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I. ABSTRACT AND INTRODUCTION 

The Kine t i c E x p e r i m e n t on W a t e r B o i l e r (KEWB) r e a c t o r i s a 50-kw a q u e o u s 

h o m o g e n e o u s r e s e a r c h r e a c t o r wh ich w a s d e s i g n e d to s tudy the safe ty c h a r a c t e r ­

i s t i c s and d y n a m i c b e h a v i o r of th i s c l a s s of r e a c t o r s . When the r e a c t o r i s p l a c e d 

on a s h o r t - p e r i o d p o w e r t r a n s i e n t , i t s a q u e o u s u r a n y l su l fa te fuel so lu t ion b e c o m e s 

r a p i d l y s u p e r s a t u r a t e d w^ith h y d r o g e n g a s p r o d u c e d by the r a d i o l y s i s of w a t e r . 

At a c r i t i c a l gas c o n c e n t r a t i o n , f i s s i on t r a c k n u c l e a t i o n of h y d r o g e n b u b b l e s o c ­

c u r s . The r a p i d f o r m a t i o n and g r o w t h of t h e s e b u b b l e s c r e a t e s a p r e s s u r e f ield, 

the s o - c a l l e d i n e r t i a l p r e s s u r e , wh ich c a u s e s an i n c r e a s e in so lu t ion v o l u m e . 

This i n c r e a s e in so lu t ion v o l u m e , r e f e r r e d to a s void, c a u s e s a l o s s of r e a c t i v i t y 

and c o n s t i t u t e s an i m p o r t a n t shutdown m e c h a n i s m . 

This r e p o r t d e s c r i b e s the cond i t ions u n d e r which f i s s i o n t r a c k n u c l e a t i o n of 

gas bubbles o c c u r s . It shows tha t the void v o l u m e and void c o m p e n s a t e d r e a c t i v i t y 

can be c a l c u l a t e d f r o m a knowledge of the p r e s s u r e f ie ld . S imp le m o d e l s for the 

p r e s s u r e field a r e p r e s e n t e d which s a t i s f a c t o r i l y d e s c r i b e the o b s e r v e d p r e s s u r e s . 

The inp i l e c a p s u l e and KEWB e x p e r i m e n t s wh ich c o n f i r m the va l id i ty of the m e c h ­

a n i s m s for t h e s e p r o c e s s e s a r e d e s c r i b e d . 

The equa t ions and da t a p r e s e n t e d in th i s r e p o r t m a k e it p o s s i b l e to p r e d i c t 

with a c c u r a c y the onse t and m a g n i t u d e of the i n e r t i a l p r e s s u r e and the d y n a m i c 

r e a c t i v i t y for a l a r g e c l a s s of aqueous h o m o g e n e o u s r e a c t o r s . 
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II. FISSION TRACK NUCLEATION OF HYDROGEN BUBBLES 
IN URANYL SULFATE SOLUTIONS 

Dur ing s t e a d y - s t a t e o p e r a t i o n , o r in s low t r a n s i e n t s , the g a s e s p r o d u c e d by 

the r a d i o l y s i s of w a t e r a r e r e m o v e d con t inuous ly in the f o r m of g a s b u b b l e s f rom 

the fuel so lu t ion . T h e s e bubb l e s a r e n u c l e a t e d a t v a r i o u s s i t e s on the s u r f a c e of 

the c o r e v e s s e l , cool ing c o i l s , and o the r s t a i n l e s s - s t e e l s u r f a c e s in con t ac t w^ith 

the fuel . Dur ing fa s t t r a n s i e n t s , h o w e v e r , diffusion of g a s f r o m the fuel to t h e s e 

s i t e s is too slow for s u r f a c e nuc l ea t i on to be e f fec t ive . I n s t ead , the h y d r o g e n 

gas c o n c e n t r a t i o n i n c r e a s e s un t i l , a t a c r i t i c a l c o n c e n t r a t i o n , the r e a c t o r b e h a v e s 

l ike a g a s bubble c h a m b e r ; i . e . , gas b u b b l e s a r e n u c l e a t e d by the f i s s i o n t r a c k s . 

Inpi le c a p s u l e e x p e r i m e n t s ( see Appendix A) and the KEWB e x p e r i m e n t s have 

l ed to a r a t h e r c l e a r p i c t u r e of t h i s n u c l e a t i o n p r o c e s s . Th i s p e r m i t s a p r e d i c ­

t ion of the cond i t ions u n d e r wh ich f i s s ion t r a c k n u c l e a t i o n wi l l o c c u r and, h e n c e , 

of the onse t of i n e r t i a l p r e s s u r e . A d e t a i l e d d e s c r i p t i o n of f i s s i o n t r a c k n u c l e a t i o n 

i s p r e s e n t e d below^. 

The s t ab i l i t y r e q u i r e m e n t for a g a s bubble in a s u p e r s a t u r a t e d so lu t ion i s : 

p , = K ( T ) C ^ = ^ ^ + P , > • • • ( ! ) R 

w h e r e 

p. = i n t e r n a l gas p r e s s u r e of bubble , 

K = H e n r y ' s cons t an t , 

C = c r i t i c a l gas c o n c e n t r a t i o n in l iquid, 

(T = s u r f a c e t e n s i o n of l i q u i d - g a s i n t e r f a c e , 

R = bubble r a d i u s , and 
g 

p . = l iquid p r e s s u r e . 

The d e p e n d e n c e of K and cr on the t e m p e r a t u r e , T, i s shown e x p l i c i t l y . The 

r e s u l t s for the d e p e n d e n c e of the c r i t i c a l H c o n c e n t r a t i o n on t e m p e r a t u r e a r e 

shown in F i g u r e 1. The so l id l i ne s a r e c a l c u l a t e d f r o m Equa t ion 1 u n d e r the 

a s s u m p t i o n tha t the r a d i u s i s f ixed. The o b s e r v e d po in t s w e r e ob ta ined f r o m the 

* F o r a d e s c r i p t i o n of the KEWB c o r e s , r e f e r to R e f e r e n c e s 2 and 3 . A s u m m a r y 
of the v a r i o u s c o r e p e r f o r m a n c e s can be found in Appendix B . 
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R=4x 10'° cm 

2 0 40 60 8' 
LIQUID TEMPERATURE (°C) 

F i g u r e 1. C r i t i c a l H y d r o g e n 
C o n c e n t r a t i o n a s a F u n c t i o n 

of L iquid T e m p e r a t u r e 

KEWB " A " r e a c t o r and a r e the H- con­

c e n t r a t i o n a t the c e n t e r of the c o r e when 

the i n e r t i a l p r e s s u r e m a k e s i t s a p p e a r ­

a n c e . The fuel c o n c e n t r a t i o n w a s 

180 gm U / i , and the l iquid p r e s s u r e 

v a r i e d f r o m 15 to 7 5 - c m Hg. As can 

be seen , a p lo t of Equa t i on 1 wi th a 

fixed r a d i u s of 5 x 10 cm independen t 

of t e m p e r a t u r e g i v e s fa i r a g r e e m e n t 

wi th the da t a . F i g u r e 2 shows r e s u l t s 

for the c r i t i c a l h y d r o g e n c o n c e n t r a t i o n 

a s a funct ion of l iqu id p r e s s u r e for two 

v a l u e s of s u r f a c e t e n s i o n . The so l id 

l i n e s a r e c a l c u l a t e d f r o m E q u a t i o n 1 u n d e r the a s s u m p t i o n tha t the r a d i u s i s fixed 

at 5 x 10 c m . The o b s e r v e d po in t s w^ere ob ta ined f r o m inp i le c a p s u l e e x p e r i ­

m e n t s ( s ee Appendix A) . The c i r c l e s and s q u a r e s r e p r e s e n t d a t a ob ta ined wi th 

O" = 75 d y n e s / c m and cr = 35 d y n e s / c m , 

r e s p e c t i v e l y . The s u r f a c e t e n s i o n w a s 

r e d u c e d to 35 d y n e s / c m by the add i t ion 

of s u r f a c e a c t i v e a g e n t s , e i t h e r S t e r o x 

A. J . o r A e r o s o l O. S. The fuel c o n c e n ­

t r a t i o n w a s 250 g m U / i , and the l iquid 

t e m p e r a t u r e w a s 35 and 30 °C for the 

75 and 35 d y n e s / c m s o l u t i o n s , r e s p e c ­

t ive ly . H e r e aga in , a p lo t of E q u a t i o n 1 

wi th a fixed r a d i u s of 5 x 10" c m ad­

equa t e ly r e p r e s e n t s the d a t a . Add i ­

t iona l inp i le c a p s u l e e x p e r i m e n t s a t a u r a n i u m c o n c e n t r a t i o n of 400 g m U / i w e r e 

a l s o c o n s i s t e n t w i th a n u c l e a t i o n r a d i u s of 5 x 10~ c m . 

