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AN EXPERIMENTAL INVESTIGATION OF 
FORCED-CONVECTION VAPOKIZATION OF POTASSIUM 

P. J .  Berenson 
J .  J .  K i l l a c k e y  

INTRODUCTION 

The t e s t  program d e s c r i b e d  h e r e  i s  b e i n g  conducted  by t h e  AiResearch 
M a n u f a c t u r i n g  Company i n  suppor t  o f  t h e  SNAP-50/SPUR b o i l e r  des ign,  wh ich  i s  
now under  development a t  A iResearch.  The b o i l e r  i s  a s h e l l - a n d - t u b e  d e s i g n  
w i t h  l i t h i u m  f l o w i n g  o u t s i d e  t h e  tubes  and po tass ium v a p o r i z i n g  i n s i d e  t h e  
tubes .  System d e s i g n  r e q u i r e m e n t s  c a l l  f o r  a b o i l e r  t h a t  w i l l  p roduce d r y  
vapor  a t  t h e  o u t l e t  and b e  o f  a reasonab le  w e i g h t  and s i z e .  B o i l i n g  po tass ium 
t e s t  r e s u l t s  o b t a i n e d  t h u s  f a r  show t h a t ,  a t  u p  t o  a p p r o x i m a t e l y  50 p e r c e n t  
vapor  q u a l i t y ,  t h e  b o i  1 i n g  h e a t - t r a n s f e r  c o e f f i c i e n t  i s  e x t r e m e l y  h i g h  
(20,000 t o  30,000 B t u  per  hr f t  * OF) and t h a t  t h e  l i t h i u m  s i d e  c o n t r o l s  t h e  
b o i  l e r  h e a t - t r a n s f e r  r a t e ,  and hence t h e  s i z e .  The p r e s e n t  e x p e r i m e n t a l  p r o -  
gram i s  t h e r e f o r e  d i r e c t e d  towards o b t a i n i n g  d a t a  i n  t h e  h i g h - v a p o r - q u a l i t y  
r e g i o n ,  where a s u b s t a n t i a l  d r o p  i n  t h e  b o i l i n g  h e a t - t r a n s f e r  c o e f f i c i e n t  i s  
n o r m a l l y  observed and t h e  magn i tude o f  t h e  po tass ium c o e f f i c i e n t  becomes 
s i g n i f i c a n t .  A d d i t i o n a l  t e s t  o b j e c t i v e s  i n c l u d e  d e t e r m i n i n g  two-phase p r e s -  
s u r e  d r o p  i n  s w i r l  f low and i n v e s t i g a t i o n s  o f  b o i l i n g  f low s t a b i l i t y .  

and a severe  pena l  
a t  h i g h  vapor qua l  
l i q u i d  d r o p l e t s  i n  
v a p o r i z a t i o n  wou ld  

TEST EQUIPMENT 

The f i r s t  t e s t  s e r i e s  d e s c r i b e d  h e r e  was conducted u s i n g  J " w h i r l e r "  o r  
t w i s t e d  r i b b o n  as t h e  t u b e  i n s e r t .  No t e s t s  have been made w i t h  a p l a i n  t u b e  
because t h e  a v a i l a b l e  d a t a  f o r  p l a i n  tubes i n d i c a t e d  v e r v  low c o e f f i c i e n t s  

r e d  e s s e n t i a l  
r e m a i n i n g  
1 ,  where 

y i n  b o i l e r  s i z e  and w e i g h t .  I t  was c o n s i d  
t i e s  t o  e x e r t  a p o s i t i v e  means t o  d r i v e  t h e  
t h e  h i g h - v e l o c i t y  vapor  c o r e  t o  t h e  t u b e  WJ 
o c c u r .  

D e t a i l s  o f  t h e  t e s t  r i g  a r e  shown s c h e m a t i c a l l y  i n  F i g u r e  1 .  A m o t o r i z e d  
t h r o t t l e  v a l v e  l o c a t e d  ups t ream o f  t h e  b o i l e r  i s  used t o  promote s t a b l e  flow 
d u r i n g  b o i l i n g  o p e r a t i o n .  The condenser i s  a s i n g l e - t u b e ,  a i r - c o o l e d  u n i t ;  
no a t t e m p t  has been made t o  measure ccndens ing  h e a t - t r a n s f e r  c o e f f i c i e n t s .  
A m e t a l  b e l l o w s  assembly i s  used t o  absorb  t h e  po tass ium d i s p l a c e d  when b o i l -  
i n g  i s  i n i t i . i t e d .  By r e g u l a t i n g  t h e  accumula tor  head pressure,  i t  i s  p o s s i b l e  
t o  c o n t r o l  t h e  po tass iu ln  s a t u r a t i o n  te i i iperature.  

l h e  p r e h e a t e r  and b o i l e r  can  be c o n s i d e l e d  as one l o n g  tube, w i t h  the  
i n s t r u m e n t a t i o n  c o n c e n t r a t e d  i n  t h e  b o i l e r  s e c t i o n .  The t e s t  u n i t s  a r e  l o c a t e d  
i n s i d e  a vacuum chamber t o  reduce heat  losses  and m i n i m i z e  s u r f a c e  o x i d a t i o n .  
The p r e h e a t e r  i s  f a b r i c a t e d  f rom a s t a i n l e s s - s t e e l  b i l l e t  3 inches i n  d i a m e t e r  
and 12 i nches  long.  F i v e  0 .250- inch-d iameter  holes d r i l l e d  t h r o u g h  t h e  
b i l l e t  and i n t e r c o n n e c t e d  w i t h  c r o s s o v e r  tubes  s e r v e  a5 f i v e  po tass ium t u b e  
passes. "Therinocoax" sheath- type r e s i s t a i i L e - h e a t i n g  w i r e  i s  p l a c e d  i n  a 
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s p i r a l  g roove c u t  o n  t h e  o u t s i d e  d i a m e t e r  o f  t h e  u n i t  and b r a z e d  i n  p l a c e .  
s i n g l e  e l e c t r i c a l  power i n p u t  c o n t r o l  i s  used on t h e  p r e h e a t e r .  

A 

B a s i c  c o n s t r u c t i o n  o f  t h e  b o i l e r  t e s t  s e c t i o n  i s  shown i n  F i g u r e  2. The 
u n i t  i s  f a b r i c a t e d  f r o m  n i c k e l  and i s  des igned f o r  a maximum heat  f l u x  a t  t h e  
i n n e r  w a l l  o f  600,000 B t u  p e r  h r  f t 2  
o f  1600OF. C r i t e r i a  for s e l e c t i o n  o f  n i c k e l  were as f o l l o w s :  

a t  a p o t a s s i u m  s a t u r a t i o n  t e m p e r a t u r e  

I. C o m p a t a b i l i t y  w i t h  p o t a s s i u m  a t  t e m p e r a t u r e s  up t o  160OoF 

2. H i g h  t h e r m a l  c o n d u c t i v i t y ,  w h i c h  t e n d s  t o  m i n i m i z e  t h e  h e a t e r  
s u r Face t enipe r a t  u r e  

3. 

4 .  M a c h i n a b i l i t y  

E f f e c t i v e n e s s  o f  s t a i n l e s s - s t e e l - t o - n i c k e l  welded o r  b r a z e d  j o i n t s  

5. A v a i l a b i l i t y  

A 0 . 1 8 0 - i n c h - d i a m e t e r  h o l e  d r i l l e d  t h r o u g h  t h e  b o i l e r  s e r v e s  as t h e  f l o w  
passage. A t w i s t e d  r i b b o n  ( w h i r l e r )  w i t h  a t w i s t  r a t i o ,  y ?  o f  3.0 i n t e r n a l  
d i a m e t e r s  p e r  180 degrees o f  t w i s t  i s  i n s e r t e d  i n  t h e  d r i l l e d  h o l e  o v e r  t h e  
f u l l  l e n y t h  o f  t h e  b o i l e r .  The t e s t  b o i l e r  i s  s l o t t e d  t o  d i v i d e  t h e  u n i t  
i n t o  s i x  t h e r m a l l y  i s o l a t e d  2 - i n c h - l o n g  s e c t  i o n s .  "Thermocoax" h e a t i n g  w i r e  
i s  b r a z e d  i n  a s p i r a l  groove c u t  on t h e  o u t e r  d i a m e t e r  o f  each element, and 
t h e  e l e c t r i c a l  power i n p u t  t o  each s e c t i o n  i s  i n d e p e n d e n t l y  c o n t r o l l e d -  Thus, 
i t  i s  p o s s i b l e  t o  d e t e r m i n e  a s e r i e s  o f  h e a t - t r a n s f e r  c o e f f i c i e n t s  down t h e  
b o i l e r  l e n g t h .  The t e s t  s e c t i o n  i s  mounted h o r i r o n t a l l y  and i s  surrounded by 
3 inches  o f  M i c r o q u a r t z  i n s u l a t i o n .  

INSTRUMENTATION 

Sheath- type Geminol N and P thermocouples,  1/16 i nches  OD, a r e  used t o  
measure a l l  t e m p e r a t u r e s .  As  shown i n  F i g u r e  2, a s e r i e s  o f  thermocouples 
i s  used t o  measure t h e  r a d i a l  t e m p e r a t u r e  g r a d i e n t  t h r o u g h  each o f  t h e  b o i l e r  
e lements .  
a r e  l o c a t e d  a t  t h e  p r e h e a t e r  i n l e t  and t h e  b o i l e r  i n l e t  and o u t l e t .  M i x i n g  
s e c t i o n s  a r e  l o c a t e d  immedia te ly  ups t ream o f  t h e  tempera ture-measur ing  s e c t i o n s ,  
a t  t h e  p r e h e a t e r  and b o i l e r  i n l e t s .  There  i s  no m i x i n g  s e c t i o n  a t  t h e  b o i l e r  
o u t l e t  because t h e  f l u i d  wou ld  be a t  s a t u r a t i o n  c o n d i t i o n s  and t h e  p r e s s u r e  
loss due t o  m i x i n g  would be e x c e s s i v e .  

Temperature-measur ing sec t  i ons  w i t h  t h r e e  thermocouples pe r  s e c t i o n  

Pressure  measurements a r e  made w i t h  Wiancko p r e s s u r e  t r a n s d u c e r s .  Each 
195OF to  p r e v e n t  f r e e z i n g  t h e  t r a n s d u c c r  i s  l o c a t e d  i n  an oven m a i n t a i n e d  a t  

po tass ium and t o  t e m p e r a t u r e - s t a b i l i z e  t h e  t r a n s d u c e r  e lements .  Pressure  
t r a n s d u c r r s  were d e t e r m i n e d  t o  be a c c u r a t e  w i t h i n  t0.I p s i ,  wh ich  i s  t h e  l e v e l  
o f  s e n s i t i v i t y  r e q u i r e d  t o  o b t a i n  an a c c u r a t e  v a l u e  o f  s a t u r a t i o n  t e m p e r a t u r e  
based on t h e  measured s a t u r a t i o n  p r e s s u r e  and a vapor  p r e s s u r e  curve .  

Heat i n p u t  t o  each b o i l e r  e lement  and t h e  p r e h e a t e r  i s  de termined by use 
of a p r e c i s i o n  wat tmeter ,  a c c u r a t e  t o  one p e r c e n t  o f  f u l l - s c a l e .  B e f o r e  t h e  
l o o p  i s  f i l l e d  w i t h  potassium, t h e  t e s t  u n i t s  a r e  c a l i b r a t e d  f o r  heat  loss 



b y  measur ing  t h e  power i n p u t  n e c e s s a r y  t o  m a i n t a i n  a g i v e n  t e m p e r a t u r e  l e v e l  
wi thout any d e l i b e r a t e  removal of h e a t -  The EM f l o w m e t e r  was checked b y  use 
o f  a heat  b a l a n c e  a c r o s s  t h e  t e s t  e lements  and was found t o  be a c c u r a t e  t o  
w i t h i n  f5 p e r c e n t .  

A l l  d a t a  a r e  r e c o r d e d  u s i n g  a d i g i t a l  v o l t m e t e r  equ ipped w i t h  a t a p e  
p r i n t o u t  u n i t .  A comple te  s e t  o f  da ta  c o n s i s t i n g  of about  130 temperature,  
p ressure ,  and f l o w  p o i n t s  can be r e c o r d e d  i n  a p p r o x i m a t e l y  one minute,  wh ich  
i s  o f  g r e a t  v a l u e  s i n c e  i t  e l i m i n a t e s  t h e  need t o  m a i n t a i n  s t e a d y - s t a t e  con-  
d i t i o n s  o v e r  an ex tended p e r i o d  o f  t i m e .  C o n v e n t i o n a l  s t r i p - c h a r t  r e c o r d e r s  
a r e  employed, however, t o  examine v a r i o u s  p o i n t s  i n  t h e  l o o p  t o  ensure  t h a t  a 
r e a s o n a b l y  s t e a d y  b o i  1 i n g  c o n d i t i o n  has been a c h i e v e d  b e f o r e  da ta  a r e  taken.  

TEST OPERATION 

S t a b l e  f l o w  d u r i n g  two-phase b o i l i n g  o p e r a t i o n  i s  a c h i e v e d  b y  c o n t r o l -  
l i n g  t h e  degree o f  t h r o t t l  i n 9  a c r o s s  t h e  f l o w  c o n t r o l  v a l v e ;  however, no 
d e t a i l e d  s t u d i e s  were made d u r i n g  t h i s  s e r i e s  o f  r u n s  t o  detprrn ine t h e  degree 
o f  o r i f  i c i n g  r e q u i r e d  t o  promote s t a h i  1 i t y .  The v a l v c  l o c a t e d  downstream o f  
t h e  condenser  was f u l l - o p e n  d u r i n g  t e s t i n g  and was used only t o  f a c i l  i t a t e  
d r a i n i n g  o f  t h e  loop.  C o n t r o l  o f  t h e  p o t a s s i u m  s a t u r a t i o n  t e m p e r a t u r e  was 
a c h i e v e d  by r e g i i l a t  i n g  t h e  condenser  a i r  f l o w  and a d j u s t i n g  t h e  accumula tor  
head p r e s s u r e .  

L a r g c  amounts o f  l i q u i d  superheat ing ,  i n  t h e  range o f  ZOOOF t o  500°F, 
have been observed i n  t h e  o p e r a t i o n  o f  f o r c e d - c o n v e c t i o n  b o i l i n g  po tass ium 
loops.  The r e s u l t i n g  i n s t a b i l i t i e s  have produced a u d i b l e  no ise,  wh ich  has 
been te rmed " e x p l o s i v e  b o i  1 ing. "  
l o o p  d e s c r i b e d  h e r e  wc'rc c a r e f u l l y  reviewed, b u t  no ev idence o f  e x p l o s i v p  
b o i  I i n g  c o u l d  be d e t e c t e d ;  measured s a t u r a t  i o n  tempera tures  and p r e s s u r e s  
werp i n  c l o s e  agreement. 

Tes t  d a t a  o b t a i n e d  frail t h e  h e a t - t r a n s f e r  

DATA P R O C E S S I N G  

A computer  program has been developed t o  proces; t h e  more t h a n  100 
measurements o b t a i n e d  i n  each run .  The measured tempera tures  a t  t h e  f o u r  
r a d i a l  l o c a t i o n s  i n  each b o i l e r  s e c t i o n  a r e  e x t r a p o l a t e d  t o  t h e  i n n e r  and 
o u t e r  w a l l  o f  t h e  b o i l e r  u s i n g  a l e a s t - s q u a r e s - f i t  s t r a i g h t  l i n c  on serr i i log 
graph paper. The n e t  heat  i n p u t  i s  de termined f rom t h e  e l e c t r i c a l  power i n p u t  
and t h e  c a l i b r a t e d  heat  loss.  Based on t h e  measured f l o w  and t h e  n e t  heat  
i n p u t  t o  each sec t ion ,  t h e  p o t a s s i u m  q u a l i t y  a t  t h e  b o u n d a r i e s  o f  each b o i l e r  
s e c t i o n  i s  c a l c u l a t e d  f r o m  a heat  ba lance.  The po tass ium p h y s i c a l  p r o p e r t i e s  
u - i d  i n  t h e  a n a l y s i s  a r e  t h o s e  g i v e n  by Weather ford,  e t  a l . *  

* 
Weather ford,  W. D., T y l e r ,  John C., and Ku, P. M., " P r o p e r t i e s  o f  
I n o r g a n i c  Energy-Convers ion and Heat T r a n s f e r  F l u i d s  f o r  Space 
Appl i ca t io r is , "  WADD T e c h n i c a l  Repor t  61 -96, November 1961. 
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The s a t u r a t i o n  t e m p e r a t u r e  d i s t r i b u t  i o n  of t h e  potassiurr i  i s  d e t e r m i n e d  
by  u s i n g  t h e  M a r t i n e l l  i two-phase p r e s s u r e  d r o p  c o r r e l a t i o n . *  T h i s  i s  done 
as f o l l o w s .  The p r e s s u r e  d r o p  f o r  each set-tion i s  c a l c u l a t e d  based upon t h e  
a p p r - o p r i a t e  average q u a l i t y  o f  t h e  s e c t  i o n .  
based upon t-he l a r g e s t  o f  e i t h e r  t h e  s u p e r f i c i a l  l i q u i d  p r e s s u r e  d r o p  01- t h e  
s u p e r f i c i a l  gas p i -essure  d r o p .  As  a r e s u l t ,  t h e  M a r t i n e l l  i m u l t i p l y i n g  
para i i ie ter  i s  a lways  l e s s  t h a n  4 . 2 .  Each o f  t h e  p r e d i c t e d  p r e s s u r e  drops  i s  
n o r m a l i z e d  by m u l t i p l y i n g  i t  b y  t h e  r a i ~ i o  o f  t h e  t o t a l  measured pr-essure d r o p  
t o  t h e  t o t a l  p r e d i c t e d  p r e s s u r e  dt-op. F i n a l l y ,  t h e  p o t a s s i u m  s a t u r a t i o n  
t e m p e r a t u r e  a t  t h e  boundary  o f  each s e c t i o n  i s  d e t e r m i n e d  froir i  t h e  c a l c u l a t e d  
s a t u r a t i o n  p r e s s u r e .  

T h e  two-phase p r e s s u r e  d r o p  i s  

The f r i c t i o n  r a c t o r  used t o  p r e d i c t  t h e  p r e s s u r e  d r o p  i s  based upon t e s t  

B a s i n g  t h e  f r i c t i o n  f a c t o r  o n  t h e  r e s u l t a n t :  ve?oc , i t y ,  t o t a l  p a t h  
d a t a  o b t a i n e d  a t  i s o t h e r m a l  1 i q u i d  c o n d i t i o n s  and a t  ter r iperatures l e s s  t h a n  
1000°F. 
l e n g t h ,  and equiva1r:nt d i a m e t e r  gives t h e  f o l l o w i n g  c o r r e l a t i o n :  

o a 7 2  f .I. Re 0 . 2 5  

I t  i s  p o s t u l a t e d  t h a t  t h e  i neas i~ red  f r i c t i o n  f a c t o r  i s  more t h a n  d o u b l e  t h e  
s t a n d a r d  c o r r e l a t i o n  a s  a r e s u l t  o f  wal  1 ro i ighr iess.  The passage i s  a d r i l l e d  
h o l e  and t h u s  i s  c o n s i d e r a b l y  rougher  t h a n  drawn t u b i n g .  The r a t i o  o f  t h e  
rouqt iness h e i g h t  t o  t h e  d i a n i e t e r  w i l l  be measured to  v e r i f y  t h i s  p o s s i b i l i t y .  

The h e a t - t r a n s f e r  c o e f f i c i e n t  f o r  eaclh b o i l e r  s e c t i o n  i s  c a l c u l a t e d  f r o m  
t h e  heat  f l u x  and t h e  d i f f e r e n c e  I>ei.ween t h e  e x L r a p o l a t e d  inside, wal  1 tenipera- 
t u r e  and t h e  a r i t h m e t i c  average p o t a s s i u m  s a t u r a t i o n  temper-at.ur-e. I t  was n o t  
c- leat-  how t o  choose t h e  p o t a s s i u m  s a t u r a t i o n  1.emperature f o r  each s e c t  i o n ;  
the: use o f  t h e  a r i t h i n e t i c  average was t h e  s i m p l e s t  c h o i c e  t h a t  seemed 
reasonab le .  

A t y p i c a l  computer  p r i n t o u t  f o r  one r u n  i s  p r e s e n t e d  i n  F i g u r e  3 .  I n  
a d d i t i o n  t o  t h e  n u i i i e r i c a l  p r i n t o u t ,  t h e  measured r a d i a l  wal  1 temperat UI-es, 
ex I~ r apo 1 a t  ed i nne r wa 1 1 t enipe r a t  u r e, and ca  1 c u  1 a 1. ed p o t  a s  s i uin s a  t u r'a t i on 
te i i ipera ture  for  each s e c t  i o n  a r e  automat i c a l  l y  p l o t t e d  on semi l o g  graph 
paper  as  shown i n  F i g u r e  4 .  

DISCUSSION OF RESULTS 

The r e s u l t s  o f  t h e  f i r s t  t e s t  s e r i e s  a r e  p r e s e n t e d  a s  a s e r  
i n  t h e  appendix .  W i t h  t h e  e x c e p t i o n  o f  run  8 - 3 - 7 ,  t h e  po tass ium 
b o i l e r  p a r t i a l l y  v a p o r i z e d .  A l l  t h e  d a t a  r e p o r t e d  ar-e for  vapor 
two-phase po tass ium.  

* 
Lockhar t ,  R .  W e y  and M a r t i n e l l i ,  R.  C., "Proposed C o r r e l a t i o n  o f  Data f o r  
I s o t h e r m a  1 Two-Phase, Two-Component F l o w  i n  P i  p c s ,  " Chemi ca 1 Erigi n ~ c r  i n g  
__ P r o ~ r e s s ,  Vol 45 ,  No. I, pp. 3 9 - 4 8 ,  January  1949. 
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- l e s t  r e s u l t s  were d e l e t e d  i f  t h e  measured ten ipera ture  a t  t h e  b o i l e r  
b o u n d a r i e s  d i f f e r e d  by more t h a n  20°F f ro in  t h e  s a t u r a t i o n  t e m p e r a t u r e  ( a s  
d e f i n e d  by t h e  measured s a t u r a t i o n  p r e s s u r e ) .  The l a r g e s t  d i f f e r e n c e  
g e n e r a l l y  o c c u r r e d  a t  t h e  b o i l e r  e x i t  i n  runs  w i t h  h i g h  p r e s s u r e  drop ;  t h e  
measured t e m p e r a t u r e  was t h e  l a r g e r .  
Severa l  p l a u s i b l e  e x p l a n a t i o n s  f o r  t h e  t e m p e r a t u r e  d i s c r e p a n c i e s  e x i s t .  The 
measured tempera ture  i s  c l o s e  t o  a s t a g n a t i o n  va lue,  whereas t h e  s a t u r a t i o r i  
t e m p e r a t u r e  i s  based on s t a t i c  c o n d i t i o n s .  V c l o c i t y  e f f e c t s  c o u l d  account  
f o r  a d i f f e r e n c e  o f  about 
o u t  l e t  p r e s s u r e  t a p  and t h e  t e m p e r a t u r e  measurement s e c t  i o n  necessary  t o  
accommodate t h e  t h r e e  thermocouples, and a r e c o v e r y  o f  s t a t i c  p r e s s u r e  c o u l d  
o c c u r .  Complete p r e s s u r e  r e c o v e r y  c o u l d  account  fob- about IOOF,  a l t h o u g h  i t  
i s  d i f f i c u l t  t o  s t a t e  t h e  e x a c t  amount because o f  t h e  presence o f  two-phase 
f l o w .  

The maximum d e v i a t i o n  observed was 45'F. 

10". There i s  a g r a d u a l  expans ion  between t h e  

Another  p o s s i b i l i t y  i s  t h a t  therinodynamic e q u i l i b r i u m  d i d  n o t  e x i s t .  
That i s ,  i f  l a r g e  p r e s s u r e  drops  o c c u r  i n  a f o r c e d - c o n v e c t i o n  v a p o r i z e r ,  t h e  
r e s i d e n c e  t i m e  o f  t h e  f l u i d  i n  t h e  passage may n o t  be g r e a t  enough t o  a l l o w  
t h e  expand ing  f l u i d  t o  reach thermodynamic e q u i l i b r i u m .  As a r e s u l t ,  t h e  
a c t u a l  f l u i d  tempera ture  i s  g r e a t e r  t h a n  t h e  s a t u r a t i o n  t e m p e r a t u r e  c o r r e s -  
pond ing  t o  t h e  f l u i d  p r e s s u r e .  The h e a t - t r a n s f e r  c o e f f i c i e n t s  r e p o r t e d  a r e  
based upon t h e  equ i  1 i b r i u m  s a t u r a t i o n  temperature,  because heat  exchangers a r e  
des igned assuming thermodynamic e q u i  1 i b r i u i i i  p r o p e r t i e s .  Unt i 1 t h e  descrepancy 
can be f u l l y  e x p l a i n e d ,  however, t h e  d a t a  p o i n t s  w i l l  n o t  be c o n s i d e r e d .  

The computer r e s u l t s  a r e  r e p o r t e d  w i t h o u t  m o d i f i c a t i o n  for a l l  b o i l e r  
s e c t i o n s  i n  wh ich  t h e  maximum d e v i a t i o n  o f  any o f  t h e  f o u r  r a d i a l  thermo- 
coup les  f rom t h e  l e a s t - s q u a r e s - f i t  s t r a i g h t  l i n e  was l e s s  t h a n  2.5OF. 
Sect i o n s  w i t h  a maximum d e v i a t i o n  o f  g r e a t e r  t h a n  10°F a r e  n o t  r e p o r t e d .  
A I 1  s e c t i o n s  w i t h  maximum d e v i a t i o n s  between 2.5 and 10°F were c r i t i c a l l y  
examined t o  deduce wh ich  thern iocouple was i n a c c u r a t e  and t h e  bes t  s t r a i g h t  
l i n e  was drawn t h r o u g h  t h e  r e m a i n i n g  t h r e e  p o i n t s .  I n  runs  8-2-0  t o  8-3-5, 
i t  was conc luded t h a t  t h e  i n n e r  thermocouple i n  s e c t i o n  2 was c o n s i s t e n t l y  
i n a c c u r a t e .  A s t r a i g h t  l i n e  was drawn t h r o u g h  t h e  r e m a i n i n g  t h r e e  p o i n t s  as 
shown by t h e  dashed l i n e  i n  F i g u r e  4 .  T h i s  changed t h e  i n s i d e  w a l l  tempera- 
t u r e  f r o m  a v a l u e  l e s s  t h a n  t h e  average s a t u r a t i o n  tempera ture  to  a v a l u e  
t h a t  gave a h e a t - t r a n s f e r  c o e f f i c i e n t  c o n s i s t e n t  w i t h  t h e  o t h e r  measurements. 

The o u t e r  thermocouple i n  s e c t i o n  4 was e l i m i n a t e d  i n  runs  B-1-5 t o  
B-1-15. The d e v i a t i o n  o f  t h e  thermocouple e l i i i i i n a t e d  i n  t h e  two s e t s  o f  runs  
was a p p r o x i m a t e l y  t h e  same i n  each run.  The reprocessed d a t a  a r e  denoted 
w i t h  an a s t e r i s k  a f t e r  t h e  v a l u e  o f  t h e  h e a t - t r a n s f e r  c o e f f i c i e n t .  S ince  t h e  
u n c e r t a i n t y  i n  t h e  e x t r a p o l a t e d  i n n e r  w a l l  t e m p e r a t u r e  i s  p r o b a b l y  25OF t o  
IOOF, t h e  v a l u e  o f  t h e  h e a t - t r a n s f e r  c o e f f i c i e n t  for  low v a l u e s  o f  Tw - Tsat 
can be v e r y  u n c e r t a i n .  

The r a t  i o  between t h e  measured pressur-e d r o p  and t h e  p r e d i c t e d  p r e s s u r e  
d r o p  u s i n g  t h e  M a r t i n e l l i  c o r r e l a t i o n  and E q u a t i o n  ( I )  was a lways w i t h i n  30 
p e r c e n t  o f  0.56. One p o s s i b l e  reason f o r  t h i s  d i s c r e p a n c y  may be t h e  use o f  
t h e  measured rough- tube f r - i c t i o n  f a c t o r ,  wh ich  i s  more  t h a n  double t h e  smooth- 
t u b e  va lue .  One o f  t h e  f a c t o r s  t h a t  t h e  M a r t i n e l l i  m u l t i p l i c a t i o n  fac to r -  
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ac-rui ints f o r  i s  t h e  i n c r e a s e d  p r e s s u r e  d r o p  
t u b e  10 a w a l l  t h a t  i s  roughened because o f  
o r  d r o p s  a d h e r i n g  t o  t h e  w a l l .  T h e r e f o r e ,  
IW( h; ln i t , j l  ly rouqhened, t h e  Mdr t i n e l  1 i mu1 t 

produced i n  g o i n g  f r o m  a 
e i t h e r  waves on t h e  1 i q u  
f t h e  s u r f a c e  i s  i n i t i a l  
D l i e r  s h o u l d  be less i n  

s moo 
d f i  
Y 
o i ng 

h 
rn 

frotn s i n g l e - p h a s e  t o  two-phase f l o w .  
t o  use t h e  M a r t i n e l l  i method as proposed, b u t  a lways u s e  a f r i c t i o n  f a c t o r  
c o r r e l a t i o n  for sinooth t u b e s .  

An a l t e r n a t i v e  and s i m p l e r  approach i s  

The d a t a  f r o m  f i v e  runs  o f  a p p r o x i m a t e l y  equa l  f l o w  r a t e  a r e  p l o t t e d  i n  
F i g u t e  5. Here, i t  i s  assumed t h a t  t h e  h e d t - t r a n s f e r  c o e f f i c i e n t  i s  a 
f u n z t i o n  o f  t o t a l  f l o w  r a t e  dnd q u a l i t y .  The f a c t  t h a t  t h e  h e a t - t r a n s f e r  
c o e f f i c i e n t  decreases a s  t h e  q u a l i t y  i n c r e a s e s  i n d i c a t e s  t h a t  a l a r g e r  
f r a c t i o n  o f  t h e  w a l l  i s  becoming d r y  as t h e  q u a l i t y  i n r r e a s e s ;  t h e  f l o w  
p a t t e r n  i s  c h a n g i n g  f rom a n n u l a r  Lo m i s t  f l o w .  The r e l a t i v e l y  g r a d u a l  
deLrease i n  h e a t - t r a n s f e r  c o e f f i c i e n t  i s  due t o  t h e  t w i s t e d  tape c e n t r i f u y i n y  
t h e  l i q u i d  d r o p l e t s  t o  t h e  w a l l .  I t  appears t h a t  a l l  t h e  d a t a  w e i e  i n  t h i s  
t r a n s i t i o n  f l o w  reqime.  C o n s i s t e n t  w i t h  other-  i n v e s t i g a t i o n s ,  t h e  h e a t -  
t r a n s f e r  c o e f f i c i e n t  t e n d s  t o  decrease w i t  h i n c r e a s e d  f l o w  a t  c o n s t a n t  
q u a l i t y  i n  t h i s  f l o w  reg ime.  No a t t e m p t  wa5 made t o  c o r r e l a t e  t h e  da ta .  

T e s t i n g  has been i n t e r r u p t e d  because of accumulated f a i l u r e s  o f  t h e  
r e s i s t a n c e - h e a t i n g - w i  r e - t o - c o n d u c t o r  j o i n t  i n  t h e  i n d i v i d u a l  b o i l e r  h e a t e r  
e lements .  I n a c t i v e  s e c t i o n s  a r e  i n d i c a t e d  i n  t h e  t a b u l a t e d  d a t a  by  a smal l ,  
n e g a t i v e  n e t  h e a t  i n p u t .  The reason f o r  t h e  n e g a t i v e  heat  i n p u t  i s  t h a t  t h e  
section i s  ho t ,  and t h e r e f o r e  i s  s t i l l  s u b j e c t  t o  a heat  loss,  even though 
t h e r e  i s  no e l e c t r i c a l  power i n p u t .  The b o i l e r  t e s t  s e c t i o n  i s  now b e i n g  
m o d i f i e d  t o  p r o v i d e  inore r e l i a b l e  h e a t i n g  e lements,  and a new t e s t  s e r i e s  
w i l l  be run  t o  more c o t n p l e t e l y  d e f i n e  b o i l  i n y  h e a t - t r a n s f e r  per fo rmance i n  
s w i r l  f l o w .  
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A P P E N D I X  

TEST RESUL' I  S 



R~~ F C O . :  8-1-5 Date: 4 / 8 / 6 3  0.370 Ib/min 

P r e h r a t e r  1 n : e t  Temperature: 799 OF Pressure D r o ~  Rat yo: 0,422 
r 

Sec:ion 

 et Heat I n p u t ,  w a t t s  I 1779 -63.9 -44.8 i 606 

?cat  Fiux,  a t d h r  f t '  1263,500 
! 

~ i x : t  Q d a i i t y .  percent 1 16.61 1 13.45 iZ.68 j 24.22 

1 

Xun NO.: 8-1-6 D a t e :  6/9/53 F l w  Rale: 0.262 ib /min 

Peeheater  ! w e t  Temperature: S O i O F  Pressure Drop R a t i o :  0.I34 

SeGt ion 

net neat inpu:, w a t t s  

Heat Flux, B tu lhr  f t '  

E x , (  W 3 1 1 t y .  2ercent  

Average C"ua! i t y .  percent 

E x i t  S a t .  Temp , 'F 

average r - rSat O F  

h, Ytu/hr f t '  OF 

.+ 
27.61 26.50 

1637. I 1535.: ! I 
I 

-45 

j 33,715 

4 

597 

259,460 

57.14 

49.26 

1628.2 

7 

J7,000* __ 

5 

-44.7 

56.0 

1624.7 

- 

6 

-43.6 

54.P 

1621.1 

- 

. I 

' l o l  0.233 Iblmin Run NO.: 8-1-7 Date:  4/8/63 

P r e i h a t e r  I n l e t  Temperature: 7 9 8 ' ~  Pressure 3r0p Rat NO:  0.455 

I 
E ec t i on j ?  / 1 : 2  3 4 i 5  6 

I 

263,660 259,620 

Net h e a t  I n p u t .  w a t t s  

Heat F!YI(, Btu/hr f t '  

i E x , ?  Q u a l i l y .  percent  

35.980 /37,C30* I j ' 3 ,  Btu,'hr F E Z  OF 1 
1 

F i a .  Rare:  0.207 Ib /m,n 2,"" No.: 8-1-6 Date :  4/8/63 

P r e h e a t e r  I n l e r  Tcmperatdre: 782OF Presrurc Drop R a t i o :  0.536 

Net 'leat I n p u t ,  warts j 1759 -43.9 

Heai  Flux.  Btu/hr  i t '  
I i 

.Average Qual l t y .  percent 

Ex i t  S a t .  Temp.. OF 1 1633.1 11631.2 

h. B tu /h r  f t '  O F  

*3aseC on r e v i s e d  f i t  Jf w a l l - t e a ? e r a t u r c  graoient  obtained by e i l m i n a c i o n  
?' erioneou~ thersocouple r t a d ; o g .  

P - Prrhealer 
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, c , 

HEATING ELEMENT 
r INDIVIDUALLY CONTROLLED 

3.0 D I A  BILLET 

PRESSURE TAPJ 1 I 
k 2 . 0 - J  
I I 

HOLES FOR WALL 
T EMF' ERA TU R E 
TH ERMO C OU PL ES 7 

FLOW SECTION 

Figure 2.  Boiler Test  Section 



RUI\ N O .  = e-2-1. D A T E  = 4 / 6 / 6 3 ,  B b K O P E I E R  = 2 8 . 6 5 ,  F L O U R E T E R I T E W P ~  C f G - F .  = 802.00 
F L C U P E T E R  (REC.l,MV = 0 . 4 C 1 3 ,  F L O W . L B / M I N .  = C.5842, FCOU.CALC. = ; . 1741 .  PERC.  = -?-010 

3 0 I L l K  S T A R T E D  IN P R E I " E A T E R  
PREWEATER, ECILER- SECT.l SECIIOh 2 SECTION 3 SECTIION 4 SECTION 5 SECTIDPI 4 

I k P L T  - 
e C I L E R  Y T E r P s C E C  F.PCS.1 161C.9  1665.3 :681.9 1661.4 1632.a 1513.0 
B C I L E R  W T F F P , C F C  F .POS.2  1 4 1 4 . 2  1725.: 1726.4 1 7 1 1 . 8  1670.9 1515.0 
B O I L E R  Y T E C P e C E G  FsPOS.3 1614.7 1750.5 1758.6 1741.4 '2697.3 1516,4 
B O I L E R  V T E C P v U E G  F.POS-4 1013.3  177C.O 1781.4 1760.5 17LM.2 1517-8 
I: P9EHTR IhLET T E M P - I .  DEG F = 885 .6  

- 3 .  C C L  F = ER4.4 
I( B O ~ L E R  IhLET T E V P - 1 ,  C F C  $ lb17.7 

-21 DFi F = 1616.2 

- 2 .  rEc F 886.7 

- 3 ,  C E G  F = 1617.2 

- 7 ,  c c i  F = . ! 4 4 5 . 2  
- 3 .  C E C  F = i 444 .3  

I( B f l I m  EXKT TEPP-A. DE; F 1443.8 - 

P R E h E A T E R  l E # P . I / C  3 2 C E : F .  1671.9 
POTASSIUM PRESSURE. P S I A  39.66 17-40 
ELEC. INPUTS YATTS.1 990.0 0.0 1ooc.o 1010.0 1000-0 1000.0 0.0 

A M U E r S  - - 
U A L L  TEMP lkS?DE*OEG F 1509.3 1587.5 1653.6 1552-3 L550.7 1508.9 
U A t t  TWP GUTSiDE.DEO F 1615.7 1814.7  1820.6 1802.7 1153.7 1519.6 
TEMP PCS 1. DEG F. C P L C .  1611.7 1668.6 -82.7 1647.6 X632.9 1512.9 . 

M A X .  O E V  lOEG F )  A T  T H E R M .  1 . 1 7 3  2 5.2C2 2 0 .352  2 2 . 0 2 6  3 0.798 4 0.191 4 

HEAT FLUX, BTU/HR fT2 -1  91 37. 409645. 413811. 4 b 00 12. 411480. -16565. 
G PERC. 229.7 -116.9 -1G7,5 - t1i ,7 -83.9 342-5 
C I l A l  151 A .  T C*aTLET,pERs 16.44 16.42 77-98 39.67 611- 11 62-60 62-72 

A V .  P ~ A L I T Y I  P E R i .  16.43 22 .2c  33 -80  45.37 56 .85  62.66 
-3 .02  11.56 1 1 . 6 4  11.49 11.48 0.13 C H A N G E  :Y C L A L I I Y ,  P E R C .  

SUP P9ESS.D R O P L  *A;(TiPcEL, ;. PSI I 37.5c 
R A T I O  T PRESS DROP TO M B R T .  SUP = 0.592 
PRESS-DROP. UAR?, NORM.PSI 6.9017 1.6588 

K E X I T  S A T  T E M P I  D E G  F 
I N P U T  K E X I T  T E P P  A V .  C E G  F 
TFPP PERC. - 
AV- K 517 TEMPI DEG F 

TkAl L - m l 1  
EHAffif  IN K S1P TEMP, DEG f -5.69 -10.64 

AY1. Df6 F -15.4 
HT COEF, BTU/Hf FT2 C E G  f 11319.E - 2 6 6 8 1 . 8  

A V . D E V ,  4 T + E R I * , C E G  F i " . C 3 1  0.  ccc  0 .300 ii.SO0 0.001 0.000 

3 94 1 9 6  943 .52  946.90 -38.12 

2.  a440 4.3134 6.1493 6 .3327  

1 6 1 3 . E  1 6 3 6 . 1  1 5 9 7 . 5  1578,b 1547.1 1495.5 1430.3 
P617.0 1444.a 

-1.0 
1611.0 1602.8 i5aa.o $562 .9  1521.3 14Q2.9 

-18.91 -31-48 -51.60 -65.21 
f9.4 38.4 46-8 

26545 .9  21090-  B .07 1 5  - 9  -359.9 

ps r - 0 5  0.4955 0.8354 1.2445 1.11344 0.0234 

- P5.6 

Figure 3. Computer P r i n t o u t  of  Reduced Data 
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QIJALITV (PERCENT) 

F i g u r e  5 .  Heat T r a n s f e r  R e s u l t s  

(A25391 
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U I  SCUS s ION 

IIF.. YAROSH: I am eu.r%ous whether or no t  t h e r e  could have been a 

c a v i t y  formed by the approach of the twisted tape t o  the i.n.i;itle tube sur- 

face;  and whether or not  this mnay not have accounted f o r  t h e  abserrce of 

i n s t a b i l i t i e s .  

MR. BF!XENSON: We have f a i r l y  good evidence t h a t  there werc2 c a v i t i e s .  

The tape was pressed. in, ?)Ut, apparently- it m.sn't a tight fit. We have 

i nd ica t ion  of some cracks b e h e e n  the t ape  and -t;%e tube wall. So .%hi.:; i s  

another  source of  nu.cleation s i t e s ,  i n  addi Liort t o  t h e  scratches prodi-iced. 

by t h e  drill. By t h e  'way, we ?mxe cut t'ne boil .er  open and t'ne i n s ide  of 

the tuise i s  :rour&er than it i m s  h i t i a l l y .  

We are pl.aming on tak ing  rolxglmess measurements, to get tile r a t i o  

of t h e  roughness he igh i  - i x  i2ie t u b e  diameter, so that we cim co!r?pare this 

wi th  t'ne sliigl.e-phase pressure drop resu?.i;s a We w m t  t o  ,cx% If t h e  rou&- 

ness accounts f o r  t h e  d i f f e rence  between t h e  measurements snd the smcot'n 

tube p red ic t ions .  

NR. BROOKS: P:ltul., is the q u a l i t y  rei 'erred to c;n yo1.1~- plot the a-ve- 

r2ge qu.a.lity f o r  t h e  individu:tl sect ion,  rather thari a I.oc:al. quality? 

MR. BROOKS: Let s t;t!re .I;?!? lower f i v e  po in t s  011 that p l o t .  Do they 

r e f e r  t o  five t1i.freren-t seci;ions, o r  8.0 t k y  rerer  to f ive  dii'fereiit i~rns? 

IvIli. BEXENSOM: Five different ,  mans. 'These are p r e t t y  much grouped. by 

nms so you get axin idea  o f  t h e  disagreemeid;. 

there  :+as a systerciatic v-ario.tioii w i L h  f l o w  r a t e ,  o r  no t .  

1 c a n ' t  reiiietniber whei;her 

MR. BROOKS: Uid you. notice m y  d i f f e rence  T a d i a l l g  We have ob- 

served i n  one of our t e s t s  tx i th  a twisted ribbon t h a t ,  i X  i'hc pressv.re 

drop on t h e  two sidc:s of t h e  ribbon a r e  not  i d e n t i c a l ,  you can get c l i f -  

f e ren t  perfonmanee i n  the two channels unless  you pi-ovide some comiuiiica- 

t ion 
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M H .  BROOKS: Was it a loose tape? 

MR. BERl!!NSON: Yes. I think you voulii descr ibe it as h o s e ,  i n  t h e  

sane sense t h a t  -ihe presoure would tena  t o  eqiialize.  BGt we had no way t o  

deternine whether t,he perfoixa:cLce was ci-rcunferenii .al ly uni fornl. 

MR. DAVIS: Do you f e e l  t h a t  there I s  a reasocable poss ib i . l i ty  that  

Lite l a c k  of i . n s t ab i l i . t i e s  and so f o r t h  was due t o  t h e  presence of t h e  

loose tape,  as opposed t o  t h e  rough condi t ion of tile tube,  aiid did.  you 

plan t o  run any a,i?.dit,ioi~al d~ata T d t h  a smooth tube aild snooiln tage? 

KR. RERENSON: 'This i.s a very  good quzs on. Wc feel, end we know 

that Norm Gi-eenz h e s ,  that  using a twisted t ape  by i t s e l f  tends i o  pro- 

duce s t a b l e  flow. It appea-o that one of t'ne najor SGU.TCCS of ics'm'uil- 

?.ties i n  a Torced convectior vaporizer  i s  t h s  plug flow regirie, and- the 

tw i~s t cd  t ape  tends i o  suppress tiiis reF;i.rne and gj.ve t'ne sbeady annular  

flow r q i m e .  IJhile we a r e  not planning on runnirg any ' L i s t s  s p e c i f i c a l l y  

t o  v e r i f y  t'nis, we 150 f z z l  t h a t  a twis-ted tape,  oî  some type of swli-ler, 

by  itself', can s 'mbiliz? t h e  flow. 

N3. DAVIS : Secor.dly, vas tiiere any s i g l i f i c a n t  contrj.biAior_ of the 

h e a t  t r a n s f e r  duz to con&iici,-ing hea t  froin t h e  walls, Pild was t h i s  taken 

i i l t o  account i n  any way? 

MR. BERENSON: I d o c ' t  know. li: our f ina l .  bo i l e r ,  we are planning on 

providing g o d  ihermal con iac t  with iiie wall because, i.n the h igh-qual i ty  

region, where t h e  coef'ficicr-t i.s lox ,  we want t o  use {the i n s e r t  as R fLn. 

Here i ' c  was f a i r l y  loose, and :i: would 1:e surprised i f  t h e r e  was any con- 

t r ibut ioi i .  We didn ' t cal.culate i i;. 

Ml?. DAViS: Does t h z  paper mention why you d id  noL so u; to Liie 100 

pzc cent qua l i ty  that you had conteriplated? 

HB. BERENSON: This d a t a  was t h e  nverage q u a l i t y .  Some of t h e  runs 

achievec? 100 p e r  cerL e x i t  qua l i ty .  I n  our next series of runs we plan  to 

ccncentrate in ihe 70 t o  10C per  cent qualiLy ratigc. 

M R .  POPPFNDIEK: The gentlemail mad.e a comment about t h e  irifluence of 

t h e  r o t a t i o n a l  flow on staoil.i:ty, and I th ink  we bo-t'n feel. Lhis i s  very 

i.mport a n t  . 



21 

MR. GI<EElF: I wou.ld Just, l i k e  -to co-mriimt wi the fact tha t ,  at t%e 

high co:rlduci;ances that p u  had, t;he Tin efrect i s  deleterious rzther than 

hc,I.pful.. 1 t h ink  you cou.1.d show that very ea.si1.y. 
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MR. CKEW: In t h e  mcrie! we wril.1. tal-k about a f t e r  lunch, i t  appears 

-i;haJG , based on the model, you can get  'neat t r a n s f e r  c o e f f i c i e n t  decreasing 

wi-t;'n q u a l i t y  a t  t h e  l o v e r  flow rates, even though you assume an annular 

t m e  of f l o w  regim-e. 

MR. BEREMSON: That ' s  very i n t e r e s t i n g .  I %-as not aware of it. 

14R. HAYS: Were e x i t  q u a l i t i e s  of 100 per  cent obtained for t h e  t e s t  

bo?-ler? 

MH. BEFZNSON: Yes. 

MR. DTflEK: It seemed t o  m e ,  Jim, two years ago you obtained d.a'ia 

t h e r e  was considerable f l u c t u a t i o n s  tn press ixe  and v e l o c i t y .  

MH. KILLACKEY: The fl.ui:tuations reported before  were pressure.  This 

pi-ovcs somewhat annoying i n  try.i.ng t o  determine a satinat; ion temperature. 

We a c t u a l l y  put an R/C f i l t e r  on t h e  output of the pre-- sure  t ransducer  

and never d id  g e t  around t o  plugging i n t o  an osci l lograph t o  see what w a s  

happening. So :I: cou ldn ' t  real . ly answer whether we had. t h e  same eff'ect 

occur t h i s  ti.me. 

MR. DWYM: 1: vas woildcring i f  you had t h e  same surface,  and so f o r t h .  

MK. KILLACKEY: Same b o i l e r .  

MR. DWYER: You d i d n ' t  have t h e  ribbon before.  

MR. KIZLACKEY: Yes, we had t h e  ribbon before .  We had a s e r i e s  of 

pressure t a p s  down t h e  length of t'ne bo i l e r ,  about -thlree of Yoem, but one 

of those f a i l e d  i n  t l i e  f i r s t  t e s t  so  deci.ded t o  be a l i t t l e  more con- 

serva t ive  this t h e .  We took off  the Ynree t h a t  were al-ong t h e  b o i l e r  m d  

plugged them up. So now i'i i s  a l i t t l e  more of a guess-Liriiating procedure. 

MR. POPPXNDIEK: What d id  i)ie subcooled t e s t s  look l i k e ?  Where would 

that fa l l  on tha t  curve? 

M R .  BERENSON: We have some da ta  which :C d i d n ' t  r e p o r t .  I think,  as 

I: r e c a l l ,  t h e  hea t  t i w x f e r  c o e f f i c i e n t  w a s  roughly 5000 i .n one of t h e  

f i r s t  two seeti-ons where w e  had a l l  1iqui.d €'].ow. 
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ME. POPPmDIEK: We have been looking at; t h e  l i n e a r  flow data ,  which 

is all. i n  essence i n  t h e  nucleate 'tioilin.? :region; highest cp~a1.J t y  of ab0u.l; 

50 per  cent .  The cu.i-ve for wa.ter goes the o t h e r  way thm the 1.i.near flow. 

Tnere i s  real1.y a d r a s t i c  change here i n  t h a t  aimular :Flow occurs a t  20 

per cent qua l i ty .  %-is is very in te res t i .ng .  

BY~NSON: We feel you change over t o  annular flow a t  qud.it,j.ee 

arouiid 1. per cent .  Sy the -t:irtre you ge t  as high as 50 per cent ,  you a r e  

generally well. beyond- - in to  1;Pie t r m s i . t i o n  i n  linear flow. 

NRa POPPXNUIEK: B i d  Lhe Berkeley dal,a didn't show Ynis a t  a l l .  mi is  

i s  sort of i n t e r e s t i n g .  

KILUCICEY: Well, l e t ' s  be honest aboiut one th ing ,  Ynough. Be- 

lo:.: a q u a l i t y  o:C hO per cent ,  we were repor t ing  coeffic!j.enl;s g r e a t e r  .i,harl 

20,000--1 th ink  as hip> a s  50,OCO. 

of about 5 degrees,  which i R  j u s t  about the experimental unce r t a in ty  

irivalved . 
TTie r e s d t i n g  AT'S were on t h e  orde:r 

MR. KIILACKXY: W e  were cl.ever i.ri s e l e c t i n g  t h e  r i g h t  po in ts !  Paid. 

and I had a lj_-i;-tle bit of  a12 interrial. clic;-pite here ,  but r e  have some other 

data.. which shous wet walj-. q u a l i t i e s  beyond 50 per cent. We can also show 

t he  high quali-ty c o e f f i c i e n t  dropping off u.8 t h e  rlow increases ,  whi.ch 

i s  sommrhzt t h e  opposite of what you m:i [$it expect .  
i. 

M R .  KD1L.X: You mentioned that you t ake  t h e  da t a  rapidly,  which makes 

i.t imaecessawj, -to r t i x i  steady-state Yo:[. a lerigth of tim.e. Were you a b l e  t o  

m steady fox. a length. of t i m e ?  

MR, BRRYCNSON: Before we took 3 data poin t ,  i n l e t  p ressures ,  and tern- 

pei-atvrea, e tc . ,  1~oill.d he n!on:itored for abou'c 15 minu.l;es t o  see that they 

yeie st;.aci.y. 

state, t h e  2'00 da ta  poinl;s were recorded i n  about two mi.riukes. 

And then, after we were s a t i s f i e d  tlia-t; we were a t  ste3,d.y- 
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I, I n t r o d u c t i o n  

B o i l i n g  s t u d i e s  are  b e h g  c o n d u c t e d  a t  Atomics  I n t e r n a t i o n a l  

as  p a r t  o f  a larger sodium r e a c t o r  s a f e t y  program. The p r o j e c t ' s  

o b j e c t i v e  i s  t o  p r o v i d e  b a s i c  i n f o r m a t i o n  on sodium b o i l i n g  h e a t  

t r a n s f e r  arid two-phase hydrodynamics .  P r e v i o u s  work by  Atomics  

I n t e r n a t , i o n a l  i n  t h i s  area i n c l u d e  a pool. b o i l i n g  s t u d y ,  (1) a. 

c o n d e n s i n g  s t u d y , ( 2 )  and  an a n a l y t i c a l  s t u d y  o f  two-phase flow. ( 3 )  

The c u r r e n t  exper i rnenta .1  p r o g r a m ' s  o b j e c t i v e  i s  to measure 

void.  f r a c t i o n ,  two-phase p r e s s u r e  d rop ,  boiling h e a t  t r a n s f e r  

c o e f f i c i e n t  and  b u r n o u t  h e a t  f l u x  f o r  sodium in. f o r c e d  c o n v e c t i o n  

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

d e s c r i b e d .  i n  d e , t a i l  i n  R e f e r e n c e  4, c o p i e s  o f  which have  been  

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

b e e n  comple t ed  and  -the f i r s t  p h a s e  o f  the e x p e r i m e n t a l  program 

i s  now u n d e r  way. T h i s  r e p o r t  d l i s c u s s e s  some o f  t h e  f i r s t  v o i d  

f r a c t i o n  and  h e a t  t r a n s f e r  d a t a  t h a t  has b e e n  o b t a i n e d  a n d  a l . so  

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

i n  R e f e r e n c e  4. 

I n  t h e  process o f  d e v e l o p i n g  a n d  t e s t i n g  h i g h  f1u.x h e a t e r s  f o r  

f o r c e d  c o n v e c t i o n  s t u d i e s ,  c o n s i d e r a b l e  new sodium p o o l  b o i l i n g  

d a t a  were ob ta i -ned  t h i s  year. T h e s e  d a t a  a r e  p r e s e n t e d  and  d i s -  

c u s s e d  i n  d e t a i l  i n  R e f e r e n c e  4, a n d  t h e r e f o r e ,  w i l l  be o n l y  

summarized h e r e .  P r e l i m i n a r y  r e s u l t s  o f  r e c e n t  s p e c t r a l  a n a l y s i s  

made o f  sumface t e x p e r n t u r e  v a r i a t i o n s  d u r i n g  p o o l  b o i l i n g  w i l l  

be  p r e s e n t e d  a l s o .  

11. P O O ~  s t u d i e s  

A ,  N u c l e a t e  B o i l - i n g  

Hecent  p o o l  b o i . l . i q  d a t a  were o b t a i n e d  from h o r i z o n t a l  
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1/4 i n .  OD by 2 i n .  l o n g  c y l i n d r i c a l  h i g h  flux h e a t i n g  e l e m e n t s  

o p e r a t i n g  a b o u t  6l '  below t h e  f r e e  su i - f ace  o f  a 1 f t .  di.arne.ter by 

a b o u t  l f t .  deep  sodium p o o l .  The p o o l  142s m a i n t a i n e d  s a t u r a t e d  

by s i m u l t a n e o u s l y  boi3.ing fi-om s e v e r a l  a d d i  t:i m a l ,  u n i n s t r u m e n t e d  

imrnzrsion h e a t e r s .  R e f l u x  c0nden:;ing o c c u r r e d  a t  a c o o l e d  fl-a.% 

p l - a t e  a t  t h e  t o p  o f  t h e  v e s s e l .  The a p p a r a t u s  i s  d e s c r i b e d  in 

more d e t a i l  i n  R e f e r e n c c  4. 

The s u r f a c e  t e m p e r a t u r e  o f  t h e  h i g h  f l u x  heater was measured. 

by two 0.025 i n .  OD, s t a i n l e s s  c l a d ,  c romel -a lume l  t h e r m o c o u p l e s  

b r a z e d  i n t o  s l o t s  j.n t h e  o u t e r  c l a d d i n g  o f  t h c  h e a t e r .  Both 

s t a i n l e s s  and. rliolybdenum c l a d  h e a t e r s  were t e s t e d .  The nomina l  

l o c a t i o n  o f  t h e  ther t i iocouple  j u n c t i o n  was .Ol25 i n .  from t h e  

o u t e r  s u r f a c e  o f  t h e  h e a t e r  i~ ihere  b o i l i n g  o c c u r r e d .  

S i g n a l s  o b t a i n e d  f rom t h e s e  tkAermocoupl .es  d u r i n g  b o i l i n g  were  

r e c o r d e d  on a Sanbornz  fas t  res-oolise r e c o r d i n g  instruinerLt .  F i g u r e  1 

i s  a r e t o u c h e d  p h o t o  o f  p o r t i o n s  o f  f o u r  s u c h  r e c o r d i n g s .  A 

t e m p e r a t u r e  s c a l e  h a v i n g  i t s  z e r o  a t  p o o l  s a t u r a t L o n  te rnpera tu i ,e  

i s  s u p e r i m p o s e d  on nach  record j .nz .  The f i r s t  two t r a c e s  ( A  R B) 

a r e  fi-on r u n s  u s i n g  a iiiolybdenum c l a d  h ? a t e r  o p e r a t i n g  a t  a h e a t  

flux o f  463,000 Btu /h r  ft2 i n  a p o o l  a t  3.0 p s i a  (1350'E'). 

o f  a hi-ghni- c h a r t  s p e e d ,  t h e  f i rs t  t r a c e  ( A )  m u a t  c l e a r l y  s h - o w s  

t h e  detai.7.ed form of t h e  u s u a l  s u r f a c e  t e m p e i * a t u r e  f l u c t u a t i o n s  

o b s e r v e d .  T r a c e  I: w a s  r e c o r d e d  w i t h  t h e  same h e a t e r  a n d  u n d e r  

t h e  same c o n d i t i o n s  as A and  I3 e x c e p t  t h a t  t h e  h e a t  f l u x  war; 

245,000 B t u / h r - f t  . T r a c e  D was a l s o  r e c o r d e d ~  a t  245,000 Btu /h r  f t  

w i t h  t h e  same heater b u t  a t  1 .0  p s i a .  

