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FOREWORD 

The work d e s c r i b e d  i n  t h i s  r e p o r t  was performed by Mechanical Technology I n c o r p o r -  

a t e d  under NASA C o n t r a c t  NASw-1705. The o v e r a l l  o b j e c t i v e  of t h i s  c o n t r a c t  was 

t o  deve lop  a comprehensive dynarnical t h e o r y  of  f o r c e d - c o n v e c t i o n  b o i l i n g  i n  l i q u i d  

metals.  T h i s  i s  t h e  F i n a l  T e c h n i c a l  Repor t  of  t h e  s u b j e c t  c o n t r a c t ,  c o n t a i n i n g  a 

summary of a l l  e s s e n t i a l  r e s u l t s  o b t a i n e d  i n  t h e  c o n t r a c t  work. 

The work was done under  t h e  t e c h n i c a l  management of M r .  S .  V .  Manson, NASA Head- 

q u a r t e r s ,  N u c l e a r  Power Systems.  

. 
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INTRODUCTION 

The combinat ion of e x c e l l e n t  t he rma l  c o n d u c t i v i t y ,  h i g h  v a p o r i z a t i o n  t empera tu re  

and moderate vapor  p r e s s u r e  posses sed  by a l k a l i  m e t a l s  makes them v e r y  a t t r a c t i v e  

f o r  u se  a s  working f l u i d s  f o r  Rankine c y c l e  space  power sys t ems .  Consequent ly ,  

c o n s i d e r a b l e  e f f o r t  h a s  been devoted r e c e n t l y  toward development of once-through 

a l k a l i  m e t a l  b o i l e r s  i n  which t h e  l i q u i d  m e t a l  e n t e r s  subcoo led ,  i s  vapor i zed  and 

d e p a r t s  a s  s a t u r a t e d  o r  s u p e r h e a t e d  vapor .  Much of t h e  work t o  d a t e  h a s  concen- 

t r a t e d  on b o i l e r s  f o r  po ta s s ium and sodium, and c o n s i d e r a b l e  a t t e n t i o n  h a s  been 

p a i d  t o  t h e  problem of a c h i e v i n g  s t a b i l i t y  of o p e r a t i o n  of such b o i l e r s .  

A number of  t r a d i t i o n a l  i n s t a b i l i t y  mechanisms f o r  b o i l i n g  f low have been recog-  

n i z e d  f o r  some t i m e ,  e . g .  "Ledinegg Excursions:' and l i q u i d  m e t a l  b o i l e r s  a r e  sub- 

j e c t  t o  t h e s e  i n s t a b i l i t i e s  as  w e l l  a s  a r e  w a t e r  b o i l e r s .  The problem of  t h e  

s t a b i l i t y  of l i q u i d  m e t a l  b o i l e r s ,  however, i s  f u r t h e r  complicated by t h e  f a c t  

t h a t  l i q u i d  metals can  e x h i b i t  v e r y  l a r g e  d e g r e e s  of  s u p e r h e a t i n g  b e f o r e  incep -  

t i o n  of  b o i l i n g .  T h i s  makes dynamic a n a l y s i s  of b o i l i n g  l i q u i d  m e t a l  f low q u i t e  

d i f f i c u l t  because  one c a n  no l o n g e r  assume t h a t  t h e  f low i s  i n  thermodynamic 

e q u i l i b r i u m .  Moreover, t h e  s u p e r h e a t i n g  of l i q u i d  m e t a l s  appea r  t o  g i v e  r i s e  t o  

a unique t y p e  of  f low i n s t a b i l i t y  a s s o c i a t e d  w i t h  d r a s t i c  f low regime changes i n  

t h e  b o i l i n g  c h a n n e l ,  T h i s  i n s t a b i l i t y  i s  of  t h e  f o l l o w i n g  n a t u r e .  

When power i n p u t  t o  t h e  h e a t e d  l e n g t h  of a l i q u i d  m e t a l  b o i l e r  i s  s t e a d i l y  i n -  

c r e a s e d  from z e r o ,  a p o i n t  i s  reached when t h e  f low t e m p e r a t u r e  a t  t h e  e x i t  of 

t h e  h e a t e d  l e n g t h  r e a c h e s  s a t u r a t i o n  t e m p e r a t u r e .  Due t o  t h e  tendency of  l i q u i d  

m e t a l s  t o  s u p e r h e a t  i n  t h e  l i q u i d  phase ,  f u r t h e r  i n c r e a s e  i n  power o f t e n  d o e s  

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

h e a t e d  f low ex i t s  from t h e  hea ted  l e n g t h .  A s  power i s  f u r t h e r  i n c r e a s e d ,  however, 

a p o i n t  i s  reached where t h e  d e g r e e  of s u p e r h e a t ,  g , a t  t h e  e x i t  i s  s u f f i c i e n t l y  

l a r g e  such  t h a t  n u c l e a t i o n  of  vapor  bubb les  w i l l  o c c u r  and b o i l i n g  w i l l  commence. 

The b o i l i n g  w i l l  t h e n  t end  t o  p r o p a g a t e  ups t r eam i n t o  supe rhea ted  l i q u i d ,  c a u s i n g  

a sudden change of  f low regimes and r e s u l t i n g  i n  u n d e s i r a b l e  r a p i d  t e m p e r a t u r e  

f l u c t u a t i o n s  i n  t h e  b o i l i n g  c h a n n e l ,  The vapor  l i q u i d  i n t e r f a c e  t h e n  can ( a )  

r e a c h  a s t a b l e  p o s i t i o n ,  (b) o s c i l l a t e  w i t h i n  a f i n i t e  zone, o r  (c) be  swept back 
e 
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o u t  of  t h e  b o i l e r  t o  r e e n t e r  l a t e r  a s  s u p e r h e a t i n g  a g a i n  accumula tes .  The l a t t e r  

two modes a r e ,  of  c o u r s e ,  deemed u n s t a b l e  and a r e  t o  be  avoided i f  p o s s i b l e .  Which 

mode o c c u r s  i s  governed by t h e  thermo-hydraul ic  c h a r a c t e r i s t i c s  of  t h e  b o i l e r  and 

i t s  a s s o c i a t e d  f low loop .  

Because of  t h e  t e c h n o l o g i c a l  impor tance  o f  l i q u i d  me ta l  b o i l e r s  an a n a l y t i c a l  

program was unde r t aken  a t  M.T.I. under  NASA C o n t r a c t  Number NASw-1705 d i r e c t e d  

toward o b t a i n i n g  s o l u t i o n s  f o r  t h e  thermo-hydraul ic  l i q u i d  me ta l  b o i l e r  s t a b i l i t y  

problem. The crux of t h i s  s t u d y  i s  t h e  problem of  t h e  non-equ i l ib r ium behav io r  

o f  l i q u i d  me ta l  f l ows .  

The program was c a r r i e d  o u t  i n  two phases .  The f i r s t  phase  i s  concerned w i t h  

t h e  p r e d i c t i o n  of  i n c i p i e n t  b o i l i n g ,  and t h e  co r re spond ing  s t u d y  h a s  been docu- 

mented i n  a t o p i c a l  r e p o r t .  MTI-69TR45, "A Review o f  C r i t e r i a  f o r  P r e d i c t i n g  

I n c i p i e n t  Nuc lea t ion  i n  L iqu id  Meta ls  and Ord ina ry  F l u i d s , "  by J . H .  Vohr and 

T.  Chiang [E]  

The second phase  i s  concerned  w i t h  t h e  d e t e r m i n a t i o n  o f  v a p o r i z a t i o n  r a t e s  f o r  

each  of  v a r i o u s  r e l e v a n t  f low reg imes .  Emphasis i s  p l aced  on t h e  r e l e a s e  of  

l i q u i d  s u p e r h e a t  w i t h  t h e  a t t e n d a n t  g e n e r a t i o n  of  t h e  vapor  phase ,  s i n c e  t h e  

s u b s t a n t i a l  change i n  d e n s i t y  would cause  p r e s s u r e  rise and consequen t ly  would 

be a p r i n c i p a l  d r i v i n g  f o r c e  f o r  t h e  dynamic motion i n  a thermo-hydraul ic  s y s -  

t e m .  The s p e c i f i c  a n a l y s e s  on v a r i o u s  mechanisms of e v a p o r a t i o n  a r e  t h e n  r e c a s t  

i n  terms of a vapor  g e n e r a t i o n  r a t e  which r e p r e s e n t s  t h e  c o n s t i t u t i v e  r e l a t i o n  

of  t h e  e v a p o r a t i v e  p r o c e s s .  T h i s  s t u d y  cu lmina ted  i n  a second t o p i c a l  r e p o r t ,  

MTI-70TR15,'%vaporation P r o c e s s e s  i n  Superhea ted  Forced Convect ive Bo i l ing , ' '  

by J . H .  Vohr, [29]. 

Th i s  document i s  t h e  F i n a l  T e c h n i c a l  Repor t  of t h e  s u b j e c t  c o n t r a c t .  It con- 

t a i n s  a comprehensive d i g e s t  of  t h e  two t o p i c a l  r e p o r t s ,  i n c l u d i n g  t h e  e s sen -  

t i a l  formulae ,  g r a p h i c a l  r e s u l t s ,  and c i t a t i o n s  of  t h e  o r i g i n a l  s o u r c e s .  The 

subs t ance  of  t h e  f i r s t  t o p i c a l  r e p o r t  i s  c o n t a i n e d  i n  t h e  c h a p t e r  e n t i t l e d ,  

" C r i t e r i a  f o r  I n c i p i e n t  Nuc lea t ion  f o r  Bo i l ing" ,  t h a t  o f  t h e  second t o p i c a l  

r e p o r t  i s  c o n t a i n e d  i n  t h e  c h a p t e r  e n t i t l e d  "Void Growth and Evapora t ion  Rate" ,  
, 
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S i n c e  t h e  s u b j e c t  m a t t e r  i s  a r a p i d l y  d e v e l o p i n g  technology,  a d i s c u s s i o n  i s  

provided  on a r e a s  where b a s i c  knowledge i s  s t i l l  l a c k i n g  and avenues f o r  f u r -  

t h e r i n g  needed p r o g r e s s  a r e  sugges t ed .  

. 
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, CRITER.TA FOR XNCTPIENT NUCUATION FOR BOILING 

A review of t h e  s u b j e c t  was made by compi l ing  a v a i l a b l e  e x p e r i m e n t a l  ev idence  

and by d i s c u s s i n g  t h e  b a s i c  f o u n d a t i o n s  u n d e r l y i n g  t h e  c u r r e n t  u n d e r s t a n d i n g  

of  v a r i o u s  p h y s i c a l  p a r a m e t e r s  gove rn ing  t h e  c o r r e l a t i o n  of e x p e r i m e n t a l  d a t a .  

The s t u d y  was begun by D r .  D .  E .  Dougherty and completed by D r s .  J .  H.  Vohr 

and T .  Chiang who a r e  i d e n t i f i e d  a s  c o - a u t h o r s  of t h e  t o p i c a l  r e p o r t  [l]. 

D r ,  John Chen of  Brookhaven N a t i o n a l  L a b o r a t o r y ,  who was r e t a i n e d  a s  a con- 

s u l t a n t  t o  t h i s  p r o j e c t ,  c o n t r i b u t e d  s u b s t a n t i a l l y  t o  t h e  c o l l e c t i o n  of pub- 

l i s h e d  e x p e r i m e n t a l  d a t a  and t h e i r  i n t e r p r e t a t i o n s .  

