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ABSTRACT 

WoPJDp V solves the finite difference analogs to  the Lagrangian equa- 
t ions of motion i n  one spatial dimension (planar, cylindrical, or sphericall- 
Simulations of explosive detonation, energy deposition, plate  impact, and 
dynamic fracture are possible, using a variety of existing material models- 
In addition, WONDY has proven t o  he a powerful tool  i n  the evaluation of new 
constitutive models- A preprocessor is available t o  allocate storage arrays 
commensurate with problem size, and automatic rezoning may be employed t o  
improve resolution. 
solved, available material models, operating instructions, and sample 
problems. 

This  docuppent provides a description of the equations 
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'PREFACE 

Rsadars of th i s  ' report and users of m>rrw V should be Cmu0l)lbd that, 

although the coda has been used considerably and appsus to be relatively 

error free, some *bugs" may w e l l  remain. tueedless to say, the authors 

cannot take responsibility for vermions of the code that Q not aoLTclllpond 

exactly to the description provided i n  this  report. 
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1. I-Im 

WOWDY V i 6  a rdvised uouputer coda i n  the wries of cme-clhUW%anrf 

f i n i t e  difference wave propagation codes originally called WA" lo4 I and 

more recently named WONDY5°8. The present code incladt. al l  of tba capa- 

b i l i t i e s  of WOHLlY I@, a6 w e l l  as refinemnts i n  material rodhling. 

.I 

A 

preprocessor is naw an option, providing the user with the .YUIII to  match 

the coimb's common storage t o  the problem mize, which w i l l  usually d t  i n  

reduced coarputer storage (and cost) require~nents. 

In general, t h i s  code integeates the one-dimensional Lagrangian differ- 

en t i a l  equations of motion by use of f i n i t e  difference a ~ l o g s ~  The geometry 

employed can be recti l inear,  cylindrical or spherical. 

three is the familiar case of uniaxial s t ra in ,  appropriate for a plate of 

i n f in i t e  lateral extent, and commonly used t o  simulate gas gun plate hpact 

experiments. 

divergent wave and material motion. 

employed t o  solve problems involving the propagation of pressure discontinui- 

ties, or shock waves. 

The first of the8@ 

The l a t t e r  two geometry options allow for the analysis of 

The method of artifical viscosity is 

Equations of state and constitutive relations for a number of Classes 

of materials are provided as options i n  the code. 

obey the Mie-Gruneisen equation of state and can be treated as either hydro- 

dynamic or elastic-plastic. 

basis of the von Mises yield cri terion where the yield strength can be in- 

f i n i t e ,  constant, or variable. The variable yield strength can be a function 

of st rain,  energy, or plastic work. The variation of yie ld  strength w i t h  

p las t ic  work is derived from an isotropic s t r a in  hardening assumption. 

Solids are assumed t o  

For the latter, plastic f l aw occurs on the 

. 
An 

*Superscripts refer t o  references listed a t  the end of the report- 

9 



alternate consti-ittha relat ion treats rate dependent 8-r- relsration 

and anisotropic s t r a in  hardening. 

vaporize i f  the problem so requires. 

detonating high explosives and i n i t i a l l y  porous or d i s t e d  solfd. ara 

These models also allow the material to  

Equations of state for idcral  ga8sem, 

also provided. 

treatment for  dynamic fracture which allows both separation and xejoining 

t o  occur. 

To supplement these models the code amtains  an explicit 

A d d i t i o n a l  equations of state and material response -1s are cxm- 

t inually being developed fo r  

t h e i r  inclusion with a minimum of e f for t  on the part of the user. 

particular, We number of variables carried i n  each zone may he altered 

by an input parameter, so t h a t  wdels formulated w i t h  internal state vari- 

ables are  easily added t o  the code. A r e a s  i n  which WONDY has been employed 

as  a research tool include dynamic fracture, piezoelectricity, ferroelec- 

t r i c i ty ,  viscoelasticity, explosive reactions, granular and poraus aatarials 

and bubbly liquids. 

Appendix B. 

and the codems f lex ib i l i ty  allows for 

I n  

Short descriptions of these models are faund i n  

I n i t i a l  and boundary conditions may be specified t o  meet usem require- 

ments. 

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

scribed. 

individual plates, and for  offsets from the origin t o  establish the appropri- 

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

rezone technique tha t  continually adjusts the Lagrangian mesh t o  PraVide 

both improved resolukion i n  shock fronts and reduced computational t he -  

For example, t i m e  dependent pressure loads may be applied, and energy 

The code allows for the introduction of gaps or voids between 

The input and output routines i n  WONDY V are quite flexible. N u m b e r e d  

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

10 



many variables are &signed standard default valuer, i f  they are not hcl\ldhd 

i n  the data. 

a l l  the .lain variables at  preselected times. 

edit ray be selected by the user as part of the input instructions- 

additional output routines are provided: 

*\ 
The prisicipal output routine is the standard edit which lists 

The variables included i n  the 

. 

.. 
Three 

the first g m e r a t e s  a fi le d t -  

able for  subsequent plotting: the second creates a restart file frcmwhich 

the calculation may be continued i f  desired; and the third can eas i ly  be 

adapted t o  specific user needs. 

It should be noted here that WONDY has been prograrred withaut reamrse 

t o  any specific physical u n i t s  (with the exception of the BI(R explosive rodel, 

Section 3-2-31. Hence, any self-consistent set of uni t s  rap be employed, o r  

alternately one may non-dimensionalize a given calculation with respect t o  a 

length, t i m e ,  or other parameter characteristic of the problem (Appendix CI- 

Some sets of uni ts  which have been ut i l ized w i t h  WmDY are given i n  the 

accompanying table. 

This manual is separated in to  sections that all= the user easy refer- 

ence both for  general purposes and t o  c lar i fy  input instructions. 

formulation of the code is discussed i n  Section 2, w i t h  the conservation l a w s  

and general material model form set forth. 

equations, and the computational scheme, including artifical viscosity and 

s t ab i l i t y  arguments, ccmplete the section. 

models are outlined i n  Section 3, including the options for  t rea t ing  

The basic 

- 
The method of differencing these 

The routinely available material 

fracture. 

t ions (41, input and output specifications, (including diagnostics) (51, 

The remaining sections are devoted t o  input and boundary condi- 
CI 

rezoning techniques (61, and storage arrangements of tRe variables (7). 

Six  appendices are included i n  which are discussed code structure and C?n;lMOS 

variables ( A ) ,  auxill iary material models (B), non-dimensionalization (C) I 



Pressure 

Sone auxiliary programs and routines f o r  m3NDp include dimensional con- 
stants. 
Note that since the acceleration due to gravity is not wlayed i n  the code, 
the uni ts  of mss and density must conform t o  a self consistent gravita- 

** 
The appropriate units must be used when these rmtbes are eaployed. 

* 

t i O M 1  SpSteEl. 

+ 1 kilobar = lo9 dynes/cm2; 1 mPrega3mr = 103 kilobar = lou dynes/& 

ttlN/m2 =- 1 Pa; 1 bar = lO5Pa; 100 wpa = 1 kilobar 
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2. BASIC E O ~ T I O I S  

1 
.) 1 

. 1 

The conservation laws of momentuu, MSS, and energyI amppQasntctd by 

a material law, lead to a formulation that can be differenced and -i- 

cally solved. The description of material behavior in tha ular dnratiam 

i 
i 

i 

characteristic of wave motion are of interest here. 

2.1 Cbnservation of Mcneentum, Mass, and mer= 

The one-diaensional differential equation expressfng umservatitm of ‘ 

2.1 Cbnservation of Mcneentum, Mass, and mer= 

The one-diaensional differential equation expressfng umservatitm of ‘ 

momentum is 

where x is the Lagrangian spatial coordinate, p the density, a the accelera- 

tion, U the Cauchy stress in the x direction, and q the viscous stress, both 

taken positive in compression. 

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

rectangular, 2 for cylindrical, 3 for spherical oae-dimensional coordinates)~ 

The quantity 0 is the difference betvan 

The material particles will be followed in their motion, and thus the 

acceleration is given simply by 

where u is the velocity defined by 

U ” & c  

c at * (2-3) 

- Mass conservation is expressed by 

13 



where dU is an e l m n t  of 1~)~ullh at timm t = 0, when the abmity i. po, 

and dv is the arrent vaPume of the same element at t i m e  t. 

I added, 

The one-dinenuional equation for comerpation of energy equates ths 

I 
where p is the pressure, p the density, and &'the energy per unit mass. 

nature of the subsequent differencing is such that a convenient form for 

( 2 . 6 )  is 

The 

I 

rate of increase of internal energy per unit mass to 'thQ rate rtwhicb 

work is being done by the stresses and the rate at which ?mat i s  behg 

added, 

ah h 42-51 
P ~ = ( P + ~ ) ; ; ~ + P ~ + ; ~ ; ; + ( ~ - ~ I ; T + P Q  at9 1 aP 

where 8 is the internal energy per unit mas88 Q is the heat addad (.aP w 

42-51 

where 8 is the internal energy per unit mas88 Q is the heat addad (.aP w 
chemical reaction or radiation) per unit mass and unit -, h is the heat 

flux due to heat conduction, and Pa is the rate of deviator stress work. 

Note that the work done by the viscous stress q has been included. 

Heat addition Q may be assigned as required, while h will depend OIL 

the temperature gradient. 

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

Since the energy equation is included in the 

2.2 Pressure and Sound speed 

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

the formulation, and is usually taken in the form 

(2-61 

14 



Altbnugh the sound speed is not used explicitly in  th4 calcalrtias 

of any of the state variables it is necasaary to datnrriha the! artificial 

viscosity and the t i m e  step. The sound speed c8n be defbed as - 

c 3  J(tl ’ (2.81 

where ( Is indicates that the differentiation is carried aut at cmBtant 

entropy. Differentiating (2.7) at constant entropy yields 

Noting the thermodynamic relation 

is the specific volume, the sound speed can be easily obtained from 

c 2 = -  dfl  + & - + T .  df2 Pf2 

ap * P  
(2.12) 

Since the equation of state (2.7) can also be expressed in terms of the 

cific volume 

2 1 
= =-?(%-l P 

’ (2.13) 
7 
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The remlts giwm i n  this .rction are amum to al l  of the .qrutiaa 

of state subroutines in Sactian 3. 

. 
* 

2.3 Stress and Strain 

I n  one dipensianal rotion, sere is a coinc+danca of cumlbate u.. 

with principle stress and strain orientaticw. In thia abeeacm of .&ur 

strains, it is convenient to work in ).errs of the strain rate or V g .  

In the direction of rotion, i.e., the x direction, the .trcatchinp i s  dsf iwd 

as 

I . 
I d x ”  ax 

In rectamar coordinates there is no motion in the p and z coordinate 

I directions so that I 

I 
I 

I 

I 

au 
+ = & ,  d y - 0 ,  a , - 0 ,  f o r a = l  . (2-14) 

I 

I 
In cylindrical  coormtes there is no motion in the z direction, so that 

dz = 0 0  Bowever, motion i n  the  x dfxection w i l l  induce a ckcum3?ertmtial 

strain,  so that (x is the radial direction) 

1 
I 
i 
i 

(2.15) 

In spherical coordinates there is a hoop s t r a in  induced i n  mutually per- 

pendicular circumferential directions when there is motion i n  the x 

direction, so t ha t  (x is again the radial direction) 

16 



The volumetric s t r a in  rate or dilatat ion is defined as 

- 
d = d , + d y + d ,  (2.17) 

. 
Thus it must be related t o  the rata a t  which the density is dranging by 

Stretching deviators are defined as 

and similarly for t$ , 4 . They are a measure of the rate of distor- 

t2on independent of the volume change. 

t ha t  

From (2.17) and (2.19) it is evident 

(2.20) d: + + d: = 0 . 
Since the shear s t ra ins  are zero i n  one dimensional motion, shear 

stresses are zero. 

ax I uy 8 uz 

The stress components i n  the cmordhate directions are 

The pressure is defined as 

1 
( ' P I  = 7 (ux + by + a,) I (2.21) 

the minus sign appearing i n  agreement w i t h  the convention tha t  stresses 

are considered posit ive i n  tension, w h i l e  pressure is considered positive 

- i n  compression. Stress deviators are defined as 

d 
0 = ~ * - ( ' P ) = c r x + p  , 
X 

1 2 . 2 2 )  



and similarly for uy d d  8 uz . l!!ram (2.21) and (2.22) it is evident that 

“xd i. Ud +.ut - 0 . (2.23) Y 

The rate at  which mechanical work is being clone by the stresses, Le., 

the stress pauer, is given by 

(2.26) 

representing the rate a t  which work is being done by the pressure agdnse 

a volume change, and Pd is given by 

(2.27) 

representing the rate a t  which work is being done by the deviator S t r e E s e S  

against distortion. 

t ion can be eliminated, yielding 

Using (2.20) and (2.23) the components i n  the  y direc- 

d d  d d  pd = 20: 4 + dz + O: + 20, dz 
(2.28) 

The momentum equation (2.1) requires t h e  quantity 

18 



Mote that, using the definition (2.22). i can ba writ-= am 

. 
and using (2.2318 t h i s  can be pr;t in to  the mre convenient form, 

a d  
9 = 2ux + uz (2.31) 

a 3 . * ~ = p p , u ~  d # (2.32) 

where u is taken positive i n  compression for  convenience. Considerable 

simplification arises when a = 1 or  3. The synmetry inherent in TBctd4gu- 

lar and spherical one dimensinalmotion implies that uy = uz 0 Thus 

+ e = - -  1 
2 dxd , 

Therefore, for  a = 1 or 3 (2 .28)  and (2.31) become 

and 

4 = p x  3 d  . 

(2.34) 

(2.35) 

(2.36) 



2.4 Difference Equa tions 

In the finite difference nmthod all quantities are sampled at discrete 

material particles and at discrete times. 

order with an index j8 and times are labeled in order with an index no 

Thus the value of an arbitrary quantity I at the jth particle and n e  tirar 

is denoted 9’;. 

form by consistent use of simple8 centered, second-order analogs, 

The particles are -led in 

The differential equations are set into f in i t e  difference 

8 

and linear interpolation expressions, 

m e  difference equations &sed8 corresponding 

are 

to (2.11 through (2.4) 

(2.38) 

i. 2(cr - 1) 

. 

2 0  



for the ucaa le ra t i~a r~  and 

*' = x i  + A t  xj I 

and conservation of mass yields 

where m is a zone constant initiazized a t  t = 0 t o  

(2-41) 

(2.42) 

Note that this is the actual  mass only for rectangular (a = 1) 9raetry*. 

These equations are subject to  excessive roundoff when a = 2 and 30 

%e zone constant m can be written i n  the equivalent f-8 

8 

*The actual mass Mj-1/2 is given by 

(a = 2) Mj-1/2 ~ m j - 1 ~ 2  8 mass/unit axial length, i n  one-zone cylindri- 
cal shell ,  

4a 
and la = 3) "j-112 = 3 m j - l / 2  8 m a s s  i n  one-zone spherial shell. 

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

21 
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Twu, quantit ies useful i n  later crrlculatiolu are 

(2.44) 

and 

N o t e  that a, u, and x are centered a t  j, while a l l  other quantities 

are centered a t  j - T i n  space. This suggests the foliowinginterpretaW: 
1 

If l ines  are drawn on the  material a t  the  initial instant  to  define a 

material coordinate mesh, which distorts with the material as the motion 

proceeds, the positions, velocities, and accelerations of these lines de- 

f ining the zone boundaries are found a t  discrete times. The same siaterial 

par t ic les  are always contained i n  a given zone. Stresses, densitities, etc., 

are found which may be regarded as averages over each zone between succes- 

s ive zone boundaries. 

A U  quantit ies are centered a t  n i n  t i m e ,  except the velooity u, which 
1 

is centered a t  n + ‘z; This presents no diff icul ty  except a i  the init ial  

instant. Velocities are usually either zero or constant prior t o  t = 0 ,  

so that 8 ’ 2  = uo , and s ta r t ing  the computation is not a problem. j 3 

23 



2Y 

In  order to  facilitate storage, sone quantities, e.g.8 uj-1/2, qj-112, 

Pj-1/2, etc., are indexed j. The velocity un+l/* is u t o r e d  at  n + 1. 

The energy equation (2.5) 8 using the difference anal- (2.37) -8 

i n  the absence of heat conduction, 

n+l n n+l n 

(2.46) 

+ Aq-1/2 + AQj-1/2 ' 

where AQj-l12 is the heat addition during the t i m e  increment A t  n+l/2 

AQj-112 is ordinarily in i t ia l ized  t o  zero when there are no energy sources. 

To treat external energy 80urces a routine should be inclutkd which iniU- 

al izes  AQj-1/2 appropriately (see Section 4.1). The term &has been 
2P2 

defined fn (2.441, and 

. (2.47) 
pa =tn+1/2 

Agd = n+l 
pj-1~2 + f'j-1~2 n 

The latter term is non-zero only when material strength is included as 

i n  Section 3.1. 

The consti tutive l a w  (2 .7)  is now recalled, and centered at  n + 1 i n  
1 

t i m e  and j - F i n  space: 

n+l = fn+l = fn+l &n+l 
Pj-1/2 1j-1/2 2j-1/2 j - 1 ~ 2  

(2.48) 

It m y  be seen tha t  equations (2.46) and (2.48) are two simultaneous equa- 

tions for the two unknowns p;& and &y":/2. Equations (2.46) and (2.481 

may be solved explicitly yielding 



n+l n 

4 3 / 2  = 

(2.49) 
2 

and A Q  is the energy added during the current kime increWmt At*l12- 

,$$iI2 is obtained the hydrodynamic pressure can be calculated using 

equation (2.48) . 

Once 

The total stress can then be obtained by adding to thirr 

result any deviatoric stress component which ray be present. --by 

restricting the basic equation of state to the farrr (2-71, the use of 

iteration to solve for the pressure and energy has ken a\IDidlCdr 

equations (2.48) and (2.49) are evaluated in the mequation 

discussed in Section 3. 

In IIOLPW, 

state" routimes 

2 5 Artif ical Viscosity 

For many materials, the stiffness, and therefore the wave velocity, 

increases with compression, causing a propagatingwave front to steepen into 

a shock wave, or discontinuity. 

continuity assumptions inherent in the differential equations- 

finite difference analogs, the techniques to effectfvely deaf w i t h  these 

discontinuities occur at two levels: (1) track the shock front explicitly, 

or ( 2 )  smooul the shock over several zone6 via artificial Viscosity. The 

former method is used in characteristic codes such as CoN<3BAs9, in shock- 

fitting codes such as Sm!wolO, and in the Swapn code. 

The pressence of such a front violates the 

Within the 

The alternative is to include viscosity, w h i c h  spreads the shock fronts 

and prevents formation of discontinuities. 

as very steep but finite gradients in the solution. 

Thus shock waves are recognized 

It is clear tha t  2 shock 

25- 



wave aus, occupy several zone widths in order tu satisfy the requirmt  thaw 

differences in quantities across a zone remain small. 

Natural viscosit.y can be used. However, for most materials natural 

viscosity 2s 80 small that shocks would be extremely narrow and very diffi- 

cult to resolve numerically. 

it would then be necessary to use such mall zonesl that for the ufmal phy8i- 

To insure that a shock ocuypiarP several ~#~al . ,  

cal problems, an extremely large number of zones would be require+ 

For th is  reasun an artifically large viscosity is intmduced. Care 

is necessary so that the viscous term does not affect the solution anywhere 

except near shocks. At shocks the solution is intentionally distortgdto 

insure that gradients are much lower than in nature, so that a masonable 

number of zones can be used in a given problem. 

ficial viscosity broadens or smears shock waves. 

In effect, use of arti- 

Thus, for normal materials, 

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

caused by the artificial viscosity. 

The exact choice of form for the artificial viscosity is sommfhat 

arbitrary. WONDY uses a quadratic viscosity12 in the form 

(2 .50)  

('2) 
where bl is a constant with dimensions of length. Since p at represents 

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

The quadratic form is chosen so that the viscosity is very small 

except when rates become large, at which time the viscosity becomes very 

large. The quadratic form is therefore most effective in controlling 

gradients at shocks while introducing minimal disturbances elsewhere. 
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A Uear is also used in the form 

(2.53.) 

where c is the sound speed and b2 is a constant w i t h  dimensions of lemgth. 

The linear viscosity is effective in controlling swall rrplrioorr cwcilla- 

tions in which gradients are insufficient to make the Quadratic viscoeity 

effective. 

there is a much greater chance of distorting the solution in areas away 

from shocks. 

Great care is necessary in the use of linear kscorrity, as 

The constants + and bz determine the shack width''. Since it is 

desirable that the shock encompass a given number of zones# independent 

of the choice of zone size, bl and b2 are non-dimensionalized by use of 

the zone size, 

bl is BlAx # b 2 = B + ~  (2.52) 

In finite difference form, the artificial viscosiey thus becomes 

2 
I n+l n+l n ' n \ 

(2.53) 

(L k) 
where P at is given by (2.45). Since rarefactions do not normally steepen 

into shocks, the viscosity is s e t  to zero when * at < 0 14. It should be 

noted that in some instancesls, it has been found necessary to retall] t:le 

artifj-l-ial viscosity contribution during expansion in order to obtai? acc.:pt- 

able soluz,.jns. 



2.6 Stability 

The camputation is advanced each cycle by a tias increment 

~tn+l/2 tn+l - tn . (2.54) 

This characteristic time is dependent upon the zone size and the local sound 

speed, and is the key tn the stabllity of the explicit numerical nethod. If 

the time increment becomes too large, instabilities result that may appear 

as oscillations which grow very rapidly with tias. 

stability of the difference equations used here is16 

The criterion for 

where Ax * xn+’ - x;:;, and B1 and B2 are the artificial viscoeity co- j 

efficients defined in Section 2.5. Note that if a foam (Section 3.6) is 
1 
i being used, B1 and B2 must be replaced with ~1 + B3 and B2 + B4 respectively. 

The criterion (2.55) is applied to each zone, the minimum value over 

The criterion (2.55) is 

, 

all zones being used to advance the calculation. 

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

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

is written 

where P is even by (2.45). The timestep calculated by (2.55) is based upon 

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

general case. To ensure stability of the zalculation, a factor appears 



If Q 3.m left unspecified, the code ds€aalts it to  0.95. 

unstable omzillatims an a calculatioa suggests the possibility that (2.55) 

MY not adequately represent a stable t b m t 6 p 8  and that Q should be 

reduced to recover a stable calculation. 

The .ppcbarurcl, of 

In order to  l i m i t  the rate of increase of A t ,  the value actually 

used oxi the next cycle is 

The factor Q is an input variable and is nanrally chosan t o  be a l i t t le 

greater than 1.0. ray be rade a very 

large number, say 100. 

defaults it t o  1.05. 

less than 1.0. 

If th i s  feature is not desired, 

If it is l e f t  unspecified i n  the input the code 

In any case, the product of I+. and Q should be kept 

Occasionaly, in order to maintain a physically acceptable so~ution8 it 

is necessary t o  start a calculation with a s m a l l e r  A t  than normally required 

for computational stability. 

a large pressure or velocity discontinuity i n  the initial conditions, and 

the normally stable timestep could lead t o  zone inversions on the first Cycle. 

The desired i n i t i a l  t i m e  increment may be read i n  as input in DELT(4). 

Such a case arises, for instance, if there is 

Then 

%2 m y  be U s e d  to  control t h e  rate a t  which A t  increases until  it is con- 

trolled entirely by s t a b i l i t y .  If this feature is not desired, DELT(4) lgaY 

be left blank. The program then automatically assigns a value of lo5 

When energy sources are included, the energy aaded each cycle as 

Thus the time step is further restricted BQ in  (2.461 must be small. 

to be less than one hundredth the deposition t i m e  TDEP while the energy 

is being added. 
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4 

2.7 ordsr Of CaCm tation 

1 
3 

O i  

I 

The calculation proceeds as follows: at t = 0, all quantities are 

defined for all zones by ehe initial data (via the initializing routines 

described later). The coaputation is performed successively at each zopa 

starting with the lefe-hand boundary. * I  
1 
I 

At the jth zone the -turn aQ\Mtioll 

(2.39) is used to compute the acceleration at the ja zone boundary. Velo- i 
I 

1 
city at a timeopt 

follows from (2.40). 

at the jth zone boundary follows from (2.41). 

after the initial instant at the jth zone-boaadarlp 

Position at time Atn+1/2 after the initial instant 

Calculations cmleted Calculation beins perf 0- 
I 
i 

I 

I 

1 n - 1  

i 

i 
i 

A II i 
7 7 v 

i 

n = O  

j-2 j-1 j j+l 

%e new position of the ( j  - l)st zone has already been found at this ; 

stage of the calculation. The -8s equation (2.42) can thezefore be used 

to deternine the density in the zone between j - 1 and j. 
plastic materials the velocities at j - 1 and j can be used to detennine 
strain rates at j - 
and deviatoric stress relationships are then used to determine the energy 

and stresses at j - 5. 