The d a t a thus l e a d to the c o n c l u s i o n t h a t g a s b u b b l e s a r e n u c l e a t e d a t a fixed 

r a d i u s of 5 x 10 c m independen t of t e m p e r a t u r e (20 to 80° C), l iqu id p r e s s u r e 

(1 to 10 a t m ) , s u r f a c e t e n s i o n (35 to 75 d y n e s / c m ) , d i s s o l v e d g a s c o n c e n t r a -

t ion (1.0 to 2.5 x 10 g m H _ / l 0 0 g m solut ion) and u r a n i u m c o n c e n t r a t i o n 

(170 to 400 g m U / i ) . 

LIQUID PRESSURE, PSIA 

F i g u r e 2. C r i t i c a l H y d r o g e n 
C o n c e n t r a t i o n a s a F u n c t i o n 

of L iquid P r e s s u r e 
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The p r e s s u r e d a t a a l s o i m p l y tha t nuc l ea t ion , in a g r e e m e n t wi th E q u a t i o n 1, 

i s a t h r e s h o l d phenomenon ; tha t i s , the l iquid p r e s s u r e r i s e s a b r u p t l y w h e n the 

h y d r o g e n gas c o n c e n t r a t i o n e x c e e d s C . But t h i s b e h a v i o r a l so i m p l i e s a v e r y 

s h o r t l i f e t ime for the n u c l e a t i o n c e n t e r s f o r m e d in the f i s s i on t r a c k s w^hen the 

gas c o n c e n t r a t i o n i s l e s s than C . F o r e x a m p l e , in the 18- i KEWB " B " c o r e 

no p r e s s u r e r i s e (0 .1 a t m i s r e a d i l y de t ec t ab l e ) w a s o b s e r v e d for f i s s i o n r a t e s 
19 as high a s 10 f i s s i o n s / s e c , the gas c o n c e n t r a t i o n in so lu t ion be ing w^ell below^ 

c r i t i c a l . The n u m b e r of bubb les in the c o r e i s g o v e r n e d by 

dN N 

w^here 

dt I 

N - n u m b e r of bubb les in c o r e . 

+ S , . . . (2) 

S = n u m b e r of bubb les b o r n p e r uni t t i m e , c o n s e r v a t i v e l y a s s u m e d 

equa l to f i s s i o n r a t e , and 

i = l i f e t ime of bubb le . 

If S can be c o n s i d e r e d c o n s t a n t o v e r t i m e i n t e r v a l s m u c h l a r g e r than i , t hen i t 

can be shown that a so lu t ion of Equa t ion 2 i s 

N = Si . . . . (3) 

T h e s e N bubb les should l ead to an o b s e r v e d p r e s s u r e change , A p , g iven by 

Siv 

^ P = K 3 ^ • • • (4 ) 
f. c o r e 

w h e r e 

V, = bubble v o l u m e , 
b ' 

K = c o m p r e s s i b i l i t y of l iquid, and 

V = c o r e v o l u m e . 

Us ing v a l u e s of A p = 0 . 1 a t m , a s a m a x i m u m va lue for a p r e s s u r e change 
19 4 3 _ 

that m i g h t e s c a p e de t ec t i on , S = 10 b u b b l e s / s e c , V ^ o r e ~ ^-^ ^ ^^ "^"^ > ^ K ~ 
- 1 ^ 3 - 5 - 1 

5.25 X 10" c m , a n d K » = 5 x 10" a t m " , an u p p e r l i m i t for i. o f ' ^ 1 0 ^ s e c i s 
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o b t a i n e d . E p s t e i n and P l e s s e t have d e r i v e d an a n a l y t i c a l e x p r e s s i o n for the 

t i m e of c o m p l e t e so lu t ion of a gas bubble in an u n d e r s a t u r a t e d l iquid gas so lu t ion 

tak ing s u r f a c e t e n s i o n effects into a c c o u n t . F i g u r e 3 shows the c o m p l e t e so lu t ion 

t i m e for a h y d r o g e n gas bubble b a s e d on 

E p s t e i n and P l e s s e t ' s w^ork. The c u r v e 

for a bubble of 5 x 10 c m r a d i u s i s in 

a g r e e m e n t wi th the 10 fisec l i f e t i m e 

p r o v i d e d the gas c o n c e n t r a t i o n i s l e s s 

t h a n 50% of the c r i t i c a l gas c o n c e n t r a ­

t ion . The s m a l l e s t o b s e r v a b l e t i m e 

i n t e r v a l on the da ta r e c o r d i n g i n s t r u -
- 4 

m e n t a t i o n i s 2 x 10 s e c . F i g u r e 3 

shows tha t the gas c o n c e n t r a t i o n m u s t 

be 96% of c r i t i c a l be fo re the bubble l i f e ­

t i m e r e a c h e s th i s v a l u e . If the bubb les 
-5 

w^ere m u c h l a r g e r , s ay 10 c m in 

r a d i u s , then, a s c a n be s e e n f r o m F i g -
- 4 

u r e 3, a l i f e t i m e of 2 x 10 s ec would 

be a c h i e v e d at a gas c o n c e n t r a t i o n of 

87% c r i t i c a l , and the p r e s s u r e would 

beg in to r i s e s m o o t h l y be fo re the c r i t ­

i c a l c o n c e n t r a t i o n ^vas a c h i e v e d . If the 

bubb le s w^ere m u c h s m a l l e r t han 

5 x 1 0 c m in r a d i u s , say 10 c m , 
- 4 

t hen a l i f e t ime of 2 x 10 s e c would be 

a c h i e v e d a t a gas c o n c e n t r a t i o n of 99% 

c r i t i c a l , and the p r e s s u r e r i s e would 

be even m o r e a b r u p t t han i s o b s e r v e d , 

v i r t u a l l y showing a d i s c o n t i n u i t y in the 

i n i t i a l s lope of the p r e s s u r e c u r v e . In 

a l l e x p e r i m e n t s , the p r e s s u r e a p p e a r s 

r ap id ly , but n e v e r in the f o r m of a 

d i s con t i nu i t y ; a s m a l l c u r v a t u r e i s a l w a y s d i s c e r n i b l e at the s t a r t of p r e s s u r e 

( s ee F i g u r e s 22 and 23) . T h u s , l i f e t ime c o n s i d e r a t i o n s a l s o a r e c o n s i s t e n t wi th 

a n u c l e a t i o n r a d i u s of 5 x 10 c m . 

02 03 04 05 06 07 08 09 
GAS CONCENTRATION IN LIQUID 

" SATURATED GAS CONCENTRATION AT 
A LIQUID PRESSURE ¥ * P£ 

F i g u r e 3 . C o l l a p s e T i m e of G a s Bubble 
in a U r a n y l Sulfate Solu t ion a s a 
F u n c t i o n of G a s C o n c e n t r a t i o n 
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A h y d r o g e n bubble 5 x 1 0 c m in r a d i u s s u b m e r g e d in a l iquid wi th a s u r -

face t e n s i o n of 70 d y n e s / c m con ta in s 3.5 x 10 H_ m o l e c u l e s . F o r the o b s e r v e 

Gf̂ _ va lue of 1 m o l e c u l e of H_ /100 ev, it i s e a s i l y found tha t an e n e r g y r e l e a s e 

of 35 Mev i s n e c e s s a r y for the p r o d u c t i o n of th i s a m o u n t of g a s . 

5 
G h o r m l e y h a s shown tha t f i s s i o n t r a c k s n u c l e a t e v a p o r bubb l e s 1.4 ft in 

d i a m in s u p e r s a t u r a t e d u r a n y l su l fa te s o l u t i o n s . The f o r m a t i o n of such v a p o r 

bubb les r e q u i r e s an e n e r g y r e l e a s e o f ' ^ 3 0 Mev and i s a r r i v e d at f r o m 

do-

when 

^b=T-'^>i-Pv)-^-'^'(--.5f) 

' T , 
+ 2 7 r S ^ R ^ R ^ . . . (5) 

R - v a p o r bubble r a d i u s , 

p . = l iquid p r e s s u r e , 

p = v a p o r p r e s s u r e . 

cr - s u r f a c e t e n s i o n of l iquid v a p o r i n t e r f a c e , 

T. = l iquid t e m p e r a t u r e , 

8 = v a p o r d e n s i t y a t p r e s s u r e . 
V 

8^ - l iquid dens i t y , 

T = v a p o r t e n a p e r a t u r e , 

(C ) = spec i f i c hea t of v a p o r at cons t an t v o l u m e , 
^ V 

L = l a t en t hea t of e v a p o r a t i o n of l iquid at t e m p e r a t u r e T , and 

R = ve loc i t y of bubble w a l l . 
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3 
The t e r m 4/37rR (p - p ) i s the w o r k done in c r e a t i n g a s p h e r i c a l ho le of r a d i u s , 

R, a g a i n s t a l iquid p r e s s u r e , p . , m i n u s the w o r k r e t u r n e d by fi l l ing i t wi th v a p o r 
2 •" ^ 

at a p r e s s u r e , p . The t e r m 47rR 
of the b u b b l e . The t e r m 

cr - (dcr /dT)T r e p r e s e n t s the s u r f a c e e n e r g y 

/.'"(M 3'^'^'lJ ^''(^v) <'T + ^ 
^i 

r e p r e s e n t s t h e w^ork d o n e i n v a p o r i z i n g t h e l i q u i d t o a t e m p e r a t u r e T . F i n a l l y , 
3 • 2 ^ • 

t h e t e r m 27rR R r e p r e s e n t s t h e k i n e t i c e n e r g y i m p a r t e d t o t h e l i q u i d . If R i s 
w^ell below^ t h e v e l o c i t y of s o u n d i n t h e l i q u i d , t h e n t h e d o m i n a n t t e r m i s t h e t h i r d . 

