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ABSTRACT 

An a n a l y t i c a l m o d e l is developed to d e s c r i b e the t h e r m o -

c h e m i c a l behav io r of SNAP r e a c t o r fuel e l e m e n t s du r ing a t m o s ­

p h e r i c r e e n t r y . The a e r o d y n a m i c hea t ing , t r a n s p i r a t i o n cool ing , 

and the c h e m i c a l r e a c t i o n s of the fuel wi th a i r a r e i nves t i ga t ed . 

A de ta i l ed eva lua t ion of z i r c o n i u m - u r a n i u m hydr ide fuel m a t e r i a l 

p r o p e r t i e s i s p r e s e n t e d . R e s u l t s u s ing the a n a l y t i c a l m o d e l a r e 

p r e s e n t e d and c o m p a r e d wi th e x p e r i m e n t a l da t a . 

A s t a t i s t i c a l p robab i l i ty a n a l y s i s of in i t i a l fuel ab la t ion i s 

conduc ted for SNAP lOA e l e m e n t s . The s t a t i s t i c a l p r o c e d u r e i s 

conc luded to be a va l id , o p t i m u m a p p r o a c h P a r a m e t e r inf luence 

IS p r e c i s e l y fixed and r a n k e d , provid ing d i r e c t i o n for e x p e r i m e n ­

t a l suppor t i n v e s t i g a t i o n s . The p r o c e d u r e a l s o enab les an o r g a n ­

i zed , r e i t e r a t i v e n a r r o w i n g of the a c c u r a c y a t t r i b u t e d to the 

s tudy r e s u l t s . 
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SUMMARY 

Analy t i ca l s tud ies of the t r a n s i e n t behav io r of z i r c o n i u m - u r a n i u m hyd r ide SNAP r e a c t o r fuel e l e ­

m e n t s under a t m o s p h e r i c r e e n t r y condi t ions have been unde r t aken to d e s c r i b e the condi t ions vi'hich 

a r e n e c e s s a r y for bu rnup and d i s p e r s a l of the r a d i o a c t i v e fuel m a t e r i a l . In th is r e p o r t , t r a j e c t o r y 

t r a n s i e n t ca l cu la t ions a r e m a d e for SNAP lOA r e a c t o r fuel e l e m e n t s r e l e a s e d f r o m the r e a c t o r v e ­

h ic le at s e l ec t ed a l t i tudes be tween 200,000 and 400,000 ft. The a e r o d y n a m i c hea t ing , t r a n s p i r a t i o n 

cool ing , and the c h e m i c a l r e a c t i o n s of the fuel wi th a i r a r e ana lyzed to d e t e r m i n e the ne t su r f ace 

hea t flux to the e l e m e n t s . An ana ly t i ca l m o d e l is d e s c r i b e d with which s i m u l t a n e o u s so lu t ions of the 

h e a t and hydrogen t r a n s p o r t equa t ions a r e obtained including v a r i a b l e m a t e r i a l p r o p e r t i e s and m a t e ­

r i a l phase c h a n g e s . 

A de ta i l ed eva lua t ion of p r e s e n t ava i l ab le i n fo rma t ion conce rn ing fuel m a t e r i a l p r o p e r t i e s is 

g iven. Using the b e s t ava i l ab le da ta , m i n i m u m fuel e l emen t e jec t ion a l t i tudes a r e e s t i m a t e d f r o m 

which comple t e abla t ion of the fuel can be ach i eved . The computa t ions a r e p e r f o r m e d for fuel e l e ­

m e n t t r a j e c t o r i e s wi th c r o s s - a x i a l - s p i n n i n g , e n d - o v e r - e n d - t u m b l i n g , and r a n d o m - t u m b l i n g flight 

o r i e n t a t i o n s . A s t a t i s t i c a l a n a l y s i s of the computa t ions i s p r e s e n t e d , f r o m which p r o b a b i l i t i e s of 

in i t i a l fuel ab la t ion a r e d e r i v e d a s a function of r e l e a s e a l t i t u d e . The s t a t i s t i c a l p r o c e d u r e i s c o n ­

c luded to be a va l id and o p t i m u m method of a n a l y s i s . The inf luence of each p a r a m e t e r m a y be p r e ­

c i s e ly d e t e r m i n e d and r a n k e d to p rov ide d i r e c t i o n for e x p e r i m e n t a l suppor t i n v e s t i g a t i o n s . The 

p r o c e d u r e a l so enab l e s an o r g a n i z e d , r e i t e r a t i v e n a r r o w i n g of the a c c u r a c y a t t r i b u t e d to the study 

r e s u l t s . 

Data f r o m e x p e r i m e n t a l t e s t s on the t r a n s i e n t heat ing and b u r n u p of the fuel m a t e r i a l in a h y p e r -

t h e r m a l wind tunne l a r e u s e d to c o r r e l a t e the ana ly t i ca l d e s c r i p t i o n . The a g r e e m e n t i s found to be 

good and within devia t ion due to u n c e r t a i n t i e s in p a r a m e t e r s . 
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I. INTRODUCTION 

The safe d i s p o s a l of the z i r c o n i u m - u r a n i u m h y d r i d e fuel m SNAP (Sys tems for N u c l e a r Auxi l i a ry 

P o w e r ) r e a c t o r s dur ing a t m o s p h e r i c r e e n t r y h a s been a p r i m a r y c o n c e r n m the A e r o s p a c e N u c l e a r 

Safety P r o g r a m . Burnup and d i s p e r s a l of the fuel as a r e s u l t of a e r o d y n a m i c hea t ing has been con­

s i d e r e d a s a p r a c t i c a l and convenien t me thod of di lut ing the f i s s ion p r o d u c t s to a h a r m l e s s l eve l m 

the a t m o s p h e r e . 

In r e c e n t y e a r s , an ana ly t i ca l and e x p e r i m e n t a l p r o g r a m to i nves t i ga t e the r e e n t r y behav io r of 

SNAP r e a c t o r s and the r a d i o a c t i v e fuel m a t e r i a l upon descen t f r o m sa t e l l i t e o r b i t s has been p u r s u e d 

at A t o m i c s I n t e r n a t i o n a l . Inves t iga t ions of the r e e n t r y hea t ing and d i s i n t e g r a t i o n of the SNAP IDA 

r e a c t o r veh ic le s y s t e m have been r e p o r t e d m R e f e r e n c e s 1 th rough 4 . T h e s e s t u d i e s , along with the 

study p r e s e n t e d m R e f e r e n c e 5, have shown that the d i s i n t e g r a t i o n of the r e a c t o r s y s t e m p r o c e e d s to 

an ex ten t w h e r e indiv idual fuel e l e m e n t s a r e r e l e a s e d and sub jec ted d i r e c t l y to a e r o d y n a m i c hea t ing 

at about 240,000 ft. 

The s tudy of the r e e n t r y hea t ing and t h e r m o p h y s i c a l behav io r of the r e l e a s e d fuel e l e m e n t s is the 

sub jec t of th is r e p o r t . This r e p o r t con ta ins a d e s c r i p t i o n of the a n a l y t i c a l m e t h o d s developed to 

a t t a in a r i g o r o u s and c o m p r e h e n s i v e eva lua t ion of the r e e n t r y b e h a v i o r , and a d e m o n s t r a t i o n of t h e s e 

m e t h o d s to a r r i v e at s o m e p r e l i m i n a r y r e s u l t s . 

S e v e r a l p r e v i o u s s t u d i e s have been m a d e by s e p a r a t e i n v e s t i g a t o r s of the r e e n t r y behav io r of 

z i r c o n i u m - u r a n i u m hyd r ide fuel e l e m e n t s . The e a r l i e s t of t h e s e was an AVCO C o r p o r a t i o n r e p o r t , \ 6 ) 

which defined and d i s c u s s e d the phenomen a and p r o b l e m s involved . In o the r s t u d i e s , p r e l i m i n a r y 

ana ly t i ca l m o d e l s to a p p r o x i m a t e the t h e r m o p h y s i c a l behav io r of the fuel m a t e r i a l dur ing r e e n t r y 

w e r e developed by C h i l d e r s et a l . ,'• ' and by Leadon et a l . ' ' T h e s e m o d e l s a r e roughly equiva len t 

to the p r e l i m i n a r y a n a l y t i c a l fuel bu rnup m o d e l ' 1 ' "' deve loped at A t o m i c s I n t e r n a t i o n a l to ana lyze 

the r e s u l t s oi the f i r s t s e r i e s of e x p e r i m e n t a l t e s t s on SNAP fuel m a t e r i a l hea t ed m a h y p e r t h e r m a l 

wind tunneU'^' and to p e r f o r m p r e l i m i n a r y r e e n t r y c a l c u l a t i o n s . All of t h e s e m o d e l s , h o w e v e r , w e r e 

not d e e m e d to be of sufficient a c c u r a c y to m e e t the speci f ic r e q u i r e m e n t s and ob jec t ives of the 

A e r o s p a c e N u c l e a r Safety P r o g r a m . 

In th i s r e p o r t , an a n a l y t i c a l m o d e l is deve loped -which i n c o r p o r a t e s a l l known p r o c e s s e s o c c u r r i n g 

at or n e a r the fuel e l e m e n t s u r f a c e and w i thm the fuel m a t e r i a l . M o r e spec i f i ca l ly , the m o d e l gen ­

e r a t e s s i m u l t a n e o u s hea t and m a s s t r a n s f e r so lu t ions c o n s i d e r i n g (1) t e m p e r a t u r e and hydrogen 

c o n c e n t r a t i o n dependen t m a t e r i a l p r o p e r t i e s , (2) m a t e r i a l phase c h a n g e s , and (3) a c o m p l e x s u r f a c e 

hea t flux which v a r i e s wi th t i m e , s u r f a c e t e m p e r a t u r e , and the h y d r o g e n los s r a t e . In addi t ion , 

fusion and ab la t ion of the c ladding and fuel m a t e r i a l a r e s i m u l a t e d . A p r i n c i p a l advantage of th is 

ana ly t i ca l m o d e l is tha t it u t i l i ze s a known, f a m i l i a r c o m p u t e r code ( T h e r m a l Ana lyze r P r o g r a m , 

T A P - 3 ) for obta ining t h e s e s o l u t i o n s . 

The d e t e r m i n a t i o n of the ne t s u r f a c e hea t flux to the fuel e l e m e n t i s b a s e d on an eva lua t ion of the 

a e r o d y n a m i c hea t ing , t r a n s p i r a t i o n cool ing , and the hea t ing con t r i bu t i ons of the s u r f a c e c h e m i c a l 

r e a c t i o n s . Such r e a c t i o n s a r e (1) oxidat ion of the fuel m a t e r i a l and (2) h y d r o g e n combus t i on . An 

eva lua t ion of e ach of t h e s e p r o c e s s e s i s p r e s e n t e d in Sec t ion IV. 

S u p e r s c r i p t n u m b e r s r e f e r to the R e f e r e n c e s l i s t ed m Sect ion 10 of th is r e p o r t . 
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The a n a l y s i s con ta ined in the m a i n body of th is r e p o r t is confined to fuel e l e m e n t flight o r i en t a t i ons 

which effect a u n i f o r m hea t ing a round the s u r f a c e of the elennent . Such o r i e n t a t i o n s a r e : (1) c r o s s -

ax i a l sp inning , (2) r a n d o m tumbl ing , and (3) e n d - o v e r - e n d t u m b l i n g . In t h e s e c a s e s , the an a ly s i s i s 

s impl i f ied to a o n e - d i m e n s i o n a l , r a d i a l d e s c r i p t i o n . Such a d e s c r i p t i o n beg ins wi th a fully c lad fuel 

e l e m e n t , r e l e a s e d at a given a l t i tude a long the r e f e r e n c e vehic le t r a j e c t o r y , at a given in i t ia l t e m ­

p e r a t u r e , and revo lv ing in one of the a fo r emen t ioned fl ight o r i e n t a t i o n s . The m a t e r i a l r e s p o n s e of 

the fuel e l e m e n t following r e l e a s e is then computed by m e a n s of the a n a l y t i c a l m o d e l upon s p e c i f i c a ­

t ion of the a e r o d y n a m i c h e a t i n g , s t agna t ion en tha lpy , and f r ac t ion of comple t ion for h y d r o g e n c o m ­

bus t i on , a l l as funct ions of t i m e . 

The c a s e of a c r o s s - a x i a l , nonro ta t ing flight o r i e n t a t i o n is t r e a t e d in an appendix s ec t i on . This 

o r i e n t a t i o n r e s u l t s in a hea t ing d i s t r i b u t i o n a round the c i r c u m f e r e n c e of the e l e m e n t wi th m a x i m u m 

hea t ing o c c u r r i n g along the s t agna t ion l ine of the c y l i n d e r . A t -wo-dimensional v e r s i o n of the a n a l y t ­

i c a l m o d e l is deve loped to d e s c r i b e the fuel behav io r up to in i t i a l fuel me l t i ng for th is flight o r i e n t a ­

t ion . 

The o v e r a l l fuel e l e m e n t r e e n t r y b e h a v i o r , including eva lua t ion of the t r a j e c t o r y hea t ing and the 

m a t e r i a l r e s p o n s e c a l c u l a t i o n s , h a s been ana lyzed u s i n g s t a t i s t i c a l m e t h o d s . The objec t ive of th i s 

s t a t i s t i c a l a n a l y s i s is to pinpoint t hose p a r a m e t e r s and p r o c e s s e s r e q u i s i t e of fu r the r e x p e r i m e n t a l 

and a n a l y t i c a l r e s e a r c h and to a r r i v e at p r o b a b i l i t i e s of fuel e l e m e n t s u r v i v a l o r b u r n u p for the c o n ­

d i t ions c o n s i d e r e d . Such a p r o g r a m of s t a t i s t i c a l a n a l y s i s is out l ined in Sect ion VIII of th i s r e p o r t . 

The p r o c e s s of a n a l y s i s is shown to be i t e r a t i v e . Tha t i s , with each se t of subsequen t da ta f ac to red 

in , the p r o c e s s is r e p e a t e d to fu r the r ref ine the a c c u r a c y of the ana ly t i ca l m e t h o d and the c o r r e ­

sponding r e s u l t s . 
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II. INITIAL CONDITIONS AT FUEL ELEMENT RELEASE 

A. R E F E R E N C E TRAJECTORY AND R E L E A S E ALTITUDE 

In o r d e r to p r o p e r l y eva lua t e the r e e n t r y p e r f o r m a n c e of a SNAP fuel e l e m e n t , the cond i t ions , 

l oca t ion , and d y n a m i c s of the e l e m e n t at the ins tan t of i ts r e l e a s e f r o m the r e a c t o r m u s t be known. 

W h e r e i s the e l e m e n t wi th r e s p e c t to the e a r t h at the t i m e of i ts re lease"^ How fast is it t r a v e l i n g ' 

How IS it spinning or t u m b l i n g ' What is the in i t i a l t e m p e r a t u r e and hydrogen c o m p o s i t i o n ' The 

a n s w e r to each of t h e s e ques t i ons inf luences the ca l cu l a t ed t h e r m a l behav io r of the e l e m e n t dur ing 

d e s c e n t . 

The fuel e l e m e n t ca l cu l a t i ons r e p o r t e d m th is document a r e b a s e d , m l a r g e p a r t , on the n o r m a l 

sequence of even ts for the SNAP lOA-Agena vehic le dur ing r e e n t r y following o rb i t a l decay . I n v e s ­

t iga t ions of the r e e n t r y b e h a v i o r of the SNAP lOA s y s t e m a r e d e s c r i b e d m R e f e r e n c e s 1 th rough 5. 

The r e s u l t s of t he se s t u d i e s show tha t both the n o m i n a l and n o n - n o m m a l o rb i t s decay to a n a r r o w 

r a n g e of ve loc i t i e s and r e e n t r y ang les a t 400,000-f t a l t i t ude . This a l t i tude r e p r e s e n t s the upper 

l imi t of the s e n s i b l e a t m o s p h e r e and is f r equen t ly u s e d as a s t a r t i n g point for r e e n t r y c a l c u l a t i o n s . 

Below 400,000 ft, the veh ic le w i l l not m a k e ano the r comple t e c i r c u i t of the e a r t h due to the e n e r g y 

d i s s i p a t e d m a t m o s p h e r i c d r a g . In i t i a l ab la t ion and b r e a k u p of the r e a c t o r s y s t e m is e s t i m a t e d to 

occur m the a l t i tude r a n g e f r o m 300,000 to 275,000 ft. The b r e a k u p of the r e a c t o r is followed by the 

e x p o s u r e and r e l e a s e of the individual fuel e l e m e n t s at an e s t i m a t e d a l t i tude of about 240,000 ft. The 

fuel e l e m e n t s s e p a r a t e and cont inue on independent t r a j e c t o r i e s c h a r a c t e r i z e d by the i m p a r t e d v e l o c ­

i t i e s , a l t i t u d e s , flight path a n g l e , and the fuel e l e m e n t d r a g coeff ic ient . The b a s i c a s s u m p t i o n is 

m a d e tha t the fuel e l e m e n t s p o s s e s s the ve loc i ty and fl ight path angle of the p a r e n t vehic le at the 

i n s t an t of t h e i r r e l e a s e . 

As a consequence of the r e a c t o r d i s i n t e g r a t i o n s t u d i e s , fuel e l e m e n t b e h a v i o r ca l cu l a t i ons w e r e 

f i r s t m a d e for a s p e c t r u m of r e l e a s e a l t i tudes focused a round 240,000 ft. The r ange was then e x ­

tended to include r e l e a s e a l t i t udes f r o m 400,000 to 200,000 ft. F u e l e l e m e n t ca l cu l a t i ons m a d e over 

th i s b r o a d r a n g e w e r e p a t t e r n e d to a s s i s t m d e t e r m i n i n g op t imum r e l e a s e a l t i tudes and op t imum 

o r b i t a l decay s c h e m e s m which a t m o s p h e r i c bu rnup and d i s p e r s a l of the fuel m a t e r i a l could be 

a s s u r e d . 

F r o m the n a r r o w range of p a r e n t veh ic le decay t r a j e c t o r i e s , a r e p r e s e n t a t i v e t r a j e c t o r y was 

s e l e c t e d and used a s a b a s i s for the individual fuel e l e m e n t t r a j e c t o r i e s . At 400,000 ft, t h i s r e f e r ­

ence t r a j e c t o r y h a s the following c h a r a c t e r i s t i c s 

Orb i t P o l a r 

Longi tude 0 d e g r e e s 

Lat i tude 90 d e g r e e s 

Veloci ty 25,694 f t / s e c 

F l igh t Angle 0.05 d e g r e e s 

W/Cj^Ap 132 lb/f t2 
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T h u s , the r e f e r e n c e t r a j e c t o r y a s s u m e s e n t r y into the s ens ib l e a t m o s p h e r e over the Nor th P o l e , 

t r a v e l i n g a t a n e a r - h o r i z o n t a l angle m the d i r e c t i o n of the South Po le wi th c i r c u l a r ve loc i ty . Subse­

quent v e l o c i t i e s , a l t i t u d e s , and a e r o d y n a m i c hea t ing to the vehic le a r e shown as a function of t ime 

af ter 400,000 ft m F i g u r e 1. Ca lcu la t ions of t h e s e t r a j e c t o r y t r a n s i e n t s w e r e p e r f o r m e d us ing the 

RESTORE dig i ta l code , out l ined m Sect ion IV. 

30 r-

25 

20 
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o 
o 

> 

5 -

6 r 240 

10-11-65 

1000 1200 
TIME (sec) 

F i g u r e 1. T r a j e c t o r y T r a n s i e n t s for an Orb i t a l Decaying SNAP lOA 
R e a c t o r Vehic le m a P o l a r Orb i t 

1800 2000 

7611-01101 

B . ATTITUDE AND ANGULAR MOTION 

Through a c o n s i d e r a t i o n of the angu la r dynamic m o t i o n s , it can be shown tha t , should a fuel e l e ­

m e n t r e c e i v e even a s m a l l angu la r impu l se dur ing r e l e a s e , r a n d o m tumbl ing of the e l e m e n t s wi l l 

occur th roughout a t m o s p h e r i c d e s c e n t . A r a n d o m tumbl ing o r i en t a t i on has thus been d e e m e d as the 

m o s t p robab le flight m o d e . Other poss ib l e flight o r i en t a t i ons include 

1) S tabi l ized c r o s s - a x i a l spinning (axis of ro t a t i on p e r p e n d i c u l a r to l ine of fl ight) 

2) E n d - o v e r - e n d tumbl ing 

3) Stabi l ized c r o s s - a x i a l nonspinning 

4) S tabi l ized end-on ( s p e a r r e e n t r y ) . 

The foregoing o r i en t a t i ons can be grouped into two c a t e g o r i e s . Random tumbl ing , c r o s s - a x i a l 

sp inning , and e n d - o v e r - e n d tumbl ing effect a un i fo rm a e r o d y n a m i c hea t ing d i s t r i bu t ion a round the 

c y l i n d r i c a l su r f ace of the fuel e l e m e n t , p rov ided a m i n i m a l r o t a t i o n a l speed is m a i n t a i n e d . This 

m i n i m a l r o t a t i o n a l speed h a s , m o ther s t u d i e s , been judged to be on the o r d e r of 60 revo lu t ions pe r 

min . ( ° ) Of t he se t h r e e o r i e n t a t i o n s , the sp inning, c r o s s - a x i a l c a s e r e s u l t s m the lowes t a v e r a g e 
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hea t input to a SNAP fuel e lennent . Th i s o r i en t a t i on was often appl ied m in i t i a l m a t e r i a l r e s p o n s e 

c a l c u l a t i o n s . E n d - o v e r - e n d tumbl ing r e s u l t s m an a v e r a g e hea t input about naidway be tween that 

for c r o s s - a x i a l spinning and r a n d o m tumbl ing . 

In a second c a t e g o r y a r e c l a s s e d those o r i en t a t i o n s which effect a nonuni form hea t ing d i s t r i bu t i on 

on the fuel e l e m e n t s u r f a c e . E n d - o n r e e n t r y is c h a r a c t e r i z e d by an in tense loca l ized hea t ing on the 

f ront flat face of the c y l i n d r i c a l e l e m e n t . S i m i l a r l y , a nonsp inn ing , c r o s s - a x i a l o r i en t a t i on r e s u l t s 

m high loca l i zed hea t ing along the s t agna t ion l ine of the c y l i n d r i c a l s u r f a c e . In t h e s e c a s e s , m e l t ­

ing of the fuel m a t e r i a l should o c c u r sooner and the ab la t ion p e r i o d should be longer than for those 

o r i e n t a t i o n s of the f i r s t c a t e g o r y . 

C. T E M P E R A T U R E AND HYDROGEN CONCENTRATION 

The in i t i a l t e m p e r a t u r e and h y d r o g e n content of the fuel e l e m e n t s at r e l e a s e a r e n a t u r a l l y depen­

dent on the s equence of even t s leading to the s e p a r a t i o n of the e l e m e n t s f r o m the r e a c t o r c o r e . To 

obtain an a p p r o p r i a t e r ange of in i t i a l t e m p e r a t u r e s , r e c o u r s e w a s m a d e to the SNAP lOA r e a c t o r 

d i s i n t e g r a t i o n s t u d i e s ' 4) conducted at A tomics I n t e r n a t i o n a l . The r e s u l t s of ca l cu la t ions m a d e m 

t h e s e s t u d i e s show tha t the r e a c t o r c o r e wi l l a t ta in a t e m p e r a t u r e of about 9 4 0 ° F at an a l t i tude of 

310,000 ft, if the NaK coolant r e m a i n s m the s y s t e m dur ing r e e n t r y . ' 4 / If the NaK is los t f r o m the 

c o r e p r i o r to r e e n t r y , the c o r e t e m p e r a t u r e at the s a m e a l t i tude w i l l be about 100 ° F , a s s u m i n g that 

f i s s i o n - p r o d u c t - d e c a y hea t is neg l ig ib l e . ' 4 ) Account ing for the hea t r e l e a s e f r o m the f i s s ion p r o d u c t s , 

th i s t e m p e r a t u r e h a s been e s t i m a t e d to be about 200 to 4 5 0 ° F , depending on w h e t h e r r e e n t r y is m a d e 

m sunl ight or d a r k sky . Below 310,000 ft, the r e a c t o r s y s t e m wi l l b r e a k up and d i s i n t e g r a t e . Heat 

t r a n s f e r c a l cu l a t i ons m a d e for the r e a c t o r c o r e wi thout NaK ind ica te that the v e s s e l w a l l ab la t e s 

away with l i t t l e o r no hea t t r a n s f e r to the i nne r e l e m e n t s of the fuel e l e m e n t bund le . R e l e a s e t e m ­

p e r a t u r e s for t h e s e e l e m e n t s can then be s e t a t about 200 to 4 5 0 ° F . The o u t e r m o s t e l e m e n t s wi l l be 

at h i g h e r t e m p e r a t u r e s at r e l e a s e , on the o r d e r of 1000°F . 

C o n s i d e r i n g t h e s e r e s u l t s , the e s t i m a t e d r a n g e of in i t i a l t e m p e r a t u r e s can be given as 200 to 

1000°F . In a r r i v i n g at th is t e m p e r a t u r e r a n g e , a t t en t ion w a s focused on the lower bound, s ince 

h ighe r i n i t i a l t e m p e r a t u r e s i n c r e a s e the p robab i l i t y of fuel me l t i ng and ab la t ion . 

In c o n t r a s t to the wide in i t i a l t e m p e r a t u r e r a n g e , the in i t i a l hyd rogen c o n c e n t r a t i o n of the 

z i r c o n i u m - u r a n i u m h y d r i d e fuel e l e m e n t s is a r e l a t i v e l y fixed quan t i ty . The final hydr id ing c o m p o ­

s i t i on IS se t du r ing fuel e l e m e n t f ab r i ca t ion w i t h m a c lose t o l e r a n c e of l e s s than 1%. This f inal c o m ­

pos i t ion IS des igned to ach ieve su i t ab l e n e u t r o n m o d e r a t i o n dur ing n o r m a l r e a c t o r o p e r a t i o n and, at 

the s a m e t i m e , p h y s i c a l and m e c h a n i c a l p r o p e r t y r e q u i r e m e n t s . F o r e x a m p l e , h i g h e r hyd rogen c o n ­

c e n t r a t i o n s i m p r o v e n e u t r o n m o d e r a t i o n but i n c r e a s e the e q u i l i b r i u m hydrogen p r e s s u r e m the fue l -

c ladding gap . Higher hyd rogen p r e s s u r e s r e s u l t m g r e a t e r h y d r o g e n l eakage t h r o u g h p e r m e a t i o n of 

the c ladding and h y d r o g e n b a r r i e r m a t e r i a l . 

SNAP lOA r e a c t o r fuel e l e m e n t s a r e f ab r i ca t ed wi th 6.35 x 1022 (± 0.03 x 10^2) a t o m s of hydrogen 

p e r cm-^ of f u e l - m o d e r a t o r m a t e r i a l . ' ' This n u m b e r c o r r e s p o n d s to 6.61 lb of h y d r o g e n p e r ft . 

A conven ien t and f requen t ly u s e d m e a s u r e of the h y d r o g e n content i s the h y d r o g e n - t o - z i r c o n i u m a t o m 

r a t i o ( H / Z r ) . A SNAP lOA fuel e l e m e n t has an H / Z r r a t i o of 1.80. 
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Past analysis* ' based on empirical hydrogen leakage data has shown that a SNAP lOA fuel e le ­

ment loses a negligible amount of hydrogen during its full, normal lifetime of operation. After 

reactor shutdown, the hydrogen is essentially frozen within the fuel element and no further hydrogen 

loss should occur. 

Based on the foregoing analysis , the hydrogen concentration at fuel element re lease can be set at 

6.61 lb of Hj/ft^ ± 1%. This corresponds to an initial H/Zr = 1.80 ± 0.02. 
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III. ANALYTICAL MODEL DESCRIPTION AND EQUATIONS 

As s t a t ed in the p r e v i o u s s ec t ion , r a n d o m tumbl ing , e n d - o v e r - e n d tumbl ing , and c r o s s - a x i a l 

spinning o r i e n t a t i o n s can effect a un i fo rm a e r o d y n a m i c hea t ing d i s t r i b u t i o n a round the c y l i n d r i c a l s u r ­

face of the fuel e l e m e n t . The c o r r e s p o n d i n g m a t e r i a l r e s p o n s e of the fuel e l e m e n t is then c h a r a c t e r ­

ized by a o n e - d i m e n s i o n a l r a d i a l d e s c r i p t i o n . Such a d e s c r i p t i o n beg ins wi th a fully c lad fuel e l e m e n t 

at a given un i fo rm t e m p e r a t u r e , r e l e a s e d at a given a l t i tude and ro t a t ing in one of the t h r e e o r i e n t a ­

t ions m e n t i o n e d above . The fuel e l e m e n t is t r e a t e d as an infini tely long cy l inde r wi th r a d i a l hea t and 

h y d r o g e n t r a n s f e r . Heat g e n e r a t i o n due to f i s s ion p roduc t decay is n eg l ec t ed c o m m e n s u r a t e with the 

a s s u m p t i o n of a long (about 3000 -y r ) o r b i t a l l i f e t ime for the SNAP lOA r e a c t o r s y s t e m . 

In th is s e c t i o n , a de l inea t ion is given of the a n a l y t i c a l m o d e l u sed for the o n e - d i m e n s i o n a l m a t e r i a l 

r e s p o n s e s o l u t i o n s . As exp la ined in Appendix B , t w o - or t h r e e - d i m e n s i o n a l so lu t ions can be obtained 

us ing a s i m i l a r m o d e l which is a p roduc t of the log ica l compounding of the o n e - d i m e n s i o n a l m o d e l 

p r o c e s s e s . 

The ca l cu la t ion p r o c e d u r e execu ted by the a n a l y t i c a l m o d e l p r o g r e s s e s in t h r e e s u c c e s s i v e s t a g e s . 

Beginning a t the t i m e of fuel e l e m e n t r e l e a s e or e jec t ion f r o m the r e a c t o r v e s s e l , the t r a n s i e n t t e m ­

p e r a t u r e s of the c ladding m a t e r i a l and the fuel m a t e r i a l a r e computed up to the t i m e of c ladding 

me l tdown . In the second s t a g e , the b a r e fuel nna te r ia l is exposed to a e r o d y n a m i c hea t i ng . At th is 

poin t , the ca l cu la t ion p r o c e s s is c o m p l i c a t e d by h y d r o g e n d i s s o c i a t i o n and m i g r a t i o n wi th in the fuel , 

and by the chennical r e a c t i o n s at the fuel s u r f a c e . As the fuel r e a c h e s the m e l t i n g t e m p e r a t u r e , a 

t h i r d s tage is i n i t i a t ed in which me l t i ng and ab la t ion of the fuel i n c r e m e n t s a r e a p p r o x i m a t e d . 

A. BEFORE CLADDING BURNOFF 

I m m e d i a t e l y following fuel e l e m e n t r e l e a s e , the folio-wing hea t t r a n s f e r p r o c e s s e s a r e s i m u l a t e d 

by the a n a l y t i c a l m o d e l : 

1) A e r o d y n a m i c hea t i ng to the c ladding s u r f a c e 

2) Heat s t o r a g e wi th in the c ladding 

3) Heat r a d i a t i o n to s p a c e 

4) Heat r a d i a t i o n a c r o s s the e l e m e n t gap 

5) Heat conduct ion and s t o r a g e wi thin the fuel . 

An i l l u s t r a t i o n of t h e s e p r o c e s s e s o c c u r r i n g s i m u l t a n e o u s l y a long the r a d i u s of the fuel elennent is 

shown in F i g u r e 2a . 

The hea t t r a n s f e r equat ion which d e s c r i b e s the t e m p e r a t u r e r e s p o n s e of the c ladding m a t e r i a l i s : 

V P C 4 ? = A • q - A Sq , 
c c p ot s a e r o s r ad , ,,•,• 

w h e r e 

a , ( T 4 - T ^ ) 

^ r a d 1/e + 1/c - 1 c 1 c . (2) 

"''The m a t h e m a t i c a l s y m b o l s and t e r m s u s e d th roughout th is r e p o r t a r e defined in Sect ion IX, 
N o m e n c l a t u r e . 
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A e r o d y n a m i c hea t ing (q ) to the c lad e l e m e n t is computed and spec i f ied as a function of t i m e 

af ter r e l e a s e as r e c o u n t e d m Sect ion IV. Heat is r a d i a t e d f r o m the H a s t e l l o y - N cladding to s p a c e 

and a c r o s s the e l e m e n t gap to the fuel . Heat is conducted and s t o r e d w i thm the fuel , but no r e d i s ­

t r i bu t ion of h y d r o g e n is ca l cu l a t ed s ince the hydrogen is conta ined by the s t i l l i n t ac t c ladd ing . Side 

c a l c u l a t i o n s ind ica te the h y d r o g e n p r e s s u r e bui ldup w i t h m the e l e m e n t gap i s not suff icient for a p p r e ­

c iab le hea t conduct ion a c r o s s the gap . 

The hea t t r a n s f e r equa t ion which d e s c r i b e s the t e m p e r a t u r e r e s p o n s e of the fuel is 

^p at ASr r ^ S r / • 

The b o u n d a r y condi t ions a r e given by 

| ^ = 0 , at r = 0 , 
9r 

and 

Equa t ion 4 is the u s u a l c e n t e r b o u n d a r y condi t ion for o n e - d i m e n s i o n a l r a d i a l h e a t t r a n s f e r m a c y l ­

i n d e r . Equa t ion 5 is a h e a t ba l ance at the fuel s u r f a c e , m which the hea t r a d i a t e d a c r o s s the gap is 

equa ted -with the hea t conducted into the fuel i n t e r i o r . 

The s i m u l t a n e o u s so lu t ion of Equa t ions 1 and 3 m t i m e and s p a c e with the ind ica ted bounda ry con­

di t ions IS the function of the a n a l y t i c a l m o d e l m the f i r s t ca l cu la t ion s t a g e . The method by which 

th i s IS a c c o m p l i s h e d is exp la ined m Sect ion VI. 

As the c ladding r e a c h e s the m e l t i n g t e m p e r a t u r e (2400°F) , a la ten t hea t of fusion (133 B tu / lb ) is 

a t t r i b u t e d to the H a s t e l l o y - N c ladd ing . When th is l a ten t hea t is a b s o r b e d , the e n t i r e c ladding is 

a s s u m e d to be s h e a r e d away leav ing the b a r e f u e l - m o d e r a t o r m a t e r i a l exposed to a e r o d y n a m i c h e a t ­

ing. 

B. AFTER CLADDING BURNOFF 

The second s t a g e m the m o d e l c a l cu l a t i ons ex tends be tween the t ime of c ladding burnoff and the 

t i m e of in i t i a l m e l t i n g at the fuel s u r f a c e . This s tage is by far the m o s t i m p o r t a n t , s ince the g r e a t e r 

por t ion of the t o t a l h e a t n e c e s s a r y to c o m p l e t e l y ab la te a fuel e l e m e n t is h e r e i n c o n s u m e d . The 

b e h a v i o r of the fuel th roughout t h i s p e r i o d can be d e s c r i b e d by hea t and hydrogen cont inui ty e q u a t i o n s . 

T h e s e equa t ions a r e deve loped c o n s i d e r i n g a l l p o s s i b l e indiv idual hea t and m a s s t r a n s f e r p r o c e s s e s 

wh ich o c c u r w i thm the fuel and a t the fuel s u r f a c e . These p r o c e s s e s a r e i l l u s t r a t e d m F i g u r e 2b 

and can be l i s t ed as follows 

1) Heat conduct ion and s t o r a g e 

2) Hydrogen t r a n s p o r t unde r the inf luence of a c o n c e n t r a t i o n g rad i en t 
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3) Heat t ransport due to hydrogen enthalpy redistribution 

4) Thermal radiation from the fuel surface to the environment 

5) Heat of hydrogen dissociation. 

The resulting equations are for a uniform surface heating: 

'̂  p St A a r \ 31-/ p 5r Br diss at 

9N 1 a fo^aN^ 
at Aa r \ ar 

. . . ( 6 ) 

/ • . . . ( 7 ) 

Equation 6 is the energy equation within the fuel mater ia l . The first t e r m on the right-hand side 

of the equation is the heat conduction te rm. The second t e rm describes the heat t ransport due to hy­

drogen enthalpy redistribution. The last t e rm, H, . • ^ , is an energy change due to endothermic 

hydrogen dissociation. 

Equation 7 represents a hydrogen balance within the fuel mater ia l . The equation neglects the r e ­

distribution of hydrogen under the influence of a temperature gradient (thernnal diffusion). Thermal 

diffusion effects were originally included in the mater ia l response model. The solutions of the r e ­

sulting equations, however, demonstrated that these effects were indeed negligible under reentry 

conditions. A detailed discussion of the hydrogen diffusion equation is given in Appendix C. 

The boundary condition necessary for the part icular solution of the energy Equation 6 is given by 

the expression: 

q _jm + C D ( | N . | I ) - q , . . . (8) 
^net \ar / „ p VBr Qr / „ ^ rad , 

r=K T=i\ o 

where 

q 4. = q + q • J - q* + q u • • • • (9) 
net aero oxid ^tran comb 

The radiation heat loss t e rm is : 

T 4 
^rad = ^ ^ l T s • 

The boundary condition, N = 0 (zero surface concentration), is generally applicable to the hydro­

gen continuity Equation 7 in a reentry environment. For a thick oxide film on the fuel surface, this 

condition may not necessar i ly be a valid one. In a later section, it will be shown that the expected 

magnitude of the oxide film thickness is of the order of 1 to 4 mi l s . Such film thicknesses can be 

shown, analytically, to be ineffective in retarding the outflow of hydrogen from a rod. Nevertheless , 

provision is made in the model to use , as an alternative boundary condition, the equation: 
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,^^,, D ^ N 

r --t\f 1 

This equat ion i s a p p r o p r i a t e for a n o n - z e r o su r f ace c o n c e n t r a t i o n , N , and a hyd rogen p e r m e a t i o n 

r a t e of the oxide f i lm, D„ N / A T , . 

F s i 

When the fuel is in i t i a l ly exposed to aerodynannic hea t ing , a r ap id t e m p e r a t u r e r i s e t akes p lace 

at the fuel s u r f a c e . The n e a r h y d r o g e n - f r e e e n v i r o n m e n t adjoining the su r face p r o v i d e s the dr iv ing 

fo rce for the outflow of h y d r o g e n . Act iva ted by the i n c r e a s i n g t e m p e r a t u r e s n e a r the fuel s u r f a c e , 

hyd rogen evolut ion p r o c e e d s at an i n c r e a s i n g r a t e . When the s u r f a c e t e m p e r a t u r e r e a c h e s about 

1900°F , microcrack ing ' ' " of the fuel m a t e r i a l is known to o c c u r under t h e s e r ap id dehydr id ing cond i ­

t i o n s . The m a i n effect of m i c r o c r a c k i n g is to g r e a t l y i n c r e a s e the hydrogen loss r a t e . The m e c h a ­

n i s m of diffusion changes f r o m a tomic hydrogen diffusion through p o l y c r y s t a l l i n e fuel to m o l e c u l a r 

hyd rogen diffusion th rough m i c r o c r a c k s . The bas i c h y d r o g e n cont inui ty Equa t ion 7, howeve r , is 

independent of the m e c h a n i s m of diffusion p rov ided tha t : 
1) The hydrogen outflo-w is r e a s o n a b l y un i fo rm ove r the fuel s u r f a c e 

2) An a p p r o p r i a t e diffusion coeff icient is u s e d , pe r t i nen t to the p a r t i c u l a r m e c h a n i s m and 

r a t e of diffusion. 

Ana ly t i ca l c a l cu l a t i ons p r e s e n t e d in th is r e p o r t a r e thus b a s e d on the a s s u m p t i o n of un i fo rm h y d r o ­

gen outflo-w a round the fuel s u r f a c e , a s -well a s un i fo rm hea t ing and t e m p e r a t u r e r e s p o n s e . An 

e m p i r i c a l diffusion coeff icient i s u sed to d e s c r i b e the hydrogen diffusion th rough the m i c r o c r a c k e d 

fuel m a t e r i a l . The d e r i v a t i o n of t h i s e m p i r i c a l diffusion coefficient f r o m e x p e r i m e n t a l data i s 

expla ined in Sect ion V . 

C. F U E L ABLATION PROCESS 

The t h i r d s t age in the a n a l y t i c a l d e s c r i p t i o n of a r e e n t e r i n g fuel e l emen t is c o n c e r n e d wi th the 

fuel me l tdown and ab la t ion . In th i s s t a g e , a n u m b e r of s implifying a s s u m p t i o n s w e r e m a d e in the 

a n a l y t i c a l m o d e l : 

1) A hea t of fusion of 90 B t u / l b of fuel w a s used 

2) A g r a d u a l and s t e a d y r e c e s s i o n of the fuel s u r f a c e dur ing mel tdown was s i m u l a t e d , a s 

shown in Sect ion VI 

3) A e r o d y n a m i c hea t flux changes due to changes in shape of the fuel w e r e neg lec t ed 

4) Oxidat ion hea t ing of the fuel m a t e r i a l dur ing me l t i ng w a s a s s u m e d to be cons tan t and equal 

to the oxidat ion hea t ing a t the m e l t i n g point . 

