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sc r i c s  o f  1—I )  ca l cu la t ions  s imu la t i ng  the impact of the f lyer  p la te  on the
grani te b loc k in the HUSKY 11119 expe riment w as made to eva luate  the ef fects of
c(j u a t i o n  of ~t a t c  (FOS ) model ing,  en ergy l evels and distribut i ons , and numeri-
cal l ara m c t e rs  on the resul t ing t une of arrival (ThA ) of the shock w a v e  ;It
stations i n  the  b l o c k .  T h i s  oh1cctl ve was t o  provide a basis for judging the
si gnificance ol’ comparisons hcti~cen TOA s-s depth measurements and results of
more complex 2-I) pretest calc ula t ions of t il l- event. The total energy in the
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20. ABSTRACT (Continued)

hyer plate and block prior to impact was found to be the single most important
factor affecting the TOA. Distribution of energy was of secondary importance;
internal energy was found to have an effect equivalent to that from about 3/4
of the same quantity of kinetic energy . Eight EOS models for granite were
considered. Despite considerable differences in the Hugoniots and release
adiab ats in these models , the maximum effect of the models on the TOA vs depth
curves was equivalen t to only a 30 percent change in the flyer pla te energy
(which presumably directly reflects the Source energy). Variations in other
parameters , includ ing computational zone size , arti f i c i al viscosity , and f lye r
plate density , had neg l i gible effects on the TOA over the ranges considered .
These l-D results indicate that TOA vs depth calculations are relatively insen-
sitive to any parameter or uncertainty other than the total energy in the flyer
pl ate-granite block system .~~ The reasonably close agreement which has been
obtained between measured ti~~ s of arrival and values calculated in two of the
pretest 2-D analyses of the g~~ni te block experiment therefore indicates that
current code technology is adequate to calculate debris slap for near-surface
nuclear bursts.
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SECTION 1

I N T R O D U C T I ON

1 .1 Background

The HUSKY PUP underground nuclear test included an experi-

mont in which a curved fl yer  p la te c o n s i s t i n g  of a s a n d w i c h  of
hig h and low density materials was accelerated by the nuclear

explosion and impacted onto the face of an 8-ft diam cter cylin-

de r of granite located 30 cm from the center of the source

([:igure 1).

Prior to the test , 2-D radiation- hydro code calcula tions

of’ the event were  performed* , with the inten t of evaluating

the ability of current numerical techni ques to predict the

dy n a m i c s  of acceleration of bomb fragments or debris , and

their subsequent impact on the ground in a near-surface nuclear

burst. The b a s i s  o f  t h i s  evaluation was to he comparisons of

calculated characteristics of the shock wave in the granite

block (times of arrival , peak  pressure , and waveforms vs dis-

tance in to the block) with measurements of’ these qua n t i t i e s

obtained from the HUSKY PUP experiment.

Fi gure 2 shows the comparison of the calculated and mcii - j
sured times of arrival (ThA) vs depth in the granite block.

Unfortunatel y , the attempts to measure peak pressures and

wave forms were not successful. However , the attenuation of

peak pressure with depth in the block can be inferred from the

experimental TOA data and from the equation of state models.

This interpretation of the data is g iven in Appendix A.

1.2 Objectives of the C u r r e n t  Stud y

1)espite some fairly substantial differences between the

2-I) hydrocode techniques and model s (Lag rang ian vs Eulerian grids ,

* These calcula ti on s were made b~ L illey at LASL ’,Ba i leY at
System s , Science , and Software~~, and Schlaug at Sc i ence
Ap pl icat iom s , Inc . 3.

3
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i i
Pvat t vs LASL EOS , for example), t w o  o f  t h e  c a l c u l a t i o n s  (S 3

and LA S L )  g a v e  ‘l O:\ vs  d e p t h  c u r v e s  w h i c h  f a l l  r e a s o n a b l y c l o s e

to t h e  Ut JS K Y NJI~ m e a s u r e m e n t s .  Tb i s  c o u l d  he f o r  t w o  r e a s o n s :

1. The  2 - D  c a l c u l a t e d  r e s u l ts  w e r e  f o r t u i t o u s

( i . e . ,  one or m o r e  of  t h e  c a l c u l a t o r s  m a d e

c o m pen s at  i n g  e r r o r s ) .

2 .  The  TO-\ vs  d e p t h  in  the gran ite block is

i n s e n s i t i v e  to  Inn J or d i f f e r e n c e s  in t h e  l ’ a s i c

as sulnpt ions and  ca I c u l  at  i ona  1 t e c h r t  i q u es

T h e s e  p o s s  ib i  i t  i e s  , p l u s  t h e  f a c t  t h a t  t h e r e  a t e  some con-
s 1 st  en t J I sc r ep a  nc i es i n  F i ~ t e r e 2 b e t w e e n  the r e su  1 t ~ 0 f t h e
Va r Ot is ca I c t i  I a t  i o n s  • a s  ~ c 11 a s h e t w  n t he c a I c u I a t i on s and the mea -

s u r ej u e n t s  , m d  i c a t e  a need  for f u r t h e r  e v a l u a t  i o n  b e f o r e  a ny

c o n c  1 us  i o n s  are drawn about the valid i tv of t h e  2 -D  code  c al  -

cu la t ions.

One w a y  to  m a k e  t h  i s e v a  1 uat ion would he to  repeat the 2 -1)

c a l c u l a t i o n s  s e v c r t i  t i m e s  so as  to  a s s e s s  t h e i r  s e n s i t i vi t y

t o  v ;I  i’ i on s  input parameters. However , because 2 - D c a l  cul at ions

are exp cns i v e  and  c o m p l e \  , i t  w a s  d e c i d e d  to  us e a s e r i e s  of
1 - 1 )  ca Icu 1 at ions For the sens i t  i v  I t v  s t u d y  w h i c h  i s  r e p o r t e d

h e r e i n  . the spec i f ic o bj e c t  i ye o f  t h i  s s t u d v  h a s  been  t o

e v a  m a t  e t h e  s e n s  i t  I v i t v a I ca I cu I a t e d  t I mes of air i va 1 t o

unce rta m l  es or  v a r  i a t  i o n s  i n  a n u m b e r  of  pa r am e t e r s  i n v o l v i n g

the p r o p e r t  I es o f  t h e  I I  ye i’ p l a t e  w h e n  i t  i n l p a c  t s t h e  gra n it e , t h e
It i gh  p r e s s t i  ic p rope  it  ie s  i s c r  i bed t o  t h e  g r a n i t e , and the num eri cal

pa r a m e t  e r s .  F r on  t h i s e va I ua t i o n  o I’ TO. \ s en s  i t  i v i tv , i t h e c o m e - ~
p u ss i h i  e to  I - w l g t ’ t he  s I gu I I cance (or la ck t he reo I) of

ag ic em ent hett~een calculat e d and men su r ed t i m e s  o f  a i r  h a  I i n

t h e  g r a n i t e  block.

- I h

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -  ~~~~~~~ - - -  - --
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1. 3 App roach

The calculations were all made using CRALE -l , a l-D

arbitrary -Lagrangian-Eulerian fini te difference code . The

test geome try was modeled as a l-D spherical system with the

g r a n i t e  b l o c k  f a c e  at  a radius of 31) cm.

Spherical
Segment

30 cm 

\Flyer 

GRANITE BLOCK

Plate

The f l y e r  p l a t e  was assumed to  he a U n i  lot - in m a t e r i a l .
of t h e  c a l c u l a t i o n s  w e r e  s t a r t e d  a t  t h e  i n s t an t  of f l ye r p l a t e
impact on t h e  g r a n i t e ;  f l y e r  p l a t e  a c c e l e r a t i o n  by  t h e  n u c l e a r
b u r s t  was no t t rea t ed .

.\ b a s e l i n e  se t  of  c o n d i t i o n s  w a s  f i r s t  a n a l y z e d  which

g a v e  a IO-\ v s  depth curve that foil ot~ s the e x p e r  j i n e n t a  I data w ith

good-  f i d e l  i t v  , e s p e c  i a l i v  c o n s  i d e r  I ng  t h e  1 -D n a t u r e  o f  t h e  ari a lv s i s

(Se e S e c t i o n  2 )  . For each  o i t h e  o t h e r  c a s e s  a n a l y z e d , t h e  TOA
V S  d e p t h  cur ’~e Was  compa red a g a i n s t  t h e  b a s e l i n e  c u r v e . The
difference , expressed as a sensitivity fac tor , was used as  a

measure  o f  the change in the cal culated results due to the para-

meter under consideration. Table I summarizes the princi pa l
variables which were incorpora ted into the stud y . A synopsis