In s o l u t i o n s w^ith t e m p e r a t u r e s b e l o w b o i l i n g , a n u p p e r l i m i t f o r t h e l i f e t i m e 

of a v a p o r b u b b l e i s g i v e n b y 

T = ^ . . . (6) 
4 D 

- 5 
w h e r e D = t h e r m a l d i f f u s i v i t y f o r t h e l i q u i d . L e t t i n g R = 7 x 10 c m , a s 

- 3 2 - 7 

o b s e r v e d by G h o r m l e y , a n d D = 1.5 x 10 c m / s e c , a v a l u e of r = 8 x 10 s e c 

i s o b t a i n e d , P l e s s e t a n d Z w i c k h a v e s h o w n t h a t t h e c o l l a p s e t i m e of s m a l l 

v a p o r b u b b l e s d i f f e r s l i t t l e f r o m t h e c o l l a p s e of a s p h e r i c a l c a v i t y a s s o l v e d b y 

R a y l e i g h . A c c o r d i n g t o R a y l e i g h , s u c h a c a v i t y c o l l a p s e s i n a t i m e 

(7) 

— 5 R 

L e t t i n g R = 7 x 10 c m , 8» = 1 g m / c c and p . = 1 a t m , a v a l u e of T = 6 x 10 

s ec i s ob t a ined . A r g u m e n t s b a s e d on the p r e s s u r e t r a c e s i m i l a r to t h o s e u s e d 

in e s t i m a t i n g the l i f e t i m e of gas bubb l e s s u g g e s t that the l i f e t ime of a v a p o r 
- 8 

bubble i s not l a r g e r than 10 s e c . C l e a r l y , the l i f e t i m e c o m p u t e d f r o m the 

p r e s s u r e t r a c e i s b a s e d on the a v e r a g e bubble s i z e and wi l l be s m a l l e r t han the 

l i f e t i m e c o m p u t e d f r o m E q u a t i o n s 6 and 7 b a s e d on the m a x i m u m s i z e . M o r e ­

o v e r , E q u a t i o n 7 n e g l e c t s s u r f a c e t e n s i o n e f fec t s , wh ich wi l l s p e e d the c o l l a p s e 

of the cav i ty , and thus s o m e w h a t o v e r e s t i m a t e s the l i f e t i m e . 
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The nucleation picture of gas bubbles in uranyl sulfate solutions with t e m ­

pera tu re below boiling appears , therefore , as follows: the fission fragments 

lose 30 Mev along the cent ra l A j-Loi the t rack, result ing in the formation of a 
5 

mixed water vapor hydrogen bubble 1.4^ in diam and containing-^4 x 10 H m o l e -
-8 -6 

cules . The vapor condenses in ' ^ 10 sec, leaving ahydrogen bubble 5 x 10 cm in 

rad ius . The hydrogen bubble dissolves in about 10 usee unless the gas con­

centrat ion in solution equals or exceeds that given by Equation 1, 

In applying these resu l t s toward predicting the energy re lease neces sa ry for 

bubble nucleation in any aqueous homogeneous reac tor , let the neutron flux, O , 

be specified and separable in t ime and space, or 

«J)(r, t) = <^(r)f(t) , . . . (8) 

The H_ concentration at a point r and t ime t is then 

C(r, t) =J eGH22f</)(r)f(t) dt 

e G „ i:.c^r)F(t) . . . (9) 
^ 2 

where 

€ = energy re lease per fission, 

Z^ = fission c ros s section, and 

GTT - number of hydrogen molecules formed per unit energy r e l ea se . 
2 

When C reaches a value given by Equation 1, stable bubbles a re nucleated. This 

will occur f irs t in the region of peak flux. The total energy re leased in the core 

up to that moment will be 

E =aE,ci)V F(t) 
c 1 f̂  core ^ ' 

(10) 
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w h e r e a-i i s a c o n s t a n t depend ing on the uni t s y s t e m in which E i s e x p r e s s e d , and 

cfi is the s p a c e a v e r a g e of the f lux. If E i s e x p r e s s e d in M w - s e c , t h e n 

a = l / 3 x l 0 Mw - s e c / f i s s i o n . Rep l ac ing <̂  (r) in E q u a t i o n 9 hy (h , the p e a k 

flux, and combin ing th i s wi th Equa t i on 10, the fol lowing i s ob ta ined : 

XT - ( ^ c o r e W 
(11) 

Equa t i on 11 w^as app l i ed to the v a r i o u s KEWB c o r e s ; the r e s u l t s a r e g iven in 

T a b l e I. - The s m a l l d i f f e r ence b e t w e e n c o m p u t e d and o b s e r v e d v a l u e s a r e we l l 

w i th in e x p e r i m e n t a l e r r o r . F o r c o n v e n i e n c e , G H T v a l u e s a s a funct ion of 

u r a n i u m c o n c e n t r a t i o n a r e r e p r o d u c e d in F i g u r e 4, Va lues of H e n r y ' s c o n s t a n t 
g 

for v a r i o u s u r a n y l s a l t so lu t ions a r e r e p r o d u c e d in F i g u r e 5. 
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TABLE I 

COMPARISON OF PREDICTED AND OBSERVED ENERGY RELEASE 
NECESSARY FOR VOID FORMATION IN KEWB REACTORS 

C o r e 

" A " 
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" B " 
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Figure 5. Ratio of Solubility of Hydrogen 
in Uranyl Salt Solutions to its Solubility 

in Water as a Function of the 
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Ill, CALCULATION OF VOID COMPENSATED REACTIVITY FROM A KNOWLEDGE 
OF THE INERTIAL PRESSURE 

The sudden i n t r o d u c t i o n of g a s bubb l e s in to the r e a c t o r c o r e and t h e i r s u b ­

sequen t g rowth l e a d s to the c r e a t i o n of a p r e s s u r e field w^hich f o r c e s an i n c r e a s e 

of so lu t ion v o l u m e . The r a t e of t h i s void g rowth can be c a l c u l a t e d f r o m the p r e s ­

s u r e d a t a . C o n s i d e r a s y s t e m obeying the h y d r o d y n a m i c equa t ion 

S f = -Vp . . . ( 1 2 ) 

w h e r e 

8 = d e n s i t y of the m e d i u m , 

V = v e l o c i t y of a v o l u m e e l e m e n t at p o s i t i o n r and t i m e t, and 

p = a b s o l u t e p r e s s u r e at p o s i t i o n r and t i m e t. 

In the KEWB " B " c o r e s , c h a n g e s i n the so lu t ion d e n s i t y a r e known to be 

s m a l l ( < 10%) d u r i n g a r e a c t o r t r a n s i e n t , and m o t i o n i s r e s t r i c t e d to the v e r t i c a l , 

o r z d i r e c t i o n , on ly . T h e r e f o r e , v m a y be r e p l a c e d by d z / d t and the a s s u m p ­

t ion m a d e tha t 8 i s a c o n s t a n t . It c an be f u r t h e r a s s u m e d tha t p i s s e p a r a b l e in 

t i m e and s p a c e ; i , e , , p = p(z)f( t ) . T h i s a s s u m p t i o n i s s u p p o r t e d by the fact tha t 

t h r e e p r e s s u r e t r a n s d u c e r s l o c a t e d at v a r i o u s p l a c e s on the p e r i p h e r y of the c o r e 

du r ing a s h o r t p e r i o d t r a n s i e n t show s i m i l a r p r e s s u r e p u l s e s ; i . e . , no t i m e d i s ­

p l a c e m e n t of the p u l s e s could be o b s e r v e d , a l though the a m p l i t u d e s d i f f e red . 

