) =E - ri 

This form fol lows from t h e  observat ion t h a t  t h e  shock v e l o c i t y  U i s  a l i n e a r  

func t ion  of p a r t i c l e  ve loc i ty  u f o r  many materials, given by  

U - c o + s u  (4.37) - 

where c o  and s are given constants .  Al te rna te ly ,  pH i s  given as a power 

s e r i e s  expansion i n  q 
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dPn at 7 = 0, where the  K's a r e  given constants .  

it i s  necessary t o  assume t h a t  

I n  o d e r  t o  match drl 

Note t h a t  c, corresponds t o  t h e  b u l k  sound speed and KO t o  t h e  a d i a b a t i c  

bu lk  modulus a t  zero p re s su re  and room temperature.  

The energy e,, is r e l a t e d  to pH by 

where e = 0 a t  p = 0 at P = Do 

The Gmeneisen ratio i s  u s u a l l y  expressed as 

(4.40) 

(4.41) 

where t h e  h ' s  a r e  given cons tan ts .  Thus, rear ranging  (4.34) we have 

(4.42) 

so t h a t  

. ,  
. , .  . 

I *.I '.': : . . . -  

(4.43) 

(4.44) 

A 
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where 

and pH i s  given by (4.35) and (4.38) and i s  given by (4.41). 

The equation f o r  pH is  se l ec t ed  by an equation of s t a t e  constant NOK. 

If NOK = 0, then (4.35) i s  used, t he  f i rs t  two succeeding equation of 

s t a t e  constants  being K, and s. 

(4.38) is  used. 

which i s  computed i n t e r n a l l y  us ing  (4.39), and t h e  next (NOK - 1) constants  

a r e  t h e  k ' s .  

If NOK is a p o s i t i v e  i n t e g e r  (5 6) ,  then 

The f i rs t  succeeding equation of state constant i s  &, 

Up t o  5 k ' s  can b e  used. If NOK = 1, then (4.38) becomes 

l i n e a r .  

The Grueneisen r a t i o  (4.41) i s  computed s imi l a r ly .  The number of 

terms used i s  se l ec t ed  by t h e  equation of s t a t e  constant  NOH (5 6), t h e  

succeeding constant be ing  r,, . 
Note t h a t  i f  NOH = 1, then  t h e  Grueneisen r a t i o  becomes a constant .  

The next (NOH - 1) constants  are the  h ' s .  

The sound speed i s  a l s o  computed i n  t h e  c o n s t i t u t i v e  subroutine.  The 

sound speed i s  def ined as 

(4.46) 

where ( )9 i nd ica t e s  - that  t h e  d i f f e r e n t i a t i o n  i s  taken a t  constant  entropy. 

D i f f e ren t i a t ing  (4.29) a t  constant entropy 

Q (4.47) 
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We note t h e  thermodynamic r e l a t i o n  

(4.48) ($)s = (E)s ($)s - - ( - P )  (- +) = ;- 

where u = l / p  i s  t h e  s p e c i f i c  volume. Thus 

d A  + & d l o  dP + Plz ~ (4.49) - 
dP 

C" - 

(4.53 1 
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o r  using (4.38) 

4 .4 E l a  s t i c -P last i c M a t  e rial 

The c o n s t i t u t i v e  equation i s  of general  form 

w i t h  similar equations f o r  7, and '7, . 
separa te  equations through t h e  use  of (4.6) and (4.9). 

However, (4.55) may b e  resolved i n t o  

Thus f o r  t h e  d e v i a t o r  

s t r e s s e s  

d d 
and similar equations f o r  g, and gZ, and f o r  t h e  pressure  

The l a t t e r  equation i s  taken i n  i d e n t i c a l  form t o  (4.29). The d e v i a t o r  

r e l a t ions  a r e  s p e c i f i c a l l y ,  

where G ( p ,  e )  i s  t h e  shear  modulus and i s  taken as a func t ion  of t h e  thexmo- 

dynamic s t a t e .  If t h e  ma te r i a l  exh ib i t s  p l a s t i c i t y ,  t h e  d e v i a t o r  s t r e s s e s  

have an upper limit determined by t h e  y i e ld  condition. The Von Mises y i e l d  

is 
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where Y ( p , W )  i s  a m t e r i a l  constant  known as t h e  flow s t ress .  It i s  more con- 

venien t  t o  e l imina te  t h e  y component by t h e  use of (4 .10) .  

J Y  (4.60) 

When ?: = 1 or 3,  t h e  symmetry condi t ion  (4.21)  reduces (4.60) to 

(4.61) 

Thus, p u t t i n g  t h e s e  r e l a t i o n s  i n t o  f i n i t e  d i f f e rence  form, 4' i s  given b y  

(4 .6)  and (4.1) as  

where (; 1.30 E) i s  given by (2.13).  

n 
Then J, i s  given, i f  t h e  m a t e r i a l  were e n t i r e l y  e l a s t i c ,  b y  

(4.62) 

This value i s  l i m i t e d  by t h e  y i e l d  condi t ion .  (See Ref. 4 )  %or 31 = 1 or 3 

l y  = 3 2 (;)' 

However, i f  j ,  > ( Ylzk)', then  3 

The dev ia to r  stress work i s ,  from (4.22) and (4 .26)  
d n + 1  d n  

d n+ya 4 n + &  ~x J-uz + 91 J'UZ 
2 At 4 J - I ~  n f l  - - 

n 
+ 3j-4r2 

2 
A L  

P j 4 2  

and 

(4.64) 

(4.66) 

(4 .67)  
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However, when 1 = 2, it i s  necessary t o  use more complex eauat ions.  

f i r s t  necessary t o  compute 4 

I t  is  
d 

given by ( 4 . 2 )  and (4 .6)  a s  

where ($ 5) is again e v e n  by (2 .13) .  

Then Oz is given ,  i t ’  t [ e  r a t e r i a l  were entirely e l a s t i c ,  u j .  
d 

(i d n  n+@ n+qz d n + l / z  
v’z - - 7 2  J-1/2 + 2 A t  G j - d ~  & j - 4 ~  

The y i e l d  condi t ion is therefore ,  from (4 .60)  

and the  devia tor  s t r e s s  work i s ,  from ( 4 . 1 5 )  and (4.26) 

(4.b6) 

and from (4.18) 
n + l  d n+A d n+l 

-3j-li2 = 2 u x  j-l /2 + 3 2  1-112 (4.74) 
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0 n + l  n + l  
The energy&,-+  and pressure  pJ-dd i s  then found from (4 .30)  and (4.31) 

as be fo re .  Then from (4.19) 

The sound speed appropr i a t e  t o  

where c l  on t h e  right i s  given 

usually taken t o  be  cons tan t .  

It now remains t o  spec i fy  

appear  above. "he most common 

t h e  e l a s t i c - p l a s t i c  case  i s  

by ( k . k g ) ,  where 

(4  -76) 

v i s  Po i s son ' s  Ratio, 

t h e  func t ions  G(p, e )  and Y(p, e )  which 

assumption is  t h a t  t h e  shear  modulus G is  

r e l a t e d  t o  t h e  bu lk  modulus K by 

where v i s  Po i s son ' s  IIst io taken t o  b e  a cons t an t .  "he bulk modulus is  

r e l a t e d  t o  c" given by (4.49) by b 

K = 9 c i  

Thus i n  f i n i t e  d i f f e r e n c e  form, i n  terms of (4.76) and (4.78) 

(4.78) 

(4.79) 

Note t h a t  (4.79) is  not p r e c i s e l y  centered .  

An approximation which i s  used f o r  G i s  t o  assume G is  a func t ion  of 

p only,  w r i t t e n  as a power s e r i e s  i n  q 

Q 
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;<here 

(4.t.c) 

( 4 . r, cs ) 

The fori11 of G i s  se lec ted  by an  equation of s t a t e  constant  NOG. If ?TOG = CJ, 

t h e  forni (4.79) i s  used. If NCG i s  a p o s i t i v e  in t e&er  (<-6), the  fo rn  (4.80)  

i s  used, the f i r s t  succeeding constant  be ing  G which i s  computed i n t e r n a l l y  

using (4 .8&),  t h e  next (NOG-1) cons tan ts  being t n e  g ' s .  

used. Note t h a t  i f  NOG = 1, G i s  a cons tan t  with value G . 

0' 

Up t o  j G ' S  can be 

0 

One formulation f o r  ~ ( p ,  C) i s  

(4.81) 

 here q ,  yl, an& y2 a r e  given cons tan ts .  The term y2may be taken t o  re -  

greseiit t h e  melt ing or sublimation energy. An increase i n  the  flow s t r e s s  

due t o  compression and 3 decrease i n  flow s t r e s s  due t o  energy (o r  temperature)  

can tnus  be accommodated. Note t h a t  (4.31) does not represent  s t r a i n  hardening. 

The form of equation t o  be  used i s  se l ec t ed  by an equat ion of s t a t e  con- 

s t a n t  NOY ( <5), 

the  ma te r i a l  i s  a f l u i d .  If NOY = 1, t h e n  a constant  y i e l d  stress Y i s  used 

which appears as t h e  next equation of s t a t e  constant  a f t e r  NOY. If NOY = 2, 

tnen the  y i e ld  t e s t  i s  omitted,  and t h e  ma te r i a l  has an i n f i n i t e  y i e l d  s t r eng th .  

If NOY = j ,  then (4.81) i s  used and yl and y2 a r e  the  next equat ion of s t a t e  

ccns tan ts  a f t e r  Y . (If o ther  equat ions a r e  added i n  place of (4.81), up t o  

c cons tan ts  can be  supplied,  and NOY can be used a s  a n  ind ica to r  t o  choose 

tile appropr ia te  equation. ) 
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A 
4 . 5  Vapor Eq,uation of S t a t e  

Under c e r t a i n  circumstances, e s p e c i a l l y  when the  m a t e r i a l  i s  heated 

by energy sources ,  t he  ma te r i a l  may vaporize.  k t e r i a l  s t r eng th  disappears  

au tomat ica l ly  if (4.81) i s  used. 

appl icable ,  and a vapor equation of s t a t e  must b e  used. The vapor equation 

i s  only used f o r  dis tended ma te r i a l s  (q 

However, t h e  HYDRO desc r ip t ion  i s  no longer  

0).  It is  taken i n  t h e  form 

This form is  chosen f o r  t h e  fol lowing reasons:  

dis tended ma te r i a l s ,  t h e  equation e s s e n t i a l l y  reduces t o  

When L<< 1, i .e . ,  f o r  very 
Po 

P = H p ( e  - ) (4.83) 

The ma te r i a l  cons tan t  e, represents  t h e  subl imat ion energy of t h e  ma te r i a l .  

Equation (4.83) i s  t h e r e f o r e  equivalent  t o  t h e  pe r fec t  gas l a w  

P = (-( - 1) D (ts. - e, (4.84) 

if H = y - 1, where y is  t h e  r a t io  of s p e c i f i c  h e a t  of the  p e r f e c t  gas, 

and t h e  sublimation e n e r a  is sub t r ac t ed  from t h e  i n t e r n a l  energy. 

When o = po, then  t h e  equation reduces t o  

= r p e  (4.85) 

and is t h e r e f o r e  continuous with t h e  Me-Grueneisen equation (4.34) a t  t h i s  

po in t .  

D i f f e r e n t i a t i n g  t h e  vapor equation (4.82) and s e t t i n g  D = po l eads  t o  

(4.86) 

D i f f e r e n t i a t i n g  t h e  Mie-Grueneisen equation (4.42) and s e t t i n g  p = o0 leads 
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for& given by (4.35) and (4.38) providing t h a t  (4.39) i s  sa t i s f ied .  

I n  order t h a t  t h e  slopes match, equating (4.86) and (4.87), w e  have t h e  

condi t  ion 

The second term is much smaller t han  t h e  f i rs t  when 6:cC r. S’ and N is 

z 
r,e, 

u s u a l l y  chosen a s  - N - (4.88) 

so t h a t  t h e  two equations (4.42) and (4.82) are approximately continuous i n  

slope a t  p = g o .  

Equation (4.82) can be put i n t o  the  form 

where 
- - A (exp B - 1) p e, f l  

The sound speed w i l l  be given by (4.49). However, 
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B = N q  (1 - q )  (4.93) 

dB = NF(1 - * )  dp 

4.6 Tens i le  S t r e s s  L i m i t  

A m a t e r i a l  cannot support  an  i n d e f i n i t e l y  large t e n s i l e  s t ress .  

Provis ion  i s  made t o  l i m i t  t h e  t e n s i l e  stress as one means of s imula t ing  

f r a c t u r e  o r  c a v i t a t i o n .  This  i s  accomplished as follows: 

n + 1  
If 3J-q" 7.1 n 

n +1 
where J , ~  ,, i s  u s u a l l y  a negat ive  quan t i ty ,  t hen  0,-1/2 i s  set  equal  t o  

7,1 and t h e  energy i s  recomputed by  s e t t i n g  

(4.94) 
n + 1  

and u s i n g  (4.25) t o  recompute e , -&.  

4.7 Sol id  E p a t i o n  of S t a t e  Sub-outine 

All of t h e  prev ious ly  descr ibed  f e a t u r e s  a r e  combined i n  a s i n g l e  

subrout ine  STATE1. Thus, a s o l i d  ma te r i a l  which suppor ts  a shear  s t r e s s  

m a y  be a l loded  t o  melt and vapor i ze ,  t h e  c o r r e c t  equat ion of  s t a t e  be ing  

chosen au tomat ica l ly .  

C e r t a i n  f e a t u r e s  may be  suppressed i f  they  a r e  not r equ i r ed .  The vapor 

equat ions a r e  normally used if 1 < O .  However a t e s t  on H i s  included so t h a t  

if H = 0, then  t h e  vapor equat ion i s  by-passed, and t h e  normal equat ions  f o r  

tne  s o l i d  a r e  used.  S imi l a r ly ,  dev ia to r  s t r e s s e s  a r e  normally computed if  

d ya . However, computation o f  dev ia to r  s t r e s s e s  i s  by-passed e n t i r e l y  

if t h e  ind ica to r  NOY i s  s e t  t o  zero.  
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” .  
J ~ S I C ~  sever21 OLJtions a r e  inclu- ie l ,  E few unnecessar) 1 3 5 i c a 1 7  a n ,  

3cnas i g n E l 1 y  arit.i:rictic, ojerr i t ions a r e  performed :Then t n c  sinlpler forms 

of t i c  equations ‘ire used. CLre n a s  been take, ,  to i i l i n i ~ ~ i ~ e  unnecessnr, 

3 , e r3 i ions .  FJevertrieiess, i f  extensive product iJn r ins a r e  coritempL t e j  

u s i n  

s iossible  GO reduce runnini, t imes s l i g h t l y  by reprodramming t h e  equatiori 

‘, 9 a r t i c u L r  sirn,~I.ified form of the  equation of s ta te ,  it may be 

or s t ~ t c  tq iricorporate o n l y  those f ea tu res  xhich s r e  required.  

4 . (3 Yign Explosives 

H i p  explosives  a r e  t r e a t e d  by consider ing t h a t  no pressures  can appea r  

in t i le undetonated explosive,  and by  fo rc ing  t h e  de tona t ion  wave t o  move a t  

t h e  Chapman-Jouguet ve loc i ty  from t h e  i n i t i a t i o n  poin t .  

If i s  t h e  pos i t i on  of  t h e  poin t  of i n i t i a t i o n ,  t hen  t h e  t ime a t  

which t h e  detonat ion wave w i l l  reach a. p a r t i c u l a r  mesh i s  

(4.95) 

where D i s  t h e  Chapman-Jouguet de tona t ion  ve loc i ty .  Then t h e  equation 

of s t z t e  of t h e  de tona t ion  products  i s  wr i t t en .  

F (4.96) 

-,Jnere F i s  a burn f r a c t i o n  given b y  

F = O  i f  

(4.97) 
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w i t h  t h e  r e s t r i c t i o n  F i l .  The cons tan t  Q i s  a f a c t o r ,  gene ra l ly  2 . 5 ,  

which spreads t h e  de tona t ion  f r o n t  over s e v e r a l  meshes. 

Solving (4.96) and t h e  e n e r a  equat ion ( 4 . 2 5 )  f o r  t h e  i n t e r n a l  

energy l e a d s  t o  

a- 

a2 
1 - F f ,  

t h e  p re s su res  be ing  found from (4.96). 

Since explos ive  gases  cannot support  a shear  s t r e s s ,  it i s  unnecessary 

t o  i s t i n g u i s h  between 7 and p.  Thus t h e  p re s su re  p i s  s to red  d i r e c t  

i n  t h e  a r r a y  named SIGMA. The burn t ime tb , which i s  computed on t h e  

f i r s t  c a l l  t o  t h i s  subrout ine,  i s  s to red  i n  t h e  a r r a y  named P.  

Functions fi and f2 appropr i a t e  t o  t h e  explosion products  must be 

suppl ied .  For a p e r f e c t  gas, t h e  equat ion of s t a t e  i s  

-Y 

p = ( Y - l ) P @  (4.99) 

where y i s  t h e  r a t i o  of s p e c i f i c  h e a t s .  Wri t ing t h i s  i n  t h e  form (4.29), 

t h e  func t ions  f, and f2 f o r  p e r f e c t  gas  explosion products  a r e  

fi = 0 

fi = ( v  -1) @ “+l J-1/2 

(4.100) 

A1 so 

(4.101) 
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so Lh.Jt ii' t i lese 8 r e  i n se r t ed  i n t o  (4.49), t h e  expression f o r  soun,i s s e d  

i n  :; Jerf 'cct  t ~ s  i s  obt,jined, viL. ,  

5qu:i t i ons  f o r  per fec t  gas erp los ion  products a r e  supplied i n  t h e  

s jb rou t ine  S T ' I T E i .  The f o r ~ i s  (4.96) and (4.49) f o r  p and c z r e  T C -  

i-,iqe j ,  ; l though they le2d t o  some i n e f f i c i e n c i e s  i n  coniputotion, i n  order  

t r )  r c v i d e  f l e x i b i l i t y  i n  accommodating more r e a l i s t i c  equations of  s t a t e .  

If' t-ie equations f o r  mass, momentum, and energy conservat ion across  2 

S i l O C  < ,  V i L  . 

I (D - u )  = n3 (D - u, 
P + q ( D  - u>" = po I- ?, ( D  - u 0  

- p9 - q = ; (p  + lb ) (v, - 1)) 

::here !, i s  t h e  chemical energy added i n  t h e  detonat ion,  a r e  combined with 

t :I e C ha p i 3  n - Jougu e t  co nd i t i on 

(4.123) 

1 - 1 ~  t he  

? r l l  en?ry;y a t  t h e  Chapman-Jouguet yo in t  imiedia te ly  behind t n e  d-etonation 

W ~ ~ V D  ,iiovincT, i n t o  undisturbed s o l i d  explosive (p, = u, = 0)  a r e  

expression f o r  sound speed (4.102), then  t n e  pressure,  dens i ty ,  

If 1 
v + l  

v +1 
Y 

& J  = - 

- - n  % J - 

(4.104) 

(4.155) 
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For p e r f e c t  g:3s ex2losion products  t h e  requi red  equat ion of  s t a t e  input  

parameters a r e  chosen t o  b e  v and D . The p res su re  (SIGMA) i s  i n i t i a l i z e d  

t o  zero,  t h e  d e n s i t y  i s  i n i t i a l i z e d  t o  

detonated explosive,  and t h e  i n t e r n a l  energy i s  i n i t i a l i z e d  t o  Q. 

oo , t h e  d e n s i t y  of t h e  s o l i d  un-  

4.9 Gasses 

When F = 1 , t h e  above equat ions  a r e  appropr i a t e  f o r  a gas,  

i r r e s p e c t i v e  of whether t h e  gasses  a re  de tona t ion  products  o r  not .  Thus, 

equat ions  (4.98) zn? ('4.96) with  F = 1 a r e  used. Functions f o r  fi , f2, 
'fi and % appropriate t o  t h e  p a r t i c u l a r  r e a l  gas be ing  used must be  

supgl ied .  

a r e  use&, and a subrout ine STrlTE3 i s  su2pl ied us ing  t l iese equat ions .  

- A  . ?  
If tne  &;as i s  a p e r f e c t  gas, then  equat ions (4.100) and (4 .101)  

The pressure  i s  s tored  i n  t h e  a r r a y  named SIGblA.  The a r r a y  named P, 

i s  not used. 

Tne pressure ,  clensity, an5 i n t e r n e l  energy must be i n i t i a l i L e d  t o  

zL)>rogr i a t e  va lues .  

be i n i t i a l i b e i i  t o  &ero .  ?"ne i n i t i a l  va lues  o f  p re s su re ,  d e n s i t y ,  and 

energy n,ust exac t ly  s a t i s f y  t h e  equat ion  of s t a t e .  

9, 7 and 1 -  :nust e : a c t l y  s a t i s f y  (4.99).) 

Note t h a t  t h e  p re s su re  ( s t o r e d  i n  SIGMA) must never 

(For a p e r f e c t  gas 

(4.106) 

n 
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4.10 Q t h e r  Cons t i tu t ive  Equat,ions 

The program has been w r i t t e n  expressly t o  e l low the  c o n s t i t u t i v e  eauations 

a r  equations of s t a t e  t o  b e  changed e a s i l y .  Any s e t  of c o n s t i t u t i v e  equations 

which compute t h e  q u a n t i t i e s  J ~ - +  and “n,-+ from t h e  fol lowing q u a n t i t i e s  
n +1 n + l  

can be  wr i t t en :  

n 
P j - 112 

“he q u a n t i t i e s  x, ut p ,  q, 3 ,  and ‘9 are saved i n  a r r ays .  When t h e  equation 

of s t a t e  subrout ine i s  entered,  a l l  of t h e  above q u a n t i t i e s  are ava i l ab le .  

In  add i t ion ,  two o t h e r  a r r a y s  a r e  provided t o  save information a t  each mesh 

point  f o r  u s e  i n t e r n a l  t o  t h e  equation of s t a t e .  These are labeled e and p 

and are used i n  t h e  rout ines  descr ibed previous ly  f o r  t h e  i n t e r n a l  energy 

and pressure.  However, t h e y  are not used anywhere else i n  t h e  program except 

f o r  output and may b e  used f o r  s torage  of o the r  q u a n t i t i e s  i f  i n t e r n a l  energy 

and pressure a r e  not required i n  t h e  equation of s t a t e .  (Note t h a t  and p 

a r e  i n i t i a l i z e d  i n  t h e  i n i t i a l i z i n g  rout ine.  ) Addit ional  a r r ays  may be 

ad.ded wnen required as descr ibed i n  Sect ion 6.1. Such a d d i t i o n a l  a r r a y s  

a r e  used, f o r  example, when s t r a i n  hardening i s  included and t h e  p l a s t i c  

work done must be computed and saved a t  each mesh, 
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5. STABILITY 

The computation is advanced each cycle by a time increment 

The choice of time increment is not independent of the choice of mesh size. 

Without entering into a full discussion at this point, the numerical method 

becomes unstable if the time increment becomes too large. Instability leads 

to oscillations which grow very rapidly with time. The criterion for stability 

for the difference equations used here is (see Apendix A) 

Ax for Au < 0 At 5 

B,c + Bla IAui +\/(B,c + B12 IAu/>” + c” 

A x  for Au 2 0 
(5.2) 

I -  
C 

where Ax = xJ - x J - l  , and Bl and B2 are defined by ( 3 . 3 ) .  

The criterion (5.2) is applied to each mesh, the minimum value over all 

meshes being used to advance the calculation. The criterion (5.2) is actually 

computed at the conclusion of each mesh computation, the minimum value first 

being used in ( 2 . 8 )  and (2.9) on the next cycle. Thus ( 5 . 2 )  is written 

( 5 . 3 )  

for Au 2 0 

n+l/ 2 n+1/2 
J-1 - u  J where Au = u 
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Tile f a c t o r  K t l  i s  included so t h a t  the t i m e  increment may be reduced below 

t h a t  f o r  s t a b i l i t y .  This  f ac to r  i s  an input  v a r i a b l e  and i s  normally chosen 

t o  be 1, Occasionally,  when a more s t r ingen t  c r i t e r i o n  i s  des i r ed ,  i t  may 

bc s e t  t o  0.95 o r  0.9. 

I n  order  t o  l i m i t  the  r a t e  of increase  of  A t ,  the  va lue  a c t u a l l y  used 

T h e  f a c t o r  ICtz, i s  an input  v a r i a b l e  and i s  

I f  t h i s  f ea tu re  i s  not  des i r ed ,  K,, may be 

normally chosen t o  be 1.1 o r  1.2. 

made a very l a r g e  number, say 100. 