( o r I g i n a l l y prepared by the fi rs t author whil e at RDA) of the

ei ght EQS models investi gated in this study appears in Appendix B.

- ~~~~~~~~ ~~~~~~~~~~~~~~ ~~~ — ‘-  - - - - ---
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TABLE 1

SUMMARY OF PARAMETERS I N  THE l - D  C A L C U L A T I O N S

• FLYER PLATE V A R I A B L E S

Un i form Impact Velocity

(40, 45 , 47 . 5 , 50 , 60 cm/sec)

Velocity Gradients in Plate

(40 to 60 , 35 to 65 , -40 to 70)
Plate Deti sity

(1.325 , 2.65 , 5.3 g/ c m 3)

Internal Energy

(—0 , 100 , 300 , 500 , 145() Mb-cc/gm)

Equation of State for Plate

(Pvatt , Schuster , Ti ll otson)

• EQUA tI O N OF STATE MODELS FOR GRANITE

Pyatt

Green-i , -2 , -3

Ka litkin

LASL
Schuster

Ti I lotson

• OIlIER GRA NIT E BLOCK ANI) IiOS VAR IABLES

Calculated Pressure Level

Release Paths

Preheating by Radiation
EOS I n t e r p o l a t i o n  M e t h o d

• NU ME R I C A L V A R 1 A B L L~

Zoning

Ar t i f i c i a l  Viscosity

Energy Iteration Method

8
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1.4  Conc lus ions

The major conclusions are:

1. The most important parameter in the calculation s

of t he  HUSKY PUP g r a n i t e  b l o c k  e x p e r i m e n t  (and
presumably, therefore , in debris slap from a

nuclear burst) is the total energy of the im-

pactlng mass. The distribution between kinetic

and in tern a l i s of secondary  importance ; internal

energy is about 3/4 as effective as kinetic in

driving the initial shock into the block.

2. Over a wide variation of material models , the

m aximum differences in the close-in (P > 1 Mb)

arr ival times due to the various EQS models for

the flyer plate and granite are equivalent to a

change of only 30% in the initial energy of the

plate. Since the resultant motions in the

granite block should scale approximately as the

cube-root of the energy, this difference is small.

Hence , the simplest reasonable material model should
suffice to calcula te the high pressure properties.

3. The difficulties in obta ining experimental data

(espec ially waveforms) in the extreme pressure

reg ime of the granite block in the HUSKY PUP test ,

and the apparent insensitivity of calculational

results to input assumptions in this regime ,

sugge st tha t fu tu re e f for ts fo r code val ida t io n

should emphas i ze co m par i sons w it h tes t da ta taken
in lower p ressu re (b e low 1 Mb) re g imes , where
material prope rties may be more significant.

9
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If the correlation between the TQA sensitivity fac tor ,
~~, (as defined in Section 3) and total energy obtained in this

]-D stud y is extended to the 2-D calculations , an additional

concl usi on may be in f e r r e d :

4 . The LASL , S3 , and SAT calc u la tio ns d i f f e r
from the experimen t by 18, 23 , and 64% in
effec tive energy. Thus the LASL and S3 res u l ts
are probably within the uncertainty limits of

thc HUSKY PUP source yield. Further refinements

o f those ca l cu la tions , in order to better match
the experimental data , do no t , therefore appear
to be necessary or fruitful. We conc lude  tha t
the technology represen ted by these 2-D calcu-

lations is adequate to predict debris slap

mo t ions in cra ter ing and gro und mo ti on a n a l y s e s .
The substantially lower equivalent energy in

the  SAT 2-D results is not readily explainable

by di f ferences in models , techni ques , or assump-
tions. This suggests the possibility of a

ca lcula t ional error of so m e sor t .

10 
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SECTION 2

R A S E L  I N E CA L C ULAT ION

The b a s e l i n e  set of coridit ions for the 1-U analyses was

as follows:

EQS (for both Liver plate and granite block) - Pyatt

Flyer plate material - granite

i n i t i a l  d e n s i t y  ( f o r  b o t h  f l yer plate and granite

b l o c k )  = 2 . 6 5  g/c in 3

F ly e r  plate velocity = 50 cm/ ~~sec ( u n i f o r m )
Fl y e r  p l a t e  t h i c k n e s s  2 . 0 cm

Interna l energy - fl~~er plate = .1)1)5 Mh~ cc/gm *

gra nite block = .0001 Mb- cc/gm

The t h i c k n e s s  of t he  f l y e r  was  chosen  such  t h a t  i t s  a r e a l
dens  i-t v would be t h e  same  as i n  t h e  c o n c e n t r i c  f l y e r  i n  t h e
experiment. The u n i f o r m  i n i t i a l  v e l o c i t y  of the flyer was

chosen to give a total kinet Ic energy r oug h l~ e q u i v a l e n t  to

t h a t  s een  in  preliminary ca lculat ions of the experiment b y S3 .

The f l y e r  was resolved l)y 5 c e l l s  of  equa l t h i c k n e s s
(0.4 ciii). The c e l l s  in the granite block increased b y 0 . 2 5 %
per  c e l l  f r o m  an i n i t i a i  t h i c k n e s s  of 0.4 cm (at the flyer-

block interlace). At  a r a d i u s o f 210 cm (180 cm into the block ,

the end of the region of interest), the cells were about 0.9 cm

t Ii Ic k.

The IOA vs depth curve obta m e d  us i rig the h a s e l  I n c  cond i -

t i o n s  i s show n i n F l  gu i - c 3** , a l o n g  w i t h  the exper inc-rita I data

and w i t h t h e  r e s u l t s  of the 2 - f l  c a l c u l a t  i o n s .  t ’ h i l e  t h e  b a s e l i n e

* I Mb-cc/gm = 10 12  e r g s/ g f l i

** I n c r e m e n t a l  m e t h o d s , like finite difference codes , do no t
p r o v i d e  a smooth ‘IHA c u r v e  , hut i-a t l i e r  a series of di scrc Ce
points corresponding to the shock arrival at each c e l l .  lhe
s m o o t h  c u r v e s  s h o w n  t h r o u g h o u t  this report are least - square
fit s of the form [) = at t’ of t h e  d i s c r e t e  p o i n t s  c a l c u l  at e d
between 60 cm and 180 cm depth in the g r a n i t e .

II
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calculation was not intended to exactl y match the test condi-

tions , it was gratif y ing to obtain the good correspondence

shown in Fi gure 3. This correspondence helps to establish

the relevance of the baseline conditions to the objectives of

the study and also shows that l-D simulation of the experiment is

quite realistic. There is an increasing discrepancy between

the calculated and measured b A , with the measured TOA being

about 10°c later than the calculated TQA b y 1 80 cm depth. This

presumabl y reflects the 2-U attenuation effects (e.g. lateral

relief) which would be expected to appear at late times in the

experiment.

Figure 4 shows the stress , velocity, and displacement time

histories calculated in the Baseline Case at a representative

depth (95 cm) in the granite block. Fi gure 5 is a plot of the

peak pressure vs  depth. The knee at abou t 60 cm depth is caused

by a strong second pulse. This pulse arises when the rear of

the flyer plate converges and rebounds from the center of the

l-D sphericall y symmetric geometry of the problem. Such a

secondary pulse may not be present in the actual test geome try.

13
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SECTION 3

BASES FOR JUDGING EFFECTS QF PARAMETRIC CHANGES

Where single-parameter variations are made in a sensitivity

stud~~. and where the meaningful output consists of a single

quantity, a common procedure is to determine the fractional

change in the output quantity as a function of fractional

changes in the input parameters. This approach was not practi-

cal in the present stud y, inasmuch as the TQA vs depth curve

is not a simple ou tput quantity , and because some of the input

variables involved combinations of parameters and/or overall

model changes . For this reason , the criteria described below

were  used f o r  j u d g i n g  the  e f f e c t s  of i n p u t  v a r i a b l e s  on the
r e s u l t s  of t he  l-D calculations.

3.1 T i m e - o f - A r r i v a l  vs D e p t h  S e n s i t i v i ty  F a c t o r  ()~
Th e TOA vs de pt h cu rv es fo r  eac h case  c o n st d e r e d  were

compared against the curve for the baseline case , and a non-

dimensional TQA sensitivity factor , ~~, was c a l c u l a t e d .  ~ is
t h e  i n t e g r a l , i l l u s t r a t e d  i n  F i gu re  h , of the ~~ -~~ta-; c d~f—
ference in a r r i v a l  t i m e  b e t w e e n  t h e  two cases in the interval

be tween  60 and 180 cm d e p t h , normalized by that in terval (i.e.,

120 cm).

Z is c o n s i d e r e d  as p o s i t i v e  f o r  cases  w h e r e  t h e  TOA is
a l w a y s  e a r l i e r  t h a n  in  t he  B a s e l i n e  Case , and n e g a t i v e  i f  a l w a y s
l a t e r .  For  the  few cases  w h e r e  t h e  TOA vs d e p t h  cu rve  c r o ss e d
the  b a s e l i n e  cu rve  b e t w e e n  60 and 180 cm d e p t h , E was  c o m p u t e d
as t h e  sum cf  t h e  a b s o l u t e  v a l u e s  of t h e  p a r t i a l  i n t e g r a l s  on
each s i d e  of t h e  c r o s s i n g  p o i n t , w i t h  t h e  s i g n  of t h e  l a r g e r .

to

L : - 
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Factor , 1 .
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3 . 2  Effective Equivalent kin etic Energy, Eeff , and

E ffective Energy Rat io, Eeff /E tot

S i n c e  t he  shock  p r o p a g a t i o n  v e l o c i t y  is d i r e c t l y  deter-
mined by the impact ve1ocit~’ , it is obvious that the impact

v e l o c i t y  of the flyer plate , and hence its kinetic energy , has
a major effect on TOA vs depth in the granite block. For this

r e a s o n , i t  w a s  decided to relate results of those cases in-

volving ot~~ei-  v a r i a b l e s  t o  t h e  r e s u l t s  o b t a i n e d  when  o n l y  the
u n i  f o rn  i m p a c t  v e l o c i t~’ of  t h e  f l y e r  p l a t e  was c h a n g e d .  In
this w a y , an effective equivalent kinetic energy, Ee f f ~ 

could

be obtained , as w e l l  as t he  ratio of this value to the total

actual energy in  t h e  f l y e r  p l a t e , E e f f /E t ot .

To d o t h i s , t h e  r e l a t i o n s h i p  b e t w e e n  the TOA s e n s i t i v i t y

factor , E , and the energy (essentially a l l  kinetic ) of un i form-

v e l o c i t y  f l y e r  p l a t e s  w a s  f i r s t  d e r i v e d  by f i t t i n g  a q u a d r a t i c
to the values of ~ and E tot for the Baseline Case (V=50 cm/~Jsec),

C a s e  P 1 (V ~~10) , a n d C a s e  P 2 (V = 6 0 )  , i.e.

= - .3227 + 1 .1 19  E t0 t  - . 7 9 6 4  (1)

Eqn. 1 w i l l  he rel erred to as t he  s t a n d a r d  ~
_ E

0t curve  for
u n i f o r m - v e l o c i t y , I l l - k i n e t i c - e n e r g \ ’  f l y e r  p l a t e s .

The v a l u e  of  1 - for each s u b s e q u e n t  run w a s  o b t a i n e d  ~ve l f
inserting t h e  v a l u e  o f  t h e  bOA s e n s i t i v i t y  factor , ~~, c a l c u l a t e d
for each run  into Lqn . I and  s o l v i n g  f o r  

~~~~~ 
E ec f  is t h u s  t he

k i n e t i c  e n e r g y  of a l I v e r  p l a t e  of  u n i f o r m  velocit y which will

produce the same FO ,\ s ens  i t  i vit v as t h e  v a r i a b l e  or v a r i a b l e s
under consideration in a specific 1-1) case.

I s  
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Fi gure 7 graphically illustrates the determination and use

of Eeff . This is a plot of the bOA sensitivit y factor , ~~, vs
total energy, Etot (normalized by the total energy of the Base-

line Case). The solid curve in Eqn. I , represents the standard

relationshi p be twee n ~ and E tot when the p late velocity is uni-

form and virtually all energy in the plate is initially kinetic.

As an example of how results of 1-D cases are related to Eqn. 1 ,
the calculated value of E , and E are plotted for Case P7.tot
Its total energy , E

~ 0t, 
is 79.l°~ of the Ba sel in e Case , but it

produces the same effect on the TOA sensitivity factor , Z , as a

u n i f o r m - v e l o c i t y  p l a t e  h a v i n g  72.3~ of the enei-gv of the Base-

line Case. Thus the effective equivalent kinetic energ ’s’ , Fe f f
for the P7 flyer plate is .723 , and its effective energy ratio ,

Eeff / E tot , is .723/.791 = .915. Ee f f /E tot is seen grap hic all y

in Fi gure 7 to he merel y a measure of the horizontal d i s t a n c e

between the p lot ted value of ~ an d Etot For any case and t h e
standard curve (Eqn . 1) 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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SECTION 4

RESULTS OF 1-D CALCULATIONS

The 38 o n e - d i m e n s i o n a l  ( sp h e r i c a l  s y m m e t r y )  cases  ana l yzed
in this study are listed in Table 2 . They are  grouped into four

general categories according to whether the parameter being

examined was associated primaril y with the flyer plate (the

P-cases), granite equation of state model [), other granite

block and EOS va i-ia h le s (B), or computational techni que ( C ) .

Table 2 summarizes the most important results of the stud y,

including the TOA sensitivity factor (Z) , the equivalent effec-

tive kinetic energy, Eeff~ 
and the effective energy ratio ,

Ee ff /E tot~ 
as defined in Section 3.

4.1 Flyer Plate Parameters

4.1.1 Impact Velocity

Initiall y, the simp lest and most obvious parameter to vary

was the impact velocit y of the flyer p late ott the granite block.

In cases BL , P1 , P2 , P3 , and P4 , the velocities within the plates

were uniform. These velocities were varied from 40 cm/psec to

— 60 cm/lisec. The TOA vs depth for these cases is shown in Fi gure 8.

As expected , increasing the impact veloci ty produces a cons istent

decrease in the TOA at a given depth.