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

t o  be dominated by s i t e s  p r e s e n t  on t h e  b o i l e r  w a l l s  a s  s u r f a c e  c a v i t i e s .  The 

need of  s u p e r h e a t i n g  t o  i n i t i a t e  n u c l e a t i o n  i s  presumed t o  be t h e  r equ i r emen t  

f o r  a p r e s s u r e  e x c e s s  abgve t h e  s a t u r a t i o n  vapor  p r e s s u r e  i n  t h e  c a v i t i e s  t o  

overcome t h e  s u r f a c e  t e n s i o n  of  t h e  l i q u i d .  T h a t  i s ,  f o r  i n c i p i e n t  b o i l i n g  

n u c l e a t i o n  t o  t a k e  p l a c e ,  a lower bound o f  t h e  vapor  p r e s s u r e  i s ,  Eq. (3) o f  

[11: 

P = P -  
V 

where,  

P = vapor  p r e s s u r e  i n  t h e  c a v i t y  

P = sys t em p r e s s u r e  

P = p a r t i a l  p r e s s u r e  of i n e r t  g a s  i n  t h e  c a v i t y  

a = s u r f a c e  t e n s i o n  of  l i q u i d  a t  s a t u r a t i o n  t empera tu re  c o r r e s p o n d i n g  

. v  

g 

t o  P 

r = bubb le  r a d i u s  of n u c l e a t i n g  c a v i t y .  

The r e q u i r e d  s u p e r h e a t  i s  r e l a t e d  t o  P - P a l o n g  t h e  s a t u r a t i o n  l i n e  of t h e  

f l u i d  i n  q u e s t i o n ,  o r  a c c o r d i n g  t o  t h e  C laus ius -C lapeyron  e q u a t i o n .  
V 
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where 

h -  = l a t e n t  h e a t  of  v a p o r i z a t i o n  a t  Tsat 
f g  
v = s p e c i f i c  volume of vapor  phase  

V 

= s p e c i f i c  volume of l i q u i d  phase ,  and VR 

t h e  s u b s c r z p t s .  lLsat'O r e f e r  t o  t h e  s a t u r a t i o n  s t a t e .  A v a i l a b l e  e x p e r i m e n t a l  d a t a  

on b o i l i n g  i n c i p i e n c e  were ana lyzed  and c o r r e l a t e d  i n  r e l a t i o n  t o  i n t e r p r e t a t i o n s  

of  t h e  bubb le  r a d i u s  r and t h e  r e f e r e n c e  t e m p e r a t u r e  T .  

From twenty-one r e p o r t e d  i n v e s t i g a t i o n s  [2-221, e x p e r i m e n t a l  d a t a  on t h e  b o i l i n g  

i n c i p i e n c e  o f  a l k a l i  m e t a l s  were c r i t i c a l l y  reviewed.  A summary o f  t h e  s i g n i f i -  

c a n t  f i n d i n g s  o f  t h e s e  i n v e s t i g a t i o n s  i s  g iven  i n  Tab le  1. Because of  t h e  good 

the rma l  c o n d u c t i v i t y  of  l i q u i d  m e t a l s ,  t e m p e r a t u r e  v a r i a t i o n s  i n  t h e  immediate 

v i c i n i t y  of  n u c l e a t i o n  s i tes  a r e  b e l i e v e d  t o  be n e g l i g i b l e ,  The major  pa rame te r s  

gove rn ing  t h e  magnitude of  i n c i p i e n c e  s u p e r h e a t  a r e  i d e n t i f i e d  a s  t h e  sys t em p r e s -  

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

d e a c t i v a t i o n  h i s t o r y  can  be  i n t e r p r e t e d  a c c o r d i n g  t o  a l t e r n a t i v e  p o s t u l a t e d  d e t a i l  

mechanisms r e g a r d i n g  p e n e t r a t i o n  of  l i q u i d  i n t o  s u r f a c e  c a v i t i e s .  The Holtz-Chen- 

Dwyer model r e q u i r e d  p e n e t r a t i o n  of l i q u i d  i n t o  n u c l e a t i o n  s i t e s  t o  be t e r m i n a t e d  

a t  a non-wett ing c o n d i t i o n  and t h e  p r e s e n c e  of  non-condensible  g a s  b e i n g  compressed 

by t h e  d e a c t i v a t i n g  p r e s s u r e  i n s i d e  c a v i t i e s  o f  c o n i c a l  shape .  The r e - e n t r a n t  cav-  

i t y  model a l l o w s  t h e  n u c l e a t i o n  s i t e s  n o t  t o  become comple t e ly  f l o o d e d  by a w e t t i n g  

l i q u i d  by g e o m e t r i c a l  arguments .  

To check t h e  p l a u s i b i l i t y  o f  t h e  a c t u a l  e x i s t e n c e  of  s u r f a c e  p i t s  o r  c a v i t i e s  which 

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

mechanisms p o s t u l a t e d  above, s e c t i o n s  of SS 347 t u b i n g s  were examined under  750 X 

m a g n i f i c a t i o n .  Samples were made from b o t h  seamless  ex t ruded  and welded t u b i n g s ,  

T y p i c a l  photo-micrographs a r e  shown i n  F i g s .  1 and 2 .  P i t s  less  than  0.2 m i l  i n  

o v e r a l l  dimension would n o t  be d i s c e r n i b l e ,  A l l  p i t s  found were less than  0 . 6  

m i l  a t  t h e i r  mouths,  They a r e  c l a s s i f i e d  i n t o  f i v e  g e o m e t r i c a l  t y p e s ,  a s  shown 

i n  Tab le  11. 

3.5 times t h o s e  found on t h e  seamless  ex t ruded  t u b i n g ;  o t h e r w i s e  t h e  d i f f e r e n t  

methods of  f a b r i c a t i o n  do  n o t  seem t o  have caused much d i f f e r e n c e  i n  t h e  s u r f a c e  

The p o p u l a t i o n  d e n s i t y  of  p i t s  found on t h e  welded t u b i n g  was abou t  2- 

, 



5 
.rl 
3 

h 

e 

.rl w 

rl 
u 

2 

Y aJ 
.rl a 
4 

c 
M 

u 3  
0 0  c m u  

C 
0 
.H u 
0 aJ 
? 
G 
0 u 

U 
k U  
5 5  
U a J  
rnc 

k caJ o a  
7 

F r m  

m b l :  
N G  

.rl 
d 
.rl 

0 0  
U P  

0 

a c 
cd c u 

0 
ul 

n 

I 
aJ 

a J d  
k P  
7 5  
u u  

w 
0 !2 

H 
r' 
0 
0 
PI 

5 
aJ u 

m 
cd u 

cd 
aJ c 
k 
aJ a 
7 
m 

c 
0 x 

.rl a 

cd 
.rl 
U 
0 
m 
m 

m 
c 
0 
.rl u 
.rl a 
0 
U 

2 
0 u 
N 

2 
w 
0 

c 

c 
m 

5 
U 
5 
5 

d 
5 
k 
7 u 
m 

J: 
U 
.rl 
3 

cd 
B u 

cd 
aJ c 
k 
aJ a 
7 
m 

m 
c 
0 
.rl u 

U 
7 
5 
aJ 
R 

cd rn w 
L) 

.A L 
e 
? u 

. .  
m o o  

w o  
0 

cd 
7 
U 

5 
aJ c 5 

a, 
c 
.rl 
5 
U 
P 
0 

7 m U 
7 
rl w 

8 c cd 
aJ c 

U 
u 
U 
aJ 
w 
4-1 
aJ 

M 
c 
.rl 
rl 

w 
0 

u 
V 
aJ w 
w 
aJ 

- 
h 
&I 
0 

h 
9 
W 

.rl 
0 

I 
aJ 
rl 
D 
cd 
U 

n FEI 
0 
0 
rl 

0 k 

0 
rl 

; 
e 
cd 
5 

c - 
h 
k 
0 u 
m 
.d c 
L 

.rl M 
o c  
P *I4 

o m  
co 

M e 
M 
E: 
0 
&I 
U 
rn 

a 
N E  
5 7  
U P  c 

k 
0 0  r l w  a 
7Fr  
0 0  u o  
P 
k t  

5: 
aJ 

k 
aJ u 
cd 
aJ 
k 
M 

h 
l-l 
U 

$ u 
rn 
.rl 
m 
C 
0 
U 

6" 
.PI 

u 
3 
0 
D 
cd 

m 

C 
cd 
5 

w 
0 

&I 

E: 
0 
.rl c: 

5 

7 
U 
.rl 
d 

d 
*rl 
0 
P 

k 
0 

ag al c 
k 
a, a 
3 m 

h 
k 
aJ 
? 

U 

5 
U aJ 
3 
C 
0 
U 

5 
aJ 
&I 
7 
m 
cd 
i 

x 
.I4 a 

aJ 
k 
cd 

a, 
? 
M 
7 
U 

h a 
m a u 
m 

z 
.rl a 

u 

m 
.rl 
m 
.I4 
k 
aJ u 
m 
h 
L: 

k aJ 
5 
C 
7 

M 
G 
*rl 
rl 
.I4 
0 
n 
5 
k 
cd 
5 c 
cd u 
rn 

k 
aJ w 
w 
0 

h 
4 
.rl 

5 
aJ 
&I 
5 
m 

I 
0 u 

rn 
a, u c 

0 

5 
h 
n 

5 c 
3 
0 w 

aJ 
M 
cd 

n 
cd 
Q) 
U 
.rl u 
0 z 

71 
aJ 
U 
5 
5 

i J a J  
a h  

k 
5 
E 
.rl 
k 
PI 

z 
.rl 

CD 
x 
.rl 

CD 
z 
.rl 

CD 

hr 
2 c 

.rl L .rl 
0 0 0  7 
P U P  

cn n u 9-1 z 
I3 
W 

c 
0 
.rl 
U 
m 

n 
m 
a , .  u u 

aJ 

n 
m 

a, 
3 
3 

aJ 
d 

4 

aJ 
u 

k 
a, 
w 
aJ 
IYi 

$ 

u 

J-J 

% 

x 
.rl 
a 
.rl 

H 

6" 
.rl 
4 
.rl 
0 w 
n 
m 
W 

m 
7 
0 
k 
0 a 

(0 
5 

. .  
U 
k m 

k 
3 rn 5 

C m 
aJ 
m m 
E nn 

d N  
w w  

n n  
r l N  
w w  6" 