Occasionally,  i t  i s  des i r ab le  t o  s t a r t  a ca l cu la t ion  with a smaller At 

L ; > . ~ I ;  rccluircd f o r  s l labi l i ty .  Such a case a r i s e s ,  f o r  ins tance ,  i f  there  is 

an i n i t i a l  p ressure  o r  ve loc i ty  d i scon t inu i ty  i n  the  i n i t i a l  condi t ions.  

(See Sec t ion  6.5) The des i r ed  i n i t i a l  t i m e  increment may be read i n  a s  

input  i n  DELT ( 4 ) .  Then K t 2  may be used t o  cont ro l  the  ra te  a t  which A t  

increases  u n t i l  i t  i s  con t ro l l ed  e n t i r e l y  by s t a b i l i t y .  I f  t h i s  f e a t u r e  i s  

not  des i r ed ,  DELT ( 4 )  may be l e f t  blank, which i s  read as zero. The program 

then automatical ly  ass igns  a va lue  of lo5.  
Vhen energy sources are included,  t he  energy added each cyc le  as A Q  

i n  ( 4 . 2 5 )  m u s t  be small. I f  the  t i m e  during which energy i s  deposi ted i s  

small ,  then the  t i m e  increment f o r  s t a b i l i t y  may be too large.  The depos i t ion  

t i m e  i s  c a l l e d  TDEP. This i s  normally i n i t i a l i z e d  t o  zero. I f  i t  i s  non- 

zero ,  then i f  t i s  less  than TDEP, the  smaller of  the  t i m e  increment f o r  

s t a b i l i t y  and one hundredth of the  depos i t ion  t i m e  i s  used t o  advance the  

computation. For an example of t he  use of TDEP, see Sec t ion  6.7. 
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0 .  INITIAL AND BOUNDARY CONDITIONS 

b .1  Storage Arrangement 

I n i t i a l  and boundary condi t ions  a r e  very simple mathematical ly  but  

r equ i r e  an understanding of t h e  s to rage  arrangement of v a r i a b l e s  i n  t h e  

program i f  t h e  way they  are treated i n  t h e  program i s  t o  be understood.  

Normally, t e n  q u a n t i t i e s  a r e  s to red  a t  each mesh poin t .  These are, 

The t e n  q u a n t i t i e s  are normally i n  order ,  x, u ,  ,J, 3, q, T, p, m, e ,  c .  

arranged i n  a r r a y s  ove r l a id  i n  a s i n g l e  a r r a y  named STORE i n  such a way 

t h a t  t h e  f i rs t  t e n  q u a n t i t i e s  are x, u, 0 ,  etc . ,  f o r  j = 1, t h e  next t e n  

q u a n t i t i e s  are x, u, 0, e t c . ,  f o r  j = 2, and s o  on, up t o  t h e  maximum value  

of j .  I n  t h i s  way s to rage  i s  packed with no vacant l o c a t i o n s  in t e r spe r sed  

with l o c a t i o n s  conta in ing  d a t a .  The number of v a r i a b l e s  may be increased  

by  spec i fy ing  a n  input  q u a n t i t y  WAR. Usual ly  WAR = 10 and t h e  STORE 

a r r a y  i s  arranged as descr ibed  above. However, when e x t r a  q u a n t i t i e s  a re  

requi red  ( f o r  example, i n  t h e  equat ion of s t a t e ) ,  t h e n  WAR may b e  se t  t o  

a n  i n t e g e r  g r e a t e r  t nan  10 t o  accommodate t h e  e x t r a  a r r a y s .  

example, if one v a r i a b l e  i s  t o  be  added, W A R  = 11 and t h e  e leventh  q u a n t i t y  

i n  STORE i s  t h i s  e x t r a  v a r i a b l e  f o r  j = 1, t h e  22nd q u a n t i t y  i s  t n i s  e x t r a  

v a r i a b l e  f o r  j = 2, and s o  on. I n  t h e  p re sen t  ve r s ion  STORE i s  dimensioned 

Thus, f o r  

31,100. The m a x i m  number of meshes which 

- 31,100 
NVAR 

- b a x  

rounded t o  t h e  next lowest i n t e g e r .  (Note 

can b e  accommodated i s  

- 3 3,100 (6.1) 

t h a t  meshes are  a l l o c a t e d  t o  j = 0, 

+ 1, and j + 2 )  jmax max 
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1 Mesh quan t i t i e s ,  7 ,  p, q, q ,  p,  m, i, and c a r e  centered a t  j - = 

b u t  a r e  s to red  and indexed a t  ,I .  

V i r t i l a l  Mesh - Left-hand Right-hand A 

Boundary Boundary 

I I I q 1 1 I 
I 
I I 

I 

I I I 

V i r t u a l  Mesh 

I 
I 

1 I 

Thus a t  t h e  lef t -hand boundary t h e  p o s i t i o n  and v e l o c i t y  of  t n e  

boundary i t s e l f  are indexed w i t h  j = 1. 

anci c indexed with j = 1 then actually r e f e r  t o  a loca t ion  ou t s ide  t h e  l e f t -  

hand boundary. These q u a n t i t i e s  appropr ia te  t o  a v i r t u a l  mesh outs ide  t h e  

boundary a r e  i n i t i a l i z e d  t o  zero and are usua l ly  not  used. However, they 

may be  used t o  implement c e r t a i n  types of boundary condi t ions.  

The values of u ,  p ,  q, p,  p, m, e ,  

?"ne maximum number of meshes i n  a problem i s  termed & a x  (JMAX). Since 

we have started indexing a t  1, t h e  mesh boundary indexed A a x  i s  a c t u a l l y  

one mesh s h o r t  of t h e  right-hand boundary. The right-hand boundary i s  

indexed L a x + l .  

indexed jax+l. 

r e f e r  t o  t h e  mesh j u s t  i n s i d e  t h e  right-hand boundary. In t h e  computer an 

a d d i t i o n a l  v i r t u a l  mesh indexed Lax+, i s  provided, which r e f e r s  t o  a loca- 

t i on  outs ide  t h e  right-hand boundary. All q u a n t i t i e s  i n  t h i s  mesh are 

i n i t i a l i z e d  t o  zero and a r e  u s u a l l y  not used, bu t  they  may be  used t o  i m -  

plement c e r t a i n  types of boundary condi t ions.  

The pos i t i on  and v e l o c i t y  of t h e  right-hand boundary a r e  

The values of 7 ,  3 ,  q, 3, p, rn, e, and c indexed jnx+l 

A 
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‘dhen a mesh c a l c u l a t i o n  i s  s t a r t e d  a t  mesh , j ,  t h e  values  of t he  ten 

va r i ab le s  s to red  i n  a r r ays  have a l r eady  been advanced a t  a l l  meshes t o  t h e  

l e f t ,  i . e . ,  f o r  smal le r  values  of j ,  and a r e  t h e r e f o r e  appropr i a t e  t o  

time n + 1. The values of t h e  s to red  va r i ab le s  a t  j and a t  a l l  meshes 

t o  t h e  right, i . e . ,  f o r  l a r g e r  values  of j ,  have not ye t  been advanced and 

a r e  appropr i a t e  t o  time n. 

a r e  t h e  v a r i a b l e s  i n  t h e  a r r a y s  advanced t o  t h e i r  new values appropr i a t e  t o  

time n + 1. 

Only a f t e r  a l l  c a l c u l a t i o n s  a r e  complete a t  j 

6.2 Boundary Conditions 

Three types  of boundary condi t ions  are provided a t  t h e  l e f t -hand  and 

right-hand boundaries of t h e  problem. They a r e :  

r e f l e c t i o n  plane,  2 )  a f r e e  sur face ,  and 3 )  a s p e c i a l  boundary rou t ine  

contained i n  a subrout ine BCUNDARY which must be  suppl ied by t h e  u s e r .  

i n d i c a t o r s  a r e  used t o  determine t h e  le f t -hand  and right-hand boundary 

types  c a l l e d  LHBT and RHBT, r e spec t ive ly .  They a r e  s p e c i f i e d  t o  be  1, 2, 

o r  3 according t o  whether t h e  boundary i s  f ixed,  f r e e ,  o r  s p e c i a l ,  

1) a f ixed  boundary o r  

Two 

r e spec t ive ly .  

T h e  boundary condi t ion  a f f e c t s  only t h e  c a l c u l a t i o n  of  a c c e l e r a t i o n ,  

ve loc i ty ,  and pos i t i on  a t  t h e  boundary i n  ( 2 . 7 ) ,  ( 2 . 8 ) ,  and (2.9). 

For  a f ixed  boundary,computation of a c c e l e r a t i o n  a and v e l o c i t y  u 

a r e  omitted,  and t h e s e  q u a n t i t i e s  a r e  s e t  t o  zero,  while t h e  p o s i t i o n  x 

i s  l e f t  

I n  

ou t s  i d e  

unchanged. 

order t o  d e a l  

t h e  boundary . 
with a f r e e  sur face ,  use i s  made of t h e  v i r t u a l  meshes 

The values  of CT, q ,  and s a r e  i n i t i a l i z e d  t o  zero i n  
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tneze v i r t u a l  meshes ou t s ide  t h e  boundaries,  and t h e i r  values a r e  not 

charged during t h e  ca l cu la t ion .  Use of t h e  ordinary equations ( 2 . 7 ) ,  ( 2 . ? ) ,  

and ( 2 . 9 )  a t  t h e  boundaries then leads t o  t h e  co r rec t  acce le ra t ion ,  ve loc i ty ,  

and posi t ion of t h e  f r e e  sur face .  

A d i f f e r e n t  type of boundary condi t ion may be introduced v i a  a sub- 

rout ine BOUNDARY, vhich i s  ca l l ed  i f  e i t h e r  of t h e  boundary ind ica to r s  LHBT 

o r  RHBT i s  s e t  t o  3. T h i s  rou t ine  may be used t o  i n s e r t  values  of .r, 7 ,  D, 

o r  x i n  t h e  v i r t u a l  mesh outs ide  t h e  boundary. Note t h a t  t hese  q u a n t i t i e s  

a r e  used only i n  t n e  momentum equation (2 .7 )  t o  c a l c u l a t e  T;he acce le ra t ion  

a t  the  boundary. 

A s  one example of t h e  use of t h e  s p e c i a l  boundary type,  a BOUNDARY 

subrout ine i s  included which app l i e s  a t ime-varying load on e i t h e r  boundary 

(but  not both) ,  given by 

( 6 . 2 )  

where 7 ,  , T~ , and a r e  cons tan ts ,  If T~ = 0, an  exponent ia l ly  decaying 

load i s  appl ied.  Note t h a t  IC, 

should be  pos i t i ve .  A normally vacant input a r r a y  ADDATA i s  provided vhich 

i s  used t o  input  t hese  t h r e e  constants .  

t h e  8 th ,  9tn, and lGth q u a n t i t i e s  i n  ADDATA. 

NOAD, t h e  number of ADDATA va r i ab le s  read, must be  set t o  a t  l e a s t  10.) 

If T~ = 0, a s t e p  funct ion load i s  appl ied.  

The values  of T,, ul, and K j  a r e  

( I n  o rde r  t o  use  t h i s  f ea tu re ,  

The work done a t  t h e  boundary i n  a time cyc le  will be  t h e  appl ied  

s t r e s s  t imes t h e  d i s t ance  moved by t h e  boundary. In  f i n i t e  d i f f e rence  form 
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where t h e  appropr i a t e  index f o r  t h e  v i r t u a l  mesh i s  used f o r  9, and f o r  t h e  

boundary mesh f o r  x. This work i s  added t o  t h e  t o t a l  energy i n  performing 

energy checks. See Sect ion 8.1. 

6.3 Spa11 and J o i n  

A spa11 and j o i n  rou t ine  i s  provided f o r  a n  a l t e r n a t e  t rea tment  of 

f r a c t u r e  t o  t h a t  discussed i n  Sec t ion  4.6. 

the f r a c t u r e  s t r e s s ,  s p e c i f i e d  as input ,  t h e  ma te r i a l  i s  allowed t o  sepa ra t e  

t o  form two f r e e  sur faces .  If subsequent ly  these  surfaces  c o l l i d e ,  t hen  

t h e  m a t e r i a l  i s  considered t o  r e jo in , and  t h e  ord inary  equat ions appropr i a t e  

t o  a n  i n t e r i o r  mesh a r e  used. Subsequent f r a c t u r e s  a t  a mesh which h a s  

f r ac tu red  previous ly  a r e  considered t o  occur i f  t h e  s t r e s s  drops below a 

value wnich i s  e f f e c t i v e l y  zero. 

When t h e  s t r e s s  CJ drops below 

Since t h e  m a t e r i a l  i s  considered t o  f r a c t u r e  only  a t  mesh boundaries ,  

0 is in t e rpo la t ed  t o  t h e  mesh boundary before  t e s t i n g  f o r  f r a c t u r e .  The 

l o g i c  i s  accomplished through two a r r a y s  of l o g i c a l  i n d i c a t o r s  c a l l e d  PFRAC" 

and QFRACT. If t h e  i n t e r p o l a t e d  s t r e s s  IT drops below t h e  f r a c t u r e  s t r e s s ,  

QFRACT i s  s e t  t o  1. !his signals t h a t  t w o  f r e e  su r faces  occur a t  t h a t  mesh. 

It i s  now necessary t o  s t o r e  e x t r a  values  of x and u. The values  of x and u 

f o r  t h e  right s i d e  of t h e  f r a c t u r e  a r e  s t o r e d  i n  t h e  X and U s to rage  a r r a y s ,  

bu t  t h e  values  of x and u f o r  t h e  l e f t  s i d e  of t h e  f r a c t u r e  a r e  s to red  i n  

TABLE. I n  add i t ion ,  mesh numbers of meshes c u r r e n t l y  f r a c t u r e d  and separa ted  

a r e  s to red  i n  ITABLE. 
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Frac tu re  

1%” side 

l e f t  s i d e  

j -1 J,, j j + l  

x and u i n  TABLE) I 
Differen t  f r a c t u r e  s t r e s s e s  may be spec i f i ed  i n  each d i f f e r e n t  l a y e r  

* 
of ma te r i a l  ( S I G W )  and a t  each in t e r f ace  between mater ia l s  (SIGMAIF). 

The l a t t e r  might represent  a weak bond between l aye r s .  

During subsequent ca l cu la t ion  a t  a mesh where a f r a c t u r e  has occurred, 

a t e s t  i s  made t o  see  i f  t h e  value of x a t  t h e  l e f t  s i d e  exceeds t h e  value 

of x a t  the  right s i d e  01’ t he  f r a c t u r e .  If it does, t h e  f r ac tu red  sur faces  

nave come toge ther  dur ing  t h a t  cycle .  The values  of  x and u a t  the  tiJo s ides  

a r e  averaged and in se r t ed  i n t o  t h e  X and U s torage  a r r ays ,  WRACT i s  s e t  t o  0 

and PFRACT i s  s e t  t o  1. This s igna l s  t h a t  t he  mesh i s  henceforth t o  be 

t r ea t ed  as an  ordinary i n t e r i o r  mesh. However, PFRACT s i g n a l s  t h a t  subse- 

quent t e s t s  f o r  f r a c t u r e  are t o  b e  made on a quan t i ty  SIGMASEP ins t ead  of 

on tne  f r a c t u r e  s t r e s s .  SIGMASEP i s  an  input  quan t i ty  and may be s e t  t o  

zero o r  t o  a small negat ive value t o  prevent  separa t ion  on small spurious 

o s c i l l a t i o n s  about zero s t r e s s  which occas iona l ly  occur i n  t h e  so lu t ion .  

Messages a r e  p r in t ed  on t h e  s tandard output medium whenever a f r a c t u r e  

occurs o r  f r ac tu red  sur faces  c o l l i d e  g iv ing  t h e  cycle,  time, and mesh number. 

A maximum of 50 f r a c t u r e s  a r e  allowed. If t h i s  number i s  exceeded, an 

e r r o r  message i s  pr in ted  on t h e  s tandard output medium and t h e  run i s  terminated.  

* Tne f i r s t  SIGMAIF r e f e r s  t o  t h e  i n t e r f a c e  between t h e  f i r s t  and 

second ma te r i a l  layers, e t c .  The last SIGMAIF has no s igni f icance .  
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b.4 I n i t i a l  Conditions 

I n i t i a l  condi t ions  a r e  s p e c i f i e d  by ass ign ing  values  t o  a l l  q u a n t i t i e s  

a t  a l l  mesh p o i n t s .  

cards  a r e  read and a d e t a i l e d  t a b u l a t i o n  of i n p u t  d a t a  i s  p r i n t e d  i n  

GENE;NTE so t h a t  t he  main program need not be d i s tu rbed  when these  a r e  

a l t e r e d .  

This i s  accomplished i n  a subrout ine  GENERATE. Input  

The q u a n t i t y  q i s  always i n i t i a l i z e d  t o  zero i n  a l l  meshes. The 

fol lowing a r r a y s  a r e  i n i t i a l i z e d  according t o  information contained i n  t h e  

i npu t  data: x, u, q ,  p, 'J, y, E ,  and c .  

and f o r  a l l  and is  usel. only i n  (2.10) and must not be tampered 

w i t h .  

The q u a n t i t y  m i s  cmputed once 

The q u a n t i t i e s  u, 2, p, J ,  y, e,  and c a r e  given cons tan t  values  i n  
* 

each m a t e r i a l  l a y e r  bu t  may be d i f f e r e n t  i n  d i f f e r e n t  material l a y e r s .  

The way i n  vhich each one of t h e s e  q u a n t i t i e s  i s  i n i t i a l i z e d  i s  descr ibed  

below. 

"he sound speed c i s  given a s  t h e  second equat ion of s t a t e  cons tan t  

and corresponds t o  t h e  sound speed of the material i n  i t s  n a t u r a l  uncom- 

pressed s t a t e .  

m a t e r i a l  l a y e r  i n  t h e  inpu t  da t a .  

must be f u l l y  compatible. Thus i f  t h e  m a t e r i a l  i s  i n i t i a l l y  compressed t o  

some pressure  p, then  values  of u, 3 ,  9 ,  and e appropr i a t e  t o  t h i s  compression 

from t h e  i n i t i a l  uncompressed state must be used. I n  particular, note  t h a t  

t h e  i n i t i a l  value of p w i l l  be d i f f e r e n t  from oo s p e c i f i e d  as t h e  f i r s t  

equat ion of state cons tan t ,  which i s  t h e  re ference  d e n s i t y  i n  t h e  uncompressed 

s t a t e .  

I n i t i a l  values  of o, p, 0 ,  cp,  and e a r e  s p e c i f i e d  for each 

Note t h a t  values  of p, p, 3, p, and e 

* For a way i n  which more complex i n i t i a l  condi t ions  can be accommodated, 

s e e  Sec t ion  7.4. 
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Values of c ,  3 ,  p, J, p ,  and E a r e  i n i t i a l i z e d  t o  zero i n  the  v i r t u a l  

meshes outs ide  t n e  lef t -hand boundary ( a t  j = 1) and right-hand boundary 

(.i = + 2). 

Q 

b.  5 I n i t i a l  Veloci ty  

I n i t i a l i z a t i o n  of t h e  ve loc i ty  i s  a l i t t l e  more complicated s ince  the  

ve loc i ty  r e f e r s  t o  mesh boundaries. The v e l o c i t i e s  of meshes wi th in  each 

ma te r i a l  l a y e r  a r e  i n i t i a l i z e d  t o  values  given i n  t h e  input d a t a  f o r  each 

macerial  l a y e r  (UZERO) .  

mater ia l  l aye r s  i s  spec i f i ed  sepa ra t e ly  i n  t h e  input data ( U Z R O I ) .  

ve1ociG.y a t  the left-hand boundary (j = 1) i s  au tomat ica l ly  s e t  equal  t o  t h a t  

i n  tne f i r s t  m a t e r i a l  l aye r ,  wh i l e  t h e  ve loc i ty  a t  t h e  right-hand boundary 

( j  = <ikx + 1) i s  au tomat ica l ly  se t  equal  t o  t h a t  i n  t h e  last  ma te r i a l  l a y e r .  

However, t h e  v e l o c i t i e s  a t  i n t e r f a c e s  between 
Y 

The 

To i l l u s t r a t e  t h e  use of t h e  i n i t i a l  i n t e r f a c e  v e l o c i t i e s ,  consider  a 

plate i r n e c t  proolem i n  which t h e  firsl; material l a y e r  has a p o s i t i v e  

ve loc i ty ,  while t h e  second material l a y e r  h a s  a zero ve loc i ty .  The problem 

i s  considered t o  s t a r t  a t  t h e  moment of impact. The material a t  t h e  i n t e r -  

f ace  b - i l l  be compressed and begin t o  move wi th  a v e l o c i t y  in te rmedia te  be -  

tween t h a t  of t n e  f i r s t  and second ma te r i a l  l aye r s .  I n  o rde r  t o  minimize 

s t a r t i n g  t r a n s i e n t s ,  t h e  co r rec t  i n t e r f a c e  v e l o c i t y  could be  ca l cu la t ed  from 

t h e  shocK irnpedances of t h e  two mater ia l s ,  and t h i s  can be entered as t h e  

i n i t i a l  i n t e r f a c e  ve loc i ty .  

For many purposes it i s  s u f f i c i e n t l y  accura te  t o  i n i t i a l i z e  t h e  i n t e r -  

face ve loc i ty  t o  t h e  average of t h e  v e l o c i t i e s  of t h e  ad jacent  l aye r s .  

* Tne f i r s t  UZEROI r e f e r s  t o  t h e  i n t e r f a c e  between t h e  f i r s t  and second 0 
material layers ,  e t c .  The last UZEROI has no significance. 
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Occasionally,no se r ious  violence is done t o  t h e  s o l u t i o n  i f  e i t h e r  one of 

t h e  v e l o c i t i e s  of t h e  ad jacent  l a y e r s  i s  used d i r e c t l y .  

cyc les  of computation, t h e  i n t e r f a c e  v e l o c i t y  w i l l  au tomat ica l ly  assume t h e  

c o r r e c t  value.  

A f t e r  a number of 

Some d i f f i c u l t i e s  may a r i s e  i n  problems where t h e  d i f f e r e n c e  i n  v e l o c i t y  

Since t h e  t ime increment of ad jacent  m a t e r i a l  l aye r s  becomes very l a rge .  

i s  determined by t h e  s t a b i l i t y  c r i t e r i o n  (5 .3) ,  on t h e  f i r s t  cyc le  t h e  time 

increment reduces e s s e n t i a l l y  t o  

Thus when t h e  i n i t i a l  v e l o c i t y  approaches t h e  value of t h e  sound speed c ,  

t h e  meshes ad jacen t  t o  t h e  i n t e r f a c e  will undergo very  large compressions. 

I n  f a c t ,  it may happen t h a t  t h e  i n t e r f a c e  moves beyond one of i t s  neighboring 

mesh boundaries , leading t o  a negat ive d e n s i t y  i n  t n a t  mesh. 

not au tomat ica l ly  check f o r  t h i s  condi t ion.  It is  necessary i n  such problems 

to  choose an i n i t i a l  time increment A t  s u f f i c i e n t l y  small so t h a t  t h e  meshes 

adjacent t o  the interface do not change volume by more than  10 p e r  cent .  

This time increment may be  en tered  i n  DELT(4) i n  t h e  inpu t .  

KT2 ( see  Sec t ion  5 )  can then  be  used t o  c o n t r o l  t h e  r a t e  of increase of A t  

on successive cycles  u n t i l  A t  i s  con t ro l l ed  e n t i r e l y  by t h e  s t a b i l i t y  c r i t e r i o n .  

The code does 

S imi l a r  problems may b e  encountered i f  a l a r g e  i n i t i a l  p ressure  d i s -  

c o n t i n u i t y  i s  introduced. The d i f f i c u l t y  makes i t s e l f  f e l t  by in t roducing  

l a r g e  o s c i l l a t i o n s  a t  an  i n t e r f a c e  o r  boundary. 

i n i t i a l  time increment u s u a l l y  a l l e v i a t e s  t h e  d i f f i c u l t y .  

Use of a s u f f i c i e n t l y  small 
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T h e  ve loc i ty  i n  the v i r t u a l  mesh ,outs ide the right-hand boundary 

( j  = j , , ,  t- 2) is se t  equal t o  t h a t  i n  the l a s t  mater ia l  l ayer .  