Since the actual f l y e r  p l a t e  v elocit y was probabl y not

uniform throug h the p late , three problems (Cases P5 , P6 , and P 7)
were run in which the ve l ocit y increased linearly with radius

w ithin the plate. Thus in Case PS , the front (impacting) surface

of the plate was tr aveling at 65 cm/ocec , while the rear was at

35 cm/osec , with linear variation in between . In Case P7 , the

f r o n t  s u r f a c e  wa s  a t  7O c m / i i s ’c , w h i l e  the rear surface was

mov ing at -40 cm/ ps e c ( i . e . ,  i t  was converging b a ck t o w a r d s  t he
source). This roug hl y approximates a velocity profile calculated

- -~~~~~—“  
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by s
3 in a preliminary 2-D study. TOA results of these cases

are compared with the Baseline Case in Fi gure 9.

Fi gure l l~
) shows the results of all of these cases on the

E=E tot plane , and compares them with the standard 
~~

Etot relation-

shi p (Eqn. 1). The three non -uniform velocity cases , P5 , P6 ,
and P7 , fall only slig htly below the curve (i.e., th e TOA are
generally later) indicating that when the kinetic energy is

non—uniform l :y d i s t r i b u t e d  in the flyer p late , its e f f e c t on t he
TOA in the granite plate is less by a small amount than an

equivalent energy unifo~’ml~j distributed in the plate. This is

somewhat surprising in Case P7 , since part of the kinetic energy

in that case was directed away from the granite block. Even so ,
the effective energy ratio , Ee f f /Etot~ 

for Case P7 is .915 , wh ich
sa y s that the strongly non-uniform nature of the P7 fl yer plate

resulted in a loss of effectiveness of only 8.5% , as compared to

a uniform-velocity flyer p1-ate. This suggests that the total

kinetic energy in the fl yer plate has a much more important

effect on the TOA vs depth in the granite block than the detailed

distribution of the kin~ tic energy within the fl yer p late.

4 .1.2 Densit y and F l y e r  Plate Equation of State

The second flyer plate parameter studied was its density.

The pre-t e s t  plate consisted of sandwich layers of high and low

densit y ma t e r i a l s .  At the t ime of impact with the granite block

the actual flyer plate had presumably undergone several stages of

compression and r a r e f a c t i o n  due to the force of the explosion ,

and its d e n s i t y  p r o f i l e  was c l e a r ly  uncertain. In the Baseline

Case , the fl y e r  p late was g r a n i t e  w i t h  a uniform d e n s i t y  of

= 2 . 6 5  g / c m 3 . In Cases P8 and P9 , p0 was increased and decreased

b y a factor of 2 , to 5 .3 and 1.325 g/cm 3 . The effects of these

changes on b A  vs depth in the g r a n i t e  block , are  seen in Fi gure ii

to he q u i t e  small.

25

- - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — 



BL , V’ 50 cm/ ~o~t-c

P6 /
V=3 5/ 65  ramp

PS
V=40/ 60 ramp

7 ,  V= —40 / 70 ramp

a’

‘
~ T~~ CNL~~~~~3 ~

Fi gure  ~) . V a r i a t i o n s  of r ime  of A r r i v a l  f o r  ~ o n — I I n i f o r m

V e l o c i ty  F l v c r  Pl,ji~’s.

-ON—

-—- . --—-- — - -• — ~~ - - - - -—— - —- -~~~~~ -~~~~~~~~~~~--- ---- ~~~ -
. --- --- - - - . -



.2 0

[S — P3 V= 60

. 10

• P6 (V =35/7 0 Ramp )

PS (V=4 0/ 60  Ramp )

/
0 - BL (V —S D)

U ~ t a l l - 1 , I r d
cu r v e b r
u n i b u ~ r m — v e 1 o c f t y

- a1l—Kl~ t l ’ t ~r
-‘ - .O ~~~~ p l I t e s  (~~~in  U 

~~ (~‘ = 4 7 5)

- 10 
P3 (V=4 )•

- . 

• P 7 (V S -40/ 70  Ramp )

P2 (V=4 0 )

- . 2 5  --~~~~~~~~~ _ _

.6 .8 1.0 1. 2 1 . 4

I flIJI i ~c si I n c  rgy  , E t ~~
F i g u r e  10. 104 Sen s it  i v b t v  l ’ a ’ t o r , ~, vs ~ I 1 r m l 1  ized Total Enet ’~ y

I or Coor s  in Which t h e  Ve l o c i t y  (cm/ o cr )  and i t s
D i  ‘- i t r i b u t  100 i n  t i ~1,’ H y er  l ’late ar c  V 51r ied .

-.
—.-----~~~~~~~~~ -~~~~~— 

LU ~~1



- --I- ;- -~~~~~~~~~~~~~~~ s- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~

BL , , —
~~~= 2. 65

P8

P9, l .325

a-

p
.

I

I

I;
.. 

~~ i~ E (NIUlâ~C) ss

Fi gure Ii. Variations in Time of Arrival Due to Changes
in the In itial Density, p 0 , of t h c  F l y e r  P l a t e .

28

___________ - 
-
~~~ 

- 
~~~~ - —

~~~~.



- Is- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~
—— —-- -- -

~~~

Similarly, wh en the EQS model for the flyer plate was

changed from the Pyatt model (used in the Baseline Case) to

the Tillotson model (Case P19), the change in TOA vs depth was

negligible. Even when the flyer p lat e was changed to expanded

Tungsten (p 0 
= 2.65) , and its internal energy , 1E 0, was raised

to 100 Mb-cc/gm , (Case P2 0) , the effects on TOA vs depth in the

gran ite block were small. These flyer plate EOS comparisons

are shown in Figure 12.

When the TQA sensit :vity factor , ~~, and the normalized

total energy, Etot, for the flyer plate density and EQS cases

are p lotted (Figure 13), it is seen that they dev i a te o n l y
sli ghtl y f ro m the standard  Z vs E~~~ relationship (Eqn . 1). The

largest deviation is for the low density flyer p late (Case P9 ,

with p=l.325) . For this case the effective energy ratio is

still .978 , or just 2.2% less effective than a flyer plate of

den sity , p0 = 2.65 g m / c m 3.

4.1.3 Internal Energy in F l y e r  Pla te

Two sets of cases were run to investi gate the effects of

the internal energy of the fl yer plate on the TOA in the granite

b lock .  In the Basel in e Ca se , the initial internal energy, 1E 0,
was essentiall y zero (.005 Mb-cc/gm ). In Cases P11 and P12 ,

1E0 was increased to 100 and 500 Mb-cc/gm , respectively. Since

the velocity was held at V0 50 cm/~,isec., these changes in inter-

nal energy raised the total energy in Cases P11 and P12 by 8.4%

and 42.2%. A s mi ght he expected , increasing the flyer plate

internal energy shifted the TOA towa rd earlier arrivals , as seen

in F i gu re 1 4.  However , when the IDA sensitivity fac tor , E , is

plotted vs normalized total energy, Etot in Fi gure 15 , it is

seen that Cases P11 and P12 fall below the standard E vs Et0t
curve (Eqn . 1) for all-kinetic-energy cases. This indicates

29
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- >i ~ -~~ -c ;! i- ne ~gv is added to the f i v e  r p 1 a t e  , t t i e slioc k

st i e n g t h  p r o d u c e d  in the granite is I oi-~cr , ( a n d  hence the I

i s l a t e r I than i~ eu Id  he the c a s e  i I a ii e qu  I \ a lent :i m oun  t of
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- > c 1. - cue rgv i~ c t- e to he a d d e d .  ~Jo i c  spec i Ii c a l  I v , iii C a se s

P 1 1 a n d  P 1 2  , t h e  no nna I I :ed tot a 1 en eig- - i~ as  r a I sed , t Ii roug h

a d d  i t  ion of internal ene r~~ v , to 1 . OS I a n d  1 . ( 2 2  , respect i c c l v .

The effectiv e eq u i v a l e n t  kinetic i- n e l i t i c s  for these cases sa s
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which has a normalized total energy of 1.256 , is seen to have

the same TOA sensitivit y factor , ~~, as on all-kineti c -energy,

uniform velocity plate h a v i n g  a n or i n a 1i~~c-d t o t a l  e n e r g y  of
.909. The ratio of equivalent kinetic energy-to-internal energy

is .909/1.256 = . 7 2 .  T h u s , i n t e r n a l- e n e r gy  i n  t h e  f l y e r  Plate

is c o n s i s t e n t l y equivalent to about 3/4 as much kinetic energy,

insofar as the effect on the shock introduced into the granite

blo ck and the r e s u l t i n g  lO \ vs depth are concerned.

4.2 Granite Block Earamet crs

4.2.1 Different G ranite EQS Models

The Baseline Case (BL) used the Pyatt EQS m o d e l .  In
Cases E2 th oug h E8 , the alternative EQS models described in

Appendix B were used for bo t h the granite b l o ck a n d t h e  f l ye r

p late. Figure 17 shows the Hugoniots calculated for each of the

eig ht EQS models. Note that the Ilugoniots for five of the

models nearly coincide (LASL , Green-i , Green -2 , Schuster , and

Tillotson). The Hugoniots for the other three models (Pyatt ,

Grcen-3 , and Kalitkin) are somewhat softer. TLks behavior

directly reflects in the TOA vs depth curves shown i n F i gu r e 18;

the three softer models (Pyatt: Case BL , Green -3 : Case 1i4 ,

and K a l i t k i n :  Case  [iS) produced consistently later a rrival times

t h a n  the five stiffer cases. The Pyatt EQS used in the B a s e l i n e

Case g ives the latest arrival times of all the models. Figure 19

stioi- . s the effects of the EQS models on the plots of TQA sensi-

t i v i - t v f a c t o r , E , vs to tal energy, 
~~~~ 

Substitution of alter-

native models for the N-ott EOS model has the following effects

on E :

So

- -  ~~~~~~~~~~~~~~~~~~~~~~~~~ 
_~~~~~~~~~~~~ . -- — - -  ~~~~ .-
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E q u i v a l e n t  Change in
KEi of  f l e e r  w h i c h  w i l l

EQS Model C~.se Li f f e c t  on ~ have ~amc e f f e c t  on ~

P y a t t * Baseline Is -

G r e e n - 3  P4 .012 + 3%
Kalitkin ES .021 + 4%
Green -l P2 .0T’ +18%
LA SL** Eti .080 +19%
S c h u s t e r  E7 .0 9 4  +24~
Green -2 ES .094
T i l l o t s o n  P8 . 1 1 - 1  + 3 0 %

* Used in 2-D calcu la t ions by ~~~~~ and S \ I
**Used in 2 - D  c a l c u l a t i o n  by I \sI.

The m a x i m u m  effect of the h O ~ model on the 1 ft-\ ~eii s It i v i  t y
Factor (fo r the models c o n s i d e r e d ) 5~~LS equivalent to a 30%

change in the kinetic energ y of the fl yer p late. Since subse-

(luent effects of debt-is s l a p (e.g. ground n ot  i o n s )  are expected

to be nominal lv proportional to the cube- root of the coup led

energy, an u n c e r t a i n t y  i n  the liDS model which is equivalent

to a 30% uncertainty in the kinetic energy of the debris is

probabl e not important.

4.2.2 Variations within Pva tt EQS

To examine the sensitivity of the TOA to variations in the

I’vatt LOS , four cases were run in which the model w a s  perturbed

or the method of using It was altered.

