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ABSTRACT 

T h i s r e p o r t is a s u m m a r y of the s t a t u s of the a n a l y t i c p o r t i o n of t h e KEWB 

p r o g r a m at t h e t i m e of c o m p l e t i o n of the s p h e r i c a l c o r e e x p e r i m e n t s . 

T h r e e c o m p u t e r p r o g r a m s have b e e n deve loped for u s e m t h i s a n a l y t i c 

ef for t . The f i r s t r e a s s e m b l e s and s m o o t h s t h r e e d e c a d e s of r e a c t o r p o w e r da ta 

r e a d s e p a r a t e l y f r o m o s c i l l o g r a m r e c o r d s of r e a c t o r e x c u r s i o n s . It t h e n c o m ­

p u t e s the l o g a r i t h i n i c d e r i v a t i v e of the p o w e r , e n e r g y r e l e a s e , fuel so lu t ion 

t e m p e r a t u r e , and t e m p e r a t u r e c o m p e n s a t e d r e a c t i v i t y . The second p r o g r a m 

u t i l i z e s the s p a c e - i n d e p e n d e n t n e u t r o n k i n e t i c s equa t ions wi th any n u m b e r of 

de layed n e u t r o n g r o u p s to d e t e r m i n e t h e r e a c t i v i t y m the r e a c t o r f r o m the p o w e r 

and i t s d e r i v a t i v e . The t h i r d p r o g r a m s o l v e s t h e s p a c e - i n d e p e n d e n t k i n e t i c s 

equa t i ons for the n e u t r o n flux f r o m an input r e a c t i v i t y o r in i t i a l p e r i o d . Up 

to 50 r e a c t i v i t y f eedback equa t ions inc luding de layed n e u t r o n s a r e p r o v i d e d for 

m t h i s p r o g r a m . 

A m a t h e m a t i c a l m o d e l of the r e a c t o r i n v e s t i g a t e d e x t e n s i v e l y w a s one 

con ta in ing six de layed n e u t r o n g r o u p s , conven t iona l t r e a t m e n t of t e m p e r a t u r e 

r e a c t i v i t y c o m p e n s a t i o n , and void c o m p e n s a t i o n of r e a c t i v i t y induced by r a d i o l y t i 

g a s void g r o w t h p r o p o r t i o n a l to the p r o d u c t of r e a c t o r p o w e r and e n e r g y r e l e a s e . 

P a r t i a l m a t h e m a t i c a l so lu t ions to t h e k ine t i c equa t i ons w e r e d e r i v e d for r e ­

ac t iv i t y f eedback p r o p o r t i o n a l to p r o m p t t e m p e r a t u r e and void g r o w t h a c c o r d i n g 

to the p r o d u c t of p o w e r and e n e r g y . T h e s e so lu t ions apply w h e r e de layed 

n e u t r o n s can be n e g l e c t e d , wh ich is t he r e g i o n of m a j o r i n t e r e s t . E x p r e s s i o n s 

a r e a v a i l a b l e r e l a t i n g p o w e r and e n e r g y and defining t h e p e a k p o w e r and e n e r g y 

r e l e a s e to p e a k p o w e r m t e r m s of b a s i c r e a c t o r p a r a m e t e r s . 

E x p e r i m e n t a l e v i d e n c e , p a r t i c u l a r l y t h e e x p e r i m e n t a l inhour c u r v e , of 

a n o t h e r r e a c t i v i t y inf luencing m e c h a n i s m w a s found p r e s e n t m the r e a c t o r a t 

p e r i o d s s h o r t e r t h a n 10 m s e c . T h i s m e c h a n i s m h a s b e e n shown to b e h a v e a s a 

de layed n e u t r o n g r o u p , hav ing a m e a n de lay t i m e of a p p r o x i m a t e l y 2 m s e c and an 

a b u n d a n c e of 2%. A p l a u s i b l e o r i g i n of such n e u t r o n s h a s b e e n shown to be t h e 

r e f l e c t o r wh ich t h e r m a l i z e s c o r e n e u t r o n s and r e t u r n s t h e m to t h e c o r e following 

a d e l a y . 
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R a m p induced t r a n s i e n t s c h a r a c t e r i z e d by t h e i r m i n i m u m p e r i o d show 

b e h a v i o r wh ich is e s s e n t i a l l y the s a m e a s s t ep induced t r a n s i e n t s , wi th the 

s a m e in i t i a l p e r i o d . T h e s e t r a n s i e n t s p r o v i d e an a p p r o x i m a t e m e a n s of v e r i ­

f ica t ion of the va lue of the a p p a r e n t n e u t r o n l i f e t i m e divided by t h e effect ive 

de layed n e u t r o n f r a c t i o n . 
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L INTRODUCTION 

The Kine t i c E x p e r i m e n t s on W a t e r B o i l e r s (KEWB) p r o g r a m w a s in i t i a t ed 

by A t o m i c s I n t e r n a t i o n a l u n d e r c o n t r a c t to the A t o m i c E n e r g y C o m m i s s i o n m 

O c t o b e r , 1954, T h e ob jec t ive of the p r o g r a m is to e s t a b l i s h a f i r m b a s i s for 

the eva lua t i on of the safe ty of aqueous h o m o g e n e o u s r e a c t o r d e s i g n s wi th r e g a r d 

to an a c c i d e n t a l r e l e a s e of l a r g e a m o u n t s of r e a c t i v i t y . E n g i n e e r i n g da ta p r o ­

duced by t h e KEWB r e a c t o r to d a t e have d e m o n s t r a t e d the i n h e r e n t safe ty of 

t h i s type of r e a c t o r u n d e r the w i d e s t v a r i e t y of o p e r a t i n g c o n d i t i o n s . T h e s e 

da ta a r e p r e s e n t e d m d e t a i l m P a r t I of t h i s r e p o r t , wh ich h a s b e e n pub l i shed 

s e p a r a t e l y . 

A n a l y s i s of the da ta p r o d u c e d by the KEWB r e a c t o r h a s b e e n o r i e n t e d t o ­

w a r d t h e e s t a b l i s h m e n t , m t e r m s of b a s i c r e a c t o r p a r a m e t e r s , of a c l e a r 

u n d e r s t a n d i n g of the p h e n o m e n a which shut down w a t e r b o i l e r r e a c t o r e x c u r s i o n s . 

T h i s wi l l m a k e it p o s s i b l e to eva lua t e the p o t e n t i a l h a z a r d s of the r e a c t o r t ype 

m g e n e r a l , and of spec i f i c d e s i g n s di f fer ing m con f igu ra t i on f r o m t h o s e for 

which the e n g i n e e r i n g da ta a r e a v a i l a b l e . T h i s d o c u m e n t p r e s e n t s t h e s t a t u s of 

t h e a n a l y t i c p o r t i o n of the KEWB p r o g r a m a t t he t i m e of c o m p l e t i o n of t h e 

s p h e r i c a l c o r e e x p e r i m e n t s , wh ich involve m o r e t h a n 900 p o w e r e x c u r s i o n s . 

T h e KEWB r e a c t o r s p h e r i c a l c o r e ("A" c o r e ) is a 12- in , ID s t a i n l e s s s t e e l 

v e s s e l wi th 0 . 2 5 - i n . - th i ck w a l l s . It w a s o p e r a t e d wi th a g r a p h i t e r e f l e c t o r 

a p p r o x i m a t e l y 2 ft t h i ck r a d i a l l y . Two c o r e l o a d i n g s w e r e s tud ied m de t a i l : 

one wi th t h e v e s s e l 85% full (underfu l l c o r e ) , and the o t h e r wi th the v e s s e l full 

to the 2 - i n , - d i a m e t e r t u b u l a r neck at the top of the s p h e r e . The fuel w a s 93% 

e n r i c h e d UO^SO. m 0,1 m o l a r H ^ S O . so lu t ion , wi th l o a d i n g s of 2043 and 1533 

g r a m s of u r a n i u m m t h e unde r fu l l and full c o r e r e s p e c t i v e l y . C o r r e s p o n d i n g 

fuel v o l u m e s w e r e 11,3 and 13.6 l i t e r s . M o r e de t a i l ed d e s c r i p t i o n s of the r e a c t o r 

and fac i l i ty c a n be found m t h e c o m p a n i o n r e p o r t m e n t i o n e d p r e v i o u s l y . 
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II, DEVELOPMENT OF NUMERICAL DATA REDUCTION SYSTEM AND COMPUTER CODES 

T h r e e d ig i t a l c o m p u t e r p r o g r a m s have b e e n deve loped for u s e m the 

a n a l y s i s of KEWB b e h a v i o r . Two a r e u sed m r e d u c t i o n of the e x p e r i m e n t a l 

da ta , the t h i r d m eva lua t i on of m a t h e m a t i c a l m o d e l s of the r e a c t o r . T h e f i r s t , 

m conjunct ion with o s c i l l o g r a m r e a d i n g p r o c e d u r e s , s y n t h e s i z e s and s m o o t h s 

the n u m e r i c a l p o w e r d a t a . It a l s o c o m p u t e s e n e r g y r e l e a s e and r e c i p r o c a l 

p e r i o d . The second p r o g r a m c o m p u t e s t h e s y s t e m r e a c t i v i t y f r o m t h e p o w e r 

and t h e s p a c e - i n d e p e n d e n t k i n e t i c s e q u a t i o n s . The t h i r d c o m p u t e s a p o w e r b u r s t 

f r om an input r e a c t i v i t y wi th s p a c e - i n d e p e n d e n t r e a c t o r k i n e t i c s equa t i ons c o n ­

ta in ing t e r m s d e s c r i p t i v e of the r e a c t i v i t y feedback m e c h a n i s m s , 

A, REDUCTION OF OSCILLOGRAM RECORDS O F INSTANTANEOUS P O W E R 
TO NUMERICAL DATA, AND C A L C U L A T I O N O F ENERGY R E L E A S E AND 
R E C I P R O C A L P E R I O D 

1, S t a t e m e n t of the o r i g i n a l p r o b l e m , the so lu t ion employed , and d i f f icu l t ies 
e n c o u n t e r e d . 

T h r e e c h a n n e l s of the r e a c t o r p o w e r having s e n s i t i v i t y r a t i o s of a p p r o x i ­

m a t e l y 100:10:1 a r e r e c o r d e d m o r d e r to ob ta in t h r e e d e c a d e s of i n f o r m a t i o n 

about KEWB t r a n s i e n t s . Dup l i ca t e c h a n n e l s a r e a l s o r e c o r d e d m o r d e r to p r o ­

vide c r o s s c h e c k and a l s o one c o m p l e t e se t of da ta m the event of the f a i l u r e of 

s o m e c h a n n e l . A r e p r o d u c t i o n of a t y p i c a l o s c i l l o g r a m is shown m F i g u r e 1. 

T h e s e p o w e r da ta a r e r e q u i r e d m n u m e r i c a l f o r m for t h e a n a l y t i c a l effort m 

comput ing e n e r g y r e l e a s e , r e c i p r o c a l p e r i o d and r e a c t i v i t y , and for c o m p a r i s o n 

or b u r s t shape p r o d u c e d by m a t h e m a t i c a l m o d e l s . The da ta r e d u c t i o n p r o b l e m 

in i t ia l ly f o r m u l a t e d w a s to ob ta in n u m e r i c a l da ta f r o m the o s c i l l o g r a m s , j o in 

the t h r e e c h a n n e l s of da ta , a v e r a g e dup l i ca t e s e t s , and c o m p u t e the r e c i p r o c a l 

p e r i o d and e n e r g y r e l e a s e at each p o w e r po in t . The r e c i p r o c a l p e r i o d is d e ­

fined a s the l o g a r i t h m i c d e r i v a t i v e of the p o w e r c u r v e . 

In o r d e r to hand l e the v o l u m e of da ta involved, a d ig i t a l c o m p u t e r p r o g r a m , 

TRADE ( T r a n s i e n t A n a l y s i s D r u d g e r y E l i m i n a t o r ) , w a s deve loped to p e r f o r m 

the da ta r e d u c t i o n m conjunc t ion wi th c a r d s f r o m n u m e r i c a l r e a d o u t of the 

o s c i l l o g r a m d a t a . The o s c i l l o g r a m s a r e r e a d m a r b i t r a r y de f l ec t ion u n i t s a s a 

funct ion of c o n s t a n t (for any t r a n s i e n t ) t i m e i n c r e m e n t s , both s e t s of p o w e r 

t r a c e s being r e a d at t he s a m e t i m e po in t s if a l l t he c h a n n e l s of both s e t s of 
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F i g u r e 1. T y p i c a l O s c i l l o g r a m - T r a n s i e n t No . 219B 

da ta a r e u s a b l e . If not , t h e funct ioning c h a n n e l s of each se t a r e r e a d , p r o v i d e d 

one of t h e m is t h e c h a n n e l r e c o r d i n g the p o w e r p e a k . About 100 p o i n t s a r e r e a d 

for each se t of p o w e r c h a n n e l s . 

The c o m p u t e r i s p r o g r a m m e d by T R A D E to d e t e c t the d i s c o n t i n u i t i e s in 

de f l ec t ion wh ich a r i s e f r o m t h e t e r m i n a t i o n of one p o w e r c h a n n e l and the b e g i n ­

ning of the fo l lowing. T h i s e s t a b l i s h e s iden t i ty of the c h a n n e l s . F a c t o r s a r e 

compu ted which jo in t h e endpoin t s (both r e a d at t h e s a m e t i m e - p o i n t ) of ad jacen t 

c h a n n e l s , f o r m i n g a con t inuous se t of da ta p r o p o r t i o n a l to p o w e r . T h e s e f a c t o r 
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a r e not n e c e s s a r i l y the s a m e in jo ining the a s c e n d i n g and d e s c e n d i n g s e c t i o n s of 

a channe l to t h e r e s t of the da t a . T h i s h a s b e e n the c a s e p a r t i c u l a r l y for the 

l e a s t s e n s i t i v e channe l which r e a d s t h e p o w e r p e a k . N e i t h e r the p r e c i s e r e a s o n 

for t h i s b e h a v i o r nor i t s effect on the shape of the b u r s t h a s yet b e e n d e t e r m i n e d 

The va lue of the p o w e r at t he p e a k for each set of p o w e r c h a n n e l s , r e a d 

into the c o m p u t e r a s input i n fo rma t ion , is employed to c o n v e r t t he con t inuous 

set of de f l ec t ion da ta into coolan t t h e r m a l p o w e r u n i t s . Coolan t t h e r m a l p o w e r 

is defined a s t h e r a t e of s e n s i b l e hea t d e p o s i t i o n in the c o r e du r ing e q u i l i b r i u m 

o p e r a t i o n of t h e r e a c t o r at c o n s t a n t low p o w e r , b e c a u s e the ion c h a m b e r s m u s t 

be c a l i b r a t e d u n d e r t h e s e c o n d i t i o n s . The second se t of p o w e r da ta is sub jec ted 

to the s a m e p r o c e d u r e , and the two s e t s a r e a v e r a g e d at each t i m e po in t . F r o m 

t h e a v e r a g e d p o w e r the r e c i p r o c a l p e r i o d , oi, is compu ted us ing t h e b r i d g i n g 

t w o - p o i n t l o g - d e r i v a t i v e f o r m u l a . 

in N , - in N 
- ( ^ ) = ^ ^ A t ~ • • • ( 1 ) 

w h e r e N = p o w e r and t = t i m e , in r e g i o n s w h e r e uj is changing r a p i d l y . A 

b r idg ing i n t e r v a l of ± 3 t i m e i n c r e m e n t s is u sed in r e g i o n s w h e r e o) i s changing 

v e r y s lowly . T h i s l a t t e r exped ien t p a r t i a l l y r e m o v e s s o m e of t h e l i ne f r e q u e n c y 

and o t h e r n o n r a n d o m n o i s e wh ich af fec ts two or t h r e e s u c c e s s i v e po in t s in the 

s a m e d i r e c t i o n . The s e l e c t i o n of the b r i d g i n g i n t e r v a l is not m a d e by t h e p r o ­

g r a m , but m u s t be w r i t t e n into the input i n f o r m a t i o n for each t r a n s i e n t by the 

ind iv idua l who p r o c e s s e s the t r a n s i e n t d a t a . 

The e n e r g y r e l e a s e at t he in i t i a l t i m e poin t is c a l c u l a t e d a s s u m i n g the 

p o w e r h a s b e e n r i s i n g exponen t i a l ly for s e v e r a l p r e c e d i n g p e r i o d s . If t h e p o w e r 

is neg l ig ib ly s m a l l but not z e r o at t he beginning of the exponen t i a l r i s e , t h e 

e n e r g y r e l e a s e d to t i m e t , c a n be found a s fo l lows: 

N = N ^ e ^ * , , . (2) 

^ t 
= / Ndt = N^ / e'^ dt . . . (3) 
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E(t) for t h e r e s t of t h e t r a n s i e n t is ob ta ined by a c c u m u l a t i n g A E i n c r e m e n t s c a l ­

cu la ted wi th a s i m p l e 2 -po in t t r a p e z o d i a l i n t e g r a t i o n , T R A D E w a s u s e d for m o r e 

t han a y e a r . R e s u l t s w e r e r e a s o n a b l y s a t i s f a c t o r y , excep t tha t the r e c i p r o c a l p e r i o d 

compu ted w a s e x c e s s i v e l y no i sy m m a n y t r a n s i e n t s . T h i s w a s a c o n s e q u e n c e of 

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

p o t e n t i a l s o u r c e s of n o i s e m the r a w da ta , such a s l ine f r e q u e n c y i n t e r f e r e n c e and 

e l e c t r o n i c m a l f u n c t i o n r e c o r d e d on the o s c i l l o g r a m , d i s t o r t i o n of the o s c i l l o g r a m 

m p h o t o g r a p h i c p r o c e s s i n g and s t o r a g e , e r r o r s m se t t i ng b a s e l i n e s for t ak ing 

r e a d i n g s , and r a n d o m r e a d i n g e r r o r s . The a m o u n t of s c a t t e r t h i s i n t r o d u c e d m 

the r e a c t i v i t y c o m p u t a t i o n , wh ich is a m a j o r j u s t i f i c a t i o n for t h e n u m e r i c a l r e d u c ­

t ion m the f i r s t p l a c e , w a s l a r g e enough to m a k e it q u e s t i o n a b l e a s to w h e r e to 

d r a w a r e a s o n a b l e c u r v e t h r o u g h the p lo t t ed r e a c t i v i t y da t a . It w a s t h e r e f o r e d e ­

c ided to i n c o r p o r a t e s o m e m e a n s of smoo th ing t h e p o w e r da ta and compu ted r e ­

c i p r o c a l p e r i o d into the da ta r e d u c t i o n c o d e . 