-Interface o r  Boundary 

A x  A xj-l/a 

The Dosi t ions x of t h e  mesh boundaries are i n i t i a l i z e d  i n  such a way 

that trie mesh s i z e  may be constant ,  i i icreasing o r  decreas ing  i n  each l a y e r  

J 

Then t n e  t o t a l  number of meshes k between t h e  le f t -hand  boundary o r  i n t e r f a c e  J 

and a mesh boundary j w i l l  be 

(6.4) - - j - J  k - 

The pos i t i on  of t h e  j t h  mesh i s  computed from 

where A x  and r are cons tan ts  f o r  each l a y e r .  

For  t h e  f i r s t  mesh i n  t h e  layer , f rom (6.5)  
I 

A &  - xJ+l - XJ = A x  r (b.6) - 

* 
Note tha t  J = 1 f o r  t h e  f i r s t  material l a y e r .  
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The value of r (XRATIO) and t h e  s i ze  of t h e  f i r s t  mesh Ax, (DELTAX) a r e  

s p e c i f i e d  f o r  each ma te r i a l  l a y e r  i n  t h e  input  da t a .  

Note t h a t  (6 .5)  i s  equivalent  t o  

A xj+m = r AxJ-d2 

where 

( 6 . 7 )  

xj - XJ-1  (6.8) - - Axj-14 

. e t c .  Thus, t h e  mesh s i z e  p rogres s ive ly  inc reases  i f  r >  1 and p rogres s ive ly  

decreases  i f  r C  1. 

t o t a l  d i s t a n c e  4, from t h e  le f t -hand  boundary or i n t e r f a c e  J t o  t h e  j t h  mesh 

i s  given by  t h e  sum of (6.5).  

I f  r = 1, the  mesh s i z e  i n  a l a y e r  i s  cons tan t .  The 

The s i z e  of t h e  las t  mesh i s ,  from ( 6 . 5 ) ,  (6.6), and (6.8) 

Thus t h e  r a t i o  of sizes of last  mesh t o  f i r s t  mesh i s  

S u b s t i t u t i n g  (6.10) i n t o  (6.9) and so lv ing  gives  t h e  u s e f u l  r e l a t i o n s  

(6.10) 

(6.11) 

(6.12) 
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Solving (6.11) f o r  t h e  number of meshes k gives 

(6.14) 

The equations (6.9) thraugh (6.14) a r e  u s e f u l  i n  determining t h e  input  

q u a n t i t i e s  from t h e  des i red  thickness  of t h e  l a y e r  4, and t h e  r a t i o  of s i z e s  

of t h e  last mesh and f i r s t  mesh H. 

i . e . ,  i f  e ,  A s ,  and R a r e  given, then r and t h e  t o t a l  number of meshes k 

a r e  given by (6.13) 

If t h e  f i r s t  mesh s i z e  i s  spec i f i ed ,  

and (6.14) 

- - log+ 1 
log r k (6.16) 

Al te rna t ive ly ,  i f  t h e  t o t a l  number of meshes i s  spec i f i ed ,  i . e . ,  i f  e ,  k, and 

R a r e  given, then r and t h e  i n i t i a l  mesh s i z e  Aq, a r e  given by (6.11) 

and (6.9) 

(6.18) 

Some i t e r a t i o n  is  usua l ly  required t o  choose appropr ia te  values of Aq, , r, 
and R t o  give a s u i t a b l e  number of meshes f o r  a given th ickness .  

A 
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The p o s i t i o n  x I  of t h e  left,-hand boundary a t  j = 1, c a l l e d  XZERO, i s  

s p e c i f i e d  as inpu t .  

p o s i t i o n  does not a f f e c t  t h e  r e s u l t s  and shauld normally b e  zero t o  minimize 

roundoff. 

X Z R O  determines t h e  radius  a t  t h e  le f t -hand  boundary j = 1. 

I n  t h e  r ec t angu la r  case,  a = 1, t h e  choice of t h i s  

However, i n  t h e  c y l i n d r i c a l  and s p h e r l c a l  cases ,  3: = 2 or  3, 

Convex Concave 

If t h i s  boundary i s  t o  be concave as shown, then  XBR3 must be  p o s i t i v e .  

If t h i s  boundary i s  t o  be  convex as shown, then  X E R 3  must be negat ive .  

It i s  a l s o  p o s s i b l e  t o  in t roduce  a gap between success ive  l a y e r s  when 

s e t t i n g  up a problem. 

j o i n  f e a t u r e  descr ibed  i n  Sec t ion  6.3. 

an i n t e r f a c e  i s  i n i t i a l l y  f r a c t u r e d  and separated. When t h e  su r faces  sub- 

sequent ly  c o l l i d e  du r ing  t h e  motion, t h e  s p a l l  and j o i n  r o u t i n e  au tomat i ca l ly  

computes t h e  c o r r e c t  behavior  a t  t h e  i n t e r f a c e .  

This i s  (done e a s i l y  by making u s e  of t h e  spall and 

It i s  only  necessary t o  s p e c i f y  t h a t  

Gaps may be  introduced a t  each i n t e r f a c e  between m a t e r i a l  l a y e r s  by 
* 

spec i fy ing  an  input  q u a n t i t y  XGAP f o r  each l a y e r .  

as zero,  t hen  zoning.proceeds normally and no gap i s  introduced.  However, 

i f  XGAP i s  non-zero, t hen  i n i t i a l i z a t i o n  proceeds as fol lows:  

If XGAP is vacant ,  read 

QFRACT f o r  

* 
The firstXGAP r e f e r s  t o  t h e  i n t e r f a c e  between t h e  f i r s t  and second 

m a t e r i a l  l a y e r s ,  e t c .  The last:  XGAP has no significance. 
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t h e  i n t e r f a c e  mesh i s  s e t  t o  1, ind ica t ing  t h a t  t h e  interf 'ace i s  t o  be 

t r ea t ed  as two f r e e  sur faces ,  and t h e  co r rec t  pos i t i ons  of the  two s ides  of 

the  gap a r e  computed. 

equal t o  t h e  v e l o c i t i e s  i n  t h e  ad jo in ing  layers .  

o r  UZXROI i s  not used a t  t h i s  i n t e r f a c e . )  

The v e l o c i t i e s  of t h e  two s ides  of t h e  gap a r e  s e t  

(Note t h a t  t h e  i n p u t  value 

6.7 Addit ional  Arrays, Energy Sources 

The subrout ine GENERATE i n i t i a l i z e s  the t e n  s torage  a r r ays  x, u,  p, p, 

0, 3, E ,  and c bu t  does not i n i t i a l i z e  any of t h e  ex t r a  s torage  a r r ays  w h i c h  

may b e  provided by s e t t i n g  W A R >  10 ( see  Sect ion 6.1). This i n i t i a l i z a t i o n  

may be accomplished i n  a s p e c i a l  subrout ine MORSTORE ca l l ed  from t h e  main 

program a f t e r  generate  i f  WAR> 10. 

The subrout ine MORSTORE must be  wr i t t en  s p e c i f i c a l l y  f o r  each app l i ca -  

t i o n  s ince  a l l  of t h e  poss ib le  app l i ca t ions  cannot be foreseen.  

u se  i s  t o  i n i t i a l i z e  one o r  more ex t r a  s torage  a r r ays  t o  zero. Note t h a t  

MORSTORE must - be compatible with t h e  number of ex t r a  va r i ab le s  spec i f i ed  by 

WAR. Addit ional  d a t a  required by MORSTORE may b e  read as ADDATA o r  may be  

read d i r e c t l y  by READ statements i n  MORSTORE from a d d i t i o n a l  data cards.  

The s implest  

As a n  example of how an  ex t r a  a r r a y  may be used t o  spec i fy  energy sources,  

a very s i q l e  subroutine MORSTORE i s  included which s p e c i f i e s  energy deposi ted 

i n  t he  ma te r i a l  a t  a uniform r a t e  f o r  a given t ime i n t e r v a l .  h c h  m r e  complex 

subrout ines  which determine t h e  energy depos i t ion  due t o  electromagnetic radia- 

t i o n ,  e t c . ,  may be  programmed as required.  

52 
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n 

The t o t a l  energy per  u n i t  miss deposi ted i n  each l a y e r  i s  read from 

a d d i t i o n a l  input  d a t a  cards .  

ma te r i a l  l a y e r ,  bu t  may be  d i f f e r e n t  i n  each l a y e r .  

The energy i s  considered uniform i n  a given 

This  energy i s  s tored  

f o r  each mesh i n  an a r r a y  SPEC which i s  ove r l a id  w i t h  t h e  normal s to rage  

a r r a y s  i n  SMRE. 

The energy i s  depos i ted  a t  a cons tan t  r a t e  f o r  a t o t a l  t ime TDEP, where- 

a f t e r  no f u r t h e r  energy i s  deposi ted.  TDEP i s  read as an input  quan t i ty  

on t h e  a d d i t i o n a l  da t a  ca rds  and placed i n  COMMON. 

accomplished i n  t h e  equation of  s t a t e  v i a  Q 

of t h e  computation i s  done i n  t h e  equat ion of  s t a t e  subrout ine.  

Energy a d d i t i o n  i s  

i n  (4.25), and t h i s  p a r t  

A t  ' t he  beginning of each time cyc le  a q u a n t i t y  DEP i s  computed, given 

t n + 1 2  
DEP = -- TDEP (6.21) 

Then t h e  energy added a t  a p a r t i c u l a r  mesh on t h a t  cyc le ,  

product of DEP and SPEC f o r  t h a t  mesh. 

i n  t h a t  cyc le  i s  summed (SUMQE). 

-9, i s  t h e  

The t o t a l  energy added t o  a l l  meshes 

This energy sum i s  r equ i r ed  t o  perform 

energy checks. 

number of  s p e c i a l  cards  i n  t h e  equat ion of s t a t e .  If t h e  way i n  which energy 

(See Sec t ion  8.1) The above computation i s  performed by a 

i s  t o  be  added i s  changed, t hese  ca rds  must b e  a l t e r e d .  

It i s  important t h a t  t h e  energy a d d i t i o n  on each t ime cyc le  i s  s m a l l  

i n  order  t o  avoid t r u n c a t i o n  e r r o r s  i n  (4.25). I n  order  t o  keep t h i s  

energy a d d i t i o n  small, t h e  t ime increment used t o  advance t h e  c a l c u l a t i o n  

must be  kept small. The time increment r equ i r ed  f o r  s t a b i l i t y  m y  b e  t o o  

l a r g e .  The t ime increment i s  t h e r e f o r e  l i m i t e d  t o  one hundredth of t h e  

depos i t i on  t i m e  TDEP, while  t < TDEP. (See Sec t ion  5 )  
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7. OUTPUT ROUTINES 

There a r e  four  output  methods: 1) Binary Dump Tape, 2 )  Standard 

Editing, 3 )  Special  P r in t ed  Output f o r  a completed t ime cycle ,  4 )  Special  

Pr in ted  Output during a t ime cycle .  

quency a t  which output i s  taken by  each method. 

time, time increment, and maximum time a t  which each type  of output  i s  r e -  

quired must b e  spec i f ied .  

Several  input parameters con t ro l  f r e -  

I n  each case t h e  minimum 

This i s  accomplished as follows: Fqr the  Binary Tape Dump, t h r e e  input  

va r i ab le s  a r e  provided, c a i l e d  TMIND, TDUbP, AND TMRXD. A t  each cyc le  a t e s t  

i s  made t o  determine i f  t h e  t ime t i s  g rea t e r  than  TMIND. On t h e  f i r s t  cycle  

on which t exceeds TMIND, t h e  t ape  dump i s  ca l l ed .  Subsequent t e s t s  a r e  made 

on TMIND + TDUMP, so t h a t  t h e  second dump occurs a f t e r  a f u r t h e r  time equal 

t o  TDWP. This i s  repeated adding TDUMP t o  t h e  t e s t  time a f t e r  each dump, so 

that t h e  dump i s  c a l l e d  a t  t ime i n t e r v a l s  TDUMP u n t i l  TMAXD i s  exceeded, where- 

a f t e r  t h e  tape  dump i s  not c a l l e d .  If t h e  output  i s  t o  be inh ib i t ed ,  TMIND 

can  be  made l a r g e r  than  t h e  maximum time i n  t h e  program T M A X .  If t h e  output  

i s  t o  be c a l l e d  every cyc le ,  TMIND and TDUMP can be  set  equal t o  zero.  

Exactly similar methods a r e  used f o r  c a l l i n g  t h e  standard e d i t  (v i a  TMINF, TPRINT, 

and n4AXP) t h e  output rou t ine  OUTPUT ( v i a  TMINPS, TPRIFJTS, and TMAXPS) and t h e  

output  rou t ine  O W L  ( v i a  TMINPL, TPRINTL and TMAXPL). 

I n  addi t ion ,  a v a r i e t y  of messages and d i agnos t i c s  a r e  p r in t ed  on t h e  

standard output medium during t h e  computation, such as information concerning 

the  occurrence or r e jo in ing  of f r ac tu res ,  overflow, occurrence of  energy 

e r r o r s ,  normal e x i t ,  e t c .  Most messages include t h e  mesh number, cyc le ,  and 

time a t  whicn they  were pr in ted ,  and should b e  se l f -explana tory .  For d e t a i l e d  

information concerning o r i g i n  of  e r r o r  messages, r e f e r  t o  t h e  program l i s t i n g s  

and flow cha r t s .  
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0 
7.1 Binary Tape Dump 

The primary output i s  v i a  b ina ry  tape ,  which i s  w r i t t e n  on l o g i c a l  

tape  u n i t  20. This t ape  may be used f o r  subsequent p l o t t i n g ,  l i s t i n g ,  

and t ape  s torage  of t h e  r e m i t s .  The b ina ry  dump tape  a l s o  conta ins  

s u f f i c i e n t  information t o  r e s t a r t  t h e  problem. (See Sec t ion  7 .4)  

The primary information on the  dump t a p e  i s  t h e  STORE a r r ay ,  i . e . ,  

all q u a n t i t i e s  i n  t h e  ove r l a id  a r r a y s  i n  which va lues  of x, u ,  7 ,  3 ,  q, 

- 0 ,  p,  m, 2, and c and any a d d i t i o n a l  v a r i a b l e s  a r e  s to red .  

6.1) 

s tored  i n  TABLE and ITABLE. 

(See Sec t ion  

Also contained on t h e  clump t a p e  i s  information concerning f r a c t u r e s  

(See Sec t ion  6.3) 

Each time t h e  b ina ry  dump t ape  i s  w r i t t e n ,  a message appears  on t h e  

standard output m e d i u m  g iv ing  t h e  cyc le  number, t ime,  t ime s t ep ,  and number 

of meshes w r i t t e n  on t h e  tape .  If f r a c t u r e s  have occurred, t h e i r  mesh numbers 

a r e  l i s t e d .  If f r a c t u r e s  have re jo ined ,  t h e i r  mesh numbers a r e  a l so  l i s t e d .  

This information i s  needed t o  r e s t a r t  t h e  problem. 

7.2 Standard E d i t  

Standard edi t  i s  w r i t t e n  on l o g i c a l  t a p e  u n i t  2 1  i n  B. C.  D. by t h e  

An main program and may be  l i s t e d  d i r e c t l y  on a p r i n t e r  o r  t h e  SC 4@0. 

input  i nd ica to r  W4@0 should be s e t  equal t o  1. 

of p r in t ed  output i s  requi red ,  t h e  output  may be put  onto t h e  s tandard o u t -  

put  medium by  equivalencing l o g i c a l  t a p e  u n i t  21 t o  t h e  s tandard output  u n i t .  

I n  t h i s  case W W O  should be  s e t  equal  t o  0 t o  prevent  dup l i ca t ion  of e r r o r  

and input  messages. 

If only  a small amount 

A 
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The primary information i n  t h e  s tandard e d i t  i s  t h e  va lues  of t h e  

following a r r a y s  a t  each mesh po in t :  I n  

add i t ion ,  t h e  cyc le  number, time, and t ime increment a r e  p r i n t e d .  A t  

t h e  end of t h e  e d i t  a r e  p r i n t e d  t h e  energy sums descr ibed  i n  Sec t ions  8.1 

and values  of x and u a t  t h e  le f t -hand  sides of any f r a c t u r e s .  The 

e d i t  i s  a l s o  c a l l e d  i n i t i a l l y  t o  check that  t h e  problem has been c o r r e c t l y  

s e t  up, and when t h e  problem te rmina tes  f o r  any reason. 

x, u, 0, 7 ,  -n, q, e ,  and c .  

7.3 Spec ia l  P r in t ed  Output and P l o t t i n g  

Two s p e c i a l  ouil,ut subrout ines  OUTPUT and OUTL a r e  providc,  r i i c  , 

may be used t o  ob ta in  information not contained i n  t h e  s tandard e d i t .  

Since output requirements vary g r e a t l y  depending on t h e  problem, it 

i s  expected t h a t  these subrout ines  w i l l  be w r i t t e n  as requi red .  They may 

be w r i t t e n  t o  p r i n t  information not contained i n  t le s ~ a n l ~ ~ r l  <-lit,, ',c 

w r i t e  b ina ry  data t a p e s  f o r  subsequent computations o r  f o r  input  t o  sub- 

sequent p l o t t i n g  programs, o r  t hey  may be  programmed t o  prepare  p l o t s  

d i r e c t l y .  

used t o  communicate w i t h  t h e s e  subrout ines .  

The s p e c i a l  array ADDATA, which can be read as input ,  may be 

OUTPUT i s  c a l l e d  a t  the  completion of a cyc le  when a l l  of t h e  s torage  

a r r a y s  over la id  i n  STORE have been advanced. It i s  c h i e f l y  u s e f u l  f o r  

p r i n t i n g  se l ec t ed  information i n  t h e  s to rage  a r r a y s  a t  w r e  f r equen t  

i n t e r v a l s  than  t h e  s tandard e d i t ,  o r  f o r  w r i t i n g  se l ec t ed  information i n  

t h e  s torage  a r r a y s  on a b i n a r y  t ape  f o r  subsequent p l o t t i n g .  

may be performed on t h e  data before  p r i n t i n g  or wr i t i ng .  

Calcu la t ions  

A t y p i c a l  example of t he  use of  OUTPUT i s  t o  p r i n t  va lues  of t he  

p r i n c i p a l  s t r e s s e s  
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( taken p o s i t i v e  i n  compression) and p o s i t i o n  

a t  a se l ec t ed  number of meshes a t  every cyc le  a f t e r  some spec i f i ed  t ime. 

Another t y p i c a l  example i s  t o  w r i t e  t h e  t h r e e  s t r e s s e s  above on a b i n a r y  

output  t a p e  a t  one o r  more p a r t i c u l a r  meshes a t  every cyc le  f o r  subsequent 

p l o t t i n g  of  s t r e s s  versus  t ime by means of a s u i t a b l e  p l o t  program. 

t i v e l y ,  q u a n t i t i e s  could b e  m i t t e n  on t a p e  a t  every  mesh f o r  one o r  more 

t ime cyc le s  f o r  subsequent pLot t ing  of s t r e s s  versus  p o s i t i o n .  

subrout ine included i n  t h e  listings w r i t e s  7"l and xn+l a t  each mesh 

on b ina ry  t a p e  whenever t h e  ::outine i s  c a l l e d ,  toge ther  w i t h  t h e  cyc le  

nuniber and t ime.  The output  from t h i s  subrout ine i s  w r i t t e n  on l o g i c a l  

t a p e  u n i t  23 .  

Alterna-  

The OUTPUT 

j - 1 2  j 

O W L  i s  c a l l e d  a t  t h e  completion of each mesh c a l c u l a t i o n ,  provid ing  

t h a t  t h e  cyc le  i s  one spec i f i ed  by  input  v a r i a b l e s  TMINPL, TPRINTL, and 

TMAXPL. A t  t h i s  s t age  of t h e  c a l c u l a t i o n ,  in te rmedia te  q u a n t i t i e s  not s to red  

i n  a r r a y s  a r e  a v a i l a b l e .  

t a p e  such q u a n t i t i e s  as 

Thus, OUTL may b e  used t o  p r i n t  o r  w r i t e  on b i n a r y  
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c:,c.  e t c .  a t  s e l ec t ed  t imcs and meshes. It  i s  also poss ib le  t o  perform 

ca lcu la t ions  on t h e  da t a  before  wr i t i ng  o r  p r i n t i n g .  As an  exanlple, it 

i s  poss ib le  t o  compute t h e  p l a s t i c  work per  u n i t  mass done i n  a given 

mesh i n  a given cyc le  by 

arid t o  p r i n t  t h i s  quant i ty  at. s e l ec t ed  meshes and t i m e  cyc les .  

It i s  more e f f i c i e n t  t o  use OUTPUT t o  p r i n t  o r  w r i t e  q u a n t i t i e s  

contained i n  t h e  s torage  a r rays ,  s ince  OUTPUT i s  ca l l ed  only once per  

cyc le ,  while O W L  is  c a l l e d  a t  each mesh ca l cu la t ion .  However, it i s  

sometimes convenient t o  use  OUTL t o  wr i te  q u a n t i t i e s  such as s t r e s s  on 

tape  a t  s e l ec t ed  meshes on each time cyc le  

versus  time, i f  OUTPUT i s  be ing  used t o  w r i t e  q u a n t i t i e s  such as s t r e s s  

f o r  subsequent p l o t t i n g  

a t  each mesh a t  s e l ec t ed  t imes f o r  subsequent p l o t t i n g  ve r sus  pos i t i on .  

a t  up t o  The OUTL subrout ine included i n  t h e  l i s t i n g s  wri tes  7 

seven mesh numbers a t  each t i m e  cyc le  spec i f i ed  by t h e  input .  These 

n + l  

J - 112 

mesh numbers a r e  spec i f i ed  i n  t h e  input  as ADDATA (1 t o  7) .  The output  

from t h i s  rou t ine  i s  w r i t t e n  on l o g i c a l  t ape  u n i t  22.  

While p l o t t i n g  rou t ines  may b e  programmed d i r e c t l y  i n t o  t h e  sub- 

rou t ines  OUTPUT and OUTL, it i s  genera l ly  more d e s i r a b l e  t o  have t h e s e  

subrout ines  wr i t e  a b inary  d a t a  t a p e  which can then  b e  processed by  a 

separa te  p l o t t i n g  program. If desired,  t h e  p l o t t i n g  program can b e  

submitted as t h e  next program a f t e r  WONDY i n  t h e  program batch,  so t h a t  

t h e r e  i s  no delay i n  p l o t t i n g .  Since systems subrout ines  and hardware 

t o  accomplish p l o t t i n g  vary g rea t ly ,  no p l o t t i n g  programs a r e  included 

( 7 . 3 )  

iiere. They must b e  w r i t t e n  as requi red .  
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7.4 Restart Fea ture  

"he b ina ry  dump t a p e  conta ins  s u f f i c i e n t  information t o  restart t h e  

problem. 

v a r i 8 b l e  JTAPE i s  used t o  s i g n a l  t h a t  t h e  run i s  t o  be  r e s t a r t e d  from a dump 

t ape .  If JTAPE i s  non-zero, t h e  c a l c u l a t i o n  w i l l  b e  r e s t a r t e d  from t h e  dump 

t ape .  

The t a p e  must be  equipped t o  l o g i c a l  t a p e  u n i t  25. The input  

For  a normal r e s t a r t  t h e  same input  cards  must be  used w i t h  t h e  fo l low-  

ing  changes: 

1) JTAPE must be  s e t  t o  t h e  number of meshes on t a p e ;  N S T A I F  must b e  

set  t o  t h e  cyc le  number a t  which t h e  c a l c u l a t i o n  i s  t o  be r e s t a r t e d .  Both 

t h e s e  q u a n t i t i e s  w i l l  be  inc1ud.d i n  t h e  dump message on t h e  o r i g i n a l  run. 

If f r a c t u r e s  have occu.rred, t h e i r  mesh numbers must b e  en tered  i n  2 )  

QMESH. 

PMESH, 

i n  t h e  l i s t  Q,MESH,and t h e  number of re jo ined  f r a c t u r e s  NOPM i n  t h e  l i s t  PMESH, 

must a l s o  b e  entered.  

If f r a c t u r e s  have re jo ined ,  t h e i r  mesh numbers must be en tered  i n  

These a r e  l i s t e d  i n  t h e  dump message. The number of f r a c t u r e s  N O W  

3)  It may b e  necessary t o  change t h e  maximum time TMAX and t h e  q u a n t i t i e s  

spec i fy ing  times a t  which output  are required.  

a t  t imes p r i o r  t o  t h e  r e s t a r t  t ime. This may r e q u i r e  changes i n  TMTND, TMINP, 

TMINPS, and TIvlINPL. 

a t p u t  must - not b e  requested 

Under c e r t a i n  condi t ions  i t  I s  poss ib l e  t o  change t h e  problem s l i g h t l y  

when r e s t a r t i n g .  

impact problem i n  which t h e  first layer of m a t e r i a l  has a p o s i t i v e  v e l o c i t y  

and t h e  second l a y e r  has a zero v e l o c i t y .  