T h e s e a s s u m p t i o n s r e p r e s e n t an a p p r o x i m a t e a p p r o a c h r e g a r d i n g the fuel ab la t ion p r o c e s s . To 

a c e r t a i n ex ten t , the s impl i f ied a p p r o a c h is jus t i f ied for the un i fo rm s u r f a c e hea t ing c a s e b e c a u s e 

*Mic roc r ack ing i s defined h e r e to be the o c c u r r e n c e of i n f in i t e s ima l c r a c k s , voids or p o r e s , g r a i n 
bounda ry open ings , or o the r c r y s t a l s t r u c t u r e d e f e c t s . 
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of the relatively small amount of additional heat necessary to completely ablate the fuel once surface 

melting begins. Moreover, it will be seen that reasonable correlation is attained with the available 

experimental data. Still, i t should be noted that the simplified approach was necessitated by a lack 

of more specific knowledge of the heating and shearing phenomena associated with the ablation p ro ­

cess . Investigations of these phenomena are currently being conducted at Atomics International. It 

is anticipated that future calculations will have the advantage of better experimental and analytical 

resolution of these phenomena. 
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IV. AERODYNAMIC HEATING AND SURFACE REACTIONS 

A. AERODYNAMIC HEAT R A T E 

Methods of comput ing a e r o d y n a m i c hea t ing to r e e n t e r i n g s a t e l l i t e s have been p r e v i o u s l y d i s c u s s e d 

by R. D. E l l i o t t in R e f e r e n c e s 1, 2, and 4. The bas i c hea t ing equa t ions given in t h e s e r e f e r e n c e s 

and employed in the SNAP 1 OA r e a c t o r r e e n t r y behav io r a n a l y s e s can a l s o be appl ied to the c a l c u l a ­

t ions of the fuel e l e m e n t a e r o d y n a m i c hea t ing . F o r the fundamenta l def ini t ions of the a e r o d y n a m i c 

hea t ing phenomena , the r e a d e r is r e f e r r e d to Appendix B of R e f e r e n c e 4 . 

A SNAP 1 OA r e a c t o r fuel e l e m e n t r e l e a s e d along the r e f e r e n c e veh ic le t r a j e c t o r y at v e r y high 

a l t i t udes (up to 400,000 ft) wi l l in i t i a l ly encoun te r f r e e - m o l e c u l a r hea t ing . In this r e g i m e , the to ta l 

a e r o d y n a m i c hea t r a t e to the e l e m e n t is eva lua ted f r o m the equat ion: 

( H - H 
s w 

" s " ^ 3 0 0 ° K 

-5 3 ^ i 
q = 5 7 . 8 2 x 1 0 O . v -r-f I .j^; ^r , , , , , , 
^ a e r o '^A A^\H^ - H^^^^^ f ' . . . ( H ) 

, ^, . , , , 1 t h e r m a l a c c o m m o d a t i o n coeff ic ient 
w h e r e the n u m e r i c a l c o n s t a n t = -r ^ 2 m e c h a n i c a l equ iva len t of hea t 

!2 
(4) 

-5 
In a r r i v i n g a t the cons t an t 57.82 x 10 in Equa t ion 11 , a va lue of 0.9 -was u s e d for the t h e r m a l 

a c c o m m o d a t i o n coeff ic ient . 

At lo-wer a l t i t u d e s , 250,000 ft and below, the s a m e fuel e l e m e n t wi l l be e n t i r e l y in the cont inuum 

flow r e g i m e . In th i s r e g i m e , the equa t ion u s e d to eva lua t e the to ta l a e r o d y n a m i c h e a t r a t e to the 

e l e m e n t i s : 

, / H - H \ 
q = q . F „ -^ ITIJ ^ TT ^ I . . . ( 1 2 ) 
^ a e r o ^ re f Q y ^ ^H^ - U^QQ.^J , 

w h e r e . 

'Iref = ^^5 f-^ ) ( " ^ ) '^^^/^^^ - ^ '̂=> • 

The r e f e r e n c e hea t r a t e , q ^, is defined as the hea t ing r a t e a t the s t agna t ion point of a cold 

(300°K) s p h e r i c a l body having a 1-ft r a d i u s . The e x p r e s s i o n , in which the r e f e r e n c e hea t r a t e is 

r e l a t e d to the a i r dens i ty and the e l e m e n t ve loc i ty , is b a s e d on the w o r k of F a y and Riddel l ' and 

the subsequen t c o r r e l a t i o n s by K e m p and Ridde l l and by D e t r a and Hida lgo . 

Equa t ion 12 i s deve loped f r o m the r e f e r e n c e hea t r a t e c o n s i d e r i n g the fuel e l e m e n t geonnetry, 

flight o r i e n t a t i on , and s u r f a c e t e m p e r a t u r e . The cold -wall hea t ing r a t e along the s t agna t ion l ine of 

a c y l i n d e r of r a d i u s R , q , , is r e l a t e d to the r e f e r e n c e hea t r a t e by the e x p r e s s i o n : 

q = ^ ^ i i L . q ^ . . . . ( 1 3 ) 

^ o 
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F o r a ro t a t ing o r tumbl ing fuel e l e m e n t for which the a e r o d y n a m i c hea t ing is un i fo rmly d i s t r i b u t e d 

a round the s u r f a c e , the a v e r a g e hea t flux (pe r uni t s u r f a c e a r e a ) m the cont inuum r e g i m e i s 

F 

q ^ „ i = F n q . „ i q^. f • ~ p = • • • • (14) 
/2R 

o 
^cyl Q^cy l ^ref 

Va lues of the a v e r a g e hea t ing to the s t a g n a t i o n - l m e hea t ing r a t i o , F „ , have been given m R e f e r e n c e 1 

for the t h r e e flight o r i e n t a t i o n s which effect u n i f o r m s u r f a c e hea t ing . T h e s e va lues a r e as follows 

F „ - 0.36 for s t ab le c r o s s - a x i a l sp inning 

= 0.28 for r a n d o m tumbl ing 

= 0.22 for e n d - o v e r - e n d tumbl ing . 

T r a n s i t i o n f r o m f r e e - m o l e c u l a r to con t inuum heat ing o c c u r s , for a SNAP 1 OA fuel e l e m e n t , ove r 

an a l t i tude r a n g e c e n t e r e d a round 285,000 ft. The computa t ions m this r e p o r t a r e b a s e d upon a 

s h a r p t r a n s i t i o n f r o m f r e e - m o l e c u l a r hea t ing to con t inuum hea t ing a t the point -where the two heat ing 

c u r v e s i n t e r s e c t (a t about 285,000 ft). 

The r e f e r e n c e hea t ing r a t e s w e r e eva lua ted a s a function of t i m e af te r r e l e a s e us ing the t r a j e c t o r y 

d ig i ta l code , RESTORE, deve loped a t A t o m i c s I n t e r n a t i o n a l . Th i s code r e p r e s e n t s the r e e n t e r i n g 

body by a p o i n t - m a s s s p h e r e wi th a given d rag coeff icient and a p r o j e c t e d a r e a . This d r a g coeff i ­

c i en t m a y be cons t an t , o r m i y v a r y wi th the Knudsen n u m b e r . The code i n t e g r a t e s the equat ions of 

mot ion r e l a t i v e to a r o t a t i ng , obla te e a r t h . F r o m the ca l cu l a t ed va lues of the ve loc i ty and the a i r 

dens i ty , the code c o m p u t e s , a t e ach t i m e s t ep , a r e f e r e n c e f r e e - m o l e c u l a r hea t ing r a t e , 

"Ifm^ 57.82 X 10"^ P^ ' ^^ ' . . . ( 1 5 ) 

a con t inuum r e f e r e n c e hea t ing r a t e , q ,, and H , the enthalpy l eve l of the a i r m the s tagna t ion 

r e g i o n ( B t u / l b ) . Using t h e s e quan t i t i e s , the hea t r a t e input to the fuel e l e m e n t a t any t i m e can then 

be spec i f ied by the e x p r e s s i o n 

F o r s e l e c t e d fuel e l e m e n t r e l e a s e a l t i t udes and for e ach a s s u m e d flight o r i en ta t ion , RESTORE 

ca lcu la t ions w e r e p e r f o r m e d to p rov ide the in fo rma t ion needed by the ana ly t i ca l mode l to eva lua te 

the a e r o d y n a m i c hea t ing . Tab le s of the cold wal l hea t r a t e , 1/A * M m (q , A , q ' A ), and of 
-' *= s *^fm p ^cyl s 

the s t agna t ion enthalpy w e r e f o r m u l a t e d f r o m the RESTORE output a s functions of t ime af te r r e l e a s e . 

T h e s e t ab le s w e r e then u s e d as input to the ana ly t i ca l m o d e l . At each i t e r a t i o n m the m a t e r i a l r e ­

sponse c a l c u l a t i o n s . Equa t ion 16 was eva lua ted by the ana ly t i ca l mode l a c c o r d i n g to t h e s e t ab l e s 

and a c c o r d i n g to the s u r f a c e t e m p e r a t u r e (or wal l enthalpy, H ) of the fuel e l e m e n t . 

w 

P lo t s of the R E S T O R E - c a l c u l a t e d , co ld -wa l l hea t flux t r a n s i e n t s a r e shown m F i g u r e s 3 and 4 

for s e l e c t e d fuel e l e m e n t r e l e a s e a l t i t u d e s . The c o r r e s p o n d i n g a i r s t agna t ion enthalpy t r a n s i e n t s 
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a r e shown in F i g u r e s 5 and 6. In F i g u r e s 3 and 4, changes in the shapes of the c u r v e s a t the lower 

r e l e a s e a l t i t udes a r e i m m e d i a t e l y ev iden t . The i n t e g r a t e d hea t ing u n d e r t h e s e c u r v e s has been e v a l -

u a t e d up to the t i m e a t wh ich q , equa l s 52 B tu / f t - s e c . A plot of th is i n t e g r a t e d c o l d - w a l l hea t flux, 

Q .-,, i s inc luded in Sect ion VIII a s a function of r e l e a s e a l t i t ude . The i n t e g r a t i o n cutoff point a t 
a v a i l T 

52 Btu / f t - s e c was chosen s ince th i s is the point a t which q equa ls the r ad i a t i on hea t l o s s of the 

fuel a t the m e l t i n g t e m p e r a t u r e . 

In obta ining t h e s e fuel e l e m e n t t r a j e c t o r y t r a n s i e n t s , it was n e c e s s a r y to p rov ide as input , to the 

RESTORE code , v a l u e s of the b a l l i s t i c coeff ic ient , W/C^^Ap. The to ta l weight , W, of a SNAP fuel 

e l e m e n t is 3.42 lb . The d r a g coeff ic ients for the c y l i n d r i c a l e l e m e n t s w e r e d e t e r m i n e d f r o m data 

p r e s e n t e d in R e f e r e n c e 14, which d i s c u s s e s cy l i nde r d r a g n e a r the t r a n s i t i o n r eg ion . The d r a g 

coeff ic ient , C _ , was found to be highly dependen t on the Knudsen n u m b e r a t a l t i t udes c o r r e s p o n d i n g 

to the t r a n s i t i o n r e g i o n . N e a r the con t inuum flow r e g i m e , howeve r , the d r a g coeff ic ient b e c o m e s 

r e l a t i v e l y c o n s t a n t at high Mach n u m b e r s . T h u s , for r e l e a s e a l t i tudes a round 250,000 ft and below, 

cons t an t , a v e r a g e b a l l i s t i c coeff ic ients w e r e u s e d in the RESTORE c o m p u t a t i o n s . De ta i l s of the 

ca l cu l a t i ons of t h e s e b a l l i s t i c coeff icient v a l u e s a r e given in Appendix A. Va lues of t h e s e cons t an t 

b a l l i s t i c coef f i c ien t s , a long wi th the c o r r e s p o n d i n g a v e r a g e va lues of C _ ' A a r e given in Tab le 1 

for d i f ferent flight o r i e n t a t i o n s . 

TABLE 1 

SNAP lOA F U E L E L E M E N T BALLISTIC C O E F F I C I E N T S 
IN CONTINUUM FLOW 

Fl igh t O r i e n t a t i o n 

C r o s s - a x i a l spinning 

E n d - o v e r - e n d tumbl ing 

R a n d o m tumbl ing 

A v e r a g e C ^ A p 

(ft2) 

0.1674 

0.0781 

0.1025 

W / C ^ A p 

( lb/f t2) 

20 

44 

34 

F o r r e l e a s e a l t i t udes above 250,000 ft, v a r i a b l e b a l l i s t i c coeff ic ients w e r e u s e d in the RESTORE 

c o m p u t a t i o n s . T h e s e b a l l i s t i c coeff ic ients w e r e b a s e d on d r a g coeff ic ients v a r y i n g with the Knudsen 

n u m b e r a c c o r d i n g to the da ta obta ined f r o m R e f e r e n c e 14 ( see Appendix A). At h ighe r a l t i t u d e s , the 

b a l l i s t i c coeff ic ients a r e l ower than those given in Tab le 1. At 400,000 ft, the v a l u e s a r e 11.12, 

24 .81 , and 18.48, r e s p e c t i v e l y , for c r o s s - a x i a l spinning, e n d - o v e r - e n d tumbl ing , and r a n d o m -

tumbl ing flight o r i e n t a t i o n s . 

B . OXIDATION 

After the fuel e l e m e n t c ladding a b l a t e s away dur ing r e e n t r y , a hea t r e l e a s e due to oxidat ion of the 

z i r c o n i u m - u r a n i u m hyd r ide fuel a u g m e n t s the a e r o d y n a m i c hea t flux a t the fuel s u r f a c e . A s tudy of 

th i s ox ida t ion was u n d e r t a k e n to d e t e r m i n e the magn i tude of the oxida t ion hea t ing con t r ibu t ion . In 

addi t ion , the a m o u n t of oxide f i lm bui ldup i s of i n t e r e s t s i n c e t h e s e oxide l a y e r s could, conce ivab ly , 

inhibi t h y d r o g e n evolu t ion a s wel l a s affect the ca t a ly t i c eff iciency of the fuel s u r f a c e . 

V a r i o u s s e t s of e x p e r i m e n t a l da ta a r e ava i l ab l e in the l i t e r a t u r e r e g a r d i n g the oxidat ion r e a c t i o n 

r a t e c o n s t a n t s for p u r e z i r c o n i u m m e t a l exposed to d r y oxygen a t m o s p h e r e s . Some i n v e s t i g a t o r s 

fi t ted t h e i r da ta to a p a r a b o l i c r a t e law and s o m e fit ted t h e i r da ta to a cubic r a t e law. It is i m p o r t a n t 

to no te , h o w e v e r , tha t , in a l l of t h e s e e x p e r i m e n t s , da ta w e r e ob ta ined a t low or i n t e r m e d i a t e t e m ­

p e r a t u r e s . 
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(15) Cubicciotti / ' in 1958, determined the reaction kinetics of zirconium metal in oxygen pressures 

from 1 to 200 tor r over a temperature range from 600 to 920°C (110 to 1690''F). Cubicciotti 's 

data followed the parabolic rate law. The temperature dependence of the reaction rate constants 

was found to follow the equation: 

K 
o^nn /-32.000\ 
2400 exp^ R T ~ j ' . . (17) 

2 4 
where K represents the reaction rate constants (mg / cm -sec) for a parabolic rate law. The 

oxidation rates were not affected by changing the oxygen p ressure from 1 to 200 to r r . A plot of 

these rate constants as a function of inverse temperature is shown in Figure 7. 

Cubicciotti 's data were initially used as a basis for computing the oxidation heating rate to a re­

entering fuel element. The underlying uncertainties in using these data were duly recognized and 

can be listed as follows: 
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1) Oxidat ion r a t e da ta for the fuel m a t e r i a l w e r e b a s e d on those of z i r c o n i u m m e t a l . 

2) The oxide l a y e r f o rmed under r e e n t r y condi t ions was a s s u m e d s i m i l a r to the l a y e r f o rmed 

unde r s t a t i c condi t ion^ 

3) The inf luence of hydrogen o u t g a s s m g on oxide fo rma t ion was not c o n s i d e r e d . 

In view of t h e s e u n c e r t a i n t i e s , i t was fell tha t the u s e of a t e m p e r a t u r e - d e p e n d e n t K (given by 

Equa t ion 17) was probably not w a r r a n t e d . In the ac tua l c a l c u l a t i o n s , a cons t an t va lue for K v/as 

u s e d which (it was felt) would give m i x i m u m oxiaa t ion hea t ing r a t e s . This cons t an t va lue was ob ­

ta ined by eva lua t ing Equa t ion 17 a t the me l t i ng t e m p e r a t u r e of the fuel. The r e s u l t i n g ca l cu l a t ed hea t 

of oxidat ion was found to be s m a l l — about 5% of the to ta l hea t n e c e s s a r y to in i t i a te me l t i ng of the fuel. 

The t i m s b e h a v i o r of this c a l cu l a t ed hea t ing is shown m F i g u r e 8. This hea t ing is i n v a r i a n t for a l l 

r e e n t r y and a r c - j e t c a l c u l a t i o n s , s ince a t e m p e r a t u r e - i n d e p e n d e n t k ine t i c s r a t e cons t an t •was u s e d . 

In the above ca l cu la t ion of the oxidat ion hea t ing , it was a s s u m e d that the s l u g g i s h n e s s of the c h e m ­

i ca l k i n e t i c s c o n t r o l s the o v e r a l l oxidat ion p r o c e s s . This i s t r u e if the hea t ca l cu l a t ed for the c o m ­

ple te r e a c t i o n of a l l oxygen diffusing to the fuel s u r f a c e is a lways g r e a t e r than tha t ca l cu l a t ed us ing 

the k ine t ic r e a c t i o n r a t e c o n s t a n t s . F o r the r e a c t i o n r a t e cons t an t s given by Cubicc io t t i , it can be 

shown that th i s is indeed the c a s e dur ing r e e n t r y . 

Recen t ly , p a r a b o l i c oxidat ion r e a c t i o n r a t e cons t an t s for unhydr ided , modif ied SNAP fuel m a t e r i a l 

exposed to a i r and oxygen a t m o s p h e r e s w e r e d e t e r m i n e d by H a r k n e s s at A t o m i c s I n t e r n a t i o n a l . 

T h e s e r a t e c o n s t a n t s , m e a s u r e d up to a m a x i m u m t e m p e r a t u r e of 1200°C (2200°F) , a r e sho'wn as a 

function of i n v e r s e t e m p e r a t u r e m F i g u r e 7. Note the s t r o n g i n c r e a s e m K for t e m p e r a t u r e s above 

840°C (1544°F) . The d i scon t inu i ty m the s lope of the l ine a t 840°C ind i ca t e s a change m the m e c h a n ­

i s m of oxida t ion . It has been pos tu l a t ed that th is change is c a u s e d by the i n c r e a s i n g i m p o r t a n c e of 

oxygen diffusion into t e m e t a l l a t t i c e . This effect would l i m i t the oxide f i lm buildup and i n c r e a s e 

the o v e r a l l oxygen up t ake . 

Acco rd ing to t h e s e new da ta , the oxidat ion of the (unhydr ided) fuel p r o c e e d s a t m u c h f a s t e r r a t e s 

at h ighe r t e m p e r a t u r e s than tha t in i t ia l ly ca l cu l a t ed us ing the r a t e da ta of Cub icc io t t i . At t e m p e r a ­

t u r e s a p p r o a c h i n g the fuel me l t i ng point , the hea t c a l cu l a t ed for the c o m p l e t e r e a c t i o n of a l l oxygen 

diffusing to the fuel s u r f a c e b e c o m e s l e s s than that c a l cu l a t ed us ing the k ine t ic r e a c t i o n r a t e cons t an t s 

of H a r k n e s s . At t h e s e t e m p e r a t u r e s , t h e r e f o r e , one m a y a s s u m e an i n s t a n t a n e o u s k ine t ic r e a c t i o n 

r a t e and c o n s i d e r only the oxygen flux suppl ied to the fuel s u r f a c e . 

The hea t ing r a t e due to oxidat ion of the fuel m a t e r i a l can be c a l c u l a t e d by the g e n e r a l e x p r e s s i o n 

q , = AH , ' - ^ , . . . ( 1 8 ) 
^oxid oxid dt ^ ' 

w h e r e 

q , = hea t r e l e a s e r a t e due to oxidat ion (Btu/ f t - s e c ) , 
^oxid ' 

AH 1 = hea t of r e a c t i o n ( B t u / l b of O^), 
oxid 2 

—T— = m a s s r a t e of r e a c t i n g oxygen (lb of O^/f t - s e c ) . 
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For the chemical reaction, 

Zr + O^ - Z r O , , 

(17) the l i terature value of the heat of reaction (AH • ̂ ) is 260 kcal /mole or 14,625 Btu/lb of 0->. oxid 2 

In order to apply Equation 18, the mass rate of reacting oxygen, dm/dt, must be expressed in 

te rms of known quantities. If the reaction is kinetics controlled, dm/dt must be expressed in te rms 

of the kinetic rate constants. If the reaction is limited by the supply of oxygen to the reaction zone, 

dm/dt must be expressed in t e rms of the oxygen flux diffusing through the boundary layer. 

1. Oxidation Heat Rate for a Kinetics-Controlled Reaction 

The basic law, which leads to parabolic oxidation at constant temperatures , can be written: 

. . . ( 1 9 ) 
dm £ 
dt ' 2m 

where m is the mass of reacted oxygen. The values of m can be evaluated at any time through inte­

gration of Equation 19: 

••m 

^m J 
tJ - nn r : 

I r.t 

„ 2 m d m = L „K dt , . . . ( 2 0 ) 
= 0 Jt=0 p ^ ' 

. . . ( 2 1 ) 

Substituting this expression into Equation 19, one gets: 

K 
dm P , - , . 
dt - . / , t . , ,Al /2 • •••(22) '{^US^') 

Using Equation 22, Equation 18 can then be expressed as: 

Kp 
1 . , = AH . , . . . . ( 2 3 ) 
^oxid oxid / . \ 1 / 2 '•{to ̂  ̂ f 

Equation 23 is a usable expression with which one can calculate the oxidation heat rate for a 

kinetics-controlled reaction with known rate constants and a known surface temperature behavior. 

2. Oxidation Heat Rate for an Oxygen-Supply-Limited Reaction 

The analysis of the diffusion of oxygen through the boundary layer can be simplified by utilizing 

an analogy between heat and mass t ransfer . This approach is based on the assumption that the 

oxygen molecular diffusivity is equal to the diffusivity of heat across the boundary layer; i . e . , that 

°o = "'A-
The aerodynamic heat flux relationship at the stagnation point can be simplified to the form: 

q ^ = F • h(T - T ) , ^stag s s w' 
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w h e r e 
/ H 

^stag ^ r e f l H \ s 

- H \ 
s w I 

• ^ 3 0 0 ° K / 

( B t u / f t ^ - s e c ) 

Th i s equa t ion can a l s o be w r i t t e n 

q ^ = F • a.pAn - H ) . . . . ( 2 4 ) 
^s tag s A A s w 

The m o l e c u l a r flux of oxygen diffusing th rough the bounda ry l a y e r at the s t agna t ion point can be 

g iven by a s i m i l a r e x p r e s s i o n 

J ^ = D ^ • F (C - C ) , 
O O s s w 

w h e r e D „ i s the diffusivity of the oxygen. If a l l of the oxygen r e a c h i n g the fuel e l e m e n t s u r f a c e 

r e a c t s at the s u r f a c e , then C can be se t equal to z e r o . A l so , s ince the m a s s f r ac t ion of oxygen 

m a i r is 0.2, the c o n c e n t r a t i o n of oxygen at the s t agna t ion point , C , can be given a s 0.2 p . . Then , 

- • '^stag .^cx 
^O H - H • ...('^^) 

s w 

If q IS the a v e r a g e hea t flux to the fuel e l e m e n t s u r f a c e , then the a v e r a g e oxygen flux to the 

s u r f a c e is 

0.2 q 

s w 

Unde r the a s s u m p t i o n of an i n s t a n t a n e o u s c h e m i c a l r e a c t i o n r a t e , the m a s s r a t e of r e a c t i n g 

oxygen can be s e t equal to the oxygen flux r each ing the s u r f a c e , 

0.2 q dm _ -J ^ a e r o . . _ . 
dt ' 'O H - H • ...['^(} 

s w 

F i n a l l y , the hea t ing r a t e for an o x y g e n - s u p p l y - l i m i t e d r e a c t i o n is obta ined by combin ing E q u a ­

t ions 18 and 27 

/ 0 . 2 q \ 

q o x i d - ^ o x i d ^ H ^ - X j • • • • ' ' " 

In the p r e c e d i n g deve lopmen t , e x p r e s s i o n s (Equat ions 23 and 28) have been d e r i v e d wi th which 

the hea t ing con t r ibu t ion of fuel m a t e r i a l oxidat ion can be eva lua ted th roughout r e e n t r y . The hea t ing 

con t r ibu t ion i s a lways t aken to be the l e s s e r of the r e s p e c t i v e hea t s c a l cu l a t ed by Equa t ions 23 and 

28. A typ ica l c a l cu l a t i on is shown as a function of t i m e af te r r e l e a s e f r o m 260,000 ft m F i g u r e 9. 

In th is ca l cu la t ion , the oxidat ion m e c h a n i s m t r a n s f e r s f rom a k m e t i c s - c o n t r o l l e d to an oxygen-

s u p p l y - l i m i t e d r e a c t i o n when the s u r f a c e t e m p e r a t u r e r e a c h e s about 2 6 0 0 ° F . The i n t e g r a t e d 
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Altitude of 260,000 ft 
2 

oxidation heating contribution up to melting is about 1700 Btu/ft , taking the l e sse r of the two com­
puted heating rates at all t imes . 

Similar calculations made for different release altitudes resul t in analogous behavior of the oxida­

tion heating rate, if one plots the minimum q . , as a function of surface tempera ture . This behavior 

is shown in Figure 10. The small dip in this curve at about 2100°F is caused by the very slow rise in 

temperature at that t ime. 

In the analytical description, this oxidation heating curve may then be used for any release al t i ­

tude or heating rate within the ranges of interest in this study. Although this heating curve r ep re ­

sents the best data available to date, it is still based on rate constants obtained under static conditions 

v/ithout the presence of hydrogen outflow. Laboratory experiments are presently being undertaken at 

Atomics International in which oxidation weight gains are to be measured under simulated transient 

reentry conditions. 

Under the assumption that all of the reacting oxygen contributes to the buildup of an oxide film, 

the thickness of this film can be computed through integration of Equation 18. Using the heating rates 

given in Figure 10, these oxide film thicknesses during the period of rapid hydrogen evolution (2000 

to 2500°F) are calculated to be from about 1 to 4 mi l s . 

C. TRANSPIRATION COOLING 

The flow of hydrogen out of the fuel element occurring simultaneously with heat t ransfer to the 

fuel element surface produces an effect known as transpiration cooling. Actually, this effect is two­

fold, and is character ized by the following processes : 
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1) The r e l a t i v e l y cool hyd rogen gas i s in jec ted into the boundary l a y e r wi th an ensu ing chi l l ing 

effect . 

2) The b o u n d a r y l a y e r b e c o m e s th ickened , r e s u l t i n g in added r e s i s t a n c e to hea t t r a n s f e r a c r o s s 

the boundary l a y e r . 

The t h e o r y and the e x p e r i m e n t a l a s p e c t s of t r a n s p i r a t i o n cool ing have been s tudied by Bethe and 

A d a m s , by Georg i ev , and by o t h e r s . Accord ing to the deve lopmen t given in t he se r e f e r e n c e ; 

the t r a n s p i r a t i o n cool ing effect is a p p r o x i m a t e l y d e s c r i b e d by the e x p r e s s i o n , 

w h e r e 

i/) = 1 - 0.60 M ° - ^ ^ (H - H ) • ^ ^ , . . . ( 2 9 ) ^ s w ' q ^ ^ s t a g 

ip = the r a t i o of the amoun t of hea t (at the s t agna t ion l ine) which ac tua l ly can get to the s u r ­

face wi th t r a n s p i r a t i o n to the amoun t of hea t wi thout t r a n s p i r a t i o n (0 < )p < 1). 

F r o m Equat ion 29, the a v e r a g e (over the fuel su r f ace ) hea t ing blocked due to t r a n s p i r a t i o n c o o l ­

ing can be defined a s : 

q, = 1.2 F „ ( H - H ) ( D ^ ) , . . . ( 3 0 ) ^ t r a n Q^ s w \ d r / _ r = R, 

w h e r e the f ac to r , F „ , was inc luded to a v e r a g e the hea t ing a r o u n d the s u r f a c e and the subs t i tu t ion . 

'^^i-^l.' 
•was m a d e . Equa t ion 30 i s u s e d , in the ana ly t i ca l mode l , to eva lua te the t r a n s p i r a t i o n cooling r e ­

duct ion a t e ach ca l cu la t ion i t e r a t i o n . 

D. HYDROGEN COMBUSTION 

As the hydrogen gas is in jec ted into the h i g h - t e m p e r a t u r e bounda ry l a y e r , it wi l l r e a c t wi th 

oxygen. The hea t r e l e a s e due to the r e a c t i o n , 

H2 + I / 2 O 2 - H ^ O , 

can be eva lua ted by c o n s i d e r i n g the c h e m i c a l k ine t i c s and the supply of the r e a c t a n t s to the r e a c t i o n 

zone . In o r d e r for the combus t ion r e a c t i o n to be pe r t i nen t , hyd rogen m u s t r e a c t in the boundary 

l a y e r o r behind the shock . The r e a c t i o n t i m e is on the o r d e r of 1 0 s e c , a c c o r d i n g to F o w l e r . 
_2 

Thus , us ing a d e t a c h m e n t d i s t a n c e (10% of the fuel r a d i u s ) of 6.25 x 10 in . and a r e a c t i o n t ime of 

10 s e c , the hydrogen in ject ion r a t e m u s t be g r e a t e r than 5 x 1 0 f t / s e c before it can e s c a p e into 

the f ree s t r e a m outs ide the shock without r e a c t i n g wi th oxygen. The high ve loc i ty of 5 x 10 f t / s e c 

is un l ike ly o r i m p o s s i b l e for the p r o c e s s being c o n s i d e r e d . 

F o r the a n a l y t i c a l m o d e l , the f rac t ion of comple t ion for the foregoing r e a c t i o n is eva lua ted as a 

function of t i m e af te r rod r e l e a s e . This is done by us ing the a t m o s p h e r i c p r e s s u r e and the 
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temperature behind the shock, obtained from the 

fuel element trajectory (RESTORE) computations. 

With these quantities, the fraction of completion 

can be evaluated from known temperature-pressure 

dependent reaction rates. Typical fractions of 

completion are presented in Figure 11 for differ­

ent release altitudes. Because of the relatively 

high temperature behind the shock immediately 

following fuel element release, the combustion 

of hydrogen does not proceed to a great extent. 

The combustion proceeds to a higher fractional 

completion at the last portion of the reentry trajectory where the aerodynamic heating becomes 

small. 

The heat release due to hydrogen combustion is proportional to the product of the fraction com­

pletion, F , and the average mass flux of the limiting reactant, J or T , according to the expres-

50 75 100 125 150 
TIME FROM RELEASE (sec) 

10-11 - 65 7 6 I I - 0 I I I 0 

as a Function of Time After Figure 11. F̂ , 
Release From Various Altitudes 

O H' 
sion. 

comb ^ o m b ' ^ O / H ..(31) 

Both hydrogen and oxygen must be considered as the limiting reactant during reentry. 

If hydrogen is the limiting reactant, then. 

"comb comb ( ^ - l . • (32) 

where AH , = 5.2 x 10 Btu/lb of H.,. 
comb 2 

If oxygen is the limiting reactant, then, using Equation 26, 

0.2 q 
= A •PT aero _, 

^comb " ^ comb H - H -̂ c • 
. (33) 

where AH , = 6.5 x 10^ Btu/lb of O.,. 

comb 2 

The heating rate due to hydrogen combustion used in the analytical process is always taken to be 

the lower of the two values obtained from Equations 32 and 33. The total contribution of the combus­

tion of hydrogen toward the heating of the fuel element is calculated to be less than 10%, for all re­

lease altitudes considered. The characteristic transient behavior of the calculated heat of combus­

tion is shown in Figure 12, for a sample reentry solution, and compared to the corresponding heat 
2 4 

of oxidation (assuming a constant K = 1.0 mg /cm -sec) and the heat rate losses due to transpira-
P 

tion cooling and radiation. 
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V. FUEL ELEMENT MATERIAL PROPERTIES 

A. ZIRCONIUM-URANIUM HYDRIDE FUEL 

In this section, available data on the thermophysical propert ies of SNAP fuel mater ia l are ana­

lyzed and evaluated for the purpose of arriving at a best or standard set of values for reentry condi­

tions. A complete listing of this standard set of parameter values is given in Section VIII-C. 

As a prel iminary step for this evaluation, a comprehensive survey, reviewing all investigations 

conducted on zirconium hydride and zirconium-uranium hydride systems, was made under the d i rec­

tion of the SNAP Aerospace Nuclear Safety Program. Abstracts of publications pertaining to the 

subject were compiled and categorized in the form of a bibliographical survey and published sepa-
(21) 

rately. Unclassified publications were included in Volume I of this document while the classified 

reports were included in Volume II. These abstracts served as source information for the mater ia l 
property evaluation which follows. 

1. Phase Diagram 

SNAP fuel mater ia l has three main constituents: zirconium, uranium, and hydrogen. During 

fabrication of the fuel elements, long cylinders of zirconium - 10 wt % uranium alloy are first 

formed. These cylinders are then slowly hydrided under closely controlled conditions until the de­

sired final composition is attained. The absorbed hydrogen forms a thermodynamic solution with 

the zirconium with the consequent separation of minute, inert uranium particles dispersed through-
(22) out the matr ix . This interpretation is supported by the work of La Grange, et al., ' who showed 

that the micros t ruc tures of the ternary Zr-U-H system are analogous to those of the Zr -H binary 

system. The P -C-T studies of Atkins,^ ' Toy and Vetrano,* ' and the P -C-T and x- ray diffraction 

studies of Bigony, et al. , and Singleton, et al . } provide further substantiation. As a conse­

quence, the phase character is t ics of SNAP fuel mater ia l may be inferred from those of the binary 

Zr -H system. 

The Zr -H constitutional diagram used for the fuel element burnup studies is shown in Figure 13. 

The basic phase structure of this diagram was ob­

tained from a diagram suggested by Douglas in 

Reference 27. His suggested diagram represents 

a composite interpretation of the results of many 

independent phase studies, including his own. 

Douglas' delta-beta-l-delta phase boundary was ex­

tended, in Figure 13, to higher temperatures u s ­

ing the P -C-T data of Atkins.*23' The two sets 

of data joined smoothly at common tempera tures . 

At the present t ime, it is thought that this resul t ­

ing constitutional diagram most accurately portray 

the phase character is t ics of SNAP fuel mater ia l . 

Representative phase t ransi ts of the fuel mate­

rial calculated by means of the analytical model 

during reentry are shown by the dashed line in 

Figure 13. Zirconium-Hydrogen Phase Diagram Figure 13. Plotted here is the changing average 

08 10 12 
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t e m p e r a t u r e and hydrogen content of a SNAP 1 OA fuel e l e m e n t unde r typ ica l r e e n t r y cond i t ions . One 

i s guided along the s e q u e n c e of even t s l ead ing to fuel me l t i ng by following the da shed l ine u p w a r d s 

f r o m the ind ica ted in i t i a l ( t ime = 0) point . As the t e m p e r a t u r e r i s e s , the hydrogen l o s s , in i t ia l ly 

l e t h a r g i c , i n c r e a s e s rapidi> xs the t e m p e r a t u r e r e a c h e s about 1900°F (1040°C) . A change of p h a s e 

o c c u r s a t a round 2000°F af te r which the a v e r a g e t e m p e r a t u r e r e m a i n s n e a r - c o n s t a n t and the width 

of the be ta p h a s e is t r a v e r s e d . At low hydrogen c o n c e n t r a t i o n s , the t e m p e r a t u r e r i s e s s h a r p l y to 

the me l t i ng point . No points of d i scon t inu i ty a r e s een at the p h a s e b o u n d a r i e s s ince the phase changes 

o c c u r g r a d u a l l y a c r o s s the r ad iu s of the fuel. Such p h a s e bounda ry d i scon t inu i t i e s a r e evident in 

plots of l oca l t e m p e r a t u r e vs l oca l hyd rogen conten t . 

E a c h nodal s e g m e n t in the fuel m a t e r i a l is p r o g r a m m e d to change phase a c c o r d i n g to the c o n s t i ­

tu t iona l d i a g r a m and the t e m p e r a t u r e and the H / Z r r a t i o of the s e g m e n t . This i m p l i e s an i n s t a n t a ­

neous phase t r a n s f o r m a t i o n r a t e . In r e g a r d to t h i s , the e l e c t r i c a l p u l s e - h e a t i n g t e s t s of T a y l o r and 
(28 29 30) F i n c h et a l . ' ' i nd ica ted tha t c o m p l e t e and r ap id c r o s s i n g of the beta-l-delta, t w o - p h a s e reg ion 

could be m a d e wi thout any no t i ceab le phase t r a n s f o r m a t i o n t i m e l ag . F o r the s l o w e r t r a n s i e n t cond i ­

t ions of r e e n t r y , th is s a m e phenomena should m a n i f e s t i tself . 

The m a t e r i a l p h a s e of e ach nodal s e g m e n t is d e t e r m i n e d by input ing, to the ana ly t i ca l m o d e l , 

t a b l e s of the beta-l-delta phase b o u n d a r i e s and c o m p a r i n g , at each t i m e s t ep , the boundary H / Z r r a t i o s 

with the c o r r e s p o n d i n g nodal H / Z r r a t i o s for the p a r t i c u l a r nodal t e m p e r a t u r e (see p h a s e d i a g r a m , 

F i g u r e 13). The d i f fe rence be tween the nodal H / Z r r a t i o and the be ta-be ta- fde l ta boundary H / Z r 

r a t i o i s defined by the v a r i a b l e , a. L i k e w i s e , the v a r i a b l e , b , i s defined a s the d i f ference be tween 

the nodal H / Z r r a t i o and the del ta-beta-Fdel ta boundary H / Z r r a t i o . P h a s e m a s s f r ac t ions for e ach 

nodal s e g m e n t w e r e then computed a t each t i m e s t e p a c c o r d i n g to the L e v e r A r m P r i n c i p l e of the 

phase d i a g r a m . Thus , 

MA - n r 
in the beta + de l ta two-
phase m i x t u r e 

in the a l l be ta p h a s e , and 

in the d e l t a - e p s i l o n phase 
r eg ion . 

2. Mel t ing T e m p e r a t u r e and Heat of F u s i o n 

P u r e z i r c o n i u m m e t a l m e l t s a t 1857°C (3375°F) wi th a l a t en t hea t of 53.7 c a l / g m (96.6 Btu/lb) .^ ' 
(17) U r a n i u m m e t a l i s known to m e l t at 1133°C (2071°F) wi th a l a t en t hea t of 12.6 c a l / g m (22.7 Btu/ lb) .^ 

Weighing t h e s e l a t en t hea t s a p p r o p r i a t e l y , one obta ins about 50 c a l / g m (90 B tu / lb ) for the t h e o r e t i c a l 

hea t of fusion of Z r - 10 wt % U a l loy . This va lue is in fa i r a g r e e m e n t wi th the m e a s u r e d la ten t hea t 

va lue of 56.5 c a l / g m r e p o r t e d in R e f e r e n c e 3 1 . 

The me l t i ng t e m p e r a t u r e of Z r - 10 wt % U al loy can be obta ined f rom the Z r - U cons t i tu t iona l 

d i a g r a m given in R e f e r e n c e 32. At 10 wt % u r a n i u m content , the me l t i ng t e m p e r a t u r e of the a l loy is 
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(33) 1805°C (3280°F) . In a r e c e n t r e p o r t , ' Ba t t e l l e r e p o r t e d a so l idus me l t ing t e m p e r a t u r e of 1810 

±25°C for the a l loy . A l so , in th i s l a t t e r r e p o r t , i t was noted tha t the p r e s e n c e of d i s s o l v e d oxygen 

m a r k e d l y i n c r e a s e s the me l t i ng t e m p e r a t u r e . This unfavorab le effect c r e a t e s addi t iona l u n c e r t a i n t y 

in the me l t i ng t e m p e r a t u r e of the al loy in an oxygen a t m o s p h e r e . 

P o s t - t e s t m i c r o s t r u c t u r a l a n a l y s e s p e r f o r m e d for both the e x p e r i m e n t a l a r c - j e t t e s t s and the 

e l e c t r i c a l p u l s e - h e a t i n g t e s t s ind ica te tha t a fuel s e g m e n t b e c o m e s e s s e n t i a l l y devoid of hydrogen 
(9 28 29 30) be fore the s e g m e n t m e l t s . > ' > i Ana ly t i ca l c a l cu l a t i ons us ing the s t a n d a r d se t of p a r a m e t e r 

va lues a r e c h a r a c t e r i z e d by th i s s a m e b e h a v i o r . Accord ing ly , the me l t i ng t e m p e r a t u r e and hea t of 

fusion for the fuel m a t e r i a l can be taken to be that for unhydr ided Z r - 1 0 wt % U a l loy . Thus , in the 

s t a n d a r d se t of p a r a m e t e r v a l u e s , a hea t of fusion of 90 B t u / l b is u s e d for the fuel m a t e r i a l while 

the me l t ing t e m p e r a t u r e is taken to be 3280°F . 