2, R e v i s e d Data R e d u c t i o n R e q u i r e m e n t s and t h e Smoothing C o d e , 

B e s i d e s m c o p o r a t m g smoo th ing into t h e da ta p r o c e s s i n g code , it w a s d e ­

cided to change a few o t h e r f e a t u r e s of the s y s t e m to i m p r o v e r e s u l t s . 

T h e p r o c e s s of a v e r a g i n g t h e tvv'o s e t s of pov/er da ta for a t r a n s i e n t vv âs 

e l i m i n a t e d b e c a u s e a bad se t of da ta migh t b e t t e r be l oca t ed if t r e a t e d ind iv idua l ly . 

When t^vo s e t s ex i s t , e ach is now p r o c e s s e d s e p a r a t e l y . 

In jo in ing two c h a n n e l s of da ta wi th T RADE , any e r r o r m the l a s t poin t of 

a channe l a f fec ts a l l t h e s u b s e q u e n t po in t s b e c a u s e the n o r m a l i z a t i o n f a c t o r is 

d e t e r m i n e d at one t i m e point only . The s y s t e m which r e p l a c e d t h i s m a k e s u s e 

of o v e r l a p p i n g p o w e r da ta for t h r e e s u c c e s s i v e t i m e - p o m t s . T h r e e n o r m a l i z a t i o n 

f a c t o r s a r e c o m p u t e d , t he a v e r a g e of wh ich i s u sed to jo in t h e c h a n n e l s . 

The b r o a d e s t s t a t e m e n t of the r e q u i r e m e n t s of a da ta smoo th ing code would 

be to fit a c u r v e to a se t of po in t s m u c h a s would be done by a sk i l led p e r s o n wi th 

a se t of sh ips c u r v e s . The g e n e r a l p r o b l e m , h o w e v e r , of coding the cond i t i ons 

u sed and d e c i s i o n s m a d e by the mind m c u r v e fi t t ing w a s c o n s i d e r e d too c o m p l e x 

to be s u p p o r t e d by t h e KEWB p r o j e c t . 
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After only p a r t i a l l y s u c c e s s f u l t r i a l s wi th p o l y n o m i a l c u r v e - f i t t i n g to 

ind iv idua l s e c t i o n s of the da ta b e f o r e jo in ing, and smoo th ing f o r m u l a s app l ied to 

each point and i t s t h r e e to five n e i g h b o r s on e i t he r s ide , r e a s o n a b l y s a t i s f a c t o r y 
2 

smoo th ing w a s deve loped based upon a code l oca t ed m the SHARE l i b r a r y . The 

code deve loped f i r s t t e s t s a l l but 5 po in t s at e i t he r end of the da ta se t for 

" w i l d n e s s " by fi t t ing a q u a d r a t i c to the point m q u e s t i o n and to the five ad jacen t 

po in t s on e i t he r s i d e . If t h e fit is v e r y p o o r , t he poin t is c o n s i d e r e d wi ld , and 

r e p l a c e d wi th the q u a d r a t i c f i t . Smoothing is p e r f o r m e d m a s i m i l a r m a n n e r , 

a l l t he po in t s excep t the five beg inn ing and e n d - p o i n t s of a se t be ing smoo thed 

t h r e e t i m e s , and being r e p l a c e d at t he end of each p a s s wi th t h e va lue of the 

q u a d r a t i c fit to the point m q u e s t i o n and the five ad j acen t po in t s on e i t h e r s i d e . 

The e n d - p o i n t s a r e r e p l a c e d wi th the v a l u e s of a cubic fit to t h e f i r s t o r l a s t 

e l e v e n p o i n t s . They a r e c a r r i e d t h r o u g h the c o m p u t a t i o n m t h i s m a n n e r , but 

a r e not a good r e f l e c t i o n of r e a l da ta , and a r e i gnored m t h e f inal r e s u l t s . The 

l o g a r i t h m i c d e r i v a t i v e s a r e computed f r o m the d e r i v a t i v e s of the p o l y n o m i a l s 

found m the final p a s s of s m o o t h i n g . 

F i g u r e 2 shows the r e c i p r o c a l p e r i o d , wh ich is t h e b e s t m e a s u r e of the 

s m o o t h n e s s of the p o w e r , computed with and wi thout s m o o t h i n g . The d e r i v a t i v e 

computed f rom the smoo thed p o w e r fa l ls fa r s h o r t of the idea l , but p e r m i t s 

d rawing of a smoo thed c u r v e with r e l a t i v e e a s e , w h e r e a s it would be e x t r e m e l y 

difficult to dec ide w h e r e the c u r v e lay f r o m the d e r i v a t i v e co inputed wi thout 

s m o o t h i n g . The d e g r e e of smoo th ing employed , a l though mi ld f r o m the s t a n d -
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F i g u r e 2. R e c i p r o c a l P e r i o d , Smoothed and Unsmoo thed L o g a r i t h m i c 
D e r i v a t i v e of N e u t r o n F l u x 
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point of the u l t i m a t e , does not d i s t o r t t he p o w e r t r a c e a p p r e c i a b l y . In c o n t r a s t , 

w h e n t h e n u m b e r of c y c l e s of smoo th ing , wh ich is t h r e e m the s y s t e m adop ted , 

w a s i n c r e a s e d to t e n . the va lue of peak p o w e r w a s r e d u c e d 5% by s m o o t h i n g . 

The c o m p u t a t i o n of r e a c t i v i t y , d i s c u s s e d m the following s ec t i on , f o r m e r l y p e r ­

f o r m e d s e p a r a t e l y wi th c a r d output f r o m T RADE , h a s b e e n i n c o r p o r a t e d into the 

da ta r e d u c t i o n code , A block d i a g r a m of the da ta r e d u c t i o n s y s t e m is inc luded 

a s F i g u r e 3 . 

OSCILLOGRAM 

; 
CURVE 

READER 

» 
DIGITAL 

COMPUTER 
(IBM 7091 

SYNTHESIZE 

CHANNELS 

POINT 

PLOTTER 

1 
GRAPHICAL 

OUTPUT 

CARDS 

NORMALIZE 
TO 

POWER 

SMOOTH 

N I t ) 

COMPUTE 

u (1 ) 

COMPUTE 

E ( t ) 

COMPUTE 

R ( t ) 

OUTPUT 

ROUTINE 

1 
TABULAR 

OUTPUT 

~1 

1 

1 

TEMPORARY STORAGE 

n ( t ) h 
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"' '^'""""'- 1 
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F i g u r e 3 . KEWB N u m e r i c a l Da ta R e d u c t i o n S y s t e m 

B , C O M P U T A T I O N O F REACTIVITY 

The c o m p u t e r p r o g r a m for t h e c o m p u t a t i o n of r e a c t i v i t y w a s w r i t t e n to con­

f o r m wi th t h e following m a t h e m a t i c a l t r e a t m e n t : 

* T h e r e m a i n d e r of t h i s s e c t i o n w a s w r i t t e n by D r . E . R. Cohen . 
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T h e s p a c e - i n d e p e n d e n t r e a c t o r k i n e t i c s equa t ions a r e 

dN /S, 
dt i 

•(R - 1)N + ^ f . W . . . . ( 5 ) 

d W . 
i = X .(N - W.) . . . (6) 

dt i 

w h e r e 

N = i n s t a n t a n e o u s n e u t r o n dens i t y of p o w e r , 

t = t i m e , 

yS = effect ive de layed n e u t r o n f r ac t i on , 

SL - ef fect ive c o r e n e u t r o n l i f e t i m e , 

R = i n s t a n t a n e o u s r e a c t i v i t y in d o l l a r s . 

R = input r e a c t i v i t y , 

f. = r e l a t i v e yie ld of the i de layed n e u t r o n p r e c u r s o r g r o u p , 

W. = r e l a t i v e c o n c e n t r a t i o n of the i de layed n e u t r o n p r e c u r s o r g r o u p , and 

X. = decay cons t an t for the i de layed n e u t r o n p r e c u r s o r g r o u p . 

We can r e a r r a n g e E q u a t i o n 5 and so lve for t h e r e a c t i v i t y , R, 

R(t) = J-a;(t) + 1 - l | ( ^ ZfiWi(t) . . . (7) 

w h e r e c»;(t) = ivj-r;- is t h e a p p a r e n t i n s t a n t a n e o u s i n v e r s e p e r i o d . F u r t h e r m o r e , 

Equa t ion 6 can be i n t e g r a t e d to g ive 

-X.(t-t ) r^ -X.(t-t') 
W.( t ) = W . ( t ^ ) e ^ ° + / X . N ( t ' ) e ^ d t ' . . . ( 8 ) 

o 
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T h e da t a a v a i l a b l e to u s a r e t h e v a l u e s of N(t) a t a s e t of p o i n t s equa l ly s p a c e 

in t i m e wi th a n i n t e r v a l h . 

We m u s t deve lop an e x p r e s s i o n for W. , f r o m Equa t i on 8, w h e r e t h e s u b -
^' th 

s c r i p t k i n d i c a t e s t h e v a l u e of t h e v a r i a b l e a t t h e k t i m e - p o i n t , t ha t i s , a t t h e 
3 

t i m e t = kh, D. L . H e t r i c k in a p r e v i o u s a n a l y s i s expanded N(t ' ) in E q u a t i o n 8 
in a T a y l o r s e r i e s and i n t e g r a t e d t e r m by t e r m . 

The p r a c t i c a l diff iculty a r i s e s in eva lua t ing the v a r i o u s d e r i v a t i v e s n u m e r i ­

ca l ly f r o m t h e g iven se t of p o i n t s . One p r o c e d u r e is to m a k e a q u a d r a t i c f i t t ing 

to N(t ' ) a t t h r e e s u c e s s i v e po in t s and i n t e g r a t e f r o m t = t - 2h up to t . If we now 

w r i t e a new v a r i a b l e T= t - t ' . E q u a t i o n 8 b e c o m e s 

-2hX. ,2h X.T 

^ i , k = ^ i , k - 2 ^ ' + ^ J N ( t - T ) e ' dr . ( 9 ) 

The second o r d e r L a g r a n g i a n i n t e r p o l a t i o n f o r m u l a for N(t - T ) c a n be w r i t t e n 

N(t - T ) 
2h L 

r ( r _ h)Nj^_2 + 2T(2h - r)N^_^ + (h - r ) ( 2 h - T)N^ 

^ k + 4 ( 4 N j ^ - l - Nk-2 - 3^1,) + - ^ ( N j ^ . 2 - ^ ^ k - l + ^k) 
2h 

(10) 

T h i s s a m e e x p r e s s i o n c a n b e ob ta ined , h o w e v e r , if w e i n a k e a T a y l o r e x p a n s i o n 

about t h e in idpoint of the i n t e g r a t i o n i n t e r v a l ; i, e , , about t h e point T = h . 

We w r i t e 

N(t - T) = Nj^ 1 "̂  "̂̂  " • ^ )^ ' + h^ ~ h )^N" + (11) 

and u s e t h e a p p r o x i m a t i o n s 

N- = (Nj^_2- Nj^)/2h (12) 
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^ " = ( ^ k - 2 - ^ ^ k - l + ^ k ) / ^ . (13) 

t h e n 

N(^ - ^) = ^ k - i + ^ ^ ( N k - 2 - N^) + 7 ; i ^ ( N k - 2 - ^ ^ k - i + ^ k ) -̂ ^ 
2h 

(14) 

and th i s e x p r e s s i o n can be r e a d i l y shown to be equ iva len t to Equa t i on 10, T h e r e ­

fo re , t he L a g r a n g i a n q u a d r a t i c fit i s equ iva len t to a T a y l o r e x p a n s i o n about the 

midpo in t followed by an a p p r o p r i a t e second o r d e r a p p r o x i m a t i o n to t h e d e r i v a t i v e s . 

The next s t ep i s to i n t r o d u c e Equa t i on 10 into the e x p r e s s i o n for W. , . F o r 
i , k 

k > 2 we c a n w r i t e 

-2hX. .2h X.T 
W. , = W. , , e ' + / X.e ^ 

i , k i , k - 2 / 1 N k - - A ( ^ \ - 4 N k - l + Nk-2) 

2h 
2 ( N k - ^ N k - l + Ni , .2) d r (15) 

The i n t e g r a l s in Equa t i on 8 m a y be ea s i l y eva lua ted : 

,2h -X.T -2hX. 
X.e dT = 1 - e 

1 

( 1 1 , 1 
-2hX. ' 

1 - (1 + 2hX.)e 
1 

2 h \ 2 X / -X.T 
- ^ e d r = 

2h 2h^X.^ 
1 

-2hX. 
2 - (2 + 4hX. + 4h X.'^)e ^ 

^ 1 1 
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so tha t 

•2hX. -2hX. ' 
W . , = W . , ^e S N , 1 - e ^ 

i ,k i , k - 2 k \ 

2h 

/ -2hX. -2hX. \ 
i 5 - ( 3 N . - 4N, , + N , j f l - e ' - 2 h X . e M 
iX. ^ 1 k - 1 k - 2 ' l 1 J 

I -2hX. -2hX. -2hX.\ 

+ - 2 r T ( N k - ^ N j ^ - l + N k - 2 ¥ - ^ ^ ' - 4 ^ \ ^ ^ - 4 h X , e >̂ 
2 h A. ^ 

1 

1 

T h i s e x p r e s s i o n c a n be r e g r o u p e d in t e r m s of t h e N, to g ive us 

-u . N 
W. , = W. , ,e ' + - 4 i , k i , k - 2 2 

' ' u. 
1 > -

-u. 
4 - 3u. + u - (4 + u . )e ^ 

1 1 ^ 1 

4 N 
k - 1 

2 
u. 

1 

-u. 
1 (2 + u . )e - 2 + u. 

1 1 

N 
k-2 

u . 

4 - u. - (4 + 3u. + u. )e ^ 
1 1 1 

. . . ( 1 6 ) 

w h e r e u. = 2hX ., 
1 1 

In g e n e r a l , p a r t i c u l a r l y for a fas t t r a n s i e n t , u wi l l be a n u m b e r m u c h s m a l l e 

t h a n uni ty and it i s t h e r e f o r e not only usefu l f r o m a c o m p u t a t i o n a l point of view, 

but a l s o i n s t r u c t i v e to expand the s q u a r e b r a c k e t s in E q u a t i o n 16 into p o w e r 

s e r i e s in u . 

We t h e n find 

u 

2 ,_ , -u 
3u + u - (4 + u)e 

u 
2 3 

20 ^ 60 
(17) 
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1 

u 
u (2 + u)e " - 2 + u u 

- 2 3 
û  Ju u 
2" 20 " 3 0 

. . ( 1 8 ) 

1 
T 
u 

u - (4 + 3u + u ^ ) e " ^ u 1 X 9 2 2 3 ^ 
^ - ^ + 2 0 ^ - l 5 ^ + 

. . . ( 1 9 ) 

and we can s e e tha t t h e f i r s t t e r m c o r r e s p o n d s to a S i m p s o n ' s Rule i n t e g r a t i o n . 

Equa t ion 16 can t h e n be w r i t t e n 

^ , k = Wi,k-2^"' + T K + 4 N k - l + Nk-2) 

u 

T" rK-i-^Nk-2) 

o r f inal ly . 

-^T7oK+12Nk-l+9Nj^-2) 

^ K - 2 + «Nk-I-Nk) + -

u 
W , = W , , i - r i f N , + 4N, , + N, , - 6W , ^ i,k i , k - 2 6 \ k k - 1 k - 2 i , k -2 / 

u 
^ K . i + N^.,-3W^^^_^) 

+ r ^ K - ^ ^ ^ N k - l + 9Nj^-2-^°^i,k-2) 

u 
OTK+«Nk-l+8N^-2-15W 2) + (20) 
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It should not be f o r g o t t e n tha t Equa t ion 16 and 20 a r e a n a l y t i c a l l y equ iva len t , 

s i n c e E q u a t i o n 20 is m e r e l y the p o w e r s e r i e s e x p a n s i o n of Equa t i on 16, T h e 

i m p o r t a n c e of Equa t i on 20 a r i s e s f r o m t h e c o m p u t a t i o n a l d i f f e r ence b e t w e e n 

t h e two e x p r e s s i o n s . F o r s m a l l v a l u e s of u. t h e r e is a s t r o n g c a n c e l l a t i o n of 

t e r m s , and h e n c e a s e r i o u s l o s s of s ign i f ican t f i g u r e s . T h i s l o s s can be avo ided 

only if, in t h e s e c a s e s , t he p o w e r s e r i e s e x p a n s i o n of t h e r i g h t - h a n d s ide of 

E q u a t i o n s 17 t h r o u g h 19 a r e used in p l a c e of d i r e c t eva l ua t i on of t h e left s i d e . 

We can e v a l u a t e the poin t at wh ich the left s ide is m o r e a c c u r a t e t h a n the r i g h t . 