For elastic- 

1 
The energy equation (2.46), equation of state (2-48) I 

1 
These calculatkons are accomplished in the equation 

of state subroutines (Section 3). . 
A t  this point the various tests for rezoningthe Lagrangian m e s h  can 

_ &  he mise [ s e e  Chapter 6 ) .  if tne zones are too small the variables aSSOCi- - 
ated with zones j - 1 and j - 2 are appropriately combined, ar i f  the zones 

are too large t w o  zones are created from zone j - 1. 
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me computation a t  the jth zone i r  now complete, including tbs rezon- 

h g  which may or may not be performed on previous XOIW., md tbe next zome 

i n  eequenca can be treated i n  the same way. whsn all  the zmma have been 

treated, the solution for Atn+1/2 after the int ia l  t i m e  has been um- 

structed. The procedure can be repeated for the next t h e  increment. 

Further repetition allows construction of the solution for the entire 

t i m e  of- interest. 

31-32 



There are .-era1 options for equation8 of Ut&te and cormtltutive rela- 

tions in We code. In the present version six different l0B.l. can be 

acccmnodated. Alternate equation8 of state are 1o.t c a a u d y  included by 

replacing an unused model. Each model is prow-d in a Mparata .tlbrarruaQ 

and an input parameter fox each material layer detenrinaS the appropriate 

subroutine required. 

vaporization) , 2) detonating high explosives, 3) perfect ga8e88 4) rate- 

&pendent and strain hardening solids, and 5 )  foams or idtially distended 

solids. Other models are available, some of which are described in Appen- 

dix B. 

These models treat 1) general solids (including 

The function of the "equation of state" routines is to use the 

newly calculated density, in conjunction with the values of the state 

variables (e.g. pressure, energy, etc.) from the previous tirestep, to 

advance the state variables to the new time, 

3.1 STAT1 - General Solids - 1 
3.1.1 HYdr0d-C PlUiaS 

The constitutive model generally used for solids has a basic equation 

of state of the Mie-Grheisen form, which can be written 

path and are functions of density only, and where r (p )  is the Gruneisen 

ratio and is also a function of density only. 

and energy &(o)  are generally w e n  from experimental data along the 

The reference pressure &(PI 

Hugoniot, Two forms are cornman for m. In the first, 
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where po is the initial density at zero pressure and aubient tapcIfltata8 

co and s are material conatants, and 

PO 
q f 1 - 7  . (3.3) 

This forxu follows from the obserwation that for many materials, tbe 8-k 

v4ocity U may be expressed as a linear function of particle velocity ta 

u L c O + s u  8 (3.4) 

where co and s are given constants. U s i n g  the r lationships 

p = u u p , u  8 

and 

n = u / v  8 

along w i t h  (3.4) leads to the form (3.2). Note 

form of the denominator in (3.2) yields a limiting corpression @Va by 

assuming s > 1, the 

or equivalently. from (3.318 

1 
It shoulif also be noted that at r\ = - ~ 8  there is a tensile minimum8 and 

thereafter in tension, negative sound speeds are calculated. (Since the 
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fom (3.4) applies only to campressitra atate., caut is tan- 

sions are es&acted t o  form.) Alternately, PH is gi- as a parrrr .aries 
: 

(3.5) 

I 
I where the  k's are non-dimensional constants. In oram to match r a t  aRr 
I n - 0 ,  it is necessary to assume that 
I 

where eo corresponds t o  the hulk sound speed and 

modulus a t  zero pressure and room temperature. 

is the adiabatic bulk 

The energy 8~ i s  related to  by 

(3.7) 

I n  addition the i.-rternal energy d? is equal to zero a t  p = 0 aud P = Po- 

The G h e i s e n  r a t io  is usually expressed as * 

I' = ro(l + hln + h2n 2 + . . .) .3.81 

w h e r e  the h a s  are non-dimensional constants. Thus, rearranging (3.1) yields 

(3.9) 

L so that the f@s i n  the basic equation of state ( 2 . 7 )  



f2 = rP  8 

where 

P 
l l = - - 1  8 

PO 

8 

and pa is given by either (3.2) or (3.5) and I' is given by (3.8). 

N o t e  that in (3.8) i f  the only non-zero tern in h l  = -1.0, rp -8 

a constant, Le. ,  

PO r =rap 8 (3.U) 

36 

which is a copaaronly aasuabed form for the Orbeisen parmter. 

The sound speed (2.12) can be colaputcd f r a  (3.10) and (3.111, where 

the required derivatives of f1 and f2  are 

and 

The Gsneisen ratio (3.8) can be differentiated as 

(3-15) 

(3.16) 

P 

e 

. 

. 



2 
dPIi O o C o ( l +  8r)) 

L -111 8 a (3.17) 

c or  (3.5) 

Under certain circurotances, especially when the material is hea- 

To take th i s  bs- by external energy sources, the a t e r i a l  may vaporize. 

havior in to  account a vapor or modified expaneiob equation of state mast be 

utilized. 

materials (P < pol,  independent of the internal energy of the raterial. 

It is taken i n  the form 

Note that the vapor equation of state is used for d k t e n ~  -4  

where the G r b e i s e n  ratio is always assumed constant. This form is Chosen 

for  the following reasons. when - P << 1, i.e., for very expanded materials, 
PO 

the equation essentially reduces t o  

p & ( & - 8 s )  8 (3.20) 

where the material constant g” represents the sublimation energy of the 

material- Equation (3.20) is therefore equivalent t o  the perfect gas l aw ,  

if H = y - 1, where y is the ra t io  of specific heats of the perfect gas, 

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

p r&O& ' 8 (3-22) 0 

and is therefor@ contif.uou8 w i t h  the Mie-Grbeirren equation (3.1) at this 
JI 

denaity. 

leads to 

Differentiating the vapor equation (3.19) and mtt- p = po 

(3.23) 

Differentiatihg the Mie-Orheisen equation in the form (3.9) and setting 

0 = po leads to 

In order that the slopes match8 (3.23) and (3.24) are equated, yielding 

the condition 

where the derivative of (3.8) has been used. 

smaller than the first when8 << d?& and N is usually chosen as 

The second term is much 

(3.25) 

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

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

- 
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by expresding the f*s as 

The soand speed will be given by (2.12) . The required wivatives are 

(3.27) 

and 

where 

and 

B = m(1- T i )  , 

, 

(3.29) 

(3.30) 

vapor equation (3.19) represents materials reasonably well for high 

energies (& > &,I and l o w  densities but can yield fairly large errors for 
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correct this problem any stress calculated via (3.X9) i s  W t e d  by 

(3-311 
c 

.m 

d+= and uL, are input constants w i t h  tbe forrabr generally rcaprcwanting th6 

aelt energy and the latter (a negative input quantity) reprssapUng a maxi- 

nuun tensile stress t h a t  the material can sustain at  law enamgies. H o t e  

that the latter quantity should be substantially larger &n ra@tu&! than 

any fracture stress associated with the material or fracture ray be anfn- 

tentionally supressed. 

of vaporization, not an explicit t reatsent  of phase changes. 

N o t e  a lso that t h i s  provides only an approxhal5on 

Since H = y - 1 is a constant associated only with the eqpation (3-191, 

it is used as an indicator t o  bypass the vapor equation of state. 

input t o  the code as H G O, the routine selects the Mie4rmeiSen expres- 

sion (3.9) as it extrapolates t o  negative strains (p < pol. 

choice may be the most appropriate one for problevas involving verjr low 

energy densities. 

If E is 

This latter 

3.1.2 Elastic-Plastic Solids 

The pr ior  description is complete f o r  materials w i t h  no strength, i-e., 

when materials behave hydrodynamically. 

Stress deviators cannot be assumed negligible, the elastic-plastie portion 

of t h i s  material model must be considered. 

For lower stress levels or where 



For such materi 1, which can support shear 8trem5, L e  OolllltitaUvQ 

relation is of the general form. 
c 

UX = f(&#dy8&#& # (3.33) - 
w i t h  similar equations for uy and uZ. However, (3.33) may be drwrgoucd 

in to  separate equations for pressure and the &viato;a khrough tha use of 

(2.19) and (2.22). Thus for the deviator stresses 

(3.34) 

and similar equations for u d and a:, where the pressure is obtainad 68 

described above. 

Y 

The deviator relations are specifically, 

(3.35) 

where G(p,&) is the shear modulus and is take:: as a functx~ 

dynamic state. 

have an upper l i m i t  determined by the yield condition. 

3: the the-- 

If the material exhibits plasticity, the deviator stresses 

The von nfses yield 

condition is 

w h e r e  Y ( p , O  is a material canstant labelled the f law stress. It is more 

convenient to eliminate the y compoIl(fnt by the use of (2.231, obtaining 

When a = 1 or 3, the symmetry condition (2.34) reduces (3.379 t o  

(3.37) 



i 

Thus# putting these relations in to  f i n i t e  difference form, e is given by 

(2.19) and (2.14) as 

0 

* I  

d 
F 

w e r e  en t i re ly  elastic, by 

d d n  n+l/2 n+1/2 d n+1/2 
=x = Ox j 4 / 2  + at 9-1/2 % j-1/2 . 

This value is limited by the  yield c o n d i t d 7 .  For a - 1 or 3 

43-40) 

d n+l d 
R ax j-1/2 = ux. H a r e v e t ,  i f  

The deviator stress work is, fram (2.35) and i2.47) 8 

d n+l d n  

(3.433 

and from (2.36) 
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However, when a - 2, it is first necessary to ccmgute d: gim by (2.15) 

and (2.19) a~ 

d n+l/2 2 
% j-112 = 3 0 p a t  , 

material were entirely elastic, by 

d d n  n+1/2 n+1/2 d n+1/2 
Gj-1/2 dz j-1/2 0 (3.46) Qz = Qz j-l/2 + 2 A t  

The yield condition is therefore, from (3.371, 

(3.47) 

(3.49) 

and the deviator stress work is, from (2.28) and (2.47>, 
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d n  
I 

rl 

and fraa (2.311, 

n+l a n+l d n+l 
*j-l/2 2 0 ~  3-1/2 + j-1/2 

(3.50) 

(3.51) 

as before. Then from (2.32) 

(3.52) 

The sound speed appropriate to the elastic-plastic case is 

(3.53) 

where c2 on the right is given by (2.12) and v is poisson's Ratio, usually 

taken to be constant. 

It now remafns to specify the functions G(P,&) and Y(P,6) which 

appear on preceding pages. 

modulus G is related to the bulk modulus K by 

The most common assumption is that the shear 

3(1 - 2u) 
= 2(1 i. u) K c (3.54) 

where v is Posson's Ratio taken to be a constant. 

related to c2 (2.12) by 

The bulk modulus is 



'phus in finite difference form, in  terne of (3.53) and (3.5518 
LI 

where c3-1/2 is the sound speed calculated by (3.53) on the prevaow 

cycle, and thus (3.56) is not precisely centered in time. 

A n  approximation that is used for G is to assume G is a function of 

p only, written as a power series in 91, 

where 

(3.57) 

2Po 
8.l = 1 -  + n+l (3.58) 8 1 P" j-1/2 P j-1/2 

and 

3(1 - 2 ~ )  
Go = 2(1 + u) K3 (3.59) 

The yield or flow stress Y can be calculated in six different ways, 

selected by an input constant NOY: 

If NOY = 0 the material is assumed to behave hydrodynamically and 

the equations of state (3.9) and (3.191, if desired, are selected to cal- 

culate the stress directly: no deviatoric stress components are used. 

This is equivalent to taking Y = 0. 

If NOY = 1, Y is taken to be a constant Yo. This case corresponds to 

an elastic perfectly plastic material. 

Setting NOY = 2 yields a perfectly elastic material. This is equi- 

valent to an i n f i n i t e  yield strength or Y = m. 
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m Y  - 3 aelects the following expression for  Y: 

(3.60) 

where Yo# y1 and y2 are input constants. 

taken to  be the  m e l t  or subliaaation energy, and t h i s  tam yields a decrease 

in flow stress w i t h  increasing energy. 

an increase in the yield strength w i t h  compression and a corr~sponding 

The parameter y2 is generally 

The term i n  the conatant y l  yields 

decrease w i t h  expansion. 

of the two terms becomes negative. N o t e  that (3.60) is not intended to 

represent s t r a in  haxdening. 

The value for Y is set to zero whenever either 

For Woy = 4 and 5* the  yield stress is obtained from an isotropk 

s t r a i n  hardening model. (See Section 3.4 for  additional m t s  on 

s t ra in  hardening.) By assuming tha t  the volumetric s t ra in  is ent i re ly  

e last ic ,  the amount of plas t ic  work per unit  initial volume done in the 

current t i m e  step, Ap j-1,,2 is given by 1' 

and the t o t a l  plastic W O r k  per unit i n i t i a l  volume done on the material 

i n  the zone is then 

d n+l d n  d n+1/2 
p 8 j-1/2 = p'j-1/2 + ~p'j-1~2 . (3.62) 

Set NVAR > 13 to use either of these options. Q 
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Fra the i.otropic hardening assumption, tbe yielit surf- g r w s  in 

the ~MIII manner fo r  any stress ccnnbinations causing plastic f low.  

fore, by expressing the way the yield stress depend8 on the p-c w o r k  

per un i t  i n i t i a l  vol\na fo r  a simple tensile test, the yield stre88 for 

any plastic loading condition CM be obtained by .ubrruttrtiag the COF 

responding plastic work in to  t h i s  ~xpression. 

There- 

For WY = 4 the uniaxial-stress engineering strass-strain curve is 

assumed to  be bi-linear. Therefore, this case corre.ponds to l inear  frro- 

tropic s t r a in  hardening. H e r e ,  the yie1.f stress for the simple teamile 

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

where the y's are input constants and Yo is the initial yield stress., y1 

is Young's modulus and y2 is the tangent arodulus. 

sul t ing i n  the plastic work (3.62) givesr w i t h  the bi-linear stress-strain 

assumption, the yield stress (3.63). 

Thus, any loading re- 

NOY = 5 is identical to  m y  = 4 except that the stress-strain curve 

is described by a power l a w  hardening model instead of the bi-linear re= 

lation. For this caser the stress-strain curve is given by 

where Yo is the i n i t i a l  yield point, tz0 is the s t ra in  in one-dimensional 

stress a t  P = Yo8 a and B are the hardening coefficients and E is Young's 
6 

modulus. A l l  of these are input constants with E given by y3, Q given by 

47 



resulting in the plastic work (3.62) ia obtained from an iterative sola- 

tion of * 

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

model the value of Yo is adjusted, if required, so that it is equal to 

EOEe 

Both of these hardening models employ Young's modulus, input as either 

yl or y3- 

ard elastic relation, 

Note that this parameter should be calculated from the stand- 

where v is Poisson's ratio and KO is given by (3.6). 

3.2 STAT2 - High Exp loaives 

High explosives are treated by a "programmed burn" metha, where xm 

pressures or motion appear in the undetonated explosive. 

detonation wave is artifically forced to propagate at the Chapman-Jouguet 

Rather, the 

velocity from the detonation point, xD. This technique essentially treats 

explosives as a source of prescribed energy release. An alternate method 

is considered in Appendix B. 



. 

For a givon XD, the m i t i o n  of the point of inithtion, the tir, 8t 

which the detonation wave w i l l  reach a puticdlu zane i s  g i . m  X q  

(3.66) 

where D is the  ChapmanJouguet detonation velocity and IFE i s  the m y  t h e  

for the in i t i a t ion  of detonation. N o t e  that this allanr the initiation of a 

detonation wave for a given high explosive layer to  ocmu a t  +_iUr after the 

start  of a problem. 

The equation of state of the high explosive detonaticm prdhctr, 

using the general form (2.71, is written, 

(3.67) 

where F is a burn fraction given by, 

F = 0 ,  i f  tn+l C tj-1/2 b I 

w i t h  the restriction F < 1. The constz*ut Bg is a factor, generally 2.5, 

which spreads the  detonation front over several zones. 

Solving (3.671 and the  energy equation (2.49) for the internal  energy 

leads to 

n n n+l/5 

1 - Ff.. Y UP 

2 p L  

(3.69) 



I 

the pressare baing found from (3.67) . 
term AQj-1,*2 is not included in +his routine. 

Note that the external energy source 
~ 

Since explosive gasses cannot support a shear stress, it is unnecessary 

Thus thh pres8ure 

.i 

.to distinguish between the pressure and the total stress. 

p is stored directly as the stress u. 

at the beginning of the problepd, is stored in the location normally re-d 

for the pressure. 

0 

The burn t h e  tb, k c h  is couputed 

Function f1 and f2 appropriate to the explosion pa iuc t  gasses mtst 

be supplied. 

possible with alaost any explosive: perfect gas8 m 1 * 8  and ~ ~ ~ 1 9 0  

Three forms are currently available, making ca-putaticms 

3.2.1 Ideal Gas Model 

For a perfect gas, the equation of state is 

p = (Y - l)p8 8 (3.70) 

where y is the ratio of specific heats. 

functions f1 and f2 for perfect gas explosion products are 

Writing this in the dorm (2.718 the 

Also 

(3.72) 
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80 tbat i f  these are in8erted into (2.12), the  expression for sau?ul 8peed 

i n  a perfect gan ie obtained, Le., 

2 YP 
c = p  0 - (3.73) 

If the  equations for mass8 w n t u m ,  and energy conservation aCrO.8 a 

ShOCk, id., 

(3.74) 

where Q is the chemical energy added i n  the detonation, are cabined w i t h  

the Qlapmpan-Jouguet condition, 

D " C + U  , (3.75) 

along w i t h  the expression fo r  sound speed (3.731 and the equation of state 

( 3 070 I then the pressure. density, and energy a t  the Chapran-Jouget point 

u e d i a t e l y  behind the detonation wave moving into undisturbed solid explo- 

sive (po = q, = 0 )  are, 

y+i 
PC) = y Po (3.76) 
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. The chdcal energy added in the detonation is 

D2 * = 2(y2 - 1) . (3.77) 

To use this subroutine the abnsity is initialized to po and all ott#u: 

state variables (i=e., p, a) are set to zero. The progrim initializes the 

energy to the value given by (3.77). 

3 

3.2.2 JWL Model 

The perfect gas model for detonating explosives in th@ previoas section 

may not represent the explosive behavior well at large expaM~<rrUr= 

Wilkins-Leel8, or JWL, equation of state provides a better fit to explo6ive 

The Jones- 

products behavior, and takes the form 

(3.78) 

so that in (3.67) 

and 

. 
Appropriate derivatives of equations (3.79) are required t6 compute the 

sound speed (2.12). 

entered as an input parameter. 

The initial specific energy for the explosive must be 

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

explosive products data is the Becker-Ki~tiakowsky-Wilson~~, or BKw model 
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In this formulation, P r ( 0  is an isentrope thraugh’’the (?3 point, 90 the 

sound speed may be written as 

or 

c2 = -VPr(Iu)[B + 2C ani+ 3D h27/+ 4E tn% (3083) 

The specified units for the BKW model are P in Mbar, win cm3/gm, and 8 in 

Mbar cmn3/gm; in the code, the pressures will appear as dynes/cm2- 

- 3.3 STAT3 - Ideal Gas Law 

F = 1 in ( 3  -67 I 8 the equations of Section 3.2.1 are appropriate 

for a gas. irrespective of whether the gases are detonation products or not. 
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C%u68 eqtmtiona (3.69) and (3.57) with F = 1 can be usad. Lhnceionu for f1, 

appropriate t o  the particular rea1 gas being used mst be 

supplied. 

used, and-s\rbrontine STAT3 is supplied using t h i s  option. 

IS the gas is a perfect gas, then equations (3.71) and (3.72) are 

I n  th i s  subroutine the  pressure is stored directly as the stresst the 

The pressure# density, and internal energy * variable gresawce is not used. 

must be in i t ia l ized  to  appropriate values. Note that the pressure (stored 

as stress) must never be in i t ia l ized  t o  zero; neither should the energy- 

The i n i t i a l  values of pressure, density, and energy must.exactly satisfy 

t he  equation of state. (EW a perfect: gas PI p and &'must exactly sa t i s fy  

(3.7018 and must be inserted as i n i t i a l  conditions.) 

routine does not allow for external energy sources, although such a e f i c r -  

In addition this 

t ion could a s i l y  be made. 

3.4 STAT4 - General Solids - 2 

There is much experimental evidence 20821 thae many materials ib not 

Even varying the behave according t o  an elastic perfectly plastic model. 

yield strength or allowing for isotropic s t ra in  hardening (c.f. STHl, 

Section 3.1) appears t o  be inadequate for some materia'ls. Strain rate 

dependence is evident i n  the stress relaxation observed i n  some metals and 

crystals, and a Banschfnger effect, which can be treated with anisotropic 

hardening, has been seen in a nuraber of ductile alloys. 

The subroutine STAT4* included here w a s  written t o  treat these two 

additional phenomena, w h i l e  a t  the same time keeping most of the options 

* This routine has been coded for rectangular (a = '1) and spherical (a = 3) 
geometries only; cylindrical (a = 2 )  geometry is not allowed. 
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available in STAT1 (Section 3.1). 

routine is given in mference 20, along with several exanpiam. 

A lore complete de8cription of tba pr.wnt 

* 

3.4.1 Strain Hardening Solids 

. Strain hardening is incorporated in a m e r  siailar to that described 

. 
j 

at the end of Section 3.1, i.e., the yield strength Y is a ~ i u l l y  

incresing function of the plastic work (3.63) . Since it i8 aunmed that 

the equilibrium yield strength is rate independent, any --tal tech- 

nique (e.g.. a static uniaxial-stress test) that provides a relation 

between the plastic work and the yield strength will suffice to d e t a m h e  

the material par-ters necessary to use the madel. 

Two isotropic strain hardening models are included in this 

The first assumes a bilinear uniaxial-stress engineering stress-strain 

curve, the same as described in Section 3.1. Thus the yield strength f is 

given by (3.63) using the plastic work (3.62). 

here for convenience. The plastic work is 

Therve equations are repeated 

(3.84) 

where 

and ey is the yield function given by (3.38) and G is the shear modulus. 

The yield stress is 

(3.85) 
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where t is Young's mdulus and IP is the tangent rradulus. Ttrr, meand 

isotropic hardening modal employ8 a power l a w  unlaxirl-.tr.u .tr#.-.trrfn 

curve of the font 

where E is the s t ra in  in uniaxial stress, E is Young's modulus, and the 

material constants a and B are the hardening coefficients'. 

equation is different from (3.64) in Section 3.1. 

tlote that thi. 

This expression yields 

which, although it is not explicit i n  3~~/2,  can he solved by iteration, 

using the value of d8n obtained front (3.841, via  Newton's rrettkod, to 

obtain the required yield stress. 
P j-W 

These two isotropic hardening models have been derived from stress- 

s t ra in  curves of t h e  form sketched below. 

EO 
€ 

I 

€0 
E 



with weighting factors a i  such that 

Z a 5 - 1  . 
i-1 

(3.88) 

N o t e  that, since cylindrical -try is explicitly excluded fra thi8 

routine, consideration need not be given to other cqpolwptLI of the StrCM 

deviator. Each of the elemental deviatorm t& is treated fn a manner 

identical with that described i n  Section 3.1. 

i n  analogy wikh (3.351, is governed by the elastic stress relatbns 

Thus each &miator elemitxk, 

where G = G(p) is the shear modulus and 4 is the stretching deviator frou 

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

d n+l d n n+l/2 d n+1/2 n+l/2 
@xi " U d  + 2 G  dX A t  8 (3.91) 

where for clarity,  the additional subscript j - 112 has been dropped. The 

stretching deviator n+b" is  obtained directly fraa (3.39). In analogy 
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with (3.38) the elemsntal deviator8 are in addition subject to IW ySe1d 

conditions of the form 

~ h u s  to o w n  the total stress deviator @$ (3.91) 8 subject& to (3.92) 8 

is used to calculate each of the elements. 

then surae0 according to (3.88). 

be provided for each of the deviator elements at each zone, 80 that the 

integration i n  (3.91) can be accomplished. 

The individual elements are 

Note that to use thie plodel, storage mast 

For a typical loading and unloading cycle this anisotrcpic hardwning 

model gives rise to the behavior sketched below. 

viator, as plotted in the figure, is added to the pressure, as obtained 

from either (3.9) or (3.19) 8 to obtain the total stress [equation (3.52) 8 

N o t e  that the stress de- 

Section 3.11 . 

2 
- - Y  
3 2  

d 
*X 

2 - Y  
3 1  

The input parameters required by this model, ai and can be obtained 

from a uniaxial-stress stress-strain curve. 