Because 

2 2 

These  t r a c e s  i . T l . u s t r a t e  t h e  f o r m o f  t h e  raw d a t a  o b t a i n e d  f rom 

t h e  e x p e r i m e n t s .  These  d a t a  w e r e r e d u c e d  by  f i r s t  s e l e c t < - n g  by e y e  

a v a l u e  f o r  t h e  mean, minimum a n d  maximuin t e n i p e r a t u r e  fo l -  each  



h e a t  f l u x  a n d  press-ure .  These  v a l u e s  were t h e n  c o r r e c t e d  f o r  t h e  

t e m p e r a t u r e  d r o p  be tween t h e  the rmocoup le  j u n c t i o n  and  t h e  s u r f a c e  

o f  t h e  c l a d d i n g .  This c o r r e c t i o n  i s  r e l a t i v e l y  s m a l l  f o r  molybdenum 

h e a t e r s ;  t h e r e f o r e ,  d a t a  o b t a i n e d  from t h e s e  h e a t e r s  i s  most 

a c c u r a t e .  

The r e d u c e d  d a t a  in; summnri.zed liri t h e  p l . o t s  r e p r o d u c e d  i n  

F i g u r e  2. The c i r c l e  symbol  i n d i c a t e s  t h e  mean v a l u e  o f  s u r f a c e  

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

same f o r  s t a i n l e s s  h e a t e y s .  The h o r i z o n t a l  b a r  i n d i c a t e s  t h e  r a n g e  

o f  f l u c t u a t i - o n .  S t a i n l e s s  h e a t e r s  had  c o n s i o t a n t l y  l o w e r  s u r f a c e  

t e m p e r a t u r e s  t b a n  molybdenum h e a t e r s .  

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

h e a t e r s  are r e p l o t t e d  on t h e  s i n g l e  Graph shown i n  Figure 3 .  The 

trenil:; a r e  t y p i c a l  o f  s a t u r a t e d  p o o l  bo5.l in,? d a t a  o b t a i n e d  w i t h  o t h e r  

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

i s  s l i g h t l y  g r e a t e r  tham 2 and  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  i n -  

c r e a s e s  w i t h  i n c r e n s i n s  p r e s s u r e .  The e x p e r i m e n t a l  curv t?s  a re  

p a r a l l . e l  t o ,  b u t  sl.i.ght3.y t o  t h e  l e f t  o f  t h e  t h e o r e - t i c a l  p r e d i c t : i o n  

o f  F o r s t e r  and  Zuber (For i n s t a n c e ,  t h e  F o r s t e r - Z u b e r  p r e d i c -  

t i o n  f o r  sodium a t  3.0 p s i a  l i e s  v e r y  n e a r  the c u r v e  measuyed a t  

1.7 p s i a . )  

( 5 )  

S i n c e  i t  i s  n o t  p o s s i b l e  t o  d i r ec t1 .y  o b s e r v e  sodium b o i l t n g ,  n 

new k i n d  o f  a n a l y n i s  h a s  r e c e n t l y  been  perforrtied on some of t h e  

s u r f a c e  t e m n e r a t u r e  measurements  i n  a n  a t t e i i q t  t o  l e a r n  more ~f 

t h e  d e t a i l s  o f  t h e  n a t u r e  of t h e  b o i l i n g  process. S i g n a l s  o b t a i n e d  

f rom a h e a t e r  s u r f a c e  the rmocoup le  d u r i n g  s t ead -y  s t a t e  b o j - l i n g  

a t  1.0 p s i a  were  r e c o r d e d  on magne t i c  t a p e  f o r  a .bout  a 15 m i n u t e  

p e r i o d .  The t a p e  was t h e n  formed i n t o  a c o n t i n u o u s  l o o p  and. p l a y e d  

back  a t  h i g h e r  speed .  The r e s u l t i n g  signa.1. w a s  f e d  t o  a n  e l e c t r o n i c  



a n a l y z e r  which measurc?d r e l a t i v e  power s p e c t r a l  d e n s i t y  as a 

f u n c t i o n  o f  f r e q u e n c y .  R e s u l t s  o f  t h e  a n a l y s i s  a r e  shown i n  

F i g u r e  4. 

A c o m p l e t e  i n t e r p r e t a t i o n  o f  t h e s e  r e a u l - t s  h a s  n o t  been  made 

as y e t ,  however ,  t h e  fo l . l owing  general o b s e r v a t i o n s  c a n  be  made 

i -mmedia te ly .  F i r s t ,  power s p e c t r a l  d e n s t t y  f o r  a l l  f r e q u e n c i e s  

i s  found  t o  be  near1.y p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  h e a t  f l u x .  

The a m p l i t u d e  o f  s u r f a c e  t e m p e r a t i i r e  f l - u c t u a t i o n s  ( p r o p o r t i o n a l  t o  

t h e  s q u a r e  r o o t  of t h e  power s p e c t r a l  densit$; t h e r e f o r e ,  i n c r e a s e s  

d i r e c t l y -  i n  p i -opor t ion  t o  h e a t  flux, Second ,  t h o  power s p e c t r a l  

d e n s  It y de  c r e ;i s e s a p p r  ox i n n  t e 1.y e xp on e H t j. o n a l l  y w i  t h i nc  s e a s i n g  

f r e q u e n c y .  This b e h a v i o r  i s  b e l i e v e d  t o  be due t o  a c o m b i n a t i o n  

o f  a l / w  random n o i s e  s p e c t r u m  a n d  s i g n a l  a t t e n i i a t i . o n  due t o  t h e r m a l  

i n e r t i a  which would be  e x p e c t e d  t o  f o l . l o w  e x p o n e n t i a l  - dxy . 
T h i r d ,  t h e r e  i s  a r e s o n a n c e  a t  a b o u t  2.4 c p s  whj.ch s h i f t s  s 1 i p ; h t l y  

t o w a r d s  l o w e r  f r e q u e n c i e s  a s  h e a t  f l u x  i n c r e a s e s .  T h i s  i n d i c a t e s  

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

the rmocoup le  II  

B. Burnou t  

S e v e r a l  i i e ~  measu remen t s  o f  b u r n o u t  h e a t  f l u x  i n  s a t u r a t e d  

p o o l  b o i l i n g  have  been  o b t a i n e d  w i t h  t h e  new 1./4 i n .  OD h e a t e r s .  

These  measurements  a r e  p l o t t e d  as a f u n c t i o n  o f  p o o l  p r e s s u r e  i n  

F i g u r e  6 t o s e t h e r  w i t h  measurements  made i n  t h e  o l d  pool. b o i l i n g  

z p p a r a t u s  w i t h  J/8 i n .  OD h e a t e r s  ( c i r c l e s  i n d i c a t e  new E e a s u r e -  

mcnts). Open symbol s  i n d i c a t e  b u r n o u t s  t h a t  are c o n s i d e r e d  t o  be  

p r e m a t u r e  based p r j h a r i l y  on t h e  f a c t  s - t a b l e  n u c l e a t e  b o i l i n g  

w i t h o u t  b u r n o u t  h a s  been  o b t a i n e d  a t  t h e  same p r 2 s s u r e s  b u t  

s i g n i f i c a n t l y  h i g h e r  f l u x e s  on r-pei l  t e d  occas i . ons  e The s c a t t e r  

o f  t h e  d a t a  i s  due t o  t h e  i n h e r e n t  u n c c r t a i n i t y  o f  b u r n o u t ,  varia- 



t i o n  i n  s i z e  and mater ia l  o f  h e a t e r s ,  v a r i a t i o n  o f  t h e  method o €  

a p p r o a c h  t o  b u r n o u t  and  perhaps va.r ia . t i .on of t i i s  w e t t i n g  p r o p e r t i e s  

o f  sodium. 

The sodium b u r n o u t  data .  h a s  been  c o r r e l a t e d  r ioi idirnensioi la l ly  

w i t h  w a t e r ,  o r g a n i c  and  s u l f u r  d a t a  accord : lng  to t h e  method s u g g e s t e d  

i n  the a u t h o r ' s  discua.c;j.on o f  R e f e r e n c e  6. T h i s  c o r r e l a t i o n  i s  

shown i n  F i g u r e  7 and  i t  i s  a l s o  p l o t t e d  i n  Fi.gure 68 t h e  dashed  

l i n e s  i n d i c a t e  2 30%. The c o r r e l a t i n g  e q u a t i o n  i s ,  

Colver ( 7 )  has r e c e n t l y  r e p o r t e d  measurements  o f  b u r n o u t  h e a t  

f l u x  f o r  p o t a s s i u m  i n  s a t u x a t e  p o o l  bo i l l . ng .  These data are i n d i -  

c a t e d  by t h e  stars c o n n e c t s d  w i t h  a d o t t e d  l i n e  i n  F i g u r e  6 .  T'he 

potassium d a t a  d o e s  n o t  f o l l o ~  t h e  usu f i l  trend o f  i n c r e a s i n g  

a p p r o x i m a t e l y  as the sq i ra re  r o o t  o f  \sressure  a.t loror p re s s j i r c  but; 

r a t h e r  L n c r e a s c s  a b o u t  as t h e  l + t h  r o o t  o f  p re r , su re .  E q u a t i o n  (1) 

p r e d i c t s  t h e  po ta s s iwm r e c ; u l t s  well a t  p ' r e s su re r ,  n e a r  1.0 psin, 

however ,  it i s  a b o u t  60% h i g h  a t  a t m o s p h e r i c  p r e s s u r e ,  I n  v i ew o f  

t h e s e  resu1.t ;~ f o r  p o t a s s i u m  and t h e  s c a t t e r  o f  t h e  sodium d a t a ,  

t h e  p r e s s u r e  dependence  f o r  sodium b u r n o u t  c a n n o t  now be r e g a r d e d  

a s  d e f i n i t e l y  e s t a b l i s h e d  ( t h e  corralation n o t  w i t h s t a n d i n g ) .  

A d d i t i o n a l  p o o l  e x p e r i m e n t s  aye p l a n n e d  f o r  t h e  n e a r  f u t u r e  t o  

a t t e m p t  t o  s e t t l e  t h i r ,  p o i n t .  

III. F o r c e d  Convec t ion  S t u d i e s  

A. Al,para-tus 

A schematic o f  t h e  work ing  l o o p  b u i l t  for forced convuct i .on  

s t u d i e s  j.s shown i n  Figure 7. The l o o p  has a f i g u r e  8 c o n f i g u r a t i o n  

w i t h  a c o u n t e r - f l n w  economize r  and  s u b c o o l e r  which. mc2intains  t h e  
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0 
piimp t emi i e ra tu re  a t  750 F. The pimp i s  a mu1 t i p a s s  l i n e a r  

i n d u c t i o n  EII pump d 5 s i S n e d  f o r  200 p s i  a t  6 gpm. 

c u r v e s  f o r  t h e  pump which h a v e  r e c e n t l y  been  de te r ln ined  are 

shown i n  F i g u r e  8. The pump has  n o t  been  o p e r a t e d  a t  maximum 

d e s i g n  v o l t a g e  (230 v o l t s )  b c c a u s e  o f  l i r r i t a t i o n  i n  i t s  power 

P e r f o r n a n c r  

s u p p l y .  

F i g u r e  9 i s  a r e c e n t  p h o t o  o f  t h e  u p p e r  ha1.f o f  t h e  w o r k i n g  

l o o p  showing t h o  p r e h e a t e r ,  t e s t  s e c t i o n ,  p r e s s u r e  t r a n s r n i . t t e r s ,  

v o i d  d e t e c t o r  (sn EM fl.ow m e t e r ) ,  h i g h  f l u x  h e a t e r  a n d  t h e  con- 

d e n s e r .  The t e s t  s e c t i o n  h a s  a n  a n n u l a r  f l o w  geomet ry  w i t h  

d i m e n s i o n s  o f  1/2 i.n. o u t s i d e  d i a m e t e r  and  1/4" i n s i d e  d i a m e t e r .  

The 1 / 4  i n .  d i a m e t e r  i n n e r  e l e m e n t  o f  t h e  a n n u l u s  i s  formed i n  

the s h o r t e r  u p p e r  s e c t i o n  bg  a h i g h  f l u x  hea t ; i .ng  e l emen t  and  i n  

t h e  ~ . o w e r  s e c t i o n  by a l / 4  i n .  OD t u b e .  These  two s e c t i o n s  are 

k e y e d  t o g e t h e r  t o  f o r x  t h e  c o n t i n u o u s  i n n e r  e l e m e n t .  

The h o l l o w  1.ower s e c t i o n  c o n t a i n s  a 1/16 i n .  O D  the rmocoup le  

which  c a n  b e  moved r e m o t e l y  t o  m o n i t o r  b u l k  t e m p e r a t u r e  a t  a n y  

p o s i t i - o n  a l o n g  t h e  l e n g t h  o f  t h e  t2st s c c L i o n .  When two-phase 

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

m m s u r e  t h e  a x i a l -  t e r f lpe rn tu re  p r o f i l e  which can b e  c o n u e r t e d  t o  

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

p r o d u c e s  more a c c u r a t e  two-phase p r e s s u r e  g r a d . i e n t  d a t a  t h a n  c a n  

be  o b t a i n e d  f rom p r e s s u r e  i n s t r u m e n t a t i o n  d i r s c t l y .  

B. Heat  T r a n s f e r  Mezsure& 

A s e r i e s  o f  f o r c e d  c o n v e c t i o n  r u n s  h a v e  been  made i n  which  t h e  

h e a t  t r a n s f e r  c o e f f i - c i e n t  a t  t h e  h i g h  f l u x  h e a t e r  s u r f a c e  was 

measured  a t  s e v e r a l  i n l e t  v e l o c i t i e s  be tween 3 a n d  6 f p s .  An 
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a t t e m p t  was made t o  iulaintairi t h e  l o c a l  b u l k  sodium t e m p e r a t u r e  

s a t u r a t e d  n . t  4 psia w i t h o u t  s i g n i .  f i c a n t  n e t  vapor b e i n g  p r e s e n t .  

T h i s  i s  a d i f f i c u l t  c o n d i t i o n  t o  achie7j.e p e r f e c t l y  and  t h e  a c t u a l  

local sodium t e m n e r a t i m e  w a s  e : ; t i r inted t o  b e  sub-cooled a b o u t  

20 F, The measurements  a r e  p l o t t e d  i n  t h e  u s u a l  manner i n  Figure 10. 
0 

Mean v a l u e s  are p l o t t e d ;  t h e  h o r i z o n t a l  bar:; i.ndicai;c? t h e  

r a n g e  o f  r e s u l t s  o b t a i n e d  d i i r ing  t h r e e  r u n s  a t  d i E f e r e n t  flow 

r a t e s ,  V a r i a t i o n a  o f  heat: t r a n s f e r  c o e f f i c i e n t  w i t h  T I O W  r a t e  

were n o t  c o n s i s t a n t  w i t h  p r e v i o u s  e x p e r i e n c e ;  t h e  t e n d e n c y  b e i n g  

f o r  t h e  measu red  c o e f f i c i e n t  t o  d e c r e a s e  sl i , . ;htly d . t h  i n c r e a s i n g  

f l o w ,  T h i s  r e s u l t  i s  l i k e l y  t o  b e  due .to i m p e r f e c t i o n s  i n  t h e  

c u r r e n t  e x p e r i m e n t a l  t e c h n i q u e .  

C .  Void F r a c t i o n  Mea.surenients 

l4easure:nen bs of  v o i d  f r a c t i o n  made u n d e r  a d i a b a t i c  c o n d i t i o n s  

a t  8 psia are shown i n  F i g u r e  11. F o r  t h e z e  t e s t s ,  t h e  v a p o r  was 

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

vapor w a s  o b t a i n e d  by f l a s h i n g  be tween t h e  p r e h e a t e r  a n d  t h e  v o i d  

d . e t e c t o r .  Mean v o i d  f r : i c - t i on  i s  d e t e r m i n e d  by compar ing  the mean 

f l o w  s i s y n a l  o b t a i n e d  from. t h e  EM flow meter d u r i n g  two-phase  f l o w  

t o  t h e  s i g n a l  o b t a i n e d  at, t h e  same t e m p e r a t u r e  and  mass f l o w  r a t e  

w i t h  no v o i d s .  Because  t h e  flow meter measu res  on1.y t h e  v e l o c i t y  

o f  t h e  c o n d u c t i n g  p h a s e  ( l i q u i d ) ,  t h e  s i g n a l  i n c r e a s e s  i n v e r s e l y  

w i t h  t h e  f l o w  a rea  f o r  t h e  l i q u i d  a n d  t h u s  i n c r e a s e s  wi.th v o i d  

fraction. The  v o i d  area i s  o b t a i n e d  by s u b t r a c t i n g  t h e  a r e a  

o c c u p i e d  by the l i q u - i d  f rom t h e  t o t a l  area o f  t h e  p i p e .  

Measured. v o i d  f r a c t i o n s  a re  s i g n i f i c a n t l y  l o w e r  t h a n  i s  p r e -  

d i c t e d  by t h e  c o r r e l a t i o n  o f  L o c k h a r t  and  M a r t i n e l l i  ( 8 ) .  T h i s  
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i n d i c a t e s  t h a t  low q u a l i t y ,  low p r e s s u r e  s l i p  r a t i o s  f o r  sodium 

t e n d  t o  be  h i g h e r  t h a n  f o r  o t h e r  m a t e r i a l s .  

I V .  Summary 

New p o o l  measurements  o f  n u c l e a t e  b o i l i n s  h e a t  t r a n s f e r  

c o e f f i c i e n t  f o r  s a t u r a t e d  sodium have  b e e n  a c c o m p l i s h e d  w i t h  

i.mproved e x p e r i m e n t a l  a c c u r a c y .  R e s u l t s  show sodium t o  e x h i b i t  

conven t iona l -  b o i l i n g  b e h a v i o r  and  t o  have  h e a t  t r a n s f e r  c o e f f i c i - e n t s  

s l i g h t l y  h i g h e r  t h a n  p r e d i c t e d  by F o r s t e r  and  Zuber .  S t a i n l e s s  

s u r f a c e s  had  s l i g h t l y  h i g h e r  c o e f f i c i e n t s  t h a n  molybdenum s u r y a c e s .  

A new n o n d i m e n s i o n a l  c o r r e l a t i o n  o f  b u r n o u t  heat f l u x  i n  

p o o l  b o i l i n g  h a s  been  d e v e l o p e d  which b r i n g s  sodium measurements  

i n t o  ag reemen t  w i t h  measurements  on s u l f u r ,  w a t e r  and  o r g a n i c  

m a t e r i a l s .  C o l v e r ' s  r e c e n t  r e s u l t s :  w i t h  p o t a s s i u m ,  however ,  do 

n o t  show t h e  same p r e s s u r e  dependence  as t h e  cor re l .a . t . ion  o r  o t h e r  

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

dependence  o f  l i q u i d  m e t a l  b u r n o u t  on  p r e s s u r e .  

A new working l o o p  for e x p e r i m e n t a l  s t u d y  sodium f o r c e d  

c o n v e c t i o n  b o i l i n g  h e a t  t r a n s f e r  and two-phase f l o w  has been  p u t  

i n t o  operation. P r e l i m i - n a r y  h e a t  t r a n s f e r  r e s u l t s  i n d i c a t e  t h a t ,  

u n d e r  s l . i gh I ; ly  s u b c o o l e d  c o n d i t i o n s ,  sodium behaves as would be  

e x p e c t e d  f rom p o o l  b o i l i n g  r e s u l t s .  

I n i t i a l  measurements  o f  v o i d  f r a c t i o n  i n  two-phase floTw a t  

8 p s i a  and  low q u a l i t y  show v o i d  f r a c t i o n s  somewhat l o w e r  t h a n  

p r e d i c t e d  by L o c k h a r t - M a r t i n e l . l i .  
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DISCUSSION -- 

IC?. D W R :  rn t h a t  second t o  the  l a s t  s l i d e  you showed there ,  you 

had a bend i n  your p l o t .  This was forced-conveclion boi l ing.  You say 

t h a t  w a s  a l l  i n  a sub-cooled, nucl.e,-l.te boil.i.ng range? 

bend in t he re .  It wou1.d ind ica t e  you pi'ob3bly got into the nucleate 

boil3.rg. 

I: notj.c:e you haa a 

VB.  NOYES: Well., we were boil-ing. I irmy-i.ne a t  the l.ower surface 

tempera-Lures it was e s s e n t i a l l y  forced convection heat  t r a n s f e r .  A s  we 

increase t h e  hea-t Cl.ux, then we get; a l a s e e r  contribu.'iion. :Broiil nucl.ea-i;e 

boj.l.riug. Certainly a t  the  higher  heat  fluxes we werc: bo i l i ng  a t  the sur-  

face.  However, the  bulk ternperatinxs probably remain s1ightl.y sub-cooled 

a t  all. the points  we were making iiieasureraents . 
MR. DbEEX: Up to -the bend they were col1.xpsin.g. Beyond th.e  bend 

they were collapsirig ? 

X?. Noms: I believe t'ney wei-e collapsing a l l  the way, r e a l l y .  I 

think it was a l l  surface type of boi l ing,  although we night  have beer! 

i?;enerati.:ng a small amount of net vapor. Can't  tel.1 for sure. 

M R .  B U H I S E R :  Dick, one comment, perhaps two: With regard t o  the  

break iri youi- slope, t h a t  curve, we observed a s jgnif icant .  change i n  the 

fl.uctii.aI; i.on born as t o  t he  amplitude frequencies, somswhere j u s t  above 

100,000. Ii; seems, i f  I: r e c a l l ,  on tne th ree  highhzr pressure runs, r i g b t  

around 1.50,000 we observed something t h a t  perhaps i s  s ign i f t can t  as -to 

t h e  Lype o.C rluctuatio-n. 

Second of a l l ,  i f  you can j u s t i f y  throwing away tdo of those burnout 

points  out here,  I think we can agree as t o  the slope. 

MR. MOY"S: May C rake a comncnt about t he  s lope  of t he  bumioui data? 

I have been tempted t o  throw aw:~y a l o t  of those burnout points  ami pick 

out those t h a t  have a slope that 1 l i k e !  However, T f i nd  t h a t  i s  a l i t t l c  

dangerous. 

In observing some of t h e  data w e  have obtained., with the same hea te r  

a t  several  pressures,  even -though tjle pressures were close toget'nerr, it 

d id  appear t o  me t h a t  t'nougli Y l e  burnout heat  f lux w a s  increasing roughly 
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as the  square root  of t he  pressure.  Although as I say, t he  data  i s  SO 

scat tered,  I c a n ' t  prove it. 

MR. KRAKOVIAK: You mentioned that the  heat  t r a n s f e r  coe f f i c i en t  de-  

creases wit'n increase of f b w  r a t e .  Was t h i s  a t  constant heat  f l ux?  

bE'. NOYES: Yes, a t  constail-t heat  f l ux .  

MR. KRAKOVWK: It i s  good t o  hear analogous r e s u l t s .  I n  our experi-  

rrLeni;s, a t  constant f lux,  a decrease in flob- r a t e  resulted i.n an increase 

i n  qua l i t y  and an increase i n  the heat t r a n s f e r  coe f f i c i en t .  

MR. NOYES: I n  all cases, here, we rea1l.y don ' t  have any qua l i ty  a t  

all.. . The average bulk temperature was s l i g h t l y  sub-cooled. I expect, with 

improved experimental techniques, a.nd i f  we work hard enough at it, we can 

eliminate t h i s  sor t  of r e s u l t .  
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A PROPOSED MECEIAANPSM AND METI-IQD OF CORRELATION 
FOR CONVECTIVE B O I L I N G  HXAT TRANSFER WITH L I Q U I D  METALS" 

John C, Chen 

Brookhavcn National Laboratory 

August 1963 

An additive, interacting mechanism o f  micro and 

macro-convective heat transfer is proposed to repre- 

sent boiling heat transfer with net vapor generation 

to saturated liquid metals in convective flow. Based 

on this mechanism, a method for calculating boiling 

coeff ic ients  is developed. The correlating is shown 

to be in fair agreement with e a r l y  experimental re- 

sults for convective boiling of potassium and sodium. 

*This work was performed under the auspices of the U. S .  Atomic 
Energy Commission 
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Introduction 

Recently, a new correlation was proposed for the calcula- 

tion of convective-boiling heat transfer coefficients for or- 

dinary fluids. (') In tests against experimental results for 

water and organic fluids, this correlation showed an average 

deviation of l1%, as compared to deviations of 32%to 43% for 

previous correlations. This present paper proposes an exten- 

sion of the new correlation to the case of liquid metals, 

Specifically, the area of interest is defined by the follow- 

ing conditions : 

(1) boiling heat transfer 

(2) saturated liquid metals 

( 3 )  vertical, axial, convective flow 

(4) stable flow 

(5) no slug flow 

( 6 )  no liquid deficiency 

(7) heat flux less than critical flux 

These conditions would normally be satisfied by convective boil- 

ing of liquid metals with net vapor generation in annular or 

mist-annular two-phase flow. 

Derivation 

The proposed model for convective boiling heat transfer 

is based on the following two postulates: 

(1) There are two mechanisms which contribute to total 

heat transfer, i.e., the macro-convective mechanism 

associated with over-all flow and the micro-convec- 

tive mechanism associated with bubble growth in the 

annular liquid film. 

(2) These two mechanisms interact with each other, i.e., 

the presence of vapor strongly influences macro- 

convective heat transfer, and conversely, the presence 
of flow modifies bubble motion and consequently ef- 

fects micro-convective heat transfer. 
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On the basis of this model, reference (1) obtained the 

following expression fo r  calculating the modified micro-eonvec- 

tive eontr ibution. 

0.79 0.45 0.49 AT0.24 0.75  0 .25  

x s  9-C 
AP OL 11 0.00122 -L---.-E&- 

k C 

mi c 0.5 0.29 0.24 0.24 
J x 

0.99 s = (--I 
AT 

where AT is the effective superheat far bubble growth in the 

annular liquid film. S, called the suppression function, is 

a measure of the suppression of bubble growth by the presence 

of two-phase flow and was empirically correlated against an 

effective two-phase Reynolds number, as shown in Figure 1. In 

extending this theory to the case of boiling liquid metals, it 

is assumed that the micro-convective heat transfer can s t i l l  

be described by equation (1). This assumption is based on 

indications k h a t  Foster-Zuber’s pool-boiling theory, from 

which equation (1) was derived, appears to be applicable for 

liquid metals as well as for ordinary fluids. 

e 

( 2 )  

For the macro-convective contribution to total heat trans- 

fer, reference (I) utilized a modified form of the conventional 

Dittus-Boelter equation. In the current analysis for convec- 

tive boiling of liquid metals, it i s  proposed that the follow- 

ing modified form of the Lyon-Martinelli equation be used in- 

stead. 

T h e  values for the five parameters a ,  p, y, 6, F are listed in 

Table I. 
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Table I 

Parameters in Macro-Convective Equation 

Liquid Metal 

6 7 

Y 1 

B 1 

a 0.8 

F 1 

Vapor 

0 

V 
k 
_1_ 

kL 
Pr 

Pr 
V 

L 

0.4 

- 

0.8 

Two-phase 

7 2  
e 

L 

L 

0.4 (19~') 

It is seen that at the limit of 0% quality, equation ( 3 )  re- 

duces to the conventional Lyon-Martinekli equation descriptive 

of single-phase liquid-metal heat transfer. At the other limit 

of 100% quality, equation (3) becomes the Dittus-Boelter equa-- 

tion €or vapor phase heat transfer. In the region of mixed 

quality where both liquid and vapor are present, it i s  proposed 

that the four parameters denoted by Greek letters assume values 

intermediate between the single-phase values, as shown in Table 

I. The exponential parameter, c ,  is a measure of the non-uniformity 

o f  phase distribution in the flow pattern. Should the distrib- 

ution be uniform in such a way that the two-phase values for 

the parameters are simple arithmaticproportions o f  the single- 

phase values, then e is unity. In the case of interest, where 

liquid is concentrated on the channel wall as an annular film, 

it: is expected that liquid properties would dominate, and c 



51 

approaches zeroo  The exact va lue  f o r  E w i l l  have t o  awai t  ern- 

p i r ica l  determinat ion,  The func t ion  F i s  a measure of t h e  ef- 

f ec t iveness  of two-phase momentum t r a n s f e r  a s  compared t o  t h e  

corresponding l iquid-phase momentum t r a n s f e r .  As shown in r e f -  

erence (l), F can be c o r r e l a t e d  a g a i n s t  t h e  M a r t i n e l l i  para- 

meter. The recommended c o r r e l a t i o n  is  reproduced i n  Figure ( 2 ) .  

Equations (1) and ( 3 1 ,  with  values of t h e  parameters ob- 

t a ined  from Table I and Figures (1) and ( 2 )  r ep resen t  t h e  pro- 

posed c o r r e l a t i o n s  €or t h e  micro- and macro-convective con- 

t r i b u t i o n s .  Total convect ive b o i l i n g  h e a t  t r a n s f e r  is  Lhen 

obtained a s  t h e  su rn  o f  t h e  two i n t e r a c t i n g  con t r ibu t ions ,  

h = h + h  
m i c  m a c  

B i s  cuss ion  

The one unknown i n  t h e  above c o r r e l a t i o n  i s  t h e  exponent ia l  

parameter, E .  A s  a f i r s t  approximation, we may t r e a t  it a s  a 

cons t an t ,  Moreover, we  can expect t h a t  f o r  annular  flow, E would 

have a value equal t o  or  c l o s e  t o  ze.ro. Figure 3 shows a plot 

of t h e  r a t i o  h/h ca l cu la t ed  €or s e v e r a l  values  of c .  It i s  

s e e n  t h a t  a s m a l l  change i n  c ,  from 0 t o  0.05, can s t r o n g l y  in-  

f luence t h e  two-phase b o i l i n g  c o e f f i c i e n t s  p red ic t ed  by t h i s  

c o r r e l a t i o n ,  A t  t h e  p re sen t  t i m e ,  t h e r e  a r c  no t  enough experi-  

mental r e s u l t s  a v a i l a b l e  t o  determine t h e  c o r r e c t  value or func- 

t i o n  f o r  6. A s  a temporary so lu t ion ,  w e  can assume l i q u i d  prop- 

e r t ies  t o  be e n t i r e l y  dominant and use zero for -the va lue  o f  6 .  

L 

Figures  4 and. 5 show comparisons o f  t h e  c o r r e l a t i o n  a g a i n s t  

experimental  r e s u l t s  for -the convect ive b o i l i n g  of po.tassiuin and 

sodium, r e spec t ive ly .  ( 3 J 4 )  

sented  by t h e  p l o t t e d  p o i n t s  while  t h e  reg ions  p red ic t ed  by t h i s  

c o r r e l a t i o n  for corresponding condi t ions  a r e  represented  by the 

shaded areas. Denyler and Addorns ' c o r r e l a t i o n  f o r  convect ive 

b o i l i n g  of ord inary  f l u i d s  i s  also shown on t h e s e  f i g u r e s  for a 

The experimental  data are repre-  
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re ference .  It i s  imrnediately evident  t h a t  c o r r e l a t i o n s  for 

ordinary  f1uid.s  can not  be used f o r  t h e  case of l i q u i d  metals.  

The c o r r e l a t i o n  proposed he re  i s  seen t o  come much c l o s e r  t o  

r ep resen t ing  t h e  experimental  r e s u l t s  

It should be noted thatr. t h e r e  s t i l l  appears t o  be a con- 

sistent devia t ion ,  even f o r  -t:his c o r r e l a t i o n ,  The ca l cu la t ed  

values  tend .to be s l i g h t l y  higher  than t h e  ones meamred e x -  

perimental ly .  This discrepency may he due t o  t h e  c o r r e l a t i o n ,  

t h e  experimental  da-La, or bath,  s i n c e  both  a r e  j u s t  prelimin- 

m y  r e s u l t s  a t  t h e  p re sen t  t i m e .  O n e  p o s s i b l e  cause for t h e  

discrepency is  t h a t  t h e  suppression funct ion,  S ,  was obtained 

from da ta  wi th  water and organic  f l u i d s ,  It is  poss ib le  t h a t  

a secondary e f f e c t  of Prandt l  number should be taken i n t o  ac- 

count. Another p o s s i b l e  explanat ion is  t.hat the fluid temper- 

a t u r e s  w e r e  no t  measured d i r e c t l y  i n  t h e  experimental  s tud ie s .  

For t he  potassium r e s u l t s ,  f l u i d  temperatures w e r e  obkained by 

i n t e r p o l a t i o n  between i n l e t  and e x i t  condi t ions ,  For t h e  sodium 

r e s u l t s ,  f l u i d  temperatures were obtained from measurements i n  

a downstream mixing box. Both t rea tments  would t e n d  t o  g ive  

s a t u r a t i o n  f l u i d  temperatures which a r e  lower than the a c t u a l  

temperatures and r e s u l t  i n  seemingly lower b o i l i n g  c o e f f i c i e n t s .  

An e r r o r  i n  f l u i d  temperature corresponding t o  less than 0.5 

p s i  o f  s a t u r a t i o n  p res su re  could account f o r  t h e  d iscrepencies  

between Calculated and measured c o e f f i c i e n t s  shown i n  Figures 

4 and 5 .  

Figures 6 and 7 show samples of t h e  parametr ic  behavior 

for convective b o i l i n g  h e a t  t r a n s f e r  of l i q u i d  metals,  a s  pre- 

d i c t e d  by t h e  equat ions proposed here ,  Figure 6 shows the e f -  

fects of flow r a t e  OA t h e  b o i l i n g  curve f o r  potassium a t  SO% 

q u a l i t y .  Figure 7 shows t h e  combined e f f e c t s  of q u a l i t y  and 

flow ra-te on .the convective b o i l i n g  c o e f f i c i e n t  One i n t e r e s t i n g  

r e s u l t  f o r  t h e  condi t ions  represented  im t h i s  f i g u r e  is t h a t  a t  
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l o w  f l o w  ra tes  h decreases  with inc reas ing  quali.ty, a t  high 

flow r a t e s  h i nc reases  wi th  inc reas ing  q u a l i t y ,  while  at. in -  

te rmedia te  flow r a t e s  h passes  through a minimum. This s e rves  

t o  p o i n t  ou t  one u s e f u l  r e s u l t  o f  a pre l iminary  madel and cor- 

r e l a t i o n  such as t h i s .  It can pr(3vi.de an ove r -a l l  view and 

g rasp  of t h e  phenomenon which can expla in  seemingly cant ra -  

d i c t i n g  t r e n d s  t h a t  may be exh ib i t ed  by experimental  results. 

- Summary 

A method. i s  proposed for c a l c u l a t i o n  of convect ive b o i l -  

i n g  hea t  t r a n s f e r  t o  l i q u i d  metals,  based on t h e  concept o f  

add i t ive ,  i n t e r a c t i n g  mechanisms of micro- and macro-convective 

h e a t  t r a n s f e r .  The r e s u l t i n g  c o r r e l a t i o n  i s  shown to be i n  

reasonable  agreement w i t h  pre l iminary  experimental  r e s u l t s  f o r  

potassium and sodium. It is  a n t i c i p a t e d  t h a t  t h i s  work may be 

u s e f u l  as a guide f o r  experimental  work and f u t u r e  ref inements  

i n  ana lys i s .  
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W value a t  wa l l  



5
5
 



56 

THE REYNOLDS NUMBER FUNCTION 

Figure 2 
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COMPARISON OF PROPOSED C O R R E L A T I O N  WITH ORNL 
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Figure 4 
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BY PROPOSED 
EQlJATlONS USING E = O  

I 

0. 0. I t I L...--.II_LLLLJ. I - IO I QO 
W t  
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Figure 5 
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AS PREDICTED BY THE PROPOSED CORRELATION 

USING f = O  

Figure 6 
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CALCULATED FOR K AT 1400 *F  
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COEFFICIENT A S  PREDICTED y pR(--JpoSED 

TlON USING e = o  

Figure 7 
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DISCUS s I O N  

PIE. B E W S O N :  When you s e t  E = t o  zero i.n Table I., a l l  the  two- 

phase parameters reduced t o  the  liquid-me-tal parameters, w i t h  the  exception 

of Alpha; i s  t h a t  r i gh t?  

MR. CHFN: 'Innere i s  a typographical error i n  t he  preprint .  '&e ex- 

Thus, when E = 0, 
€ 

pressLon f o r  a i n  Table I should be: a = 0.4(1. f Z ) .  
a a l s o  reduces t o  the l i qu id  parmeter.  

MX. BALZHISEK: John, what were t'ne r e l a t i v e  magnitudes of t he  micro- 

and macroconve c t ive cont r i b u t  tons? 

MR. CmN: For most cases, rnacroconvection contr ibutes  more than half  

of tlne t o t a l  heat  t r a n s f e r .  

when the  microconvective contribution predominates. 

However, there a r e  some cases (a t  high f luxes )  

MH. DAVIS: You would expect, i.n ex-tending tinis type of looking a t  

t h e  data  which i s  avai lable  imto the higher qua l i t y  regions, t h a t  when one 

s tar ts  t o  t a l k  about dry-wall mechanism, tliat t h i s  would a f f e c t  only the  

Inicroconvecti-re contribution. Macroscopic contr ibut ion would remain as it. 

M R .  CH1E;N: Certainly it  i.s t r u e  tliat t he  microconvective mechanism 

vould be a f f ec t ed  most. However, when you go from, l e t ' s  say annular flow 

t o  fog flow, the  momentum t r a n s f e r  may a l s o  change, and i f  so, then you 

would expect t h a t  t h e  mcr.oc!onvective t r a n s f e r  would a l s o  be affected.  

MR. STEIN: This kind of analysis  always s o r t  of puzzles me, and one 

of the p u z ~ l e s  i s  why it works so well, and honestly, John, I c a n ' t  qu i t e  

ap;ree with your closing statement, a t  l e a s t  f o r  me,  that it can explain a 

l o t  of the occurrences, and one of the reasons f o r  t h i s ,  I think, i n  t rying 

t o  analyze my own reaction, i s  t h a t  I see a co l l ec t ion  of equstions and 

empirical  re la t ionships  wri t ten down which ror me, a t  l e a s t ,  a r e  very d i f -  

j f i cu l t  t o  associate  with physical laws t h a t  we know about, and t h a t  we 

know a r e  v e r i r i a b l e .  

For i l l u s t r a t i o n ,  Newton's laws of motion. 

And so, 1 always worry t h a t  somewhere, disguised, within a l l  the 

juggling i s  the  r e a l  reason why i L  works. 



MR. CTIEN: I n  genera l  philhsophi-ly I c a n ' t  biit agree  with you. I 

w0ul.d like t o  c a k u l a t e  b o i l i n g  c o e f f i c i e n t s  from t h e  first two laws of 

thernio; however, as you know, no successfu.1 method i s  y e t  a v a i l a b l e  f o r  

doing so .  I n  view of t h i s ,  1 t'nink that -t'nis type  of s emi -e rq i r i ca l  

treatmeri-I; i s  useful and. can give ind7.cations of how t h e s e  var ious  i n t e r -  

ac i i i ig  processes  do work and what va r i ab le s  are  of i i iportance.  

NE<. DAVIS: A t  least  t o  sotne of us, it i s  comforting t h a t  t n e  cor -  

rel.a'i.ion reduces Lo the  proper I.imit;s a t  zero and 1.0% q u a l i t y .  

we see  c o r r e l a t i o n s  i n  t h e  l i t e r a tu i - e  t h a t  are c l e a r l y  s o t  c o r r e c t  f o r  

e i t i i e r  the  nucleate region or t h c  h igh -qua l i ty  region, wi th  no i n d i c a t i o n s  

vhatsoevzr  of which range they  a r e  operable ,  and l ead  us t o  b e l i e v e  t h a t  

on ly  on Fr iday  t h e  13 th  should t'ney be employed! So, a t  l e a s t  that a spec t  

of  thi~s i s  g r a t i f y i n g .  

Sometimes 
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ABSTRACT _____ 

This  paper  desc r ibes  t h e  r e s u l t s  of an experiment performed t o  

determine t h e  hea t  t r a n s f e r  and p res su re  drop c h a r a c t e r i s t i c s  of b o i l i n g  

rubidium i n  forced  convec t ion .  

'The fo1lowi.ng ranges of ope ra t ing  parameters were included i n  t h i s  

i n v e s t i g a t i o n :  

Mass Flow Rate 117,000-880,000 l b / h r - f t 2  

S a t u r a t i o n  Temperature 1300- 1800°F 

Heat Flux 

I n l e t  Subcooling 

O u t l e t  Qua l i ty  

Tes t  Sec t ion  

Pressure Drop 
Sa t  ur a t ion  P r e s  s u r  e 

2 
0-325,000 B tu /h r - f t  

200-&00°F 

0-0.8 

0.28 i n .  I D ,  smooth, round 
tube  

0-0.15 

'This work w a s  performed under c o n t r a c t  t o  t h e  U .  S .  Atomic Energy 

Commission on Cont rac t  A T ( 0 4 - 3 ) - 3 6 8 ,  P .  A .  N o .  1. 
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1. TEST LOOP 
.L 

A schematic diagram of the  test  loop i s  shown i n  F igure  1. Each of 
t h e  fou r  t es t  s e c t i o n  u n i t s  i s  a 2 i n .  OD x 0.28 i n .  ID x 11.8 i n .  long bar  
i n s u l a t e d  on the  o u t s i d e  by a c o a t i n g  of plasma-sprayed alumina and wrapped 
wi th  a tantalum r e s i s t a n c e  h e a t e r .  The temperature  i n  each bar  i s  de- 
termined by means of thermocouples i n s e r t e d  i n t o  a p a i r  of ho les  d r i l l e d  
i n t o  the  end of each ba r .  

The two p res su re  t a p s  shown are dead l egs  t e rmina t ing  i n  volumetr ic  
p re s su re  t ransducers  manufactured by t h e  Taylor  Instrument  Company. 

The primary flow measuring element i s  t h e  c a l o r i m e t r i c  flow meter i n  
which the  m a s s  flow of l i q u i d  metal  i s  measured by e x t r a c t i n g  a measured 
amount o f  power from the  l i q u i d  metal  and measuring t h e  r e s u l t i n g  tempera- 
t u r e  drop i n  t h e  l i q u i d  meta l .  

A l l  p a r t s  of t he  t e s t  loop exposed t o  l i q u i d  meta l  a t  temperatures  
above 200°F a r e  cons t ruc ted  of columbium-1 zirconium a l l o y .  
p a r t s  a r e  of a u s t e n i t i c  s t a i n l e s s  s t e e l .  

A l l  o t h e r  

The e n t i r e  t e s t  l oop  was operated i n  an environmental  chamber con- 
t a i n i n g  a h igh -pur i ty ,  argon atmosphere.  

2.  HFAf TRANSFER DATA SUMMARY AND ANALYSIS 

Table  1 summarizes the  bas i c  parameters which descri-be t h e  ope ra t ing  
cond i t ions  a t  each of t h e  t e s t  p o i n t s .  The maximum hea t  f l u x  column g ives  
the  maximum hea t  f l u x  occurr ing  i n  thp  t e s t  s e c t i o n  r ega rd le s s  of l o c a t i o n .  

The temperature  of t h e  f l u i d - h e a t i n g  s u r f a c e  i n t e r f a c e  was not  
measured d i r e c t l y .  The temperature  o f  t he  h e a t e r  bar  was measured a t  a 
po in t  a t  a l a r g e r  r a d i u s  than  t h i s  i n t e r f a c e ;  t h e r e f o r e , i t  was necessary  
t o  c a l c u l a t e  a c o r r e c t i o n  €or  the  geometry e f f e c t .  This  w a s  done by using 
t h e  well-known equat ion f o r  r a d i a l  hea t  conduct ion i n  a long,  c y l i n d r i c a l  
b a r .  It should be noted t h a t  t he  r a d i a l  spacing of t he  innermost thermo- 
couple  s t a t i o n  from the  h e a t  t r a n s f e r  s u r f a c e  was determined by us ing  a n  
analog " f i e l d - p l o t t i n g ' '  technique t o  a s su re  t h a t  t h e  e f f e c t  of t he  thcrmo- 
couple  on the  angular  hea t  f l u x  d i s t r i b u t i o n  would be n e g l i g i b l e .  

To tes t  the  v a l i d i t y  of t he  method of ana lyz ing  the  hea t  t r a n s f e r  
d a t a ,  hea t  t r a n s f e r  c o e f f i c i e n t s  were cnlcul.ated f o r  s e n s i b l e  hea t ing  of 
t h e  l i q u i d  f o r  runs i n  which no b o i l i n g  occurred i n  t h e  f i r s t  h e a t e r  block. 
The po in t s  c a l c u l a t e d  a r e  p l o t t e d  i n  F igure  2 i n  terms of t h e  Nusse l t  
number versus  t h e  P e c l e t  number. A l s o  shown i n  t h i s  f i g u r e  i s  t h e  Lubarsky- 
Kaufmanpc* c o r r e l a t i o n  f o r  forced convec t ion ,  l i q u i d  metal  hea t  t r a n s f e r .  
There i s  a l a r g e  amount of s c a t t e r  of t h e  d a t a  about t h e  c o r r e l a t i n g  
func t ion  s o  t h a t  i t  i s  d i f f i c u l t  t o  conclude anything from t h i s  d a t a .  

* Figures  appear a t  t h e  end of t h e  r e p o r t .  
*>? References a r e  l i s t e d  a t  the  end of t he  r e p o r t .  
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Run No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1  
2 2  
2 3 
24 
2 5 
26 
2 7  
28 
2 9  
30 
31 
32 
33 
3 f, 
35 
36 
37 
38 
39 
ft 0 
4 1 
42 

Weight Flow 
of Rubidium 

( lb /h r )  

58.3 
60.5 
85 .5  
99.2 
7 8  .O 

135.7 
161.4 
190.1 
92.5 
74.1 
84.9 
90.1 

212.8 
226.4 
213.9 
318.4 
329.4 
323.0 
103.4 
106.0 
93.6 
96.4 

1 8 2 . 9  
218.9 
203.0 
282.4 
286.5 
299.2 
367 .O 
353.0 
106.1 
95.5 

213.6 
222.2 
225.8 
311.3 
296.2 
306.5 
348.6 
366.1 
368.5 

TABLE 1 

SUMMAKY OF OPERATING POINTS 

Outlet 
Qual i ty  

Void 
.18 
.33 
. 2 2  
. 2 5  
.45 
.14 
.15 
.14 
.15 
.47 
.63 
.78  
.09 
. 1 7  
.31  
.04 
.12 
.18 
. 2 2  
.42 
.69 
.80 
.20 
.24 
.37 
.08 
. 1 7  
. 2 1  
.10 
. 2 7  
.41  
. 7 9  
. 2 2  
.41  
.52 
.10 
. 2 1  
.31  
.04 
.13 
.23 

Out let 
Fluid  Temp. (OF) 

1386 
1386 
1414 
1357 
1354 
1375 
1367 
1355 
148 7 
1485 
1477 
1466 
1485 
1459 
1420 
1490 
142 6 
1408 
1580 
1547 
1537 
1535 
1540 
1507 
1495 
1524 
1495 
1475 
1500 
147 5 
1646 
1647 
1647 
1634 
1612 
1646 
1535 
1616 
1653 
1641 
1616 

Max. Heat Flux 
(Btu /hr - f t2)  

14,900 
27,300 
38 , 600 
41 , 100 
53 , 400 
27,200 
41,000 
47 300 
25,600 
52,800 
76,000 
99 , 700 
41 600 
67,100 
97,500 
40 , 500 
57,500 
73,200 
38,750 
65 , 600 
88 , 600 

114,700 
60 , 000 
86,700 

113,100 
60 , 000 
92,200 

107 , 100 
84,200 

141,500 
69 , 600 

105,500 
79,500 

127,800 
164 , 300 
70 , 100 

101,200 
141,200 
64 , 900 

102 600 
145,200 

E x i t  
Heat Flux 
(B tu /h r - f t  ) 

13,880 
2.5,200 

4 , 120 
39,000 
51,800 
27 , 100 
39 , 500 
44 , 100 
22,600 
42. , 100 
72,800 
97 , 100 
39 , 500 
64,100 
97 , 100 
35 , 900 
57 , 500 
70,500 
38 , 100 
63 , 400 
84,500 
74,600 
59 , 400 
82,400 

107 , 000 
54 , 000 
87,000 

105,000 
78 , 500 

140,000 
66 , 600 

104 , 200 
76,100 

125,000 
164,000 
65 , 000 
99,000 

139 , 200 
55 , 600 

100,000 
142 , 300 
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Run No. 

43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
so 
61 
62 
63 
64 
65 
66 
67 

Weight Flow 
of Rubidium 

( l b / h r )  

173.8 
196.8 
199.9 
209.3 
216.5 
298.5 
292.5 
301.3 
357.3 
360.6 
380.5 
389.1 
105.0 
8 8 . 1  
93.3 

103.2 
93.4 

213.7 
9 7 . 7  

104.7 
206.2 
201.3 
194.6 
289.0 
318.2 

Out l e t  
Q u a l i t y  

.20 

.51  

.47 

.59 

.64 

. 1 2  

. 2 7  

.41 

.07 

.11 

.22 

. 2 7  

.62 

.74 

.64 

. 46 

. 7 3  

.24 

.51 

.63 

.57 

.62 

.33 

.20 

.49 

O u t l e t  
F l u i d  Temp.  ( F) 

0 __-- 
1757 
1749 
1744 
1 7  34 
1731 
1746 
1736 
17 19 
17 45 
17  38 
1 7 2 2  
17 14 
1367 
1352 
1317 
1448 
1444 
1439 
1547 
1638 
1607 
17  34 
1537 
1628 
17 07 

Max. Heat F lux  
( B t u / h r - f t 2 )  

67 , 100 
100,100 
140,000 
174,000 
211,000 
100,000 
138,000 
192,000 
84,500 
95,900 

149,000 
176,000 
241. ,000 
112,000 
163,000 
206,000 
242,000 
242,000 
191,000 
143,000 
226,000 
228,000 
291,000 
270,000 
288,000 

E x i t  
Heat F lux  
(Btu/hr-f  t2)- 

51,100 
94 , 500 

134,000 
172,000 
134,000 
85,100 

134,000 
191,000 
78,500 
92,800 

143,000 
171,000 
241,000 
11.2,ooo 
163,000 
206,000 
242,000 
242,000 
191,000 
143,000 
226,000 

45 , 100 
291,000 
270,000 
288,000 



Most of t he  h e a t  t r a n s f e r  d a t a  taken  du r ing  t h e  experiment were f o r  
t he  case of nuc lea t e  b o i l i n g .  The nuc lea t e  b o i l i n g  h e a t  t r a n s f e r  
c o e f f i c i e n t s  were pr imar i ly  a func t ion  of hea t  f l u x ;  and,  t o  a l e s s e r  degree ,  
a func t ion  of s a t u r a t i o n  tempera ture .  

The n u c l e a t e  b o i l i n g  d a t a  were broken down i n t o  n ine  temperature  
c l a s s e s  of 50°F per  c l a s s  from 1350 t o  1800'F. 
equat ion w a s  f i t t e d  t o  t h e  d a t a :  

In each c lass  the  fol lowing 

h ~ AQll 

This  was done by us ing  a d i g i t a l  computer program a f t e r  f i r s t  t ak ing  
t h e  logari thms of h and Q". The r e s u l t s  of t h i s  a n a l y s i s  a r e  giveii i n  
Table  2 

- NUCLEATE B O I L I N G  HEAT TRANSFER DATA 

Standard 
Temp e rat  u r e Devia t ion  No .of 
Range (OF) n -%1& of log ,& Po in t s  

1350- 1400 
1400- 1450 
1450- 1500 
1500- 1550 
1550- 1600 
1600- 1650 
1650-1700 
1700- 1750 

1 . 1 2 6  
0.917 
1.181 
I .  325 
1.405 
1 .333  
0.958 
1.582 

-2.046 
-0.918 
-2.294 
- 3.044 
-3.414 
-3,128 
- 1.268 
- 4.42 7 

0.1361 57 
0.1890 18 
0.1061 7 4 
0.1410 58 
0.0722 2 1  
0.0861 30 
0.1175 15 
0.0691 27 

The computed va lues  f o r  n and log A a r e  p l o t t e d  versus  the. midpoints  
of each temperature  c lass  i n  F igures  3 and 4 .  These q u a n t i t i e s  show a 
l i n e a r  temperature  dependence except  f o r  two temperature  c1.ass midpoints :  
1425 and 1675OP. No j u s t i f i c a t i o n  has  been found f o r  t he  l a r g e  dev ia t ions  
a t  t h e s e  two p o i n t s .  

2 , 3  Other workers concerned wi th  the  nuc lea t e  boi l i -ng of water  have 
found a dependence of t h e  l o c a l  hea t  t r a n s f e r  c o e f f i c i e n t  upon m a s s  f l o w  
rate and q u a l i t y .  Attempts t o  f i n d  such a f u n c t i o n a l  dependence i n  t h i s  
d a t a  have s o  f a r  been unsuccessfu l .  The method used i n  these  a t tempts  
i s  t o  f i r s t  ca1cul.ate t he  cons t an t  A f o r  each d a t a  poi.nt i n  a temperature  
c l a s s ,  us ing  t h e  va lue  of n from Figure  3 f o r  t h a t  c l a s s .  This  procedure 
should e f f e c t i v e l y  e l imina te  the  dependence of t h e  cons t an t  A upon both 
hea t  f l u x  and f l u i d  p r o p e r t i e s .  A should be a func t ion  o f  only mass flow 
r a t e  and q u a l i t y .  P l o t s  were made of A versus  q u a l i t y  f o r  e s s e n t i a l l y  
cons t an t  m a s s  flow r a t e  and no smooth, f u n c t i o n a l  dependence could be 
found . 



Departure  from nuc lea t e  b o i l i n g  (DNB) was obta ined  a t  s e v e r a l  
ope ra t ing  po in t s  when the  temperature  o f  a h e a t e r  block rose  sharp ly  f o r  
a small i nc rease  i n  power t o  t h a t  block.  When t h i s  phenomenon occurred ,  
t he  power was reduced u n t i l  nuc lea t e  b o i l i n g  was obtained j u s t  below the  
hea t  f l u x  requi red  f o r  DNB t o  occur .  The l o c a l  cond i t ions  f o r  s t a b l e  
nuc lea t e  b o i l i n g  a t  a hea t  f l u x  j u s t  below DNB a r e  t abu la t ed  i n  Table 3. 
The number of DNB po in t s  obtained i s  no t  s u f f i c i e n t  t o  a t tempt  a genera l  
c o r r e l a t i o n  of t he  DNB d a t a .  

TABLE 3 

DNB POINTS 

Mass Flow Rate Tsa t  (OF) Q" 
( l b / h r - f t 2 )  &tu/hr-ft  ) Qual i ty  

187,000 
216,000 
231,000 
540,000 
5 18 ,000 
252,000 

223,000 
211,000 

1354 
1466 
1535 
1612 
1731 
1367 
1352 
1317 

51,800 
97 , 100 
74,600 

164,000 
134,000 
241,000 
112,000 
163,000 

0.45 
0.78 
0.80 
0.52 
0.64 
0.62 
0.74 
0.64 

3. LRESSURE DROP ANALYSIS --LI 

Several  c o r r e l a t i o n s  f o r  two phase f r i c t i o n  f a c t o r  were t e s t e d  
a g a i n s t  t he  pressure  drop d a t a .  These included those of Lockhart-  
M a r t i n e l l i 4  , Schrock and G ~ o s s m a n ~  and a modified ve r s ion  of Kuta te ladze '  s 
c o r r e l a t i o n 6 .  
Grossman p r e d i c t  a cons iderably  h igher  p re s su re  drop ac ross  t h e  t es t  
s e c t i o n  than the  measured va lues  f o r  high e x i t  q u a l i t i e s .  The modified 
Kutateladze c o r r e l a t i o n  g ives  good agreement wi th  the  p re s su re  drops 
measured i n  t h i s  experiment over  a wide range of flow r a t e s ,  q u a l i t i e s  
and s a t u r a t i o n  tempera tures .  

The c o r r e l a t i o n s  of Lockhar t -Mar t ine l l i  and Schrock and 

This  method may be descr ibed  a s  fol lows:  

1) 
s e c t i o n  a s  fol lows:  

Ca lcu la t e  t he  e f f e c t i v e  sa tura t i -on  temperature  i n  t h e  t e s t  

A l l  f l u i d  p rope r t i e s  a r e  t o  be evaluated a t  T 
e f f e c t i v e  ' 



'7.1. 

2) Ca lcu la t e  t h e  mass flow r a t e :  

3 )  Calcu la t e  t h e  f r i c t i o n  f a c t o r s  corresponding t o  a l l  l i q u i d  
and a l l  gas  f l o w  a t  t h i s  mass flow r a t e :  

Where \vis t h e  Moody o r  Blasi.us f r i c t i o n  f a c t o r  f o r  flow i n  a 
smooth, round tube .  