F o r E q u a t i o n 17, t he e r r o r in the l e f t -hand s ide due to the f in i te n u m b e r of 
4 -27 b i t s c a r r i e d in the c a l c u l a t i o n on the IBM 709 is a p p r o x i m a t e l y — ^ 2 , The 
u 

e r r o r in t h e r i g h t - h a n d s ide of Equa t i on 17 is a r e s u l t of omi t t i ng the t e r m 
5 -27 7 

-u / 1 6 8 0 . T h e s e two e x p r e s s i o n s wi l l be equal in m a g n i t u d e w h e n 6720. 2 =" ^ , 
2 -27 

and h e n c e u = 0.24, F o r Equa t i on 18, t h e e r r o r in the l e f t -hand s ide is =• x 2 , 
2u'^ 

5 7 -
wh i l e the e r r o r in the r i g h t - h a n d s ide is +u / 1 0 0 8 , and the equa l i ty is u = 2016,2 

-4 -27 
o r u = 0 ,20 . F o r Equa t i on 19, t he l e f t -hand e r r o r i s — ^ x 2 , whi le t h e r igh t hand 
e r r o r is 5u / 1008; and t h i s l e a d s to t h e b r e a k - e v e n point g iven by u = —r 2 , 

o r u = 0 .18 , H e n c e we can qu i t e r e a d i l y p l a c e the b r e a k - p o i n t at u = 0,20; for 

s m a l l e r v a l u e s of u, we c a n u s e t h e r i g h t - h a n d s ide of E q u a t i o n s 17 t h r o u g h 19; 

for l a r g e r v a l u e s of u . , one would u s e t h e l e f t -hand s i d e . With t h i s spl i t in 

c a l c u l a t i o n f o r m u l a we c a n i n s u r e tha t t h e a c c u r a c y of the c a l c u l a t i o n wi l l be 

of t h e o r d e r of a few p a r t s in 10 o r b e t t e r , c o n s i s t e n t l y t h r o u g h o u t the e n t i r e 

r a n g e of the v a r i a b l e . If we w i shed to r e t a i n only t h r o u g h t h e q u a d r a t i c t e r m in 

E q u a t i o n 17 t h r o u g h 19, a s i m i l a r a n a l y s i s could t e l l u s the b r e a k - p o i n t and t h e 

m a x i m u m a c c u r a c y in t h i s c a s e a l s o , ( F o r a c a l c u l a t i o n which k e e p s only up 
3 4 

to u in E q u a t i o n 20 and n e g l e c t s the t e r m in u , we find a b r e a k - p o i n t u = 0,125 
-5 

and a m a x i m u m a c c u r a c y of 10 , wh ich is in fact p r o b a b l y a d e q u a t e for m o s t 
c a l c u l a t i o n s . ) 

T h e r e f o r e one should u s e e i t h e r E q u a t i o n s 16 o r 20 to c a l c u l a t e W. , , d e -
i , k 

pend ing on t h e va lue of u . . T h e s e v a l u e s of W. , a r e t h e n i n s e r t e d into E q u a t i o n 
1 1 - iC 

7 to g ive t h e r e a c t i v i t y . 

- ' 'Equivalently, for u. < 0,20, we should u s e E q u a t i o n 6 to c a l c u l a t e W. , ; for 
u. > 0,20, we should u s e E q u a t i o n 8, ' 
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Actually, Equations 16 and 20 can be used only for k >. 2, since we a r e 

carrying out a two-s tep integration; we still requi re a method for s tart ing the 

integration. This is most easily done by assuming that the t rans ient has been 

initiated at very low power and that the reac tor has reached a s tat ionary, 

asymptotic period p r io r to the t ime at which data have been taken. One can then 

use the observed initial period cu(o) and a s sume that the delayed neutron p r e ­

cu r so r s a r e in equil ibrium with this asymptotic condition. Under this a s s u m p ­

tion we can v/rite 

X.N 
W. =-r ,̂  ° . . , . ( 2 1 ) 

i,o X. + ca(o) ^ ' 
' 1 

X . N 
W. . = ' , , , . , ( 2 2 ) 

1,1 X . + CLI(O) 

C, NUMERICAL SOLUTIONS TO REACTOR KINETICS EQUATIONS 

In o rde r to pe rmi t evaluation of mathemat ica l models of the KEWB behavior, 

a computer p r o g r a m to solve the space-independent reac to r kinetics equations 

was deemed necessary ; for, in general , analytic solutions to the equations a r e 

not possible when the reactivity feedback equations a r e complex. This need 
*4 

has been filled with the Atomics International Reactor Kinetics Code (AIREK), 

The set of equations solved follows 

R J 
^ = . e M l P N ( t ) + ^ X . C . ( t ) + S^J< 20 , . . ( 2 3 ) 

p{t) = fnct. (t,N,T ) . . . ( 2 4 ) 
m 

dC. iSf 
iN(t) - X.C.(t) . . . ( 2 5 ) 

dt i ^ ' ' 1 i 

dT 
—5-21=E N(t) - F N - G T (t) . . . ( 2 6 ) 

dt m ^ ' m o m m 
*The remainder of this section was taken from the referenced paper by A. Schwa 

NAA-SR-5416 
14 



w h e r e N(t) is t he n e u t r o n flux at t i m e t, p (t) is t he t o t a l r e a c t i v i t y at t i m e t, 

/3 is t he t o t a l f r a c t i o n of de l ayed n e u t r o n s ; i is t he n e u t r o n l i f e t i m e , f. a r e the 

r e l a t i v e y i e l d s for each de layed g r o u p , X . a r e t h e feedback coef f i c ien t s for each 

de layed n e u t r o n g r o u p , C. a r e the de layed n e u t r o n c o n c e n t r a t i o n s ; and S is t he 

c o n s t a n t s o u r c e t e r m . The feedback v a r i a b l e s T (t) a r e r e p r e s e n t e d a s s i m p l e 
m 

l i n e a r d i f f e r en t i a l equa t ions wi th a r b i t r a r y c o n s t a n t coef f i c ien t s E , F , G 
^ ^ m ' m ' m ' 

and N = N ( 0 ) . The m a x i m u m n u m b e r of v a r i a b l e s tha t can be solved for is 50 , 

By mak ing the fol lowing s u b s t i t u t i o n s . 

Pit) = r ( t ) . ( 27 ) 

w h e r e r( t ) is t h e t o t a l r e a c t i v i t y in d o l l a r s at t i m e t, and 

pi, 
7X^w.(t) - c.(t) (28) 

w h e r e W.(t) a r e t h e n o r m a l i z e d de layed n e u t r o n c o n c e n t r a t i o n s . E q u a t i o n s 23 

and 25 b e c o m e 

f 4<'<" l ) N ( t ) +• f.W.(t) + s 
1 1^ ' 

(29) 

w h e r e S =-;r-S , a n d 

dW. 
— - ^ = - X .W. ( t ) + X . N ( t ) . 
dt 1 1 1 

(30) 

E q u a t i o n s 26 and 30 can now be combined into one l o g i c a l f o r m : 

d X 
n M X (t) + K N(t) - L N 

dt n n n n o (31) 

w h e r e L = O for a l l de l ayed n e u t r o n g r o u p s . E q u a t i o n s 29 and 31 a r e the 

a c t u a l equa t ions solved by t h i s c o d e . 
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The following is a m a t h e m a t i c a l d e s c r i p t i o n of the n u m e r i c a l d e s c r i p t i o n 

ot t he n u m e r i c a l me thod of i n t e g r a t i o n deve loped by E . R. Cohen, b a s e d upon 

t h e F o u r t h - o r d e r R u n g e - K n u t t a I n t e g r a t i o n f o r m u l a e . 

We wi l l co l l e c t t e r m s m the d i f f e ren t i a l equa t ions solved m such a m a n n e r 

tha t t he d i f f e ren t i a l equa t ions now have the following f o r m : 

^ = a^V( t ) + R ( t ) , . . . ( 3 2 ) 

w h e r e a is the s u m of a l l the coef f ic ien t s of V(t) a t t he beg inn ing of t h e i n t e r v a l 

h and, R(t) is t h e s u m of a l l t he r e s t of the t e r m s m the d i f f e ren t i a l equa t ion . 

We wi l l define V a s the va lue erf V, and R a s the va lue of R, at t he beg inn ing 
O ' O 7 & to 

of the i n t e r v a l h. 

We now c o m p u t e the fol lowing: 

A l = ^ C , ( x ) ( a V + R ) . . . ( 3 3 ) 
2 1 o o o 

h , ^ , , e"" - 1.0 
w h e r e x = a -rr and C , (x) =• 

o C. I X 

C (x) - 1.0 
C , (x ) 

2^ ' X 

2C (x) - 1.0 
C^(x) = ^ 

3 X 

w h e r e e is the b a s e of the n a t u r a l l o g a r i t h m s . 

V^ = V ^ + A i . . . ( 3 4 ) 

w h e r e V is a f i r s t a p p r o x i m a t i o n of t h e va lue of V(t) a t - ^ . Using V m p l a c e a z a 
of V m the d i f f e ren t i a l equa t ions we find a va lue for R and t h e n c o m p u t e : 

A^ = - | c 2 ( x ) ( R ^ - R^) + A^ . . . ( 3 5 ) 

V = V + A_ . . . (36) 
o o 2 
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where V, is the cor rec ted value of V at the half- interval -^. Replacing V with b 2 ^ * a 
V, in the differential equation, we find a value for R and compute 

A3 = h 2C.(x')(R, - R ) + C,(x ' ) (a V + R 2 ^ b o' l o o c (37) 

where x ' = a h o ' 

V = V + A^ 
c o 3 

(38 ) 

/here V is the f i rs t approximation of the value of V at the end of the interval h. 

Replacing V with V , we find a value for R and compute 

A^ = h | [2C3(x ' ) - C2(x')](R^ - 2R^ + R^)} + A3 (39) 

V, = V + A. 1 o 4 (40) 

where V, is the cor rec ted value of V at the end of the interval h. 

In o rder to reduce computation t ime, it is important that the interval h be 

as l a rge as possible consistent with the p rese rva t ion of accuracy . We define 

the quantit ies CJ and Q; 

. . (41) 

hc.,(a h) 
r^ 2 o -,— , 

1 + C.(a h) 10 il 
. , , ( 4 2 ) 

where (JJ• is the instantaneous inverse period at the beginning of the interval h, 

and OJ is the instantaneous inverse period at the end of the interval h, and a il ^ ' o 
is the value of O. for the neutron density equation 

§. a ^ h = f h ( r ^ - i ; 
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T h e f o l l o w i n g a r e t h e v a r i o u s c o n d i t i o n s u n d e r w h i c h t h e i n t e r v a l h w i l l b e 

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

- 1 4 
1) If, f o r a l l 1, Ai < 2 V a n d Q > Q , , t h e p r o g r a m c o n t i n u e s t h e c a l -

' l i o i — i> r- a 
c u l a t i o n w i t h t h e s a m e i n t e r v a l h fo r t h e n e x t s t e p , 

- 1 4 
2) If, f o r a l l 1, A 1 < 2 V a n d Q < Q , , t h e p r o g r a m f i n i s h e s t h e c a l -

' l i c i 1 '̂^ *= 

c u l a t i o n of t h e n e x t p o i n t w i t h i t s o r i g i n a l i n t e r v a l h b u t f o r t h e n e x t 

p o i n t u s e s h ' --J^. • h , 

3) If. f o r a n y i. A , > 2 V , t h e p r o g r a m c o n t i n u e s t h e c a l c u l a t i o n 
' •' l i o i ^ ° 

a n d t h e f o l l o w i n g t e s t s o n Q a r e p e r f o r m e d : 

a) Q < Q , t h e n h ' = ^ 2 • h , 

b) Q > Q , a n d Q < Q2 t h e n h ' = h , 

c) Q > Q^ t h e n h ' = 0 .5 h . 

T h e r e h a v e b e e n 4 t e s t r u n s m a d e , u s i n g o n e d e l a y e d n e u t r o n g r o u p a n d no 

f e e d b a c k e q u a t i o n s w i t h r ( t ) = $ 0 , 5 . T h e f o l l o w i n g e r r o r s h a v e b e e n f o u n d . 

U p p e r V a l u e Q L o w e r V a l u e Q 

0 . 0 7 9 8 

0 . 0 1 4 

0 . 0 0 3 5 

0 . 0 0 1 7 

T h e a b o v e r u n s w e r e m a d e w i t h o u t f e e d b a c k t e r m s . F o r a Q b a n d <. 10 , 1 0 

t h e r e i s a b u i l d u p of r o u n d - o f f e r r o r . It w i l l a l s o b e n o t e d t h a t t h e e r r o r i s 
1 2 

a p p r o x i m a t e l y e q u a l t o •—(hcj) . 

F r o m t h e a b o v e r u n s it w a s c a l c u l a t e d t h a t t h e p r o g r a m c o m p u t e s a p p r o x ­

i m a t e l y 10 p t / s e c . 

10 ' 

10 ' 

10 ' 

10 ' 

-3 

-4 

-5 

-6 

10 ' 

10" 

10 ' 

10 ' 

-4 

-5 

-6 
-7 

2 

0 

0 

E 

.5 

.9 

,6 

4 .0 

r r o r 

x 

X 

X 

X 

lU 

10 

10 ' 

10 

. 3 

-4 

-5 

-6 
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III. ANALYSISOFINHERENT SHUTDOWN MECHANISMS FOR THE KEWB "A" CORE 

A. R E L A T I V E E F F E C T I V E N E S S O F T E M P E R A T U R E AND VOID GROWTH AS 

F U N C T I O N OF S T A B L E P E R I O D 

The i on i za t i on p r o d u c e d by f i s s i o n f r a g m e n t s s lowing down m the KEWB 

r e a c t o r fuel so lu t ion (and t h a t f r o m n e u t r o n s , be t a r a y s , and g a m m a r a y s ) r e ­

s u l t s m the f o r m a t i o n of a p p r o x i m a t e l y 0.2 m o l e s of r a d i o l y t i c g a s (2H^ + O-,) 

p e r m e g a j o u l e of coo lan t t h e r m a l e n e r g y r e l e a s e d m both the full and under fu l l 

c o r e . Depending upon the t i m e s c a l e of the t r a n s i e n t a s d e t e r m i n e d by the r e a c t ­

o r p e r i o d , p a r t of the r a d i o l y t i c g a s a p p e a r s a s vo id v o l u m e i m p o r t a n t m the 

s e l f - l i m i t a t i o n of the b u r s t . Void v o l u m e m the c o r e r e d u c e s the r e a c t i v i t y 

m a i n l y by i n c r e a s i n g the n e u t r o n l e a k a g e t h r o u g h d e n s i t y r e d u c t i o n . A g iven 

a m o u n t of void v o l u m e (or t e m p e r a t u r e i n c r e a s e ) p r o d u c e s m o r e r e a c t i v i t y f eed ­

b a c k in the full c o r e than m the under fu l l c o r e , b e c a u s e the r e a c t i v i t y effect of 

v o l u m e change on the c o r e buck l ing is e s s e n t i a l l y z e r o m the full c o r e but i s 

p o s i t i v e m the unde r fu l l c o r e 

The e n e r g y r e l e a s e d du r ing o p e r a t i o n of the r e a c t o r a l s o r e s u l t s m the u s u a l 

t e m p e r a t u r e f e e d b a c k of r e a c t i v i t y In add i t ion to the d e n s i t y and buckl ing c o m ­

p o n e n t s which a r e the s a m e for t e m p e r a t u r e a s for g a s void, t he t e m p e r a t u r e 

coeff ic ient of r e a c t i v i t y c o n t a i n s a c o m p o n e n t which r e f l e c t s the r e d u c t i o n m 

n u c l e a r c r o s s - s e c t i o n s wi th i n c r e a s i n g t e m p e r a t u r e 

The r e a c t o r s t a b l e p e r i o d r a n g e , f r o m p e r i o d s long enough to a p p r o a c h 

s t e a d y s t a t e o p e r a t i o n to the s h o r t e s t which w e r e r u n with the KEWB "A" c o r e , 

can be d iv ided into four g r o u p s m t e r m s of the r e l a t i v e i m p o r t a n c e of the s h u t ­

down m e c h a n i s m s . The t r a n s i t i o n f r o m g r o u p to g r o u p i s g r a d u a l in the r e a c t o r ; 

n u m b e r s a s s i g n e d to g r o u p endpo in t s a r e for c o n v e n i e n c e in d i s c u s s i o n 

1, R e a c t o r p e r i o d s f r o m the a p p r o a c h to s t e ady s t a t e o p e r a t i o n down to 
100 s e c . 

Al though the e n e r g y r e l e a s e d up to the t i m e of peak p o w e r m long 

p e r i o d t r a n s i e n t s is s u b s t a n t i a l , t he a m o u n t of r a d i o l y t i c g a s f o r m e d 

does not c o n t r i b u t e g r e a t l y to the r e a c t o r shu tdown. T h i s i s p r o b a b l y 

b e c a u s e t h e t r a n s i e n t p r o c e e d s so s lowly tha t t h e g a s bubb l e s f o r m e d 

by diffusion h a v e t i m e to e s c a p e f r o m t h e fuel so lu t i on . T h e r e f o r e , t h e r e 

i s n e v e r a suf f ic ient ly l a r g e n u m b e r of bubb le s m the fuel so lu t ion to 
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fu rn i sh enough void v o l u m e to affect the r e a c t i v i t y a p p r e c i a b l y . I n h e r e n t shu t ­

down of the r e a c t o r is a c c o m p l i s h e d by the n e g a t i v e t e m p e r a t u r e f eedback of 

r e a c t i v i t y . 

2. R e a c t o r p e r i o d s f rom 100 sec down to 1 s e c . 

In t h i s p e r i o d r e g i o n , t h e r e is m o r e gas p r e s e n t a s a r e s u l t of i n c r e a s e d 

e n e r g y r e l e a s e before peak p o w e r . Addi t iona l ly , the t i m e s c a l e of the t r a n s i e n t 

p a s s e s t h rough the va lue of the p r o b a b l e bubble r e s i d e n c e t i m e in the fuel solut ion, 

so tha t bubbles wil l a c c u m u l a t e to c o n t r i b u t e s igni f icant void v o l u m e . T h r o u g h a 

l a r g e p a r t of t h i s p e r i o d r e g i o n , void v o l u m e supp l i e s a s m u c h or m o r e n e g a t i v e 

r e a c t i v i t y f eedback a s t e m p e r a t u r e in t e r m i n a t i n g the b u r s t . 