To give an  example of how t h i s  may b e  done, cons ider  a p l a t e  

The problem i s  run t o  a s t a g e  where 
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t h e  shock wave o r i g i n a t i n g  from t h e  i n t e r f a c e  h a s  not ye t  reached t h e  riat- 

hand boundary of t h e  second l aye r .  A t  t h i s  s t age  a number of meshes adjacent  

t o  the right-hand boundary have not ye t  undergone any motion and a r e  uncompressed. 

If a dump i s  taken a t  t h i s  stage and t h e  problem is  r e s t a r t e d ,  i t  i s  poss ib l e  

L O  add more meshes beyond t h e  o r i g i n a l  right-hand boundary by s u i t a b l y  a l t e r i n g  

t h e  input data. 

i s  involved i n  which, say, a t h i r d  ma te r i a l  l a y e r  i s  t o  be  added and t h e  

e f f e c t s  of t h e  th ickness  o r  composition of t h i s  l a y e r  a r e  t o  b e  inves t iga ted .  

It i s  unnecessary t o  rerun t h e  f i r s t  p a r t  of t h e  problem which i s  unchanged. 

V e r y  great ca re  i s  necessary t o  ensure t h a t  changes a r e  made only i n  o r  beyond 

undisturbed meshes. 

which nave a l r eady  undergone motion o r  compression. 

This f e a t u r e  i s  p a r t i c u l a r l y  u s e f u l  when a parametr ic  study 

Under no circumstances may cnanges b e  made i n  meshes 

It is  poss ib l e  under c e r t a i n  circumstances t o  u s e  the  restart f e a t u r e  t o  

introduce complex i n i t i a l  condi t ions not allowed f o r  i n  t h e  present  vers ion  

of GEN!iRATE. A b ina ry  tape  may b e  prepared from a s u i t a b l e  program w r i t t e n  

f o r  t h e  purpose, w i t h  q u a n t i t i e s  i n  co r rec t  sequence, t o  i n i t i a l i z e  values  

of t h e  s to rage  a r r ays  over la id  i n  STORE and values  i n  TABLE and ITABLE. Very 

grea t  care  must b e  exercised t o  ensure t h a t  t h e  information on t a p e  is  com- 

p a t i b l e  w i t h  t h e  input  on cards .  Also very g rea t  ca re  must be exercised t o  

ensure t h a t  t n e  values  of x, u, 7 ,  p, q, y, p, m, C, c, and any a d d i t i o n a l  

va r i ab le s  a r e  completely compatible with each o t h e r  and w i t h  t h e  equation of 

s t a t e  which i s  t o  be  used. 

t a t a l l y  f a l s e  r e s u l t s  w i l l  b e  obtained. 

If t h e s e  values  are not completely compatible, 
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A number of f e a t u r e s  a r e  Included which permit checking f o r  e r r o r s  or  

t o  speed up t h e  computation, and i n  some cases ,  t o  halt t h e  c a l c u l a t i o n  if 

e r r o r s  became se r ious .  These a r e  descr ibed below. 

8.1 Energy and Momentum Checks 

The mass M i n  a mesh can be r e l a t e d  t o  m given by  (2.11) by 

where k' = 1 

4 k '  = ~ f l  

f o r  3 = 1 

f o r a  = 2 

f o r a  = 3 

Note t h a t  m i s  not t h e  mass i n  a mesh except i n  t h e  r ec t angu la r  case  01 = 1. 

The momentum i n  a mesh may b e  w r i t t e n  in f i n i t e  d i f f e rence  form, w i t h i n  t h e  

f a c t o r  k', as 

0 + 1/" 1 I) + If2 

- mJ-1/2 ( u1 HJ- Y2 2 + uJ-1 - - 

The k i n e t i c  energy i n  a mesh is  given wi th in  t h e  f a c t o r  k ' ,  as 
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while t h e  i n t e r n a l  energy i n  a mesh i s  given, wi th in  the f 'actor  k ' ,  as 

Tnese q u a n t i t i e s  ( 8 . 2 ) ,  (8 .3) ,  and (8.4) a r e  computed a t  each mesh and 

could b e  ca l l ed  out i n  t h e  s p e c i a l  p r in t ed  output ,  i f  des i r ed .  Various sums 

ever  spec i f i ed  numbers of meshes a r e  a l s o  occas iona l ly  of i n t e r e s t .  

It i s  poss ib le  t o  check whether momentum and energy a r e  conserved durifig 

tne  ca l cu la t ion .  I n  p a r t i c u l a r ,  f o r  t h e  momentum 

This sum i s  computed i n i t i a l l y  from t h e  input  d a t a  (HTOT). It i s  subseauent ly  

computed on each cyc le  (HT). A t e s t  i s  made t o  see  if momentum i s  conserved 

by t e s t i n g  if 

I H T  - HTOTI 2 KH (8.6) 

where KH i s  the  al lowable momentum e r r o r  and I.s spec i f i ed  as an input  va r i ab le .  

If t h i s  e r r o r  i s  exceeded, t h e  computation i s  terminated, an  e r r o r  message i s  

pr in ted ,  and s tandard p r in t ed  output i s  i n i t i a t e d .  If no value is  i n s e r t e d  

for  KH, read as zero,  a value of ldoo  i s  used t o  de fea t  t h i s  t e s t .  

h 

The energy balance i s  more d i f f i c u l t  s ince  energy may b e  added by e n e r a  

sources (dQ,-l/~ i n  (4.25)) o r  by  work done on boundaries by  an appl ied  load 
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( i n  subrout ine  BOUNRAKX). The sim of k i n e t i c  and i n t e r n a l  energy over  a l l  

meshes i s  

This sum i s  computed i n i t i a l l y  from t h e  input  data (ETOT). 

quent ly  computed on each cyc le  (ET). 

t h e s e  must b e  computed and s to red  I n  one of t h e  a d d i t i o n a l  s t o r a g e  a r r a y s  

a v a i l a b l e  i n  STORE. The energy added by t h e s e  energy sources  i n  each cyc le  

must be  summed over  a l l  t h e  mesh.es and t h e  r e s u l t  s to red  i n  SUM&. 

c a l c u l a t i o n  can b e  done i n  t h e  equation of s t a t e  subrout ine  ( s e e  Sec t ion  6.7). 

If a load i s  app l i ed  t o  e i t h e r  the l e f t -hand  o r  right-hand boundary, t h e  

work done i n  each cyc le  must b e  computed and s t o r e d  i n  WL o r  WR f o r  t h e  

le f t -hand  and r i g h t  -hand boundary, r e spec t ive ly .  “his c a l c u l a t i o n  can be  

done i n  t h e  BOUNDARY subrout ine  ( see  Sec t ion  6.2). 

It i s  subse-  

I n  add i t ion ,  i f  energy sources  e x i s t ,  

This 

‘ 

A check i s  then  made t o  determine i f  energy is conserved by t e s t i n g  i f  

I ET + c 
t 

+ WL + KE 

where KE i s  t h e  al lowable energy e r r o r  and i s  s p e c i f i e d  as an  inpu t  v a r i a b l e .  

If t h i s  e r r o r  i s  exceeded, t h e  computation i s  terminated,  and an  e r r o r  

message i s  p r i n t e d ,  and s tandard  p r i n t e d  output  i s  i n i t i a t e d .  If no va lue  

i s  i n s e r t e d  f o r  KE, read as zero,  a va lue  of ldoo i s  used t o  d e f e a t  

t h i s  tes t .  
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The t o t a l  energy, k i n e t i c  energy, i n t e r n a l  energy, and momentum summed 

over a l l  meshes i s  p r in t ed  i n  t h e  s tandard p r in t ed  output ,  as i s  the energy 

e r r o r  and momentum e r ro r .  

Occasionally when complex energy sources o r  boundary loads a r e  used f o r  

experimental runs, it i s  convenient t o  omit ca l cu la t ion  of SUM€@, WL, and WR. 

The value of' t h e  energy e r r o r  then  ind ica t e s  t h e  amaunt of energy added from 

t h e s e  sources s ince  t h e  beginning of t h e  problem. 

s e t  t o  zero or a very l a r g e  number t o  circumvent the  energy check i n  t h i s  case.  

The value of KE must b e  

The energy and momentum checks are very va luable  i n  h a l t i n g  t h e  computa- 

t i o n  i f  an  e r r o r  occurs and should normally b e  used. 

8.2 Overflow Test  

When i n s t a b i l i t i e s  occur, o s c i l l a t i o n s  u s u a l l y  grow exponent ia l ly  w i t h  

t ime u n t i l  overflow occurs i n  t h e  computer. If t h e  problem i s  terminated 

due t o  overflow, an  abnormal e x i t  occurs and no d i agnos t i c s  a r e  poss ib le .  

For  t h i s  reason a n  overflow t e s t  i s  incorporated.  If t h e  s t r e s s  13 i n  any 

mesh exceeds a maximum pressure  U , , ~  which i s  an input  va r i ab le ,  t h e  compu- 

ta t ion  i s  terminated and a s tandard p r i n t e d  output is i n i t i a t e d  toge the r  w i t h  

an e r r o r  message. 

6.3 A c t i v i t y  Test  

I n  many problems t h e  motion i n i t i a t e s  a t  o r  near  t h e  lef t -hand boundary. 

For a s i g n i f i c a n t  po r t ion  of t h e  ca l cu la t ion ,  a l a r g e  number of meshes may be 

inac t ive .  
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A q u a n t i t y  CACT 

normally from j 

computed, i . e . ,  

input  v a r i a b l e ,  

Q 
i s  provided i n  t.ne inpu t .  

= 1 t o  j = LACT. 

j = LAC", i s  l e s s  than  a q u a n t i t y  SICMAACT which i s  a l s o  a n  

t h e  computation i s  i n t e r r u p t e d  and advanced t o  t h e  next t i m e  

The computation i s  performed 

If t h e  va lue  of 0 i n  t h e  last mesh t o  be  

cycle .  However, i f  J i s  g r e a t e r  than  SIGMAACT, then  LACT i s  advanced by 

one and t h e  computation i s  advanced normally. 

Thus, meshes are a c t i v a t e d  as needed as a pu l se  propagates  from l e f t  t o  

right. 

than  any mesh number a t  which motion is  expected i n  t h e  f i r s t  f e w  cyc les .  

To  g ive  an example of i t s  use ,  cons ider  a p l a t e  impact problem i n  which t h e  

f i r s t  l a y e r  has a p o s i t i v e  v e l o c i t y ,  while  t h e  second l a y e r  has a zero v e l o c i t y .  

Then LACT i s  given an i n t e g e r  va lue  g r e a t e r  than  t h e  i n t e r f a c e  mesh number 

by, say  5 .  A s  t h e  shock i n i t i a t e d  at  t h e  i n t e r f a c e  moves t o  t h e  ri&t i n t o  

t h e  second l a y e r ,  meshes are p rogres s ive ly  a c t i v a t e d  j u s t  ahead of t h e  shock. 

The value of LACT should. b e  s p e c i f i e d  i n  t h e  input  t o  be  g r e a t e r  

The va lue  of SIGMAACT shau:Ld be  a l i t t l e  g r e a t e r  t h a n  p o s s i b l e  roundoff 

o r  spurious o s c i l l a t i o n s .  

roundoff,  SIGMAACT can b e  s e t  t o  zero.  

S ince  cons iderable  ca re  has been taken  t o  e l imina te  

Note t h a t  meshes a r e  a c t i v a t e d  f r o m  l e f t  t o  ri&t. Under no circumstances 

must LACT be less t h a n  + 2 u n l e s s  it i s  a b s o l u t e l y  c e r t a i n  t h a t  no d i s -  

turbances o r i g i n a t e  i n  t h e  non-active region. 

When a standaxd p r i n t e d  output  i s  c a l l e d ,  only t he  a c t i v e  meshes w i l l  b e  

p r in t ed .  
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APPENDIX A 

S t a b i l i t y  of t he  Dif fe rence  Equations 

R. J. Thompson 

I t  i s  well  known t h a t  when p a r t i a l  d i f f e r e n t i a l  equat ions  a r e  replaced 

by d i f f e r e n c e  equat ions ,  s t a b i l i t y  problems may a r i s e .  I f  t he  d i f f e r e n c e  

equat ions  a r e  not  s t a b l e  small rounding e r r o r s  which occur  i n  the  computa- 

t i o n  a r e  even tua l ly  magnified t o  such an e x t e n t  t h a t  t h e  computation becomes 

meaningless. I n  o r d e r  t o  have a s t a b l e  d i f f e r e n c e  scheme, i t  i s  o f t e n  neces- 

s a r y  t o  p l ace  a r e s t r i c t i o n  on t h e  s i z e  of t h e  time s t ep .*  

The purpose of t h i s  Appendix i s  t o  d e r i v e  t h e  s t a b i l i t y  c r i t e r i o n  which 

i s  used i n  program WONDY. The program w i l l  accept  such a wide v a r i e t y  of 

problems t h a t  i t  appears impossible t o  c a r r y  o u t  a s t a b i l i t y  a n a l y s i s  which 

w i l l  cover every  conceivable s i t u a t i o n .  On t h e  o t h e r  hand, i t  i s  i m p r a c t i c a l ,  

i f  n o t  impossible,  t o  c a r r y  o u t  s epa ra t e  s t a b i l i t y  ana lyses  f o r  each c l a s s  

o f  problems which the  program w i l l  accept. I n  t h i s  Appendix an a n a l y s i s  w i l l  

be made f o r  a p a r t i c u l a r  c l a s s  of problems. The c l a s s  i s  simple enough t o  be  

analysed. Never the less ,  i t  i s  a l a r g e  c l a s s  and inco rpora t e s  many of  t h e  

important f e a t u r e s  of  t h e  l a r g e r  c l a s s  of  problems which can be s tud ied  wi th  

WONDY. Experience wi th  the  program i n d i c a t e s  t h a t  t h e  s t a b i l i t y  c r i t e r i o n  

works w e l l  wi th  the  l a r g e r  c l a s s  of problems. 

The s t a b i l i t y  cond i t ion  w i l l  p l a c e  a r e s t r i c t i o n  on t h e  s i z e  of At”’. 
n + t  n - s  I n  t he  d e r i v a t i o n  i t  i s  assumed t h a t  A t  = A t  and t h e i r  common va lue  

w i l l  be denoted by A t .  I n  r ec t angu la r  coord in t e s  t h e  equat ions  (2.7) and 

(2.8) combine t o  g ive  

* A r a t h e r  thorough d i scuss ion  of s t a b i l i t y  ques t ions  can be found i n  

R. D. Richtmyer (1957)‘. 
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Here i t  h a c  been assumed t h a t  the s t r e s s  devia tors  are  neg l ig ib l e  so t h a t  

= p .  (See Sec. 4 . 3  for  a discussion of t h i s  case.) Equations (2.10)  

amid (2.11) combi-le t o  give 

( r . 2 )  

where i t  has been assumed t h a t  the i n i t i a l  dens i ty  po i s  coas tan t  and 

t h a t  Liie mesh spdciiig i s  i n i t i a l l y  uni form 50 t h a t  xJ - x ~ - ~  i s  a C o i l -  

stcl:iL Lx. Using ( l . 2 )  in (Ltl) one obtains 

0 0 

where X = - At . P u t t i i g  ( L . l i )  into(3.4)  one g e t s  
Po 
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The pressure p is assumed to depend only oil the density so the 

equation of state (4.28) becomes p = f(p). In the computation this becomes 

n + l  n + l  
P J - 1 / 2  = fbJ-,/,) 

Equation ( 2 . 9 )  will also be used a;:d is listeu here for convenience: 

n + l  n n + i / a  
J 

= X  + A t u  J J X 

The specific volume v = l / p  is more convenient t o  work with than 

the density, 

of p are positive. 

In any case negative valtJes for p are physically meaningless. 

of v equation (A2)  can be writLen 

In what follows it will be assumed that the computed values 

Heuristic arguments can be made in support of this. 

In terms 

.+I  n + l  

and, with the aid of (A6) ,  this becomes 

(-45) becomes 

where g(z) = f ( l / z ) .  

(114) can be written 
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i f  

CI = 13 o the  r w i  s e. 

Equations (, 3 ) ,  ( 1 7 ) ,  ( . .8) ,  and ( ~ i 9 )  a r e  the  equat ioas  which 

w i l l  be dnn1y;ed. They p resc r ibe  how u ,  v ,  p ,  and g a re  t o  be computed c;t 

the (n+ l ) I t  time s t ep  when t h e i r  values a t  t he  nth t i m e  s t e p  a r e  known. 

For l i n e d r  equations wi th  cons tan t  c o e f f i c i e n t s  techniques f o r  

lnakilg ci s t a b i l i t y  ana lys i s  can be found i n  Richtnyer ' s  book.6 

more complicated s i t u a t i o n s  where i t  may be impossible t o  make a r igo r -  

OLS s t a b i l i t y  a n a l y s i s  he suggests rep lac ing  the  equations by analogous 

equations which can be analyzed. The r e s u l t  provides a t  l e a s t  a t en ta -  

t i v e  s t a b i l i t y  c r i t e r i o n  which can be t e s t ed  wi th  t h e  o r i g i m l  s y s t e m  

of equations. 

For 

(A3)  ilnd (A7) a r e  l i n e J r  equation6 with cons tan t  c o e f f i c i e n t s  

i f  the  r a t i o  C\tJhx i s  fixed. The o t h e r  two a r e  not; however they tail be , 

replaced by r e l a t e d  equations which are l i n e a r .  I f  cr i s  regarded a6 

a constant then ( ~ 9 )  becomes a l i n e a r  equation. ('18) i s  replaced by 

a l i n e a r  equation with the  a i d  of Taylor ' s  expailsion: 

Now 

where c i s  the speed of sound, see ( 4 . 8 )  and ( 4 . 7 ) .  
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Hence equat ion (AS) is replaced by 

n n 2 
where N ss ( C ~ - ~ / ~ / V ~ - ~ / ~ )  . I f  N and a a r e  regarded as cons tan t s ,  t he  

equat ions (A3), ( A 7 ) ,  ( k 9 ) ,  and (A10) can be analyzed by Lhe techniques 

discussed i n  Richtmyer’ s book6. The so-ca l led  ampl i f i ca t ion  mat r ices  

can e a s i l y  be found. They are given by 

G(At,k) = 

kAx where 7 1 2K 6 1 7  2 
e quat ion 

1 0 -17 -1 7 

17 1 i” 7“ 

-ai T 0 -aid -ai” 

- N i T  0 -N Q l - N ?  

and i E ,/-T. The eigenvalues  X of G s a t i s f y  the  

(X - l)X [ ( I  - l)a + ?(a + N ) ( X  - 1) + FN] = 0 

The von Neumann c r i t e r i o n  for s t a b i l i t y  is sa t i s f ied  I f  lAl S 1 for all 

the  r o o t s  f o r  each i n t e g e r  k i f  At i s  s u f f i c i e n t l y  small, X = 0 and = 1 

a r e  r o o t s ,  and the o t h e r  roots are given by 

Since a and N a r e  both nonnegative,  i t  can be shown t h a t  1x1 d 1 i f  and 

only i f  
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This must hold f o r  every integer k for  311 Lx sufficiently small, 

the stability condition becomes K'(& + N) S 1. 

so 

Now, using ( ~ i 7 ) ,  a can be written 

= o  otherwise 

where D + l  II 

* VJ-112  +- V J - 1 / 2  

2 
V t  > 

and 

n+ll2 n+l/a 
ou = u J  - UJ-1 

if Au < 0 

Substituting a in N into the stability condition one obtaills 

2 

1 
2B2c 2B v I C U ~  c2 

+ K - S l  Jn K. ~r + 
v V V2 

E n .+l 
where c = c1-1/2 , v = v ~ - ~ / ~  , and v1-1/2 has been approximated by v. 

Since K 2 0, the inequality i:. satisfied if and only if 
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* 
I f  v i s  approximated by v,  t h i s  can be w r i t t e n  

POLunr a t  5 t I 

2 3' 
Bac + BY IAuI + (Bac + B, IAU[)~+ c J 

n n n 
F i n a l l y ,  using (A2),  ponEv j - l /a  a x j  - x ~ - ~  so the  s t a b i l i t y  con- 

d i t i o n  can be w r i t t e n  

This  i s  the  condi t ion  when bu < 0. When h 2 0 the  a r t i f i c i a l  v i s c o s i t y  

i s  zero and t h e  s t a b i l i t y  condi t ion  becomes 

n a 
x j  - XJ-1 

C 
A t  5 

This  i s  the  c l a s s i c a l  s t a b i l i t y  condi t ion  for t he  equat ions  of hydro- 

dynamics. I t  says t h a t  A t  m a t  be small enough t h a t  a d i s tu rbance  cannot 

propagate from one mesh po in t  to  another  i n  time At. 

The Au which appears in the  s t a b i l i t y  c r i t e r i o n  is, by d e f i n i t i o n ,  
n + 1 / 2  n + 1 / 2  

U J  - uJ-l . Since t h i s  quan t i ty  i s  no t  a v a i l a b l e  u n t i l  A t  has  

been chosen, Au i s  approximated by u,-l/? . .-r,ia 

In the  a c t u a l  computation t h e  s t a b i l i t y  c r i t e r i o n  i s  evaluated 

for each J. The A t  used to advance to  the  next  t i m e  s t e p  is chosen to  

be a t  least as small  as t h e  minimum of  these.  
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APPENDIX - B 

- LIST OF SUBROUTINES AND TAPE UNITS - 

These subrout ines  must be supplied whenever t h e  program i s  run. 

WONDY 

GZNERATE 

MORSTO Kli: 

BOUNDARY 

JLOOP I NG 

MOT1 ON 

STAThl 

STATE2 

STATE3 

STAT!& 

STATE 5 

 STATE^ 

OUTPUT 

OUTL 

k i n  Program. 

Reads Input and I n i t i a l i z e s  Arrays. 

I n i t i a l i z e s  Extra Arrays - b y  Be Dummy. 

Handles Spec ia l  Boundary - b y  Be Dummy. 

Handles Logic t o  Advance ‘Through Meshes. 

Computes Conservation of k s s  and Momentum. 

Handles Special Output. - May be Dummy 

Handles Spec ia l  Output - k y  Be Dummy. 

74 



These l o g i c a l  t a p e  u n i t s  must be  def ined  whenever t h e  program i s  run. 

20 

25 

21  

22 

23 

Dump on b ina ry  t ape ,  inc ludes :  N, T, DELT(l), 

DELT( 4 ) , ( ITABLE( K )  , TABLE(1, K )  , TABLE@, K) , 
K=l,2 0) , (STORE (J)  , J=1, J M )  

f i e r e  JM=(LMAX+~)*NVAR. 
3 

Restar t  on b ina ry  t ape ,  u s i n g  same order of 

infonnat ion  as Tape 20. 

BCD Tape of a l l  regular output ,  i nc lud ing  l i s t i n g  

of inpu t  da t a ,  e r r o r  messages, and information 

normally w r i t t e n  i n  t h e  normal dit. 

m y  b e  equivalenced t o  t h e  system output  m e d i u m .  

This t a p e  

BCD or Binary Tape o f  a l l  information w r i t t e n  i n  

t he  sample Subrout ine OUTL. 