3 . Specific Hea t 

In o r d e r to p rov ide the n e c e s s a r y input in fo rmat ion for the ana ly t i ca l mode l , the ava i l ab le data 

on the specif ic hea t of z i r c o n i u m hydr ide and of z i r c o n i u m - u r a n i u m hydr ide w e r e eva lua ted . G e n e r ­

a l ly , the ex i s t ing da ta a r e c h a r a c t e r i z e d by no t i ceab le v a r i a t i o n wi th both t e m p e r a t u r e and hydrogen 

content . F o r sonne of the da ta , the d e r i v a t i o n of e m p i r i c a l r e l a t i o n s h i p s which adequa te ly d e s c r i b e 

the b i v a r i a t e dependence was p o s s i b l e . E a c h such r e l a t i o n s h i p was n e c e s s a r i l y confined within the 

a p p r o p r i a t e m a t e r i a l phase ; the e x p r e s s i o n s w e r e found to change d r a s t i c a l l y f rom phase to p h a s e . 

F o r fuel e l e m e n t r e e n t r y c a l c u l a t i o n s , t h r e e phase r eg ions a r e of i n t e r e s t : the d e ] t a - e p s i l o n 

phase reg ion , the be ta p h a s e , and the beta-l-delta t w o - p h a s e r eg ion . At the t ime of fuel e l e m e n t r e ­

l e a s e , the fuel m a t e r i a l is comple t e ly del ta o r eps i lon phase m a t e r i a l . A t e m p e r a t u r e r i s e of about 

1700°F e n s u e s , in the typ ica l c a s e , unt i l a m a t e r i a l phase change is e n c o u n t e r e d . Throughout this 

in i t ia l t e m p e r a t u r e r i s e , the following e x p r e s s i o n is u s e d for the fuel specif ic hea t in the s t a n d a r d 

se t of p a r a m e t e r s : 

(C )g g= 0.1 ( H / Z r - 1.073) -̂  0.711 X 10"^ X T ° F ( B t u / l b - ° F ) . . . . ( 3 4 ) 

Equat ion 34 i s an e m p i r i c a l r e l a t i o n s h i p d e r i v e d f rom data p r e s e n t e d in R e f e r e n c e s 3 1 , 34, and 35 . 
(28 29 30) T h e s e data w e r e obta ined us ing the wel l known e l e c t r i c a l p u l s e - h e a t i n g technique ' ' for ac tua l 

modif ied SNAP fuel s a m p l e s of de l ta or eps i lon phase compos i t i on . M e a s u r e m e n t s w e r e m a d e over 

a t e m p e r a t u r e r ange f rom r o o m t e m p e r a t u r e to 1100°F . B e c a u s e of the r ap id hea t ing r a t e s and the 

m o d e r a t e l y low t e m p e r a t u r e s , the m e a s u r e m e n t s w e r e unb l emi shed by hydrogen evolut ion ef fec ts . 

Cons ide r ing both the e x p e r i m e n t a l me thod and the d e g r e e to which the data fit the e m p i r i c a l e x p r e s ­

s ion, specif ic hea t va lues ca l cu l a t ed by Equat ion 34 should be a c c u r a t e to within about 10%. Ac tu ­

a l ly , va lues ca l cu l a t ed for t e m p e r a t u r e s g r e a t e r than 1100°F m a y be subjec t to a w i d e r e r r o r r a n g e . 

Repo r t ed r e s u l t s of o the r inves t iga t ions on the de l ta o r eps i lon phase specif ic hea t for both z i r ­

con ium hydr ide can be found in the l i t e r a t u r e . A b s t r a c t s of t he se r e p o r t s can be found by m e a n s of 

the Subject Index of Re fe r ence 21 unde r heat , spec i f i c . Some c o m p a r i s o n s and d i s c u s s i o n of the 

v a r i o u s e x p e r i m e n t a l r e s u l t s a r e given by Tay lo r and A m b r o s e in R e f e r e n c e 34. G e n e r a l t r e n d s in 

the v a r i o u s s e t s of data a r e not a lways c o n s i s t e n t . This i s p a r t i c u l a r l y t r u e for the h ighe r t e m p e r a ­

t u r e da ta . Often, however , c a u s e s for the d i s c r e p a n c i e s could be a t t r i b u t e d to the e x p e r i m e n t a l 

me thods and p r o c e d u r e s u sed . 
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Rel i ab le e x p e r i m e n t a l d e t e r m i n a t i o n s of the be ta phase specif ic hea t for ac tua l fuel m a t e r i a l have 

not been r e p o r t e d to da t e . F o r z i r c o n i u m hyd r ide , the be ta phase specif ic hea t was found by Douglas 

and Victor^ ' to be independent of t e m p e r a t u r e but s t r ong ly dependent on hydrogen content . T h e i r 

e x p e r i m e n t a l me thod of m e a s u r e m e n t was b a s e d on a Bunsen ice c a l o r i m e t e r . The r e su l t i ng data 

can be fi t ted to the equat ion . 

(C )„= 0.085 -I- 0.05 H / Z r B t u / l b - ' F 
p'/3 

. (35) 

F r o m th is e x p r e s s i o n , the beta p h a s e specif ic hea t equat ion for the ac tua l fuel m a t e r i a l can be 

d e r i v e d by account ing for the p r e s e n c e of 1 0 wt % u r a n i u m . A s s u m i n g a specif ic hea t va lue of 

0.0393 B t u / l b - ° F for the u r a n i u m (17) one g e t s , for the fuel m a t e r i a l . 

(C )o = 0.9(0.085 + 0.05 H / Z r ) -I- 0.1(0.0393) B t u / l b - ° F 
P P 

(C )g = 0.045(1.787 + H / Z r ) B t u / l b - ° F . (36) 

Equa t ion 36 is u s e d to c a l c u l a t e the be ta phase fuel speci f ic hea t in the s t a n d a r d se t of p a r a m e t e r 

v a l u e s . 

Within the beta-Fdelta, t w o - p h a s e r eg ion , the fuel speci f ic hea t is c a l cu l a t ed within the ana ly t i ca l 

m o d e l a c c o r d i n g to the e x p r e s s i o n . 

(C )o^A = (C • M „ ) „ + (C • M „ ) . P (3-̂ o p F ' ^ p F 0 
(37) 

w h e r e M „ i s the p h a s e m a s s f r ac t ion a c c o r d i n g to the phase d i a g r a m . F o r typ ica l r e e n t r y c a l c u l a -
F 

t i ons , v e r y l i t t le hea t is s t o r e d a s the fuel m a t e r i a l p a s s e s th rough the beta-Fdelta, t w o - p h a s e r eg ion . 

A typ ica l plot of the fuel speci f ic hea t a s a function of t e m p e r a t u r e du r ing r e e n t r y hea t ing i s shown 

in F i g u r e 14. 

020 

006 

4. Heat of D i s s o c i a t i o n 

When hydrogen gas d i s s o l v e s in z i r c o n i u m m e t a l , 

a quant i ty of heat , the p a r t i a l m o l a r hea t of solut ion, 

is evolved . In the oppos i te r e ac t i on , the hydrogen 

d i s s o c i a t e s f rom the m i x t u r e with a consequen t hea t 

a b s o r p t i o n of equal m a g n i t u d e . In us ing the t e r m 

" d i s s o c i a t i o n " for th i s l a t t e r r e a c t i o n , it is u n d e r ­

s tood that the m e t a l - g a s s y s t e m is m e r e l y a so lu -

t ion, ' whe the r idea l or n o n - i d e a l , and that 

the s o - c a l l e d d i s s o c i a t i o n is given by the equat ion (39) 

200 600 1000 1400 1800 2200 2600 3000 3400 
TEMPERATURE CF) 

10-11-65 76II-0III3 

F i g u r e 14. Specific Hea t of F u e l M a t e r i a l a s 
a Func t ion of T e m p e r a t u r e 
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The hea t of so lu t ion o r d i s s o c i a t i o n a p p e a r s in the c l a s s i c a l e x p r e s s i o n for the e q u i l i b r i u m h y d r o -
,. . ^. ( 2 4 , 3 9 , 4 0 , 4 1 ) 

gen d i s s o c i a t i o n p r e s s u r e , 

H 
i n P K ^ + . d i s s 

RT 
. . . ( 3 8 ) 

•where K, is the so lubi l i ty coeff icient , a function of hyd rogen c o n c e n t r a t i o n in any s i n g l e - p h a s e 

r eg ion . Va lues of H , . a r e obta ined f r o m plots of i n P as a function of r e c i p r o c a l t e m p e r a t u r e 

( i s o c h o r e s ) for cons t an t hydrogen c o n c e n t r a t i o n . I s o c h o r e s for the p u r e z i r c o n i u m - h y d r o g e n s y s ­

t e m , and for both modif ied and unmodif ied SNAP fuel m a t e r i a l have been e x p e r i m e n t a l l y d e t e r m i n e d 
(42) (27) 

by n u m e r o u s i n v e s t i g a t o r s in r e c e n t y e a r s . Among t h e s e , the da ta of Johnson^ and Douglas 

w e r e chosen and u s e d a s p r i m a r y b a s e s for the p h a s e - d e p e n d e n t hea t s of d i s s o c i a t i o n in the s t a n d a r d 

se t of p a r a m e t e r v a l u e s . 

The e q u i l i b r i u m h y d r o g e n p r e s s u r e m e a s u r e m e n t s of Johnson w e r e m a d e on modif ied fuel m a t e ­

r i a l o v e r a c o m p o s i t i o n r a n g e f r o m H / Z r = 1.40 to H / Z r = 2.00 in H / Z r i n t e r v a l s of 0 .05. Data 

w e r e obta ined on a l a r g e n u m b e r of s a m p l e s . In addi t ion, p a r t i c u l a r c a r e was t aken to g u a r d aga in s t 

i m p u r i t y con tamina t ion of the s a m p l e s . The r e s u l t s showed tha t the hea t of d i s s o c i a t i o n v a r i e s s o m e ­

what wi th hydrogen content th roughout the d e l t a - e p s i l o n p h a s e r eg ion , d e c r e a s i n g f r o m 49.4 k c a l / 

m o l e of H , a t H / Z r = 1.40 to 34.0 k c a l / m o l e of H , a t H / Z r = 2 .00 . T h e s e r e s u l t s a r e i l l u s t r a t e d 

in F i g u r e 15. 

In a s e p a r a t e inves t iga t ion , Raymond found 

the hea t of d i s s o c i a t i o n for pu re z i r c o n i u m hydr ide 

to be c o n c e n t r a t i o n - d e p e n d e n t within the d e l t a -

eps i lon phase r eg ion . His r e p o r t e d va lues d e ­

c r e a s e f r o m 46.3 k c a l / m o l e of H^ a t H / Z r = 1.4 

to 37.7 k c a l / m o l e of H a t H / Z r = 1.90. T h e s e 

v a l u e s a r e in exce l l en t a g r e e m e n t wi th those of 

Johnson , both in magn i tude and in c o n c e n t r a t i o n 

d e p e n d e n c e . F u r t h e r c o m p a r i s o n s can be m a d e 

wi th o the r ava i l ab l e da ta f r o m i;he l i t e r a t u r e . 
(43) W e s t l a k e has given a n e a r l y c o m p l e t e c o l l e c ­

t ion of hea t of d i s s o c i a t i o n da ta for a l l p h a s e s of 

the z i r c o n i u m - h y d r o g e n s y s t e m . His s u m m a r y , 

s u p p l e m e n t e d by the addi t ion of the m o s t r e c e n t 

da ta , is shown in Tab le 2 for the t h r e e p h a s e 

r e g i o n s of i n t e r e s t . In this t ab l e , c o n s i s t e n c y in 

the r e p o r t e d s e t s of data i s m o s t ev ident . 
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X 
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F i g u r e 15. Hydrogen Heat of D i s s o c i a t i o n in 
SNAP F u e l M a t e r i a l a t High 
Hydrogen Concentra t ions( '*3) 

F o r the be ta p h a s e hea t of d i s s o c i a t i o n , the 

r e s u l t s of the t h e r m o d y n a m i c a n a l y s i s by Douglas 

w e r e of p a r t i c u l a r i n t e r e s t . Douglas b a s e d his 

a n a l y s i s upon the e x p e r i m e n t a l data f r o m Ref­

e r e n c e s 22, 37, and 44. P a r t i c u l a r equat ion 

27) 

f o r m s w e r e a s s u m e d . His d e r i v e d H , . v a l u e s 
d i s s 
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TABLE 2 

HEAT O F HYDROGEN DISSOCIATION DATA 

Delta-Epsilon Region 

d iss 
(kcal /mole 

of H^) 

-45.1 

-39.5 

-43.5 

Figure 15 

-46.3 to 
-37.7 

-45.2 

-38.2''' 

-39.6 

H / Z r 

1.38 

1.4 to 1.6 

1.5 to 1.6 

1.4 to 2 0 

1.4 to 1.9 

1.25 

1.75 to 1.86 

1.88 to 1.94 

Refer­
ence 

46 

23 

47,48 

42 

40 

27 

23 

41 

Delta + 

" d i s s 
(kcal /mole 

of H^) 

-50.7 

-49.6 

-53.2^ 

-50.8 

-52.0 

-50.1 

-49.2''' 

-53.0 ^ 

-52.4 

-51.6 

-50.6 

-47.9^ 

-51.8 

Beta 

Refer­
ence 

46 

37 

23 

44 

22 

47,48 

29 

42 

40 

27 

25 

25 

49 

Beta Phase 

H, diss 
(kcal /mole 

of H^) 

-39 6 

-35 0 

-30.8 

-37.9 

-37 7 

-34 6 

-29.6 to 
-39.8§ 

-37.9 to 
-40.3 

H / Z r 

0.65 - 0.89 

0.46 

0.042 

0.50 

0 86 

0 44 

0 29 to 
0.93 

0.57 to 
0.75 

Tempera tu re 
(°C) 

600 to 900 

500 to 900 

500 to 900 

600 to 800 

680 to 870 

590 to 880 

535 to 835 

535 to 835 

Refer­
ence 

37 

44 

44 

22 

38 

38 

25 

25 

Est imated fronn published P - C - T curves 
11 0 wt % uranium 
§1 wt % uranium 
25 wt % uranium 

a r e e x p r e s s e d as a function of both t e m p e r a t u r e and hydrogen content for H / Z r < 0 . 5 7 and as a func­

t ion of t e m p e r a t u r e a lone for H / Z r > 0 . 5 7 . The t e m p e r a t u r e dependence is not g r e a t , a dev ia t ion of 

about 3% IS effected ove r a t e m p e r a t u r e i n t e r v a l of 700° F . The m a n n e r m which the va lues 

v a r y with t e m p e r a t u r e and h y d r o g e n content is not s i m p l e . At cons t an t t e m p e r a t u r e , h o w e v e r , 

the hea t of d i s s o c i a t i o n b e c o m e s lower at lower h y d r o g e n c o n c e n t r a t i o n s . The absolu te m i n i m u m 

be t a p h a s e value is about 32.6 k c a l / m o l e of H , w h e r e a s the m a x i m u m value is about 43 k c a l / m o l e 

of H . An a v e r a g e high t e m p e r a t u r e value th roughout the e n t i r e be t a p h a s e r eg ion is about 40 k c a l / 

m o l e of H_. 

(25) 
Accord ing to the r e s u l t s of Douglas then, the be ta phase hea t of d i s s o c i a t i o n v a r i e s somewhat , 

but not c r i t i c a l l y , wi th both t e m p e r a t u r e and hydrogen c o n c e n t r a t i o n . In c o m p a r i s o n , Bigony et a l 

a l s o r e p o r t e d a v a r y i n g hea t of d i s s o c i a t i o n with hydrogen content which p roved s i m i l a r m c o n c e n t r a -
(45) 

tion dependence but s l ight ly lower m m a g n i t u d e . Safma and Pav lovskaya , m a R u s s i a n p a p e r , 

r e p o r t hyd rogen d i s s o c i a t i o n v a l u e s for v a r i o u s p h a s e s f r o m 29 to 42 k c a l / m o l e of H^, dependent 

on t e m p e r a t u r e and hydrogen c o n c e n t r a t i o n . 

In Tab le 2, a c o n s i d e r a b l e n u m b e r of H , va lues a r e l i s t ed for the be ta+del ta , t w o - p h a s e r eg ion . 
d i s s ' 1 - 6 

In th is reg ion , the e q u i l i b r i u m hydrogen d i s s o c i a t i o n p r e s s u r e is independent of hydrogen c o n c e n t r a ­

t ion m o b s e r v a n c e of the Gibbs P h a s e Rule on d e g r e e s of f r e e d o m . It foUo'ws that the hea t of d i s s o c i ­

a t ion i s a l so i n v a r i a n t with c o n c e n t r a t i o n wi thm this r eg ion . Also , no devia t ion f r o m l i n e a r i t y m the 

plot ted i s o c h o r e s have been r e p o r t e d so that a t e m p e r a t u r e dependence is not m ev idence . A d i r e c t 

c o m p a r i s o n of the va lues l i s t ed m Table 2 is then p o s s i b l e . Weighing each value equal ly , one obta ins 

for the a v e r a g e va lue , H , = -51 .0 k c a l / m o l e of H^. Th i s a v e r a g e value is w i thm 6% of a l l va lues 
l i s t ed for the p+6 phase r eg ion . 
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F o r the s t a n d a r d se t of p a r a m e t e r v a l u e s , the hea t of d i s s o c i a t i o n i s a s s u m e d to be c o n c e n t r a t i o n 
(42) dependen t w i t h m the d e l t a - e p s i l o n p h a s e r eg ion following the data of Johnson ( s e e F i g u r e 15). 

In the |3-l-6, t w o - p h a s e r eg ion , the cons t an t a v e r a g e va lue of -51 .0 k c a l / m o l e of H-, i s u s e d . F ina l ly , 

th roughout the be ta p h a s e , the h i g h - t e m p e r a t u r e , a v e r a g e va lue of -40 .0 k c a l / m o l e of H^ i s adopted . 

T h e s e va lues should be a c c u r a t e wi thm about 6% excep t for the be ta phase va lues which a r e d e e m e d 

a c c u r a t e to wi thm about 15%. 

5. E m i s s i v i t y 

E x p e r i m e n t a l l y m p a s u r e d e m i s s i v i t y va lues for the fuel m a t e r i a l have been r e p o r t e d by Hedge, 
(31) (33) 

et a l a t the A r m o u r R e s e a r c h Founda t ion and by Ne l son a t Ba t t e l l e M e m o r i a l I n s t i t u t e . In 

t h e s e da ta , c o n s i d e r a b l e v a r i a t i o n is noted depending on the e n v i r o n m e n t a l and su r f ace condi t ions , 

oxygen content , e t c . P r e c i s e e m i s s i v i t y va lues a p p r o p r i a t e for an oxidizing fuel su r f ace dur ing 

r e e n t r y cannot be deduced f rom the ava i lab le da ta . I t is r e c o g n i z e d tha t addi t iona l e x p e r i m e n t s a r e 

needed to p r o p e r l y eva lua te th is i m p o r t a n t p a r a m e t e r ( s ee Sect ion VIII). The ava i l ab l e data do, 

however , s e r v e to define the r ange of e m i s s i v i t y va lues expec ted dur ing r e e n t r y . 

F o r the s t a n d a r d s e t of p a r a m e t e r v a l u e s , a cons t an t e m i s s i v i t y va lue of 0.4 was assum-^d a t a l l 

t e m p e r a t u r e s . This va lue is m fai r a g r e e m e n t with the h i g h - t e m p e r a t u r e e m i s s i v i t y va lues r e p o r t e d 

m R e f e r e n c e s 31 and 33 . 

6. Hydrogen Diffusion Coeff icient 

The r a t e of hydrogen l o s s f rom the fuel e l e m s n t is gove rned by the hydrogen diffusion coeff ic ient . 

Dur ing r e e n t r y , the z e r o hydrogen c o n c e n t r a t i o n at the s u r f a c e of the exposed fuel m a t e r i a l p rov ides 

the s ink for the outflow of hyd rogen . The high t e m p e r a t u r e s of the fuel m a t r i x m a t e r i a l p rov ide the 

ac t iva t ion for mob i l i za t ion of the hydrogen . P rov id ing that the hydrogen outflow is r e a s o n a b l y u n i ­

f o r m over the fuel s u r f a c e , such hydrogen l o s s may a lways be d e s c r i b e d by the o r d i n a r y diffusion 

equat ion with the " a p p r o p r i a t e " diffusion coefficient and boundary cond i t ions . Mos t i m p o r t a n t , one 

m i s t r e c o g n i z e that the a p p r o p r i a t e diffusion coeff icient is dependent , m addi t ion to t e m p e r a t u r e , 

on the e n v i r o n m e n t a l condi t ions and on the m e c h a n i s m of hydrogen t r a n s p o r t . Thus , the diffusion 

m a y take p lace th rough the m a t r i x m a t e r i a l m a tom st ic f o r m ^/la a vacancy m e c h a n i s m or the 

p r i n c i p a l mode of t r a n s p o r t m a y be th rough m i c r o c r a c k s , vo ids , or g r a m b o u n d a r i e s . Dur ing r e ­

en t ry , it a p p e a r s that e ach of t h e s e m e c h a n i s m s p r e s e n t s i t se l f and m u s t be c o n s i d e r e d . 

The hydrogen diffusion coefficient m p o l y c r y s t a l l m e z i r c o n i u m hydr ide and z i r c o n i u m - u r a n i u m 

hydr ide has been s tud ied by m m y i n v e s t i g a t o r s ( R e f e r e n c e s 51 th rough 58). The r e s u l t s of t h e s e 

s tud ies a r e s u m - n a r i z e d in Table 3. Aside f rom he r e s u l t s of 

able a g r e e m e n t was obta ined among the different i nves t iga t ions 

(59) In a n u c l e a r magne t i c r e s o n a n c e study on de l ta phase z i r c o n i u m hyd r ide , Hon obtained a value 

of 12.5 k c a l / m o l e for the ac t iva t ion e n e r g y of the hydrogen This value a g r e e s v e r y wel l with the 
( 57) c o r r e s p o n d i n g \ a lue obta ined by H a r k n e s s at ^Atomics In t e rna t i ona l The l a t t e r i n v e s t i g a t o r e m ­

ployed the m i c r o b d l a n c e weight gam technique to m e a s u r e hydrogen diffusion coeff ic ients m SNAP 

fuel m a t e r i a l . 

s tud ies a r e s u m n a r i z e d in Table 3. Aside f rom he r e s u l t s of A l b r e c h t and Goode, ' r e a s o n -
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T A B L E 3 

H Y D R O G E N D I F F U S I O N C O E F F I C I E N T S 
[ D = D ^ e x p f - A H / R T ) ] 

D 
o 

( c m / s e c ) 

4 . 1 5 X 1 0 - 3 

7 . 0 0 X 1 0 - 4 

2 .17 X 1 0 - 3 

7 . 3 7 X 1 0 - 3 

5 . 3 2 X 1 0 - 3 

6 .14 X lO''"^ 

3 . 2 3 X I Q - ^ 

1.09 X 1 0 - 3 

± 0 . 3 X 1 0 - 3 

5 . 9 9 X 10+2 

9 . 1 8 X 1 0 - 3 

A H 
' c a l / g m - a t o m ) 

- 9 4 7 0 

- 7 0 9 0 ± 2 6 0 

- 8 3 8 0 

- 8 5 4 0 ± 1 0 5 0 

- 8 3 2 0 ± 1 7 0 

- 4 3 , 9 0 0 

- 9 7 0 0 

- 1 1 , 4 0 0 

- 3 4 , 8 0 0 

- 1 2 , 4 0 0 

T e m p e r a t u r e 
R a n g e 

C C ) 

4 5 0 t o 7 0 0 

305 t o 610 

260 t o 5 6 0 

870 t o 1100 

7 6 0 t o 1 0 1 0 

650 t o 850 

20 t o 80 

60 t o 250 

5 0 0 t o 7 5 0 

650 t o 9 0 0 

P h a s e 

a 
a 
a 

P 
P 
i3 

5 

6 

6 

5 

R e f e r ­
e n c e 

56 

55 

58"" 

56 

53 

51 

58"" 

54 

52 

5 7 t 

3280 2540 
TEMPERATURE (°F) 

2110 1790 1540 1340 1176 

*In Z i r c a l o y - 2 a t 61 t o 65 a t . % h y d r o g e n 
t i n Z r - 10 w t % U h y d r i d e 

T h e s t a n d a r d h y d r o g e n d i f f u s i o n c o e f f i c i e n t s f o r p o l y c r y s t a l l i n e fue l ' w i t h o u t m i c r o c r a c k s ) a r e 
' 5 7 ) {53) 

t a k e n , i n t h i s s t u d y , t o b e t h o s e o b t a i n e d b y H a r k n e s s i n t h e d e l t a p h a s e a n d b y G e l e z u n a s 

i n t h e b e t a p h a s e . T h e s e c o e f f i c i e n t s a r e p l o t t e d a s a f u n c t i o n of i n v e r s e t e m p e r a t u r e i n F i g u r e 16 . 

U n d e r r a p i d d e h y d r i d i n g c o n d i t i o n s , t h e fue l 

m a t e r i a l i s k n o w n t o d e v e l o p m i c r o c r a c k s a n d v o i d s 

W h e n t h i s h a p p e n s , t h e f o r e g o i n g d i f f u s i o n c o e f f i c i ­

e n t s a r e n o l o n g e r v a l i d . U s e m u s t t h e n b e m a d e 

of a n " e f f e c t i v e " d i f f u s i o n c o e f f i c i e n t d e r i v e d f r o m 

a v a i l a b l e e x p e r i m e n t a l d a t a . A t t h e p r e s e n t t i m e , 

s u c h e x p e r i m e n t a l d a t a a r e s o m e w h a t m e a g e r f o r 

t h e p a r t i c u l a r c o n d i t i o n s b e i n g c o n s i d e r e d , a l t h o u g h 

f u r t h e r a p p r o p r i a t e e x p e r i m e n t a l r e s e a r c h i s n o w 

b e i n g p l a n n e d a n d c o n d u c t e d u n d e r t h e A e r o s p a c e 

N u c l e a r S a f e t y P r o g r a m a t A t o m i c s I n t e r n a t i o n a l . 

rx 10 

p 

p 

F 

p 

i 1 1 1 1 _ 

\ PULSE-HEATING DATA FOR E 
Y>^^MICROCRACKED FUEL MATERIAL: 

MELTING \ 
TEMPERATURE \ 

^ \ ^ ^ \ ^ " " " ^ . ^ . ^ T A PHASE 

Al DATA FOR A J ^ \ ^ D E L T A PHASE -
POLYCRYSTALLINE''̂ ^ ^ V ^ 
FUEL MATERIAL ^ \ _ ^ _ 

J \ J L 1 l ^ \ 
9 0 12 6 14.4 16 2 

l /T°R X 10-4 

11-2-65 

ISO 

7611-01085 

F i g u r e 16. Hydrogen Diffusion Coeff ic ients 
in SNAP F u e l M a t e r i a l a s a Func t ion of 

R e c i p r o c a l T e m p e r a t u r e 

In r e c e n t e x p e r i m e n t s conducted at Ba t t e l l e M e ­

m o r i a l Ins t i tu te , s e v e r a l 6 - i n . - l o n g sec t ions of 

SNAP 1 OA fuel s lugs w e r e r ap id ly dehydr ided at 

t e m p e r a t u r e l eve l s a round 1800°F . Audible c r a c k ­

ing was noted dur ing hea tup , beginning when the 

s a m p l e t e m p e r a t u r e r e a c h e d 1450° F . The r a t e of 

c r a c k i n g i n c r e a s e d at h ighe r t e m p e r a t u r e s . In all 

c a s e s , the dehydr ided s a m p l e s w e r e c h a r a c t e r i z e d 

by a u n i f o r m d i s t r i bu t ion of fine c r a c k s , as c l e a r l y 

ev idenced by the photograph labled F i g u r e 4 in 

R e f e r e n c e 60 ( s ee F i g u r e 17). 
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The r e s u l t s of s i m i l a r e x p e r i m e n t s have been r e -

p o r t e d by Leadon, et a l . and a l s o by Hedge, et a l . 

In these e x p e r i m e n t s , SNAP fuel s a m p l e s w e r e hea ted 

and exposed to v a r i o u s e n v i r o n m e n t s . In a l l c a s e s , 

m i c roc r ack ing of the s a m p l e s was ev ident . Leadon, 

et a l . r e p o r t e d s t r ong hydrogen ou tgass ing at a l l 

t e m p e r a t u r e l eve l s above 800°C. The a u t h o r s con­

c luded tha t the hyd rogen d e s o r p t i o n r a t e s w e r e diffu-
(31) s ion l im i t ed . Hedge, et a l . found that the dehy-

t ', ff '•Jg d r id ing of the s p e c i m e n s in the t e m p e r a t u r e r ange 

1550 to Z910°F could be given by a log t i m e - r e c i p r o c a l 

t e m p e r a t u r e plot ( F i g u r e 47 of R e f e r e n c e 31). The hy­

d rogen l o s s was cont inuous wi th no tendency for d i s ­

i n t e g r a t i o n of the s a m p l e s . The t i m e r e q u i r e d for 

90% l o s s of the hydrogen a t the fuel me l t ing t e m p e r a ­

t u r e was given a s about 50 s e c . 

In e x p e r i m e n t a l t e s t s which m o r e c lo se ly s i m u l a t e 
(9) 

a r e e n t r y e n v i r o n m e n t , Baughn has c h a r a c t e r i z e d 

SNAP fuel behav io r dur ing r e e n t r y - t y p e hea t ing in a 

h y p e r t h e r m a l wind tunnel . Th i s faci l i ty is a cont inuous-

running wind tunnel which p r o d u c e s a nomina l M a c h - 3 

10-11-65 7611-01115 gas flow at high t e m p e r a t u r e by pas s ing an e l e c t r i c 

F i g u r e 17. S ix -mch Sect ion of a SNAP IDA ^ r c th rough a gas and expanding it t h rough a con toured 
Fue l E l e m e n t Before and After nozz le to impinge on the t e s t s p e c i m e n . Two- in . - long 
Rapid Dehydr id ing at 1800°F 

SNAP 1 OA d i a m e t e r fuel s lugs w e r e subjec ted to t r a n ­

s ient heat ing over a r ange of heat ing r a t e s and for s e v e r a l dif ferent o r i e n t a t i o n s , including c r o s s -

ax ia l spinning. P o s t - t e s t m i c r o s t r u c t u r a l a n a l y s e s r e v e a l e d a fine ne twork m the fuel i n t e r s p e r s e d 

wi th a few l a r g e c r a c k s which s e e m e d to o r ig ina t e f rom holes p rov ided for t h e r m o c o u p l e s or tungs ten 

holding r o d s . The m a t e r i a l in the v ic in i ty of a mol t en s u r f a c e was a lways devoid of hydrogen . 

Hydrogen was los t such that d i s c r e t e i n t e r f a c e s w e r e f o r m e d be tween the p h a s e s p r e s e n t . 

All of t he se e x p e r i m e n t a l t e s t s c h a r a c t e r i z e the phenomena of fuel heat ing and dehydr id ing by a 

nonvio lent and s t eady o c c u r r e n c e of m i c r o c r a c k i n g at t e m p e r a t u r e s above 1500°F , a c c o m p a n i e d by 

a g r aded s t ep i n c r e a s e in hydrogen l o s s r a t e s . T h e r e is no ev idence to ind ica te that the hydrogen 

outflow is p r inc ipa l l y i r r e g u l a r , o r that it o c c u r s in " s p u r t s " . One m a y conclude that the ev idence 

i s compa t ib l e wi th the a s s u m p t i o n that the hyd rogen outflow is r e a s o n a b l y u n i f o r m and can be d e ­

s c r i b e d by the diffusion p r o c e s s us ing an e m p i r i c a l diffusion coeff ic ient . Such an effective diffusion 

coefficient , however , cannot be deduced f r o m these t e s t s . 

In 1962, w o r k w a s in i t i a ted at A tomics In t e rna t i ona l , unde r the A e r o s p a c e N u c l e a r Safety P r o g r a m , 

on a s e r i e s of e x p e r i m e n t s des igned to s i m u l a t e the effects of s e v e r e t e m p e r a t u r e t r a n s i e n t s on 

SNAP fuel behav io r . In t he se t e s t s , p u l s e - h e a t m g t echn iques a r e u sed m which s a m p l e s a r e d i r e c t l y 

hea ted by p a s s i n g l a r g e e l e c t r i c c u r r e n t s th rough them. Such e x p e r i m e n t s a r e capable of providing 

cont inuous data on power input, e l e c t r i c a l r e s i s t i v i t y , hea t capac i ty , t e m p e r a t u r e , and amount and 
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r a t e of h y d r o g e n evolut ion for fuel s a m p l e s hea ted to ove r 2000 ' 'F m a few ten ths of a second . The 

r e s u l t s of the e x p e r i m e n t s p e r f o r m e d to da te a r e p r e s e n t e d m R e f e r e n c e s 28, 29, and 30. 

In the p u l s e - h e a t m g e x p e r i m e n t s , quan t i t a t ive da ta on the amoun t of hyd rogen evolved w e r e o b ­

ta ined a s a function of t i m e . T h r o u g h d i f fe ren t ia t ion of the h y d r o g e n p r e s s u r e vs t i m e p lo t s , i t was 

p o s s i b l e to d e r i v e an effect ive diffusion coeff icient for the outflowing hydrogen , a p p r o p r i a t e for the 

p a r t i c u l a r p u l s e - h e a t m g cond i t i ons . Such ca l cu l a t i ons w e r e m a d e for t r a n s i e n t s with v a r i o u s hea t ing 

r a t e s . The r e s u l t s a r e shown m F i g u r e 16, m which the effect ive diffusion coeff icient is p lo t ted a s a 

function of i n v e r s e s a m p l e t e m p e r a t u r e . N e a r i den t i ca l r e s u l t s w e r e obta ined for a l l t r a n s i e n t s con ­

s i d e r e d , independen t of the s a m p l e hea t input . 

F r o m the p u l s e - h e a t m g da ta , then , the effective diffusion coeff ic ient shown m F i g u r e 16 was d e t e r ­

m i n e d -with -which the o b s e r v e d hydrogen evolut ion could be d e s c r i b e d for a l l t r a n s i e n t s . Belo-w about 

1900°F , the h y d r o g e n l o s s was m e a g e r , which w a s c o m p a t i b l e wi th the s t a n d a r d diffusion r a t e s m 

p o l y c r y s t a l l i n e fuel m a t e r i a l . Wi thm the t e m p e r a t u r e r a n g e 1900 to 2300°F , the hyd rogen l o s s r a t e s 

i n c r e a s e d m a r k e d l y due to m i c r o c r a c k i n g effects on the hydrogen m e a n f ree pa th . Data s c a t t e r w a s 

m o r e p ronounced m th is t e m p e r a t u r e r a n g e . Above 2300°F , the data s t ab i l i z ed and showed a l e s s 

d r a s t i c evolu t ion r a t e i n c r e a s e wi th h ighe r t e m p e r a t u r e s . Appa ren t ly , l i t t l e or no fu r the r m i c r o ­

c r a c k i n g o c c u r r e d above 2300°F , which r e s u l t e d m a n e a r - c o n s t a n t m e a n f ree pa th . 

The effect ive diffusion coeff ic ient shown m F i g u r e 16 was u s e d m the s t a n d a r d s e t of p a r a m e t e r 

va lues for the r e e n t r y and a r c - j e t a n a l y t i c a l mode l c a l c u l a t i o n s The unde r ly ing a s s u m p t i o n of the 

app l i cab i l i ty of th is coeff ic ient m a r e e n t r y e n v i r o n m e n t , u n d e r r e e n t r y hea t ing r a t e s , was t e s t e d by 

subsequen t c o r r e l a t i o n wi th the a r c - j e t t e s t r e s u l t s . Such c o r r e l a t i o n s a r e d i s c u s s e d m Sect ion VII. 

7. T h e r m a l Conduct iv i ty 

The t h e r m a l conduct iv i ty of the fuel m a t e r i a l is not a highly inf luent ia l p a r a m e t e r m r e e n t r y c a l ­

c u l a t i o n s . The inf luence of the t h e r m a l conduct iv i ty , k, upon the hea t n e c e s s a r y to in i t i a t e m e l t i n g 

of the fuel i s shown m Sect ion VI I I -B . F o r va lues of k g r e a t e r than about 12 B t u / f t - h r - ° F , the i n ­

f luence upon the hea t n e c e s s a r y to in i t i a t e me l t i ng i s neg l ig ib le , a s s u m i n g s t a n d a r d va lues for a l l 

o the r p a r a m e t e r s . The p a r a m e t e r b e c o m e s i n c r e a s i n g l y i m p o r t a n t a s it b e c o m e s s m a l l e r . F o r fuel 

e l e m e n t r e e n t r y c a l c u l a t i o n s , p r e c i s e d e t e r m i n a t i o n s of the t h e r m a l conduct iv i ty a r e not n e c e s s a r y 

u n l e s s the v a l u e s p r o v e to be l ower than about 12 B t u / f t - h r - ° F . 

The ava i l ab l e r e s u l t s of t h e r m a l conduc t iv i ty m e a s u r e m e n t s on a c t u a l fuel m a t e r i a l a r e r e p o r t e d 

m R e f e r e n c e s 3 1 , 33 , 34, and 35 . G e n e r a l l y , m such m e a s u r e m e n t s , only the da ta obta ined for 

t e m p e r a t u r e s l e s s than 1000°F can be c o n s i d e r e d as r e l i a b l e . M e a s u r e m e n t s at h ighe r t e m p e r a t u r e s 

a r e c o m p l i c a t e d by the m o v e m e n t of hydrogen . R e s u l t s of a n a l y t i c a l c a l cu l a t i ons show that for t yp i ­

ca l r e e n t r y h y d r o g e n c u r r e n t s , m i g r a t i n g hydrogen i s s m a l l (<6%) c o m p a r e d to the hea t conducted 

th rough the fuel m a t r i x m a t e r i a l . Hydrogen d i s s o c i a t i o n ef fec ts , howeve r , can s t rong ly inf luence 

t e m p e r a t u r e m e a s u r e m e n t s m a hea ted rod , g e n e r a l l y m such a way a s to i n c r e a s e the a p p a r e n t 

( m e a s u r e d ) t h e r m a l conduc t iv i ty . 

In eva lua t ing ava i l ab l e t h e r m a l conduct iv i ty v a l u e s , r e l e v a n t data have been r e s t r i c t e d to two 

t e m p e r a t u r e r e g i o n s (1) t e m p e r a t u r e s f r o m 0 to about 1000°F and (2) t e m p e r a t u r e s n e a r the m e l t ­

ing point (3280°F) of the fuel. T e m p e r a t u r e s be tween t h e s e two r a n g e s c o r r e s p o n d to the pe r i od of 
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hydrogen evolution. At the higher temperature range, most all hydrogen should be evolved. The 

propert ies of the fuel should then approach those of unhydrided Zr - 10wt% U alloy, except for pos­

sible effects of microcracking and increased porosity caused by the rapid dehydriding. 

Thermal conductivity data of interest in fuel element reentry studies are shown in Figure 18. 

Below 1000°F, the composition of the fuel remains constant so that the indicated data curves for the 

fully hydrided fuel would apply. Here, either the Armour data or the Atomics International data 

may be used with similar resul t s . 

Above 1000°F, one is guided by the corresponding data for the unhydrided Zr - 10 wt % U alloy. 

It is reasonable to assume that, up to the time that the fuel is depleted of hydrogen, the fuel thermal 

conductivity values will remain higher than those for the unhydrided mater ia l . Such values appear 

to be beyond the range of effectual thermal conductivity values and, as such, need not be determined 

exactly. 

Near the melting point, the thermal conductivity of the dehydrided fuel may actually become less 

than that of the unhydrided alloy. As mentioned before, this could be caused by the formation of 

microcracks and voids. According to the Armour data, the thermal conductivity of the unhydrided 

alloy approaches a value of about 25 Btu / f t -h r -°F at the melting point. (Corresponding data for the 

hydrided mater ia l presented in Reference 31 a re even higher. These measurements appear, how­

ever, to be influenced by reactions with the hydrogen atmosphere in the furnace. ) It seems difficult 

to postulate that even excessive microcracking could reduce the thermal conductivity by more than 

a factor of two. Thus, the high-temperature thermal conductivity of the dehydrided fuel should be 

at least as great as 12 Btu / f t -h r - °F , the minimum value for no influence of the parameter . 

In the standard set of parameter values, a constant thermal conductivity of 13.3 Btu / f t -hr -°F 

was assumed for the fuel mater ia l . It is recognized that some additional experimental data for the 

thermal conductivity is needed, especially at higher temperatures for rapidly dehydrided fuel 

mater ia l . 