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

The curve is braken into straight 

. 
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routine). The modulu8 fo r  each l ine  segslent is calculated Via 

(3.93) 

E1 = CJI /E~ is Young’s modulus and is considered constant. 

yield stresses Y i  are then 

The elememtar 

and the weighting factors a i  are 

Ei - Ei+ l  

E1 “i = I t3.95) 

where = 0 .  

It is reasonable t o  suppose that material strength decreases w i t h  in- 

creasing temperature or internal energy. 

into account a function k(8)  is provided. 

To qualitatively take this effect 

It takes the form 

where ko and&, (generally the m e l t  energy) are material constants. 

resul ts  i n  

This 

.. . 



Generally, % falls i n  the ran* -2 C < -1. I n  the anisotropic M n -  

b g  model the yield 8tresses Y i  in (3.92) are u l t i p l i e d  by k ( a  whenever 

the  vapor equation of .tat0 (3.19) is employed for a given m8teria1. 
I 

- An a d i t i o n a l  yield model, analogou t o  (3.60) i n  Section 3.1, 3.8 

available i n  th i s  routine. In t h h  case the  yield stress P is gi-n by 

and is thus a direct function of the s t r a in  n and the internal energy 8. 

In the code, all of! the  preceeding resulta i n  the calculation of an 

equilibrium streers dewiator by one of seven different models. The desired 

model is indicated by the input parameter NOY. The possible choices are 

sumsarized below. 

NOY = 0 :  

NOY = 1: 

NOY = 2: 

NOY = 3: 

NOY = 4: 

NOY = 5: 

NOP < 0: 

hYdrodpnaaic; Y = 0 

constant yield stress; Y = Yo; NVAR must be a t  
lust 13 

infinite yield stress; Y = 0; subroutine STAT1 
should be used for this option 

variable yield stress (3.97); TwAR puet be at 
least  13 

bilinear isotropic s t ra in  hardening (3.85); 
WAR must b@ at l eas t  14 

power law isotropic strain hardening (3.86); 
WAR musit be at least 14 

anisotropic s t r a in  hardening (3.88) - (3.92) 
w i t h  INOY 1 components (Ilraxiatum of 7 )  ; NVAR 
must a t  least ~3 i ~ N O Y ~  

304.2 Strain Rate Dependent Solids 

Strain rate dependent stress relaxation can be treated by considering 

only the deviatoric part of the stress. In the subsequent discussion the 
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previously calculated equilibrium stress deviator ut w i l l  k ikmotetl by 

U t  where the x has been dropped since only one coIIpoI)(nt As being 

cons iderad. 

To treat this problem it is assumed that the final stress chvirtor d 

I 

I 
I 

d where 

to l i m i t  the  error  e < Bad, the normal tinre step Atn+1/2 must be divided 

into M subcycles with time step A t "  = L \ t n + l l 2 / M  each, where M is given by 

and G are considered constant over the ent i re  t i m e  step. Thus 
I 

can be obtainsd via a relaxation fram sane instantaneous value t o  the aquili- 

b r i m  value u,d. 

for the rate inhpentient case, of the f o r d o  

This yields a constitutive relation, anah- to (3.35) 

where, as before, G is the shear pod~ lus  and 

from (2.19). 

function and w i l l  be discussed later. 

5s the stretching m a t o r  

The function g(ud - at) is generally called the relaxation 

The expression (3.98) could be differenced directly and inserted into 

the routine. Hclwever, t o  maintain accuracy consistent with the rest of the 

code, a second order accurate analog would have t o  be used. 

diff icul ty  a scheme involving the subcycling of (3.98) within a given zone- 

cycle calculation is employed. 

To avoid this 

It can be shown20 that using a first order 

diffsrence analog fo r  (3.98) resul ts  i n  an approximate error i n  ad given 

by 

!3.99) 
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and then rounded to  the next higher integer. 

tionat are obtained front 

The needad relaxation fum- 
I 

and 

(3.100) 

(3.101) 

(3.102) 

Hence the finite difference scheme proceeds a8 follows. 

equilibriun deviator ue n+l is calculated with one of the rcthods given 

After *e pbw 

i n  the earlier part of this section, Aui is computed with (3.102). 

two relaxation functions gn and gf can then be determined from (3.100) and 

(3.101)- Then (3.99) is used to  compute M. 

cycling is required and the f i n a l  stress deviator ud n+l is given dixeckly 

The 

If M is one or less no sub- 

by the f i r s t  order difference analog to (3,981, 

where 

-ewer8 i f  P is greater than one, it is necessary t o  subcycle the colilputa- 

t ion W times, w i t h  the  time step A t m  = Atn+1/2/M, using equations (3.1021 I 

(3010018 (30104)p and (3.103) with n replaced by m. 

equilibrium deviator @: depends on the time step8 it will also have t o  be 

appropriately subcycled. Note a lso  that since 

Note tha t  since the  

and G are assated constant 
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-em (3.104) 'it can maem that the ralaxatiam g mst hrtra: 

(3-105) 

where, + is the material relaxation t h e  (input to the aode as A l l 8  amd, 

as before, G i a  the 8h.ar -1~. 

only one place in the routine, more oorplicated functi- of tba o v e s t m s s  

(ad - .,dl can easi ly  be incorporated. 

are provided for tnrs m e r  

S i n c e  ehe e-ion far g appears at 

The input ametants Al tbrapgb A4 

It is aleo possible to  introduce otbcr 

relaxation functions aeptnault separately on the stress &viater ad, 

equilibrium stress &viator cf, or even the total plastic strain, 

Due t o  the casplications introduced &y the subcycling, these latter types 

of changes are best attempted only be someme familiar with the program- 

Exarples of the derivativn and implementation of lore ample% relax&tioa 

fkinctions can be found elsewhere.20,21 

As w i t h  the equilibrium yield stress P, it is probably reasamble to 

as- that the averstress (u d d  -ue), or equivalently, the real viscosity, 

should be reduced w i t h  increasing tepaperature or  internal energy- 

dingly, whenever the vapor equation of state (3.19) is used for a given 

Accor- 

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

(3.106) 
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where k(B) 

when the internal energy density 8 -  0 ,  and results i n  a zero overstress 

tud - ut) whem & > am. 
a lso  be a function of internal energy through (3.97) or the laodified vaxclian 

of (3.92). 

is in no way meant t o  infer  that real materials behave i n  this manner; the 

0 and is given by (3.96). This expre~sion r w  to (3.1032 

N o t e  that  the equilibrium deviator ut w e l l  

It should be emphasized that the use of k(8) in the f a  (3.%) 

form is included simply to  introduce a qualikative temperature aclpenQnce 

in to  the constitutive relation. 

To i l lustrata! haw this rate *pendent stress relaxation roQ1 behaves, 

a typical loading and unloading cycle is qualitatively sketcbed bel- in 

the  t o t a l  stress-strain plane. H e r e  the equilibrium behavior is character- 

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

Dynamic hydrostat k--- 
/,$,8 --- Rate dependent path 

-Rate independent equilibrium path 

In this subroutine* several of the options available i n  SPAT1 (Section 

I n  this context the mgoniot can be represented 3.1) have been eliminated. 

only by 

2 
P O W  

p H =  (1 - m)2 * 

the Gruneisen parameter is restricted t o  

T- l o p 0  
~ = r ,  r = -  P I 
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and the she8r modulu8 i 6  alway6 calmlatad internally as 

3(1: SV) 
G = 2(1 + u) , 

w h e r e  f = pc2 and is the bulk rodulurr. The ba6ic equatian of 8tate is gi- 

by either (3.9) or (3.9) and (3.19). For c0nlh-cycI.e~ oa which tbe vapor 

equation (3.19) i 8  used, the tensile stress is l i m i t e d  bg 

(3 > aIlin = a&, k(8) C 0 

where k(&) is given by (3.96). The latter is analogws to  QQItrtions t3.31) 

and (3.32) in Section 3.1. 

3.5 STAT6 - Distended Solids 

Foams or  i n i t i a l l y  distended solid materials are treated aeuxdizkg to  

the p a  m o d e l  of Herrrann22.23.24. This model 58 hydrodpamic, where 

the needed reference states are described by the  Eugonic~t of the m- 

distended sol id  material. 

A new parameter, a, describing the distention of the foam as a functbn 

of pressure is defined as 

Y Ps 
a = < = p  , (3.107) 

where p and “Yare the density and specific volume of the  distended material, 

and ps and ’%& are the same properties of the corresponding sol id  material 

at the same pressure and energy density. 

of the non-distendea solid material can be written (for hydrodynamjlc 

behavior) as 

Thus since the equation of state 



the squation of 6tate of the &.tended material becaws 
4 

where f is the 8aae function i n  both e~cpressions. Wcitinq (3.108) i n  the 

fom (2.7) obtains 

L 
' 

The distention parameter a is assumed t o  be a function of presmre and 

energy density. 

n+l n+l 

The energy equation (2.46) can be rewritten as 

n+1 n4-1 
Bj-1/2 = D Pj-1/2 + 

# 

(3.110) 

where D and B a r e  constants fo r  a given zone a t  a given t h e  cycle. 

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

These 

The desired solution fs obtained by solving the three simultaneous equations 

(3.1091, (3*110)8 and (3.111) for $i/2, Qj-1128 n+l and&?5!/20 This is 

most easily accomplished by inserting (3.111) in to  (3.109) obtaining 

+ f d w l  B 
j-V2 

fl(W 
n+P 3-1/2 

Pj-1/2 = 
1 - f&p" D 

. 
j-m 

(3.112 1 
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n+l 

Thus (3.112) and (3.113) are two implicit expresuianr, for p 

can be solved by iteration.22 

to obtain the new energy. 

thwt 

Ilkpation (3.111) can then be employed directly 

The distention relation (3.110) is described differently in three 

different regions. Above some compaction pressure pS(a 8 all the voids a m  

assumed to be closed, Le. the material is solid and a =lo Elow sane 

elastic limit pressure pe(6) on loading, and for a l l  unloading and reloading 

to the previous peak pressure, changes in a are asstmed to be! due to elastic 

deformation of the foam structure. 

relation, a = ge(pJ) , is used. 
In this region an elastic distention 

For loading between pe(B) and ~ ~ ( 6 6 )  the 

voids are assumed to collapse irreversibly and a crushing distention rela- 

tion, a = gp(p,&, is employed. 

are imposed on the three p a  relations at the boundaries of these regions. 

Certain continuity and 911100tht?ess conditions 

The qualitative behavior is diagrammed below. 

p*o 

P 

p@Q 

8 

ps 

p@ 

Unloading and 

1 ae OLg 
a 
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droMn so that the sound .pecrd v a r i r  aaoothly between ce. the ambient 

value in the *gin fcma at: the i n t i a l  distention aor and the bulk .armd 

of t5he raerencS solid material 8t ambient umditiam, coo Thi. 

results Pn the expression 23 

where 

h(a) = a a + (1 - a) . 
Here a is a constant8 evaluated %-om ce and co by 

(3-114) 

Also, % i n  (3.114) is the ambient bulk modulus of the reference solid and 

i s  given by (3.6). Equation (3,114) is set in to  f i n i t e  difference form 

directly by writing 

a (3 116 ) 

Note that th i s  expression is forward differenced. 

description, the energy density does not enter the elastic 'distention rela- 

t ion erpl ic i t ly .  

to be energy dependent, as w i l l  be seen. 

Also note that in this 

However the boundary of the elastic redon pe is taken 

The crushing distention relation, i.e. for pressures between pe and 

psr is the simplest form which provides the correct intercepts a t  the 

elastic and solid boundaries and also provides continuity i n  the first 

derivative a t  the sol id  boundary.22t24 The expression is 
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0 

where ol, is the distention ration a t  Per bat can be el 

(3,117) 

W l Y  rpprodrrvtrd 

cbre complex functions are easily codhd if reqdred.+ On the with ao. 

basis that the compaction pressure ps and the elastic l i m i t  & W U  be 

decreasing functions of energy, and hence of temperature, pJ8l anLd p . 0  

where the function k(&) decreases aonotonically from 1 at 8 = 0 to 0 a t  IKIY! 

reference energy 8o where the material strength is as-d to beccme nagli- 

gible. A simple quadratic is provided, 

k(&) = 1 - (ko + 2) (f). (ko + 1) (e' . c 

{ 3 119 1 

Here ko is an input constant related to the rate of change of raterial 

-2 < k, 6 -1. 

const. = 1. 

This energy dependence can be defeated by set t ing k(8) 

This is accomplished i n  the routine by inputhg  8, 5 0-  

The following alternate forms for  (3,117) 8 without energy dependence, are 
available in a routine described i n  Reference 23: 

* 

. 
Quadratic: a - a, + alp + a2p 2 

. cubic: 

Exponential: a = 1 i- (a, - 1) exp[a(p - pel] 

a = a. + alp + a2p2 + a3p3 
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Only the fmrcUarrrr f1 and f2 remain to  be .p.cifieU. R m d m r h g  f r a  

(3.109) that theme functions are expressed in t e ru  of the wolm of the 

reference sol id  ^y. = V/a, it i s  appropriate t o  use the ..II) bscmipuon 

am i o  craplaped in section 3.1. Accordingly, whmever Ys < v&$8 V&, a 

1 

i 8  the ambient 8pecific volume of the reference -lid, f l  8nd f2 are given 

by (3.10) and (3.fl) re8pectivsly. They can be rewritten i n  tsrv ofYs as 

where p~ is expressed, as before, as either (3.2) or  (3.5) with p replaced 

by Psr and I' given by (3.8). 

(3.19) can be used i n  an analogmas lELpILtr, if desired.. Caooghg this aption 

results in the limitation of any calculated tensions i n  a manner identical  

MwmWm > %&,, the vapor erpstioa of stake 

with that described in canjunction w i t h  equations (3.31) and (3.32). If the 

form (3.19) is not chosen, (3.120) is extrapolated into this regiod. lpate 

tha t  the suiterial constants r e l a t i n g t o  the equation of state o€ the refer- 

ence sol id  are input t o  the code i n  a manner identical with those for  noma1 

solids, 

The sound speed is obtained from ( 2  13) Since ar given by (3.110) 2s 

an implicit function of volume, care is required i n  carrying out the differ- 

entiation of €1 and fa. After s- manipulation the result  is . 

*FOX- problems involving high internal energies, this l a t t e r  approa& can 
lead to gross errors. 
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& 
where the  appropriate value for ap is obtained from (3.1141. 

The nuaericul i terat ion kechnique, CUI w e l l  as the logic rsqpirsd to 

deteme which region the saterial is in ,  are deucribed e m r e  22-24. 

Since the rodal is hydrodynamic, only one stress variable  me&^ to be 

carried by the program. Thus the preuaure is stored directly as u8 and Q 

is stored in the location norpally reserved for pressure. 

One additional point ahauld be mentioned in xegard t o  this W t u t i V e  

model. 

material is subjected t o  re lat ively modest pressures, it i s  necessary to  

include extra ax t i f i c i a l  viscosity to maintain calculational stabiZity. 

Due t o  the large total volume change which occurs when a porous 

%e form uw,: is the saae as tha t  described i n  Section 2.5. 

cients CG:.. -- 
and are input as constants for this =terialm&l. 

The coeffi- 

. l h g  this viscosity, % and Q, are analogoas to a and , 
In t h e  absence of a 

reasonable blrroretical trea-nt of a r t i f i c i a l  viscosity in foars, values 

of 

coefficients seem to be appropriate. 

only during the crushing of t h e  foam, the extra viscosity is addad only when 

a > 1 and the material is actually compressing. 

cosity is usedthe tiae step for stability must be suitably rodiffed 

(Section 2.6) . 

and Q .about an orde!r of magnitude greater than the normal viscosity 

Since this large c#pression occurs 

#ate t ha t  when this vis- 
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seta of f a i l u r e  cri tsxia.  

The first avaiwle c r i t e r i o n  (FCRIT = 1) involmm .\rgprurcring frao 

are input  q u a n t i t i e s -  me Q is negative in tenmian 0 and Q m  and 8-T 

t h u s  Since this 

option a c t u a l l y  adjusts the stress e x i s t i n g  i n  an i n t e r i o r  - 8  applying 

this c r i t e r i o n  to a material i n t e r f a c e  has no physical. s igni f icance  other 

than t o  suppress fracture at  this point-  

should be i npu t  to the code as a negative quant i ty-  

~ 

So t h a t  the energy balance can 

ture and a l lawing  tha material to  s t r e t c h  a t  some energy &peadent - 
tensile stress in a manner i d e n t i c a l  with that &scribeU in Section 3-1 in 

conjunction with the vapor equation of state. Thus the stress is l h i t e d  

n+l  
Qj-112 % I C #  8 

where 

(3-J.22) 

be maintained, this adjustment i n  stress, if required, is performed i n  the 

appropriate equation of sta te  subroutine. ( ~ l l  tke sther fracture :::; “ r i a  



and calculatioar pertaining t o  them are located in .r;rbnmtipa m . 1  llatQ 

that this Option is wed for a l l  zones i n  the p l r t e  far which it As called, 

where the #tress limitation &scribed i n  Section 3.1 i s  amployal onljf for 

zones u t i l i z ing  the vapor qua t ion  of state. 

The second fracture cr i ter ion (EPCRIT = 2) allow8 kro 20114. to  -ate 

whenever the interpolated stress a t  their comon boundary ia lcws than the 

input quantity f f p ~ ~ p ~ .  This parameter should be negative and 

the spa11 strength of the material or the  strength of the bond at a = t e e  

r i a l  interface. 

The third available option* (FCRIT = 3) allows fractures uhen a t- 

integrated quantity exceeds some critical level.25 Huimever the tension, 

in te rpola ted to  a zone boundary, exceeds a negative input value a0 (pos- 

siby the tensi le  elastic l i m i t  for the material i n  questirm), the integral 

quantity 

is calculated via 

for 

n n 

The input quantity EJVAR must be set equal to or greater than 12 to use 
t h i s  opt-~OL. 

* 



ff the  inaqarrlitp fir (3.125) is not m e t ,  

q - +  
*enever 

ceeds -, two fxee surfaces are forned a t  this pcmitian, thtm creating 

a fracture or spa11 plane. 

for any zcma k~aihry for  which this option is baijrg twd ex- 

This option requires the input qaantititerr 

h, a08 and A -  

When employing e i ther  of the latter two criteria, and a fracture 

occurs, the calculation proceeds as i f  there were two free surface6 at 

this point- If subnequently these surfaces collide, then the  material is 

considered t o  rejoin,  and the  ordinary equations appropriate for an into- 

er ior  zone are used- Subsequent fractures at  a zone boundary that has 

thus fractared and rejoined are treated according to  the second criterion 

above, irrespective of the option used i n  creating the in i t ia l  fracture- 

In this case hawever, the fracture stress is a different input quantity, 

SIGSEP, a single value for  the ent i re  problem. SIGSEP is generally set  

to a small negative value to  prevent separation on s m a l l  spurious oecil- 

lat ions about zero stress which occasionally occur in the solution. Note 

t ha t  i f  there are voids or gaps (see Section 4.1) i n  the i n i t i a l  probler 

configuration, tkey are treated as if a fracture had occurred a t  stme t i m e  

pr ior  t o  the s t a r t  of the calculation. 

The logic for &&is spa11 and join routine is accomplished through t h e  

use of two arrays of logical indicators, QF%AQ! and PFRISCP. 

ning of a calculation both of these arrays are int ia l ized t o  FALSE. 

either of the above fracture criteria are m e t ,  the values of Q m ~ c z !  and 

PFRACT for  that  zone boundary are set to TWE. 

khat two free surfaces occur a t  that zone boundary. 

A t  the beg3.n- 

*en 

This siynals to the code 

It is now necessary t o  
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u for the left siba of the fracture are #tored fn the leak€- -1y 

romumsd for that zone, and the values of x and u for the right 8fde of 

the fxacttire are 8tor.d in ths -ate array TAW according to the .drrrrr . 
givun in the accapaurying sketch. In addition, the stora- locatlam8 JNj 

Erlracture 
Left side 

\r 

. 

During subsequent cycles a t  a zone boundary where a fracture has 

occurred, a test is made t o  see of the value of x at the left side exceeds 

the value of x at the right side of the fracture. 

surfaces have come together during that cycle. The values of x and u for 

the rejoined zone boundary are then calculated from the previous left and 

If it does, the fractured 

right hand values via 



n . n  n n 
% = p j4 /2  cj-1/2 * CR - Pj+1/2 =j+1/2 

I If i+ is desired t o  supress these fracture calculations, the zecords 

n n 
n+l pj-1/2 % + pj+1/2 xR 

xj = n n . 
+1/2 + p j+l/2 

( 3 127) 

A t  the sapc t i m e  QeRnn is set back to FALSE and PFRACT remains 1IcI(IIIs. A 

value of FALSIS for QFRACT signals that the cone is henceforth to be treated 

as an ordinary interior zone, while PFRACT = T#oE indicates that subs- 

tests f o r  fracture are t o  & made with the second criterion with the frac- 

ture stress replaced by SIGSEP. 

! 
i 

i 
i 

specifying the data for the fracture criteria can be left oat of the i n p t  

instructions. 

FCRIT = 2. 

The code then defaults the appropriate inputparamters  to 

and umm = -1.0 x 10 100 . 
Whenever a fracture occurs or fractured surfaces collide, appropriate 

messages are printed on the standard output mdium giving *e cycle, the, 

and zone number. A maxfnatm of 50 current fractures are allowed. If this 

number is exceeded, an appropriate error message is printed on the standard 

Output medium and execution is terminated. 



The analysis .of. wave propagation is an i n i t i a l  valw paoblam, and 

reguires that the wariables in the problem be &fined at tim zero, and 

tha t  appropriate boundary conditions be irpcwed. 

4.1 Init ial  V a r i a b l e  Definition 

I n i t i a l  conditions are specified by assigning values to a l l  p r h e A p a l  

quantit ies for a l l  zonecs. 

variables of interest  here are listed i n  the follouing table. 

This is accomplished in mbmmthe G-0 The 

Definition 

C C Sound Speed 

8 E ~nergy per u&t mass 

m M a s s  

P P Pressure 

9 0 Artificial viscosity 

P R D e n s i t y  

Q S mrmal Stress 

U U Velocity 

X X Position 

0 z Difference Between 
Principal Stresses 
(ux - a,) 

The artif icial  viscosity q is always in i t ia l ized  to  zero for  a l l  zones. 

The sound speed c, is in i t ia l ized  t o  the value input as the second equation 
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of state amstant for each material. layer and corresponds to  the ambient 

sound speed of the uncampz?e8SOd material. 

The quantit i tes ni and x are derived fror other input data. The initial 

pocritions of the eone boundaries x j  are calculated fram tbe Mtial zoning 

described i n  Section 4.2. 

(2.431. 

changed only by the REZOHE routine. 

Then, based on the gwmekry, n is umputed via 

This latter Quantity is used i n  the MSS equation (2.42) and is 

Tha remaining variables, 8, p, p , a, u, and + , are input as initial 

conditions and are usually assumed t o  be constant for each m a t e r i a l  layer, 

although the user may introduce more complex i n i t i a l  states if lie desirem 

(see Section 5.11. The values of al l  of these quantities, w i t h  the dxcdp 

t i on  of the velocity, must be fu l ly  compatible w i t h  the equation of stat;e 

mdel being employed. Thus to  s t a r t  a calculation w i t h  a material i n i t i a l l y  

campressed to  soam pressure p. values of 8, p, a, and appropriate for 

this compression from the ambient uncompressed state must be used. -e 

that i n  this case the i n i t i a l  density p w i l l  be different fram the reference 

density po, specified as the first equation of state constant. 

quantity is generally the referemce density of the material in the unccm- 

pressed ambient condition. 

this  manner allows the user to  program equations of state w h i c h  u t i l i z e  nan- 

zerc) re,feran,ce con8itions {e*g*, The Ideel Gas Lawl Sectim 3-3?= 

me latter 

The abi l i ty  t o  specify i n i t i a l  conditions i n  

- 

The in i t ia l iza t ion  of vexocity is a l i t t l e  more camplicated since the 

velocity refers t o  the zone boundaries. The velocit ies of a l l  boundaries 

w i t h i n  a given material layer are ini t ia l ized to  the input quantity WZERO. 

while the boundary between th i s  layer and the next is set t o  UZEROI. 

l a t t e r  quantity is used t o  minimize s tar t ing transients when a calculation 

is in i t ia ted  w i t h  a velocity discontinuity (e.g., f lying plate or  plate 

The 
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impact problem). As an exaqple consider plate A to  i8pact plate B f  -ti- 

a l ly  a t  rot, with a velocity UA. The i n i t i a l  velocitiem fonc platem A & 

B shoald be set t o  UA and zero reapectively. 

interface between the two materials ui (the problem is asmmed t o  star t  at 

!&e i n i t i a l  velocity of .. 
”. 

the instant  of impact)  should ba calaulated fron the shock hpedmce8 2 

of the two materials via 

where for t h i s  -2- uB is zero and 2 can be approximated bp the aco\uGtlc 

For sylamstric impact (materials A and B identical) ,  U.J i s  equal to the aver- 

age of the tm, Velocities, i n  this case ud2. 