3 . R e a c t o r P e r i o d s f r o m 1 sec down to 30 m s e c . 

In t h i s p e r i o d r e g i o n , the t i m e sca l e of the t r a n s i e n t b e c o m e s s h o r t e r than 

the t i m e sca l e for the diffusion of r a d i o l y t i c gas into bubb les f r o m a m o d e r a t e l y 

s u p e r s a t u r a t e d so lu t ion . The t r a n s i e n t , t h e r e f o r e , a p p e a r s to " r u n away" f r o m 

the void p r o d u c t i o n m e c h a n i s m ; and the t e m p e r a t u r e effect aga in is dominan t in 

tu rn ing o v e r the b u r s t . After p e a k p o w e r at the s h o r t p e r i o d end of th i s r e g i o n , 

the b u r s t t e r m i n a t e s m o r e r a p i d l y than t e m p e r a t u r e f eedback a lone would i nd i ca t e , 

h e r a l d i n g the m e c h a n i s m which b e c o m e s i m p o r t a n t at p e r i o d s l e s s than 30 m s e c . 

The t o t a l e n e r g y r e l e a s e and tha t to peak power for t h i s p e r i o d r e g i o n and s h o r t e r 

p e r i o d s , in both the full and unde r fu l l c o r e , is shown in F i g u r e 4 . 

4 . P e r i o d s l e s s than 30 m s e c . 

In t h i s p e r i o d r e g i o n , the KEWB p e a k p o w e r d e p a r t s m a t e r i a l l y f rom the 

p r o p o r t i o n a l i t y to the s q u a r e of the r e c i p r o c a l p e r i o d exh ib i t ed by r e a c t o r s which 

a r e shut down by p r o m p t t e m p e r a t u r e ef fec ts only, and a r e d e s c r i b e d by the w e l l -

known F u c h s m o d e l of s p a c e - i n d e p e n d e n t r e a c t o r k i n e t i c s e q u a t i o n s . The p e a k 

power in KEWB is p r o p o r t i o n a l to a d e c r e a s i n g exponent of the r e c i p r o c a l p e r i o d 

(see F i g u r e 5), at p e r i o d s s h o r t e r than p r o m p t c r i t i c a l in the unde r fu l l c o r e . T h i s 

exponent b e c o m e s 1.5 in the n e i g h b o r h o o d of Z - m s e c t r a n s i e n t s . T h i s m e a n s tha t , 

in add i t ion to the p r o m p t t e m p e r a t u r e effect , s o m e p h e n o m e n o n which i s b e c o m ­

ing m o r e effect ive a s the p e r i o d is r e d u c e d i s con t r i bu t ing to the r e a c t o r shu t ­

down. F u r t h e r m o r e , i n e r t i a l p r e s s u r e s a p p e a r in the c o r e at about the s a m e 

p e r i o d a s t h i s shutdown m e c h a n i s m . I n e r t i a l p r e s s u r e is def ined a s p r e s s u r e 

o r ig ina t ing f r o m the so lu t ion being d r i v e n to expand m o r e r a p i d l y t h a n it c a n . 
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TOTAL ENERGY RELEASE, FULL CORE 

TOTAL ENERGY RELEASE, 85% FULL CORE 

ENERGY RELEASE TO PEAK POWER, FULL CORE 

ENERGY RELEASE TO PEAK POWER, 85% FULL CORE 

T i ~ i I I r 

REACTOR PERIOD (msec) 

F i g u r e 4 . KEWB S p h e r i c a l C o r e E n e r g y R e l e a s e a s F u n c t i o n 
of R e a c t o r P e r i o d 

The t i m e r e q u i r e d for the so lu t ion to expand is d e t e r m i n e d by the speed of sound 

in the so lu t ion and i t s v o l u m e . In o r d e r for i n e r t i a l p r e s s u r e s to a p p e a r in the 

KEWB c o r e at p e r i o d s in the m i l l i s e c o n d or t e n s of m i l l i s e c o n d s r a n g e , the spee 
5 

of sound m u s t be c o n s i d e r a b l y s l o w e r than in w a t e r con ta in ing no gas bubb les . 

T h e r e f o r e the a p p e a r a n c e of i n e r t i a l p r e s s u r e s at 20- o r 30- m s e c p e r i o d s in the 

KEWB i m p l i e s tha t gas bubb le s a r e p r e s e n t in the fuel so lu t ion . 

Tha t the vo ids cannot be a t t r i b u t e d to s t e a m f o r m a t i o n i s s u g g e s t e d by the 

fact tha t c u r v e s of t r a n s i e n t p r e s s u r e a s a funct ion of so lu t ion t e m p e r a t u r e a r e 

r i s i n g m u c h m o r e r a p i d l y than the v a p o r p r e s s u r e c u r v e for the so lu t ion . F o r 

e x a m p l e , in the 2 - m s e c c a s e , the s a t u r a t i o n t e m p e r a t u r e ( 6 l ° C ) which c o r r e ­

sponds to the in i t i a l p r e s s u r e of 15 c m Hg w a s r e a c h e d s l igh t ly af ter the i n s t an t 

of p e a k p o w e r , but the p r e s s u r e in the fluid had m e a n w h i l e r i s e n to about 10 a t m . 

F u r t h e r m o r e , the fact that the so lu t ion h a s not expanded suff ic ient ly to fi l l 

the s p h e r e c o m p l e t e l y at the t i m e of p e a k p o w e r , even in the 2 - m s e c c a s e , h a s 

two i m p o r t a n t i m p l i c a t i o n s : (1) fuel e j ec t ion does not c o n t r i b u t e to s topping the 
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F i g u r e 5 . P e a k P o w e r a s a F u n c t i o n of 
R e a c t o r P e r i o d , Underfu l l C o r e 

power r i s e ; and (2) the t r a n s i e n t p r e s s u r e s which a p p e a r for p e r i o d s s h o r t e r t han 

30 m s e c a r e not c a u s e d by the c o n s t r i c t i o n t h r o u g h which the so lu t ion m u s t p a s s 

to e n t e r the overf low c h a m b e r . 

The c o m p e n s a t e d r e a c t i v i t y a s ob ta ined f r o m A I R C O M P a n a l y s i s (Sect ion I 

of t h i s r e p o r t ) i s rough ly d i r e c t l y p r o p o r t i o n a l to the e n e r g y r e l e a s e e a r l y in the 

t r a n s i e n t , but beg ins to i n c r e a s e m u c h m o r e r a p i d l y than the e n e r g y a p e r i o d or 

two be fo re the p e a k p o w e r . T h i s i n d i c a t e s tha t the g a s vo id v o l u m e is d e l a y e d 

r e l a t i v e to the e n e r g y r e l e a s e . 

The r e q u i r e m e n t s of i n c r e a s i n g e f f ec t i venes s with d e c r e a s i n g p e r i o d and 

de lay at p e a k p o w e r r e l a t i v e to an e n e r g y p r o p o r t i o n a l p h e n o m e n o n a r e m e t by a 

r e a c t i v i t y - c o m p e n s a t i n g m e c h a n i s m which is a h i g h e r o r d e r funct ion of the e n e r g y 

r e l e a s e . 
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The s t a t u s of d e v e l o p m e n t of a de t a i l ed p h y s i c a l m o d e l for t h e s h o r t 

p e r i o d r a d i o l y t i c g a s void is d i s c u s s e d in the following s ec t i on , and one de ta i l ed 

m o d e l is p r e s e n t e d at l e n g t h . 

B . B U B B L E GROWTH T H E O R I E S 

1. G e n e r a l O b s e r v a t i o n s 

C o m p u t a t i o n of the r a d i o l y t i c g a s - c o m p e n s a t e d r e a c t i v i t y f r o m the i n t e g r a l 

r e a c t o r e x p e r i m e n t s is c o m p l i c a t e d by the p r e s e n c e of r e f l e c t o r d e l a y e d n e u t r o n 

(Sect ion V) and t e m p e r a t u r e r e a c t i v i t y f eedback e f f ec t s . Since both of t h e s e a r e 

sub jec t to u n c e r t a i n t i e s , the e x a c t a m o u n t of r a d i o l y t i c g a s p r e s e n t du r ing s h o r t 

p e r i o d t r a n s i e n t s a s c a l c u l a t e d f r o m the vo id c o m p e n s a t e d r e a c t i v i t y is sub jec t 

to c o n s i d e r a b l e u n c e r t a i n t y . The void v o l u m e m u s t be known, h o w e v e r , to d e t e r ­

m i n e the m e r i t of p r o p o s e d m o d e l s of bubble g r o w t h which a r e n e c e s s a r y to enab le 

p r e d i c t i o n of the c h a r a c t e r i s t i c s of w a t e r b o i l e r r e a c t o r s . 

C a p s u l e e x p e r i m e n t s , in which t r a n s i e n t void g r o w t h can be m e a s u r e d in 

the KEWB c o r e e n v i r o n m e n t wi thout the o b s c u r i n g ef fec ts of r e f l e c t o r de l ayed 

n e u t r o n s o r d y n a m i c t e m p e r a t u r e e f fec t s , a r e in p r o g r e s s in conjunc t ion with the 

" B " ( cy l i nd r i ca l ) c o r e e x p e r i m e n t s . T h e s e wi l l u l t i m a t e l y p r o v i d e suf f ic ient ly 

p r e c i s e vo id g r o w t h da ta to p e r m i t c r i t i c a l eva lua t i on of void g r o w t h m o d e l s . 

Be fo re the e f fec t s of r e f l e c t o r de layed n e u t r o n s on the r e a c t i v i t y w e r e c o m ­

p l e t e l y u n d e r s t o o d , a m o d e l of bubble f o r m a t i o n and g r o w t h at s h o r t p e r i o d s w a s c o n ­

s t r u c t e d on the as s u m p t i o n tha t a l l the r e a c t i v i t y not c o m p e n s a t e d by t e m p e r a t u r e 

o r held in f i s s i o n p r o d u c t de l ayed n e u t r o n s w a s p r o v i d e d by g a s e o u s void . Modif i ­

ca t i on of the m o d e l to inc lude r e f l e c t o r de layed n e u t r o n e f fec t s h a s not b e e n a t t e m p t e d 

b e c a u s e r e c e n t i n - p i l e c a p s u l e e x p e r i m e n t s have shown o t h e r a r e a s in wh ich it 

is de f i c i en t . The m o d e l is p r e s e n t e d h e r e m a i n l y for h i s t o r i c a l p u r p o s e s , but 

a l s o b e c a u s e it con t a in s b a s i c m a t e r i a l about void g r o w t h in the r e a c t o r . 

The m o d e l is t e r m e d the i n t e r a c t i o n m o d e l b e c a u s e it p o s t u l a t e s tha t 

r a d i o l y t i c g a s - b u b b l e s g row t h r o u g h c o l l i s i o n s o r n e a r c o l l i s i o n s of f i s s ion f r a g -
6* 

m e n t t r a c t k s wi th p r e - e x i s t i n g s m a l l , h a r d bubb le s . 

A n u m b e r of t h e o r e t i c a l m o d e l s have been c o n s t r u c t e d to accoun t for the 

o b s e r v e d d y n a m i c s of bubble g r o w t h in KEWB at s h o r t p e r i o d s , for e x a m p l e : (a) 

diffusion g r o w t h in a h o m o g e n e o u s so lu t ion; (b) s u r f a c e n u c l e a t i o n fol lowed by 

diffusion; (c) c o a l e s c e n c e of s m a l l bubb l e s ; (d) i n t e r a c t i o n of a c t i v e f i s s i o n t r a c k s ; 

(e) f i s s i on t r a c k " e x p l o s i o n " fol lowed by diffusion; and (f) c h a r g e d bubble g r o w t h . 

* The r e m a i n d e r of t h i s s e c t i o n w a s ed i t ed f r o m the r e f e r e n c e d p a p e r 
by D. P . G a m b l e . 
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T h e s e m o d e l s fa i led for one o r m o r e of the following r e a s o n s : (a) they p r e d i c t e d , 

c o n t r a r y to o b s e r v a t i o n , tha t the void wi l l d e c r e a s e a s t i m e a v a i l a b l e for g r o w t h 

d e c r e a s e s ; (b) they r e q u i r e d l i f e t i m e s for t r a n s i t o r y p h y s i c a l and c h e m i c a l r e a c ­

t ions fa r in e x c e s s of any p l a u s i b l e va lue ; (c) they r e q u i r e d t i m e s for bubble 

g rowth in e x c e s s of tha t a v a i l a b l e ; (d) they p r e d i c t e d a d y n a m i c s of void g rowth 

c o n t r a r y to o b s e r v a t i o n . 

The i n t e r a c t i o n m o d e l does not suffer f r o m the above l i m i t a t i o n s . In it 

the h y p o t h e s i s is m a d e tha t du r ing the i n t e r a c t i o n a f r a c t i o n of the r a d i o l y t i c gas 

p r o d u c e d in the f i s s i on t r a c k wake i s t r a n s f e r r e d into the bubble e i t h e r by s u r f a c e 

t e n s i o n o r by diffusion which l e a d s to void g r o w t h . The in i t i a l bubb les a r e p r o ­

duced wi th in the wake of a p r e c e d i n g f i s s i on f r a g m e n t . They a r e be l i eved to be 
_7 

l i m i t e d to s i z e s of the o r d e r of 1 0 c m . 

2. E x p e r i m e n t a l O b s e r v a t i o n s . 

The b a s i c c h a r a c t e r i s t i c s of the void have been d e t e r m i n e d f r o m e x p e r i ­

m e n t a l da t a . They wi l l be r e v i e w e d b r i e f l y . 

a) The a p p e a r a n c e of i n e r t i a l p r e s s u r e in t r a n s i e n t s c o m m e n c i n g with 
5 

p e r i o d s a r o u n d 20 m s e c i s proof tha t the c o r e con t a i n s v o i d s . 

b) The t i m e a v a i l a b l e for g r o w t h d e c r e a s e s a s the r a t e of vo id f o r m a ­

t ion and the t o t a l a m o u n t of void p r o d u c e d i n c r e a s e s . T h i s fact i s 

e a s i l y d e m o n s t r a t e d f r o m a s tudy of void c o m p e n s a t e d r e a c t i v i t y a s 

a function of p e r i o d . 

c) The void is v i r t u a l l y i n c o m p r e s s i b l e for p r e s s u r e c h a n g e s of up to 

30 a t m o s p h e r e s , which have been p r o d u c e d by the i n e r t i a l p r e s s u r e . 

T h i s fact l e a d s to the c o n c l u s i o n tha t the void m u s t be p r e s e n t in the 

f o r m of bubb les wi th high i n t e r n a l p r e s s u r e . S m a l l bubb le s have the 

h igh i n t e r n a l p r e s s u r e s r e q u i r e d to be c o n s i s t e n t wi th t h i s o b s e r v a ­

t ion . T h i s point r e m o v e s f r o m c o n s i d e r a t i o n bubb le s wi th r a d i i 
_5 

l a r g e r than 10 c m , a t l e a s t unt i l a f t e r p e a k p o w e r h a s been r e a c h e d . 

d) The fact tha t c u r v e s of t r a n s i e n t p r e s s u r e a s a funct ion of so lu t ion 

t e m p e r a t u r e a r e r i s i n g m o r e r a p i d l y than the v a p o r p r e s s u r e of the 

so lu t ion is s t r o n g ev idence tha t s t e a m is not the shutdown m e c h a n i s m . 
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e) T h e quant i ty of g a s p r o d u c e d du r ing a t r a n s i e n t is suff ic ient to fill 

s m a l l bubb l e s to a high i n t e r n a l p r e s s u r e . Rad io ly t i c g a s p r o d u c t i o n 

r e p r e s e n t s 4% of the e n e r g y d i s s i p a t e d in t h e c o r e . 

A s s u m p t i o n s 

The p r o p o s e d m o d e l is b a s e d on t h e following a s s u m p t i o n s : 

a) T h e v e r y s m a l l bubb l e s being c o n s i d e r e d in t h i s d i s c u s s i o n a r e 

a s s u m e d to have a l i f e t i m e g r e a t e r t h a n 20 m s e c . T h e s e b u b b l e s 

a r e s u b c r i t i c a l in s i z e . T h e r e f o r e , a c c o r d i n g to c l a s s i c a l t h e r m o ­

d y n a m i c s , they should c o l l a p s e in t i m e s m u c h s h o r t e r t h a n 20 m s e c . 

H o w e v e r , t h e r e is a c o n s i d e r a b l e body of e x p e r i m e n t a l e v i d e n c e in 
Y Q q 1 n 

t he l i t e r a t u r e ' ' ' wh ich c a n be u sed to s u p p o r t t h e con t en t i on 
tha t s m a l l b u b b l e s o r n u c l e i c a n ex i s t for t i m e s s u b s t a n t i a l l y l o n g e r 

t h a n t h i s . 

b) T h e s p a c e - i n d e p e n d e n t r e a c t o r k i n e t i c s equa t i ons c a n be u sed wi th 

a p p r o p r i a t e coef f i c ien t s to d e t e r m i n e s y s t e m void v o l u m e a t any 
3 11 

t i m e du r ing t h e t r a n s i e n t . ' 

c) T h e a v e r a g e t e m p e r a t u r e of the g a s in t h e void i s a s s u m e d to be 
12 

the s a m e a s t ha t of t h e so lu t ion t e m p e r a t u r e s at t h e s a m e t i m e . 

d) T h e n u m b e r of m o l e s of g a s , M, a v a i l a b l e in t h e s y s t e m a t any 

t i m e du r ing a t r a n s i e n t is t he p r o d u c t of t h e s t a t i c a l l y d e t e r m i n e d 

e n e r g y coeff ic ien t of g a s p r o d u c t i o n , G, and t h e e n e r g y r e l e a s e , 

E ( t ) . 