Equa t i on 12 b e c o m e s 

d^z d_z .1 dp(z) . 
^ 2 - 8 dz ^^^> • • • ^^^> 
dt 

A r e a s o n a b l e cho ice for d p ( z ) / d t is -{p / h ) , w^here p i s the m a g n i t u d e of the 

p r e s s u r e change s e e n by the p r e s s u r e t r a n s d u c e r l o c a t e d at the b o t t o m of the 

c o r e , and h i s t h e he igh t of the fuel so lu t ion . T h i s cho ice (which i m p l i e s that p 

i s of the f o r m p = -pQ(z /h ) + p + p , the p lane z = 0 c o r r e s p o n d i n g to the bo t ­

t om s u r f a c e of the c o r e , and p be ing the e x t e r n a l p r e s s u r e ) i s in a g r e e m e n t 

wi th the o b s e r v a t i o n tha t the m a g n i t u d e of the p r e s s u r e d e c r e a s e s in the d i r e c t i o n 

of the f r ee s u r f a c e . The so lu t ion of Equa t ion 13 i s t hen 

1 P r^ 
(̂t) = I ^ J (t - t')f(t')dt' . . . . (14) 
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EXPERIMENT CB-23 
O VOLUME CHANGE MEASURED BY 

LINEAR TRANSDUCER 

D VOLUME CALCULATED FROM 
PRESSURE TRACE AND EQUATION 14 

2 3 4 
TlME(ms) 

F i g u r e 6. C o m p a r i s o n of M e a s 
u r e d and C a l c u l a t e d Volume 
Change in Be l lows C a p s u l e 

In the c a s e of the c a p s u l e e x p e r i m e n t s , a 

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

change p e r m i t t e d v e r i f i c a t i o n of Equa t i on 14; 

i . e . , the z d e r i v e d f r o m the p r e s s u r e 

t r a c e s and Equa t ion 14 a g r e e d wi th the m e a s ­

u r e d v o l u m e change as show^n in F i g u r e 6. 

(The s m a l l d i s c r e p a n c y at l a r g e v o l u m e i s 

due to the s p r i n g m the capsu l e . ) In the KEWB, 

hoAvever, the v o l u m e change w^as not d i r e c ­

t ly o b s e r v e d ; i t m u s t be i n f e r r e d f r o m the 

void c o m p e n s a t e d r e a c t i v i t y . T h e void c o m ­

p e n s a t e d r e a c t i v i t y , r , i s p r o p o r t i o n a l to 

to the o v e r a l l v o l u m e change , o r the d i s ­

p l a c e m e n t z t i m e s the c r o s s s e c t i o n a r e a 

A of the c o r e . 
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F i g u r e 7, Volume Change in C o r e 
as C a l c u l a t e d F r o m P r e s s u r e 

T r a c e and P o w e r T r a c e 

w^here c i s the c o n s t a n t u s e d in c o n v e r t i n g 

f r o m void v o l u m e to r e a c t i v i t y u n i t s ; th i s 

w a s d e t e r m i n e d both e x p e r i m e n t a l l y and 

t h e o r e t i c a l l y , and the two v a l u e s w e r e in 

r e a s o n a b l e a g r e e m e n t . M o r e o v e r , the 

l i n e a r r e l a t i o n s h i p of r and z w^as v e r i f i e d 
V 

o v e r the r a n g e of i n t e r e s t . 

The void c o m p e n s a t e d r e a c t i v i t y o b ­

t a ined f rom Equa t i on 15 u s i n g p r e s s u r e 

d a t a f r o m a r e p r e s e n t a t i v e r e a c t o r t r a n s i e n t 

i s show^n in F i g u r e 7. T h i s g r a p h a l s o shows 

the void c o m p e n s a t e d r e a c t i v i t y for the s a m e 

r u n c o m p u t e d f r o m the pow^er t r a c e and the 

i nhou r equa t ion a s d i s c u s s e d in d e t a i l in 

R e f e r e n c e 3 . The a g r e e m e n t of the two 

c u r v e s ove r t h r e e o r d e r s of m a g n i t u d e s u b ­

s t a n t i a t e s the s o u n d n e s s both of the d i r e c t l y 
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o b s e r v e d q u a n t i t i e s , power and p r e s s u r e , and of the m a t h e m a t i c a l a n a l y s i s 

r e q u i r e d to c o n v e r t t h e s e q u a n t i t i e s to r e a c t i v i t y . 

Thus a knowledge of the p r e s s u r e f ield, c o r e d i m e n s i o n , and coeff ic ien t of 

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

r e a c t i v i t y as a funct ion of t i m e . The c o m p u t a t i o n of the p r e s s u r e f ield i s d i s ­

c u s s e d in the next s ec t i on ; the c o r e d i m e n s i o n s a r e , of c o u r s e , known for any 

p a r t i c u l a r c o r e . The coeff ic ient of void c o m p e n s a t e d r e a c t i v i t y i s a v a i l a b l e f r o m 

e x p e r i m e n t a l m e a s u r e m e n t s . 
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IV, THE INERTIAL PRESSURE FIELD 

The n u c l e a t i o n and s u b s e q u e n t grow^th of bubb le s g ives r i s e to the s o - c a l l e d 

i n e r t i a l p r e s s u r e f ie ld . 

A r i g o r o u s m a t h e m a t i c a l f o r m u l a t i o n of th i s p r o b l e m m u s t c o n s i d e r diffusion 

g rowth t o g e t h e r wi th i n t e r a c t i o n of the b u b b l e s , c r e a t i o n of g a s , coupl ing of b u b ­

ble w a l l to fluid, and d i s t r i b u t i o n in t i m e and s p a c e of n u c l e a t i o n . The c o n s i d e r ­

a t ion of a l l t h e s e p a r a m e t e r s m a k e s the r i g o r o u s so lu t ion of the p r o b l e m e n o r ­

m o u s l y c o m p l e x . F o r t u n a t e l y , a r a t h e r s i m p l e m o d e l a l lows a v e r y c l o s e 

e s t i m a t e of the peak i n e r t i a l p r e s s u r e in t e r m s of r e a c t o r pow^er d e n s i t y at the 

s t a r t of n u c l e a t i o n . The t i m e at which n u c l e a t i o n o c c u r s c a n be c a l c u l a t e d f r o m 

the cond i t ions n e c e s s a r y for bubble n u c l e a t i o n a s h a s b e e n show^n in Sec t ion II of 

t h i s r e p o r t . The g e n e r a l shape of the p r e s s u r e c a n a l s o be e s t i m a t e d f r o m a 

s i m p l e m o d e l to an a c c u r a c y suff ic ient for c a l cu l a t i ng the d y n a m i c void c h a r ­

a c t e r i s t i c s . 

In th i s s i m p l e m o d e l i t w i l l be a s s u m e d tha t a l l bubb le s a r e n u c l e a t e d in 
- 4 

2 X 10 s e c , s t a r t i n g w h e n the e n e r g y r e l e a s e E r e a c h e s E , the e n e r g y r e l e a s e 

at which n u c l e a t i o n o c c u r s . The r a p i d d e p l e t i o n of gas by diffusion in to the b u b ­

b l e s and the p r e s s u r e i n c r e a s e due to n u c l e a t i o n and g rowth of the bubb l e s r e ­

su l t s in c e s s a t i o n of f u r t h e r n u c l e a t i o n of bubb les t h e r e a f t e r . In the t i m e i n t e r v a l 
- 4 of 2 X 10 s e c , the c a l c u l a t i o n b a s e d on diffusion t h e o r y and the a m o u n t of gas 

in so lu t ion i n d i c a t e s tha t a bubble of i n i t i a l v o l u m e 5 x 1 0 c m wi l l g row to 
- 1 4 3 

-^10 c m , The to t a l v o l u m e of gas bubb l e s wi l l thus be 

P Xv ' . , . (16) 
o b 

w h e r e 

P = f i s s i o n r a t e at the t i m e E r e a c h e s E , o C 
- 4 

X = 2 x l 0 s e c , and 

- 1 4 3 V, ' = ef fect ive bubble v o l u m e , 10 c m . 
b ' 

The gas v o l u m e v i s c r e a t e d so r a p i d l y that the c o r e v o l u m e i s e s s e n t i a l l y 

unchanged du r ing the t i m e of c r e a t i o n . The c o r r e s p o n d i n g p r e s s u r e change in 

the l iquid i s 
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V /v, ' X 

m K V s c o r e s /\ c o r e / 
V 

c o r e / 
. . . ( 1 7 ) 

o r the i n e r t i a l p r e s s u r e i s a l i n e a r funct ion of the po'wer d e n s i t y at the s t a r t of 

n u c l e a t i o n . 