Soare di f f icu l t ies  may arise i n  problem8 where the difference i n  i n i t i a l  

velocit ies of adjacent layers is very large. Since the tine step is deter- 

mined by the s t a b i l i t y  cr i ter ion (section 2 .6 ) r  on the first cycle the tine 

increment essentially reduces to  

Thus when the impact velocity approaches the sound speed cot it rap happen 

that the interface moves beyond one of its neighboring cone boundariesr 

. leading to a negative density i n  that zone. To correct this si tuat ion it 

is necessary t o  choose an i n i t i a l  t i m e  increment mall emugh so that the 

zones on either aide of the interface do no change volume by more than B 

f e w  percent during this  time step. 

- 

This  value for  At is entered i n  the 
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input a8 DHn! (41 (Me Seation 2.6). A sh i1c rg rob l . r  is likely to  occo~ 

when large pressure discontinuities are introduced ab i n i t i a l  d t i a m s .  

Again reducing the i n i t i a l  tire step usuaZly corracts the difficulty. 

4.2 Iniei.1 aoning 

The i n i t i a l  spatialrrssh is defined inbpendently foz each raterial 

layer or plate by four input parameters each. Thsy are THLOOS, the plate 

thickness; NOMESH, the number of zones in  the  plate; DBEPaX, the size of 

the f i r s t  zone i n  the plate; and Dlmmxl . ,  the  size of the last -e in  the 

plate. 

a cubic equation which specifies the mesh for  the ent i re  plate. 

position 

given by 

These input parmneters are wed t o  determine the Coafficients of 

Tkrus the 

of the right-hand boundary of the fa zone i n  the plate is 

where the coefficients are given & 

Pi = DELTAX - P2 - P3 , 

and XL is the position of the left-hand boundary of the plate. 

of the individual zonesr say the k* zone i n  the plate, are therefore 

The s izes  

w 

c 



The left-hand boundary % fo r  the first pla te  is set to  the input 

par-ter I(zEWL 

not affect the resul ts  and should normally be set t o  zero to  minimize roand- 

off error.. However, i n  the cylindrical and spherical geometries. a = 2 and 

3, XtzgRO deteraines the radius of the left-hand boundary- If thfs boundary 

is t o  be convex, then XtzgEFI) must he negative, while i f  the baandary is t o  

be concave, I[zERO nust be positive- 

test, the former situation should be employed €or problerrs in which the 

motion originates at the outside of the configuration, while the concave 

Zn slab geometry, a - 1, the choice of this position doee 

To take f u l l  adrantage of the ac t iv i ty  

geometry should be used for  problems i n  which the motion starts interior 

t o  the cylinder or sphere. For sub~equent plates aft= the first,  q, is 

set equal t o  the position of the right-hand boundary of the previous plate, 

that is J K N O ~ ~  f o r  the previous plate. 

1 
X 

It is also possible t o  introduce a gap or void between successive 

material layers. This si tuat ion is treated as i f  a fracture had occurred 

a t  some t i m e  prior t o  the start of tne calculation. The size of the gap, 

XGAP, is input for each material layer and refers to  the interface to the 

right of that layer. Thus the value of XGAP for the last mterial has no 

significance. If XGAP is read as a non-zero quantity, the indicators and 

variables necessary to signal a fracture condition (QF'RACX. ITABLE, and 

TABLE1 are appropriately initialized i n  subroutine GENlmAT, and xL for 



the next plate is increased by the size of the gap, Le., 

XI,= X L +  XGAP 

Otherwise lslftialization proceeds i n  a normal fashion. 

(4.5) 

Note that i n  this scheme the left-hand boundary of the problem is 

assigned an index j - 1. 

any plate  is one greater than the sum of the numbers of zone8 through 

Thus the  index of the right-hand boundary of 

that plate. For example, a problem consisting of two plates w i t h  100 and 

200 zones respectively w i l l  have the right-hand boundary of the first 

plate a t  j = 101 and the rightwhand boundary of the 8econd plate a t  j = 301. 

For given values of plate thickness, i n i t i a l  zone s ize  and last zone 

size,  the relat ive zone s ize  distribution within the plate is *pendent 

upon the specified value of NOMESH. 

defined as 

The parameters 6x1 and 6x2 can be 

Then choosing NOMESH such that 

3 TfIKNS 
N(mESH < 6x1 + 2 . 6x2 

produces a zone size distribution w i t h  larger mid-plate zones, Le., 

resolution is coarser i n  the inter ior  of the plate  than a t  the boundaries. 

Sett ing NOMESH such that 

3 TERNS ’ 2 6Xl + 6x2 
. 
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yields inter ior  zones which are smaller than those near the boundaries and 

consequently the interior resolution is finer. 

these lintits, Le., 

For values of HCMESH between 
. 
- 

3 TKmS 3 THIWG 
6x1 + f 6x2 NOMESH 2 6x1 + 6x2 , 

the zone sizes i n  the plate are monotone increasing or decreasing as 

DELTAIS < DELTAIS1 or DELTAX > DEUPAX1 respectively. It should be noted that 

whenever 

zones of negative s ize  w i l l  occur. 

i f  (4.8) is satisfied, NOMESH is adjusted t o  

The code tests for this condition, and 

3 TXXNS 

6x2 
NOMESH = . 

Several general “rules of thumb” regarding zoning should be mentioned 

a t  this point. 

zones, i.e., 

F i r s t ,  no material layer should have fewer than about 10 

N ( m E S H 3 1 0  . 
Second, the zone s izes  Ax3 should be small enough so that any non-constant 

ini t ia l  condition (e.g., deposited energy density) varies only by small 

amounts f r o m  zone t o  zone. 

any non-constant i n i t i a l  condition variable for a given plate, then 

To put this i n  a quantitative form, if Y is 

(4.10) 

8 3  



Applying this last rule  along with (4.9) to  the zone s izes  Axj yield8 

approx.ha%ely 

TBlIbw 
D E l t T Z U t < T  , 

(4.11) 
THIILQG 

DELTAXI <y . 
A final ru le  regarding the sizes of the zones on either si& of a materm 

interface can be stated 

!!E 
C I A  -elB e (4.U) 

where A and B refer t o  the t w o  aaatezials and the values of c are the sound 

speeds for  the two materials. 

times for the t w o  zones on either side of the interface should be approxi- 

mately equal. 

interfaces have been suggested, but it has been shown26 that violating 

(4.12) intxoduces permanent density errors in to  the solution. 

Many problems w i l l  arise for which one or mre of the rules (4.9) 

This is equivalent to  saying that the transit 

Many other c r i t e r i a  fo r  matching of zone sizes across 

through (4.12) cannot be satisfied.  

t h e  calculational results. 

that those rules be followed as closely as possible. 

This w i l l  not necessarily iwa l ida t e  

However t o  maintain accuracy, it is suggested 

4.3 Boundary Conditions 

Boundary conditions of Pour different types are provided a t  both the 

left  and right boundaries of the problem. They are 1) a fixed bomdary or 

reflection planeo 2 )  a fixed min imum position at the left-hand boundary or 

a fixed maximm position a t  the right-hand boundary, 3) a free surface, 

84 
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and a) an arbitrary boundary condition programed i n  subroutine m, 

To treat a type 3 boundary or a free surface, use is made of the 

vir tual  zones outside the boundary. 

in i t ia l ized  t o  zero i n  these zones and their  values are not changed during 

the problem. The application of equations (2.391, (2.401, and (2.41) a t  the 

boUndarieS then lea& t o  the correct acceleration, velocity and position 

for the free surface. 

The values of u, 4, and p are 

- 
I 

A type 4 boundary condition resul ts  i n  a call t o  subroutine B0UNI)RY 

which is generallly provided by the  user. 

used to  choose the desired boundary conditions from the above opthns for 

The indicators map and RHBT are . 
- the left zkd right hand boundaries respectively. m e  that the bomrbvy 

condition affects only the calculation of the acceleration, velocity, and 

position at the boundary i n  equations (2.39). (2.40). and (2.419. 

For a type 1 or fixed boundary. computation ’of the acceleration and 

velocity are omitted and the position is left unchanged. 

The type 2 boundary condition is a special case of a fixed boundary. 

It can be used t o  describe such probelms as the collapse 011 the center of 

a hollow sphere or a cylindrical tube, o r  the btpact of material such as 

explosive detonation products on a rigid containing w a l l  which is i n i t i a l l y  

spaced some distance from the material. 

lows. 

tested t o  see i f  it has gone beyond its “fixed” position. 

left I if x;+’ < %m, it is set t o  %rrs, and on the right, if x G  > b, 
it is set t o  b. 
priate  velocit ies are set to  zero. For a type 2 boun&ry and are 

input t o  the program as LBCON and RBCCJN respectively. 

The calculation proceeds as fox- 

Each boundary is calculated as if it were a free surface. and then 

’ p h u s 8  on the 

A t  the same tin%? that the positions are fixed the appro- 

which is used t o  inser t  appropriate parametera in the v i r tua l  zones 

c 
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outside the boundaries. By suitably prograrmaing this routine arbitrary 

boundary conditions can be employed w i t h  oso13~1f. 

type of boundakry condtiorx, a BoI[I#DRy subroutine is included which applies 

AS an example of t h i s  

a t i m e  varying load on ei thar  boundary of the form 

where uo, ul, and k are constants. If uo = 0 ,  an exponentially dtcaying 

load is applied, and i f  u1  - 0 ,  a step function load is applied. M o t e  

that  the t i m e  constant k should be input to  the code as a positive quantity. 

The constar: :.a necessary t o  use this option are input via the array LLwlATA 

(see Section 5.1). The values of uo, o l r  and k for  the left hand boundary 

are the E?=, 9th. and 10th quantit ies i n  ADDATA respectively, while the 

llth, 12th and 13th quantit ies are the sante parameters for the right hand 

boundary. The input constants LBUm and RBClON are also available for use 

w i t h  user programmed versions of XXfNDRY. 

*en an applied stress boundary condition is employed, the work done 

a t  the boundary should be added to  the t o t a l  energy when performing energy 

checks (see Section 5.3). 

distance mved by the loundary, Le., in f i n i t e  difference form, 

This work is simply the applied force times the 

where the appropriate spatial index for the vir tual  zones is used for bot? 

the Stress u and the position X. H e r e  A is the area over which the Stress 

is applied, 

A = 2 r ( a  - 1) 
# 

for cylint3rical and spherical geometries, and A = 1 for rectangular QeOmetrY. 
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4.4 MORSTOR (12nergy Depo6ition 

The subxwtine GENERAT i n i t i a l i ze s  the ten  principal storage arrays 

. associated with the problem as describad i n  the Section 4.1. muever it 

i s  often desired t o  run a problem w i t h  more than these ten basic variables. 

This is accomplished (see Section 7.1) by inputting the n b  of variables, 

m24R8 as a nrnrber greater than ten. If these extra variables require a efc11~) 

i n i t i a l  value no problem arises since the  en t i re  STOREe array is set to zero 

a t  the hginning of KBIDY, before any other ini t ia l izat ion takes place. On 

the other hand, extra variables requiring non-zero initial values need 

Special treatment. The subroutine NORSTOR is provided for ehfe poupose. 

There are many possible uses to  which these extra quantities can be put, 

so i n  general, this subroutine should be supplied by the individual user. 

One specific use for th i s  subroutine invokves initiating a calculation 

with the addition of energy a t  a constant rate for a given t i m e  duration. 

More complex subroutines which determine the energy deposition doe to  

various specific kinds of external energy sources may be programed as 

required. 

The version of MORSTOR ineluded here accepts as input a series of 

up to 100 pairs of numbers where the first of a given pair is an mlezian 

coordinate position on the ini t ia l  zone structure, and the second is the 

to t a l  enfxgy per unit  mass associated w i t h  this point. The absolute mag- 

nitude of the energies are immaterial since the routine normalizes them 

to a given t o t a l  absorbed energy fluence. 

t o  input t o  

Thus this routine can be used 

any arbitrary energy density profile des&red. 

The normalization is accomplished by taking an integral, across the 

Lagrangian grid, of the eu2ve defined by the arbitrary input profile. 

*is resul ts  i n  a quantity w i t h  dimensions of energy per unit  area. The 
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input values fo r  energy density are then scaled so that this integral 

88 

equals an input quantity, =OR. * (If ENOR is set t o  zero, the normaliur- 

t h n  is bypassed and the energy densities are used exactly as input.) 

t o t a l  deposited energy densities for each.zone are then l inearly inter- 

polated or extrapolated from these normalized values and stored a8 the 

The 

array MTB (11  which i s  i n  turn overlaid with the main STORE array (see 

Section 6.23. 

tha t  might exist between individual plates, care n u s t  be taken t o  insure 

that the position of the points representing the energy &nsity profile 

are actually located within the material i n  the problem. 

least two paints should be provided for  each material layer, even thaugh 

Since d i f f icu l t ies  might arise i f  energy appears in  gaps 

In addition, a t  

the layer may have no energy deposited i n  it. 

The energy is deposited a t  a constant rate for  a total t h e  T-s 

a f t e r  this time no further energy is added. The actual energy addition 2s 

accomplished i n  the equation of state subroutine (note that only STlW1, 

STAT4, and STAT6 contain this option). A series of statements at the 

beginning of the subroutine calculate, a t  the  beginning of a cycle, ehe 

fraction of the t o t a l  energy, DEP, deposited i n  that cycle via 

Then the enerw added to  a particular zone i n  that cycle, AQj-1/2, is the 

product of DE3? and DATB(1) for  that zone. The value is then added to the 

* 
As w i t h  the rest of the code, this subroutine can be used with any consis- 
t e n t  set of units. To conform with conventional usage, it is often desir- 
able to employ units which do not m e e t  this criterion. The constant E m ,  
defined on record number MOB 22, is provided for this purpose. 
ECON appropriately w i l l  allow ENOR t o  appear in any units desired. 

Adjusting 

c 
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appropriate total energies so that the energy checks can be correctly par- 

formed {see Section 5.3). 

chancred !e.g. non-constant rate) these statements i n  the equation of state 

If the way i n  which the energy is to be added is 
- 
- subroutine must be appropriately altered. 

To best approximate the  generally continuous energy deposition phew 

xaena, it is important t o  keep the amount of energy added on any given t h e  

cycle saaall. 

p ~ s e ,  A t  is constrained to be no larger than one hundredtsl of the 

deposition t i m e  mm8 while deposition is occurring. Also, to preserve 

accuTacyI it is suggested khat the rezone time (see Sectian 6.1) always 

be set greater than TDEp. 

Since the t i n r e  step for s t ab i l i t y  may be too lar- for this 

4.5 Activity Test 

In  many problems the mnotion i n i t i a t e s  at or near the left-hand *boundary- 

For a significant portion of the ca lb~~la t ion ,  a large nuder of zolzcs ray 

be inactive. 

ated. The computation is 

performed normally from j = 1 t o  j = LACT. If the value of u in the last 

zone to  be colaputed, i.e.8 j = frAcp# is less than a quantity SI- which 

is also an input variable, the computation is interrupted and advanced t o  

the next t i m e  cycle. 

advanced by one and the computation is advanced normally- 

In order to save computer t i m e ,  an activity testis incorpor- 

A quantity LACT is provided i n  the input. 

However, i f  Q is greater than SI-, then IACT fs 

Thus8 zones are activated as needed as a pulse prqpagates fram left  

The value of LAC~P should be specified i n  the input t o  be greater t o  right. 

than any zone number a t  which motion is expected &n the first few cycles. 

TO give an example of its use, consider a plate impact problem i n  which 

the first layer has a positive velocity, while the second layer has a zero 
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velocity. Then 

zone number byf aay 5. 

-d given an integer value greater than the  in-erface 

As the shock in i t ia ted  at  the interface moves t o  

the  r ight  inta the second layer, zones are prograssively activated just 

ahead of &e shock. 

N o t e  t h a t  zones are activated from left t o  right. Under no circapl- 

stances axIst WCP be less than jm unless it is absolutely certain that 

no disturbances originate i n  the non-active region. !Phe value of SIGAcf 

should be a l i t t le greater than possible roundoff or spurious oscillations. 

Since the rezoning scheme employed i n  MINDY N can very effectively 

reduce the number of zones being used i n  inactive regions of the problm, 

it is important t o  use the ac t iv i ty  test mainly when the REU~LOB routine 

is bypassed. the input, thc code Accordingly, if LACP is left blank 

defaults it to  jMM. 



V amtaina a aeui-free form for input in the semse titat 8- 

the ind iv idua l  i n p t  records are numbered, their ordar in  the inprrt file &s 

imaterial. I n  addi t ion,  a great number of inputqrPUrtiti86 are chfrraltsd 

to  "8tandard" values  if they are left blank. 

are given i n  detail i n  Appendix E. Host input  qUantitie8 for which the 

meaning and use are not obvious have beem discuraed i n  earlier sections 

Specific inpat irUtrwtbn8 

of this report. 

described i n  Chapter 3.) 

addi t iona l  cosI*Bnt . 

(For example, a l l  the equation of state parameters are 

Huwever there are a feu poin ts  which & ~ O q U i r C  

One method for s t a r t i n g  a ca l cu la t ion  involves using the RESTART 

feature. 

binary tape on l og ica l  u n i t  20 from which a ca lcu la t ion  can be r e i n i t i a t e d .  

To perform a normal restart the previous ly  prepared dunp tape! 20 should be 

The second output opt ion described i n  Section 5.2 w r i t e s  a 

equipped to uni t  25. W i t h  t he  exception of the varizbles  JTAPE and N S "  

the input remains the same as w i t h  the o r i g i n a l  run. A non-zera value for 

NSTART indicates that tho current ca lcu la t ion  is a restart runr The value 



Possible values for  #START and JTAPt are obtained from the dtmp message 

printed by the original run for any cycle OR which a binary dump is per- 

fOrIWd. .i 

Under cer ta in  conditions it is possible t o  change the problem slightly 

when restarting. To give an example of haw t h i s  may be &me, connidex a 

plate impact problem i n  which the f i r a t  material layer has a poeitive ini- 

t i a l  velocity while the second plate  has a zero velocity. The problem is 

run t o  a stage where the shock wave originating a t  the  impact interface 

has not yet  reached the  right-hand boundary of the second material. A t  

t h i s  stage a number of zones adjacent t o  t h i s  right-hand boundary have not 

yet undergone any motion and are uncompressed. 

t h i s  stage and the problem is restarted, it is possible to add more or 

change material layers beyond the original right-hand boundary of the 

second material by suitably al ter ing the input data. 

If a dump is performed a t  

This feature is par- 

t icular ly  useful when a parametric study is involved i n  which, say, a 

t h i r d  material layer is t o  be added and the effects of' the thickness or 

composition of t h i s  layer are t o  be investigated. Ik is unnecessary t o  

rerun t h e  unchanged first part of the problem. Very great care is neces- 

sary t o  insure tha t  changes are made only i n  os beyond undisturbed material 

layers. 

already undergone motion or compression. 

Under no circumstances may changes be made in plates that have 

It is also possible to  use the restart feature t o  introduce complex 

i n i t i a l  conditions not provided for in this version of the code. 

tape map be prepared by a suitable program, writ ten for t h e  purpose. to 

in i t i a l i ze  the variables contained i n  the STORE array and i n  the other 

arrays on the dump tape. 

A binary 

The necessary sequence and fonmat for the variables 
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can be deterdned by exaadning the  output statements contained in 8ubroutine 

MJMP. G r e a t  care amst be exercised t o  insure that the data contained on the 

I 

. tape are fu l ly  compatible with the input data as w e l l  as w i t h  the sqaatiems 

of state that are being used. If these values are not campletely aapatible, 
* 

to ta l ly  false results w i l l  l ike ly  resul t .  

One additional input quantity, the  array ADDATA, has been provided to 

communicate with the user-progranmed portions of the e such as the output 

routines or the BOUNDRY subroutine. Up t o  100 words can be placed i n  this 

normally vacant array. 

via the input is also an i n p t  quantity, thus variables am eas i ly  be placed 

The position of quantit ies t o  be read i n t o  ADDATA 

i= any location within t h i s  array. 

5.2 O U t P U t  

WoWDp V contains four basic output routines, each of w h i c h  has its own 

general purpose. Their use is based on real problem time and controlled 

independently by a series of times (Si i n  the input) and t h e  increments 

( A i  i n  the input). A given output option is f i r s t  called at  tire SI8 with 

subsequent calls a t  intervals of A 1  u n t i l  t i m e  S2. 

use6 between times S2 and S3 and so forth. 

Time intervals  of A2 are 

Setting A 1  - 0 calls the appro- 

pr ia te  output every cycle between times si and Si+l. Leaving out a l l  the  

output t i m e  parameters resu l t s  i n  a given output routine being bypassed for 

the en t i r e  run. 

time has the same effect. 

Setting 31 t o  some value greater than the problem run 

The first output option, the standard edit, lists t en  variables for . 
all act ive zones at the  appropriate times and a sumpnary of the ctmrent 

momentum and energy sums and errors. The edit c0n.tains the zone number L8 
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n 
)%1/2. 

specifies i n  the input stream, 8.cord. 21 and 22. 

is located i n  the rain program. 

on f i l e  TAplczl rather than being printed directly. 

Tbe, latter mix ury be replaced by other variables i f  tlad user eo 

The coding folc this edit 

pbr this output option the data i s  written 

In normal  us8 this file 

is squivalenced t o  the standard output medium, but i f  largc -ts of out- 

put are required this equivalencing can be omitted and the  data can thus be 

stored direct ly  on magnetic tape. 

Norrally the first of these standard edits will he given at the appro- 

pr ia te  Si; hawever, if it is d e s i r e d t o  check the i n i t i a l  conditions or 

zoning, the  input parameter No& can be set to a non-zero value. .lWs w i l l  

i n i t i a t e  a standard edit before any calculations have taken place. mote 

that  s e t t i ng  SI t o  zero yields a cycle one edit rather than a cycle zero 

edit. This “zero cycle” or i n i t i a l  edit is given autopatscallp on a re- 

s t a r t  calculation. 

problem w i l l  be given if the parameter NUL is set to  a non-zero value. 

This value of MIJL causes WOlloDY to  terminate NUL seconds before a l lo t ted  

computer t i m e  d.8 reached t o  allow for subsequent operations, such as 

plotting, etc. Just pr ior  to  the  f ina l  edit, a message containing the 

average r a t e  of computation is printed (zone cycles/hour). 

The e a t  of the  l a s t  cycle before terrinatfon of t he  

The second output- option is the binary dump and is located i n  sub- 

routine wMpO This option is employed whenever a restart calculation is 

desired- This could resu l t  from long calculations requiring exaaination 

a t  intermediate stages or parameter variation studies such as described 

above. 

on fife TAPE2O. In adation, a mssage is pr in ted  on -&he stam3ard outF*Zt 

giving the t h e ,  cycle number an3 ntl;nbei of material Lx?-ers w s f t t e r .  on the 

file. 

f;br cycles meeting the appropriate time cr i te r ia  the &rmp is written 

The latter t w o  gzzztfties will bs neeaed to pe-fcm t k e  ns?~zt- 



The remaining two output optionm UQ contained in smbrcmtines oolr 

an6 - r ( l~~t:  

output which ray be required, these tarttines are generally supplied lrJr the 

individual u8ers. 

with these routines. 

since it is difficult to anticipate tha varicms of rpacial 

- 
H&e th8t the array ADDATA can be used to -rate . 

For cycles -tin9 the appropriate time criteria each routine is 

called at the end of the cycle and thu8 ha8 acces8 to all uxI1L1. miable8 

stored in the main -RE array. 

tapes for subsequent calculation or plotting, or to calculate derived 

The8e routines can be used to w e  

quantities such as momenta or non-normal stresses not carried in ehe SHlRE 

array. For example, the three principal stresses 

n+l 
Qx = Qj-l/2 , 

n+l n+l 
Qy = QJ-1/2 + 05-112 , 

can easily be calculated end printed with either of the ttco routines (here 

all stresses are taken positive in compression). 

The version of ofEl# included here will output the principal zonal m i -  

ables for the zones on either side of the material intdaces specified by 

ADDATA(1) "through ADDATA(7). 

to be interface number 1. 

named TAPE23 suitable €or subsequent plotting. 

ten include all positions xj ,  velocities uj, densities pj-1/2, streases 

Note that the left hand boundary is considered 

The subroutine OUTPL listed here prepares a file 

The default variables Writ- 

I Oj-l/aS .and internal energies &j-1/2, as well as the cument fracture 
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status. 

plot. 

Thus this fi le contains adequate data for  virtually any desired 

hould the user want to plo t  other vaxiables, provision has been made 

in the input instructions t o  select other variables. 