As outlined in A ppendix B , the P-catt model for granite is

a complex formulation incorporating the Saha theotv , a Birch-

M u r n a g h a n  fit of the zero pressure isotherm , IlUgol ) lot data , and

an approximate treatment of the l2 0-3S 0 kh qu a rt :- sti sh ovite p hase

change . To expedite its use in code ca lculations , the mode l has

been reduced to a table look-up form. Rather than reconstruct

I I )
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the t a b l e  by v a r y i n g  p a r a m e t e r s  in  the basic formulation , it

was felt that the sensitivity of results to the model could be

at least crudel y determined be arbitrarily changing the pressure

given by the table for the conditions in each computational

cell and cycle. In Case Bi , this p ressure was increased by 20% ;

in  Case B2 , i t  was  d e c r e a s e d  b y 20%. The effects on the TOA vs

depth curves in Figure 20 are seen to be small. Reducing the

pressure (Case B2 ) had a somewhat larger effect on t h e  TOA

than a corresponding increase (Case Bl). Effects on the TOA

sensitivit y factor , ~~, are seen in Figure 21 . Reducing the

pressure he 20% had an effect equivalent to reducing the flyer

plate kinetic e n e r g y  by 4.7%.

In another change to the Pyatt model , the release adiaba ts

in the mode l were replaced in Case B3 by a simple s--law depen-

dence  i .e .,

P Hh 1) ~~li ( 2 )

in Eqn. 2 was chosen for each c a l c u l a t i o n a l  zone , based

on the hlugoniot pressure experineced . Thus

(1
~~

— 1) = P 11/ ~ 11 e11 (3)

\ s seen in  Fi gu re  22 , the ‘)-- ia w rel cose p a t h s do not reflect

the d e tailed s tructure of p aths c a l c u l a t e d  w i t h  the Pyatt model

for shocks in the range below about 10 Mb. Nonetheless , the

TO.\ vs depth curves for Case B3 coincides almost exactly wi th

the Baseline Case in Figure 20 .

The final modification to the Pyatt LOS model was to change

the method of interpolation between two values in the tables.

Normall y , the logs of the two quantities a-re first determined ,

then linear interpolations are made between logs , then the

41 
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antilog of the resul ting number is determined. In Case B6 ,

this procedure was replaced b y simple linear interpolation ,
d i r e c t l y  b e t w e e n  t h e  n u m b e r s  i n  t h e  t a b l e .  The r e s u l t i n g
TOA vs depth curve from Case B6 is virtuall y indistinguishable

from the Baseline Case. T h i s  s u g g e s t s  e i t h e r  t h a t  t h e  i n t e r v a l s
b e t w e e n  the v a l u e s  in the Pvatt LOS table are too fine (and that

computer memory could he saved by reducing the table size) , or

that the costly process of using logs and antilogs could be

replaced b y simple direct interpolation between values in the

tables.

4.2.3 Effects of EQS Model tinde i Other Conditions

To test the effects of the EQS model under other conditions ,

comparisons were made between the Pyatt and L-\SL models for

cases in which the velocity and ther internal energy level in

the fly er p late were varied. (The LASL EQS was  selected for

t h e s e  comparisons because of its use in the LASL 2-D calculations.)

The basic comparison of the P att and LASL LOS models has

been described in Section 4.2.1 above , in summary :

Case LOS Model V elocit y Internal E Equivalent
Energy Kinetic Energy ,

‘~e f f

HI. P~— a tt 50 -0 0 1.0

Pt) LASL 50 -0 .080 1.19

Thu s , use of the LASL model produces an effect On the calculated

IDA which is equivalent to a 19% increase in flyer plate kinetic

energy .

~hen the comparison is made at 40 cm/0 sec , the following

i s  obtained :

- - - :L
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Case EQS Model Veloci ty Internal E Equivalent
E n e r g y  K i n e t i c  E n e r g y ,

Eeff

P2 Pvatt 40 -0 . 2 12  .64 0

EÔB L-\SL 40 -0 - .101 .813

Under these conditions , the LASL EQS i roduces an effect

equivalent to a 27% increase in  f l y e r  p l a t e  k i n e t i c  en e rg\ ’ .

W h e n  a - 4 0 / 7 0  cm/ !isec  ramp v e l o c i t y  is us ed , together with

an int et -n al energy level of 500 Mb-cc/gm in the flyer plate ,

these comparative results a r e  o b t a i n e d :

Case LOS Mode l \-elo cit~- Internal ~ Equivalent
- Energy Kinetic Energy,

E0ff

PlO Pvatt -40/7(1 500 .015 1.032

li6A L-\SL - 4 0 / 7 0  500 . 0 9 2  1 . 2 2 5

Here , use of the LASL LiDS is equivalent to increasing the flyer

plate kinetic energy be 19% .

Ihe above comparisons indicate that the effects of the

EQS model are r e a s o n a b l y  i n d e p e n d e n t  of  the assumed velocit y

and i n t e r n a l  e n e r g y  c o n d i t i o n s .

4.2.4 P r e h e a t i n g  of  G r a n i t e  B l o c k

I n  two cases , B- I and B 5 , i t  was  a s s u m e d  t h a t  the  g r a n i t e
b l o c k  is  preheated by direct radiation from the nuclear source.

For these runs , the internal energy densit y , 1E~~, at the front
Is 

surface of the block was spec i lied to be 0.2 and 20 Mb -cc /gm.

Based on results of a preliminary S~ analyses , it w a s  further
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specified that the internal energy density in the block falls

off wit n depth , D, within the block according to

l E D = 1E 0 ~ 10 -D/35

The total initial internal energy added in the granite block

due to preheat in Case B4 was approximately equal to the

internal energy added to the flyer p late in Case P11. Similarly ,

the added internal energy in the block in Case BS was about the

same as that added to the plate in Case P12. (Cases P11 and P12

were discussed in Section 4.1.3.) It is there fore very inter-

esting that the TQA vs depth curves for Cases- B4 and P11 , and for

Cases B5 and P12 , alm ost exactly coincide , as seen in Figure 14 ,

on page 29. The E vs Et0t values for these cases also coincide

(Fi gure 15 , on page 30). Thus adding internal energy to the

granite bloc k has the same effect as adding the same internal

energy to the flyer p la tes. In either case , adding a given

amount of internal energ’.- is the equivalent of adding about 3/4

of the same amount of kinetic energy . This again indicates

that while the total amount of energy available has an impor- Is

tant effeVt on the TQA vs depth in the granite block , the

specific distribution of the energy has only a minor effect.

4.3 Numerical_Parameters

4.3.1 Zone Size —

All of the preceding cases used l-D cells with initial

thicknesses of 0.4 cm in the flyer p late and 0.4 cm near the face

of the granite block. The thickn ess of cells in the block

increased in 0.5% increments. These thicknesses were approxi-

mately the same as had been used in the 2-D anal yses be

L A S L , and S A l .  To test the ade quacy  of t h i s zon i ng , Case Cl

- - -- --Is - -— 
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was run  in w h i c h  a l l  i n i t i a l  t h i c k n e s s e s  were  cu t  in h a l f .
The effect on IDA vs depth was quite small: cutting the zone

size in half had an effect equivalent to increasing the kinetic

energy he 2 . 2 % . T h i s  suggest that the zoning in the 2-D studies

was adequate.

4.3.2 Artificial Viscosit y

Artificial viscosit y is used in finite difference code

solutions to provide stability- across the discontinuity of the

shock front . It has the effect of smearing the front over

a few cells , and tends to reduce the peak pressure. In Case C2 ,

the artificial viscosity ’ parameter , Q, was c h a n g e d  f r o m  4 ( t h e
value used throug hout this study) to 1. I h e  e f f e c t  on TOA vs
depth was negli gible - equivalent to increasing the kinetic

energy of the flyer p late by about 1%.

4.3.3 Energy Iteration

Since all of the codes used in t h e  v a r i o u s  HUSKY PUP
studies were explicit in their formulation , there is a problem

in c a l c u l a t i n g  bo th  p r e s s u r e  and e n e r g y  at the same time. Man~’

codes approach this problem by iterating the calculations of P

and e until the~- converge. In C R A L I i - l , t h e  f i n a l  p r e s s u r e  a n d

its derivative with respect to e are approximated he calculating

a value based on the energy from the previous ced e and then

adding the incremental change produced by the change in energy 
Is

(-Pd\). When this correction term w a s  removed in Case C3 , the

effect on the IDA vs depth was n e g l i g i b l e , suggesting that the

potential error which could result from improper time-centering

of  t h e  e n e r g y  used in  t h e  p r e s s u r e  c a l c u l a t i o n  is  q u i t e  s m a l l .
The iter a tive procedures used in some codes can he expensive ,

particularl y- if the LOS model is very complex; the results of

Case C3 suggest these proc edures could he simplified or even

L 

eliminated without serious loss of solution accuracy ’ .

18 -
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Figure 23 compares all of the TOA vs depth curves obtained

when the above changes in the numerical paramet ers were made

(Cases Cl , C2 , and C3). The effects are almost indescernible ,

indicating that these aspects of the numerics are not likely

to have signi ficantl y influenced the 2-0 calculations of TOA

in the granit e block.
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SECTION 5

DIFFERENCES IN EQUIVALENT KINETIC ENERGY BETWEEN

EXPERIMENTAL DATA AND 2-D CALCULAT1ONS

It is of interest to determine the IDA sensitivity factor ,

~~, and equivalent effective kinetic energy, Eeff, for the

experimental TOA data and for the values obtained from the 2-D

calculations. This is done by first calculating E by comparing

these TQA vs depth curves with the curve from the Baseline Case

(Figure 3 on page 10 and Figure 6 on page 15). Inserting these

values for X in Fi gure 24 , it is then possible to estimate the

kinetic energy of the 1-0 fl yer p late which would produce

essentially the same TQA vs depth curves as are seen in the

experiment and in the results of the 2-13 calculations. The

absolute value of this equivalent kinetic energy is not of

itself very si gnificant , but the relative differences are a

measure of how close the 2-D and 1-13 calculations came to the

measured data.

IDA Equivalent Difference of
Sensitivity - Effective KE , Ee f f  f rom Va lue

Factor , Ee f f  for Measured Data
z

Baseline 1-fl Case 1.0 1.0 10%

HUSKY PUP 
- 047 91 -

Measured Data

L\SL 2-B
Calculation (pre-test)

s3 2 - D  
- 174 70

Ca lcu lati~~n (pre-test) 
. .

SAL 2-D
- - .46 .33 64%C a l c u l a t r n n ( p r e - t e s t )
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t~~tcurve for l—d

>~ uniform—ve locity
all—KE flyer = — .047

— .05 — plates (Eqn 1) Experimental Data
“ -4
S I

I-

- — — — — —
~~~~ E = — .135 

LASL 2—D Calculation

— .15 — I (pretest)

= 

~~~~~~~~~~~~ s3 2-D Calculation
I (pretest)r~I -~— .20 —

I—.’

ii SAl 2—0 Calculation (prete t )
E = — .46, E = .37)tt r-’ eff

— .2 5 ————--~~ ’ • I I I I
.6 .8 1.0 1.2 1.4

Norma lized Energy , Etot

Figure 24. TQA Sensitivity Factor vs Normalized Energy. Values of £ for
the measured HUSKY PUP TOA data and for the 2—D Calcula—
tions have been determined in relation to the TOA curve
for  the 1—0 Baseline Case.  These E are then used to de-
rive the KE of a 1— 0 f l yer plate , E

f f .  w h i c h  wou ld p r oduce
assent  i a I ly the  same WA curves .
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Th e LAS L and S3 2-13 results are probabl y ’ within the

uncertaint y limits  of the 1-IIJSKY PUP source y ield. T h i s  f a c t ,

p lus the findings of the current studs- that ca lcul at ions of

TOA vs  depth curves are ~nsent i tiv e to re la t ivi - l v large changes

in input models and assumptions , indicates that further reline-

ments of the LASL and ~ 3 2-D ca l cu la t ~ u u 5  a r e  ilot necessary

nor likel y’ to be fruitful. We conclude that the technolog y Is

demonstrated b y these 2 - B  cal culations is aikquate to predict

debris s l a p  for cratering and ground motion anal yses.