One m i g h t expec t the cutoff t i m e , X, and the v o l u m e , v ', to be w e a k l y 

dependen t on the p o w e r d e n s i t y , s i nce a l a r g e r n u m b e r of bubb le s p r o d u c e d at 

h i g h e r v a l u e s of P wi l l e x h a u s t the m e d i u m m o r e r a p i d l y t h a n a s m a l l e r n u m ­

b e r . H o w e v e r , t h i s i s c o m p e n s a t e d for by the l a r g e r gas p r o d u c t i o n at h i g h e r 

v a l u e s of P and in the t i m e i n t e r v a l p a s t E . Also , as w^ill be shown, the c o m -o ^ c ' ' 
p r e s s i b i l i t y K i n c r e a s e s a s the bubble v o l u m e ge t s l a r g e r , so tha t the r a t i o 

v, ' / K v a r i e s m u c h m o r e s lowly than v, ' . 
b s ' b 

M o r e o v e r , th i s i n c r e a s e i n K a l s o c o n t r i b u t e s to an effect ive cutoff t i m e ; 
' s 

bubb le s n u c l e a t e d a few t en th s of a m i l l i s e c o n d a f t e r E wi l l g row in a m e d i u m 
c ^ 

w h o s e c o m p r e s s i b i l i t y h a s i n c r e a s e d so that t h e s e l a t e r bubb l e s wi l l c o n t r i b u t e 
l e s s p r e s s u r e p e r unit v o l u m e than the e a r l i e r o n e s . F o r t h e s e r e a s o n s , the 
a s s u m p t i o n tha t v, ' , X, and K a r e c o n s t a n t d o e s not l e a d to s e r i o u s e r r o r s . In b ' ' s 

F i g u r e 8, the so l id l ine show^s the g rowth of a bubble a t 1-atm l iquid p r e s s u r e 

at fixed gas c o n c e n t r a t i o n c o r r e s p o n d i n g to E . The a r r o w i n d i c a t e s the a s s u m p ­

t ion of the s i m p l e m o d e l . Slowing of g rowth i s due to d e p l e t i o n of gas and onse t 

of i n e r t i a l p r e s s u r e . A l i n e a r r e l a t i o n 
..=4 

b e t w e e n power d e n s i t y and peak i n e r ­

t i a l p r e s s u r e h a s b e e n o b s e r v e d e x ­

p e r i m e n t a l l y , a s i s sho-wn in F i g u r e s 

9 t h r o u g h 12. The four s e t s of da t a 

p r e s e n t e d in t h e s e f i g u r e s , wh i l e 

showing a l i n e a r d e p e n d e n c e of p r e s ­

s u r e and pow^er dens i t y , do not l e ad to 

i d e n t i c a l e s t i m a t e s of the c o n s t a n t C 

in Equa t i on 17. The four s e t s of da t a 

a r e e s s e n t i a l l y s u p e r i m p o s a b l e if 

Equa t i on 17 i s c o r r e c t e d for the v a r i ­

a t ion in G H T a m o n g the c o r e s a c c o r d -

F i g u r e 8. Bubble Growth Under C o n d i - ^^ ^^ 

t ions P r e s e n t at N u c l e a t i o n 

E 

2 
Q < 

- ESTIMATED POINT AT WHICH BUBBLE 
GROWTH IS SLOWED DUE TO DEPLETION 
OF MEDIUM AND ONSET OF INERTIAL 
PRESSURE 

01 02 0 3 04 0 5 06 07 0 8 0 9 10 

TIME(millisec) 
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Figure 9. Peak Iner t ia l P r e s s u r e vs Power 
Density at Start of P r e s s u r e for 11 Li ter 

KEWB "A" Core 
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Figure 10 Peak Inert ia l P r e s s u r e vs Power Density at Start 
of P r e s s u r e for 18 Li ter KEWB " B " Core 
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Figure 11. Peak Inert ial P r e s s u r e vs Power Density at Start 
of P r e s s u r e for 26 Li ter KEWB " B " Core 
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.Figure 12. Peak Inert ial P r e s s u r e vs Power Density at Start 
of P r e s s u r e for Bare KEWB " B " Core 
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o ^ c o r e ' 
(18) 

w h e r e G = 1 m o l of H - / 1 0 0 ev, and Gp^^ is the a p p r o p r i a t e v a l u e for the u r a n y l 

su l fa te c o n c e n t r a t i o n in the c o r e of i n t e r e s t . F i g u r e 13 sho-ws the da t a in F i g u r e s 

9 t h rough 12 r e p l o t t e d a c c o r d i n g to E q u a t i o n 18. A c c o r d i n g to t h i s f i gu re , the 
3 

b e s t e s t i m a t e s for C and p a r e 4.2 p s i - c m /kw and 15 ps i , r e s p e c t i v e l y . 

300 

LLJ 

(r. 
to 
ES 200 
CC 
Q. 

01 
UJ 

< 
UJ 

100 

o IB LITER "B'.'.CORE^ CYLINDRICAL 
. 2 6 LITER " B - C O R E ^ - ^ g ™ , ^ ; ^ ^ ^ 
V B CORE BARE J 
. 1 1 LITER "A" CORE} SPHEREV^AL 

J^SS^ 

V 

- ^ 

V 

o 
o ^ 

^-^"'^ ̂  
V 

10 20 30 40 50 

" 2 Pc ,, , 3 , 
- : -ry- ( k w / c m ) 

60 70 BO 

F i g u r e 13. P lo t of GTLr.,/G ( P /V ) v s P e a k I n e r t i a l P r e s s u r e 
" ^Z o o c o r e 

The c o n s t a n t C c a n be c a l c u l a t e d f r o m the s i m p l e m o d e l . Us ing v , ' = 
- 1 4 3 \ - 4 - 6 - 1 

10 c m , A. = 2 x 10 s e c , and K - 50 x 10 a t m , i t i s s e e n , f r o m 
_14 3 ^ 10 

Equa t i on 17 tha t C = 4 x 10 c m s e c / b u b b l e . Now, 1 wa t t = 3 x 10 f i s s i o n / 
3 

s e c , and a s s u m i n g one bubble p e r f i s s ion , C = 20 p s i - c m /kw i s ob ta ined in 
3 s u r p r i s i n g l y fa i r a g r e e m e n t wi th C = 4 .2 p s i - c m /kw e s t i m a t e d f r o m the da t a . 

It should be noted t h a t the c o m p r e s s i b i l i t y of a bubble l iquid m i x t u r e i s s t r o n g l y 

dependen t on bubble s i z e , void v o l u m e f r ac t ion , and l iquid p r e s s u r e ; the exac t 

e x p r e s s i o n i s 

K ^ = K ^ ( l - f ) + 
P + - i ^ 

i 3 R 

(19) 

g 
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where 

K = compress ib i l i ty of liquid bubble mix ture . 

K . = compress ib i l i ty of liquid. 

P. = liquid p r e s s u r e , 

f = volume fraction of void, 

cr - surface tension of l iquid-gas interface, and 

R - bubble rad ius , 
g 

Figure 14 shows the compress ib i l i ty for a water gas mixture as a function 
_3 

of f. As can be seen, K inc reases rapidly for f > 10 . In the KEWB " B " core , 

this value of f would amount to a void volume of '^200 cm w^hich is never reached 

In 2 10 sec . 

E Z 

-J 
m 
to 
UJ cc a. 

" 10" — 

lO-' 

10= 

-

— 

-

" * " p-K4/3K(r/R) 

CT = 70 DYNES/cm 
R=5 X IO-«cm 

1 1 I I M i l l 1 1 1 1 1 

/ / ^k^ 

^ ^ 

ml 1 1 1 1 1 Mil 1 1 1 1 1 III! I I 
10-'' 10 " 

f = VOLUME FRACTION OF GAS 

10-2 10' 

Figure 14. Compress ib i l i ty of a Water-Bubble Mixture as a Function 
of the Volume Frac t ion of Gas 
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It can be seen, therefore, that the simple model yielding Equation 17 gives 

a correct dependence of the peak inertial pressure as a function of the pow êr 

density at the start of void formation and leads to a fair estimate of the constant 

C . Thus, the results of this simple model with correction for relative G value 

as expressed in Equation 18 is seen to provide an estimate of peak pressure over 

a considerable range of core types, volumes, and power level. These results 

suggest that an estimate of peak pressures for other reactor cores should not differ 

by more than 20% from the estimates of Equation 18 or Figure 13. 

Since the width of the pressure pulse is determined by the inertia of the 

fluid, all practical reactor cores w îll exhibit palse widths -which are large com-
9 

pared to the swing time of the core vessel. Therefore, the inertial pressure 

can be considered as a static pressure in estimating its destructive potential. 

For this purpose, a model, as outlined above, which permits a good estimate of 

the peak inertial pressure -will suffice. 

Calculation of the void compensated reactivity demands an estimate of the 

shape of the pressure pulse as well as of its peak value. The simplest descrip­

tion of the pulse shape is in terms of a rise time to peak and a decay time. The 

rise time is determined almost completely by the time required for the nuclea­

tion conditions (i.e., the critical gas concentration) to spread through the reactor 

core. In support of this interpretation of the rise time is the observation that in 

the capsule, which has an almost uniform flux through its volume, the rise time 

for the pressure is about 0.5 ms. The KEWB reactor was on a 3-ms period 

transient during this observation of the capsule, and the rise time of the pres­

sure pulse in KEWB was 3 to 4 ms. 