M(t) = GE(t) . . . (43) 

e) It i s a s s u m e d tha t t h e p r e s s u r e i n s i d e t h e bubb le due to s u r f a c e 
2 7 t e n s i o n is g iven by , w h e r e / i s t h e s u r f a c e t e n s i o n . In o t h e r 

w o r d s , t he s y s t e m h y d r o s t a t i c p r e s s u r e , p , is neg l i g ib l e c o m ­

p a r e d to s u r f a c e t e n s i o n p r e s s u r e . 

f) F i n a l l y , bubb l e s g r o w a s the r e s u l t of gas t r a n s f e r f r o m a f i s s i o n 

t r a c k to t h e bubble in f i s s i o n t r a c k bubb le c o l l i s i o n s . 
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4 . T r e a t m e n t of an E n s e m b l e of S m a l l B u b b l e s , to D e t e r m i n e the A v e r a g e 
Bubble Rad iu s 

An e n s e m b l e of bubb le s m a y be d e s c r i b e d in t e r m s of s e v e r a l d i f fe ren t 

weighted a v e r a g e s of bubble r a d i u s . The m o s t usefu l a v e r a g e is one we igh ted by 

the n u m b e r of m o l e s of gas in each r a d i u s i n t e r v a l . 

C o n s i d e r an e n s e m b l e of g a s bubb l e s w h e r e the n u m b e r of b u b b l e s wi th 

r a d i u s b e t w e e n r and r + d r is ^ ( r ) . A s s u m e for t h e m o m e n t tha t t h e b u b b l e -

s i z e d i s t r i b u t i o n funct ion C(r) i s known, and is a con t inuous funct ion of bubble 

r a d i u s in the i n t e r v a l f r o m the s m a l l e s t bubble r a d i u s , r , wh ich c o n t a i n s ius t 
' o ' 

one gas m o l e c u l e p e r bubble up to a m a x i m u m r a d i u s bubble , r , for the 
^ t' t' ) m a x ' 

e n s e m b l e . 

The n u m b e r of m o l e s of g a s , n, con ta ined in any one bubble of r a d i u s 

r i s : 

2 7 . 4 3 , 
n = P ^ = S ^ = SyTTr 

R T R T 3R T " " ' ^ ' 
g g g 

w h e r e R is t h e gas c o n s t a n t p e r m o l e , and T t h e a b s o l u t e t e m p e r a t u r e . T h e 

t o t a l n u m b e r of m o l e s of g a s con ta ined in t ( r ) d r bubb l e s of s i z e r is 

3R T 
g 

and the t o t a l m o l e s of g a s in t h e bubble e n s e m b l e i s 

dM = | ^ - e ( r ) d r , . . . (45) 

« r 
r m a x 

I T I 
g J r 

M = ^ ^ | r^C(r )dr . . . . ( 4 6 ) 

The m o l e - w e i g h t e d a v e r a g e bubble r a d i u s is 
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877r r ' 

rnole 

3R T 
C(r)d r 

The d e n o m i n a t o r of Equa t i on 47 is e a s i l y ident i f ied a s t h e t o t a l n u m b e r of m o l e s 

of g a s in t h e bubb le s which m a k e up the e n s e m b l e , M. By r e a r r a n g e m e n t of 

the n u m e r a t o r a s i nd ica t ed in Equa t ion 47, one is a b l e to r e c o g n i z e t h e i n t e g r a l 

a s t h e s u m of the v o l u m e of each bubble m a k i n g up the e n s e m b l e o r the t o t a l 

v o l u m e occup ied by bubb l e s V . H e n c e , E q u a t i o n 47 b e c o m e s 

^ 7 V B 

""mole MR T ' ' ' ' ^^^^ 

2 y 
And by defining an effect ive bubble p r e s s u r e pp, a s equa l to , t h e n 

E q u a t i o n 48 b e c o m e s m o l e 

MR T 

P B V g ' 

wh ich h a s t h e s a m e f o r m a s t h e p e r f e c t g a s l a w . The s i m i l a r i t y in f o r m b e t w e e n 

Equa t i on 49 and t h e p e r f e c t g a s l aw s u g g e s t s tha t t he b e h a v i o r of the e n s e n b l e 

u n d e r c o m p r e s s i o n m a y be t r e a t e d by us ing p and V in B o y l e ' s l a w . De ta i l ed 

e x a m i n a t i o n of t h i s q u e s t i o n h a s shown tha t t h e e n s e m b l e n e v e r exac t ly fol lows 

t h e B o y l e ' s l aw r e l a t i o n . H o w e v e r , n u m e r i c a l i n v e s t i g a t i o n , a s s u m i n g d i f fe ren t 

bubble s i z e d i s t r i b u t i o n s , h a s s u g g e s t e d tha t t he e r r o r s i n t r o d u c e d by u s i n g 

B o y l e ' s l aw a r e r e l a t i v e l y s m a l l (<10%). U n l e s s b u b b l e - s i z e d i s t r i b u t i o n 

a n o m a l i e s ex i s t in the fuel so lu t ion which r e n d e r s the deduc t i on b a s e d on t h e s e 

n u m e r i c a l c o m p u t a t i o n s g r e a t l y in e r r o r , one c a n say tha t is a good m e a s u r e 

of the c o m p r e s s i b i l i t y 
P B 

of the bubble e n s e m b l e . 
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The va lue of the m o l e - w e i g h t e d a v e r a g e bubble r a d i u s i s r e a d i l y computed 

f rom the e x p e r i m e n t a l d a t a . The v o l u m e occup ied by the bubb l e s is ob ta ined 

f r o m t h e void c o m p e n s a t e d c o m p o n e n t of t h e r e a c t i v i t y and t h e void coef f ic ien t 

of r e a c t i v i t y . The n u m b e r of m o l e s of g a s p r o d u c e d i s s i m p l y t h e e n e r g y r e l e a s e 

t i m e s the s t a t i c g a s p r o d u c t i o n coef f ic ien t . The va lue of r , c a n be compu ted 
m o l e '^ 

at any t i m e dur ing the t r a n s i e n t wi thout knowledge of ^{r). 
In F i g u r e 6, t he va lue of 7 , a t the t i m e of p e a k p o w e r is p lo t t ed vs ° ' m o l e f f f 

r e a c t o r p e r i o d for a g r o u p of KEWB t r a n s i e n t s . In the p e r i o d r a n g e f r o m 20.0 

to 0.1 s e c , t h e e n e r g y r e l e a s e up to the t i m e of peak p o w e r v a r i e s by l e s s t han 

± 10% of the a v e r a g e v a l u e . H o w e v e r , in the s a m e p e r i o d r a n g e t h e a v e r a g e 

bubble s i z e a t p e a k p o w e r d e c r e a s e s r a p i d l y a s t h e p e r i o d d e c r e a s e s . G a s 

f i l led vo ids a r e ineffec t ive a s a s a shutdown m e c h a n i s m in t h i s r e g i o n b e c a u s e 

the gas is con ta ined u n d e r high p r e s s u r e , tha t i s , s m a l l v o l u m e . As t h e p e r i o d 

b e c o m e s s h o r t e r t h a n 0.1 s e c the bubble s i z e i n c r e a s e s f r o m about lO" to 
-5 

10 c m . H e n c e , t he i n t e r n a l p r e s s u r e of t h e g a s in t h e b u b b l e s wi l l be b e t w e e n 

140 and 14 a t m o s p h e r e s . F u e l so lu t ion conta in ing bubb le s wi l l have a m u c h 

l a r g e r c o m p r e s s i b i l i t y t h a n tha t of t h e b u b b l e - f r e e solu t ion; h o w e v e r , a s 

a: 
ui 
9 
o 
a. 

< 

O 

< 10 ' 

^ 10 

[ jr iTTT I -1 

p \ 

I n n 1 1—L— 1 
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REACTOR PERIOD (sec) 

F i g u r e 6. A v e r a g e Bubble R a d i u s at T i m e of P e a k 
P o w e r a s a F u n c t i o n of R e a c t o r P e r i o d 

r e q u i r e d by e x p e r i m e n t , t he c o m p r e s s i b i l i t y is s t i l l s m a l l enough so tha t t h e 

i n e r t i a l p r e s s u r e h a s r e l a t i v e l y l i t t l e effect on t o t a l void v o l u m e . 
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The change m mole -average bubble radius as a function of t ime during 

the power excursion is shown for a fast t rans ient ( T = 3.74 msec) m Figure 7. 

TRANSIENT HOB 
T 3 7ms 

Figure 7. Average Bubble Radius as a Function of Time 

The validity of the mole -ave rage bubble radius has been checked by comparing 

the t ime it takes sound to t r a v e r s e the core with that computed using the bubble 
13 

radius of F igure 7 and the volume fraction of gas p resen t m the core . The 

compar ison is made m the following way. 

It will be shown la te r that, from both exper imental and theore t ica l con­

s idera t ions , the r a t e of void production is proport ional to the product of power 

and energy; that is , proport ional to N • E (see Equation 60). Void-formation 

is the driving force for the production of iner t ia l p r e s s u r e . Hence, the t ime 

lag between the peak of the driving function and the observed peak m the iner t ia l 
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p r e s s u r e is a m e a s u r e of the t i m e r e q u i r e d for sound to c r o s s the fuel so lu t ion . 

T h i s t i m e lag f r o m the e x p e r i m e n t a l da ta is about 1.1 m s e c c o r r e s p o n d i n g to a 

speed of sound of 196 m / s e c . The va lue compu ted f r o m bubble s i z e and v o l u m e 

is 200 m / s e c , wh ich is in exce l l en t a g r e e m e n t . While t h i s a g r e e m e n t m a y be 

s o m e w h a t f o r t u i t o u s , it does i nd i ca t e tha t Equa t i on 48 is a good d e s c r i p t i o n of 

t h e void . 

L a t e r in the t r a n s i e n t ( shown in F i g u r e 7), in t h e t i m e r e g i o n b e t w e e n 

43.8 and 52 m s e c , a shock wave which w a s f o r m e d by the c o n s t r i c t i n g effects 

a t t h e top of the c o r e r e q u i r e d 8.2 m s e c to r e a c h the b o t t o m of t h e c o r e . T h i s 
_5 

c o r r e s p o n d s to sound v e l o c i t i e s of 38 m / s e c . A bubble s i z e of about 5 x 10 c m 

would yield t h i s ve loc i ty of sound w h e n the o r i g i n a l c o r e so lu t ion jus t f i l led the 

s p h e r e , giving a 15% void v o l u m e . The a v e r a g e bubble r a d i u s c o m p u t e d f r o m 
-5 

Equa t ion 48 in t h i s t i m e i n t e r v a l is about 4 x 10 c m , a g a i n in exce l l en t a g r e e ­
m e n t . 

5 . I n t e r a c t i o n Model of Bubble Growth 

In the p r e c e d i n g s e c t i o n w e have shown tha t a mean ingfu l p h y s i c a l d e s ­

c r i p t i o n of the void is p o s s i b l e in t e r m s of an a v e r a g e bubble r a d i u s c o m p u t e d 

by Equa t ion 48 . We t h e r e f o r e a r e now in a p o s i t i o n to i n v e s t i g a t e quan t i t a t i ve ly 

the concep t tha t c o l l i s i o n s b e t w e e n f i s s i o n t r a c k s and bubb le s r e s u l t in the bubble 

g r o w t h p h e n o m e n o n o b s e r v e d in the KEWB r e a c t o r . 

The n u m b e r of c o l l i s i o n s p e r uni t t i m e b e t w e e n a f i s s i o n f r a g m e n t and 

a bubble wi l l be the p r o d u c t of the f i s s i o n f r a g m e n t flux t i m e s the m i c r o s c o p i c 

bubble c r o s s - s e c t i o n . The a v e r a g e f i s s i o n f r a g m e n t p r o d u c t i o n r a t e p e r uni t 

v o l u m e in t h e c o r e is 2 x 3.1 x 10 NV , N in m e g a w a t t s . T h e r e m o v a l 
, c o r e ° 

r a t e of f r a g m e n t s is ft , w h e r e f is t he f r a g m e n t dens i ty , and t t he a v e r a g e 

t i m e in wh ich t h e f r a g m e n t is t r a v e r s i n g i t s t r a c k . T h e r e f o r e , 

f =^-^/^Q'^N(t) - 4 ...(50) 
c o r e 

Since t is m a n y o r d e r s of m a g n i t u d e s h o r t e r t h a n t h e t i m e s c a l e upon which the 

p o w e r is changing , df/dt-^O, so tha t 
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6.2 X 1 0 ^ ^ N ( t ) t , c ,v 
I ,^ . , , , \D i ) 

core 

And since t = Lv, where L is the average distance travelled by the ionizing 

fragment and V its average velocity, the fission fragment flux is 

T . . , _ 6.2 x lO^^LN(t) , ^ , . 
9p(t) = fv = y ^—^ . . . (52) 

core 

The microscopic bubble cross-section is defined as the geometrical projected 
2 

area of the bubble, vx . The number of collisions per bubble in a second is 

the fission fragment flux times the microscopic cross-section. Hence, it is 

apparent that the large bubble will have a much higher probability of collision 

than will a small bubble. If each collision leads to bubble growth, then the 

chance of future interactions increases rapidly with each collision. 

The macroscopic bubble cross-section, ^-D, is the sum of the microscopic 

cross-sections of each bubble present in a cubic centimeter of fuel solution. 

The number of bubbles per unit volume of the solution is 

/•r 
r max 

covej^ 
No. of bubbles = r̂ :̂ | £(r)dr, ...(53) 

cc 

Therefore 

r 
r max 

2^(t) = | TT C ( r ) d r . . . . ( 5 4 ) 
' B ' ' I V 

I core 

And, with recourse to Equations 46 and 43, Equation 52 becomes 

3R TG 
2g(t) = g-^ • E(t). . . . (55) 

core 
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T h e r e s u l t i n g m a c r o s c o p i c c r o s s - s e c t i o n is independen t of bubble s i z e , o r t h e 

bubble s i z e d i s t r i b u t i o n funct ion. Since the l o w e r l i m i t s of t h e i n t e g r a t i o n 

included bubb le s wi th j u s t one m o l e c u l e of gas p e r bubb le , no d i s t i n c t i o n need 

be m a d e b e t w e e n d i s s o l v e d gas and gas con ta ined wi th in l a r g e r b u b b l e s . It is 

c l e a r tha t t he void v o l u m e and gas v o l u m e a r e not i d e n t i c a l . In p a r t i c u l a r , 

a o n e - m o l e c u l e bubble wi l l not c o n t r i b u t e to the void . H o w e v e r , a s a r e s u l t 
2 

of t h e r m the a v e r a g i n g p r o c e s s e s d i s c u s s e d e a r l i e r , t h i s d i s t i n c t i o n l e a d s to 

s m a l l d e p a r t u r e s f r o m the d e s c r i p t i o n g iven by Equa t i on 4 8 . The n u m b e r of 

c o l l i s i o n s b e t w e e n bubb l e s and f i s s i o n f r a g m e n t s is t h e n 

C F _ B < ^ ) = ^B^^) • V ^ ) = C o m s i o n s _ ^3^^ 
c m - s e c 

Subs t i tu t ing E q u a t i o n s 50 and 53 into 54 g i v e s 

3 X 6.2 x lO^^R T G L 
C j , _ g ( t ) = ^ S • N(t) • E ( t ) . . . . ( 5 7 ) 

8 V c o r e 

Le t t ing € be equal to the cons t an t and a p p r o x i m a t e l y c o n s t a n t t e r m s . E q u a t i o n 

57 b e c o m e s 

C p _ g ( t ) = € • N(t) • E(t) . . . . ( 5 8 ) 

The va lue of € i s 

_ _ , o l 4 C o l l i s i o n s .r^. 
e = 3.3 X 10 X 2 • • • (59) 

c m ( M w - s e c ) 

It is m o s t i n t e r e s t i n g to no te tha t t h e n u m b e r of c o l l i s i o n s p e r uni t t i m e 

is dependen t only on the p r o d u c t of p o w e r and e n e r g y . T h e a n a l y s i s of t h e 

e x p e r i m e n t a l da ta shows tha t t he void v o l u m e a l s o a p p e a r s to depend only on 
3 11 

the product of power and energy; ' that is. 

-^=!/N(t) • E(t) ...(60) 
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o r 

V = ^ v E ( t ) ^ . . . . ( 6 1 ) 

C m ^ 
T h e v a l u e of v d e t e r m i n e d f r o m t h e e x p e r i m e n t a l da ta is 500 r 

( M w - s e c ) 

If a v o l u m e of g a s t r a n s f e r r e d into the bubble p e r c o l l i s i o n is a c o n s t a n t 

a m o u n t K p e r c o l l i s i o n , t h e n the r a t e of void g r o w t h wi l l be 

^ = K • V C ^ ^ ( t ) . . . . ( 6 2 ) 
dt c o r e F—"B 

The n u m b e r of c o l l i s i o n s p e r second p e r unit v o l u m e m u s t be m u l t i p l i e d by the 

c o r e v o l u m e V to ob t a in the t o t a l r a t e of void g r o w t h . R e t u r n i n g to E q u a t i o n 
c o r e ° o -a 

5 8 for t h e n u m b e r of c o l l i s i o n s . E q u a t i o n 62 b e c o m e s 

4 T = KeV N(t) • E(t) . . . ( 6 3 ) 
dt c o r e 

w h e r e K. e and V a r e c o n s t a n t . T h e f o r m of E q u a t i o n 63 is now i d e n t i c a l 
' c o r e ^ 

to t h e e x p e r i m e n t a l l y d e t e r m i n e d e m p i r i c a l E q u a t i o n 60. T h e r e f o r e , t h e 

c o n s t a n t t e r m s c a n be equated so tha t 

u = KeV . . . (64) 
c o r e 

-16 3 
and t h e va lue of K c a n be d e t e r m i n e d a s 1.9 x 10 c m / c o l l i s i o n . 