MELTING I 
TEMPERATURE-H 

Zr-U-H, 

• Al DATA(NAA-SR-
9782) 

• ARMOUR DATA 
(AFSWC-TDR-63-l7)J 

O ARMOUR DATA 
(AFSWC-TDR-63-17) l-Zr-U 

ABMI DATA{BMI-I350)J 

200 600 

10-11-65 

1000 1400 1800 2200 2600 3000 3400 

TEMPERATURE CF) 
76II-0III6 

Figure 18. Thermal Conductivity as a 
Function of Temperature 

8. Density 

The density of SNAP fuel mater ia l is a well 

known quantity. Experimental density values are 

given in References 24, 33, 34, and 35. All of 

these values agree well. F rom Reference 35, a 

density value of 6.09 gm/cm3 (380.2 lb/ft ) was 

obtained, corresponding to H/Zr ratios in the 

range of 1.7 to 1.8. This constant value was used 

throughout the reentry calculations, commensu­

rate with the assumption of fixed geometrical di­

mensions. (If the fuel element dimensions remain 

constant, then so also must the density if mass is 

to be conserved.) The density value used is be­

lieved accurate to within a few per cent. 
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9. Surface Ca ta ly t i c Eff ic iency 

The a e r o d y n a m i c hea t ing equa t ions ( s ee Sect ion IV) for the con t inuum flow r e g i m e m a y be d i r e c t l y 

appl ied u n d e r the specif ic condi t ion of an e q u i l i b r i u m bounda ry l a y e r . A r e e n t e r i n g SNAP r e a c t o r 

fuel e l e m e n t p a s s e s th rough r eg ions of a l t i tude and ve loc i ty , h o w e v e r , -where the a i r behind the shock 

and in the b o u n d a r y l a y e r m a y not be in e q u i l i b r i u m . The e q u i l i b r i u m a e r o d y n a m i c hea t ing r a t e m u s t 

then be ad jus ted to account for the c h e m i c a l k ine t i c s e f fec t s . 

None qu i l i b r i um effects behind the shock, in the bounda ry l a y e r , and on the su r f ace have been 

s tudied by Chung and by Inge r . In t he se s t ud i e s , the r educ t ion in hea t ing is e x p r e s s e d a s a 

function of a l t i tude and the ca t a ly t i c eff iciency of the m a t e r i a l s u r f a c e . The ca t a ly t i c eff iciency i s 

defined a s : 

y 
Atomic co l l i s ions effective in r e c o m b i n a t i o n 

A Tota l n u m b e r of a tomic co l l i s i ons 

The a c t u a l va lue of the ca t a ly t i c eff iciency for the fuel e l e m e n t s u r f a c e could not be found in the 

l i t e r a t u r e . Va lues for o the r m a t e r i a l s , howeve r , have been r e p o r t e d . The ex i s t ing da ta sugges t 
-2 -2 

that a m e t a l s u r f a c e has a y of about 5 x 1 0 and an oxide s u r f a c e h a s a y. of about 1 x 1 0 

The r educ t ion in hea t ing for a n o n e q u i l i b r i u m bounda ry l a y e r can be i n f e r r e d f r o m R e f e r e n c e s 61 

and 62 for the a p p r o p r i a t e fuel e l e m e n t r a d i u s and r ange of ca t a ly t i c eff iciency v a l u e s . The hea t ing 

r e d u c t i o n i s shown in F i g u r e 19 a s a function of a l t i tude for d i f ferent ca t a ly t i c eff iciency v a l u e s . 
-2 -2 

F o r v a l u e s of y . in the r a n g e 1 x 1 0 to 5 x 1 0 , the r e d u c t i o n in hea t ing to a SNAP 1 OA r e a c t o r 
fuel e l e m e n t v a r i e s f r o m about 0.95 at h igher a l t i tudes to a round 0.85 to 0.90 at an a l t i tude of about 
150,000 ft. 

In the s t a n d a r d se t of p a r a m e t e r v a l u e s , a cons t an t va lue of 0.95 was a s s u m e d ' a t a l l a l t i tudes ) 

for the a e r o d y n a m i c hea t r educ t ion due to nonca ta ly t i c wal l e f fec ts . It i s r e c o g n i z e d that e x p e r i ­

m e n t a l i nves t i ga t i on i s g r e a t l y needed to d e t e r m i n e a m o r e a c c u r a t e su r f ace ca ta ly t i c eff iciency 

va lue . With such a va lue , an a c c u r a t e eva lua t ion of the hea t ing r educ t ion can be m a d e us ing the 

m e t h o d s of R e f e r e n c e s 61 and 62. 

B. HASTELLOY-N CLADDING 

SNAP fuel e l e m e n t s c o n s i s t of c y l i n d r i c a l f u e l - m o d e r a t o r ( Z r - 1 0 wt % U hydr ide) rods canned 

in a H a s t e l l o y - N cladding tube with a s m a l l fue l -c ladding gap v o l u m e . The ins ide s u r f a c e s of the 

c ladding tube and the end caps (the e l e m e n t s a r e s e a l e d by m e a n s of welding in the end caps ) a r e 

coa ted wi th a m a t e r i a l which i m p a i r s hydrogen p e r m e a t i o n of the c ladding . The m a t e r i a l p r o p e r t i e s 

of the c ladding tube a r e c i ted in Re fe r ence 63, and those of i n t e r e s t h e r e a r e l i s t ed in Tab le 4. F o r 

the va lues g iven, the coat ing m a t e r i a l was not c o n s i d e r e d or inc luded. 
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Figure 19. Catalytic Efficiency Effect on 
the Stagnation Point 

TABLE 4 

HASTELLOY-N CLADDING PROPERTIES' 
(63) 

Property 

Specific heat 

Density 

Emissivity 

Heat of fusion 

Melting point 

Value 

0.13 Btu/ lb-°F 
0.317 lb/in.3 

0.3 

133 Btu/lb 

2400 ± 30''F 

Comment 

Average high-temperature value 

Typical value for nickel alloys 

Typical value for nickel alloys 
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VI METHOD OF SOLUTION 

Beginning f r o m the t i m e of fuel e l e m e n t r e l e a s e , the hea t and m a s s t r a n s f e r Equa t ions 1 th rough 8 

a r e so lved s i m u l t a n e o u s l y by f ini te d i f fe rence m e t h o d s . T h e s e so lu t ions a r e coupled with the i t e r ­

a t ive ca lcu la t ion of the net s u r f a c e hea t flux (Equat ion 9) t h rough the fuel su r f ace t e m p e r a t u r e and 

the hydrogen outflow. The so lu t ions a r e a c h i e v e d us ing the T h e r m a l Ana lyze r P r o g r a m ( T A P - 3 ) , a d ig i t a l 

code w r i t t e n for u s e on the IBM-7090 c o m p u t e r . B a s i c a l l y , t h i s invo lves app l ica t ion of finite d i f fe rence 

f o r m s to each bas i c equat ion, r e l e g a t i o n of t h e s e f o r m s to the ana logous T A P - 3 a d m i t t a n c e - c a p a c i t a n c e 

c i r c u i t ne twork , and the coupling of the equa t ions by the ava i l ab l e T A P - 3 a r i t h m e t i c funct ions 

T A P - 3 is a g e n e r a l d ig i ta l c o m p u t e r code app l i cab le to the solut ion of t r a n s i e n t and s t e a d y - s t a t e 

p r o b l e m s involving hea t t r a n s f e r and ana logous p r o c e s s e s . The p r e s e n t code i s an ou tgrowth of the 

Lockheed T h e r m a l Ana lyze r P r o g r a m . A de ta i l ed d e s c r i p t i o n of the me thod by which th i s code 

i s u t i l i z ed m obtaining m a t e r i a l r e s p o n s e so lu t ions i s given m th i s sec t ion . 

A. F I N I T E D I F F E R E N C E FORMS 

In p r e p a r i n g a p r o b l e m for solut ion with the code , it is f i r s t n e c e s s a r y to a p p r o x i m a t e the p h y s i ­

ca l s y s t e m with a l u m p e d - g e o m e t r y n e t w o r k . In th i s ne twork , the to ta l s t o r a g e capac i t y of the p h y s ­

i c a l s y s t e m i s a s s u m e d to be appor t ioned among a set of d i s c r e t e l umps or i n c r e m e n t s . E a c h 

i n c r e m e n t i s a s s u m e d to be connec ted to each of i t s n e i g h b o r s by one o r m o r e connect ing p a t h s , 

e ach having a value c a l l e d the ' a d m i t t a n c e ' ( r e c i p r o c a l of the r e s i s t a n c e ) . E a c h i n c r e m e n t m a y be 

a s s i g n e d a hea t g e n e r a t i o n r a t e that i s equiva lent to the r a t e of hea t g e n e r a t i o n m the e l e m e n t of 

vo lume of the p h y s i c a l s y s t e m r e p r e s e n t e d by the i n c r e m e n t . The po ten t ia l a s s i g n e d to o r c a l cu l a t ed 

for each i n c r e m e n t a l node i s defined as the po ten t ia l at the c e n t r o i d of the c o r r e s p o n d i n g i n c r e m e n t 

to which the node i s a s s i g n e d . Since we a r e c o n s i d e r i n g the s i m u l t a n e o u s t r a n s f e r of hea t and m a s s , 

•we can c o n s i d e r a s u p e r i m p o s e d i n c r e m e n t a l r e p r e s e n t a t i o n w h e r e each i n c r e m e n t m a y have m o r e 

than one type of po ten t i a l o r node . F o r e x a m p l e , an i n c r e m e n t m a y be c h a r a c t e r i z e d by a t e m p e r a ­

t u r e and a c o n c e n t r a t i o n . 

The following d i a g r a m i l l u s t r a t e s the o n e - d i m e n s i o n a l nodal s c h e m e for c a l cu l a t i ons with un i fo rm 

s u r f a c e hea t i ng . The c y l i n d r i c a l fuel slug i s b r o k e n up (usual ly) into s ix r a d i a l i n c r e m e n t s of equal 

t h i c k n e s s (0.101 m . ) . Nodes 1-6 r e p r e s e n t the 

a v e r a g e i n c r e m e n t t e m p e r a t u r e s , r e s p e c t i v e l y , 

f r o m the fuel c e n t e r to the o u t s i d e . Nodes 11-16 

r e p r e s e n t the a v e r a g e i n c r e m e n t hydrogen c o n ­

c e n t r a t i o n s Nodes 7 and 17 r e p r e s e n t the s u r ­

face t e m p e r a t u r e and su r f ace c o n c e n t r a t i o n , 

r e s p e c t i v e l y . 

In the ca l cu la t ion p r o c e s s , a e r o d y n a m i c h e a t ­

ing i s in i t i a l ly speci f ied to the c ladding node 30. 

A hea t b a l a n c e i s computed for the c ladding as 

expla ined be fo re and the c ladding t e m p e r a t u r e 

r i s e s . The H a s t e l l o y - N cladding r e a c h e s i t s 
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mel t ing t e m p e r a t u r e at 2400°F , a b s o r b s the hea t of fusion (36 Btu) , and i s exc luded f r o m the c a l c u ­

la t ion p r o c e s s . When th i s t a k e s p l a c e , the net su r f ace heat ing i s put into the fuel s u r f a c e node 7. 

Hydrogen then r e d i s t r i b u t e s wi thm the fuel (nodes 11-17) and i s los t to the s ink node 32 . A hea t and 

hydrogen b a l a n c e is then appl ied to each r e s p e c t i v e fuel i n c r e m e n t . Throughou t t h e s e c a l c u l a t i o n s , 

each fuel i n c r e m e n t i s p r o g r a m m e d to change p h a s e acco rd ing to i t s own t e m p e r a t u r e and c o n c e n t r a ­

t ion and the p h a s e d i a g r a m shown m F i g u r e 13. In t i m e , c o m p l e t e p h a s e changes sweep a c r o s s the 

rod f r o m the ou te r to the inner r e g i o n s . 

As the fuel su r f ace node 7 r e a c h e s the me l t ing t e m p e r a t u r e of 3 2 8 0 ° F , the net heat ing i s t r a n s ­

f e r r e d to the next node i nward , node 6. With th i s net heat ing is added a cons tan t r a d i a t i o n hea t l o s s 

f r o m an emi t t ing t e m p e r a t u r e of 3 2 8 0 ° F . As node 6 r e a c h e s 3 2 8 0 ° F , the i n c r e m e n t beg ins me l t ing 

with a hea t of fusion of 90 B t u / l b of fuel . When me l t i ng i s c o m p l e t e , the net heat ing and r ad i a t i on 

hea t l o s s i s then t r a n s f e r r e d to the next node t o w a r d s the rod c e n t e r . Th i s p r o c e s s con t inues un t i l 

a l l i n c r e m e n t s a r e fully ab la t ed . Throughou t the e n t i r e p r o c e s s , the v a r i a b l e m a t e r i a l p r o p e r t i e s 

and p a r a m e t e r s a r e c a l cu l a t ed by m e a n s of the T A P - 3 code a r i t h m e t i c funct ions at each node , af ter 

each i t e r a t i o n . 

The b a s i c f ini te d i f fe rence a p p r o x i m a t i o n equat ion appl ied by the c o m p u t e r code to each node with 

a n o n - z e r o c a p a c i t a n c e i s , at each i t e r a t i o n , 

T = T - f ^ J Q +L[Y (T - T ) ] L . . . . ( 3 9 ) 

F o r nodes with a z e r o c a p a c i t a n c e , such a s s u r f a c e n o d e s , the b a s i c equat ion i s , a t e a c h i t e r a t i o n . 

T 
H-I-At 

•Q + L(Y T ) 
1 j ' ^ , J r 

E Y 
J ^ ' J 

. . ( 4 0 ) 

The m a x i m u m s t ab l e t i m e s t ep , At, i s l im i t ed by the e x p r e s s i o n , 

if\l ^ t ^ l T ^ V ^ • • • • (41 ) 
' ( l e a s t va lue for the se t , i) 

The app l ica t ion of f ini te d i f fe rence f o r m s to the defining equa t ions m u s t r e s u l t m a f inal e x p r e s ­

sion f o r m iden t i ca l to Equa t ion 39 o r Equa t ion 40. In the following, it i s shown that the f ini te d i f fe r ­

ence f o r m s of bo th the hea t and hydrogen cont inui ty equat ions can be m o l d e d into i d e n t i c a l e x p r e s s i o n s 

of the f o r m of Equat ion 39. As such , they m a y be so lved s i d e - b y - s i d e by m e a n s of the T A P - 3 code . 

F o r the p r e s e n t , it wi l l be a s s u m e d that the equa t ions m the second ca l cu l a t i ons s t age (after c ladding 

burnoff) apply . The f ini te d i f fe rence f o r m s of the equa t ions m the f i r s t and t h i r d ca lcu la t ion s tage 

a r e then d i s c u s s e d at the end of th i s sec t ion . 

NAA-SR-11502 

50 



C o n s i d e r an i n t e r n a l node , i, along the r a d i u s , r , m the following s c h e m e : 

^ - o -
RADIUS 

The f ini te d i f fe rence f o r m of Equat ion 6 i s 

+At 
ST 

L + 1 , 1 ^ 1 , 1 - 1 \ p / l 1+1 1 - 1 1_ 

A-Ar " A zSr AV 
. (42) 

H e r e , 

-k -A F , andQ = / H , I ^ . A V ) , 5r ' 1 I d i s s ot / ' 

and the s u b s c r i p t , i, i + 1, i nd i ca t e s tha t the function i s eva lua ted midway be tween nodes i and i + 1. 

Sett ing the i d e n t i t i e s , 

C H ( p C p A V ) ^ , 

a n d 

AV = (A -Ar ) , 
1 1 ' 

into Equa t ion 4 1 , one g e t s , on r e a r r a n g i n g , 

T h u s , 

r =T +p 

T + 

\ , i - l • ^1 + 1,1 

(c_ z) 

At 
h+At \ c 

-kA 
"£7 1-1 ,1 \ / l , 1 + 1 

- f ^ ^ ) ( T ^ , - T , + T - T) +Q 
\ 2 / 1 + 1 1-1 1 i ' 1 
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F i n a l l y , 

w h e r e 

r = T +^ 
H+At \ ^1 

a n d 

Y , (T , - T ) + Y ^,(T ^ , - T ) + Q 
1-1,1^ 1-1 i ' 1 ,1+r 1+1 1 1 

. (43) 

E q u a t i o n 43 i s of t h e s a m e f o r m a s t h e b a s i c T A P - 3 f i n i t e d i f f e r e n c e e q u a t i o n . T h e b a s i c p a r a m -

t e r s — h e a t c a p a c i t y , C , t o t a l h e a t f l o w a d m i t t a n c e s , Y , a n d Y , , , a n d h e a t s o u r c e , Q — a r e a l l 
^ ' > x' ' 1 -1 ,1 1,1 + 1 ' 1 

f u n c t i o n s of t h e h y d r o g e n c o n c e n t r a t i o n c h a n g e . A s s u c h , t h e y d e p e n d u p o n t h e s o l u t i o n of t h e h y d r o ­

g e n t r a n s p o r t e q u a t i o n a s p r o g r a m m e d m t h e a n a l y t i c a l d e s c r i p t i o n . 

F o r t h e s a m e s c h e m e a s a b o v e , t h e f i n i t e d i f f e r e n c e f o r m of E q u a t i o n 7 i s 

N - N 
H+At \ 

S i — 

( •DAf) . ( D A | M ) • 
J g, 1+1 1-1,1 

A • Aa 

_ t 

P r o c e e d i n g a s b e f o r e , v/e get 

H+At h ^ \ 
w h e r e 

a n d 

Y , (N , - N ) + Y ^ , ( N ^ , - N ) 
1-1 ,1^ 1-1 i ' 1,1 + 1 1 + 1 1 

_ / D A ^ 

. . . ( 4 4 ) 

^ ^ = V^^ ' ) 1-1,1 

\ I + I = ( S F ) ^̂  

Equa t ions 43 and 44 a r e both of the iden t i ca l f o r m of the b a s i c T A P - 3 finite d i f fe rence equat ion 

for nodes with n o n - z e r o c a p a c i t a n c e . By specifying the p r o p e r ne twork a r r a n g e m e n t (nodal c o n ­

nect ions) and c a p a c i t a n c e va lues (C , th rough C, and C , , t h rough C , , ) , T A P - 3 can be u s e d to apply 

a hea t and hydrogen b a l a n c e at each of the six r a d i a l i n c r e m e n t s , at each i t e r a t i o n . 

Nodes 7 and 17 a r e z e r o - c a p a c i t a n c e , bounda ry n o d e s . They s e r v e to couple the su r f ace hea t ing 

phenomena wi th the i n t e r n a l p r o c e s s e s and to supply the a p p r o p r i a t e bounda ry cond i t ions . The 

bounda ry Equa t ions 8 and 10 can be given m fini te d i f ference f o r m s , 
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' t + A t 

Q7 + ^ 7 , 3 1 ^ 3 1 + ^ 6 , 7'^6^ 

^^6,7 •*" "^7,31 ; 
(45) 

w h e r e 

a n d 

w h e r e 

a n d 

7 ^net s 

N 

\i-(^\^-K^h ' 

^ 7 , 3 1 = ^ l ^ ^ < T 7 + ' ^ ^ 0 ) ' 

/ ^ 1 6 , 17^16 + y i 7 , 3 2 ^ 3 2 \ 

^^t+At \ ^16 , 17 ^ ^ 1 7 , 3 2 /^ 

^ 1 6 , 1 7 - I A r j ^ ' 

.(46) 

D_A 
r F s 
17,32 ~ A T , 

Befo re c ladding burnoff, the m a t e r i a l r e s p o n s e equa t ions a r e s i m p l e r . Equa t ions 3 and 4 can be 

e x p r e s s e d in f ini te d i f fe rence f o r m , and acco rd ing to the s a m e nodal s c h e m e as b e f o r e , as 

T,„ + 
A t 

' 3 0 t + A t 3 0 , - 0 3 , ^ 3 0 "̂  "^7,30^-'"7 • "'•30^ "•" ^30,31^-'-31 " ^30^ (47) 

w h e r e 

C , „ = V -C • p 30 c p "̂ c ' ^c 

30 ^ a e r o s 

^ ^ s ^ ^ T + T30 + 920) (T^ + 460)^ + (T3Q + 460)^ 

7 ,30 1/e + 1/e - 1 
c 

a n d 

Y__ _, = a . A e (T,„ + 460)-30, 31 1 s c 30 

In the t h i r d s t age of ca l cu la t ion , the abla t ion p e r i o d , the app l ica t ion of the equa t ions of the second 

s t age i s cont inued , except for t hose nodes which have r e a c h e d the me l t i ng t e m p e r a t u r e . T h e s e l a t ­

t e r nodes a r e m a n i p u l a t e d to s i m u l a t e me l tdown and ab la t ion a s expla ined p r e v i o u s l y . 
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A c o m p l e t e s u m m a r y of the finite d i f ference f o r m s for each node , at any t i m e , t, i s given in 

Tab le 5. 

B . INPUT TO THE T A P - 3 CODE 

B a s i c input da ta to the code a r e b r o k e n down into the following m a i n c a t e g o r i e s : 

1) 

2) 

3) 

4 ) ' 

5) 

6) 

7) 

8) 

* 1 0 

*20 

* 3 0 

* 4 0 

*50 

*70 

*80 

*90 

— n e t w o r k connec t ions and nodal a r r a n g e m e n t 

— in i t i a l and cons tan t va lues 

— function spec i f i ca t ions 

— t a b u l a r da ta 

— la t en t hea t da ta 

— run c o n t r o l cons t an t s 

— pr in tou t spec i f i ca t ions 

— running and p r in t t i m e s . 

The typ ica l o n e - d i m e n s i o n a l nodal s c h e m e for r e e n t r y ca l cu l a t i ons i s given in the p r e v i o u s s e c ­

t ion . Th i s s a m e s c h e m e i s u t i l i zed to d e s c r i b e the p r o g r a m input da ta th roughout t h i s sec t ion . 

In i t ia l va lues and p r o g r a m c o n s t a n t s a r e spec i f ied unde r *20 da ta . In i t ia l t e m p e r a t u r e s for the 

fuel nodes 1-7 and the c ladding node 30 a r e given as 500°F in s t a n d a r d r e e n t r y c a l c u l a t i o n s . F o r 

a r c - j e t c a l c u l a t i o n s , i n i t i a l t e m p e r a t u r e s of 8 0 ° F a r e a p p r o p r i a t e . The s p a c e e n v i r o n m e n t a l t e m ­

p e r a t u r e at node 31 i s f lagged and held cons tan t at -459.69 ° F . (The c o r r e s p o n d i n g e n v i r o n m e n t a l 

t e m p e r a t u r e for a r c - j e t c a l cu l a t i ons is 8 0 ° F . ) In i t ia l c o n c e n t r a t i o n s to nodes 11-16 a r e e x p r e s s e d 
3 

a s 6.61 lb of H^/f t , c o r r e s p o n d i n g to an H / Z r r a t i o of 1.8. The c o n c e n t r a t i o n of hydrogen in the 

bounda ry l a y e r (node 32) i s held cons t an t and equal to z e r o . Also inc luded under *20 da ta a r e the 

c o n c e n t r a t i o n node c a p a c i t i e s which , t h rough a c o m p a r i s o n of Equa t ion 39 wi th Equat ion 44, a r e 

seen to equal the r e s p e c t i v e i n c r e m e n t a l v o l u m e s . F i n a l l y , the c ladding hea t capac i ty , C _ . , and 

the c o n s t a n t s u s e d in *30 a r i t h m e t i c function spec i f i ca t ions a r e g iven . 

The b a s i c ac t iv i ty of the *30 input da ta is to specify to the code the a r i t h m e t i c compu ta t i ons n e c ­

e s s a r y to compute the p r o b l e m p a r a m e t e r s which v a r y with t i m e , t e m p e r a t u r e , o r in any p r e d i c t a b l e 

m a n n e r . In addi t ion to a l g e b r a i c o p e r a t i o n s , u s e m a y be m a d e of a r e p e r t o r y of condi t iona l or "if" 

s t a t e m e n t s to p e r f o r m " i n - r u n " switching and t r a n s f e r o p e r a t i o n s . A de ta i l ed u n d e r s t a n d i n g of the 

exac t function of each *30 input s t a t e m e n t r e q u i r e s a knowledge of the ava i l ab le code m a t h e m a t i c a l 

o p e r a t i o n s and the n u m b e r i n g or c a l l s y s t e m . To i l l u s t r a t e what i s be ing p e r f o r m e d by t h e s e *30 

s t a t e m e n t s , a flow c h a r t i s p r e s e n t e d in F i g u r e 20, in which an out l ine i s g iven of the p r i n c i p a l *30 

ca l cu l a t i ons m a d e af ter each i t e r a t i o n in a t yp ica l r e e n t r y solut ion . The sequen t i a l o r d e r i s c o n ­

s i s t e n t with the individual *30 s t a t e m e n t s u s e d in ac tua l c o m p u t a t i o n s . 

Under *40 da ta , p a r a m e t e r s which do not v a r y acco rd ing to a s imp le m a t h e m a t i c a l law a r e s p e c ­

if ied in t a b u l a r f o r m . Such p a r a m e t e r s a r e H , the a i r s tagna t ion enthalpy; F , the f r ac t ion of c o m ­

plet ion for h y d r o g e n - o x y g e n r e a c t i o n s ; and q ,, the a v e r a g e cold wal l a e r o d y n a m i c hea t r a t e . 

T h e s e t h r e e p a r a m e t e r s a r e spec i f ied a s funct ions of t i m e unde r a p p r o p r i a t e *40 t a b l e s . As e x ­

p la ined in Sect ion IV-A, such t a b l e s a r e compi l ed f r o m R E S T O R E f u e l e l e m e n t t r a j e c t o r y c a l c u l a t i o n s . 
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Nodes 

1-6 
(Fuel increment 
temperature 
nodes) 

7 
(Fuel surface 
temperature 
node) 

30 
(Cladding node) 

11-16 
(H2 concentration 
increment nodes) 

17 
(H2 concentration 
surface node) 

TAP-3 Iterative Equation 

T t + A t ^ = \ + ^ [ Y , . i , , ( T - l - T , ) 

+ \ 1+1(^1+1-T,)+QJ^ 

/Q7 +^7.31^31 +^6,7T6\ 
VAt , -^ \7+Y7,31 I 

Tt + At3„ = \ „ + c t o h o + \ 30(̂ 7 - V 

+ Y30,31<^31-T30)]t 

Nt+At =Nt +AV h - l , i ( ^ - l - ^ i > 
1 1 1 ' 

+ \ i + l ( ^ + l - ^ ' ] , 

/ V 17^16+^17. 32N32\ 
*+^h7"\ V 17 +^17,32 I 

Admittance Expressions at Each Time, t 

v,,.=(KL„4.V'. 
if T s 3280 

^1-1,1 = 0 if T > 3280 
' 1 

\7=(4_,-K^>7 

if T^ < 3280 

Y^ ^ = 0 if T^ £ 3280 

V 3 1 = " l ^ c V T 3 0 +460)3 

if Tjg s 2400 

V 3 1 = ° ^ ^ 3 0 > 2 4 0 0 

Vi,.=(«ll,,. 

at all t imes 

at all t imes 

if T ^j ^ 3280 

Y 7 , 3 1 = ' ' I ^ ^ ' T 7 + 4 ^ ° ) ' 

if TjQ > 2400 

^ , 3 1 = ° ^ T 3 0 ^ 2 4 ° < ' 

^7,30 - l/(^ + 1/t - 1(^7 ' ^30 ' ^ ' - ° ' 

. [(T^ + 460)^ + (T3Q + 460)^] 

if T3P s 2400 

Y 7 , 3 0 = ° ^ T 3 o > 2 4 0 0 

at all times 

^ 7 , 3 2 " A T J 

if T3Q > 2400 

^ 7 , 3 2 = ° ^ T 3 0 " ^ 4 ° ° 

Source Term 

Q i = T ^ ( \ i + i - ^ - i , i ) 

if T ^j s 3280 

Qi = (Inet - ' I rad '^s ^ \ + l > ^^^° 

Q7 = S ie t^s 

if T^ < 3280 

ana T3P > 2400 

Q^ = 0 if T^ £ 3280 

Q 3 0 = 1 a e r o - ^ 

if Tjg £ 2400 

Q30 = ° ^̂  T30 > 2400 

Q^^O 

Q^ = 0 

Table 5. Summary of Iterative TAP-3 
Equations and Parameter Terms 
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30 DATA 

STOP IF T l >3280 

• 
DEFINE STEP AND CUTOFF FUNCTIONS FOR EACH INCREMENT 

CONVERT N TO H/Zr FOR EACH INCREMENT USING APPROPRIATE TABLE UNDER 40 

COMPARE NODAL H Zr RATIOS AND TEMPERATURESWITH PHASE DIAGRAM 
USING PHASE BOUNDARIES DEFINED BY APPROPRIATE TABLES UNDER 40 

COMPUTE PHASE MASS FRACTIONS FOR EACH INCREMENT 
ACCORDING TO EQUATIONS GIVEN IN SECTION V 

COMPUTE DIFFUSION COEFFICIENT VALUES USING APPROPRIATE TABLE UNDER 40 

COMPUTE RADIATION ADMITTANCES FOR CLADDING (Y30 31) FUEL (Y7 31) AND GAP 
(Y7 30) IF T30 < 2400 SET Y7 31 - 0 IF T30 >2400 SET Y30 3I " Y7 30 " 0 

COMPUTE MASS FLOW ADMITTANCES FOR NODES 11-17 USING EQUATION IN TABLE 5 

SPECIFY HYDROGEN FLOW ADMITTANCE THROUGH OXIDE FILM AS SHOWN IN TABLE 5 
SET Yl7 32 = 0 IF T30 < 2400 FOR T30 >2400 Y17 32 MAY BE SET EQUAL TO CO FOR 

SMALL OXIDE FILM THICKNESSES 

COMPUTE HEAT CAPACITIES FOR NODES 1-6 USING EQUATIONS 33 35 AND 36 

COMPUTE HEAT FLOW ADMITTANCES FOR NODES 1-6 USING EQUATIONS IN 
TABLE 5 SETY, | + i - O I F T | + i >3280 

COMPUTE NODAL HEATS OF DISSOCIATION USING EQUATIONS IN TABLE 5 

USE H|j|53 VALUES ACCORDING TO MATERIAL PHASE AT EACH INCREMENT 

IF IT IS IN 8PHASE H^^^^ IS EVALUATED BY APPROPRIATE TABLE UNDER 

'40 DATA 

COMPUTE qaero ACCORDING TO EQUATION 15 REFER TO APPROPRIATE TABLES 

UNDER *40 DATA FOR Hs AND A ^ MIN(qfm Ap "qcyi Aj) VALUES AS FUNCTIONS 

OF TIME 

COMPUTE qcomb USING THE LESSER OF THE QUANTITIES CALCULATED BY EQUATIONS 
31 AND 32 REFER TO APPROPRIATE TABLE UNDER *40 DATA FOR FRACTION OF 
COMPLETION VALUES vs TIME 

COMPUTE q(,3„ ACCORDING TO EQUATION 29 

REFER TO APPROPRIATE TABLE UNDER 40 DATA FOR %^,i VALUES vs TIME 

COMPUTE qpet ACCORDING TO EQUATION 9 

COMPUTE THE NET HEAT INPUT FOR THE CLADDING Q30 AND FOR THE FUEL 
SURFACE Q7 SET Q30-qaero IF T30 S 2400 SET Q30 -0 IF T30 >2400 
SET Q7 - qnet A; IF T7 <3280 AND T30 >2400 OTHERWISE SET Q7 - 0 

COMPUTE INCREMENT HEAT SOURCE TERMS FOR NODES 1-6 ACCORDING TO THE 
EQUATIONS GIVEN IN TABLE 5 APPLY NET HEATING MINUS RADIATION TO EACH 
NODE WHEN THE ADJOINING NODE ABLATES AWAY 

COMPUTE THE VOLUME AVERAGE TEMPERATURE FOR THE FUEL SLUG 

COMPUTE THE AVERAGE HYDROGEN CONCENTRATION IN THE FUEL 

CONVERT AVERAGE CONCENTRATION TO AVERAGE H Zr RATIO USING APPROPRIATE 
TABLE UNDER *40 DATA 

INTEGRATE THE RADIATION HEAT LOSS RATE AND THE 
COLD- AND HOT-WALL AERODYNAMIC HEAT RATES 

END 30 DATA 

10-11-65 7611-01118 

F i g u r e 20. Analy t ica l Model 30 Data F low C h a r t 
for T A P - 3 Code 
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Also unde r 40 da ta i s a t ab l e conve r t ing N (lb of H^/f t ) to the H / Z r r a t i o , a c c o r d i n g to the 

equat ion, 

N - . 0.-.9P(H/Zr) 
" ( H / Z r ) + 91.22 • • • • ^ ^ ° ' 

The hea t r e l e a s e due to fuel oxidat ion i s given m the a p p r o p r i a t e t ab le u n d e r 40 da ta as a func ­

t ion of s u r f a c e t e m p e r a t u r e a c c o r d i n g to F i g u r e 10. Also u n d e r 40 da ta i s a t ab l e u s e d for e v a l u ­

a t ions of the diffusion coeff ic ient a s a function of i n v e r s e t e m p e r a t u r e a s given m F i g u r e 16. O the r 

40 t a b u l a r da ta r e p r e s e n t the d e l t a - b e t a + de l ta and the b e t a - b e t a + de l ta Z r H p h a s e b o u n d a r i e s 

of the Z r H p h a s e d i a g r a m ( s ee F i g u r e 13). 

La ten t hea t input i n fo rma t ion i s speci f ied to the code u n d e r 50 da t a . Under the l a ten t hea t s u b ­

rou t ine , the t e m p e r a t u r e of an i n c r e m e n t i s he ld cons t an t a t the m e l t i n g point un t i l a hea t quant i ty 

equal to the i n c r e m e n t a l hea t of fusion is a b s o r b e d by the m c r e i n e n t . The T A P - 3 code p e r f o r m s 

t h i s o p e r a t i o n a u t o m a t i c a l l y for each i n c r e m e n t whose me l t i ng t e m p e r a t u r e and la ten t hea t i s s p e c i ­

fied unde r "50 da ta . In fuel e l e m e n t r e e n t r y c a l c u l a t i o n s , the me l t ing t e m p e r a t u r e i s t aken to be 

3280°F and the hea t of fusion i s a s s u m e d to be 90 B t u / l b of fuel . The i n c r e m e n t a l l a ten t h e a t s a r e 

then ob ta ined f r o m the r e l a t i o n s h i p , 

(AH^) = 90pAV^ (Btu) . 

T h e T A P - 3 code c o m p u t e s , at each i t e r a t i o n , the m a x i m u m a l lowable i t e r a t i v e t i m e s tep a c c o r d ­

ing to Equa t ion 4 1 . Th i s m a x i m u m t i m e s tep v a r i e s with changing capac i ty and a d m i t t a n c e v a l u e s . 

Unde r 70 da ta , i t i s p o s s i b l e to specify, to the code , a cons t an t t i m e s tep va lue which, th roughout 

the run , m u s t a lways be l e s s than the m a x i m u m a l lowable v a l u e . F o r m o s t r e e n t r y (and a r c - j e t ) 

c a l c u l a t i o n s , a cons t an t t i m e s t ep of 0.2 sec was u s e d . 

V a r i a b l e s to be p r i n t e d out at each schedu led p r in tou t t i m e a r e spec i f ied unde r 80 da ta . The 

p r in tou t s chedu le th roughout the run i s put m u n d e r •• 90 da ta . F o r t yp i ca l r e e n t r y c a l c u l a t i o n s , 

p r i n tou t s w e r e m a d e e v e r y second af te r fuel e l e m e n t r e l e a s e , except dur ing a s h o r t "check p e r i o d , " 

m which p r i n t o u t s w e r e m a d e e v e r y i t e r a t i o n for five i t e r a t i o n s . C o m p u t e r m a c h i n e t i m e a v e r a g e d 

about 2 m m for each c o m p u t e r r un , both for r e e n t r y ca l cu l a t i ons and a r c - j e t t e s t s i m u l a t i o n s . 
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VII. RESULTS USING STANDARD SET OF PARAMETERS 

The m e t h o d s d i s c u s s e d m the p r e v i o u s s ec t ions by which the t h e r m a l h i s t o r y of a SNAP fuel e l e ­

m e n t IS c a l c u l a t e d th roughout r e e n t r y can be s u m m a r i z e d by the following t h r e e - s t e p p r o c e d u r e . 

Given a r e l e a s e a l t i tude along the r e f e r e n c e r e a c t o r veh ic l e t r a j e c t o r y and assunning a p a r t i c u l a r 

fl ight o r i e n t a t i o n , the independent fuel e l e m e n t t r a j e c t o r y t r a n s i e n t s ( a e r o d y n a m i c hea t ing , s t a g n a ­

t ion enthalpy, ve loc i ty , a l t i t ude , e t c . ) a r e computed us ing the t r a j e c t o r y code R E S T O R E . N e c e s ­

s a r y in i t i a l condi t ions for the RESTORE code computa t ion , such as ve loc i ty , flight ang le , loca t ion , 

and head ing , a r e ob ta ined f r o m the r e f e r e n c e veh ic le t r a j e c t o r y at the a l t i tude of fuel e l e m e n t 

r e l e a s e . 

In the second s t ep , the a p p r o p r i a t e hea t ing f a c t o r s a r e appl ied to R E S T O R E - c o m p u t e d hea t ing 

r a t e s to obta in t a b u l a r v a l u e s of the a v e r a g e co ld -wa l l a e r o d y n a m i c hea t r a t e to the e l e m e n t a s a 

function of t i m e . Also m the second s t ep , t a b u l a r v a l u e s of the s tagna t ion enthalpy and the f r ac t ion 

of comple t ion for hyd rogen c o m b u s t i o n a r e obta ined as funct ions of t i m e , b a s e d on the RESTORE 

code r e s u l t s . 

In the f inal s t ep , the t a b u l a r v a l u e s ob ta ined m s tep two a r e speci f ied to the ana ly t i ca l , m a t e r i a l 

r e s p o n s e m o d e l . Ca l cu l a t i ons a r e then m a d e , us ing the T A P - 3 code a s expla ined be fo r e , to d e t e r ­

m i n e the t h e r m a l b e h a v i o r of the fuel e l e m e n t u n d e r the speci f ied cond i t i ons . 

The c h a r a c t e r i s t i c r e s u l t s of the m a t e r i a l r e s p o n s e ca l cu l a t i ons for a r e e n t e r i n g SNAP lOA fuel 

e l e m e n t a r e p r e s e n t e d m th i s sec t ion us ing the m o s t c u r r e n t , s t a n d a r d se t of p a r a m e t e r v a l u e s 

l i s t e d m Sect ion VIII. The p u r p o s e of t h e s e r e s u l t s i s to define the condi t ions n e c e s s a r y for c o m ­

ple te me l tdown and ab la t ion of the fuel m a t e r i a l , b a s e d on u p - t o - d a t e r e s e a r c h r e g a r d i n g the p r o c ­

e s s e s and p a r a m e t e r s involved. 

Befo re t h e s e r e s u l t s a r e p r e s e n t e d , the c o r r e l a t i o n of the ana ly t i ca l m o d e l with the f i r s t s e r i e s 
(9) of h y p e r t h e r m a l wind tunne l ( a r c - j e t ) e x p e r i m e n t s i s d i s c u s s e d . 

A. A R C - J E T TESTS 

A br ie f d e s c r i p t i o n of the f i r s t s e r i e s of a r c - j e t t e s t s conducted on SNAP fuel m a t e r i a l u n d e r the 

A e r o s p a c e Safety P r o g r a m i s given in Sect ion V. The de t a i l ed e x p e r i m e n t a l d e s c r i p t i o n and r e s u l t s 

of t h e s e t e s t s w e r e pub l i shed m R e f e r e n c e 9. The t e s t s of i n t e r e s t h e r e involve t hose c a t e g o r i z e d 

in R e f e r e n c e 9 a s Conf igura t ion I - B , m which the c y l i n d r i c a l s p e c i m e n s w e r e exposed c r o s s - a x i a l l y 

to the je t and r o t a t e d at a p p r o x i m a t e l y 4 r p s . The in i t i a l t e m p e r a t u r e of the fuel was 80°F and the 

in i t i a l hydrogen c o n c e n t r a t i o n was equal to tha t for a fully hyd r ided SNAP lOA fuel e l e m e n t 

( H / Z r = 1.8). Some of the s p e c i m e n s t e s t e d w e r e c lad , whi le o t h e r s w e r e unc lad . Heat ing r a t e s 

and s tagna t ion en tha lp i e s v a r i e d f r o m t e s t run to t e s t run but r e m a i n e d cons tan t th roughout each run . 

The e x p e r i m e n t a l da ta ob ta ined f r o m t h e s e t e s t s a r e not to be r e g a r d e d a s r i g o r o u s l y p r e c i s e , 

a l though the a c c u r a c y was r e l a t i v e l y good for t e s t s of th i s k ind. N e v e r t h e l e s s , the t e s t s do p rov ide 

a m e a s u r e of c o m p a r i s o n for the a n a l y t i c a l d e s c r i p t i o n . 