5.3 Error Checks 
- 

A number of features are included which permit checking for er rors  or 

t o  speed up the computation, and i n  some cases8 t o  h a l t  the CalcuXation if  

errors become serious. These are described below. 

Energy and Momentum Checks -- The mass M i n  a zone can be related t o  E 

(2.43) by 

where 

k ' = l  , f o r a = l  8 

4 
k '  s- 3 x 8  f o r ~ = 3  . 

Note that m is not the mass in a zone except i n  the rectangular case u = 1. 

The mmnt:um* i n  a zone may be written in f i n i t e  difference form, within the 

factor k @ , as 

*On occasion, the user mzy w a n t  to calculate the specific momentanu, or impalse 
(mmentaun/unit area), $8 in one or more zones. me calculation is as follows: 

- where E = Ixg + xr)/2 , u = (UQ + ur)/2, and the subscripts R and r refer LO 
the left and right boundaries of the zone being considered. 
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- 
=.e k i n e t i c  energy i n  a zone is given within the factor kso 8s 

(5.3) 

w h i l e  the internal  energy in a zone is given, within-the fa- ks, as 

n+1/2 1 X i + l  -- 
(5.5) 

Tbese quantities (5.31, (5-4). and (5 .5 )  are amputed at each ztme 

and cycle and could be called out via one of the special output raathes, 

if desired. 

zones are also occasionally of interest .  

Various sums of these quantit ies over specified mmb@rs of 

It is possible t o  check w h e t h e r  mmentara and ener conserved 

during the calculation- In particular,  for  the momentum, 

jmax 

jP2 

n+1/2 
k8 C = constant . 

This sum is computed in i t i a l ly  fram the input data (-1. 

quently computed on each cycle (ET) . 
conserved by t es t ing  U 

It is sabse- 

A test is made t o  see if nmmentUIn is 

where FDMAX is the allowable relat ive momentum error and is specified as 

an input variable. 

terminat&, an error message is printed, and standard printed output 2s 

If this relative error is exceeded, the computation is 



initiated. 

10100 ks used to Meat this test. 

If no va-ua is iuaerted for flllEg8 read as zero, a value of 

If the init ial  conditions are such that the i n i t i a lmntnm Rrcm is 

zero, the calculation of the relative momentum error is bypassed and it 

is set to  zero. 

type of problem. Note also that i f  a problem involves boundary amditions 

other than free surfaces, the appropriate mcmentumtrarmfer and ref&etion 

is not taken in to  account, thus the default option for  ECmX shcmld be used 

for this class of problem. 

Oonsequently this test: is effectively bypassed for this 

The energy balance is more difficult since energy ray be ad&d by 

energy sources [AQj-l/2 i n  (2.4611 as well as 

by an applied load ( i n  subroutine KXJNDRY). 

energy over a l l  zones is 

work done on krmidaries 

The sua of kinetic a d  internal 

T h i s  sum is computed i n i t i a l l y  from the input data (EPOT). f t  1s stibse- 

quently computed on each cycle (EX!). In addition, if energy sources 

exist, these must be computed and stored i n  one of the addit&onal storage 

arrays available in STORE. 

each cycle mst be summed over a l l  the zones and the result stored in 

The energy added by these energy sources i n  

SaMQE. 

If a load is applied to either the left-hand or  right-hand boundary8 the 

work done i n  each cycle must be computed and storeb i n  RL or VEt for the 

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

be done-in the Bc'luNDRp subroutine (see Section 4.3). 

This calculation can be done i n  the equation of state subroatfne. 

Thus the reference 

. 
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mer= E!Wl! a u s t  be updated each cycle by 

A check is then made to  determine if the energy is conmmmd b.Y test- " 

ing if 

(5.10) 

where EMAI( ia the allowable relative energy error and is specified LIS an 

input variable. 

terminated, an error message is printed and a standard printed output is 

init iated.  

of EMAIt, a cautionary message is printed. 

If this re la t ive  error  is exceeded, the colpatation is 

In addition, if the relat ive energy error exceeds 10 per cent 

If no value is inserted for 

EMAX, the code defaults it to 1.0 or 100 percent. Tha  to  defeat this 

check a large value, say 10100, must be actually input .to the prograr. 

The total energy, kinetic energy, internal energy, &nd momentura 

sunned over a l l  zones are printed in the standard printed outpuk, as are 

the zelative energy error and relative mmnentum error. 

Occasionally when complex energy souzces or boundary loads are used 

for experimental runs, it is cwnvenient t o  omit calculation of SUMQE, WL, 

and WR. 

are very valuable i n  halting the computation if an error occurs and should 

generally be used. 

Bowever, for normal cakmlations the energy and momentum checks 

. Overflow T e s t  -- =en ins t ab i l i t i e s  occur, oscil lations usually grow 

exponentially w i t h  time until. overflow occurs i n  the computer. 

problem is t e d n a t e d  due t o  overflow, an abnormal exit occurs and no diag- 

nostics are possible. 

If the 

For this reason an overflow test: is incorporated. 
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If the stress u in any zone exceeds a mudma value u r n ,  an input 

waridble, the amputation is terminated and a standard printed aatput is 

Anitistea tmgethez with an error ressage 
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60 -1NG 

The rezoning fecitares of ORlQDY V both improve the resolution am3 gener= 

a l ly  shorten the caput.r. tiam used for  a @wen problem by farrerting fiaqr 

toning i n  region6 where compression or release waves exist and rslotring 

unnecessarily f ine zoning i n  regions where there is no diecernible shock or 

release activity. chapter 7 contains a description of tne storage arrange- 

ment necessitated by the use of rezoning. 

6.1 Razone Criteria 

The rezone criteria locate those active regions of a problem where 

f iner  zoning is needed for better resolution and conversely the inactive 

regions where a coarser zoning can be used to  minimize the number of cal- 

culations w h i l e  preserving adequate resolution. Th- rezone criteria are 

applied i n  subroutine MOTION for every zone-cycle calcnlatian. 

A c t i v e  regions are i n  general characterized by relatively large zone 

to zone stress variations. 

aclive regions by searching fo r  high stress variations and then subdivides 

zones to  reduce the variation t o  within some specified l i m i t .  

active, high stress variation region would be defined w i t h  m y  s m a l l  zones 

This suggests a rezone criterion that 1ocatc.s 

Thus an 

t o  keep the zone t o  zone stress variations within these lWts. amversely, 

inactive, l o w  stress variation regions w i l l  require fewer zmes t o  hold the 

zone t o  zone stress variations w i t h i n  bunds. The "ideal" mesh for a given 

problem then would be that which resolves the problem w i t h  the smallest 

number of zones whose stress Variations are within these 

This concept is implemented in KmmY v for  an arbitrary zone AtlBber j 

as follows (note that actual tests on zone j take place after zone j+l has 

been processed). -sed upon aj ,  the stress i n  zone j, the maximm 
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allowable 6tre86 variation, u l h ,  i a  calculated as 

where RSClkP, RZm, and RZCl are input variables. 

able8 is given for each plate i n  the problua. 

stress resolutian u l h  ad a fraction, mm, of the local strecrs uj, w i t h  

One set of tbscra vari; 

&patian (6.1) defines the 

an absolute fixed lower list, RSCXIT. This crriterion is designed to yie ld  

a lirait ing stress which w i l l  resul t  i n  nearly the same relative resolution 

as the local stress increases, and yet  w i l l  prevent the remluticm from 

becoming infinitesimally f ine  as u j  approaches zero. 

Consistently good results have been obtained w i t h  values of R S m  in 

the neighborhood of loo4 x pot$ although greater computer time saOfPQS, 

a t  the expense of resolution, can be realized by using larger values for  

RSCRIT. 

i n  determining a suitable value for RSCRIT. 

(6.1) provides a means of calculating “1- as a fraction of the local 

stress relative t o  some stress level other than zero. 

t i cu la r ly  useful i n  t rea t ing  materials whose ambient stress is non-zero, 

such as perfect gases. 

In complicated problems, a short t r ia l  run w i l l  be fcnmd valuable 

The variable RZCl in equation 

This offset is par- 

Once the maximum stress variation, a l h ,  has been determined by (6-11, 

the actual stress variations la j - CJ j-1 I and IQ j - Q j+l I are calculated 

and compared w i t h  u l h .  

u l h ,  zone j is t o  be divided. 

ations are less than 0.66 a l h ,  then zone j is flagged as being “combhable.” 

The inclusion of the factor 0.66 prevents combining t o  create a new zone 

whose stress variations ore large enough to cause redivision on the next 

If either of these actual variations is greater than 

If ,  on the other hand, both of these vari- 
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cycle. When tu0 adjacent zones are ammbinabler' they are cawhind 

(aabject to further restrictioas &tailed i n  Sectitm 6-3). 

In same applications where stratso gradients are changing rapidly due 

t o  energy addition, e.g. problems involving high explosivum or amtrgy de- 

positionr equation (6.1) may not divide cones quickly enough t o  rchiaos 

the W i r e d  resolution- In such instances the problem can be avoided by 

s e t t i n g  up a f ine  i n t i a l  zoning and delaying rezoning in thc paz?Acular 

plates involwed u n t i l  the energy addition is completed. An ad\lltiorral 

input parameter, RZT~ME, ~pecifies the earliest tirs a t  Vhich mZ0B;uLILQ a n  

take place i n  a given plate- 

addition takes place is s m a Z l  relativc t o  the total problem tire, this 

Since in general the tirt dolting uiiich energy 

delayed rezoning has no appreciable effect on the computational efficiency. 

Setting RZTIME t o  a value greater than the totalpsobl= time can be used 

to completely avoid rezoning in a given plate. 

The &sic stress warAation cr i ter ion is compleme!nted i n  WCMDY V by an 

implicit ntle that no zone can be pore than twice as large as either of its 

adjacent zones- Thus whenewer a zone is lore than twice as large as eftzler 

neighbor, it is divided, even though its stress variations M y  be w e l l  

within the l i m i t ,  uum, of equatimF(8.1). %e effect of this is that 

whenever a zone becomes divided because of its stress variations, as when 

a disturbance mves fneo that zone, this -2:l de' causes sevez~l zorles i n  

front of the disturbance to be divided, insuring that the disturbance w i l l  

always be sowing in to  regions which have already been prebi~ided. Con- 

versely two zones cannot k combined if the resultant zone would be Bore 

than twice as hrge as either adjacent neighbor. 

combining too quickly behind a disturbance. 

This prevents zones from 
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The 01- and 2tl m l e r  of the previoru section date- tbars 

tht are to be divided. 

the divide' process, then in the region of a rrhock the rezone 8chamm vpald 

If there were no further restsicizfaru impom& upon 

keep dividing and redividing in M attempt to resolve the discmthmity. 

A simple means of limiting the divide process involves rgcffging a lauer 

limit on the size of zones which can be divided. The plate input Variablt, 

DXMIM, provides this necessazy lipit.* 

When it has been determined that a zone is to be divided8 prograu 

control is passed to subroutine REZONE, where the actual zone division is 

performed, and the physical properties of the newly created zoms are 

determined. 

A zone j is divided by inserting a -8h point which divides j h t o  

two equally massed zones. r and a. The densities pa and P r  of the new 

zones are set -1to pj'  The position + of zone r is sek -1 to xj. 

Clearly the positon xg of the new mesh point must be such that it divides 

zone j into two equal volumes. Ler, 

The DXMIW l h i t a t i ~ n  does not affect the in i t ia l  zoning where zones much 
fi-ier than DXMIN may be desired in certain applications, e r g e  energy 
deposition. 

* 

. 
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. 
where a is the geometry coefficient. 

t The 4 x p r e s i r ~ ~  for the momentum and kinetic energy of j are given 

and 

respectively. 

and 

one obtains 

and 

It is easily shown that by setting 

u r " 3  , 

that is, for these measpres, both xmentum an6 kinetic energy are conserved 

in the divide process. 

The remaining Z O M ~  variables, sound speed, viscosity, internal energy 

density, stress-like quantities, and any additional variables are set to 

their values in zone j for both zones R and r. 
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6.3 Carbining %nes 

When two adjacent zonesr j and j-1, are found to  satisfy *e ff- 

cr i ter ion for CarabinnbiU~ (Section 6 0 l ) r  they are conrridered faE aar- 

bining, sribjcct t o  several additional restrictions imposed by "physical 
t 

acceptability" and the need t o  prevent the introduction of any apprechble 

distortion in to  the solution. 

bining of tones lying i n  different materials, Le. a materjdtl interface 

l ies between them as w e l l  as zones w i t h  a fracture or void between them 

"Physical acceptability" prohibits the COR- 

Because a fracture which has rejoined remains, i n  general, a weak point 

i n  the  material, zones w i t h  a rejoined fracture between them are not oar 

bined ;in order t o  preserve this property. 

In  problems i n  which a material melts or vaporizes the absence of 

significant stress gradients can allow the combining of zones in W f e r e n t  

phases and thus obscure many real physical effects. A convenient means 

of preventing this involves limiting the combining of zones t o  zones of 

very nearly the same densities. 

j-1 can take place only i f  

I n  WONDY V the combining of zones j ana 

I 
where RCCOMB is a plate input par-ter preferably 0.1 or less. 

s i t y  limitation on combine also preserves the resolution of other phenonem 

which manifest themselves i n  density gradients rather than stress gradients, 

e.g. the contact discontinuities produced by shock c o l l i s i o n s ~  

Finally the zones j and j-1 w i l l  not: 3e combined i f  the s ize  of the 

"his den- 

resultant zone would exceed DXMAX, another p la te  input  variable. 

limits the maximal s ize  zone t h a t  can occur i n  a given plate, and COnVerSelY 

This 
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insures that the plate will always have at least some m h - 1  n-r of 

zones in it. 

When two adjacent zones have satisfied the tests above, program control 

is transferred to subroutine 

formed, and the physical properties of the new zone are determined. 

where the actual Combination is per- 

Zones j and j-1 are combined to create a new zone c by removing the 

mesh point, j-1, lying between them, where xc = 3 and xg = 9-2- The 

j-2 j-1 j+k j-3 

R C 

mass8 % 8  of the newly created zone is set equal to 

density, Pc8 becomes 

+ 9-1, and the 

F c  = 8 

for a = 1, 

for a = 2, ( 6 . 7 )  



where a is the geoaLetry coefficient. If v, I V j -  , and v, are the volumes 

of zones j ,  j-1, and c respectively, given by m/p with appropriate sub- 

scripts, then pC can be alternately expressed as 

Internal energy is conserved by se t t ing  

In order t o  exactly conserve momentum and kinetic energy small adjust- 

menrs ikij-,: be made t o  u t  = uj-2 and uc = uj. 

and uc are determined from solutions of the  simultaneous equations 

The adjusted velocit ies ug 

and 

+ Kw1 uc + -1- ug I 

where 
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and 

Equations (6.10) and (6.11) express conservation of momentum and kinet ic  

energy respectively. The equations (6.10) and (6.11) w i l l  give two sets of 

solutions, (%, ug) and (4, - 4 1 8  both real or  both complex. 

solutions are complex then only the real part is used, whkh conserves mom- 

entum exactly and minimizes the  kinetic energy error. 

real, then the solution “closest“ t o  the original sj and 3 - 2  is chosen, 

i.e., i f  

If the  

If both solutions are 

‘uc - u.12 + ‘ug - uj-2) 2 < (u; - u.12 + (Ui - 2 
3 3 8 

then (uc8 ug) is chosen, otherwise (u;, u i )  is chosen. 

By combining equation (3.9) with (2.71, the equation of state can be 

made t o  take the form 

p = fl(p) + r p 8  . (6.12) 

* Because the combine criteria restrict p, and p j - 1  to being nearly equal, 

it can be assumed tha t ,  between p j  and pj -1 ,  f l ( p )  is locally l inear and 

r i s  constant. Letting JI represent any l i n e a r  function of p ,  from the 

properties of l inear i ty  and equation (6.8) 
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(6.13) 

I Because the  assumption of "local" l inear i ty  with respect to p is 

It is  easily shown, using equations (6.8) and (6.91, that & satisfies 

the  relation (6.1318 i .eO8 

Applying equations (6.13) and (6.14) t o  equation (6.12). w i t h  the ass- 

t i o n s  of f l ( p )  "locally" l inear and r "locally" constant, yields for ehe 

pressure of the  combined zone, 

t ha t  is p as given by (6.12) can be interpolated using (6.13)- 

reasonable i n  the inactive regions where combining occurs# equation (6.13) 

is used t o  interpolate a l l  remaining zonal variables including a l l  stress 

components, sound speed, a r t i f i c i a l  viscosity and any additionai variables 

being used when WAR > 10 (see Section 7 . 2 ) .  

t 18 
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7.1 The Main STORE Array - 
Wt4DY V carries a l l  zonal variables i n  one large singly subscripted 

z array n-d STORE. This method has several advantages over IOCO con- 

ventional techniques. First, a l l  the needed information can8 before any 

rezoning takes place, be “close-packed” within the array. This allows it 

f a i r l y  simple method for changing the computer core arrangement of the 

code, i.e., changing the dimensioned s i ze  of the STORE array (along w i t h  

the  paral le l  arrays PFRACT, QFrusCT, NEXT and DUM) permits the adjustaent 

of the  code to  fit: vir tual ly  any available core size. 

maximum nutcber of zones that  can be used i n  the code depends on the size 

cif so.;iTse, t he  

of t h i s  array. In fact the total  number of zones m u s t  be such tha t  

rounded to  the next lower in teger .  H e r e  DIM is the  dimensioned s ize  of 

t h e  STORE array and hVziR is the  n-r of variables t o  be used. I n  addi- 

t ion,  w i t h  the scheme outlined below, most of the  calculations can be 

carried out using unsubscripted variables, resulting i n  a considerable 

saving i n  computer time. 

Before any rezoning takes place the STORE array consists of 5locks of 

variables WAR quantit ies long, the  first block containing a l l  the variables 

associated w i t h  zone 1, t h e  second block containing a l l  the variables for 

zone 2 ,  and so forth. The order of t h e  Variables within these blocks is 

given by the appropriate “parameter index,” i, as indicated in the  accom- 

Fanyincj table. Thus i ranges from 1 t o  W A R  where €or most probletcs 

111 



Parameter Report Fortran 
Index -1 s-1 Definition 

1 +1/2 C sound spees 

2 

3 

4 

5 

+1/2 E internal energy 

9-1 /2  M -  mass 

P pressure 

Q 

R 

artificial viscosity 

density 

S normal stress 

U particle ve loc i ty  

9 

10 

X pos i t ion  

z difference i n  principal  
stresses 

11 DATB(1) total energy deposited 
i n  zone j (Section 4.4) 

12 

13 

K? 
3 DATB( 2) integral  damage 

(Section 3.6) 

D A W (  3 )  pPastic work i n  STAT1 
(Section 3.1.2) 

13-20 various pzrameters 
- associated w i t h  STAT4 

PATB(10) (Section 3.4) 

112 



II 

c 

NVAR w i l l  be 10s cases for which NVAR is greater than 10 are explained in 

Section 7.3. Therefore using the difference scheme given in Section 2.4, 

and before any rezoning takes place, the first variable i n  the STORE array 

is the sound speed fo r  the v i r tua l  zone outside the left-hand boundary. 

Similarly an applied stress on the left-hand boundary would be placed i n  

STORE(7); the  position of the left boundary is sTORE(9); and assuming 

NVAR = 1 0 ,  the sound speed of the  f i r s t  real mass element or second zone 

is stored as STORE(11). 

In  order to maintain t h i s  sequential storage, it would be necessary 

to completely rearrange the STORE array every time a zone boundary is added 

or removed with a rezoning operation. To avoid t h i s  t i m e  consuming process, 

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

values i n  NEXT indicate block numbers i n  the STORE array where the ?!WAR I 

quantities fo r  a given zone can be found. Specifically, the Val= of NEXT 

for a given zone j is the block number within STORE for the  variables asso- 

* ciated with zone j + 1. Thus when a zone boundary'is eliminated by t he  

REZONE routine the values i n  NEXT are a l tered so t ha t  on the next pass 

through the problem m e s h  the  appropriate block i n  STORE is bypassed- 

Similarly, when a zone 'boundary is added, the variables fo r  the newly 

created zone are placed i n  the f i r s t  empty block i n  the STORE array and 

NEXT is adjusted accordingly. More specific details on how t h i s  is accom- 

plished as w e l l  as the  interrelationship between the STORE and NEXT arrays 

can be found i n  Reference 27. 

With t h i s  preliminary discussion s o m e  specific examples can now be 

A general. variable Y [ i ]  , w i t h  parameter index i, for jth zone given. 

NEXT is a link list for blocks i n  t h e  STORE array linking the Storage 
block for a given zone to t ha t  of the next  zone in sequence. 

* 
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and nth t b e  step, can be found i n  the STORE array a t  

variable is needed. 

t o  use the array NOMESH which contains the updated number of zones i n  each 

me most straightforward way t o  accomplish this is 

, 

Jj = ( J N j  - 1) WAR 8 

and JN is obtained from the  recursion relat ion 

JNj = NEXT ( J N j - 1 )  8 

where 

J N 1 = 1  . 

(7.3) 

(7.4) 

(7 .5 )  

Note tha t  here and i n  the following, J always refers t o  a specific location 

within the STORE: array, where JN refers  t o  a block number within STORE and 

is obtained from the NEXT array. 

for  the j t h  zone is  desired, ( 7 . 2 )  is written as 

As an explicit example, i f  the stress 

Q?-1/2 = STORZ (Jj + 7 )  I 

w i t h  Jj obtained from (7.3) through ( 7 . 5 ) .  

Since rezoning adds and removes zone boundaries, a given zone number 

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

lation. 

the appropriate numerical value fo r  j must be recomputed for each cycle the  

Thus t o  retrieve a specific variable for  a specific mass element 

plate  i n  order. 

is unnecessary. 

Note that  i f  rezoning is completely bypassed, this process 



~ -~~~ 

To c lar i fy  the use of equations (7.2) through (7 .5 )  a few specific 

Consider again the problem of retriev- FORTRAN examples w i l l  now be given. 

ing the  general variable Y [i I ?  for a given zone j on the tu cycle n. 

generic se-nt of a FORTRAN routine which w i l l  accomplish this is: 

- A 
3 

w 

1 Calculate j I say from NOMESH (PLATE) 1 

JN = 1 

DO 10 L =  1, LACJ! 

IF (L - j) l o ,  20, 10  

10 J N =  NEXT (JN) 

GO TO 30 

20 J = CJN - 1) NVAR 

~[i]!j = STORE (J + i) 

[Output or further process Y[ilFl 3 

30 CONTINUE 

Here LACY is the current number of the last active zor-e. The statement 

after lo, GO TO 368 is reached only i f  the desired zone, j, has not yet  

become active. 

A more comon situation involves the output of one or more variables for 

all active zones i n  the problem mesh. 

accomplish this : 

As bezore, i is the parameter index of the desired variable. 

The following program segment w i l l  

ZN = 1 

DO 10 L = 1, LA= 

0 J = (JN - 1) * hVAR 

f f.5 



Y [ i ] E  = SPORE (J + i) 

[Retrieve other I [i J 8 place \Y ti12 
i n  new array with subscript L8 or 

further process Y t i ]  21 
10 JN = NEXT (JN) 

As was izientioned earlier, nost calculations using these stored vari- 

ables employ unsubscripted counterparts according t o  the  following scheme. 

For the  zone-cycle calculation a t  t i m e  n + 1 and spa t ia l  position j, the 

general variable Y has the following forms: 

Y = '3 I 

'PA = Yy+l I 

and 

Mote tha t  A and B refer to "ahead" and "%ehind" i n  space, where N refers  

t o  "new" i n  time. 

the examples given above and is located i n  subroutin JLOOP. A t  the be- 

ginning of the zone-cycle calculation fer t i m e  n + l and zone j the following 

transfers are made: 

The logic for  performing these transfers is similar to  

JNA = NEXT (JN) 

JA = (JNA - 1) * W A R  

I 
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men these transfers are made, J #  in?, y 8  PA, and Y N  are available fram the 

previous zone-cycle at n + 1 and j - 1. At the end of the zone-cycle cal- 

culation, the new variables for n + l and j have been computed and placed 

in VN. 

and JW are updated with 

They are then transferred to the STORE array and the parameters J 
.+-- 

STORE (J + i) = PN , i 1, WAR 

JN = JNA 

Here again, i is the parameter index of 1. Thus for each of the NQhR 

variables only two references to the STORE array are made for ea,&% zone- 

cycle; all other computations and transfers are made with their unsubscripted 

counterparts. 

7 .2  The Preprocessor 

The current version of WONDY V contains storage allocations far 20 

materials/plates and NVAR * No. Zones = 19851, which nearly fills the small 

core memory of a (DC 7600. If smaller storage limits are desired for econ- 

omy purposes0 or required for computers with smaller m e m o r y ,  a preprocessor 

may be accessed to operate on the main storage arrays to the user's specifi- 

cations. 