An a l t e r n a t e a s s u m p t i o n to the c o n s t a n t v o l u m e i n c r e m e n t p e r c o l l i s i o n 

i s t he concep t t ha t a c o n s t a n t n u m b e r of m o l e s a r e t r a n s f e r r e d on the a v e r a g e 

p e r c o l l i s i o n . C o n s i d e r one bubble , t h e n le t a c o n s t a n t a v e r a g e n u m b e r of 

m o l e s of g a s , n, be depos i t ed in t h e bubble p e r c o l l i s i o n . Then , the r a d i u s 

r . of t h e bubb le a f t e r t h e i c o l l i s i o n wi l l be 
1 

r . 
1 

3R T 1/^ 
^ ( n • i + n ) 

8 77r 
(65) 
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w h e r e n is the n u m b e r of m o l e s of gas in t h e o r i g i n a l b u b b l e . The in i t i a l 

bubb le s p r o d u c e d wi thout i n t e r a c t i o n in the f i s s i o n t r a c k w a k e a r e be l i eved to 

have a r a d i u s c o m p a r a b l e to the r a d i u s of the i n t e n s e l y ionized r e g i o n of t h e 
o o 2 

t r a c k , which is p r o b a b l y about 50A. A bubble 50A in r a d i u s con t a i n s 3.4 x 10 

m o l e c u l e s of g a s . F r o m the s t a t i c g a s p r o d u c t i o n coeff ic ient , one c a n c o m p u t e 

tha t 1.7 X 10 g a s m o l e c u l e s a r e p r o d u c e d in each f i s s i o n - t r a c k w a k e . If only 

1.0% of t h e gas in the t r a c k w e r e t r a n s f e r r e d to a bubble p e r co l l i s i on , t h e n 

it is c l e a r tha t t h e n u m b e r of m o l e s of gas in t h e bubb le would be n e g l i g i b l e . 

T h e r e f o r e , n in Equa t i on 65 is neg l i g ib l e , and the v o l u m e of the bubble V. 

a f t e r the i c o l l i s i o n is 

, , 477- 3 47r /^^g '^ \ , - .,3/2 , , , , 

The next s tep is to c o m p u t e the m i c r o s c o p i c c r o s s - s e c t i o n for the n o n -

co l l ided , 1st, 2nd, . . . co l l ided bubble g r o u p s . T h i s c o m p u t a t i o n r e q u i r e s a 

knowledge of the bubble s i z e d i s t r i b u t i o n funct ion C(i") a s a funct ion of t i m e 

du r ing a t r a n s i e n t . No a t t e m p t h a s b e e n m a d e to so lve t h i s p r o b l e m . H o w e v e r 

p r o g r e s s can be m a d e in a m o r e r e s t r i c t e d c a s e w h e r e it is a s s u m e d tha t only 

one c o l l i s i o n p e r bubble can o c c u r . Under t h i s r e s t r i c t i o n , i = 1 and Equa t i on 

66 b e c o m e s 

V - 4 7 r p ^ o ^ ^ _ 3 / 2 , , _ . 

All of the t e r m s in the r igh t hand s ide of E q u a t i o n 67 a r e c o n s t a n t , t h e r e f o r e 
V. i= 1 is cons t an t and is equal to the v o l u m e of gas t r a n s f e r r e d p e r co l l i s i on , 

but t h i s is equal to K in Equa t i on 62 . T h e r e f o r e , t h e a s s u m p t i o n of oruly one 

hit p e r bubble c o n v e r t s the c o n s t a n t - m a s s - t r a n s f e r r e d - p e r - c o l l i s i o n m o d e l 

into the c o n s t a n t - v o l u m e - t r a n s f e r r e d - p e r - c o l l i s i o n m o d e l . Set t ing E q u a t i o n 
- 1 6 3 

67 equal to t h e va lue of K (1.9 x 10 c m / c o l l i s i o n ) , and solving for n, we 
-19 5 _ 

ob ta in 3.0 x 10 m o l e s , o r 1.8 x 10 m o l e s p e r c o l l i s i o n . The va lue of n 
i s , t h e r e f o r e , a f ac to r of 1000 l a r g e r t han n . T h i s shows the a s s u m p t i o n to 
be val id tha t n c a n be n e g l e c t e d , 

o ^ 
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T h e n u m b e r of m o l e c u l e s t r a n s f e r r e d is about 10% of the g a s a v a i l a b l e 

a long t h e f i s s i o n - f r a g m e n t t r a c k . T h e r e f o r e , it is a p p a r e n t tha t m o r e t h a n 

suff ic ient r a d i o l y t i c gas is a v a i l a b l e in the t r a c k , and t h a t t h e n u m b e r of c o l l i s i o n s 

a r e a d e q u a t e to exp la in t h e KEWB r e a c t o r bubb le g r o w t h . 

T h e m o r e g e n e r a l c o m p u t a t i o n of void g r o w t h a s s u m i n g m u l t i p l e c o l l i s i o n s 

wi th c o n s t a n t m a s s t r a n s f e r wi l l r e s e m b l e the c o n s t a n t - v o l u m e c o m p u t a t i o n in 

t h e e a r l y s t a g e s of the t r a n s i e n t . In t h i s t i m e r e g i o n of the t r a n s i e n t , r e l a t i v e l y 

few s ingly co l l ided bubb le s wi l l be p r e s e n t c o m p a r e d to t h e nonco l l ided b u b b l e s . 

As t h e t r a n s i e n t p r o c e e d s , h o w e v e r , t he i nven to ry of once hi t b u b b l e s wi l l i n ­

c r e a s e , so tha t m u l t i p l e c o l l i s i o n s wi l l b e c o m e i m p o r t a n t . When t h i s h a p p e n s , 

t h e void g r o w t h wi l l be f a s t e r t h a n tha t g iven by the p o w e r and e n e r g y p r o d u c t 

m o d e l . The d i f f e r e n c e b e t w e e n t h e two m o d e l s could be e x p r e s s e d in t e r m s of 
- 3/2 

s o m e a p p r o p r i a t e l y a v e r a g e d (i) . T h e va lue of i m a y be r e l a t i v e l y u n i m p o r t a n t 

un t i l a f t e r p e a k p o w e r in the v e r y fas t t r a n s i e n t s . 
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IV. DEVELOPMENT OF MATHEMATICAL MODEL OF REACTOR 

As w a s the c a s e for the m o d e l of void g r o w t h a t s h o r t p e r i o d s d e s c r i b e d in 

t h e p r e c e d i n g s ec t i on , t he p a r t i a l so lu t ions to t h e r e a c t o r k i n e t i c s equa t ions 

wi th feedback f r o m void g rowing at a r a t e p r o p o r t i o n a l to t h e p r o d u c t of p o w e r 

and e n e r g y w e r e d e r i v e d wi thout i n c o r p o r a t i o n of r e f l e c t o r de l ayed n e u t r o n 

e f fec t s . The p r e s e n c e of r e f l e c t o r - d e l a y e d n e u t r o n s i n v a l i d a t e s the a s s u m p t i o n 

m a d e be low tha t de layed n e u t r o n feedback c a n be n e g l e c t e d a t p e r i o d s s h o r t e r 

t h a n 30 m s e c . F o r r e f l e c t o r m a t e r i a l s wi th a n a p p r e c i a b l y s h o r t e r t h e r m a l 

diffusion t i m e t h a n g r a p h i t e , h o w e v e r , o r for b a r e c o r e o p e r a t i o n , t h e following 

a n a l y s i s wi l l be a p p l i c a b l e if t h e r e is p r o m p t t e m p e r a t u r e p lus a second r e a c t i v i t y 

feedback m e c h a n i s m which g r o w s at a r a t e p r o p o r t i o n a l to t h e p r o d u c t of p o w e r 

and e n e r g y . Suc-h a r e a c t o r can be d e s c r i b e d by t h e s p a c e - i n d e p e n d e n t s y s t e m 

of equa t ions : 

dN ^_^ 
dt i 

(R - 1)N -t-TfiW. 
i = l ^ •̂ 

d W . 

d t 
i = X . ( N - W . ) , , 6 

. . . ( 6 8 ) 

. . . ( 6 9 ) 

f = KN - ^T . . . ( 7 0 ) 

t 

N ( x ) d x - c r V . . . ( 7 1 ) 

N 
d E 
dt 

. . . ( 7 2 ) 

R = R (t) + a T +<^V ( 7 3 ) 

w h e r e the s y m b o l s employed in t h e f i r s t two equa t ions have b e e n defined in 

s e c t i o n IB, and 

T = t e m p e r a t u r e r i s e , 

K = r e c i p r o c a l hea t c apac i t y , 

N A A - S R - 5 4 1 6 
36 



y - r e c i p r o c a l hea t t r a n s f e r c h a r a c t e r i s t i c t i m e , 

V = void v o l u m e , 

1/ = a d j u s t a b l e p a r a m e t e r , 

(T = r e c i p r o c a l of bubble r e s i d e n c e t i m e , 

E = e n e r g y r e l e a s e , 

a = t e m p e r a t u r e coeff ic ient of r e a c t i v i t y 

and d) = void v o l u m e coeff ic ien t of r e a c t i v i t y 

The t e m p e r a t u r e and void v o l u m e coef f i c ien t s of r e a c t i v i t y a r e both n e g a t i v e 

for a q u e o u s h o m o g e n e o u s r e a c t o r s . The t e r m y T m the t e m p e r a t u r e r i s e 

equa t ion is a s i m p l e c o r r e c t i o n for h e a t l o s s . The a n a l o g o u s t e r m m the 

void v o l u m e equa t ion , 0"V, h a s b e e n inc luded to r e p r e s e n t bubble c o l l a p s e o r 

e s c a p e f r o m t h e so lu t ion . The p r o p o r t i o n a l i t y of t h e r a t e of v o i d - v o l u m e 

g r o w t h to the p r o d u c t of p o w e r and e n e r g y r e l e a s e m t h i s equa t ion c a n be v iewed 

a s a p h e n o m e n o l o g i c a l m o d e l for the r e a c t o r b e h a v i o r wi thout r e f e r e n c e to t h e 

d e t a i l s of void f o r m a t i o n . 

G e n e r a l a n a l y t i c so lu t ions to t h e k i n e t i c s equa t i ons cannot be ob ta ined , but 

c o m p u t e r so lu t ions a r e a v a i l a b l e m the AIREK p r o g r a m d i s c u s s e d m Sec t ion 1. C. 

T h e s e h a v e b e e n employed e x t e n s i v e l y for 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 

b u r s t s h a p e , and for p a r a m e t e r s t u d i e s to d e t e r m i n e the s e n s i t i v i t y of t h e KEWB 

p e r f o r m a n c e to v a r i a t i o n s m t h e s y s t e m c o n s t a n t s . In t h e l a t t e r c a p a c i t y , c o m ­

p u t e r r u n s fall s h o r t of p r o v i d i n g the ins igh t o b t a i n a b l e f r o m a n a l y t i c r e l a t i o n s h i p s , 

T h e de f i c i ency is f i l led wi th t h e following p a r t i a l a n a l y t i c so lu t i ons to t h e 

k i n e t i c s e q u a t i o n s . 

F o r p e r i o d s of 30 m s e c o r l e s s , t he de layed n e u t r o n s c a n be n e g l e c t e d 

un t i l s o m e t i m e a f t e r p e a k p o w e r . A l so , y and O" a r e n e g l i g i b l e m t h i s p e r i o d 

r a n g e . T h e r e f o r e the k ine t i c b e h a v i o r of the r e a c t o r u n d e r the s t a t ed cond i t i ons 

c a n be d e s c r i b e d by t h e s impl i f i ed se t of equa t i ons : 

^^ - -(R - 1)N . . . ( 7 4 ) 
dt i 

- ^ = K N . . . ( 7 5 ) 
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^ = . N E . . . ( 7 6 ) 

and Equations 72 and 73. Substituting Equation 72 in 75 gives 

^ - ' ^ ^ • • • < ' ^ > 

or dT = KE . . . (78) 

which, under the condition that T = 0 when E = 0, in tegra tes to 

T = KE . . .(79) 

Substituting Equation 72 into 76 gives 

or dV = fEdE, . . . (81) 

which, under the condition that V = 0 when E = 0, in tegrates to 

V = z/E^/2 . . .(82) 

Substituting Equations 79 and 82 into 73 gives 

,2 
R R (t) + aKE + ^ i /E /2 . . . . (83) 

Note that the t e r m derived from the void is just the next t e r m in an energy 

polynominal feedback of react ivi ty . This would be expected to provide a bet ter 

fit if the t empera tu re feedback only were not adequate, r ega rd l e s s of the 

physical applicability of the t e r m ascr ibed to void. Letting a K = € and 

<pv - €. we can now substitute Equation 83 for the react ivi ty in 74, which gives, 

using 72, 
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dN ^ /3 
dt i R ( t ) + €,E. + e-,^-o 1 2 2 

dE 
dt 

(84) 

By l i m i t i n g t h e r e a c t i v i t y input to s t e p s , R (t) = R ( cons t an t ) , t h i s b e c o m e s 

d N /3 R + € , E + e . , ^ o 1 2 2 
d E (85 ) 

which c a n be i n t e g r a t e d d i r e c t l y , and wi th the cond i t i on tha t N = 0 w h e n E = 0 

g i v e s 

N = /3 ( R ^ - l ) E + . ^ - | + e 2 6 
(86) 

o r , u s ing the r e l a t i o n 

i • o {R - 1) = uj^ (87) 

which i s t h e a s y m p t o t i c f o r m of the inhour equa t ion for s h o r t p e r i o d t r a n s i e n t s , 

t h i s b e c o m e s 

P N = OJ E + • , , 
o 2i .,E^.f . ( 8 8 ) 

B e f o r e p r o c e e d i n g wi th the usefu l r e l a t i o n s which c a n be d e r i v e d f r o m E q u a t i o n s 

85 and 88, one f u r t h e r i n t e g r a t i o n of 88 c a n be m a d e . Us ing E q u a t i o n 72, and 

defining L = i / ^ , E q u a t i o n 88 can be w r i t t e n 

dE E /., ^ , .^ , E 
-T— = TT— 2cu L + e , E + e^—r-dt 2L\ o 1 2 3 

' ^ d t d E 

E 2(0 L + € , E + e ^ E 

. . . ( 8 9 ) 

. . . ( 9 0 ) 

r 
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T h i s r e l a t i o n c a n be i n t e g r a t e d to g ive 

2aj t = in ^ ^ 
° 6aj L + 3 € , E + e.,E 

o 1 2 

le^d) L V ^ ' ^ 2 € _ , E + 3 6, - 3 € , A / 1 - 8 e - O J L / 3 € ,^ ,nl^ 
2 o I 2 I IV 2 o 1 . . . ( 9 1 ) 

^ ^ l / 2 e ^ E + 3 € , + 3 € , ^ / - 8€_cu L / 3 € , ^ / 2 i l v Z o l 

Unfor tuna te ly , t h i s cannot be solved exp l i c i t ly for E a s a funct ion of t, which 

r e l a t i o n s h i p could t h e n be d i f fe ren t i a t ed to g ive an equa t ion for t h e b u r s t s h a p e , 

val id for s t ep r e a c t i v i t y inputs to s h o r t l y a f t e r p e a k p o w e r . H o w e v e r , f r o m 

Equa t ion 91 we c a n u s e E a s ou r independen t v a r i a b l e and find t = t ( E ) . F r o m 

Equa t ion 89 we h a v e 

N = - ^ = N ( E ) . . . ( 9 2 ) 

and h e n c e we can plot N a s a funct ion of t in p a r a m e t r i c f o r m . 

A p p r o x i m a t i o n s to E a s a funct ion of t c a n b e found for E s m a l l and E l a r g e . 

F u r t h e r i nan ipu l a t i on of t h e above equa t ion r e m a i n s an i t e m for fu tu re effor t . 

Since d N / d t = 0 a t p e a k p o w e r , t he e x p r e s s i o n in p a r e n t h e s i s on t h e r i g h t -
A 

hand s ide of Equa t i on 85 m u s t be equa l to z e r o ; tha t i s , u s ing n o t a t i o n E for 

e n e r g y r e l e a s e to the p o w e r peak , 

R^ - 1 + € j E + €^E^/Z = 0 ; . . . (93) 

o r , u s ing Equa t ion 87, 

a ; j | - + e j E + € 2 E ^ / 2 = 0 . . . . ( 9 4 ) 
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A 
Solving this quadrat ic for E gives 

-.^^yiT^TT^aTi^ 
E = : ^ ^^-^ . . . ( 9 5 ) 

2 

which, upon discarding the negative solution and rea r rang ing , becomes 

i '^ 
€ 

2 e cu i 
.1 +^A - % ° 

2L V ,^^p 
(96) 

A 
For the peak power, designated by N, Equation 94 can be substituted in 88. Note 

that the form of Equation 94 is such that it can be solved for <u , or € , E or 

« E , all of which appear in Equation 88 if E is factored out. Therefore , any 

one of the th ree quantities can be eliminated, giving the following th ree equiva-
A 

lent express ions N. 

A iS A / ^1 A ^2 ^z\ 
N = ^ E ( - 2^E - -fE'^j . . . ( 9 7 ) 

N = - f - - ^ E ^ . . . ( 9 8 ) 

A 2 /̂  1 '̂ 2 

A3 The las t of these is most convenient to use as it does not contain E . Equ 
A 

Equation 96 could be substituted into 99 to give N in t e r m s of the sys tem p a r a ­
m e t e r s direct ly , but the resul tant express ion is complicated. In use , the 

A 
s implest p rocedure is to solve for E with Equation 96, and substi tute the value 

in 99. 

For very short period t r ans ien t s , a great simplification can be made in the 

equations for energy r e l ea se to peak power and peak power. This occurs when 

the amount of t e m p e r a t u r e compensated react ivi ty becomes negligible compared 
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to the amount compensated by void volume, and the terms involving €, in the 

derivations can be omitted. Thus Equations 88 and 94 become respectively. 