From the flux shape it is estimated that about one reactor period is required 

for this spread, and so an approximation is made of the rise of the pulse by the 

term (1 - e ' ) where Tnis the transient period. Actual observed times from 

the start of pressure to peak are shown in Figures 15 and 16. The decay of the 

pressure is due to the expansion of the solution. Treatment of the fuel solution 

for times after peak pressure as if it were a homogeneous compressed mass 

leads to a single relaxation constant T2J given by 

r^-~— . . . ( 2 0 ) 
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PERIOD (ms) 

Figure 16. Time F r o m Start of P r e s s u r e 
to Peak P r e s s u r e vs Trans ient Per iod 

for 18 Li te r KEWB " B " Core 

PERIOD (ms) 

Figure 16. Time F r o m Start of P r e s s u r e 
to Peak P r e s s u r e vs Trans ient Per iod 

for 26 Li ter KEWB " B " Core 

where 

V - velocity of sound in the liquid bubble mixture , and 

h = core height. 

Observed values of T_ for the KEWB " B " cores a r e given in Table II 

TABLE II 

OBSERVED PRESSURE DECAY CONSTANT 
FOR VARIOUS CORES 

Core 

18 I reflected 

26 J? reflected 

Bare 

rz 
(ms) 

4.0 

4.7 

2.0 

The velocity of sound in a liquid gas mixture with 10% gas in volume is in 

the neighborhood of 100 m / s e c . The core height is ~ 30 cm; therefore , a theo­

ret ical value of T is 3 ms which has the proper order of magnitude. The a rgu­

ment leading to Equation 20 cannot, however, account for the observed factor of 2 
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be tween b a r e and r e f l e c t e d c o r e s , a l though a l l t h r e e c o r e s have a l m o s t the s a m e 

he ight . Howeve r , by the t i m e the d e c a y of the p r e s s u r e b e c o m e s s ign i f i can t , the 

c o r e m a y be p r o p e r l y c o n s i d e r e d a s a s ing le c o m p r e s s e d g a s bubb le . Such a s y s t e m , 

-which i s c o n s i d e r e d in Appendix C, l e a d s to an a c c u r a t e d e s c r i p t i o n of the d e c a y 

of the p r e s s u r e p u l s e in a l l of the KEWB " B " c o r e s . 

A fa i r fit to the shape of the i n e r t i a l p r e s s u r e i s g iven by 

P = A p m i m 
1 - e "̂ 1 T2 . , , (21) 

w h e r e P i s the peak i n e r t i a l p r e s s u r e ob ta ined f r o m Equa t i on 18, and A , is a 

c o n s t a n t n o r m a l i z i n g the funct ion in b r a c k e t s to 1.0. T-wo e x a m p l e s a r e sho-wn 

in F i g u r e s 17 and 18. The d i s c r e p a n c y b e t w e e n the o b s e r v e d and c a l c u l a t e d p e a k 

p r e s s u r e m a y be due in p a r t to a s igna l induced by r a d i a t i o n in the i n s t r u m e n t a ­

t ion d u r i n g the t r a n s i e n t . In the s p h e r i c a l c o r e , the f r ee v o l u m e above the s o l u ­

t ion i s u s u a l l y f i l led rap id ly ; t h e r e a f t e r , the p r e s s u r e is r e l e a s e d by the e j e c t i o n 

of fuel so lu t ion . E q u a t i o n 21 should not be u s e d to fit the d a t a in the s p h e r i c a l 

c o r e , or in o the r c a s e s w h e r e m o t i o n of the l iquid s u r f a c e i s r e s t r i c t e d . 

TRANSIENT 1170, r, = l20ms 

CALCULATED 

4 5 6 7 

TIME(ms) 

F i g u r e 17. C o m p a r i s o n of the I n e r t i a l 
P r e s s u r e a s O b s e r v e d by a P r e s s u r e 
T r a n s d u c e r L o c a t e d a t the B o t t o m of 

the C o r e and a s C a l c u l a t e d by 
E q u a t i o n 2 1 

100 

ui 
CC 

cc 
CL 

< 
H 
CC 

4 5 6 
TIME (ms) 

F i g u r e 18. C o m p a r i s o n of the I n e r t i a l 
P r e s s u r e a s O b s e r v e d by a P r e s s u r e 
T r a n s d u c e r L o c a t e d at the B o t t o m of 

the C o r e and a s C a l c u l a t e d by 
Equa t i on 2 1 
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APPENDIX A 

INPILE CAPSULE EXPERIMENTS 

1. D E S C R I P T I O N O F C A P S U L E S 

The e x p e r i m e n t s c o n s i s t of m e a s u r i n g the p r e s s u r e - v o l u m e - t e m p e r a t u r e 

c h a r a c t e r i s t i c s of a s m a l l s a m p l e of fuel so lu t ion s u b j e c t e d to a r a d i a t i o n b u r s t 

f r o m the KEWB r e a c t o r . The fuel s a m p l e i s con t a ined in a c a p s u l e d e v i c e w^hich 

i s l o c a t e d ad j acen t to the c o r e v e s s e l . T h r e e t y p e s of c a p s u l e s w e r e u s e d in 

p e r f o r m i n g the e x p e r i m e n t s . The f i r s t c a p s u l e type , c a l l e d "Bello-ws C a p s u l e " 
3 

i s shown in F i g u r e 19. The t e s t so lu t ion , ^^30 c m , i s con t a ined in a v e r y l ight 

OSCILLOGRAPH 

LINEAR 
TRANSDUCER 

20 KC CARRIER 
AMPLIFIERS ENCLOSURE AND 

SECONDARY CONTAINMENT 

PRESSURE 
TRANSDUCER 

BELLOWS CONTAINING 
30ml TEST SOLUTION 

F i g u r e 19. Be l lows C a p s u l e S c h e m a t i c 

be l l ows i n s t r u m e n t e d to p r o v i d e the t i m e funct ion of the t o t a l v o l u m e change , 

fuel p r e s s u r e , and fuel t e m p e r a t u r e . The bello-ws and the i n s t r u m e n t s a r e c o m ­

p le t e ly e n c l o s e d in a 2 , 5 - i n , d i a m c y l i n d r i c a l tube w h i c h p r o v i d e s s e c o n d a r y 

c o n t a i n m e n t and a l s o allow^s p r e s s u r i z a t i o n u p to 10 a t m . F i l l i n g and e m p t y i n g 

of the c a p s u l e i s a c h i e v e d t h r o u g h a r o t a r y va lve l o c a t e d at one end of the s e c ­

o n d a r y e n c l o s u r e . Al though th i s type of c a p s u l e p e r f o r m e d v e r y w^ell, i t s m a j o r 

d i s a d v a n t a g e s w e r e the low f r e q u e n c y r e s p o n s e of the b e l l o w s , ' ^100 c p s , and a 
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s m a l l v o l u m e e x p a n s i o n r a t i o . To o v e r c o m e t h e s e d i f f i cu l t i e s , a s e c o n d type of 

c a p s u l e c a l l e d a " B e l l o f r a m C a p s u l e " w a s c o n s t r u c t e d . T h i s c a p s u l e w a s iden­

t i c a l to the Bello-ws C a p s u l e excep t tha t the bello-ws -was r e p l a c e d by a ro l l i ng 
3 

d i a p h r a g m ( F i g u r e 20) . The c a p s u l e c o n t a i n e d ' ~ 8 c m of fuel and af forded a 

high v o l u m e e x p a n s i o n r a t i o . F i n a l l y , to s tudy the b e h a v i o r of v e r y s m a l l t e s t 

s o l u t i o n s , a " C o n s t a n t Volume C a p s u l e " -was c o n s t r u c t e d ( F i g u r e 21) . The p r i n -
3 

c ip le w a s to o b s e r v e the p r e s s u r e induced in a f ixed v o l u m e , ' ^1 .6 c m , c o n t a i n ­
ing a th in l a y e r of t e s t so lu t ion . P r e s s u r e w a s i n e a s u r e d by two p r e s s u r e t r a n s ­
d u c e r s , one being in c o n t a c t wi th the l iqu id . 

ROLLING DIAPHRAM 

TO LINEAR TRANSDUCER 

THERMOCOUPLE 

p ^ 2 2 Z I "^ VALVE 

PRESSURE TRANSDUCER 

tsszs^ 

-TEST SOLUTION 

F i g u r e 20, B e l l o f r a m C a p s u l e 

2, INSTRUMENTATION 

V o l u m e c h a n g e s in the c a p s u l e s w e r e d e t e c t e d by the u s e of v a r i a b l e p e r ­

m e a n c e l i n e a r m o t i o n t r a n s d u c e r s f a b r i c a t e d by C r e s c e n t E n g i n e e r i n g . T h e s e 
_5 

a r e c a p a b l e of m e a s u r i n g l i n e a r c h a n g e s of 10 in . and a r e m a d e of h i g h -
t e m p e r a t u r e , v o i d - f r e e i n o r g a n i c m a t e r i a l s . 