4)  The f r i c t i o n a l  p re s su re  g rad ien t  i s  c a k u l a t e d  as a func t ion  
of q u a l i t y ,  

The above func t ion  i s  p l o t t e d  a s  a func t ion  of q u a l i t y  and 
i n t e g r a t e d ,  numer ica l ly ,  over  t h e  length  of t h e  t e s t  s e c t i o n  t o  
g ive  the  f r i c t i o n a l  component of t h e  p re s su re  drop.  

5) To eva lua te  t h e  p re s su re  drop due  t o  momentum change, i t  i s  
necessary  t o  e s t ima te  t h e  volume f r a c t i o n  o f  v a p o r , & ,  a t  t h e  
e x i t .  
so lv ing  % 

i 'his i s  done by us ing  Levy's7 momentum exchange model and 

= o  

a t  the  e x i t  c o n d i t i o n s .  The a c c e l e r a t i o n ,  o r  momentum change 
p res su re  drop i s  then  c a l c u l a t e d  from, 

whi-ch may be s impl i f i ed  t o ,  

when us ing  Levy ' s  equat ion  t o  c a l c u l a t e  o( . 
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The t o t a l  p ressure  drop i s  then  the  s u m  of t h e  f r i c t i o n a l  and 
a c c e l e r a t i o n  c o n t r i b u t i o n s .  

The p res su re  d tvp  d a t a  of t h i s  experiment have been compared t o  
va lues  ca lcu l -a ted  by t h e  above procedure f o r  14 randomly s e l e c t e d  runs .  
F igure  5 i s  a p l o t  of t h e  measured versus  the  c a l c u l a t e d  p res su re  drops .  
A s t a t i s t i c a l  a n a l y s i s  vas performed t o  t es t  t h e  agreement between the  
measured and c a l c u l a t e d  va lues .  The dev ia t ions  between t h e  corresponding 
va lues  were assumed t o  be r ep resen tab le  by a S tuden t ' s  t d i s t r i b u t i o n  and 

t h e  a n a l y s i s  showed t h a t  t he  average dev ia t ion  d i d  not  d i f f e r  from zero 
a t  t h e  95% confidence l e v e l .  I n  o rde r  t o  appra i se  t h e  amount of s c a t t e r  
of t he  d e v i a t i o n s ,  an F t e s t  w a s  employed t o  tes t  the  homogeneity of t he  
sample va r i ance  and t h e  es t imated  experimental  va r i ance .  It was found 
t h a t  t he  var iance  of t he  dev ia t ions  w a s  l a r g e r  than  can be explained by 
t h e  l i m i t s  of e r r o r  given i n  the  caLalog of t he  manufacturer of t he  p re s su re  
ins t rumenta t ion .  Thi.s may be due t o  t h e  i n a b i l i t y  of t he  s e l e c t e d  p res su re  
drop c o r r e l a t i o n  t o  f i t  t h e  d a t a  o r  i t  may be due t o  t h e  experimental  e r r o r  
being g r e a t e r  than es t imated .  S ince  t h e r e  was d i - f f i c u l t y  experienced wi th  
a s h i f t  i n  t h e  c a l i b r a t i o n  of t he  p re s su re  ins t rumenta t ion ,  as d iscussed  
i n  a l a t e r  s e c t i o n ,  i t  i s  l i k e l y  t h a t  t he  l a rge  var iance  of t he  dev ia t ions  
i s  due t o  experimental  e r r o r .  Another argument f o r  t h i s  hypothesis  can be 
made by examining the  d a t a  po in t s  i n  F igure  5 .  The l eas t - squa res  r e -  
g re s s ion  l i n e  through the  d a t a  po in t s  i n t e r s e c t s  t h e  h o r i z o n t a l  a x i s  a t  
- 3 . 6  p s i ,  suggesti .ng a zero s h i f t  i n  t h e  ins t rumenta t ion .  A comparison of 
t he  square of t he  s tandard  e r r o r  of e s t ima te  of t he  d a t a ,  wi th  r e spec t  t o  
t h e  r eg res s ion  l i n e ,  t o  t he  est imated experimental  va r i ance ,  us ing  the  P 
t e s t  as above, shows t h a t  t hese  two q u a n t i t i e s  do not  d i f f e r  a t  t he  95% 
confidence l e v e l .  I n  o t h e r  words, assuming t h a t  a zero s h i f t  had taken 
p l ace  i n  the  p re s su re  in s t rumen ta t ion ,  t he  amount of s c a t t e r  i n  comparing 
t h e  experimental  p re s su re  drop d a t a  t o  the  c a l c u l a t e d  va lues  i s  no g r e a t e r  
than  would be expected from the  inhe ren t  inaccurac ies  i n  t h e  p re s su re  
ins t rumenta t ion .  For these  reasons the  above method of c a l c u l a t i n g  two 
phase pressure  drop i n  forced  convect ion,  b o i l i n g  l i q u i d  metal  loops i s  
recommended f o r  a p p l i c a t i o n  i n  o t h e r ,  s i m i l a r  c i rcumstances.  

4 .  FLOW STABILITY 

The des ign  of t h e  t e s t  loop included a f e a t u r e  t o  enhance flow 
s t a b i l i t y .  This  was i n  t h e  form of a flow r e s t r i c t i o n  a t  t h e  en t r ance  t o  
t h e  p rehea te r  s e c t i o n .  I t  w a s  a f ixed  o r i f i c e  designed t o  produce a 
p re s su re  drop equal  t o  t h a t  ac ross  t h e  t e s t  s e c t i o n  a t  t h e  maximum con- 
d i t i o n s  of flow r a t e ,  q u a l i t y  and s a t u r a t i o n  temperature .  This  des ign  
c r i t e r i o n  was chosen a r b i t r a r i l y  and was based,  i n  some p a r t ,  on t h e  
experience of o t h e r  workers w i th  b o i l i n g  water  t es t  loops .  

During t h e  experimental  runs the  flow r a t e  i n  t h e  loop was considered 
t o  be s t a b l e  when t h e  Speedomax G m i l l i v o l t  recorder  connected t o  the  
magnetic flow meter output  he ld  p e r f e c t l y  s teady .  When t h i s  cond i t ion  of 
s t eady  flow w a s  ob ta ined ,  t he  p re s su re  recorders  drew s t r a i g h t  l i n e s  on 
t h e  c h a r t  paper .  A l l  of t he  b o i l i n g  d a t a  were taken when these  instruments  
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i nd ica t ed  a s t eady  s t a t e  s i t u a t i o n .  However, n e i t h e r  of t hese  ins t ruments  
a r e  respons ive  t o  h igh  frequency v a r i a t i o n s .  
d e s i r a b l e  t o  look a t  t h e  magnetic flow meter  output  on t h e  sc reen  of an 
osc i l l o scope .  
r a t e  could be de t ec t ed  having an  average frequency of about 5 cps  and an 
ampli tude v a r i a t i o n  of about 5% of t h e  t o t a l  output  of t he  flow m e t e r .  
Superimposed upon t h i s  trace were occas iona l  sp ikes  having a magnitude of 
3 - 4  t i m e s  t h e  average ampli tude of t h e  f l u c t u a t i o n s .  

It was thought t o  be 

This  w a s  done f o r  Runs 66 and 67.  F luc tua t ions  i n  the  flow 

5 .  ERROR ANALYSIS 

An e r r o r  a n a l y s i s  was performed p r i o r  t o  ope ra t ion  of t h e  test  loop. 
The r e s u l t s  of t h i s  a n a l y s i s  are summarized below i n  Table  4 .  

TABLE 4 

RESULTS OF ERROR ANALYSIS 

Estimated Uncer ta in ty  
Quant i ty  - (95% Level) 

Heat Flux - t 3,9% 

Wal.1-to-Fluid 
Temperature 
Di f f e rence  - + l l O P  

Mass Flow Rate 

P res su re  - + 2.9% 

- -k 3% 

Pres su re  Di f f e rence  +- 6.2% (Higher f o r  
P less than 4.4  ps i )  

6 .  LOOP OPERATION 

P r i o r  t o  f i l l i n g  the  loop wi th  l i q u i d  me ta l ,  t h e  t e s t  s e c t i o n  h e a t e r  
ba r s  were c a l i b r a t e d  f o r  h e a t  l o s s  by apply ing  a measured amount of power 
t o  each ba r  and reading t h e  temperature  a t  a p o s i t i o n  i n s i d e  t h e  thermal  
i n s u l a t i o n  around each ba r  f o r  d i f f e r e n t  power s e t t i n g s .  The temperature  
oE t h e  argon i n s i d e  t h e  chamber w a s  maintained a t  a temperature  of 150 5 F 
dur ing  t h e  hea t  l o s s  c a l i b r a t i o n .  The r e s u l t s  of t h i s  ope ra t ion  were used 
l a t e r  i n  t h e  a n a l y s i s  of t h e  hea t  t r a n s f e r  d a t a  t o  c o r r e c t  f o r  hea t  losses 
from the  t es t  s e c t i o n .  

0 

Sevcra l  unan t i c ipa t ed  problems a rose  i n  t h e  ope ra t ion  of t h e  t e s t  
appa ra tus .  A t  h igh  p rehea te r  power l e v e l s ,  t h e  i n d i c a t i o n  from a thermo- 
couple  loca ted  a t  t h e  c e n t e r  of t h e  p rehea te r  cont inued t o  r ise  r a p i d l y  
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0 
even when the  ind ica t ed  temperature  was 500-600 P above t h e  temperature  
of t he  l i q u i d  meta l  i n  t h e  p rehea te r .  This  temperature  excursion w a s  
a s soc ia t ed  wi th  changes of l e v e l  i.n t he  surge  tank  and l a rge  f l u c t u a t i o n s  
i n  f l u i d  flow r a t e  a s  i nd ica t ed  by the  magnetic f l o w  meter .  These e f f e c t s  
can  be pos tu l a t ed  t o  be the  r e s u l t  of b o i l i n g  i n  the  prehea ter  due t o  
l o c a l  ho t  s p o t s .  I t  was necessary t o  ope ra t e  the  p rehea te r  a t  a power 
l e v e l  low enough t o  prevent  t hese  phenomena from occurr ing;  t h e r e f o r e  a l l  
runs were performed wi th  200-400°F i n l e t  subcool ing.  

The ins t rumenta t ion  used t o  measure the  p re s su re  of t he  rubidium a t  
t h e  i n l e t  and o u t l e t  of t he  test  s e c t i o n  ind ica t ed  l i q u i d  meta l  p re s su res  
10-14 p s i  h ighe r  than t h a t  determined by temperature  measurements and the  
vapor p re s su re  curve .  This  appeared t o  be t h e  r e s u l t  of a much g r e a t e r  
temperature  o e f f i c i e n t  than  l i s t e d  by t h e  manufacturer i n  h i s  c a t a l o g .  
The pressuref i in  the  b o i l i n g  rubidium, a s  determined by t h e  thermocouple 
readings  and t h e  vapor p re s su re  curve ,  agrees  w e l l  w i th  t h a t  measured by 
t h e  p re s su re  ins t rumenta t ion .  I t  i s  f e l t  t h a t  t he  measurement of pressure  
drop i s  more a c c u r a t e  than the  measurement of pressure  s i n c e  both p re s su re  
pickups operated under s i m i l a r  temperature  cond i t ions .  

&OF 

The temperature  d i s t r i b u t i o n  of t he  f l u i d  i n  t h e  t es t  s e c t i o n  was 
measured by means of f i v e  thermocouples loca ted  a t  t h e  i n l e t ,  o u t l e t  and 
between the  fou r  h e a t e r  ba r s  of t he  test  s e c t i o n .  These thermocouples 
were mounted on the  o u t s i d e  of t h e  loop tub ing  and covered wi th  s e v e r a l  
inches  of thermal i n s u l a t i o n .  The thermocouples i n  two p o s i t i o n s ,  i . e . ,  
fol lowing the  f i r s t  and t h i r d  hcn te r  bars  , apparent ly  read low throughout 
t he  t e s t  runs .  I n  ana lyz ing  t h e  d a t a ,  t he  f l u i d  temperatures  a t  these  
two po in t s  were es t imated .  

7. FUTURE WORK I N  T H I S  PROGRAM 

The h e a t  t r a n s f e r  t e s t  appara tus  used i n  t h e  work repor ted  he re  f o r  
b o i l i n g  rubidium w i l l  soon be f i l l e d  wi th  cesium and s i m i l a r  d a t a  obta ined  
€ o r  t h i s  meta l .  The f u t u r e  experimental  work w i l l  be d i r e c t e d  toward 
ob ta in ing  more DNB po in t s  f o r  cesium than  w e r e  obtained f o r  rubidium. 

The a n a l y s i s  of t he  d a t a  presented i n  t h i s  r e p o r t  should be regarded 
a s  pre l iminary  as more a n a l y t i c a l  e f f o r t  w i l l  be expended i n  the  genera l iza-  
t i o n  of t he  d a t a  i n  t e r m s  of f l u i d  p r o p e r t i e s  and o t h e r  bas i c  parameters .  

The work scope of t h i s  program a l s o  inc ludes  t h e  cons t ruc t ion  of 
another  hea t  t r a n s f e r  appara tus  con ta in ing  a s w i r l ,  o r  vo r t ex ,  gene ra to r  
i n  t h e  t es t  s e c t i o n .  This  loop w i l l  be operated wi th  both rubidium and 
cesium t o  ob ta in  d a t a  i n  a geometry m o r e  c l o s e l y  s imula t ing  the  cond i t ions  
expected t o  be found i n  t h e  b o i l e r  of a Rankine c y c l e ,  n u c l e a r - e l e c t r i c ,  
space power p l a n t .  
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NOMENCLATURE 

o ( =  

a =  
/ c c =  
P =  
Y =  

c 011s t a t1 t 

I n s i d e  diameter  

R las ius  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  cons tan t  

Mass flow r a t e  

Heat t r a n s f e r  c o e f f i c i e n t  

Constant 

Pressure  

Heat f l u x  

Reyno Ids  number 

Cross-sec t iona l  f low a rea  

Tempe r a  t u r  e 

Mass f l o w  

Qual i ty  

Pressure  g rad ien t  

Volume f r a c t i o n  of vapor 

Dif fe rence  

Vi scos i ty  

Densi ty  

F r  i c  t ion f a c t  o r  f unc t ion  
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DISCUSSION 

MR. BROOKS: Wou.ld you describe how you m a d e  temperatmr measurements 

from which t o  determine the temperature coef f ic ien ts  f o r  us? 

ME. FISHEB: Yes. Looking a t  the  cross-sect ional  view, the  heater  

bars look somethinz l i k e  t h i s  ( ind ica t ing) .  

about 30 m i l s  from the insi.de diameter of .tihe hea ter  bar ,  and anot'ner 

thermocouple near the  outside.  The readings were from Lhe thermocouple 

cl.oser t o  the  inside surface.  A correction w a s  then calculated f o r  the  

temperature difference between t h i s  goiri-t a n d  t h e  inside surface,  using 

the heat  flux and thermal conductivity of columbium-1 zirconium. 

The thermocouple i s  located 

ME. BROOKS: Any reason why you only used two themlocouples a t  those 

locations? 

MR. FLSEER: This w a s  a matter of economics. The thermocouples were 

platin~nti-te:n-rhodium, -Lantalum- sheathed thennocouples . 
MR. POPPENDIEK: %ne non-boiling data,  conductance data, o r  Nusselt 

numker data,  showed some sca t te r ,  but  "nay not be due t o  experimen-Lal e r ror ,  

because 1 s t i l l  remwmber B i l l  H a , r r i s o i l ' s  data  taken here a t  t h e  Laboratory 

many years ago. He had, i n  m y  opinion, one of the  best  heat  t r a n s f e r  

sys-terns you can imagine, t h e  f i r s t  version of what we have been i;al.lting 

about here, where temperatures were measured very accura-Lely i n  a copper 

d isc  with f l u i d  flowiilg throuph. 

sodium, w i t h  a copper wall., a.iid calculat ions of e r r o r  i n  Lhe system showed 

it w a s  a -r*ronderful systeiii. 

%rle f i r s t  data t h a t  he obtained were on 

There was a tremendous sca t te r ,  the  same as yours, or rrtay'oe even 

worse. So t h i s  i s  a big puzzle: Well, why did t h i s  happen? WcIl, it; was 

proved it was :not wetting. 

same t e s t  section, sane system, a comple-Le3.y d i f f e r e n t  pictu-re developed. 

So upon changing the f l u i d  t o  mercury, the  

SO rnaybc non-wetting might be a p o s s i b i l i t y  there .  Maybe not because 

of experimental e r ror ,  bu i  because of i h i s  feature .  This m y  not be t h e  

answer, but do you have any thoughts about t h a t ?  
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MR. E'ISHEX: We feel ;  and our  magnetic flow meter agreed wi th in  ap- 

proximaiely 1% of t h e  ca lo r ime t r i c  f low meter readings,  that t h e  f low 

meter w e t  q u i t e  w e l l .  

MR. POPPRNDIEK: Same material? 

MR. FIS€ER: Same material. We t h i n k  tha t  t'ne t e c t  sectioil w a s  a l s o  

w e l l  w e t .  

MR. POPPENDIEK: What, w a s  the order  o r  the magnitude of t h e  conduc- 

t ance  again? How high  w a s  i t ?  

MR. E'ISIIEH: The h va lue  was on t h e  order  of 1,000 t o  4,000, i n  t h a t  

range. 

ME. POPPEIVDIEK: Well then,  -this may not 'ue i-t. 

NE3. FISIBX: Also I th ink  1 would l i k e  t o  raention, as far  as t h i s  

expl-osive S o i l t n g  t h a t  we heard about t h i s  morning, we d id  observe 'Glia-t 

when w e  were approaching a b o i l i n g  cond.j.ttjort i n  thr: test  sec t ion ,  s t a r t i n g  

wi th  all-l.3.qi~id flow, t h a t  i n  tine ups Lreacn h e a t e r  sec-Lion, where boriling 

would even ixa l ly  t a k e  pl-ace i n  t h e  s t eady  s ta te ,  that i n  t h e  a y p o a c h  t o  

t h e  b o i l i n g  condition we would note  temperature rises of several hundred 

degrees  i n  t h i s  upstream regi.on, which v e r y  soon disappeared.  These co1.il.d 

not  be maintaj.ned f o r  any l eng th  of t i m e .  Thz t e q x r a t i i r e  would ri.se 100 

t o  1-50" and then  quick ly  i-eturn to temperatures rliore consisten'i wi.th t'ne 

rest of t h e  appara tus .  

Also , I might ment:i.on t)ci<is w a s  ruhtdium. 

We ai-e c u r r e n t l y  performing cesium heal; ti-aiisfer tes-t:; and w e  observe 

none of t hese  phenoiiieiia for cesium. 1 d o n ' t  know what t h i s  means. 

MR. LKCGHTON: I n  comparing t h i s  iype of a test  r i g  t o  a s ing le ,  

four - foot  tube,  do you have aay  ind ica t ion  you be l i eve  t'neae r e s u l t s  may 

be op-tiilii s t  i c ?  

MR. FISHER: You mean because of the i n t e r r u p t i o n  of the hea t?  

MR. ISTGHTON: Because of solliething l i k e  I1 diameters i n  tile sec t ion?  

IviR. FISHER: I d o n ' t  kriow. 



RIR. LXIGIITON: I s r i ' t  it sornething -to be considered. f o r  a r i g  such as 

this? 

MK. FISHER: Of course wz considered t h i s .  Ho:,rever, we f e l t  t h a t  t he  

advantage of being able  t o  measure the  f l u i d  temperature e a s i l y  between the  

sect ions w a s  an advantage; and a l s o  the f ab r i ca t ion  of t'nis long a t e s t  

sect ion would have been ex-txwnely d i f f i c u l t  i n  one piece,  

a good point.  

I think you have 

I c a n ' t  r e a l l y  evaluate it. 

MR. D W I R :  I want t,o r e f e r  again t o  Fig. 2, the  one t h a t  Dr. Poppen- 

diek jusi r e fe r r ed  t o .  I would l i k e  t o  ask f i r s t  whether it was data  taken 

over a long period of time? 

MR. FISHER: Y e s ,  t,hey were. 

MH. UFTYER: Did you not ice  any tendency of a f a l l  over the  iime? 

%at i s ,  over weeks, o r  months, or days, o r  what? 

MR. FISIIER: Firs- t ,  l e t  m e  say Yna-t a l l  t h i s  data  w a s  taken over an 

We ran. [;he loop 24 h r  around the  clock.  approximately two-week period. 

And I don ' t  know wliet'ner i n  t h a t  period the re  had been a tendency t o  

change. This I don' t  kno~w. I can look i n t o  t h i s .  

MI?. DIDXE: %nis often occurs with metal heat  t r a n s f e r  observations, 

w i t h  t he  single-phase heat  t r a n s f e r .  Rut you have no expl-anation a t  all. 

as t o  the  s c a t t e r  here? 

MR. FISHER: No, I don'l;. %e scat tey i n  each temperature range of 

Uie nucleate boil.ing data  w a s  consi.d.embly l e s s  tha,n w a s  shown here.  I 

don ' t know what t h i s  means. 

MR. DWYEK: I -think we w i l l  a l l  agree, of COuTSC, that the  Lubarsky- 

KauTman l i n e  here i s  iriappropriate, as a Iria-tter of f a c t .  1 t'nink t h e  l i n e  

sh.ou1-d be simply a horizontal  one, t h e  tirile one, up axound the value of '(. 

I n  oL1ier words, throughout t h i s  who1.e Peclet  nuniber range; here, essen- 

t i a l l y  the re  should be no change rin the Nusselt number. 

Pm. FISHER: This I wonder about, because what you a r e  saying would 

be f o r  a case of e s s e n t i a l l y  laminar flow which t'nis i s  not.  
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MR. DWXR: No, I thiak it w-ould be t r u e  of a more turbulent f l o w ,  

because you are down in a region where any convection is rather ineffective. 

Now because yoiir so-called macro-coefficient is constant;, this would 

terid to make your boiling coefficient also constant. 

MR. FISHER: Yes. 

MB" DWYER: WoulCh't you say you found it constant, just independent 

of f l -ow rate? 

MK. FISJIM: That's right. 

MR. DIKER: I think this would tend to back that up. Tkle fact you 

have a constant single flow coefficient over tiiat whole range. Going 

back to Joh~i  Chen's correlations. 

VI. FISHbK: Yea. 

MRs HAYS: Does t h i s  data include data fi-om all four scr.i;ions? 

bTRe FISHER: Yes. Pri.mari1.y from the last three sections. The 

frirst section was usually used as a pre-heating section. 

.- 
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ALKALI METALS BOILING AND CONDENSING INVESTIGATIONS 

4 * 
Joseph Longo, Jr . ,  and Robert D.  Brooks 

I INTROAJCTION 
-.__I 

The o v e r a l l  work program of the  a l k a l i  metal  b o i l i n g  and condensing 

i n v e s t i g a t i o n s  sponsored by NASA Lewis  Research Center  a t  t h e  General 

E l e c t r i c  Company under con t r ac t  NAS 3-2528 has t h r e e  major o b j e c t i v e s .  

The Object ives  and t h e i r  cu r ren t  s t a t u s  a r e :  

Phase 1: Design, f a b r i c a t e  and s u c c e s s f u l l y  ope ra t e  t h r e e  experimental  

f a c i l i t i e s  w i t h  opera t ing  temperatures  of 1600, 1850, and 2200°P res- 

pec t ive ly .  This phase has been completed and repor ted  i n  Reference 1. 

-.I_._ 

Phase 2: Conduct and c o r r e l a t e  b o i l i n g  and condensing tests on simple 

geometr ies .  A major po r t ion  of this t a s k  has been completed. Refer- 

ence 2 .  

Phase 3: Conduct and i n t e r p r e t  b o i l i n g  and condensing tests on more 

advanced geometr ies .  Work has been i n i t i a t e d  i n  t h i s  a r ea .  Reference 

4 w i l l  p resent  t he  s t a t u s  of t h e  work e f f o r t  i n  t h i s  phase. 

The d e s c r i p t i o n  of the experimental  f a c i l i t i e s  was p r e ~ e n t e d ' ~ )  a t  t h e  

1962 Liquid Metal Heat Transfer  Technology meeting. This  paper reviews t h e  

ope ra t ion  of t hese  f a c i l i t i e s  with emphasis on t h e  a c t i v i t i e s  lead ing  up t o  

ob ta in ing  s t a b l e  bo i l ing  ope ra t ion  and p resen t s  t h e  hea t  t r a n s f e r  d a t a  

obtained during Phase 2 t e s t i n g .  

* 
Space Power and Propuls ion Sec t ion ,  General E lec t r ic  Company, Cinc inna t i  
15, Ohio 
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11. BOILING STUDIES 
_I__- 

A .  300 KW Test F a c i l i t y  --.-- 

The 300 KW f a c i l i t y  i s  used  t o  obtain potassium boi l ing and con- 

densing heat t r a n s f e r  data .  Both the ba i l i ng  and condensing t e s t  sect ions 

a r e  control led temperature types;  i .e ., the temperature of the heat r e j ec t ion  

f l u i d  (sodium) and the heat s ink ( a i r )  r a the r  than the heat generation, a r e  

control led.  The flow sheet ,  w i t h  the p r inc ip l e  components f o r  t h i s  f a c i l i t y ,  

i s  shown i n  Figure 1. Liquid sodium flows i n  t h e  primary loop a t  tempera- 

tures  up t o  1850 F and flow r a t e s  up t o  200 g p m .  The gas-f i red heater  has 

an output o f  more than 300 KW. Potassium flows i n  the secondary loop which. 

contains the components f o r  the inves t iga t ion  of potassium two-phase h e a t  

t r a n s f e r  c h a r a c t e r i s t i c s .  Temperature measurement f o r  data  purposes i s  

accomplished with Pt-Bt 10 Rh thermocouples. Pressure drop measurements a r e  

obtained f o r  the boi l ing tube with diaphragm-type Taylor pressure gages. 

The design spec i f i ca t ions  of t h e  potassium loop pump is 30 gpm a t  30 p s i  

head and 3.5 gpm a t  a head of 100 p s i .  A l i q u i d  flow control  valve i s  used 

t o  maintain flow and pressure r e l a t ionsh ips  a t  t h e  boi l ing t e s t  s ec t ion  

entrance.  An electromagnetic flowmeter measures the l i qu id  potassium flow 

r a t e .  

0 

The boi l ing t e s t  s ec t ion  is  shown i n  Figure 2, The hot sodium en te r s  

a t  t h e  top l e f t  and flows down through the annulus, giving up heat to t h e  

center  tube, and e x i t s  a t  the bottom. Temperature measuring s t a t i o n s  a r e  

located t o  give mixed mcan temperatures of t h e  f l u i d  a t  the i n l e t  and o u t l e t  

nozzles f o r  both f l u i d s .  Outer s h e l l  temperatures a r e  measured along the 

length of the t e s t  sect ion.  The potassium e n t e r s  the t e s t  s ec t ion  a t  t h e  

bottom r i g h t  and flows up through the center  tube, accepting heat from the 
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sodium and vapor iz ing .  The potassium vapor i s  discharged through t h e  out-  

l e t  a t  the top  l e f t .  Pressure  measurements of t h e  potassium a r e  made i n  

t h e  i n l e t  plenum and a t  t h e  e x i t  from t h e  t o p  of t h e  tube .  A bellows i s  

provided f o r  accommodating d i f f e r e n t i a l  thermal expansions between t h e  i nne r  

and o u t e r  tube.  The hea t  t r a n s f e r  tube (0.929'' I.D., 0.093" wall) i s  of 

Mo-0.5 T i  a l l o y ,  s e l e c t e d  f o r  i t s  high therriial conduct iv i ty .  Thermal s h i e l d s  

a r e  provided t o  con t ro l  t he  a c t i v e  length  of t h e  t es t  s e c t i o n  and t o  p ro tec t  

the bimetal  j o i n t s  of t h e  c e n t e r  tube .  The a c t i v e  hea t  t r a n s f e r  length  is 

67.5 inches .  

Surveying t h e  independent loop parameters a f fo rds  t h e  bes t  d e s c r i p t i o n  

of t he  300 KW opera t ion .  The primary loop  pressure  i s  ad jus ted  by c o n t r o l l i n g  

t h e  argon pressure  i n  t h e  sodium tank  while  t h e  pressure  i n  t h e  secondary 

loop is con t ro l l ed  by t h e  temperature of t h e  sodium and the  b o i l e r  heat  t r ans -  

f e r  performance. The temperature of t h e  sodium i s  con t ro l l ed  by t h e  hea t  in -  

put t o  t h e  furnace which i s  c o n t r o l l e d  by regulat i .ng t h e  f u e l  gas  flow. The 

hea t  removal r a t e  of t h e  potassium condenser i s  c o n t r o l l e d  by r egu la t ing  t h e  

coo lan t  a i r  flow t o  t h e  condenser.  The  potassium flow r a t e  i s  e s t a b l i s h e d  

by ad jus t ing  t h e  pump vol tage  and flow c o n t r o l  va lve .  The pressure  drop 

from t h e  b o i l e r  t o  t h e  condenser i s  regula ted  by a d j u s t i n g  t h e  vapor t h r o t t l e  

va lve  a t  t h e  i n l e t  t o  t h e  v e r t i c a l  condenser.  The l i q u i d  metal  charge t o  

t h e  secondary system i s  ad jus ted  so  t h a t  t he  head tank  i s  maintained approxi- 

mately one-half f u l l .  The f r e e  su r face  a rea  i n  t h e  head tank  then  sets t h e  

base pressure  i n  t h e  secondary system s i n c e  t h e  potassium s to rage  tank  i s  

i s o l a t e d  from t h e  system i n  t h e  b o i l i n g  runs.  

The maxi-mum ope ra t ing  1 i . m i t s  €or t h e  f a c i l i t y  can be predic ted  and a r e  
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The maximum acceptable temperature s e t  by f a c i l i t y  mater ia l  

requirements. 

Maximum sodium flow r a t e -  

% o i l e r  and condenser heat t r a n s f e r  performance. 

Furnace output.  

The operating region f o r  maximum sodium flow r a t e  can be constructed as  

shown i n  Figure 3. The cross-hatched region defines where t h e  f a c i l i t y  may 

be able t o  operate,  subject  t o  any l imi t a t ions  i n  the performance of the 

b o i l e r .  The y-axis is heat t ransferred t o  vapor and not t o t a l  heat t rans-  

f e r r ed .  Curve A-B is the l i m i t a t i o n  imposed by sonic ve loc i ty  of the 

potassium vapor, l imi t ing  operation t o  t h e  r i g h t  of t h i s  curve. Curve %-C 

is imposed by the furnace design point c h a r a c t e r i s t i c ;  operation must be 

below this curve. Curve C-D is the l i m i t a t i o n  imposed on heat t r a n s f e r  i n  

the b o i l e r  due Lo sodium flow r a t e  and b o i l e r  r e s i s t ance ;  operation m u s t  be 

l e f t  of t h i s  curve. Curve E-?? is the l i m i t a t i o n  imposcd by the projected 

condenser capaci ty;  operation must be t o  t h e  r i g h t  of t h i s  l i n e .  I t  should 

a l s o  be noted t h a t  curves A-€3 and C-D a r e  a function of the test b o i l e r ,  

whereas curves B-C and E-F a r e  independent of t h e  bo i l e r  being t e s t e d .  

I t  has been found t h a t  the boi l ing thermal r e s i s t ance  i s  indeed small 

w i t h  respect t o  the ove ra l l  thermal r e s i s t ance  when the b o i l e r  is i n  nucleate 

boi l ing along i t s  e n t i r e  length aL potassium temperatures above 1600 F. A 

t yp ica l  run preseiitcd i n  Reference 3 shows t h a t  a t  a heat f l u x  of 215,000 

BTU/hr f t  , t h e  temperature drop between the in s ide  wall and potassium was 

64 F out of an ove ra l l  temperature d i f f e r e n t i a l  between t h e  sodium and 

potassium of 226 F, thus the resis tance of t h e  potassium s i d e  was ~ 2 8 %  

0 

2 

0 

0 

of t h e  t o t a l  resis-tance.  
.- 
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A t  t h i s  t i m e ,  t h e  data  have not been reduced s u f f i c i e n t l y  to determine 

how close t o  the Mach 1.0 l imi t a t ion  i t  w i l l  be possible t o  operate.  Depend- 

ing on t h e  bo i l e r  performance, i t  may be possible t o  operate very close t o  

the curve on the r i g h t .  

Overall heat t r a n s f e r  performance da ta  a re  obtained from the  measurements 

described f o r  t h e  boi l ing t e s t  s ec t ion  of Figure 2.  Using the mixed mean 

f l u i d  temperature a t  the i n l e t  and o u t l e t ,  ove ra l l  heat t r a n s f e r  Coefficients 

can be obtained. For t e s t  runs i n  which t h e  e n t i r e  bo i l e r  i s  i n  the iiucleatc 

boi l ing region, average values f o r  nucleate boi l ing heat t r a n s f e r  coe f f i c i en t s  

can be obtained. From the sodium temperature d i s t r i b u t i o n  along t h e  length,  

va r i a t ion  i n  heat t r ans fe r  can be e s t ab l i shed ,  The  problems of r e l a t i n g  the 

shell wall thermocouples t o  the bulk sodium temperature restrict the accuracy 

with which l o c a l  heat t r a n s f e r  coe f f i c i en t s  can be obtained. However, l o c a l  

values of the heat t r ans fe r  coe f f i c i en t  a t  the b o i l e r  e x i t  can be obtained 

w i t h  more confidence s ince t h e  sodium temperature as  well as  the sa tu ra t ion  

temperature of the potassium can be measured a t  t h i s  point .  The heat input a t  

the e x i t  must  be inferred from the outs ide thermocouples. J.,ocal value of 

o the r  points along t h e  length of the b o i l e r  must consider pressure drop i n  

the boiling f l u i d  and i t s  e f f e c t  on sa tu ra t ion  temperature i n  addi t ion t o  the 

problem of r e l a t i n g  the wall thermocouples t o  the bulk sodium temperature. 

In t h e  f i lm boi l ing region where a l a rge  change of heat t r a n s f c r  coe f f i c i en t  

occurs, a good estimate of t h e  f j lm boi l ing heat f l u x  can be obtained. 

One method of co r re l a t ion ,  which i l l u s t r a t e s  the average boi l ing heat 

f l u x  versus (T ) is  shown i n  Figure 4 .  In t h i s  f i gu re  the 

potassium boi l ing heat f l ux  is establ ished from tile sodium bulk temperature 

wall - Tsaturat ion 

drop and flow r a t e .  The thermal r e s i s t ance  of the sodium f i l m  and the 
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r e s i s t a n c e  of t h e  molybdenum tube  a r e  sub t r ac t ed  from t h e  o v e r a l l  r e s i s t a n c e  

and c a l c u l a t e d  assuming t h a t  t h e  potassium temperature  i s  cons tan t  w i t h  

l ength  a t  t h e  measured o u t l e t  temperature .  The r e s i s t a n c e  of  t h e  sodium i s  

obta ined  from a Wilson p l o t  while  t h e  r e s i s t a n c e  of t h e  tube  wal l  is c a l c u l a t e d ,  

T h e  potassium r e s i s t a n c e  obta ined  i n  this manner is  then  used t o  c a l c u l a t e  

t h e  temperature  d i f f e r e n c e  between the  i n s i d e  b o i l e r  tube  wal l  and t h e  potas-  

s ium, The e x i t  q u a l i t y  is obta ined  thermodynamically from hea t  balances a f t e r  

hea t  loss c o r r e c t i o n ,  

I n  Figure 4 a r e p r e s e n t a t i v e  po r t ion  of t h e  d a t a  a r e  shown f o r  t h e  

p re s su re  range 0-30 p s i a  and 30-80 p s i a  a t  several  mass flow r a t e s  and 

s e v e r a l  e x i t  q u a l i t y  rangcs.  A t  e x i l  q u a l i t i e s  up t o  65% t h e  hea t  t r a n s f e r  

c o e f f i c i e n t  was approximately cons tan t  over  t h e  e n t i r e  b o i l i n g  l eng th .  A t  

h igh q u a l i t i e s  f i l r n  b o i l i n g  lowered t h e  average potassium hea t  t r a n s f e r  

c o e f f i c i e n t  and t h e r e f o r e  average hea t  f l u x  cons iderably .  The e f f e c t  of mass 

flow r a t e  is  s i m i l a r  to t h a t  observed i n  o t h e r  f l u i d s  i n  t h e  nuc lea t e  b o i l i n g  

region.  Higher p re s su re  appears t o  g ive  h igher  hea t  f l uxes  as seen i n  t h e  

3 5 4 5 %  q u a l i t y  da t a .  T h e  ORNL r e s u l t s  repor ted  by Hoffman f o r  nuc lea t e  

b o i l i n g  i n  an e l e c t r i c a l l y  heated s t a i n l e s s  stecl  tube  is shown a l s o .  

.- 

The p re s su re  drop ac ross  t h e  b o i l i n g  t e s t  s e c t i o n  was i n  genera l  so 

small  t h a t  measurements accu ra t e  enough t o  c o r r e l a t e  i t  w e r e  not poss ib l e  

by means of t h e  diaphragm pressure  gages.  Two-phase pressure  drop d a t a  were 

obta ined ,  however, by measuring lhe change i n  s a t u r a t i o n  temperature  across  

at1 a d i a b a t i c  p ipe  s e c t i o n .  T h e s e  measurements were made f o r  a 1.28-inch 

diameter  tube.  By using t h e  vapor p re s su re  r c l a t i o n s h i p ,  t h e  change i n  

s a t u r a t i o n  temperature  was converted t o  p re s su re  drop.  These resu l t s  a r e  

shown g raph ica l ly  i n  Figure 5 r ep resen t ing  t h e  f r i c t i o n a l  l o s s e s  over  t h e  

range of q u a l i t y  from 10-90% and pressure  from 20-70 p s i a .  I n  t h i s  f i g u r e ,  
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is plot ted as  a function of the vapor veloci ty .  The points agree 
A 'TP 

ro7 
reasonably w e l l  i n  s p i t e  of the wide ranges of the var iables .  The K f ac to r  

of t h e  l i n e  drawn through the data is found to be 2.0.  Liquid pressure drop 

data  on t h i s  t e s t  s ec t ion  gave a K f a c t o r  of 0.7. Assuming t h e  s ing le  phase 

K f a c t o r  of the l i qu id  t o  be equal t o  t h a t  of a l l  vapor, the r a t i o  of two 

phase pressure drop t o  s ing le  phase vapor pressure drop i s  equal t o  3, i . e m ,  

- 3 . 0  
A'TPF - 2.0 

A pv 

- -  
0.7 

B .  100 KW Test F a c i l i t y  _- 

The 100 KW f a c i l i t y ,  used to obtain boi l ing heat t r a n s f e r  data  w i t h  

sodium and potassium, d i f f e r s  from the 300 KW f a c i l i t y  i n  four major areas:  

The boi l ing t e s t  sect ion has a control led ( e l e c t r i c )  r a t e  of heat 

input,  r a the r  than a control led temperature. 

I t  is designed t o  exceed the 1 8 5 O O F  l imi t a t ion  of the 300 KW 

f a c i l i t y ,  and has operated successPully up t o  2200 F. 

Heat is rejected from the system by r ad ia t ion  t o  the water-cooled 

walls of the enclosure,  r a the r  than to a i r  by convection. 

0 

Because i t  is smaller i n  s i z e  and power r a t ing ,  t h i s  loop is 

operated more e a s i l y  and is ,  therefore ,  p a r t i c u l a r l y  a t t r a c t i v e  

f o r  development work. 

The loop i s  constructed of columbium a l loy  tubing t o  achieve the high tempera- 

t u re s  desired,  and t h u s  mus t  be operated under a high vacuum of 10  t o r r .  

Figure 6 i s  a view of the loop with the vacuum cover i n  place.  

the components employed is a l s o  shown. Figure 7 i s  a t yp ica l  p lo t  of the 

ou te r  wall temperature of the boi l ing tube. The e f f e c t  of heat f l u x  is shown 

-8 

A diagram of 
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by t h e  several  curves. The  low heat f l u x  l i n e  has a smooth t r a n s i t i o n  from 

l i q u i d  convection t o  nucleate boi l ing.  A t  higher heat f luxes a hump i n  the 

curves ind ica t e s  l o c a l  conditions of superheat o r  f i l m  boi l ing i n  the tran- 

s i t i o n  region. 

Figure 8 shows typ ica l  boi l ing heat t r a n s f e r  coe f f i c i en t s  a t  t h e  o u t l e t  

as a function of o u t l e t  quali-by. Stable heat t r ans fe r  r e s u l t s  i n  the boi l ing 

of sodium were found t o  be l imited t o  operation w i t h  an i n l e t  o r i f i c e  having 

a diameter r a t i o  of approximately 1/7 o f  the  pipe diameter, across which 

t h e  l i q u i d  was flashed i n t o  a two-phase condi t ion,  A s i m p l e  twisted ribhon 

having n pitch r a t i o  of two diameters was a l so  in se r t ed  and t e s t e d .  With 

this i n s e r t  it w a s  found possible t o  obtain s t a b l e  operation wi-thout f l a sh ing  

across an o r i f i c e ,  even with s i g n i f i c a n t  values of i n l e t  subcooling. Qi.ffer- 

ences i n  flow were observed i n  the two channels formed. by the ribbon, indica- 

t i n g  a need f o r  pressure equal izat ion a t  several  points  along the  length of 

t he  ribbon. A subsequent change to  potassium i n  t h e  loop has produced data  

without an i n s e r t  which i s  qu i t e  s t a b l e  a t  ex i t  q u a l i t i e s  up t o  60% w i t h  

values of i n l e t  subcooling as high as 800 F. 
0 

I I. I CONDENS ING STUD1 ES 

A .  - 50 KW F a c i l i t y  

The 5 0  KW f a c i l i t y  has been modified t o  obtain condensing data  for 

potassium vapor, using l i qu id  sodium f o r  t h e  cooling o f  the t e s t  s ec t ion .  

Figure 9 is a de ta i l ed  drawing of the f a c i l i t y ,  showing the potassium and 

sodium loops .  Since the f a c i l i t y  is constructed of Type 316 s t a i n l e s s  

s teel ,  operation i s  l imited t o  1600 F .  The test sec t ion  i s  a v e r t i c a l  
0 

annular configuration w i t h  potassi.um condensing downwards in s ide  a thick- 

walled nickel  tube and sodium florvi-ng upwards i n  the annulus around it. 

.* 
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In the potass i im loop,  vapor i s  genera ted  by f i v e  7.5 KW immersion 

h e a t e r s .  T h e  potassium vapor flows v e r t i c a l l y  up through an &foo t  l eng th  

of 2-inch p ipe  t o  which a r e  s t rapped  clamshel l  hea t e r s  r a t e d  a t  12 KW. 

Depending on t h e  ho? I e r  e x i t  cond i t ions ,  t h e  qual i t y  can be increased  or 

superhea t  can be achieved i n  this v e r t i c a l  p ipe .  T h e  vapor then  passes  

through a t h r o t t l e  va lve  f o r  c o n t r o l  of t e s t  s e c t i o n  p res su re ,  and a 10-foot  

length  of h o r i z o n i d  1- inch p ipe .  rhe vapor then  passes  down through t h e  

sodium-cooled tes t  s e c t i o n ,  w h e r e  e i  lher t o t a l  o r  p a r t i a l  condensat ion can be 

obta ined .  Condensation i s  conipleted o r  subcool ing obta ined  i n  t h e  a i r - coo led  

subcooler  l oca t ed  d i r e c t l y  beneath t h e  test  s e c t i o n .  The l i q u i d  then  passes  

through a two-stage e lec t romagnet ic  pump and an e lec t romagnet ic  flowmeter 

back i n t o  t h e  b o i l e r .  A l l  l i n e s  are wrapped w i t h  Inconel-sheathed Chrome1 

"A" hea t ing  w i r e ,  for prehea t ing .  

The  a l l - l i q u i d  sodium Joop i s  used f o r  cool ing  t h e  t e s t  condenser.  The 

sodium flow passes  upwards through t h e  t e a t  condenser annulus? p ick ing  up 

h e a t ,  and then  i n t o  an annular  a i r  coo le r ,  w h e r c  hea t  i s  r e j e c t e d  t o  t h e  a i r .  

The sodium then  passes  through t h e  e lec t romagnet ic  pump, an 8-foot l eng th  of 

2-inch p ipe ,  an 8-foot  length  of 1- inch pipe and back i n t o  t h e  t z s t  s e c t i o n .  

During loop  down-time the  dump tanh  i s  used a s  a sodium r e s e r v o i r .  

F igure  1 0  i s  a d e t a i l e d  drawing o f  t h c  50 KW coixlensing test s e c t i o n .  

The o u t e r  s h e l l  c o n s i s t s  of a 42-inch length  of 2-1/2-ineh shccdule  40  p ipe  

w i t h  an I .D.  of 2.460 inches 

I . D .  of 0.625-inch and an O.D. of 1,718 inches .  'Thermocouple wells are 

l oca t ed  i n  the n i c k e l  tube a t  i t s  midpoint a t  r a d i a l  d i s t a n c e s  which are 

approximately equal  logar i thmic  i n t e r v a l s .  I n  each hole  a r e  i n s e r t e d  two 

0.0395-inch 0.D.  sheathed Chroiiiel-alumel therlnocouples spaced approximately 

1 /16 - inch  from each o t h e r .  This. method al lows two thermocouple readings  t o  

2 .005 i nch .  The n i c k e l  i nne r  tube has an 



95 

be taken a t  approximately t h e  samc a x i a l  and r a d i a l  locat ion.  The  test  

sec t ion  is encased i n  a heavy s t r u c t u r a l  s h e l l  t o  minimize any type of 

bowing and t o  maintain a v e r t i c a l  o r i en ta t ion .  The s t r u c t u r a l  casing allows 

the t e s t  s ec t ion  t o  expand v e r t i c a l l y  but not t o  deviate  from i t s  v e r t i c a l  

o r i e n t a t i o n  more than - 1/16 inch i n  the 28-inch length between t h e  s t i f -  

feners  welded t o  i t s  ou te r  s h e l l ,  

+ 

During t h e  time t h a t  t h i s  f a c i l i t y  has been i n  operation, "shake-down" 

liquid-phase and condensing heat t r a n s f e r  da t a  have been obtained f o r  potas- 

s ium,  using the r a d i a l  temperature p r o f i l e  i n  the thick-walled nickel  tube 

t o  determine the  l o c a l  heat f l u x  and inner  wall temperature. Due t o  t h e  

small temperature difference between t h e  inner wall  of t h e  nickel  tubs and 

the average temperature of the potassium stream, thermocouple s tandardizat ions 

a r e  made before and after each s e r i e s  of runs.  Also, each t e s t  s ec t ion  thermo- 

couple i s  ca l ib ra t ed ,  a s  a function of temperature, by reference t o  one of 

the thermocouples, 

The technique of i n t e r c a l i b r a t i o n  o f  the thermocouples i s  presented i n  

References 2 and 4 and requires  runs w i t h  only the sodium flowing a t  two 

flow l eve l s  per t e m p r a t u r e  l e v e l  and then only potassium flowing a t  two 

flow l eve l s  per temperature l eve l .  By runs a t  t h e  same average temperaLure 

l e v e l  and two o r  more flow rates, a standardizat ion f a c t o r  independent o f  

heat l o s s  can be obtained f o r  each thermocouple r e l a t i v e  t o  the thermocouple 

selected a s  the reference.  W i t h  these correct ions,  t h e  sodium h e a t  l o s s  as 

a function OP temperature l e v e l  is detennined, allowing an accurate t e s t  

s ec t ion  heat balance t o  be made, The heat given up by t h c  potassium to- 

gether with t h e  calculated r e s i s t ance  o€ the  nickel. wall  i s  then used t o  

determine t h e  temperature gradient across t h e  tube w a l l  w h i c h  can then bo 



compared t o  t h a t  g rad icn t  measured by t h e  wa l l  then~iocnuples .  F igure  11 i s  

a semi-log p l o t  OP t h e  wal l  thermocouples i n  an a c t u a l  hea t  t r a n s f e r  r U i 1  

a f t e r  c o r r e c t i o n  of t h e  thermocouples, showing a l i n e a r  e x t r a p o l a t i o n  t h a t  

y i e l d s  t h e  average va lues  of t h e  i n n e r  w a l l  temperature  and of t h e  hea t  f l u x ,  

The  dev ia t ions  from t h e  s t r a i g h t  l i n ?  i n  F igure  11 may be d u e  t o  non-uniform 

c i r cumfe ren t i a l  sodium temperature d i s t r i b u t i o n ,  t o  minor conductance i r r egu-  

l a r a t i e s  i n  t h e  n i c k e l  wal l  caused by t h e  s l o t s ,  and t o  d i sc repanc ie s  i n  t h e  

exac t  r ad ius  of thermal con tac t  of t h e  thermocouple shea ths  .. However, t h e  

average p o s i t i o n  and s lope  of t h e  l i n e  i s  f e l t  t o  be f a i r l y  w e l l  determined. 

Curren t ly  t h e  ther imcouple  l eads  a r e  being rep laced  and f i n a l  r e su l - t s  are 

expected to be s u b s t a n t i a l l y  more c o n s i s t e n t  The r u n  of F igure  11 yie lded  

a condensing heat t r a n s f e r  c o e f f i c i e n t  of about 9000 RTU/hr f t  F a t  a f i l m  

Reynold's number of 900. B o i l e r  ope ra t ion  t o  d a t e  has been l i m i t e d  to  1250 P 

f o r  de te rmina t ion  of o v e r a l l  system performance. Tes t ing  w i l l  be even tua l ly  

c a r r i e d  o u t  up t o  1550OF wi th  f i l m  Reynold's numbers from 900 t o  10,000 and 

hea t  f l u x e s  from 30,000 t o  30O,000 BTU/hr f t  e 

2 0  

0 

2 

The pre l iminary  hea t  t r a n s f e r  c o e f f i c i e n t s  ob ta ined  f o r  potassium con- 

densing i n s i d e  t h e  v e r t i c a l  5/8" dia.meter tube a r e  not  i n  agreement wi th  t h e  

t h e o r e t i c a l  r e s u l t s  OP N u s s e l t " )  or Seban"' a s  shown i n  Figure 1 2 ,  That 

t h e  r e s u l t s  a r e  l o w  compared t o  theory  conl i rms t h e  t rends  of t h e  hea t  t r a n s -  

f e r  c o e f f i c i e n t  r e s u l t s  f o r  a l k a l i  metal  condensat ion t h a t  have been presentcd  

i n  t h e  l i t e r a t u r d 6 '  7), f o r  vary ing  geometr ies  

ob ta ined  w i t h  t h e  p r e d i c t i o n s  of Dukler'"), Dukler ' s  a n a l y s i s  has been shown 

by Lee '") t o  be i n  e r r o r  a t  low Prand t l  numbers. 

Although f a i r  agreement is 

The h o r i z o n t a l  tube  d a t a  

obtain.ed i n  t h e  300 KW test  i s  a l s o  shown and appears  t o  g i v e  lower va lues  

of the condensing r a t i o ,  than those  p red ic t ed  by t h e  Nussel t  and Seban 

ana lyses .  
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I. INTRODUCTION 

The Allison Research Activity is conducting research directed toward development of a ther- 

mally regenerative liquid metal cell. 

chemical action, employs a potassium-mercury amalgam a s  the anode and mercury as the 

cathode. During operation of this cell, the cathode, o r  mercury s t ream, receives potassium 

from the anode, o r  amalgam stream, by means of the desired ionic reaction. 

therefore, it becomes necessary to p-urify the "contaminated" mercury s t ream pr ior  to i ts  

reintroduction into the cell. 

stage distillation process  accomplished in a boiler-separator unit included a s  par t  of the 

closed system. 

information regarding boiling heat transfer and two-phase f low phenomena of the mercury- 

potassium amalgams is required. 

determined by an  extensive l i terature survey indicated a need for additional work in this area.  

To  provide such information, the Heat Transfer  and Fluid Dynamics Group, Research Activity, 

is conducting a program on mercury-potassium amalgam liquid metal research. 

of the present investigation is to (1) evaluate boiling heat transfer performance of mercury- 

potassium amalgam over a range of compositions, 

phenomena associated with the boiling of the amalgams, and ( 3 )  car ry  out the required basic 

property determination studies required for analysis and design of the cell system. 

results reported herein represent a continuation of the work reported at the Second Annual 

Meeting on High-Temperature Liquid Metal Heat Transfer  Technology, Brookhaven National 

Laboratory, May 1962. 

, :: 
This cell, designed to provide power through electro- 

In a closed cycle, 

This purification process is presently carr ied out by a single- 

Thus, to permit system analysis and design and component optimization, 

In addition, the severe lack of basic property data as 

The purpose 

(2)  investigate binary two-phase flow 

The 

"Superscripts denote references listed in Section V of this report. 
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11. BINARY LIQUID METAL BOILING HEAT TRANSFER 

Studies conducted with boiling binary systems of water and organic liquids 3’4 i5  indicate that 

the cr i t ical  heat flux for  boiling binary mixtures may be higher than that of e i ther  component; 

in addition, the boiling heat t r ans fe r  coefficient of cer ta in  compositions reaches a mininiurli 

value lower than that of either component. 

may exist  in a binary liquid metal  system, and the boiling character is t ics  of pure components 

could not be used a s  l imits  for  mixtures of these components. 

It is conceivable, therefore,  that the same  phenomena 

While many investigations a r e  currently being conducted to  obtain forced- convection boiling 

heat t r ans fe r  information for liquid metal  systems,  no information is available regarding a 

binary metallic system. 

t r ans fe r  character is t ics  of different coinpositions of potassium-mercury amalgams. Initial 

resul ts  employing a 44. 570 (by weight) potassium amalgam have been previously reported in 

a paper  presented at  the 50th National AIChE meeting.6 In addition to the previously reported 

data, the resul ts  of a second series of experiments employing 44. 5% K amalgams and 14. 770 K 

amalgams a r e  reported in the following paragraphs.  

detail in a paper to be presented at the National AIChE annual meeting in December 1963.7 

The present study was initiated, therefore,  to obtain boil.ing heat 

The la t ter  data w i l l  be reported in g rea t e r  

EX-PENMENTAL APPARATUS 

The  experimental  liquid metal  loop used is shown schematically in Figure 1. 

flows clockwise from the EM pump through the preheater ,  then into the tes t  section where 

boiling occurs .  

fraction measurements  a r e  taken) into an air-cooled condenser. 

amalgam flows through the downcomer arid is returned to the pump. 

apparatus was employed for both boiling heat t r ans fe r  studies and the two-phase flow investi- 

gation. 

The amalgam 

F r o m  the boiler,  the amalgam flows through an enlarged section (where void 

F r o m  the condenser, the 

This  experimental  

The tes t  section consists of a 3/8-in. OD by 0. 035-inch wall s ta inless  s t ee l  tube. 

was inser ted between the halves of eight 0.828-in.  thick copper disks spaced 0. 063 in. apar t .  

‘These copper disks contained, a s  a heat source,  cartridge heaters  with a maximum sheath 

temperatui~e of 1600°F. 

me te r  of the tube. ‘Through the use  of thermocouples positioned fur measuring both radial  

temperatures  and tube wall temperatures ,  each disk w a s  instrumented for calculating film 

coefficients. 

The tube 

The boiler (Figure 2)  is capable of supplying 12. 6 kw to the inner dia- 

A typical temperature  profile is shown in Figure 3. 
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Figure 1. Schematic diagram for boiling liquid metal transfer loop. 
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Figure 2. Cross section of the preheater and boiler tes t  section. 
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I I MATUBE WALL 

RADIAL LOCATION, IN. 

Figure 3. Radial copper block temperature profile. 

During operation, net boiling w a s  indicated by the void fraction detector reading. 

of net boiling w a s  determined by the enthalpy change of the fluid and the saturation temperature 

corresponding to the pressure in the boiler. 

below saturation temperature (100 to 300'F subcooled), a portion of the boiler was used to 

provide the sensible heat necessary to reach saturation. 

assumed at the location where the inner tube w a l l  exceeded the saturation temperature. 

mean.fluid temperature at each disk w a s  calculated using a heat balance for the individual 

disk. 

calculation of heat t ransfer  coefficients. The w a l l  superheat, A T ,  is defined as the difference 

between the boiler Tw and Tsat in both net and surface boiling conditions. 

The incipience 

Since the fluid temperature at boiler inlet w a s  

The incipience of surface boiling w a s  

The 

The temperature difference between the heating surface and bulk fluid w a s  used for the 
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RESULTS AND DISCUSSIONS 

Net Boiling Data 

Values of heat flux density for  the net boiling region of the test  section a r e  plotted in Figure 4 
a s  a function of wall superheat. 

shown. 

phenomenon tends to be similar to that experienced with pure mercury. 

represent the recommended correlations of (q/A) versus AT f o r  these two Compositions. A s  

shown in Figure 4, more heat w a s  transferred through the second disk than at  any other loca- 

tion. 

The results of both compositions (44. 5% K and 14. 7% K) a r e  

Considerably higher w a l l  superheat w a s  required for the 14. 7% K amalgams; this 

The l ines in Figure 4 

P 

Figure 4. Net boiling heat transfer data for amalgams. 
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Surface Boiling Data 

During the t e s t s  reported here ,  a major  portion of the tes t  section for  all  experiments ex- 

perienced surface boiling where the heating surface temperature  (inner tube wall) exceeded 

the fluid saturation temperature.  

presented a s  a function of wall superheat for  the 44. 570 K amalgam i n  Figure 5. 

exhibit considerab1.e scat ter ,  and no single correlation can be drawn. 

local heat flux densities a r e  higher near  the boiler entrance than nea r  the net boiling region. 