The ana ly t i ca l fuel e l e m e n t m o d e l d i s c u s s e d p r e v i o u s l y was adap ted to s i m u l a t e the condi t ions of 

the a r c - j e t t e s t s . The in i t i a l t e m p e r a t u r e of the fuel and c ladding was spec i f ied a s 8 0 ° F , as was 
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t he ambien t t e m p e r a t u r e for r a d i a t i o n . The f r ac t ion of comple t ion for hydrogen combus t ion was 

eva lua ted f r o m t e s t condi t ion boundary l a y e r p r e s s u r e s and t e m p e r a t u r e s . F o r the t e s t r u n s 

c o n s i d e r e d , t h e f r ac t i on of comple t ion was c a l c u l a t e d to be about 0 .15, cons t an t th roughout each 

run . The hole d r i l l e d t h rough the ax ia l c e n t e r of the s p e c i m e n s to a c c o m m o d a t e the tungs ten s u p ­

po r t rod was s i m u l a t e d by a void space m the ana ly t i ca l m o d e l g e o m e t r y for m o s t c a l c u l a t i o n s , 

a l though s o m e t r i a l c a l cu l a t i ons w e r e m a d e without t h i s void. The a v e r a g e - t o - s t a g n a t i o n - p o i n t 

heat ing f a c t o r , F - , , u s e d for the c r o s s - a x i a l , ro ta t ing s p e c i m e n s was 0.375 i n s t e a d of 0.36 as u s e d 

m r e e n t r y c a l c u l a t i o n s . The value 0.375 was b a s e d on the e x p e r i m e n t a l c a l i b r a t i o n s for the 2 - i n . -

long s p e c i m e n s given m pages 50 and 5 1 of R e f e r e n c e 9. The h ighe r va lue r e s u l t s f r o m the fact tha t 

the s p e c i m e n s a r e of insuff ic ient length to a p p r o x i m a t e c r o s s - a x i a l flow on an infini tely long cy l inder 

Typ ica l r e s u l t s of the ana ly t i ca l m o d e l c a l cu l a t i ons of the fuel s u r f a c e t e m p e r a t u r e s a r e shown 

and c o m p a r e d with the e x p e r i m e n t a l da ta in F i g u r e s 21 t h rough 23 . T h e s e ca l cu l a t i ons w e r e o b ­

ta ined us ing the m o s t c u r r e n t , s t a n d a r d se t of p a r a m e t e r va lues l i s t ed m Sect ion VIII. The a g r e e ­

m e n t with the e x p e r i m e n t a l data i s shown to be good, both for t i m e s of in i t i a l fuel me l t ing and for 

t i m e s of c o m p l e t e ab la t ion . F o r the c a l c u l a t e d t i m e to in i t i a l ab la t ion , the s t a n d a r d m e a n devia t ion 

(defined m Sect ion VIII) for each of t h e s e c r o s s - a x i a l r uns i s about 15 to 17 s e c , depending on the 

exac t hea t ing r a t e . (The s t a n d a r d m e a n devia t ion ,U,ca lcu la ted m Sect ion VIII for c r o s s - a x i a l flow 
2 

IS 1450 Btu/ f t . Th i s devia t ion can be e x p r e s s e d m un i t s of t i m e , for a cons tan t hea t r a t e , by d i ­
viding by the hea t r a t e . ) As can be seen f r o m the f i g u r e s , the e x p e r i m e n t a l da ta fa l l , in a l l of t h e s e 
c a s e s , w i thm the s t a n d a r d m e a n devia t ion . 

F o r the c lad r u n s , the t i m e s of c a l cu l a t ed c ladding burnoff w e r e found to r e a s o n a b l y a p p r o x i m a t e 

t h o s e ac tua l ly o b s e r v e d . Tha t i s , the c ladding m a t e r i a l was ca l cu l a t ed to ab la t e in a few seconds 

following s p e c i m e n i n s e r t i o n into the j e t . 

In the a r c - j e t t e s t a n a l y s i s , the oppor tun i ty was taken to v a r y s o m e of the p r o c e d u r e s of the a n a ­

ly t ica l m o d e l to t e s t the r e s u l t s . One such p r o c e d u r e v a r i e d was the s imula t ion of m i c r o c r a c k m g 

within the fuel m a t e r i a l i n c r e m e n t s . The s t a n d a r d p r o c e d u r e of the ana ly t i ca l m o d e l a s s u m e s s i ­

m u l t a n e o u s m i c r o c r a c k m g of a l l i n c r e m e n t s with equal hydrogen diffusion r a t e s for a l l i n c r e m e n t s 

a cco rd ing to F i g u r e 16. The r e f e r e n c e t e m p e r a t u r e for t h e s e diffusion r a t e s i s t aken to be the t e m ­

p e r a t u r e of the o u t e r m o s t i n c r e m e n t . Th i s i s equiva lent to the a s s u m p t i o n of i n s t a n t a n e o u s m i c r o -

c r a c k p ropaga t ion th roughout the fuel . 

An a l t e r n a t i v e m e t h o d would be to t r e a t each i n c r e m e n t independent ly of the o t h e r s , so that a 

g r a d u a l p r o g r e s s i o n of m i c r o c r a c k m g would be s i m u l a t e d a c r o s s the r a d i a l i n c r e m e n t s . In t h i s 

p r o c e d u r e , the hydrogen diffusion r a t e of any p a r t i c u l a r i n c r e m e n t i s given by F i g u r e 16 as a func ­

t ion of the t e m p e r a t u r e of that i n c r e m e n t . With su r f ace hea t ing , the o u t e r m o s t i n c r e m e n t u n d e r g o e s 

a s h a r p i n c r e a s e m diffusion r a t e s when the t e m p e r a t u r e of tha t i n c r e m e n t r e a c h e s about 1900°F 

( see F i g u r e 16). The adjoining i n c r e m e n t , howeve r , does not e x p e r i e n c e th i s s h a r p i n c r e a s e un t i l 

i t s own t e m p e r a t u r e r e a c h e s 1900°F, and so on. The nodal p r o g r e s s i o n of m i c r o c r a c k m g and i n ­

c r e a s e d diffusion r a t e s a c r o s s the fuel p r o c e e d s slowly o v e r a r e l a t i ve ly long p e r i o d of t i m e in th i s 

s imu la t ion . Th i s s lowness i s due to the n e a r to ta l a b s o r p t i o n of the hea t input into the fuel by the 

o u t e r m o s t i n c r e m e n t , which i s not devoid of hydrogen , to c o u n t e r a c t the e n e r g y l o s s in th i s i n c r e ­

m e n t due to hydrogen d i s s o c i a t i o n . Tha t i s , the o u t e r m o s t i n c r e m e n t r e a c h e s 1900°F, u n d e r g o e s 
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m i c r o c r a c k i n g and r a p i d hydrogen evolut ion at n e a r - c o n s t a n t t e n n p e r a t u r e s , and b e c o m e s p r a c t i c a l l y 

devoid of h y d r o g e n be fo re the s a m e thing o c c u r s at the adjoining i n c r e m e n t . 

The r e s u l t of a t yp i ca l a r c - j e t t e s t ca l cu la t ion us ing th i s p r o c e d u r e i s shown in F i g u r e 24. All 

p a r a m e t e r s u s e d in t h i s ca l cu la t ion w e r e i den t i ca l to t hose u s e d above . Examina t ion of the r e s u l t i n g 

s u r f a c e t e m p e r a t u r e t r a c e and c o m p a r i s o n wi th 

the e x p e r i m e n t a l da ta i n d i c a t e s tha t the o v e r a l l 

hydrogen l o s s f r o m the fuel was s lower in the 

c a l c u l a t i o n s than tha t which would expla in the 

m e a s u r e d da ta . U s e of even g r e a t e r r a t e s of i n ­

c r e a s e in the diffusion coeff icient [ - 3 i n D / 9 ( l / T ] , 

af ter m i c r o c r a c k i n g , was found, by ac tua l c a l ­

c u l a t i o n s , to r e s u l t in no a l l ev ia t ion of d i s p a r i t y . 

[ U s e of a n e a r - i n f i n i t e va lue of -9 in D / 9 ( l / T ) 

r e s u l t s in a m o d e l s i m i l a r to the p r e l i m i n a r y 

fuel b e h a v i o r m o d e l p r e s e n t e d in R e f e r e n c e s 1 

and 9. That i s , for l a r g e v a l u e s of - a i n D / d ( 1/T), 

the p r o c e s s of hyd rogen d i s s o c i a t i o n a p p r o a c h e s 

t ha t c h a r a c t e r i s t i c of an i s o t h e r m a l p h a s e 

change . ] 

T r i a l c a l cu l a t i ons w e r e a l so m a d e to eva lua te 

the effect of the hole p rov ided for the tungs t en 

rod h o l d e r . The r e s u l t s of t h e s e ca l cu l a t i ons 

showed tha t l i t t l e dev ia t ion could be noted b e ­

tween ca l cu l a t i ons m a d e wi th and without s i m u ­

la t ion of the c e n t e r ho le . 
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F i g u r e 24. A r c - J e t Run No. 4.16 —Unclad 
F u e l Sur face T e m p e r a t u r e vs T i m e 

( a s s u m i n g g r a d u a l m i c r o c r a c k 
p ropaga t ion) 

F r o m the c o r r e l a t i o n of the a r c - j e t t e s t c a l ­

cu l a t ions with the e x p e r i m e n t a l da ta , i t is c o n ­

c luded tha t u s e of the s t a n d a r d ana ly t i ca l m o d e l with the l a t e s t , s t a n d a r d se t of p a r a m e t e r v a l u e s 

can be m a d e for r e e n t r y b e h a v i o r c a l cu l a t i ons with s o m e d e g r e e of conf idence . It is r e c o m m e n d e d 

tha t fu tu re a r c - j e t e x p e r i m e n t s on SNAP fuel m a t e r i a l employ m e t h o d s for evaluat ing hydrogen l o s s 

r a t e s . If t h i s is done, a m o r e c o m p l e t e m e a s u r e of c o r r e l a t i o n with the a n a l y t i c a l d e s c r i p t i o n i s 

af forded. F u r t h e r , the u s e of the tungs t en rod ho lder in t h e s e t e s t s h a s not been found to i n t r o d u c e 

undue u n c e r t a i n t i e s in the r e s u l t s . 

B . REENTRY RESULTS 

M a t e r i a l r e s p o n s e c a l c u l a t i o n s have b e e n m a d e us ing the s t a n d a r d a n a l y t i c a l m o d e l wi th the 

l a t e s t , s t a n d a r d se t of p a r a m e t e r v a l u e s ( l i s t ed in Sect ion VIII) for a r e e n t e r i n g SNAP lOA fuel e l e ­

m e n t in c r o s s - a x i a l - s p i n n i n g , r a n d o m - t u m b l i n g , and e n d - o v e r - e n d fl ight o r i e n t a t i o n s . Typ ica l 

r e s u l t s of t h e s e ca l cu l a t i ons a r e p r e s e n t e d in F i g u r e s 25 t h rough 28, in which the t r a n s i e n t b e h a v i o r 

of the fuel s u r f a c e t e m p e r a t u r e , a v e r a g e fuel t e m p e r a t u r e , a v e r a g e hydrogen con ten t , and the c o l d -

wa l l , a v e r a g e a e r o d y n a m i c hea t r a t e a r e shown. 
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A se t of c a l cu l a t i ons was p e r f o r m e d for v a r i o u s r e l e a s e a l t i t udes and in i t i a l t e m p e r a t u r e s to 

define the m i n i m u m r e l e a s e a l t i t udes for which c o m p l e t e ab la t ion of the fuel m a t e r i a l i s a t t a ined . 

C u r v e s of t h e s e m i n i m u m r e l e a s e a l t i t udes a s funct ions of in i t i a l t e m p e r a t u r e a r e shown in F i g ­

u r e 29 for a l l f l ight o r i e n t a t i o n s c o n s i d e r e d . T h e s e r e s u l t s i nd i ca t e tha t the r a n g e s of in i t i a l r e ­

l e a s e a l t i tude tha t a r e j u s t sufficient to a t t a in 

CROSS-AXIAL 
SPINNING 

END-OVER-END 
TUMBLING 

200 400 600 800 1000 
INITIAL TEMPERATURE (°F) 

II-I-65 

1200 1400 

7611-01079 

F i g u r e 29 . Minimunn F u e l E l e m e n t R e l e a s e 
Al t i tude to At ta in Burnup vs In i t i a l 

T e m p e r a t u r e 

c o m p l e t e b u r n u p , a s s u m i n g c o r r e c t input p a r a m ­

e t e r v a l u e s , can be g iven a s : 

1) 245,000 to 252,000 ft for c r o s s - a x i a l 

spinning 

2) 238,000 to 245,000 ft for e n d - o v e r - e n d 

tumbl ing 

3) 234,000 to 241,000 ft for r a n d o m 

tumbl ing . 

T h e s e r a n g e s a r e a p p r o p r i a t e for a 0 to 1000°F 

r a n g e in in i t i a l t e m p e r a t u r e s . F u r t h e r , they 

re f l ec t the a p p r o x i m a t e p r o c e d u r e for s i m u l a ­

t ion of the ab la t ion p r o c e s s . As such , they a r e 

c o n s i d e r e d to be p r e l i m i n a r y and subjec t to f u r t h e r r e f inemen t following i m p r o v e d ana ly t i ca l m e t h o d s 

and f a c t o r i n g - i n of subsequen t e x p e r i m e n t a l da ta . 

The t r a j e c t o r y p a r a m e t e r s and condi t ions of the fuel e l e m e n t at the t i m e of in i t i a l ab la t ion a r e of 

i n t e r e s t for ana ly t i ca l and e x p e r i m e n t a l i nves t iga t ions of fuel p a r t i c l e b e h a v i o r . Such condi t ions 

inc lude the flight ang le , a l t i tude , and ve loc i ty . F o r fuel e l e m e n t b e h a v i o r c a l cu l a t i ons in which the 

l a t e s t , s t a n d a r d set of p a r a m e t e r va lues was u s e d , the condi t ions at the t i m e of in i t i a l ab la t ion a r e 

l i s t ed in T a b l e 6 for v a r i o u s r e l e a s e a l t i t udes for a c r o s s - a x i a l , spinning o r i en t a t i on . The c o r r e ­

sponding condi t ions for a r a n d o m - t u m b l i n g o r i e n t a t i o n a r e given in Tab le 7. It was found tha t , for 

a l l r e l e a s e a l t i t udes in which me l t ing i s a t t a ined , the fuel e l e m e n t a l t i t udes at the t i m e of in i t i a l 

mel t ing r a n g e f r o m 174,000 to 230,000 ft for a c r o s s - a x i a l , spinning o r i e n t a t i o n and f r o m 162,000 to 

230,000 ft for e l e m e n t s tumbl ing at r a n d o m . F o r a typ ica l , p r o b a b l e c a s e ( r e l e a s e a l t i tude = 

242,000 ft; r a n d o m - t u m b l i n g o r i en t a t i on ) , the fuel beg ins to m e l t at about 185,000 ft and i s comple t e ly 

ab la t ed at about 155,000 ft . 

F r o m planned e x p e r i m e n t a l and ana ly t i ca l i nves t iga t ions of the abla t ion p r o c e s s ( sh ea r i ng f o r c e s , 

flow-off m e c h a n i s m , e tc . ), i n fo rma t ion wil l be sought r e g a r d i n g the s i z e s of the ab la ted p a r t i c l e s . 

With such in fo rma t ion to supp lemen t da ta on the condi t ions at the t i m e of m e l t i n g , fuel p a r t i c l e b e ­

hav ior s tud i e s can be put on a quan t i t a t ive b a s i s . 
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T A B L E 6 

CONDITIONS AT TIME OF INITIAL MELTING FOR A 
SNAP 10A F U E L E L E M E N T SPINNING 

CROSS-AXIALLY 

R e l e a s e 
Al t i tude 

(ft) 

400,000 

350,000 

300,000 

275,000 

260,000 

250,000 

245,000 

T i m e After 
R e l e a s e 

(sec) 

1,105.0 

578.7 

278.7 

160.5 

123.8 

109.6 

108.8 

Veloc i ty 
( f t / sec ) 

22,407 

21,340 

21,912 

21,617 

19,776 

17,550 

15,627 

Al t i tude 
(ft) 

221,849 

221,566 

229,380 

228,110 

213,024 

197,560 

186,192 

F l igh t 
Angle 

( d e g r e e s 
of a r c ) 

-1 .96 

-2 .04 

-1 .89 

-1 .84 

-2 .35 

-3 .06 

-3.77 

T A B L E 7 

CONDITIONS AT TIME OF INITIAL MELTING FOR A 
SNAP l O A F U E L E L E M E N T TUMBLING 

AT RANDOM 

R e l e a s e 
Alt i tude 

(ft) 

400,000 

350,000 

300,000 

275,000 

260,000 

250,000 

242,000 

232,000 

T i m e After 
R e l e a s e 

(sec) 

1,199.7 

647.0 

315.4 

184.5 

138.9 

119.4 

109.6 

105.6 

Veloci ty 
( f t / sec) 

22,504 

22,732 

22,959 

22,343 

21,075 

19,494 

17,929 

14,825 

Al t i tude 
(ft) 

221,620 

224,959 

229,950 

223,402 

209,588 

196,124 

184,916 

166,223 

F l igh t 
Angle 

( d e g r e e s 
of a r c ) 

-1.66 

-1 .63 

-1 .58 

-1 .71 

-2.08 

-2 .58 

-3.08 

-4.22 
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VIII. STATISTICAL ANALYSIS 

A . OUTLINE AND METHOD 

As the deve lopmen t of the a n a l y t i c a l m o d e l b e c a m e c o m p l e t e , r e e n t r y computa t ions w e r e m a d e 

for a v a r i e t y of in i t i a l condi t ions and p a r a m e t e r v a l u e s . To o rgan i ze and c a t e g o r i z e the r e s u l t s , a 

p r o g r a m of s t a t i s t i c a l a n a l y s i s was u n d e r t a k e n . In t h i s p r o g r a m , the i n t e g r a t e d a e r o d y n a m i c hea t 

n e c e s s a r y to in i t ia te fuel ab la t ion and the i n t e g r a t e d a e r o d y n a m i c hea t ava i l ab le m the fuel e l e m e n t 

t r a j e c t o r y a r e eva lua t ed and c o m p a r e d . The eva lua t ions a r e m a d e for the e n t i r e r ange of r e a s o n a b l e 

(withm 95% p r o b a b l e ) p a r a m e t e r va lues and in i t ia l cond i t i ons . The c o m p a r i s o n s a r e m a d e for 

v a r i o u s r e l e a s e a l t i t udes and flight o r i e n t a t i o n s . 

The spec i f ic ob jec t ives of the o v e r a l l s t a t i s t i c a l p r o g r a m a r e n u m e r o u s , and can be l i s t ed a s 

fo l lows: 

1) D e t e r m i n e the change m the r e s u l t i n g a n a l y t i c a l so lu t ion due to a p e r t u r b a t i o n m any 

given input p a r a m e t e r 

2) Tabu la te those p a r a m e t e r s which m o s t s t r ong ly influence the a n a l y t i c a l so lu t ions 

3) Define the p a r a m e t e r s which a r e r e q u i s i t e of f u r t h e r e x p e r i m e n t a l r e f i nemen t a c c o r d i n g to 

the c r i t e r i o n of effect ive e l imina t ion of u n c e r t a i n t i e s m the a n a l y t i c a l so lu t ions 

4) Ca lcu la t e the c o m p o s i t e r a n g e of devia t ion in the i n t e g r a t e d a e r o d y n a m i c hea t n e c e s s a r y to 

in i t i a t e ab la t ion due to the r a n g e of dev ia t ion m each input p a r a m e t e r 

5) F o r each r e l e a s e a l t i t u d e , c a l cu l a t e the c o m p o s i t e r a n g e of devia t ion m the i n t e g r a t e d 

a e r o d y n a m i c hea t ava i l ab l e m the fuel e l e m e n t t r a j e c t o r y due to the r ange of devia t ion m each 

t r a j e c t o r y p a r a m e t e r 

6) Ut i l iz ing the r e s u l t s a c h i e v e d f r o m ob jec t ives 4 and 5, c a l cu l a t e the p r o b a b i l i t i e s of in i t i a l 

fuel m e l t i n g for v a r i o u s r e l e a s e a l t i t udes and m o d e s of r e e n t r y . 

The o v e r a l l s t a t i s t i c a l p r o g r a m is out l ined m f l o w - c h a r t fo rm m F i g u r e 30. The focal point of 

the p r o g r a m is shown m F i g u r e 30 to be the ca lcu la t ion of the p r o b a b i l i t y of in i t i a l fuel ab la t ion 

for e ach r e l e a s e a l t i t ude , al though the o the r ob jec t ives l i s t e d above a r e a l s o of i n t e r e s t . Such 

p r o b a b i l i t i e s a r e p r e s e n t e d m th i s r e p o r t b a s e d on p r e s e n t ava i l ab l e p a r a m e t e r da t a . P r e ­

l i m i n a r y p r o b a b i l i t i e s a r e c a l c u l a t e d m p a r a g r a p h B of t h i s s ec t ion for a p r e l i m i n a r y se t of input 

p a r a m e t e r s and for a c r o s s - a x i a l , sp inn ing , fuel e l e m e n t flight o r i e n t a t i o n . A m o r e comple t e 

and re f ined se t of input p a r a m e t e r s was then used to g e n e r a t e p r o b a b i l i t i e s m P a r a g r a p h C for 

both c r o s s - a x i a l - s p m n m g and r a n d o m - t u m b l i n g r e e n t r y m o d e s . F u t u r e ex t ens ions of th i s s t a t i s t i c a l 

p r o g r a m a r e p lanned to e n c o m p a s s p r o b a b i l i t i e s of c o m p l e t e fuel e l e m e n t ab la t ion b a s e d on s u p ­

p l e m e n t a r y e x p e r i m e n t a l and a n a l y t i c a l i nves t iga t ions of the ab la t ion p r o c e s s 

The m e t h o d e m p l o y e d in the s t a t i s t i c a l a n a l y s i s is b a s e d on the Law of P r o p a g a t i o n of E r r o r s . 

In de r iv ing th is l aw, one def ines 

Y = F(X^, X^, , X ,̂ . . . . , X^) 

as the functioned r e l a t i o n s h i p be tween the quant i ty Y to be c a l c u l a t e d and the m o the r quan t i t i e s 

upon whose v a l u e s the c a l c u l a t e d va lue of Y depends . 
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I EXPERIMENTAL PROGRAMS ] - DATA FROM PUBLISHED REPORTS 

L 
EVALUATE NEW 
PARAMETER DATA 

ESTABLISH LIST OF STANDARD PARAMETER 
VALUES IN MATERIAL RESPONSE COMPUTATIONS 

I 
USE ANALYTICAL MODEL TO DETERMINE INTEGRATED HEAT 
NECESSARY TO INITIATE ABLATION QREQ USING STANDARD 
PARAMETER VALUES AND CONSTANT HEAT RATE 

I 
MAKE MODEL COMPUTATIONS VARYING PARAMETERS SINGLY 
TO OBTAIN QpEijAS A FUNCTION OF EACH PARAMETER 

I 
DETERMINE THE INFLUENCE COEFFICIENT FOR EACH PARAMETER 

I 
EVALUATE THE ACCURACY AND LIMITATIONS OF 
THESE INFLUENCE COEFFICIENTS THROUGH 
TEST PROBLEMS (OPTIONAL) 

I 
ESTABLISH THE RANGE OF DEVIATION FOR 
EACH STANDARD PARAMETER 

I 
CALCULATE THE RANGE OF DEVIATION IN THE HEAT REQUIRED 
TO INITIATE ABLATION AQgi,e„ parameter. DUE TO THE 
RANGE OF DEVIATION IN EACH PARAMETER 

I 
DETERMINE THE ORDER OF PARAMETER INFLUENCE 

I 
CALCULATE 95 45?. CONFIDENCE (2c) LIMITS ON (J, 

T 
! R E Q 

USING THE ANALYTICAL MODEL CALCULATE THE HEAT NECESSARY 
TO INITIATE ABLATION FOR EACH RELEASE ALTITUDE FOR THE 
STANDARD SET OF PARAMETERS 

ESTABLISH LIST OF STANDARD 
TRAJECTORY PARAMETERS 

USING THE RESTORECODE AND THE STANDARD 
PARAMETERS COMPUTE THE INTEGRATED 
AERODYNAMIC HEATING AVAILABLE Q^vAIL TO 
A REENTERING SNAP FUEL ELEMENT FOR EACH 
RELEASE ALTITUDE 

MAKE RESTORE CODE COMPUTATIONS VARYING 
PARAMETERS SINGLY TO OBTAIN QAVAIL'^^ 
A FUNCTION OF EACH PARAMETER 

DETERMINE THE INFLUENCE COEFFICIENT FOR EACH PARAMETER 

ESTABLISH THE RANGE OF DEVIATION 
OR UNCERTAINTY FOR EACH TRAJECTORY 
PARAMETER 

CALCULATE THE RANGE OF DEVIATION IN (JflvAIL 
DUE TO THE RANGE OF DEVIATION IN EACH 
TRAJECTORY PARAMETER 

CALCULATE 95 45% CONFIDENCE (2c) LIMITS 
ON QAVAILFOR EACH RELEASE ALTITUDE 

CALCULATE PROBABILITY OF INITIAL FUEL 
ABLATION FOR EACH RELEASE ALTITUDE 

11-22-65 7611-01123 

Figure 30. Program of Statistical Analysis 
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Assuming that F can be expanded in a Taylor 's ser ies and neglecting products of e r r o r s in com­

parison with the e r r o r s themselves we have: 

< i Y = M : d X j + ^ d X 2 + . . . . + g - dX^ . . . .(49) 
1 2 m 

For small finite increments about a part icular reference case , AY = Y - Y and AX. = X. - X., 

Equation 49 may be w^ritten as follows: 

^ Y = | J - A X ^ + ^ A X 2 + . . . . + ^ A X ^ . . . . ( 50 ) 
1 2 m 

v/here 

Y = F(Xj , X^. X ^ ) . 

the mean or reference value of Y calculated using the complete set of mean or most probable 

parameter values, X.. 
^ I 

If a. is the standard deviation of the measurement of X., then the standard deviation of the 
1 1 

calculated value of Y is given by 

y V l l 2 2 m m 

where 

A - ^ ^ I " ax. 
1 

the influence coefficient of the parameter , X.. The standard deviation, a., is defined by the 

equation 

2 2 2 . 2 2 ,^, , 
+ A^ (T, -H -PA a , . . . ( 51 ) 

^i 

Equation (51) is called the general law for propagation of e r r o r s , and gives us the determination of 

the effect of deviations of measurement in each of the m quantities upon the standard deviation of the 

calculated values of Y. For a normal distribution of all possible values of Y, 68.27% of all values 

are included between Y - cr and Y + a • Likewise, 95.45% of the values are included between 
- - y y - - (66) 
Y - 2a and Y -P 2CT and 99.73% of the values are included between Y - 3a and Y -P 3a . ' 

y y y y 

For the following statistical analysis, calculation of the standard deviations of the input pa ram­

e te r s , according to the defining expression was prohibitive; consequently, an indirect approach was 

taken in which an upper and a lower bound was assigned to all measurements of a particular param­

eter so that these bounds would embrace 95.45% of all the available measurements . The range 

within these bounds is then equivalent to a normal distribution with ±2a. l imits on the standard 

mean value. The standard deviation, a., can then be calculated knowing this range. 
B. PRELIMINARY ANALYSIS 

1. Determination of Q„Tp^ and Corresponding Confidence Limits 

A prel iminary analysis was made to develop the methods discussed and to obtain a f irst-cut 

realization of the objectives listed previously. A prel iminary set of standard reference parameter 
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va lues and in i t i a l condi t ions was used for the ana ly t i ca l m o d e l to give each subsequen t c a s e in­

ve s t i ga t ed a c o m m o n b a s i s of c o m p a r i s o n . 

Using the Law of P r o p a g a t i o n of E r r o r s , influence coeff ic ients w e r e deve loped for specif ic hea t , 

hea t of hydrogen d i s s o c i a t i o n , e m i s s i v i t y , in i t ia l t e m p e r a t u r e , in i t i a l hydrogen co n cen t r a t i o n , 

diffusion coeff ic ient , hea t of oxidat ion, t h e r m a l conduct iv i ty , a e r o d y n a m i c hea t ing , outs ide fuel 

e l e m e n t r a d i u s , and a i r - s t r e a m s tagna t ion en tha lpy . 

The in i t i a l r e f e r e n c e p a r a m e t e r va lues with 2a dev ia t ions (twice the s t a n d a r d dev ia t ions ) a r e 

given m T a b l e 8. 

TABLE 8 

STANDARD SET O F P A R A M E T E R S WITH 2a CONFIDENCE 
LIMITS FOR THE PRELIMINARY ANALYSIS 

q - f(t) (see F i g u r e 8) ± fac tor of 1 

e = 0.4 ± 0.15 

H / Z r = 1 8 ± 0.05 
1 

T = 300 ± 300°F 
1 

k = 13.3 ± 5.0 B t u / h r - f t - ° F 

H , = -36,000 ± 3600 B t u / l b of H, for the d e l t a -
d i s s , 1 Z eps i ion phase reg ion 

= -45,900 ± 4590 B t u / l b of H for the jS -P 5 
p h a s e r eg ion 

= -36 ,000 ± 3600 B t u / l b of H^ for the b e t a p h a s e r eg ion 

R = 0.625 ± 0.005 m . o 

H = 10,000 ± 2500 B t u / l b of a i r s 

D = f(T) (see F i g u r e 16) ± fac tor of 10 

C = f ( H / Z r , T) (see F i g u r e 14) ±10% 
P 

These va lues w e r e c o n s i d e r e d to be the m o s t a p p r o p r i a t e , at the beginning of th is s tudy, for a 

SNAP fuel e l e m e n t under r e e n t r y cond i t ions . 

To m a k e the influence coeff ic ients independent of t r a j e c t o r y , a cons tan t co ld -wa l l a v e r a g e 
2 

a e r o d y n a m i c hea t r a t e , q , = 100.0 Btu/ f t - s e c , was u sed . The i n t e g r a t e d hea t n e c e s s a r y to 

in i t ia te ab la t ion , Q Q ^ Q , for the ana ly t i ca l m o d e l wi th the r e f e r e n c e ( s t anda rd se t ) p a r a m e t e r 

va lues was found to be 12,100 Btu/f t . That i s , for a cons tan t q , = 100 Btu/f t - s e c , the fuel 
^cyl 

begins me l t i ng at 121 sec 

The r e g i o n s m which the v a r i o u s p a r a m e t e r s affect the hea t n e c e s s a r y for ab la t ion a r e 

s c h e m a t i c a l l y shown m F i g u r e 31 . 
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CARRIED AWAY 

• 'cyr ' 'oero'^°L°* '^LL' 
4 - 2 1 - 6 5 7611-01124 

F i g u r e 31 . Regions of Influence on R e e n t e u n g 
F u e l E l e m e n t of P a r a m e t e r s Inves t iga ted 

A c c o r d i n g to the Law of P r o p a g a t i o n of E r r o r s , le t 

^REQ 
f(q , e , H / Z r , T , k, Hj , D, C , R , H ) ox I 1 d i s s p o s (52) 

be the funct ional r e l a t i o n s h i p be tween Qm^,^ and the p a r a m e t e r s upon whose m e a s u r e m e n t s the c a l -

cu la ted value of Q R E Q d e p e n d s . 

A s s u m i n g tha t f can be expanded m a T a y l o r ' s s e r i e s and by neglec t ing p r o d u c t s of e r r o r s m c o m ­

p a r i s o n with the e r r o r s t h e m s e l v e s , it follows tha t i t s d i f fe ren t ia l i s 

rao 
d Q R E Q ' 

REQ \ aq 
dq -p 

^ o x -hr~r la(H/Zr) J^<"/^^)i + • • • . . ( 5 3 ) 

w h e r e a Q - T - ^ / S q . e t c . , a r e the d i f fe ren t i a l s of Q _ „ _ = f. R E Q ^ox REQ 

The s t a n d a r d devia t ion of Q O T ; , „ m a y be c a l c u l a t e d by 

^Q R E Q 

(^QREQY , 2 , / ^QREQ '" 

I ae J "e +la(H/Zr) / "(H/Zr)^ 
(54) 

w h e r e a , O , O,„ i^ > , e t c . , a r e the s t a n d a r d dev ia t ions of the given p a r a m e t e r s , 
' lox ^ ( H / Z r ) ^ 

In Equa t ions 53 and 54, aQ / a q , a Q „ „ _ / a e , e t c . , a r e the influence coeff ic ients for the 
R E Q OX R E Q 

given p a r a m e t e r s . F o r each p a r a m e t e r , s e v e r a l c o m p u t e r r u n s w e r e m a d e v a r y i n g the given 

p a r a m e t e r ove r a r ange of p r o b a b l e v a l u e s , holding a l l o the r p a r a m e t e r s the Scime a s in the 

s t a n d a r d c a s e . F r o m the r e s u l t s of the v a r i o u s c o m p u t e r r u n s m which the p a r a m e t e r s w e r e 
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v a r i e d s ingly , it was p o s s i b l e to obtain an equat ion for the hea t n e c e s s a r y to in i t ia te ab la t ion a s 

a function of the individual p a r a m e t e r s , i . e . , Q„T-r-> = f (given p a r a m e t e r ) . The influence coefficient 

for the given p a r a m e t e r is then s imply the de r iva t i ve of th i s r e l a t i o n s h i p . 

In o r d e r to find the influence coefficient for the r a d i u s of the fuel e l e m e n t , it was n e c e s s a r y to 

a p p r o x i m a t e c ladding t h i c k n e s s e s for fuel e l e m e n t s o the r than SNAP 8 and SNAP lOA. Unclad fuel 

e l e m e n t s of r a d i i 0 . 1 , 0 .265, 0 .3125, and 0.606 m w e r e a n a l y z e d to obtain the g e n e r a l shape of a 

c u r v e r e p r e s e n t i n g Q = f ( r a d i u s ) . By c o m p a r i n g th is cu rve to the d i f ference m hea t r e q u i r e d to 
REQ 

in i t ia te ab la t ion of c lad and unc lad SNAP 8 and lOA fuel e l e m e n t s and ex t r apo l a t i ng to z e r o , it was 
p o s s i b l e to a p p r o x i m a t e the value of Q for c lad fuel e l e m e n t s of fuel r a d i i 0.1 and 0.3125 m 

REQ 

The a p p r o x i m a t e c ladding t h i c k n e s s e s for the O . l - m . and 0 .3125- in . r a d i u s fuel r o d s a r e 0 005 and 

0.012 m . , r e s p e c t i v e l y . 
In the c a s e s of q , C , and D, the i n t e rna l ly computed va lues w e r e i n c r e a s e d or d e c r e a s e d by 

a given p e r c e n t a g e to e s t a b l i s h the influence on Q _ _ . In e s s e n c e , t h i s was the s a m e a s r a i s i n g 
RE tj 

or l ower ing the p lo ts of q , C , and D (see F i g u r e s 8, 14, and 16) by the given p e r c e n t a g e . Since 

the va lues of q , C , and D a r e not cons t an t , it was n e c e s s a r y to use r a t i o s when ca lcu la t ing 
^OX p l b 

t h e s e influence coef f i c ien t s . The r a t i o s u sed w e r e the p e r c e n t a g e of the s t a n d a r d value for e ach 
c a s e to the s t a n d a r d value which was t aken a s one. F o r e x a m p l e , if C w e r e l o w e r e d 10%, the 

P 
r a t i o for tha t given c a s e would be 0 .90 /1 .00 . 

To m a i n t a i n c o n s i s t e n c y m Equa t ions 53 and 54, r a t i o s or f a c t o r s w e r e used for a l l p r o p e r t i e s 

and c a l c u l a t e d va lues of Q ^ The fac to r for a given p a r a m e t e r is defined a s 

„ _ given p a r a m e t e r ' s value for each ca se 
(given p a r a m e t e r ) s t a n d a r d p a r a m e t e r value 

In t e r m s of p a r a m e t e r r a t i o s , Q -.,_ = f (given p a r a m e t e r ) b e c o m e s F Q „ „ „ = f (factor of given 

p a r a m e t e r ) . The l a t t e r equat ion is then d i f fe ren t ia ted with r e s p e c t to the p a r a m e t e r r a t i o m ques t ion 

to obtain the influence coeff ic ients to be subs t i t u t ed into Equa t ion 54. 

F i g u r e 32 shows F Q „ „ „ a s a function of the r a t i o of e ach p a r a m e t e r i nves t i ga t ed to i t s c o r r e ­

sponding s t a n d a r d va lue . 

The influence coeff ic ients for the v a r i o u s p a r a m e t e r s , m t e r m s of p a r a m e t e r f a c t o r s , a r e 

given m Table 9. 

Equa t ion 5 3 , m t e r m s of the p a r a m e t e r r a t i o s , was then i n t e g r a t e d f r o m F , ri ^° ^^^ 

value of F of the p a r a j n e t e r m ques t ion to obtain the g e n e r a l influence equat ion for a l l p a r a m e t e r s 

The influence coeff icient equa t ion , af ter i n t eg ra t ion b e c o m e s 

T e r m m Equa t ion C o r r e s p o n d i n g P a r a m e t e r 

F Q „ Q - 1 . 0 = +0.245 (F -1 .0 ) F u e l e m i s s i v i t y 

-0 .0648 (Fq -1 .0) Heat of oxidat ion 

-P0.3785 ( F „ - 1 . 0 ) F u e l speci f ic hea t 
^P 

-0 .03189 ( F T -1 .0) Ini t ia l t e m p e r a t u r e 

-P0.5775 ( F j ^ , -1 .0) Hydrogen hea t of d i s s o c i a t i o n 

NAA-SR-11502 

72 



Term m Equation Corresponding Parameter 

-fl.O ( F R -1.0) 
^o 

j ^ , , . , -6.426 -6.426 F, . -Pi.63 (e -e k) 

^„ ._ , , -5.86 -5.86 F_,. -PC.472 (e -e D) 

-0.32 (Fjj -1.0)-f-0.16(Fj^ -1.0) 
s s 

Outside fuel element radius 

Fuel thermal conductivity 

Hydrogen diffusion coefficient 

Ai r - s t ream stagnation enthalpy. 

65 

08 09 10 I I 
PARAMETER RATIO, F p ^ ^ ^ ^ . ^ ^ 

Figure 32. Parameter Ratio vs Integrated Heat Ratio 

TABLE 9 

INFLUENCE COEFFICIENTS FOR PARAMETERS 
IN PRELIMINARY CALCULATION OF Q J ^ ^ Q 

P a r a m e t e r 

F u e l e m i s s i v i t y 

H e a t of o x i d a t i o n 

F u e l s p e c i f i c h e a t 

I n i t i a l t e m p e r a t u r e 

I n i t i a l h y d r o g e n c o n c e n t r a t i o n 

H y d r o g e n h e a t of d i s s o c i a t i o n 

O u t s i d e r a d i u s of f u e l e l e m e n t 

F u e l t h e r m a l c o n d u c t i v i t y 

H y d r o g e n d i f f u s i o n c o e f f i c i e n t 

A i r - s t r e a m s t a g n a t i o n e n t h a l p y 

I n f l u e n c e 

-1-0.245 

- 0 . 0 6 4 8 

-^0 .3785 

- 0 . 0 3 1 9 8 

-HO.845 

-fO.5775 

-H.O 

- H 0 . 4 7 4 e 

-1-2.762 e ' 

- 0 . 3 2 + 0 

C o e f f i c i e n t 

- 6 . 4 2 6 F j^ 

5 .86 F ^ 

32 F j ^ 
s 

7611-01125 
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Two s e r i e s of t e s t p r o b l e m s w e r e m a d e to d e t e r m i n e the a c c u r a c y of the inf luence coeff icients 

and to inves t iga t e c r o s s - c o u p l i n g e f fec t s . In both s e r i e s , two p a r a m e t e r s w e r e v a r i e d s i m u l t a ­

neously and the influence coeff ic ients w e r e used to p r e d i c t the c o r r e s p o n d i n g value of Qoi-,,^. To 

p red i c t a value of Q p,_ for a given change in one o r two p a r a m e t e r s , the va lues of the p a r a m e t e r 
le te , . g iven p a r a m e t e r va lue ^ , , ^.^ ^ , • ^ ,̂ ,. , . ,̂ l a c t o r s ^- , , — : m u s t be subs t i tu ted into the c o r r e s p o n d i n g t e r m s m the g e n e r a l ' s t a n d a r d p a r a m e t e r va lue ' f s 5 

influence equa t ion . All o the r t e r m s , on the r ight s ide of the g e n e r a l equat ion, b e c o m e z e r o and may 

be neg lec t ed . ^ Q R E Q ^^ then eva lua t ed . The hea t n e c e s s a r y to in i t ia te ab la t ion , for the given 

c a s e , is ( F Q R E O ^ (12,100) Btu/f t . The p a r a m e t e r va lues u sed in each t e s t p r o b l e m w e r e s u b ­

s t i tu ted into the ana ly t i ca l m o d e l to d e t e r m i n e the ac tua l va lue of Q _ for that t e s t p r o b l e m . The 

p e r c e n t a g e e r r o r of p r e d i c t i o n given for each t e s t p r o b l e m is defined a s : 
P r e d i c t e d Q R E Q - Ca lcu la ted Q R E Q 

P e r c e n t a g e e r r o r of p r e d i c t i o n 
Ca lcu la ted Q R E Q 

The f i r s t s e r i e s of t e s t p r o b l e m s was des igned to d e t e r m i n e the a c c u r a c y of the influence 

coeff icients when wide v a r i a t i o n s of p a r a m e t e r s w e r e u s e d . Tab le 10 gives the p a r a m e t e r s changed, 

the va lues of the changed p a r a m e t e r s p r e d i c t e d and ca lcu la ted Q,, T;,^, and p e r cent e r r o r of 

p r e d i c t i o n for each t e s t p r o b l e m in the f i r s t s e r i e s . 