The m a j o r  difference between the SAl 2-I) results and the

measurements and the results of the other 2-11 calcu lations

are not explainable , insofar as we c a n  tell , by di iferences in

the i n p u t  as  su m p t  i o n s  . None of the i- ar i ;ih I es or uncert a int l es

w h i c h  we cons idered i i i  the c u r r e n t  s tudy- appear 1 1 ke 1 v to be

responsible for the large discrepanc y in the SAl results. 
Is

This suggests the po s s i b i l i t y  of a ca l cu l ationa l error of

some type.
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A P P E N D I X  A

A SIMPLE INTERPRETATION OF THE HUSKY PUP TIME-OF-ARRIVAL DATA

Attempts were made in HUSKY PUP to measure pressures and

velocities at various depths in the granite block. However ,

the only dependable data obtained were the times-of-arrival

(TOA) of the first shock at the various gages. These data ,

shown in Figure Al , are quite consistent; a least squares fit

of all the data in the form

jj = a t
b ( A l )

has an RMS error of less than 2% , independent of whether depth ,

D, is measured from the front surface of the block or the center

of th e source. The error drops to about 1% if only the Physics

International (P1) ladder data arc fit , and is smaller vet

if either the earliest points are excluded , or an additive

constant is used , i.e., D = at b 
+ c. The coefficients a and

Ii fall into two classes , depending on whether the distance to

the datum point is measured from the front surface of the block

or the center of the device , Table  A l .

:\ pressure vs range relationship can be derived by com-

bining the fits to the TOA data with Hugoniot shock velocities ,

obtained from the EOS models. Curves of Uç vs P are shown

~~ 
[:i~ ure A2 for two of the models. The shock velocities at

any pressure above 1 Mb differ h~- less than 5% between the eight

EDS models used in this study- and can he approximated in the
Is range .3 to 100 Mb by a power law , namel y ’

U5 = dP e (A2)

where d = .89 and e = .44. This fit is included in Figure A2.

55
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TABLE Al

ALTERNATIVE LEAST SQUARES FITS TO HUSKY PUP 
Is

TOA DATA AND INFERRED PRESSURE—DEPTH RELATIONSHIPS

(D atb + c) (TOA data)

(P = ci(D—c)8 (inferred P—D relationship)

I. Where D is measured from center of device:

a b c

(1) (1) (1) 8* *Using all 27 data points: 36.18 .383 0 2.6lxlO —3.66
or: 16.48 .517 35.31 6.5 xlO4 —2.12

Using only P1 ladder data: 36.99 .376 0
or: 13.95 .553 40.03

Using only last 7 ladder
points: 34.86 .392 0

or: 25.25 .446 16.97

II .  Where D is measured from front surface of granite block:

Using all 27 data points: 19.20
(2) 

.490
(2) 

o~
2
~ 2.3 x 1o

5** 
_2.366**

Usingly only P1 ladder data : 19.00 .494 0
or: 15.25 .536 7.34

Using only last 7 ladder
points: 18.67 .499 0

or: 18.66 .499 .004

(1) curve “Y” on Figure Al
(2) curve “Z” on Figure Al
* curve P1 on Figure A3

** curve P2 on Figure A3
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I.

EX 1’ E R I ~ IE N T AL DATA
a, ~t u~ioou~£ 6RI I~N6
+ 666
X P t  £06
•~~~.R Pfl~
LEAST SQUARES FITS

z 0 19.2~T...990
lIs V 0.36.2sT5a.3S3=30

a

~;•• 
~~

• 
T~~~~E (MW&EC) ~~~~~

Figure Al. HUSKY PUP Time of Arrival Data and Two Least Squares
Fits. (Depth Measu red From the Front Surface of Granite
Block.)
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1)i ffere iit iat ing any of  t h e  c u r v e  fit s listed in Table A l pro-

vides a s e c o n d  e q u a t i o n  f o r  U ç w h i c h , together w i t h  the original

~ i t  , c an  he w ritten as a funct ion of p o s i t i o n  o n l y

(h— 1)/b
= ab (A 3)

w h e r e  a , h , c a r e  t he coe ffjc ent s 1 i sted in Table .\l . U 5
c a n  be e l i m i n a t e d  in li quat ion s A~ and A3 above to  p r o d u c e  a

l )r essu re-dis t~:I1ce r e l a t i o n s h : p  of  the form

P = t (D- c)~ (A 4 )
, 1/ c

~hei-c = 1 (b/d ) a 1 fl~ and ~ = ( i~~~) (I )
L J ii

Fi~o of the I es suie vs depth curves derived from least squares

fits of a l l  th e dat a points ar e  p r e s e n t e d  in  F i g u r e  -\5. Since

he c u r v e s  r e p r e s e n t  t w o  d i f f e r e n t  f i t s  to  the same data , it

i s  not s u r p r i s i n g  that the y - c r o s s  i n  t h e  m i d d l e  of  t h e  r e g i o n
a t  d a t a .  h u e snia 11 ji f f c i - e r i ce  h e t i ~een  shock vel ocit i e s  i n  t he
v a r io us I (~~ niodel s - p iLl s the r a t h e r  sina i I d i  ~Ierence i)e t -~een
the p i e s  — i i  re \s d e p t  I: f i t s  i n  I- i gu re \5 (le ss t h a n  5 ) °~ ta r

a 1 1 r r e s su  res above () . ~l b )  , suggest that the h I g il ~~~~~~ur e
P- I) re I at ion I s re 1 at i ye 1 

~ 
i n s en s  i t i ye to the LOS model or to

the a ccurac y- of in d i v i d u a l d a t a  p o i n t s .
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Figure —\~~~~. Peak Pressure as a Function of the  Distance t rom the Front
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Data.
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A P P E N D I X  B*

TilE C R A N iFE EQtJAT ION -OF STATE FOR TEMPERATURES

BE T IcI iE N 0 .5  EV and 1 KEV

13 .1 In troduct ion

Ei ght models of the quart: (SiO7) equation-of-state (EOS)

have been studied to estimate tile potential error in prediction

calculations of the IItJSKY PUP granite block experiments caused

by uncertainties i n  hi gh energy - material properties. Of

specific concern was  the material behavior in tile temperature

range between 0.5 cV and 1. 0 ke\’. Radiation effects dominate

the calculation above 1 keV (l0~~ crgs/gm) , while the various

eXpeI iments of interest in HUSKY P IJ P  occur at temperatures above

0.5 cV . The temperature range of interest is well above that

of most previous experiments , but it is too low to expect simple

Thomas-Ferm i or Saha models to be entirely valid. Of the eight

specific models investigated (‘Fable 131 and References S through

l2), one was based on the Sah a equation ( 5); the other seven

used tile Thomas Ferm i theory (12) ~%ith variou s corrections and/or

approximations. Comparisons of the hl ugonio t s and release ad i-

abats for all of the models are presented in Section 13.2 , while

specific characteristics of each model are discussed briefl y

in Section 13 .5 .

* rhis appendix was originall y a memo written i-~h i 1 e  one of the
author - (Schuster) was at R ~ I) \ssociates and represents

Is 

work sponsored t h e r e  b y I ) NA
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Table 131. SiO 7* LOS ~IOI)ELS S’l IJDIEI )

- AUT H OR Th EOR Y TYPE R E F E R E N C E

— 
I .  PYATT (S 3) SAHA TABLE LOOKUP 5

- 2 .  BARYNE (LASL)  Th O M A S - F E R M I  “ 6

3. GREEN I (RDA) “

- 4. “ 2 (RDA) “ a “

5 ‘
~ 3 (RDA ) “ b

6. K A L I T K I N  “ c “ 8 ,9
(US S R/ L L L- )

- 

7. SCHUSTER (RI),-\) 4 ANALY I’ IC FIT

8. TILLOTSON (GA) “ “ 11

= 2 . 6 S  g m / c m 3

a JflC lUdC5 nuclear correction assuming nuclei be h a v e  as  a p e r f e c t
gas.

b includes nuclear correction assuming nuclei behave as h a r m o n i c
oscil lators.

c lflClUdCS electron exchange and correlation corn-ections .

~~~~~~~~ ~.i_. ~~__  .: ______ ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - I s  
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B . 2 Comparisons of \ar~ ous Models

S i n c e  d i s s i p a t i o n  from e n e r g y  d e n s i t i e s  b e t w e e n  10 1 1 and
i D ’5 e i -gs lgm al w a y s i n v o l v e  s h o c k  p i -ocess es , t i le  p r i n c i p a l
I l u g o n i o t  is  a u s e f u l  c u r v e  fo r  c o m p a r i n g  var ious models.

The j ump conditions at a s h o c k  f r o n t , co mb m e d  w i t h  each  LOS
mode l , are sufficien t to determine the locus of points attainable

in a strong shock , i . e .  , the I)rinc ipal hlugo niot . The jump con-

di tions are:

= p (S-IJ) ( c o n s e r v a t i o n  o f  m a s s~ ( B l )

Ii = U2/2 ( c o n sc i - v a t  i o n  of e n e r g y - ) ( B )

P = ~~Stj ~c o n s e i -v a t  i o n  o f  m o m e n t u m )  (133)

w h e r e  and ~ arc the pre- and post - s hock  dens  i tics of the
material , U and S are t u e  mat e rial and shock speeds , E is the

energy densi ty , and P is the shock pre ssui-e. Strictl y - speaking ,

P , Li , and Ii represent changes in those quantities , but along

the pr inc i pa I ilug on jo t tile i l l  i t  i a 1 p r e s s u r e  , energy- and matei- —

ial veloci ty of tile rock are small and can be i g n o r e d .  S i n c e

the above three equat ions conta in f i ye unknowns , add i rig a fourth

ecjuat i on , n a m e l~ - the LOS m odel , al lows one to solve for any-

four of the unknowns as a f u n c t ion of the fi fth. ru e result ing

liugoni o ts , r e p r e s e n t e d  as P vs ~ , arc sinown in Fi g u r e  131.
.- \ lI of the curves coalesce near 1 mhar since they- were forced

t o m a t c h  t h e  lo i s  pi ’~-ss 1i r e (<5 Mb ) experimental dat i

At h i g h e r  p r e s s u r e s  t u e  K a l  i tkin , Pyatt , and (~reen 3 models arc

cons idcrahl y softer , i . e .  , mon- c compressible , than the other

five models which rema in in a t i gilt band. -\t very - hi gh pressures

all of the models approach an effective gamma [
~~~~~~ 

(P + pE)/pl-i ]
of 5/3 except for the Til lotson model w h i c h  converges to a

v a l u e  of  3/2. i~h ii e t h e r e  appear to be rather striking di ffer-

ences  b e t w e e n  t h e  v a r i o u s  ilugo niots , the energy deposited in t h e

- - - —~~~~~
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material at any g iven pressure does not vary greatly even be-

tween the extreme~ of the curves. Expressing the Hugoniot

energy as a funLtion of pressure and effective gamma , namely

Ii = L_ _,. (134)
Po (Y e+1)

it follows that at any specific value of the pressure , the

ratio of deposited energ ies between any two models is simply’

~~
R ( E )  = 

~~

-

~

--

~~

-

~~ (B5 )

Is 

Althoug h in tiicory , -y~ can vary- between 1 and ~~, f o r  pressures

above 5 mbars the effective gammi along the Ilugoniot for any

of tine models studied was  never less th a n  1.44 or gi-eater than

2.6* . In addition , at any pressure , the cff~ ctive gammas for

the extreme ilugo niot s never differ b y more than 40°c , so that

tine maximum variation in energy is less than 12% , Fi gure 32.