This  trend indicates that the vapor concentration near  the surface influences the heat t ransfer ;  

and the condition of cr i t ical  flux for surface boiling is reached a t  locations near  the net boiling 

region. 

values of heat flux density obtainable i n  these experiments) a r e  not more  than twice those 

for  net boiling. 

water, '  indicating that the incipient boiling of amalgams requires  high superheat; and the 

improvement of heat t r ans fe r  with surface boiling of amalgams in tubes may be limited. 

The heat flux density (q /A)  for surface boiling is again 

The data 

A s  can be seen, the 

It should be noted that the upper l imits  for  surface boiling in Figure 5 (the maximum 

~ 

This is considerably different from resul ts  reported for  surface boiling of 

LIMITWG HEAT FLU: 
FOR SURFACE BOILll I I 

2 .0  

1 .5  

l i  
'LOCATIONS NEAKES'I' TO BOILER 
INLET 

MIDDLE WCATIONS 

LOCATIOXS NEAR NET BOILING 
REGION 

Figure 5. Surface boiling heat transfer data for 44. 5% K amalgam. 
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Comparison of Present Results with Pure  Component Data 

The net boiling heat t ransfer  data for potassiium amalgams are  compared with those f o r  pure  

p o t a s ~ i u r n ~ * ' ~  and mercury' '  as reported in the l i terature (see Figure fi). The present data 

for amalgams a r e  bracketed between the data for these p u r e  components, as indicated, with 

boiling heat flux densities fo r  the same A T  increasing with increasing potassium content. 

Figure 6 .  Boiling heat transfer data with mercury. 

... 



111. BINARY TWO-PHASE LIQUID M E T A L  FLOW PHENOMENA 

A s  demonstrated in the preceding section detailing with amalgam boiling heat t r ans fe r ,  two- 

phase flow phenomena a r e  of importance in interpreation of heat t r ans fe r  data for  boiling liquid 

metals in tubes. 

with which to  correlate  the character is t ics  of the sys t em and experimental conditions. 

such pa rame te r  is the slip velocity- ratio,  @ , o r  the ratio of vapor velocity to liquid velocity 

in a two-phase systern. 

In the analysis of two-phase flow, there  is a choice of s eve ra l  pa rame te r s  

One 

In the following equation, 

the sl ip velocity ra t io  is presented as a function of x,  the quality of the two-phase s t r eam,  a , 
the vapor volume fraction o r  void fraction of the two-phase s t r e a m ,  and the rat io  of liquid 

density t o  vapor density. 

through experimental measurement,  and values of two-phase quality were evaluated by means 

of a heat balance, flow ra t e s ,  heat of vaporization, etc. 

In  the present  investigation, values of void fraction were obtained 

Initial resul ts  employing pure mercu ry  during “shakedown“ runs of the experimental apparatus 

have been previously reported in a paper presented at the Multiphase Flow and Heat T rans fe r  

Symposium, 55th Annual AIChE meeting. l 2  Reported herein are the experimental resul ts  

of two-phase program employing 44. 5v0 K and 14. 770 K (by weight) amalgam a s  the tes t  fluid. 

EXPENMENTAL APPARATUS 

The experimental liquid metal  apparatus employed was that shown in Figure 1. 

of two-phase conditions occured in the instrumented t e s t  section shown in Figure 2. 

measu re  void fractions resulting from the boiling of the amalgam, a void fraction detector was 

installed immediately above the boiling test  section as shown in Figure 1. An Ohmart density 

gage with a 2-mill icurie radium source was employed as the conventional gamma-ray attenua- 

tion technique. 

report  l 3  for  s imi l a r  measurement on steam-water systems.  

The formation 

To 

This  approach w a s  s imi l a r  to the “single-shot“ method described in an A N L  
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A s  previously mentioned, e a r l i e r  phases  of the present  study were conducted with the s a m e  

experimental  loop utilizing mercu ry  a s  the working fluid. At that t ime,  the Ohmart density 

gage was calibrated by mounting the me te r  and the t e s t  section in a horizontal position and 

filling the tes t  section to a known level with mercury.  A s  the m e t e r  is not l inear ,  i t  w a s  

necessary to  first s e t  the end points using an empty and then a full tes t  section. The m e t e r  

output w a s  then recorded for  various known void fractions,  and the curve shown in Figure 7 

w a s  established. 

A s  the m e t e r  had already been calibrated,  i t  w a s  only necessary in the present  study to  r e s e t  

the end points for the amalgam being studied and use the same character is t ic  curve.  

w a s  justified through mathematical  analysis.  

be co r rec t  for  homogeneous flow. 

toward s lug tlow, an increasing e r r o r  is introduced. 

the inaccuracies introduced by the "single-shot's method w e r e  found to be  generally within 

20% of the actual value for  a tube s i ze  comparable with that used in this  experiment. 

The la t ter  

This  analysis showed the calibration method to  

Therefore ,  as the flow regime changes f rom homogeneous 

On the bas i s  of work conducted at ANL, 

With the aforementioned void fraction gage and the instrumented t e s t  section, data were  r e -  

corded ove r  a range of void fractions and two-phase qualities. 

0.4 0.6 0. a 1.0 
ACTUAL LIQUID VOLUME FRACTION, (1- a ) 

RADIOACTIVE 
SOURCE 

4 
I \  

I \  
I \  
' \  

I MERCURY 

SCINTILLATION 
COUNTER 

Figure 7. Calibration of void fraction detector. 
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RESULTS AND DISCUSSION 

The only previous experimental  r e su l t s  for  liquid metal  two-phase flow phenomena reported in 

the l i terature  a r e  fo r  mercury-mercury vapor. Gremilov'* predicted the variation of void 

fraction with velocity ra t io  (i. e . ,  quality t imes  density ratio) using the Froude number as a 

parameter .  Th i s  

correlation w a s  substantiated for  mercury-mercury vapor sys t ems  by the resul ts  of Siryi  l5 

and Korneev. 

were correlated in a s imi l a r  manner and a r e  shown a s  the lower curve in Figure 8. 

curve,  based on the authors '  data, indicates a s imi l a r  trend with those of the Russian investi- 

gators.  Inasmuch a s  the Froude number for the authors '  data is in the o rde r  of 

be considered a s  a limiting case where the liquid velocity is approaching zero.  

Here ,  the Froude number is a ratio of inertia forces  to  buoyancy forces .  

'The mercu ry  data obtained during the initial phase of the present  investigation 

This  

it can 
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Figure 8. Correlation of void fraction with velocity ratio Uo''/U0. 
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Also shown in Figure 8 a r e  data from the amalgam portion of the present investigation. 

of the similari ty in experimental apparatus and equipment, the Froude number w a s  again very 

small  (i. e . ,  

data could not be correlated with mercury-mercury vapor data in the manner used here. 

Because of the lack of amalgam data at other Froude numbers, a general statement regarding 

the correlation of amalgam data in the manner shown in Figure 8 can not be made. The results 

of void measurement in boiling amalgam s y s t e m s  and pure mercury systems are also shown in 

the Martinelli type correlation (Figure 9). 

for liquid metal two-phase  system^.'^ Due to  the large f low c ross  section and small  vapor 

qualities, almost all data l ie  in the turbulent-viscous two-phase flow regimes. 

liquid fractions for these two different liquid metal systems a r e  consistently higher than water- 

a i r  o r  oil-air  systems. 

suggested in Baroczy's paper. 

Because 

A s  can be seen from Figure 8, mercury-potassium amalgam experimental 

This correlation was recently suggested by Baroczy 

Figure 9 indicates 

N o  attempt was made, however, to apply a density ratio parameter  a s  
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Figure 9.  Comparison of Allison liquid metal data with Lockhart 

and Martinelli parameter. 
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IV. POTASSIUM AMALGAM BASIC PROPESC'rY EVALUATION 

To c a r r y  out sys t em analysis and component design of the Allison liquid metal  cel l ,  the therrno- 

physical propert ies  of the amalgam were  required.  

able in the l i terature ,  an extensive l i terature  survey revealed a definite lack of required infor- 

mation. 

with Columbia University, is conducting a continuing program designed to  provide the required 

data.  

Whilc a l imited amount of such data is avail- 

To compensate for this shortage,  the Allison Research Department, in conjunction 

Specific a r e a s  of work already completed o r  current ly  being studied include the evaluation of the 

following propert ies :  

1. Liquid-vapor phase equilibrium diagram 

2. Therma l  diffusivity 

3 .  Vapor p r e s s u r e s  

4. Surface tension 

5. Latent heat of vaporization 

LIQUID-VAPOR PHASE EQUILIBRITJM DIAGRAM 

The  design of the Allison liquid metal  cell utilizing potassium and mercu ry  requires  a knowledge 

of the phase equilibrium diagram for potassium arnalgams at 760-mm Hg p res su re .  

of the l i terature ,  however, has yielded only par t ia l  data at low pressures ."  'Therefore, 

an experimental  p rog ram w a s  conducted at Allison t o  establish the vapor-liquid equilibrium 

diagram for  an  amalgam sys t em a t  760-mm Hg p res su re .  

A s e a r c h  

Upon considering the methods available for  carrying out such a program, final selection w a s  

narrowed to two: the transpiration o r  dynamic method; and the direct  sampling or static: 

method. Because of required knowledge of par t ia l  p r e s s u r e s ,  molecular weights, m a s s e s  of 

condensable and noncondensable vapors ,  and the complexity of experimental  techniques, the 

djrect  sampling method w a s  chosen. 

Potassium amalgams of t h ree  different compositions (i. e . ,  80, 60 ,  and 47% potassium by mole 

fraction) were  placed in  individual evacuated apparatus s imi l a r  t o  that shown in Figure 10. 

The apparatus were then placed in a furnace, brought up to  the isothermal  temperature  c o r r e s -  

ponding to 760-mm Hg vapor p r e s s u r e  for  each composition, and samples  were removed into 

an evacuated t rap.  
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BOlLER 

Figure 10. Direct sampling apparatus. 

A total of 30 samples  were obtained ana analyzed. 

vapors,  plus a knowledge of the original liquid sample,  permitted the establishment of a point 

of the liquid-vapor phase equilibrium diagram. The experimental  resul ts  of this investigation 

a r e  shown in Figure 11. 

range, the portion of the curve established w a s  that of p r imary  interest  i n  the analysis of the 

liquid metal  cell. 

sented at  the Thermodynamics and Transpor t  Pr 

Meeting, New or lean^.'^ 

The resulting composition of the condensed 

Although the compositions studied cover only a relatively sma l l  

This phase of the program was reported in g rea t e r  detail in a paper p r e -  

rties Symposium, 1963 AIChE National 

In conjunction with the forementioned experimental  approach to  evaluating the liquid-vapor phase 

diagram, work w a s  c a r r i e d  out in an effort t o  theoretically predict  such a diagram for the 

By employing the method of Othmer,  Ricciardi, and Thaker,  
20 

sium amalgam system. 
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0 

Figure 11. Liquid-vapor equilibrium diagram. 

an equation relating the mol composition of mercury liquid and vapor, temperature, and the 

enthalpies of the components was developed. 

very close to the pure potassium boundary (i. e. , xk = 0. 991, the estimation of the vapor 

phase composition was carr ied out by stepwise integration of the relationship already men- 

tioned. A comparison of the analytical and experimental data is shown in Figure 12. One can 

conclude that, on the basis of the good correlation shown here, the aforementioned theoretical 

approach is applicable. 

By assuming the vapor composition a t  a point 

THERMAL DIFFUSIVITY, VAPOR PRESSURE, SURFACE TENSION, AND LATENT HEAT 

O F  VAPORIZATION 

Physical property studies on thermal diffusivity, vapor pressure,  surface tension and latent 

heat of vaporization have been carried out at  Columbia University under the direction of Dr.  

Bonilla. The method of measuring the diffusivity begins with the addition of potassium to the 
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Figure 12. Comparison of ‘analytical and experimental liquid-vapor phase 

equilibrium data. 

top of a 2-in. deep layer of mercury in a vertical, cylindrical, thin-walled stainless steel  cell 

in a vertical tube furnace. At successive l ime intervals, 8 , direct current is passed axially 

a h n g  the cell, and the resist ive voltage drops from the bottom of the cell to different heights, 

x, a r e  measured by a high resistarice device involving a Leeds and N o r t h r u p  “microvolt 

amplifier” and a Sargent s t r ip  voltage recorder.  

current and w i t h  the current in each direction. 

amalgam compositions and the rate of diffusion can he determined. 

runs indicate that the diffusivity increases considerably with increasing potassium concentration. 

The voltage at each x value is read with zero 

The resistivity data are then converted to 

Results of the f i rs t  few 

Vapor pressure studies of the potassium-mercury system a r e  being planned to permit the 

gathering of data with varying K-Hg compositions. Experiments a re  also being planned to  

car ry  out surface tension measurements on various compositions and temperatures. 
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ADDENDUM 

The Russian vork i n  two-phase i‘lbw used f o r  comparison purposes i n  

t h e  present paper appenrs i n  Reference 11 (i.e., Li.quid Metal- Heat 

T r a n s f e r  Med:i.a, by Kutatel.a,dze) . 
Korneev (references 14, 1 5 ,  and 1.6 respectively) a re  presented in 

gra$hical forni ( w i t h  appropriate references)  by Kuta-teladze. 

The works o f  Gre~nTlo-v,  S i r y i ,  and 

The authors attempted to obta.in copies of the o r i g i n a l  Russi.an 

references citcd 5y Kutntel.a.d./,e and were able  t o  f ind  only one (tXat, of  

Korneev). This paper was irrelevant and ?f.d not contaLri the data 

a t t r i b u t e d  t o  it by Kutateladze. 
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D I S C U S S I O N  

MR. S'I!Ell!: Perhaps you rrentjoned t'nis a7d 1 d i d n ' t  hear  i t .  Eow d id  

you corapute your satura1,i on ieinperature f o r  t h i s  amalgam? 

VR. SMI?!K: We had t h r e e  thermocouples loca t ed  r i g h t  a t  t h e  b o i k r  

o u t l e t .  We assumed tha t  t h e  temperature i.ndicaied by these  themiocouples, 

when our  void f r a c t i o n  d e t e c t o r  i.r.dicated ne t  b o i l i n g  ex i s t ed ,  was the 

s a t u r a t i o n  temperature .  This  correspoiided p r e t t y  cl.osely to  tile value 

obtained from t h e  vapor pressure  curve using t h e  pressure  ind ica ted  by t h e  

pressure  t r a n s m i t t e r  l oca t ed  a t  the b o i l e r  o u t l e t .  A s  it has a l r eady  'oeeri 

pointed out ,  t h e r e  i s  some problem. with this type of t ransmit te i - ;  we d id  

Prind, however, p r e t t y  good agreement between t h e  temppc-ratures recorded and 

-tile values  ca l cu la t ed  from t h e  p re s su res .  

M K .  B0NILT.A: 1 dor i ' t  r e c a l l  now--1 have seen Pome of Cnis  before- -  

do you take i n t o  account the change i n  s a t u r a t i o n  temperature with q u a l i t y  

whj ch you would g e t  i n  the two-corjiponent material? 

I%. SMITH: Do you mean t h e  f a c t  t h a t  as you ex t r apo la t e  down t h e  

b o i l c r ,  t h e  liquid head chainges? YOU make a co r rec t ion - -  

M K .  BONILJIA: No. The more you evaporate t'ne meycury, t h e  h igher  the 

b o i l i n g  po jn i  i s  a t  a given pr- - -  ,,,,ure. 

I might mention al.so t'iiat the s lope  of about L5-deg which you obtained 

may e a s i l y  be c3u.e t o  tha t  f a c t o r .  I n  our  own NaK boi l ing-- though t'riat was 

pool boilLng--you would probably see  a j ; i l t ing  over of t h e  l-i.ne, siiice t h e  

h igher  q/A, t h e  g r e a t e r  'ihe l o c a l  change i n  phase composition must be. I n  

o t h e r  words, t h e r e  a r e  two e f f ? c t s .  @ne i s  an a x i a l  change i n  s a t u r a t i o n  

temperature, and t h e  other i s  a r a d i a l  chaage i n  colnposition, which j.s ~1.0- 

bably  t o  be expected i n  a two-component mixture .  

M ; 9 .  SMITE: T h a t ' s  a good p i n t .  

MX. DW!CEH: I n  t h a t  connection, both the  pure  potassium l i n e  and iiie 

pure mercury l i n e  w e r e  parallel t o  t h a t  f o r  'die amalgam. 

MR. BONILU:  T h a t ' s  t r u e ;  yes 

MR. DWYM: That would tend t o  cour t e rac t  Professor  B o n i l l a ' s  commeni. 
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KR. BONILLA: No; it tends t o  br ing i n  some more i r r e l evan t  points .  

W,. CHEN: Are we t a lk ing  about t h e  slope of  t he  boil.j.rig curve? 

MR. SMITH: Yes; rl/A vcr::us AT 

MR. CHEN: I f  I may in+;erjec.t something which may be appJ.icable i n  

regard to the 11.5-deg slope.  

p red ic t  that i n  iiiost regions w f ~ t l i  convective boi l ing the slope does drop; 

and, i n  Pact, it i s  p r e t t y  hard t o  get away from 45-deg €or. eo-nvective 

bo i l ing .  

Crne of the :;l.i.des I neglected t o  show did 

bm. B0NILT.A: For t w o  corriporients? 

MR. CJIElV: No;  s i ng le  component. Tne reason i s  that you g e t  more of 

.the macroconvective contributiori--which gives a 45-de& slope. 

IvR. BOl!TII,LA: 

m. C I E N :  I nokiced. i n  your data,  and in data presented. enr l i .er  

B u t  m.ost pec~ple don ' t  report  a 45-deg slope.  

today (by Poppendiek, I bel.i::ve) , a slope of  11-5 4 e g .  

MR. BONILLA: S ix t  wit 'n forced convect-ion present .  You. have a boiling 

sl-ope vhich i s  sometning above one and 7.esa - than.  three;  when you put i r i  

t h e  convective cmriponent, you g e t  3. curve. It goes t o  zero,  i f  it i s  

sa tu ra t ed .  So, t he re  ought t o  be a curve. 

bE3. STEIN: I w i l l  rcake a coiment--usirig my cha.imanr,hLp as n pre- 

rogative--di.rec: Led parti aXLg at Dick and perhaps a l s o  to tihe lest few 

authors.  I niay ask  the  q1'resl;icm as  t o  whether we are clouding t'ne i s sue  

sorLetrhat by displaying and -trying t o  correlate d . a t a  f o r  bo i l i ng  as bea-t 

transfei- coef:ficie-ilts. M:iyI)e, Dick, you cen answer i-t since I noted i - r i  

your paper thai; the data. ~rjere not presented as heat  tr.ans.Ser coe f f i c i en t s  

al:though, 76th a s imi l a r  system, it was possible  t o  do t h i s .  I wonder 

how people feel. 6nout it. 

MR. ROESEWOW: One vote j r i  Tavor! 

MR. KILLACmY: What doec ProCessor Rohsenow suggest we use? 

MR , XOIiSENOW: Pure gm:i t i  AT : 

.C 



M R .  STELN: Since you raise -the poin t ,  maybe I can answer. There 

a r e  impl ica t ions  t h a t  we can b r ing  t h e  d a t a  toge ther ,  as we do i n  sing]-e- 

phase. What we are real.1.y i n t e r e s t e d  i n  a t  t h i s  s-tage of t h e  game--and 

t h i s  i s  t'ne same s t age  as we o r i g i n a l l y  were i n  i n  which w e  a l s o  t r i e d  t o  

use h e a t  t r a n s f e r  c o e f r i c i e n t s - - i s  a d i s p l a y  of t h e  experimental da t a  so 

w e  can s tudy  it and maybe g e i  some -ideas. So we want hea t  f l u x  versus  

tempei-rtture f o r  b o i l i n g  systems. This  i s  what we are r e a l l y  i n t e r e s t e d  

i n ,  I th ink .  

MR. RONlLLA: My c o m m m t  would be t h a t  t h e  heaL- t ransfer  c o e f f i c i e n t  

i s  more s e n s i t i v e .  For ins tance ,  it would be foolish iiot t o  use t h e  f r i c -  

t i o n  f a c t o r  i n  t a l k i n g  ahout t'ne pressure  drop for flow i n  tubes, s ince  

t h e  pressure  drop da ta  f o r  s ing le-phase  flow are so  accura te  t h a t  you ran 

u t i l i z e  tliis and ge t  iiuch more informaLjon out  of it. 

But t'ne b o i l i n g  da ta  a r e  probably not rel.iable enough t o  use hea t  

t r a n s f e r  c o e f f i c i e n t s .  

MR. GOLDMANTJ: :I: guess I go'i inLo tiiak argument with supe rc r i t i ca l -  

water ,  t oo ;  and I feel .  very  s t rong ly  t h a t  hea t  t r a n s f e r  c o e f f i c i e n t s  are 

very  u s e f d  as Long as t h e  c o e f f i c i e n t  i s  onl-y flow 01' geometry depend.ent. 

R u t  t h e  moment t h e  c o e f f i c i e n t  also beconies a func t ion  of the hea t  €lux 

i t s e l f ,  then  t h e  c o e f f i c i e n t  i s  no longer  3, useful t o o l .  

M K .  BONILLK: But w i . t h  f l u i d  f low,  t h e  temperature drop can be tenper -  

a t u r e  dependent; s t j l l  t h e  f r i c t i o n  f a c t o r  i s  ihe idea l  way t o  c o r r e l a i e  

i t .  

MR. GOLDMAN": I agree wj "11 you. 'C; i s  a flow phenomenon, a d  t h e  

hea t  Lransfer c o e f f i c i e n t  (expressed minnally as t h e  Nussel t, number vei-sus 

t h e  Rqmolds  number) becorncs a fimcLjon of t he  geonxtry, flow condi t ions,  

aiid p rope r t i e s  of t h e  f l u i d ,  not just func t ion  of t h e  f l u i d .  

Mli. ?OL'L-'PENDIEK: Well. ~ i.n r l u i d  f low,  t h e  shear  s t r e s s  v a r i e s  Linear ly  

from a niaximurn a t  t h e  wal.1 'to zero a t  t h e  cen ie r  1-ine. This  i s  a simple 

flow s i t u a t i o n .  I n  c o m e c t i v e  heat i r a n s f e r ,  krithout vo1umetri.c processes ,  

illere a r e  ana1sgou.s equat ions;  and you. can ta1.k about a conduetarice which 

i s  analagous t o  sornethiing l i k e  fri.ct;ion. However, when you have a d d i t i o n a l  



f l u e s  of some type i n  the vol.~xne, as you d.0 i n  boi l ing,  t'ne coefficie:rrt, 

which i s  really t he  inverse of  t he  hea t - t r ans fe r  res is tance,  t r i e s  t o  l ~ m i p  

a riumbcr of things.  1 t h ink  i t  i s  b e t t e r  t o  separate these .  'Thus, a t  this 

s tage of  the garne, I think, as Ralph says, an  ove r -a l l  temperat-ure d i f f e r -  

ence between a wall and a bulk of some sort and a J'1u.x i s  more meaningful. 

MR. ROHSENOW: I w i l l  ask Carlos a qu-estion. Wina t  i s  the eqiial;j.on 

of t h a t  curve? I t ' s  y-IILY, i sn ' t  i t? You want t o  s e l e c t  t he  correct value 

of m for- every x. If in i s  a Eimction of AT, t h i s  i s  the sane th ing .  Now, 

h can be a funct ion of absolute tmpera'cure--this i s  I.e,qal--but when h i s  

a function of AI?, you dori ' t  want t o  use h. That ' s my po in t ,  

MR. BONILLA: You cou.ld say AT equals t he  function of veloci.ty, and 

s t i l l  it i s  helped by introclii.cing the f r i c t i o n  f a c t o r  aspcct .  

MR. ROHSENOW: Yes. But there you can do t'nis all. as a small. exponent; 

a m a l l  e f f e c t .  The f r i c t i o n  f a c t o r  i s  a small e f f e c t .  

MR. BOTiILLA: 1 t h ink  wi? a d 1  agree  t h a t  z;it? don ' t  know enough about 

bo i l ing  t o  do i.t quantit;a-tively, but  cvcntually T~TC probably w i l l .  

MR. STEIN: On tha-1; staLeiimnt we wil.1 end t h i s  discussion. 



HEAT TRANSFER DURING FIrPl COWEHSATION 

I. I N T R ( i D U @ m  

Developments i n  nuclear power technolq and i n  other fields;, i n  which 

liquid metal vapors are used as heat t ransfer  f lu ida ,  have increased t h e  

need for a thorough wdars t and ing  of the procam of heat tsanefar during 

f i l m  condensation of' liquid metals. 

A t  tha present momnt, there, sxists conalderable disagreement between 

theory and experiment for t h e  c a m  of f i l m  condensation of a liquid m e b l  

vapor, 

cienta much lower than those expected from theory. 

Experiments (1*2' have cons is tent ly  yielded heat transfer coeffi- 

From a practical zae well as a fundrnmsntd- viewpoint, it  would be 

useful t o  remove the prasent, disagresment and to undmstand the rea80nS 

for its existence. This Pea the object of the research investigation b ~ i n g  
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11. GENERAL REVIEW OF LITERATURE 

Development, of the Theony. 
the  ease of film condensation of a s t a t iona ry ,  pure, m t u m t e d  vapor on an 

isothermal. v e r t i c a l  surface.  

to N u ~ s e l t ' ~ ) ,  who made the  fallowing assumptions: 

The specific problem under c o n 5 i ~ e ~ ~ t i ~ n  i s  

The f irst  formulation of the problem Is due 

(i) The temperature of t h e  liquid-vapor i n t e r f a c e  i e  the 

s a t u r a t i o n  temperature a 

The condensate flow is  laminar. 

The f l u i d  prope r t i e s  are constant. 

Subcooling of' the condensate may be n e g l a c t d .  

Momentum changes through t h e  condensate are neg l jg ib l e ,  

i . e . ,  t he re  18 e s s e n t i a l l y  a s t a t i c  balance of forecse. 

The s t a t iona ry  vapor e x e r t s  no drag on the downmrdl 

movement of t h e  esndansat,a, 

The temperature d i s t r i b u t f o n  I n  the f i lm  i&i l i n e a r .  

(ii) 
( i i i )  

( i v )  

(v )  

( v i )  

( v i i )  

Me derived t h e  well known fornula: 

. 

SeI~rn'~'  haa extended Nusselt 's  analysis f o r  t he  ease of' higher Re;)molde 

assuming a t r a n s i t i o n  from laminar t o  turbulent  flow a t  a Reynoldrs 

number of lOOQ and a universal  ve loc i ty  d i s t r i b u t i o n  i n  t h e  f i l m .  

results v e r i f y  the q u a l i t a t i v e  expectation t h a t  heat  t r a n s f e r  c o e f f i c i e n t s  

should increase f o r  comon f l u i d e  (PP ES 0.5 or greater) itnnt. should not for 

l aw Prandt l  ~~~~ fluids because of high values of %hemJ. ~ ~ ~ f ~ ~ i v i ~ ~  as 
compared t o  the turbulent  d i f f u s i o n  c o e f f i c i e n t  far heat. 

of subcooling of  the contiensate, and by' ~ o ~ * e ~ ~ ~ ( ~ ~ ~  who 1p11med far non- 

1 ~ A ~ ~ r i ~ ~ ~ a  in $he f i b  temperature d i s t r i b u t i o n ,  

N i t 3  

Nutsaelt )5 ana lys i s  has been extended Bronlay"' who Included effects 

These refinements become 
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C a t i Q i l R ,  t h i s  pramester has a value bet'dem 0 ard 0.2. 