D 

The preprocessor reads input data that specify the total nmber 
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of zones i n  the  problem, the number of Variables desired, and the number of 

of plates/materials t o  be used. The preprocessor writes update instructions 

that  are read during t h e  subsequent attachment of the MINDY 0 code. 

altered WONDY V code is then compiled and run w i t h  the normal input informa- 

The 

t ion  (that must8 of course, be compatible with the original preprocessor 

s i z e  request) . 
It should be noted tha t  the  use of t he  preprocessor does not influence 

the overall  opsrational efficiency of the code, but sintply r m v e s  excess 

storage from the code. U s e  of the rezone capabili ty may require t h a t  allow 

ance should be made for an increased nu&mr of zones due t o  zone division. 

7.3 Additional V a r i a b l e s  

A s  w a s  suggested i n  t h e  previous section, mNDY V carries an adjust- 

able number of variables, where the input quantity WAR is that nrnrber. 

NVAR must be a t  least 10 for any calculation, but i f  the requirement e x i s t s  

it can be made as large as 110. 

w i t h  the  10 basic variables i n  the STORE array and are transferred within 

The extra variables are stored sequentially 

a given zone-cycle calculation via the array DATB(k1 w h e r e  k = i - 10, and 

i is t h e  appropriate parameter index. If, for example, one extra variable 

is t o  be used, NVAR is set t o  11. mis extra variable for zone 1 (left- 

hand v i r tua l  zone) is then  stored in STORE (11). and before rezoning takes 

place, its value €or zone 2 ( t h e  first real mass element1 is placed i n  

STORE (221, and so forth.  Within a zone-cycle it is carried as DATB(1)- 

Retrieval of the  extra variables is achieved exactly as described i n  the 

previous section by using the  appropriate parameter index. 

Since t h e  en t i re  STORE array is in i t i a l i zed  to  zero, no problem ahiSeS 

with regard to the initial values of these e x t r a  variables unless non-zero 

. 



values are desired. 

may have t o  be written for the purpose. 

If the latter is t h e  case, a special subroutine f3roRsToR 

However, if the  extra variables are 

- used only by the  equations of state, non-zero values can be set i n  the  

in i t i a l i za t ion  sections of the  appropriate state routines. 
c 

In t h e  present version of the code a number of these extra variables 

have been assigned uses. The first (NVAR > 11) is used for tke total  de- 

posited energy density when i n i t i a t i n g  a problem with an external energy 

source as described i n  Section 4.4. The second (WAR 2 12) is the t h e  

integral  damage, equation (3.1241, needed when employiag the  cumulative 

damage fracture  c r i te r ion  of Section 3.6. The t h i rd  extra variable 

(WAR > 13) is the  plastic work, equation (3.62), used i n  the work harden- 

ing elastic plastic material model of STAT1 as described i n  Section 3.1.2. 

The remaining extra  variables currently programmed are employed by !SCAT4 

(see Sect ion  3.4.1). 

stress deviator ae. 

H e r e  parameter index i = 13 refers to  the equilibrium 

If the isotropic  hardening model is used i = 14 refers d 

t o  the p l a s t i c  work (3.84). men the  anisotropic hardening model. is em- 

ployed 14 < i < 20 refer t o  the elemental stress deviators uxi d described 

by equations (3.91) and (3.92). These uses for extra variables have been 

included i n  the table of Section 7.1. 

Note t h a t  NVAR must be equal t o  or greater than the indicated value 

only if t he  appropriate option is being employed. fn addition, other uses 

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

uses presented here are not duplicated. 
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APPENDIX A - 
CODE STRuCTuRe AND GLOSSARY OF VAlUABLES 

APPEARING IN CClMMCN 

The WONDY V code contains the following subrmt5nes and entry points - 
(indented) : 

GENERRT 

ZONER 

MORSMR 

JLOOP 

BOWDRY 

LBOUND 

RBOUND 

MOTION 

INDSrn 

MESHES 

REZONE 

COMBINE 

DIVIDE 

Main program 

Generates and i n i t i a l i z e s  arrays 

Zone generator 

Ini t ia l izes  extra arrays -- may be dummy 

Handles logic to advance through problem mShi fracture 
logic 

Handles special boundary conditions -- may be dummy 
Entry point for le f t  boundry 

Entry point for right: boundzy 

Computes conservation of mass and momentum, 
ar t i f i c ia l  viscosity,  and rezone tests. 

Combines and divides zones 

Entry point for combining 

Entry point for d i v i ~ n F  



STAT1 

STIN1 

STAT2 

SPIN2 

STAT3 

STSN3 

STAT4 

SPIN4 

STAT5 

STSNS 

STAT6 

STPN6 

OUTN 

OUTPL 

DUMP 

DUMPF 

RESTART 

Computes equations of state -- up to 5 may be dummies 
Entry po in t  for in i t ia l iza t ion  

Handles special output -- may be dtmmy 

Handles special output (plotting) -- be dummy 

Prepares restart tape 

Writes restart tape 

R e a d s  restart tape 

The following logical tape un i t s  are referenced i n  the code and should 

be defined i f  t h e i r  functions are desired. 

TAPE10 

TAPE11 

TAPE2 0 

124 

Available for  use r  programmed routines 

Available for  user programmed routines 

Binary output for  restart 

c 



TAPE21 

TAPE22 

TAPE23 

TAPE25 

TAPE60 

BUJ oatput when t h i s  unit not eqnivalenced to 
standard output medilrm 

Available for user programmed routines 

Binary tape written by o[lTm. 

Binary input tape for restart -- format identical with TAPE20 

Equivalenced to  input 

The cornon blocks contained in WONDY are 

/cxIN/ 

/VAW 

/IND/ 

/ / (blank) 

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

statement 

in the subroutine. 

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

blocks in WONDY. 



GWSSARY OF VARIABLES 
APPEARXNG IN ODHHUM 

.. 

ADDATA( 100) 

ALPHA2 

ANGLE 

B1 

B2 

C 

CRPE 

CRPH 

QIPR 

cES( 42,20 1 

CRG ( 6 e 2 0 1 

CN 

DATB ( 10 0 ) 

DE 

DELRHO 

OM0 

ItOD 

alN 

am 

m 

VAR 

VAR 

VAR 

VAR 

(13N 

mN 

VAR 

PAR 

c; 

VAR 

2(a -1) 

B1 

B2 

c;-1/2 

n+l/2 
Ej-1/2 

n+1/2 
Hj-1/2 

n+1/2 
Kj-1/2 

n+l 
cj-1/2 

A P / ~ P  

dumy array for addf- 
tional input data 

not used 

quadratic viscosity 
coefficient 

linear v5scosity 
coefficient 

sound speed 

internax energy 

1D.hRntup 

kinetic energy 

equation of s t a t e  
constants for plates 

not used 

sound speed 

storage for addi- 
tional variables 

not used 
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DELT( 5 )  

DEXTAX( 20) 

DEXTAXl( 20 ) 

DELXJ 

DELXJl 

DELXJZ 

DEP 

DUM(9025) 

DxirlAx 

DXMIN 

DXMN I 20 ) 

DXMX ( 20 1 

VAR 

CON 

CON 

VAR 

VAR 

VAFt 

VAR 

cog 

CON 

CON 

CON 

i n i t i a l  size of first 
zone in plate 

i n i t i a l  size of last 
zone i n  plate 

n+l n+l 
xj - 3-1 
n+l n+P 

X j - 1  - Xj-2  

n+l n+l 
Xj -2  - Xj-3 

n+1/2 
A t  / T D ~  fraction of energy 

added 

temporary storage area 
for variables t o  be 
dumped t o  restart tape 
plot tape 

largest allowable zone 
size 

smallest zone size 

smallest zone sire by 
plate 

largest zone size by 
plate 
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EZERO( 20 ) 

FCONST(20) 

FCONSTI(20) 

FCRIT( 20) 

FCRITI( 2 0 )  

XTOT 

XALPHA 

CON 

CON 

CON 

CON 

CON 

VAR 

IND 

initial energy density 
in each plate 

constant for fracture 
criteria for plate 

constant for fracture 
criteria for interface 

fracture criterion 
for plate 

fracture criterion 
for interface 

total initial momentum 

a -2 geometry constant 

XND buffer out indicator IDUMP 



IPLl 

I P U  

IPL3 

IPL4 

IPL5 

ITABLE( 50 1 

J 

J A  

JAN 

JBBN 

JBN 

JN 

J3BN 

J4BN 

JONE 

JTAPE 

I N D  

IND 

IND 

IND 

IND 

VBR 

+ND 

IND 

IND 

IBID 

IND 

IND 

ILJD 

IND 

IND 

IND 

130 

output plot variables 

storage for zone 
numbers a t  fractures 

STOR33 Index for zone j 

STORE Index for zone 
j+l 

position i n  NEXT cor- 
responding t o  zone j+l 

position i n  NEXT eor- 
responding t o  zone j-2 

position i n  WEILT cor- 
responding t o  zone j-1 

position in  NEXT cor- 
responding to zone j 

position i n  NEXT cor- 
responding t o  zone j-3 

position in  NEXT cor- 
responding t o  zone j-4 

indicates first zone 

number of plates to be 
read from r e s t a r t  tape 



L 

LACT 

LBCN 

LDT 

LDUm 

LHBT 

LMAX 

IND 

IND 

LOL 

LOR 

LPEtA 

M 

MCTR 

IND 

IND 

IND 

VAR 

INl3 

CON 

IND 

IND 

IND 

CON 

IND 

IND 

a 

MORE IND fiag for WORSTOR 
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N IND 

NAMEl(20) 

NAME2(20) 

NE 

CON 

CON 

IND 

NEMPLAT 

NEXT(1805) 

NEXTEM 

NOMESH( 2 0 )  

NONE 

NOP 

NSTART 

NTWO 

mAR 

P 

P A  

IND 

IND 

CON 

IND 

IND 

IND 

IND 

IND 

VAR 

VAR 

cycle nuuber 

not used 

not used 

not used 

indicator far first 
zone i n  plate 

array of zone sequence 
linkages 

first unu3ed posit ion 
i n  NEX!J! 

number of zones i n  
plate 

indicator for first 
cycle 

number of plates  

cycle to restart from 
*P tape 

indicator for restart 
cycle 

number of variables 

n 
Pj-1/2 pressure 

n 
p j+1/2 pressure 

indicator for rejoined 
fracture zone 
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PLATE 

m 

PrsuMt20) 

PRINTe 

PIUNTL 

PRMTM 

PZEROQ 20) 

Q 

QA 

QFRACT(1805) 

QN 

R 

RA 

RBCN 

IND 

VAR 

plate index 

n+l 
J? j -1/2 pressure 

CON not used 

IND 

IND 

IND 

CON 

VAR 

VAR 

VAR 

VAR 

VAR 

CON 

indicator f m  normal 
editing 

indicator far calling 
CNJTL 

indicator for ca l l ing  
OOTN 

initial pressure in 
plate 

n 
Sj-112 viscosity 

n 
4j+112 viscosity 

indicator for 
fractured zone 

n+l 
qj-1/2 viscosity 

n 
P j-112 density 

n 
P j+1/2 density 

maximum position of 
right boundary 
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CON 

CON 

IND 

F ! H m  

RN 

RSC( 20 

RSCRIT 

RSCO( 20 1 

VAR 

VAR 

CON 

CON 

CON 

R S C l ( 2 0 )  

Rzco 

RZTIME 

R!ZTM( 20 1 

R1 

CON 

CON 

CON 

CON 

CON 

CON 

VAR 

density gradient 
combine criteria 

right hand boundary 
t m  

density 

RSCRIT by plate 

constant stress 
resolution 

RZCO by plate 

RzCl by plate 

fractional stress 
resolution 

reference stress l eve l  

i n i t i a l  density of 
plate 

beginning rezone time 

RZTIME by plate 

indicator of Combina- 
b i l i t y  of zones j-1 
and j-2 

* 



R2 

S 

SA 

SBM 

SIGACT 

SIGMAF( 20 1 

SIGMAIF(2O) 

SIGMAO( 20 1 

SIGMAOI(20) 

SIGMAX 

SIGSEI? 

SN 

STATE ( 20 ) 

STORE ( I987 0 ) 

SUMH 

VAR 

VAR 

VAR 

VAR 

CON 

CON 

CON 

CON 

CON 

CON 

CON 

'JAR 

CON 

VAR 

n 
Q j-2/2 

n 
Q j+1/2 

n+l 
Qj-3/2 

n+l 
aj-1/2 

indicator of combina- 
ability/divfsibility 
of zone j-1 

stress 

stress 

stress 

active stress 

constant for fracture 
criteria for plate 

constant for fracture 
criteria for interface 

constant for fracture 
criteria for plate 

constant for fracture 
criteria €or interface 

maximum stress 

separation stress 

stress 

equation of state 
indicator 

main storage array 

sum of momentum 
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SUMIE 

SUMItE 

SUMPE 

SZERO( 20 ) 

T 

TABLE ( 2,5  0 ) 

TDEP 

TIIKNSt 20 1 

TITLE( 10) 

U 

UA 

w 

UBBN 

UBN 

UN 

UZERO( 2 0 )  
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VAR 

VAR 

VAR 

CON 

VAR 

VAR 

CON 

CON 

CON 

VAFt 

VAR 

VAR 

VAR 

VLY 

VAR 

CON 

n-1/2 

n-1/2 
U j + l  

n-1/2 
uj-l 

n+1/2 
Uj-2  

n+1/2 
uj-l 

n+1/2 

SUR of interndl energy 
c 

sum of kinetic energy 

SUB) of added energy 

init ial  stress in 
Plate  

time 

storage for U, x at 
fracture 

deposition the  

init ial  plate thick- 
ness 

problem title 

velocity 

velocity 

velocity 

velocity 

velocity 

velocity 

initial  velocity of 
plate 

. 



UZEROI ( 20 1 

WL 

WR 

W4020 

X 

XA 

XB 

XBN 

XGAP( 20) 

XN 

XRATIO( 2 0 )  

XZERO 

Z 

ZA 

ZN 

ZZERO [ 20 ) 

CON 

VltR 

VAR 

IND 

VAR 

VAR 

VAR 

VAR 

CON 

VAK 

CON 

CON 

VAR 

VAR 

VAR 

CON 

X? 

X?+l 

X" 
3 1  

n+l 
xj-l 

x;+1 

2" j-1/2 

9+1/2  

=n+l 
j -1/2 

i n i t i a l  velocity of 
interface 

work a t  the left 
-darp 

e a a r r r  
work at the right 

indicator for printed 
output 

position 

position 

position 

position 

s i ze  of gap between 
plates 

position 

ratio of i n i t i a l  zone 
sizes 

i n i t i a l  position of 
left boundary 

difference i n  prin- 
cipal stresses, + 
difference i n  prin- 
cipal stresses, 4 

2ifference i n  prin- 
cipal stresses, $I 

i n i t i a l  4 i n  plate 
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APPENDIX B 

RESEARCH MATERIAL STUDIES 

Although the numerical techniques discussed i n  t h i s  report are hpor- 

tan t  i n  terms of accuracy and s t ab i l i t y ,  an area tha t  rerains open to 

extensive research is the material characterization. Materials under shock 

loading behave i n  complex ways, and the code contains some! coll~l charac- 

ter izat ions tha t  are believed to be sat isfactory for  general classes of 

materials as described i n  Section 3. 

covered by these models, and formulations ex i s t  to  cover limited classes 

of materials. Many of these models are formulated with internal  state vari- 

a b l e ~ ,  inwolving micromechanical concepts, and are conveniently incorporated 

There are many materials that are not  

in to  the equation-of-state routines of the  wavecode. 

the permanent wavecods s t ructure  principally because of t h e i r  specialized 

They are not a part of 

nature.  

The purpose of t h i s  appendix is to  br ief ly  describe several models 

which have been developed and successfully used i n  WDNDY. WONDY often 

serves as a proving code f o r  the val idi ty  of a model, and is frequently an 

important step t o  subsequent incorporation in to  multi-dimensional codes. 

The list here is meant only to  be a sampling, and by no means represents 

a l l  of the models t h a t  have been developed. 

Recalling tha t  the equation of state routine is entered with new 

(current cycle) values of the density (pn+l), current s t r a in  rates8 and 

t h e  old (previous cycle] values of the density (pn) ,  stresses8 energy, 

and state variables unique t o  the model, the roatine must return new Values 

of the stresses, energy, and s t a t e  variables. The equations i n  many of 

these  models may be w r i t t e n  as 
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03-2) 

. 
where bij is the stress rate, and Ek the rate wations for the internal 

state variables. The complex coupling in these equations usually renders 

direct differencing ineffective to advance them in time. A method found to 

be quite successful is to retain the rate form, define the density variation 

with time over the timestep to be 

(t - t") + p" p = tn+l - tn p + l  - P" 
( B-3 1 

then use an ordinary differential equation system solver such as ODEB1 to 

integrate equations (B-1,2) from tn to tn+l. Extra internal state variables 

are conveniently stored in the DATB array. 
. --I 

Fracture Models 

The dynamic fracture of ductile metals and many rocks is often not 

characterized by a unique "fracture stress." 

tinuous "damage" accrual seems to be a more precise way to describe the 

Instead, the concept of con- 

onset of failure. To model such a process, rate equations for the damage 

are driven by some stress'or strain measure, and the material moduli are 

written as variables that decrease with increasing damage- 

Ductile aluminum has been modeled with the damap related to void 

nucleation and growth in the metal, as well as complementary rate equations 

for dislocation multiplication and visoplastic slip.B2,B3 

representative of many rocks that exhibit strain-rate dependent fracture 

Oil shale is 
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strengths, and its fracture  and fragmentation properties have been described 

by damage rate equations.B4 

- Loss of strength occurs i n  a continuous sense u n t i l  the  laaterial cannot 

support further tensionc but may disperse impinging compressive waves much 
a 

as would a porous material. 

Piezoelectric/Ferroelectric Materials 

Piezoelectric and ferroelectric materials are ciasses of solids that 

exhibi t  electromechani rzal coupling. 85 tB6 ,B7 Under local mechanical loading, 

an electric signal is generated which could cause a global response (depend- 

ing  on the c i rcu i t ) ,  hence distinguishing these materials from simpler 

materials ir, which information tsavels only at the  solid wave speed- This 

electrical coupling requires t h a t  a c i r cu i t  equation be added t o  t h e  code, 

and t h a t  subsequent t o  the normal equation of state calculation, an overall. 

i m p l i c i t  i t e ra t ion  is required. The ferroelectr ic  materials are character- 

ized by complex coupling of several rate equations, notably for dipole 

dynamics and domain switchingB7, while the simpler piezoelectric materials 

respond i n  a time-independent mode. 

the  ferroelectr ics  behave l i k e  piezoelectric solids. 

Under l o w  amplitude loading conditions, 

Viscoelasticity 

The dynamic (mechanical) behavior of a non-linear viscoelastic material 

may be characterized by a generalized Maxwell model, 

- 
where 0 is the stress arrd n is the bulk s t r a i n .  F(a,n) is the instantaneous 

modulus, and G(u,n)  is  the relaxation function, providing viscous damping 

t o  the modelB8rB9. Depending upon the characteristic relaxation t i m e  of the  
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material and the code tinrestep, a subcycling technique provides the means 

to obtain the stress state. 

A specific application of this model is to regular compositesB9, where 

the functions F and G are determined from specified combinations of the con- 

stituent properties. 

A modification of this model currently resides in STAT5 of WOtZIIp. 

Explosives 

The current models for explosives in the code (Section 3.2) treat the 

chemical energy release as a predetermined process -- “progranmed-burn”. 
Altholigh this approximation is sufficient for many applications, it does 

not address cases where stress waves may initiate the explosive, or the 

detonation is boundary dependent. 

the product gases be defined, but that an equation of state for the unreacted 

explosive also be available. Laws governing the mixture of these two states 

may then be written, where a state variable that accounts for the extent of 

reaction, x ,  is definedB10,B11,B12. 

xI and 6xiven by the temperature (TI (for which a rate equation is also 

required), and/or the pressure (p), and current extent of the reaction may 

take the form 

These latter issues require that not only 

A rate equation governing the change in 

x = f ( T , ? , x ,  .o.) 

In such a model, the propagation of shocks into the explosive is 

allowed, and eventually leads to reaction, or detonation failure. Although 

two-dimensional boundary effects are particularly interesting explosive prob- 

lems, the ability to more accurately simulate the transient wave phenomena in 

explosives is an important capability. 

e 



Mixture Theories (Granular and Porous Materials; Bubbly LiOuidip) 

The porous material model described in SectLon 3.5 is a limiting case 

c of a more general class of materials that can be laodelled with mixture 

t h e o r i e ~ ~ 1 ~ 8 ~ ~ ~ .  These theories have been applied to, for example, porous 

and granular materials, mixtures such as alumina/epoxy, and bubbly 1iqUiaS- 

The granular aspect has been incorporated into a model for explosiwes with 

hot spot formationBl2, where rate equations for changes in phase are re- 

quired, and marked influence cf grain size is seen on the reaction properties- 

The wave motion through a bubbly liquid has been studied using a two- 

phase model. The micromechanics of bubble growth and collapse, both mechan- 

ically and thermally induced, involves vaporization and condensation Df the 

fluid, local heat transfer, local pressure imbalances, and inertia of the 

bubble growth. 
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APPENDIX c 

, 
most materials are non-linear and possess a t  least three non-dimensional 

NOW-DIMENSIONALIWLTION 

Since there are no dimensional constants i n  WONDp (except fo r  the  BKW 

explosives model), any consistent set of uni t s  can he used for running prob- 

lems. However it is a lso  possible to  run problems i n  non-dimensional form. 

This occasionallly has advantages for parametric studies, although since 

properties ( F o r  S, and v) ,  the  only scaling tha t  is practical 5s 

geometric scaling. 

To perform non-dimensional calculations no changes are required i n  the 

coding, and any version of WONDY can be rendered non-dilae?lsionalin exactly 

the same way, providing tha t  no dimensional constants have been inserted-' 

The only requirement is t h a t  the input parameters be specified properly. 

To begin, one of the t w o  independent variables, position or t ime ,  must 

be chosen as a reference quantity. 

length, xr, or a character is t ic  t i m e ,  +. 
of one or more material layers, where the  latter could be chosen as a char- 

This w i l l  be ei ther  a character is t ic  

The former m i g h t  be the thickness 

acteristic pulse width or relaxation time. 

To complete t h e  non-dimensionalization t w o  of the dependent variables 

must be chosen as reference quantities. These may be any t w o  of velocity, 

density, stress, and energy. N o t e  t ha t  since WONDY carries the  energy as 

energy per uni t  mass, the  pair, velocity and energy, is not a possible 

choice. 

speed or input velocity; the density, pr, would normally be a material 

The reference velocity, ur, could be chosen as a material sound 

- 
* Certain energy deposition routines for subroutine MORSTOR have been coded 

w i t h  dimensional constants. These must be removed i f  these routines are 
t o  be used i n  non-dimensional calculations. 



density; the reference stress, a,, may be one of the material roduli or 

an inpt stress; and the reference energy, could be chnsen as a raterial 

sublimation or melt energy or possibly a deposited energy density. There 

are, of course, many other choices which can be made for these reference 

quantftites, in fact8 the unit value may well be chosen for any reference 

quantity . 
Once an appropriate set of three reference quantities has been chosen, 

- all dimensional code input parameters can be converted to their non- 

dimensional forms by utilizing the relations given in the accompanying table. 

To obtain the proper non-dimensional output, which is non-diaensianalized 

with the same relations used for the input, it is essential that= code 

input variables be non-dimensionalized with respect to the silpe set of 

reference quantities. 

To illustrate the procedure, the input parameters necessary to non- 

dimensionalize t w o  sample problems will be given here. 

the same single material. It can be characterized with the following set of 

material properties and will utilize the normal equation of state for solids. 

Both problems involve 

. .  

STAT1 . 

Density, p, = 2.7 gm/cm3 

Sound speed, co = 5.0 x lo5 cmlsec 

Us/up slope, s = 1.5 

Gruneisen parameter, r0 = 2.0 

Poisson's ratio, v = .333  

Y i e l d  strength, Yo = 3.0 kb 

Sublimation energy, 6, = ergs/gm 

. 



Vapor y - 1 8 11 = .25 

Spall strength, QSPRW; = 20 kb 

Note that the quantities 

This material represents a generic form of aluminum. 

To, u, and H are already non-dimensional- 

Sample Problem No. 1 

A 0.2 cm flyer plate impacts a target plate of the same IPPateridl, 

0.8 cm thick, at a velocity of 1.0 x 105 cm/sec. 

for 2.0 x 10-6 sec. 