T A B L E 10 

RESULTS O F THE FIRST SERIES O F TEST P R O B L E M S 

P r o b l e m 

1 

2 

3 

4 

5 

6 

7 

P a r a m e t e r s Va r i ed and 
Values Used 

H / Z r . = 1.6 
1 

k = 11.0 B t u / h r - f t - ° F 

H / Z r . = 1.6 

T. = 500 .0°F 
1 

€ = 0.3 

D = 0.75 ( s t anda rd value) 

e = 0.3 

C = 0.80 ( s t anda rd value) 

k = 11.0 B t u / h r - f t - ' F 

D = 0.75 ( s t anda rd value) 

H , . = 0.90 ( s t andard value) d i s s ' 

C = 1.2 ( s t a n d a r d value) 

R = 0.280 in. 
0 

H / Z r . = 1.7 

P r e d i c t e d 
Q R E Q 

(Btu/ft2) 

10,254.0 

10,064.0 

10,634.0 

9,823.0 

11,269.0 

11,586.0 

4,564.0 

Ca lcu la ted 
Q R E Q 

(Btu/f t2) 

10,148.8 

10,057.3 

10,448.4 

9,862.0 

11,177.6 

11,485.0 

4,714.0 

E r r o r of 
P r e d i c t i o n 

(%) 

1.035 

0.07 

1.78 

0.395 

0.815 

0.863 

3.16 

NAA-SR-11502 
74 



In Table 10, a l l p a r a m e t e r s in add i t ion to t hose v a r i e d in a given t e s t p r o b l e m a r e the s a m e a s 

the r e f e r e n c e v a l u e s l i s t e d in Table 8. 

Since va lues of q , D, C , and H , . a r e i n t e r n a l l y computed by m e a n s of the T A P - 3 a n a l y t i c a l 

mode l , they a r e v a r i e d by mul t ip ly ing the computed va lue by a g iven f rac t ion . In a l l c a s e s i n v e s t i ­

gated in the f i r s t s e r i e s ca l cu l a t ed and p r e d i c t e d va lues of O-m-,^ w e r e lower than the r e f e r e n c e 
-> R H J 

value of 0 „ p , _ (12,100 Btu/f t ). The v a r i a t i o n s in the 0_. „ _ for the f i r s t s e r i e s r anged f rom 0.38 

to 0.95 t i m e s the r e f e r e n c e va lue of Q_ _ „ . F r o m Tab le 10 it can be s e e n that in a l m o s t a l l c a s e s . 

the h ighes t e r r o r of p r e d i c t i o n o c c u r r e d in those t e s t p r o b l e m s with the l a r g e s t r educ t ion of Q _ _ . 

R E Q 

It i s felt tha t if t h e r e a r e wide v a r i a t i o n s of p a r a m e t e r s o r if t h r e e or m o r e p a r a m e t e r s a r e 

v a r i e d a t a g iven t i m e , then c r o s s inf luence be tween p a r a m e t e r s wil l b e c o m e a p p r e c i a b l e and i n t r o ­

duce l a r g e e r r o r s into the p r e d i c t e d va lue of Q _ for that c a s e . 

A second s e r i e s of t e s t p r o b l e m s was dev i sed and ana lyzed to d e t e r m i n e the a c c u r a c y of the 

influence coeff ic ients a round the r e f e r e n c e c a s e . Changes w e r e m a d e in the s t a n d a r d p a r a m e t e r 

v a l u e s such tha t the v a r i a t i o n s in the r a t i o s of i n t e g r a t e d h e a t s , F Q „ „ „ , w e r e f r o m 0.9865 to 

1.0135 for each p a r a m e t e r . P a r a m e t e r s w e r e v a r i e d in such a naanner that one p a r a m e t e r change 

i n c r e a s e d the r e q u i r e d i n t e g r a t e d hea t r a t i o and the second p a r a m e t e r change l o w e r e d the r a t i o by 

a p p r o x i m a t e l y the s a m e a m o u n t . 
Since the p a r a m e t e r s w e r e v a r i e d in th is way the p r e d i c t e d va lue of Q _ _ for each t e s t p r o b l e m 

2 REQ 

would be the s a m e a s that of the s t a n d a r d c a s e , 12,100 Btu/f t . Table 11 gives the p a r a m e t e r s 

changed, the v a l u e s of the changed p a r a m e t e r s , p r e d i c t e d and ca l cu l a t ed Qp „ „ , and the p e r c e n t 

of e r r o r be tween the p r e d i c t e d and ca l cu l a t ed va lues of Q_ _ _ for each t e s t p r o b l e m in the second s e r i e s . 

T A B L E 11 

RESULTS O F THE SECOND SERIES O F TEST P R O B L E M S 

Test 
Problem 

1 

2 

3 

4 

5 

6 

Paramete r Varied and 
Values Used 

e = 0.422 

C = 0.9670 (standard value) 

k = 10.64 B t u / h r - f t - ' F 

H/Zr . = 1.826 

T. = 412.9' 'F 

H/Zr . = 1.826 

D = 0.68 (standard value) 

e = 0.422 

H, . = 0.977 (standard value) 

C = 1.036 (standard value) 
P 

H = 7500.0 Btu/lb 
s 

Predicted 
Q R E Q 

(Btu/hr2) 

12,100 

12,100 

12,100 

12,100 

12,100 

12,100 

Calculated 
Q R E Q 

(Btu/hr2) 

12,140 

12,140 

12,140 

12,040 

12,140 

12,040 

E r ro r of 
Prediction 

(%) 

0.33 

0.33 

0.33 

0.495 

0.33 

0.495 
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A test problem was not analyzed in which both thermal conductivity and the hydrogen diffusion 

REQ" 
coefficient were varied, since neither parameter can be changed in such a way as to increase Q 

(See Section V for a discussion of the variance of Q_, „_ as a function of thermal conductivity. ) 

From Table 11 it can be seen that for all cases investigated, the e r r o r between the predicted and 

calculated values of Qjjp^o ^^^ less than 0.5%. Test problems 4 and 6 had the largest e r r o r . This 

may be attributed to the large change necessary in the parameter values used in these problems to 

change the heat required by a relatively small amount. 

The range of deviation in Q ^ „ _ was evaluated from estimated uncertainties in the corresponding 

individual parameters and the calculated influence coefficients of the pa ramete r s . The 2a confidence 

limits which were chosen for each parameter a re given in Table 8. These confidence limits a re a s ­

sumed to encompass 95.45% of all probable values for each parameter . Maximum and minimum 

values of the uncertainty range for each parameter were substituted into the corresponding te rm in 

the integrated influence equation given previously. One-half of the difference between the values of 

O-orrr^ for the maximum and minimum parameter values for each parameter is ( i to_„_) . REQ ^ REQ' given param-
, . This is the range of e r r o r in the heat necessary to initiate ablation due to the range of e r ro r 

in a part icular pa ramete r . The 2a confidence limits for 0-, „ ^ , in te rms of the AQ values of the 
R E U R E Q 

p a r a m e t e r s involved, a r e 

2a ̂  
"REQ 

= ^ ( ^ Q R E Q ) \ ^ (^QREQ); ^ I ^ Q R E Q / ^ / ^ ^ (55) 

Values of AQ_ „j-. for each parameter are given in Table 12. 

TABLE 12 
DEVIATIONS IN Q R E Q DUE TO ± 2a DEVIATIONS IN 

THE PRELIMINARY SET OF STANDARD PARAMETER 
VALUES 

Paramete r 

D 

e 

%^ 

diss 
C 

P 
T. 

1 H/Zr . 

k 

R o 
H s 

^ O R E Q 
(Btu/ft2) 

1575 

1112 

784 

699 

458 

386 

282 

161 

97 

61 

Paramete r s in Table 12 are listed in order of the largest effect upon Q _ „ ^ . The values of 

A Q _ __ for the various parameters reflect the combination of the pa ramete r ' s influence upon Q,, T7.<-V 
R E Q R E Q 

and the confidence with which the parameter values are known. These values were substituted into 

Equation 54, which was then solved to obtain the value of 2a Q n g n ~ 2300 Btu/ft . The standard 

deviation is then half of this value. For the prel iminary reference case, Q^ „_ ± CTQ ^ is then 

12,100 ± 1150 Btu/ft^. 
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The confidence l i m i t s for Q ^ j . , - a r e cons t an t for al l r e l e a s e a l t i t udes s ince they a r e independent 

of hea t input . The i n t e g r a t e d hea t n e c e s s a r y to in i t i a te ab la t ion for the r e f e r e n c e m o d e l wil l v a r y 

wi th r e l e a s e a l t i tude and wi th the mode of r e e n t r y for any g iven r e l e a s e a l t i tude . This i s due to the 

inf luence of the hea t ing r a t e upon Q _ „ _ . The inf luence coeff icient for q , h a s b e e n ca l cu la t ed to be 

-1-0.0505 - 0.6222 F -f 0.263 F ^ , and i s shown in F i g u r e 32. 
cyl ^cyl 

A e r o d y n a m i c hea t ing r a t e s obtained f rom the RESTORE t r a j e c t o r y code ( see Sect ion IV) w e r e 

subs t i tu t ed into the ana ly t i ca l fuel e l e m e n t mode l to d e t e r m i n e the va lue of Qp Trn ^'^^ v a r i o u s r e l e a s e 

a l t i t udes f rom 200,000 to 400,000 ft. 

The to ta l ava i l ab le hea t ove r the t r a j e c t o r y , QA VATT ' obta ined f rom each run i s the c o l d - w a l l 

hea t r a t e (q ,) i n t e g r a t e d f rom the ins t an t of r e l e a s e to the t i m e at which it r e a c h e d a va lue of 

52 Btu/ f t - s e c . This va lue was used s ince it a p p r o x i m a t e s a point when the hea t ing r a t e i s ba lanced 

by the r ad ia t ion l o s s f r o m the su r f ace of the fuel e l emen t . 

for each r e l e a s e a l t i tude c o n s i d e r e d a r e given m P a r a g r a p h B. 3 of Values of Qo TT-,-̂ , and a r i 

th is sec t ion . 
R E Q 

a 18,000 

° - I6P0O 

=i u I4P00 

H 
K 3 I2P00 

o 5 lOpOO 

2 8000 
o 

2 6000 
200 220 240 260 280 300 320 340 360 380 400 

RELEASE ALTITUDE (kilofeet) 
10-12-65 76II-0II26 

1 

-

-

- / 

/ ' ^ A I L 

/ 

/ ^ ^ . - - ^ 

/ QREQ 

1 1 

• 

-

-

-

1 1 

F i g u r e 33 shows QA v A I L ^""^ '"^REO ^^ ^ 

function of r e l e a s e a l t i tude for the ana ly t i ca l 

m o d e l , us ing the p r e l i m i n a r y set of r e f e r e n c e 

va lues for a c r o s s - a x i a l - s p i n n m g mode of 

r e e n t r y . 

2. D e t e r m i n a t i o n of Confidence L i m i t s for 

Q A V A I L 

F i g u r e 33. Q A V A I L ^ " ' ^ Q R E Q vs R e l e a s e 
Alt i tude for a SNAP lOA F u e l E l e m e n t 

Spinning C r o s s - A x i a l l y , Using the 
P r e l i m i n a r y Set of R e f e r e n c e 

P a r a m e t e r s 

The second phase of the p r e l i m i n a r y a n a l y s i s 

w a s to d e t e r m i n e the inf luence of c e r t a i n t r a j e c ­

t o r y p a r a m e t e r s on the i n t e g r a t e d a e r o d y n a m i c 

hea t ava i l ab le (QA VATT ^ *° ̂  r e e n t e r i n g SNAP lOA 

fuel e l emen t . The t r a j e c t o r y p a r a m e t e r s of 

s ignif icant inf luence w e r e the ba l l i s t i c coefficient 

(W/Cp.A ), ve loc i ty (v), and f l igh t -pa th angle (y). 

Using the t r a j e c t o r y code R E S T O R E , a s e r i e s 

of c o m p u t e r r uns was m a d e to d e t e r m i n e the influence coeff ic ients for the above p a r a m e t e r s . Fue l 

e l e m e n t r e l e a s e a l t i t udes f r o m 200,000 to 400,000 ft w e r e c o n s i d e r e d . The p a r a m e t e r s ( W / C _ A , 

V, and y) w e r e v a r i e d , at each a l t i tude , above and below r e f e r e n c e o r s t a n d a r d va lues taken f rom 

the r e f e r e n c e p a r e n t veh ic le t r a j e c t o r y . 

2 
A cons t an t dev ia t ion of ±3 lb / f t , f rom the s t a n d a r d ba l l i s t i c coefficient va lue , was used a s the 

m o s t p r o b a b l e r ange of v a l u e s . This 2 a devia t ion was a r r i v e d at a f te r a s s ign ing a ±15% devia t ion 

to the s t a n d a r d d r a g coefficient va lues ca l cu la t ed in Appendix A. 

In o r d e r to d e t e r m i n e p r o b a b l e dev ia t ions m the r e l e a s e ve loc i ty and flight ang le , the Lockheed 
(5) r e p o r t on SNAP lOA Agena r e e n t r y t r a j e c t o r i e s was su rveyed . By c o m p a r i n g p a r e n t veh ic le 

ve loc i t i e s and flight ang le s for di f ferent a l t i t udes p r e s e n t e d in R e f e r e n c e 5 with c o r r e s p o n d i n g 

s t a n d a r d ( see F i g u r e 1) v a l u e s , p r o b a b l e r a n g e s of devia t ion w e r e obtained for fuel e l emen t r e l e a s e 

ve loc i t i e s and flight a n g l e s . T h e s e dev ia t ions a r e shown in Tab le 13 for s e l ec t ed r e l e a s e a l t i t udes . 
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16 

8,5 
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1 1 

• STANDARD VALUES 
RANGE OF DEVIATION i 

1 

^ 

y ^ ^ ^ 2 7 5 , 0 0 0 ft 

.-1 1 1 . 

1 y -
' ^ / ^ - 350,000ft 

^ ^ 400,000ft 

•^300,000 ft 

1 
25 2 

—r~ 
25 4 

—r~ 
25 6 

T 

250,000 f t . 

25 8 

225P00ft-

,200,000ft 

22 23 24 25 
VELJOCITY, V (ft/sec xlO'') 

26D 

10 15-65 

26 

7611-01127 

5 -
200P0Oft 

J L 
12 14 16 18 20 22 24 26 

•2^ 
28 

BALLISTIC COEFFICIENT, W/CpAp (Ib/ff^) 
10-15-65 7611-01128 

F i g u r e 34. Influence of Veloci ty on Heat 
Ava i lab le to R e e n t e r i n g SNAP 1 OA F u e l 

E l e m e n t in C r o s s - A x i a l Flow 

F i g u r e 35. Influence of B a l l i s t i c Coefficient 
on Heat Ava i lab le to Reen te r ing SNAP lOA 

F u e l E l e m e n t in C r o s s - A x i a l Flow 

_400,000ft 
350,OOOf' 

• STANDARD VALUES 
RANGE OF DEVIATION! 

I '6 

15 

a 
^ 10 

5 

0 

10-15-65 

275,000ft 

J L 

.250,000ft 

.225,000 ft 

J. 

.200,000 ft 

=! 0 -01 -02 -0 3 -0 4 -0 5 -0 6 -0 7 -0 8 -09 

-10 -20 -30 
FLIGHT ANGLE y(degrees) 

7611-01129 

F i g u r e 36. Influence of F l igh t P a t h Angle 
on Heat Avai lab le to R e e n t e r i n g 

SNAP lOA F u e l E l e m e n t in 
C r o s s - A x i a l Flow 
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T A B L E 13 

RESULTS O F THE P A R A M E T E R SURVEY FOR Q A V A I L ^ ^ ^ CROSS-AXIAL, 
SPINNING SNAP 1 OA F U E L E L E M E N T S 

R e l e a s e 
Al t i tude 

(ft) 

200,000 

225,000 

250,000 

275,000 

300,000 

350,000 

400,000 

Influence Coeffic 

^QAVAIL 
d v 

0.753 

1.138 

1.818 

3.55 

3.89 

7.45 

11.11 

9QAVAIL 
a(w/c^Ap) 

266.6 

391.5 

507.0 

710.0 

981.0 

1140.0 

1100.0 

i en t s 

SQAVAIL 

-370.4 

-962.0 

-2940.0 

-3850.0 

-3000.0 

-2380.0 

-862 .5 

Devia t ions {2CT) 

( f t / s ec ) 

±1200 

±600 

±500 

±300 

±160 

±50 

±20 

W / C p A p 

(Ib/ft^) 

±3.0 

±3.0 

±3.0 

±2.44 

±1.87 

±1.68 

±1.67 

y 
( d e g r e e s ) 

±1.0 

±0.4 

±0.4 

±0.2 

±0.08 

±0.05 

±0.05 

S t anda rd Va lues 

V 

( f t / sec ) 

23,379 

24,487 

25,179 

25,578 

25,746 

25,749 

25,694 

^ / C j , A p 

( f t / sec^) 

20 

20 

20 

16.3"" 

12.5* 

11.2* 

11.1 

y 
(deg ree s ) 

-1 .6030 

-1 .0831 

-0 .6621 

-0 .3240 

-0 .1252 

-0 .0531 

-0 .05 

•!-Initial va lue 

The inf luence of the t h r e e p a r a m e t e r s , v, W / C „ A , and y , on the i n t e g r a t e d hea t , Qa-yATT ' ^^ 

shown in F i g u r e s 34 t h rough 36. The d i f fe ren t ia l of the hea t ava i l ab l e a s a function of t h e s e p a r a m ­

e t e r s has the s a m e f o r m as Equa t ion 52: 

S Q 
d Q 

AVAIL 
AVAIL 
dv 

AVAIL 
d-+ T ( W ^ ) d(W/C^Ap). - 3 ^ dy . . ( 5 6 ) 

w h e r e ( 5 Q , - , . . . /3v) i s the inf luence coefficient of the ve loc i ty (for e x a m p l e ) , holding al l the o the r 

p a r a m e t e r s at the s t a n d a r d va lue , and dv i s the change in the ve loc i ty which i s mul t ip l i ed by i t s 

inf luence coeff ic ient . Within the l i m i t s of the dev ia t ion in the p a r a m e t e r s at each a l t i t ude , inf luence 

coeff ic ients w e r e d e t e r m i n e d and a r e l i s t ed in Tab le 13. 

The r a n g e s of dev ia t ion in QATTATT '^^^^ eva lua ted f r o m e s t i m a t e d u n c e r t a i n t i e s in the c o r r e s ­

ponding ind iv idua l p a r a m e t e r s and the ca l cu l a t ed inf luence coeff ic ients of the p a r a m e t e r s . 

The m a x i m u m and m i n i m u m va lues within the u n c e r t a i n t y r ange for each p a r a m e t e r w e r e s u b ­

s t i tu ted into the c o r r e s p o n d i n g t e r m in the inf luence equat ion. One-ha l f of the d i f fe rence be tween 

t h e v a l u e s o f Q.,rATT for the m a x i m u m and m i n i m u m v a l u e s for e a c h p a r a m e t e r i s (AQ. ,, . , ^̂  ) . 
AVAIL '^ * A V A I L ' g i v e n p a -

. This i s the r a n g e of dev ia t ion in the hea t ava i l ab le at e a c h r e l e a s e a l t i tude due to the 

r a n g e of dev ia t ion in a p a r t i c u l a r p a r a m e t e r . 

The conf idence l i m i t s of the hea t ava i l ab l e for a given r e l e a s e a l t i t ude , in t e r m s of the s t a n d a r d 

dev i a t i ons of the p a r a m e t e r s involved, m a y be w r i t t e n a s : 

2CTQ 
•AVAIL ( ^ Q A V A I L ' ^ + ^ ^ Q A V A I L ^ , ^ ^ + ( ^ Q A V A I L ) ' V W / C „ A y 

Jj p 

(57) 
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The va lues of A Q . - y . ^ y for v, W / C „ A , and y , in Equat ion 57, for each r e l e a s e a l t i tude , a r e given 

in Tab le 14. Applying Equa t ion 57, the o v e r a l l 2 a l imi t for Q A V A T T ^ ^ " then be obta ined. The 

m e a n s t a n d a r d dev ia t ion , a , for Q A V A T T ^^ then one-ha l f of th is va lue . 

Values of Q ^ v A I L * ^Q 
a r e given in Table 15. 

AVAIL 
for each r e l e a s e a l t i tude c o n s i d e r e d be tween 200,000 and 400,000 ft 

T A B L E 14 

DEVIATIONS IN Q A V A I L ^ " ^ T ° *2a DEVIATIONS 
IN THE TRAJECTORY P A R A M E T E R S FOR 

CROSS-AXIAL, SPINNING SNAP 1 OA 
F U E L E L E M E N T S 

R e l e a s e 
Alt i tude 

(ft) 

200,000 

225,000 

250,000 

275,000 

300,000 

350,000 

400,000 

(^QAVAIL) 
2 ^ 

(Btu/ft ) 

904.0 

682.8 

909.0 

1065.0 

622.4 

372.5 

222.2 

HAVAIL) 
. D p 

(Btu/ft ) 

799.8 

1174.5 

1521.0 

1733.0 

1838.4 

1914.0 

1835.0 

K V A I L ) 

(Btu/f t^) 

-370.4 

-384 .8 

-1176.0 

-770.0 

-240.0 

-119.0 

-43.1 

TABLE 15 

Q R E Q ^ N D Q A V A I L W I T H S T A N D A R D DEVIATIONS AND PROBABILITIES O F INITIAL 
ABLATION FOR CROSS-AXIAL R E E N T R Y USING THE PRELIMINARY SET 

O F R E F E R E N C E P A R A M E T E R S 

R e l e a s e 
Al t i tude 

(ft) 

200,000 

225,000 

250,000 

253,000 

275,000 

275,000 

300,000 

350,000 

400,000 

QAVAIL 
(Btu/f t2) 

5951 

9145 

13,065 

13,625 

17,025 

17,025 

17,662 

17,632 

17,346 

^AVAIL 
(Btu/f t^) 

±632 

±706 

±1064 

±1075 

±1087 

±859 

±978 

±977 

±925 

% E Q 
(Btu/f t2) 

_ 

-

-

13,625 

12,447 

12,447 

13,110 

14,830 

15,240 

" R E Q 
(Btu/f t2) 

±1150 

±1150 

±1150 

±1150 

±1150 

±1150 

±1150 

±1150 

±1150 

P r o b a b i l i t y 
of In i t i a l 
Ablat ion 

>1.0 X 10-7 

0.003 

0.33 

0.50 

0.998 

0.99925'" 

0.9987 

0.968 

0.922 

'Va lues u sed to ca l cu l a t e p robab i l i t y of in i t i a l ab la t ion used in g r a p h i c a l a p p r o x i m a t i o n of 
p r o b a b i l i t i e s for r e l e a s e a l t i tudes below 253,000 ft. (See next s e c t i o n . ) 
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3. Ca lcu l a t i on of the P r o b a b i l i t i e s of In i t ia l Ablat ion 

With the d e t e r m i n a t i o n of s t a n d a r d va lues of Q, ± CTr and Q . = <^Qi n o r m a l 
^AVAIL " A V A I L ^ R E Q " " W R E Q 

f requency d i s t r i b u t i o n s for the i n t e g r a t e d hea t r e q u i r e d to in i t i a t e ab la t ion and the i n t e g r a t e d hea t 

ava i l ab l e can be obta ined us ing the equat ion . 

r- h , 2 , 2 . 
G = —= exp (-Z h ) , 

w h e r e h = 1/a ^/ 2, and z = any a r b i t r a r y devia t ion f r o m the nnean or s t a n d a r d i n t e g r a t e d hea t 

Such f r equency d i s t r i b u t i o n s a r e p lo t ted m F i g u r e 37 for a 275,000-ft r e l e a s e a l t i tude . The f r ac t ion 

of ove r l app ing a r e a be tween t h e s e c u r v e s i s a m e a s u r e of the p robab i l i t y of in i t i a l ab la t ion . 

Given the s t a n d a r d va lues of Q. ±Or 

7 

6 
'I-
I 
o 
H 5 
a 

(J 4 
z 
UJ 

S3 
w 
tr 
li. 2 

I 

10 12 65 

G-J-eKp(-z2t,2) 

RELEASE ALTITUDE 
275 000 ft 
ATTITUDE SPINNING 
CROSS AXIALLY 

STANDARD VALUES 
QREQ=12,447 Btu/ft2 
o-n =H50Btu/ft2 
°REQ 

QftVAIL ''';025 Btu/ft2 
ai = 1087 Btu/ft^ 
OAVAIL 

12 13 14 15 16 17 18 
INTEGRATED HEAT(Btu/ft2) x l O " ' 

7 6 I I - 0 I I 3 0 

F i g u r e 37. N o r m a l F r e q u e n c y D i s t r i b u ­
t ion for Q p E Q 3^nd Q A V A I L i°^ ^ 
SNAP lOA Fue l E l e m e n t , Using the 

P r e l i m i n a r y Set of R e f e r e n c e 
P a r a m e t e r s 

•"AVAIL ^ • ' ^ Q A V A I L 
and Q_j-,_ ± CTQ__„, the p r o b a b i l i t i e s of in i t i a l 

a b l a t i o n f o r r e l e a s e a l t i t udes c o n s i d e r e d can be 

ca l cu l a t ed by m e a n s of the me thod d i s c u s s e d m 

R e f e r e n c e 67 . Since th i s r e f e r e n c e i s not r e a d ­

i ly a v a i l a b l e , a br ie f d e s c r i p t i o n of the me thod 

u s e d wil l be g iven . Let 

"^ ^ ^ A V A I L ' 

f(X) = the no i i i i a l d i s t r i bu t i on of Q 

"^QAVAIL 

Y = 

f(Y) = the n o r m a l d i s t r i bu t i on of Q 

AVAIL 

Q R E Q ' ^ " ^ 

R E Q 

^AVAIL 

Since f(X) and g(Y) a r e n o r m a l d i s t r i b u t i o n s , 

they wil l o v e r l a p . F o r each r e l e a s e a l t i tude 

t h e r e is a d i s t inc t pos s ib i l i t y that c e r t a i n va lues 

of Qj^EQ ^^^^ exceed c o r r e s p o n d i n g va lues of Q A V A I L ^'^'^^ ^^^^ t h e r e is a p robab i l i t y that the fuel 
e l e m e n t wil l not ab l a t e . 

S imply s t a t ed , th i s p robab i l i t y is 

P(nonabla t ion) = P{Y>X) 

F r o m the t h e o r y of " l i n e a r c o m b i n a t i o n s , " it is found that 

P(Y>X) = P(Y - X>0) 

This s u g g e s t s a new v a r i a b l e , d = Y - X, which has a m e a n va lue , fi, = ^^ - fx and v a r i a n c e . 

^d = ^Y + "̂ X 
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7611-01131 

F i g u r e 38. P r o b a b i l i t y of Su rv iva l 
(Nonablat ion) of a SNAP lOA F u e l 

E l e m e n t v s R e l e a s e Al t i tude 

^ 18,000 
3 
S 16,000 
UJ 

m 14,000 

5 12,000 -

X 

< 

10,000 

8000 

6 0 0 0 

4000 

W I I I I I I I I I I I I I I—r 

001 

10-12-65 

253,000-ft 
: ALTITUDE ^RELEASE , 

CROSS-AXIAL-SPINNING REENTRY 
PRELIMINARY SET OF REFERENCE PARAMETERS 

*275,000-ft RELEASE ALTITUDE 
ASSUMING A CONSTANT O-QAVAIL 

I L 
01 051 2 5 10 20 40 60 80 95 99 

PROBABILITY OF NONABLATION 
999 9999 

7611-01132 

F i g u r e 39. A p p r o x i m a t e P r o b a b i l i t y of 
In i t ia l Abla t ion for R e l e a s e Al t i tudes 

Below 253,000 ft 
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Due to the fact that X and Y a r e independent ly and n o r m a l l y d i s t r i b u t e d , d is a l so n o r m a l l y d i s ­

t r i b u t e d . In th i s c a s e , the p robab i l i t y of nonabla t ion is ea s i l y ca l cu l a t ed , s ince jn„, Uy, CTy, and 

(jy a r e known. 

In s u m m a r y : 

P(nonabla t ion) = P(Y>X) = P(Y - X>0) = P{d>0), 

P(d>0) = the a r e a of f(d)>0, 

P ( i m t i a l ab la t ion) = 1 - P(d>0) . 

By ex t r apo l a t i ng the Q_ „ _ t r a c e m F i g u r e 33 f rom 255,000 ft to lower r e l e a s e a l t i t u d e s , Q„ p,_ 

was found to equal QA vATT ^^ a p p r o x i m a t e l y 253.000 ft. Below th i s a l t i t u d ; , it is i m p o s s i b l e to 

ca l cu l a t e a p r o b a b i l i t y of in i t i a l ab la t ion , s ince the hea t r equ r ed to in i t i a te ab la t ion cannot be o b ­

ta ined f r o m the a n a l y t i c a l mode l . This i s obvious f r o m F i g u r e 33 which shows that me l t ing is not 

p r e d i c t e d for r e l e a s e a l t i t udes below 253,000 ft. 

If the confidence l i m i t s on Q A V A T T ^^^ a s s u m e d to be cons tan t below253,000 ft, it i s p o s s i b l e to 

g r a p h i c a l l y a p p r o x i m a t e p r o b a b i l i t i e s of in i t i a l ab la t ion for r e l e a s e a l t i t udes f rom 200,000 to 

253,000 ft. Fronn p robab i l i t y t h e o r y , it is known that a n o r m a l d i s t r i bu t ion wi th a cons tan t a l im i t 
2 

wi l l be a s t r a i g h t l ine when plot ted on p robab i l i t y p a p e r . A cons tan t va lue of ±848.0 Btu / f t was 

used for Or^ for r e l e a s e a l t i t udes f r o m 200,000 to 250,000 ft. This va lue is the a v e r a g e 
" A V A I L ' ' ^ 

be tween CTn at 200,000 ft and the va lue of (jr\ for 250,000 ft. Since (Jn^^^ is a cons tan t 
" A V A I L 2 2 2 " A V A I L ' " R E Q 2 

equal to ±1150.0 B tu / f t , and s ince a , = On + crA < a , is a cons tan t equal to ±1022.5 Btu/ f t , 
d " A V A I L Q R E Q d 

Using th i s va lue of a , , t he p robab i l i t y of in i t i a l ab la t ion was ca l cu la t ed for a r e l e a s e a l t i tude of 

275,000 ft. The fact that the p r o b a b i l i t y of in i t i a l ab la t ion , w h e r e Q„ „ _ = Q A V A T T ' ^^ 0.50 e s t a b ­

l i s h e s a second point t h rough which a s t r a i g h t l ine can be d r a w n on p r o b a b i l i t y p a p e r and extended 

to a r e l e a s e a l t i tude of 200,000 ft. 

The above ca l cu la t ion of the p robab i l i t y of in i t i a l ab la t ion at 275,000-ft r e l e a s e a l t i tude w a s only 

u s e d to obta in a f i r s t point for the g r a p h i c a l a p p r o x i m a t i o n of p r o b a b i l i t i e s below 253,000 ft. The 

p r o b a b i l i t y a t 275,000 ft quoted m Tab le 15 was ca l cu l a t ed f r o m ac tua l v a l u e s of Q . , r . T T ^ On 
AVAIL " A V A I L 

and QT3 TTQ ^ '^Q-DTrn ^°^ tha t r e l e a s e a l t i tude . 

Va lues of Q ^ y A I L ' " ^ ^ A V A I L ' ^ R E Q ' " ^ Q R E Q ' g r a p h i c a l l y a p p r o x i m a t e d p r o b a b i l i t i e s of 

in i t ia l ab la t ion for r e l e a s e a l t i t udes f r o m 200,000 to 253,000 ft, and ca l cu l a t ed p r o b a b i l i t i e s of 

in i t ia l ab la t ion for r e l e a s e a l t i t udes f r o m 253,000 to 400,000 ft a r e all given m Tab le 15. 

F i g u r e 38 i l l u s t r a t e s the p robab i l i t y of s u r v i v a l o r nonabla t ion (one m i n u s the p robab i l i t y of 

abla t ion) of a SNAP 1 OA fuel e l e m e n t a s a function of r e l e a s e a l t i tude . P r o b a b i l i t i e s for r e l e a s e 

Alti tudes o the r than t h o s e g iven m T a b l e 15 w e r e ca l cu l a t ed us ing i n t e r p o l a t e d Q , - , , . T T ± Cn 
^ ^ AVAIL " A V A I L 

and Qp p n * "^Q v a l u e s . F r o m F i g u r e 38, it i s evident t ha t , b a s e d on the p r e c e d i n g c a l c u l a ­

t i o n s , the o p t i m u m r e l e a s e a l t i tude for fuel ab la t ion l i e s a round 300,000 ft. P r o b a b i l i t i e s for s u r ­

vival r i s e s h a r p l y for r e l e a s e a l t i t udes below 275,000 ft. 

F i g u r e 39 shows the g r a p h i c a l a p p r o x i m a t i o n used to obtain p r o b a b i l i t i e s of in i t i a l ab la t ion a s a 

function of Q A V A T T •^°''̂  r e l e a s e a l t i t udes below 253,000 ft. 
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TABLE 16 
DEVIATIONS IN Q R E Q DUE TO ±2a DEVIATIONS IN THE 

SECOND SET OF STANDARD PARAMETER VALUES 

P a r a m e t e r and 
S t a n d a r d Value 

of P a r a m e t e r 

D = 1.0 

qoxid = 1 - 0 
* R y ^ = 0.95 

e = 0.4 

Hdiss = 1-0 
T̂  = 5 0 0 ° F 

T M = 3 2 8 0 ° F 

Cp = 1.0 

H / Z r i = 1.80 

k = 13.3 B t u / h r - f t - ° F 

Ana ly t i ca l Solution 

R Q = 0.625 in . 

Hg = 10,000 B t u / l b 

2CT 
Unce r t a in ty 

L imi t 

± fac to r 

± fac to r 
+0.05 
-0 .10 
±0.15 

±10% 

±500°F 

±200°F 

±10% 

±0.05 

of 10 

of 1 

±5.0 B t u / h r - f t - ° F 

±6% 

±0.005 in . 

±2500 B t u / l b 

^ Q R E Q 
, 2, 

(Btu/f t ) 

1804 

1403 

1021 

8 3 0 

6 9 3 

6 0 6 

4 6 2 

3 6 0 

2 7 2 

2 5 8 

3 2 6 

97 

38 

'-Ry^ is defined as the ratio of the hot-wall aerodynamic heat rate 
for a noncatalytic surface (^A'^'^^ *° ^̂ ® corresponding heat rate 
for a fully catalytic surface (/A =1) . 

20,000 

ISpOO 

z 6000 
200 220 240 260 280 300 320 340 360 380 400 

RELEASE ALTITUDE (kllofeet) 
10-12-65 76II-0II33 

18,000 

ii 16,000 

••t 14,000 

12,000 

H -2 
< CO 
ST. ^ 

10,000 

8000 

6000 
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RELEASE ALTITUDE (kllofeet) 
7611-01134 

Figure 40. Q A V A I L ^^'^ ^REQ "̂ ^ Release 
Altitude for a SNAP lOA Fuel Element 

Spinning Cross-Axially, Using the 
Second Set of Reference 

Pa rame te r s 

Figure 41. Q A V A I L . ''.nd Q J ^ E Q vs Release 
Altitude for a SNAP lOA Fuel Element 

Tumbling at Random, Using the 
Second Set of Reference 

Pa rame te r s 
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C. EXTENDED STATISTICAL ANALYSIS 

The p r e l i m i n a r y se t of r e f e r e n c e p a r a m e t e r s w a s e n l a r g e d a s the s tudy p r o g r e s s e d and s t a n d a r d 

va lues t h e r e i n w e r e a l t e r e d a s m o r e p r e c i s e data b e c a m e a v a i l a b l e . A second s e t of r e f e r e n c e va lues 

which inc ludes t h r e e addi t ional p a r a m e t e r s and the l a t e s t va lues of a l l the o the r p a r a m e t e r s w a s u s e d 

in the ana ly t i ca l m o d e l p r i o r to the pub l ica t ion of th is r e p o r t . The addi t ional p a r a m e t e r s i nves t i ga t ed 

a r e fuel me l t i ng t e m p e r a t u r e , ca ta ly t i c eff iciency of the fuel e l e m e n t s u r f a c e , and an a p p r o x i m a t i o n 

of the e r r o r i n h e r e n t in the ana ly t i ca l so lu t ion . T h r e e of the p a r a m e t e r va lues u s e d in the p r e l i m i ­

n a r y a na ly s i s w^ere changed when they ^vere i n c o r p o r a t e d into the second se t of r e f e r e n c e p a r a m e t e r s . 

T h e s e p a r a m e t e r s a r e in i t i a l fuel e l e m e n t t e m p e r a t u r e , the h e a t of oxidat ion, and the h y d r o g e n h e a t 

of d i s s o c i a t i o n for the fuel in the de l ta p h a s e . The in i t i a l fuel t e m p e r a t u r e was i n c r e a s e d to m o r e 

c l o s e l y a p p r o x i m a t e p r e d i c t e d t e m p e r a t u r e s of the fuel r o d s upon r e l e a s e f rom the r e a c t o r . (See 

Sec t ion IV for a de ta i l ed d i s c u s s i o n of the re f ined va lue of the hea t of oxidat ion. ) F i g u r e 15 shows 

the value of the h y d r o g e n h e a t of d i s s o c i a t i o n for the de l ta p h a s e fuel u sed in the second se t of r e f e r ­

ence p a r a m e t e r s . All o the r p a r a m e t e r va lues u s e d in the second r e f e r e n c e se t a r e the s a m e a s those 

u s e d in the p r e l i m i n a r y a n a l y s i s . 

As with the p r e l i m i n a r y se t of r e f e r e n c e v a l u e s , a cons t an t a e r o d y n a m i c h e a t input r a t e of 
2 

100.0 Btu / f t - s e c was used to eva lua t e Q^, ^ us ing the second se t of r e f e r e n c e p a r a m e t e r s . This 

va lue of Q R £ . Q w a s found to be 10,855.0 Btu / f t . 

The s a m e m e t h o d tha t w a s u s e d p r e v i o u s l y to eva lua te the r a n g e of dev ia t ion in Q _ „ _ due to the 

r a n g e of dev ia t ion in a p a r t i c u l a r p a r a m e t e r w a s a l so u s e d to obta in ( A Q „ „ ^ ) . ^ va lues 
REQ given p a r a m e t e r 

for each p a r a m e t e r in the second s e t of r e f e r e n c e v a l u e s . 

The s t a n d a r d va lues and the e s t i m a t e d u n c e r t a i n t y r a n g e s for the second se t of r e f e r e n c e p a r a m ­

e t e r s a r e l i s t ed in Tab le 16. Also g iven in Table 16 a r e the va lues of AQp„(- , for each p a r a m e t e r . 

P a r a m e t e r s in Table 16 a r e l i s t e d acco rd ing to t h e i r effect u p o n Q - ^ - - . 

T h o s e p a r a m e t e r s tha t a r e g iven a s t a n d a r d value of 1.0 in Table 16 a r e d i s c u s s e d in de ta i l in 

Sect ion V. Values of AQTJT^/-) for each p a r a m e t e r in the second s e t of r e f e r e n c e va lues w e r e a l so 

subs t i tu t ed into Equa t ion 55 to obta in 2 0 ^ = 2900 Btu / f t . 
" R E Q 

T h u s , Q_T-,^ for the ana ly t i ca l m o d e l , us ing the second se t of r e f e r e n c e p a r a m e t e r s , was found 

to be 10,855 ±1450 Btu / f t^ . 

A e r o d y n a m i c hea t ing r a t e s w e r e subs t i tu ted into the ana ly t i ca l mode l us ing the second se t of 

r e f e r e n c e p a r a m e t e r s to d e t e r m i n e the va lue of Q _̂  for s imu la t ed c r o s s - a x i a l - s p i n n i n g and r a n d o m -

tumbl ing m o d e s of r e e n t r y . V a r i o u s r e l e a s e a l t i t udes f r o m 200,000 to 400,000 ft w e r e c o n s i d e r e d . 

F i g u r e 40 shows Q A vATT ^^^ Q R T ^ D ^^ ^ function of r e l e a s e a l t i tude for a c r o s s - a x i a l mode of r e ­

e n t r y . F i g u r e 41 g ives Q A V A T T ^ " " ^ ^ T J F O ^^ a l t i tude for r a n d o m - t u m b l i n g r e e n t r y . 

Since no change was m a d e in the s t a n d a r d r e f e r e n c e t r a j e c t o r y p a r a m e t e r s , p r e v i o u s l y d e t e r ­

m i n e d va lues of Q , ^ . ^ *'^QA-\rATT could be appl ied in the extended a n a l y s i s for a c r o s s - a x i a l , 

spinning m o d e of r e e n t r y . F o r a r a n d o m - t u m b l i n g m o d e , i t was n e c e s s a r y to conduct a s e p a r a t e 

p a r a m e t e r s u r v e y to r e e s t a b l i s h p a r a m e t e r v a r i a t i o n ef fec ts . F o r th is c a s e , 20 dev ia t ions in the 
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individual trajectory parameters were chosen identical to those in the cross-axia l case. Calculations 

were made varying each parameter separately to obtain influence coefficients. The deviations in 

^AVATT ^ S ^ S then determined, using the methods discussed previously, for 2(7 deviations in each 

trajectory parameter . 

The resulting influence coefficients and the parameter confidence limits and standard values used 

in this parameter survey are summarized for the release altitudes considered in Table 17 and in 

Figures 42 through 44. The deviations i n Q . , . . , resulting from 2cr variation of each trajectory 

parameter , a re shown in Table 18. Using these values, overall 20̂  confidence limits and, thus, 

standard deviations were calculated for the random-tumbling case at each release altitude. Finally, 

probabilities of initial ablation were then determined for both modes of reentry considered, according 

to the procedure discussed previously. 