.i 

0 w L7 
rl 
I 

m 
d 
I 

N 
rl 
I 
ul 
rl 

0 

m 
0 
4 
I 
rl 

w 
0 N 

0 

CJ 
0 

03 
I 
d 

m 
I 

N 

N 
I 
4 m c 

0 
.rl 
U 
5 
M 
.rl 
U 
cn 
a, 

H 
E 

0 

0 
0 

0 0  
O h  
0 1  
m0 
I O  o m  

N 

G z  

0 
0 
0 
rl 
I 

0 
N 

0 

0 
0 
a3 
I 

a 0 

0 
0 a 
I 

N 
0 

0 
0 
a3 
N 
I 

0 
4 

0 

0 
0 
0 
m 
I 

0 
4 

0 

k aJ 

w x" 
0 
0 
0 m 
I 

0 m 
0 

0 
0 
m 
rl 

I 

0 
N 

0 w 
0 

7 h 
k 

i 7 
cn 

c 
0 
.rl 
U 
c) 
a, 

0 u 
rl 

k H 
w 
I4 w 
2 

rl 
5 
k 7 a  u o  
5 0  !ad 

O M  
f,2 
4 
o w  o w  p l o  

i3 
H cn 
3-1 cn 

5 
k s a  u o  
5 0  
Z i d  

z z k4 

5 
C 
5 

5 c 
m 5 

6 3  
5 0  

O a J  u w  
k c  
3 2  

5 c 
5 

n 

cn 
IYi 
0 
E 
2 

m c  
5 5  
k E  
5 w  
34-1 
5 0  w m  

m m a h a 3  m N 



n 
aJ 
k 
0 w 
aJ 
k aJ c 
E-l 

aJ n 
(d 

c d -  
u s -  

aJ 

aJ 
m 
i aJ 

5 c c ;  
o m  
.rl aJ 

C 
(d 

5 6" 
.rl 
a, 

( d c  
cd 

h u  r l c  
8 a? 
rl 
m 

u 3 a," k 
C M  aJ 
.rl .d k P 

m e a  
w u o  e 3 5  

c 
'U 
-4 
3 
m 
aJ 
m 
cd 
a, 
k 

.rl 
z 
2 
.rl 
a, 
a 
aJ 
k 
1 
m 

n z 
4 

il 
3 
.rl 
bo 

(d 

k 
0 
Fr 

m 
0 
E 

m 

(d 

u 
u u o  c a  : *rl aJ 1 

0 

(d 
n 

(d a , u  
E 4  

C 
0 
.rl 
u 
m 
.rl 
3 

.rl 
U 
c 
0 u 
H 

W 

nnnnnn nnn 
r l h l m  r ( N m  rlcITm 
Y W W  w w w  w v w  

nnn 
?!cum 
v w w  

nn 

w w  

nnn d N m  
w w w  

nn 
r l N  
vv 

nn nnn 
r l N  r l h l m  
v w  v w w  

nnnn 
r l h l r n d  
w w w v  

In 
4 
I 
In 

4 

In 
rl 

I 
h 

d 

0 
N 
I 

I4 

In 
rl 

N 
rl 
I 

03 

m 
rl 

I 
rl 

M 
I 
d 
CJ 

h 
I 
4 

h 

0 
0 
In 

0 
In 
CJ 
I 

0 
c j  

h 
rl u 
m 

2 4 

0 
u o  
.5 2 

CD 
0 u 

0 
0 
hl 
m 
I 

0 
d 

0 

0 
0 
0 m 
I 

0 
0 
rl 

0 

0 
0 
hl 
rl 
I 

0 
rl 

0 

0 
0 
5: 0 

0 
0 0  
U h l  

0 
0 
0 
m 
I 

0 
0 

0 
0 
5 

0 
0 

4' 
I 

0 
d 

0 
I 

0 
0 

4 

I 
U 

5 4 0 ,  
0 3  o c  a 0  

0 
C 
.rl a 

aJ 
- n u  
O k  a, 
k O  rl 

w 1 u c  m 
o j a o  a aJ c * r l  m xrdu u 

G 
.rl 

rl 
0 
0 a 

V U 
a, 
rl 
5 
m a m u 

-3 
v a  
k 0  
0 0  
F r d  

a : a, 
v a  v a  
k 0  k O  
0 0  0 0  
F r d  

rl 
0 
0 
@I 

2 M M 

rl 

m. 
rl 

aaJ U 
c m  aJ 
m k  

QJ m 
a 3  m 
c c  oj 
0 0  k 
m u  c3 

'4 
rl 

m. 
U 
a, 

U 
71 

rl 

? 
U 
aJ 

U 
a, 

N 
U 

C 
m 
M 
0 
GI 

C 
m E: 
M a, 
0 e 
d u 

.rl 

m E 

m 
r( 

In 
rl 

a 
rl 

h 
5 4  

M 
rl 

QI 0 rl 
rl hl hl 

hl 
hl 



Fig. 1 Photomicrographs of Seamless Tubing Made of 34755, with 
3/8" O.D. and 35 mil. Wall Thickness. 
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Fig. 2 Photomicrographs of Welded Tubing Made of 347 SS,  w i t h  
3/8" O . D .  and 35 m i l .  Wall Thickness 

UT.1-5764 
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TABLE I1 
Number of  P i t s  a t  O . D .  

0.5  i n  347 SS Welded Tubing 

I1 I11 IV P i t  Type 
Specimen 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Total  
Average 

P i t  Type/ 
Specimen No. 

11 

12 

13. 

14 

1 5  

16 

17  

18 

19 

- 20 

Total 
I_ _- 

Average --- 

I 

29 

22 

17 

30  

36 

3 4  

2 4  

26 

32 

36 

0 

1 

3 

6 
8 

3 

3 

5 

12  

18 
8 

12 

9 

22 41 I 8.1 
1 

I 
286 

28.6 I 2.2 t 4.1 i 8 . 1  

Number of P i t s  a t  O.D. 
0.5 in SS347 Seamless Tubing 

7 

14 1 

14 3 

0 

I11 

1 

3 

1 

3 

1 

2 
1 

7 

4 

2 

25 

2 .5  

V 

1 
3 

5 

11 

4 

5 

7 

3 

6 

2 

47 

4.7 

I I 

8 

3 

5 

3 

4 

4 

5 

4 

0 

40 

4.0 

3 

2 

1 

1 

1 

0 

0 

0 

2 

1 7  

1 . 7  

-. 
~ -__.____ 

_ _  
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c h a r a c t e r i s t i c s .  T h i s  l i m i t e d  s t u d y  r ende red  some s u p p o r t  t o  v a r i o u s  p o s t u l a t e d  

mechanisms c i t e d  above i n  a q u a l i t a t i v e  manner, f o r  i n s t a n c e  Type I1 p i t s  shown 

i n  Tab le  I1 may be r ega rded  as  r e - e n t r a n t  p i t s ,  b u t  i t  i s  n o t  s u f f i c i e n t l y  p r e -  

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

c redence  

The a l t e r n a t i v e  models l e d  t o  q u a l i t i v e l y  s imi l a r  fo rmulas  f o r  t h e  i n c i p i e n t  b o i l -  

i n g  c o n d i t i o n :  

Holtz-Chen-Dwyer Model: [12,23,24! 

GO 0 (P'  - P:) - 7 (T 4- 7 T ' )  
r 

R e - e n t r a n t  C a v i t y  Model: E61 

0 - _ _ .  

"inc - 0l 
m 

n t  

GO 
where primed q u a n t i t i e s  a r e  t h o s e  a t  t h e  most s e v e r e  d e a c t i v a t i n g  c o n d i t i o n ,  

= P r 

t h e  i n t e r f a c e  r a d i u s  a t  i n c e p t i o n  of b o i l i n g  t o  be d i f f e r e n t  from t h a t  d u r i n g  

d e a c t i v a t i o n ,  Geomet r i ca l  p a r a m e t e r s  i n  t h e  Holtz-Chen-Dwyer model a r e  shown 

i n  F i g .  3 .  These two fo rmulae  p r e d i c t  s i m i l a r  t r e n d s  i n  t h e  e f f e c t  of  d e a c t i v -  

a t i o n  s u b c o o l i n g ,  t h e  fo rmer  c o r r e l a t e s  somewhat b e t t e r  w i t h  t h e  e x p e r i m e n t a l  

d a t a .  I n c i p i e n t  b o i l i n g  s u p e r h e a t s  c a l c u l a t e d  a c c o r d i n g  t o  t h e  Holtz-Chen- 

Dwyer model f o r  cesium and po ta s s ium a r e  g iven  i n  F i g s .  4 t h rough  9 .  I n  u s i n g  

t h e s e  r e s u l t s ,  t h e  f o l l o w i n g  p o i n t s  shou ld  be bo rne  i n  mind: 

3 
go 0 0 

/T i s  a measure of t h e  c o n t e n t  o f  t h e  noncondensible  gas  and CY* a l l o w s  

1. Because of t h e  s t a t i s t i c a l  n a t u r e  of t h e  phenomenon, t h e  proposed p r e -  

d i c t i o n  method would a t  b e s t  g i v e  an e s t i m a t i o n  of  t h e  most l i k e l y  

s u p e r h e a t ,  The a c t u a l  s u p e r h e a t  of any p a r t i c u l a r  run  may d e v i a t e  

f rom t h e  p r e d i c t e d  v a l u e  by a s  much a s  2 20°F s i n c e  t h e r e  was t y p i c a l l y  

40°F s c a t t e r  i n  a most c a r e f u l l y  c o n t r o l l e d  experiment  

2 .  Go shou ld  be  b e s t  r ega rded  a s  a n  e m p i r i c a l  c o n s t a n t  e s t a b l i s h e d  i n  

r e c e n t  expe r imen t s  on d e a c t i v a t i o n  h i s t o r y ,  i n s t e a d  of r i g i d l y  i n t e r -  

p r e t e d  a c c o r d i n g  t o  any p a r t i c u l a r  model s 

*Est imated t o  b e  a b o u t  1.5. 
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Fig. 3 Geometrical Parameters in the Holtz-Cheh-Dwyer 
Model for Deactivation 
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Boi l ing  Pressure P = 40 p s i e  

Deact ivat ion Pressure P' = 50 psia 

0 40 80 120 160 200 240 
Deact ivat ion Subcooling, T Lat- T '  (OF) 

F i g .  4 Inc ip ient  Superheat vs Deactivation Subcooling for Cesium 
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I 1 Cesium 

B o i l i n g  P r e s s u r e  P = 40 p s i a  
D e a c t i v a t i o n  Subcoo l ing  T'kat- TI = LOOOF 1. G = 3 x L O m L 7  i n - l b f l C ) R  

10 20 30 40 50 
D e a c t i v a t i o n  P r e s s u r e ,  P ( p s i a )  

F ig .  5 I n c i p i e n t  Supe rhea t  vs D e a c t i v a t i o n  P r e s s u r e  f o r  
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c 
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Cesium 

T '  = 1715'R 
P' = 40 ps ia  

Go = 3 x in-lbf/'R 

0 10 20 30 40 50 
System Pressure ,  P (psia) 

F i g .  6 I n c i p i e n t  Superheat vs System Pressure for Cesium 
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200 

Boi l ing  Pressure P = 16psia 

Deactivation P I 
G = 0 In- lb  

0 100 200 300 400 
Deactivation Subcooling, T' - T' (OF) 

sat 

Fig .  7 Inc ipient  Superheat vs  Deactivation 
Subcooling fo r  Potassium 
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0 10 20 30 40 50 
D e a c t i v a t i o n  P r e s s u r e ,  P ' ( p s i a )  

F i g .  8 I n c i p i e n t  Supe rhea t  v s  D e a c t i v a t i o n  P r e s s u r e  f o r  
P o t  a s s ium 
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System P r e s s u r e ,  P ( p s i a )  

Fig. 9 I n c i p i e n t  S u p e r h e a t  vs  System P r e s s u r e  for Potassium 
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3 .  Data used i n  e s t a b l i s h i n g  t h e  c o r r e l a t i o n  were o b t a i n e d  w i t h  t e s t  appa- 

r a t u s  b u i l t  of  commercial  g rade  m a t e r i a l s  and would n o t  be a p p l i c a b l e  

t o  s p e c i a l l y  t r e a t e d  s u r f a c e s .  

O the r  r e l e v a n t  f a c t o r s  r ecogn ized  a r e  h e a t  f l u x  and f low r a t e .  A v a i l a b l e  d a t a  

a r e  t o o  s c a n t y  t o  w a r r a n t  any d e f i n i t i v e  c o n c l u s i o n s  a t  t h i s  moment. 

F o r  "common" f l u i d s  w i t h  r e l a t i v e l y  poor  t h e r m a l  c o n d u c t i v i t y ,  s u b s t a n t i a l  t e m -  

p e r a t u r e  g r a d i e n t s  can be p r e s e n t  i n  t h e  v i c i n i t y  of  t h e  n u c l e a t i o n  s i t e s ,  It 

h a s  been p o s t u l a t e d  L25-281 t h a t  b o i l i n g  i n c i p i e n c e  would commence o n l y  i f  t h e  

f l u i d  t e m p e r a t u r e  a t  t h e  bubble  h e i g h t  i s  h i g h  enough t o  enhance bubb le  growth. 

Thus,  t h e  r e q u i r e d  w a l l  s u p e r h e a t  would i n c r e a s e  w i t h  h e a t  f l u x  a s  shown i n  F i g .  