/3e 
N = a; E + 7-T^E^ , and . . . (100) 

o 6i ' • 

^^2A2 
(jj^ + -JJ^E = 0 . . . . ( 1 0 1 ) 

A 
Solving Equation 101 for E gives 

E = ^ / - ^ ^ ; ...(102) 

and substituting this in Equation 100 gives 

{^^j^Zi/e^P <^^^'^ , ...(103) 

The simplicity of the last two equations reduces parameter studies in the 

period regions where the equations are valid to a matter of inspection. Some 

caution is necessary lest the coupling between R, /S , i, and cu given by the in­

hour Equation 87 be overlooked. For example, if it were desired to design a 

water boiler for maximum flux. Equation 103 indicates that the peak flux will 

increase in proportion to the square root of increase in the neutron lifetime, 

all other factors remaining constant. The inhour equation shows that increase 

in I requires almost proportional increase in the input reactivity to maintain a 

given value of oj. Additional excess reactivity is difficult and expensive to 

design into the reactor, however, aside from the fact that increase in the core 

loading tends to decrease the neutron lifetime. Considering both Equations 

87 and 103, it turns out that decreasing i enables attainment of shorter periods 

with a given maximum excess reactivity, thus maximizing the flux which is 

more sensitive to the changes in the period than any other parameter. 
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V. DISCUSSION OF REFLECTOR-DELAYED NEUTRONS 

A. EXPERIMENTAL EVIDENCE OF A SHORT-PERIOD ANOMALY 

Three independent a r e a s of the KEWB data a r e not consistent with an analytic 

represen ta t ion of the r eac to r based upon the space-independent kinetics equations 

containing the conventional six groups of delayed neutrons and t e m p e r a t u r e and 

void feedback of react ivi ty proport ional to energy and the product of power and en 

energy, respect ive ly . These a r e as follows. 

1. The Burs t -Shape 

A definite change in the burs t symmetry occurs as the reac tor period 

approaches 2 m s e c . F igure 8 shows t rans ien t s for per iods of 9.7, 5.7, 3.7 and 

No OF REACTOR PERIODS ( t / r ) 

Figure 8. Relative Burs t Shape for Pe r iods Shorter 
than 10 msec^ Underfull Core 

2.3 msec normal ized to unity peak power and number of per iods along the t ime 

ax is . Here we see some p r o c e s s holding the power up after the peak as the 

period approaches 2 m s e c . 
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Holdup of t h e p o w e r a f t e r t he peak does not a g r e e wi th t h e b e h a v i o r of the 

shu tdown m e c h a n i s m s , which a r e b e c o m i n g m o r e effect ive a s the p e r i o d is d e ­

c r e a s e d . T h e l a t t e r is i l l u s t r a t e d by t h e s lope of t h e p e a k p o w e r a s a funct ion of 

p e r i o d c u r v e ( F i g u r e 5), wh ich is d e c r e a s i n g wi th p e r i o d . R e a c t i v i t y c o m p u t a t i o n s 

wi th A I R C O M P a l s o show tha t t he c o m p e n s a t e d r e a c t i v i t y b e f o r e p e a k p o w e r i s 

r i s i n g m o r e r a p i d l y t h a n t h e e n e r g y r e l e a s e a s a funct ion of d e c r e a s i n g p e r i o d . 

The holdup of p o w e r a f t e r t he p e a k m u s t t h e r e f o r e be t h e effect of s o m e p r o c e s s 

omi t t ed f r o m the m a t h e m a t i c a l m o d e l . 

2. The P i l e O s c i l l a t o r Data 

A n o t h e r m a n i f e s t a t i o n of t h e ano ina ly a t s h o r t e r p e r i o d s i s ev idenced in 
14 

t h e p i l e o s c i l l a t o r d a t a . The r e s u l t s of t h i s e x p e r i m e n t at h igh f r e q u e n c i e s do 

not a g r e e wi th the p r e d i c t i o n s of the t h e o r e t i c a l t r a n s f e r funct ion . S ince t h e 

void and t e m p e r a t u r e r e a c t i v i t y feedback funct ions b e c o m e neg l ig ib l e in the 

t r a n s f e r funct ion at h igh f r e q u e n c i e s , t h i s e x p e r i m e n t i n d i c a t e s tha t t he o m i s s i o n 

f r o m the m a t h e m a t i c a l m o d e l is a n e u t r o n i c p r o c e s s . 

3 . T h e E x p e r i m e n t a l Inhour E q u a t i o n 

The t h i r d and m o s t i n p o r t a n t d e p a r t u r e of da ta f r o m tha t expec ted i s 

found in the e x p e r i m e n t a l inhour c u r v e at p e r i o d s l e s s t h a n 10 m s e c . T h i s c u r v e 

i s a plot of s t ep r e a c t i v i t y input to t h e r e a c t o r a s a funct ion of the o b s e r v e d s t a b l e 

p e r i o d . The input r e a c t i v i t y involved in a t r a n s i e n t is ob ta ined f r o m t h e in i t i a l 

c r i t i c a l and f inal c o n t r o l rod e l e v a t i o n s t h r o u g h t h e c o n t r o l rod c a l i b r a t i o n c u r v e . 

F i g u r e 9 shows the inhour c u r v e s for the KEWB full and unde r fu l l s p h e r i c a l c o r e s , 

a s we l l a s t h e t h e o r e t i c a l inhour c u r v e for s ix g r o u p s of de layed n e u t r o n s . T h e 

l i n e a r plot is employed to e m p h a s i z e the s h o r t p e r i o d r e g i o n . 

The g e n e r a l f o r m of the inhour equa t ion is 

SLU) 

eff i^^ I ^ T T T : •••(^°^) 

w h e r e p i s t h e r e a c t i v i t y , i is t he a p p a r e n t n e u t r o n l i f e t i m e , to is t he r e c i p r o c a l 

of the s t a b l e p e r i o d , p . a r e the de layed n e u t r o n c r i t i c a l i t y f a c t o r s , k ^- is t h e 

effect ive m u l t i p l i c a t i o n f a c t o r , and X. a r e t h e de layed c o n s t a n t s . To s impl i fy 
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100 200 300 400 500 600 

RECIPROCAL PERIOD (o) in s«C"' ) 

F i g u r e 9. KEWB S p h e r i c a l C o r e Inhour C u r v e s 

t h e equa t ion , t he ef fect ive m u l t i p l i c a t i o n is t a k e n to be uni ty even at s h o r t p e r i o d s 

The c o r e l i f e t i m e i n c r e a s e s wi th k rr, and l i t t l e e r r o r r e s u l t s f r o m th i s a s s u m p ­

t i o n . 

E q u a t i o n 104 is t h e n w r i t t e n 

n n f cu 

i=l i=l ^ 

(105) 

n 

w h e r e f i-^i'YPi-
i= l 

S ince the def in i t ion of r e a c t i v i t y in d o l l a r s is 

R = 
ex P eff 

n n 
(106) 

A .l^i 
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and k ^̂  h a s b e e n t a k e n to be uni ty , 
eff ' 

^ef f .Zj- ' ^+ ^ i 

w h e r e /B^^^ =)> ^ . . 
] = J 

Using t h e r e l a t i v e de layed n e u t r o n f r a c t i o n s for s ix de lay g r o u p s of 
15 

Keep in , W i m e t t and Z e i g l e r , t h e KEWB r e a c t o r e x p e r i m e n t a l inhour c u r v e can 

be fit ted wi th E q u a t i o n 107 down to about O) = 100 s e c wi th i / p „ = 7.8 x 10 

s e c . li (3 rr = 0 .008, t h e n i = 62.5 /J.sec. The e x t e n s i o n of the t h e o r e t i c a l c u r v e 

to the s h o r t p e r i o d r e g i o n wi th t h e s e n u m b e r s is t ha t shown in F i g u r e 9. 

S u b s t r a c t i n g 1 f r o m the r e a c t i v i t y f i g u r e s g iven by t h e t h e o r e t i c a l and 

underfuU s p h e r i c a l c o r e c u r v e s at tu = 500 sec g i v e s 3.8 and 2.4 d o l l a r s r e s ­

p e c t i v e l y . T h i s m e a n s tha t t he va lue of S./^ rr would have to d e c r e a s e o v e r 50% 

f r o m O) = 100 to a> = 500 sec (10 to 2 m s e c p e r i o d s ) in o r d e r to d e s c r i b e the 

da ta wi th Equa t i on 107. T h i s is u n r e a s o n a b l e for e i t h e r quan t i ty . T h e r e f o r e , 

t he t h e o r a t i c a l inhour equa t ion employed is not an a c c u r a t e r e p r e s e n t a t i o n of 

t h e KEWB r e a c t o r for p e r i o d s l e s s t h a n 10 m s e c . 

B . POSTULATION O F P R E S E N C E O F R E F L E C T O R - D E L A Y E D N E U T R O N S 

The unexpec t ed b e h a v i o r of the KEWB r e a c t o r can be d e s c r i b e d by add i t i on 

of a g roup of de layed n e u t r o n s wi th a r e l a t i v e l y l a r g e a b u n d a n c e and m e a n de lay 

t i m e in the m i l l i s e c o n d r e g i o n . Such n e u t r o n s would tend to hold up the p o w e r 

a f t e r t he p e a k w h e n the r e a c t o r p e r i o d a p p r o a c h e d t h e i r m e a n de lay t i m e . They 

would a l s o h a v e an effect on t h e p i l e o s c i l l a t o r t r a n s f e r funct ion at h igh f r e q u e n c i e s ; 

and, m o s t def in i te ly , they would inf luence the f o r m of the inhour c u r v e in the 

m i l l i s e c o n d p e r i o d r e g i o n . 

If t he concep t of the p r e s e n c e of a s e v e n t h g r o u p of de l ayed n e u t r o n s in the 

KEWB a s s e m b l y is e n t e r t a i n e d , it is n a t u r a l to c o n s i d e r the p o s s i b i l i t i e s of a 

s o u r c e of such n e u t r o n s . A g roup with l a r g e a b u n d a n c e and m e a n de lay t i m e in 

the nni l l i second r a n g e could not o r i g i n a t e f r o m f i s s i o n p r o d u c t p r e c u r s o r s , for 

they would have b e e n ev idenced in t h e Godiva r e a c t o r e x p e r i m e n t s . It is 

h y p o t h e s i z e d tha t t h e s e n e u t r o n s o r i g i n a t e in t h e KEWB r e a c t o r g r a p h i t e r e f l e c t o r 

a s the f r a c t i o n of fas t n e u t r o n l e a k a g e which is t h e r m a l i z e d and finds i t s way 
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b a c k to the c o r e . Tha t such n e u t r o n s m i g h t we l l ev idence t h e c h a r a c t e r i s t i c s of 

t h e de lay g roup p o s t u l a t e d should be ev ident f r o m t h e fact t ha t t he l i f e t i m e of 

t h e r m a l n e u t r o n s in a n inf ini te m e d i u m of g r a p h i t e is 12 m s e c . Using t h e t e r m 

r e f l e c t o r - d e l a y e d n e u t r o n s , it is now a p p r o p r i a t e to a t t e m p t to i n v e s t i g a t e the 

q u a n t i t a t i v e a p p l i c a t i o n of the not ion to the KEWB e x p e r i m e n t a l d a t a . 

C . S E V E N - G R O U P INHOUR EQUATION 

I n c o r p o r a t i o n of r e f l e c t o r - d e l a y e d n e u t r o n s a s a s e v e n t h g r o u p into t h e s i x -

g r o u p inhour equa t ion 

A f.cu 

iii ^ 

w h e r e the t e r m s have b e e n defined above , can be p e r f o r m e d by g roup ing the 

s even th g r o u p t e r m wi th the l i f e t i m e 

A I O CJ 

i = l 

w h e r e i. i s now adopted to d e s i g n a t e the c o r e l i f e t i m e . 
6 

Note tha t t h i s equa t ion h a s b e e n divided by 2^/3-, so tha t t he r e a c t i v i t y is in 
i=:l ^ 

s ix g roup d o l l a r s a s b e f o r e . T h i s is t he l e a s t c o m p l i c a t e d of confusing a l t e r n a -

n 
t i v e s , b e c a u s e the d o l l a r uni t , a lghough defined R = o k rr/Y /3 . h a s b e c o m e 

a s s o c i a t e d with the s ix g r o u p s of f i s s i o n - p r o d u c t de layed n e u t r o n s , a s h a s 

p r o m p t c r i t i c a l . In t e r m s of u s a g e , it would be b e t t e r to def ine t h e d o l l a r by 
6 

R = o k rr/ Y, P • > ^^'^ c h o o s e a new n a m e for t h e c a s e w h e r e t h e s u m m a t i o n is 
® i=l ^ 

o v e r t h e index s e v e n . 
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The f o r m of Equa t i on 109 is d e s i r a b l e b e c a u s e it a s s o c i a t e s t h e r e f l e c t o r -

de layed n e u t r o n effect wi th the c o r e l i f e t i m e , l eav ing the t e r m involving f i s s i o n 

p r o d u c t de layed n e u t r o n s unchanged . If Equa t i on 109 is to fit t h e e x p e r i m e n t a l 

inhour c u r v e , t h e n it m u s t be i d e n t i c a l to the s i x - g r o u p inhour Equa t ion 108 for 

s m a l l (t), s i n c e the l a t e r i s an a d e q u a t e r e p r e s e n t a t i o n of t h e e x p e r i m e n t a l r e ­

s u l t s for long p e r i o d s . T h e r e f o r e , f o r C J « X „ , 

i + — = i S 62.5 i i s e c . . . . ( 1 1 0 ) 
o X^ '^ 

6 
Th i s va lue of i is d e t e r m i n e d wi th the a s s u m p t i o n tha t \, ^• ~ 0 .008 . 

i= 1 ^ 

R e p l a c e m e n t of i wi th 1 + Q /lUi +A J in the inhour equa t ion can be s e e n to 

p r o v i d e the t ype of ro l l -o f f m a n i f e s t e d by the e x p e r i m e n t a l inhour c u r v e to t h e 

s i x - g r o u p c u r v e , b e c a u s e the va lue of the t e r m p /(oJ + X ] con t inua l ly d e c r e a s e s 

a s cu a p p r o a c h e s and p a s s e s the va lue of X^. The quan t i ty i + / 3 _ / K U + X^J c a n 

be viewed a s an effect ive n e u t r o n l i f e t i m e , i(co), wh ich b e c o m e s s m a l l e r a s t h e 

r e a c t o r p e r i o d d e c r e a s e s . 

At any g iven va lue of the p e r i o d , then , t h e r e is a va lue for i(cu) wh ich wi l l 

fit Equa t i on 108 to the e x p e r i m e n t a l inhour c u r v e . If i is known, and 

i(a)) = i^ +i8-/((*; + X^) . . . ( 1 1 1 ) 

is r e w r i t t e n a s 

' ' ' + ^ , . . . ( 1 1 2 ) 

a plot of the r e c i p r o c a l of i (u ' ) - i a g a i n s t OJ is a s t r a i g h t l ine wi th a s lope equal 

to the r e c i p r o c a l of y8„ and an i n t e r c e p t equal to \/p . The l a t t e r cond i t ion is 

i den t i ca l to tha t g iven by Equa t ion 110. If i is not known, one migh t expec t tha t , 

s i n c e Equa t ion 111 r e p r e s e n t s a funct ional d e p e n d e n c e of i(u») on a», wi th t h r e e 

p a r a m e t e r s i , p , X m e a s u r e m e n t of i(cu) at t h r e e v a l u e s of the i n v e r s e 

p e r i o d would a l low d e t e r m i n a t i o n of the p a r a m e t e r s . S i m u l t a n e o u s so lu t i ons of 

Equa t ion 111 at t h r e e p o i n t s , h o w e v e r , involve d i f f e r e n c e s in t h e va lue of i(CJ). 
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T h i s m a g n i f i e s the e x p e r i m e n t a l e r r o r m i(aj) to t h e point of r e n d e r i n g c o m p u t a ­

t ion of the p a r a m e t e r s m e a n i n g l e s s . 

Since the c o r e l i f e t i m e of the KEWB r e a c t o r h a s not b e e n spec i f i ca l l y m e a s u r e 

and m p a r t i c u l a r would be difficult to m e a s u r e at t he l a r g e v a l u e s of k „ employed 

m t h e r e a c t o r , t he e x p e r i m e n t a l da ta c u r r e n t l y at hand is not suff ic ient to def ine 

a un ique se t of v a l u e s for t h e r e f l e c t o r - d e l a y e d n e u t r o n p a r a m e t e r s . T h e r e ­

c o u r s e at t h i s poin t , then , is to c a l c u l a t e v a l u e s for i , yS _ and X f r o m t h e o r y , 

if p o s s i b l e , and to employ the quant i ty judged to be m o s t a d e q u a t e l y p r e d i c t a b l e 

f r o m t h e o r e t i c a l c o n s i d e r a t i o n s to ob ta in v a l u e s of the r e m a i n i n g two p a r a m e t e r s 

f r o m t h e e x p e r i m e n t a l d a t a . 

D. THEORETICAL VALUES OF REFLECTOR-DELAYED NEUTRON 
PARAMETERS 

In add i t i on to fulfil l ing the need for a t h e o r e t i c a l va lue of one of the p a r a ­
m e t e r s i , B ^ and X_ to d e t e r m i n e t h e o t h e r two f r o m the e x p e r i m e n t a l inhour 

o' '^ 7 7 ^ 

c u r v e , the t h e o r e t i c a l t r e a t m e n t should s u p p o r t t he p l a u s i b i l i t y of t h e r e f l e c t o r -

de layed n e u t r o n c o n c e p t . Tha t i s , the r e f l e c t o r de l ayed n e u t r o n effect should 

be p r e d i c t a b l e f r o m t h e o r y . 