Sparrow and have solved t h e  boundary l aye r  equations fo r  a 

laminar film through a s imi l aP i ty  transformation, thus taking account of 

~~~~~t~ changes. For cornon fluj .da,  t h e i r  r e s u l t s  follow Nusselt '8 pre- 

d i c t ion  closely,  but f o r  low Prandt l  number f l u i d s ,  the heat t r a n s f e r  

c o e f f i c i e n t  drops below tho? Nusselt prdtdiction with increasing cp (T -Tw)/A , 

chi") has obtained s u b s t a n t i a l l y  the same r s s u l t a  by an i n t e g r a l  rnethdd. 

Recently C h ~ t n ' ~ ) ,  Koh, Sparrov m d  Hartnett'''), a d  Koh (I1) have 

almost simultaneously considered the, e f f e c t  of t he  vapor drag. Their PB- 

s u i t e  i d i e a t e  l i t t i e  disagreewent w i t h  NUsseitta theory for f l u i d s .  

Par low Prandt l  number f l u i d s ,  housver, the heat t ~ ~ ~ ~ ~ e ~  i s  found t o  drop 

even b l o w  t h a t  determined by Sparrow and. Gregg, 

Thus the, latest  refinements t o  N u a s d t ' a  analysis have removed the re- 

B t r i C t i Q l l S  Of 888 ptions ( i v ) ,  (v ) ,  ( v i )  and (vii). ~iguurea 1 and 2 i ~ u 9 -  

s u l t s  af t he  a ve invest igators .  

- 
(I3 has suggested I t  i s  worth nenticning t h a t  i n  a recent  paper, Dukler 

+ 
a theory which  seem^ at f i rs t  glance t o  agree reasonably wsll with Misra and 
Bor-dlla'a expeerimants. In the opinion of t h e  present authors,  howev~r ,  t h i s  
agreement can only be fo r tu i tous .  
mads the assumptian t h a t  the molecular beat t ransport  coe f f i c i en t  is negl igibla  
i n  comparison t o  the turbulent  eddy coe f f i c i en t  ( r e f e r  t o  Appendix of his pa 
T h i s  assumption isr reasonable f o r  high Prandtl number f l u i d s ,  but is t o t a l l y  
u n j u s t i f i a b l e  for Prandt l  nuanbra of the order of 0.01 p a r t i c u l a r l y  eat the  

shorn t h a t  by not m k i  

I n  t h e  ou te r  region of the f i lmp Dukler has 

ynolds numbers in Mara and Bonilla'8 ~ x p ~ ~ ~ ~ ~ ~ ~ ~  Sample ca lcu la t ions  have 
th i8  a ~ s ~ ~ t ~ 0 ~ ~  hkleI="f3 PeBU'bta would f a l l  6108e tQ 

Nussalt'hsa 
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111. A MODIFIED THEORY OF FILM CONDENSATION 

(9,lO,11) of 

Assumptions (ii) and ( i i i )  can always be s a t i s f i e d  within 

As has been s ~ t e d  earlier, the  moat recent  modifications 

Nueeeltss theory have removed t h e  r e s t r i c t i o n s  of assumptions ( i v ) ,  ( v ) ,  

( v i )  and ( v i i ) .  

r5380n by cont ro l l ing  the  rate of condensation and by choosing a s u i a b l e  

f l u i d .  We wish t o  concentrate OUT a t t e n t i o n  now on e x d n i n g  the  validity 

of assumption ( i ) .  

Schrage (14) has studied the  phenomenon of interphase ms8 t r a n s f e r  

from t h e  standpoint of k i n e t i c  theory. A n  equation derived by him for the 

ease of condensation of a pure vapor can be expressed i n  t h e  following more 

useful form (with the  additional. r e s t r i c t i o n  t h a t  t h e  vapor is sa tura ted) :  

Here m is the  rate of condensation per u n i t  are8, CT is ca l led  the  con- 

densation c o e f f i c i e n t  ( t h e  r a t i o  of molecules t h a t  s t r i k e  the  l i q u i d  surface 

and condense t o  the molecules which s t r i k e  the sur face) ,  

weight, R i s  t h e  universal  gas constant,  P,, and TV are the  sa tura t ion  

pressure and temperature, is the l a t e n t  heat of vaporization and Ts i e  

the liquid temperature a t  the liquid-vapor interlrace. 

The Condensation Coeff ic ient  Q 

M i a  t h e  molecular 
I 

The c o e f f i c i e n t  U is  believed t o  have a funct ional  dependence upon 

the  state of the surface and the  kind o f  molecules involved. 

many inwestigatore have measured the value of 

For water, 

Q t o  be around 0.011. 
FOP mercury, measured values of U have ranged from 0.0005 Lo h,  

The value of 1 was with 0.1 being the  most cons is ten t ly  reported value. 

measured by Knudsen”’) when fie took the greatest precautions to insure  the 

p u r i t y  ~f the mercury, while the value of 0.0005 was a l s o  meamred by him 

when he took no p a r t i c u l a r  precautione ana could Bee a s l i g h t  brownish acum 

.. 
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contaminating the surface. I n  any condensing ayst  altboq?h @.@tat 

purity camot  be obtained, i t  should be noted that  ba new vapor-liquid 

interface i s  being constantly created, Therefore, (B value 

extremes and of the order Of 0.1 S158mS l i k e l y  t o  be 

Values o f  gP. for other l iquid  metala are not known. 

T p )  ting the Value of (Tw 

For any given fluid and m chosen set of conditions, equation ( 4 )  can be 

used for calculating the  value of (T, - Ts). This has been done in the 

instancee, t h e  aaturatiorn pressure pv has b a n  chosen to 

pressure. 

f O l . l Q W i n g  t a b l e  far three f l u i d s  -- WateI., mercury and SOdiUm. In a l l  



13 '7  

Water d = 0.04 
Mercury Q = 1.0 

a- = 0.1 

sodium 0- = 1.0 

(Tv - TW)=5OF 

= 3" s = 6" 

0.22 0.18 

0.37 0.31 

7.0 5.9 

0.52 09-44 

(Tv - Tw)=500F 

2 .  I 1.7 
39.5 33.2 

2.9 2.5 

I t  i s  seen t h a t  f o r  water with 

t o  (Tv - Tu); for mercury it is small i f  

of magnitude i f  CT = 0.1; while for sodium if CT is assumed to  have 

the m a x i m u m  possible value of unity,  (Tv - Ts) is small but not negligible 

compared t o  (Tv - Tw), 

t o  be greater  than (Tv - Tv) is of no consequence. 

(TV - T8) may not be negligible compared t o  (TV - T,,). 
of equation (4) reveals t h a t  these circumstances are more l i ke ly  t o  occur 

with l iquid metals because of t h e i r  high thermal conductivit ies and higher 

aaturatfon temperatures for the  BBme pressure as compared t o  other f l u i d s  

with higher Prandtl numbers. 

0" = 0.04, (Tv - Ts) is small compared 

6 = 1, but of the 8ame order 

The f a c t  t ha t  for  some cases (Tv - Te) i s  calculated 

We may conclude from the above calculations that under some circumstances, 

Also, an examination 



A Modifiad Fom of Nussalt's Theory t ak inv  Account of the Resistance at t h e  

Vapor-Liquid Interface, 

A theory which relaxes t h e  a%lswap@ion t h a t  t h e  vapor-liquid i n t , e r f ~ ~ ~ e  

is at saturation t , ~ r n ~ e ~ ~ t ~ ~ ~ ~  ~ t ~ n  now be developed. It  ia f o m l a t e d  along 

The sole mdifica- B lines a8 Nusselt's classical theory.  

t i o n  c o ~ l j l i s t ~  in utilizing equation (2) to expreipaa t h e  u~lknom temperature 

Ts 
equation is obtainad:: 

in tema of the saturation temperature, Tv . Tha following differential 

where 

6" = non-dimensional f i l m  th ichess  = & / L  

= non-dimensional distance a l ~ n g  condenear = /b 
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c 

T x  and 'fn are familSar numbers from Nussel t ' s  theory. T= is 

a new aon-dimensional number introduced because of the thermal res i s tance  

a t  the in te r face ,  

c l a s s i c a l  theory depends upon the value of rm . For high values of 

the order  of 10 

pheric pressure),  the deviat ion is negl igible .  AB Tn decreases,  the  

deviat ion f r o n  t h e  classical theory increases.  

If we now define two Nusselt numbers baaed on the  o v e r a l l  temperature 

The deviat ion of the  present theory from Nussel t ' s  

5 or more (which is the c a m  f o r  saturated steam a t  atmos- 

drop (T,, - T,) and on the temperature drop B C ~ Q B S  the film (Ta - T w )  as 

f Q l l O U l s  : 

L 
t- 

. 
dz 

Q 

then we can state that 

... ( 6 )  

m o b  ( 7 )  

... ( 8 )  
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I n  Nueseltta clmhisical theory, since t he  reaslfdtance a t  t h e  l iquid-  

v a p r  i n t e r f a c e  i a  nagltscteci, Nk, = % *  

The d i f f e r e n t i a l  equation ( 5 )  can be 8implified f o r  low values of 
2 (up t~ about 10 j by an order o f  

o h t i o n  
gnitude analyela t o  y i e l d  the  e x p l i c i t  

2 5 For higher valuera o f  (btwa6een approximateby 10 and 10 ) f o r  

which t he  so lu t ion  has moved t a w a d s  Musselt'ss aolut ion but has not mssgsd 

with it, t h e  d i f f e r e n t i a l  equation can atill be considerably s implif ied,  

but a numerical so lu t ion  ira necessary. 

Tm 
Fig. 3 ahows the calculated va r i a t ion  of Nu, and Nua w i t h  ?TI e 

The parameter hrae been varied by fastars of 10 t o  obtain m set  of 

c u r n e ~ ~  while the  parameter en h e l a  f ixed.  p T t 3  c u m  

value (6.1 x lolo)  of f o r  vhieh the CuiVBG are p lo t t ed ,  C ~ P ~ ~ S ~ W I ~ S  

t o  the conditions of our experimental sst.-up ( t h e  c a m  o f  imareury condensing 

on a v e r t i c a l  surface 6 i n .  long). 

It  i a  obvious that a comparison betwen  any d a t a  point  obtained from 

experiment and the present theory requires a knowledge of the value of 

This iz t u rn  raqulrens the  value o f  6$ , which is  i n  f a c t  an wknown 

quant i ty .  However, i n  any given syetem wbaei-ea condensation i s  continuously 

a t ta ins  a cer tain taking place9 it ~ o e m s  reasonable t o  expect that 

steady value. I n  our experiments, therefore, ve intend to m n  a continuous 

saf.ias sf tests VaPgring the p%ram@teP T s  e It i 6  hoped thefit t h e  @#par- 

irnmtally measured vsluusw of 

valuszs f o r  0148, particular value of 

will watcb the thsamtical  
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In the following table ,  values of 73"a have bean calculated f o r  

mercury over a wide range of saturation pressurea with 

L = 6 i n ,  

Nusaelt numbera expected i n  the experiments. 

6 = 0.1 and 

These values i n  conjunction with Fig. 3 give an estimates of the 

Saturation presswe Non-dimensional parameter 

B, (in mm.) 

960 

A00 

200 

loo 
10 

I t  may be mentioned that a more approximate theory which applies 
equation (2)  i n  an overal l  fashion over the whole length of the condenser 
and utilizes liluaaslt's solution for the f i lm drop (TB - Tw)# yields results 
which t ~ e  i n  eloee agreement with the above, theory. 



t he apparatus, which M i l l  ba ueed to test t he  theom, has j u s t  been 

assembled and operated. However, due t o  var ious d i f f i c u l t i e s ,  no q u a n t i t a t i v e  

da t a  hae been obtained as yet .  

e i c a l l y  the  apparatus (Fig.  4) is a closed boiler-condenser system 

Mercury is being used a8 the working f l u i d .  mde of s t a i n l e s s  s t o e l  304. 

The condenser j a  a vsrtPca1 nickel  tu , 3/4 i n .  0.De9 6 in.  long ,  on which 

the nature of the condensation i a  observed through vycor windowa mounted i n  

the w a i l s  01" the, brat chamber. water ier tha cooltng liquid. 

of the q u a n t i t i m  invdvad  i n  the d e f i n i t i o n  of  NU^ (eqUaclOA 6) ,  L 

. $2 i s  d e t e d n e f d  by measuring t h e  flow rate of the cooling lo(v 
water and Ptrc rise, of tempratwe. TV is  meanured d i r e c t l y .  Tw is  de- 

termined from a precise  meaaursment o f  t h s  e l e c t r i c a l  r e s i s t ance  of a 

sect ion of t h e  nickel  tube. 

of the  condenser t u b .  Tw can calmulat~tsd from thiEt since the  heat  f l u x  

through t h e  condenser t u b  i s  k n m ,  

D e t e d n a t l o n  of Nuz 

Thia ~~a~~~~~~~ yield5 the average, temperature 

~ c a u s c s  O f  the, high the  1 coxaductivity of l i q u i d  metalsS i t  is 

j u s t i f i a b l e  ta asewe t 

f i l m  i.8 lineas. 

r a tu ro  variation acroaa t h  

Eqra t i o n  ( 7 )  which def ines  MU*, c 

L 
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The film thickness 6 is being measured by a gamma ray atten- 

uation technique. 
pas5 through the walls of t he  t e s t  chamber, the mercury condensate f i l m  

and the walls of the nickel tube before baing picked up on the  other side 

by a detector consisting of a NaI crystal  and a photo-multiplier tube. 

Co5’ source and the detector can be traversed vertically,  so that the film 
tbickneas along the length of the condenaer tuba can be masured. 

technique i a  sensit ive to variations of 0.W1 in. in the mercury film 

thickmaea. 

The gannna rays are emitted by a 2 m c  C057 source. They 

The 

The 
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cP 

g 

k 

L 

m 

M 

Nu 

Nu 1 

Nu2 

pV 

( q / N ,  

TV 

TS 

- 
R 

2 

+ 
z 

6 

6* 

P 
A 
P 

Q" 

l i q u i d  s p e c i f i c  heat  

g r a v i t a t i o n a l  constant 

l i q u i d  thermal conductivity 

length of condenser 

rate of condensation per unit area 

molecular weight 

Nusselt number from Nusselt 's  theory 

Nusselt number based on o v e r a l l  drop (Tv  - 
Nuseelt number based on drop across  film (TB - T,) 
preesure i n  vapor apace 

heat  t r a n s f e r  rate per u n i t  a rea  a t  d is tance  z 

universa l  g8S constsnt  

sQtura t ion  temperature corresponding t o  Pv 

wall temperature 

temperature of l i q u i d  a t  liquid-vapor i n t e r f a c e  

d i s  tanee along condenser 

defined by z/L 

condensate film thickneas 

defined by 6 L 
l i q u i d  dens i ty  

l a t e n t  heat of vaporization 

TW) 

l i q u i d  v iscos i ty  

condensation c o e f f i c i e n t  ( f r a c t i o n  of molecules e t r i k i n g  vapor- 
l i q u i d  i n t e r f a c e  and condensing). 
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I .O 
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Condensate Reynolds Number at  z = L --_+ 

FIGURE 2 
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I)ISCUSSION 

MR. BONILIA: 1: d o n ' t  r e c a l l  exac t ly  what was i n  iAie paper; bu t  i f  

it i s n ' t  here ,  then  it i s  i n  h i s  f u l l .  d i s s e r t a t i o n .  We considered th i s  

e f f e c t ,  and. w e  found -that i.i helped at t he  lowest p re s su res .  

We d id  not use a condensstion c o e f f i c i e n t  o the r  than 1 because - you 

have your arguments i n  tile paper - it j u s t  d id i i ' t  seen t o  us 'Lhai; it could 

poss ib ly  be below ?or the b e a u t i f u l l y ,  s e l f - c l ean ing  suryace tiia-t you 

would have to have t h e r e  with no i n e r t  gas presen t .  Well, it brought t h e  

Low pressure da ta  r i g h t  up t o  t h e  niusselt theory,  whi1.e t h e  o t h e r  da t a  w a s  

hard.1.y chmged at a1.l. la o the r  words, i f  you got; up t o  atmospheric pres- 

su re ,  it would have ha rd ly  any e f f e c t .  The reason w e  d i d n ' t  c a l c u l a t e  a 

sigma f o r  every point was t h a t  we were confident  we would ge t  a wide range, 

l o u 6  maybe, f o r  some of t h e  po in t s .  

However, as I r e c a l l ,  t h a t  w e  d id  have t1il.s thought - t h a t  a t  a high 

r a t e  of condensation, high q/Ai yoii have q u i t e  a l i t t l e  t o r r e n t  of con- 

densate  running dowii. You can assume then t h a t  tlit? su r face  i s  completely 

covered w-i-bh concensate; and, t he re fo re ,  that some kiiid of condensation 

c o e f f i c i e n t ,  presumably 1, would be appl- icable .  Rut i f  you have a low 

rat- of condensatiion, unless you had a wetted sur face ,  'illere w i l l  be drop- 

wise condeiisation; and t h e  phenomenon wou1.d be inore complex. 

MR. R0HSE:NOW: Is t h i s  a n i x t u r e  of drop and f i l . m ?  

MR. BONILLSI: Y e s ,  it would be d rop le t s  running d.own. I ' ha t ' s  what I 

am sure  you would g e t ,  imless it was s t a i n l e s s  s t ee l  and mercury. W i t h  

nickel. we got n ice ,  continuous drops. 

MR. ROHSENOW: We a r e  hoping n i c k e l  w i l l  be our sa lva t ion  he re .  On 

page 11 of our  paper w e  have a t a b l e  showing t h e  vnl-uer, for t h e  inf luence  

of pressure  on ir3 for a C of 0.1. It i s  q u i t e  s i g n i f i c a n t .  

MR. BEREflJSON: I would th ink  t h a t  an  annul-ar flow vapor iza t ion ,  which 

i s  e s s e n t i a l l y  t h e  reversc  cf t h i s  process ,  would have t h e  same kind of 

e f f e c t  corning i n .  

e a r l i e r .  Where you would have t o  have an  excess of Yhe i n t e r f a c e  tempera- 

t u r e  over the s a t u r a t i o n  tern-perahre, i n  order  t o  d r ive  t h e  vapor away from 

the i n t e r f a c e .  This  a l s o  m i & t  be more inpor t an t  i n  liquid m e t a l s .  

1: giless t h i s  i s  what Kurt Go ldmn w a s  a l l ud ing  t o  
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MR. ROHSEROW: Tc1.i.s i s  por,si'ol.e. 'llhe condensatl.on coefTi.cient on 

evapora3:ion i s  a l i t t l e  more d i f f i c u l t  t o  see.  Once you form \-a,por, h o ~ ~  

are you going t o  have an accommodation coe f f i c i en t  any more? 

btR. .BEXE?JBON: In th.at c!ase 11iaybe the sccorrtrnodation coe f f i c i en t  would 

be oi~ly-  1. Km..dson calculated vapor pressu.1-e rin t h i s  vay: By considering 

a vapor flowing toward t h e  surface i n  ba lmce  with the molecules Lea,vFng 

the surfacc, aed lie found. with iiiercury t h a t  rrlany- people ' s 1i.Jes had been 

saved because the  niercvry surface was d i r t y .  

PIXn GOLDMkUJ: Since I am out i n  1eE.t f i e l d  myZriow, l e t  me go a l - i t t l e  

f u r t h e r  and. say t'nat r,erhaps here,  too,  you get  condensation s t a r t i n g  i n  

 you^ vapor region, so thai; you x t u a l l y  s t a . r t  bunching mol.ecules together 

slid r"orm.ing drop1 ets i n  t;kie region wlii.ch you desc r.i.hed as a ftzl.l.j.ny-off 

ternpe r:z-tii.re, b 

t1i:;i.L lriyuid f i l i i i  rather t'nm . ju s t  molecules g e t t i n g  there. 

een T/S and T/W, so that, you. have droplets fal-]ling ont,o 

bE1. POPPEHDIEK: Warren, someone -Lol.d m.e the  other day t h a t  Penner 

 rote a paper on predict ion oE acconirnocia!;i.!in coe:€'Sicieats fo:r l i q u i d  

s y s t e m ,  eoi f o r  s o l i d  systems. And I th ink  the  outcome w a s  Ynat lor most 

l.riqijtds7 the val-ue was very high I 

you. had.  seen Lhat paper on l i q u i d .  I haven't  seen it myself. 

Very near imri t y  . 1 wxs wo:der-ing if 

MI<. KOHSEROW: 1 haven't seen it; no. 

MR. XO€ISil:NOWr We will get tzftcr that and get; aiioid of it. 

Mx. SAMUEL: W i t h  respect t o  t h i s  condensation thing, has t h i s  parti- 

c u l a r  condenser e v e r  been pre -wetted w i t h  mercury? 

MR. %MUEL: The :f.i.rst time y(;u put l iqu id  rnef;al~ thToiigh t h e  piper;, 

i f  it is riot wet, Lhe pump is no-t; pLmp:i~ng properly.  Sinply put an acetyl.eri.e 

torch on t'ne ou.i;si.tle of t h a t  imi;iI_ it ge t s  red h o t .  Once wetted rit remains 

ve t t ed  From then on. 
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NR. ROHSENOW: Great. Thank you. We know t h a t  t i m e  i n  opcrat:ion i s  

siupposed t o  cause t'ne l i q u i d  t o  wet t h e  sur face ,  bu t  i f  w e  can accel-erate  

that process ,  t h a t ' s  f i n e .  

MR. RONILLA: This rr3, what i s  tile s ign i f i cance  t o  t hese  numbers? Is 

it how much it dev ia t e s  from t e n  t i m e s  pressure? 

MR. ROHSENOW: /I r ep resen t s  t h e  inf luence  of t h e  i n t e r f a c e  r e s i s t a n c e .  

MK. BONILLA: Prom looking a t  t h i s  t a b l e ,  can you show a predica ted  

s igni f icance?  

MR. ROHSBWOW: No. You have 'LO go back t o  t he  r e s u l t s  curve i n  a 

Later  f i g u r e .  \!hat we had on t h e  curve were decades, ar?d ibis goes through 

more than a dccimal po in t .  

What we a r c  r e a l l y  saying he re  i s  t h a t  f o r  1.iquj-d metals L h i s  e f f e c t  

i s  more pronounced a t  any accommodation c o e f f i c i e n t  than  1:t i s  i n  non- 

l i q u i d  metals: arid w e  bel-i~eve it i s  worth s tudying.  I n  any event ,  we are 

going t o  t r y  t o  make some c a r e f u l  measurements, and maybe even gunk up t h e  

system in tcn t i .ona l ly  t o  see what happens. 
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LIQUID METAL JET CONDENSERS 
1 

Lance Hays 

A n  i n v e s t i g a t i o n  of j e t  condensers us ing  mercury 4s a working 

f l u i d  was concluded. The a p p l i c a t i o n  which motivated t h i s  work was 

t h e  use  of t h i s  component a s  a vapor condenser i n  space dynamic 

power systems. Advantageous f e a t u r e s  such as high  condensat ion r a t e s ,  

p o s i t i v e  vapor - l iqu id  s e p a r a t i o n ,  s i m p l e  s t a r t - u p ,  and s i g n i f i c a n t  

conversion of vapor thermal energy t o  condensate  mechanical energy 

were demonstrated and a r e  d iscussed  h e r e i n .  S impl i f i ed  express ions  

f o r  momentum exchange and h e a t  t r a n s f e r  w e r e  ob ta ined  and a r e  used 

t o  c o r r e l a t e  experimental  r e s u l t s  ob ta ined  wi th  mercury, and t o  i n d i -  

c a t e  t r ends  of performance a v a i l a b l e  with v a r i a t i o n s  in geometric 

and f l u i d  parameters .  

NOMENCLATURE 

The fo l lowing  nomenclature i s  used i n  t h e  paper:  

A =  

il = 

i2 = 
0 

= 
- 

'd - 
c =  

P 
d =  

g =  

h =  

H =  
f g  

j 
H'. = 

3 - 
Kd - 

L =  

G =  

m R -  
- 0 

a r e a ,  sq  it 

area  r a t i o  of i n j e c t o r  t o  tube  i n l e t  

a r ea  r a t i o  of i n j e c t o r  t o  t h r o a t  

a r ea  r a t i o  of t h r o a t  t o  tube  i n l e t  

d i scharge  c o e f f i c i e n t  

s p e c i f i c  h e a t  of l i q u i d ,  BTU/lb°F 

d iameter ,  f t  

cons t an t  = 3 2 . 2 ,  ( lbm]lbf ) ( f t / sec  ) 

h e a t  of vapor i za t ion  , BTU/lb 

j e t  condenser i d e a l  power ou tpu t ,  kw 

2 

d i f f u s e r  l o s s  c o e f f i c i e n t  

l eng th ,  f t ,  i n  

mass f low r a t e ,  lb/hr  

r a t i o  of i n j e c t e d  l i q u i d  mass flow t o  vapor mass flow 
( s a t u r a t e d  vapor flow f o r  q u a l i t y  less than u n i t y )  

mass f low r a t i o  f o r  T = 
l e  Tvo 

'Engineer , E l e c t r o - o p t i c a l  Systems, Inc, , Pasadena, C a l i f o r n i a .  

Presented  a t  the  Third Annual High Temperature Liquid Metal Heat 
Transfer  Technology Conference,  Oak Ridge, Tenn. , 4 September 1963 
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p r e s s u r e ,  p s i ( a )  

p r e s s u r e  r i s e  from j e t  condense r  i n l e t  t o  o u t l e t ,  p s i ( d )  

p r e s s u r e  drop  a c r o s s  i n j e c t o r ,  p s i ( d )  

r n t i o  of  p r e s s u r e  r i s e ,  APa, t o  dynsmic p r e s s u r e  o f  
i n j e c t e d  l i q u i d  

r a t i . 0  o f  p r e s s u r e  r i s e ,  APa, t o  dynamic p r e s s u r e  o f  
i n l e t  vapor  f l o w  

r a t i o  o f  p r e s s u r e  r i s e  from i n l e t  t o  t h r o a t  t o  dynamic 
p r e s s u r e  o f  i n j e c t e d  l i q u i . d  

r a t i o  o f  p r e s s u r e  r i s e  f r o m  i n l e t  t o  t h r o a t  t o  dynamic 
p r e s s u r e  of  i n l e t  vapor  f l o w  

h e a t  r e j e c t e d  t o  l i q u i d  j e t  from condens ing  v a p o r ,  RTU/hr 

r a d i u s ,  f t  

Reynolds number 

t e m p e r a t u r e ,  t ime ,  F,  s e c  

o u t l e t  s u b c o o l i n g  = 

0 

F 0 

F 
0 

Tvo - TBe’ 

“ r a d i a t o r 1 ‘  t e m p e r a t u r e  d rop  = T,fe - TPO’ 

v e l o c i t y ,  f t / s e c  

r 2 t i o  o f  i n l e t  vapor  v e l o c i t y  t o  i n j e c t e d  l i q u i d  v e l o c i t y  

d i s t n n c e ,  f t ,  i n  

i n l e t  vapor  q u a l i t y  
2 

2 
a n g l e ,  t he rma l  d i f f u s i v i t y ,  ( O ) ,  f t  / s e c  

t u r b u l e n t  d i f f u s i v i t y  f o r  heai;, f t  / s e c  

Pth c h a r a c t e r i s t i c  roo t  of  B e s s e l ‘ s  F u n c t i o n ,  

r a t i ~ o  o f  measured t o  c . - l c u l a t e d  p r e s s u r e  r i s e  

r a t i o  o f  i d e a l  t o  a c t u a l  i n j e c t o r  p r e s s u r e  

d e n s i t y ,  l b / f t  

r a t i o  o f  1i .quid t o  vapor  d e n s i t i e s  
2 

w a l l  s h e a r  s t r e s s ,  I b / f t  

s t r e a m  p o t e n t i a l ,  f t  / s e c  

j e t  u t i l i z a t i . o n  f a c t o r  = (Tb - ‘Tb)/(Tvo - T,fa) 

h e a t  t r a n s f e r  parclmeter X v f0 /vR 

J O  

3 

2 
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S u b s c r i p t s  

o = i n l e t  of j e t  c o n d e n s e r ,  s t a t i o n  number 

1 = t h r o a t  of  j e t  c o n d e n s e r ,  s t a t i o n  number 

2 = o u t l e t  af  j e t  c o n d e n s e r ,  s t a t i o n  number 

b = h u l k ,  boundary 

c = c o n d e n s a t i o n  

( c a l c )  = c a l c u l a t e d  

d = d i f f u s e r  

e = E x i t ,  o u t l e t  of j e t  coildenser 

i = i n j e c t o r  

j = j e t  

R - l i q u i d  

m mixed 

R = R e l a t i v e  

s = s a t u r a t e d  c o n d i t i o n s  

t = t u b e  

v = vapor  

w = w a l l  

INTRODUCTION 

The m a j o r i t y  of dynamic space  power systems c u r r e n t l y  under  

development u i i l i z e  d i r e c t  c o n d e n s e r - r a d i a t o r s  as  t h e  lieat r e j e c t i o n  

camponenL. However, problems of s t a r t u p ,  system ground t e s t i n g ,  two 

phase flow i n  a z e r o - g r a v i t y  r n v i r o n m r n t ,  and m u l t i - t u b e  i n s t a b i l i t y ,  

have r e su lLed  i n  s e r i o u s  i n t e r e s t  i n  t h e  a p p l i c a t i o n  of  i n d i r e c t  con- 

d e n s r r s  (1, 2 )  . Moreover,  t h e  r o l e  of i n d i r e c t  condense r s  i n  space  

w i l l  become much more pruuninent as power systems i n  t h e  megawatt 

c lass  are deve loped .  For t h e s e  l a r g e  power l e v e l s ,  t h e  problems 

a s s o c i a t e d  w i t h  s t a r t u p  and s t a b i l i t y  of d i r e c t  c o n d e n s e r - r a d i a t o r s  

2Numhcrs i n  p a r e n t h e s e s  r e f e r  t o  t he  B i b l i o g r a p h y  a t  t h e  end of 

2 

t h e  pape r .  
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may become more s e v e r e .  A l s o ,  p r e l i m i n a r y  a n a l y s e s  i n d i c a t e  s i g n i f i -  

c a n t  weight  s a v i n g s  are p robab le  u s i n g  an i n d i r e c t  condensing system 

( 3  and 4 ) .  

I n  t h e  i n d i r e c t  t y p e  of condenser ,  vapor  i s  f i r s t  condensed i n  

a j e t  condenser  o r  compact h e a t  exchanger-condenser ,  and t h e  h e a t  

r e l e a s e d  by  condensa t ion  i s  subsequen t ly  r e j e c t e d  i n  an a l l - l i q u i d  

r a d i a t o r .  A schemati.c of  one type  of i n d i r e c t  condensing system 

employing t h e  j e t  condenser  i s  shown i n  F i g u r e  1. 

In t h e  j e t  condenser ,  subcooled l i q u i d  working f l u i d  i s  i n j e c t e d  

i n t o  t h e  vapor  s t ream. Physical  mixing o f  vapor  and Liquid,  and sub- 

sequen t  condensa t ion  of  t h e  vapor occur  w i t h i n  a r e l . a t i v e l y  sho r t  

d i s t a n c e  downstream o f  t h e  r e g i o n  of  i n j e c t i o n .  The r e s u l t i n g  con- 

densate-1iqui .d  f l o w  c i - r c u l a t e s  through a l i q u i d  r a d i a t o r  where t h e  

h e a t  absorbed by condensa t ion  i s  r e j e c t e d .  P a r t  of  t h e  r e s u l t i n g  

subcooled l i q u i d  i s  bypassed and i n j e c t e d  i n t o  t h e  j e t  condenser .  

The remainder  i s  r e tu r r i ed  t o  t h e  b o i l e r  t o  complete  t h e  f l o w  c y c l e .  

Thz j e t  condenser component i s  v e r y  compact r e l a t i v e  t o  a d i -  

rec t  c o n d e n s e r - r a d i a t o r  o r  a h e a t  exchanger condenser .  Moreoves, 

t h i s  u n i t  may p rov ide  s ign i fLCan t  p r e s s u r e  augmentat ion t o  c i r c u -  

l a t e  t h e  l i q u i d  i.n t h e  l i q u i d - r a d i a t o r  loop. I n  p a r t i c u l a r ,  f o r  

s t e a d y - s t a t e  o p e r a t i o n ,  i f  t h e  p r e s s u r e  r i s e  i n  t h e  j e t  condenser  

( m  = P - P ) i s  e q u a l  t o  t h e  s u m  o f  t h e  i n j e c t i o n  p r e s s u r e  drop 
a a v  

(oPi 
P - P,), t h e  l i q u i d  r a d i a t o r  p r e s s u r e  drop ( hPLR - - Pa - Po), 
i 

and t h e  t o t a l  l i n e - p r e s s u r e  drop (Apt  = P 

s u r e  boos t  would be requi-red d u r i n g  s t eady- s  t a t e  o p e r a t i o n  t o  c i r -  

c u l a t e  t h e  i n j e c t e d  1i.quid flow. 

- Pi ) ,  no e x t e r n a l  p r e s -  
0 

Je t  condensers  have p r e v i o u s l y  been used i n  sma l l  s team power 

p l a n t s ,  f o r  b o i l e r  f e e d  water  c i r c u l a t i o n  ( i n  p l a c e  of a r o t a t i n g  

pump) and f o r  s e v e r a l  p r o c e s s  a p p l i c a t i o n s  (5,  6,  7 ) .  I n  a d d i t i o n ,  

u s e  has  been made of t h e  b a s i c  momentuiii exchange p r o c e s s  f o r  steam 

e j e c t o r s  ( 7 )  and t o  F rov ide  t h r u s t  and c o n t r o l  t u r b i n e  back p r e s s u r e  i r i  

t o rpedo  powerplants  ( 8 ,  9 ) .  However, none o f  t h e  above a p p l i c a t i o n s  
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has  r e s u l t e d  i n  publ ished informat ion  whicb i s  s u i t a b l e  t o  d e t e r -  

mi ne the  r equ i r ed  performance c h a r a c t e r i s t i c s  of j e t  condensers 

when used wi th  l i q u i d  metals, A s  a consequence, t h e  c u r r e n t  inves-  

t i g a t i o n  w a s  i n i t i a t e d  t o  determine j e t  condenser performance char-  

a c t e r i s t i c s  with a l i q u i d  metal ,  mercury, as a t e s t  f l u i d .  The 

primary o b j e c t i v e  of t he  program was t o  o b t a i n  clxperjmental d a t a  

s u i t a b l e  f o r  pre l iminary  design o f  R j e t  condenser i n  a mercury 

Rankine cyc le  power system. 

e 

T€IEORETIC.J;L FLOW AND ANALYSIS 

Schematic i l l u s t r a t i o n s  of two types  of j e t  condensers are y r e -  

sen ted  i n  Fig.  2. Many possih1.e v a r i a t i o n s  o f  injectzor,  mixing 

chamber, and throat .  geometry e x i s t .  However, t h i s  f i g u r e  p re sen t s  

t w o  simple geometr ies ,  cons t an t  area and v a r i a b l e  a r e a ,  

siniil.ar t o  those  i n v e s t i g a t e d  011 t h i s  program. 

Vapor f lows  from l e f t  t o  r i g h t  and e n t e r s  t h e  condenser a t  

S t a t i o n  0 .  A t  t h a t  l o c a t i o n  subcooled l i q u i d  i s  a l s o  i n j e c t e d  i n  

t h e  form o f  a c e n t r a l  j e t ,  Vapor and l i q u i d  f low concurrent1.y through 

a mixing chamber wi th  simultaneous mass t r a n s f e r ,  h e a t  t r a n s f e r  and 

momentum exchange occurr ing .  F i n a l l y ,  with s u f f i c i e n t  hea t  exchange 

between vapor and subcooled l i q u i d ,  a t  some location with in  3 t h r o a t  

(or  the mixing chamber) complete condensat ion of the  vapor w i l l  occur.  

Condensation Meclianisms 

The t r a n s p o r t  o f  vapor from the  main flow stream t o  t he  sub- 

cooled l i q u i d  j e t  i s  p r imar i ly  a r e s u l t  o f  t h e  p re s su re  d i f f e r e n c e  

from the  main vapor s t ream t o  the  subcooled l i q u i d  boundary. For 

a f r e e  boundar-y wi th  no n e t  mass t r a n s f e r ,  Lhe vapor p re s su re  a t  

the  boundary must be i n  equ i l ib r ium wi th  the  s a t u r a t i o n  p res su re  of 

t h e  l i q u i d  phase (neg lec t ing  s u r f a c e  t ens ion  e f f e c t s  1. That is:  

Pvb s2 P& 25 es (T&) (1)  

Very s t rong  p res su re  g r a d i e n t s  w i th in  t h e  vapor a r e  likely t o  

occllr a t  t h e  i n i t i a l  l o c a t i o n  of i n j e c t e d  l i q u i d .  Here, t h e  l i q u i d  

i s  a t  t h e  lowest temperature  i n  t h e  mixing chamber and the  
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c o r r e s p o n d i n g  s a t u r a t i o n  p r e s s u r e  i s  lowes t .  Thus a r a t h e r  s t r o n g  

i n t e r a c t i o n  w i t h  t h e  vapor  f l o w  and co r re spond i -ng ly ,  h i g h  i n i t i a l  

c o n d e n s a t i o n  ra tes  a r e  p o s s i b l e .  'The maxinum vapor  f l o w  s a t e  which 

can  b e  condensed  on  t h e  j e t  at. t h i s  p o i n t  i s  de te rmined  by  t h e  j e t  

area and t h e  s o n i c  v e l o c i t y  o f  t h e  vapor  (10) .  However, as vapor  

i s  condensed  on t h e  j e t ,  t h e  h e a t  r e l e a s e d  by  c o n d e n s a t i o n  r e s u l t s  

i n  r a i s i n g  t h e  j e t  t e m p e r a t u r e  and l i q u i d  s a t u r a t i o n  p r e s s u r e .  

Hence t h e  p r e s s u r e  d i f f e r e n c e  be tween t h e  inairi vapor  s t r e a m  and 

t h e  l i q u i d  j e t  i s  r educed ,  and t h e  f l u x  of  vapor t o  t h e  j e t  

d e c r e a s e s .  

An i n c r e a s e  i n  t h e  t empera tu re  o f  t h e  l i q u i d  j e t  a t  t h e  s u r f a c e  

(which t e n d s  t o  r e d u c e  the condens ing  vapor  flux) w i l l  r e s u l t  a s  

t h e  b u l k  o r  mixed cup t e m p e r a t u r e  of t h e  j e t  i n c r e a s e s  due t o  h e a t  

a d d i t i o n  from t h e  condens ing  v a p o r ,  A t e m p e r a t u r e  g rad i . en t  w i t h i n  

t h e  j e t  i s  r e q u i r e d  t o  remove t h e  h e a t  of c o n d e n s a t i o n  r e l e a s e d  a t  

t h e  s u r f a c e ;  t h u s  t h e  s u r f a c e  t e m p e r a t u r e  w i l l  be g r e a t e r  t h a n  t h e  

b u l k  t e m p e r a t u r e  f o r  h e a t  t r a n s f e r  i n t o  t h e  . je t .  

These e f f e c t s  a r e  i l l u s t r a t e d  i n  Fi.g. 3 ,  a n  i d e a l i z e d  r e p r e -  

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

e n t  a x i a l  l o c a t i o n s  i n  t h e  mixing  chamber. The i n i t i a l  t empera tu re  

f i e l d  ( a t  0) c o n s i s t s  of a l a r g e  l o c a l  t e m p e r a t u r e  (and p r e s s u r e )  

g rad i - en t  i n  b o t h  t h e  vapor  and  l i q u i d  n e a r  t h e  i n t e r f a c e .  However, 

a s  h e a t  i s  t r a n s f e r r e d ,  due t o  condens ing  v a p o r ,  t h e  bulk t e m p e r a t u r e ,  

T .  , i s  r a i s e d  and  t h e  t e m p e r a t u r e  g r a d i e n t  w i t h i n  t h e  l i q u i d  phase  

d e c r e a s e s  I 

t h e  vapor  t e m p e r a t u r e  g r a d i e n t  d e c r e a s e s .  F i n a l l y ,  a s  comple te  

c o n d e n s a t i o n  o f  t h e  vapor  i s  approached ,  t h e  b u l k  t e m p e r a t u r e  of 

t h e  f l u i d  approaches  i t s  f i n a l  v a l u e .  The d i f f e r e n c e  i n  f r e e  s t r e a m  

vapor  p r e s s u r e , p  and  t h e  s a t u r a t i o n  p r e s s u r e  f o r  t h e  b u l k  t e m -  

p e r a t u r e , P  ( T . )  ,may s t i l l  b e  a s i g n i f i c a n t  q u a n t i t y .  However, t h e  

s u r f a c e  t e m p e r a t u r e  of t h e  j e t ,  TQb,lnust b e  g r e a t e r  t h a n  t h e  b u l k  

t empera tu re ,T  ,to t r a n s f e r  h e a t  t o  t h e  i n t e r i o r .  T h e r e f o r e ,  t h e  

J 
The t e m p e r a t u r e  a t  t h e  j e t  su r face ,Thb  , i s  i n c r e a s e d  a s  

vo'  

S J  

j 
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l o c a l  vapor  p r e s s u r e  d i f f e r e n c e , P  -Ps(T ),may b e  v e r y  s m a l l  w i t h  

r e s u l t i n g  l o w  val.cies of l o c a l  c o n d e n s a t i o n  r a t e .  
v o  d b  

P r e s s u r e  D i s t r i b u t i o n  and  I n t e r f a c e  Forma t ion  

The c o n d e n s a t i o n  of vapor  upon the l i q u i d  j e t  p roduces  a s i z -  

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

v e l o c i t y  h e a d ) .  T h i s  c o n v e r s i o n  p r o c e s s  h a s  been  demons t r a t ed  b o t h  

by  a n a l y s i s  and  e x p e r i m e n t s  ( 9 ,  1 7 ) .  The q u e s t i o n  may t h e n  b e  

r a i s e d  a s  t o  what e f f e c t  t h e  a d d i t i o n  o f  t h i s  mechani.ca1 e n e r g y  h a s  

upon t h e  shape  and  c h a r a c t e r  of t h e  i n j e c t e d  L iqu id .  Moreover,  

what f o r c e  mechanisms a r e  p r e s e n t  t o  produce  a1.1-1iqiii.d f low a t  t h e  

o u t l e t  when s t : r a t i f i e d  v a p o r - l i q u i d  f l o w  o c c u r s  ups t ream? 

Q u a l i t a t i v e  answers  t o  b o t h  q u e s t i o n s  may b e  p o s t u l a t e d  by  

c o n s i d e r i n g  t h e  momentum exchange  p r o c e s s ,  p r e v i o u s  work on t h e  

s t a b i l i t y  of  j e t s ,  and  p r e v i o u s  i n t e r n a l  measurements made a c r o s s  

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

For  t h e  c a s e  of a j e t  condense r  w i t h  a c e n t r a l  l i q u i d  j e t ,  

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

p o s t u l a t e d  and  a r e  i l l u s t r a t e d  b y  F i g .  4 .  

1. A t  the p o i n t  of  i n j e c t i o n ,  r a p i d  c o n d e n s a t i o n  upon t h e  

l i q u i d  j e t  o c c u r s ,  T h i s  r e s u l t s  i n  a n e g a t i v e  r a d i a l  l i q u i d  p r e s -  

s u r e  g r a d i e n t ,  which i n  t u r n  r e s u l t s  i n  a r e d u c t i o n  i n  t h e  j e t  

r a d i u s  and p roduces  s u r f a c e  waves which may o r  may n o t  b e  a m p l i -  

E ied  b y  t h e  i n t e r a c t i o n  of  t h e  vapor  s t r e a m  w i t h  t h e  s u r f a c e  

( S t a t i o n  1).  

2 .  A s  c o n d e n s a t i o n  on t h e  j e t  o c c u r s ,  t h e  j e t  t e m p e r a t u r e  

i n c r e a s e s  i n  t h e  a x i a l  d i r e c t i o n ,  s u p p r e s s i n g  condensa t i -on  i n  t h e  

downstream r e g i o n s .  

3 .  A s  lower c o n d e n s a t i o n  r a t e s  occ i i r ,  t h e  1iqui.d s u r f a c e  

p r e s s u r e  i s  r educed  t o  b e  more n e a r l y  e q u a l  t o  t h e  vapor  p r e s s u r e ,  

due t o  t h e  d e c r e a s e  i n  t h e  f l u x  of  vapor  i~iomentum r e c e i v e d  b y  t h e  

j e t .  T h i s  r e s u l t s  i n  t h e  e s t a b l i s h m e n t  o f  a p o s i t i v e  r a d i a l  p r e s -  

s u r e  g r a d i e n t  i n  t h e  l i q u i d  ( S t a t i o n  2 ) .  
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4 .  The p o s i t i v e  r a d i a l  p r e s s u r e  g r a d i e n t  i n  t h e  l i q u i d  r e s u l t s  

i n  a r a d i a l  f l o w  component i n  t h e  l i q u i d  which t e n d s  t o  r educe  t h e  

vapor  f low a r e a  and f i l l  t h e  condense r  f l o w  p a s s a g e .  

5 .  When t h e  p a s s a g e  i s  f i l l e d ,  t h e  w a l l s  r e s u l t  i n  t h e  e s t a b -  

l i s h m e n t  of  a un i fo rm r a d i a l  p r e s s u r e  p r o f i l e  w i t h i n  t h e  l i q u i d .  

i t  s h o u l d  b e  n o t e d  t h a t  t h e  j e t  p r o f i l e  s k e t c h e d  i n  F i g .  4 was 

t a k e n  from a s i n g l e  frame of  F a s t a x  mot ion  p i c t u r e s  (8000 f r ames  

p e r  second)  t a k e n  of a j e t  condense r  o p e r a t i n g  w i t h  mercu ry .  

The h i g h  h e a t  t r a n s f e r  r a t e s  and l a r g e  p r e s s u r e  g r a d i e n t s  

( r e l a t i v e  t o  c o n d e n s a t i o n  on a w a l l )  o c c u r r i n g  i n  j e t  co r idense r s ,  

r e s u l t  i n  a f i n a l  s e p a r a t i o n  of t h e  vapor  and  l i q u i d  which i s  n o t  

s t r o n g l y  i n f l u e n c e d  b y  g r a v i t y  body f o r c e s  ~ T h i s  i s  p a r t i c u l a r l y  

t r u e  i f  t h e  f i n a l  expans ion  of  t h e  j e t  r e q u i r e d  t o  f i l l  t h e  f l o w  

passage  i s  s m a l l .  The p o s i t i v e  s e p a r a t i o n  r e s u l t s  i n  s i n g l e  phase  

f l o w  o u t  of  t h e  mix ing  s e c t i o n  o r  t h r o a t .  T h e r e f o r e ,  e f f e c t s  o f  

t h e  i n c r e a s e  i n  mechan ica l  ene rgy  of  t h e  l i q u i d  can  be  t r e a L e d  i n  

a c o n v e n t i o n a l  manner downstream o f  t h e  i n t e r f a c e .  

A n a l y s i s  o f  l l e a t  T r a n s f e r  i n t o  J e t  

S e v e r a l  complex mechanisms occur  d u r i n g  c o n d e n s a t i o n  of  t h e  

vapor  on a subcoo led  l i q u i d  j e t .  I n  o r d e r  t o  p r o v i d e  a g u i d e  f o r  

t e s t i n g  a n d  t o  o b t a i n  i n f o r m a t i o n  on t h e  i m p o r t a n t  v a r i a b l e s ,  a n  

a n a l y s i s  was per formed t o  i d e n t i f y  t h e  p o s s i b l e  l i m i t i n g  r e s i s t -  

ance  i n  t h e  h e a t  t r a n s f e r  p r o c e s s ,  i . e ;  t h e  c o n d u c t i o n  and  con-  

v e c t i o n ,  i n t o  t h e  i n t e r i o r  of t h e  subcoo led  l i q u i d  phasc  ,of t h e  

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

The model c o n s i d e r e d  f o r  a n a l y s i s  assumes t h e  l i q u i d  phase  

ex is t s  a s  a s o l i d  c y l i n d e r  w i t h  a c o n s t a n t  r a d i u s ,  r p ,  which i s  

The vapor  i n j e c t e d  i n t o  t h e  vapor  a t  a c o n s t a n t  v e l o c i t y  V 

t e m p e r a t u r e ,  (Tvo), i s  assumed t o  remain  c o n s t a n t  t h roughou t  t h e  

mix ing  chamber.  With t h e s e  a s s u m p t i o n s ,  i t  i s  t h e n  p o s s i b l e  t o  

w r i t e  a n  e x p r e s s i o n  f o r  t h e  r a t e  of  h e a t  conduc t ion  and  c o n v e c t i o n  

i n t o  t h e  i n t e r i o r  o f  t h e  l i q u i d .  D e t a i l s  o f  t h i s  a n a l y s i s  a r e  

PO' 
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summarized i n  Ref .  4 .  Equat ion  2 expresses  t h e  r e s u l t s :  

c 

I n  t h i s  expres s ion ,  t he  temperature  of the  l i q u i d  a t  t he  e x i t , T p e , i s  

r e l a t e d  t o  i n i t i a l  cond i t ions  of t h e  j e t  and vapor (T 

t o  the  p r o p e r t i e s  of t he  flow (a  and a t ) , and  t o  the  d i s t ance  t r a -  

versed by  the  j e t  GC). 

fio’ TvO* vJo’ r& 

Equat ion 2 i s  p l o t t e d  i n  F i g .  5 a s  t he  r e s idence  t i m e  (of t he  

l i q u i d  j e t  i n  vapor) r equ i r ed  f o r  h e a t  t r a n s f e r  vs the  j e t  u t i l -  

i z a t i o n  f a c t o r  (o r  nondimensional temperature)  of t h e  l i q u i d  j e t .  

Curves a r e  presented  f o r  d i f f e r e n t  va lues  of t he  r a t i o  of t he  t o t a l  

h e a t  d i f f u s i v i t y  t o  the  square  of t h e  j e t  r a d i u s .  Severa l  i n t e -  

r e s t i n g  f e a t u r e s  may be determined by examining the  curve .  

1. Operat ion o f  t he  j e t  condenser w i th  the f i n a l  l i q u i d  temperature 

equal  t o  vapor temperature w o u l c i  r e s u l t  i n  a n  i n f i n i t e  d i s t a n c e  requi red  

f o r  condensat ion of the  vapor flow r a t e ( f o r  a f i n i t e  l i q u i d  ve loc i ty )  . 
2 .  Inc reas ing  c o n t r i b u t i o n s  of eddy h e a t  t r a n s f e r  t o  t h e  

t o t a l  h c a t  t r a n s f e r  r e s u l t  i n  much s h o r t e r  condensat ion d i s t a n c e s  

(o r  j e t  res idence  t ime) f o r  a given va lue  of j e t  u t i l i z a t i o n  f a c t o r .  

3 .  For a given va lue  of j e t  u t i l i z a t i o n  [ac tor  and t o t a l  h e a t  

d i f f u s i v i t y ,  lower j e t  v e l o c i t i e s  r e s u l t  i n  s h o r t e r  condensat ion 

l e n g t h s .  A t t e m p t s  t o  ope ra t e  with extremely h igh  j e t  v e l o c i t i e s  

would r e s u l t  i n  longer  condensat ion l e n g t h s .  

4 .  Decreasing va lues  of j e t  r ad ius ,  f o r  a cons t an t  va lue  of 

t o t a l  h e a t  d i f f u s i v i t y ,  r e s u l t  i n  s h o r t e r  condensat ion l eng ths  

( f o r  a given va lue  o f  j e t  v e l o c i t y  and j e t  u t i l i z a t i o n  f a c t o r ) .  
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5 .  R e l a t i v e l y  s h o r t  l e n g t h s  of t imes a r e  r e q u i r e d  t o  a t t a i n  

g iven  j e t  u t i l i z a t i o n  f a c t o r s  f o r  r e a s o n a b l e  v a l u e s  OS d i f f u s i v i t y  

f a c t o r s .  For example,  f o r  a d i . f f u s i v i t y  f a c t o r  of 50, a j e t  u t i l i -  

z a t i o n  f a c t o r  of .8 i s  o b t a i n e d  a f t e r  abou t  0 .02 seconds .  Thus,  for  

a j e t  v e l o c i t y  of 10 f t / s e c  a condensa t ion  d i s t a n c e  of .2 f t  would 

be  r e q u i r e d .  

F i g u r e  5 canno t  be used d i r e c t l y  t o  p r e d i c t  condensa t ion  l e n g t h  

due t o  a l a c k  of i n f o r m a t i o n  upon the l o c a l  v a r i a t i o n  of eddy d i f -  

f u s i v i t y  f o r  h e a t ,  ( c f  EXPERIMENTAL RESULTS) and because  t h e  j e t  

r a d i u s  and vapor  t empera tu re  a t  t h e  j e t  s u r f a c e  a r e  somewhat d i f f e r e n t  

t h a n  pa rame te r s  assumed f o r  t h e  c a l c u l a t i o n .  However , t h e  r e s u l t s  

i n d i c a t e  t h e  major  t r e n d s  of condensa t ion  l e n g t h  w i t h  j e t  u t i l i z a t i o n  

f a c t o r  and a l s o  p rov ide  i n f o r m a t i o n  of t h e  impor t an t  v a r i a b l e s  o f  t h e  

p r ob lem. 

Cons tan t  Area P r e s s u r e  R i s e  A n a l y s i s  

t ’  

The geometry of F i g .  2a was t r e a t e d  i n  an ana1ysi.s  which i s  

summarized i n  R e f  1 7 .  The e q u a t i o n  f o r  c o n s e r v a t i o n  of momentum 

was a p p l i e d  t o  a c o n t r o l  volume abou t  the condense r .  The a n a l y s i s  

res t s  upon t h e  f o l l o w i n g  assumptions:  

1. The r a d i a l  p r e s s u r e  g r a d i e n t  a t  t h e  i n l e t  and o u t l e t  

s t a t i o n s  i s  z e r o .  

2 .  

3 .  For a n  i n l e t  vapor q u a l i t y  less  than  u n i t y ,  no vapor-  

Flow a t  t h e  e x i t  i s  homogeneous and i n  thermal  e q u i l i b r i u m .  

l i q u i d  s l i p  e x i s t s  i n  t h e  e n t e r i n g  f l o w .  

4 .  Wall f r i c t i o n  w i t h i n  t h e  mix ing  chamber is  n e g l i g i b l e  

compared t o  t h e  magnitude of t h e  p r e s s u r e  r i s e .  

5 .  An i n j e c t o r  d i s c h a r g e  c o e f € i c i e n t  of u n i t y  i s  assumed. 

The f i n a l  e x p r e s s i o n s  of t h e  a n a l y s i s  were f u r t h e r  s i m p l i f i e d  

by c o n s i d e r i n g  complete  condensa t ion  of t h e  i n l e t  vapor f low and 

by  assuming an i n l e t  vapor  q u a l i t y  of u n i t y .  For  t h e s e  a s sumpt ions ,  

t h e  f o l l o w i n g  e q u a t i o n s  were d e r i v e d :  
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Equa t ion  3 e x p r e s s e s  t h e  r a t i o  of p r e s s u r e  r i s e  t o  t h e  vapor  

i n l e t  dynamic p r e s s u r e  ( ~ 9 ~ )  i n  terms of t h e  mass f low r a t i o  of 

l i q u i d  t o  vapor (mR), t h e  

and the a r e a  r a t i o  of t h e  i n j e c t o r  t o  tube  (12). 

0 0 
d e n s i t y  r a t i o  of l i q u i d  t o  vapor ( p ) ,  

E q u a t i o n  4 ,  which g i v e s  t h e  r a t i o  of p r e s s u r e  r i s e  t o  t h e  

i n j e c t e d  l i q u i d  dynamic p r e s s u r e  (AP ) ,  p r o v i d e s  a s i g n i f i c a n t  

measure of j e t  condenser  performance from t h e  s t a n d p o i n t  of pimp- 

i n g  r e q u i r e m e n t s .  For  a n  op t -hum d e s i g n  i n j e c t o r  w i t h  a d i s -  

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

r a t i o  of p r e s s u r e  r ise t o  t h e  p r e s s u r e  drop r e q u i r e d  t o  i n j e c t  

subcoo led  l i q u i d  i n t o  t h e  mixing chamber.  I f  ilBQwere e q u a l  t i )  

u n i t y ,  no n e t  pumping power would be r e q u i r e d  t o  e f f e c t  t h e  i n -  

j e c t i o n  of l i q u i d  i n t o  t h e  j e t  condense r .  The o n l y  power consuurip- 

t i o n  would be t h a t  r e q u i r e d  t o  c i r c u l a t e  t h e  l i q u i d  through t h e  

l i n e s  and l i q u i d  r a d i a t o r .  Moreover,  i f  v a l u e s  of ,zFQhighc.r t han  

u n i t y  a r e  o b t a i n e d ,  t h e  j e t  condenser  can c o n t r i b u t e  t o  pumping 

t h e  l i q u i d  through t h e  r a d i a t o r  l o o p .  These e q u a t i o n s  a r e  p l o t t e d  

i n  F i g s .  6 and 7 f o r  a r ange  of l i q u i d - v a p o r  mass f l o w  r a t i o s  and  

i n j e c t o r  t o  tube  a r e a  r a t i o s .  L ines  of c o n s t a n t  vapor t o  l i q u i d  

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

0 

B 

The c u r v e s  were determined f o r  a d e n s i t y  r a t i - o  of l i q u i d  t o  
0 

vapor of 2620,  which co r re sponds  t o  t h a t  of mercury vapor a t  700 I?. 

From F i g .  6 ,  t h e  f o l l o w i n g  c o n d i t i o n s  can be seen  t o  f a v o r  a h i g h  

3 
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a b s o l u t e  v a l u e  of  p r e s s u r e  r i s e  ( f o r  cons tan t :  vapor  i n l e t  c o n d i t i o n s ) :  

a >  a low r a t i o  of i n j e c t o r  t o  t u b e  a r e a ;  b )  a h i g h  r a t i o  of  l i q u i d  

t o  vapor  f low r a t e .  

For a g i v e n  mass f l o w  r a t i o ,  h i g h e r  v a l u e s  of i n l e t  vapor  v e -  

l o c i t y  r e s u l t  i n  a h i g h e r  p r e s s u r e  r i s e .  In a d d i t i o n ,  from Equa- 

t i o n  3 ,  h i g h  vapor  d e n s i t i e s  ( o r  a low r a t i o  of  l i q u i d  t o  vapor  

d e n s i t y )  a l s o  r e s u l t  i n  h i g h  a b s o l u t e  v a l u e s  o f  p r e s s u r e  r i s e .  

Examina t ion  of  F i g .  7 r e v e a l s  t h a t  o p p o s i t e  t r e n d s  r e s u l t  i n  
0 

h i g h  v a l u e s  of AP i n  some i n s t a n c e s .  Tha t  i s ,  c o n d i t i o n s  f a v o r i n g  

a hi.p,h a b s o l u t e  magni tude  of  p r e s s u r e  r i s e  may r e s u l t  i n  s m a l l e r  

v a l u e s  of  t h e  r a t i o  of p r e s s u r e  r i s e  t o  i n j e c t i o n  p r e s s u r e  d r o p .  

From F i g .  7 ,  t h e  f o l l o w i n g  f a v o r  a h i g h  r a t i o  of  p r e s s u r e  r i s e  t o  

i n j e c t e d  l i q u i d  dynamic p r e s s u r e :  a )  a l a r g e  r a t i o  of i n j e c t o r  

t o  t u b e  a r e a ;  b )  low r a t i o s  of  l i q u i d  t o  vapor  f l o w  r a t e .  

R 

A l s o ,  from E q u a t i o n  4 ,  h i g h  v a l u e s  of  l i q u i d  t o  vapor  dens j . t y  

A .  r a t i o  t e n d  t o  i n c r e a s e  A P  

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

c a n  be o b t a i n e d  f o r  some i n l e t  c o n d i t i o n s .  F o r  t h e  v a l u e s  o f  mass 

f low rati.0 shown i n  F i g .  6 ,  t h e  p r e s s u r e  r i s e  r e f e r r e d  t o  vapor  

dyiinrnic p r e s s u r e  a t t a i n s  v a l u e s  as  h i g h  as 140; i . e . ,  t h e  p r e s s u r e  

r i s e  th rough  t h e  condense r  would be  140 t i m e s  t h a t  which would b e  

o b t a i n e d  if t h e  dynamic p r e s s u r e  of t h e  vapor  a l o n e  were r e c o v e r e d .  

The main r e s u l t s  of  t h e  a n a l y s i s  Erom t h e  s t a n d p o i n t  of  d e s i g n  

t r e n d s  can  b e  summarized a s  f o l l o w s :  

1. 

2.  

3. 

The non-d imens iona l  p a r a m e t e r s  i n  t h e  e x p r e s s i o n s  f o r  

p r e s s u r e  r i se  f o r  c o n s t a n t  a r e a  j e t  c o n d e n s e r s  a r e :  d e n s i t y  

r a t i o ,  mass f low r a t i o  and t h e  r a t i o  of i n j e c t o r  a r e a  t o  t u b e  

a r e a .  

High vapor  d e n s i t i e s  and h i g h  a b s o l u t e  magn i tudes  of  e i t h e r  

i n l e t  vapor  v e l o c i t y  or  i n l e t  l i q u i d  v e l o c i t y  t e n d  t o  f a v o r  

h i g h  a b s o l u t e  iuagni tudes  of p r e s s u r e  r i se .  

Values of l i q u i d  t o  vapor  mass f low r a L i v  and of t h e  area 

r a t i o  o f  i n j e c t o r  t o  t u b e  whiLh f a v o r  h i g h  a b s o l u t e  
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f 

magnitudes of p re s su re  r i se  may r e s u l t  i n  h igh  pumping power 

requirements  f o r  a cons t an t  a r e a  j e t  condenser.  I f  a l a r g e  

p re s su re  r i s e  r e l a t i v e  t o  the  p re s su re  drop requi red  f o r  

i n j e c t i o n  i s  des i r ed ,  then h ighe r  r a t i o s  of i n j e c t o r  t o  tube 

a r e a  and low va lues  of l i q u i d  t o  vapor mass f low r a t i o  shou ld  

b e  used. 

Var iab le  Area P r e s s u r e  Rise  Analys is  

Although the  abo-ve a n a l y s i s  f o r  cons tan t  a r e a  j e t  condensers i s  

u s e f u l  i n  eva lua t ing  experimental  performance, t h e  maximuin p res su re  

r i .se  p o t e n t i a l  of j e t  condensers i s  no t  r e a l i z e d  i n  t h i s  ge.ometrjr. 

A geometry which should produce much h ighe r  v a l u e s  o f  vapor t o  l i q u i d  

p re s su re  r i s e  i s  shown i n  Fig. 2-b. I n  t h i s  geometry the mixing 

chamber i s  contoured to e f f e c t  condensat ion wi th  l i . t t l e  reduct ion  

i n  t h e  j e t  ve loc i - ty  a t  t he  po in t  of f i n a l  condensat ion.  Thus, t he  

expansion l o s s e s  of  t he  cons t an t  a r e a  geometry a r e  avoided. Moreover, 

i f  a d ive rg ing  s e c t i o n  i s  added f o r  e f f i c i e n t  d i f f u s i o n ,  t he  p re s su re  

increment added t o  t h e  vapor  should be increased  b y  a l a r g e  amourtt 

over t h e  cons t an t  a r ea  geometry. 

Use of a converging-diverging geometry r e s u l t s  i n  an a d d i t i o n a l  

cumplicat ing f a c t o r  i n  the  a n a l y s i s  of pre.ssure r i se .  Since the  mixi.ng 

chamber geometry has an a x i a l  v a r i a t i o n  of flow area,  t he  i n t e g r a l  

of t h e  wa l l  p re s su re  must be eva lua ted  i n  o rde r  t o  apply t h e  conser- 

v a t i o n  equat ion  of momentum. Due t o  a lack  of in format ion  f o r  t h e  

i n t e r n a l  p re s su re  d i s t r i b u t i o n  i n  t h i s  r eg ion ,  t he  v a l i d i t y  of t h e  

anal-ysis  must rest upon whatever assumptions are made as  t o  p re s su re  

d i- s t r i b  u t i on a 

I n  t h i s  s e c t i o n ,  t h e  genera l  equat ion  f o r  p re s su re  r i s e  i s  f i r s t  

der ived.  The  case  of i n l e t  vapor p re s su re  occurr ing  at: t h e  mixing 

chamber w a l l  i s  then  t r e a  tccl. 

I n  the  d e r i v a t i o n  of  the genera l  equat ion ,  the fol lowing assump- 

t i o n s  were made: 

1. Liquid p re s su re  equa l s  vapor p re s su re  a t  S t a t i o n  0. 

2. N o  h e a t  loss  from the  condenser w a l l ,  
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3 .  

4 , 

5. 

6 .  

7 .  

E n t e r i n g  vapor q u a l i t y  e q u d l s  u n i t y .  

Ilomogenrous flow w i t h i n  each phase e x i s t s  a t  t h e  

e n t r a n c e  and e x i t  s t a t i o n s  w i t h  

complete condensa t ion .  

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

and o u t l e t  a r e  z e r o ,  

I n j e c t o r  d i s c h a r g e  c o e f f i c i e n t  e q u a l s  u n i t y .  

Uniform flow ( c o n s t a n t  v e l o c i t y  p r o f i l e )  o c c u r s  a t  t h e  

e n t r a n c e  and e x i t .  

With t h e s e  a s sumpt ions ,  a p p l i c a t i o n  o f  t h c  c o n s e r v a t i o u  e q u a t i o n s  f o r  

momentum, m a s s  and energy from S t a t i o n s  0 t o  2 r e s u l t s  i n  t h e  fo l lowing  

e x p r e s s i o n  f o r  p i e s s u r e  r i se  (Ref. 1 7 ) :  

Equa t ion  (5) e x p r e s s e s  t h e  t o t a l  p r e s s u r e  r ise  i n  t e r m s  o f :  

1. Geometry and i n l e t  f low pa rame te r s .  

2 ,  Two unknown terms which c o n t a i n  p r o p e r t i e s  of  t h e  

boundary f low,  i .e. ,  the s h e a r  s t ress  of t h e  vapor 

on t h e  wall and t h e  i n t e r n a l  p r e s s u r e  d i - s t r i b u t i o n  

a t  t h e  w a l l .  