Tine ratio of shock velocities is even less sensitive to differ-

ences in the Ilugoniots , varyin g as 
~~~~~~~~~~~~

. Thus , the di fferences

between the mod -’ is shown in Fi gure Bi are probably - not impor —

tant to a calculation of the oven -all material response , parti-

cularly if one considers that the Ilugoniot is onl y- the loci of

states , only one of which i s  reached b y an y spec i f i c zone of
material in i calculation. Of much greater potential signifi-

cance are any systemat ic differences in release adiahats from

the various Ilugoniots . While the energy- deposited h~’ a given

magnitude shock does not vary greatly between the models , if

*
Below S mhar the material is a sol id and cannot he realist ically
r e p r ese nt ed b y a -y- - l aw equation.

kIs Is__ Is_ Is. Is Is_IsIsIsIs_ ____ _ Is_ ___ I s I s _  I s I s I s~~~Is~~~~~~~~~~~~~ •_ _ , I s _ _ . _  _ _ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
--IsIs-- Is - Is -- I s - Is Is

~~ - - - -~~~~

+ +

~~

C\J II cD

I 1 I I 1 1  I I 

JI\ 
I\

~~~~~~ E

— I l
~~~ i p

/ I Is

I I I -

/ •4:~~
V)

- / I I- -2~t- / / I-
I I- /

- / /
- \ /  /

I I
7 / /

— I I _ ’-’CDIs , I — —
Is (I) / f /

I— / / I — 0
Is CD f I —

4_I I > a)Is I I I -
CD ~ 4 / - 4-)

\ / I u >’
Is,— - ,4Is s._x

Is., u_i c, \ _, — u-i
~< C D  4Is

Is-
, 

~~‘
-4, ‘.. ,

__

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

-v ~~

CD

I
) 

Is

~~~
-

,-
~~~~~~~~~

I I I i I I I I I I I
L CD Lt)

0-i

+

________ ~Is ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - I s • ~~~~~Is Is Is -



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

the fraction of the energy recovered during the adiabatic expan-

siorn was to differ , the effect could be dramatic. Such does not

appea r to be the c a s e , as release adiahats from ~ () , 100 , and

1000 Mha rs ~Fi gure 133) , appear to cluster tight lv i n  P- c - space.

[vein when p l ot ted on t h e  e i i e i g v - v o l u m e  P l a n e  ( F i g u r e  134), the

di f fe 1- ences for release from 100 and  1000 ~ib:i r are not great

ih e energ ies lost in wa ste heat after expansion to 1(1 0 cm 3/gni

— d iff em - hv a factor of 4 between tine extremes of tine models.

1lon ~ever , the se en e r g ies  arc an o r d e r  of magnitude less than the

m i t  hi I en erg y deposited , so the ~-o~ 

~~~

j  ~~ ~o~’er~ d o n u v  v a r i e s
be tween 91 and 9_ ~ S~o .  F u r t h e r m o r e , t h e  s pr e a d  b e t w e e n  t i n e

p r e s w n a h l y  more a c c u r a t e  s i x  t a b l e  l o o k - u p  m o d e l s  i s  o n l y  2~
(~) 5 .  5-~~~~. 5~~) . ‘l ine Lu ger  s p r e a d  for tI~IC 10 MI-nm ’  unloading is

due t y  the di ffercnces heti~een the models ’ treat me nt o f t h e  s o l i d

m m a se o I~ S i @ 2  and wh i 1 e i mpo rta m n t for I Oi~ st re ss at t e nu a  t ion , i- as

I lL )  1 S 1 1  ~I cc t 0 f t ~i i s re \‘ I L -

A n add it i orni 1 set o f on I oad i ng pat Ins f ruin t inc pm i n t -

Is g cm 3) -amid I = 1~~ ergs/ Cm , shown in I g o r e  ~ I , s i mu Is

i:m t e s reltn isc after t i l e  i m n s t am n t :iineous deposition of em nc m - g v int o

co iL1 mater i i  I - Ich i i e mi ot an ex ;ic t r e p r e s e n t  a t  i o n  of  r a d  i at ion

dep os it ion , ti m is state is t 
~~ 

i cal of ti n e in it i al conditions

t’ req ue in t I ~ used in cal cii i a t  ions o I lin e 1 ea r exp los ions - The s i x

ab l e look-up mod el s return hetne cn sS and 92 percent of the

r it i a I en - l ’g’ do r j i g  cx p i n s  i on to 1 (1 (1 cm- ~/gm , wh i I e t li e two

a n a l y t i c  f i t s  i i i l l o t s n i ’ s ’ind Schust er ’ s), i- ec o \ e m ’ 94 ami d h T . 5 ,

re spe ct jV L ’ l y .  I f one assumes th a t tine energy recovered and

a II iii Ic to do cent i no i n g  i~ L i-k i s the 11105 t s i gin ifi c a n t di- i ~‘ i n g
mech an i sm of the groum n d not ions , t h e  di IlL rence s cxiii h it ed i n
I - i  go i c s  hi hiou gh 131 do m t  appe ar si gn i Ii cam n t in I urge

lic e t iir ti n e i- quest i oins 1- elni a ~n : F in-st , do the mode is pie -

sent ed iL-re real iv cover th e complete rainge of possible m at en --

o I heh :iv i u i , i . e • , coul Li tine m e a l  m a  t el - i a 1 load and /or unl o i d

along p ;it in s - L i t S i d e  the I i m imi t s of nu n- m od el s2 S e c o n d , hoi~
L t ic - i I i s t Inc t ime sca 1 e ov e  i icli i cii tine mater i a 1 on I oad s

‘1 1
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Clearl y , if tine unloading w a v e  speeds of one m o d e l  an - c s i g n i  -