BCD o r  Binary Tape of a l l  information w r i t t e n  i n  

the  Sample Subroutine OUTPUT. 
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APPbNDIX C - 

GLOSSARY OF VARIABLE NAMES 

VARlN3LE:S I N  COMMON 

For t ran  Name 

A 

ADDATA ( 14 ) 

B1 

B11 

B2 

B22 

CAP E 

CAPH 

CAPK 

c (3 1000) 

C E S (  42,20) 

DELE 

DELWIO 

D E L R J  

DZLT (4 ) 

DELTAX (2 0 ) 

DELX J 

DEP 

Typ 0’ 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

Des c r i p t  i on 

n 
a c  c e l e r a t  ion  aJ 

dummy a r r a y  f o r  a d d i t i o n a l  input  d a t a  

B1 quadra t ic  v i s c o s i t y  c o e f f i c i e n t  

% l i n e a r  v i s c o s i t y  c o e f f i c i e n t  

2 B 2 + 1  
n +1/2 

E J - &  i n t e r n a l  energy 

H,-y2 momentum 

K,-* k i n e t i c  energy 

CJ-VZ sound speed 

n + Y 2  

n + v 2  

n 

equation of s t a t e  constants  p e r  p l a t e  

i n i t i a l  mesh s i z e  p e r  p l a t e  
n +1 n + l  

XJ - XJ-1  
n + l b  

A t /tdep 
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n 

For t r an  Name Des c r i p t  Ion 

E(31000) 

E l  

EERROR 

ET 

ETOT 

EXIT 

EZERO( 20) 

GOIND 

HE RROR 

HT 

HTOT 

IND 

ITABLE(50) 

J 

JONE 

JTAPE 

K 

KE 

KH 

m(3) 

KT1 

KT2 

L 

R 

R 

I 

R 

I 

R 

R 

R 

I 

I 

I 

I 

I 

I 

R 

R 

R 

R 

R 

I 

n 
I n t e r n a l  energy 

.+I 
l a t e s t  c a l c u l a t i o n  of E (  J )  

energy e r r o r ,  ET-ETOT 

t o t a l  p re sen t  energy 

t o t a l  i n i t i a l  energy p lus  added energy 

e x i t  i n d i c a t o r  

i n i t i a l  energy i n  each mesh p e r  p l a t e  

computed go t o  index I n  MOTION 

momentum e r r o r ,  HT-HTOT 

t o t a l  p re sen t  momentum 

t o t a l  i n i t i a l  momentum 

I n d i c a t e s  an i n t e r f a c e  

s t o m g e  f o r  mesh numbers a t  f r a c t u r e s  

index for STORE a r r a y s  

i n d i c a t e s  first mesh 

number of d a t a  i n  STORE on t a p e  

index f o r  TABLE a r r a y  

shutof f  va lue  f o r  energy e r r o r  

shutof f  va lue  f o r  momentum e r r o r  

symmetry cons tan ts  1; n ;  - n  

t ime cons tan t  i n  s t a b i l i t y  c r i t e r i o n  

4 
3 

maximum i n c r e a s e  i n  t ime s t e p  p e r  cyc le  

mesh number 
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F o r t r a n  Name 

LACT 

LHBT 

L M X  

LIPHA 

M(31000) 

N 

NIL 

NUL 

NOAD 

NOMESHES ( 2  0 )  

NONE: 

NOP 

NOPM 

NOW 

NSTA RT 

NTWO 

WAR 

P ( 3 1000 ) 

P1 

PFRACT (31 00) 

PHI (3 1000) 

PHI 7X RO ( 2 0 ) 

PLATE 

I 

I 

Descript ion 

a c t i v i t y  t e s t  

lef t -hand boundary type  

maximum number of meshes -1 

a symmetry c o e f f i c i e n t  

q-dz mesh constant  

cycle  number n 

not  used 

not used 

number of add i t ion  d a t a  on Card 8 

number of meshes p e r  p l a t e  

i nd ica t e s  f i rs t  cyc le  

number of p l a t e s  

number of PMESH on Card 4 

number of QMESH on Card 3 

restar t  from dump t a p e  a t  t h i s  cyc le  

ind ica t e s  f i r s t  cyc le  a f t e r  r e s t a r t  

number of va r i ab le s  i n  STORE a r r a y  2 10 
n 

PJ - l id  pres  su re  
n + l  

P J - - + ?  la tes t  ca l cu la t ion  of P (  J )  

ind ica t e s  f r a c t u r e  which has re joined 
n 

v j -qz  d i f f e r e n c e  i n  p r i n c i p a l  stresses 

i n i t i a l  va lue  of g 

i nd ica t e s  p l a t e  number 
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For t ran  Name 

Pia% (50 1 

P R I N T L  

PRINTR 

PRINTS 

p ZERO (2 0 )  

Q( 3 1000 

QI 

&FRACT( 3100) 

QMESH(50) 

RLBT 

RHO ( 3 1000 

RHO1 

FHODOT 

FHOzERO( 20) 

SIGMA ( 31000 ) 

SIGMAACT 

S IGMAF (2 0 )  

SIGMAIF ( 2 0)  

SIGMAL 

SIGMAMAX 

SIGMAP 

SIGMAR 

SIGMASEP 

SIGZERO(20) 

Type 

I 

I 

I 

I 

R 

R 

R 

L 

I 

I 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

Descr ip t ion  

mesh number f o r  f r a c t u r e  which has rejoined 

i n d i c a t e s  c a l l  OUTL 

i n d i c a t e s  c a l l  editing 

i n d i c a t e s  c a l l  OUTPUT 

i n i t i a l  p re s su re  i n  each mesh p e r  p l a t e  

a r t i f i c i a l  v i s c o s i t y  

l a t e s t  c a l c u l a t i o n  of Q( J)  

i n d i c a t e s  f r a c t u r e  

mesh number f o r  f r a c t u r e  

ri@t -hand boundary t y p e  

d e n s i t y  

l a t e s t  c a l c u l a t i o n  for MO( J) 

Li /P 

i n i t i a l  d e n s i t y  of each mesh p e r  p l a t e  

s t r e s s  

stress u s e d  i n  a c t i v i t y  t e s t  

f r a c t u r e  s t r e s s  p e r  p la te  

f r a c t u r e  s t r e s s  at  i n t e r f a c e  

l e f t  boundary s t r e s s  

maximum stress 

previous s t r e s s  

right boundary s t r e s s  

s epa ra t ion  stress 

i n i t i a l  s t r e s s  i n  each mesh p e r  p l a t e  
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Fortrar, Name 

STATE (2 0) 

STOIiE ( 311 00) 

SUi4H 

su:41E: 

su M KE 

SUiQE 

T 

TAE3LE ( 2 , 5 0  ) 

TDEP 

TDUW 

TITLE( io) 

TMAX 

TMAXD 

WAXP 

TPLM'L 

TMAXPS 

TMIND 

TMINP 

Ti'vIINPL 

TMINPS 

TPRINT 

TPRINTL 

TPRINT S 

LJ( . - j lOOG) 

u1 

U 5ERO (2 0) 

80 

De scr i p  t i o n  TT?E 

R 

R 

R 

R 

R 

R 

R t 

R 

R 

R 

A 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

equation of s t a t e  type per p l a t e  

STORE a r r a y  i n  BANK 1 

t o t a l  momentum 

t o t a l  i n t e r n a l  energy 

t o t a l  k i n e t i c  energy 

t o  t a l  energy sources 

time 

s torage  of U and X a t  f r a c t u r e s  

time dura t ion  of energy sources 

t ime i n t e r v a l  between dumps 

t i t l e  of run 

maximum time 

time of las t  dump 

time of las t  e d i t  

time o f l a s t  s p e c i a l  output v i a  OUTL 

time of l as t  spec ia l  output v i a  OUTPUT 

time of f i r s t  dump 

time of f i r s t  e d i t  

time of f irst  spec ia l  output v i a  OUTL 

time of f i r s t  s p e c i a l  output  v i a  OUTPUT 

t ime i n t e r v a l  between e d i t s  

time i n t e r v a l  between s p e c i a l  output  
v i a  OUTL 

time i n t e r v a l  between s p e c i a l  output 
v i a  OUTPUT 

ve loc i ty  

l a t e s t  c a l c u l a t i o n  of  U ( J )  

i n i t i a l  v e l o c i t y  per  p l a t e  



F o r t r a n  Name 

U z E R o I (  2 0 )  

W4mO 

WL 

WR 

x (3 1000) 

x1 

XP 

XGAP (20) 

XRATIO( 2 0 )  

XZERO 

R 

Descr ip t ion  

i n i t i a l  v e l o c i t y  a t  i n t e r f a c e  

i n d i c a t e s  w r i t e  t a p e  21  

work a t  l e f t  boundary 

work a t  right boundary 

p o s i t i o n  of mesh boundary 

l a t e s t  c a l c u l a t i o n  of X(  J) 

former p o s i t i o n  of previous mesh 

i n i t i a l  d i s t a n c e  between p l a t e s  

r a t i o  between success ive  mesh s i z e s  

i n i t i a l  p o s i t i o n  of l e f t  boundary 
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VARlAl3LE:S IN JLOOPING ONLY 

Fortran Name 

LOR 

PHIE 

GE 

RHOE 

SIGMAA 

SIGMAE 

TEST 

UE 

m 

X F E  

Type 

I 

R 

R 

R 

R 

R 

R 

R 

R 

R 

Des c r i  p t  ion 

mesh on r i g h t  i n t e r f a c e  of p l a t e  

temporary s torage  of q at  a f r a c t u r e  

temporary s torage  of q a t  a f r a c t u r e  

temporary s torage  of p a t  a f r a c t u r e  

average s t r e s s  

temporary s torage  of 0 a t  a f r a c t u r e  

t e s t  s t r e s s  f o r  f r a c t u r e s  

temporary s torage  of u a t  a f r a c t u r e  

temporary s torage  of x a t  a f r a c t u r e  

temporary s torage  of XP a t  a f r a c t u r e  
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VARIABLES I N  STATE1 (HVEP) O n Y :  

F o r t r a n  Name 

A 

AP 

B 

BP 

I)@+ 

DX 

D Z  

ETA 

ETA1 

ETAP 

F 1  

F2 

Fp1 

Fp2 

G 

GAMMA 

GAMMAP 

GCONST (2 0 )  

KCONST ( 2 0 ) 

MI 

NCONST (2 0 ) 

PE 

Type 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

Des c r i p t  i on 

in t e rmed ia t e  quan t i  t i e s  

i n  vapor equat ion  

s t r e t c h i n g  d e v i a t o r  

s t  r e t c h i n g  d e v i a t o r  

i n t e rmed ia t e  q u a n t i t y  i n  sums 

s h e a r  modulus 

Grueneisen r a t i o  
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F o r t r a n  Name 

PH 

PHY 

QDEP 

HTMU 

SPEC \ 3 1000)" 

SUMDW" 

sum 
SUIGAM 

SUMCAP 

SUM€" 

SUMPHP 

TX 

TXP 

TZ 

Y 

Y IELDF 

Des c ri p t  i on 

R Pn reference pressure  

R dPH /drl 

R JI.1 
R AQJ-ltd energy suurce s t r eng th  

R 

R L i E P r 1  

R 

R 

R 

R 

R 

R 

H 

R 

R 

R 

s p e c i a l  a r r a y  f o r  energy sources 

intermediate  q u a n t i t i e s  i n  

polynomial expansions 

Y 

j r  

s t r e s s  d e v i a t o r  

s t r e s s  d e v i a t o r  of previous cyc le  

s t r e s s  d e v i a t o r  

flow s t r e s s  

y i e ld  func t ion  

~~ 

* These q u a n t i t i e s  used only w i t h  Energy Absorption Program i n  MORSTOKE. 
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APPENDlX - D 

INPUT INSTRJCTIONS 

Normal Input  C a r d s  

CARD 1 F O R M A T ( ~ O A ~ )  

TITLE - d a t e ,  run t i t l e ,  nm number. 

LPHA 

NOP 

W A R  

LHBT 

W3T 

LACT 

JTAPE" 

- Symmetry Coef f i c i en t  
1 rec tangu la r  symmetry 

2 c y l i n d r i c a l  symmetry 

3 s p h e r i c a l  symmetry 

- number of l a y e r s ,  maximum of 20. 

- number of v a r i a b l e s  i n  STORE a r r a y ,  normally 10. 
(lCSNVAW100. ) 

- l e f t -hand  boundary type 

1 f ixed  boundary 

2 f r e e  boundary 

3 c a l l s  SUBROUTINE BCKTNDARX 

- right-hand boundary type, same as above. 

- mesh number t o  begin  a c t i v i t y  t e s t .  

- number of words of STORE t o  be read in from a b i n a r y  
dump tape for  restart. 
from tape .  

Se t  t o  zero  i f  not  r e s t a r t i n g  

- cycle  number t o  be  read i n  from a b i n a r y  dump t a p e  
f o r  restart. 

- number of &MESH data t o  be read i n ,  maximum of 50. 
If zero, omit CARD 3. 

- n u d e r  of PMESH d a t a  t o  b e  read i n ,  maximum of 50. 
If zero,  omit CARD 4. 

Wsed f o r  r e s t a r t i n g  from b i n a r y  dump t a p e  only.  If not  r e s t a r t i n g  
from tape ,  s e t  t o  zero. 
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NOAD - number of ADDATA d a t a  t o  be read i n ,  maximum of 14. 
I f  zero, omit CARD 9 .  

W4WO - s e t  = o if  equivalencing u n i t  21 t o  61. 
s e t  = 1 i f  w r i t i n g  output on use r  t ape  21. 

N I L  not used, bu t  included f o r  u s e r ' s  convenience 
NUL f o r  inc luding  a d d i t i o n a l  input  i nd ica to r s .  

CARD 3" FORMAT(l415) 

WSH - mesh numbers where t h e r e  a r e  f r a c t u r e s .  
O m i t  CARD 3 i f  NOW = 0. 

CARD 4* FORMAT(1415) 

PMESH - mesh numbers where f r a c t u r e s  have rejoined.  
O m i t  CARD 4 i f  NOPM = 0. 

CARD 5 FORMAT( 7E10.3 ) 

XZEFiQ - i n i t i a l  p o s i t i o n  of the  l e f t  boundary. 

B1 

B2 - l i n e a r  v i s c o s i t y  c o e f f i c i e n t ,  u s u a l l y  0.1. 

- quadra t ic  v i s c o s i t y  c o e f f i c i e n t ,  u s u a l l y  2.0. 

KE - energy e r r o r ,  i f  exceeded - program c a l l s  e x i t .  
Se t  = 0 t o  avoid u s i n g  t h i s  f e a t u r e .  

SIGM4ACT - a c t i v i t y  i s  t e s t e d  f o r  t h i s  value of s t r e s s .  
If s t r e s s  i s  l e s s  than SIGMAACT at a mesh, f u r t h e r  
meshes a r e  not  computed f o r  t h a t  t ime cycle.  

SIGMAMAX - maximum s t r e s s ,  i f  exceeded - program c a l l s  e x i t .  

SIGMSEP - separa t ion  s t r e s s  f o r  a mesh which has  a l ready  
f r ac tu red ,  s e t  equal t o  roundoff of SIGM. 

CARD 6 FORMAT(TE10.3) 

KT1 - constant used i n  s t a b i l i t y  c r i t e r i o n ,  u sua l ly  1.0. 

KT2 - maximum allowable inc rease  i n  t ime s t ep ,  
u s u a l l y  1.1 o r  1.2. 

~- 
*If t h e r e  a r e  more than  14 of these  q u a n t i t i e s ,  u se  more cards .  
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TMAX - maximum t ime,  program has "normal e x i t "  when t h i s  
i s  exceeded. 

TMIND - t h e  t ime t o  w r i t e  t h e  f irst  b i n a r y  dump on t a p e  20. 
Se t  g r e a t e r  t han  TMAX i f  t a p e  i s  not des i r ed .  

TDW - t h e  time increment f o r  a d d i t i o n a l  b i n a r y  dumps on 
t a p e  20. Se t  t o  0.0 t o  dump every t i m e  cyc le .  

TMAXD - t h e  time of t h e  l as t  b ina ry  dump on t a p e  20. 

DELT(4) - miximum i n i t i a l  time s t e p .  

CARD 7 FORMAT(7E10.3) 

TMINP - t he  f irst  time t o  c a l l  EDIT. Se t  g r e a t e r  t h a n  TMAX 
t o  avoid c a l l i n g  EDIT. 

TPRINT - t h e  time increment f o r  a d d i t i o n a l  c a l l s  t o  EDIT. 
SET = 0.0 t o  c a l l  EDIT every t ime cyc le .  

TMAXP - t h e  f i n a l  time t o  c a l l  EDIT. 

TMINPS 

TPRINTS - same as above, f o r  OUTPUT 

TMAXPS 

KH - momentum e r r o r ,  if exceeded - program c a l l s  e x i t .  
Se t  = 0 t o  avoid us ing  t h i s  f e a t u r e .  

CARD 8 FORMAT(7E10.3) 

rnfINPL 

TPRINTL - same as card  7, f o r  OWL 

TMAXPL 

CARD 9* FORMAT(7E10.3) 

ADDATA - a d d i t i o n a l  d a t a  may b e  added here .  This  a r r a y  may be  
us& f o r  input  t o  subrout ines  BOUNDARY, OUTPUT, OWL 
O m i t  CARL) 9 if WAD = 0. 

* If there a r e  more t h a n  7 o f  t h e s e  q u a n t i t i e s ,  use as many ca rds  as requi red .  
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For Layer 1: 

CARD 10  FoRMAT(nlO.3) 

NOMESHES - number of meshes i n  t h i s  l a y e r .  

STATE - i nd ica to r  f o r  equation of  s ta te  t o  b e  used f o r  t h i s  
l aye r .  

DELTAX - i n i t i a l  mesh s i z e  f o r  t h i s  l aye r .  

XRATIO - r a t i o  of successive mesh s i z e s .  Se t  = 1.0 
f o r  constant  mesh s i ze .  

XGAP - d i s t ance  between r i g h t  boundary of t h i s  l a y e r  and 
l e f t  boundary of t h e  next;  
i s  des i r ed .  

Se t  = 0.0 if no gap 

U 72RO - i n i t i a l  v e l o c i t y  f o r  t h i s  l a y e r .  

~ 7 2 ~ 0 1  - i n i t i a l  v e l o c i t y  of i n t e r f a c e  between t h i s  layer 
and t h e  next t o  t h e  r i g h t  

CARD 11 FORMAT(7E10.3 

RHOZERO - i n i t i a l  d e n s i t y  i n  t n i s  l aye r .  

PZERO - i n i t i a l  p ressure  i n  t h i s  l aye r .  

S IGZERO - i n i t i a l  stress i n  t h i s  l a y e r  

E 7mRO - i n i t i a l  energy i n  t h i s  l aye r .  

PHIZERO - i n i t i a l  value of *? i n  t h i s  l aye r .  

SIGMAF - f r a c t u r e  s t r e s s  i n  t h i s  layer .  

S IGMAIF - f r a c t u r e  stress a t  i n t e r f a c e  between t h i s  l a y e r  
and the  next t o  t h e  right. 

CARDS 12 - 16 FORMAT(7E10-3) 

CES - equation of s ta te  cons tan ts  f o r  t h i s  l aye r .  
There are 35 of  t h e s e  cons tan ts .  

REPEAT CARDS 10 THROUGH 16 FOR EACH ADDITIONAL LAYER. 
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1. 

2. 

3 .  

4. 

5 .  

6 .  

7. 

8. 

9. 

10. 

11. 

12. 

13 

14. 

1 5  
l b  . 
17 

18. 

19 

20. 

21. 

EQUATION OF STATE CONSTANTS FOR -- HVEP -- 

P O  

co 

cs - energy of subl imat ion 

9.1 n - minimum s t r e s s  

- d e n s i t y  of uncompressed m a t e r i a l  

- bu lk  sound speed of uncompressed m a t e r i a l  

- must be l e f t  b lank;  used i n t e r n a l l y  

V - Poisson ' s  r a t i o  

H = y - 1  * 
NOK t - number of K cons t an t s ,  inc luding  K, 

- where y = r a t i o  of s p e c i f i c  heats  of d i s tended  vapor 

- must be  l e f t  b lank;  computed i n t e r n a l l y  from c o ,  po 

( i f  NOK = 0, s appears  he re  ) 

- number of H cons ant  

r o  + ( if NOH = 1, I? = re ) 

hl 

ha 

h3 

h4 

h5 

, i nc lud ing  ro 

* To suppress  vapor iza t ion ,  set H = 0. 

? For l i n e a r  e l a s t i c  ma te r i a l ,  s e t  NOK = NOH = 1 NOG = 0 NOY = 2 I-,, = 0. 
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22 .  

23. 

24. 

25. 

25. 

2'7. 

28 

29 

30. 

31 

32 9 

33 

34 

35. 

NOG* 

GO 

gl 

- number of G cons tan ts ,  including C, 

- must be  l e f t  blank; computed i n t e r n a l l y  from c o ,  v 

( i f  NOG = 0, G i s  computed from X and v i n t e r n a l l y )  

g2 

g5 

NOY* 

Y1 

Y 2  

- i f  NOY = 0, t h e  material i s  a f l u i d  w i t h  zero s t rength  

- i n i t i a l  y i e ld  i f  NOY = 1, Y i s  constant  a t  Y o  
i f  NOY = 2, y i e l d  s t r eng th  i s  i n f i n i t e  
i f  NOY = 3, y i e l d  s t r eng th  v a r i e s  

- ra te  of increase  of yield w i t h  compression. Use w i t h  NOY = 3 

- energy a t  which t h e  y i e l d  s t r eng th  vanishes.  Use w i t h  NOY = 3 

~ ~~~ 

*For l i n e a r  e l a s t i c  mater ia l ,  set  NOK = NOH = 1, NOG = 0,NOY = 2; r, = 0. 
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EQ,UATION OF STATE CONSTANTS FOR HE 

1. I O  

2 .  s 
3 .  V 

4. D 

5 .  XD 

6. B5 

7. t o  35. 

" 0  1. 

2 .  CO 

3. V 

4. t o  350 

- d e n s i t y  of s o l i d  explosive 

- i n i t i a l  sou;id speed 

- r a t i o  of s p e c i f i c  h e a t s  

- detonat ion  wave v e l o c i t y  

- detonat ion  po in t  

- wave width cons tan t  

- not used 

EQUATION OF STATE CONSTANTS FOR GAS 

- i n i t i a l  d e n s i t y  

- i n i t i a l  sound speed 

- r a t i o  of s p e c i f i c  h e a t s  

- not used 
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;,iecicii I n p u t  Reoil by !tOcISTORE 

l't1:- following c s r l s  follow t h e  normal Input cards .  

2zrd l'i F037liLZT (E10.3 ) 

'TDEP - depos i t ion  t ime  i n  seconds 

FORXAT (7E10.3 ) r: 'XI 1 m  

SPEC <ERO(PLATE) PIIATE = 1, NOP 

- enerey deposi ted per  mesh for each material l a y e r  

*If t h e r e  are more than 7 l aye r s , add i t iona l  ca rds  may be used. 
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APPENDIX E 

FIXlW CHARTS 
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PROGRAM 
WONDY 

l-7 Ini t i a l i ze  

I T A B L E  I 
G E NE RATE (3 

N V A R >  I O  M 0 R STORE 

Compute 

V i s c o s i t y  
C o e f f i c i e n t s  

B ina ry  Tape 

- 
Compute  

I n i t i a l  T i m e  Step 
i n i t i a l  Energy Sums 
In i t i a l  Momentum Sum 

L 
B e g i n  

T i m e  L o o p  

+ 
I n i t  i a I i ze 

Energy Sums 
Momentum Sum 

4 
Set  P r i n t  

l n d i c a l o r s  

Q 

(3 JLOOPl NG 

1) 1 

Check for 
M o m e n t u m  Error  

gnd 
Energy E r r o r  

Check  fo r  
M a x i m u m  

T i m e  

S tandard  

PR I NTS OUTPUT 
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'$, 

F i n d  New P o s i t i o n  
a t  L e f t  H a n d  S i d e  

o f  F r a c t u r e  

c 1 

F rac tu re  
Rou t  I ne  

New Frac tu re  N o r m a l  
Meshes 

MOTION 

JONE.0 

U, X i n  

Advance 
l n t e r f  a c e  PLATE, LOR 

1 L- LMAX 

L A C T  = L 

Col l ide 

Q FR A CT (L) =O 
PFRACT(L)=  I 

Col I is ion 

r - i  Recompute 

U I ,  X I  1 
MESHES 

Sto re  
U I ,  X I  i n  

TABLE 
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Subroutine 
STATE I 

Compute 

I Compute  I 

I Compute  

G A M M A  
G A M M A P  

Hydro LJ 
C o m p u t e  

P H ,  P H P  
F I ,  F P I  
F 2 ,  F P 2  

t 
C o m p u t e  

P H ,  P H P  
F I ,  F P I  
F 2 ,  F P 2  

I 

Compute 

A ,  A P  
8 ,  BP 
F I ,  F P I  
F2, F P 2  

1 
Compute  

E l ,  PI 
S I G M A  I 

I 

E l ,  PI 
S I G M A  I 

E ( J ) ,  P ( J )  
S I G M A ( J 1  

96 
RETURN 0 

ENTRY 
STI N I 

a 

K O ,  GO, Y2 

RETURN 0 



Input Data  

Compute 

L M A X  

Print 

Input Data 

h RETURN 

r- Cornpufe 

OFRACT(L)  < 
MESHES 

7 

ENTRY 
MESHES 

Corn  pi^ ? e  
DELXJ.  RHO1 

I. 