I n  o r d e r  t o  0btai.n numerical  r e s u l t s ,  assumpti-nns must b e  made of t h e  

v a l u e s  of  t h e  q u a n t i t i e s  of I t e m  2 .  I n  a l l  c a s e s  i t  i s  f e l t  t h a t  t h e  

f r i c t i o n  term i s  small r e l a t i - v e  t o  t h e  t o t a l  p r e s s u r e  r i s e ,  ( t h e  ex t r eme ly  

s h o r t  condensa t i~on  d i s t a n c e  and h i g h  v a l u e s  oE p r e s s u r e  rise measured 

d u r i n g  t e s t i n g  suppor t  this s i m p l i f i c a t i o n )  I Another  assumption which 

can  be  used t o  make Equa t ion  ( 5 )  more t r a c t a b l e  i s  t o  use t h e  i n l e t  
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vapor p re s su re  as the p res su re  a t  t h e  w a l l s  o f  t h e  mixing chamber. 

T h i s  assumption appears  t o  b e  reasonable  i n  view of  i n t e r n a l  measure- 

ments made by o t h e r  i n v e s t i g a t o r s  (9)  and because of t h e  s a t u r a t e d  

s t a t e  of the  vapor .  

R e s u l t s  of the a n a l y s i s  c a r r i e d  out  f o r  the  cons t an t  i n l e t  

p re s su re  model a r e  presented  i n  terms of t h e  paramcters  d i scussed  

previous ly :  t h e  r a t i o  of p re s su re  r i s e  t o  i n j e c t e d  l i q u i d  dynamic 

p res su re  

p re s  s u r  e Apy. S u b s t i t u t i o n  of  P = P i n t o  the  p re s su re  i n t e g r a l  term 

of Equat ion (5) and neg lec t ing  vapor i r i c t i o r i  ( 7 = 0) arid d i f f u s e r  

l o s s e s  (Kd = 0 )  r e s u l t s  i n  t h e  fol lowing express ions  f o r  p re s su re  r i s e :  

L f 3 ~ ,  and the  r a t i o  o€ pres su re  rise t o  i n l e t  vapor dynamic 
0 

w vo 

W 

Equat ions (6)  and (7)  r e l a t e  the  p re s su re  r i s e  from the  vapor t o  the  

l i q u i d  a t  the t h r o a t  t o  the  dynamic p res su re  terms. 

(9) r e l a t e  p r e s s u r e  r i se  from the  vapor  t o  l i q u i d  a t  t he  d i f f u s e r  o u t l e t  

t o  t he  dynamic p res su re  t e n s .  The l a t t e r  two equat ions  a r e  m o s t  

s u i t a b l e  f o r  des ign  purposes  and f o r  e v a l u a t i o n  of  t e s t  da ta .  

t h e  former express ions  a r e  a l s o  of i n t e r e s t  i n  comparing the  amount of 

p re s su re  r i s e  added by the  d i f f u s e r  t o  t h a t  r e s u l t i n g  a t  the  t h r o a t .  

Equat ions (8) and 

However, 
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A l s o ,  o p e r a t i o n  o f  a j e t  condense r  w i t h  t h e  d i f f u s e r  e x i t  area less  t h a n  

t h e  vapor  i n l e t  area w i l l  r e s u l t  i n  a p r e s s u r e  r i s e  i n  between t h e  

l i m i t s  s u p p l i e d  b y  t h e s e  e q u a t i o n s .  

Numerical  examples of i n t e r e s t  f o r  t h e  above e q u a t i o n s  were 

computed and a r e  p r e s e n t e d  i n  F i g s .  8 through 11 i.n o r d e r  t o  i l l u s t r a t e  

p r e d i c t e d  performance of v a r i a b l e  a r e 3  j e t  condense r s .  

t h e  cal .culated t h r o a t  and d i f f u s e r  p r e s s u r e  r ises  ( r e f e r r e d  t o  i n j e c t e d  

1iqui.d dynamic p r e s s u r e )  v s .  t h e  I n a s s  f l ow r a t i o  of l i q u i d  t o  vapor  f o r  

a g i v e n  l i q u i d  t o  vapor  d e n s i t y  r a t i o  and i n j e c t o r  t o  t u b e  i n l e t  a r e a  

r a t i o .  Curves are  p r e s e n t e d  t o  show t h e  i n f l u e n c e  of d i f f e r e n t  v a l u e s  

of t h e  r a t i o  of i n j e c t o r  t o  t h r o a t  area.  

F i g u r e  8 p r e s e n t s  

A s  i n  t h e  c a s e  of c o n s t a n t  area j e t  c o n d e n s e r s ,  low v a l u e s  of 

m a s s  f low r a t i o  resu1.t  i n  h i g h e r  c a l c u l a t e d  v a l u e s  o f  p r e s s u r e  r i s e  

r e f e r r e d  t o  l i q u i d  dynaiiiic p r e s s u r e .  

p r e d i c t s  a v a l u e  of A P :I 4.7 a t  a mass f low r a t i o  of 10, w h i l e  

a t  a mass f low r a t i o  of LOO,  a v a l u e  of 

o f  t h r o a t  areas  more n e a r l y  e q u a l  t o  i n j e c t o r  a r e a  r e s u l t s  i n  h i g h e r  

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

0 
For example,  t h e  c u r v e  f o r  A1 =0.895 

0 

0 
I 

P p  = 1 . 0  r e s u l t s ,  A l s o ,  u s e  

Comparison o f  t h e  c u r v e s  f o r  t h e  p r e s s u r e  r ise  at t h e  t h r o a t  

t o  t h e  p r e s s u r e  r i s e  a t  t h e  e x i t  of t i le d i f f u s e r  p r o v i d e s  some i n t e r e s t i n g  

c o n c l u s i o n s .  A t  a mass flow r a t i o  of 10,  t h e  p r e s s u r e  r ise a t  t h e  t h r o a t  

i s  w i t h i n  80 p e r c e n t  o f  t h e  p r e s s u r e  r i s e  a t  t h e  d i f f u s e r  e x i t  (A1 = u n i t y ) .  

T h i s  i m p l i e s  t h a t  t h e  c o n t r i b u t i o n  o f  t h e  vapor  t o  the t o t a l  

p r e s s u r e  r i s e  i s  v e r y  h i g h  a t  lower v a l u e s  of l i q u i d  t o  vapor  mass f low 

r a t i o ;  i . e . ,  e f f i c i e n t  r e c o v e r y  of t h e  l i q u i d  dynamic p r e s s u r e  a t  t h e  

t h r o a t  o n l y  i n c r e a s e s  t h e  p r e s s u r e  r i s e  by abou t  20 p e r c e n t .  However, 

a s  h i g h e r  l i q u i d  f low rates  a r e  used t h e  e f f e c t  of t h e  l i q u i d  head 

becomes more impor t an t  t h a n  c o n t r i b u t i o n s  from t h e  vapor ,  and e f f i c i e n t  

r ecove ry  of t h e  i n j e c t e d  l i q u i d  v e l o c i t y  i s  r e q u i r e d  t o  a c h i e v e  a h igh  

p r e s s u r e  r i s e .  

0 

0 
The above v a l u e  of  a P = 4.7 means t h a t  f o r  a n  i n j e c t o r  d i s c h a r g e  

4. 
c o e f f i c i e n t  of u n i t y ,  3 .7  t i m e s  t h e  dynamic p r e s s u r e  of t h e  i n j e c t e d  
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l i q u i d  i s  a v a i l a b l e  f o r  c i r c u l a t i o n  of t h e  o u t l e t  l i q u i d  through the  

l i q u i d  r a d i a t o r  loop ( c f .  Fig.  1) back t o  t h e  p o i n t  of  i n j e c t i o n ,  For 

example, i f  a set  of f low cond i t ions  were chosen such t h a t  t h e  l i q u i d  

dynamic p res su re  were 10 p s i ,  a t o t a l  of 37 p s i  would then  be a v a i l a b l e  

a s  a p re s su re  d i f f e r e n c e  f o r  c i r c u l a t i o n  of  t h e  o u t l e t  l i q u i d  flow. 

Th i s  r e s u l t ,  i f  v e r i f i e d  by experiments ,  has  profound s i g n i f i c a n c e  i n  

t h e  use of a j e t  condenser i n  a Rankine cyc le  system. It means t h a t  a 

j e t  condenser could be used wi th  l i t t l e ,  i f  any, pumping power weight 

pena l ty  ( i f  o t h e r  performance requirements  such a s  s t a b l e  ope ra t ion  a r e  

met). 

An i n t e r e s t i n g  obse rva t ion  can  be made a s  t o  the  source of t he  

energy producing the  j e t  condenser p re s su re  r i se  by  r e f e r r i n g  t o  F ig .  8, 

For t h e  mass flow r a t i o  of 10 and the  d e n s i t i e s  and a r e a  r a t i o  of  t h i s  

f i g u r e ,  t he  i n l e t  vapor dynamic p res su re  i s  approximately 0.2 t imes t h e  

i n l e t  l i q u i d  dynamic p res su re .  Thus, i f  both were recovered with no 

l o s s e s ,  a maximum value  of of  1 . 2  could be obta ined ,  The only  

o t h e r  energy source which i s  a v a i l a b l e  f o r  t he  p re s su re  r i se  through the  

condenser i s  the i n t e r n a l  energy of t h e  vapor, which man i fe s t s  i t s e l f  a s  

random thermal energy. Thus, t he  r e s u l t s  p red ic t ed  by the  a n a l y s i s  could 

on ly  r e s u l t  i f  convers ion  of vapor thermal energy t o  a d i r e c t e d  mechani- 

c a l  energy i n  the  l i q u i d  were t o  occur .  

o 

Figure  9 p r e s e n t s  t he  c a l c u l a t e d  va lues  of p re s su re  r ise  

r e f e r r e d  t o  i n l e t  vapor dynamic p res su re  f o r  t h e  same geometr ic  and flow 

v a r i a b l e s .  Once aga in ,  as i n  the  case  of t he  cons t an t  a r ea  j e t  conden- 

ser, inc reas ing  mass flow r a t i o  has  a n  oppos i te  e f f e c t  upon t h e  magnitude 

of t h i s  p re s su re  r i s e  term Krom t h a t  of Fig.  8. That  i s ,  i nc reas ing  

mass f low r a t i o  produces i n c r e a s i n g  va lues  of A P  and decreas ing  va lues  

of . For example, i nc reas ing  m a s s  f low r a t i o  from 10 t o  100 

produces an i n c r e a s e  i n  AI, from 30 t o  600 f o r  an a r e a  r a t i o  of 1.0. 

T h i s  can be con t r a s t ed  t o  t h e  behavior  o f A P L  

from 5.1 t o  1 .0  i s  experienced.  The s a m e  genera l  t r e n d s  a r e  exh ib i t ed  

f o r  the p red ic t ed  p res su re  r i s e  a t  t he  t h r o a t ,  w i th  the  except ion  t h a t  

0 

V 0 

0 

0 V 

from Fig .  8 where a decrease  
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d i f f e r e n t  a r ea  r a t i o s  have c rossover  p o i n t s  and the  a r e a  r a t i o  f o r  

A = 1.0 f a l l s  o f f  very  sharp ly  wi th  inc reas ing  mass f l o w  r a t i o .  
0 

1 
I n  o rde r  t o  i l l u s t r a t e  t he  e f f e c t  of d e n s i t y  r a t i o ,  F ig .  10 

0 0 

w a s  computed f o r  a given geometry (A 

be seen,  h ighe r  va lues  of l i q u i d  t o  vapor d e n s i t y  r a t i o  produce h ighe r  

c a l c u l a t e d  va lues  of AP For example, i nc reas ing  d e n s i t y  r a t i o  from 

2620 (700' F f o r  mercury) t o  14,500 (530' F f o r  mercury) produces an 

inc rease  i n  APp from 1.85 t o  6.0 ( f o r  a mass f low r a t i o  of 20).  For 

cons tan t  mass f l o w  r a t i o ,  t h i s  decrease  i n  d e n s i t y  can be i n t e r p r e t e d  

a s  an  inc rease  i n  vapor v e l o c i t y .  'Thus, i t  appeal-s t h e  j e t  condenser 

becoiiies a more e f f e c t i v e  p re s su re  recovery device ( f o r  given geometry 

and mass flow r a t e s )  a s  lower vapor p re s su res  a r e  u t i l i z e d .  

= 0.90 and A 2  = 0.075). A s  can 
1 

0 

9, ' 

0 

The e f f e c t  of t he  r a t i o  of i n j e c t o r  t o  tube a r e a  i s  i l l u s t r a t e d  

in Fig .  11 ( f o r  a given dens i ty  rati~o and i n j e c t o r  t o  t h r o a t  a r ea  r a t i o )  

Resu l t s  a r e  s i m i l a r  i n  t rend  t o  those  obtained f o r  t he  cons tan t  a r ea  

j e t  condenser;  t h a t  i.s, i nc reas ing  va lues  of A2 r e s u l t  i n  i nc reases  

i n  t h e  non-dimensional p re s su re  r i s e  r e f e r r e d  t o  i n j e c t e d  l i q u i d  

dynamic p res su re ,  o r  an inc rease  i n  the  e f f e c t i v e n e s s  of the  j e t  conden- 

s e r  as  a pumping device .  O n  t he  o t h e r  hand, the abso lu te  map,ni.tude of 

pressure  r i s e  i s  increased  a s  lower i n j e c t o r  t o  tube a r e a  r a t i o s  a r e  

used. 

0 

The above r e s u l t s  a r e  u s e f u l  i n  express ing  the  va lues  of  

p re s su re  r i s e  which may be p o s s i b l e  us ing  a j e t  condenser and t o  i n d i c a t e  

major t r ends .  However, i t  i s  a l s o  meaningful t o  examine t h e  pumping 

c h a r a c t e r i s t i c s  of t hese  devices .  

The n e t  power output  ( i n  kw) of  a j e t  condenser which i s  

a v a i l a b l e  Eor circul.ati .on of the bypass l i q u i d  flow i s  given by: 

o r  
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. 

@a 
d ai f o r  a p e r f e c t  i n j e c t o r  (c  = 1 .0 ) ,  - = 

Rearranging and s u b s t i t u t i n g  f o r  AP and ri7 gives  
a A 0  

Thus, Equation (11) expresses  the  power output  i n  terms of 

j e t  condenser ope ra t ing  parameters.  It should be noted t h a t  a l l  va lues  

of AP less than u n i t y  produce a nega t ive  power output ;  i .e . ,  pumping 

power i s  r equ i r ed  by t h e  condenser.  For f ixed  inl .e t  vapor cond i t ions ,  

t he  e f f e c t  of mass f low r a t i o  on power output  can be i l l u s t r a t e d  by 

p l o t t i n g  the  expression:  

o 

k 

This  parameter ,  which i s  d i r e c t l y  p ropor t iona l  t o  the  u s e f u l  

power output ,  i s  p l o t t e d  vs. m a s s  flow r a t i o  i n  Fig.  12  f o r  t h r e e  d i f f e r -  

e n t  a r e a  r a t i o s  ( i n j e c t o r  t o  t o t a l  i n l e t ) .  A l l  three geoinetries e x h i b i t  

maxima wi th in  the  range of flow r a t i o s  considered.  The sma l l e s t  i n j e c t o r ,  

whi le  producing the  h ighes t  c a l c u l a t e d  va lue  of  H!, has  the  sma l l e s t  

range of ope ra t ion ;  t h e  use fu l  power output  going t o  zero a t  a m a s s  

flow r a t i o  of 25. On the  o t h e r  hand, an i n j e c t o r  t o  tube a rea  r a t i o  of 

0.075 t h e o r e t i c a l l y  provides  u s e f u l  power over  t he  e n t i r e  range oL mass 

f low r a t i o s  of t h e  curve ( 0 - l o o ) ,  

i s  775 a t  a mass flow r a t i o  of 60 vs.  a peak of  1140 a t  a mass flow 

r a t i o  of 13 f o r  A2 = 0.010. 

.I 

The peak va lue  O F  11'. f o r  t h i s  geometry 
J 

0 

EWEKDIENTAL APPARATUS 

Experimental  i n v e s t i g a t i o n s  of j e t  condensers were performed dur ing  

t h i s  program us ing  n c losed  cyc le  mercury t e s t  loop (Ref. 15) a s  shown 

i n  Fig.  13. t iercury vapor was generated i n  a poo l  b o i l e r ,  c i r c u l a t e d  

through a b a f f l e  and supe rhea te r  t o  o b t a i n  a c o n t r o l l e d  q u a l i t y ,  and 

then de l ive red  t o  t he  t e s t  s ec t ion .  Liquid mercury a t  n e a r l y  anibient 
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t e m p e r a t u r e  w a s  p r e s s u r i z e d  by a low speed  g e a r  pump, h e a t e d  t o  t h e  

d e s i r e d  i n j e c t i o n  t e m p e r a t u r e ,  and s u b s e q u e n t l y  was mixed w i t h  t h e  vapor  

stream i n  t h e  t es t  s e c t i o n .  The o u t l e t  f low of l i q u i d  froiii t h e  t e s t  

s e c t i o n  was coo led  t o  n e a r l y  ambient  t e m p e r a t u r e  and p r e s s u r i z e d .  P a r t  

of t h i s  f l o w  was d e l i v e r e d  t o  t h e  t e s t  s e c t i o n  ( c f .  below) and t h e  

r ema inde r  w a s  r e t u r n e d  t o  t h e  b o i l e r  t o  comple t e  t h e  € 1 0 ~  c i r c u i t .  

T e s t  S e c t i o n  C o n s t r u c t i o n  

The optimum tes t  s e c t i o n  geometry t o  i n s u r e  b o t h  h i g h  p r e s s u r e  

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

coinverging s e c t i o n .  However, i n i t i a l  t e s t s  were conducted  on a c o n s t a n t  

area geometry t o  d e t e r m i n e  f e a s i b i l i t y  and hea t  t r a n s f e r  c h a r a c t e r i s t i c s  

f o r  c e n t r a l  i n j e c t o r s .  These  d a t a  were used  f o r  s i z i n g  o f  v a r i a b l e  

area g e o m e t r i e s .  

The f i r s t  t e s t  s e c t i o n s  used  had a vapor  i n t e r n a l  d i a m e t e r  of 0.19 

i n c h e s .  R e s u l t s  from t h e s e  t e s t s  were used  t o  s c a l e  condense r  g e o m e t r i e s  

t o  l a r g e r  s i z e  u n i t s  (vapor  i n t e r n a l  d i a m e t e r  of  0.75 i n c h e s ) .  F i n a l l y  

a m u l t i p l e  u n i t  t e s t  s e c t i o n  was b u i l t  which had a c a p a c i t y  e q u a l  t o  t h e  

s i n g l e  u n i t s  w i t h  0.75 i n c h  i n t e r n a l  d i a m e t e r .  F i g u r e  14 i s  a 

pho tograph  of  one of t h e  l a r g e  d i a m e t e r  g e o m e t r i e s ,  

The m a j o r i t y  of t e s t  s e c t i o n s  were c o n s t r u c t e d  w i t h  t r a n s p a r e n t  

mix ing  s e c t i o n s  i n  o r d e r  t o  r e c o r d  c o n d e n s a t i o n  l e n g t h  and o b t a i n  h i g h  

speed pho tographs  o f  t h e  i n t e r n a l  f low.  However, some u n i t s  f e a t u r e d  

a l l - m e t a l  c o n s t r u c t i o n  f o r  t e s t s  where v e r y  h i g h  p r e s s u r e  r i ses  

( g r e a t e r  t h a n  50 p s i d )  were  t o  b e  o b t a i n e d .  T h e  t r a n s p a r e n t  s e c t i o n s  

w e r e  c o n s t r u c t e d  of q u a r t z  i n  o r d e r  t o  maximize hi.gh t e m p e r a t u r e  s t r e n g t h  

and minimi~ze  problems o f  t he rma l  shock (as opposed t o  Pyrex ) .  S e a l i n g  

between t h e  s t a i n l e s s  s t e e l  and q u a r t z  w a s  accompl ished  by  compress ion  

of a h i g h  t e m p e r a t u r e  g a s k e t  material a t  b o t h  ends ,  

Tns t rumen ta t io i l  and  Exper imen ta l  E r r o r  

P r e s s u r e ,  t e m p e r a t u r e ,  and f l o w  i n s t r u m e n t a t i o n  were c a l i b r a t e d  

ove r  t h e  r a n g e  of o p e r a t i ~ o n  f o r  j e t  condense r  t e s t s .  C a l i b r a t i o n s  

v a r i e d  somewhat b u t  t h e  d i f f e r e n c e s  were  s m a l l  (- 1: 112 p e r c e n t )  on 

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

These c a l i b r a t i o n s  changed by approx i ina t e ly  seven  p e r c e n t  i n  s i x  months 

due  t o  d e c r e a s e s  i n  t h e  pernianent magnet s t r e n g t h .  A summary i s  g i v e n  
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below (Table  1) of  the  maximum probable  c s r o r  i n  measured pararwters .  

Th i s  e r r o r  e s t ima te  i s  based on the  s c a t t e r  encountered i n  c a l i b r a t i o n s ,  

and on the  l e a s t  readings  p o s s i b l e  wi th  the visual. and e l e c t r o n i c  readout  

techniques used. 

TABLE 1 

Summary of Measurerrient Techniques and Maximum Probable  Error :  

I n s  t: rumen t a t  i o  11 Fiaxirnum Probable  Er ro r  --- Measured Parameter 

P r e s s u r e  ( abso lu te )  Bourden Tube  Gage + - 1.0 p s i a  

P r e s s u r e ( d i f  f e r e n t i a l )  Bellows Type Gage with 0.2 p s i d  and 

- 

-i- 0.5 ps id  
I s o l a t o r s  - 

Flow Rate  

Temperature 

Condcnsati-on Dis tance  

Electromagnet ic  Flosmetei-& 5 percent  

S t a i n l e s s  S tee l .  
Sheathed Chromel- 

4- 2' F 
I- 

A lume 1 Thermocouples 

Visual  - + 1/16" 

.+ .01" - High Speed Camera 

Cal ibra t i -ons  were conducted pe r i . od ica l ly  on the  gages (every  3 or 

4 t e s t  days).  The maximum d e v i a t i o n  among c a l i b r a t i o n s  was always l ess  

than  the  maximum e r r o r  given i n  the  t ab le .  The zero reading  on t he  

gages s h i f t e d  s l i g h t l y  from "cold" t o  t e s t  cond i t ions  due t o  the  change 

i n  ambient temperature  i n s i d e  the  test  enc losure .  However, t he  zero 

va lues  were recorded wi th  no f l o w  both  be fo re  and a f t e r  each t e s t  

sequence and t h e  average a p p l j e d  t o  t h e  gage reading  t o  determine the 

a c t u a l  p re s su re  rise. 

Thermocouples and the a s soc ia t ed  readout  equipment were c a l i b r a t e d  

us ing  the  me l t ing  p o i n t s  of t i n ,  l ead ,  and zi.nc ( 4 5 0 ,  621 and 785' F 

r e s p e c t i v e l y ) .  Freezing curves  were p l o t t e d  on the  r eco rde r  fo r  a l l  

thermocouples and the mel t ing  po in t  determined by the  cons t an t  tempera- 

t u r e  p o r t i o n  of t h e  curve.  

of t he  readings  from the  above va lues  was 2 P, 

As i nd ica t ed ,  t h e  maximum deviat i -on obtained 
0 
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EXPEK IPIENTAL RESULTS 

Condensing Length  f o r  Cons taiit Area Condenser 

Curves of c o n d e n s a t i o n  l e n g t h  v s .  t h e  j e t  u t i l i z a t i o n  f a c t o r  a r e  

shown i n  F i g .  15 f o r  s e v e r a l  a v e r a g e  l i q u i d - v a p o r  mass f l o w  r a t i o s  f o r  

a c o n s t a n t  a r e a  c o n d e n s e r .  Choice of a h i g h  j e t  u t i l i z a t i o n  f a c t o r  i n  a 

j e t  condens ing  sys tem h a s  t h e  e f f e c t  o f  r e d u c i n g  l i q u i d  r a d i a t o r  we igh t  

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

of x may r e s u l t  i n  e x c e s s i v e  c o n d e n s a t i o n  l e n g t h s ,  u n s t a b l e  c o n d i t i o n s ,  

and  poor p r e s s u r e  r e c o v e r y  c h a r a c t e r i s t i c s .  A c o r r e l a t i o n  of t h e  r e -  

l a t i o n  between condensa t i .on  l e n g t h  and x f o r  v a r i a t i o n s  i n  o t h e r  f low 

p a r a m e t e r s  i s  t h e r e f o r e  i m p o r t a n t  f o r  p r e l i m i n a r y  d e s i g n  purposes .  

The v a l u e  of x a t  which t h e  c o n d e n s a t i o n  l e n g t h  e x h i b i - t s  a r a p i d  

i n c r e a s e  a p p e a r s  t o  be  dependent  upon t h e  mass f l o w  r a t i o  of l i q u i d  

t o  v a p o r .  

x = 0.6  w h i l e  t h e  c u r v e  f o r  % = 16 r i s e s  a t  x = 0.85. 

0 
For  example,  t h e  c u r v e  of % = 66 r i s e s  a t  a v a l u e  of 

0 

Flow p a r a m e t e r s  have a s t r o n g  i n f l u e n c e  on c o n d e n s a t i o n  l e n g t h  f o r  

a g i v e n  j e t  u t i l i z a t i o n  f a c t o r .  A s  t h e  vapor  v e l o c i t y  i s  i n c r e a s e d  

w i t h  l i q u i d  i n j e c t i o n  f l o w  r a t e  h e l d  c o n s t a n t ,  s h o r t e r  c o n d e n s a t i o n  

l e n g t h s  a r e  o b t a i n e d  f o r  t h e  same v a l u e  of u t i l i z a t i o n  f a c t o r .  For  

example ,  c u r v e s  (1) and (3) co r re spond  t o  t h e  same l i q u i d  i n j e c t e d  

f l o w  r a t e  w i t h  d i f f e r e n t  vapor  f l o w  r a t e s .  Curve ( l ) , w h i c h  h a s  a 

vapor  v e l o c i t y  of a b o u t  55 fps , shows  a c o n d e n s a t i o n  l e n g t h  of 2-112 

i n c h e s  t o  occur  a t  a v a l u e  of x = 0 . 7 .  Curve ( 3 ) ,  which i s  f o r  a 

vapor  v e l o c i t y  of abou t  130, g i v e s  a c o n d e n s a t i o n  l e n g t h  of o n l y  3/8 

i n c h e s  f o r  t h e  same v a l u e  of x.  A p r o b a b l e  r e a s o n  f o r  t h i s  i n c r e a s e  

i n  h e a t  t r a n s f e r  r a t e  i s  t h e  i n c r e a s e  i n  h e a t  t r a n s f e r  area caused  

by  t h e  g r e a t e r  b reakup  of t h e  l i q u i d  j e t  due  t o  h i g h e r  v a l u e s  of vapor  

s h e a r .  

As t h e  l i q u i d  i n j e c t e d  f l o w  r a t e  i s  i n c r e a s e d ,  w i t h  vapor  f l o w  

r a t e  h e l d  c o n s t a n t ,  l onge r  c o n d e n s a t i o n  l e n g t h s  occur  f o r  t h e  same 

v a l u e  of u t i l i z a t i o n  f a c t o r .  Curves (.5) and ( 3 )  are f o r  t h e  same 
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vapor v e l o c i t y  wi th  mass flow r a t i o s  of 13.5 and 30 r e s p e c t i v e l y .  Curve 

(5) shows a condensat ion l eng th  of 3/8 inches  a t  x = 0.8,  whi.le Curve ( 3 )  

g ives  n condensat ion l eng th  of 1 inch f o r  the  same va lue  of x. This  

va r i a t i . on  is probably due t o  two e f f e c t s :  

1. Decreasing l i q u i d  v e l o c i t y  r e s u l t s  i n  a l a r g e r  va lue  of t h e  

r e l a t i v e  vapor v e l o c i t y  (V - V ) which inc reases  vapor-  

l i q u i d  shear  and h e a t  t r a n s f e r  a r e a .  
vo Lo 

2 ,  Decreasing l i q u i d  v e l o c i t y  inc reases  the  time a given p a r t i c l e  

of l i q u i d  spends i n  the  v i c i n i t y  of t he  vapor .  Thus, i t  i s  

ab le  t o  absorb a g r e a t e r  amount of h e a t  and condense more vapor 

i n  t r a v e r s i n g  a given d i s t a n c e .  

P r e s s u r e  Rise i n  Constant Area Condenser 

T h e  measured p res su re  r i s e  appears  t o  be c l o s e s t  t o  t he  c a l c u l a t e d  

pressure r i se  f o r  t h e  t e s t  runs which had the  h i g h e s t  r a t i o  of l i q u i d  

inass flow t o  vapor.  T h i s  t rend i s  shown i n  Fig.  16 which con ta ins  a 

pl .ot  o f q  

u t i l i z a t i o n  f a c t o r , % .  Lines  of cons t an t  mass flow r a t i o ,  %, are  

shown. which a r e  

g r e a t e r  than  90 pe rcen t .  However, the  curve f o r  t h e  lowest  mass f l o w  

r a t i o s  (13.5 - 14,O)has a maximum va lue  of q of on ly  about 75 percent .  

T h e  i nc rease  i n  l o s s e s  r e s u l t i n g  €rom opera t ion  of  t h i s  geometry a t  

lower mass flow r a t i o s  may be due t o  increased  E r i c t i o n a l  and mixing 

lo s ses .  F o r  t he  cons t an t  a r ea  geometry, t h e  main source of p re s su re  

ri.se appears  t o  be the  k i n e t i c  energy of t h e  i n j e c t e d  l i q u i d .  Opera t ion  

a t  a lower mass flow r a t i o  means the  vapor flow i s  g r e a t e r  r e l a t i v e  t o  

a f ixed  i n j e c t e d  l i q u i d  k i n e t i c  energy. Thus, f r i c t i o n a l  l o s s e s  due t o  

t h e  vapor flow w i l l  be  g r e a t e r  r e l a t i v e  t o  t h e  p re s su re  r i s e  r e s u l t i n g  

from t h e  l i q u i d ,  and g w i l l  be l e s s  than f o r  a h ighe r  rna.ss flow r a t i o .  

t h e  r a t i o  of a c t u a l  t o  t l i e o r e t i c a l  p re s su re  r i s e , v s .  t h e  j e t  
a' 

0 
T h e  curve f o r  % = 69 e x h i b i t s  peak va lues  of r) 

a 

a 

a 
This f i g u r e  a l s o  i l l v s t r n t e s  t he  narrow range of ope ra t ion  f o r  lower 

mass f l o w  r a t i o s .  For  example changing x from 0.75 t o  0.89 r e s u l t s  i n  

an inc rease  i n  T) from about 0.5 t o  0 - 7 5 .  Fur the r  i nc reases  i n  x from 

0 ,89  t o  0.90 r e s u l t  i n  a very  s t e e p  drop i n  q' from 0.75 t o  about  0.40. 

Comparison of t h i s  curve wi th  t h e  correspondi.ng curve (No.  6) of F i g .  15 

p r o v i d e s  the  p o s s i b l e  exp lana t ion  f o r  t h i s  behavior .  The reg ion  of  

x f o r  peak p res su re  r i s e  appears  t o  be t h e  s a m e  r eg ion  of x i-n which 

a 

d 
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condensati.on d i s t ance  i s  very sens i t ive .  t o  small  changes i n  x. Very 

smal l  changes ( e . g . ,  from 0.89 t o  0 .90 )  r e s u l t  i n  very l a rge  changes 

i n  condensat ion d i s t ance  (from about 1 . 0  t o  4 . 5  inches)  w i th  c o r r e s -  

ponding g r e a t e r  increases.  i n  f r i c t i o n a l  l o s s e s .  A s  i nd ica t ed  p rev ious ly ,  

ope ra t ion  of a j e t  condenser system a t  h igher  va lues  of x i s  d e s i r a b l e  

i u  o rde r  t o  achieve a higher  average l i q u i d  r a d i a t o r  tempera ture .  

However, cons ide ra t ions  of s t a b i l i t y ,  range of ope ra t ion ,  and p res su re  

r i s e  must a l s o  be weighed i n  the  s e l e c t i o n  of ope ra t ing  cond i t ions .  

Heat Transfer  i.n Var iab le  A r e a  Condensers 

Resu l t s  of t e s t i n g  v a r i a b l e  a r e a  j e t  condensers a r e  shown i n  Pig.  

1 7 ,  I n  t h i s  curve,  the  va lue  of a c o r r e l a t i n g  f a c t o r ,  %' = x V /V 

i s  p l o t t e d  versus  dens i ty  r a t i o  f o r  a l l  t e s t  runs  where t h e  i n t e r f a c e  

was i n  the  t h r o a t .  

e r r o r  t o  provide the  b e s t  c o r r e l a t i o n  of test:  da t a .  Inc reas ing  t h i s  

f a c t o r  r e s u l t e d  i~n moving t h e  i n t e r f a c e  downstream o f  t he  t h r o a t  while  

decreas ing  \y had the  oppos i te  e f f e c t .  

bo  R 

The f a c t o r  XV a o / V R  was determined by t r i a l  and 

The va lue  o f  x ob ta inab le  f o r  a p a r t i c u l a r  s e t  of t he  o t h e r  parame- 

t e r s  i s  provided by the  curves.  A s  noted above, x i s  the  f r a c t i o n  of 

t he  hea t  absorbing c a p a b i l i t i e s  of t he  j e t  which can be u t i l i z e d  f o r  a 

given condensat ion d is tance .  A value  of x equal  t o  u n i t y  would r e s u l t  

i n  the  l i q u i d  r a d i a t o r  i n l e t  teiliperature being equal  t o  the vapor 

temperature .  Thus, t h e  r a d i a t o r  would ope ra t e  a t  t he  highest:  poss ib l e  

temperature and would r e q u i t e  t h e  sma l l e s t  s i ze .  

The e f f e c t s  of V and V on a r e  as  follows: Higher va lues  of 
A 0  R 

l i q u i d  v e l o c i t y ,  V p o  , r e s u l t  i n  a s h o r t e r  res idence  time of l i q u i d  i n  

vapor. The f r a c t i o n  of t he  h e a t  absorbing capac i ty  of t h e  l i q u i d  which 

i s  u t i l i z e d  ( x )  i s  the re fo re  reduced, On the o the r  hand, h igh  va lues  

of vapor v e l o c i t y  r e l a t i v e  to t he  l i q u i d  ( V  

shear  f o r c e s  and tend t o  promote phys ica l  mixing, i nc reas ing  the  h e a t  

absorbed by the  j e t  i n  a given d i s t ance .  The vapor d e n s i t y  has an 

important e f f e c t  upon the  j e t .  Inc reas ing  va lues  of  vapor dens i ty ,  

(decreas ing  va lues  of 8 ) produce a h ighe r  f l u x  of vapor mol.ecules upon 

the  j e t .  Thus, f o r  cons tan t  va lues  of V l o  and VR, decreas ing  8 r e s u l t s  

i n  inc reases  i.n x . 

= Vvo - Vt0 ) produce h igher  



17'7 

. 

The f i g u r e  shown i l l u s t r a t e s  t hese  t r e n d s .  For example, from F ig .  

1 7  t he  va lue  of x V / V  which produces an i n t e r f a c e  a t  one inch  ( l a r g e  

diameter  t e s t  u n i t )  decreases  from about 0.10 a t  8 = 2000 t o  about 

0.045 a t  p = 6000. 

e f f e c t  a very r a p i d  decrease  i n  the  va lue  of " w h i c h  can be  achieved 

w i t h  the  i n t e r f a c e  a t  t he  t h r o a t  l o c a t i o n .  The reason  f o r  t he  s t r o n g  

change i n  t r end  around 8 = 10,000 i s  probably t h a t  a s  t h e  vapor becomes 

more r a r i f i e d  the  l i m i t i n g  r e s i s t a n c e  i n  t h e  h e a t  t r a n s f e r  process  

becomes the  vapor f l u x  a t t a i n a b l e  a t  t he  j e t  su r f ace  r a t h e r  than t h e  

i n t e r n a l  l i q u i d  h e a t  t r a n s f e r .  

( 0  R 

0 
Fur ther  i nc reases  i n  8 above about 10,000 appear t o  

Information on t h e  importance of conduct ion r e l a t i v e  t o  tu rbu lan t  

h e a t  exchange w i t h i n  the  l i q u i d  j e t  can be obta ined  f o r  t h i s  l a r g e r  

geometry. 

j e t  r ad ius  of 0.103'' g ives  a va lue  of approximately 1 f t  / s e e .  

ever  i f  t he  exper imenta l  va lues  of x -  Lc and V 

t he  t e s t  p o i n t s  f a l l  on va lues  of - ;ru 100 - 300. Therefore  

the  tu rbu lan t  mode is  dominant and conduct ion accounts  €or  less than  

1 % of the  t o t a l  h e a t  t r a n s f e r .  

P re s su re  R i s e  i n  Variable  Area Jet Condensers 

C a l c ~ l a t i o n  of t h e  r a t i o  W / r 2  f o r  mercury a t -  4 0 8 F  and a 

How- 
L 2 

are p l o t t e d  on Pig.  5 
cy + a t  a 

r'& 

The p re s su re  r i se  d iv ided  by l i q u i d  dynamic p res su re  i s  p l o t t e d  ve r sus  

m a s s  f low r a t i o  f o r  the two l a r g e r  d iameter  j e t  condensers i n  F igs .  18 

and 19. Values of AP were obtained which a r e  as much a s  e i g h t  t i m e s  t he  

va lues  which could be achieved i f  t he  vapor and l i q u i d  dynamic p res su re  

were the  only  sources  of p re s su re  rise. For example, i n  Fig.  18, 

t he  maximum value  of  AP obta ined  i s  about 12. That  i s ,  t h e  measured 

p res su re  rise through t h e  j e t  condenser (AP ) i s  1 2  t i m e s  t he  dynamic 

p res su re  of  t he  i n j e c t e d  l i q u i d  ( p  V /2g>. For  t h i s  p a r t i c u l a r  t e s t  

run t h e  dynamic p res su re  ol: t he  jnlet vapor (p  V /2g ) w a s  only &out  

O.r+ t imes t h e  l i q u i d  dynamic pressure .  

p re s su re  r i s e  t o  the  sum of the  dynainic p re s su re  terms i s  8.7.  I n  o rde r  

f o r  t h i s  r e s u l t  t o  occur ,  conversion 01 vapor thermal energy t o  l i q u i d  

mechanical energy must occur i n  the  j e t  condenser.  T h i s  experimental  

r e s u l t  suppor ts  t h c  a n a l y t i c a l  conclus ions  reached previous ly .  

0 

L 

0 

I 

2 a  

2 e a@ 
v vo 

Thus, t he  r a t i o  of measured 

As a 
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consequence a very  l a r g e  source of energy i s  made a v a i l a b l e  f o r  l i q u i d  

c i r c u l a t i o n  i n  a Rankine cyc le  system. 
0 0 

The curves  of AP ver sus  % show t h e  t r e n d s  p red ic t ed  by a n a l y s i s ;  
1 

i .e.  , 
1. Decreasi-ng m a s s  f low r a t i o  produces an  inc rease  i n  t h e  r a t i o  

o f  p re s su re  r i s e  t o  i n j e c t e d  l i q u i d  dynamic pressure .  

2. I nc reas ing  dens i ty  r a t i o  (decreas ing  vapor dens i ty)  u s u a l l y  
0 

a e f f e c t s  an inc rease  i n  AP 
Figures  18 and 19  inc lude  c a l c u l a t e d  curves f o r  t he  maximum dens i ty  

r a t i o  of t h e  t e s t  runs f o r  re ference .  A s  can be w e n ,  t he  t r end  of t he  

a n a l y s i s  i s  followed r e l a t i v e l y  close'ly over  the  range of AP ( 1 . 7 - 1 2 . 0 )  

and mass flow r a t i o  (13-66) f o r  t hese  curves.  

0 

a 
0 

The lowest  va lue  of AP obtained f o r  s t e a d y - s t a t e  ope ra t ion  wi th  the a 
i n t e r f a c e  i n  the  t h r o a t  l o c a t i o n  was 1.25 wi'cli the ma jo r i ty  of the 

t e s t  d a t a  f a l l i n g  above 1.5. Thus, f o r  t hese  ope ra t ing  v a r i a b l e s  and 

f o r  a p e r f e c t  i n j e c t o r  (d ischarge  c o e f f i c i e n t  of u n i t y ) ,  tlie p re s su re  

increment added t o  tile vapor would always be g r e a t e r  than t h a t  required 

t o  i n j e c t  t h e  l i q u i d .  For a mercury Rankine cyc le  system the  opera t ing  

parameters  f o r  a j e t  condenser would probably i.nclude a vapor temperature  

of 600-700° F and a f u s s  flow r a t i o  o f  20-40. 

l a r g e  diameter j e t  condensers t e s t e d  had a range ofAP of  about 1.25 

t o  2.0. However, i f  t he  geometric t r e n d s  of t he  a n a l y s i s  a r e  followed 

(as were those f o r  flow va r i ab le s )  h igher  va lues  of AP should be 

ob ta inab le  f o r  these cond i t ions  by use  of a l a r g e r  a r e a  r a t i o  o f  t h e  

i n j e c t o r  t o  tube i n l e t .  

For  t hese  cond i t ions ,  t he  
0 

1 

0 

c 

In orde r  t o  enable  more genera l  use  of t h e  t e s t  r e s u l t s ,  experimental  

performance can be coiupared t o  t h a t  p red ic t ed  by a n a l y s i s  by us ing  tlie 

model which incorpora ted  the ass impt ion  t h a t  t he  mixing chamber wa l l  

p re s su re  M ~ S  equal  t o  the  i n l e t  vapor pressure .  The r e s u l t s  a r e  shown 

i n  Fig. 20  which p l o t s  measured p res su re  r i s e  versus  c a l c u l a t e d  r i s e .  

The average dev ia t ion  appears  t o  be about 4- 30 pe rcen t  and - 25 pe rcen t  

of measured from ca lcu la t ed .  Consider ing the  s impl i fy ing  assumptions 



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

used i n  t h e  a n a l y s i s ,  and t h e  p o s s i b i l i t y  of o f f - d e s i g n  o p e r a t i o n ,  t h e  

agreement shown is cons idered  t o  be reasonably  good. Thus, t h e  c a l c u -  

l a t i o n  method used f o r  p r e d i c t i o n  of p r e s s u r e  r ise  appears  t o  be u s e f u l  

fo r  p r e l i m i n a r y  des ign  purposes .  "lie r e s u l t s  sugges t  t h a t  t h e  c a l c u l a t e d  

v a l u e s  would probably  p r o v i d e  a low e s t i m a t e  of t h e  p r e s s u r e  r i s e  i n  

j e t  condensers ,  e s p e c i a l l y  i f  vapor  f r i c t i o n  and d i f f u s e r  l o s s e s  were 

inc luded  i n  the c a l c u l a t e d  va lues .  
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CONCLUDING R W R K S  

The p resen t  i n v e s t i g a t i o n  has  provided performance c h a r a c t e r i s t i c s  

of j e t  condensers u s ing  a l i q u i d  meta l  working f l u i d  (mercury). Desi-gn 

r e l a t i o n s  have been prepared f o r  a s p e c i f i c  geometry f o r  pre l iminary  

des ign  of j e t  condensers f o r  space power systems ope ra t ing  on the  Rankine 

cyc le  with mercury as  the  working f l u i d  ( 1 7 ) .  

The most s i g n i f i c a n t  r e s u l t  o f  t h i s  program w a s  demonstrat ion of tlie 

hi-gh va lues  o f  p re s su re  r i s e  poss ib l e  i n  convergent-divergent  j e t  

condensers.  Absolute  va lues  of p re s su re  r i s e  as  high a s  62 p s id  were 

obtained.  Values o f  t he  r a t i o  of p re s su re  r i s e  t o  t h e  dynamic p res su re  

of i n j e c t e d  l i q u i d  ranged up t o  12.2. The l a t t e r  r e s u l t  was obtained 

through the  conversion of vapor thermal energy t o  mechanical energy i n  

the  o u t l e t  l i q u i d ,  Thus, t he  j e t  condensers t e s t e d  performed both as 

condensers and as  vapor d r iven  c i r c u l a t i o n  pumps. The experimental  

va lues  of p re s su re  ri.se f o r  l a r g e r  geometr ies  agree  t o  wi th in  about 

+ 30 percent  and - 25 percent  wi th  va lues  p red ic t ed  3y the  ana lys i s .  

The recommended equat ion  f o r  pred ic ted  p res su re  r ise  i s :  

Sca l ing  r e l a t i o n s  were appl ied  t o  t e s t  r e s u l t s  ob ta ined  fo r  s m a  1 

diameter  u n i t s  (0 .19  inches i . d . )  t o  des ign  l a r g e r  (0.75 inches  i . d  ) 

j e t  condenser geometries.  These l a r g e r  u n i t s  performed w i t h  a l l - l i q u i d  

f l o w  a t  t h e  o u t l e t  and f l u c t u a t i o n s  of p re s su res ,  f lows and temperatures  

which were l e s s  than  1-2  percent  o f  t he  average values .  Simple 

s t a r t u p  techniques were possi-ble  and no g r a v i t y  e f f e c t s  on tlie f i n a l  

i n t e r f a c e  were observed. 

Perfoirrnance of j e t  condensers with o t h e r  geometric v a r i a b l e s  and 

o t h e r  l i q u i d  meta ls  can be es t imated  us ing  the  r e s u l t s  of tlie p re s su re  

r i s e  and h e a t  t r a n s f e r  ana lyses  r epor t ed ,  However, experimental  
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v e r i f i c a t i o n  should  be o b t a i n e d  b e f o r e  these c s r i m a t e s  a r e  used a s  the 

b a s i s  f o r  p r e l i m i n a r y  des ign .  

Sur face  t e n s i o n  f o r c e s  i n  j e t  condensers  a r e  v e r y  s m a l l  (<I p e r c e n t )  

compared w i t h  t h e  la rge  Liquid and vapor i n e r t i a l  f o r c e s  o c c u r r i n g .  

Therefore ,  whether the f l u i d  i s  nonwett ing o r  w e t t i n g  should  n o t  have 

an impor tan t  i n f l u e n c e  upon s t a b i l i t y  and/oz p r e s s u r e  r i s e .  Some 

r e s u l t s  from i n v e s t i g a t i o n s  u s i n g  mercury AS a warking f l i t i d  may 

t h e r e f o r e  be a p p l i c a b l e  t o  o t h e r  l i q u i d  meta ls  such as potass ium o r  

rubidium. However exper imenta l  i n v e s t i g a t i o n s  w i t h  these f l u i d s  

should  be i n i t i a t e d  i f  p r e l i m i n a r y  d e s i g n  d a t a  i s  to be a v a i l a b l e  

for second-genera t ion  space  power systems. 
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DISCUSSION 

MR. DWYER: Did you notice,  i n  t he  t h r o a t  of your cond.enser, vhether 

you had a l i q u i d  phase t h a t  w a s  a continuous phase? 

f o r  cavitat;ion? 

Is the re  a tendency 

MR. HAYS: No. The e n t i r e  t es t  section was t ransparent .  We would 

observe, a , t  higher l i q u i d  in j ec t ion  r a t e s ,  vhen the tied, balance w a s  upset 

t h e  intnr.Ci%ce would.  start; -to move d.ownstream, and under these condj:Lions, 

t he  f i r s t  indicat ion of movement would be the  appesran.ce of s m a l l  vapor 

bubbles 011 t'ne i n s ide  surface of t he  t e s t  sect ion.  ?'i?ese are t h e  only 

bubbles which coul-IJ. be seen, s ince ti?e Plu.id w a s  opaque. Wit'n Further 

deviation from the  heat balaiice the e n t i r e  i n t e r f ace  would move d.ovnr,t;rearn. 

MR. DWYE:H: They would collapae, wouldn't they, at; some point ;  which 

would tend t o  foim cavi ta t ion? 

MR. HAYS: 'Tnat i s  correct .  However, und-er conditio:ns wliere the 

i n t e r f a c e  was r i g h t  a t  t'ne th roa t ,  tbi:; occwrence vas n o t  not iceable .  

Ineidental ly ,  when the  in t e r f ace  moved dowris-tre,m. t'ne pressure r i s e  w o u l d  

drop off very sharply. 

BODTILIA: I sti1.l don ' t understand exact ly  the mechanism ~~h..ereby 

you f igu re  t h a t  t he  enthal.py of the vapor accel.erated t h e  l i q u i d  J e t .  

MR. L%YS: Wel-I., t h e  ,jet; receives a very high condensation flux since 

the  1.icpj-d is sub-cooled.. Tne pressurt? in t h e  vapx has -to be cqunl t o  

t he  sa tu ra t ion  pressure of [;he l i q u i d  phases a t  the surface.  However, 

t h i s  i s  very much bel.o.ci Yne sskuration pressure of  t he  vapor as it en te r s .  

MR. KRAKOVIAK: HO-J d i d  you f h l  yoirr heat  flux arm? 

Mn. HAYS: The hea-t, ?lux &rei2 was based on the average j e t  area.  As 

you SBW, surface waves were present; which I.nc:rea,sed t h e  area. ?be condi- 

t i o n s  chosen for tihe a rea  calculat ions were !na3s f l . o w  i-xt;ios on t h e  order 

of 50 t o  40. At; these point;s the jet had. a cesrly- constant disu:eter. 

Mx. GOLDNAIT: How much su.b-cooling d.id you. hsve in your je t  a:; j . t  

entered, and what ~ z s  i;he sub-cooling ai; -t;kie throat?  
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MK. JIAYS: The sub-cooling ranged from a s  much as 500°F ( f o r  vapoi- 

temperatures  of 600-~:00°~) t o  a,round 100" a t  -the in l - e t .  

The o u t l e t  temperature of t h e  l i q u i d  ranged from ahoiit 100" below Lhe 

vapor temperature, to wY€hin about / t o  8°F. 

MB. UWYER: 1 have another  quest ion.  Did I understand you t o  say t h a t  

when 1-ou used rnerc1.n-y as tiie working fl.ixid here  you broke even on your 

weight, on your s p e c i f i c  weights? 

m. HAYS: For sNm-8 system parameters. 

MR. DWYER: I assii.~ne you suffered the re ,  because you had t o  have t h e  

hi& l i q u i d  flow r a t e ,  d i d n ' t  you? 

sending your ue ight  up. 

You ge t  a l o t  of I-i.qiiid mercury he re  

MR. HAYS: Yes. The inventory with t h e  nercury  i s  a major problem. 

MR. DWYhX: When you switch over t o  a l k a l i  metal  you d o n ' t  have ihis 

penal Ly, so it woul_r3 show t o  a much qreater 3a lue .  

MR. ITAYS: Tha-t i s  c o r r e c t .  This r e s u l t  i s  cons i s t en t  with an ana1.y- 

s i s  we did e a r l i e r  f o r  a l -kal i  metals .  A p a r t i c u l a r  ana lys i s  w e  d id  re- 

s u l t e d  i n  a s l o t  of s p e c i f i c  weight (pounds pe r  kilowa'i-t versus  ki1owa.L-t) 

for sodium.  For a direcl ;  condenser versus  power l e v e l ,  we would g2t a 

cume I-ike t1ii.s. The j e t  condenser starts out  higher ,  a t  lower power 

l e v e l s  ? ) u t  soon crosses  over t o  shoW a lower s p e c i f i c  weight. 

MR. SILL: 'This break-even weight, was t h a t  with t h e  d i r e c t  condenser, 

o r  i n d i r e c t ?  

MR. IIAYS: Three cases  were considered i n  t h i s  study: d i r e c t ,  a hea t  

exchanger condenser, and a j e t  condenser. 

hea t  exchanger condenser was always at a somewhat h igher  power ]..eve1 than  

i;he j e t  condenser. For t h i s  curve t h e  poin t  around a thousand k i lowat t  

thermal., f o r  t h e  hea t  exchanger condeiiser while 5 . t  idas 500 ki lowat t  thermal 

f o r  t h e  j e t  condenser. The j e t  condenser always has  t,he advantage over 

t h e  hea t  exchanger condenser i f  redu.n.dant s ec t ions  rin t h e  r a d i a t o r  a r e n ' t  

considered, being a much more compact device, and a l s o  providing i t s  own 

pumping powei- f o r  t h e  r e c i r c u l a t i o n  fl.ow. 

?Tie break-eveii po in t  f o r  t h e  
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KR. LEIGETON: When yoiu t a l k  about. ti break-even poin t ,  are you talk- 

ing about a compnes t  brea.k-even or system break-even? 

MR. HAYS: R compnent break-evm po in t .  

MR. ZEIGIITON: I s n ' t  t h i s  a L i t t l e  bit, maningless? 

IvIR, HAYS: I don ' t  t h ink  so; i f  - l i e  identical. irile-t co:cdri.tions and 

input  parameters awe lmed for syctein oper.ation. 

ME. LEIGHTON: The j e t  pump is going t o  r.ey:ii.re a heck. o f  a lot more 

pu-mpi.tig power. 

ME. 'BAYS: 1-i pl'ovides i t s  O ~ M  gunping power. ']?his i s  dewmstrated 

experirnentnlly. The imin proble:ii that xi&t be present, i n  ae.tix:~,l Sy5tml 

i s  one of s t a ,b i l i t y .  WoweTJer, t h i s  proba,bly i s  riot a problem. You can 

always provide a f i x  on tine system. 
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Fog-Flox Mercury Condensing Pressure Dmp Corre la t ion  

By A .  Koestel, Thompson Ram0 Wooldridge Inc .  

M. Gutstein NASA-Lew-Es Research Center 
R ,  T. Wainwright - NASA-Lewis Research Center 

A B S  T R A C T  

A theory i s  

f lowing and 

presented t o  p r e d i c t  the  l o c a l  pressure 

condensing in s ide  tubes. The Yneory is 

that condensation takes place a t  t'ne tube w a l l  and, 

drops  o f  mercury vapop 

based on the assumption 

aubaequently, d rups are 

entrained i n t o  the  vapor as a f i n e  dispers ion o r  f o g ,  

0' X 3/4 and the  Weber number is derived from t h e  analysis, where b2 i s  the 

two-phase f r ic t i .ona1  pressure gradient ratlo and X is t h e  qual i ty .  Experi- 

mental da t a  from several sources were examined and are shown t o  co r re l a t e  

well with the theory. 

A r e l a t ionsh ip  between 



Fog-Flow Nercury Condensing Pressure Drop Correlat ion 

By A. Koestel, Thompson Ram0 Wooldridge 
M. Gutstein, i'?AASA-Lewis Research Center 
R, Wainwright, NGA-Lewis Research Center 

INTRODUCTION 

Rankine Cycle powerplants u t i l i z i n g  mercury as a working f l u i d  have been 
considered f o r  space appl icat ions,  
p l a ~ t s  i s  the need to condense the e f f luent  of  the turbine,  that is ,  the 
mercury vapor, 
tubes and the  heat of condensation would be diss ipated by radiat ion,  To 
spec3.Q the dimensions o f  the tubes, t h e i r  diameter, length,  taper,  etc., 
requires  an accurate predtct ion o f  the  pressure drops associated with 
mercuxy condensing a t  low heat flwe3. Recognizing t h a t  such was not 
available,  the Lewis Research Center o f  N,A.S.A, sponsored a program a t  
Thompson Ram0 Wooldridge Inc, t o  masure the l o c a l  s t a t i c  pressures along 
tubes o f  constant and varying diameter i n  both  the wetting and non- 
wetting regimes. 
condensing mercury was included t o  develop a means to predict  the pressure 
dmps. 

The static pressure difference wlxich might be measured between two hori- 
zontal  points  of a tube i n  which condemation occurs is given by t h e  
expressions- 

Inherent i n  the performancts o f  such 

I n  a powerplant for  space, t h i s  process might occur ins ide  

A p a r a l l e l  e f f o r t  of analyzing the fluid mechanics of  

A port ion of" the  results o f  t h i s  program i s  presented below, 

+ dP 
dFmeasured = dPtwo phase f r i c t i o n a l  momentum Equatian (1) 

i s  the pressure difference required to dPtwo phase f r i q t i p n a l  
overcome t h e  f r i c t i o n a l  res i s tance  t o  flow, and 

i s  the pressure difference due ne t  momentum Pmomentym 
changes i n  the f l u i d ,  

The above expression may be expanded t o  t h e  form shown i n  Reference 1: 

where GT i s  t k  t o t a l  mass velocfty and Rf, F ?  are the l i q u i d  and 
vapor vo1w.e f rac t ions  

Equation 2 ind ica tes  t h a t  the f r i c t i o n a l  component of  t h e  measured s t a t i c  
pressure difference can be obtained only when the volume f rac t ions  (or local 
s l i p  r a t i o ,  Uf/Uv*)are known. For mercury condensing, t h i s  information is 

~ 

*The s l i p  r a t i o  is r e l a t e d  t o  the volume fraction by 
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present ly  unavailable and must be assmmed, Thus, Reference 3 r epor t s  
f r i c t i o n a l  pressure gradi-ents f o r  mercury condensing f o r  two l i m i t i n g  
cases, those of a s l i p  r a t i o  of zero and one. Reference 3 f u r t h e r  
recommends a s l i p  of zero based on photographic observation and t he  
general. agreement of t h e i r  da t a  with the  Martinelli.  correlat ion.  HQW- 
ever, deviat5 ons from the co r re l a t ion  were noted, parbicidar ly  a t  low 
hea t  f luxes,  which were a t t r i b u t e d  t o  the presence of f o g  f l o w  (i .e. ,  
s l i p  r a t i o s  of approximately one). 

Baroczy, Refemnce 4, pmsen t s  a cor re l a t ion  of mercury l i q u i d  VOlUmB 

f r a c t i o n s  based on adfabatic measwernents wi th  nitrogen-mercury. This 
co r re l a t ion  is believed t o  be inapplicable t o  the case of mercury con- 
densing f o r  reasons which a r e  discussed i n  t h e  Appendix. 

The authors have ernplayed a s l i p  r a t i o  of one to reduce measured 
pressure differences to f r i c t i o n a l  pressure drops s ince they observed 
t h a t  f i n e  drops dispersed i n  t he  vapor w a s  t h e  predominant flow pa t t e rn  
f o r  low heat  f l u x  mercury condensation.The f a c t  t h a t  these f r i c t i o n a l  
pressure gradients  tended to cor re l a t e  with a foe;-floii analysis  j u s t i f i e d  
t h i s  assunption. A der iva t ion  of t he  l i q u i d  voluine f r a c t i o n  f o r  fog-flow 
nerciiry condensing is descr ibed i n  the Appendix. 

A v e r i t a b l e  l i t e r a t u r e  e x i s t s  today which descrtbes, p r e d i c t s  and co r re l a t e s  
tMo-phase f r i c t i o n a l  pressure gradients.  For condensation, however, anti 
f o r  mercury cmdensation i n  pa r t i cu la r ,  t he  co r re l a t ion  of Lockhart- 
Marti ne l l i ,  Reference 2, and i t s  refinement, the co r re l a t ion  of Baroczy 
and Sanders, Reference 5, are of most s ignif icance,  The Lockhart- 
Martinell i  approach cons i s t s  of equating t h e  pressure gradients  obtained 
from isothermal, two component flows t o  t h e  case of condensation a t  the 
equivalent supe r f i c i a l  l i qu id  t o  vapor pressure gradient r a t i o s .  The 
t o t a l  f r i c t i o n a l  pressure dBff erence across the tube is  then obtained 
by in t eg ra t ion  of the l o c a l  gradients,  
constitutes an improvement t o  the basic isothermal correlat ion by accounting 
f o r  a vapor Reynolds Number e f f ec t .  

The work of Baroczy and Sanders 

Reference 3 applied these co r re l a t ions  t o  mercury condensation d a t a  and 
found general  agreement to within about f25 percent. 
however, a t  low hea t  r e j ec t ion  rates o r  low q u a l i t i e s  (low vapor h y ~ ~ ~ l d s  
Numbers), no agreement, OE the t e s t  resu.Lts with these correlat ions was 
apparent. This was a t t r i b u t e d  t o  fog flow, a flow p a t t e r n  t o  which, the authors of 
t h i s  Reference believed, t he  i a r t i n e l l i  

Reference 6 presents  a comparison of two-phase, mercury-nitrogen pressure 
differences w i t h  t h e  Mar t ine l l i  curve. 
pressure differences of mercury condensation i n  horizontal  tubes with the 
same correlat ion.  I n  both cases,  agreement is  good. However, condensation 
in s ide  horizontal  tapered tubes and in s ide  incl ined tubes of constant 
diameter showed considerable deviation, Thus it appears t h a t  the Lockhart- 
Mar t ine l l i  co r re l a t ion  does not s a t i s f a c t o r i l y  p red ic t  the pressure 
gradients  of mercury condensation a t  low vapor v e l o c i t i e s  and low heat  
fluxes, or those f o r  unusual geometries and or ientat ions.  

As previously noted, 

Correlation d i d  not apply. 

It likewise compares over-al l  

The analysis  of two-phase pressure l o s s e s  f o r  condensing mercury, performed 
under the Thompson Ramo Mooldridgo program previously mentioned, assumed 
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t he  fog flow regime based on the following observation. 
experiments which were conducted, including the wetting runs, t i n y  drops 
were seen dispersed i n  the flowing vapor. The analysis  and i t s  corroboration 
are presented below along with a comparison of i t s  a b i l i t y  t o  p r e d i c t  
pressure gradients  with that of the Lockhart-Martim1l.I correlat ion.  
more complete discussion of the fog-flow model is presented i n  Reference 1. 

During all t h e  

A 

DESCRIPTION OF THE F L O W  RErrIPlE 

Fundamental t o  the  p red ic t ion  of two-phase pressure drop o r  hea t  transfer 
i s  a knowledge of the ex i s t ing  flow regime. For t h e  case of condensation 
occurring in s ide  tubes, wet t ing f l u i d s  general ly  form a thin,  annular 
l a y e r  a t  t he  hea t  t r a n s f e r  surface.  I n  all l ikelihood, drops a re  sometimes 
broken from t h i s  film and axe entrained i n  t h e  vapor core. For mercury 
condensation, however, a continuous Liquid f i l m  i s  d i f f i c u l t  to obtain 
even when the mercury w e t s  i t s  containex. More t yp ica l ly ,  a l a y e r  of drops 
i s  formed at the  tube w a l l .  
t ransported t o  the tube exit by t h e  entrainment o€ these d r o p s  i n t o  the 
vapor stream. A t  r e l a t i v e l y  high vapor v e l o c i t i e s ,  t h i s  two-phase flow 
has been described as a ''fogft flow (Referewe 7) .  
flow r a t e s ,  t h e  f?fogrt regime i s  p resen t  although g r a v i t y  e f f e c t s ,  such as 
l a r p e  agglomerated drops, do appear. A more d e t a i l e d  p i c tu re  of t he  fog 
flow regime of mercury conderisatjon i s  offered below f o r  the purpose of 
der iving a two-phase f r i c t i o n a l  pressure drop predict ion.  Figure 2a is 
a sketch of the configurat ion of trie flow which is envisioned to ex5st. 

The g rea t e r  po r t ion  of the condensate is then 

Even a t  lower vapor 

The aiithors pos tu l a t e  t h a t  t h e  drops which are entrained in to  the vapor 
stream are extremely small ( o f  the  order of 0.001- t o  0.010 inches diame-ber) 
and a re  r ap id ly  accelerated t o  very near ly  the  l o c a l  vapor velocity.  
drops a-e f u r t h e r  conceived t o  respond t o  t h e  turbulent  f l uc tua t ions  of t he  
vapor phase and a r e  dispersed s o  t h a t  the  e f f e c t s  of concentration gradients  
are negl igible .  I n  e f f e c t ,  the drops t r ave l  w i t h  and become a p a r t  of  t he  
vapor stream: the two phase mixture is thus assumed t o  behave as a sirgle 
phase f l u i d .  

The 

This liquid-vapor fog f lows through the  duct formed by the drops which are 
at tached t o  t h e  tube w a l l .  The duct, however, is  e s s e n t i a l l y  hydraul ical ly  
smooth due t o  the close packing o f  the drops on the w a l l .  
confirmation of t h e  exis tence of such a c h a r a c t e r i s t i c  is presented i n  
Figure 1 which w a s  obtained from Reference 10. 
the  fr ic t , ion f a c t o r  as a function of roughness dens i ty  of spheres glued t o  
a tube wall.) 
drops a t  the  w a l l  by r a i s i n g  t h e  heat f l u x  would h a w  J i t t l e  or no e f f e c t  
on t h r  f r i c t i o n  factor .  
l i k e  mixtwe f lows  is  DT - %,, where 6 D t h e  &op l aye r  a t  a p a r t i c u l a r  locatfon. 

I n  a previous s tudy performed by the sen io r  author, Ref?r;.nce 8 ,  it was 
shown t h a t  t he  diameter of mercury drops which were entrained i n t o  a flow- 
iny nitrogen stream w a s  r e l a t e d  t o  the ve loc i ty  of t he  gas. It i s  suygested 