Ii cant lv ía ste m - than ;lm no th en - , the ene m g y would be i - c l e a s e d

~~~~~ 
i cker and could c hamngc the not ion at lowe n - peak pressures

Ihe quest I on of wln eth em one has coven-ed tin e complete set

of po s si l n l e material models is difficult ii not impossible to

an—w er ; howe ver , tine i. ~sue has been a d d n - e s s e d .  One s i m p l e
w a y  t o  I O I s k  i t  t i n e  m i m o d e l s  is  to  e x p r e s s  the equat join-of-state

in t e n - ’ i ’~ f iii effect I ye gamma , ~~ li n us , in F i gur- e 135 , 
~~

~ to r tim l o a d  i ng fm-on ~ 
= , E = 10 and fno m tine I l u gon i o t

Is i)rL’sstln e of about 1000 Mh ar , is plotted f o r  the two extremes

u I the tab 1 e lookup model s (Green ‘ s tab 1 CS of the Thomas - Fer mi i

model m~ i tin the perfect g~I s and harm on ic osc ill  ato n- nuc lean

co rrr- c t i o n s )  and t i ne two ana I ~t i cal fits - -

~ ~ 
v a r i e s  between

1 .2 and 1. 7 over the p r e s s u r e  range 0.02 to 1000 Mhar for tin e

release pa tin s p lotted. lVii li e gam umm i a can theoret 1cm II v vary

from I to - - -
, it is di ffic mil t to imag ine a material whose gamma

i s  c o n s i s t e n t l y  b e l o w  L 3  om a b o v e  1 . 7  f o r  the enen-gy densities

of interest. T h u s , the static anal y- s is of tine SiO-, equation-

of- state models presented a b o v e  st  r o n g l y s u g g e s t s  t h a t  f o r
temperature s above 0 . 5  cV , deta i Is of the spec i fic IlOS used

pi-obab lv w I I  1 not he s i gin i Ii cant in the calculat ions of material

i i  u s  e to a in iic 1 e a r i’xp I L)  5 011 -

I~~. 3 1 rid I V id LI l I Mode i s

I’he ei g h t  models for- quartz compared in tine previous section

are discussed individuall y below. While a brief description of

tine aspects of each is pi-esented , this is not intended to he an

i n - d e p t i n  r e v i e w .  A ll of tine models assume density and spec ific

e n e r g y -  a r e  t h e  I n d e p e n d e n t  variables. More connprehens i ye d i  s-

cuss i o n s  of  each  m o d e l  m a y  he found in tine appropriate references

listed in l ah l e 131 .
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B.3.1 Pya tt Model (S3)

T ine CAPO code , used to generate the basic data from which

these tables were derived , solves the Sain a equation assuming

local thermal equilihirum and includes electron exchange and

correlation terms. The low temperature behavior is presented
by a Birch-Murnaghan type equation with parameters cinosen to

matc h experimental Ilugoniot data up to 120 kbar. Tin e quartz-

stishovite phase change which occurs at shock pressures between
120 khar and 350 kbar was included at tine 120 khar level , so

the calculated ~~r i r n c i p a l  liugoniot is consistentl y lower th an tine

measured data in this region .

Pressure and tempcratui- e are each represented by a coarse

and fine table in this model. This two table scheme , i n wh i ch
tin e fine table is embedded i n  tin e coarse , was necessary to

r e p r e s en t  t he p hase change without a prohibitively lan-ge com-

puter storage requirement. Tine coarse tables were dimensioned

23 x 38 (density x energy) and included densities between io~~
and 25 gm/cm 3 and energ ies between 1.58 x io8 and 4 x 1015 er gs/ gm .
The f i n e  t a b l e  ( 53  x 53) included densities between 1 and

10 gin/cm 3 a nd energ ies from io 8 and  1012 erg s/ gm.  Thu s o n l y
7400 entries wem - c needed for both pressure and temperature.

IA comparable single table model generated earlier needed 23 ,000

entircs to provide tine same coverage and was too large for

several of tine codes to use conveniently- .) A l inear  i n terpol ati on
Is 

using the logarithms of all the entries was employed to obtain

pressure and temperature for densities and energies within

the bounds of the tables. Outside the tai)le limits the pressures

were calculated by extrapolating from the nearest table entries

assuming a perfect gas behavior. (This same procedur e was used

in all the t a b l e  hook -up m ode i s  p r e s e n t e d  h e n e .  )
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B.3. 2 Barnes Model (LASL)

The standard LASL EQS is derived from the Thomas-Fermi (1-F)

f or m u l a ti on f or an e l e c tron ga s .  The sol id behav ior , hi gh-
temperature nuclear motio m n and electron exchange and correla-

tions forces are included. Pressure and temperature are found

by a two-step process in this model. First , the pressure , P0,

and energy , E0, at tin e desired density, are calculated for the

zero degree isotherm by interpolating in two 33 entry tables.

The thermal contribution to pressure and tin e temperature are

then calculated from 33 x 16 tables (density x energy) using

the density and thermal energy (E-E0) .  The ta b l e s  incl ude
densities and energ ies from 0.02 to 14.4 gm/cm~ and 0 to 2.64

x 10 14 ergs/gm respectivel y .  S i nc e the ta b les  f o r  therma l
energy start from zero , a linear interpolation of the actual

values rather than their logs was mnecessar v .

B . 3 .3 Green  1 Model  (RDA)

J. Green (RDA ) derived data for this nnodel by fixing

tin e temperature and tiìe electron-free energy, and using Latter ’s

T~ h: results to obtain tin e resulting pressure , energy , partial

volumes , and entropy contributed by the electrons from both the

silicon and the oxygen atoms. Since the electrons of both atoms

are in thermodynamic equilibrium if they share a common temper-

F attire and electron-free energy, th e electronic pressures are

the same at the atomic interfaces. Tine pressure of th ie mixture ,

ther e fo re , is the p r e s s u r e  at the edge of either atom .

The ori g ina l  dens it y ,  pr essure , and energy output was con-

verted into 30 x 27 tables (p x Ii) of pressure and temperature

by an aux illia ry routine. In addition , since the TIsF model

used  i s on l y  va l id for  a ho t e l ec tro n ga s , a t energy  densities

less  t han 3 x 1011 er gs/gm the pressure was calculated using the 
Is
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I
low pressu r-e pontio m n of tine Schuster anal y tic f i t .  A simple

w e i ght i n g  f u m n c t  i o n  w a s  used to go sm o o t h 1~ - l n e t w e e m n  -t h e  f i t

and the tables for energies inetween (1 .3 and  3. 1) x io 12 ergs/gm ,

i .e. ,

= t
~~fit 

+ ( 1 -  
~~

‘tab 1e (136)

w I L  ie

= F - 0 —
~~ _ -~~~~~IsIsL~~IsIsIs__ (13 7)

3 x 10~ 2

Is l i ne  log~i r  i th in  ic int erp olat j oin rout imn e used for tine Pyatt tables

was ~m l ~~o used f o r  all the Gr e e i n  f~ Kal itkin tables.

B . 3.4 Green 2 Model (RDA )

the sL-c om n d Gr- een model differ -s from tine one above in

hat t in c  e f f e c t s  of  m ime  I e;m m not I on are Inc luded by assuming

t i n e  n u c l e i  bL- in: mve is a perleet gas w i tin t h m L L ~ d egeL- Is of freedom.

l i i  i s  i esul Is in ai r incre a se in m a t  in p r e s s u r e  and energy - at a

~ i~ -en  t e i pL I s r a t a r e  a mid s hifts t i n e li u go n i o t  s l i g h t l y  to  t i n e  l e f t
(less compress i 131 e I i n  ~~~

- space (F I go FL- 131)

13 .3.5 Gm ~eL-rn - 3 ~teJe1 (Rl)-\ )

I n , t lie o i i  g I m a  I Green model w a s  mod if i ed by ~ flue lean

not i o n  con t m i h u t  io m n , ti n i s t l ine  a ssrun  i m g  t i n e  m nuc Ic I are bound 13y
Is 

a h a  m o n  I c w e  1 1 . T i n e  n uc 1 e I , tin e mc fo i Is e , con t r i b u t e  no tin I ng

t o t i m e  pr e ss ur e h u t  a d d  5 kt ln en nucleus to tine ener gn , ~ r

d t i  I ng a s i i~n i i i  can t so I t c h  i m g  o f  t i n e  l i u g o n  l o t  , sin i f t i  rig it

t o  t i n e  r i g l u t i i i  F i g L n m e  B I .

I s l I s h e  t t -.’u LIC I s  of  m i n e  lea m not ions are e x c ee d  i r ig ~
- useful

I mice 13ev s b — i  Id N-~ re sein t upper and lower I i n n  its of tin i s

effec t on t h e  pr ey - -n r c . A s s h o w r  I in F l  gm1r ~- HI , i m b o v e  SO Mba r

Is Is tin e il u g o m n i ots jIrod ir ced i n - tine Gm ee m n — 2 and -3 models do i n d c i

ho mid t i n e  0 t Inc r C U  i- \ - C  S
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13 . 3.6 K al itkim i Mode l

Corrections to tin e basic T-F desc r i i n t i o n  f o r  t h e  e l e c t r o m i
q u a m i t u n i  amid e x c h a n g e  f o r c e s  a t  0 ° K  w en - e d e r i v e d  m y- N a I l  t k i n
these c i n a m n g e s  w e r e  extended at LLL and i r n c a r p o r a t e d  i n  a code
w h i c h  g e m n e r a t e s  tables of p r e s s u r e , e n e r g y  , and correction

te rms , AI ~ and SF as f u m n c t i o n s  o f  d e n s i t y , t e m n i ) e n a t u r e  and  a t o m i c

nu nmni ner. By ; i s s u m i n g  an a v e r - a g e  - a t o m i c  w e i g i n t o f  10.662, a p p r o —

m m  i a t e  in i g in e m l e r g v  t a b l e s  were g e n e n a t e d  f o r  quartz. A g-a in tine

S c i n u s t e r  l i t  w a s  used i t  l o w  energ ies.

line a v e  rage a torn approx imat ion i s cn-uder t h a n  cqu~it ing

t empe  i-a t u m e and f r e e  ern e r g y as ii i  t i n e  ( i r e c m n  model s - i i o w e v c  n
sett ing . I ~ a n d  --i i to zero produced an EOS which overla y s that

V C r ee  n — I , so t i n e  t w o nu e t hod s a ppe am equ a 1 e in t f o r  q u a  rt z

l i n e  k m  I It k i m m ode 1 . t h e i L ’ f o  F L ’ , c a n  he  c nmp i red m - i t im tine ot in er T— F

O I L ’ I S  t O  L’s t imn te tine e f f e c ts of tine electron correction terms.

13 .5. 7 Sclnuster Model (RI)A )

In ann atte rnl )t to get a s i rm r p lc am na l y - t Ic FOS for quan-tz , an

e \ 
~

) r e s  s i  o n w a s  fouin d to appn -ox irn~m t e tine effect ive gan imm a cal cu —

l i  ~CLl I r o il tine Gn-eL- mn — I model. i h e  i - e su l  t i n g  e x p r e s s i o n

(~~- 1 ) = (0.35 log - 0.464)- + 0.-I + 0 .  12 log p ( 118)

p n ov ides a g mc s ~ i r e  ( is s u m  j i m g a p eu fec t g ;i s ) win i ch i s tine in

RLIL’d tO t l i L ’ s a l  I LI  p h i  5L’ con  t m - i h m t  I cmi . I i nL- r e s u l t  i rig iiugo n jot

ri d ass c i at ed FL - I ea 5L’ ad  I a ha  t , F I gu re s 13 I 1 nd B 3 , a r e  i n

m e iso nn ;m 13 1 e ~i m~ reemen n t w It in t m o s  e of Cl- c L !  - 1 . I inc urn 1 oad i rig I morn

no r am I dcii s i t  y a n d  II = 11 ) 1 -
~ e rgs/gm LI I t i e r  m a r k e d  I ~ , 

h o w  L’\ em

s u m  g e s t  l i m e  Is!  hL- t ten - l i t  should he V omn nn d ii  this m o d e l  is t o  he

misc ii Iii h i t  m ire c a I cu l i t  1 LI ins

L Is _________ 

_________ _______________ _____Is 
~~~~~~~~~~~~~ 
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~I s _~~~~~. . Is_ -  _~_



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ Is ~~~~~~ I s I s~~~~~~ -~

B.3 .8 T i l lo tson (GA) Model

An analytical fit , first derived by J. Tillotson for

hypervelocity impact studies of metals has been used extensivel y

in calculations of motions in rocks . The fit has two parts , one
which models the solid behavi or (using a polynominal) and the

second which represents the gasous state. The gas term has a

perfect gas form P = (y-l)pE , in which the gamma is allowed to

vary thusly:

( y - l )  = a + 
h 

(B 9 )
E~~~~ 1

E 0fl
2

At hi gh energies this equation reduces to y-l = a , w in ere a has
}n i s t o r i c a l ly  been assumed  to be 0 . 5 .  As seen in Fi g ure  B l ,
the  r e s u l t i n g  H u g o n i o t  is c o n s i s t e n t  w i t h  s e v e r a l  of t i ne  o t h e r
models up to 1000 Mbar . Above this pressure the elfect i”e

gamma of the otiner models begin to increase asymptoticall y’ to

5/3 while the Tillotson value remains at 1.5

Ii 

j Is

76

L______________________ _ _ _ _ _Is IsIs Is Is _ ~~~~~~~~~~~~~ 
- _ .~~~~ 1_ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - —.~- =~~ -~~-~~



- IsIs~~~ _~~~~Is~~~~~~_~~~~~~~~~~~ Is_~_~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

REFERENCES

1. J. Lilley, Los Alamo s Science Laboratory , (private commun i-
cation) .

2 .  E .  Bai l ey ,  “Calculation and Anal y sis of th e HUSKY PUP
Add-on  C o u p l i n g  E x p e r i m e n t ” , Sys t ems , S c i e n c e , and S o f t w a r e ,
DNA 4 0 8 l F , August 1976.

3. R. Schlaug, Sc ience Applications , Inc ., (private communication) .

4. J. Wh itener , R ~ D A ssociates , (private communication).

5. K.  D. Pyatt , Sys tems , Science , and Sof twar e , (private
communication) .

6. J. Barnes , Los A lamos Sc i ence Labo ra tory, (pr iva te commun ica ti on) ,
also see S. L. Thompson and 11. S. Larson , “Improvemen ts in the
Char t D Rad ia ti on Hy drodvnam ic Code I I I : Rev is ed A n a l y ti c
Equation of State ” , Sandia Laboratories , SC-~ R-7l- 07l4 ,
Ma rch 197 2 .

7 .  1. M . Green , “Preliminary- Results of Thomas-Fermi Equation-
of-State Stud y of Si02” , R ~ D A ssoc iates , RDA i nteroff i ce
memorandum , Februa ry 17 , 1975.

8. N. N. Kalitkin , “The Thomas-Fermi Model of the Atom with
Quantum and Exchange Corrections ” , JETP, Vol. II , No.  5,
November  1960.

9. T. J . A h r e ns , California Institute of Technology’ , (private
communication).

10. S. El . Schuster and J. lsenherg, “Equation-of-State for
Geolog i c Ma ter i als ” , Appl i ed T h e o r y ,  Inc ., DNA 29252 ,
Se pt ember  1 9 7 2 .

11 . 1 . Tillotson , “Metallic Equation-of-State for Hypervelocit v
Impac t” , General A tom i c D i v i s i on , Genera l  Dynam ic s ,

G A -  3216 , 1967 .

12 . R. La tt er , Phy. Rev., Vol. 99 , p. 1854 , 1955 , and
1. Chem. Phys., Vol 23 , p. 280 , 1956.

77

______________ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Is



- Is IsIs I s -  Is Is -

D l  Sf0. I BUT I ON LI  S I

DEPA RTMENT OF D EF EN SE DE PARTMENT OF THE A~~y_jc2n~~ni~4)

Assistant to the Secretary of Defense Dep. Chief of Staff for Rsch. Dev . & Acq.
I \t o m i c  Energy ATTN: Tech. Lib.