T e s t so lu t ion p r e s s u r e s w e r e d e t e c t e d by u s e of a f lush d i a p h r a g m unbonded 

s t a i n w i r e type d i f f e r en t i a l p r e s s u r e t r a n s d u c e r f a b r i c a t e d by S t a t h a m I n s t r u ­

m e n t C o m p a n y . T h e s e s e n s o r s a r e c a p a b l e of m e a s u r i n g d i f f e r e n t i a l p r e s s u r e s 
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in the r a n g e of 0 to 150 ps id and w e r e spec i f i c a l l y f a b r i c a t e d of 347 s t a i n l e s s 

s t e e l to i n s u r e c o m p a t i b i l i t y wi th the ac id i f ied t e s t s o l u t i o n s . 

THERMOCOUPLE :̂ _S 

TOP 
PRESSURE 

TRANSDUCER 

BOTTOM 
PRESSURE 

TRANSDUCER 

•TEST SECTION 

2 cm DIA X 0.5 cm HT 

VALVE 

F i g u r e 2 1 . C o n s t a n t V o l u m e C a p s u l e 

T e m p e r a t u r e s -were d e t e c t e d by u s e of P t - P t , 10% Rh t h e r m o c o u p l e s wh ich 

had a 1-mil e x p o s e d j unc t i on . Th i s type i s c o m p a t i b l e wi th the ac id i f ied t e s t 

so lu t ions and exh ib i t s a r e s p o n s e t i m e of 1 m s . 

The l i n e a r m o t i o n and p r e s s u r e t r a n s d u c e r s w e r e u s e d wi th 2 0 - k c c a r r i e r 

a m p l i f i e r s ; the t h e r m o c o u p l e s igna l w a s ampl i f i ed by a dc a m p l i f i e r . Da t a 

r e c o r d i n g w a s a c h i e v e d by u s e of a 14 -channe l l ight b e a m r e c o r d i n g o s c i l l o g r a p h . 

T y p i c a l d a t a t r a c e s a r e shown in F i g u r e s 22 and 23 , 

3 . E X P E R I M E N T A L P R E P A R A T I O N AND IRRADIATION FACIL IT Y 

Each s a m p l e of t e s t so lu t ion w a s i r r a d i a t e d only o n c e . C a p s u l e f i l l ing and 

f lushing w a s a c c o m p l i s h e d by m e a n s of a so lu t ion t r a n s f e r a p p a r a t u s c l o s e d to 

the a t m o s p h e r e ( F i g u r e 24) and con ta ined in a d r y box which af fords a c o n t r o l l e d 

e n v i r o n m e n t for hand l ing o p e r a t i o n s . The t e s t so lu t ion w a s u s u a l l y a so lu t ion of 

93% e n r i c h e d u r a n y l su l fa te ac id i f ied wi th 0.5 m o l a r H SO . It w a s f i r s t d e ­

g a s s e d by a f r e e z i n g p r o c e s s and then i n t r o d u c e d into the c a p s u l e u n d e r v a c u u m 

c o n d i t i o n s . 
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IN-PILE CAPSULE EXPERIMENT 23 

REACTOR PERIOD :3 ms 
REACTOR PEAK POWER:403 Mw 
REACTOR ENERGY RELEASE:2.9 Mw-sec 
CAPSULE FUEL CONCENTRATION:250 gmU 
TEST SOLUTION VOLUME:36 cm3 
TEST SOLUTION TEMPERATURE RISE:33"C 

-PRESSURE 

INITIATION OF RADIOLYTIC GAS VOID 

REACTOR POWER 

TEMPERATURE EXPANSION 

VOLUME X 10 
VOLUME X I 

235 ll 

r =^ 

-TIME 10 ms 

Figure 22, Representat ive Oscil lograph Record for 
Bellows Capsule 

69 psig 

IN-PILE CAPSULE EXPERIMENT 36 
REACTOR PERIOD : 2.74 ms 
REACTOR PEAK POWER : 713 mw 
REACTOR ENERGY RELEASE :4.72 mw-sec 
CAPSULE FUEL CONCENTRATION : 4 0 0 g m U * / - ^ 
TEST SOLUTION VOLUME : 1.26 cm 3 

,TOP PRESSURE 

BOTTOM PRESSURE 

INITIATION OF RADIOLYTIC GAS VOID 

REACTOR POWER 

TIME h lOms H 
Figure 23, Representat ive Oscil lograph Record 

for Constant Volume Capsule 
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The exper iments were performed in the 4- by 4-in. horizontal exposure 

facility in the KEWB reac to r . This facility is tangent to the reac tor core and is 

an in tegral par t of the reflector assembly . The capsule was placed so that the 

section containing the test solution w^as c losest to the core . Gold -wires -were 

used to m e a s u r e the integrated the rmal flux experienced by the tes t solution 

during the t r ans i en t s . Typical integrated thermal fluxes were of the o rder of 
13 2 

3 X 10 n e u t r o n s / c m . 

VACUUM PUMP - » 

ROTATING 
DEGASING 
APPARATUS 

BELLOWS 

CAPSULE 

ROTARY VALVE 

" T " TYPE STOPCOCK (5) 

^ VACUUM PUMP 

AIR INLET 

TEST SOLUTION ABOUT 
TO BE TRANSFERRED 

Figure 24. Schematic of Capsule Filling and Flushing System 
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APPENDIX B 

SUMMARY OF KEWB REACTOR CHARACTERISTICS 

P a r a m e t e r 

C r i t i c a l M a s s (gm U235) 

Fue l Concen t r a t i on 
(gm U 2 3 5 / L i t e r ) 

H /U^^^ Rat io 

E x c e s s Reac t iv i ty 
($) 

Maximum P e a k R e a c t o r 
P o w e r (Mw) 

Min imum Stable R e a c t o r 
P e r i o d (ms) 

E n e r g y R e l e a s e d in a 
M a x i m u m B u r s t (Mws) 

Max imum P e a k P r e s s u r e 
O b s e r v e d (psi) 

Max imum V e s s e l A c c e l e r ­
at ion O b s e r v e d (g) 

M a s s Coefficient of 
Reac t iv i ty (gm u235) 

Water Coefficient of 
Reac t iv i ty (cc) 

T e m p Coefficient of 
Reac t iv i ty 30 °C (°C) 

Gas P roduc t i on Coefficient 
( L i t e r s H 2 - 0 2 / k w h ) 

Spheric 

85% Ful l 
11.45 L i t e r s 

1680 

166 

152 

3.50 

4 5 0 

2 .0 

3 .5 

6 5 0 

* 

0.014 

0.0027 

-0 .020 

15.6 

al Core 

100% Ful l 
13.65 L i t e r s 

1240 

106 

2 6 3 

3.75 

6 5 0 

2 , 0 

5 ,7 

4 5 0 

* 

0.016 

0.0009 

-0 .041 

18.1 

C y l i n d r i c a l C 

18 L i t e r 
Ref lec ted 

1450 

94 

272 

5.80 

2500 

0,90 

9 . 0 

350 

130 

0.016 

0.0006 

-0 ,041 

17,3 

26 L i t e r 
Ref lec ted 

1290 

57 

4 6 5 

4.50 

1050 

2 . 1 

6 .1 

140 

4 0 

0.024 

-0 .00035 

-0.037 

19.1 

o r e 

24 L i t e r 
Unre f l ec t ed 

3900 

2 0 3 

124 

3.75 

4000 

0.57 

7 ,0 

3 5 0 

135 

0.0035 

0.001 

-0 .053 

15.1 

*Core V e s s e l not equipped with a c c e l e r o m e t e r 
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APPENDIX C 

AN EQUILIBRIUM MODEL FOR INERTIAL PRESSURE 

It m a y be a s s u m e d tha t e a c h bubble i s in e q u i l i b r i u m wi th the d i s s o l v e d g a s 

Kc = p. + p „ + -;:;— = p. . . . (22) 
in ^^ R 1 

w h e r e K i s H e n r y ' s c o n s t a n t , c i s the c o n c e n t r a t i o n of d i s s o l v e d g a s , p . i s the 

i n e r t i a l p r e s s u r e , p the s t a t i c , l iquid p r e s s u r e , and R the bubble r a d i u s . It 

m a y a l s o be -written for e a c h bubble tha t 

p.v, = n R T . . . (23) 
^1 b g c ^ ' 

w h e r e v i s the bubble v o l u m e , n the n u m b e r of m o l e s of g a s in the bubb le , R 
' g ^ ' c 

the g a s c o n s t a n t , and T the a b s o l u t e t e m p e r a t u r e . 