t h a t  such a r e l a t ionsh ip  a l s o  e x i s t s  f o r  mercury condensing: a drop Trows 
t o  a p a r t i c u l a r  s izc ,  ca l l ed  the  c r i t i c d  drop diameter (defined by t h e  
vt. locity of the vapor), and is then entrained i n t o  the vapor core. lPne 
e f f e c t i v e  thickness  o f  the drop l aye r  on t h e  w a l l  a t  a parti-ciilar posi t ion,  

(Experimental 

T h i s  F'igure is a p l o t  of 

It is Yurther assumed t h z t  increasing the packing of t he  

"he diarwter oP t h e  duct  through which t h e  fog- 
i s  the e f f e c t j v e  thickness  of 
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posi t ion,  
determines the  thickness of the condensate layer a t  the  w a l l  and is, i n  
turn, deperdent on t h i s  thickness by continuity.  The predict ion of the 
f r i c t i o n a l  pressure gradients f o r  condensing mercury based on the above 
considerations i s  derived below, 

was therefore taken a s  equal t o  the c r i t i c a l  drop diameter a t  t h a t  
Thus, t he  vapor ve loc i ty  (here, t h e  v e l o c i t y  of the fog) 

DFSIIVATION OF THg FOG MODEL 

A. C r i t i c a l  Drop Size 

Reference 8 presents  a de t a i l ed  experFmentaL and t heo re t i ca l  analysis  of 
the entrainment of mercury drops, A br i e f  review of t h i s  work as it applies 
t o  mercury condensation i s  presented below, since the  mechanics of t h i s  
process forms an important p a r t  of the fog-flow model. 

As drop forms hrld grows on a tube swfacrr, fo rces  a r e  produced which tend 
e i t h e r  t o  make the drop move o r  t o  oppose i t s  movement. 
s is t  of the drag caused by the flowing vapor, t he  g r a v i t y  force 2nd the 
i n t e r f a c i a l  fo rce  between the drop and the wall a r i s i n g  from the deformation 
of the drop by e i t h e r  of L‘ne two previous f a rces .  
the c r i t i c a l  drop diameter ( Jc ), l,hesa f o r c e s  are no longer balanced and 
the drop i s  displacedo T h S ,  a t  i nc ip i en t  movement, t he  following f o ~ c e  
balance must be applicable:  
Force) = 0 

1_1. 

These fo rces  con- 

A t  a p a r t i c u l a r  drop s ize ,  

(Drag Force) 2: (Gravjty Force) - ( l n t e r f a c t a l  

where C d  

n is  the  r a t i o  g / g c  

cis the surface tension 

i s  t h e  drag coe f f i c i en t  f o r  the drop d 

and Ec i s  a constant  which accounts f o r  t h e  e f f e c t s  of drop deformation, 
contact  angle and surface condition. Eg. has a vaLue Less than one. 

i s  a l so  dependent on t h e  deformation. 
In general, t he  c o e f f i c i e n t s  f o r  defo c%’ able  bodies (bubbles, drops,  e tc . )  
The coe f f i c i en t  o f  drag f o r  drops,  

are grea te r  than f o r  s o l i d  spheres and have values very nearly one (see 
Figure 3). 
and the  value of EB- can be made t o  accommodate the deformation e f f ec t .  
Thus, i n  horizontal  tubes o r  i n  t h e  absence of a g rav i t a t iona l  f i e l d ,  tho 
cr i t icad.  drop s i z e  i s  re la ted t o  the vapor ve loc i ty  as follows: 

For s implici ty ,  the coe f f i c i en t s  may be assumed equal t o  one 

Equation (4 )  
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The tern on the l e f t  s ide  of equation 4 i s  the Weber Number f o r  the drop. 

Experiments were conducted, both i n  tubes and with inzl ined f l a t  plates ,  
which permitted t h e  evalu,xtion of E6 . Er was found t o  have the value 
of 0.0464, For a more detai led discussion of these experiments and t h e i r  
analysis Reference 8 should be consulted. 

B. Derivation of the  Fog-Flow Model 

r 

. 

If t h e  discussion of the  previous sect ions t r u l y  describes the flow regime 
f o r  mercury condensing ins iue  tubes, then t h e  f r i c t i o n a l  component of the 
s t a t i c  pressure drop of Equation 1 may be w r i t t e n  as a s ingle  equation f o r  
both phases as  follows: 

Equation (5) 

where f m  is the f r i c t i o n  factor f o r  the  fog  mixture 

and Dm i s  the diameter of the flow passage formed by t h e  drops: 
on t h e  w a l l  through which the f o g  flows. 

The f r i c t i o n a l  pressure drop which would r e su l t  i f  the vapor port ion of the 
fog  were t o  f low through t h e  bare pipe fs: 

Equation (6 )  

The Lockhart-Martinelli modulus 
i s :  therefore:  

', defined as tho r a t i o  of the two gradients, 

The f r i c t i o n  f a c t o r  f o r  turbulent flow i n  smooth passages i s  given by: 

Equation (8) 

Equati 011 ( 9 )  

The vi .scosi t ies ,J& and .c/v 
on t h e  volume f r a c t i o n  of the two phases than on the weight f rac t ion ,  Since 
the  volume f r a c t i o n  of t h e  flarJ-Jng l i q u i d  is much less than one, i t  can be 
assumed t h a t  

a re  t ranspor t  p roper t ies  and are  more dependent 
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The re  Cor e, - f . .  - Equation (11) 

5- - 
The densi ty  r a t i o  may be considered t o  bs weight fraction dependent. Thus : 

& sx 
Ed 

Combining equations 7, 1.3. and 1 2  gives: 

Equation (12 ) 

Equation (13) 

A relationship between 01- 
From Equation 4 t h e  Weber 1 umber based on the tube diameter may be obtained: 

Dm and the Weber Number may be derived as follows. 

Note that the vapor densi ty  is employed rather than t h o  mixture dens i ty  s ince 
only t h e  vapor conditions influence the entrainment . 

continuity,  

 ere U, represents t he  ve loc i ty  of the vapor in a bare tube with all t h e  
l i q u i d  removed. Therefn r e ,  

Subst i tut ing i n t o  equation 14: 

Equati on (16 ) 

Ut i l i z ing  the asswrtption t h a t ,  a t  a parLicular po in t  i n  the tube, the c r i t i c a l  
drop d iamt te r  corresponds to t he  e f f ec t ive  th i ckness  of the drop l aye r :  

4- - 
2 Ox" 

Dr - z 2  

& ( 1 -  S) 
Sub s t i h t i n g  i n t o  Q u a t i  on 1 7  : 

Equation (7.8) 

Eqiia Lion (19) 
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f 

I -- 
/ D r \ 4  I I 

Equation (20) 

Equaticn ( 2 1 )  3 - - 

Thus from equations 13 and 21, a been shown t o  e x i s t  between 
Weber $lumber such t h a t :  

Equation ( 2 2 )  

the Lockhar &Mar t i n e l l i  modulus, 

By assuming values of the  r a t i o ,  4. DT, the re lat ionship betw@en the Weber 
Number and q x v 4  may be obtainkd. This i s  shown as  a l i n e  i n  Figures 5 
through 11, n addition, experimental values of gV"x% and the  Weber 
Number are  plot ted for confirmation o f  the  fog-flow theory. A discussicn 
of these f igures  i a  presented below. 

CONFIRMATION OF TEE FOE-FLON MODEL - 
AXI experimental program t o  measure local. pressure drops f o r  mercury condensa- 
t i o n  was recent ly  conducted a t  Thompson Rmo Wooldridge Inc. 
TRM), Reference 1, and the r e su l t s  were u t i l i z e d  t o  corroborate t h e  fog-flow 
model. 
condensing pressure drops have been used a s  a fur ther  check of t h e  theory. 
Brief descriptions of these eqer iments  and the  comparisons of the i r  r e s x l t s  
with the  fog model are pr-esented belcw. 

(herein designated 

Moreover, d a t a  reported i n  t h e  l i t e r a t u r e  of l o c a l  and over-all  mercury 

A. TRW Experiments 

Local pressure drops were obtained on a r i g  shown schematically i n  Figure 4. 
This r i g  consisted of a pot b o i l e r  immersed i n  an e l e c t r i c a l l y  heated s a l t  
bath, a pre-heat sect ion f o r  s l i g h t l y  superheating t h e  mercury vapor, an a i r  
cooled condensing tes t  section, a flow meter and the  re turn  l int?  t o  the  
boi le r .  Pressures within the condenser tubes were measured using mercury 
manometers a t  taps  spaced every 14 o r  18  inches, 
regime were observable a t  any point i n  t h e  condenser with a combination 
X-ray and fluortjscopic screen. 

The condenser t e s t  sect ions consisted e i t h e r  of constant diameter or tapered 
tubes of about 8 f e e t  i n  length.  However, the point a t  which complete con- 
densation occurred was varied from about 4 f e e t  to  the tot81 tube length. 
Table I l ists  the various tube s i z e s  and t h e  ranges of the  var iab les  which 
were employed. 

F i g w e s  5, 6 and 7 present the comparison of the fog-flow tbeorjr with the 
experimental da ta  obtained from Series  A, E and F respectively.  
observation of the interface,  it was determined *.hat t h e  mercury was i n  the  
nonwetting condition for these Series. 
Numbers greater  than  about 10, the  experimental values of 
t o  be equal t o  t h e  value o f  one and are independent o f  the Weber Number. 
A t  lower Weber Numbers, 

_I 

The features of the flow 

From 

These f i g ~ r r e s  show 

(pa X3I4 becomes greater  than one ~ n d  dependent v 
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on the Weber Nimber. A l thugh  considerab1.e s c a t t e r  i s  present, t h e  fog- 
f low theory predicted t h i s  t r end  o f  the data. 
da ta  foi. Ser ies  F, i s  attribut,ed t o  t he  larger t ubs  diameter and the con- 
sequent di f f i  cirl ty i n  measuring the siiialler f r i c  ti o d  pr esslre Ch-ops. 

The  result,^ of S e r i e s  !d and G a m  shown i n  Figures 8 and 9.  
were experiments conducted with the s t a i n l e s s  s t e e l  tube of Ser ies  A but 
which the mercury eventually wetted, 
and t i tanium were added t o  the mercury f o r  t h e  expre?s pwpose o f  creat ing 
wetting. l k e  wetting condition of  both these Se r i e s  wa8 characterized by a 
g rea t ly  elongated in t e r f ace  whereas the nonwet-ting i n t e r f a c e  wa 3 more or 
l e s s  v e r t i c a l  a s  shown i n  Figure 1 2 ,  That the fog-f law model a l so  predicts  
the pressure drop t rends f o r  the ve t t i ng  condensation i s  probably explained 
by one of t'ne fol-lowing two p o s s i b i l i t i e s .  
been l imi t ed  and the condensation may. s t i l l  have been e s s e n t i a l l y  dropwise, 
On the other hand, wetting may actual.J-y have been t h e  mode of condensation. 
If t h i s  were t m e ,  then the results of Figures 8 and 9 woiild i n d j c a t s  t h a t  
the fop; regime saas stfY7 present and t h a t  t he  f i lm  behaved very much like 
the drup layer ( i * e . ,  thickness, formation of drops,  diarneter of  drops, etc.) 
A ske tch  of the wetting f l o w  pat teni  which might accoimt f o r  its s imi l a r i t y  
to the nonwetking regime is presented i n  Figure 2b. 

The g rea t e r  s c a t t e r  of t he  

S e r i e s  W 

Series  rJ  ere t e s t s  i n  wkajch magnesium 

The degree o f  wetting may have 

Pm1kinar.y results of the nonwet'ting tapered tube experiments a r e  shown 
i n  Figure 10, Additional experimental. d a t a  a r e  avai lable  but, await reduction 
t o  t h e  p a ~ m e t e r s  shorn i n  'chis graph. 

B. EOS Exoerirnents 

The f r i c t i o n a l  pressure drops  associated wj t h  condensing mercury were obtained 
i n  a series of e,uperiments canductad by the  EPectro-@tical Systems, Inc., 
Reference 3 .  
g las s  and metal tubes of relative3.y small diameter md short  length. Ro-th 
complete and pwt ia l .  condensation vdthin these  tubes were explored, 
comparison of the range of va r i ab le s  of t h e  EOS experlmanta i s  shown i n  
Table 11. 

Briefly,  t h s se  t e s t s  consisted of condensing inside air-cooled 

A 

Figure 11 presents the r e s u l t s  p lo t t ed  aga ins t  the r e l a t ionsh ip  predicted 
f o r  f o g  f l o w .  Once again, corroboration of the  predicted trends is afforded 
by t h e s e  data ,  

References 6 and 9 r epor t  the ~ e s u l t s  of mercuyy condensing completely i n  
horizontal. tubes, i n  tubes incl ined upwards a t  15 d@grees, and i n  horizontal  
tubes under approximately zero graxdty conditions. 
of va r i ab le s  of t hese  data. 
ments wer5 obtained i n  t'nesp: experiments. 
i n t e g r a t e  the r e l a t ionsh ips  of equations 5 and 6 over t,he t o t a l  tube lengft. 
i n  order to compare the data with the fog-flow model.. The in tegra t i -on  xras 
performed as follows $ 

Table I11 l i s t s  t,he range 
Only over-al l  r a t h e r  than l o c a l  pressure measure- 

I t  was therefore  necessaqr t o  
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Equation (23) 

Equation (24 )  

Since the heat  f l u x e s  f o r  these experiments were e s s e n t i a l l y  constant, the 
qua l i t y  may be wr i t t en  as: 

Equation ( 2 5 )  
x =  I - -  L 

LT 

A x =  - dxL. and 
I _  

Subs t i t u t ing  i n t o  Fquation 24  gives: LT 
Equation (26) 

Equation ( 2 7 )  

For  f o g  flow with small l i q u i d  volume fract ion,  Equation 1 2  is employed, or: 

Equation (28) 

Since the  Weber Number will be evaluated a t  average conditions f o r  t h e  tube 
(i .e. ,  a t  a q u a l i t y  of 0.5) and the  r a t i o r i e / D y  is a funct ion of t h i s  number 
(Equation 21), then Dm w i l l .  be evaluated for average conditions. Therefore: 

Equation (29) 

Subst i tut ing the tu rbu len t  f r i c t i o n  f a c t o r s  o f  Equations 8 and 9 gives: 
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Equation (31) 

For laminar  flow, t h e  fol lowing f r i c t i o n  f a c t o r s  a r e  employed 

6 4  

and 

which r e s u l t s  i n  the  r e l a t i o n s h i p  

Equation (32)  

Equation (33) 

Equation (34) 

Equation (35 )  

Figure  13 i l l u s t r a t e s  t h e  r e l a t i o n s h i p s  between t h e  Weber Nunber and t h e  r a t i o ,  

, f o r  t u rbu len t  and laminas fog  flow. The 

expertmental d a t a  which were descr ibed above are l ikewise  p l o t t e d  on this graph. 
It  i s  concluded that. t h e s e  d a t a  lend  fur thel-  sxppopt t o  t h e  ex i s t ence  over a 
wide range o f  condi t ions  of a fog regime in mercury condensation. 

COMPARISON WITH THE LOCKHART-PARTINELL1 CORRELATION 

The f r i c t i o n a l  pressure  drop aata f o r  a nonvetting and a wet t ing  t e s t  ser ies  
are pl.utted i n  Figures  14 and 15 respec t ive ly .  The c o r r e l a t i o n  of Lockhart- 
KIartinelli. i s  a l s o  p3.otted on t h e s e  graphs. D i f f e ren t  symbols have been used 
t o  d i s t i n g u i s h  t h e  t h r e e  f low regimes suggested by t'ne c o r r e l a t i c n  which were 
p resen t  i n  the  experiments. 

Examination of F igums lb and 15 shoras t h a t  t he  d a t a  e x h i b i t  no p a r t f c u l a r  t r end  
wi th  regard t o  f low regimes and t h a t  t h o  M a r t i n e l l i  c o r r e l a t i o n  gene ra l ly  pre-  
dicts t h e  condensing pressure  g rad ien t s  a t  the h igh  qun l i ty ,  h igh  vapor Reynolds 
Number reg ion  ( i .e .y  how va lues  of t h e  Martinelli p a r a m e t e r , m .  
and low vapor Reynolds ~umbers,  however, a l a r g e  devia t ion  from t h e  c o r r e l a t i o n  
i s  present .  Reference 3 repor ted  a comparable dev ia t ion  of t h e i r  da t a  from t h e  
Wart,inelli c o r r e l a t i o n  under similar condi t ions  ( q u a l i t i e s  less than 50 percent) .  
men themeasured pressure drops used i n  these  graphs were converted t o  f r i c t i o n a l  

At low q u a l i t i e s  
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pressure drops by a momentum correct ion based on a s ign i f icant  l iqu id  holc?up, 
holdup, t h e  deviations were even greater .  
account f o r  t h i s  discrepancy. Baroczy and Sanders, Reference 5, modified the 
Martinelli cor re la t ion  f o r  t h e  e f f e c t  of a vapor Reynolds p b w .  
the da ta  of Figures 14 and 1s on t h i s  cor re la t ion  produced an i d e n t i c a l  
divergence. Thus, the  p o s s i b i l i t y  t h a t  t h e  vapor Reynolds Number explains 
the difference between the d a t a  and t h e  correlat ion was  discounted. 

Thus momentum e f f e c t s  d id  not 

Plot t ing 

Figures 14 and 1s again point up the s i m i l a r i t y  between the wetting and the 
nonwetting mercury condensing pressure drops as obtained from the experiments 
a t  TRW. 

COIJCLUSIONS AND H E C O M D B T I O N S  

A fog-flow theory has been presented t o  pred ic t  the f r i c t i o n a l  pressure 
gradients  of mercury condensing ins ide  tubes a t  low heat  fluxes. 
i s  based on t h e  observation t h a t  condasa t ion  occurs a t  a tube surface and 
drops are subsequently entrained i n t o  t h e  Elowing vapor stream. The theory 
proposes t h a t  the  c r i t i c a l  drop Weber Number which cor re la tes  the entrainment 
of mercury drops, equation h, may be coupled with the force  balance used t o  
pred ic t  the f r i c t i o n a l  pressure gradients  of a f o g  mixture, equation 5. 
comparison of condensing mercury d a t a  reported by several  inves t iga tors  wlth 
the remil tant  fog-flow re la t ionships  shows t h a t  t h e  theory s a t i s f  a c t c r i l y  
pred ic t s  the t rends of t h i s  data  over a wide range of var iables ,  Figures 5 
through 11, and Mgure 13. 

T h i s  theory 

A 

The authors recommend t h a t  f u t u r e  s tud ies  of mercury condensation determine 
the l i m i t s  of the fog-flow theory. The appl icat ion of the theory t o  condens- 
ing a t  higher hea t  fluxes, greater  tube inc l ina t ions ,  etc., is as ye t  
uncertain. Final ly ,  fu ture  invest igat ions should include a study of the flaw 
regimes encountered and a c a r e f u l  determination of t k e  l iqu id  volume f rac t ions ,  
both of which are essential t o  a complete understanding of the physics of 
conden sation. 
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TkaLE: 1 

RANGE OF VARIABLES FOR MERCURY CONDENSING EX?ERIi%NTS PEWORMEC AT TRW (REFERENCE 1) 

Series G Tamred Tube Series F Series E 

53-9i 48-95 

S e r i e s  W 

9ii 

0 319 

316 SS 

Series A 

Y1i 

0.319 

316 SS 

'Variable 

53-94 

0.319 

Hayses 25 

bB-82 

c. LY0.2 
Haynes 2.5 

Conderising Length (inches > 
0.349 0.397 

HBY-DES 25 Haynes 25 Tube Material 

Vapor I n l e t  Pressma 
(ps i a  j 

Vapor Inle; Qmlity 

8.0-30.2 

1.8 

U4-27 8 

12.1-3o.L 11.1;-3O.b 19.6-20.2 

1.0 

10.6-30.5 

1.3 

1b .9-SO.1 

1.0 1.0 1.0 

Vapor In le t  Veloci ty  
(f t / sec)  82-302 50.238 7L-291 86-195 152-200 

Vapor I n l e t  Xeynolds 
k r b e r  808-40, OW 1676-39,200 70O-36,003 

Eass Flow Rate 
( lb/rnin 1 1.18-2.36 1.12-2.40 1.05-2.36 1.1;1-2.91 1.09-3.12 

1.21-2.80 

0.0 

Wet ti ng 

2.00-ll. 

0.0 

Nontretting 

1.36-3 e 4 7  1.04-3.22 

0.0 0.0 

llonwe tting Nonwe t t i n g  Remarks 

I .  

I .  

I '  

/ . /  
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TABLE I1 

RANGE OF VARIAPLES FOR PlEnCURY CONDENSING 
EXPERIMENTS PERF0,WED AT EOS (REFEWXCE 3) 

Variable 

Tube Length 
(inches) 

Tube Diameter 
(inches) 

Tube FIa te r id  

Vapor Inlet 
Temp. ( O F )  

Vapor I n l e t  
Quality 

Section. L 

20,Q 

0.072 

Pyrex 

Section 2 

20,o 

0.150 

Pyrex 

7l8-?40 712-722 

Vapor Inlet 
Velocity (ft/see) 110-2 80 18-91 

Vapor I n l e t  
Reynolds ihmber 2300-16,203 2000-10,2oQ 

Mass Flow 
Rate (lb/min) 0.258-0.450 0 305-0.482 

Heat Rejection Rate 
Per Unit k e a  x 10-4 

Outlet Quality 0.0 0.0 

(BTIT/hr ft2) 7 . L O - l l .  0 1 e 30-3.80 

Section 3 

1.6 25 

0.157 

316 S S  

675-685 

0.57 -1 0 

18-195 

0.17-2.80 

0. c5 -l,o 
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VaPiable 

Tube Length 
( inches)  

Tube Mmeter 
(inches) 

Tubs Material 

Vapor I n l e t  
Pressure ( PSIA) 

RANGE OF VAMABLES FOR MERCURY CONDENSING 
FXPERIIENTS FEXFOKMF,D AT TEN (Ri!YEKENCES 6 AND 9 )  

Vapor I n l e t  
Quality 

Vapm Inlet 
V e l o c i t y  ( f t / sec)  

Vapor Inlet 
Xcyiiolds Number 

Mass Flow 
Rate (lb/min) 

Outlet, QliaLity 

Inclined 15" Hori a o n t a l  

19.5-34 

0.157 

Glass 

1 .Q 

2 8.4-151 

22-72 

0. I4 5-0.1so 

Glas 8 

2.1-9;O 

1 .o 

1230 -6000 

Zero Gravity 

19.8 

0.13_?-0.1385 

Glass 

2.0-11*0 

1 .0 

60-230 

1300-3000 

.3-.55 

0.0 



NOMENCLATURE 

. - Drag coef f ic ien t  f o r  mercury drops, dimensionless cd. 
D- - Diameter, feet  

- Constant of equation 3 9  dimensionless E, 
- Mass veloci ty ,  pounds per hour per square feet 

1, - Length, f e e t  

- Reynolds Number, dimension1 ess 

Volume fract ion,  dimensionILess 

Average velocity,  f e e t  per second 

- Mass flow ra te ,  pounds per second 

Qe 

R- 
U -  

dp - Increment of pressure 

f - Fr ic t ion  factor ,  dimensionless 

C# - Local grav i ta t iona l  acceleration 

- 32.174 lb* .. ft conversion f a c t o r  2 fe lb. f ,  - SBC 

3 2 -  

x -  

f -  
t-t - 
t - v  - 

v- t  - 
c 1 -  

P -  

Mass flow r a t e ,  pounds per second (Figure 16) 

Ratio, g/gc 

Quality, dimensi o d e  ss 

Function of 

Lockhart-Martinelli turbulent  l iquid- turbulent  gas f l o w  regime 

As above f o r  turbulent liquid-viscous gas f l o w  regime 

As above f o r  viscous l iquid-turbulent gas flow regime 

F i n i t e  difference 

Lockhart-Martinelli parameter 

X - Lockhart-Kartinelli parameter 

- h o p  diameter, f e e t  

8 - h g l e  of inc l ina t ion  

p.I - Viscosity 

- Density, l b s  mass per cubic f o o t  
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fJ- - Surface tension 

Subscr ip t  § 

f - Liquid 

%I - Fog mixture  

T - Tota l  

TPF - 'Two phase f r i c t i o n a l  

Tf - Vapor 
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APPEIT) IX 

The c o r r e l a t i o n  o f  l i q u i d  volurfie f r a c t i o n  presented  by Baroczy is  considered 
riot appl.icab1.e t o  the c a w  of condensing f u r  t h e  f o l l o w i c g  re,zsom. YLe 
c o r r e l a t i o n  is based on the: atliaba-bit, t w o  conponent d a t a  of %eference 8. 
I'hese 1 . iqu id  volume f rac t , ions  wei'e obtained by t rapping arid brei@:hing the 
nierc1.r-y v l  i c h  was en t r a ined  in a flowing n i t rogen  stream. The nercury was 
h t r o d u c e d  into t,he ni1,roeen w i t h  a spray nozz le ,  a device wl..ich forms drops 
consid-erably l s r g e r  than t l iose formed d u r i n f +  conriensation . Foreover, i n  
condensallon, it is  be l i eved  t h a t  d.rops g m w  a t  s i t e s  which are  d i s t r i b u t e d  
more o r  less uniformly over  t h e  e n t i r e  i n t e r i o r  s u r f a c e  of t h e  tube. 
a d i a b a t i c  tests captured  o n l y  t h o s e  drops a t  t h e  tube  wall which managed t o  
s t i c k  as a r e s u l t  of  a c o l l i s o n .  
cause these  drops t o  col1.i.de wi th  t h e  w a l l ,  mechanisms which are d i f f e r e n t  
from those  p r e s e n t  i n  condensation. F ina l ly ,  t h e  ad iaba t i c  holdup data may 
be shown t o  be very sensitive t o  t h e  design of  t h e  equipment used i n  t h e i r  
measurement ( tee . ,  t h e  l e n g t h  of p i p e  between the  spray nozzle and t h e  t e s t  
s e c t i o n  and even the  test  s e c t i o n  l eng th  i t s e l f ) .  
cuss ion  o f  t h e s e  p o i n t s  may be found i n  Reference 1. 

The 

Gravity f o r c e s  and perhaps turbulence  

A more d e t a i l e d  dis- 

A ea r lp r i son  of t k e  a d i a b a t i c  holdun data* eriployed by Bacoczy With t h e  
l i q u i d  volumc: f r a c t i o n s  predicted by the fog-flow and the homogeneous 
modelz f o r  the 
m n t d  da t a  and t h e  fog-f low p red ic t ions  are shown f o r  s eve ra l  cor.stnnt mdss 
flow r a t e s  of  vapor.=- 

d i m e t e r  tube  i s  presented  i n  F igure  It. Bot I .  the cxper i -  

??!e deviat ior :s  bctwmr. t2!e da ta  and tke fog-flow theory  a re  shown i n  Fi;pre 16 
t o  be consldernble .  Tke re l ia r ice  t o  be p laced  on t2.t: l i q u i d  f r a c t i o n s  'we- 
d ie t ed  by t h e  f o g  theory rena ins  t o  be determined by exper:i.rnent b u t  the 
s ign i f i cance  of t h e  graph l i e s  in i ts  word of caut ion  t o  those  who would 
apply ad iaba t i c ,  t w o  componerit d a t a  t o  t h e  case  of condensation. 

, shown i n  Figure 16 were obtained The l i n e s  of l i q u i d  velum f r a c t i o n ,  
frorc the  f o p f l o w  t l -wry  a s  follows. n the f o g  core ,  the  volume f r a c t i o n s  
p r ~ d i c t e d  IJY t hc  homogeneous model were as sum? .  
l a y e r  of  l i a u i d  was assuncd t o  exist, and it.- th ickness  was taken equal  t o  the 
l o c a l  c r i t i c a l  drop 

tube thus  deterruined t h e  va lues  of Rf  

Y 
A t  tke w a l l ,  an annular  

. The c r o s s e c t i o n a l  areas  occupied by t h e  l i q u i d  
i n  t l e  core  and a t  divided by the t o t a l  r r o s s e c t i o n a l  a rea  of the 

€or fog-flow. 

+ For ourposes of comparison, the ?as flow r a t e s  of t h i s  dntP have been 
increased t o  r e f l e c t  t t e  p r r a t e r  dens i ty  of mercury vapor. 

-pi- Note t h a t  f o r  a condenser, t l e  mass flow r a t e  of vapor cont inuously chanpes. 
Thus, the  l i q u i d  f r a c t i n n s  would t r e c e  o u t  pa tks  l i k e  t h e  or,e sl-own by 
t h e  ciwve i n  t h e  upppr r i t ;h t  hand corner  of F jp i r c  16. 
t h e  l i q u i d  f r a c t i o n s  p red ic t ed  by tile fog model fo r  a n  in le t ,  saiuratvd vapor 
flow of 0.038 pounds p e r  second t o  a conder;ser uniformly d i s s i p a t i n g  hea t .  

T b i s  curve r ep resen t s  
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D: 
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DISCUSSION 

MR. DAVIS: I d o n ' t  q u i t e  understand t'ne l ack  of i nc lus ion  of t h e  

dece lera t ing- -  

MN. GUTSWXN: !The momciltm terms w e r e  taken out  of t h e  experimental 

da t a  by assur1:ing t h e  s l i p  r a t i o  was 1. I fo rgo t  t o  mention that. We cor-  

r ec t ed ,  i n  0 - c  LQoence, t h e  measured static: pressure  drop w i t l l  a rnomentm temi 

baser? on a s l i p  r a t i o  of 1. 'This i s  becau.se w e  f e e l  t h e  drops -tiravel a t  

t h e  same speed a s  Liie vapor. 

MH. DAVIS: Which s l i p  r a t i o  of  1, both  t h e  vapor and d rop le t s  are 

acce le ra t ing  as the vapor contrit1-clal~1.y condenses? 

MR. GUTSTEIN: Right .  Thts was taken i n t o  accou-nt. 

MK. HAYS: T n o t i c e  on som? of tile f i g u r e s  0; i s  t h e  ratio of two- 

phase Lo t h e  s ingle-phase pressure  drop. I noi,i.ce some of t h e  po in t s  were 

as low as I./Z. i s  t h e r e  a s ign i f i cance  t o  this? 

MR. GUTSIXIN: I don ' t  know why t h e r e  ai-? these values  L'iiat a r e  t h a t  

I.ow. 

po in t s .  I don ' t  h o w  Why. 

This  i s  one of those  n y s t e r i e s .  There were some real.1.y far-ou-i; 

MR. STEIN: Perhaps we can answer why. He has t o  s i ihtract  t h e  nionien- 

t u m  pressure  drop, and, secondly, t hese  a r e  experimental. measurements. 

The theory  certarinl-y d i d n ' t  go down below 1. 

accuracy you. might expect .  

So t h i s  i s  a kind. of an i n -  

MR. GUTSTEIX: Yes, but he i s  t a l k i n g  about t h e  way out o m s ,  where 

t h e r e  were r e a l l y  1.ow va lues .  

IvR. STEIN: 1: don ' t  know.if t h i s  i s  t r u e  i n  Marty's resu l . t s ,  bu t  i n  

c e r t a i n  regions the f r ic -k iona l  pressure  drop component i s  p r e t t y  small, 

and when you s u b t r a c t  out  t h e  momentun you are l e f t  wi th  a very inaccura te  

~ e s u l t .  I d o n ' t  know i f  tlnat i s  t r u e  i n  yours. 

MK. GUTSTEIN: That i s  t rue i n  the  low Weber number region.  ' l k i s  i s  

where you g e t  very low pressure  drops, and you would expect t o  be very  

inaccura te  i n  'Ghat a r ea .  

MR. STEIN: And y0u.r way-out po in t s  were i n  t h a t  low area. 
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M R .  GUTSTEIN: For the most par t ,  yes. There were very low pressure 

drops i n  that region. 

MR. ROHSENOW: I missed t h e  point .  What i s  it you a r e  measuring here? 

V1-i E: was not isothermCL, vas it? 

M R .  GUTSTEIN: No. The s t a t i c  pressure difference w a s  measured every 

foot  i n  an eigh-t-foot, tube. 

Mli. HOESENOW: Arid you assume rio s l i p .  You calculated the  qLiality? 

MK. GUTSmIN: This was a n  air-cooled condenser, and the control l ing 

heat tr.;.Iisfer i s  t h e  a i r  coeff ic ient ,  ard we assumed t h j s  w a s  p r a c t i c a l l y  

constant over t h e  whole tube, and therefore  the - was p r a c t i c a l l y  constant. 

So you know the qimliLy as a function of distance.  

Q 
A 

M R .  ROESENOW: No sl.ip i n  the quctl.ity? 

MR. GUTSIL'EIIV: Kight . 
MR. STEm: Just to c l a r i f y  it i n  my mind: The empirical. fac tors  i n  

t h i s  a n d y s i s  are t4ie customary f r i z t i o n  f a c t o r  relatiori.ships. These a r e  

the cus.tomary ones you used. 

MH. GUTSTEIN: Kight. 

MR, STEW: So t h a t  leaves yow E,. 

MR. GUTSTEIN: Eo . 
MR. STEIN: 

MR. GUTSTEIN: F:roiii separate measureilients . 
How were -the val.i~es of E, obtaj.-riec%? 

PIR. STEIJY: Tkey are fro~il  e n t i r e l y  d iHere r i t  measurements. 

PM. GUTSmIN: Yes. 

PCR. S'EIN: So your theory, Lheri, i s  something ryhlich i s  not an empira- 

c a l  re la t ionship,  rea l ly ,  for tlne pressure-drop ineasuremen1;s themselves? 

Tb,t  i s ,  you d.Ldn't take constcants tliat appear i n  the  analysis  and eval.uat;e 

these constants with t h e  pressure-drop da ta?  

MR. GUTSTEIN: No, >re didn ' t ;ac tua l ly  a t  Weber numbers above 10, the 

constants become unimportan-L. B u t  what you have said i s  correct .  
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MR. KEYES: I n  your Eq. (4), which r e l a t e s  t h e  Weber number t o  -the 

r a t i o  of 4 times E , you ind ica t e  m2aSlJYed values of E, of -0464 which 

gives a c r i t i c a l  Weber number of about .2. This seems unusually low. I s  

1,iie-c-e a d i f f  ereilce bctween mercury and other  f l u i d s  i n  t h a t  analysis?  

U 

MR. GUTSTEIN: There i s  an Rq. ( ! I - )  i n  t he  paaer which gi-ves the  c r i -  

t i c a l  drop s i z e  -t:i.mes the  v d o c i t y  of t he  vapor squared over t he  surface 

teiision, i n  o-ther words, t he  Weber number f o r  the c r i k i c a l  drop s ize ,  

equal to 4 times E,, aid t h s  question i s  t h a t  j.:? you plug ?.I- l;he value of 

E,, you get  a very low c r i t j - c a l  drop Weber .(lumber. 

mercury? And 1 think the answer i s  yes. But here I--I j u s t  know t'nat, f o r  

exanple, for spraying, forming drops by spray-i:(ig, you gel; a higher value 

of t h e  Weber iiixr~ber. 

I s  t h i s  pecul iar  t o  

I th ink  f o r  condensing, the Weber mmber i s  lower, c h a r a c t e r i s t i c a l l y .  

I don ' t  know i f  t h i s  helps you as an  answer. 

MR. STEIN: Are you saying t h a t  t he  Weber number i s  l o w  f o r  mercury, 

or  do you reslll-y mean f o r  this p a r t i c u l a r  kind of a Lhing t h a t ' s  going 

on? This drop-wise condensing? li' it were some other  l i q u i d  metal, would 

you expect it t o  be the s m e ?  

MK. GUTSTKCN: I t ' s  a function oi' t he  surface tension. it i s  one 

over t he  surface tension. 

MB. S T E I N :  l k a t ' s  i n  t'ne Weber number. 

Mt3. GUTSTEIN: I would r a the r  say this  i s  f o r  mercury. I don' t  

r e a l l y  know, Erankl ye  
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INTRODUCTION 

In virtudly a l l  practical pyrotechnic ignition systems for 

solid propellant rocket engines, hot particles play a si.gnificant part 

in the transmission o f  thel-mal energy to a solid propellant surface. 

The objective of this progrsni is to develop empirical correlations f o r  

determining heat transfer by this mode. Some examples of hot particlss 

are aluminum arid zirconium oxides and potassium chloride. While the 

effects of the various parameters important to heat transfer must 

ultimately be determined for these materials, the initial experimental 

studies reported here weso conducted at l ower  temperatures where m o m  

convenient measurement techniques could be used. Sodium was used be- 

cause it is easily handled and sxiats in the liquid state O V ~ P  a wide 

range of temperature, Once the correlation is established with sodium, 

tests using other muterials such as potassium chloride should be con- 

ducted t o  ascertain any physical property effects. 

The mjor variables are droplet size, anglo of impingement, 

physica1 properties, f l O W i ' i l t t ?  per  unit a r m  and impingement velocity. 

A n  outline of the means of obtaining data fop each variable i s  discussed 

below, Results from experimerits with liquid sodium at temperatures of 

approximately llOO°F indicate that the heat transfer eoeffi cient varied 

from about 

was varied from 300 to 900 psig. This corresponded t o  a variation i n  

flowrate per unit area of about  

360 t o  530 Btu/hr-ft2-F when the sodium driving pressure 

2 0.68 t o  4.90 lb/sec-ft . 
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EXPERIMENTAL APPARATUS 

A schematic flow diagram of the test appar.stus is shown in 

Figure 1. A photograph of the test chamber is shown in Figure 2. A 

2-inch by 0.5-inch wide molybdenum - 0.5% titanium plate was used as 

the test strip. It was 0.010-inch thick to minimize conduction effects. 

Provisions were made for electrically heating the strip to n temperature 

above the freezing point of s o d i m .  This was aecomplished by silver 

soldering the ends of the test strip to copper bus bars. A bank o f  

dc motor-generator sets provided the heating power. The test strip 

was mounted vertically in the teat chamber and was instrumented with 

four thermocouples on the back side as shown in Figure 3.  The two 

couples on either side of the center were Pt/Pt-lO$ Rh of 0.001-inch 

wire diameter, and the other two couples were Iron-constantan of 0.01- 

inch wire diameter. 

All recording of temperatures ah3 a function of time was made 

on a Consolidated Electrodynamics Company recording oscillograph at a 

film rate o f  12.8 inchss/second. Voltage and current measurements 

for the electrical pre-heating of the strip were recorded on conventional 

Brown Electronik recorders. Test chamber pressure was measured with a 

Bordon type vacuum-pressure gage. 

adjusted by standard hand loaders and various sodium feed line tempera- 

tures were monitored by Sin-Pyl-Trol gages. 

All tank and valve pressures were 
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Hot l i q u i d  sodium w a s  sprayed onto tho tes t  s t r i p  by an 

i n j e c t o r  d i r e c t e d  at  and loca ted  about two-inches from t h e  cen to r  o f  

t h e  t es t  s t r i p .  A s tudy  conducted by Burge (Ref 

s ingle-hole  j e t s  a r e  not  p r a c t i c a l  t o  adequately 

metals .  H i s  s tudy  showed t h a t  t he  hole  s i z e  wou 

1) ind ica t ed  t h a t  

d i s t r i b u t e  a l k a l i  

d have t o  be about 

0.001-inch i n  diameter ,  and two ho le s  would be requi red  t o  adequately 

spray  a square inch  of su r face  a rea .  Fu r the r ,  t h e  high su r face  tens ion  

of t he  l i q u i d  metal  would r e s u l t  i n  a requirement f o r  high s t a r t i n g  

p res su re  i n  o rde r  t o  f o r c e  t h e  l i q u i d  sodium through the  small holes ,  

He solved the  problem by u t i l i z i n g  impinging jets, i n  doublet  f a sh ion ,  

t o  form spray  f a n s  which covered l a r g e  areas. This  arrangement w m  

u t i l i z e d  i n  t h i s  s tudy.  To da t a  only  a f l a t - f a c e  p l a t e  i n j e c t o p  with 

two 0.0135-inch ho le s  impinging a t  an included angle  of  35 degrees  

was t e s t e d ,  In se r t ed  i n  t he  manifold of  the  i n j e c t o r  was a sh ie lded  

Chromel-Alumel thermocouple t o  measure the  sodium i n j e c t i o n  temperature ,  

EXPER I Mi3:NTAL PROCEDURE 

P r i o r  t o  the start of a ser ies  of tests,  the  aodiumt sodium 

tank ,  l ead  l i n e s  and manifold were pre-heated t o  a selected tempara- 

t u r e  (usually between 900 and 1150'F). Because of t h e  incompa t ib i l i t y  

of sodium wi th  a i r ,  t h e  t es t  chamber was evacuated by means of' a vacuum 

pump; then Argon was bled i n t o  t h e  chamber and a des i r ed  p res sum level 

was e s t ab l i shed .  Argon waa a l s o  used t o  pressure-feed t h e  l i q u i d  sodium 

from t h e  tank through the  i n j e c t o r .  P r i o r  to  sodium i n j e c t i o n ,  t h e  sodium 
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tank pressure was pre-set and the test strip was pre-heated to a 

temperature above the freezing point of sodium. The strip waa heated 

in order to insure that the sodium would not freeze and adhere to the 

test strip during the run. The oscillograph was then turned on and 

approximately two seconds later (this time varied) the power to the 

strip was turned of€ and simultaneously the sodium valve waa opened, 

which allowed sodium to be sprayed on the test strip. After about a 

4 second run duration, the sodium flow was terminated. A typical 

temperature-time plot for the two Pt/Pt-10$ Rh thermocouples is 

shown in Figure 4. The slight temperature decrease seen initially 

is due t o  plate cooling after shutoff of" the electrical heating power. 

A s  seen, a reasonably steady-state condition was reached in less than 

0.5 seconds. 

The amount of sodium impinging on A selected area of the 

plate w a s  measured in separate tests by means of a pre-weighed catch 

tank. The placement of the catch tank in the chamber was such that 

its center coincided with the center of the molybdenum strip. Two 

thermocouples were placed at different locations on the catch tank, 

and were connected t o  D. recording oscillograph. The sodium at a 

pre-selected tank pressure, and heated to the desired temperature, was 

then sprayed in the same manner a3 in previous runs. The catch tank 

was then removed and reweighed. The change in weight divided by the 

average time indicated by the thermocouples gave the average flow rate 

impinging on the area of  interest. 
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FIIETWOD OF ANALYSIS 

A heat balance on the central portion of the test strip 

during the transient 

m C  
P 

where : 

period yields the fo l lowing  relationship: 

test s t r i p  mass corresponding to spray area,lb 

test strip specific heat, Btu/lbm-F 

temperature, P 

time, hr 

heat transfer coefficient, Btu/hr-ft2-F 

rn 

spray area, f t z  

sodium injection temperature, F 

convection and radiation losses from back of' 

strip, Btu/hr 

Equation (1) is valid only if the Biot numbor, (ht/k), is lass 

than about 0.01 and if conduction from the center outward towards the 

bus bar connections is negligible. Based on the tests reported below, 

Biot numbers were typically less than 0.01. The determination of the 

possible e r r o r  introduced by neglecting conduction along the length o f  

the test strip was determined from the experiments. This was accomplished 

by placing thermocouples at two other locations near one end of the length 

o f  the strip as shown in Figure 3. In general, calculations based on the 

measured temperature p r o f i l e s  indicated that the conduction loss was 

probably no greater than 

transient period, The 0.01 inch thick molybdenum strip was, therefore, 

10 percent during the initial portion of the 
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adequate for the approximation involved in applying Equation 1. 

calibration of the teat strip under conditions of no sodium spray 

indicated that qcr was negligible. The solution for the heat transfer 

coefficient then becomes simply: 

A 

where : 

. 

h = pt C (=)/(TWa - T) 
P dQ 

p = test strip density, lb/ft 3 

t = test strip thickness, ft. 

Values of 

time response curve. The sodium temperature, TNa, w a s  assumed to be 

that measured at the injector or in the sodium tank. These two tempera- 

tures were maintained approximately equal by heating of the line fros! 

the tank to the injector. 

dT/dQ are determined at different points on the temperahre- 

TEST RESULTS 

Four t e s t s  were performed at the following conditions: 

Sodium Tank 
Run Pressure, psig - 

500 

900 

700 

300 

Chamber 
Pressure, 
in Ha 

15 

15 

15 

15 

Sodium 
Temperature, 
OF 

1170 

1030 

1030 

930 
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For each run, heat transfer coefficients were calculated as a function 

of t i m s  for the initial portion of the transient period from Equation 

(2) using the respective transient temperature ~csponso curves. 

noted above, Q typical rsaponse curve for Run 7 is shown in Figure 4. 

As seen, the centrally located thermocouples 5 and 4 measured approxi- 

mately the same values. Typical calculated heat transfer coefficients 

are plotted in Figure 5. 

Aa 

As seen in Figure 5, heat transfer coefficients on the opder 

of 400 to 500 Btu/hr-ft*-'F were measured. These coefficients appeared 

to decrease with increasing time. Hore refined measurements will be re- 

quired to ascertain this. 

laexsurements of the sodium flow rate were not entirely satis- 

factory due to some lack of reproducibility of  the spray characteristics 

with sodium. Pro@ the data obtained, sodium flow rates of about. 0.68 

to 4.90 lb/sec-ft2 

300 to 900 pig. Check flow rate measurements with water, however, 

gave consistent values and indicated that about one-half of the t o t a l  

injector flow rate impinged on the 0.25 square inch central section 

of the test strip. 

corresponded to the driving preasure range of 

CONCLUSIONS 

The results reported here are only preliminary and do not 

begin to adequately describe the effects of all the variables. Nore 

data must be obtained even for the parameters already tested. The 
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t 

other parameters such as droplet diameter and impinging angle must then 

be tested. Once these variables are studied an explicit expression 

must then be determined which describes the effects. When this is 

accomplished the phase of the program using sodium will be terminated. 

The correlation should then be tested with higher temperature materials 

tQ check it3 validity. 

The data reported above also indicate that a more refined 

measurement technique is desirable to obtain a more detailed tempera- 

ture profile. In addition, an improved test strip geometry appears to 

be necessary. 

In order t o  determine the variables such as impact velocity, 

droplet diameter, and droplet breakup characteristics, various high- 

speed photographic methods should be employed. 
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TOP 

Molybdenum- 
O.5k Titanium 

Test Strip 

BOTTOM 

-I 0.010 inch 

0.093 inch 

I I 0.940 inch 

1.125 inches 

2.00 inches 
. 

f 0.5 inti f z} Iron Constantan Thermocouples 
/ 

/-7\  

pt/pt-10$ MI Thermocouples 

Figure 3 e Test Strip Thermocouple Placement 



247 

800 

= 1030 F 
*Na 

Thermocouple 3 
0 Thermocouple 4 

400 

Figure 4 .  Typical Transient Tempera-ture Response Curve, Run No. 3 
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0 ps ig  (TNa = 1070 F)  

I I I ---I--/ 
20 40 60 80 100 

Time, Milliseconds 

Figure  5. Heat Transfer Coeff ic ient  vs T i m e  
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DISCUSSION 

IvB. LYON: As I understand it, you measured the  flow r a t e  per u n i t  

areo. by catching Yne f low i n  a bucket, and you  ere attempting t o  meo.sure 

t h e  ve loc i ty  of t h e  p a r t i c a l s  by-- 

PB. NURICK: No, we haven't measured the  ve1.oci.ty ye t .  

MR. LYON: I see. B u t  you intend t o .  

MR. NURICK: Y e s .  

MJ3. LYGN: It occurs t o  me t h i s  would have a very pronounced e f f e c t  

on heat  t r a n s f e r ,  wouldn't i t ?  

M??. lWTiICK: I. rzrould say it has a very g rea t  erfect .  

MR. LYON: I w a s  wondering whether y01-1 coul.cl do Lhis by e i t h e r  im.- 

pul.se--perh:zps by an impulse impinging on a s m a l l  sect ion.  

PIR. I m I C K :  Our fl.nw rates are so low that I th ink  the accuracy that  

i s  invol-ved here woultl be de1.e-Leriou.s t o  us. 
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MEASUREMEN'I" OF THE PRESSURE D R O P  O F  SUPERHEATED 
CESIUM VAPOR ACROSS A LAMINAR FLOW D E V I C E  

B Y  

Ni l l iam A ,  Samiie1 
MSA R e s e a r c h  C o r p o r a t i o n  

C a l l e r y ,  P e n n s y l v a n i a  

I N T R O D U C T I O N  

The work d e s c r i b e d  h e r e i n  was i n c l u d e d  i n  a s t u d y  s p o n s o r e d  
by t h e  N a t i o n a l  A e r o n a u t i c s  and  S p a c e  A d m i n i s t r a t i o n ,  t h e  o b j e c t i v e  
o f  wh ich  was t u  o b t a i n  d e s i g n  i n f o r m a t i o n  f o r  a z e r o - g r a v i t y  mass 
f l o w m c t e r  f o r  c e s i u m  i n  t h e  m i l l i g r a m  p e r  s e c o n d  r a n g e ,  I n  t h i s  p a p e r ,  
o n l y  t h o s e  f a c e t s  of  t h e  s t u d y  wh ich  a r e  p e r t i n e n t  t o  l i q u i d  m e t a l s  p e r  
se  will b e  d i s c u s s e d ,  

The p r o b l e m  of  how t o  d e m o n s t r a t e  f e a s i b i l i t y  o f  a n  a p p r o a c h  
seemed t o  h a v e  one  b e s t  a n s w e r :  b u i l d  and  o p e r a t e  a p r o t o t y p e  s y s t c m .  
A l t h o u g h  the  z e r o - g r a v i t y  e f f e c t s  c o u l d  n o t  b e  dup  l i c a t e d ,  t h e  q u e s t i o n s  
of c o r r o s i o n  mass t r a n s f e r ,  a n d  g e n e r a l  s o u n d n e s s  of  p r i n c i p l e  c o u l d  a t  
l e a s t  be p a r t l y  r e s o l v e d  by  s u c h  a d e m o n s t r a t i o n ,  The p r o g r a m  was 
d i r e c t e d  t o w a r d  t h e  a s s e m b l y  of a s y s t e m  i n  wh ich  t k c  f l o w  r a t e  of  s u p e r -  
h e a t e d  c c s i u m  v a p o r  wou ld  bc metered by m e a s u r i n g  t h e  p r e s s u r e  d r o p  
a c r o s s  a l a m i n a r  f l o w  d e v i c e ,  An a p p a r a t u s  was b u i l t  i n  wh ich  c e s i u m  
was  b o i l e d  and t h e  v a p o r  s u b s e q u e n t l y  s u p e r h c a t e d .  The p r e s s u r e  d r o p  
c r e a t e d  by t h e  p a s s a g e  of  t h i s  v a p o r  t h r o u g h  a c a p i l l a r y  was m e a s u r e d  
a t  v a r i o u s  f l o w  r a c e s  by means of  an attitude i n s e n s i t i v e  d e v i c e  d c -  
s i g n e d  and b u i l t  a t  MSAR, The p rob len i  of  d e t e r m i n i n g  t h e  v a p o r  t h r o u g h -  
p u t  was r e s o l v e d  by a c t u a l l y  c o n d e n s i n g  t h e  c e s i u m  a n d  m e a s u r i n g  i t s  
volume 6 

T h r o u g h o u t  t h i s  s t u d y  t h e  e m p h a s i s  was p l a c e d  on e s t a b l i s h -  
i n g  t h e  f e a s i b i l i t y  o f  t h i s  a p p r o a c h ,  G r e a t  p a i n s  t o  r e f i n e  m e a s u r e m e n t s  
t h e r e f o r e  were  n o t  w a r r a n t e d ;  t h e  main e f f o r t  was e x p e n d e d  r a t h e r  t o  
o b t a i n  a w o r k a b l e  i n t e g r a t e d  s y s t e m ,  The e x p e r i m e n t a l  e q u i p m e n t  i n c l u d e d  
tlie b o i l e r ,  s u p e r h e a t e r ,  c o n t r o l  p a n e l ,  c o l l e c t i o n  a p p a r a t u s  c a p i l l a r y ,  
d i f f e r e n t i a l  p r e s s u r e  d e v i c e  a n d  e l e c t r o n i c  componen t s  t o  r e a d  o i ~ t  t h e  
p o s i t i o n  of  t h e  d i f f e r e n t i a l  p r e s s u r e  d e v i c e ,  P p l o t  was made of  f low 
r a t e  v s ,  d i f f e r e n t i a l  p r e s s u r e ,  and  t h i s  was compared w i t h  t h e  t h e o r e t i -  
c a l  v a l u e ,  The a g r e e m e n t  was q u i t e  good and i n d i c d t e d  how t h i s  p r i n c i p l e  
m i g h t  be  u s e d  a s  a means o f  m e a s u r i n g  t h e  v i s c o s i t y  of  s u p e r h e a t e d  v a p o r s ,  

APPARATUS 

Roi l e r  and  S u P e r h e a t e r  

The d i o i c n s i o n s  arid d e t a i l s  o f  t h e  b o i l c i  a r e  shown i n  F i g .  1 .  
Bascd  upon F l S A R ' s  p a s t  e x p e r i e n c e ,  Type 316 s t a i n l e s s  s t e e l  was c h o s e n  
f o r  t h e  p r i n c i p a l  ma te r i a l  of  c o n s t r u c t i o n ,  The maxiilium l e v e l  o f  c e s i u m  
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was l i m i t e d  t o  two i n c h e s  below t h e  d e m i s t e r ,  which was added  as a 
p r e c a u t i o n  a g a i n s t  l i q u i d  d r o p l e t s  b e i n g  e n t r a i n e d  t o  t h e  s u p e r h e a t e r ,  
The f u l l  l e n g t h  of t h e  b o i l e r  was h e a t e d  by a 1600 w a t t  e l e c t r i c  
f u r n a c e  

D u r i n g  t h e  d e s i g n  s t a g e  i t  was a r b i t r a r i l y  assumed t h a t  t h e  
b o i l e r  would p r o d u c e  v a p o r  of a p p r o x i m a t e l y  9 0 %  q u a l i t y  a t  1000 F .  
The d u t y  of t h e  s u p e r h e a t e r  woiild h a v e  b e e n  t o  h e a t  t h i s  m a t e r i a l  t o  
1200 F ,  As i t  d e v e l o p e d ,  however ,  d u r i n g  o p e r a t i o n  t h c  u p p e r  p o r t i o n  
of t h e  b o i l e r  r c a c h e d  t e m p e r a t u r e s  o f  1200 t o  1400 F ,  t h u s  o b v i a t i n g  
t h e  n e e d  f o r  t h e  s u p e r h e a t e r ,  The v a p o r  was s u p e r h e a t e d  by t h e  
d e m i s t e r  a n d  t h e  t o p  of t h e  b o i l e r ,  H e a t  l o s s e s  f r o m  t h e  c e s i u m  
stream were v i r t u a l l y  e l i m i n a t e d  t h r o u g h  the  u s e  of t r ace  h e a t e r s  
a l l  a l o n g  t h e  v a p o r  l i n e s ,  

C o n d e n s a t e  C o l l e c t o r  
_1 --- 

For  t h e  measurement  o f  t h e  c e s i u m  f l o w  r a t e ,  t h e  most d i r e c t  
a p p r o a c h  was t a k e n  ~~ t h a t  o f  c o l l e c t i n g  t h e  m a t e r i a l  as c o n d e n s a t e  i n  
a c a l i b r a t e d  g l a s s  r e c e i v e r ,  Because  t h e  t e n d e n c y  f o r  cesium t o  wet 
g l a s s  would s o o n  o b s c u r e  t h e  e n t r y  s i d e  of t h e  t u b e ,  t h e  c o l l e c t i o n  
r e c e i v e r  was made w i t h  two l e g s ,  a s  shown i n  F i g o  2 ,  A l t h o u g h  t h i s  
r e s u l t e d  i n  some i n a c c u r a c y s  i t  was n e g l i g i b l e  f o r  t h e  a p p l i c a t i o n  i n -  
v o l v e d ,  A c o n n e c t i o n  was p r o v i d e d  l e a d i n g  t o  a t r a p ,  b u b b l e r  and 
vacuum pump t o  m a i n t a i n  a c o l l e c t i o n  p r e s s u r e  o€ e s s e n t i a l l y  40  m m ,  
For  r e a s o n s  of s a f e t y ,  t h e  t u b e  was p l a c e d  i n s i d e  a P y r e x  c y l i n d e r ,  
and  a b l a s t  s h i e l d  was p l a c e d  i n  f r o n t  of t h e  g l a s s w a r e  a s s e m b l y  
when i t  was o p e r a t e d  u n d e r  vacuum Dur ing  o p e r a t i o n  w i t h  c e s i u m ,  
t h e  c y l i n d e r  was h e a t e d  w i t h  a n i c h r o m e  t r a c e  h e a t e r  t o  i n s u r e  t h a t  t h e  
c e s i u m  r e m a i n  m o l t e n ,  

Capi  1 l a r y  S i  z i n g  

From t h e  I l a g e n - P o i s e u i l l e  law f o r  l o s s  of h e a d  w i t h  l a m i n a r  
f l o w ,  i t  was c a l c u l a t e d  t h a t  a s i x  inch  c a p i l l a r y  one m i l l i m e t e r  i n  
d i a m e t e r  would p r o d u c e  a p r e s s u r c  d r o p  o f  a b o u t  1 p s i  f o r  t h e  d e s i r e d  
f l o w  r a t e  o f  25  cc / sec  of  c c s i u m  v a p o r  a t  1200 F' and  3 p s i a ,  The 
e q u a t i o n  u s e d  was:  

---- 

For a g i v e n  c a p i l l a r y  a t  c o n s t a n t  t e m p e r a t u r e ,  t h i s  c a n  be 
r e d u c e d  t o :  

where K i s  a c o n s t a n t  s i n c e  v i s c o s i t y  does  n o t  v a r y  w i t h  s m a l l  c h a n g e s  
i n  p r e s s u r e c  
m e a s u r e d ,  t h e  v i s c o s i t y  c a n  be c a l c u l a t e d  i f  t h e  d i m e n s i o n s  o f  t h e  
c a p i l l a r y  a re  known.) S i n c e  q i s  a v o l u m e t r i c  q u a n t i t y ,  t o  g e t  a 
mass f l o w  i t  must  b e  m u l t i p l i e 2  by a d e n s i t y  f a c t o r ,  

( I t  c a n  he s e e n  h e r e  t h a t  i f  y c  and A P  a r e  b o t h  

S i n c e  d e n s i t y  a t  
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t h e  m i d p o i n t  o f  t h e  c a p i l l a r y  v a r i e s  w i t h  c h a n g e s  i n  d i f f e r e n t i a l  
p r e s s u r e ,  i t  i s  more c o n v c n i e n t  t o  compute t h e  mass r a t e  a t  t h e  
e n t r a n c e ,  For  t h i s ,  t h e  v o l u m e t r i c  r a t e  mus t  b e  d e t e r m i n e d  a t  t h e  
d e v i c e  i n l e t ,  and t h e  mass r a t e  will be: 

By a s s u m i n g  t h a t  t h e  p r e s s u r e  d r o p  f r o m  t h e  b o i l e r  t o  t h e  
c a p i l l a r y  i n l e t  i s  n e g l i g i b l e  a n d  t h a t  B o y l e ' s  Law a p p l i e s  ~ 

For t h e  s t a i n l e s s  s t e e l  c a p i l l a r y  u s e d  i n  t h i s  s t u d y ,  w i t h  t h e  b o i l e r  a t  
1 0 0 0  F and t h e  s u p e r h e a t e P  a t  1 2 0 0  F ,  the mass f l o w  e q u a t i o n  becomes:  

where M i s  i n  m g / s e s  and  AP i s  i n  i n c h e s  o f  water,  A p l o t  of t h i s  
e q u a t i o n  i s  shown as t h e  t h e o r e t i c a l  c u r v e  of F i g ,  1 0 ,  

D i f f e r e n t i a l  P r e s s u r e  Cape 

The p u r p o s e  of t h i s  t r a n s d u c e r  s y s t e m  w a s  t o  d e m o n s t r a t e  
i e a s i b i l i t y  of p r i n c i p l e  a t  minimum c o s t ,  No e f f o r t  was e x p e n d e d ,  
t h e r e f o r e ,  t o  make t h e  u n i t  compact  o r  l i g h t  i n  w e i g h t ,  The d e v i c e  was 
d e s i g n e d  f o r  o p e r a t i o n  a t  1 2 0 0  F over- a d i y f c r e n t i a l  r a n g e  o f  P p s i  a n d  
f o r  a n  a c c u r a c y  o f  5 % ,  u s i n g  p r i n c i p l e s  t h a t  would b e  s u i t a b l c  f o r  z e r o -  
g r a v i t y  o p e r a t i o n ,  F i g c  3 shows a s c h e m a t i c  o f  t h e  a p p a r a t u s ,  F o r  low 
f l o w  r a t e s ,  a s  i n  t h i s  s t u d y ,  a s i n g l e  c a p i l l a r y  t u b e  would b e  u s e d  a s  
t h e  p r e s s u r c  d r o p  eleincnt, w h i l e  f o r  h i g h  r a t e s  a m u l t i - c h a n n e l  l a m i n a r  
f l o w  e l e m e n t  would b e  e m p l o y e d .  

I n  o p e r a t i o n ,  t h e  l a r g e  b e l l o w s  t e n d s  t o  b e  d i s p l a c e d  t o  t h e  
r i g h t  by an i n c r c a s c  i n  d i f f e r e n t i a l  p r e s s u r e ,  The two smal le r  b e l l o w s  
p e r m i t  m o t i o n  a n d  a l l o w  access f o r  t h e  c o n t r o l  a n d  c o r r e c t i v e  f o r c e s ,  
When t h e  l a r g e  b e l l o w s  i s  s l i g h t l y  d i s p l a c e d  from t h e  n u l l  p o s i t i o n ,  
t i l e  d i f f e r e n t i a l  t r a n s f o r m e r  s e n d s  a p r o p o r t i o n a t e  s i g n a l  t o  t h e  
a m p l i f i e r ,  The a m p l i f i c r  o u t p u t  o p e r a t e s  t h e  s e r v o  moto r  t o  d i s p l a c e  
t h e  B e l l o f r a m  ( a  c o m m e r c i a l  i t e m )  i n  a c o r r e c t i v e  d i r e c t i o n ,  F o r  an 
i n c r e a s e  i n  d i  f f e r e n t i  a1 p r e s s u r e ,  t h e  B e l l o f r a n  r i ses  and  c o m p r e s s e s  
t h e  i n e r t  g a s  t o  c o u n t e r a c t  t h e  d i s p l a c e m e n t ,  When t h e  c o r e  o f  t h e  
d i f f e r e n t i a l  t r a n s f o r m e r  r e t u r n s  t o  t h e  n u l l  p o s i t i o n ,  t h e  s y s t e m  will 
b e  i n  b a l a n c e  and  m o t i o n  w i l l  cease ,  The p r e s s u r e  on t h e  i n d i c a t i n g  
gage i s  p r o p o r t i o n a l  t o  t h e  p r e s s u r e  d i f f e r e n t i a l  a c r o s s  t h e  main 
h c l l o w s ,  To i n s u r e  t h a t  the  d i f f e r e n t i a l  t r a n s f o r m e r  was a t  n u l l  d u r i n g  