10 f o r  w a t e r .  Th i s  c r i t e r i o n  does n o t  by i t s e l f  c o n t r a d i c t  t h e  Holtz-Chen-Dwyer 

c r i t e r i o n .  I n  f a c t ,  f o r  "common" f l u i d s ,  b o t h  c r i t e r i a  should be checked,  t h a t  

g i v i n g  t h e  h i g h e r  s u p e r h e a t  would dominate .  F o r  w a t e r  due t o  t h e  l i k e l i h o o d  of 

ample noncondens ib l e  g a s  i n  t h e  n u c l e a t i n g  c a v i t i e s ,  t h e  h e a t - f l u x  c r i t e r i o n  

i s  most l i k e l y  t o  p r e v a i l .  
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- Berg le s  & Rohsenow [26] 

.-..-I Davis  & Anderson [27] 

c o r r e l a t i o n  f o r  w a t e r .  

p = P r e s s u r e ,  l b / s q .  i n .  abe 

0.3 1 .o 10 
Tempera ture  D i f f e r e n c e  (T W - Tsa t h°F 

F i g .  10 Curves of I n c i p i e n t  B o i l i n g  Supe rhea t  vs  Heat Flux f o r  Water 

MTI-10145 
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VOID GROWTH AND EVAPORATION RATE 

When b o i l i n g  o c c u r s  i n  a supe rhea ted  l i q u i d ,  vapor  g e n e r a t i o n  i s  accompanied 

by s u b s t a n t i a l  p r e s s u r e  r i s e  which i n  t u r n  induces  hydrodynamic d i s t u r b a n c e s .  

The d e g r e e  of v i o l e n c e  of  t h e  l a t t e r  would l a r g e l y  depend on t h e  vapor  g e n e r a t i o n  

r a t e  

I n  t h e  second t o p i c a l  r e p o r t  [29], two d i f f e r e n t  modes of  vapor  g e n e r a t i o n  i n  t h e  

i n i t i a l  s t a g e  have been c o n s i d e r e d .  The f i r s t  one d e a l t  w i t h  t h e  growth of a 

s m a l l  bubble ,  presumably coming from a w a l l  n u c l e a t i o n  s i t e ,  i n  t h e  supe rhea ted  

l i q u i d .  Such bubb les ,  w h i l e  i n c r e a s i n g  i n  i t s  s i z e ,  would be  swept downstream, 

I f  t h e  l i q u i d  f low speed i s  low i n  comparison w i t h  t h e  bubble  growth r a t e ,  t h e n  

t h e  v e r y  f i r s t  bubble  t o  a p p e a r  would q u i c k l y  f i l l  up t h e  d u c t  c r o s s - s e c t i o n  i n  

t h e  form of a l a r g e  v o i d .  Subsequent v a p o r i z a t i o n  would t h e n  appea r  a s  t h e  prop-  

a g a t i o n  of  t h e  void upstream, w i t h  phase change o c c u r i n g  a c r o s s  t h e  head of  t h e  

vo id  w h i l e  t h e  p r e s e n c e  o f  any o t h e r  bubb les  o r  t h e  l a c k  of i t  would p l a y  a r a t h -  

e r  i n s i g n i f i c a n t  r o l e .  The l a t t e r  s i t u a t i o n  i s  most l i k e l y  t o  t a k e  p l a c e  i n  

l i q u i d  m e t a l  b o i l i n g  and was s e p a r a t e l y  s t u d i e d  a s  t h e  second mode o f  void growth.  

Analyses  of  t h e s e  two problems a r e  summarized under  t h e  s e c t i o n  head ing  "Void 

Growth Mec hanizms" . 

I n  a d d i t i o n  t o  t h e s e  two " e a r l y  s t age ' '  e v a p o r a t i o n  modes t h e r e  a r e  two o t h e r  i m -  

p o r t a n t  modes i n  f o r c e d  c o n v e c t i v e  b o i l i n g ;  t h e y  a r e  t h e  a n n u l a r  and t h e  d i s p e r s e d  

f low reg imes .  Thermodynamic e q u i l i b r i u m  i s  approx ima te ly  ma in ta ined  i n  t h e  annu- 

l a r  f low regime,  w h i l e  e v a p o r a t i o n  i n  t h e  d i s p e r s e d  f l o w  regime a g a i n  become 

c h a r a c t e r i z e d  by s u p e r h e a t i n g  n o t  o n l y  o f  t h e  l i q u i d  phase ,  b u t  a l s o  of  t h e  d u c t  

w a l l  and of t h e  vapor  p h a s e .  Under thermodynamic non-equ i l ib r ium,  t h e  e v a p o r a t i o n  

r a t e  i s  e s s e n t i a l l y  c o n t r o l l e d  by s imul t aneous  mass and h e a t  t r a n s p o r t s ,  T h i s  

view was s t r e s s e d  i n  t h e  d e r i v a t i o n  of  t h e  e v a p o r a t i o n  r a t e s  i n  [29] I t h e  r e s u l t s  

of which a r e  c o l l e c t e d  under  t h e  head ing  " C o n s t i t u t i v e  Equa t ions  f o r  E v a p o r a t i v e  

Processes" .  
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VOID GROWTH MECHANISMS 

The growth o f  a vapor  bubb le  i n  a s u p e r h e a t e d  l i q u i d  subsequen t  t o  i n c i p i e n t  

n u c l e a t i o n  i s  governed by t h e  s imul t aneous  a c t i o n s  of  s e v e r a l  p h y s i c a l  p r o c e s s e s ;  

namely 

(1) h e a t  conduc t ion  i n  t h e  l i q u i d  w i t h  t h e  v a p o r i z a t i o n  o c c u r r i n g  a t  t h e  

i n t e r f a c e  behaving as  a h e a t  s i n k ,  

(2) i n e r t i a  of t h e  l i q u i d  b e i n g  d i s p l a c e d  by t h e  growing vapor  bubble ,  

( 3 )  mass t r a n s f e r  k i n e t i c s  a t  t h e  i n t e r f a c e ,  and 

( 4 )  s u r f a c e  t e n s i o n  of  t h e  l i q u i d  

H i s t o r i c a l l y ,  v a r i o u s  a s p e c t s  of t h i s  problem were c o n s i d e r e d  by numerous i n v e s -  

t i g a t o r s  [ S O ,  3 1 ,  3 2 ,  3 3 ,  3 4 ,  3 5 ,  3 6 ,  3 7 ,  38 ,  3 9 1 .  

g e n e r a l l y  a p p l i c a b l e  a n a l y s i s ,  a l l  above c i t e d  p r o c e s s e s  should be c o n s i d e r e d .  

S a t i s f a c t o r y  f o r m u l a t i o n s  of such a n  a n a l y s i s  a l r e a d y  ex is t  [ 3 7 ,  3 8 ,  3 9 1 ,  however, 

t h e  r e q u i r e d  computa t ions  t o  o b t a i n  r e s u l t s  f o r  a l a r g e  number o f ' f l u i d s  and en- 

v i ronmen ta l  c o n d i t i o n s  t u r n e d  o u t  t o  be r a t h e r  tedious; consequen t ly  o n l y  a l i m i t e d  

amount of  u s a b l e  numer i ca l  i n f o r m a t i o n  h a s  been p u b l i s h e d .  Thus, a major ob- 

j e c t i v e  w i t h  r e s p e c t  t o  t h i s  t o p i c  i s  t o  e s t a b l i s h  a g e n e r a l l y  a p p l i c a b l e  b u t  

a l s o  c o n v e n i e n t  computat ion p rocedure  f o r  t h e  bubb le  growth r a t e .  T h i s  o b j e c t i v e  

w a s  made p o s s i b l e  by i n v o k i n g  a number of  s i m p l i f y i n g  assumptions which c a n  be 

s u b s e q u e n t l y  v e r i f i e d  a p o s t e r i o r i  w i t h  t h e  c a l c u l a t e d  r e s u l t s .  The major  assump- 

t i o n s  so invoked i n c l u d e  

From t h e  s t a n d p o i n t  of a 

(1) The vapor  bubb le  i s  q u a s i - q u i e s c e n t ,  The change ( i n c r e a s e )  i n  i t s  mass 

c o n t e n t  due t o  d e n s i t y  change i s  n e g l i g i b l e  i n  comparison w i t h  t h a t  due 

t o  i t s  s i z e  change (growth) ,  



2 3  

( 2 )  Expansion work done by t h e  growing bubble  i s  approximated by a c o n s t a n t  

p r e s s u r e  p r o c e s s .  

( 3 )  Temperature  p r o f i l e  i n  t h e  t h e r m a l  boundary l a y e r  around t h e  bubb le  i s  

p a r a b o l i c  e 

( 4 )  Energy t r a n s f e r  a c r o s s  t h e  bubble  boundary i s  dominated by t h e  b a l a n c e  

between h e a t  conduc t ion  th rough  t h e  l i q u i d  and t h e  l a t e n t  h e a t  of  evap- 

o r a t i o n .  

(5) The the rma l  boundary l a y e r  t h i c k n e s s  i s  s m a l l  i n  comparison w i t h  t h e  

bubb le  r a d i u s  

( 6 )  Mass t r a n s f e r  k i n e t i c s  a t  t h e  i n t e r f a c e  t a k e s  p l a c e  i s o t h e r m a l l y  approx- 

i m a t e l y  a t  t h e  l i q u i d  ambient t e m p e r a t u r e .  

(7)  The C laus ius -C lapeyron  r e l a t i o n  i s  approximated by a s t r a i g h t  l i n e  i n  

t h e  T-P diagram j o i n i n g  t h e  s a t u r a t i o n  s t a t e s  c o r r e s p o n d i n g  t o  t h e  

l i q u i d  ambient t e m p e r a t u r e  and p r e s s u r e .  

Consequent ly ,  s i x  e q u a t i o n s  a r e ’ d e r i v e d  i n  [bI which were given!  as’ Eqs: (ll),  Cl7) 

( 2 3 ) ,  ( 2 6 ) ,  ( 2 7 )  and ( 3 4 )  t h e r e :  



* 
P* - pL = ( T ~  - T ~ )  

Lo3 

TI 
P 
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= -  
pV RTsa t 

* 
which s i m u l t a n e o u s l y  de t e rmine  t h e  s i x  unknowns: Rv,  Pv, TL, PL, (\ - Rv) ,  and 

. The symbols i n  t h e s e  e q u a t i o n s  r e p r e s e n t  
pV 

C = c o e f f i c i e n t  o f  e v a p o r a t i o n  (and condensa t ion )  

= g r a v i t a t i o n a l  c o n s t a n t  

h = l a t e n t  h e a t  o f  v a p o r i z a t i o n  

% = thermal  c o n d u c t i v i t y  of  l i q u i d  

gC 

f g  

= s a t u r a t i o n  p r e s s u r e  co r re spond ing  t o  T pz L 

P* = s a t u r a t i o n  t empera tu re  a t  T, 

P 

LCO 

= p r e s s u r e  o f  vapor  ( i n s i d e  bubble)  

= ambient  l i q u i d  p r e s s u r e  

V 

pa, 

R = g a s  c o n s t a n t  o f  vapor  

% = r a d i u s  a t  edge of  thermal  boundary l a y e r  

= i n i t i a l  r a d i u s  of  bubble  

= r a d i u s  o f  vapor  bubble  

= t i m e  ra te  of  growth o f  bubble  r a d i u s  

= l i q u i d  t empera tu re  a t  i n t e r f a c e  

= s a t u r a t i o n  t empera tu re  a t  P, 

= ambient  l i q u i d  t empera tu re  

RO 

R 

TL 

Tsa t 

TCa 

V 
R 

V 

= c o n s t a n t  i n  t h e  l i n e a r  approx ima t ion  of  t h e  C l a u s i u s -  
sa t  

K 

Clapeyron  r e l a t i o n  

= l i q u i d  d e n s i t y  

= vapor  d e n s i t y  i n s i d e  bubble  

OL 

pV 

0 = s u r f a c e  t e n s i o n  o f  l i q u i d  (at  P, and Tsat) 

4 
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Numer ica l ly  computed r e s u l t s  from above e q u a t i o n s  a r e  compared w i t h  t h e  more p r e -  

c i s e  ones g i v e n  i n  [3.73 r e s p e c t i v e l y  f o r  sodium a t  14.7 p s i a  w i t h  a s u p e r h e a t  of  

273'F and f o r  w a t e r  a t  1 .47  p s i a  w i t h  a s u p e r h e a t  of  4.81°F i n  F i g s .  11 and 12 .  