Equoiion of State L A  

n 
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n SUBROUTINE 

I 
A d v a n c e  

XP, SIGMAP 
U(J ) ,  X ( J )  

A =  U I -  0 

Se t 
X I  = X Z E R O  

I n i t i a l i z e  r'i 
, Ne!:) LHBT - 2 

BOUNDARY 

0 MOT1 0 N 

Compute a J -  J+NVAR 

L- L+I 

J O N € =  I 

J = J t NVAR 

F r a c t u r e  Test 
C r i t e r i o n  

98 

S e t  
BOUNDARY A = U I = O  

I I a X I  = X(J) 

RETURN U 

I 

, 
C o m p u t e  

W R  

4 n RETURN 

W 



FORTR.%J! LISTINGS 
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c 

r 

c I K I T I P L I Z E  I N G I C A T O R S  

I N D = C  

XP=Oo( !  

T C € P = r! 0 

C A L L  G E N E R A T E  

A T S I G h !  1302 T O  I C U T  

GO TC 1021 

N = T = C  

N O N E = l  

S I  G M A L = S  I GMAR=G.O 

C 

C R E A E  B I N A R Y  DUMP T A P E  HE!?E  

l J O 1  L = J T A P E / N V A R  

h G N G Y  2 8  

WCNCY 2 9 

w3NDY 3C 

Norday  3 1  

WONDY 3 2  

i4ONDY 3 3  

'NCNDY 3 4  

N'ONDY 3 5  

WONGY 3 6  

WCNGY 37 

'//CINDY 3 8  

WORDY 3 9  

'hONDY 4 0  

KCNDY 4 1 

WONDY 42  

WONDY 4 3  

WOhDY 4 4  

&ord3y 45 

hONDY 4 6  

dONDY 4 7  

WON3Y 4 8  

WONDY 4 9  

WONDY 5 0  
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IF ( N - N S T A R T )  1 5 0 1 ,  1 5 0 2 ,  1 5 0 2  

1 5 2 2  PRIPJT 1701,  N, L 

I F  ( W 4 0 2 0 )  W R I T E ' ( 2 1 ,  1 7 0 1 )  N, L 

N T 1J 0 = 1 

A S S I G N  1 C 0 4  TO I O U T  

GO TC) 1 0 2 1  

c 

,- I_ COMPUTE I N I T I A L  T I M E  STEP AND I N I T I A L  ENERGY SUMS 

1 0 0 4  SUMIE=SUMKE=SUMH=Q.O 

L M = L M A X + l  

J = l  

D O  1 0 P 5  L = 2 , L M  

J =  J + N V A R  

D E L U = U ( J ) - U ( J - N V A R )  

I F  ( D E L U )  1 0 2 5 ,  1 0 2 6 ,  1 0 2 6  

1 0 2 5  E C B U = B 2 * C ( J ) - H 1 * * 2 * D E L U  

D E L T ( 3 ) = K T l + ( X ( J ) - X ( J - N V A R )  ) / ( B C B U + S Q R T F ( B C 6 U * * 2 + C ( J ) * * 2 ) )  

GO TO 1 0 2 7  

1 0 2 6  DELT(3)=KTl*(X(J)-X(J-NVAR) ) / C ( J )  

WONDY 5 3 

WONDY 5 4  

WONDY 5 5  

WONDY 5 6  

WONDY 5 7  

WONDY 5 8  

WONDY 5 9  

WONDY 6 0  

WONDY 6 1 

WONDY 6 2  

WONDY 6 3  

WONDY 6 4  

WONDY 6 5  

WONDY 6 6  

WONDY 6 7  

WONDY 6 8  

WONDY 6 9  

WONDY 7 0  

WONDY 7 1 

WONDY 7 2  

WONDY 7 3  

WONDY 7 4  

WONDY 7 5  

WONDY 7 6  

WONDY 7 7  

A 
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c 

L B E S I Y  T I M E  L O q P  

l P i  6 T = T + r ? F L T (  1 )  

Y = Y + + l  

P R I N T P = P R I K T S = C  

PQ I N T L = O  
i, 

SUM I E = SUMKE= SUblQE=W L=WR=O 0 

SUMH=O 0 

D E L T ( 4 ) = Y T 2 * D E L T ( l )  

C 

I‘ L S E T  P R I h T  I N D I C A T D R S  

I F  ( T - T M I N P L )  1 0 2 0 9  10199 1019 

A S N C Y  78 

vjONDY 7 9  

wCNDY 3 3  

W O N D Y  a 1 

WONDY 8 2 

~ I O I V D Y  a 3  

~ C N D Y  a 4  

W3N3Y 8 5 

WaNDY 8 6  

dONDY 8 7  

‘A’ON@Y 8 8  

WONDY 8 9  

WONDY 90 

&‘ONDY 9 1 

WQNDY 92 

di3NDY 9 3 

WONDY 94 

WONDY 9 5  

!rlONDY 9 6  

WONCY 9 7 

WONDY 9 8  

WC)NDY 99 

WONCY 100 

WONDY 10 1 

WONDY 1 0 2  

hONDY 1 0 3  

(dONDY 1 0 4  

NONDY 1 0 5  
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1 0 1 9  T M I N P L = T M I N P L + T P R I N T L  

PR I NTL= 1 

I F  ( T M I N P L o G T m T M A X P L )  T M I N P L = 2 o O * T Y A Y  

i Q 0 7  T M I N P = T M I N P + T P R I N T  

P R I N T R = l  

I F  ( T M I N P o G T o T M A X P )  T M I N P = 2 o O * T M A X  

i o 0 8  I F  ( T - T M I N P S )  1010, 1 0 0 9 ,  1 0 0 9  

l O Q 9  T M I N P S = T M I N P S + T P R I N T S  

PH I N T S =  1 

I F  ( T M I N P S o G T o T M A X P S )  T M I N P S = 2 e O * T P A X  

1010 C A L L  J L O O P I N G  

C 

C COMPUTE VQMENTUM ERROR 

hERROR=HT-HTOT 

' I F  ( A B S F ( H E R R 0 R ) o G T o K H )  1 0 1 7 ,  1 0 1 8  

110 1 7  PR I N T R = E X  I T = l  

C 

C MESSAGE S A Y S  MOMENTUM ERROR EXCEEDED 

P R I N T  1 2 0 4 ,  NI T 

I F  ( W 4 0 2 0 )  W R I T E  ( 2 1 9  1 2 0 4 )  N, T 

C 

C COMPUTE ENERGY ERROR, THE D I F F E R E N C E  BETWEEN PRESENT AND I N I T I A L  

C ENERG I E S  

10  18 SUM I E=SUM I E*KM ( LPI-IA ) 

WONDY 1 0 6  

WONDY 1C7 

WONDY 1 0 8  

WONDY 1 0 9  

WONDY 110 

WONDY 11 1 

WONDY 11 2 

WONDY 11 3 

WONDY 114 

WONDY 11 5 

WONDY 116 

WONDY 11 7 

WONDY 11 8 

WONDY 11 9 

WONDY 120  

WONDY 1 2  1 

WONDY 1 2 2  

WONDY 1 2  3 

WONDY 1 2 4  

WONDY 1 2 5  

WONDY 1 2 6  

WONDY 1 2 7  

WONDY 1 2 8  

h'ONDY 129 

WONDY 130  

WONDY 1 3  1 

WONDY 1 3  2 S U M C E = S U M K E * K V ( L P H A )  
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L M E 5 S A S E  S A Y S  ENERGY ERsCF? E X C E E D E D  

P R I N T  1 2 C Z 9  N 9  T 

1 0 1 3 I'R I I\JT R = E X  I T = 1 

c 
,- .. \"iE.';SAGt S A Y 5  NORMAL E X 1  T 

P R I N T  1 2 0 3 9  N, 1 

' I F  ( W 4 C 2 0 )  W R I T E  ( 2 1 9  1 2 C 3 )  N9 T 

1 0 1 4  I F  ( P R I N T R )  1'321, 1 0 2 2  

1C21 C O N T I N L E  

c SEGIP\i S T A N D A l l E  E D I T I h I G  

J = l - N V A R  

L E Y P = O  

L E N ? = L E N D + 5 5  

I F  ( L E N D a G T o L A C T  ) L E N C = L A C T  

wCN2Y 1 3 3 

N O N C Y  1 3 +  

WOiUDY 1 3 5  

a'y'3h'c'Y 136 

L'GIXDY 1 3 7  

h 3 N D Y  1 3 8  

w d , N D Y  i 3 9  

KON3Y 14C 

XONCY 1 4  1 

*CINDY 1 4 2  

~ O N D Y  1 4 3  

NONDY 1 4 4  

W 0 N CY 1 4 5 

SVONDY 146  

h O N 3 Y  1 4 7  

LV'ONDY 1 4 8  

WONDY 149  

WONDY 1 5 G  

WONUY 1 5 1  

XONDY 1 5 2  

WSNDY 1 5  3 

%ONDY 1 5 4  

N O N D Y 1 5 5  

KONDY 1 5 6  

NONDY 1 5  7 

WSNDY 1 5 8  

KONDY 1 5 9  

4 I - ,  
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WONDY 1 6 2  

WONDY 1 6 3  

IdONDY 164  

WONDY 1 6 5  

S O : 1 ?  WE!TE 1 2 1 ,  91C5) WL, WR, S U M I E ,  S U V K F ,  SUYCE, Sub" ,  EERROR, H E R R O R I O N D Y 1 6 6  

I C  ( I T A B L r ( 1 ) )  W R I T E  ( 2 1 ,  9 1 0 6 )  

GO 9 G P 4  K = 1 , 5 0  

I F  ( I T A B L E ( K ) o E Q o O )  GO T 3  9 0 0 5  

h ' i I T E  ( 2 1 9  9 1 0 4 )  I T A B L E ( K ) ,  T A B L E ( l , K ) ,  T A B L E ( 2 , K )  

9 > C 4  C O N T I N U E  

482 ' .  CCNT I h U E  

GO TO I O U T  

c 

r E N 9  STANDARD E D I T I N G  

1 C 2 2  I F  ( P R I N T S )  C A L L  OUTPUT 

I F  ( T - T M I N D )  1b16, 1 0 1 5 9  1 0 1 5  

1 0 l 5  T M I ND = T M I Ni)+ T DUMP 

c 

L r W R I T L  B I N A R Y  DUMP T A P E  HERE 

C b I h A R Y  DUMP T A P t  MAY BE U S E D  TO R E S T A R T  THE RUN OR FOR P L O T T I N G  

j M =  ( L M A X + 1 )  *NVAR 

k R I T E  ( 2 0 )  N,  T, D E L T ( 1 1 ,  D E L T ( 4 1 ,  ( I T A B L E ( K ) ,  T A B L E ( 1 , K ) p  

l T A B L E ( Z , K ) ,  K = I , 5 0 ) ,  ( S T O R E ( J 1 ,  J = l r J M )  

P R I Y T  92C1, V y  T ,  D E L T ( 1 1 ,  J M  

I F  ( I T P B L E ( 1 ) )  P R I N T  9 2 0 2 r  ( I T A B L E ( K ) ,  K = 1 , 5 0 )  

dONDY 1 6 7  

WONDY 1 6 8  

WONDY 1 6 9  

WONDY 1 7 0  

kONDY 1 7  1 

WGNDY 1 7  2 

WONDY 1 7  3 

\rlONDY 174  

WONDY 17 5 

WONDY 1 7 6  

WONDY 1 7 7  

WONDY 1 7 8  

WONDY 1 7 9  

WONDY 1 8 0  

NONCY 1 8  1 

WONDY 1 8 2  

NONDY 1 8 3  

WONDY 1 8 4  

'rrONDY 1 8  5 

WONDY 1 8 6  
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9 1 0 5  FORVAT ( 20H1, ZORK A T  LEFT 9 E15.591GXv 2 0 H  WORK A T  RIGHT ?1GNGY214 

1 9 E 1 5 0 5  / 2GH INTERNAL ENERGY 9 E15.59 1 0 x 9  2 0 H  K I N t T I C  ENEtvONDYZ15 

Z R G Y  9 E 1 5 0 5  / 2 0 H  ADDED ENERGY 9 E15.59 1 0 x 9  2 0 H  TOTALhONDY216 

3 MOMENTUM 9 E15.5 / 2 0 H  ENERGY ERROR 9 E15.5, 1 0 x 9  hONDY 2 1 7  

4 2 0 H  i4CMENTUM ERROR 9 E15.5 WONDY 2 1 8  

9 1 3 6  FORVAT ( 68HC FRACTURE A T  L U A T  LEFT HAND S I D E  X A T  LnONDY219 

l E F T  HANC S I D E  I WONDY220 

P - 1  Y L J ~  F O R M A T  (12HCs DUMP A T  N= 9 159  3H T = *  €15.5, 9 H  D E L T ( l I = r  E15.59 WONDY221 

1 7 9 H  P O I N T S  ON TAPE 9 110)  WONDY222 

9 2 0 2  FORYAT ( 2 3 H  FRACTURES A T  STATIONS 9 1 4 1 7  / ( 2 3 x 9  1 4 1 7 ) )  WONDY 2 2  3 

9 2 0 3  FORMAT ( 3 C H  PREVIOUS FRACTURE AT STATION 9 1 5 )  WONDY224 

E N D  WONDY 2 2 5  
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G E Y t R  I 

G E h E R  2 

u E l u t l i  3 

GENER 2 7  

U E r i t I i  28 

GENER 29 

LELLCR 3 3  

'UENER 3 1  

GENER 3 2  

G E N k R  3 3  

G E N E K  3 4  

GENER 3 5  

GENER 3 6  

C E N t R  3 7  

G E N E R  3 8  

G E N t R  3 9  
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lNOQK, NOPb', NOAD, W 4 0 2 0 ,  N I L ,  N U L  

I F  ( N O C M )  P R I N T  1 2 0 3 ,  ( Q M E S H ( K ) ,  K = l v N O G M )  

I F  ( N O P M )  P R I N T  1 2 0 4 ,  ( P M E S H ( K ) ,  K=l ,NOP"VI)  

P R I f d T  1 2 C 5 ,  XZERO, 81, E329 K E ,  S I G M A A C T ,  S IGMAMAXI  S I G M A S E P  

P R I N T  1226, K T 1 ,  K T 2 ,  T Y A X ,  T Y I N D ,  TDUVP, TMAXD, D E L T ( 4 )  

PR1'I;T 1 2 0 7 ,  T!* I INP,  T P R I N T ,  TMAXP, T Y I N P S ,  T P R I N T C ,  TMAXPS,  KH 

P R I h T  1 2 2 3 ,  T M I N P L ,  T P R I N T L ,  TMAXPL 

I F  ( N O A C )  P R I N T  1208, ( A D D A T A ( K 1 ,  K = l , N O 4 D )  

N O P 2 = C  

2 0 0 2  NOP 1 = N O P Z + l  

;\I 0 P 2 = N 0 P 2 + 6 

I F  (NOP2.GT.NOP)  N C P 2 z N O P  

P R I N T  1209, ( N O M E S H E S ( P L A T E 1 ,  P L A T E = N C P l , N O P Z )  

P R I N T  1210, ( S T A T E ( P L A T E 1 ,  P L A T E = N O P l , N O P 2 )  

P R I N T  1 2 1 1 9  ( D E L T A X ( P L A T E 1  9 P L A T E = N O P l , N O P 2 )  

P R I N T  1 2 1 2 ,  ( X H A T I O ( P L A T E ) ,  P L A T E = N O P l , N O P Z )  

P R I N T  1213, ( X G A P ( P L A T E 1 ,  P L A T E = N O P l , N O P Z )  

P R I N T  1214, ( U Z E R C ( P L A T E 1 ,  P L A T E = N C P l , N O P Z . )  

P R I N T  1 2 1 5 ,  ( U Z E R O I ( P L A T E ) ,  P L A T E = N O P l , N O P Z )  

P ' i I K T  1 2 1 6 ,  ( R H O Z E K O ( P L A T E ) r  P L A T E = N O P l , N O P Z )  

P R I h T  1217, ( P Z E R O ( P L A T E 1 ,  P L A T E = N O P l , N O P Z )  

P R I N T  1 2 1 8 ,  ( S I G Z E H O ( P L A T E ) ,  P L A T E = N O P l , N O P Z )  

P R I N T  1 2 1 9 ,  ( E Z E R O ( P L A T E )  9 P L A T E = N O P l , N O P Z )  

P R I N T  1 2 3 4 ,  ( P h I Z E R O ( P L A T E ) ,  P L A T E = N O P l , N O P Z )  

P R I N T  1 2 2 0 9  ( S I G Y A F ( P L A T E 1 ,  P L A T E = N O P l v N O P Z )  

P R I N T  1 2 2 1 ,  ( S I G M A I F ( P L A T E 1 ,  P L A T E = N O P l , N O P Z )  

D O  2 0 0 3  IC=1,35 

GENER 5 0  

LENER 5 1  

GENER 5 2  

GENER 5 3  

GENER 5 4  

GENER 5 5  

GENER 5 6  

GENER 5 7  

GENER 5 8  

GENER 5 9  

SENER 6 0  

GENER 6 1  

GENER 6 2  

GENER 6 3  

GENER 6 4  

GENER 6 5  

GENER 6 6  

GENER 6 7  

GENER 6 8  

GENER 6 9  

b E N E R  7 0  

GENER 7 1  

GENER 7 2  

GENER 7 3  

GENER 7 4  

GENER 7 5  

GENER 7 6  
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W R I T E  (21, 1 2 1 8 )  ( S I G Z E R O ( D L A T E ) ,  P L A T E = N O P 1 9 h ' O P 2 )  

W R I T E  ( 2 1 9  1 2 1 9 )  ( = Z E R O ( P L A T E )  9 P L A T E = h O P l , N O P 2 )  

4 i R I T t  ( 2 1 9  1 2 3 4 )  ( P H I L E ? O ( P L A T E ) ,  P L A T E = N O P l * N O P L )  

k ' R I T E  ( 2 1 9  1.220) ( S I G M A F ( P L A T E 1  9 P L A T k . = N O P 1 9 N O P 2 )  

d R I T t  ( 2 1 9  1 2 2 1 )  ( S I G M A I F ( P L A T E 1 r  P L A T E = N O P l , N O P 2 )  

DO 2 0 C 6  I C z 1 9 3 5  

2 ~ L 6  k 2 I T t  ( 2 1 9  1 2 2 2 )  I C 9  ( C E S ( I C 9  P L A T E ) ,  P L A T E = N O P l t N O P 2  ) 

I F  ( K O P e N E e N O P Z )  GC TC: 2 0 1 9  

2 r 0 5  C O N T I N U E  

L V A X = C  

D O  2 0 0 7  P L A T E = l ,  NOP 

2 ( 7 f ' 7  L M A X = L M 4 X + N O M E S H E S  ( P L A T C  ) 

L M = L M A X + 1 

B O  2 0 P 8  L = 1 9 L M  

2 3 0 8  Q F R 4 C T ( L ) = P F R A C T ( L ) = O  

DO 2 0 0 9  K = l ,  NOQM 

L = Q M E S H ( K )  

2009 Q F R A C T  ( L 1 =1 

3 0  2 0 1 0  K = l ,  NOPM 

L = PPJESH ( K 1 

2 C 1 ri P F R P C T  ( L ) = 1 

QFRACT ( 1 ) = I  

c 

C G c Y c R A T E  L A R G F  ARRAYS 

J = P L A T E = L = l  

L O L = l  

L O R = N O M E S H E 5  ( P L A T E  1 +1 

w G E N E R l O 5  

GENER 1 0 6  

GENER 1 0 7  

GENER 1 0 8  

G E N E R 1 0 9  

GENER 11 C 

G E N E R l l l  

G E N E R l 1 2  

GENER 11 3 

G ENER 11 4 

G E N E R 1 1 5  

GENER 1 1 6  

GENER 11 7 

GENER 1 1 8  

G E N E R l l 9  

G ENER 1 2  0 

G E N E R 1 2 1  

GENER 1 2  2 

GENER 1 2 3  

GENER 1 2 4  

G E N E R 1 2  5 

GENER 1 2 6  

GENER 1 2 7  

G E N E R 1 2 8  

G E N E R 1 2 9  

G E N E R 1 3 0  

I 

1 1 2  



U ( J )  = I J Z E R G (  P L A T E )  

F t i  I ( J ) = P H I  Z E R O  ( P L A T E  I 

G P  T O  2 0 3 1  

GO T O  2 0 3 1  

I F  ( L - L C R )  2011, 2 9 1 2 ,  2 0 1 2  

2012 G O I N D = S T A T E ( P L A T E )  

GO T O  ( 2 C 2 1 9  2 0 2 2 9  2 0 2 3 ,  2 0 2 4 ,  2 0 2 5 ,  2 C 2 6 )  G O I N D  

G E N t 5 l l ~  1 

d E N K 1 < 1 3 2  

G E t 3 E R  1 3 3 

b E N E K 1 3 4  

G E N E R 1 3 5  

G F E 'i 1 7 6 

GENER 1 3 7  

G E N E R 1 3 8  

G E N E i I 1 3 9  

GENEK 1 4 0  

G E N t  ii 14  1 

GENER 1 4 2  

G E N E 2 1 4 3  

GENER 144 

G E N E R 1 4 5  

G E N E R 1 4 6  

S EN E R 1 4 7 

G E N E 7 1 4 8  

G E N E R 1 4 9  

G E N E R 1 5 0  

GENER 1 5  1 

GENER 1 5 2  

GENER 1 5 3  

GENER 1 5 4  

G E N E L I 1 5 5  

G E N E R 1 5 6  

G E N E R 1 5 7  
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2 C 2 1  C A L L  S T I N l  

G O  TO 2 0 2 7  

2 0 2 7  C A L L  ' , T I N 2  

U D  TO 2 0 2 7  

2 0 2 '  CALL S T I N 3  

GO T O  2 0 2 7  

2 0 2 4  CALL S T I N 4  

GC) T O  2 0 2 7  

2 9 2 5  C A L L  S T I " J 5  

G O  T O  2 0 2 7  

2026 CALL S T I N 4  

2 n 7 7  I F  ( L - L M A X + l )  2013, 2 0 1 8 ,  2 C 1 8  

2 0 1 ?  I J (  J ) = U Z E R O I  ( P L A T E )  

I F  ( X G A P ( P L A T F 1 )  2 " 1 4 ,  2 0 1 7  

2 0 1 4  Q F R P C T  ( L 1 = I  

DO 2 0 1 5  K = l ,  5 0  

I F  ( I T A 2 L E ( K ) )  2 0 1 5 ,  2 0 1 6  

2 0 1 5  C O N T I N U E  

2 1 6  I T A B L E ( K ) = L  

T A E L ' ( l , K ) = U Z E R O ( P L A T E )  

T A B L E ( Z , K ) = X ( J )  

X ( J ) = X ( J ) + X G A P ( P L : T F )  

U ( J ) = U Z E R O ( P L A T E + l )  

2 9 1 7  P L A T E = P L A T E + l  

L O L = L O R  

L O R = L O R + N C V E S H E S ( P L A T E )  

D X = D E L T A X ( P L A T E ) / X R A T I O ( ? L A T E )  

GENER 1 5 8  

'JENER 1 5 9  

G E N E R 1 6 0  

G E N E R 1 6 1  

G E N E R 1 6 2  

G E N E R 1 6 3  

G E N E R 1 6 4  

GENER 1 6 5  

G E N E R 1 6 6  

GENER 1 6 7  

GENER 1 6 8  

G E N E R 1 6 9  

G E N E R l 7 0  

G E N E R 1 7 1  

G E N E R 1 7 2  

G E N E R l 7 3  

G E N E R 1 7 4  

GENER 1 7 5  

G E N E R 1 7 6  

G ENER 17 7 

G E N E R 1 7 8  

G E N E R 1 7 9  

GENER 1 8  0 

G E N E R 1 8  1 

GENER 182 

GENER 1 8 3  

G ENER 1 8 4 .  
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G E N E R 1 8  5 

GENER 1 8 6  

U ( J ) = U Z E R O ( P L A T E )  GENER 1 8  7 

X ( J ) = X ( J - N V A R )  GENER 188 

M ( J ) = R H O ( J ) * ( X ( J ) * + L P H A - X ( J - N V 4 R ) * * L P H A )  

RETURN 

llGl FORMAT 1 1 0 A 8 )  

1 1 0 2  F C R M P T  ( 1 4 1 5 )  