1. Mean Delay T i m e of R e f l e c t o r N e u t r o n s 

T h e t h e r m a l i z a t i o n of the fas t n e u t r o n s m t h e r e f l e c t o r followed by t h e i r 

diffusion and l e a k a g e wi l l r e s u l t m a t h e r m a l n e u t r o n d i s t r i b u t i o n m the r e f l e c t o r . 

If t he s o u r c e of fas t n e u t r o n s is i n s t a n t a n e o u s l y s topped at t i m e t , t h e n t h e flux 

a s a funct ion of p o s i t i o n and t i m e is g iven by 

n 

w h e r e <^(x,D) = Z-a v// (x) is t h e in i t i a l t h e r m a l flux e x p r e s s e d m t e r m s of a s e t 

of o r t h o g o n a l func t ions , v is t he a v e r a g e ve loc i ty of the t h e r m a l n e u t r o n s , D is 

t he diffusion c o n s t a n t , B is t h e buck l ing of t h e n n e u t r o n m o d e , Z. is t h e 
' n ^ ' a 

m a c r o s c o p i c a b s o r p t i o n c r o s s - s e c t i o n for n e u t r o n s of ve loc i ty v , and a a r e 

a r b i t r a r y a m p l i t u d e c o n s t a n t s d e t e r m i n e d by the in i t i a l flux d i s t r i b u t i o n . 

E a c h m o d e of the flux d e c a y s wi th a t i m e c o n s t a n t X which is g iven by the 

b r a c k e t e d q u a n t i t i e s m the exponent of Equa t ion 113. T h e r e f o r e , t he m e a n l ife 

for the n m o d e i s : 
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J_= i = _ L . . .(114) 
Xn ^ V (DB^'' + 2^ ) 

The buckl ing of the r e f l e c t o r for the f i r s t m o d e c a n be c o m p u t e d f r o m 

^ 7v̂  

2 - d v 

B ^ ^'-^ . . . (115) 
dv 

V 

A t w o - g r o u p , t w o - r e g i o n AIM 5 code c a l c u l a t i o n g i v e s the va lue of the i n t e ­

g r a l s in Equa t i on 115. E v a l u a t i o n of Equa t ion 114 g ives a p p r o x i m a t e l y 2 m s e c 

a s t h e m e a n l i f e t i m e of t h e r m a l n e u t r o n s in t h e KEWB r e f l e c t o r . Only t h e f i r s t 

m o d e h a s b e e n c o n s i d e r e d to be i m p o r t a n t in the r e a c t o r . H i g h e r m o d e s have 

b e e n neg lec t ed b e c a u s e of t h e i m p o s s i b i l i t y of runn ing the r e a c t o r at suff ic ient ly 

s h o r t p e r i o d s to ver i fy t h e i r p r e s e n c e . 

2. KEWB C o r e L i f e t i m e 

It is d e s i r e d to c a l c u l a t e the c o r e l i f e t i m e of the r e a c t o r only, wi thout 

i n c o r p o r a t i o n of the de lay t i m e of n e u t r o n s t h e r m a l i z e d in the r e f l e c t o r . The 

KEWB is a highly t h e r m a l r e a c t o r . T h e r e f o r e one g r o u p t h e o r y g i v e s a good 

a p p r o x i m a t i o n to the c o r e l i f e t i m e . 

^ 

^ h = ^ = ^-Z-T - V - ' . . . ( 1 1 6 ) 
a 

w h e r e ^ ^ , is t he t h e r m a l n o n e s c a p e p r o b a b i l i t y , L = D / Z , D is t he t h e r m a l 

diffusion coeff ic ient of the c o r e , B is t he b a r e equ iva l en t c o r e buck l ing , v is t he 

t h e r m a l ve loc i ty , and 2 is t h e t h e r m a l c r o s s s e c t i o n of the c o r e . E v a l u a t i o n 
' ' a 

of E q u a t i o n 116 for t h e KEWB under fu l l and full and full s p h e r i c a l c o r e s y i e l d s 

v a l u e s of 16 and 22 ^ s e c , r e s p e c t i v e l y . T h e s e v a l u e s have b e e n s u b s t a n t i a t e d by 

m o r e s o p h i s t i c a t e d c o m p u t a t i o n s wi th the AIM 5 and S O F O C A T E c o d e s , for 
k , , = 1.03. eff 
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3. R e f l e c t o r De layed N e u t r o n Abundance 

C a l c u l a t i o n of a va lue forQ h a s not b e e n a c c o m p l i s h e d s u c c e s s f u l l y at 

t h i s t i m e . A t w o - g r o u p , t w o - r e g i o n code c a l c u l a t i o n h a s b e e n p e r f o r m e d wi th 

r e s u l t s ind ica t ing a va lue for t h e r e f l e c t o r - d e l a y e d n e u t r o n a b u n d a n c e which is 

m u c h l a r g e r t h a n tha t j u s t i f i ab l e f r o m e x p e r i m e n t a l da ta b e c a u s e it i n c l u d e s the 

h i g h e r o r d e r m o d e s of r e t u r n . M u l t i g r o u p , m u l t i r e g i o n c a l c u l a t i o n s a r e be ing 

u n d e r t a k e n m the a t t e m p t to c o m p u t e the a b u n d a n c e of the ind iv idua l m o d e s . 

Ac tua l ly , t h i s effort should not be c a r r i e d too fa r , b e c a u s e only t h e s p a t i a l a s p e c 

of the p r o b l e m h a s b e e n c o n s i d e r e d . S ince a r i g o r o u s t r e a t m e n t should i n c o r p o ­

r a t e t i m e and s p a c e , b e c a u s e it is not l ike ly tha t t h e flux d i s t r i b u t i o n m the c o r e 

and r e f l e c t o r wi l l r e m a i n c o n s t a n t t h r o u g h o u t a t r a n s i e n t , we c a n only r e l y upon 

the e m p i r i c a l s u c c e s s of the m e t h o d s employed unt i l a t w o - g r o u p , t w o - r e g i o n 

s p a c e k i n e t i c s m o d e l h a s b e e n e v a l u a t e d . 

E . VALUES O F R E F L E C T O R - D E L A Y E D NEUTRON P A R A M E T E R S 

Using the c o m p u t e d va lue of X = 500 sec to e v a l u a t e the o t h e r two p a r a ­

m e t e r s f r o m t h e e x p e r i m e n t a l m - h o u r c u r v e s g i v e s jSy = 0 .0228 for both c o r e 

l o a d i n g s and v a l u e s of t h e c o r e l i f e t i m e n e a r l y i d e n t i c a l to t h e compu ted v a l u e s o 

16 and 22 fjLsec for the unde r fu l l and full c o r e s r e s p e c t i v e l y . If t h e s e v a l u e s of 

the p a r a m e t e r s a r e emp loyed m the AIREK ( s e e Sec t ion II . C) code t o g e t h e r wi th 

a p p r o p r i a t e void and t e m p e r a t u r e feedback e q u a t i o n s , t he t ype of holdup of 

p o w e r a f t e r t h e peak ev idenced m F i g u r e 8 is o b s e r v e d a s the r e a c t o r p e r i o d 

a p p r o a c h e s 2 m s e c . A l so , t he p i l e o s c i l l a t o r da ta a r e f i t ted v e r y we l l wi th 
14 

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

F. EFFECT OF REFLECTOR-DELAYED NEUTRONS ON SAFETY 

P r e s e n c e of r e f l e c t o r de l ayed n e u t r o n s h a s a bene f i c i a l effect on t h e safe ty 

of KEWB t y p e a q u e o u s h o m o g e n e o u s r e a c t o r s . T h i s c a n be s e e n f r o m c o m ­

p a r i s o n of t h e s h o r t p e r i o d inhour equa t ions wi th and wi thout r e f l e c t o r de l ayed 

n e u t r o n s i n c o r p o r a t e d a s a s e v e n t h de layed n e u t r o n g r o u p . T h e s h o r t p e r i o d 

( t u » X , 1 p e r t a i n i n g to the f i s s i o n p r o d u c t de l ayed n e u t r o n s only) f o r m of t h e 

KEWB inhour E q u a t i o n 109 is 
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(117) 

where /S_, = 0.023, X_ = 500 sec , and i =16 fjLsec for the underfull spherical 

core. 

For no reflector-delayed neutrons, the inhour equation would be 

R = -r^^^l +1 . . . . (118) 
6 o 

1 = 1 1 

This equation would apply to the KEWB with no reflector, or with a reflector 

material having a thermal diffusion time within about an order of magnitude of 

the core lifetime; for example water. Under these conditions the value of i , 
^ o' 

the core lifetime, would be shorter than for the reflected case because of the 

need for a higher uranium concentration with a less efficient reflector. A 

shorter lifetime favors the conclusions to be drawn from this comparison, but 

for simplicity let it be assumed that the value of i is unchanged. Equations 

117 and 118 with constant i show that, for any given reactivity insertion greater 

than one dollar, the graphite reflected reactor does not go on as short a period 

transient as does the reactor with no reflector-delayed neutrons. For example, 

a 2-msec transient requires a $3.4 reactivity insertion in the KEWB: this amount 

of reactivity would produce a 0.833-msec period in the reactor having no re­

flector delayed neutrons and the same core lifetime. Since it is necessary to 

load KEWB type research reactors to about 3% excess reactivity in order to 

permit irradiation of highly absorptive materials in the glory hole, it follows that 

accidental release of a large portion of this excess reactivity would produce a 

much milder transient with reflector delayed neutrons present. 

The peak inertial pressure in the core increases approximately at the same 

rate as the peak power, both being proportional to the reciprocal period to the 

exponent 1.5. Potential danger to the reactor from the inertial pressure is 

therefore minimized by the presence of reflector-delayed neutrons, through their 

action to limit by as much as a factor of two the period produced by release of 

substantial amounts of excess reactivity. 
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VI. RAMP-INDUCED TRANSIENTS* 

A s e r i e s of t r a n s i e n t s w a s in i t i a t ed by the w i t h d r a w a l of one or m o r e c o n t r o l 

r o d s a t the n o r m a l s t a r t u p r a t e , but wi th rod mo t ion a l lowed to con t inue un t i l 

a f t e r the m a x i m u m t r a n s i e n t power had been a c h i e v e d . The b u r s t s p r o d u c e d by 

such r a m p inpu ts of r e a c t i v i t y c l o s e l y r e s e m b l e t h o s e r e s u l t i n g f r o m s t e p - i n p u t 

t r a n s i e n t s w h o s e p e r i o d i s the s a m e a s the m i n i m u m p e r i o d o b s e r v e d in the r a m p 

induced c a s e . With th i s c l a s s i f i c a t i o n , the l a r g e s t r a m p - i n d u c e d t r a n s i e n t s p r o ­

duced in the KEWB r e a c t o r can be c h a r a c t e r i z e d a s be ing in o r s l igh t ly s h o r t e r 

in p e r i o d than the p r o m p t c r i t i c a l r e g i o n . Rad io ly t i c gas void i s of neg l ig ib l e 

i m p o r t a n c e un t i l w e l l a f t e r the p o w e r p e a k in th i s p e r i o d r e g i o n . R e f l e c t o r -

de l ayed n e u t r o n s can be c o n s i d e r e d p r o m p t for such p e r i o d s , so tha t 

i = l 

A l s o , the r e t u r n of f i s s i o n p r o d u c t d e l a y e d n e u t r o n s can be n e g l e c t e d up to the 

t i m e of p e a k p o w e r , so tha t the r a m p - i n d u c e d t r a n s i e n t s can be d e s c r i b e d up to 

the t i m e of p e a k power by the s p a c e - i n d e p e n d e n t k i n e t i c s equa t i ons in the f o r m : 

dN eff 
^ = -Yii-(R - 1)N . . . (1191 

R = R^At + € ^ E , . . . (120) 

w h e r e A is the r a m p - r a t e of r e a c t i v i t y i n s e r t i o n , R i s a s t e p input , if any , 

beg inn ing the r a m p , and the o t h e r s y m b o l s a r e def ined a s in Sec t ion III . 

Combin ing e q u a t i o n s y i e ld s 

^ = ^ — ( R ^ + At + e^E - 1)N. . . . ( I Z l ) 

*Most of t h i s s e c t i o n w a s w r i t t e n by O. L. H e t r i c k . S P E R T p e r s o n n e l have 
p e r f o r m e d a s inni la r ana lys i s . -^ ' 
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Since the r e c i p r o c a l p e r i o d i s the l o g a r i t h m i c d e r i v a t i v e , we have 

a n d 

f r o m which 

~ = a j N . . . ( 1 2 2 ) 
dt 

oj = - Y ^ ( R j + At + e^E - 1), . . . ( 1 2 3 ) 

d u ; _ ^ e f f . ^ ^ ^ . . . ( 1 2 4 ) 
dt Jt ' 1 

Th i s l a s t equa t ion i s often w r i t t e n 

^ = a - bN . . . (125) 

w h e r e 

^ ^ ^eff F 

a n d 

''--^uT• 

E q u a t i o n s 122 and 125 m a y be c o m b i n e d to y ie ld 

d N OJN 

da; a - bN 

which i n t e g r a t e s to 

(126) 
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a i n ^ - b (N-N^) = i - ( a j ^ -oj^^) . . . . ( 1 2 7 ) 
o 

It is a l w a y s p o s s i b l e to choose the t i m e a s s o c i a t e d with the s u b s c r i p t z e r o so 

tha t t h i s equa t ion b e c o m e s ( a p p r o x i m a t e l y ) : 

a i n ^ ; ^ - bN = jOJ^ . . . . (128) 
o 

At p e a k p o w e r , cu = 0; hence 

A 
N ^ 

ain:^ - bN - 0 . . . . (129; 
o 

At m i n i m u m p e r i o d , E q u a t i o n 128 beconnes 

N , 
a i n ^ - b N = 4"^ • ...(130) 

N m 2 m 

E q u a t i o n s 129 and 130 m a y be c o m b i n e d , e l i m i n a t i n g N and r e s u l t i n g in 

/ A A N 

\ m m ' 

wh ich , s ince a = (B j - rA/i , m a y be so lved for the n e u t r o n l i f e t ime in t e r m s of 

m e a s u r a b l e q u a n t i t i e s , 

/ A Av 
' - 2 A ( N 1 . , N . . . . ( 1 3 2 ) 

^ef f oJ \ m mJ 
m 

The t i m e of m i n i m u m p e r i o d i s c h a r a c t e r i z e d by dcu/dt = 0. 

Hence Equa t i on 127 b e c o m e s 

N = ^ = - - ^ . . . . (133) 
m b € 
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It m a y be noted tha t the o r i g i n a l F u c h s m o d e l , on which th i s d e v e l o p m e n t i s 

b a s e d , is s l igh t ly l e s s g e n e r a l , s i nce the equa t ion c o r r e s p o n d i n g to Equa t i on 121 

w a s w r i t t e n s i m p l y a s 

dN '^eff, . , , ^ , ^ , 
— ^-j-(At+ . ^ E ) N . (134) 

E q u a t i o n s 132 and 133 hold , p r o v i d e d tha t (1) the t r a n s i e n t is fas t enough so 

tha t the e m i s s i o n of d e l a y e d n e u t r o n s i s n e g l i g i b l e , and (2) the e n e r g y coef f ic ien t 

of r e a c t i v i t y is c o n s t a n t . 

The r e s u l t s of us ing E q u a t i o n s 132 and 133 on six of t h e s e e x p e r i m e n t s a r e 

shown in Tab le I . The va lue of p „ a s s u m e d in c o m p u t i n g i w a s 0 .008 . The 

l a r g e u n c e r t a i n t y in i and € is due to the diff iculty of d e t e r m i n i n g p r e c i s e l y the 

power a t the t i m e of m i n i m u m p e r i o d . N e v e r t h e l e s s , the v a l u e s of l a r e r e ­

m a r k a b l y c o n s i s t e n t wi th the va lue 62.5 fisec i m p l i e d by P ,^/jf = 128 and P ^ -

0.008. The e n e r g y coeff ic ien t of r e a c t i v i t y d e t e r m i n e d in t h i s way is in good 

a g r e e m e n t wi th the v a l u e s ob ta ined for s t e p t r a n s i e n t s in t h i s s a m e p e r i o d r a n g e . 

T A B L E I 

R A M P TRANSIENTS IN KEWB 

In i t i a l 
C o r e 

F i l l i n g 
(%) 

85 

85 

85 

100 

100 

100 

R a m p Ra te ' " 
( $ / s e c ) 

0.079 

0.119 

0.158 

0.068 

0.096 

0.126 

Minimum' ' ' 
P e r i o d 
(msec ) 

133 

77 

67 

98 

70 

57 

Peak' ' ' 
P o w e r 

(kw) 

9 3 3 

2070 

2400 

1230 

2340 

3220 

P o w e r at*' ' ' 
M i n i m u m 

P e r i o d 
(kw) 

181 

232 

272 

135 

196 

2 1 6 

Neutron'" '" 
L i f e t ime 

(/xsec) 

56 

64 

6 3 

61 

65 

7 3 

React ivi ty ' ' " ' ' 
Coeff ic ient 
( $ / M w - s e c ) 

0.44 

0.51 

0.58 

0.50 

0.48 

0.58 

•'•' 10% u n c e r t a i n t y 
*>;5 50% u n c e r t a i n t y 

It is e x p e c t e d tha t th i s naodel would fa i l for f a s t e r t r a n s i e n t s ( m i n i m u m 

p e r i o d s in the m s e c r a n g e ) when the m o r e c o m p l e x r e a c t i v i t y ef fects of gas vo ids 
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and ref lector delayed neutrons become more important . Such t rans ien ts would 

be of academic in te res t only, inasmuch as special high speed control rod drive 

mechanisms would have to be made to obtain g rea t e r r amp input r a t e s . Step 

input t r ans i en t s , which can be thought of as infinite ranap r a t e s , always provide 

the maximum size burs t for a given total react ivi ty r e l e a s e . These provide a 

much more sat isfactory means of evaluating the safety of the r eac to r in the case 

of r e l ease of la rge anaounts of react ivi ty . 
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