The problem is to be run 

The problem is non-dimensionalized by choosing: 

xr = Flyer plate thickness (0 .2 cm) 

P, = Material density (2.7 gm/cm3) 

ur = Material bulk sound speed (5.0 x lo5 cm/sec) 

The main problem input parameters therefore become: 

Flyer plate thickness = 1.0 

Target plate thickness = 4.0 

Flyer plate velocity = 0.2 

i-laximum problem time = 5.0 

po* = 1.0 

co* = 1.0 

YO* = 4.44 x 10’3 

ds* = 0.4 

Spall s trength,  a,&AU = 2.96 x 10” 
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Sample Problem No. 2 

A single material layer 1.0 cam thick is subjected to a uniform energy 

deposition of 1.5 x 1O1O ergs/gm applied over 1.0 x lo-' sec. 

lem time is again 2.0 x 10.6 sec. 

mximm prob- 

Non-dimensionalize with respect to: 

xr = Plate thickness (1.0 en) 

8'. = Material sublimation energy (1.0 x lo1' ergs/gal 

or = Material bulk modulus (KO = pocE = 675 kb) 

The main problem input parameters are then 

Plate thickness = 1.0 I po* = 0.4 

Deposited energy density = -15 co* = 1.58 

Deposition time, TDEP* = 3.162 x 1 Yo* = 4-44 x 

Maximum problem time = 0.6324 cFs* = 1.0 

1 
* Spa11 strength, asp- = 2.96 x 

It should be emphasized that success in running non-dimensional calm- 

lations is directly dependent on the proper choice of non-dimensional input 

parameters. In other words all incidental code parameters such as zone 

sizes, edit times, and activity stress, etc., must be put in the appropriate 

non-dimensional form. 
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APPENDIX D 

SAMPLE PROBLEMS 

This appendix contains three problems, providing a sampling of the 

options available i n  WONDY: 

sive source in to  a thick s h e l l ,  energy deposition in to  a plate, and pla te  

spherical  divergence of a wave from an explo- 

impact with subsequent spall. 

reproduced, followed by selected output fo r  tha t  problem. 

zanes i n  each problem has purposely been kept small to  allow printed output 

The record set required f o r  each problem is 

The number of 

to be included. A l l  problems are done with mks uni t s  (length - m, t i m e  - S8 

density - kg/m3, s t r e s s  - N/m2(Pa) 1. 

The printed output from each sample problem has been edited down t o  

selected t i m e s  t o  be representative of what t h e  user can expect. The plots 

a re  excised from a larger figure, and may not contain a l l  of the information 

the user will see upon executing t h i s  problem. 

t h e  plots are meant only t o  provide a representation of the more extensive 

output available t o  the user. 

As with the printed output8 

1. Thick  spherical brass shell. containing a charge of Pax-9404 explo- 

s ive  tha t  is  detonated a t  its center.  

a = 0.01 rn (10 zones) 

b = 0.04 TI, 140 73nesi 

-< 

.- 
i= 3 



1 
2 
3 
5 
b 
10 
15 
10 
15 
16 
17 
19 

CEOH3 
CEOR3 
XPLOT 
XDATA 
XLABEL 
Y D A l  A 
YLABEL 
END 

PBX -9404 Brass 

p, = 1840 kc3/m3 
co = 8800 m/s 

y = 2.658 I', 5: 2.04 

p, = 8450 kg/m3 
c, = 3726 ra/s 

D = 8800 m / s  s = 1-434 

U =. 0-32  
Yo :: 0.2 GPa ., 

Input f i l e  for Sample Problem 1, with plotting instructions: 

SAMPLE PROBLEM 1 - PBX9404 IN BRASS SELL 
3 2 10  1 

1. OE-05 
0. 0 1. OE-06 
0. 0 1. OE-08 

1 2 . 0  20. 0 
1 1840.0 8800.0 
2 1 . 0  40. 0 
2 8450.0 3726.0 
2 0. 0 
2 1 . 0  2. 04 
2 1.0  2. OE+08 

0. 0 1. dE-06 
1 0 1 

POSITION ( 0  M) 
4 0 1 

STRESS ( 1 P A )  

3 5 
-1 .OEtO6 

1.0 
1.0 
0.01 
2.658 
0.01 

1.434 

1 . 0  
-0. 005 

-1. OElO 

1 
1. OE +Ut, 

0.0005 

0.00025 
8800.0 

0.055 

7.0E+10 

1 1s 
0.0  

0.0005 
0 .0  2. 5 
0.00025 

0.32 

1 

. 

I53 
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1 -  SAMPLE PROBLEM PBX9404 I N  BRASS SHELL 
. 

25. 

20. 
15. 

10. 

20 . 
15. 

10. 

5.0 
0.0 

-5.0 
-10. 

TIME=. 40 il: 
a n 

0)  + 
0 
4 

39E-I 

Y 

v, 5.0 '1 v) 

LT 
I- 
(J) -5.0 

-10. O o U  i TIME=. 10057E-05 
5.0 15. 25. 

I I I I I I 

15. -5.0 25. -5.0 5.0 - 
a 20. a TIME=. 5008ZE-05 - 

10. 1 5 *  I 
5.0 1 
0.0 - 

-5.0 - 
-10. I I I I I 

- 
- 
- 
- 
- 
- T I ME=. 20 27.1 E-0 5 
1 I I I I I 

0) 15. 
+ 
0 
4 10. 

v) 5.0 
v) 

Q: 
w 0.0 
+ a -5.0 

- 1 9 .  -5.0 5.0 15. 25. 
-5.0 5.0 15. 25. 

15. 

10. 

5.0 

0.0 

-5.0 

-10. 

50. 

45. 

4 0 .  

35. 
3 0 .  

I 

25. 
2 5 .  

< 20. 

15. 

- 
a 

-5.0 5.0 15. 

15. 1 TlME=.70119€-05 

10. 

5.0 

0.0  

-5.0 

- 1 0 .  

+ 
0 
4 10 .  

m 5.0 
U) 

e LLi 0.3 . + -5.0 

- i o .  
TIME= 30092E-05 

5.0 15. 25. -5.0 -5.0 5.0 15. 25. 
POSITION M I  P O S I TION ( i o - 3  M I  
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. 
D 

2. Energy deposit ion i n  a thick aluminum plate. 

1 
7 
3 
5 
5 
10 
15 
15 
17 
1 9  

CEOR 3 
31 
38 

CEOR3 
(EOR3 
XPtCiT 
XDATA 

P XLAHEL 
YDATA 
YLAB5.L 
END 

a = 0.01 m 
(50 zones) 

X 
_..c 

Triangular -&position of energy, &o = 1.0 (lo6) Joules/kg. 
Deposition t i m e  = 1 ns 

Aluminum 

P, = 2785 kg/m3 
c, = 5355 m/g 
s = 1.345 

v = 0.333 
Yo = 75 m a  

(Fracture suppressed) 

r, = 2 .1  

Input f i l e  for Sample Problem 2, with p l o t t i n g  instructions: 

SAMPLE PROBLEM 2 - ENERGY DEPOSITION I N  ALUHJNUH PLATE 
1 1 11 3 3 2s 

5.  OE-06 1 . O E - 0 9  -1.OE+(Y6 
0. 0 0. 5E-06 1.0 
0. 0 1 . O E - 0 8  1.0 

1 1.0 50. 0 0.01 

1 0. 0 1.345 
1 2 . 0  2. 1 -1. 0 

1 2785.0 5355.0 

1 1.0 7. 5E+07 

1. OE-09 0 . 0  
2 0.0 1. OE.I.06 0. 002 

0.  0 0. 1 E - 0 6  1.0 
1 0 1 -0.002 

4 0 1 -0.3E+10 
POSITION ( 0  M I  

STRESS ( 0  PA) 

1 1 15 1 
l .OE+O6 0 . 0  

0.0002 0.0002 
0.333 

0. 0 

0. 04 1 

1. 7E+10 
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TIME= 
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2 4.0 
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T I YE = . : 

POSIT i O F  

16 123E-0 5 

!L 
.50  12.5 

81?2E-05 L 
-50 12.5 

@224E-05 

.' L 
50 12.5 

50 12.5 

M I  

(" 4 . 0  
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: 2.0 
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- 0.0 

-2.0 

-4.0 

v) 
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I- 
cn 
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4 . 9  L TfflE=.2GT 
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1 
2 
3 
E? 
A 

10 
12 
14 
15 
16 
17 
17 
10 
13 
15 
16 
17 
19 

CEOR3 
CEOR3 
XPLOT 
XDA7-A 

+ 
-a 

Copper 

3. Impact of a copper plate onto a copper target. 

b- 

Copper 

Copper 

a = 0.01m (20  zones) 

b = 0.002 m (40 zones) 

Vp = 300 m,'s 
X 

po,= 8930 Fracture stress. - 3.5 GPa. 

XLABEL 
YDAI  A . YLABEL 
T I  MEPLOT 
XDATA - XLABEL 
YDATA 
YLABEL 
END 

co = 3940 
s = 1.489 
ro = 1.99 
V = 0.345 
Yo = 25 MPa 

SAMPLE PROBLEM 3 - CCJ FLYER ON 

1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 

1 2 
1. 5E-06 
0. 0 
0. 0 
1.0 

2 . 0  
3930.0 
0. 0 
1. 0 
1.0  
1. 0 
2. 0 
8930.0 
0. 0 
1. 0 
1. 0 

0 .  0 
1 

10 3 

1.OE-07 
1.OE-08 

20. 0 

-1.OE+O6 
3940.0 

1.99 
2. 5E+07 
40. 0 
-3. 5E+09 

3940.0 

1. 99 
2. 5&+07 

1.OE-07 
0 1 

POSITION ( 0  M) 
4 0 1 

STRESS ( 0  PA)  
3 0 1 

0 1 
T I E  (0  S) 
2 0 1 
VELOCITY (0 

3 2s 
-1.OE+O6 

1.0 
1. 0 
0.001 

1.489 

0.002 

1.489 

1. 0 
-0.0015 

-4.OE09 

0.3E-Ob 

0. 0 
M/S) 

CU TARGET 

1.OE+06 
1 

0. oO005 

0.0000s 

8.004s 

16.0E09 

2.3E-06 

1000.0 

(21ofl/S) 

-5.001 
1 15 

0.00005 
210.0 105.0 

0.345 

0.00005 

0.345 

1 

c 71 
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In the subsequent record descriptions the following amventhas r p p r j f r  

I. The subscripts on a variable M- i n d i c a t e  the colrrrrcr i n  which 

it is to be located, e.go llVAFt20 indicates VAR is to  be located 

in columns 11 thraugtr 20, according Lo t he  specified format. 

2. Columns 1 - 5 are reserved for a record identifying number, 

CziiWlNo- The number given should actualky be located in the 

appropriate coluaan(s). 

for m y  of the optional input records. 

This allows a much freer forr of input 

3. Columns 6 - 10 are reserved f o r  additional infomation about the 

record, e-g. number of parameters to be read, storage location of 

data i n  the record, or pla te  number to  which the data applies, etc- 

4- All default values given apply t o  variables tha t  are left blank. 

If no default value is listed, zero is assumed. 

5. Numbers i n  parentheses fo l lowing a variable description refer to 

page numbers i n  the WONllY V report where the variables are more 

fu l ly  described, 

6 .  In the case when redundant record type identification appears, the 

data on the last  one in the data sequence will be saved. 



The input routines allow stacking of mrltiple problero in a single ran1 

This option is particularly useful when a series of problems is aesired 

to check the effects of varying some input parameter, say the yield strength. 

When multiple problems are desired, this fact must be specified by setting 

NJOB for the first problem (on Record 2) equal to the nuniber of probm in 

the run. 

ple problems on a given run- 

The following illustrates the input structure for single or a t % -  

If MDRSTOR is not to be used, the IYIESXQR 

portions of the file must not be present; this includes the 

and its subsequent End-Of-Record, <px)R). Note that the data for the second 

and following problems need include only data which is different frorvl the 

first problem; the unchanged data is appropriately carried over by the code- 

However, if one variable on a record is zkdnged, all the others should con- 

data 

tain appropriate values. 

Record <EO- and End-of-File <EOF> have been chosen for CDC computers. 

Note also that the form specified for the End-of- 

1st 

Problem 

2nd 

ProSlem 

Appropriate control stream 
(update and execute WONDY) 

I 

7/a/9 <EO- 

Data for initial WONDY problem 

7/8/9 <EO= 

MORSTOR data for initgal problem 

7/8/9 <EoR> 

Changes to WONDY data for 2nd problem i 
Ci‘anges to MORSTOR data for 2nd problem ,? 



Changes to WONDY data for last (UJOB*l problum 

7/8/9 <w)R> 
.I 

Changes to MORSTOR data for =OBth pmblaa 

. 6/7/8/9 <EOF> 

Last ( NJOBth) 

, Problem 

If it is desired t o  execute WONDY using only as much storage as the 

specific problem a t  hand requires, then the  following instructions are appro- 

pr ia te  (p. 117) (CAUTION: If REZONE is active, the user rust be certain that 

suff ic ient  s i z e  is reserved.) 

Appropriate control stream 
(update and execute PREPROCESSOR and WNXKfY) 

lNoP5 GWm10 llNZm15 lXlRMlT( 315) 

(NOP = number of plots)  

(WAR = number of variables - normally 10) 

(NZON = t o t a l  number of zones i n  problem) 

7/8/9 <Mi= 

*READ TAPE50 

7/8/9 <Eo= 

D a t a  fo r  WONDY problem 

7/8/9 <Eo- 

185 



Wmnal Input mta: 

RECORD 1 FORMAT (215, 7A10)  

Record 1 provides identification infomatiam 

standard edit and output routines. 

name8 run date, run number or any other identification- 

Data may include 

??Am DESCRIPTIOW - 
1CARIJNO5 - 1 

11TXTLEeo - any string of BCD data. 

XECORD 2 FORMAT (1615) 

llLPHAl5 - geometry coeff ic ient .  

1 - rectangular- 

2 - cylindrical. 

3 - spherical. 

: 5 ? ? ~ ~ 2 0  - number of material layers ( p l a t e s ) ,  
maximum of 20. 

21??VAR25 - rider Df variables required to Sescri5e 
rnaterial state ,  nornally 10. tp- 118) 

2+EST30 - l e f t  boundary type. ( p .  341 

L - fixed. 

2 - f ixed minimum (maximnm) position- 
(must specify LBCN ( R B C h T )  i n  Record 3) 

3 - free boundary. 

4 - special boundary condition f r o m  
subroutine BOUNDRY. 

3 



right boundary type, same! as IIIBT above. 

zone number of right-hand l i m i t  of 
i n i t i a l  act ivi ty .  (p. 89) 

number of stacked problems i n  this job. 

Unused 

init ial  conditions (cycle 0 )  printed i f  
WOL # 0 .  

last  cycle before computer t i m e  termination 
w i l l  be printed i f  NUL f 0 .  
number of CPU seconds remaining to cause 
termination. 

NUL is t he  

Set t o  1 i f  HORSTOR is t o  be called, WAR 
m u s t  be a t  least 11 i f  MORE # 0.  [p. 87) 

fo r  restart only, set equal to number of 
p l a t e s  to be read from restart tape- (p. 91) 

for restart only, set equal to restart 
cycle number t o  be read from restart tape. 
(p- 91) 



RECORD 3 FORMAT (215, 7E10) 

NAME - 
lCARI!H% - 
llT-20 - 

IIESCRIPTION 

3 

maximum problem t i m e ,  problem has normal 
exit when T 3 TMAX. 

* maxinnun i n i t i a l  t i m e  step,  
i n i t i a l  t i m e  s t ep  is determined by GENERAT- 
(p. 79)  

when zero 

separatiun stress f o r  previously fractured 
zone, a negative value exceeding i n  ampli- 
tude the  expected numerical noise i n  stress- 
( P O  76) 

zones become act ive as stress exceeds 
SIGACT. ( P O  89) 

i n i t i a l  posit ion of l e f t  boundary. (p- 81) 

l e f t  boundary parameter. (p. 85) 
LBCN = XMIN f o r  IJIBT = 2, or  can be used 
fo r  communication with subroutine BOUNMZY- 

r igh t  boundary parameter. (p. 85) 
RBCN = XMAX fo r  RHBT = 2, o r  can be used 
t o  comunicate with subroutine BOUNDRY. 

*A useful guide, for problems i n  which the f i r s t  zone may be subjected to 
large s t r a i n s  by a boundary stress, is 

188 



. 

. 

RECORD 4 FORMAT (2x5, 7E10) 

RECORD 4 is optional. Default values are as- for 

any variable set to zero or left blank, or if RECORD4 is 

NAME - 
1CARDNO5 - 
llffpl20 - 
2lm230 - 
31B140 - 
41B250 - 

absent. 

stability criterion constant. (p. 28-29) 

71-80 - 

DESCRIPTION 

4 

maximum rate of time step increase. (p. 29) 

quadratic viscosity coefficient. (pa 26) 

linear viscosity coefficient. (p. 27)  

problem terminates whenever stress exceeds 
SIGMAX. (p. 99-100) 

problem terminates whenever energy error 
exceeds EMXX, warning is printed when- 
ever error exceeds 10 percent EHAX, 1-0 
equals 100 percent. (p. 99) 

maximum allowable momentum error, 
problem terminates when this value is 
exceeded, normally the default value is 
used. (p. 97) 

aETAuLT 

0.95 

1.05 

2.0 

0.1 

1 OElOO 

1.0 

1. OElOO 
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RECORD 5 is optional and specifies the frequency of 

producing the standard edit .  If absent8 no standard e d i t  - 
is produced. (p. 93) 

NAME DESCRIPTION - 

llS120 - Standard printed ed i t  w i l l  s t a r t  a t  tine 
2lA13O S1 and is produced a t  every A 1  t i m e  in te rva l  
31S240 un t i l  t i m e  S2. then a t  every A2 t i m e  inter-  
41a250 Val u n t i l  t i m e  S3, etc. If S3 = 0 e d i t  w i l l  
5lS360 stop a t  S2, i f  S4 = 0 edi t  w i l l  s top a t  S3. 
61A370 
7lS480 

RECORD 6 FORMAT (2158 7E10) 

RECORD 6 is optional and controls cal l ing of subroutine 

OUTPL to w r i t e  f i l e  fo r  subsequent plott ing of selected 

variables (see RECORD 23). When RECORD 6 is absent. OUTPL 

w i l l  not be called. (pa 9 5 )  

- NAME DESCRIPTION 

lCARDNO5 - 6 

llS120 - see RECORD 5 for description of parameters. 

718480 
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RECORD 7 WRMAT (215, 7E10) 

WECORD 7 is optional and controls ca l l ing  of subroutine 

OUTN. If RECORD 7 is absent, OUTN w i l l  not be called. - 

NAME - DESCRIPTION 

lCARDNOS - 7  

l lS l20  

. . 
71s480 

- see RECORD 5 for description of parameters. 

RECORD 8 FORMAT (215, 7 E l O )  

REGORD 8 is optional and is used to control the w r i t i a q  

of a restart tape. If no restart tape is to be produced RECORD 

8 is to be omitted. (p. 94) 

- NAME DESCRIPTION 

~CARDNOE; - 8 

llS120 - see CARD 5 for description of parameters. 

. 
7 l S 4 A 0  

. 
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RECORD 9 is optional and is used -0 specify addit-mal * 

data as may be required for subroutines o t f i p L 8  cmm, BOWWDRP 
4 

e t C *  fp* 86, 93, 95) 

- NAME DESCRIPTION 

1CARWO5 - 9 

6110 - posi t ion  i n  the array ADDATA w h e r e  data on 
this card is to be stored, I < 94. 

11ADDATA(I)20  - specific use of the variables w i l l  depend 
upon the subroutines using t h e m ,  laaximum . dimension of ADDATA is 100- 

* 
TIADDATA( I+6) 80 
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RECQRD 10 EURHAT (215, 7E 0 )  

RECORD 10 spec i f ies  equation of state and i n i t i a l  zoniilg 

for each plate.  Must be present f o r  each plate or material 

0 layer i n  t he  problem configuration. 

711p;*80 - 

DESCRIPTION 

10 

p l a t e  number f o r  data i n  t h i s  record. 

equation of state indicator for t h i s  plate 
1 - 0  G STATE G 6 . 0 ,  corresponding to desired 
EOS routine. If STATE = -IPLT, then EOS 
parameters, i n i t i a l  conditions, and fracture 
data f o r  IPLT w i l l  be assigned to PLATE. 

number of zones in t h i s  plate (p. 8 0 ) -  If 
NOMESH = -IPLT, then zoning configuration and 
rezoning parameters fo r  IPLT will be assigned 
t o  PLATE. 

p l a t e  thickness. (p. 8 0 )  

s i z e  of leftmost zone. (p. 8 0 )  

s i z e  of rightmost zone. (p. 80)  

not used. 

distance between r igh t  boundary of this 
plate and l e f t  boundary of the  next, when 
XGAP = 0.0 plates are i n  contact. (p- 81) 

. 
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RECORD 11. FORMAT (215, 7E10) 

RECOR’ 11 specifies rezone parameters. If RECORD 11 is 

absent  for any plate, rezone w i l l  not occur i n  t h a t  plate. 0- 

21MLmN30 - 
31-40 - 

DeSCRIPTION 

11 

plate number for data i n  

DEFAULT * 

h i s  record. 

t i m e  t o  start rezoning t h i s  plate. (p. 103) 

smallest allowable zone s i z e  for t h i s  
plate C +  0 ) .  (p. 104) 

l a r g e s t  zone size allowed i n  t h i s  plate. 
( P O  106) TtlKNS 

zones t o  be combined must have a differ- 
ence i n  dens i ty  less than RCCOMB*po. (p. 106) 0-1  

stress reso lu t ion  constant. (p. 102) 10  -4 

stress reso lu t ion  f rac t ion .  (p. 102) 0.01 

reference (ambient) stress level. (p. 102) 
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RECORD 12  FORMAT (215, 7E10) 
'i 

RECORD 12  is optional, and specifies the i n i t i a l  COR- 

dit ions for a given plate. 

assumed. (p. 77-79) 

When absent dqfault walnes are 

- NAME DESCRIPTION 

1CARDNO5 - 12 

6PLATE10 - p la t e  number for data i n  t h i s  record. 

llEZER020 - i n i t i a l  energy i n  t h i s  plate. 0.0 

21PZERO30 - i n i t i a l  pressure in t n i s  plate. 0.0 

00 31RZERO40 - i n i t i a l  density i n  t h i s  plate. 

41SZER050 - i n i t i a l  stress in t h i s  plate. 

51UZER060 - i n i t i a l  veloci ty  of t h i s  plate. 

61UZEROI70  - i n i t i a l  velocity of r igh t  boundary 
of t h i s  plate. 

0.0 

0.3 

0.0 

7122ER080 - i n i t i a l  value of 4 i n  t h i s  plate. 0.0 



RECORD 13 FORMAT (215, 4E10) 

RECORD 13 is opt iona l  and specifies plate fracture criteria. 

Default values are assumed only when e n t i r e  record is absent, i n  

which case, no f r a c t u r e s  w i l l  occur i n  t h e  plate. (p. 72-76) 

- NAME DESCRIPTION DepAULT 

lCARDN% - 13 

6PLATElo - plate number for data i n  t h i s  record. 

11FCRIT20 - f r a c t u r e  mechanism type. 2.0 

1. - s t r e t c h i n g  a t  minimum stress. (p. 72)  

2 .  - maximum t e n s i l e  stress failure. (p. 73) 

3. - cumulative damage c r i t e r i o n  
(NVAR 12). (p. 73) 

21SIGMAF30 - (FCRIT = 1) -minimum s t r e t c h i n g  
stress, < 0 .  

(E'CRIT = 2) - fracture stress, < 0 .  -1 OEI.00 

(FC?UT = 3) - f r a c t u r e  i n t e g r a l ,  
%ax, ' 0 -  

31FCONST40 - (FCRIT = 1) - melt energy. 

(FCRIT = 2) - not  used. 

ZFCRIT = 3) - exponent, A ,  in f r a c t u r e  
i n t e g r a l ,  > 0 .  

41STGMAO50 - (FCRIT = 1) - not  used. 

(FCRIT = 2) - not used, 

(FCRIT = 3) - t e n s i l e  threshold l i m i t  €or 
f r a c t u r e  i n t e g r a l ,  so, < 0 .  
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RECORD 14 IWRMAT (215, 4ElO) 

RECORD 14 is optional and specifies fracture e r f t e d a  for 

the  r ight  hand interface of a given plate. Default valat. are 

assumed onlx i f  RECORD 14 is absent, i n  which case, the spscf- 

f i ed  interface w i l l  not fracture. Pararcter &finitions use 

the  same as those fo r  RECORD 13. (p. 72-76) 

NAME DESCRIPTION - 
lCARDN% - 14 

6PLATE10 - pla te  number, data which follows 
applies t o  r igh t  hand interface of 
PLATE . 

llFcFUT120 - FCRIT at r igh t  hand interface on PLATE. 