G E N E R 1 9 0  

G E N E R 1 9 1  

GENER 1 9 2  

G E N E R 1 9 3  

1 1 0 3  FORYAT ( 7 ' 5 1 0 . 3 )  G E N E R 1 9 4  

1 2 0 1  FORMAT ( 1 H 1 9  1 0 A 8 )  G E N E R 1 9 5  

1 2 C 2  F O R M A T ( 1 1 5 H O  L P H A  NOP NVAR L H B T  RHBT L A C T  J T A G E N E R 1 9 6  

1 P E  N S T A R T  NOQM N 0 P P.1 NOAD W 4 C 2 0  N I L  N U L  / G E N E R 1 9 7  

1 1 x 9  1 4 1 8 )  G E N E R 1 9 8  

1 2 0 3  FORMAT ( 25HO MESHES WHICH H A V E  FRACTL'RED / ( 1 x 9  1 4 1 8 3 3  

12G.4 FORMAT ( 2 6 H G  MESHES WHICH H A V E  J O I N E D  / ( 1 x 9  1 4 1 8 ) )  

G E N E K l 9 9  

G E N E R 2 0 0  

1 2 0 5  FORMAT ( 1 1 4 H 0  XZERO 8 1  6 2  G E N E R 2 0  1 

1 K E  S I  G M A A C T  S I G M A M A X  S I G M A S E P  / G E N E R 2 0 2  

2 1 x 9  7 E 1 6 . 3 )  G E N E 3 2 0 3  

1 2 0 6  FORMAT ( 1 1 4 H O  K T 1  K T Z  T M A X  G E N E R 2 0 4  

1 T M I N D  TDlJMP TMAXD D E L T ( 4 )  / G E N E R 2 0 5  

2 1 x 9  7 E 1 6 . 3 3  G E N E R 2 0 6  

1 2 0 7  FORMAT ( 1 1 4 H O  TM I NP TPR I NT TMAXP G E N E R 2 0 7  

1 T M  I NPS T P R I N T S  T Y A X P S  K H  / G E N E R 2 0 8  

2 1 x 9  7 E 1 6 . 7 )  G E N E R 2 0 9  

1 2 0 8  FORMAT ( 1 7 H U  A D D I T I O N A L  DATA / 1 x 9  7 E 1 6 . 3  / 1 x 9  7 E 1 6 . 3 )  G E N E R 2 1 0  

1 2 0 9  FORMAT ( 1 7 H C  NOMESHES 9 6 E 1 6 . 3 3  G E N E R 2 1 1  
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1 

I 

I 
1 2 1 6  FORPf lAT ( 1 7 H  

1 2 1 7  F3F>!AT ( 1 7 W  

1218 FOl?i \ l4T ( 1 7 H  

1 2  19 F O R V A T  ( 1711 

1 2 2 r  F Q I I V A T  ( 1 7 H  

1 2 2 1  F O R , 4 4 T  (17” 

1222 FOF’ ib ’AT ( 13,  

1 2 ; 3  FrJRMAT ( 5 C k i O  

1 1 x 9  S E 1 6 . 3 )  

1 2 3 4  FORMAT (171-1 

E ’ s 3  

G E N E F i 2 1 4  

G E N E R Z  I 5  

G E r d E K 2 2 1  

G E ‘~uEii2 2 2 

G E iu E ;i 2 2 3 

C E NE I? 2 2 4 

TMAXPL / L E h t t \ Z Z 5  

CEF!E R 2 26 

C E fvER 2 2 7 

3 t NE R 2 2 8 r C  
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b A N Y r  ( i ) ,  MOR,CTC)RE 9 / C O h S T S / ,  / I f V T t R M / (  / P L A T E 5 1 9  / L O G I C /  

c I N S F R T  C0M‘JC)’’J C A 9 D S  HFTF 

t Q U I V A L E N C E  ( S T 3 R E ( 1 1 ) 9  S P E C ( 1 ) )  

D I M E N Z I O N  S P E C ( 3 1 G 0 0 )  

D I M E N S I 9 N  S P E C Z E K O ( 2 f ‘ )  

R E A D  27019 T D E P  

R E A D  27C19 ( S P E C Z E R O ( P L A T F ) ,  P L A T E = l , N C P )  

P R I N T  2 7 0 7 ,  T D E P  

P R I N T  2 7 0 3 ,  ( S P E C Z E R G ( P L A T E ) *  P L A T E = l , N O P )  

L =  J = L O R = l  

P L A T F = C I  

2 4 7 1  P L A T E = P L A T E + l  

L O R = L O R + N @ M E S H E S ( P L A T E )  

2 4 P 2  L = L + l  

J = J + Y V 4 R  

j P E C ( J ) = S P E C Z ~ S O ( P L A T E )  

I F  ( L - L O R )  2 4 0 2 ,  2 4 0 3  

2 4 0 3  I F  ( P L A T E - Y O P )  2 4 n i ,  2 4 c 4  

2 4 3 4  CONT I N U E  

R E T U R N  

27C1 FORMAT ( 7 E 1 0 . 3 )  

2 7 0 2  FORMAT ( * C  D E P O S I T I O N  T I V E  = *, C16.3)  

2 7 c 3  F O R P A T  ( * O  T O T A L  ENERGY D E P 3 S I T E D  PER P E S H  FOR E A C H  P L A T E  * / 

1 (7E16.3)) 

E N D  

M C R C T  3 2  

MOR 5 T 3 3 

iV1ORST 3 5  

;1?P.5T 3 6  

M9RC.T 3 7  

i.1ORS1 4 0  

MORST 4 1  

M O R S T  4 2  

MCIRST 4 3  

MCRST 4 4  

MOR5 1 4 5  

MOR5T 4 6  

IYCRST 47 

i 4 O R S r  4 8  

MORST 4 9  
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513UND 1 

C PROGRAIV" WCNDY BOL'ND 2 

S U B P C U T I N E  BOUNDAPY 

BANK,  ( G I ,  BOUNDARY t / C O N S T S / ,  / I N T E R M / ,  / P L A T E S / ,  / L O G I C /  BOUND 3 

c I N S E R T  COMMON C A R 3  HERE 

C SAMPLE C O G I N G  C F  A S P E C I A L  dOUNOARY C D N D I T I O N  b O i i N D  2 7  

r L t j Y  C H O O S I N G  PYOPEli I N P U T  FOk T H k  ACL)ATA ARRAY,  T H I S  C O D I N G  W I L L  b O l i N D  2 8  

c G I V E  A CONSTAhT OR AN E X P O N E N T I A L L Y  V A R Y I N G  Sclt-tFACE L3A3 FOQ b O L N D  2 5  

L E I T H E R  THE L E F T  OR THE R I G H T  BCUNDARY. 6OUND 3 0  

I F  ( L H B T - 3 )  6 0 0 2 ,  6 0 0 1  E!OL"D 3 1  

BOUND 3 3  

BOUND 3 4  

GO T O  6 9 9 9  B C U q D  3 5  

4 C 0 2  J N = J + N V A R  BOUND 36 

dOUND 3 7  S I GMA R = S I GYA ( J N 

S I G M A ( J N ) = A D D A T A ( 8 ) + A C D A T A ( 9 ) * E X P F ( - A ~ ~ ~ T A ( l O ) * T )  BOUND 3 a  

S I G M A P = 0 . 5 * ( S I G M A ( J Y ) + S I G M A R )  BOUND 3 9  

6999 R E T U R N  BOUPJD 4 0  

BOUYD 4 1  E N D  
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A S U e R O U T I N E  J L O O P I N G  

T PROGRAP WONCY ed 
J L C b P  1 

JLOciP 2 

BANK,  ( L ) ,  J L O G P I P J G  9 / C O N S T S / ,  / I N T E R V / *  / P L A T E S / *  / L 3 G I C /  J L O L P  3 

r 
i I N S E R T  CCYMON CARDS H E R E  

J = L = ? L A T E = l  

L O R = N O M E S H E S ( P L A T E  ) + 1  

r 

/- 
L L E F T  HAND EOUNDARY 

C GOUNDARY T Y P t S  A 2 E  I N  ORDER - F I X E D ,  F R E E ,  S P E C I A L  

I F  ( L H B T - 2 )  30!?@, 7 0 0 2 9  ‘3001 

? o c n  e = u i = n . o  

X ( J ) = X l = X Z E R C  

GO T O  3 0 3 0  

3OC1 C A L L  BCCNDARY 

3 0 0 2  C A L L  M O T I O N  

W L = S I G M A L * ( X l - X ( J )  ) * K R ( L P H A )  

3030 X P = X ( J )  

C 

c I N T E R N A L  MESHES 

3 O Q 3  J = J + N V A R  

L = L + 1  

T E S T = S I G Y A F ( P L A T E )  

I F  ( L - L O R )  3 0 0 5 ,  3 0 0 4 ,  3 0 3 4  

J L C C P  

J L O O P  

J L O O P  

J L O O P  

JLCCJP 

J L O C P  

J L O C ?  

J L O U P  

JLOCjP 

J L C C P  

JLOGP 

J LOOP 

J L O O P  

J L O C P  

J L C G P  

J LOOP 

J L O C P  

J L O G P  

JLCOP 

JLOCP 

JLOOP 

2 7 .  

2 8  

2 9  

3 0  

3 1  

3 2  

3 3  

3 4  

35 I 

3 6  

3 7  

3 8  

, 

1 9  

4 0  

4 1  

4 2  

4 3  

44 

4 5  

46 

47 

JLOOP 4 8  

JLOOP 4 9  
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3 0 9 4 T E S T = 5 I G '4 A I F ( P I A T E 1 

I R D = l  

C 

C T E S T  FOR P R E S E N T  F R A C T U R E  

3005 I F  ( C F R A C T ( L ) )  3 0 1 1 ,  7 0 0 6  

C T E S T  F O R  P R E V I O U S  FRACTIJRE W H I C H  H A S  C O Y F  TOGETHER 

3C06 I F  ( P F R A C T ( L 1 )  T E S T = S I G M 4 S E P  

C T E S T  FOR NEW F R A C T U R E  

S I G ~ ~ A A = 0 * 5 * ( S I ~ M e ( J + N V A R ) + S I G M A ( J )  

I F  ( S I G M A A - T E S T )  3 C 0 8 ,  3CC79 3007  

C 

C LOOK A H E A D  F O R  F R A C T U R E  

3 0 0 7  I F  ( Q F R A C T ( L + l ) )  3 4 0 1 ,  3 4 0 4  

3 4 0 1  X A H E A D = X ( J + N V A R )  

D O  7 4 n 2  K = 1 , 5 @  

I F  ( L + l . E Q a I T 4 6 L F ( K J )  3 4 q ) 3 9  3 4 0 2  

3 4 0 2  C O N T I N U E  

3 4 3 3  X ( J + N V A R J = T A B L E ( Z , K )  

C A L L  M O T I O N  

X ( J + N V A R ) = X 4 H E A D  

GO T O  3 0 1 3  

C 

C C O N T I N U E  W I T H  NORMAL M E S H E S  

3 4 0 4  C A L L  M O T I O N  

GO T O  3 0 1 3  

C 

C NEW F R A C T U R E  OCCURRED, S T C R E  V A L U F S  I N  T A B L E  

3 0 0 8  Q F R A C T ( L ) = l  

J L O P P  55 

JLOOP 5 1  

JLOOP 5 2  

JL0C)P 5 3  

JLOOP 5 4  

J L O O P  3 5  

JLOUP 5 6  

J L 3 3 P  5 7  

JLOCP 5 8  

JLGGP 5 9  

J L O G P  6 0  

JLOOP 6 1  

J L C O P  6 2  

JLOOP 6 3  

JLOOP 6 4  

JLC)OP 6 5  

JLOOP 6 6  

JLOOP 6 7  

JLOOP 6 8  

JLOOP 6 9  

J L O O P  7 0  

JLOOP 7 1  

JLOOP 7 2  

JLOOP 7 3  

JLOOP 7 4  

JLOOP 7 5  

JLOCP 7 6  

JLOOP 7 7  

n 
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N P = N - 1  

P T = T - D E L T ( l )  

P R I N T  3 2 0 1 9  L 9  N F ,  D T  

I F  ( W 4 0 2 Q )  h ' l ? I T E ( 2 1 9  3 2 C 1 )  L 9  NPI PT 

D O  1009 K z 1 . 9 5 9  

I F  ( I T A b L E ( K ) . t Q . O o O R o I T ~ ~ ~ L ~ ( K ) o E ~ o L )  EO TC 301C 

3009 C O N T I N U E  

P R I N T  32029 N ,  T 

I F  ( k ' 4 0 2 C )  K R I T E  ( 2 1 9  3 2 3 2 )  N, T 

P R I N T R = E X I T = l  

C 

C F R A C T U R E  R O U T I N E  B E G I N S  HERE 

3 0 1 1  J N = J + N V A R  

C 

c F I N D  NEW P O S I T I O N  AT R I S H T  HAND S I D E  OF F R A C T U R E  

C STORE V A L U E S  FOR L E F T  S I D E  OF F R A C T l l l i E  T E M P O R A R I L Y  AND T R E A T  

C F R A C T U R E  as F R F E  S U R F A C E  

S I G M A E = S I C P A ( J )  

P H I E = P H I ( J )  

R H C E = R H O ( J )  

Q E = Q (  J )  

S I G ~ A ( J ) = P t 1 I ( J ) = ~ H O ( J ) = C ( J ) = O . O  

c L O O K  AHEAD FCR F R A C T U R E  

I F  ( Q F R A C T ( L + l ) )  3 4 0 5 9  3 4 0 8  

J L C O D  78 

J L G U P  79 

JLCL'P 8 3  

JLCUT- 8 1  

a L i . ) F  82 

JLOOP $ 3  

J L O O P  8 4  

JLOOP 8 5  

J L O J P  8 6  

J L O 3 P  8 7  

J L C 3 P  8 0  

J L O 3 P  8 9  

J L C O P  9 1  

J L 0 C ) P  9 2  I 

J L O 3 P  9 3  

J L O O P  9 4  

JLOOP 3 5  

JLOOP 4 6  

JLOOP 9 7  

JLOOP 9 8  

JLOOP 9 9  

J L 0 C ) P l O O  

JLOOP IO 1 

J L O O P 1  0 2  

JLGOP 1 0 3  

J LGOP 1 0 4  

J L O G P  10  5 

1 2 1  



I 

3465 XAHEAD=X ( J + N V A R  

X ( J + N V A R  = X A H F A R  

GO T C  34C9 

3 4 0 8  C A L L  P O T I O N  

7 4 C 9  X P E = X  ( J )  

I I ( J ) = U l  

X ( J ) = X l  

5 I G:IA ( J 1 = S I  GMkE 

P H I  ( J ) = P H I E  

R H O ( J ) = R H C E  

Q ( J ) = O E  

c 

c FIND NEW P O S I T I O N  A T  L E F T  HAND S I 2 E  O F  F R A C T U R E  

C STORE V A L U E S  FOR R I G H T  S I D E  T E M P O R A R I L Y ,  SAME A S  ASCVE 

S I G M A E = S I G M A ( J N )  

P H I E = P H I ( J N )  

RHOE=RHO ( J N )  

Q E = C  ( J N  1 

U E = U (  J )  

X E = X ( J )  

J L G d P l O b  

JLOOP 10 7 

JLOOP 108 

J LOOP 1 C 9 

JLOCP 11 3 

J L 3 C P  11 1 

J L O C P  1 1 2  

J L O G P 1 1 3  

J L O O P 1 1 4  

J LOOP 11 5 

J iOOPl16 

J L G O P 1 1 7  

J L O C P 1 1 8  

J LGCF 11 5 

JLOOP 1 2 C  

J L O O P 1 2 1  

J L O G P 1 2 2  

JLCOP 1 2  3 

J L O O P  124 

J L O O P 1 2  5 

J L O O P  1 2 6  

J L O O P 1 2  7 

J L 3 S 2  1 2  8 

J L O O P 1 2 9  

JLOOP 1 3 0  

JLOOP 1 3  1 

J L 0 9 P  1 3  2 

1 2 2  

n 



3 5 n  I C O N T  I R U E  

P R I N T  3 7 0 1 9  L 

I F  ( W 4 C 2 C )  W R I T E  ( 2 1 .  3 7 0 1 )  L 

P R I P1 T R = EX I T 2 1 

GO T O  3 0 2 0  

C A L L  M O T I C N  

C 

C D I D  F R A C T U R E  S U R F A C E S  C O L L I D E  

I F  ( X I - X E )  3 5 6 4 9  3 5 0 4 9  3563 

7 5 0 3  Q F R A C T ( L I = O  

P F R A C T ( L ) = l  

P R I N T  3 7 C 2 9  L9 M 9  T 

I F  ( W 4 0 2 r ) )  W R I T E  ( 2 1 9  3 7 C 2 )  L9 N 9  T 

U l = U E = C e 5 + ( U l + U E )  

X l = X E = O e 5 * ( X l + X E )  

C 

C C O N T I N U E  W I T H  MESH C A L C U L A T I O N S  FOR WESH TO L E F T  OF F R A C T U R E  

3 5 0 4  CALL MESHES 

T A B L E  ( 2 9 K  ) = X  ( J 1 

S I G M A ( J N ) = S I G V A E  

P H I  ( J N )  = P H I E  

R H O ( J N ) = R H O E  

Q ( J N )  = Q E  

J L COP 1 3 3 

J L O O P 1 3 4  

JLOOP 1 3  5 

J L O O P l 3 6  

J L C O P  1 3  7. 

JLOOP 1 3 8  

J L O C P 1 3 9  

J L O O P 1 4 0  ! 

JLOOP 14  1 

J L O O P 1 4 2  

1 

JLOGP 1 4 3  

J L O C P 1 4 4  

J L O O P 1 4 5  

J L O G P l 4 6  

J L O O P 1 4 7  

J L G C P  1 4 8  

J L O G P 1 4 9  

JLOOP 1 5  0 

a L O O P 1 5 1  

J LOOP 1 5  2 

JLOGP 1 5 3  

JLOOP 1 5 4  

JLOOP 1 5 5  

J L O O P 1 5 6  

J L O O P l 5 7  

1 

1 

JLOGP 1 5  8 

J LOOP 1 5  9 

123 



U ( J ) = U E  

X ( J ) = X E  

X P = X P E  

3 7 C 1  FOR?4AT ( 3 9 H u  CANNOT F I N D  F R A C T U R E  ENTRY A T  S T A T I C N  9 1 4 )  

3 7 ' ~ ;  FORMAT ( 4 r ) H b  F R A C T U Y E D  SURFACES C O L L I e E D  AT S T A T I O N  9 1 4 ,  

1 7 H  C Y C L E  9 1 4 9  6 H  T I Y L  9 E 1 5 . 5 )  

C 

c C O q T  I WiJE W I T H  J L O O P  I Q G  

IF (IND) 3 0 1 4 ,  3 0 1 5  

C 

L I F  T H I S  IS AN I N T E R F A C E ,  ADVANCE P L A T E  I N D I C A T O R  

3 0 1 4  P L A T E = P L A T E + l  

I N D = O  

C 

LOR=LOR+NOVESHES ( F L A T E  1 

C H A S  JMAX B E E N  REACHEC 

3 C 1 5  I F  ( L o L T o L Y A X )  3 0 2 1 ,  3 0 1 6  

c 

C A C T I V I T Y  T E S T E D  HERE 

? 0 2 ]  IF ( L o G E o L A C T )  3 0 2 2 ,  7 0 0 3  

3 P 2 2  I F  ( S I C M A (  J )  o G E . S I G M A P C T )  3003,  3 0 2 3  

3 0 2 3  L A C T = L  

GO TO 3 0 2 0  

C 

C R I G H T  HAND bOUNDARY 

C BOUNDARY T Y P E S  ARE I N  ORDER - F I X E D ,  F R E E ,  S P E C I A L  

3 0 1 6  J = J + N V A R  

J LOGP 160 

J L O U P  16 1 

J LCOP 16 2 

J L C O P  16 3 

J LGCP i o 4  

J L 3 3 P  1 6 5  

JLCCP 1 6 6  

JLOOP 1 6 7  

JLOOP 1 6 8  

JLOOP 169 

J L O O P 1 7 0  

J LCOP 17 1 

JLOC'P 1 7 2  

JLOOF 1 7 3  

JLOOP 1 7 4  

J L O O P 1 7  5 

J L O O P l 7 6  

JLOOF 177 

J L O O P 1 7 8  

JLOOP 1 7 9  

JLOOP 180  

J L O C P 1 8 1  

JLOCP 1 8  2 

JLOOP 1 8 3  

J LOOP 184  

J LOOP 18 5 

J L O 3 P  186 

J L C c i P 1 8  7 
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n 
L = L + l  

L A C T = L  

I F  ( R H E T - 2 1  3n19,  3 0 1 8 ,  3n17 

3 0 1 7  C A L L  POUNDAEY 

3 0 1 8  C A L L  M O T I O N  

GO T O  3 0 2 0  

3 0 1 9  A = U l = O . O  

X l = X (  J )  

C A L L  M E S H E S  

3 0 2 0  R E T U R N  

3 2 3 1  F O R M A T  ( 3 0 H C  F R A C T U R E  OCCURRED A T  S T A T I O N  9 1 4 9  7H C Y C L E  1 4 9  

16H T I M E  9 E 1 5 . 5 )  

3 2 0 2  FORMAT ( 4 6 H C  M A X I M U M  NUMBER O F  F R A C T U R E S  E X C E E D E D 9  C Y C L E  + 14, 

1 6 H  T I Y E  9 E 1 5 . 5 )  

E N 3  

-'LOcIP 1 8  8 

JLOCD 1 8 9  

J L O C P 1 9 3  

J L a G P 1 9 1  

JLOOP 19-2 

JLOOP 1 9 3  

J L O O P  1 9 4  

JLOCP 1 9 5  

J L O C P  1 9 6  

JLOCP 1 9  7 

J LO3P 198 

J L O O P  19 9 

J L O O P  2 0 C 

J L O O P 2 0 1  

JLOOPZ 0 2 

J L O C P 2 0 3  

A 
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4 0 0 1  Ol=O.p 

SO T C  4 0 0 3  

4 u 0 7  O 1 = R H O 1 * ( B 2 * D E L X J " C ( J ) " R H O D O T + ( B 1 Q D E L X J * R ~ ~ @ O T ) * u 2 )  

C 

C C A L L  E Q U A T I O N  OF S T A T E  R O U T I N E  F O R  CORRECT P L A T E  

4 0 0 7  G O I N D = S T A T E ( P L A T E )  

GO TO ( 4 0 0 4 9  4 L 0 5 r  4 0 ( ? 6 ,  4 C 0 7 ,  4 0 0 8 ,  4 0 0 9 ) G O I N D  

4 6 0 4  C A L L  S T A T E 1  

GO T O  4 0 1 0  

4 0 0 5  C A L L  S T A T E 2  

G O  T O  4010  

4 0 0 6  C A L L  S T A T E 3  

G O  T O  4 0 1 0  

4 0 0 7  C A L L  S T A T E 4  

G O  T O  4 0 1 0  

4 0 0 8  C A L L  S T A T E 5  

G O  T O  4 0 1 0  

4 0 0 9  C A L L  S T A T E 6  

C 

C COMPUTE NEW T I M E  S T E P  

4 3 1 0  D E L U = U l - U ( J - N V A R )  

I F  ( D E L U )  4 U 1 5 ,  4016,  4016  

4 0 1 5  B C B U = 9 2 * C ( J ) - 8 1 * * 2 * D E L U  

\ ' i T I u  5' 

N O T I C ;  5 1  

F ' C T I C  5 2  

Y O T I C  5 3  

W C T I O  5A 

M C T I T )  5 5  

' i C T I 8  5 6  

L ' C T I O  5 7  

F i O T I O  58 

MOT IO r 5  

M O T I L  6 0  

IYOTIC. 6 1  

M O T I O  6 2  

M O T I O  6 3  

M C T I O  6 4  

Y i O T I O  6 5  

X D T I O  6 6  

M@TIO 6 7  

A l O T I O  6 8  

V O T I O  6 9  

M O T I O  7C 

MOTIO 7 1  

M O T I O  7 2  

MOTIO 7 3  

M O T I O  7 4  

i4OT IO 7 5  

M O T I O  7 6  

n 
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D E L T ( 3 ) = K T l * D E L X J / ( 3 C E U + 5 Q R T F ( B C e U + + 2 + C ( J ) * * 2 )  

GO T O  4 0 1 7  

4016  D F L T ( 3 ) = K T l * D E L X J / C ( J )  

4 0  1 7  COh!T I N U E  

I F  ( T D E P o G T o T )  D E L T ( 3 ) = M I N l F ( D E L T ( 3 ) ,  O o O 1 " T D E P )  

D E L T ( 4 ) = M I N l F ( ' C E L T ( 4 ) , D E L T ( 3 ) )  

C 

C COMPUTE ENERGY SUMS 

SUMH=SUMH+CAPH 

S IJ Y K E = S UMK E+ C A F Y 

SUMIF=SUMIE+CAPE 

I F  ( P R I N T L )  C A L L  O U T L  

X P = X  ( J )  