It i s  s e e n  t h a t  t h e  e r r o r  of t h e  p r e s e n t  approximate a n a l y s i s  i s  a t  i t s  worse f o r  

water  a t  low p r e s s u r e ,  b u t  even t h e n  i s  no more t h a n  16%. F u r t h e r  more, i t  i s  

s e e n  t h a t  f o r  t h e  wide r ange  of bubb le  s i z e ,  e . g .  10 < R /Ro < 104fo r  s o d i u q  Rv 

i s  p r a c t i c a l l y  c o n s t a n t ,  app rox ima te ly  e q u a l  t o  i t s  maximum f o r  e a c h  v a l u e  of C. 

Consequent ly ,  i t  i s  u s e f u l  t o  p r e s e n t  t h e  maximum R -  ( f o r  each  C ) .  T h i s  i s  done 

i n  F i g s .  13, 14 and 15 r e s p e c t i v e l y  f o r  wa te r ,po ta s s ium,and  cesium, i n  which t h e  

maximum bubb le  growth r a t e  a t  a tmosphe r i c  p r e s s u r e  i s  p l o t t e d  a g a i n s t  s u p e r h e a t  

f o r  t h r e e  v a l u e s  o f  t h e  v a p o r i z a t i o n  c o e f f i c i e n t .  

V 

V 

I n  F i g .  16,  t h e  maximum bubb le  growth r a t e  i s  p l o t t e d  a g a i n s t  system p r e s s u r e  a t  

a c o n s t a n t  s u p e r h e a t  f o r  po ta s s ium,  a g a i n  f o r  t h r e e  v a l u e s  of t h e  v a p o r i z a t i o n  

c o e f f i c i e n t .  F o r  a l a r g e  v a p o r i z a t i o n  c o e f f i c i e n t ,  e . g .  C = 1, bubb le  growth i s  

c o n t r o l l e d  by i n e r t i a ,  t h e n  an i n c r e a s e  i n  system p r e s s u r e  p r i m a r i l y  r e s u l t s  i n  

a n  i n c r e a s e  i n  t h e  d r i v i n g  f o r c e  IC = - dP 
dT1 sat, 

r a t e  i n c r e a s e s  mono ton ica l ly  w i t h  t h e  sys t em p r e s s u r e .  On t h e  o t h e r  hand, f o r  a 

s m a l l  v a p o r i z a t i o n  c o e f f i c i e n t ,  e . g .  C = 0.01, t h e  bubble  growth r a t e  t e n d s  t o  

b e  l i m i t e d  by mass t r a n s f e r ,  and s i n c e  t h e  vapor  d e n s i t y  would i n c r e a s e  w i t h  s y s -  

t e m  p r e s s u r e ,  t h e  maximum bubble  growth r a t e  t e n d s  t o  d e c r e a s e  w i t h  t h e  system 

p r e s s u r e  i n s t e a d  

;: t h e r e f o r e ,  t h e  maximum bubble  growth 

Assuming t h e  v a p o r i z a t i o n  c o e f f i c i e n t  i s  f a i r l y  l a r g e ,  e . g .  C = 1, t h e n ,  f rom t h e  

numer i ca l  r e s u l t s  i n  F i g s .  13, 14 and 15, t h e  maximum bubble  growth r a t e  i s  

i n  e x c e s s  of 10 cm/sec. T h i s  i s  e s p e c i a l l y  t r u e  i n  t h e  c a s e  of t h e  two a l k a l i  

m e t a l s  c o n s i d e r e d .  Thus,  f o r  t y p i c a l  c o n v e c t i v e  b o i l i n g  s i t u a t i o n s ,  t h e  bubble  

growth r a t e  i s  l i k e l y  t o  be much l a r g e r  t h a n  t h e  c o n v e c t i v e  v e l o c i t y .  Then once 

i n c i p i e n t  n u c l e a t i o n  h a s  s t a r t e d ,  t h e  r a p i d l y  grdwing bubb les  would q u i c k l y  f i l l  

up most of t h e  f low passage  c r o s s  s e c t i o n  t o  c a u s e  t h e  f low t o  change from t h e  

a l l  l i q u i d  s i t u a t i o n  i n t o  t h e  a n n u l a r  f l o w  regime.  F o r  t h i s  r e a s o n ,  one may ne- 

g l e c t  a l t o g e t h e r  t h e  bubb le  f low regime,  and w i t h  s u f f i c i e n t  s u p e r h e a t ,  v a p o r i z a -  

t i o n  would t a k e  p l a c e  i n  t h e  form of  a p r o p a g a t i o n  o f  t h e  head of t h e  a n n u l a r  

f low regime upstream of  t h e  p o i n t  o f  i n c e p t i o n  o f  n u c l e a t i o n .  

2 

. .  
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During n o n - e q u i l i b r i u m  b o i l i n g ,  once i n c i p i e n t  n u c l e a t i o n  h a s  s t a r t e d ,  vo id  propa- 

g a t i o n  i s  l i k e l y  t o  ex tend  i n t o  qeg ions  where w a l l  n u c l e a t i o n  s i t e s  a r e  n o t  a v a i l -  

a b l e  due t o  a l a r g e  bubble  growth rate.  It  i s  u s e f u l  t o  c o n s i d e r  an a n a l y s i s  of  

such  a mechanism. I n  [29], t h e  problem of  void p r o p a g a t i o n  i n  a c o n s t a n t  head 

d u c t  was f o r m u l a t e d .  The c o n s i d e r e d  s i t u a t i o n  i s  i l l u s t r a t e d  s c h e m a t i c a l l y  i n  

F i g .  1 7 .  The p r i n c i p a l  assumptions employed i n  t h i s  f o r m u l a t i o n  c o n s i s t  o f :  

(1) The l i q u i d  i n  t h e  d u c t  i s  i n i t i a l l y  supe rhea ted  ( a t  l e a s t  a t  t h e  e x i t ) .  

(2) The h e a t  i n p u t  p e r  u n i t  l e n g t h  o f  d u c t  i s  ma in ta ined  c o n s t a n t .  

(3) The head d r o p  a c r o s s  t h e  l e n g t h  of  t h e  d u c t  i s  balanced by t h e  sum of  

t h e  f r i c t i o n  lo s s  i n  t h e  l i q u i d  s e c t i o n ,  i n e r t i a  of t h e  l i q u i d  column, 

p r e s s u r e  d rop  a c r o s s  t h e  head o f  t h e  v o i d ,  and f r i c t i o n  loss i n  t h e  

a n n u l a r  f low s e c t i o n .  

( 4 )  A c o n s t a n t  f r i c t i o n  f a c t o r  i s  used t o  c a l c u l a t e  f r i c t i o n  losses i n  e l k h e r  

t h e  l i q u i d  f low and t h e  a n n u l a r  f low r e g i o n s .  

(5) Duct c r o s s - s e c t i o n  i s  c o n s t a n t  and f low v e l o c i t y  i n  t h e  l i q u i d  column 

i s  uniform a t  a l l  i n s t a n t s .  

(6)  The l i n e a r i z e d  C laus ius -C lapeyron  r e l a t i o n  based on t h e  i n l e t  tempera- 

t u r e  i s  used .  

( 7 )  Levy ' s  "momentum exchange model" [ 4 9 ] ,  i s  extended t o  y i e l d  a r e l a t i o n  

between t h e  void f r a c t i o n  and t h e  f low q u a l i t y .  

(8) P r e s s u r e  of  vapor  a t  t h e  head o f  t h e  vo id  i s  i n  e q u i l i b r i u m  w i t h  t h e  

s t a g n a t i o n  p r e s s u r e  of  t h e  l i q u i d  r e l a t i v e  t o  t h e  p r o p a g a t i n g  vo id  and 

i s  e q u a l  t o  t h e  s a t u r a t i o n  vapor  p r e s s u r e  a t  t h e  c o r r e s p o n d i n g  l i q u i d  

t e m p e r a t u r e .  

4 
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The r e s u l t i n g  gove rn ing  e q u a t i o n s  a r e  
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A = c r o s s - s e c t i o n a l  a r e a  of d u c t  

( C p )  = s p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e  of l i q u i d  
L 

D = h y d r a u l i c  d i ame te r  of d u c t  

(dT/dp)sat= c l a u s  i u s  -C l apeyron  l i n e  

f 

gC 

N 

L 

R 

R+ 

q 

vi 
vL 

V 

X' 

Q, 

h 

AP 

AP 

A P  ' 
6 

f g  

- 

' in 

PL 

pV 

( ) a  

f r i c t i o n  f a c t o r  

g r a v i t a t i o n a l  c o n s t a n t  

t o t a l  head main ta ined  a c r o s s  t h e  d u c t  

l e n g t h  of d u c t  

l o c a t i o n  o f  t h e  head of t h e  void 

l o c a t i o n  immediately downstream of t h e  head o f  t h e  void 

h e a t  f l u x  p e r  u n i t  l e n g t h  of  d u c t  

f low v e l o c i t y  of l i q u i d  

t ime d e r i v a t i v e  o f  t h e  f low v e l o c i t y  of t h e  l i q u i d  column 

void p ropaga t ion  speed ( p o s i t i v e  upstreams)  

vapor  mass f l o w  q u a l i t y  r e l a t i v e  t o  t h e  head of t h e  void 

a r e a  f r a c t i o n  of vapor  

s p e c i f i c  l a t e n t  e n t h a l p y  f o r  e v a p o r a t i o n  

p r e s s u r e  drop  a c r o s s  t h e  head o f  t h e  void 

p r e s s u r e  drop  from i n l e t  t o  R 

p r e s s u r e  d rop  i n  t h e  a n n u l a r  f low r e g i o n  from t h e  head of t h e  void 

s u p e r h e a t  a t  R 

s u p e r h e a t  a t  i n l e t  (may be n e g a t i v e )  

l i q u i d  d e n s i t y  

vapor  d e n s i t y  

( ) a t  (z=R) 

+ 

4- 
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The above se t  o f  e q u a t i o n s  appea red  i n  [29I  as Eqs. (411, ( 4 2 1 ,  ( 5 2 ) ,  ( 5 9 ) ,  ( 6 3 ) ,  

( 6 4 ) ,  ( 6 9 ) ;  t h e  o r d e r  o f  t h e i r  appea rance  have been a l t e r e d  and  some minor 

r ea r r angemen t s  have been made f o r  c l a r i t y  of  p r e s e n t a t i o n .  

k and f may be  r ega rded  as sys tem I n  t h e  f i r s t  app rox ima t ion ,  (dT/dp)Sat, pv ,  

i n v a r i a n t s .  
f g  

C l e a r l y ,  a c c u r a c y  o f  t h e  a n a l y s i s  would be  improved by e v a l u a t i n g  

them i n  accordance  w i t h  t h e  l o c a l  thermodynamic and  hydrodynamic c o n s i d e r a t i o n s .  

and H a re  c l e a r l y  a l l  c o n s t a n t s .  Given V '  Eqs. (10) through L, D, A ,  PLY g c ,  L' 
(16) can  be  s o l v e d  s i m u l t a n e o u s l y  f o r  (AP', AF? 0 ,  X', CY, Vi + v ,  and  AP). 