A c c o r d i n g to the f i r s t a s s u m p t i o n , a l l b u b b l e s wi l l be of u n i f o r m s i z e and 

so Equa t ion 23 can be r e p l a c e d by 

p.v, = NR T . . . (24) 

-where N i s the to t a l m o l e s of g a s in b u b b l e s , and V i s the void v o l u m e . It h a s 

b e e n s e e n p r e v i o u s l y tha t v can be ob ta ined f r o m p. by 
f ' a ^ i n ^ 

a^ r^t- t ' )p .^(t ' )dt ' . . . ( 2 5 ) 
•'o 

w h e r e a i s a c o n s t a n t . 

F u r t h e r m o r e , 

N = G ( E - E ' ) . . . (26) 

w h e r e E i s the e n e r g y r e l e a s e and G i s the va lue of GTT • T h u s , GE is the to t a l 

g a s p r o d u c t i o n , a n d G E ' r e p r e s e n t s the g a s in so lu t ion by Equa t ion 22 . 
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Put t ing t h e s e t o g e t h e r , the following can be w r i t t e n : 

C R T 
m 

P^ 
E - E i n 

, 2cr' 
+ P ^ + ^ 

Za 
R 

2cr 
R_ 

. . . ( 2 7 ) 

with V given by Equa t ion 25 , and E the va lue of E at n u c l e a t i o n . 
g ^ 

Equa t i ons 25 and 27 can be so lved , but the r e s u l t i n g v a l u e s of p. n e a r the 

s t a r t of p r e s s u r e a r e m u c h too h igh . T h i s i s b e c a u s e the b u b b l e s a r e not n u ­

c l ea t ed s i m u l t a n e o u s l y and, h e n c e , the n u m b e r of m o l e s of g a s in b u b b l e s i s 

m u c h s m a l l e r than th i s m o d e l p r e d i c t s . Ho-wever, the m o d e l can be a d j u s t e d by 

taking exp l i c i t accoun t of the s p r e a d of n u c l e a t i o n t h r o u g h the c o r e . The s p r e a d 

t a k e s about 1-5 T , when T i s the r e a c t o r p e r i o d . The c o r e v o l u m e in wh ich 
3 n u c l e a t i o n h a s o c c u r r e d , t h e r e f o r e , i s a p p r o x i m a t e l y p r o p o r t i o n a l to ( t / 1 . 5 r ) . 

C o n s i d e r a t i o n of the v a r i o u s f a c t o r s in Equa t i on 27 l e a d s to s o m e s i m p l i f i c a t i o n s , 

and s o , f inal ly the following i s r e a c h e d : 

Pin ~ 

GR T / f \ ^ 

e 1 

GR T 
^ - (E - E ) for t > 1.5 r 

v ^ c ~ 1 

. (28) 

w h e r e v i s ob ta ined f r o m Equa t i on 2 5 . 
g 

Equa t ions 25 and 28 w e r e c o m p u t e d . C o m p a r i s o n of the compu ted v a l u e s of 

p. wi th o b s e r v e d v a l u e s a r e shown in F i g u r e s 25 and 26 . The i n t e r e s t i n g point 

i s the r a t h e r good a g r e e m e n t of the s lope of the c o m p u t e d p r e s s u r e p u l s e for 

t i m e p a s t p e a k p r e s s u r e wi th o b s e r v a t i o n s for a l l c o r e s . F u n d a m e n t a l l y , t h i s 

a g r e e m e n t r e f l e c t s the a p p r o p r i a t e n e s s of the b a s i c e q u i l i b r i u m m o d e l for t i m e s 

a f t e r the peak p r e s s u r e i s r e a c h e d . 
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r » -

360 

320 

280 

240 -

tr 
Z) 
CO 
CO 
UJ a: a. 

200 

160 

120 -

80 

40 -

TRANSIENT 1166 B 
PERIOD 1.41 ms 

OBSERVED 

± 
0 0.012 0.016 0.020 0.024 

TIME (sec) 
0.028 0.032 

Figure 25. Compar ison of the Iner­
t ial P r e s s u r e as Observed by a 
P r e s s u r e Transducer Located 
at the Bottom of the Core and 
as Calculated by Equation 28 

0 ^A/-
0 0008 0012 0016 

TIME (sec) 
0020 0024 

Figure 26. Compar ison of the 
Iner t ia l P r e s s u r e as Observed 

by a P r e s s u r e Transducer 
Located at the Bottom of 

the Care and as Calcu­
lated by Equation 28 
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NOMENCLATURE 

A = C r o s s - s e c t i o n a l a r e a of cone 

a, = A c o n v e r s i o n fac to r 

a-, = A c o n v e r s i o n f ac to r 

C = C r i t i c a l gas c o n c e n t r a t i o n in l iquid n e c e s s a r y for gas bubble 

nuc l ea t i on 

(C ) = Specif ic hea t of vapor at c o n s t a n t v o l u m e 

c = Coeff ic ient of void c o m p e n s a t e d r e a c t i v i t y 

C' = A c o n s t a n t fv' X/K ) 
\ g si 

D = T h e r m a l diffusivi ty 

E = E n e r g y r e l e a s e in c o r e 

E = E n e r g y r e l e a s e in c o r e n e c e s s a r y for bubble n u c l e a t i o n 

f = Volume f r a c t i o n of gas in a l iquid gas m i x t u r e 

G = Same as GTT but in un i t s of E 
"•z 

Gj^ = N u m b e r of h y d r o g e n m o l e c u l e s f o r m e d p e r uni t e n e r g y r e l e a 

h = Height of c o r e 

K = H e n r y ' s c o n s t a n t 

L = L a t e n t h e a t of v a p o r i z a t i o n 
I. - L i f e t i m e of gas bubble 

N = I n s t a n t a n e o u s n u m b e r of bubb les in c o r e 

N = Tota l m o l e s of gas in a l l bubb le s 
g ^ 

n = N u m b e r of m o l e s of gas in a bubble 
g ^ 

P = P o w e r at i n i t i a t ion of void f o r m a t i o n o 

p = C o n s t a n t '^c 

p = P r e s s u r e above c o r e so lu t ion ex 

p. = I n t e r n a l gas p r e s s u r e of gas bubble 
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p . = I n e r t i a l p r e s s u r e 
^ m 

p , = L i q u i d p r e s s u r e 

p = P e a k i n e r t i a l p r e s s u r e ^ m ^ 

p = M a g n i t u d e of p r e s s u r e c h a n g e s e e n b y a p r e s s u r e t r a n s d u c e r a t 

b o t t o m of c o r e 

p ( n , t ) = A b s o l u t e p r e s s u r e i n c o r e a t p o s i t i o n r a n d t i m e t 

p = A x i a l d i s t r i b u t i o n of p r e s s u r e i n c o r e 

p = V a o o r p r e s s u r e 

R = U n i v e r s a l g a s c o n s t a n t c '̂  

R = G a s b u b b l e r a d i u s 
g 

R = V a p o r b u b b l e r a d i u s 
V ^ 

r (t) = V o i d c o m p e n s a t i o n r e a c t i v i t y a s a f u n c t i o n of t i m e 

S = N u m b e r of b u b b l e s b o r n p e r u n i t t i m e 

T = L i q u i d t e m p e r a t u r e 

T = V a p o r t e m p e r a t u r e 

V = C o r e v o l u m e 
c o r e 

V, = V o l u m e of g a s b u b b l e 

v ' = E f f e c t i v e v o l u m e of g a s b u b b l e 

V = G a s v o l u m e i n c o r e , o r v o i d v o l u m e 
g 

V = V e l o c i t y of s o u n d i n m e d i u m 
s ' 

S« = L i q u i d d e n s i t y 

o = D e n s i t y of c o r e s o l u t i o n 

S = V a p o r d e n s i t y 

E = E n e r g y r e l e a s e p e r f i s s i o n 

^ ' ( r , t ) = N e u t r o n F l u x d i s t r i b u t i o n i n s p a c e a n d t i m e 

( i ( r ) = N e u t r o n f l u x d i s t r i b u t i o n in s p a c e 

(h /<^ = P e a k to a v e r a g e n e u t r o n f l u x r a t i o 
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K ̂  = C o m p r e s s i b i l i t y of l iqu id 

K = C o m p r e s s i b i l i t y of a l iqu id gas bubble m i x t u r e 

K = C o m p r e s s i b i l i t y of c o r e so lu t ion 

X = A t i m e i n t e r v a l , 2 x 1 0 sec 

O" = Sur face t e n s i o n 

Zf = F i s s i o n c r o s s s e c t i o n 

T = Vapor bubble l i f e t ime 

Ti = T r a n s i e n t P e r i o d 

T2 = C o r e r e l a x a t i o n c o n s t a n t 
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