21SIGMAIF30 - SIGMA1 at right hand interface of PLllTE. 

31FCONSTI40 - E'CONST at r ight  hand interface of PLATE. 

41SXGMAOIso - SIGMA0 a t  right hand interface of PLATE. 

2.0 

-1. O E l O O  
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RECORD 15 FORMAT (215, 7E1O) 

RECORDS 15-19 specify, by plate, the equation of state 
8 

data which is read i n t o  the array CES(I,PIATE). 

w h e r e  the  specified state routine (STATZ, STAT3,  etc-1 does 

In cases 

a 

not require cer ta in  of t he  35 constants, the correspanrling 

records may be omitted. 

defaulted to 0 .  

A l l  unspecified CRS parameters are 

Definitions of the  35 constants appropriate 

for each of the avai lable  state routines are found at the  end 

of th i s  appendix: 

STAT1 p- # 

NAME DESCRIPTION - 
1CARDN05 - 15 

6PLATE10 - plate number for data i n  t h i s  record. 





RECORD 21 J?ORMAT (215, 3(ElO,AIO), E10) 

RECORD 21 allows the user t o  replace any or all of 

three standard edi t  variables i n  edit coluans 5-7 w i t h  

other variables- 

when WAR > 10, and t h e  user  desires edits containing 

these new variables. Default is the standard edit- Ip. 94) 

This option is particularly useful 

NAME DESCRIPTION IIEI+MLT - 
lCARDNOS - 21 

4 11EX120 - variable number for edit column 5-  
> 

21LABA30 - heading for edit column 5. PRESSURE 

10 31EX240 - variable number for edit column 6. 

41LABB50 - heading for edit column 6. 

51EX360 - variable number for edit col~im 7- 

6 1 w 7 0  - heading for edit column 7 -  

PHI 

2 
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RECORD 22 FORMAT (215, 3(E13,A10), E10) 

RECORD 22 has the 8- function as agCoR0 21, eJ@mg?t 

for e d i t  columns 8-10. 

DESCRIPTION 

1CARDNO5 - 22 

llEX420 - variable number for edit column 0 

21LABbo - heading f o r  e d i t  column 8 VISa l s ITTr  

31EX540 - variable number for e a t  column 9 

42LABE50 - heading for edit column 9 SND SPD 

51EX660 - variable number for edit column 10 3 

61LABF70 - heading for edit column 10 MASS 

RECORD 23 

NAME 

FORMAT (215, 7 E I O )  

RECORD 23 allows the  user to  replace any or all of 

the  f ive  variables written onto the  p lo t t ing  output file, 

TAPE23. ( N o t e :  RECORD 6 must be present to  obtain data 

for plott ing).  (p. 95) 

DIZSCRIPTION DEFAUI;T 

1lEPLl20 - variable number fo r  f i r s t  p lo t  output variable 9 (x9 

21EPU30 - variable number f o r  second p lo t  output wariable 8 (u) 

31EPL340 - variable number for  t h i r d  p lo t  output variable 6 ( P I  

41EPU151) - variable number for fourth p lo t  output variable 7 (0,) 

51EPLS60 - variable number €or f i f t h  plot output variable 2 (6) - 
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Special  Input C a r d s  Read by MORSTOR: 

This version of MORSTOR allows for t he , inpu t  to WOWDY of an arbitrary 

energy densi ty  deposit ion prof i le .  

WONDY data and the following MORSTOR data. (p. 87-89) 

An <EOK> must appear hetween the above 

RECORD 31 FO-T (215, 2El.0) 

N.AME DESCRIPTION - 

11TDEP20 - deposition time (P. 88) 

21ENOR30 - energy per u n i t  surface area deposited, 
sat ENOR = 0.  to avoid normalization of 
deposition p r o f i l e  t o  t h i s  value (p. 87-88) 

RECORD 38 FORMAT (215, 6E10/(8E10)) 

RECORD 38 is a multiple record set which spec i f i e s  the 

unnormalized a r b i t r a r y  enerqy density prof i le .  

two ,Joints should be used for each material layer, even if 

t h e i r  energy density values are zero. No points  should 

appear in gaps which may e x i s t  be tween  plates.  fp. 8 7 )  

F i t  least 

NANE DESCRIPTION 

1CAR3N05 - 38 

fjNXY10 - number of poin ts  specifying t h e  a rb i t r a ry  
energy density profile, G 100 

~ r X l ? ! l ) z o  - Bi le r i an  coordinate for first  p o i n t  i n  
prof i le 
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DESCRIPTION 

21YE(l)30 - unnonaalized energy per unit mass at 
first point in profile . 

0 

0 

Use as many records as required, in the specified format: nde  that the 

data is in the order XEtI), YE(1), XE(~),  YE(^),..., XE~NXY), ~ ( N X Y )  
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Equation of State Constants for STAT1 

This equation of state rout ine is used for rate independent i n i t i a l l y  

sol id  materials. (p. 33-48) 

1. 

2. 

3- 

4. 

5. 

6.  

7 .  

PO - reference density of uncornpressed lapterial (p. 34) 

=0 - bulk sound speed of uncompressed material (p- 34) 

gs - sublimation energy density (used only i n  vapor EDS; 
i f  blank or zero, is defaulted t o  1.0 x !pa 37) 

&m - m e l t  energy density (used only i n  t e n s i l e  stress 
l imi ta t ion  with vapor EOS; i f  blank or zero, ,,, is 
defaulted to  1.0 x 1030) (p. 40) 

aRn - maximum t e n s i l e  stress allowable w i t h  vapor EOS (a 
negative quantity: i f  blank or zero, is de- 
fau l ted  t o  -1.0 x 1030) (p. 40) 

V - Poisson's ratio (used only when NOY > 0 )  (p- 44-45) 

€3 = Y - 1  w h e r e  y = ratio of spec i f i c  heats  fo r  expanded vapor 
(set H = 0 .  t o  bypass vapor EOS) (p- 37) 

- 

8 .  NOK* 

9. KO 

10. kl 

- nuaber of K constants, including KO (p. 34-35) 

- ambient bulk modulus (computed in te rna l ly  from por co) 
(p. 35) 

- if NOR = 0 .  the Us/up slope s appears here; otherwise, 
kl - k5 are =-dimensional parameters i n  polynomial 
€or K. (p. 35) 

t 
For l i n e a r  elastic material  set NOK = NOH = 1.. N'OG = To = O., NOY = 2. 
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20 

21 . 

22. HOG* 

29. NOYf 

30. Yo 

31- Y1 

32- Y2 

33.  y3 

34. 

35. 

- number of r constants, including Yo (p. 33, 35-36) 

- ambient Gruneisen parameter (if WOH - I., I" 5 ro) ( p .  35) 

- if h l  = el., other h's zero, I'p = roPo (p. 36) 

- number of G constants, including Go (ff NOG = 0.. 
G is compted from K and u in te rna l ly)  (p. 4 1 4 5 )  

- ambient shear modulus (computed internally from c,,, VI (p. 45) 

non-dimensional parameters i n  polynomial €or G. !p- 45) 
I_ 

- yie ld  stren$h indicator  (p. 40-48) 
NOY = 0 .  -material is treated hydrodynamically (p- 40) 
NOY = 1. - Y is constant a t  Yo (p. 45) 
NOY = 2. - Y is i n f i n i t e  ( p .  45) 
NOY = 3. - Y varies w i t h  energy and strain ! c e  45) 
NDY = 4. - l i n e a r  i so t rop ic  work hardening (pa 47) 
NOY = 5. - power l a w  i so t ropic  work hardening (p- 47) 

- i n i t i a l  y ie ld  s t r e n g t h  

- coeff ic ient  in \var iabIe  yiela m o i l e ~ s  

- coeff ic ient  in\,variable y i e ld  models 

- coef f ic ien t  i n  \tiariable yie ld  models 

- not used 

- not used 

t : 

\ 

\ 
\ 
\ 

\. 
', 

\ 
\ 
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The 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Equation of State Constants for STAT2 

This equation of state rout ine is used for detonating high explosives. 

three models avai lable  are ideal gas, JwL# and BKW. (pa 48-53] 

Ideal Gas 

8.  - 35. 
JWL 

8. A 

9. €3 

10. Rl 

11. R2 

12. ‘0 

13. EDET 

14. - 35. 

9KW 

a. A 

density of undetanated explosive 

i n i t i a l  sound speed (generally D is used) 

detonation products form: 
y > 0, r a t i o  of spec i f i c  heats  f o r  ideal gas laode1 (p. 5 0 )  

y = 0, selects JWL model (p. 52)  

y < 0, selects BKW model (p. 52) 

detonation wave veloci ty  (pa 49) 

detonation point (problem dependent cor isbnt)  (p: 48-49) 

wave width constant, general - 2-5 (pa 49) 

i n i t i a t i o n  delay t i m e  f o r  gjven HE layer  (p- 49) 

(Y > 0 )  

not used 

( y  = 0 )  

dimensional constants  

non-dimensional constants. 

i r - i t i a l  specific energy of HE 

not used. 

(Y < 0) 



9. 

10. 

.) 11- 

12 0 

13, 
* 

14 

15. 

16 - 
17. 

18. 

19. 

2 0 .  

21. 

22. 

23. 

24 

25. 

R 

C 

D 

E 

EDET 

K 

L 

M 

N 

0 

B'a 

R 

S 

T 

U 

- 
- 
- 
- 
- 
- not used 

i n i t i a l  specific energy of HE 

- 
- 
- 
- 

L - 
- s p e c i f i c  energy adjustment 

- not used 

- 
- 
- 
- 

26. - 35. - not used 
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Equation of State Constants for STAT3 

This; equation of state routine is used for perfect gasses*. (p. 53-54) 

1. Po - i n i t i a l  density 

2. co - i n i t i a l  sound speed 

3. Y - ratio of spec i f i c  heats 

4. - 35. - not used 

- 
*When using t h i s  equation of state, i n i t i a l  pressure, density, and energy must 
be prescribed with RECORD 12. 



Equation of S t a t e  Constants for STAT4 

This equation of state rout ine is used f o r  rate dependent an6 s t r a i n  

harcdning i n i t i a l l y  s o l i d  materials. 

immediately following. (p. 54-65) 

Superscript  letters r e f e r  to notes 

1. 

2. 

30 

4. 

5 .  

6. 

7 .  

reference density of uncompressed =terial (p- 34) 

bulk sound speed of uncompressed mterial (p- 34) 

sublimation energy density (used only by vapor EOS; 
if blank or zero, &" is defaulted to  1.0 x lo3') (p. 37) 

m e l t  energy density (used i n  k(&)(a); i f  blank or 
zero, &m is defaulted t o  1.0 x LO3') tp- 59) 

1 

maximum t e n s i l e  stress allowable with vapor EOS(b) 
(a negative quantity;  i f  blank or zero, a&., is 
defaulted to -1.0 x lO3O) (p. 40) 

Poisson's ratio (PO 6 5 )  

where y = ratio of spec i f i c  heats for expanded vapor 
(set H = 0 t o  bypass vapor EOS) :p. 37) 

8 .  

9. 

10 0 

11. 

12. 

13. 

ambient bulk nodulus (computed internally from so, so> 
(PO 64) 

slope of shock velocity - particl velocity Eugoni.ot (2- 54: 

Gruneisen parameter indicator  (p- 64) 
NOH = 1. - r = ro 
NOH = 2. - rp = fopo 

ambient Gruneisen parameter (p. 64) 

constant i n  k(&')!a) (if blank or zero k is d e f a d t e d  to 
0 

-2.) (p. 59) 

s t r a i n  rate dependence indicator  ( p -  60-65)  
AI( = 0 .  - no r a t e  ciependence 
AK = 1. - r a t e  d q e n d e n c e  



- y i e l J  s t r eng th  ind ica tor  (Po 6 0 )  
NOY = 0 .  - hydrodynamic (rate independent) (p. 60) 
NOY = 1. 
NOY = 2. - i n f i n i t e  y i e ld  str&ss (use STAT1 for t h i s  

NOY = 3. - var iab le  y i e ld  stress(c) (p.60) 
NOY = 4. - l i n e a r  isotropic work hardening(d) (p- 6 0 )  
NOY = 5 0  
NOY < 0 

- constant y i e ld  stress, Y = Yo (p- 6 0 )  

option (p. 45)  

- power l a w  isotropic work hardening (e) (p. 60) - aniso t ropic  work hardening wi%h l??OY 1 
components Imaximum of 7 )  (p. 60) 

NOY > 00 

y1  - 
y2 - 
y3 - 
y4 - 
ys - 

- i n i t i a l  yield stress 

- used for NO1 > 3. 

- used €or NOY 2 4. 

- computed in t e rna l ly  

- computed in t e rna l ly  

- not used 

- not  used 

y6 - 
y7 - 

22. 

23. 

24. 

25. 

25. 

27 .) 

23. 

a1 - 
a2 - 
a: - 
34 - 
a5 - 
a6 - 
a7 - 

29. 5 

30. 

210 

NOY < 00 

individual  
components of 
aiisstro2ic 
yield stressff) 
(p. 57-SlE) 

weights of Y1 €or NOY < 0. 
{p. 57-58)  

- maximum allowable fractional. error in rate dependence 
(if blank or zero, 6 is defaulted to .01) (p-  61) 

- not used 



31.. 

32 

33 

34. 

35. not used - 

Notes : 
.I 

-2 C ko C -1 

(b) If a given zone-cycle passes through the  vapor w)s8 then 

(d) Y = E E, Y Yo 

Y = Yo + E*(& - Eo), Y > Yo 

where E is the strain i n  uniaxial stress. E is Young's modulus. E* is the  

tangent modulus, and Yo = Ec0. 

y 1  is left blank it is calculated as  

E* is input as y2 and E is input as y10 1' 





Equation of State Constants for STAT6 

This  equation of state rout ine is used €or i n i t i a l l y  distended or - 
porous materials. (p. 65-71) 

THE INITIAL DENSITY OF THE FOAM MATERIAL MUST APPEAR RPXORD 12 8 - --- - 
RZERO (PLATE). 

1. 

2. 

3. 

4- 

5. 

6 -  

7 .  

e,  - 

density of unmanpressed reference solid material fp.67)- 

bulk sound speed of uncompressed reference solid 
amterial ip- 68)  

sublimation energy density (use8 only w i t h  va r Bos; 
if blank or zero, RS is defaulted to 1-0 x 10 !E j Qp- 3 7 )  

melt energy density (used in t e n s i l e  stress l i l t i t a t i on  
w i t h  vapor EOS; if blank or zero, is defaulted to 
1-0 x 1030) (p- 40) 

maximum allowable t e n s i l e  stress w i t h  vapor EOS (a 
negative quantity;  if blank or zero, u ~ n  is defaulted 
to -1.0 10301 tP. 40) 

not used 

vapor y - 1 (set H = 0 .  to bypass the vapor EOS) (p- 3 7 )  

number of K constants, including (p- 34-35) 

ambient bulk modulus for reference solid material 
(calculated internally from ps0, col (p- 35) 

if NOK = 0 . .  the  Us&, s lope s appears here (p- 35) 

3.2. k 3  

13- k4 

14. kg 
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15 . 
16 

17 

18 o 

19. 

20 0 

21. 

22 . 
23 

24 

25. 

26. 

27 

28. 

29 

30 . 
31. 

32. 

33.  

34. 

35. 

21 4 

s3 

54 

N 

a 

- number of I' constants, including To (p. 338 35-36] 

- ambient Gruneisen parameter for reference s c l i d  (if 
NOH = i., r = ro) (p. 35) 

- if h l =  el., other  has zero, I'ps = fdso (p. 36) 

- bulk sound speed i n  uncompressed e material (p. 68) 

i n i t i a l  d i s ten t ion  r a t i o  = - , where pfo is the 
pso - 
pfo 

i n i t i a l  density of t he  foam (p. 5 5 )  

- elastic linit pressure of unheated foam material (p- 67, 69) 

- erushup pressure for unheated material (p. 67, 69) 

- constant used i n  energy dependent model (usually 
-1. a ko 3 -2.; i f  blank or zero, to is defauZ.'-,er? 
to -20) (PO 6 9 )  

- energy density a t  which f o a m  strength becows 
negl igible  (if = O., energy independent model 
is used) (p. 69) 

- not used 

- additional, quadrat ic  viscosi ty  coefficient 
( t r y  3.03 (p. 71) 

- addi t ional  l i nea r  viscosi ty  coef f ic ien t  (try (3.7) (p= 71) 

- calculated in t e rna l  constant Co/Tofis 2 

- calculated in t e rna l ly  (p. 68) 

(%+2)/&, - calculated in t e rna l ly  (p- 69) 

!ko+l),$52 - calculated h t e r n a l l y  (p. 69) 

- not used 



APPENDIX F 

PL0"XNG INPUT INSTRUC3!IONS FOR 
WONDPLT - A GENERAL PURPOSE PLOT ROUTINE 

It is f requen t ly  of i n t e r e s t  t o  have a visual display of the s imula t ion  

calculated by WONN, and t h e  p l o t t i n g  r o u t i n e  WONDPLT provides this capability. 

Two kinds  of plots are availa5le - h i s t o r y  of a variable at  a fixed Lagrangian 

po in t ,  and spatial dependence of a variable at a fixed time- The latter may 

be used to  genera te  movies of t h e  materfal response, which are often i n a i s -  

pens ib l e  i n  ob ta in ing  a good overall vfew of a given problem. 

a u s e f u l  tool when cross-plotting variables. 

conjunction w i t h  digitized experimental data t o  merge on the same plot both 

t h e  numerical s o l u t i o n  and t h e  experimental results- 

The former is 

His tc ry  plots may be used in 

TAPE UNITS WONDPLT 

10 plot output  

23 i npu t  f r o m  WONDY 

50 D a t a  for merging with History plo t s  

I n  order to o b t a i n  plot output  from NONDY, RECORD 6 must be inc luded  in 

t h e  WONlJY input. 

ou tput  €or o t h e r  t han  t h e  listed variables, and t h e  WONDPLT code may be 

updated to p l o t  i n  color, and t o  Plot multiple sets of information o n  a 

s i n g l e  frame (i.2. suppress film advance). 

Input  to t h e  WONM code (RECORD 23) may be used to define 

Current p l o t t i n g  l i m i t a t i o n s  are set a t  t e n  (10) TIMEPLOTS ( h i s t o r i e s ) ,  

and  the number of p o i n t s  on any given plot may n o t  exceed 1200 without  

causing p l o t t i n g  t runca t ion .  
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, 

SPATIAL PIMTS INPUT 

RECORD la FORMAT(lOX, 3E10.0) 

( 1-5 1 "XpIxTr" 

( 11 -20 ) TO 

(21-30) At 

(31-40) Ti 

RECORD 2a 

(1-5) 

(11-151 

( 16-20 ) 

(21-25) 

[ 26-30) 

(31-40) 

(41-50) 

(51-55) 

(56-60) 

FORMAT (lox, 

nXDATA" 

F5. 

0 

1 

Variable number: 

Time to begin p lo t t i ng  

Interval between plots 

Time to end plotting 

r 2E10-0, 2F5.O) 

0 
1 

Q 
1 

X?JIM 

XMAX 

0 
1 

in te r faces  and fractures drawn normal to  
horizontal  axis (use when abcissa is 
posit ioned) 

no in te r faces  and f rac tures  drawn 

aef a u P t  var i  - 
ables from 
OUTPL= user sel- 
ection available 

x Iposi t ion)  
u (veloci ty)  
D (densi ty)  
ax ( ax ia l  stress) 
8 ( in t e rna l  energy) [see p- 201.1 

l i n e a r  scale 
logarithmic scale* 

automatic scaling** 
s c a l i n c  supplied by user 

i f  (26-30) nonzero  

if (26-301 nonze ro  

poin ts  not connected 
pints connected 

Character code (see Table E - l )  
( i f  blank, 42 is used) 

* Automatic logarithmic pealing could be used i f  any value of t h e  var iab le  

**Automatic logarithmic sca l ing  goes to nearest  appropriate whole decade. 
is less than zero. 



RECORD 3a FORMAT (lox, 7A10) 

(1-63 "XLABEL" 

(11-8Q! Desired Hollerith label €or x-axis 
(Center of ,scale zt col. 40) 

RECORD 4a FORMAT (15x8 3F5.08 2E10.0) 

(1-5) "Y DATA" 

(16-20) Variable number (see RECORD 2a) 

(21-25) 0 l inear scale 
1 logarithmic scale* 

(26-30) 

(31-40) 

(41-50 1 

0 
1 

YMIN 

YMAX 

automatic scaling* 
scaling supplied by user 

i f  (26-30 1 non-zero 

i f  (26-30 ) nonzero 

RECORD 5a FORMAT (lox, 7 A l O )  

(1-6) "YLABEL" 

( 11-80] Desired Hollerith label for y-axis 
(center of scale a t  col. 40 for hardcopy, col. 30 for MOV: 

RECORD set la-5a may be repeated as 

combinations. 

If a movie is  desired, RECORD la shl 

"MOVIE" i n  col. (1-5). 

*See footnote on previous page. 

necessary for other wariable 

uld be preceeded by a RECORD rith 

217 



HISTORY PIMTS INPUT 
(Spatial O r d e r  Required) 

(1-8) "TIMEPIUP 

Cll-15) i n t e r f a c e  number (1 is l e f t  boundary) 

( 16-20 1 

(21-25) frequency of data: 1 every p o i n t  

zone number from i n t e r f a c e ;  e i t h e r  + or -- 

2 a l t e r n a t e  p o i n t s  
etc. 

RECORD 2b 

(1-5 1 

( 16-20 1 

t 21-25) 

( 26-30 ) 

(31-40) 

(41-59) 

{ 51-55) 

f 56-50 1 

"XDATA" 

variable number (see RECORD 2a) 
(blank for t i m e ]  

0 l i n e a r  scale 
1 logarithmic scale 

0 
1 

automatic s c a l i n g  
s c a l i n g  supplied by user 

XMIN if (26-301 n o n z e r o  

XMAX i f  (26-30) n o n z e r o  

0 
1 

p o i n t s  not connected 
p o i n t s  connected 

character co?e [see Table E-2) 
(if blank, 42 is used) 

RECORD 3b FCPRiulAT ( lox ,  7 A 1 0 )  

(1-6) "XLAREL" 

(11-80) Desired H o l l e r i t h  label for x-axis 
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RECORD 4b FORMAT ( 1 5 X ,  3P5.0, 2E10-0, 3F5.0) 

e 

(1-5) "YDATA" 

( 16-20 ) V a r i a b l e  number (see ReCORD 2a)  

( 21-25) 

(26-30) 

0 
1 

linear scale 
logar i thmic  scale 

0 automatic sca l ing  
1 scaling supplied by user 

( 3 1 4 0  1 Y M N  

(41-50) YMAX 

(51-55) 

( 56-60 ) 

(61-65) 

if (26-30 1 nonzero  

if (26-301 nonzero 

0 no merge plot 
1 merge plot 

m e r g e  tape format (TAm501: ?JpQm, 

(X(f), Y(f), I = 1, m m s )  

0 
1 

p o i n t s  n o t  connected on merge data 
po in t s  connected on merge data 

cha rac t e r  code for merge data.  (see 
Table E-1 

ReCORD 5b FORMAT (lox, 7A10 .0 )  

(1-61 In Y LABEL" 

i Ll-80) Desired Ho l l e r i t h  label f o r  y.-axis 

RECORD set lb-5b may be repeated up to  a l i m i t  of t e n  (10) TIMEPL(YIP's, 

i n  s p a t i a l  order.  

of other var i ah le s  a t  t h e  same p o i n t .  

The TIMEPLOT card need n o t  be re&peated to o b t a i n  h i s t o r i e s  

Both XPL.OTas and TIMEPLOT'S may appear i n  t h e  same p l o t t i n g  data f i fe -  

The f i n a l  record in t h e  da ta  f i l e  must be a record with "END" in Cole (1-3) -- 
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Character 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 

K 

L 

M 

N 

0 

P 

Q 
R 

S 

T 

U 

v 

TABLE E-1 
Standard Scientif ic  Characters 

Decimal 
Code - 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

17 

18 

19 

20 

21 

22 

23 

24 

25 

33 

34 

35 

36 

37 

38 

39 

40 

41 

5 0  

51 

52 

53 

Character 

W 

X 

Y 

z 

+ 

/ 
. 

Y 

. 
d 

8 

d 
I 

c 
0 

Decimal 
Code 

kl 
- 

55 

56 

57 

11 

16 

32 

44 

49 

27 

59 

60 

28 

43 

48 

10 

12 

13 

14 

15 

31 

29 

30 

26 

42 

45 

46 

47 

58 

61 

62 

63 
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