TABLE 17 

RESULTS OF THE PARAMETER SURVEY FOR Q^yy^jL ^C)R SNAP lOA FUEL 
ELEMENTS TUMBLING AT RANDOM 

Alt i tude 
(ft) 

200,000 

225,000 

250,000 

275,000 

300,000 

350,000 

400,000 

Infl 

^ ° A V A I L 
av 

0.875 

1.357 

2.313 

4.380 

7.500 

11.580 

18.00 

uence Coeffici 

^ °AVAIL 
a(W/Cj3Ap) 

177.42 

242.19 

291.67 

440.0 

631.80 

706.0 

721.0 

ents 

aO AVAIL 
ay 

-562.5 

-1410 .3 

-3000.0 

-4282.0 

-3077.0 

-2083.0 

-2702.0 

Devia t ions (2cr) 

V 

( f t / s ec ) 

±1200 

±600 

±500 

±300 

±160 

±50 

±20 

W / C n A 
(lb/ft2)P 

±5.0 

±5.0 

±5.0 

±4.11 

±3.18 

±2.86 

±2.84 

7 
( d e g r e e s ) 

±1.0 

±0.4 

±0.4 

±0.2 

±0.08 

±0.05 

±0.05 

S tandard Val 

V 

( f t / sec ) 

23,379 

24,487 

25,179 

25,578 

25,746 

25,749 

25,694 

TiSs^ 
34.0 

34.0 

34.0 

26 .76* 

20 .70 ' 

18.69* 

18 .48" 

ues 

(deg ree s ) 

-1 .6030 

-1.0831 

-0.6621 

-0.3240 

-0.1252 

-0.0531 

-0.05 

*Initial value 

Values of Q . . y . . . , OQ . , Q_--,_^, OQ , and probabilities of initial ablation at each re lease 

altitude are summarized for cross-axia l and random-tumbling reentry in Tables 19 and 20, 

respectively. 

Probabili t ies of survival (nonablation) for random-tumbling reentry are presented graphically 

as a function of re lease altitude in Figure 45. Corresponding probabilities for a cross-ajcial, spin­

ning mode of reentry are plotted in Figure 46. Figures 47 and 48 show the graphical approximation 

used to calculate probabilities below the re lease altitude at which Q_,__ = Q .-.rATx for random-^ REQ AVAIL 
tumbling and cross-axial-spinning orientations, respectively. 

D. SUMMARY 

In summarizing the results of the statistical analyses performed, one qualifying statement should 

be made. The probabilities presented in Tables 15, 19, and 20, and in Figures 38, 45, and 46 are 

based upon, and strongly influenced by, the values assigned to the various initial conditions, thermo-

physical proper t ies , and trajectory parameters involved in the computation of Q . ^ . - a n d Q _ „ _ . 

At the time that each investigation was made, the parameter values and corresponding confidence 

l imits used were believed to be the most appropriate for reentry conditions. Several parameters 
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T A B L E 18 

DEVIATIONS IN Q A V A I L D U E T O ±2a D E V I A T I O N S I N T H E T R A J E C T O R Y 
P A R A M E T E R S FOR SNAP lOA F U E L E L E M E N T S 

T U M B L I N G A T RANDOM 

R e l e a s e 
Al t i tude 

(ft) 
(AQ AVAIL ).̂  

(Btu/f t2) 

(A Q A V A I L ' 
AVAIL w / C ^ A ^ 

? D P 
(Btu/ft^) 

( A Q AVAIL )y 
(Btu/f t2) 

200,000 

225,000 

250,000 

275,000 

300,000 

350,000 

400,000 

1050.0 

814.2 

1156.5 

1314.0 

1200.0 

579.0 

360.0 

887.10 

1210.95 

1458.35 

1807.08 

2007.86 

2015.63 

2044.80 

-562.50 

-564.12 

-1200.0 

-856.40 

-246.16 

-104.15 

-135.10 

T A B L E 19 

Q R E Q A N D Q A V A I L W I T H S T A N D A R D D E V I A T I O N S A N D P R O B A B I L I T I E S 
O F INITIAL A B L A T I O N FOR CROSS-AXIAL REENTRY USING THE 

SECOND SET O F R E F E R E N C E P A R A M E T E R S 

R e l e a s e 
Al t i tude 

(ft) 

200,000 

225,000 

239,500 

250,000 

250,000 

275,000 

300,000 

350,000 

400,000 

^ A V A I L 

(Btu/f t^) 

5,951 

9,145 

11,185 

13,065 

13,065 

17,025 

17,662 

17,632 

17,346 

""Q 
" A V A I L 
(Btu/f t^) 

±632 

±706 

±830 

±1064 

±848 

±1087 

±978 

±977 

±925 

' ^REQ 

(Btu/f t^) 

-
-

11,185 

11,050 

11,050 

11,043 

11,717 

12,310 

12,845 

° R E Q 

(Btu/f t^) 

±1450 

±1450 

±1450 

±1450 

±1450 

±1450 

±1450 

±1450 

±1450 

P r o b a b i l i t y 
of In i t ia l 
Abla t ion 

0.0006 

0.105 

0.50 

0.8698 

0.885'" 

0.9995 

0.99955 

0.9988 

0.9956 

*Values u sed to ca l cu l a t e p r o b a b i l i t y of in i t ia l ab la t ion used in g r a p h i c a l a p p r o x i m a t i o n of 
p r o b a b i l i t i e s for r e l e a s e a l t i t udes below 239,500 ft (see F i g u r e 48) 
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TABLE 20 
Q R E Q AND QAVAIL WITH STANDARD DEVIATIONS AND P R O B A B I L I T I E S 

OF INITIAL A B L A T I O N F O R R A N D O M - T U M B L I N G R E E N T R Y USING 
THE S E C O N D SET OF REFERENCE PARAMETERS 

Release 
Altitude 

(ft) 

200,000 
225,000 

229,000 
250,000 

250,000 

275,000 

300,000 

350,000 

400,000 

^AVAIL 

(Btu/ft^) 

7,116 
10,577 
11,110 

14,554 

14,554 

18,332 

19,938 

19,749 
19,508 

^AVAIL 

(Btu/ft^) 

±743 
±782 

-
±1108 

±925 

±1197 
±1176 
±1050 

±1040 

^REQ 

(Btu/ft^) 

-
-

11,110 
10,862 

10,862 

11,093 
11,882 

12,570 

13,251 

" O R E O 

(Btu/ft^) 

±1450 

±1450 
±1450 

±1450 

±1450 

±1450 
±1450 

±1450 

±1450 

Probability 
of Initial 
Ablation 

0.0053 

0.35 
0.50 

0.978 

0.982'" 

0.99994 
0.999992 

0.99997 

0.99977 

•'Values used to calculate probability of initial ablation used in graphical approximations of 
probabilities for release altitudes belov/ 229,000 ft (see Figure 47) 
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Abla t ion for R e l e a s e Al t i tudes 

Below 229,000 ft 
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PARAMETERS 
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J L J I I I I I I I J L J_L 

T T 
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PROBABILITY OF NONABLATION 

10-12-65 7611-01141 

F i g u r e 48. A p p r o x i m a t e P r o b a b i l i t y of In i t ia l 
Abla t ion for R e l e a s e Al t i tudes 

Below 239,500 ft 

which s t rong ly affect Q_--,„ a r e not wel l defined a s to the c o r r e c t va lue or to the d e g r e e of conf i ­

d e n c e . Included among t h e s e a r e D, e, q . ,, and k. At the t ime of th is r e p o r t , an e x p e r i m e n t a l 

p r o g r a m des igned to obtain p r e c i s e va lues for t h e s e p a r a m e t e r s was in p r o g r e s s unde r the A e r o ­

space Nuc lea r Safety P r o g r a m at A tomics I n t e r n a t i o n a l . Once t h e s e da ta a r e ava i l ab l e , i t wi l l be 

n e c e s s a r y to r e c a l c u l a t e the p robab i l i t i e s of in i t i a l ab la t ion us ing the s a m e me thod a s outl ined in 

th is r e p o r t . 

Both the p r e l i m i n a r y and the extended s t a t i s t i c a l a n a l y s e s ind ica te tha t the op t imum r e l e a s e 

a l t i tude to a t t a in mel t ing and ab la t ion of a SNAP lOA fuel e l e m e n t l i e s a round 300,000 ft. F u r t h e r , 

p r o b a b i l i t i e s of in i t ia l ab la t ion a r e enhanced if the fuel e l e m e n t t u m b l e s at r a n d o m r a t h e r than 

spinning about a s t ab i l i z ed , c r o s s - a x i a l o r i en t a t i on . The m a x i m u m probab i l i t y that a SNAP lOA 

fuel e l e m e n t wil l in i t i a l ly ab la te i s about 0.999992 for an e l e m e n t tumbl ing at r a n d o m ( see F i g u r e 45) 

c o m p a r e d to about 0.99966 for an e l e m e n t spinning c r o s s ax ia l ly ( see F i g u r e 46). 

R e s u l t s of the p a r a m e t e r s u r v e y s for Q_ _ and QATTATT ^^ .̂ve shown the c o m p a r a t i v e inf luence 

of the v a r i o u s p a r a m e t e r s and in i t i a l condi t ions on the i n t e g r a t e d h e a t s . It was found tha t c r o s s -

coupling effects ex i s t be tween s o m e p a r a m e t e r s so that dev ia t ions in the i n t e g r a t e d hea t due to 

dev ia t ions in t h e s e p a r a m e t e r s a r e dependent on the choice of r e f e r e n c e p a r a m e t e r v a l u e s . 

Ex tens ion of the m e t h o d s g iven in th i s r e p o r t for ca lcu la t ing the p r o b a b i l i t i e s of c o m p l e t e fuel 

m e l t i n g , ab la t ion , and d i s p e r s a l is p lanned in fu ture s t u d i e s . 
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IX. NOMENCLATURE 

2 
A = c r o s s s ec t i ona l a r e a p e r p e n d i c u l a r to flow (ft ) 

2 
A _ = p r o j e c t e d a r e a of the r e e n t e r i n g body (ft ) 

2 
A„ = s u r f a c e a r e a (ft ) 

C „ = d r a g coeff ic ient 

C = speci f ic hea t of the fuel m a t e r i a l ( B t u / l b - ° F ) 
P 

C Q = spec i f ic hea t of the c ladding m a t e r i a l ( B t u / l b - ° F ) 
t̂ c 

C = speci f ic hea t of h y d r o g e n ( B t u / l b - ° F ) 

C = c o n c e n t r a t i o n of oxygen in the n o r m a l shock ( lb of O^/f t ) 
s ^ 

3 
C = c o n c e n t r a t i o n of oxygen at the fuel s u r f a c e (lb of 0 , / f t ) 

w 2 
2 

D = h y d r o g e n diffusion coeff ic ient in the fuel m a t e r i a l (ft / s e c ) 

2 
D = h y d r o g e n diffusion coeff icient th rough the oxide f i lm (ft / s e c ) 

r 
2 

D _ = diffusivity of oxygen a c r o s s the boundary l a y e r (ft / s e c ) 

F = f r ac t ion of comple t i on for the h y d r o g e n - o x y g e n c h e m i c a l r e a c t i o n 

_ given p a r a m e t e r va lue 
given p a r a m e t e r s t a n d a r d p a r a m e t e r va lue 

F = g e o m e t r i c a l shape fac to r 

F|_. = r a t i o of the a v e r a g e s u r f a c e hea t r a t e to the s t agna t ion point hea t r a t e 
2 

h = hea t t r a n s f e r coeff ic ient for hea t flow a c r o s s the boundary l a y e r ' B t u / f t - ° F ) 

H , . = hea t of h y d r o g e n d i s s o c i a t i o n ( B t u / l b of H , ) 

H = en tha lpy of the a i r in the s t agna t ion r e g i o n ( B t u / l b of a i r ) 

H - en tha lpy of the a i r at the wal l o r s u r f a c e (speci f ic hea t of a i r t i m e s T ) (Btu/ lb of a i r ) 

H - p . . „ „ = en tha lpy of the a i r at a cold (300°K) s u r f a c e ( B t u / l b of a i r ) 

A H = ac t iva t ion e n e r g y for hyd rogen diffusion ( k c a l / m o l e of H , ) 

A H . 1 = h e a t of r e a c t i o n for z i r c o n i u m oxidat ion ( B t u / l b of O-,) 
oxid 2 

A H , = hea t of r e a c t i o n for h y d r o g e n c o m b u s t i o n ( B t u / l b of l imi t ing r e a c t a n t ) 

2 
J _ = m o l e c u l a r flux of oxygen diffusing th rough the boundary l a y e r (lb of O^/ft - s e c ) 

J - , = ( D - ^ 1 , the net flux of h y d r o g e n in jec ted into the bounda ry (lb of H^/f t - s e c ) 
\ ' r = R , 

2 
J = r a d i a l flux of hyd rogen diffusing th rough the fuel m a t e r i a l (lb of H_/ft - s e c ) 

2 4 4 
K = p a r a b o l i c oxidat ion r a t e cons t an t (mg / c m - s e c ) o r (lb of 0 , / f t - s e c ) 

P ^ 
L = l eng th of the fuel e l e m e n t (ft) 

M = a i r - t o - h y d r o g e n m o l e c u l a r weight r a t i o 
2 

m = m a s s of r e a c t e d oxygen p e r uni t s u r f a c e a r e a (lb of O^/ft ) 
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ox 

rl-m ? 
• = r a t e of m a s s addi t ion due to fuel oxidat ion (lb of O . / f t - s e c ) 

Mo = be ta p h a s e m a s s f r ac t ion 

Mc = de l ta p h a s e m a s s f rac t ion 
3 

N = hydrogen c o n c e n t r a t i o n (lb of H^/ft ) 
3 

N = hydrogen c o n c e n t r a t i o n a t the su r f ace ' l b of H_/ft ) 
2 

q . = a v e r a g e a e r o d y n a m i c hea t flux to the fuel e l e m e n t for a cold wal l (Btu / f t - s e c ) 
2 

q = a v e r a g e a e r o d y n a m i c hea t flux to the fuel e l e m e n t for a hot wal l (Btu / f t - s e c ) 
^ a e r o a J \ I 

2 
q , = hea t of hyd rogen combus t ion ' B t u / f t - s e c ) 

c o m b " 
2 

. q . , = hea t of fuel oxidat ion ' B t u / f t - s e c ) ' ^oxid ' 
2 

q, = t r a n s p i r a t i o n cooling (Btu/ f t - s e c ) 
^ t r a n "̂  & ' / 

2 
q , = hea t of r ad i a t i on (Btu/ f t - s e c ) 
^ r a d ' 
q , = s t agna t ion point a e r o d y n a m i c hea t flux to the cold wal l of a 1-ft r ad iu s s p h e r e 

in con t inuum flow ( B t u / f t ^ - s e c ) 
q = hot wal l s t agna t ion point a e r o d y n a m i c hea t flux to a 1 - f t - rad ius s p h e r e in 

° con t inuum flow ( B t u / f f ^ - s e c ) 
2 

q . = q + q i. + q - j + q . . , the ne t s u r f a c e hea t r a t e (Btu / f t - s e c ) 
ne t a e r o c o m b ^oxid ^ t r an ' 

2 
q̂ . = f r e e - m o l e c u l a r , s t agna t ion point a e r o d y n a m i c hea t flux to a cold wal l (Btu / f t - s 

Q . . . , - . = i n t e g r a t e d , a v e r a g e a e r o d y n a m i c hea t flux (for a cold wal l ) ava i l ab le in the fuel 
e l e m e n t t r a j e c t o r y (B tu / f t ^ ) 

Q „ _ = i n t e g r a t e d , a v e r a g e a e r o d y n a m i c hea t flux (for a cold wall) n e c e s s a r y to in i t i a t e 
" ab la t ion (Btu / f t2 ) 

R = gas cons t an t ( k c a l / m o l e - ° F ) 

R^ = r a d i u s of the fuel (ft) 

R = ou te r r a d i u s of the fuel elennents (ft) o * ' 

T = t e m p e r a t u r e ( ° F ) 

T = c ladding t e m p e r a t u r e (°R) 

T j . = m e l t i n g t e m p e r a t u r e (°F) 

T = su r face t e m p e r a t u r e of the fuel (°R) 

t = t ime 
3 

V = volume (ft ) 

V = ve loc i ty ( f t / sec ) 

W = fuel e l e m e n t weight (lb) 
2 

W / C „ A = b a l l i s t i c coefficient , m a s s - t o - d r a g a r e a r a t i o ( lb/f t ) 
AX = c ladding t h i c k n e s s (ft) 
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2 
Q = diffusivity of hea t a c r o s s the boundary l a y e r (ft / s e c ) 

y = flight angle ( d e g r e e s ) 

y . = ca t a ly t i c eff iciency of the fuel s u r f a c e 

€ = e m i s s i v i t y of the fuel 

e = e m i s s i v i t y of the c ladding m a t e r i a l 

cr = s t a n d a r d dev ia t ion 

2 4 
CT. = S t e p h a n - B o l t z m a n cons t an t (Btu / f t - s e c - ° R ) 

A T , = t h i c k n e s s of the oxide f i lm 'ft) 
3 

p = dens i ty of the fuel m a t e r i a l ( lb / f t ) 
3 

P = dens i ty of the c ladding m a t e r i a l ( lb / f t ) 
3 

p = a i r dens i ty ( lb / f t ) 
3 

P„- = a i r dens i ty at s e a l eve l ( lb / f t ) 
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APPENDIX A 

BALLISTIC COEFFICIENT (W/CpAp) CALCULATIONS FOR 
A SNAP lOA FUEL ELEMENT 

1. F u e l E l e m e n t Weight 

a. F u e l 

Dens i ty = 6.09 g m / c c ( H / Z r = 1.8) 

= 0.2197 l b / i n . ^ 

Rad ius = 0.606 in. 

Length = 12.25 in . 

Volume = TT (0.606)^ (12.25) = 14.12 in .^ 

F u e l weight = 3.10 lb 

b . Cladding 

Dens i ty = 0.317 l b / i n . ^ 

Outs ide r a d i u s = 0.625 in . 

Ins ide r a d i u s = 0.610 in. 

Length = 12.25 in . 

End c a p s : 

D i a m e t e r = 1.25 in . 

T h i c k n e s s = 0 . 1 in . 

D i a m e t e r of P i n s = 0.243 and 0.181 in . 

Length of p ins = 0.1875 in . 

Tube vo lume = 7r(0.3905 - 0.372)12.25 = 0.714 in .^ 
3 

T o t a l end c a p vo lume = 0.2651 in . 

Cladding weight = 0.3069 lb 

c B a r r i e r 
Dens i ty = 0.092 lb/in. '^ 

Outs ide r a d i u s = 0.610 in . 

Ins ide r a d i u s = 0.607 in . 

Length = 12.25 in . 

Volume = IT (0.0038) 12.25 = 0 . 1 4 6 1 in .^ 

B a r r i e r weight = 0.0132 lb 

T o t a l E l e m e n t 
Weight: W = 3.420 lb 

2. Ba l l i s t i c Coeff ic ients 

a. C i r c u l a r Cy l inde r in C r o s s - A x i a l F low 

F o r the c a s e of a cy l inde r in c r o s s - a x i a l flow, the d rag coeff icient was d e t e r m i n e d f r o m data 

which d i s c u s s e s cy l i nde r d rag in the t r a n s i t i o n reg ion . The d rag coeff ic ient was found to be highly 

dependent on the Knudsen n u m b e r , K, at a l t i t udes c o r r e s p o n d i n g to the t r a n s i t i o n r eg ion . N e a r the 

cont inuum flow r e g i m e , howeve r , the effect of the Knudsen n u m b e r on C „ i s r e l a t i v e l y s m a l l . 

*Refer to the R e f e r e n c e s l i s t ed at the end of Appendix A. 
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F i g u r e A - 1 p r e s e n t s the m e a s u r e d cy l inde r (any d i a m e t e r ) d rag coefficient with Knudsen n u m b e r 

at a flow M a c h n u m b e r of a p p r o x i m a t e l y 6.0. At l a r g e va lues of M a c h n u m b e r in the cont inuum 

r e g i m e , C „ b e c o m e s e s s e n t i a l l y independent of the M a c h n u m b e r . 

25 -
a 

UJ 

u 
UJ 

8 20 
< a: a 

I I I l l l l T—I I I l l l l I I I I i l l 

O MEASURED POINT 
MACH NUMBER = 5 92 

,_ l I I M in i " " | — r r i Mill I l l l l m i l 
0 002 001 01 10 50 

"T—I I I I III 

KNUDSEN NUMBER, K = X„/d 

10-11-65 76II-0II42 

F i g u r e A - 1 . C y l i n d e r D r a g a s a F u n c t i o n of 
K n u d s e n N u m b e r ' - ^ l ) 

I n o r d e r t o i n c o r p o r a t e v a r i a b l e c y l i n d e r d r a g i n t h e f u e l e l e m e n t t r a j e c t o r y c a l c u l a t i o n s t h e 
( A l ) 

e q u a t i o n f o r t h e d r a g c o e f f i c i e n t of a u n i t d i a m e t e r s p h e r e , f r o m f r e e - m o l e c u l e t o t h e c o n ­

t i n u u m f l o w r e g i m e , w a s u s e d . T h i s e q u a t i o n i s p r o g r a m m e d i n t o t h e c o d e R E S T O R E a n d i s 

C _ = 0 . 9 2 -I- ( 1 . 0 8 ) e x p 
\ l°Ps^s / ' 

( A - l ) 

w h e r e p /p i s t h e d e n s i t y r a t i o a c r o s s a n o r m a l s h o c k w a v e a n d d/X i s t h e r e c i p r o c a l of t h e 

K n u d s e n n u m b e r b e h i n d t h e s h o c k w a v e . T h e e x p o n e n t i a l f u n c t i o n m E q u a t i o n A - 1 c a n e a s i l y b e 

m o d i f i e d f o r a n y d i a m e t e r b y c h a n g i n g t h e c o n s t a n t , d / 1 0 . T h e f r e e - m o l e c u l e v a l u e of c y l i n d e r 

d r a g ( s e e F i g u r e A - 1 ) i s 2 . 8 5 a n d t h e a p p r o x i m a t e c o n t i n u u m f low l i m i t i s 1 .55 . W i t h t h e s e u p p e r 

a n d l o w e r l i m i t c o n s t a n t s , E q u a t i o n A - 1 w a s m o d i f i e d t o fi t t h e d a t a f o r t h e d r a g c o e f f i c i e n t of a 

c y l i n d e r . T h e e q u a t i o n c a n b e w r i t t e n a s f o l l o w s 

C _ = 1.55 + ( 2 . 8 5 - 1.55) e x p 
^ C Y L 

. . . ( A - 2 ) 

l e a v i n g o n l y t h e v a l u e of t h e c o n s t a n t , A , t o b e d e t e r m i n e d . F i g u r e A - 2 p r e s e n t s t h e m e a n f r e e 

p a t h , X , a n d t h e K n u d s e n n u m b e r , X / d , f o r a d i a m e t e r of 1.25 i n . a s a f u n c t i o n of a l t i t u d e . 
^ oo oo 

U s i n g t h i s v a l u e of K a t s p e c i f i c a l t i t u d e s , t h e d r a g c o e f f i c i e n t of a c y l i n d e r m c r o s s f l o w w a s d e ­

t e r m i n e d f r o m F i g u r e A - 1 a n d p l o t t e d v e r s u s a l t i t u d e i n F i g u r e A - 3 . A p p l y i n g t h e v a l u e s of C „ 

f r o m F i g u r e A - 3 a n d t h e c a l c u l a t e d v a l u e s of p / p X f r o m R E S T O R E c o m p u t a t i o n s f o r a 1-ft 

s p h e r e , a s u i t a b l e v a l u e f o r A w a s c a l c u l a t e d t o b e 1.5 f o r t h e S N A P lOA fue l e l e m e n t . T h e r e f o r e , 

E q u a t i o n A - 2 b e c o m e s 

N A A - S R - 1 1 5 0 2 
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F i g u r e A - 3 . Drag Coeff ic ient for a 
C i r c u l a r Cy l inde r vs 

Alt i tude 

F i g u r e A - 2 . Mean F r e e P a t h and Knudsen 
N u m b e r vs Al t i tude 

C = 1.55 + (1.3) exp 
CYL ( " ^ • 5 P s ^ ) 

. (A-3) 

The c a l c u l a t e d c r o s s f l o w d r a g coeff ic ient f r o m Equat ion A-3 i s shown in F i g u r e A-3 with the c u r v e 

of m e a s u r e d d r a g . 

Us ing Equa t ion A-3 for the d r a g coeff ic ient , the b a l l i s t i c coeff ic ient for a SNAP lOA e l e m e n t can 

be c o m p u t e d . At a l t i t udes c o r r e s p o n d i n g to con t inuum flow, C „ i s , f r o m F i g u r e A - 3 , 1.55. 

T h e n . 
C Y L 

A = di = 0.1080 ft , 
P ' 

C _ A = 0.1674 ft^, 
D p ' 

W / C ^ A = 20.4 Ib/f t^ 
D p 

in the con t inuum r e g i m e (a l t i tudes at o r below 260,000 ft) for t h i s a v e r a g e d rag va lue , 

b . E n d - O v e r - E n d Tumbl ing 

The d rag coeff ic ient of a c i r c u l a r c y l i n d e r as a function of the angle of a t t ack , a , i s 

C „ = C sin a + C . cos a , . . . ( A - 4 ) 
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w h e r e C- . i s the nornnal f o r c e coeff icient and C . i s the ax i a l f o r c e coeff ic ient . The n o r m a l and 
(A2) axia l f o r c e coeff ic ients a r e c a l cu l a t ed for a cy l inde r as 

2de _ . 2 ^ 
C_, s m a. , N ~ 3A f P ref s 

a n d 

C_, cos a A " 4A . " "P 
ref s 

w h e r e A , i s the r e f e r e n c e a r e a ( c r o s s sec t ional ) and C _ i s the s tagna t ion p r e s s u r e coeff ic ient 

b a s e d on modif ied Newtonian t h e o r y which r e l a t e s the l oca l p r e s s u r e coeff icient to Mach n u m b e r by 
2 

C p ; i . e . , C p = C p s in 5 (6 i s the angle the body s u r f a c e m a k e s with the f r e e - s t r e a m d i r e c t i o n ) . 
s s 

T h e r e f o r e , Equat ion A-4 b e c o m e s 

Cj^ = B sin^ a + E cos'^ a , . . . (A-5) 

2 
w h e r e B and E a r e the p a r a m e t e r s ( 2d iCp / 3 A ,) and (TTd C p / 4 A , ) , r e s p e c t i v e l y . The a v e r a g e 

d rag coeff icient for one cyc l e of an e n d - o v e r - e n d tumbl ing cy l inde r i s 

'"HlZ , /•7T/2 
E cos adO! 

n i l i-n 
I B sin ada + I 

•'o •'o 

^0 
' dO! 

a s s u m i n g tha t o r i e n t a t i o n s of the cy l i nde r at a l l ang le s of a t t ack a r e equal ly p robab ly ; tha t i s , the 

p robab i l i ty of the rod being at a spec i f ied angle of a t t a c k i s a cons t an t . In t eg ra t ion of Equa t ion A-6 

y i e ld s (set t ing A ^ = A ) 
' ^ ^ ref p ' 

/ 2 d i C p TTd^Cp 

T h u s , 

D 37r \ 3A 4A 
P P 

C D % = l f ( % Y L ' ' ' ^ ' ' ' P s / • ---^^''^ 

The t e r m , C,^ di , i s tha t for c r o s s - a x i a l flow and, a s given above , has the va lue 0.1674 in the 
' ° C Y L ' , B , 

cont inuum r e g i m e . T h e r e f o r e , in cont inuum flow. 

Cj^A = 0 . 4 2 5 10.1674-1-0.00852(1.94)1 , . . . (A-8) 

s ince 7rd^/4 = 0.00852 ft^ and C p = 1.94. 
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F i n a l l y , 

C^ A = 0 . 0 7 8 1 
L p 

and the c o r r e s p o n d i n g ba l l i s t i c coeff icient value b a s e d on th i s a v e r a g e d rag i s W / C „ A = 43.8 lb / f t 

( e n d - o v e r - e n d tumbl ing) m the cont inuum r e g i m e . 

The b a l l i s t i c coeff icient for e n d - o v e r - e n d tumbl ing at a l t i t udes w h e r e C_^ i s not cons t an t i s 

ob ta ined f r o m Equa t ions A-7 and A-3 and can be e x p r e s s e d as 

377W/ 
^ / C ^ A p - 4 'KcYL 

d i + 0 . 0 1 6 5 3 

{ e n d - o v e r - e n d t u m b l i n g ) b a s e d o n a n a v e r a g e d r a g c o e f f i c i e n t . 

c . R a n d o m T u m b l i n g 

F o r t h e c a s e of a c i r c u l a r c y l i n d e r t u m b l i n g a t r a n d o m , a s s u m i n g t h a t o r i e n t a t i o n s of t h e c y l i n d e r 

a t a l l s p h e r i c a l a n g l e s a r e e q u a l l y p r o b a b l e , t h e a n g l e - o f - a t t a c k p r o b a b i l i t y f u n c t i o n , P(0!), i s e q u a l 

t o s m O!. T h i s c a n b e s h o w n b y c o n s i d e r i n g t h e a n g l e of a t t a c k , 0!, a t a n y t i m e d u r i n g d e s c e n t a c c o r d ­

i n g t o t h e f o l l o w i n g d i a g r a m 

L e t t h e p r o b a b i l i t y of a u n i t s o l i d a n g l e b e t h e 

s a m e f o r a l l s o l i d a n g l e s . T h e r e f o r e , t h e r e l a t i v e 

p r o b a b i l i t y of a g i v e n a n g l e of a t t a c k , 0!, t o t h a t a t 

2 Y a = 90 d e g r e e s i s t h e r a t i o of s o l i d u n i t a n g l e s t o 

t h a t a t a = 90 d e g r e e s . T h e c i r c u m f e r e n c e of o n e 

c y c l e t h r o u g h t h e s o l i d a n g l e s i s 27TY, w h e r e 

Y = R s i n a . H e n c e , t h e r e l a t i v e p r o b a b i l i t y i s 

PROBABILITY FUNCTION, P (a) 

Y 

P(a) _ 277R s m a 
r e l " sin 90° 

P(a) = K (ZTTR) s m a = K2 sin a , 

w h e r e K. and K^ a r e c o n s t a n t s . If o r i e n t a t i o n s at a l l s p h e r i c a l ang les a r e a s s u m e d equal ly p r o b a b l e , 

then 

K^ = 1, and 

^Tr/2 
jP(a!)dO! = 1 K s m a d a = 1 

P(a.) - s m OL 
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The average drag for random tumbling is then 

*Tr/2 

C 

P(a;)(Cj^ sin a + c ^ cos 0!)da 

D " rviz 
I P(a)da 

which y i e ld s 

-77/2 /-7T/2 
B sin a d a + / E sin a cos a d a 

/•7r/2 /-T 
/ B sin a d a + / 

-̂ 0 -/o 
•̂ D TWTT f sin OLda 

Integration of the above expression gives 

^ D = T F ^ + 4 ^ ' 

^ D - T ^ l 3A y + 4 l 4 A ^ p J ' 

C D % = ''•^^'^^^CYlf') ' ° - " ( ^ ^ P j • 

ffd^ F rom the values givenforC-, dl and—j-Cp in the continuum regime, 
CYL "* s 

Cj^A = 0.589(0.1674) + 0.25(0.0165) 

C„A = 0,1025 in continuum flow D p 

Therefore, using this value, 
2 

W/C„A =33.5 lb/ft in continuum flow (random tumbling) 

For altitudes at which C_ is not constant, and for an average drag, 
CYL 

W/C„A = 7 r ^ ( C r ^ d-^] + 242.4 W (random tumbling) 
D p 0.589 \ D _ y , ' " 
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APPENDIX B 

MULTI-DIMENSIONAL HEAT AND HYDROGEN TRANSPORT 

F o r s e v e r a l m o d e s of r e e n t r y , such a s s t ab i l i zed end-on and nonro ta t ing c r o s s - a x i a l r e e n t r y 

o r i e n t a t i o n s , the o n e - d i m e n s i o n a l ana ly t i ca l mode l d e s c r i b e d in the body of th i s r e p o r t cannot be 

appl ied . In t h e s e c a s e s , r e c o u r s e m u s t be m a d e to t w o - or t h r e e - d i m e n s i o n a l m o d e l s which can be 

c o n s t r u c t e d th rough a log ica l compounding of m e t h o d s u s e d in the o n e - d i m e n s i o n a l m o d e l . Up to the 

p r e s e n t tinne, such m u l t i - d i m e n s i o n mode l s have enabled a d e s c r i p t i o n of the fuel e l e m e n t behav io r 

up to the t i m e of in i t i a l fuel ab la t ion . Since such ab la t ion beg ins r e l a t i v e l y soon a f t e r fuel e l e m e n t 

r e l e a s e , the u se fu lnes s of the p r e s e n t m u l t i - d i m e n s i o n a l m o d e l s is l i m i t e d . It should be r e m e m ­

b e r e d , howeve r , tha t m o d e s of r e e n t r y which effect a nonuni form su r f ace hea t ing a round the c i r c u m ­

f e r e n c e of the fuel e l e m e n t have not been d e e m e d m o s t p r o b a b l e . 

F o r a r e e n t e r i n g SNAP fuel e l e m e n t which r e m a i n s in a nonro ta t ing c r o s s - a x i a l flight o r i en ta t ion , 

the a e r o d y n a m i c r e f e r e n c e hea t r a t e , the a i r s tagna t ion enthalpy, and t r a j e c t o r y p r o p e r t i e s a r e 

iden t i ca l to those for a c r o s s - a x i a l , spinning e l e m e n t . The a e r o d y n a m i c hea t ing cannot be a v e r a g e d 

a round the c i r c u m f e r e n c e , howeve r , and a high l oca l i zed hea t r a t e wil l be c o n c e n t r a t e d along the 

s t agna t ion l i n e . Away f r o m the s t agna t ion l ine t oward the b a c k s i d e of the fuel e l e m e n t , the hea t ing 

r a t e will t a p e r off r ap id ly . The r a t i o of the loca l hea t r a t e to the s t agna t ion point hea t r a t e i s shown 

in F i g u r e B - 1 a s a function of d e g r e e s of a r c m e a s u r e d f r o m the s t agna t ion l i n e . The hea t flux p r o ­

file in F i g u r e B - 1 is obta ined f r o m e x p e r i m e n t a l 

da ta given in R e f e r e n c e B l , A s i m i l a r prof i le 

was d e t e r m i n e d by Baughn th rough e x p e r i ­

m e n t a l c a l i b r a t i o n s with a c a l o r i m e t e r a s s e m b l y . 

Using th i s hea t r a t e d i s t r i b u t i o n prof i le shown 

in F i g u r e B - 1 and applying the R E S T O R E - c o m ­

puted r e f e r e n c e hea t ing and s tagna t ion enthalpy 

t r a n s i e n t s p r e v i o u s l y employed ( see F i g u r e s 3 

th rough 6), a p r e l i m i n a r y a n a l y s i s was m a d e of 

the fuel e l e m e n t b e h a v i o r up to in i t ia l ab la t ion 

for a nonro ta t ing , c r o s s - a x i a l conf igura t ion . 

Some s impl i f i ca t ions and a s s u m p t i o n s -were m a d e 

in th i s a n a l y s i s , and t h e s e can be l i s t e d as 

fol lows: 

0 

10-11-65 

60 80 100 120 
ANGLE (degrees) 

140 160 180 

76II-0II45 

F i g u r e B - 1 . Heat F lux Di s t r i bu t ion Around 
P e r i p h e r y of a Nonspinning, C r o s s - A x i a l 

SNAP lOA F u e l E l e m e n t 

1) End effects w e r e neg lec ted ; a un i fo rm heat ing was a s s u m e d along the e l emen t a x i s . 

2) The r e a c t i o n s (fuel oxidat ion, hyd rogen combus t ion and t r a n s p i r a t i o n cooling) a t the fuel 

su r f ace w e r e a s s u m e d to p r o d u c e a net negl ig ib le effect, 

3) The fuel e l e m e n t i s a s s u m e d to be unc lad at the t ime of i t s r e l e a s e f r o m the p a r e n t v e h i c l e . 

The f i r s t of t h e s e a s s u m p t i o n s is usua l p r o c e d u r e which was a l s o adopted in the o n e - d i m e n s i o n a l 

a n a l y s i s . The second r e p r e s e n t s a c o n s e r v a t i v e a p p r o a c h which can be p a r t i a l l y jus t i f ied if one 

*Refe r to the R e f e r e n c e s l i s t e d at the end of Appendix B . 
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c o n s i d e r s the r e l a t i v e l y ( c o m p a r e d to the o n e - d i m e n s i o n a l c a s e ) sho r t t i m e pe r iod be tween r e l e a s e 

and in i t i a l fuel m e l t i n g . The m i n o r net con t r ibu t ion of the su r f ace r e a c t i o n s t oward the to ta l hea t 

input to the e l e m e n t is a l s o a just i fying fac to r The t h i r d a s s u m p t i o n is jus t i f ied on the b a s i s of the 

fact that the cladding po r t i on along the s t agna t ion l ine of a nonro ta t ing e l e m e n t m e l t s a l m o s t i m m e d i ­

a te ly a f te r r e l e a s e for r e l e a s e a l t i t udes wi thm the cont inuum r e g i m e . 

An ana ly t i ca l mode l was c o n s t r u c t e d to d e s c r i b e the fuel m a t e r i a l r e s p o n s e for the above cond i ­

t i o n s . The i n c r e m e n t a l a r r a n g e m e n t and typica l nodal ne twork for e i t he r the hea t t r a n s f e r or the 

hyd rogen t r a n s p o r t s imu la t i on is shown m F i g u r e B-2 m a c r o s s sec t iona l v iew. The fuel e l e m e n t 

<i FUEL 

laero 

10 - 11 - 65 7611-01146 

F i g u r e B - 2 . T w o - D i m e n s i o n a l Model for a Nonspmnmg SNAP IDA 
Fue l E l e m e n t Or i en t ed C r o s s Axial ly 

IS b roken up into four r a d i a l i n c r e m e n t s with 4, 8, and 16 i n c r e m e n t s , r e s p e c t i v e l y , m the c o n c e n ­

t r i c cy l i nd r i ca l r i n g s . F o r r e a s o n s of s y m m e t r y , a h a l f - s l i c e need only be c o n s i d e r e d m the ana ly­

s i s . In the d i a g r a m m F i g u r e B - 2 , th is h a l f - s l i c e is shown to be along the l ine f rom point A to 

point B, w h e r e point B r e p r e s e n t s the s t agna t ion point and point A is 180 d e g r e e s r e m o v e d f r o m B. 

The d i r e c t i o n of flight is along the l ine f rom point A to point B . 
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Flow pa ths a r e c o n s i d e r e d be tween all i n c r e m e n t s in th is h a l f - s l i c e with n o n z e r o adjoining i n t e r ­

f a c e s . A e r o d y n a m i c hea t ing is put into each z e r o - c a p a c i t y , su r f ace node in the hea t t r a n s f e r s i m u ­

la t ion ne twork acco rd ing to F i g u r e B - 1 and the angle f o rmed by point B, the fuel c e n t e r , and the 

point r e p r e s e n t e d by the su r f ace node . Hydrogen c o n c e n t r a t i o n s at the su r f ace nodes in the h y d r o ­

gen t r a n s p o r t ne twork a r e held cons tan t and equal to z e r o th roughout the c o m p u t a t i o n s . M a t e r i a l 

p r o p e r t i e s and in i t ia l condi t ions a r e cons i s t en t •with those in ca l cu la t ions m a d e for c r o s s - a x i a l , 

spinning e l e m e n t s . 

The hea t and h y d r o g e n cont inui ty equa t ions for p l u r i - d i m e n s i o n a l flow a r e s i m i l a r to Equa t ions 6 

and 7 except tha t p a r t i a l d e r i v a t i e s with r e s p e c t to r a d i u s a r e r e p l a c e d by v e c t o r g r a d i e n t o p e r a t o r s 

to account for a n g u l a r hea t flow. The T A P - 3 code i t e r a t i v e equa t ions for n o n z e r o capac i ty nodes 

a r e exempl i f i ed for a typ ica l node , i, in the i n c r e m e n t a l a r r a n g e m e n t in F i g u r e B-2 by the 

e x p r e s s i o n s , 

t4-At 
T. +P-

\ ^ i 
'. . (T. T.) + Y. . (T. T.) 

w h e r e 

e t c . , and 

for hea t t r a n s f e r , and 

-FY. . (T. - T.) -F Y. . (T. - T.) -F Q. 

-(^^\ • (c • z ) . 
J l . i V^^/J l . i"2 P i 

(N. - N. lAV 

\ h H-At/ 
Q. = 

d i s s 
i At 

t-FAt 1 
Y. . (N . - N.) + Y. .(N. - N.) 

. (B-1) 

-F Y. . (N . 
Jo 1 } , 

N . ) -F Y. . ( N . - N . ) 
^3. ' 

w h e r e 

Y. 
^ 1 , 

(AX)J 

J4,^ 

e t c . , 

. . ( B - 2 ) 

for h y d r o g e n t r a n s p o r t . 