Q(J)=Ql 

U ( J ) = U l  

R H O (  J =RHO1 

X ( J  = X 1  

C 

K O T I O  79  

MOTIO 8C 

M O T I C  8 1  

: J ~ O T I O  a 2  

M G T I C  8 3  

M G T I G  8 4  

MOT10 8 5  

M O T I O  8 6  

M O T I O  8 7  

M O T 1 0  8 8  

M O T 1 0  8 9  

M O T I C  9 0  

M O T I O  9 1  

V O T I O  9 2  

M O T I C  9 3  

M O T I O  9 4  

M O T I O  9 5  

M O T I O  9 6  

M O T I O  9 7  

C C H E C K  I F  M A X I M U M  S T R E S S  I S  E X C E E D E D  M O T I O  9 8  

I F ( S I G M A ( J ) - S I G M A M A X )  4011, 4(3119 4012 M O T I O  9 9  

4 0 1 2  P R I N T R = E X I T = l  MOT I 0 1 0 0  

P R I N T  4 1 P l 9  L, N, T MOT I010 1 

I F  ( W 4 0 2 0 )  W R I T E  ( 2 1 9  4 1 q l )  L9 N, T M O T 1 0 1 0 2  

4 1 0 1  FORMAT ( 3 6 H C  M A X I M U M  S T R E S S  E X C E E D E D  A T  S T A T I O N  9 14, 7H C Y C L E  9 M O T 1 0 1 0 3  
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1 1 4 9  6H T I Y E  r E 1 5 . 5 1  

4 9 1 1  R E T U R N  

E h i D  

I 
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S U B R O U T I N E  S T A T E 1  

C PROGRAM WONDY 

BANK,  ( U ) ,  S T P T E l  9 / C O N S T S / ,  

c I N S E R T  COMMCN CARDS HERE 

C 

c E L A S T I C - P L A S T I C  HYDRO VAPOR E Q U  

/ I M T E R M / r  / P L A T E S / ,  / L O G I C /  

T I O N S  

D I M E N S I O N  G C O N S T ( Z C ) ,  KCONST(ZO), N C O N S T ( 2 0 )  

TYPE R E A L  KCONST,  NCOILST, MU 

r L 

C S P E C I A L  CARDS FOR ENERGY D E P O S I T I C N  - THRCUGH 5 3 0 6  + 2  

E 3 U I V A L E N C E  ( S T C R E ( 1 1 ) q  S P E C ( 1 ) )  

D I M E N S I O N  S P E C ( 3 1 0 0 0 )  

I F  ( J O N E o A N D o T D E P )  50'219 5006 

5(:01 I F  ( N O N E )  SUVDtP=C.O 

I F ( N T W O )  SUMDEP= lo ' :  

I F  ( S U M D E P - 1 . 0 )  5 0 C 2 ,  50C5 

5002 D E P = D E L T ( l ) / T D E P  

I F  ( 5 C ' ~ D E P + D t P - l . O )  5 0 0 4 ,  50C3, 5 0 0 3  

5n107 P F P = 1  .O-SUMDEP 

5 n P 4  51 IM3EP=SUMDEP+DEP 

G O  TO 5n06 

50n5  D E P = n . n  

5 0 ~ 6  Q D E P = D E P * S P E C  ( J )  

S U M Q E = S U N Q E t G D E P * X (  J )  

C E N D  OF S P E C I A L  CARDS 

ETA=loO-CES(l,PLATE)/RHOl 

S T A T E  1 

S T A T E  L 

S T A T E  3 

S T A T E  2 7  

S T A T E  2 8  

S T A T E  2 9  

S T A T E  3 0  

S T A T E  3 1  

5 T A T E  3 2  

a T A T E  3 3  

S T A T E  3 4  

S T A T E  3 5  

S T A T E  3 6  

S T A T E  3 7  

S T A T E  38 

S T A T E  3 9  

5 T A T E  4 0  

S T A T E  4 1  

S T A T E  42  

S T A T E  4 3  

S T A T E  44  

S T A T E  4 5  

L T A T E  4 6  

S T A T E  4 7  

5 T A T E  4 8  

S T A T E  49 

Q 

. 
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I F  ( ( E ( J ) O L T o C E S ( 3 2 , P L 4 T E ) ) o A N D o C ~ S ( Z ~ r P L 4 T F ) )  5 0 0 8 9  5 0 0 7  

r 

C M A T E R I A L  H A S  NO STPEPJGTH 

GO T O  5 0 2 1  ' 

C M A T E R I A L  H A S  S T R E N G T H  - E L A S T I C - P L A S T I C  Y I E L a I N G  

C 

C C O M F U T E  G AND Y 

5 0 0 8  E T A ~ = ~ ~ O - Z O L * C E S ( ~ ~ P L A T E ) / ( R H O ~ + R H O ( J I  1 

I F  ( C E S ( Z 2 , P L A T E )  1 5 0 2 0 ,  5 0 0 9  

5 0 0 9  G = G C O N S T ( P L A T F ) * R H O ( J ) * C ( J ) + " 2  

G O  T O  5 0 1 2  

5 0 1 f7 S l l M G  = E T A P = 1 0 

N O = C E S ( 2 2 , P L A T E ) - O o 9  

D O  5 0 1 1  I E = l , N O  

E T A P = E T A P * E T A l  

S T A T E  5 3  

Z T A T E  5 1  

S T A T E  5 2  

5 T A T E  5 3  

S T A T E  5 4  

S T A T E  5 5  

5 T A T E  5 6  

S T A T E  5 7  

S T A T E  5 8  

a T A T E  5 9  

5 T A T E  6 0  

S T A T E  6 1  

S T A T E  6 2  

S T A T E  6 3  

S T A T E  6 4  

S T A T E  6 5  

S T A T E  6 6  

S T A T E  6 7  

5 0 1 1  SUMG=SUMG+CES(IE+23rPLATE)*ETAP S T A T E  5 0  

G = S U M G * C E S ( 2 3 r P L A T E )  S T A T E  6 9  

5 0 1 2  Y = C E S ( 3 C , P L A T E )  

c 

S T A T E  7 0  

S T A T E  7 1  

J T A T E  7 2  c Y I E L D  E Q U A T I O N  MAY I ~ E  C H A N G E D  H E R E  

I F  ( C E S ( 2 9 r P L A T E ) o E Q o 3 * 0 )  Y = C E S ( 3 0 , P L A T E ) ' + ( l . O + C E S ( 3 l r P L A T E ) * E T A ) S T A T E  7 3  

C 

C C O P P U T E  D E V I A T O R S  

I F  ( L P H A - 2 )  5013,  5 3 1 7 9  5 0 1 3  

S T A T E  7 4  

S T A T E  7 5  

S T A T E  7 6  

S T A T E  7 7  

13 1 



1 

C 

C ALPHA = 1 OR 3 9  RECTANGULAR OR S P H E R I C A L  SYMMETRY 

I F  ( C E S ( 2 9 , P L A T E ) o E Q o Z o 0 )  GQ 1.0 5015  

Y I E L D F = l o S + T X I * * Z  

I F  ( Y I E L D F o G T e Y * * 2 / 1 0 5 )  5 0 1 4 9  5 0 1 5  

5 0 1 4  T X = T X I * Y / ( l o S * A B S F ( T X I ) )  

GO T O  5 0 1 6  

5015 T X = T X I  

5 b 1 6  D E L E = ~ o ~ * D E L T ( ~ ) * ( T X + T X P ) * D X / ( R H O ~ + R H O ( J ) )  

G O  T O  5 0 2 1  

C 

C A L P H A  = 2 9  C Y L I N D R I C A L  SYMMETRY 

5 0 1 7  T X P = P ( J ) - S I G M A ( J )  

I F  ( C E S ( 2 9 , P L A T ~ ) o E Q o 2 0 0 )  GO T O  5 0 1 9  

YIELDF=2o@*(TXI**2+TXI*TZI+TZI**2) 

I F  ( Y I E L D F o G T . Y * * 2 / 1 0 5 )  5 0 1 8 9  5 0 1 9  

5 0 1 8  T Z = Y / S Q R T F ( 1 * 5 * Y I E L D F )  

T X = T Z * T X  I 

T Z = T Z * T Z  I 

S T A T E  7 8  

b T A T E  7 9  

S T A T E  8 C  

b T A T E  8 1  

L T A T E  8 2  

S T A T E  8 3  

S T A T E  8 4  

b 

S T A T E  8 5  4 

S T A T E  8 6  

S T A T E  8 7  

S T A T E  8€3 

L T A T E  8 9  

S T A T E  S O  

S T A T E  9 1  

S T A T E  9 2  

S T A T E  9 3  

S T A T E  9 4  

S T A T E  9 5  

S T A T E  9 6  

S T A T E  9 7  

S T A G E  9 8  

S T A T E  9 9  

S T A T E 1 0 0  

S T A T E 1 0 1  

S T A T E 1 0 2  

S T A T  E 10 3 

S T A T E  1 0 4  

A 
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GO T O  5 P 2 0  

5 0 1 9  T X = T X I  

T Z = T Z I  

5k2" D E L E = D E L T ( ~ ) / ( R H O ~ + R H O [ J ) ) * ~ ( T X + T X P ) * ( ~ . O * D X + D Z ) + ( T Z + P H I ( J ) - Z O O *  

l T X P ) * ( Z o O * D Z + D Y ) )  

P H I ( J ) = Z . C ' * T X + T Z  

C 

C F O R  A L L  THREE E Q U A T I O N S  

c 

COMPUTE GAMMA /- L 

5L121 MU=RHOl/CES(l,PLATE)-loO 

I F  ( C E S ( 1 5 r P L A T E ) )  5 0 2 3 9  5 0 2 2  

C G A M M A  I S  a C O N S T A N T  

5 0 2 2  G A M M A = C E S (  1 6 r P L A T F )  

GAb'MAP=noO 

GO T C  5 0 2 5  

C GAMYA I S  A P O L Y N O Y I A L  I N  E T A  

5 0 2 3  S U P G A M = € T A P = l o @  

SUMGAP=CoO 

N O = C E S ( 1 5 r P L A T E ) - O o 9  

DO 5 0 2 4  I E = l , N O  

S U M G A P = S U M G A P + I E + C E S (  I E + 1 6 r P L A T E ) * E T A P  

E T A P = E T A P * E T A  

5 L 2 4  SUMGAM=SUMGkM+CES(IE+l69PLATE)*ETAP 

G A M M A z C E S  ( 1 6 r P L A T E )  +SUF*lGAV 

G A M M A P = C E S ( 1 6 , P L A T E ) * S U M G A P  

5 3 2 5  I F  ( E T A o L F . ~ o O o A N D o r E S ( 7 r P L A T F ) . G T . r . 3 )  5 0 2 6 9  5 0 2 7  

S T A T  E 1 6 5  

S T A T  E 1 C6 

S T A T E 1 0 7  

S T A T E 1 0 8  

S T A T E 1 0 9  

5 T 4 T E 1 1 C  

S T A T E 1 1  1 

5 T A T E 1 1 2  

S T A T E 1  1 3  

5 T A T E 1 1 4  

5 T A T E 1 1 5  

j T A T E 1 1 6  

5 T A T E 1 1 7  

s T A T E l 1 8  

S T A T E 1  1 9  

C T A T E 1 2 0  

S T A T E 1 2  1 

S T A T E 1 2 2  

S T A T E 1 2  3 

S T A T E 1 2 4  

S T A T E 1 2  5 

b T A T E 1 2 6  

S T A T E  1 2  7 

b T A T E 1 2 8  

s T A T E 1 2 9  

S T A T E 1 3 0  

a T A T E 1 3 1  
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c S T A T E 1 3 2  

C VAP3R E Q U A T I O N  S T A T E l  3 3  

A = C E S  ( 7 , P L A T E  -t (GAMMA-CES ( 7  , P L A T E  ) 1 *RTI.lLl 5 T A T  E l  3 5 

e 
b T A T E l 3 7  

J T A T E  1 3 8  

b T A T E i 3 9  

F 2 = A * R H O 1  3 T A T E 1 4.3 

S T A T  E14 1 

L T A T  E 1 4 2  

S T A T E 14  3 GO TO 5 0 3 2  

S T A T E  1 4 4  r 

c H Y D R O  ECUAT I ON S T A T E 1 4 5  

5 ' 2 2 7  I F  ( C E S ( 8 , P L A T F ) )  5 0 2 9 ,  5 0 2 8  

5 0 2 8  P H P = C E S ( 9 , P L A T E ) / ( l o O - C E S ( l O ~ P L A T ~ ) * E T A ) ~ * Z  

P H = P H P * € T A  

S T A T E 1 4 6  

S T A T E 1 4 7  

S T A T E 1 4 8  
.) 

G O  TO 5 0 3 1  S T A T E l  5 0  

S T A T E 1 5 1  C P H  I S  A P O L Y N O M I A L  I N  E T A  

5029 S U M P H = S U M P H P = E T A P = l . O  S T A T E 1 5 2  

N O = C E S ( 8 , P L A T E ) - O * 9  S T A T E l  5 3 

DO 5 0 3 0  I E = l , N O  

E T A P = E T A P * E T A  

S[,IMPH=SUMPH+CES ( I E+9 P L A T E  * E T P P  

5 0 3 0  S U k 5 P H P = S U Y P H P + ( I E + l ) * C E S ( I E + 9 , P L A T E ) * F T A P  

P H = S U M P H * C E S ( 9 , P L A T E ) * E T A  

S T A T E 1 5 4  

5 TAT E 1 5  5 

S T A T E l  5 6  

S T A T E 1 5 7  

S T A T E 1 5 8  

. 
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n 

3 T A T E l C . 2  

d T A T E 1 6 0  

J T A T E  16 1 

.- TA T E 1 6 2  

: T A T E 1 6 1 .  

S T A T E 1 6 4  

S T A T E 1 6 5  

S T A T E 1 6 6  

S T A T E 1 6 7  

S T A T E 1 6 8  

S T A T E 1 6 3  

S T A T E 1 7 0  

5 T A T E 1 7 1  

S T A T E 1 7 2  

S T A T  E l  7 3 

S T A T E 1  7 4  

S T A T E 1 7 5  

5 T A T E 1 7 6  

S T A T E 1 7 7  

S T A T E 1 7 8  

5 T A T E 1 7 9  

S T A T E 1 8 0  

h T A T E 1 8 1  

S T A T E 1 8 2  

S T A T E 1 8 3  

b T A T E 1 8 4  

S T A T E 1 8 5  

b T A T E 1 8 6  

S T A T E 1 8 7  
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P ( J ) = P l  

S I G ; l P (  J ) = S I G M P l  

G O  TO 5 0 9 9  

ENTRY ST I N 1  

i 

i: I N I T I A L I Z E  E Q U A T I O N  OF S T A T E  C O N S T A N T S  

S T A T E 1 8 8  

S T A T E  1 8 9  

S T A T E 1 9 G  

S T A T E 1 9 1  

S T A T E 1 9 2  
w 

S T A T  E 1 9 3  

S T A T  E 1 9 4  

s T A T E  1 9 5  

1 ( l O O + C E S ( 6 9 P L A T E ) )  5 T A T E  1 9 6  

C S T A T E 1 9 7  

S T A T E 1 9 8  C GCCNST I S  U S E D  I N  THE CONSTANT G EQLIAT IOY 

C KCONST IS U S E D  I N  THE SOUND S P E E D  E G U A T I O N  I F F  E P P  S T A T E 1 9 9  

bTATEZOC!  C N C O K C T  IS USED I N  THE VAPOR E Q U A T I O N  

G C O N S T ( P L A T E ) = ( ~ O G - Z O O * C E S ( ~ ~ P L A T E )  ) / ( ? O C - Z O O * C E S ( ~ ~ P L A T E )  1 ' S T A T E Z O ~  

K C O N S T ( P L A T E ) = ~ O ~ ~ ( ~ O ( , - C E S ( ~ ~ P L A T ~ )  ) / ( l o O + C E S ( 6 , P L A T E ) )  s T A T E 2 0 2  

N C O N S T ( P L A T E ) = C E S ( 2 9 P L A T E ) * * 2 / ( C ~ S ( l ~ 9 P L A T E ) * C E S ( ~ ~ P L A T E ) )  3 T A T  E 2 0 3  

I F  ( C E S ( 3 2 9 P L A T E ) o E ~ o G o 0 )  C E S ( 3 2 9 P L A T E ) = l o O E  30 S T A T E 2 0 4  

S T A T E 2 0 5  

S T A T E 2 0 6  

P R I N T  5 2 0 1 ,  P L A T E  S T A T E 2 C 7  

. 
QDEP=CIoO 

DEPz0 .O 

I F  ( W 4 0 2 0 )  W R I T E  ( 2 1 9  5 2 0 1 )  P L A T E  2 T A T E 2 0 8  

5 2 0 1  FORMAT (6hHC THE HYDR3 VAPOR € L A S T I C  P L A S T I C  E Q U A T I O N  WILL BE U S E D b T A T E 2 0 9  

1 FOR P L A T E  9 1 5 )  S T A T E 2 1 0  

5 9 9 9  RETURN S T A T E 2 1  1 

END S T A T E 2 1 2  

a 
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S U B R O U T I N E  S T A T E 2  S T A T E  1 

C PROGRAM WONDY S T A T E  2 

B A N K 9  ( 0 ) r  S T A T E 2  r / C O N S T S / ,  / I N T E R M / ,  / P L A T E S / ,  / L O G I C /  S T A T E  3 

C I N S E R T  COMMON CARDS HERE 

C H I G H  E X P L O S I V E  W I T H  BURN T I M E  

C 

C P E R F E C T  GAS D E T O N A T I O N  PRODUCTS 

5 0 0 2  F = C E S ( 4 r P L A T E ) * ( T - P ( J ) ) / ( C E S ( 6 , P L A T E ) + D E L T A X ( P L A T E ) )  

I F  ( P ( J )  a G E * T )  F = O * O  

I F  ( F . G T o 1 . 0 )  FZ1.O 

E 1 = ( E ( J ) + ( S I G M A ( J ) + Q 1 + Q ( J ) ) * D E L R H O ) / ( l o O - F ~ R H O l * D E L R H O *  

1 C E S ( 9 , P L A T E ) )  

SIGMA(J)=F*RHOl*El*CES(9~PLATE) 

C ( J ) = C E S (  3 r P L A T E ) * S I G M A ( J ) / R H O l  

I F  ( C ( J ) o L T * C E S ( 8 r P L A T E ) )  5 0 0 3 9  5 0 0 4  

a 5 0 0 3  C ( J ) = C E S ( 2 , P L A T € I  

GO TO 5 0 0 5  

S T A T E  2 7  

S T A T E  2 8  

S T A T E  2 9  

S T A T E  3 0  

S T A T E  3 1  

S T A T E  3 2  

b T A T E  3 3  

S T A T E  3 4  

S T A T E  3 5  

S T A T E  3 6  

S T A T E  3 7  

S T A T E  3 8  

S T A T E  3 9  

5 0 0 4  C ( J ) = S Q R T F I C ( J ) )  S T A T E  4 0  

5 0 0 5  E ( J ) = E l  S T A T E  4 1  

GO TO 5 9 9 9  S T A T E  4 2  

E N T R Y  S T  I N 2  

P R I N T  5 2 0 1 ,  P L A T E  

I F  ( W 4 0 2 0 )  W R I T E  ( 2 1 9  5 2 0 1 )  P L A T E  

S T A T E  4 3  

S T A T E  44 

S T A T E  4 5  

LOM= L O L +  1 S T A T E  46 

D O  5 0 0 1  LF=LOM,LOR S T A T E  4 7  

J F = ( L F - l ) * N V A R + l  S T A T E  4 8  

5 0 0 1  P ( J F ) = A B S F ( O . S * ( X ( J F ) + X [ J F - N V A R ) ) - C E S ( S r P L A T E ) ) / C E S ( 4 , P L A T E )  S T A T E  49 
b 
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8 > T A T E  1 

S I G Y P ( J ) = R H O l * E l * C E S ( 9 , P L A T E )  

C ( J ) = C E S (  3 9 P L A T E ) + S I G K A ( J ) / R h O l  

I F  I C ( J ) o L T o C E 5 ( 8 t P L A T E ) )  53019 5ilP2 

5001 C ( J ) = C E S ( 2 , P L A T E )  

GO T O  5 0 0 3  

5062 C ( J ) = S Q R T F ( C ( J ) )  

5003 E ( J ) = E l  

G O  T O  5999 

E N T R Y  S T I N 3  

P R I N T  5 2 0 1 9  P L A T E  

5 T A T E  28 

b T A T E  2 9  

J T A T E  30 

5 T A T E  3 1  

S T A T E  3 2  

L T A T E  3 3  

S T A T E  34 

S T A T E  3 5  

5 T A T E  3 6  

5 T A T E  3 7  

I F  ( h ’ 4 0 2 0 )  W R I T E  ( 2 1 9  5 2 0 1 )  P L A T E  S T A T E  38 

C E S ( 8 , P L A T E ) = C E S ( 2 * ? L A T E ) * * Z  S T A T E  39 

CES(9,PLATE)=CES(3,PLATE)-loO L T A T E  4 0  

5 2 0 1  FORMAT (50HC: THE P E R F E C T  G A S  E Q L ’ A T I O N  WILL 8 E  USED F O R  P L A T E  9 L l A T E  4 1  

1 1 5 )  S T A T E  42 

5999 R E T U R N  S T A T E  43 

E N D  S T A T E  4 4  

i 
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SUBROUT I N E  OIJTPUT 

C PROGRAM WONDY 

B A N K 9  ( e 1 1  O U T P U T  9 / C O N S T S / ,  / I N T E R M / ,  / P L A T E S / ,  / L O G I C /  

C I N S E R T  COYMON C A R D S  H E R E  

J M A X = L M & X * N V A R + ~  

W R I T E  ( 2 3 )  NI TI ( X ( J ) ,  S I G M A C J ) ,  J = l , J M A X I N V A R )  

9 n 9 6  R E T I I R N  

E N D  

140 

U L ' T P J  1 

O U T P U  2 

O1JTPU 3 

C U T P U  7 7  

O U T P U  2 8  

O U T P U  2 9  

O U T P U  3 0  



SURPOCT I N E  OlJTL C)i!TL 

C PROGRAM WONDY O J T L  

b A N K ,  ( 0 )  9 G U T L  9 / C O N L T > / ,  / I I . I T E R p / r  / P L A T E S / ,  / L C S I C /  JLTL 

C I N S E R T  COMXON C A R D S  HERE 

c S A M P L E  C G C I N G  F O R  A S P E C I A L  CUTPLJT R C Y T I N E o  A R R 4 Y S  YAY B E  P R I N T E O O L T L  . 

C EVERY T I M E  C Y C L E  F O R  V A R I O U S  MESH POIATS. ;4ESH P O I N T S  MAY B E  'd i! r L 

C L I S T E D  I N  THE A C 3 A T A  AFiRAY ( M A X I f J U i V  O F  7 )  CUT L 

E O C I V A L E N C E  ( L P R 9 A C D A T A )  3bt1 

D I M E N S I O N  L P R ( 7 )  OUT i 

I F ( J O N E 1  I I = 1  i)I?TL 

I F ( J O N E . A N C . N O N E )  W R I T E ( 2 2 , 9 7 0 C )  ( T I T L E (  IC)qIC=lrlO) G I ' T  L 

9592 I F  ( I F I X ( A C D A T 4 ( I I ) ) o E Q . L )  9 5 0 3 ,  9 5 9 4  d L ' T L  

9 5 C 3  W R I T E ( 2 2 9 9 7 L 1 )  L v T ,  X ( J ) ,  U ( J ) ,  R H O ( J ) ,  S I G M A ( J ) v  P H I ( J ) ,  ' 2 ( . J ) 9  3 C T L  

1 E ( J )  3;JT L 

I I = I I + l  OUT L 

IF ( I I o E Q . 8 )  P R I N T L z O  O U T L  

9 5 0 4  R E T U R N  O U T L  

9702 FORMAT ( 7 0 H u  S P E C I A L  OUTPC'T I S  P R I N T E D  I N  T H E  ORDER - L T X U RHO O U T i  

1 S I G M A  P H I  Q E / 1 x 9  1 0 A 8 )  G U T L  

9 7 2 1  FORMAT ( 1 5 9 8 E 1 4 . 4 )  O U T L  

E N D  C ~ U T L  

17 

L a  

2 9  

2 J 

3 1  

3 2  

7 3  

3 4  

35 

3 6  

3 7  

3 8  

3 9  

4 0  

4 1  

4 2  

4 3  
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