Because of  t h e  n o n l i n e a r  n a t u r e  o f  t h e s e  e q u a t i o n s ,  a numer i ca l  method would be  

necessa ry .  Subsequen t ly ,  Eq. (17) can  b e  i n t e g r a t e d  t o  o b t a i n  V '  a t  a l a t e r  

i n s t a n t ;  t h e n  t h e  p r o c e s s  can  be  r e p e a t e d .  I n  t h i s  manner, t h e  nonequ i l ib r ium 

p r o p a g a t i o n  o f  a v o i d  can  b e  r e a d i l y  c a l c u l a t e d .  

L 
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I n  a f o r c e d  c o n v e c t i o n  e v a p o r a t i v e  f low,  r e g a r d l e s s  of i t s  s p e c i f i c  f low s t r u c t u r e ,  

t h e  concep t  o f  "source" of t h e  vapor  phase  can be used t o  d e s c r i b e  t h e  r a t e  of  

phase  changes .  Cons ide r  a d u c t  of c o n s t a n t  c r o s s - s e c t i o n a l  a r e a  A.  A t  any g iven  

i n s t a n t  and l o c a t i o n  ( t , z ) ,  t h e  f r a c t i o n  of  A t h rough  which t h e  vapor  phase  f l o w s  

i s  d e s i g n a t e d  a s  a A ,  t h e n  t h e  l i q u i d  phase f lows  th rough  ( 1 - a ) A -  Thus t h e  d i f f e r -  

e n t i a l  c o n t i n u i t y  c o n d i t i o n  i s  

a 
LOPv + 

which a c c o u n t s  

P v >  PLY VVY VL 
l i q u i d  p h a s e s .  

d r = -  
V a t  

(18) 
a (l-a)PL1 + LaPvvv + (l-a)PLvLl = 0 

f o r  t h e  t o t a l  mass c o n s e r v a t i o n  o f  b o t h  l i q u i d  and vapor  p h a s e s .  

a r e  r e s p e c t i v e l y  t h e  d e n s i t i e s  and v e l o c i t i e s  

The r a t e  of  g e n e r a t i o n  of  t h e  vapor  phase  i s  

of  t h e  vapor  and 

s291 

(A s l i g h t l y  d i f f e r e n t  d e f i n i t i o n  of  v a p o r i z a t i o n  r a t e  was used i n  s401, where,  

V = Lap V + ( l -a )pLVL]/ [apv  + (1-a) pL] t ook  t h e  p l a c e  of Vv i n  t h e  above equa- 

t i o n )  
v v  

The c o r r e s p o n d i n g  l a t e n t  h e a t  must be  d e r i v e d  from t h e  h e a t  a d d i t i o n  t o  t h e  d u c t  

and r e d u c t i o n  i n  t h e  s e n s i b l e .  h e a t .  Thus 

hfgis  t h e  s p e c i f i c  l a t e n t  e n t h a l p y ,  q i s  t h e  h e a t  i n p u t  p e r  u n i t  d u c t  l e n g t h ,  P 

i s  t h e  p r e s s u r e ,  and h a r e  t h e  s p e c i f i c  e n t h a l p i e s  of  t h e  r e s p e c t i v e  p h a s e s .  

A complete  a n a l y t i c a l  d e s c r i p t i o n  of  any f o r c e d  c o n v e c t i o n  e v a p o r a t i v e  f low must 
V 
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i n  some way accoun t  f o r  some knowledge of  T‘ a s  w e l l  a s  t h e  s l i p - v e l o c i t y  (V - 
V v vL’* 

I n  t h e  s p e c i a l  c a s e  t h a t  thermodynamic e q u i l i b r i u m  i s  approximate ly  ma in ta ined ,  a t  

each  ( t , z )  t h e  two phases  would have t h e  same t empera tu re  which i s  de termined  from 

P ( t , z )  a c c o r d i n g  t o  t h e  e q u i l i b r i u m  s a t u r a t i o n  s t a t e .  Tha t  i s ,  

dh  
P ,  dh  = 2l dP 

dP sat V 

I n  g e n e r a l ,  b o t h  T‘ 
C l a s s i f i c a t i o n  o f  two-phase f low s t r u c t u r e  r e c o g n i z e s  t h e  f o l l o w i n g  f low regimes 

[411: 

and (Vv- V ) would depend on t h e  f low s t r u c t u r e  o r  f low reg ime.  
V L 

(a)  bubble  f low 

(b) c o a l e s c i n g  f low 

(c) a n n u l a r  f low 

(d) d i s p e r s e d  f low 

These f low regimes were e s t a b l i s h e d  i n  f o r c e d  convec t ion  exper iments  of  a i r - w a t e r  

m i x t u r e s .  I n  a b o i l i n g  f low,  p a r t i c u l a r l y  i n  t h e  p re sence  of s u p e r h e a t ,  t r a n s i t i o n  

from bubble  f low t o  a n n u l a r  f low t a k e s  p l a c e  v e r y  r a p i d l y  ( see  p r e v i o u s  e s t i m a t e  

on bubble  growth r a t e )  so t h a t  s e p a r a t e  a l lowance  f o r  t h e  p re sence  o f  c o a l e s c i n g  

f low would n o t  be n e c e s s a r y .  

n u c l e a t i o n  had commenced, bubb les  would r a p i d l y  grow i n t o  a c e n t r a l  v o i d ,  which 

would t h e n  p ropaga te  ups t ream i n t o  t h e  supe rhea ted  l i q u i d  n o t  w i t h s t a n d i n g  whether  

o r  n o t  w a l l  n u c l e a t i o n  s i t e s  were p r e s e n t .  

c o n s i s t  of a n n u l a r  f low.  I n  a n n u l a r  f low,  t h e  b u l k  of  t h e  l i q u i d  phase  c l i n g s  t o  t h e  

d u c t  w a l l ,  and t h e  vapor  f l o w i n g  f a s t e r  i n  t h e  c e n t e r  would s t r i p  d r o p l e t s  of  l i q -  

u id  o f f  t h e  l i q u i d  l a y e r  which would f u r t h e r  b r e a k  up i n t o  d i s p e r s e d  minute  pa r -  

I n  f a c t ,  w i t h  s u f f i c i e n t  s u p e r h e a t ,  once b o i l i n g  

The body of t h e  void  would p r i m a r i l y  

t i c l e s .  Most of t h e  e v a p o r a t i o n  i n  t h e  a n n u l a r  f low would come from t h e  s u r f a c e  

o f  t h e  l i q u i d  l a y e r  which d i r e c t l y  r e c e i v e s  t h e  h e a t  i n p u t .  E v e n t u a l l y ,  t h e  l i q -  

u i d  l a y e r  would be  comple t e ly  evapora tkd ;  t h e n  t h e  l i q u i d  phase ex is t s  o n l y  i n  

t h e  form of  minute  d i s p e r s e d  p a r t i c l e s  which would e v a p o r a t e  e i t h e r  when impinging  
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on t h e  supe rhea ted  w a l l  o r  by r e c e i v i n g  h e a t  f rom supe rhea ted  vapor  around them, 

o r  by " f l a sh ing"  a s  t h e y  e n t e r  lower p r e s s u r e  envi ronments .  

I n  t h e  bubble  f low reg ime,  t h e  v a p o r i z a t i o n  r a t e  i s  

5Rmax n(Rv, z ,  t) 
p, 4rr R R dR 

A v v v  r =  
V 

RO 

where 

= minimum r a d i u s  of vapor  bubb les  

= maximum r a d i u s  of i s o l a t e d  vapor  bubb les  

0 
R 

R 

n = number d e n s i t y  d i s t r i b u t i o n  of  vapor  bubbles  

max 

= r a d i u s  of  vapor  bubble  

= r a t e  of  i n c r e a s e  of vapor  bubble  r a d i u s  

V 
R 

R 
V 

t h e  number d e n s i t y  would obey t h e  e q u a t i o n  

- an + 2 (nvv> + - a a t  a Z  a R  (nRv) = 0 
V 

which i s  ana logous  t o  t h e  L i o u v i l l e ' s  theorem i n  s t a t i s t i c a l  mechanics .  

" i n i t i a l  c o n d i t i o n "  of  Eq. ( 2 3 )  i s  

The 

S ( z , t )  i s  t h e  n u c l e a t i o n  s o u r c e  s t r e n g t h  i n  bubb les  p e r  u n i t  t i m e  p e r  u n i t  l e n g t h  

and i s  dependent  on t h e  sys tem p r e s s u r e ,  t empera tu re  ( s u p e r h e a t )  and d e a c t i v a t i o n  

h i s t o r y .  The above e q u a t i o n s  appeared  a s  e q u a t i o n s  ( 7 2 ) , ( 7 4 ) ,  ( 7 5 ) ,  ( 7 6 ) ,  ( 7 8 ) ,  

( 7 9 ) ,  ( 8 0 )  and ( 8 1 )  i n  [ 2 9 1  and t h e i r  i m p l i c a t i o n s  were i l l u s t r a t e d  i n  terms of  
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a n  example a n a l y z i n g  bubb le  growth from a s i n g l e  n u c l e a t i n g  s i t e .  The v e l o c i t y  

o f  a n  i s o l a t e d  bubble  can be  e s t i m a t e d  from f i r s t  p r i n c i p l e s ;  however, s i n c e  o n l y  

i t s  i n i t i a l  growth p e r i o d  i s  o f  any  i n t e r e s t  ( sma l l  b u b b l e s ) ,  i t s  v e l o c i t y  can  be 

approximated q u i t e  w e l l  by t h e  mean f low v e l o c i t y  ( o r  l i q u i d  v e l o c i t y ) .  

I n  t h e  a n n u l a r  f low regime,  because of  t h e  r e l a t i v e l y  l a r g e  i n t e r f a c i a l  a r e a ,  

thermodynamic e q u i l i b r i u m  would be  e s s e n t i a l l y  r e a l i z e d  e x c e p t  f o r  a s m a l l  amount 

of t e m p e r a t u r e  g r a d i e n t  r e q u i r e d  t o  s u s t a i n  t h e  conduc t ion -convec t ion  h e a t  t r a n s -  

f e r  i n  t h e  l i q u i d  l a y e r .  Thus t h e  vapor  g e n e r a t i o n  r a t e  7' can  be c a l c u l a t e d  by 

s u b s t i t u t i n g  Eq. (21) i n t o  Eq. (20 ) .  The v e l o c i t y  components however can  be  q u i t e  

d i f f e r e n t .  The r e l a t i o n  between them c a n  be c a l c u l a t e d  from a formula d e r i v e d  

from Levy' s "momentum exchange mode 1" [ 49 ]  : 