R e s u l t s of a typ ica l ca l cu la t ion us ing th i s t w o - d i m e n s i o n a l m o d e l for a c r o s s - a x i a l , nonro ta t ing 

SNAP lOA fuel e l e m e n t r e l e a s e d f r o m 245,000 ft i s p r e s e n t e d in F i g u r e B - 3 . The t e m p e r a t u r e of 

the fuel n e a r the s t agna t ion point i s shown to i n c r e a s e r ap id ly i m m e d i a t e l y a f te r r e l e a s e . In i t ia l 

me l t i ng i s ach ieved at 24 s e c . As expec ted , the t e m p e r a t u r e d i s t r i b u t i o n a round the su r f ace fo l ­

lows the g e n e r a l p rof i le in F i g u r e B - 1 . The m i n i m u m su r f ace t e m p e r a t u r e , at the b a c k s i d e of the 

e l e m e n t , i s about 1400°F at the t i m e of in i t ia l m e l t i n g . The v o l u m e t r i c a v e r a g e t e m p e r a t u r e of the 

fuel at th i s t i m e is about 1750°F . Hydrogen l o s s within the f i r s t 24 sec amoun ted to about 12%, the 

hydrogen content d e c r e a s i n g f r o m an in i t ia l H / Z r = 1.80 to H / Z r = 1.58 at t = 24 s e c . 
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F i g u r e B - 3 . Ca l cu l a t ed Behav io r of 
a Nonspinning SNAP 1 OA F u e l E l e m e n t 

O r i e n t e d C r o s s - A x i a l l y 

The r e s u l t s show that the t i m e p e r i o d be tween r e l e a s e and in i t i a l fuel ab la t ion is s h o r t for a n o n -

spinning rod m c r o s s - a x i a l flo-w as c o m p a r e d to a spinning rod (24 sec c o m p a r e d to about 110 sec 

for a 245,000-f t r e l e a s e a l t i t ude ) . The fuel t e m p e r a t u r e s up to in i t i a l ab la t ion can be a c c u r a t e l y 

computed us ing the t w o - d i m e n s i o n a l mode l p r e s e n t e d h e r e . After ab la t ion beg ins , howeve r , u n c e r ­

t a i n t i e s ex i s t m the m a n n e r of v a r i a t i o n of the s u r f a c e hea t ing d i s t r i b u t i o n as the su r f ace contour 

c h a n g e s . F o r th is r e a s o n , no a t t e m p t was m a d e to s i m u l a t e the ab la t ion p r o c e s s for th is c a s e . 

F u r t h e r i n v e s t i g a t i o n s a i m e d at a r r i v i n g at b e t t e r da ta on p a r t i c l e shea r -o f f and hea t ing v a r i a t i o n s 

dur ing ab la t ion a r e t h e r e f o r e r e c o m m e n d e d . 

R e f e r e n c e s 

B l . W. Hag i s , "SNAP P r o g r a m s Uppe r A t m o s p h e r e E x p e r i m e n t a l R e e n t r y Study," M N D - P - 2 6 8 6 
( S e c r e t ) ( M a r c h 1962) 

B2 . J . W. Baughn, "SNAP F u e l R e e n t r y Burnup E x p e r i m e n t in a H y p e r t h e r m a l Wind Tunne l , " NAA-
SR-9779 (Oc tober 15, 1964) 
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APPENDIX C 

THE HYDROGEN DIFFUSION EQUATION 

1. The General Equation 

The diffusion of hydrogen out of a SNAP fuel element under reentry heating has a strong bearing 

on the thermal history of the element. One of the primary objectives, therefore, of the analytical 

model developed m this report is to describe the hydrogen redistribution throughout the fuel at all 

times during descent. To achieve this, the model is capable of solving the general diffusion equation, 

using an empirical diffusion coefficient, with the appropriate boundary conditions. 

The fundamental differential equation for the diffusion of atoms or molecules in a homogeneous 
(C 1) solid material is , for three dimensional flow, 

^ = 1 S(A J ) - ^ ^ ( A J ) - ^ ^ ( A J ) , . . . (C-1) 
dt A 9x* XX A dy y y A dz* z z ^ ' 

X Y z 

where J , J , and J are the net hydrogen fluxes along the x, y, and z axes, respectively. Each of 

these fluxes may be given as the sum of the individual flows under the respective driving forces of a 

concentration gradient and a thermal gradient. Thus, 

J = . D f M + - Q . N . ^ . C^^ . . . (C-2) 
X y ax ^^2 ax Fy ^ ' 

and similarly for J and J . In this expression, Q is the heat of transport , a heat quantity on the 
y (C2) order of 6 to 12 kcal/mole of H^. The quantity, C„ , is a concentration factor which accounts for 

the reduction m thermal diffusion due to the nonavailability of hydrogen sites m a concentrated solu­

tion. In dilute solutions, C„ may be set equal to unity since essentially all sites are unfilled. In the 

high-concentration phases of the ZrH system, C.̂ , can be given by C„ = (2 - H/Zr) /2 (see following 

derivation). 

Equation C-1 is the most general form of the hydrogen continuity equation for the migration of 

hydrogen m nonstoichiometric hydrides. The equation is valid over all phases of the zirconium-

hydrogen system since hydrogen in zirconium is known to act as a thermodynamic solution 

m any phase. Note that this system must be treated differently than one in which the diffusing sub­

stance becomes immobilized or captured by chemical reaction (see, for example. Reference CI, 

Chapter VIII). Indeed, the experimental studies of Hon and Stalinski et al. have shown that 

the hydrogen atoms in such nonstoichiometric mixtures possess a distinct, continuous activity de­

pendent solely on temperature and hydrogen content. It follows that the net hydrogen flux m such 

mixtures can always be expressed in terms of the total number of hydrogen atoms and the distribution 

of these atoms throughout the material . Stated simply, all hydrogen atoms are available to diffuse 

m such mixtures, there is no immobilizing chemical reaction. 

Equation C-1 has been applied, in its one-dimensional form, to hydrogen redistribution m z i r -
11 X. r- t-u (C3) „ .̂  1 ^ •^T <- (C8) , . , 1 ^ (C9 and CIO) ., 

conium alloys by Gulbransen, Sawatzky and Vogt, and Markowitz, among others. 

Refer to the References listed at the end of Appendix C. 
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G e n e r a l l y , t h e s e a u t h o r s d i s c u s s ana ly t i ca l c l o s e d - f o r m so lu t ions to t r a n s i e n t and s t e a d y - s t a t e h y d r o ­

gen r e d i s t r i b u t i o n s under fixed t e m p e r a t u r e d i s t r i b u t i o n s . F u r t h e r background in fo rma t ion on 

m e t a l - g a s so lu t ions m g e n e r a l is conta ined m R e f e r e n c e s C l l and C 12, and on n o n s t o i c h i o m e t r i c 

hyd r ide s in p a r t i c u l a r m Rpfc rences C13 and C 14, 

In the a n a l y t i c a l fuel e l e m e n t r e e n t r y m o d e l , i t e r a t i v e so lu t ions to Equat ion C-1 w e r e in i t i a l ly 

ach ieved us ing the c o m p l e t e f o r m of the hydrogen flux Equat ion C - 2 . This was done by cons ide r ing 

the t h e r m a l diffusion t e r m in Equa t ion C-2 a s a c o n c e n t r a t i o n " s o u r c e , " and defining, 

Q - ' i l ^ l - ^ ^ ^ N ^ c ^ l d v ar^ \ 
cjx Ft 

Q = A / D A - ^ , N | ^ C „ ) dx 
\ RT ^^ / 

Applying finite d i f ference f o r m s to the o n e - d i m e n s i o n a l f o r m of the cont inui ty Equat ion C-1,one 

then g e t s , 

^ +-;n7-rY 1 (N , - N ) + Y ^ i ( N ^ , - N ) + Q 1 ^ 1, AV [_ 1-1,1 1-1 1 1,1+P i-Fl 1 i j t ^"•t+At "̂ ^^ ' ^^- ' • ' i - l ' i ' ' ' i - l " i ' ' " L I + I ' ^ ' I - F I " " " i ' ' " ^ i | t ' 

w h e r e 

(^\ 
- i ' ^ " V A x A . i , i 

Y - ( ^ 
1,1-Fl \d^ J^^^+^ . and 

Q 
Q i = R (^-,)^.,^-(VI-I)^(^-FL-(^I.1-I) 

This equa t ion has the f o r m of the b a s i c T A P - 3 i t e r a t i v e equat ion for nodes with nonze ro c a p a c i ­
t a n c e s . Eva lua t ing the a d m i t t a n c e s , Y , , , and the nodal s o u r c e t e r m s , Q , at each i t e r a t i o n , the 

° 1,1-Fl 1 

t r a n s i e n t hydrogen r e d i s t r i b u t i o n equat ion can be so lved by m e a n s of the T A P - 3 code for the a p p r o ­

p r i a t e boundary cond i t ions . Summing up all nodal i t e r a t i v e equa t ions for n o n z e r o capac i t i e s and in ­

cluding the bounda ry Equat ion 10, one can d e m o n s t r a t e that hydrogen is c o n s e r v e d m the s y s t e m as 

a w h o l e . Tha t i s , the c o n c e n t r a t i o n at t ime t -F At can be equated with the concen t r a t i on at t i m e 

t m i n u s the hydrogen l o s s f r o m the s u r f a c e dur ing the t ime i n c r e m e n t , At-

F o r typ ica l r e e n t r y t e m p e r a t u r e and c o n c e n t r a t i o n g r a d i e n t s , it was found by m e a n s of d i r e c t 

so lu t ion tha t the con t r ibu t ion of the t h e r m a l diffusion t e r m m act ing aga ins t the h y d r o g e n out-flow 

was indeed neg l ig ib le . It w a s concluded that r e e n t r y so lu t ions b a s e d on the e l imina t ion (Q = 0) of 

the hydrogen t h e r m a l diffusion t e r m can be d e e m e d s a t i s f a c t o r y . 
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F o r c a s e s of t r a n s i e n t h y d r o g e n r e d i s t r i b u t i o n in h y d r o g e n - c o n t a i n e d fuel e l e m e n t s , dur ing n o r ­

m a l r e a c t o r o p e r a t i o n , for e x a m p l e , u s e of the ana ly t i ca l mode l developed in th i s r e p o r t wi th the 

app l ica t ion of the a p p r o p r i a t e boundary condi t ions is r e c o m m e n d e d . In t he se c a s e s , t he t h e r m a l 

hyd rogen diffusion effects can be s i m u l a t e d us ing the hydrogen s o u r c e t e r m s in the T A P - 3 s i m u l a t i o n 

ne twork a s expla ined p r e v i o u s l y , 

2 . J u m p F r e q u e n c i e s and Act iva ted Hydrogen 

P o s s i b l e i n t e r s t i t i a l pos i t ions for hyd rogen a t o m s in a f a c e - c e n t e r e d (f, c.) uni t c e l l of a m e t a l 

hydr ide a r e sho'wn in F i g u r e C - 1 , Mos t t r a n s i t i o n m e t a l h y d r i d e s exhibi t th is f a c e - c e n t e r e d l a t t i ce 

s t r u c t u r e in s o m e phase or a n o t h e r . Del ta 

Oz, 9 

I I I I 

1 I I I I I 
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F i g u r e C - 1 . P o s s i b l e I n t e r s t i t i a l P o s i t i o n s 
for Hydrogen Atoms in a Meta l Hydr ide 

L a t t i c e S t r u c t u r e 

phase Z r H p o s s e s s e s a cubic f. c . c r y s t a l 

1), Eps i l on p h a s e Z r H is a s t r u c t u r e ( c / a 

t e t r a h e d r a l f, c . phase wi th a v a r i a b l e c / a r a t i o 

l e s s than one. The c / a r a t i o d e c r e a s e s wi th 

i n c r e a s i n g h y d r o g e n c o n c e n t r a t i o n in th is p h a s e . 

The funct ional d e c r e a s e is non l inear and a p ­

p r o a c h e s a va lue of about 0.893 for 

H / Z r — » - 2 , Recen t s tud ies ' ' us ing 

Nuc lea r Magne t ic R e s o n a n c e (NMR) have shown 

that h y d r o g e n a t o m s occupy only the t e t r a h e d r a l 

s i t e s in the hydr ide p h a s e s of z i r c o n i u m and 

t i t a n i u m . F u r t h e r , the n o n s t o i c h i o m e t r y of 

t h e s e compounds i s a t t r i b u t e d to hydrogen 

v a c a n c i e s in t h e s e t e t r a h e d r a l s i t e s . It has 

been o b s e r v e d tha t the cubic f, c , c r y s t a l s t r u c ­

t u r e of 6 -phase Z r H b r e a k s down into one of 

x 

the two z i r c o n i u m a l l o t r o p i c phase s t r u c t u r e s 

{cc> P)- Th i s is t r u e for an a v e r a g e h y d r o g e n 

vacancy c o n c e n t r a t i o n of 2.5 or m o r e t e t r a ­

h e d r a l s i t e s pe r cubic c e l l , each ce l l conta in ing 

8 h y d r o g e n s i t e s . T h u s , about one out of eve ry 

four t e t r a h e d r a l h y d r o g e n s i t e s i s vacan t for the 

compos i t i on Z r H , _. A fu r the r d e c r e a s e in 

v a c a n c y c o n c e n t r a t i o n l e ads to a phase t r a n s ­

f o r m a t i o n at about Z r H , ., a c c o r d i n g to the 

phase d i a g r a m . The r e l a t i o n s h i p be tween h y d r o ­

gen con ten t , N (moles H /un i t v o l u m e ) , and 
h y d r o g e n vacancy c o n c e n t r a t i o n is g iven by 

vacancy c o n c e n t r a t i o n = (S - N) 

= C(s - H / Z r ) , 

(C7) 
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w h e r e 

s = the m a x i m u m H/Zr r a t i o p o s s i b l e (~2) 

C = the c o n v e r s i o n f ac to r f r o m H / Z r to N ( m o l e s / u n i t vo lume) 

S = s (C) , the m a x i m u m h y d r o g e n c o n c e n t r a t i o n ( s t o i c h i o m e t r y ) . 

The v a c a n c y c o n c e n t r a t i o n d e c r e a s e s s l igh t ly for s m a l l a m o u n t s of fo re ign a t o m s in the i n t e r s t i ­

t i a l pos i t ions of the l a t t i ce s t r u c t u r e . An a v e r a g e s a m p l e of Z r H (supposedly pu re ) con ta ins i m ­

p u r i t i e s amount ing to about 5 fo re ign a t o m s for e v e r y 100 z i r c o n i u m a t o m s . F o r such a s a m p l e , 

s = 1.95; h o w e v e r , s a m p l e s of g r e a t e r p u r i t y , up to Z r H , „„ , have been obta ined. 

N o n s t o i c h i o m e t r i c h y d r i d e s a r e c h a r a c t e r i z e d by h y d r o g e n mot ion f r o m vacancy to v a c a n c y , even 
in the a b s e n c e of m a c r o s c o p i c c o n c e n t r a t i o n g r a d i e n t s . Th i s mot ion or ac t iva t ion is o b s e r v e d to in ­
c r e a s e wi th i n c r e a s i n g t e m p e r a t u r e and d e c r e a s e wi th i n c r e a s i n g H / Z r r a t i o . S ta l insk i , Coogan, 

{c 7 r' 1 ^) 

and Gutowsky ' have e x p r e s s e d the " jump f r e q u e n c y " (the n u m b e r of t i m e s an a v e r a g e a t o m 

p a r t i c i p a t e s in a diffusion s t e p p e r s e c ) in t e r m s of vacancy c o n c e n t r a t i o n and t e m p e r a t u r e a c c o r d i n g 

to the r e l a t i o n s h i p , 
k ^ 
^1 (S - N) RT , - 1 , , ^ , , 

^^~AT^~S " ^^^^ ' • • • ( C - 3 ) 

for 1.5 < H / Z r < 2 and w h e r e 

- 12 
A T = leng th of t i m e for a j u m p « 10 s e c , and 

k , = d i m e n s i o n l e s s c o n s t a n t ( see N o m e n c l a t u r e a t the end of Appendix C) . 

The c o m p o s i t i o n l i m i t s shown confine Equa t ion C-3 to the § and f p h a s e s of the Z r - H s y s t e m . The 
(C7) equa t ion has been e x p e r i m e n t a l l y ve r i f i ed and can be e a s i l y d e r i v e d . The r e l a t i o n s h i p s t a t e s 

s im p ly tha t the j u m p f requency is p r o p o r t i o n a l to the p roduc t of the p robab i l i t y of an a t o m having an 

ac t iva t ion e n e r g y , AH, and the p robab i l i t y of an ad jacent s i t e being v a c a n t . Th i s l a t t e r p robab i l i t y 

has been m o r e c o r r e c t l y f o r m u l a t e d by Hon to be 1 - (N/S) r a t h e r than the P(S - N)/S u s e d in 

the d e r i v a t i o n of Equat ion C - 3 . H e r e , P is the n u m b e r of ne ighbor ing hydrogen s i t e s to which an 

a t o m can diffuse. A value of P = 4 h a s been given by Coogan and Gutowsky for the f. c . c. l a t t i ce 

s t r u c t u r e , a s s u m i n g a diffusion path along the body d iagona l s of the uni t c e l l s . F o r e i t he r f o r m u l a ­

t ion of the vacan t s i t e p robab i l i t y , s i m i l a r r e s u l t s a r e obta ined . 

Using Equa t ion C - 3 , then ,we can define the c o n c e n t r a t i o n of ac t i va t ed hydrogen in the 6 and e phase 

of the Z r - H s y s t e m a s 

AH 

N ^ = k^^^ ~ ^* N • e ^"^ (moles H / u n i t vol) . . . (C-4) 

The t e r m N , r e p r e s e n t s the c o n c e n t r a t i o n of h y d r o g e n a t o m s , a t any point x and t i m e t , ac tua l ly in 

the p r o c e s s of j umping f r o m one t e t r a h e d r a l s i t e to a n o t h e r . It is s imp ly the p robab i l i t y of an a t o m 

being in a s t a t e of mot ion or ac t iva t ion , a t a c e r t a i n point , mu l t i p l i ed by the c o n c e n t r a t i o n of a t o m s 

a t tha t point . F o r t h i s r e a s o n , we sha l l ca l l N . the a c t i v a t i o n . Equa t ion C-4 exhib i t s a behav ior 

c h a r a c t e r i s t i c of the e x p e r i m e n t a l o b s e r v a t i o n s men t ioned b e f o r e ; the ac t iva t ion i n c r e a s e s -with 
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i n c r e a s i n g t e m p e r a t u r e and d e c r e a s e s wi th i n c r e a s i n g h y d r o g e n compos i t i on . Indeed, N . *- 0 for 

N »-S; tha t i s , the ac t iva t ion is z e r o for s t o i c h i o m e t r i c z i r c o n i u m h y d r i d e . 

Now^, how can the ac t iva t ion and the j u m p f r equency be defined in the di lute so lu t ion p h a s e s (a or 

;3) of the Z r - H s y s t e m ? Th i s ques t i on i s e a s i l y a n s w e r e d if we c a n a s s u m e tha t the p robab i l i t y tha t 

a t l e a s t one ne ighbor ing h y d r o g e n s i t e wi l l be vacan t is a lways c lo se ly equal to one. This i s un ­

doubtedly t r u e for the ^ ' P h a s e w h e r e hydrogen co n cen t r a t i o n s a r e e v e r y w h e r e e x t r e m e l y low. It 
(C 6) 

should be men t ioned a t th is point tha t evidence^ ind ica t e s tha t t h e r e i s l i t t l e p r e f e r e n c e for a 

c o a l e s c e n c e of h y d r o g e n v a c a n c i e s . The a s s u m p t i o n of r a n d o m d i s t r i b u t i o n of v a c a n c i e s is i n h e r e n t 

th roughout t h e s e d e r i v a t i o n s . If t h i s is s o , then the s m a l l n u m b e r of occupied h y d r o g e n s i t e s in 

a - z i r c o n i u m r e n d e r s the p robab i l i t y of finding a vacancy among ne ighbor ing s i t e s a v i r t u a l c e r t a i n t y . 
The b o d y - c e n t e r e d cubic be ta phase e x t e n d s , a t h ighe r t e m p e r a t u r e s , to a m a x i m u m H / Z r r a t i o 

of about 1.3. T h e r e is good r e a s o n to be l i eve that hydrogen occupies the o c t a h e d r a l s i t e s in th is 
fC 17) (O 181 

p h a s e , pos s ib ly in d ipo la r H - H double occupancy . It would a p p e a r tha t a t l e a s t twelve 

poss ib l e pa ths for diffusion would be ava i l ab le for hydrogen in the o c t a h e d r a l s i t e s , p rovid ing diagona 

jumping i s a l lowed . F o r th is c a s e , the lowes t p robab i l i t y tha t a ne ighbor ing s i t e wi l l be vacan t is 

m' -' - im 
Assuming then tha t a solute h y d r o g e n a tom in a - oi" ^ - z i r c o n i u m wi l l a lways diffuse upon at ta ining 

an ac t iva t ion e n e r g y AH, we m a y w r i t e , for the j u m p f r equency in t h e s e p h a s e s , 

k ^ 
e (sec ) . . . - ( C - S ) 

A T 

The ac t iva t ion is then 
AH 

N ^ = k ^ e ^"^ • N . . . . ( C - 6 ) 

Note that the ba s i c d i f ference be tween the j u m p f r equenc ie s or the ac t iva t ions in the two c a s e s con­

s i d e r e d l i e s only in the v a c a n c y c o n c e n t r a t i o n dependency . It wi l l be s e e n tha t t h e s e d i f fe rences 

pa r t i t i on the ove ra l l p r o b l e m of h y d r o g e n r e d i s t r i b u t i o n into s e p a r a t e r e g i o n s , defined by the p a r t i ­

c u l a r hyd rogen flux equat ion to be used in each p h a s e . 

3 . Der iva t ion of the Hydrogen Flux Equat ions 

Whenever a hyd rogen flux, J , at s o m e point , x , in a hydr ide is m e a s u r e d , the quant i ty being d e ­

t e r m i n e d i s the ne t ac t iva t ion along the c o n s i d e r e d (x) a x i s . C o n s i d e r a c r o s s s ec t i ona l a r e a . A, a t 

point , x , in a z i r c o n i u m hyd r ide conf igura t ion , as shown in F i g u r e C - 2 . 

Le t N, T , , and N-,, T^ denote the to ta l hydrogen c o n c e n t r a t i o n and the t e m p e r a t u r e at points x , 

and x ^ , r e s p e c t i v e l y . Defining the a v e r a g e ve loc i ty of a m i g r a t i n g hydrogen a tom to be the a v e r a g e 

d i s t ance t r a v e l e d in a unit j u m p (mean f ree path) divided by the a v e r a g e t i m e r e q u i r e d for a j u m p , 

v = ; ^ . . . . ( C - 7 ) 

•we m a y •write 

•^1-2 = N • V . . . . (C-8) 
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X AXIS 

F i g u r e C - 2 . C o n f i g u r a t i o n U s e d m 
D e r i v a t i o n of H y d r o g e n 

F l u x E q u a t i o n s 

11-9-65 7611-01148 

T h i s IS t h e b a s i c d e f i n i t i o n of a f lux f r o m a p o i n t , x . , t o a p o i n t , x ^ . T h e v e c t o r q u a n t i t y , N , i s t h e 

c o n c e n t r a t i o n of a t o m s w h i c h c r o s s t h e a r e a . A , m t h e p o s i t i v e d i r e c t i o n of t h e x - a x i s . I t i s t h e 

p r o b a b i l i t y t h a t a n a t o m w i l l j u m p a c r o s s t h e a r e a . A , f r o m t h e p o i n t , x , , m u l t i p l i e d b y t h e c o n c e n ­

t r a t i o n of a t o m s a t x , . T h u s , 

A H 

N (C-9) 

for the hydr ide p h a s e s of the Z r - H s y s t e m . H e r e , k^ is some f rac t ion of the cons t an t , k . , used be^ 

fore and (S - N^) is the vacancy c o n c e n t r a t i o n a t point x . The f ac to r , \ /Ax , is n e c e s s a r y s ince 

s o m e a t o m s s t a r t i n g f r o m x , never r e a c h x , if X < Ax, The flux, J , would be c o r r e s p o n d i n g l y 

i n c r e a s e d for X > Ax. Combining Equa t ions C - 7 , C-8,and C-9 ,we can w r i t e 

AH 
^ ^ (S - N^) "RT^ 

•^1-2 = A T • S • ^2 S ® ' ^l (C-10) 

S i m i l a r l y , for the hydrogen flux f r o m point x^ to x , , we have 

J 2 - 1 = N - ^ 

X X 

AH 
(S - N^) "RT^ 

•^2-1 " A T • s i • ^2 S "" N„ (C-U) 

With the above e x p r e s s i o n s for J, -, and X, , , we a r e now able to de r ive the net hydrogen flux c r o s s ­

ing the a r e a . A, unde r the dr iv ing f o r c e s of t e m p e r a t u r e and c o n c e n t r a t i o n g r ad i en t s m 6- or 

f -phase Z r H . 
X 
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a. Case I C o n c e n t r a t i o n Grad ien t ; No T e m p e r a t u r e Grad ien t 

F o r th is c a s e , we have N , > N , and T, = T^. Then , 

•^net ~ •^1-2 

X^ 
" A T • 

X̂  
- " A T 

- J 2 - I 

AH 
, RT 

2 ^ 

AH 
. k e ^ T k ^ e 

N^(S - N^) - N2(S - N^) 

S • Ax -

^ 2 - ^ 1 
AX 

F o r X ^ 0 , we ge t , in the l imi t ing c a s e . 

•^let - ' A l ' • "̂ 2 '̂  

AH 
• R T aN 

ax (C-12) 

We define now 

A T 2 

AH 
• R T (C-13) 

which is a s t a n d a r d diffusion coeff icient f o r m , and we can w r i t e 

J t = - D f • net ax (C-14) 

b . C a s e II T e m p e r a t u r e Grad ien t ; No C o n c e n t r a t i o n Grad ien t 

F o r th i s c a s e , we have Tj > T^ and Nj = N2. Then 

•net ' '^1-2 " •^2-1 

X . . ( S ^ ) N 
A T 2 S 

AH 
" R T T 

AH 
"RT, 

AX 

F o r X • - 0 , we get , in the l imi t ing c a s e . 

net ~KT 
(S - N) 

2 S 

A H \ 
M 3 RT ; 

- D . _ Q 1 . I T _ (S - N) , 
R T )X 

N (C-15) 
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w h e r e Q = A H • f, f being s o m e function of the o r d e r of uni ty to account for a v a r i a b l e ac t iva t ion 

e n e r g y wi th t e m p e r a t u r e or to account for the s p a t i a l d i s t r i b u t i o n of the ac t iva t ion e n e r g y . (See 

R e f e r e n c e C 19, pages 845-846 , and R e f e r e n c e C20 . ) Equat ions C-14 and C-15 r e p r e s e n t the h y d r o g e n 

fluxes c r o s s i n g the a r e a . A, f i r s t for a c o n c e n t r a t i o n g rad i en t and second ly for a t h e r m a l g r a d i e n t . 

The s igns m the equa t ions show that the hyd rogen r e d i s t r i b u t i o n is a lways m the d i r e c t i o n of d e c r e a s 

mg c o n c e n t r a t i o n or t e m p e r a t u r e . If both g r a d i e n t s s e r v e s i m u l t a n e o u s l y as d r iv ing f o r c e s , the 

to ta l flux IS the s u m of the individual net f luxes , 

- D 
SN , _ Q _ 9T (S - N) 
S x " ^ ^^2 • a x S 

. . . (C-16) 

With the d e r i v a t i o n out l ined above , •we thus obtain a h y d r o g e n flux m t e r m s of N and t e m p e r a t u r e 

for the hyd r ide p h a s e s of the Z r - H s y s t e m . If the me thod of d e r i v a t i o n is c o r r e c t , •we should be able 

to d e r i v e a l s o the s t a n d a r d flux equa t ion , 

given m the l i t e r a t u r e (obtained us ing i r r e v e r s i b l e t h e r m o d y n a m i c s ) for h y d r o g e n m a dilute sol id 

so lu t ion . Note •that the e x p r e s s i o n obta ined for the h y d r o g e n flux m the hyd r ide p h a s e s is not a p p l i ­

cable to the di lute so lu t ion p h a s e s b e c a u s e of the d i f fe rences in the m e c h a n i s m of diffusion. 

F o r the so lu t ion p h a s e s , the p robab i l i t y of an a t o m jumping f r o m the point , x , , a c r o s s the a r e a , 

A, IS t hen . 

AH 
-RT 

AX 2 

We have 
A H 

a n d 

2-1 AT A X 2 

P r o c e e d i n g as b e f o r e , we obta in 

* X X ^ ^ 1 J, , = N - v = - ^ - - r v - k , e - N , 1-2 A T A X 2 1 

AH 

JT 1 = ^ • ^ • k , e • N , 

T h u s , 

•^net '^1-2 '^2-1 

aN 
J ^ = -I^Krp for i s o t h e r m a l diffusion a s AX »- 0 net ax 
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and 

o'' aT 
J = - D — - o ^ v ' N for t h e r m a l diffusion with cons tan t hyd rogen content 
net ^^<i ax ^g ^ ^ ^ 0 

The to ta l flux for s i m u l t a n e o u s app l ica t ion of t e m p e r a t u r e and c o n c e n t r a t i o n g r a d i e n t s is then the 

s u m of t h e s e net f luxes : 

• ) • 
J = -D l i ¥ + - ^ - l i - NJ , .. .(C.18) 

RT 

which is iden t i ca l wi th Equa t ion C-17. 

F r o m e x p e r i m e n t , it h a s been o b s e r v e d tha t the ac t iva t ion e n e r g y for hyd rogen in Z r H a p p e a r s 

to be n u m e r i c a l l y equal to the hea t of t r a n s p o r t , Q , if the e x p e r i m e n t a l data a r e eva lua ted acco rd ing 

to the above e q u a t i o n s . This is t r u e not only for the di lute so lu t ion p h a s e s , but for the hydr ide 

p h a s e s a s w e l l . 

One of the m o s t i n t e r e s t i n g r e s u l t s of Equat ion C-16 is the m a t h e m a t i c a l f o r m of the s t e a d y - s t a t e 

so lu t ion (J = 0). F o r a z e r o hydrogen flux, we get 

S . 3 N / a X _ Q " ST 
(s - N)N ^^z ax 

Q 

^ ^ = C j . e ^ T ^ . . . ( C - 1 9 ) 

w h e r e C , is a cons t an t of i n t e g r a t i o n . We can c o m p a r e th is s t e a d y - s t a t e c o n c e n t r a t i o n d i s t r i bu t ion , 

which holds for 6 or e h y d r i d e , wi th the e q u i l i b r i u m d i s t r i b u t i o n obta ined for the di lute so lu t ion 

p h a s e s f rom Equat ion C-18 for J = 0. 

RT N = Cp • e , w h e r e C-, = cons t an t . . . . (C-20) 

We note f r o m Equat ion C-19 tha t the h y d r o g e n co n cen t r a t i o n , N, a p p r o a c h e s S, the m a x i m u m ( s to i ­

c h i o m e t r i c ) c o n c e n t r a t i o n , as T a p p r o a c h e s 0 ° K f o r the hyd r ide p h a s e s . This is the l imi t ing con­

di t ion to be expec ted s ince the ac t iva t ion a p p r o a c h e s z e r o for T *- 0°K (see Equa t ion C-4 ) . The i n ­

abi l i ty of Equat ion C-20 to d e m o n s t r a t e th i s l imi t ing condi t ion poses a m a j o r object ion to i t s use in 

the hydr ide phases of the fuel m a t e r i a l . F u r t h e r , eva lua t ions of Q data in the hydr ide p h a s e s , a c ­

co rd ing to Equa t ion C-19, can be shown to expla in data d i s c r e p a n c i e s and p e c u l i a r i t i e s o t h e r w i s e 

u n r e s o l v e d . 

4. N o m e n c l a t u r e 

3 
N = to ta l hydrogen content at point x at t i m e T (lb of H^/f t ) 

3 
N . = c o n c e n t r a t i o n of ac t iva t ed h y d r o g e n a t point x a t t i m e T (lb of H^/f t ) 
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2 
hydrogen flux a c r o s s unit a r e a in x - d i r e c t i o n (lb of Hp,/ft - s e c ) 

2 
c r o s s s ec t i ona l a r e a p e r p e n d i c u l a r to the H flow (ft ) 

2 
diffusion coeff ic ient (ft / s e c ) 

hea t of t r a n s p o r t (B tu / lb of H , ) 

gas cons tan t ( k c a l / m o l e - ° K) 

abso lu te t e m p e r a t u r e (°K) 

ac t iva t ion e n e r g y ( k c a l / m o l e ) 

r a t i o of the h e i g h t / w i d t h (or depth) of a unit l a t t i ce ce l l 

m a x i m u m H / Z r r a t i o a t t a i n a b l e . P e r t a i n s to comple te occupancy of a l l ava i l ab le 
H s i t e s ( s t o c h i o m e t r y ) 

3 
c o n v e r s i o n f ac to r f r o m H / Z r to N (lb of H-,/ft ) 

sC = m a x i m u m h y d r o g e n c o n c e n t r a t i o n 

- 12 
a v e r a g e t ime for a hydrogen a t o m j u m p (»ilO sec) 

j u m p f requency , the f r equency a t which an a v e r a g e a t o m wi l l j u m p (sec ) 

the n u m b e r of ne ighbor ing H s i t e s about a hyd rogen a t o m to which the a t o m can j u m p 

P t i m e s a cons tan t of the o r d e r of unity 

s o m e f r ac t ion of the cons tan t k , to accoun t for the s p a t i a l d i s t r i bu t ion of the 
jumping a t o m s 

a v e r a g e d i s t ance t r a v e l e d in a unit j u m p (ft) 

X / A T = a v e r a g e ve loc i ty of a jumping a t o m ( f t / sec ) 
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APPENDIX D 

THE SINGLE-REGION MODEL 

The single-region model is characterized by the use of only one node to represent the average 

temperature or hydrogen content of a fuel sample. This model was originally developed to indicate, 

in general, the approximate overall burnup character is t ics of a SNAP fuel rod during reentry. It 

was also developed as an interim tool, •while the complex model was being developed. The single-

region model does not yield temperature or concentration profiles across the rod. Further , it is 

necessary to accept abrupt phase changes throughout the entire rod rather than sectional changes. 

Use is made of a calculated shape factor to compute admittance values for hydrogen and heat flows 

to the rod surface. Again, it is s t ressed that such a model merely approaches rigorous solutions, 

the reliability being greater for smaller radii , in the case of radial diffusion. Nevertheless, the 

model represents an improvement over pre^vious approximations ' inasmuch as the basic 

equations are solved simultaneously, without the need for further simplifying assumptions. 

The basic Equations 6 and 7 describing heat and hydrogen transport after cladding burnoff are 

simplified for the single-region model, since only the average rod behavior is of interest . They 

are : 

VPC . |31 = k • F (T - T) - H, . | | i • V - Z • C" (T - T) . . .(D-1) 

p at s s ' diss at p* s ^ ' 

for heat flow where 

T = the average fuel tempera ture , 

T = the fuel surface tempera ture , 

and 

v | | ^ = - D F N . . .(D-2) 
ot s 

for hydrogen flow. Here , F is the geometrical shape factor and N is the average hydrogen con­

centration of the fuel. The shape factor to be used can be calculated for the part icular geometry 

through consideration of a steady-state heat balance. For a cylinder of length, L, the shape factor, 
F , is equal to 87rL. s ' ^ 

The finite difference forms of these equations are 

[-^ t ^ ^ ' - ^ t ^ ^ I (kF^ - ZCp)(T^ - T) + Q 
s 

and 

N t + A t = N t + ^ [ ° ^ s ( 0 - N ) t _ 

. . . (D-3) 

.(D-4) 

*Refer to the References listed at the end of Appendix D. 
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where 
V Q. = -H, . {W. - N. ..) • -r-. =+n,. DF N. . t diss^ t t - At' At diss s t 

At the surface nodes during this period, the heat balance is given by the equation. 

A (q . q ,) - ( k F - ZC )(T - T) = 0 ^ rad ' * s p " s • (D-5) 

where 

^net ^aero comb t ran ^oxid 

and 

q J = ecTT . 
rad s 

The surface concentration is held constant and equal to zero. 

Before cladding burnoff, the t ransient behavior of the fuel element can be calculated from equa­

tions similar to those given in Section III (Equations 1, 2, and 5) plus EquationD-1. In these equa-
kFg 

tions, aN/a t = 0 and Z = 0; also the t e rm k(3T/ar) r = R̂ . in Equation 5 becomes —— (T - T) for 
1 A S 

the single-region model. ^ 

The analogous TAP-3 circuit network before cladding melting and burnoff can be described as 

follows: 

•t ROD 

PCpV r 

r 
FUEL 

Y= k-F-

•̂ WV pN-O 
Y=0 

RAD 

T= 80°F 

-WAF-
RAD 

CLADDING 

Aerodynamic heating is initially put into the cladding 

node. The cladding temperature r i ses and heat is 

lost by radiation to the surroundings and across the 

element gap to the fuel surface. It is assumed that 

the cladding (Hastelloy-N) undergoes melting at 

2400°F with a latent heat of fusion of 133 Btu/lb. 

The hydrogen flow admittance remains equal to zero 

until cladding meltdown is complete. 

After cladding meltdown, the cladding node is 

excluded from the calculations and radiation from 

the fuel surface to the environment is computed. 

For each unit mass of hydrogen which then leaves 

the rod, an endothermic heat, H ,. , is deducted 
' ' d i £ -

from the heat stored in the fuel, 

cuit network is then as follows: 

L S S ' 

The TAP-3 cir-
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^ C p V = ^ 

<t ROD 

Y = D ' F . 

FUEL 

T= 8 0 ° F 
— — O 

N = 0 

The fuel s u r f a c e t e m p e r a t u r e , T , the a v e r a g e fuel 

'net t e m p e r a t u r e , T, and the a v e r a g e c o n c e n t r a t i o n a r e 

computed by m e a n s of the T A P - 3 code us ing E q u a ­

t ions D - 5 , D - 3 , a n d D-4 , r e s p e c t i v e l y . The ne t s u r ­

face h e a t i n g , q i s speci f ied to the code and c a l ­

cu la ted as expla ined in the m a i n body of th i s r e p o r t . 

When the s u r f a c e r e a c h e s the me l t i ng t e m p e r a t u r e , 

the net hea t ing i s speci f ied to the a v e r a g e fuel t e m ­

p e r a t u r e fuel node. The fuel r e a c h e s and r e m a i n s 

at the m e l t i n g t e m p e r a t u r e (3280°F) unti l a h e a t 

quan t i ty equal to the l a t en t h e a t of fusion (90 B t u / l b 

x 3.1 lb) i s a b s o r b e d . The c a l c u l a t i o n p r o c e d u r e i s 

then t e r m i n a t e d . 

Ana ly t i ca l so lu t ions us ing th is s i n g l e - r e g i o n 

m o d e l a r e d e e m e d suff ic ient ly a c c u r a t e for m o s t a p p l i c a t i o n s , pro^vided that the d i a m e t e r of the fuel 

m a t e r i a l is s m a l l ( 1 / 2 in . or l e s s ) . A p p r o x i m a t i o n s of fuel b e h a v i o r for l a r g e r d i a m e t e r s c a n be 

m a d e us ing th i s m o d e l up to l imi t ing s i z e s d i c t a t ed by the a c c u r a c y d e s i r e d . 

A typ ica l so lu t ion us ing the s i n g l e - r e g i o n m o d e l for a c l ad SNAP lOA fuel e l e m e n t unde r a r c - j e t 

cond i t ions i s g iven in F i g u r e D - 1 . The c o r r e s p o n d i n g so lu t ion us ing the m u l t i - r e g i o n m o d e l out l ined 

in the m a i n body of t h i s r e p o r t i s a l s o shown in F i g ­

u r e D - 1 , M a t e r i a l p r o p e r t i e s and in i t i a l cond i t ions u s e d 3400 

in the two so lu t ions w e r e i d e n t i c a l . In c o m p a r i n g the 3200 

two s o lu t i ons , one no tes tha t the s i n g l e - r e g i o n m o d e l 

s u r f a c e t e m p e r a t u r e , t h roughou t the p e r i o d of h y d r o ­

gen evolu t ion , i s m a i n t a i n e d at a h igh , n e a r - c o n s t a n t 

l eve l unt i l n e a r l y a l l h y d r o g e n i s l o s t . The t i m e to 

in i t i a l fuel m e l t i n g i s l onge r for the s i n g l e - r e g i o n 

m o d e l c a s e than for the m u l t i - r e g i o n m o d e l c a s e 

(102 sec a s c o m p a r e d to 94 s e c ) . This r e s u l t s in a 

dev ia t ion or e r r o r in the to t a l h e a t r e q u i r e d to in i t i a t e 

ab la t ion b e t w e e n the two c a s e s of about 8%. 

The s i n g l e - r e g i o n m o d e l i s , of c o u r s e , not c a p a ­

b le of d e s c r i b i n g the ab l a t ion p r o c e s s . I t s u s e i s 

r e c o m m e n d e d for c a s e s in which a rough e s t i m a t e of 

the fuel b e h a v i o r i s d e s i r e d for a m i n i m u m of c a l c u -

l a t ive effor t . 
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