ATTN : Honorable Donald R. Cotter
Chief of Engineers

Di rector ATTN: DAEN-MCE-D
Defense Advanced Rsch. Proj . Agency ATTN: DAEN-RDM

ATTN Tech. [lb.
ATTN : NMRO Dep. Chief of Staff for Ops . & Plans
ATTN: Pt~1O ATTN : Tech. Lib.
ATTN: STO

Comander
Direc to r  Harry Diamond Laboratories
Defense Civil Preparedness Agency ATTN: DRXDO-Tl , Tech. Lib.
Assistant Director for Research ATTN: OELHD-NP Is

ATTN : Admin . Officer
Comander

Defense Coninunications Agency Redstone Scientific Information Ctr.
t-JWMCCS System Engineering Org. U.S. Army Missile Comand

ATTN: Thomas Neighbors ATTN : Chief , Documents

Defense Documentat ion Center Director
Canreron Station U.~ A rmy Ballistic Research Labs .
12 cy ATTN : TC ATTN : DRXBR IsX , Jul iu s .1. Meszaros

ATTN: Tech. [lb., Edward Baicy
Director ATTN DRDARIsBLE, W . Taylor
Defense rnte lligence Agency ATTN DROAR-BLE , J. H. Keefer

ATTN : DI-7E
ATTN: D8-4C , Edward O Farrell Corrinander
ATTN : DT-1C U.S Army Eng ineer Center

ATTN: ATSEN -SY-L
Director
Defense Nuclear Agency Division Engineer
2 cy ATTN : SPSS U.S.  A rrrry Engineer Div ., Huntsville

ATIN : TISI Archives ATTN : HNDED-SR
3 cy ATTN : T I TL , Tech. Lib.

ATTN: DDST Division Ennineer
U.S. A m y  Engineer Div. , Ohio River

Comander , Field Coniriand ~TT’J Tech. Lib.
Defense Nuclear Agency

ATTN: FCPR Director
US. Army Engr. Waterways Exper . Sta.

Director ATTu!: Tech. [lb.
tnterservice Nuclear Weapons School A T T N :  uv Jackson

ATTN: Document Control ATTN : iohn N. Strange
ATTli- Leo Ingran

Director ATTN: W i l l i am Flathau
Joint Strat. Tgt. Planning Staff , JCS

ATTN: STINFO Library Comeriander
U.S. Army Mat. -S Mechanics Rsch. Ctr.

Chief ATTN : Tech. Lib.
Livermore Division , Field Courmiand , DNA
Lawrence Livermore Laboratory Coniriander

ATTN : FCPRL U.S. Army Materiel Dev. & Readiness Cmd .
ATTN Tech. Lib.

Under Secretary of Def. for Rsch. & Engrg.
ATTN: S&SS (OS) Correnander

U.S. Army Nuclea r Agency
tWPARTMt ’JT OF TUE ARMY ATTN: Tech. Lib.

Director DEPARTMENT OF THE NAVY
D~”1 Advanced Tech. Ctr .
Huntsville Office Chief of Naval Materi al

Is ATTN : CRDABH-S ATIN: MAT 0323
ATTN : 1CRDABH-X

79

___________ — ~~~~~~~~~~~~~~~~~~~~~~ -



Is IsIs~~~~~~~~~~~~ 
Is Is~~~~~~~

DEPARTMENT OF THE NAVy~ (cQntinued) DEPARTh ENT OF THE NAVY (Continuedj

Chief of Naval Operations Director
— ATTN: Op-981 Strategic Systems Project Office

AIIM: Op-O3EG ATTN : NSP-43 , Tech. Lib.

Chief of Naval Research DEPARTMENT OF THE AIR FORCE
ATTN: Tech. Lib.
ATTN : Nicholas Perrone AF Geophysics Laboratory, AFSC
ATTN: Code 464 , Jacob L. Warner ATTN: SUOL , Rsch . Lib.
ATTN: Code 464. Thomas P. Quinn

AF Ins ti tute of Technology , AU
Officer-in-Charge ATTN : Library AFIT , Bldg. 640 , Area 8
Civi l  Engineering Laboratory
N a v a l  Construction Battalion Center AF Weapons Laboratory , AFSC

ATTN : Stan TaI~- nashi ATIN : SUL
ATTN : Tech. Li b .  ATTN : DES—S . M. A. Plamondon

ATTN : DYT
Con-wnander ATTN: DES—C , Robert Henny
David W. Taylor Naval Ship R&D Center

ATTN: Code L42-3, Library Headquarters
Air Force Systems Comand

Coninander ATTN: DLCAW
Naval E l ectron i c Systems Command
Naval Electronic Systems Cmd. Hqs. Conariander

ATTN : PME 117—21A Foreign Technology Division , AFSC
ATTN: NICD Library

Commander
Naval Facil i t ies Eng ineering Command Hq. USAF / IN

ATTN: Code O3A ATT N : INATA
ATTN: Code 048
ATTN: Tech. Lib. Hq. USAF /PR

ATTN : PRE
Superintendent (Code 1424)
Naval Postgraduate School Hq. USAF /RD

ATTN: Code 2124 , Tech. Rpts. Librarian ATTN: RDQSM

Director  Commander
Nava l  Research  Labor tory Rome A i r  Development Center , AFSC

ATTN : Code 2600 , Tech. Lib. ATTN : EMTLD, Doc. Lib.

Commander SNISO /MN
Naval Sea Systems Command ATTN : MMII

ATTN : ORD-91313 , L ib.
Commander in Chief

Commander Strateg ic Air Command
Naval Ship Engineering Center ATTN : NRI-STINFO , Lib.

AIIM: Tech. Lib.
DEP IsART MENT OF ENERGY

Commander
Naval Ship Rsch. ~ Development Ctr. Departnrent of Energy
Underwater Explosive Research Div. Albuquerque Operations Office

ATTN: Tech. Lib. ATIN: Doc. Con. for Tech. Lib.

Officer-in-Charge Department of Energy
Naval Surface Weapons Center Div is ion of Headq uarters Services

AIIM: Code WA5 01 , Navy Nuc. Prgms. Off . ATTN : Doc. Con. for Class.  Tech. Lib.

Coninander Department of Energy
Naval Surface Weapons Center Nevada Operations Off ice
Dahlgren Laboratory ATTN: Doc. Con. for Tech. Lib.

ATTN: Tech. Lib.
University of Ca l i fornia

President Lawrence Livermore Labor3tory
Nav al War College ATTN: Tech. In fo . ,  Dept. [-3

ATTN : Tech. Library
Los A lamos Scient i f ic Laboratory

Coninnanding Officer ATTN : Doc. Con . for R. J. Bridwell
Naval Weapons Evaluation Faci l i ty AIIM: Doc. Con, for Reports Lib.

AIIM: Tech. [lb. ATTN : DoG. Con. for 6. R. Spil iman

80

____________________________ - Is~~~~~~~



DEPARThENI OF ENERGY (C~~~ ni~ed DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

Sandia Laboratories General Electric Company
Livermore Laboratory TEMPO-Center for Advanced Studies

AIIM: Dec. Con. for Tech. Lib. AIIM: DASIAC

San dia Labo rator ies I I I  Resea rch I nsti tu te
AIIM: Dec. Con. for 3141, Sandia Rpt. Coll. AIIM: Tech. [it,.

Unior Carbide Corporation inst itute for Defense Analyses
Holifield National Laboratory AIIM: IDA L i b r a r i a n , Ruth S. Smi th

AIIM : Dec. Con. for Tech. Lib.
ATIN : C i v i l Def. Res. Proj . Kama n AviDvne Is

Division of Kannan Sciences Corp.
OTHER GOVERNMENT AGENCY AIIM : Tech. [lb.

AIIM : E. S. Criscione
Department of the Interior Is

Bureau of Mines Kama n Sciences Corporation
AIIM: Tech. [lb. AITN: Library

DEPARTMENT OF DEFENSE CONTRACTORS Lockheed Missiles & Space Co., Inc.
AIIM : Tech. [lb.

Aeros pace Corpora ti on
AIIM : Tech. Info - Services Lockheed Nissiles & Space Co., Inc .

AIIM : Tech. Info. Ctr., D/Coll .
Agbab i an Assoc i ates AIIM : Tom Geers , D/52-33, Bld g. 205

AIIM: M. Agbabian
McDonnell  Dou glas Corporat ion

Applied Theory , Inc. AIIM: Rober~ W. Halprin2 cy AIIM: John G. Trulio
Merr i tt CASES , I nc.

Avco Research & Systems Group AIIM: J. L . Merritt
AIIM : Research Lib., A830, Pin. 7201 AIIM: Tech. [lb.

Battelle Memorial Institute Nathan M. Nemenark
AIIM : Tech. Lib. Consulting Eng ineering Services

ATTN : Nathan M. Newniark Is

The 8DM Corporation
AIIM: Tech. Lib. Physics International Company

ATIN : Doc. Con. for Dennis Orphal
The Boeing Company AIIM: Dec. Con, for Fred N. Sauer

AIIM: P. M. Schmidt AIIM : Dec. Con, for Robert Swift
AIIM: Aerospace [lb. AIIM : Dec. Con. for Tech. Lib.

AIIM: Dec. Con, for E. T. Moore
Ca lifornia Research & Technology Inc. ATIN : Dec. Con, for Larry A. Behmmann

AIIM: Ken Kreyenhagen
ATTN : Sheldon Shuster R&D Associates
AIIM: Tech. Lib. ATTN: Robert Port

AIIM : Tech. [lb
Caispan Corporation AIIM: J. 6. Lewis

ATIN: Tech. [lb. AIIM: Harold L. Brode
AIIM’ Cyrus P . Knowles

Civil/Nuclear Systems Corp. AIIM ; William B. Wri ght , Jr.
AIIM: Robert Crawford AIIM : Henry Cooper

AIIM: Jerry Carpenter
Univers i ty  of Dayton AIIN : Albe rt L. Lat ter
Industrial Security Super KL-505

AIIN : Hallock F. Swift Sciences Applications , Inc.
AIIM : Dav i d Bernste i n

Un iversity of Denver AIIM: 0. F. Maxwel l
Colorado Seminary
Denver Research Institute Science Appl i cations , Inc .

AIIN: Sec . Officer for J. Wisotski AIIM: Tech. Libra ry

EG&G, Inc. Southwest Research Institute
Albuquerque Division AIIN: Wildred E. Baker

AIIM : Tech. [lb. AIIM: A. B. Wenzel

Card . Inc. SRI International
ATIN : 6. L. Neldhardt AIIM : Burt R. Gasten

AIIM : George R. Abrahamson

Ml

- Is -- -~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Is



Is - - — -  -- 
Is Is~~~~~~~~~~~~~~~~~~~ Is~~~~~~~~~~ Is I s I s Is Is I s _I s

I

UE r.’C T MENT OF DEFENSE CoNTRAcTORsJfpntinue~J DEPARTMENT OF D E F E N S E _ CONTRACTORS (Continued)

Svs te c ; s , Science and Software , Inc. Universa l A nalyt ics , Inc.
AIIM : Tech. Lib. ATTN : E. I. Field
AIIM : Donald R. Grine

Is AIIM : led Cherry W eid linger Assoc . Consulting Engineers
AIIM : Thomas 0. Riney A TTN: J. W . Wright

A1TN : Melvin L. Baron
Terra Tek , Inc .

ATT II : Tech. Lib. Weid l inger Assoc . Consulting Eng i n e e r s
ATIN : Sidney Green ATTN : J. Isenberg

Is 
Tetra Tech., Inc . Westinghouse Electric Corp.

A’T~ : Tech. Lit,. Marine Division
AIIM: Li-San Hwang ATT’J : W. A. Volz

T~W Defense & Space System Droup
-T TT N:  0. H. Baer , P1-2136

2 cy A T T ~- I Is Peter K. Dai , Rl-2170
A TT N : I. E. Albe r , R1-1008
ATTN: Tech. Info. Center , S-1930
AII M : R . K. Plebuch. P1-2078

TPW Defense & Space Sys. Group
San Bernardino Operations

CTT’ : E. ~~. Wong . 527/712

- — — Is Is Is ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ , Is ~~~~ Is~~~~~~ IsIsIs Is  - Is~~~Is~~~~