V 

where X i s  t h e  mass f low q u a l i t y  d e f i n e d  a s  

The c o n s t a n t  on t h e  r i g h t  hand s i d e  i s  de te rmined  by matching ( a ,  V V ) a t  t h e  

head of t h e  vo id  t o  t h o s e  r e s u l t i n g  from t h e  a n a l y s i s  of t h e  p r o p a g a t i o n  of  t h e  

v o i d .  The r e l a t i o n s  a r e  somewhat d i f f e r e n t  from E q .  ( 1 4 ) ,  which i m p l i e s  a q u a s i -  

s t e a d y  s t a t e  c o n d i t i o n  r e l a t i v e  t o  t h e  v o i d .  Rea r rang ing  Eq. (26), one c a n  w r i t e  

v '  L 

a x pv - vv vL - (G' 
PL 

- 

O r ,  a l t e r n a t e l y ,  



41 

= p - Q (i-$ " 3 v v  
pL vv - vL 

Above r e l a t i o n s  f u l l y  d e s c r i b e  t h e  r e q u i r e d  c o n s t i t u t i v e  laws f o r  t h e  body of  t h e  

a n n u l a r  f l o w .  However, one must a l s o  have some d e s c r i p t i o n  r e g a r d i n g  t h e  begin-  

n i n g  of  t h e  a n n u l a r  f low o r  t h e  head of t h e  p r o p a g a t i n g  v o i d .  I n  o r d e r  t o  d o  

t h i s ,  i t  would be n e c e s s a r y  t o  a p p l y  some judgement r e g a r d i n g  t h e  t r a n s i t i o n  be- 

tween bubble  and a n n u l a r  f low regimes and pe r fo rm s e l f - c o n s i s t e n t  f l ow and ene rgy  

b a l a n c e  a n a l y s e s .  S i n c e  a v a i l a b l e  e x p e r i m e n t a l  ev idence  on sodium b o i l i n g  s u g g e s t s  

t h a t  vo id  p r o p a g a t i o n  p roceeds  w i t h o u t  p r i o r  o c c u r r e n c e  of bubb le  growth [ 4 3 ] ,  [ 4 4 ] ,  

t h e  r e s u l t s  g iven  i n  t h e  p r e v i o u s  s e c t i o n  on "Void P ropaga t ion"  a p p l i e s .  Thus, a t  

t h e  head of t h e  void,  

r = CCYP~(V~+V)I 
Z=R V 

where R i s  t h e  i n s t a n t a n e o u s  

D i r a c  d e l t a  o p e r a t o r  d e f i n e d  

, 

s 
Z<R 

f ( z )  S(R) d z  = 0 

Z>R 

1 
Z<R 

f ( z )  S(R)  d z  = f (R)  

s 
Z>R 

f ( z )  S(R)  d z  = 0 

locat ,on of t h e  head of  t h e  vo id  and & ( A )  i s  t h e  

i n  terms of  i t s  o p e r a t i n g  c h a r a c t e r i s t i c s :  
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A c t u a l  e v a l u a t i o n  of Eq. (29) i s  c o n t i n g e n t  on t h e  numer i ca l  s o l u t i o n  of t h e  

f o l l o w i n g  sys t em of  e q u a t i o n s  a t  z=R: 

- 

f g  
h 

xi - 

2 pL 2 ] (32) 

+ CYR c2 - ( 1 - w  ) + CYR (1-2crR)1 

2 (-)( l -CYR) + CYR (1-2CYR) 

R 
PV 

pL 2 

pV 

xi = CYR 

CY p (vv+v) = xi pL (Vi+V) R v  

where 

e = s u p e r h e a t  a t  t h e  head of  t h e  void based on t h e  p r e s s u r e  on i t s  

downstream s i d e  

= l i q u i d  v e l o c i t y  ahead of  t h e  v o i d .  

Corresponding t o  t h e  sudden g e n e r a t i o n  of t h e  vapor  phase ,  t h e r e  i s  a l s o  a r a p i d  

p r e s s u r e  d r o p  a c r o s s  t h e  head of t h e  vo id :  
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T h i s  i n f o r m a t i o n  would be  needed t o  de t e rmine  8.. Eqs .  (25) th rough (35) were 

g iven  i n  [29] a s  Eqs .  (44),(7I), (102), (103), (104), (105), (1061, (1071, and 

(108). 

The d i s p e r s e d  f low regime i s  reached  when t h e  d u c t  w a l l  i s  no longe r  covered  w i t h  

a con t inuous  l i q u i d  f i l m .  The l i q u i d  phase  i s  now f i n e l y  d i s p e r s e d  i n  t h e  b u l k  

o f  vapor  a s  i n d i v i d u a l  d r o p l e t s .  The i n i t i a l  s i z e  of  t h e  d r o p l e t  can  be e s t i -  

mated from t h e  c r i t i c a l  Weber number: 

2 (vv- VL> 6 
= 7.5 

0 
PV 

where 6 i s  t h e  d r o p l e t  d i a m e t e r .  

p o i n t  where t h e  a n n u l a r  f low t e r m i n a t e s .  The number d e n s i t y  of  d r o p l e t s  can  

be  de te rmined  from t h e  void  f r a c t i o n :  

(Vv- VL) may be t a k e n  t o  be t h e  v a l u e  a t  t h e  

where N i s  t h e  number of d r o p l e t s  p e r  u n i t  volume and G i s  t h e  t o t a l  mass vel-  

o c i t y .  Evapora t ion  o f  t h e  l i q u i d  d r o p l e t s  i n  a d i s p e r s e d  f low t a k e s  p l a c e  s imul-  

t a n e o u s l y  by t h r e e  mechanisms: 

L 

( a )  d i r e c t  h e a t i n g  of  t h o s e  d r o p l e t s  impinging on t h e  d u c t  w a l l ;  

(b) h e a t i n g  of .  t h e  d r o p l e t s  by t h e  supe rhea ted  vapor  envi ronment ;  

( c )  f l a s h i n g  of t h e  d r o p l e t s  a s  t h e y  a r e  c a r r i e d  i n t o  lower p r e s s u r e  

envi ronments  and t h u s  becoming s u p e r h e a t e d .  

The f i r s t  two mechanism were cons ide red  t o g e t h e r  i n  a comprehensive s t u d y  by 

For s lund  and Rohsenow [451. A d e r i v a t i o n  of  t h e  l a t t e r  was due t o  Dougherty [46]. 
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C o n s o l i d a t i n g  t h e s e  r e s u l t s ,  t h e  t o t a l  e v a p o r a t i v e  r a t e  can be  w r i t t e n  a s  

According t o  [ 4 5 1  and [ 4 7 ] ,  

2 13 1 .2  N, 
L 

= * 
W D6(1-ATT) 

L 

i s  t h e  r a t e  of loss  o f  d r o p l e t s  p e r  u n i t  volume due  t o  w a l l  impingement. D i s  t h e  

d i a m e t e r  of  t h e  d u c t .  g i s  t h e  a c c e l e r a t i o n  f i e l d  normal t o  t h e  d u c t  w a l l  and 

may be due t o  t h e  combined e f f e c t s  of g r a v i t y  and s w i r l  f low i n s e r t s .  

a r e  vapor  p r o p e r t i e s  a t  t h e  mean of t h e  d u c t  w a l l  t e m p e r a t u r e ,  

s a t u r a t i o n  t e m p e r a t u r e ,  Tsar AT 

s u p e r h e a t s  d e f i n e d  a s  

n 
(pv,KV2Cp) 

and t h e  l o c a l  
TW' * * 

and AT a r e  t h e  d i m e n s i o n l e s s  w a l l  and d r o p l e t  
W L 

* - 'P (Tw- Tsat) 
ATw - h 

f g  

AT: 
h' 

f g 

T i s  t h e  t e m p e r a t u r e  of  t h e  s u p e r h e a t e d  l i q u i d  d r o p l e t  and (C ) i s  i t s  c o n s t a n t  

p r e s s u r e  s p e c i f i c  h e a t .  
p L  L 

D r o p l e t  e v a p o r a t i o n  due  t o  vapor  s u p e r h e a t  i s  [ 4 8 ]  

1 I 2  

( 4 2 )  
11 nNL 6 2 (Vv- VL>6 

h f g  d- 0 . 5 5 [  vv ] P r  V 
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Cp, P r )  shou ld  be de te rmined  a t  t h e  mean of v y  Kv'  
Here, t h e  vapor  p r o p e r t i e s  (v 

t h e  vapor  t empera tu re  ( s u p e r h e a t e d ) ,  

AT i s  t h e  d i m e n s i o n l e s s  vapor  s u p e r h e a t  

and t h e  l o c a l  s a t u r a t i o n  t empera tu re .  
Tv3 * 

V 

and t h e  c o n t r i b u t i o n  from i n t e r n a l  s u p e r h e a t  of  t h e  l i q u i d  i t s e l f  i s  [46 ]  

3 n 6NLKL 2 nNL 6 
- - 

(Cp> h '  
z f g i (44)  

K i s  t h e  the rma l  c o n d u c t i v i t y  of t h e  l i q u i d  and 6 i s  t h e  i n i t i a l  d r o p l e t  d i a m e t e r .  L i 
The number d e n s i t y  of  d r o p l e t s  s a t i s f i e s  t h e  e q u a t i o n  

aNLvL 6NL + -  I_ a t  + (r) = o aNL 
a t  

W 
(45)  

so long  a s  t h e  c r i t i c a l  Weber number, Eq. (36 ) ,  i s  n o t  exceeded.  V e l o c i t y  s l i p  of  

t h e  d r o p l e t s  i s  governed by 

2 c P (v - VL) - -  3 D v  v a a 
a L = + VL z) VL - 4 + gz PL 

(469 

where g i s  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n  a l o n g  t h e  d u c t .  The c r i t i c a l  Weber 

number c o n d i t i o n  can  be  r e w r i t t e n  a s  
z 
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> 5.625 

I f  and when t h i s  c o n d i t i o n  i s  m e t ,  b reakup would t a k e  p l a c e  such  t h a t  

(NL) = 2 (NL) 
a f t e r  b e f o r e  

-1 /3  
( " a f t e r  = 2  ( "before  

Fol lowing  t h e  s u g g e s t i o n  i n  [45], t,,e c:ag c o e f , i c i e n t  i n  Eq. (45) i s  t o  be i n t e r -  

p o l a t e d  between two se t s  of expe r imen ta l  d a t a :  

where 

2 i f  a < 500 f t f s e c  

i f  500 < aL C 5500 

i f  a > 5500 

L -  
(aL- 500)/5000 

= \LO L -  

CD1 and C a r e  shown g r a p h i c a l l y  i n  F i g .  18. D2 

The t empera tu re  of t h e  supe rhea ted  vapor ,  needed i n  Eq. (42), can  be  de te rmined  

from t h e  o v e r a l l  h e a t  b a l a n c e .  
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q i s  t h e  h e a t  i n p u t  t o  t h e  d u c t  p e r  u n i t  l e n g t h .  A l t e r n a t e l y ,  i f  t h e  t empera tu re  

of  t h e  d u c t  w a l l  i s  known, then  

K 0.8 
0.4 v P V D  

v v )  P r  7 0,- TV) 
v v v  1 (IV D 

a 
a2 

(Cup T ) i- - ( Q P  JIT T ) = 0.076 (- 

The void f r a c t i o n  i s  

3 
r t6  

(Y = 1 - NL (7) 

and t h e  vapor-phase mass v e l o c i t y  i s  

( 5 3 )  

G i s  t h e  t o t a l  mass v e l o c i t y .  Equa t ion  (51) ,  i n  i t s  reduced form, can  a l s o  be 

used t o  de t e rmine  t h e  i n i t i a l  l o c a t i o n  of t h e  d i s p e r s e d  flow regime;  t h a t  i s ,  a t  

t h e  beginning  of t h e  d i s p e r s e d  f low re.gime, t h e  h e a t  i n p u t  t o  t h e  d u c t  i s  p r e -  

sumably ba lanced  by t h e  v a p o r i z i n g  h e a t  of t h e  impinging d r o p l e t s :  

f 

3 - 6NL TT6 4 = (st'> (7) pL hfg  a t  t r a n s i t i o n  4 

TTD W 
( 5 5 )  
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DISCUSSIONS AND CONCLUSIONS 

An a n a l y t i c a l  d e s c r i p t i o n  o f  t h e  n o n - e q u i l i b r i u m  f o r c e d  c o n v e c t i v e  b o i l i n g  h a s  been 

c o n s t r u c t e d  from f i r s t  p r i n c i p l e s .  The chosen s t r a t e g y  h e r e  i s  t o  b r i n g  o u t  t h e  

r e l e v a n t  and s i g n i f i c a n t  f e a t u r e s  o f  t h e  o v e r a l l  p h y s i c a l  system, I n  p a r t i c u l a r ,  

emphasis i s  p l a c e d  on t h e  i n t e r p l a y  of mass and h e a t  t r a n s f e r  p r o c e s s e s  under 

n o n - e q u i l i b r i u m  c o n d i t i o n s  f o r  v a r i o u s  f low s t r u c t u r e s .  

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

m e t a l s  i s  a t t r i b u t e d  t o  d e a c t i v a t i o n  h i s t o r y  i n  which subcooled l i q u i d  would 

f l o o d  and d e a c t i v a t e  larger  w a l l  c a v i t i e s .  The subsequen t  s u p e r h e a t  r e q u i r e d  

t o  c r e a t e  vapor  bubb les  a t t a c h e d  t o  t h e  s m a l l e r  c a v i t i e s ,  which would overcome 

t h e  s u r f a c e  t e n s i o n  and become a n u c l e u s  f o r  con t inued  v a p o r i z a t i o n ,  depends 

on t h e  maximum p r e s s u r e  and s u b c o o l i n g  d u r i n g  d e a c t i v a t i o n ,  micro-geometry of 

s u r f a c e  c a v i t i e s ,  and amount of non-condensible  g a s e s .  Because of  t h e  r o l e  of 

t h e  micro-geometry of  t h e  s u r f a c e ,  t h e  phenomenon would t a k e  some form of s t a -  

t i s t i c a l  c h a r a c t e r .  A v a i l a b l e  e x p e r i m e n t a l  d a t a  were o b t a i n e d  w i t h  t e s t  appa r -  

a t u s  b u i l t  of  commercial g rade  m a t e r i a l s ;  s p e c i a l  s u r f a c e  t r e a t m e n t s  and e x o t i c  

m a t e r i a l s  c a n  c a u s e  s u b s t a n t i a l  d e v i a t i o n s  from a v a i l a b l e  e x p e r i e n c e .  A l so ,  

t h e  e f f e c t s  of  h e a t  f l u x  and f low r a t e  have n o t  been e x p l o r e d .  F o r  l i q u i d s  

w i t h  r e l a t i v e l y  poor  the rma l  c o n d u c t i v i t y ,  t empera tu re  g r a d i e n t  i n  t h e  v i c i n i t y  

of  n u c l e a t i o n  would a l s o  exert  some c o n t r o l  o v e r  t h e  i n c i p i e n c e  of  b o i l i n g .  

Subsequent t o  b o i l i n g  i n c i p i e n c e ,  r e l e v a n t  f low regimes which would have some 

s i g n i f i c a n c e  i n  t h e  dynamics of t h e  the rmo-hydrau l i c  system a r e  r ecogn ized  t o  

i n c l u d e  bubb le  f low,  a n n u l a r  f low,  and d i s p e r s e d  f low.  

I n  t h e  e a r l y  phase  of bubb le  growth, p r o x i m i t y  between n e i g h b o r i n g  bubb les  may 

be assumed t o  be s u f f i c i e n t l y  f a r  a p a r t ,  so t h a t  one may make use  o f  t h e  a n a l y s i s  

of  t h e  growth of  a n  i s o l a t e d  s i n g l e  bubb le .  The l a t t e r  h a s  been t r e a t e d  p r e v i -  

o u s l y .  I n  t h e  p r e s e n t  work, a s i m p l i f i e d  method of computat ion was developed 

making p o s s i b l e  r a p i d  c o m p i l a t i o n  of  a c c u r a t e  growth r a t e s  f o r  most f l u i d s  of 

i n t e r e s t .  The growth r a t e  of v e r y  s m a l l  bubb les  i s  i n e r t i a l l y  l i m i t e d  w h i l e  

t h a t  of t h e  r e l a t i v e l y  l a r g e r  ones i s  t h e r m a l l y  l i m i t e d .  The growth r a t e  i s  
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l a r g e s t  f o r  i n t e r m e d i a t e  s i z e  b u b b l e s .  The range of bubble  s i z e  f o r  which t h e  

maximum growth r a t e  approx ima te ly  a p p l i e s  i s  wide enough t o  c o v e r  most s i t u a -  

t i o n s  of i n t e r e s t .  F o r  t h i s  r e a s o n  t h e  maximum growth r a t e s  have been compiled 

f o r  w a t e r ,  po ta s s ium,  and cesium. 

T y p i c a l l y ,  t h e  maximum growth r a t e  i s  s u f f i c i e n t l y  r a p i d  t h a t  upon i n c i p i e n t  

n u c l e a t i o n ,  one would e x p e c t  t h e  bubble  t o  q u i c k l y  grow i n t o  a l a r g e  v o i d ,  

f i l l i n g  up most of t h e  c r o s s - s e c t i o n  of t h e  d u c t .  Subsequent v a p o r i z a t i o n  

would t h e n  t a k e  p l a c e  a s  r e l e a s e  of  s u p e r h e a t  a c r o s s  t h e  head of t h e  void which 

would p r o p a g a t e  upstream so t h a t  con t inued  e v a p o r a t i o n  would no l o n g e r  depend 

on t h e  p r e s e n c e  of  n u c l e a t i o n  s i t e ,  n o r  would t h e r e  be  a s i g n i f i c a n t  r e g i o n  of  

bubble  f low.  The a n a l y s i s  o f  t h e  void p r o p a g a t i o n  was performed w i t h  t h e  use 

of  Levy's  "momentum exchange model" a p p l i e d  t o  t h e  moving v o i d .  

Downstream of t h e  v o i d ,  t h e  a n n u l a r  f low regime p r e v a i l s .  Because o f  t h e  abun- 

dance of  i n t e r f a c i a l  a r e a s ,  thermodynamic e q u i l i b r i u m  i s  l i k e l y  t o  be  m a i n t a i n e d .  

The v a p o r i z a t i o n  r a t e  can  be r e a d i l y  computed from t h e  ene rgy  e q u a t i o n  p rov ided  

t h e  v e l o c i t i e s  of  each  phase  i s  known. I n  t h e  p r e s e n t  worka a c o n d i t i o n , w h i c h  i s  

e q u i v a l e n t  t o  t h e  d e t e r m i n a t i o n  o f  t h e  s l i p  v e l o c i t y  and i s  based on Levy ' s  

"momentum exchange model", was recommended. 

Continued b o i l i n g  due t o  h e a t  a d d i t i o n  would f i n a l l y  r e s u l t  i n  t h e  d i s p e r s e d  

f low.  I n  t h i s  s i t u a t i o n ,  i t  was n e c e s s a r y  t o  c o n s i d e r  t h r e e  d i s t i n c t  mechanisms; 

namely, d i r e c t  e v a p o r i z a t i o n  of  t h o s e  d r o p l e t s  impinging on t h e  d u c t  w a l l ,  evap- 

o r a t i o n  of  e n t r a i n e d  d r o p l e t s  by h e a t  r e c e i v e d  from supe rhea ted  vapor ,  and " f l a s h -  

ing" of  t h e  d r o p l e t  because  of  i t s  i n t e r n a l ( 1 i q u i d )  s u p e r h e a t .  The impingement 

r a t e  was e s t a b l i s h e d  a c c o r d i n g  t o  a c o r r e l a t i o n  which p r i m a r i l y  a t t r i b u t e s  drop-  

l e t  d i f f u s i o n  t o  t h e  t r a n s v e r s e  a c c e l e r a t i o n  f i e l d .  T h e r e f o r e ,  t h e  i n f l u e n c e  of 

s w i r l  f l ow i n s e r t s  can  be d i r e c t l y  e v a l u a t e d .  The t r a n s i t i o n  c o n d i t i o n  between 

t h e  a n n u l a r  f l o w  and t h e  d i s p e r s e d  f low was de te rmined  a c c o r d i n g  t o  a h e a t  b a l -  

ance between t h e  w a l l  h e a t  f l ow and t h e  e v a p o r a t i o n  h e a t  of impinging d r o p l e t s .  

The formula f o r  h e a t  t r a n s f e r  from t h e  s u p e r h e a t e d  vapor  t o  t h e  d r o p l e t  was due 

t o  Tsubouchi and S a t o ,  and t h e  d e r i v a t i o n  of Dougherty..was used t o  accoun t  f o r  

t h e  f l a s h i n g  p r o c e s s .  
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The f o r m u l a t i o n  of  a n a l y s i s  proposed i n  t h e  p r e s e n t  work can be expec ted  t o  y i e l d  

meaningful  numer i ca l  r e s u l t s .  Such computat ions shou ld  be c a r r i e d  o u t  f o r  s p e c i f i c  

s i t u a t i o n s  of  immediate i n t e r e s t ,  t h e n  c a r e f u l  s c r u t i n y  and i n t e r p r e t a t i o n  of 

t h e  r e s u l t s  o b t a i n e d  c a n  r e n d e r  v a l u a b l e  i n p u t s  t o  t h e  d e s i g n  t echno logy  of  orice- 

t h rough  l i q u i d  me ta l  b o i l e r s  a s  w e l l  a s  a p p r o p r i a t e  guidance t o  r e q u i r e d  r e s e a r c h  

i n  t h i s  f i e l d .  

From a r i g o r o u s  s c i e n t i f i c  p o i n t  of  view, t h e  e x p e r i e n c e  i n  pe r fo rming  t h e  s t u d i e s  

f o r  t h e  p r e s e n t  work has  b rough t  o u t  t h e  need t o  advance t h e  p r e s e n t  s t a t e  of  

knowledge i n  s e v e r a l  a s p e c t s .  

I n  t h e  bubble  f low regime,  f o r  s i t u a t i o n s  i n  which t h e  i n d i v i d u a l  

bubb le  s i z e  i s  no longe r  s m a l l  i n  comparison w i t h  t h e  d i s t a n c e  between 

a d j a c e n t  b u b b l e s ,  t h e  a v a i l a b l e  i n f o r m a t i o n  i s  l a r g e l y  e m p i r i c a l .  It 

would be d e s i r a b l e  t o  c a r r y  o u t  a combined e x p e r i m e n t a l  and a n a l y t i c a l  

s t u d y  f o r  t h i s  f l ow regime,  emphasizing t h e  d e t e r m i n a t i o n  of e v a p o r a t i o n  

r a t e  and p h a s e - v e l o c i t y  components. S i n c e  t h i s  c o n d i t i o n  would become 

s i g n i f i c a n t  p r i m a r i l y  when t h e  bubble  growth r a t e  i s  slow r e l a t i v e  t o  

t h e  c o n v e c t i v e  v e l o c i t y ,  t h e  amount of l i q u i d  s u p e r h e a t ,  consequen t ly  

t h e  d e g r e e  of n o n - e q u i l i b r i u m  would n o t  be s u b s t a n t i a l .  

Levy ' s  "momentum exchange model" i n  t h e  form used t o  a n a l y z e  t h e  

a n n u l a r  f low regime i n  t h e  p r e s e n t  work, presumed e i t h e r  t h a t  t h e  

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

r a t e )  i s  v e r y  h i g h .  F o r  a s i t u a t i o n  i n  which t h e  h e a t  f l u x  i s  r e l a t i v e -  

l y  low, w h i l e  t h e r e  i s  a v i o l e n t  t r a n s i e n t  such  a s  may be r e l a t e d  t o  

t h e  r a p i d  p r o p a g a t i o n  o f  a cen t r a l  v o i d ,  t h e  "momentum exchange model" 

may n o t  be v a l i d .  The r e q u i r e d  r e s e a r c h  shou ld  f o c u s  on t h e  n a t u r e  

of i n t e r f a c i a l  momentum t r a n s p o r t  w i t h  a s t r o n g  l o n g i t u d i n a l  a c c e l e r a -  

t i o n  f i e l d .  

D i f f u s i o n  of  d r o p l e t s  due t o  s h e a r  and t u r b u l e n c e  i n  t h e  d i s p e r s e d  f low 

regime i s  n o t  y e t  amenable t o  q u a n t i t a t i v e  a n a l y s i s .  T h i s .  i n f o r m a t i o n  

i s  r e l e v a n t  t o  t h e  t r a n s i t i o n  c o n d i t i o n  from a n n u l a r  t o  d i s p e r s e d  f lows  

and w i l l  a l s o  improve accu racy  i n  t h e  d e t e r m i n a t i o n  of t h e  e v a p o r a t i v e  

r a t e  i n  t h e  d i s p e r s e d  f low regime.  
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