t h e  t e s t s ,  an o s c i l l o s c o p e  was c o n n e c t e d  i n  p a r a l l e l  w i t h  t h e  a m p l i f i e r  
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t 

o u t p u t  t o  v e r i f y  n u l l  p o l a r i t y ,  Al though i n  t h i s  p r o t o t y p e  a d i r e c t -  
r e a d i n g  bourdon t u b e  g a g e  was u s e d  t o  m c a s u r e  t h e  b a l a n c i n g  p r c s s u r e ,  
i n  a s p a c e  a p p l i c a t i o n  a t r a n s d u c e r  w i t h  e l e c t r i c a l  o u t p u t  would b e  
p r o v i d e d ,  

I n  c o n s t r u c t i n g  t h e  a p p a r a t u s ,  a l l  p a r t s  which were t o  b e  
e x p o s e d  t o  h o t  c e s i u m  were made of  300 s e r i e s  s t a i n l e s s  s t e e l ,  These 
v a r i o u s  components  were t h e n  a s s e m b l e d  i n t o  t h e  s y s t e m  shown i n  F i g .  
4 ,  P r i o r  t o  o p e r a t i o n  w i t h  c e s i u m ,  c a l i b r a t i o n  t e s t s  were made on 
t h e  d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r  u s i n g  a r g o n  g a s ,  Tests  were r u n  
b o t h  a t  room t e m p e r a t u r e  and a t  1200 F ,  T h e  c a l i b r a t i o n  o f  t h i s  gage  
i s  shown a s  a p l o t  r e l a t i n g  t h e  r e a d o u t  s i g n a l  o f  b a l a n c e  p r e s s u r e  v s ,  
t h e  d i f f e r e n t i a l  p r e s s u r e  i n  i n c h e s  of w a t e r  a s  m e a s u r e d  on a manometer 
( F i g ,  S ) ,  I t  i s  seen  t h a t  t h e  room t e m p e r a t u r e  p o i n t s  f a l l  w i t h i n  a 
f a i r l y  n a r r o w  b a n d ,  a p p r o x i m a t e l y  + 5 %  When t h e  d i f f e r e n t i a l  p r e s s u r e  
gage  was h e a t e d  t o  a p p r o x i m a t e l y  1700 I T 9  h o w e v e r ,  a c a l i b r a t i o n  check  
p r o d u c e d  t h e  w i d e l y  d e v i a t i n g  p o i n t s  shown as s q u a r c s  i n  t h e  f i g u r e ,  
I t  was d e t e r m i n e d  t h a t  t h i s  was due t o  t e m p e r a t u r e  t r a n s i e n t s  and 
g r a d i e n t s ,  and s i n c e  t h e  gage  was m e r e l y  a p r o t o t y p e  f o r  p r i n c i p l e  a n d  
n o t  a m o d e l ,  i t  was t h o u g h t  t h a t  r e c t i f y i n g  t h e s e  p r o b l e m s  was n o t  
j u s t i f i e d  i n  v iew o f  t h e  program s c h e d u l e  A l t h o u t h  i t  was r e a l i z e d  
t h a t  t h i s  c a l i b r a t i o n  s h i f t  would t e n d  t o  cause poor  r e p r o d u c i b i l i t y ,  
i t  was e x p e c t e d  t h a t  o p e r a t i o n  a t  a g i v e n  s e t t i n g  c o u l d  s t i l l  g i v e  
good d a t a  f o r  a p a r t i c u l a r  r u n o  

E X P E R I M E N T A L  P R O C E D U R E  

C)peration 

A f t e r  o u t g a s s i n g  t h e  s y s t e m  a t  t h e  maximum e x p e c t e d  o p e r a -  
t i n g  t e m p e r a t u r e s ,  t h e  vacuum was b r o k e n  w i t h  a r g o n 9  and FISAR c e s i u m  
of 9 9 , 9 %  p u r i t y  was c h a r g e d  t o  t h e  b o i l e r ,  P r i o r  t o  o p e r a t i o n ,  w h i l e  
t h e  s y s t e m  was s t i l l  a t  room t e m p e r a t u r e ,  t h e  a p p a r a t u s  was e v a c u a t e d  
t o  remove most  of t h e  a r g o n ,  The e q u i p m e n t  was t h e n  b r o u g h t  up t o  
o p e r a t i n g  t e m p e r a t u r e ,  t h e  b o i l e r  b e i n g  h e a t e d  l a s t  t o  e l i m i n a t e  a n y  
t e n d e n c y  t o  c o n d e n s e  c e s i u m  i n  t h o s e  p a r t s  of  t h e  s y s t e m  where o n l y  
v a p o r  s h o u l d  b e  p r e s e n t ,  A l l  p a r t s  of t h e  s y s t e m  o t h e r  t h a n  t h e  b o i l e r  
were h e a t e d  t o  1200 F ,  and  t h e  b o i l e r  was t h e n  b r o u g h t  t o  a t e m p e r a t u r e  
of  1000 F. The a u t o t r a n s f o r m e r s  which s u p p l i e d  power t o  t h e  b o i l e r  
were s o  a d j u s t e d  t h a t  h e a t  l o s s e s  were n e a r l y  e q u a l  t o  t h e  h e a t  i n p u t ,  
t h u s  r e q u i r i n g  minimum c o n t r o l l e r  a c t i o n ,  Thc e a r l y  t e s t s  r e v e a l e d  
t h a t  t h e  AP a p p a r a t u s  was s e n s i t i v e  t o  t e m p e r a t u r e  f l u c t u a t i o n s  and 
t h a t  t h e  d e v i c e  r e s p o n d e d  s l o w l y  to c o n t r o l  v a l v e  c h a n g e s  b e c a u s e  o f  
i t s  r e l a t i v e l y  l a r g e  volume,  The t i p  o f  t h e  c o n t r o l  v a l v e ,  a s t a n d a r d  
1 / 4  i n ,  b e l l o w s  s e a l e d  m o d e l ,  was n o t  a t r u e  n e e d l e ,  b u t  a p a r a b o l i c  
p l u g .  T h i s  c o n f i g u r a t i o n ,  p l u s  t h e  p o s s i b i l i t y  of t r a c e s  of  c o n d e n s a t e  
i n  t h e  v a l v e ,  c a u s e d  p o o r  c o n t r o l .  c h a r a c t e r i s t i c s ,  A t  t h e  h i g h e r  f l o w s  
t h i s  p o s e d  l i t t l e  p r o b l e m ;  a t  l o w e r  r a t e s  i t  was more p r o n o u n c e d ,  

. 
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F o r  t h e  p u r p o s e  o f  e s t a b l i s h i n g  t h e  f e a s i b i l i t y  of  t h e  
d i f f e r e n t i a l  p r e s s u r e  d e v i c e  t h e s e  l i m i t a t i o n s  were a c c e p t a b l e  
They d i d ,  however ,  make i t  u n d e s i r a b l e  t o  a l t e r  t h e  c o n t r o l  v a l v e  
p o s i t i o n  u n l e s s  a m a j o r  d e v i a t i o n  f rom t h c  d e s i r e d  s e t t i n g  o c c u r r e d ,  
In t h e  r u n s ,  t h e  v a l v e  was a d j u s t e d  t o  g i v e  a p p r o x i m a t e l y  the c h o s e n  
b a l a n c i n g  p r e s s u r e  s e t t i n g .  D u r i n g  t h e  o p e r a t i o n  t h e  o s c i l l o s c o p e  
was c h e c k e d  t o  i n s u r e  t h a t  t h e  P g a g e  was a t  n u l l  when r e a d i n g s  
were  t a k e n ,  Measuremcn t s  were r e c o r d e d  of t h e  c o n d e n s a t e  volume 
b o i l e r  t e m p e r a t u r e  b a l a n c e  p r e s s u r e  and s y s t e m  p r e s s u r e  e v e r y  two 
t o  f i v e  m i n u t e s  d u r i n g  most r u n s D  (7tIier r e a d i n g s  were  t a k e n  
a p p r o x i m a t e l y  two  o r  t h r e e  t i m e s  p e r  h o u r ,  

R e s u l t s  a n d  D i s c u s s i o n  
__I_---- 

The key  d a t a  a rc  summar ized  i n  F i g s ,  6 ,  7 and 8 ,  wh ich  
a r e  p l o t s  of  the  c u m u l a t i v e  c o n d e n s a t e  volume v s ,  tlie e l a p s e d  time 
f o r  e x c h  of  t h r e e  r u n s p  Al though  i t  was i n t e n d e d  t h a t  each e x p e r i -  
ment would be  c a r r i e d  o u t  a t  a c o n s t a n t  f l o w  r a t e ,  t h e  p o o r  
c h a r a c t e r i s t i c s  d e s c r i h e t l  e a r l i e r  made i t  more f c a s i  b l e  t o  p e r m i t  
t h e  b a l a n c i n g  p r e s s u r e  t o  d r i f t  somewhat r a t h e r  t h a n  t o  a t t e m p t  t o  
a d j u s t  i t  by o p e r a t i n g  Lhc c o n t r o l  v a l v e ,  I n  t h i s  m a n n e r ,  o p e r a t i o n  
a t  f a i r l y  c o n s t a n t .  d j  f f c r e n t i a l  p r e s s u r e s  was m a i n l a i n e d ,  

I t  d e v e l o p e d ,  however ,  t h a t  t h c r e  a p p e a r e d  t o  be  a 
d e f i n i t e  p o i n t  a f t e r  wh ich  t h e  a v e r a g e  b a l a n c i n g  p r e s s u r e  was some- 
what  l o w e r  t h a n  i t  had  been p r e v i o u s l y ,  As would bc: e x p e c t e d ,  t h i s  
p r o d u c e d  a lower a v e r a g e  f l o w  r a t e  o v e r  t h a t  p o r t i o n ,  These  b r e a k s  
were the  b a s i s  f o r  t h e  d e s i g n a t i o n s  A and  B o f  each r u n ,  T h i s  c a n n o t  
bc  i n t e r p r e t e d  as m e r e l y  a c a l i b r a t i o n  d r i f t ,  b e c a u s e  t h e  f l o w  r a t e  
s t i l l  c o r r e s p o n d e d  t o  t h e  d i f f e r e n t i a l  p r e s s u r e ,  

A p l a u s i b l e  e x p l a n a t i o n  would b e  t h a t  a s l i g h t  Ilea; l e a k  p e r  
r n i t t e d  a s m a l l  amount of  c o n d e n s a t i o n  u p s t r e a m  o f  t h e  v a l v e ,  IVhen 
t h i s  c o n d e n s a t e  c o a l e s c e d  and  moved n e a r  t h e  v a l v e  s e a t ,  i t  c o u l d  
a c t  as a r e s t r i c t i o n  aiid a p a r t i a l  t h r o t t l e  on tlie Tlow, When t h e  
f l o w  r a t e  was s u f f i c i e n t l y  h i g h ,  a dynamic  e q u i l i b r i u m  would b e  
r e a c h e d  whereby  t h e  e f f l u e n t  v a p o r s  wou I d  e v a p o r a t e  c o n d e n s a t e  a t  
t h e  same r a t e  a t  wh ich  i t  was f o r m e d ,  I f  t h e  f low was t o o  low,  
e v e n t u a l l y  a l i q u i d  s l u g  would c o m p l e t e l y  b l o c k  t h e  c h a n n e l .  T h i s  
l a t t e r  case i s  b e l i e v e d  t o  be  t h e  r e a s o n  f o r  t h e  i n a b i l i t y  t o  
m a i n t a i n  v e r y  low f l o w  r a t e s ,  

In t h e  r u n s  shown, t h e  b r e a k s  i n  t h e  c o n d e n s a t e  c u r v e s  a re  
w c l l  marked ,  and t h e  b e s t  s t r a i g h t  l i n e s  were drawn by s i g h t  t h r o u g h  
t h e  two p o r t i o n s  of e a c h  c u r v e .  For t h e  p u r p o s c s  o f  t h i s  s t u d y ,  i n  
c o n s i d e r a t i o n  of t h e  r e l a t i v e l y  c r u d e  c o n t r o l s  and measu remen t  means ,  
s t a t i s t i c a l  d e t e r m i n a t i o n  of  t h e  b e s t  l i n e s  was n o t  j u s t i f i e d .  I n  
o r d e r  t o  p r o v i d e  b e t t e r  v i s u a l i z a t i o n  o f  t h e  o v e r a l l  r e s u l t s ,  I?un 
Summary C h a r t s  were p l o t t e d ,  One of  t h e s e  i s  shown as  F i g o  9 ,  A 
phantom l i n e  s h o w i n g  t h e  a v e r a g e  f l o w  r a t e ,  as  d e t e r m i n e d  f rom t h e  
c o n d e n s a t e  a c c u m u l a t i o n  p l o t s  i s  i n c l u d e d  s o  t h a t  t h e  re l a t i o n s h i p  
be tween  t h e  o t h e r  v a r i a b l e s  and  t h e  t h r o u g h p u t  c a n  be  e x a m i n e d .  T h i s  
r a t e  was c a l c u l a t e d  u s i n g  a v a l u e  o f  1 .8  f o r  t h e  s p e c i f i c  g r a v i t y  o f  
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t h e  l i q u i d  c e s i u m .  The r e p r e s e n t a t i v e  summary c h a r t  shows t h a t  
t e m p e r a t u r e  c o n t r o l  was q u i t e  good,  h u t  t h a t  t h e  t o t a l  s y s t e m  p r e s s u r e  
t e n d e d  t o  d r o p  s l i g h t l y ,  

From t h i s  c h a r t ,  i t  i s  s e e n  t h a t  t h e  d r o p  i n  c o n d e n s a t e  r a t e  
c o i n c i d e s  wel l  w i t h  t h e  d r o p  i n  b a l a n c e  p r e s s u r e ,  A v i s u a l  a v e r a g i n g  
of t h e  b a l a n c e  p r e s s u r c  f o r  P a r t  A g i v e s  a I3P of a b o u t  8 p s i g ;  f o r  
P a r t  B ,  6,2  p s i g  a p p e a r s  a b o u t  r i g h t ,  S i m i l a r  p r o c e d u r e s  were f o l l o w e d  
f o r  t h e  o t h e r  r u n s ,  and t h e s e  d a t a  a r e  l i s t e d  i n  T a b l e  1 a l o n g  w i t h  t h e  
c o r r e l a t i o n  o f  b a l a n c e  p r e s s u r e  t o  d i f f e r e n t i a l  p r e s s u r e  i n  i n c h e s  of 
w a t e r  as t a k e n  f rom F i g .  5 .  Compar ison  o f  t h e s e  d a t a  p o i n t s  w i t h  t h e  
t h e o r e t i c a l  c u r v e  f o r  t h i s  c a p i l l a r y ,  F i g .  1 0 ,  shows q u i t e  good a g r e e -  
m e n t ,  and  i t  c o n f i r m s  the v a l i d i t y  of  u s i n g  d i f f e r e n t i a l  p r e s su re  
measurement  a c r o s s  t h e  c a p i l l a r y  t o  measure f l o w  r a t e  i n  a c e s i u m  v a p o r  
s y s t e m  u n d e r  t h e s e  c o n d i t i o n s .  The maximum d e v i a t i o n s  a r e  w i t h i n  1 5 %  
of t h e  t h e o r e t i c a l  l i n e ,  

c 

E x a m i n a t i o n  o f  Components After S t u d y  

Upon c o m p l e t i o n  of t h e  e x p e r i m e n t a l  w o r k ,  t h e  a p p a r a t u s  was 
examined  t o r  e v i d e n c e  o f  c o r r o s i o n ,  e r o s i o n ,  and  m e t a l  t r a n s p o r t ,  w i t h  
s p c c i a l  a t t e n t i o n  b e i n g  g i v e n  t o  t h e  c a p i l l a r y  and  t h e  c o n t r o l  v a l v e .  
P r i o r  t o  d i s m a n t l i n g  a n d  w a s h i n g  t h e  a p p a r a t u s ,  x - r a y  p h o t o g r a p h s  were 
made of b o t h  t h e  c a p i l l a r y  and  t h e  c o n t r o l  v a l v e ,  N c i t h e r  i t e m  showed 
any i n d i c a t i o n  w h a t e v e r  of any c h a n g e  i n  d i a m e t e r  o r  a n y  e v i d e n c e  of 
b u i l d - u p  of m a t e r i a l  due  t o  m e t a l  t r a n s p o r t ,  The v a l v e  was l a t e r  
s c c t i o n c d ,  and  a l t h o u g h  t h e  t i p  showed a s l i g h t  s c o r i n g  due t o  o v e r -  
t i g h t e n i n g ,  a l l  o t h e r  e d g e s  werc p e r f e c t l y  s h a r p  w i t h  n o  e v i d e n c e  
w h a t e v e r  of d e t e r i o r a t i o n ,  I t  i s  r e a l i z e d  t h a t  t h i s  w3s R v e r y  s h o r t  
t e s t ,  t o t a l l i n g  l ess  t h a n  2 0 0  h o u r s  a t  t e m p e r a t u r e ,  e v e n  a l l o w i n g  some 
a c c e l e r a t i o n  f o r  t h e  two dozen o r  s o  h e a t i n g - c o o l i n g  c y c l e s ,  I t  i s  
i n d i c a t i v e ,  h o w e v e r ,  t h a t  c o n t a i n m e n t  s h o u l d  n o t  be n m a j o r  p r o b l e m .  

C O N C L U S I O N S  

T h i s  s t u d y  v e r i f i e d  t h e  f e a s i b i l i t y  o f  a v a p o r  s y s t e m  f o r  
m e t e r i n g  c e s i u m  i n  t h e  m i l l i g r a m  p e r  s e c o n d  r a n g e .  I t  a l s o  d e m o n s t r a t e d  
an a p p r o a c h  f o r  m e a s u r i n g  t h e  v i s c o s i t y  of  a l k a l i  m e t a l  v a p o r s ,  
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SYMBOLS 

m i l l i g r a m s  

v o l u m e t r i c  f l o w  - f t  / s ec  

i n s i d e  d i a m e t e r ,  f "  

g r a v i t y  c o n s t a n t ,  3 2 . 2  f t / s e c  

v i s c o s i t y ,  l b m / f t - s e c  

p r e s s u r e  d r o p ,  l b f / f t  

c a p i l l a r y  l e n g t h ,  f t  

mass f l a w  r a t e ,  mg/ sec  

a r b  i t  r ii r y c o n s  t a n t  

v a p o r  d e n s i t y ,  l b m / f t  

a b s o l u t e  t e m p e r a t u r c ,  O R  

3 

2 

2 

3 

2 pressure, I b f / f t  

Subs c r i p t s 

B - b o i l e r  c o n d i t i o n s  

i - c a p i l l a r y  i n l e t  c o n d i t i o n s  

C - c a p i l l a r y  m i d p o i n t  c o n d i t i o n s  

0 - base  c o n d i t i o n s  f o r  c a l c u l a t i o n s  

r a n g c  o v e r  which a v a r i a b l e  was evaluated 5 p  - 
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T A B L E  1 - E X P E R I M E N T A L  POINTS,  FLOW RATE VS. AP 

F l o w  
Run No, mg/sec 

B P  
p s i s  

A I’ 
i n .  H20 . 

4B 2 , 2 3  

4A 2 . 6 9  

2 B  

2 A  

3 B  

5 , 4  

8,O 

11,3 

3 A  1 3 , 2  

2 . 7 5  

3 . 0  

6 . 2  

8 .0  

13.8 

1 4 , 3  

3 , 4  

3 .9  

9 .0  

1 2 . 0  

2 1 . 4  

2 2 , 2  
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FIG.  2 - CONDE SATE COLLECTOR APP 
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BP - BALANCIN 

m - SLOPE O V E R  THE 
I N D I C A T E D  RANGE 

- 3 -  ........ ...... ~ ...... . 

FIG.  6 - C O N D E N S A T E  v s  TIME ( R U N  2 1 
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DISCUSSION 

bm. ROHSENOW: You used a dens i ty  r a t i o  being propor t iona l  to t h e  

pressure  ra i ic .  This a s sumes  constant  ter~igerature .  What w a s  t h e  d i f f e r -  

ence between t h e  temperatvre a t  t h e  i n l e t  and o u t l e t  of the c a p i l l a r y ?  

I n  t h e  i s o t r o p i c  flow i f  there weren ' t  a c a p i l l a r y ,  you would have a pres-  

su re  r a t i o  of K-' t o  K .  

probably have isothermal .  

Complete capi.l.l..ai+y, with sl.1.1~ flow, you would 

MX. SAMUEL: We a r e  very, very  c lose ,  we th ink ,  t o  isothermal  flow. 

The po in t s  read 1200 F; as I have pointed out ,  refinerneiit of mexx.remelit 

i s  not  our  particu1.a-r ob jec t ivz  at t h i s  t i n e .  We rwanted t o  f i n d  out  i f  

t h i s  t h i i l g  would work, aild as rar a.s I could. see,  we f e e l  -that t h e  c2pil.- 

l a r y  was a t  constant  temperature throughout. 

MR. KOHSENOW: This  mighi 'ue worth checking,. Such as changiiig t h a i  

exgonent of &, pu t t ing  a d i f f e r e n t  nmiDer on it. 

MR. SAMUEL: It i s  somethinp, t o  look a t .  

VI. LYOrJ: What w a s  -the logar i . t ,h ic  decrease i n  pressure ,  which would 

give an ind.i.ca?;ion, perhaps, of what ihe change i n  AT would be? 

VIR. SAWEL: The logarit'nmic decrease i n  pressure  a t  which poin t?  

M R .  IXON: What '@as t h e  ratio of t h c  c rop  to  t h e  pressure  of t h e  

system? 

VIR. SAMUEL: Somewhere around 3P$. The rnax j.inixii d i f f e r e n t i a l  p ressure  

'Therefore, i.t would be one- th i rd  a t  t he  a t  which we operated was 1 pound, 

n o s t .  Xrr most cases  it was noi: t h i s  high.  

MK. LYON: The o t h e r  quest ion th.ai, 1: had: You xieiitioned Y n a t  you. 

fouiid t h e  c t a i i i l e s s  s t e e l ,  j00-scri-es s t a i n l e s s  s t e e l ,  works we l l  with 

ceaiurn up t o  1200. 

wel- I.? 

Do you have evidence t h a t  above 1.200 i t  doesn ' t  work 

bW. SfDIUEL: no, we do tiot. 

MR. BONILLA: Did you merely use -!;lie mean pressiire, as ind ica ted  on 

t h e  SI. i.de, and pressure  d i f f e rence ,  i n  cal.culatiilg---we3.1, i n  t h e  opera t ion  

of t h e  viscometar? I have mentioned it because w e  have sl-ready worked out  



269 

and published t h e  correct  eqination, and i n  view of what Dick says there ,  

o r  you pointed out, with t h a t  l a rge  a r a t i o  of p:ressinre drop t o  absolute 

pressure,  t he re  i s  a very Large correction, due t o  the  change i n  densi ty  

as you go d o n g  the  c a p i l l - a ~ y .  

MF:. SAbmL: Are you r e f e r r i n g  t o  the  change i n  dens i ty  caused by tne 

accelerat ion of the gas i n  the capi.l.lary? 

IvB. BONILLA: That's rnere1.y a correct ion.  

i n  the  c a p i l l a r y  due -to tine chmge of  pressure i n  t h e  cap i l l a ry .  

I t ' s  a change i n  ve loc i ty  

l.W, SAMUEL: The Qc i n  our cqixxtion was the  voluneti-ic r a t e  a t  t he  

center  point o.f t he  cap i l l a ry ,  and i n  t h e  p rep r in t  we discussed t h a t  we 

had corrected that volume back t o  t h e  i n l e t  XJolume, where we know t h e  

pressure.  I n  o the r  words, we say that the  vol.wne here i s  so nmch. We can 

apply the Ldeal. gas law which we f e e l  that we can d.o m d e r  'ihese circim- 

stances,  mid compute the -mlwne then on the  bas i s  of t he  i n l e t  volume, 

became o:E the  change i n  dens i t i e s .  

IvIR. BOMILTA: Y e s .  I ssi11 send you a, r ep r in t ,  ai?yway. It has been 

studied. over years, and it; i s  very vel1 established., the  r i g h t  way t o  

handle the data .  

looked it. 

You may have dolie it that way, or you m y  have over- 
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[n spite of the considerable interest i n  boiling and condensing of liquid 

metals which has developed in recent years, there are still very liltlo 

data available for ths determiriaticxi of two-phase flow chzrrzcteristics 

for liquid metals, The present paper presents selected two-phase 

flow parameters for sodium systems, They are based on analytic 

tecliniques which previously have proven useful for water systems. 

Thus, flow pattern charts are developed similar to those given for 

water In Reference 1, and two-phase pressure drop and vapor-volume 

fraction data a r e  presented following an approach used for water in 

References 2 and 3. As  with the results for water, experimental data 

a r e  required to verify the predictions, but judging by the agreement 

found for water, one should be able to use the results presented in this 

paper for the scoping design of soclium systems with reasonable con- 

fidence. 

TWO-I?HASE FLOW PATTERNS 

Fig. 1 shows predicted two-phase flow patterns as a function O F  quality 

and to2,al mass velocity for several pressures.  The flow patterns, as 

sknvii, are  based Oii  2 gmeralized chart by 'I?aL,er4 2 ~ d  the following 

Froperties for sodium: 
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Pressnrc,  p i a  14.7 100 240 
Saturatioii Temperature, "F 1612 2080 235'2 
Vapor Density, 1bm/ft3 0.016 0.081 0,242 
Liquid Density, lbrn/ft3 46.6 42,8 39.3 
Liquid Surface Tension, dyne/cm 113 92 92 
LiGuid Viscosity, centipoise 0.170 0.153 0.148 

For high gerform.r!ice systems, whirh a r e  probably of greatest ititwcw, 

mass velocities a r e  usually higher tliaii 200,000 Ibm/hr-ft% ~t is see11 

from ;Fig. 1 that S o x .  such systems, the fluid will take on a d i s p r s i d  

(fog) flow appearance for any vapor quality larger thari a few percent, 

This is not surprising in view of the relatively large vapor volumes 

corresponding to these qualities at the selected pressures. At mass 

velocities between 50,080 and 200,000 lbm/hr -ft2, annular flow obtains 

depending somewhat on vapor quality and pressure. Although a ciis- 

tinction is made here between dispersed and annular flow, one should 

expect  thin liquid f i l m s  to e x i s t  on adiabatic walls exposed to dispersed flow. 

It may be concluded from Fig. 1 that other flow patterns such as bubble 

flow are  almost nonexistent, and slug flow wil l  occur only at: very low 

qualities and low mass velocities of sodium liquid-vapor mixturfs, 

TWO-PHASE PRESSURE DROP 

1. Friction 

The pressure losses resulting from frictional resistance for two -phase 

sodium flow have been obtained by extending the rneihoiis of MarrineXi 
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. 

:tnci Wels,cne3 This invoives use of the Lockhart and Martinelli param- 

eter xttj2 which is a function of quality and physical properties of the 

liluid, and a correlating graph relating this parameter to the ratio of 

the local two-phase pressure gradient to the all-liquid pressure gradient. 

This graph w a s  established originally from data obtained for two-phase 

=k;itiires at ataospherie przssr;re. r V h n  L U G  giarii m n n - l  ~ - 7 0 n  w u o  n-~+n-Aq.-l sAt,v;jliuc.u .Fln-n A W L  7. r J c c c b ~  .~C,-,rs 

by Martinelli and Nelson to cover pressures up to the critical pres- 

sure  by forcing a fit with additional experimental data obtained for 

~wO-ppldSe water flow at p*igpier p..̂ " A Gusul ..n,.- A graph with -,ressr;re zzs 

a parameter resulted, and was used here to generate a dependence of 

local two-phase pressure gradient with quality for sodium as shown 

in Fig. 2. 

The curves of Fig. 2 were then integrzted to obtain the overall ratio 

of two-phase pressure drop to all-liquid pressure drop for a heated 

duct, It was assumed that the heat flux at  the wall  and, therefore, the 

quality gradient along the duct are constant. The resultant curve for 

sodium. is compared with that of water at 14.7 psia in Fig. 3. Addition- 

al curves of the overall two-phase frictional pressure drop factors for 

sodium flowing through heated ducts at other pressures are given in 

Fig. 4, While the curves represent integrations from zero quality at t h e  

inlet to any quality at  the outlet of a heated duct, the results may be 

applied to any quality at the duct inlet by appropriate subtractions. 

Of course, they also may be applied to cooling cases. By extrapolating 

to the critical pressure, taken as 5032 psia from Reference 5, and 

cross pioiting, Fig. 5, ccxrespumiiqg tw Fig. 4 of Zdei-eiiGe 3, is ab- 

tained. 
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2, Acceleralior, 

As the sodium evaporatcs while flowing through a heated duct, it ac-  

celerates, i.e., its velocity and momentum increase at the e,g>ense of 

pressure losses which have to be added to the friction losses to obtain 

the total pressure drop. 

If it is assumed that the liquid arid vapor phases flow at the same vel- 

ocity (no slip) at any given cross  section, then the acceleration pres-  

Sui-e diop can be calculated fi'uin 

where G is the total mass velocity in 1bm/hr-ft2, x is the vapor quality, 

v is the specific volume in ft3/lbm and subscripts g and L refer to 

vapor and liquid conditions, respectively. 

The multiplies rl has been plotted for sodium in Fig. 6. A similar 

relation can be derived for flow with slip between the liquid and vapor 

phases . 

The multiplier r2 has been plotted .For sodium in Fig. 7, using vapor- 

volume fraction (Rg) data given below, 

- 
*m  he foriil of Eq.  1 has bei:n C ~ I G ~ ~ I I  io Go roiiipai-abie with Eq. 2, 
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As  with the friction loss  factors, Figs. 6 and 7 may be used for quality 

inlet conditions and condensing by suitable, simple manipulations, 

VAPOR-VOLUME FRACTION 

The methods outlined in References 2 and 3 have been utilized to cal- 

culate vapor volume fractions for sodium flows. The results a re  given 

in Fig. 8. The slip ratio may be calculated from Fig. 8 using 

where V is the velocity, and Rg is the fraction of cross section of a 

duct filled with the vapor phase. 

CONCLUSIONS 

Selected hvo-phase flow parameters for sodium are presented in 

Figs. 1 through 8 for ready use in the seoping designs of two-phase 

sodium systems. 

AC KNOWLE W M E  NTS 

This work was  carr ied out a t  United Nuclear Corporation under Con- 
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Accelerat ion pressure drop rnultiplier for dispersed 
A P a  = G 2 / g * r ,  
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DISCl iSSION 

MK. ROHSE2JOW: Kurt, t h i s  i s  a1.l. based oil da t a  which m:e a p r e t t y  f a r  

ex- t rapola t j  on froni it, but  1 wonder how these  two-phase f low regirnes com- 

pare  wit,?) some of tne o the r  flow r e g h e  ~ m p s  of Peter G r i f f i t n ,  ai4 a 

Russian map, and somebody e l s e  ' s? 

b%'. GOJ,DMA$J: The m p s  rea1.l.y a r e n ' t  too  far d i f f e r e n t ,  a t  least, -the 

ones that had come out. i m L i 1  about two years  ago; and a t  t h a t  time when 

we looked. over  vai-ious maps, we s o r t  of thought t h a t  Baker's map was pro-  

bably  tlne most r ep resen ta t ive  one. O f  course it, al lows a very  ready exbra- 

po la t ion  t o  any fl..uid, because he presents t h e  d a t a  i n  terms of c e r t a i n  

norma1.ized parameter;. 

AdmiiLedly, -there i s  co dai,a f o r  s cd iu i ,  f o r  ins tance .  

PLK. ROHSEBOW: Another t h ing  we might [do here ,  and it r~~ou1.d t ake  j u s t  

a minute t o  t r y  'io ge t  a haildle on Herb Hoffmari's da t a .  From your knowledge 

of p rope r t i e s  of potassiun, how woul..ri. the  curves change f o r  poLassim? 

MZ. GOTADMAN: Not ve ry  much. A s  a matter of f a c t  they d i d n ' t  even 

chaiige much from mte . t> ,  because t h e  p r i n c i p a l  parameters a r e  v i scos i ty ,  

and tile sur face  tens ion ,  and s p e c i f i c  vol i im~.  

MK. ROHSENOW: Don't t hese  dispersed f low curves move of f  t o  t h e  r i g h t  

with water? 

MR. GOLUMAii: No, Lhey 1.ook J u s t  about I.jke t'nat, f o r  water. 

W. ROBSENOW: What we a r e  t r y i n g  'GO ge t  a t ,  here ,  i s  Heris's mass 

v e l o c i t i e s  a r e  down i n  t h e  range of anriulai- f l o w  on 'illis (nap. Tbey sugz~s'i 

they go of f  Lo higher  q u a l i t i e s .  ' k a t  you d o n ' t  g e t  t h e  di-spersed fl-ow, 

bu t  you get, annular  flow. And Herb's d a t a  show t'ne burn-out, t h e  criLj.cal 

hea t  flim, and increas ing  mass flow rate,  r a t h e r  t'nan decreasj-ng out of 

t he  high-qual-i.ty zone, and 7: wilder i f  t h i s  i s  t h e  reason? That wit;h li- 

quid metals you a.lway-s have annular  flow, and wi th  water i:b t ends  to tear 

those f i lms  o f f .  

MR. GOLDMAN: Well., of course we are n o w  nlaking assumpLions as t o  

w h a t  kind of flow you have wi th  hea t  f l ux ,  and I t r i e d  t o  be ca re fu l ,  bu t  

perhaps wasn't c a r e f u l  enough, i n  poinL.i.ng out  t h a t  t hese  fl-ow cha r t s ,  i f  
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t'ney a r e  true at all., xre cer"iain1.y t rue  on1.y for a6ia'oatic coriditioris. 

?"ne mom-eni; you have heat  flux a t  the  wall, then a l l  be ts  are off !  

in general, t h e  l i n e s  move t o  the ].eft. Tl?at i s ,  you are get t ing  i n t o  

dispersed llow-, 01- annular flow, out; of 'nubble flo\j, e a r l i e r ,  a.nd at lower 

q1ral.i :;lies khan what i s  ind-icated here. 

I think, 

I U m r  the  argument as t o  whether or not Herb has f i l rns  on the wall o r  

doesn' t  liave f i lms on the val.1: 1 think t h a t  i s  an e n t i r e l y  sepalate 

aj-,gi.ment; and he doesn' t ,  I think, know .whether o r  not  he has f i lms on the 

m.11. 

MR. IUYS: Can you -tell me concerriing the Mart:i.nel.li o r i g i n a l  paper? 

Do you bel ieve it t o  be v a l i d  fo:r cases of rlispersed flow? It seem!; t o  

me the iinplici-t assumption i n  his  der ivat ion is  there i s  a continuous 

l i q u i d  phase and. continuow vapor phase. 

MR. G O L D W :  .Yes, t'ne derivat ion is based on continuous p)?i:i,:;es, buk 

1 bel ieve that  the resu.Lts are ~ipplicabl-e t o  dispersed flow. Ax obvious 

weakj;ies:;--:md Marti:nel.li was tins first one to point i-t out--is t h a t  t h e  

derival;j.on d.oes not take  account of flow pat terns .  Another wealriness i s  

t h a t  t n e  pressure drop f a c t o r s  are no-t a function of mass 7Jeloci. t~.  

think one should expect, a t  ot41erw.i::e -Yne saxfie ccndi-tions, t h a t  .t;he 

pressure-drop r a t i o  should change wi.-t;h mass veloci ty .  

I 

NOV the Martinelli-%Telson ,zy,yroa.ch does not account l o r  this. 

A -ownber of years ago Is'oin, 3,nd I forge t  .tihe reference no>.,+ pub- 

l i shed  a paper slio~sini.; -!;he e f f e c t  of mass veloc i ty  on the two-phase pressure 

drop fac tors ,  and l . r i  e f f e c t  i t  showed t h a t  a t  lower veloc i t ies ,  he ~ ; e t s  

higher f a c t o r s  than Mart:i.rtel.lli-NeIson; and a t  higher nass v-eloci t ies ,  he 

gets  lower f a c t o r s .  

Now perhaps one explanation f o r  t h i s  i s  t h a t  a t  the  lower I ~ S S  velo- 

citit2s you have more ot' a chugging klinil of a, flow, m d .  therefore  ge-i; more 

pressixre loss ,  whereas a t  the higher ~ii:~ss veloci.t;ies you have a 1xoi-e d i s -  

persed and more uni . fo im kind 

f a c t o r  should be lower. 

*Isbin, H. S . ,  Moen, R. 
R. C .  , '.i'wo-Phase Stem-Water 
Vol. 55, No.  23, 1959. 

of a flow, and therefore  the pressure-drop 

H., Wickey, R. O., Mosher, D.  R .  and Larsoni 
Pressure Drops, Cliem. Eng. Piog. Synp. Ser . ,  
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But it t u r n s  out  that, a t  least of  a l l  t he  da-La t h a t  hc collec-Led, 

which w a s  s o r t  of i n  t h e  range t h a t  onc might be i n t e r e s t e d  i n ,  t h a t  

Mart inel l i -Nelson f e l l  r i g h t  i n  t h e  midd1.e of t'ne d a t a .  

Mti. BERENSON: I alTways f e l t  a l i t t l e  uncorfl.foi.table us ing  t h e  

Martine1.l.i-Nelson paper lor moderately h igh  q u a l i t i e s ,  because they  base 

t h e i r  'ccro-phase pressure  drop on t h e  l i q u i d  pressurc drop, so you ai-e 

us ing  pressure  fac-Lors tliat are anywhere from t e n  t o  even :nore than  a 

thousand. 

What we d id ,  i . r i  analyzing our  two-phase da t a ,  which made m e  a l i t t l e  

happier ,  was t o  switch from bas ing  t h c  two-phase pressure  drop on tl-le 

l i q u i d  pressure  drop when the  r a t i o  of t h e  l i q u i d  t o  t h e  vapor passed 

through 1.; and i n  doing t'nis, t h e  M a r t i n e l l i  m u l t i p l i e r  w a s  n.r.vei. g r e a t e r  

tiiai-1 )!-.2. And t i ;  turned out  t h a t  we were basing t h e  two-phase pressurz  

drop on t h e  vapor pressure  drop above a q u a l i t y  of 2% over  almost the en- 

t i r e  range we were mul t ip ly ing  our vapor pressure  drop r a t h e r  than. 'die 

1~i.qui.d pressure  drop. This i i iu l t ip l ie r  r r a s  gene ra l ly  ve ry  sjiia1.l. We were 

happier  doing t h a t  t2ia.n inul t iplying by thousands. 

MK. GOLDMAN: 1 am no t  so su re  t h a t  I would agree wi th  you, Paul-. 1 

bel-rieve t h a t  t h e  accuracy i s  t h e  same, t h a t  i s  multipl-ying by  a f a c t o r  of 

a Yciousand can be made wi-th thc same number of s i g n i f i c a n t  f i g u r e s  as tliat 

of l., i f  you l i k e .  

If you ta1.k about a d i f f e r e n t  model f o r  t h e  d-er ivat ion,  then tile rea- 

son why I t h i n k  t h a t  Martine1l.i-Nelson has  a be-ttei- approach i s  tha t  on the  

w a l l ,  where you r e a l l y  have t h e  f r i c t i o n ,  you have l i q u i d  fl .ow, and it i s  

t'ne shear  i n  t h e  l i q u i d  which i s  going t o  make the  major con t r ibu t ion  t o  

what t h e  f r i c t j -on  pressure  drop i.s. So I am not  so sure t h a t  you inhcren-L1.y 

ought t o  ge t  b e t t e r  r e s u l t s  by s t a r t i n g  of f  wi.th vapor, because it i s  t h e  

shear  on t h e  wall, o r  near  t h e  wall, whi.cli i s  a l l  l iquj-d.  

are t a l k i n g  about adiabat ic .  T~al.ls, I th ink .  

A s  long as we 

A questiori w a s  asked from t h e  f l o o r  regarding t h e  adeqllacty of t h e  

homogeneous model coupled wi th  a s ta tement  t h a t  it gave r e s u l t s  wi th in  2@ 

of M a i t i n e l l i - N ~ l  son. 
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MR. GOLEM.A?!T: I bel ieve there  a r e  solile regions i.n which Lhe discre-  

pancy between homogeneous and Martinelli-Nelson i s  more than 2C$. 

bm. DAVIS: Excluding t h e  low-pressure da ta .  

MR. G0LDMA.N: There undoubtedly a r e  many reeions where the  homogeneous 

model gives you ahout the  same r e s u l t s .  I b e l i e m  there  is  some Argonnc 

data-- is  anybody here from Ar,";onne who remembers t h i s ?  They have some da ta  

that; showed a I-arye difference between t h e  hmogeneous mod e l  predictions 

and t'ne Mar t ine l l i  -Nelson predictions.  

Mli. POPPENDIEK: I thou,ghht; when Martlinelli dkrived t h e  expression i n  

normalizing t h e  f i n a l ,  two-phase flow pre:;sure drop, he w e d  a denominator 

if only a l i q u i d  flow was flowing and i f  only a gas was :fl.owing, and I 

rertiember t h e  f i n a l  answer i s  exact ly  t h e  same. Thore i s  no difference.  

MR. GOLDMurJ: What J4artinellF-Nel.son did,  it comes out t o  be exacL1.y 

the same. I wasn't sure whether Paul was not ta lk ing  about a d i f fe ren t  

model. Their model assumed there  w8s l iqu id  fi.Ln a t  the w a l l ,  anti t h a t  

makes some di.f€erence. 

MR. POPPENDIEK: I think there  was one point he pointed- out, and I 

think t h a t ' s  what yow. were ref'erring to, but I wasn't qu i te  c l e a r .  

i s ,  i n  'ihe or ig ina l  derivation, when he t a l k s  about the  two pr.essure-dmp 

-ternis, he recognizes there  i s  a difference i n  ve loc i ty  between tlne ~ G T O  

pliases, and he doesn' t  account for tha t ,  and so t h a t  f inal . ly i s  determined 

ernpirically by the constants a and @, when he makes a f i n a l  f i t t i n g  of  

Lhese data.  

and couldn't  do anything aboiut. 

do you know the  r e l a t i v e  difference exactly,  o r  a t  l e a s t  ideal1.y. 

That 

B u t  I think t h i s  i s  the  major weakness which he recognized 

Only i f  you have separated t h e  f lows,  

NR. GOLDMAN: Well, thnt, i s  one weakness. I think perhaps the  major 

weakness i s  l h z t  Llie whole r e s u l t  i s  comple-te1.y independent of mass vclo- 

c L t y  and., therefore ,  fl.ow regirres, and you j u s t  intuitive1.y expect two- 

phase pressure drop f a c t o r s  a r e  t o  be a function of mass veloci ty .  

MF." BROOKS: I n  most systems it i s  qui te  easy t o  measure the  l iqu id  

pressure drop of a p a r t i c u l a r  sys-tem iii which you a r e  measuring two-phase 

drops. So t h i s  i s  a reference data  as t o  correlat ion.  
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MR. ROHSENOW: I t h i n k  we can s e t t l e  L l i < s J  because f o r  any given f low 

rate, a t  a given qua l i ty ,  tine AP of t h e  l i q u i d ,  E? of t h e  vapor, in .  t h e  

bki.istinelli correla-Lion are f ixed  numbers; very  def i n i t c  numbers; and 5ie 

two-phase f low AP div ided  by e i t h e r  one of them has the  same percentage of 

e r r o r  i n  i - L ,  whether you mul t ip ly  by a thousand, o r  Lt. 

percentage of e r r o r .  

There i s  -the smile 

MX. GOLOMAN: I agree .  On t h e  o t h e r  h a n d ,  I wasn ' t  sure, perhaps, 

what Paul w a s  r e f e r r i n g  t o .  I thought he w2s t u rn ing  the model i n s i d e  

oui, so  t o  speak, assuming that he has l i q u i d  s lugs  flowjug thi-ough t h e  

cen te r  of t h e  pipe,  and vapor flowing along iiie ou t s ide  of the p ipe .  You 

could rake such a model, which you mj g h L  want t o  c a l l  a Martinel 1 i-Nelsor, 

vapor versus  l i q u i d ,  and i f  he had done t h a t ,  then- -  

MR. BERENSON: 1: w a s  r e f e r r i n g  t o  t h e  skaridard pos i t i on .  

MR. RONILLLA: Since th3.s i s  such a hot  t op ic ,  I don ' t ;  t h i n k  we ou.&t 

t o  le-t  Paul  down. I mean, a f te r  a l l ,  t h e r e  i s  the work t'nat i s  included 

i n  the  ~,rtinell.i-Nel.son, and o'ciier papers, but tlieri -ihere i s  a l s o  %he f a c t  

'ihaL the pressure drops wj.t,l? s i n g l e  phases are  much more a c c u r a t e l y  g re -  

dictab1.e khan w i t ' ?  two phases, and 1 teiid t o  s i d e  with Paul  t h e r e ;  t h a t  

you can predict-k the pressure  drop f o r  t h e  vapor a lone wi th  considerable  

accuracy, and i f  t h e  l i q u i d  i s  sma1.J. in arnoimt, it i s  1nerz1.y a per turba-  

t i o n ,  so t o  speaki on t h a t  pressure  drop, and J would iiuch p r e f e r  t o  base 

a ca l cu la t ion  of t h e  per turba t ion ,  we w i l l .  say, Oi? t h e  d a t a  t?iat are more 

accu ra t e  f o r  Lhe m a i c  cornpomnt. 

MX. ST'EIN: Same answer, e i t h e r  way. 

MR. BONIT,IS,: No, you ~~0ul .d  not ge t  t h e  same answer. You would only  

g c t  the same answer i f  t h e  MarLirielli-Nelson corrPlal,iorL happened t o  be 2 

hundred pe r  cent  accura te ,  which I d o n ' t  see  how it could poss ib ly  be a 

hundred pe r  cent  accura te  over a full q u a l i t y  rang?. 

MR. LYON: During the last few days we have had a number of da ta  pre-  

sented on pressure  drop, and it i s  my impression t h a t  most of khose gave 

lower pressure  drops t han  were predic ted  by t h e  Ma,r ' i j . .wlLi c o r r e l a t i o n s ,  

with,  I th ink ,  tile except ion of Randal-I., who had a h igher  presslire drop. 

Wou1.d you ca re  t o  comneiit on t h a t ?  
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MR. GOLDMAN: I am star!;:i.ng -to s t i c k  my neck out again! 1 suspect 

t h a t  some of  tnose da ta  were taken a t  f a i r l y  high v e l o c i t i e s .  Tizese were 

condensing d a h .  And w h e n  you condense at, high v e l o c i t i e s  you r e a l l y  

ought t o  wr i t e  more equations than the equations which are wri t t en  by 

Martinelli-Nelson, and an impxrtant equation o r  r e s u l t  of t he  equation i s  

that when you have a compressible f l u i d  cooled while it i s  flowing a t  a 

high veloci ty ,  you. can a c t u a l l y  ge t  a gain i n  stagnation pressure, because 

you a r e  cooling -t;T-~e compressible f l u i d  a t  a high rate w h i l e  it w a s  flowing 

at a high veloci ty .  

Now I woi.ildn'-t be surpr ised bu.t, 3.6 1 say, I am s-t icking rily neck rmy 

out,  t h a t  i f  t he  da t a  were looked a t  care.fully, that perhaps this might 

explain some of t h e  low pressiire losses. 

MR. HAYS: The thought had a l s o  occurred previous1.y Lhat -there might 

be some kind of  an e f f e c t  Which was analagous t o  two-phase 'uoundary layer ,  

and a mass affected by condensation by €luxes, that t h i s  mi.ght 'oe ana1.a- 

gous t o  reducing the f r i c t i o n a l  pressure. 

MR. GOLDMAN: I don' t  think t h i s  i s  an assumption as such. It was 

Shapil'o and Hawthorne who f i rs t  discovered t'nat when you cool a high- 

veloci ty ,  compressible flow sl;:ream, t h a t  you get a gain i n  s t agmt ion  

pressure,  and I think this i s  exac t ly  what .you vould get when you cool. 

On t'ne ot'ner hand, Then you hea t  a fluuitl, a compressible f l u i d ,  a t  

high ve loc i t i e s ,  you ge t  a l o s s  i n  stagnation pressure.  

So you should take that i n t o  consideration i f  t h e  vel.oci't;fes a r e  hi,.%. 

This just comes out of all t he  equations. I n t u i t i v e l y  one cannot explain 

it. 

MR. STEIN: Trying t o  judge the  reasons why the Martinell i- type ap- 

proach or predict ions f i t s  or doesn't f i t  data,  o r  i s  ?iigher o r  lover,  i-t 

seems t o  m e  i s  raxio.ther one of .t'rlece s i t u a t i o n s  i n  which the re  i s  con.fusi.on, 

because of t ry ing  t o  conn.ec-L em:piricism with t ,heoret ical  approach. 

Certainly the  equations that a r e  used are one -di.tr..ensioeal equations, 

which a r e  reasonable with respect t o  2 physical p i c tu re .  Only when you 

have two extreme s i t u a t i o n s  , vheri you have a p e r f e c t l y  hcmo~eneou.s Elov, 

o r  .when you have a p e r f e c t l y  stratified flow. 
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F'iirt'ner, t h e r e  a r e  computations t h a t - - I  be l ieve  I remember t h i s  cor -  

rec- t ly ,  and check me on i . t - - tha t  I t h ink  i s  overlooked sometimes. In t h e  

approach Ynat i s  used we c o r r e l a i e  8 f r i c t i o i m l  p r e s s m e  drop r a t i o  and a 

vapor volume fracti.on with an erqj.r:i caI - -cor re la t ing  f a c t o r ,  t h i s  qt of 
Mai-t inel l i  and Lockhart. There was some physical. pi.cture a s soc ia t ed  with 

t h i s  L,-t; used by Ma.rti.nel.1-i. axid Lockha.rt which concerns i t s e l f  with a 

s t r a t i f i e d  flow and wi th  an adriahetic system. 

'l'his required,  i f  1: remember co r rec t ly ,  making 6 statement about 

-.qual.i t;y of pressure  drop and, v e r y  important t o  t h e  t reatment ,  vas t h a t  

t'ne pressure  drop only  occurree because of t h e  f r i c i i o r i ,  m d  nothing el-se. 

A s  a r e s u l t ,  one mright quest ion the use of t h i s  st f o r  tlne s i t u a t i o n  

iwhere you have, say, ixoinent-ai char,ges. 

MR. COTLDMAN: We1 I ~ t ' r i i s  i s  c e r t a i n l y  another  con t r ibu t ion  as t o  why 

you r e a l l y  shouldn ' t  expect t h e  r z m l t s  t o  be abso lu te ly  acciiraie. And 

t h e r e  are t h e  o the r s  we rceiitioned before ,  as w e l l .  They 211 con t r ibu te  

i o  some expected, as o m  should expect, s c a t t e r  i n  t he  da.t,a. 

some f u r t h e r  d i scuss ion  on s l i p  r a t i o s  and M r .  Goldman d r e w  a curve on t h e  

blackboard Which i s  reproduced here as Fig. 9.) 

('illere was 
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ABSTRACT 

The requirements f o r  6 table operation of a paral le l - tube mercury con- 
denser capable of  f lowing i n  opposition t o  1 s t @  were invest igated 
ana ly t i ca l ly  and experimentally. Included i n  t he  analyses were the 
effect o f  geometric and thermodynamic unbalances between tubes, 
header pressure loss, magnitude and direct ion of t he  
and f lu id /wal l  con tac t  angle. 
by experiment on a small sca le  condensing apparatus and applied to 
a full scale prototype condenser. The r e s u l t s  of t h e  analyses,the 
small scale t e s t s ,  and t h e  t e s t i n g  of t h e  f u l l  s c a l e  prototype a r e  
p r e s en t e d 

me ana ly t i ca l  e onclusions were v e r i f i e d  
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Nomenclature 

C b  - 
D -  
F -  
6 -  
I - -  

k- P -  
A? - 
R -  v -  
\rJ, - x -  
Q -  
s v  - 

EJik - 

Drag coef f ic ien t  
Diameter 
Force 
Weight flow per u n i t  area 
Length 
Reynolds number 
Froude number 
Pres sure 
Pressure drop 
Radius 
Velocity 
Weight 
Flowing q u a l i t y  
Diameter 
Vapor f r i c t i o n  factor 
Heat of vaporization 
Mass flow rate 
Gravitational c m s t a n t  
Local gravi ta t iona l  constant 

@/q, 
Heat re jec ted  per uni t  l ength  and time 
Radius 

1*) - Weight 
k - Distance - Distance 

- Angle o r  deviation from design q u a l i t y  

- Deviation from design heat  re jec t ion  

OC 9 - Contact angle (liquid-solid) 

2 - Deviation from design diameter 
e - Angle 
T - Surface tension, l iquid-sol id  
2: - I n t e r f a c i a l  shear e - Weight densi ty  
/CL - Absolute v i s c o s i t y  
(9 - A P p / D P v  

Subscrip& 

8 - I n i t i a l  o r  i n l e t  

?l - Designgn, drop, drag 
Q. - E x i t  
IUT - Integrated 
t4 - Eeader 
i - I n t e r f a c i a l  
L - Liquid, l o c a l  

5 - S t a t i c  o r  l o c a l  
7 - Total o r  tube 
\I - Vapor 
5X - Surface tension 

- Condensing, condensate 

- Momentum, mean 
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I N ~ ~ ~ U C T I O N  

I n  t h e  opera t ion  of any f l u i d  system, s t a b i l i t y  i s  o f t e n  of prime con- 
s ide ra t ion .  General ly  i n  s i n g l e  passage, s i n g l e  phase, incompressible  
flow, t h i s  s tab i l i ty  i s  e a s i l y  achieved. However, d i f f i c u l t y  is 
encountered when cons ider ing  two-phase o r  p a r a l l e l  t ube  flow. hben 
mom troublesome i s  a combinatism o f  t h e  above wi th  f l o w  aga ins t  an 
external body force .  
t he  Sunflower I* space power conversion system employing mercury- as the 
working f l u i d  i n  a Rankine cyc le .  
d e n s i t y  o f  the l i q u i d  condensate, a l s o  cont r ibu ted  t o  t h e  d i f f i c u l t y  of  
de f in ing  a stable design. 

_I 

These were the  requirements of t h e  condenser f o r  

A f u r t h e r  c h a r a c t e r i s t i c ,  t h e  high 

With t h i s  combination of adverse requirements, it H : ~ S  f e l t  t h a t  extensive 
f l u i d  dynamic analyses v e r i f i e d  by experbent  were necessary p r i o r  t o  
embarking on t h e  design of A f u l l  s c a l e  condenser. 

This  paper desc r ibes  these a n a l y t i c a l  and experimental i nves t iga t ions  and 
t h e i r  app l i ca t ion  t o  pro to type  h a r h a r e .  

SLWGZE TIBE STABILITY 

Analyses were conducted t o  eva lua te  t h e  r e ~ t ~ r i c t i o n s  imposed on the 
condenser design as a Tesu l t  of t h e  requirement t h a t  opera t ion  be sus- 
t a ined  w i t h  a 0 t o  I g body fo rce  in any d i rec t ion ,  
were t h e  requi renents  f o r  s t a b i l i t y  i n  a s i n g l e  tube  under t h e  var ious  
g r a v i t y  o r i e n t a t i o n s  i n  which the Sunflower condenser is t o  operate. The 
fol lowing ana lys i s ,  which assumes dropwise condensation and no agglomera- 
t i on ,  w i l l  i n v e s t i g a t e  the  effect of vapor v e l o c i t y  on drop s i z e ,  drop 
acce le ra t ion  and drop ve loc i ty .  

I n i t i a l l y  analyzed 

Consider t he  mercury dpop of Figure 1 hanging on a w a l l  under t h e  i n f l u -  
ence of g r a v i t y  and su r face  tension.  
and su r face  tens ion  f o r c e s  can be expressed as follms: 

A t  i n c i p i e n t  movement t h e  weight 

and: 

i n t eg ra t ing :  

F37.= 4 a R  1 && @ , L A B  (2) - - - - - - - - -  
* Contract  NAS 5462 held by Thompson R a m ~  Wooldridge Inc. with  NASA 
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Equating equations (1) and (2) y i e l d s  t h e  force balance a t  inc ip ien t  

movement 9 p + 3  
VKAUL~ 3 L ec\-sr,(O,9ojl~[~+tK(B,-~g~~ 

(3) 

Reynolds i n  Reference 1 showed experimentally t h a t  t h e  d i s t o r t i o n  of  the 
contact angle with a mercury droplet  on a glass p l a t e  was 2 loo a t  
inc ip ien t  movement a s  t h e  p l a t e  was t i l ted.  Using: 

Bv,,+, - 141' (mercury-glass; approximately the same f o r  mercury- 

66 = 

s t e e l )  

10' (from Reference 1 )  

l b  = .0326 - 
ft 

(mercury-glass surface tension force)  

y k  = 800 2 3  ( l i q u i d  mercury densi ty  a t  6000F) 
ft 

and p l o t t i n g  R versus s i n &  y ie lds  the  curve of Figure 2. 
i s  t h e  experimental data  of Reference 2 which is i n  good agreement with 
equation (3). Although t h e  temperatures during the  experiments of refer- 
ence 2 were ambient, it i s  believed t h a t  %, and OC are f a i r l y  insen- 
s i t i v e  t o  temperature, 

Also plo t ted  

Drop Model 

'gi 

Drop Radius a t  
Incipient  Movement 

Figure 1 
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Next, the drag of the 
ac tua l  condenser w i l l  

vapor on the condensing drop a s  it occurs in an 
be considered. This t e r m  i n  the force balance can 

where the  bracketed term is an expres~ion f o r  t h e  projected area, 
( L A  i n  degrees) 

Here the  value of $ must be evaluated. 
on values of Q f o r  spheres, drops, and freely r i s i n g  vapor bubbles, m 
average value of 1.0 may be used, e spec ia l ly  i n  the range of drop Reynolds 
numbers expected i n  the Sunflower appl icat ion (100 - 200)- 

The general equat ion,  then, of a drop In a mercury condenses, about t o  be 
swept @r fall o f f  a tube wal l  may be written: 

Reference 2 suggests that. based 

Drag + weight component f surface tension r e s u l t a n t  = 0 

To evaluate t h e  drop diameters a t  ikie extreme condi t ions ,  f0u.r  eases will 

Entrained Drop Size  Transport Veloc i t y  
( A g a i n s t  Ig) 

Figure 3 Fig1n-e L 
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be assumed as follows: 
and the drop is about t o  be torn o f f  the  wall  by the vapor. 
where flow i s  i n  t h e  d i rec t ion  of gravity. 
flow is i n  opposition t o  gravi ty  and t h e  drop i s  about t o  f a l l  o f f  t h e  
wal l  back toward the  condenser i n l e t .  Case IT is  the unstable case. 
Using t h e  Sunflower I operating leve l ,  p l o t s  of the diameter of equivalent 
spherical  drops versus vapor ve loc i ty  f o r  the four  cases a r e  shown i n  
Figure 3. 

Case I, where flow i s  i n  opposition t o  grav i ty  
Case 11, 

Case 111, 0 ngn and case N where 

From the  figure, it  i s  evident t h a t  Cases I and N a r e  t h e  most sens i t ive  
t o  vapor veloci ty ,  i.e., a vapor ve loc i ty  o f  a t  least 45 ft/sec i s  needed 
throughout the condenser t o  assure  t h a t  a l l  the  condensate w i l l  be delivered 
t o  the  in te r face  when flow i s  against  gravity. Verif icat ion of t h i s  velo- 
c i t y  requirement was obtained experimentally with a glass condensing 
apparatus approximating the  prototype tube geometry. 
from this r i g  (vapor v e l o c i t y  required t o  t ransport  a l l  condensate against  
gravi ty  a s  a function of vapor densi ty)  i s  p l o t t e d  in  Figure 4 with 
Case I of equation (5). 

The data obtained 

PARALLEL TUBE STABILITY 

With the  c h a r a c t e r i s t i c s  of a s ing le  tube condenser defined it is then 
necessary t o  invest igate  p a r a l l e l  tube interact ion.  

Maintenance of a s tab le  l i q u i d  vapor in te r face  i n  a p a r a l l e l  tube conden- 
ser under the Sunflower I s y s t e m  accelerat ion requirement posed several  
problems. 

As an example, assume the  following condenser: 

L-- D 

t 

i; 
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= h e a t  r e j e c t i o n  per u n i t  length Y where : 

From reference (31, a necessary  and s u f f i c i e n t  condi t ion  for s t a b i l i t y  
i s  t h a t  J(A<&~ is pos i t i ve .   his r eq~~ i re s  t h a t :  

b 

S u h s t i t u t i n g  values f rom the  Sunflower condenser i n t o  Ewation (6) 
result5 in: 

2.70 < 4/3 4. 66.7 

or t h e  condenser would n o t  be stable.  
b i l i t y  c r i t e r i o n  would result i n  a highey pressure drop which cannot 
be tolerated, 
t i on .  The equation ind ica t e s  s t a b i l i t y  at tlg'q l e v e l s  below -07, 
however, is n o t  c o n s i s t e n t  wi th  t h e  system acce le ra t ion  specifi-cati-on. 

Furthermore, i n  paral le l  tube condenser8 designed for zero  01" micrs- 
g r a v i t y  environments, t h s  l i q u i d  vapor i n t e r f a c e ( 6 )  may be he ld  in each 
ind iv idua l  tube. Consequently, unbalances can be compensated f o r  by 
s h i f t i n g  t h e  i n t e r f a c e  pos i t i ons  i n  t he  tube as showas by t h e  fol lowing 
analysis. 

Any a t tempt  t o  s a t i s f y  t h e  &a- 

The single exception i s  a decrease i n  t he  l o c a l  g rsv i ta -  
T h i s ,  
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Consider the two-tube condenser below operating i n  zero o r  micro-gravity: 

If, for  instance,  t h e  heat  re jec t ion  c a p a b i l i t y  per u n i t  length of tube #1 
becomes grea te r  than tube #2: 

pi- 2 fa-  
and : 

(vapor mass flow r a t e s )  

This means t h a t  the pressure drops a re  unequal: 

However, s ince t h e  tube i n l e t  pressures a r e  equal (assuming negl ig ib le  
header pressure drop) t h e  in te r face  pressures  a r e  unequal, which i s  not  
a s t a b l e  condition. 
ment of the i n t e r f a c e  locat ion u n t i l  

Therefore the unbalance i s  compensated f o r  by adjust- 

where 1, i s  t h e  respective condensing 
length 

However, f o r  the Sunfluwer condenser designed f o r  a l g  body force  i n  
any direct ion,  the i n t e r f a c e  cannot be held in  the tubes ( a s  previously 
shown) and thermal and geometric unbalances can be compensated f o r  only 
by changes i n  e x i t  q u a l i t y  with t h e  in te r face  being maintained i.n a 
s ingle  locat ion downstream of t h e  p a r a l l e l  tube array. Obviously t h e  
design exit qua l i ty  must be of s u f f i c i e n t  magnitude t o  compensate f o r  
the  unbalances without allowing t h e  vapor v e l o c i t y  t o  drop below t h a t  
value required f o r  drop transport .  
an o u t l e t  q u a l i t y  because of t h e  weight penalty involved. 
exit  q u a l i t y  t o  meet the  above requirements can be approximated by know- 
ing  the geometric and thermal unbalances. 

Nor does one want t o  have too high 
The minimum 
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Assuming a tapered  condenser tube wi th  a cons t an t  vapor v e l o c i t y  and 
neglec t ing  t h e  momentum pressure recovery, t h e  foll.owLn.ng i n v e s t i g a t e s  t he  
necessary o u t l e t  quality (based on lOO$ i n l e t  quality) f o r  parallel tube 
s t a b i l i t y  

"6- 
Thermal Balance x 

The asommption tha t  

values  w i l l  change very l i t t l e  from t u  
t o  be examined. The use of  an average 
should also have l i t t l e  a f f ec t  s ince  it is intended that t h e  p-essurs drop 
of one -tube he compared t o  another ra ther  than t h e  absolu te  va lue  
obtained 

$- are cons tan t  w i l l  not affect  the 
ensing tubes  w i l l  be compared and these  

t Q  t'libt? Over the q U a l i t V  ri%lge$ 
r a t h e r  than an in t eg ra t ed  one 

In t eg ra t ing  e ~ u a t b o n  ( 9 )  

where C1 i a  prev ious ly  def ined 
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Integrat ing equation (8) and solving f o r  G 

L 

J, C l L  

combining equations (10) and (11) 

where - 

Equation (12)  provides an expression for tube exit q u a l i t y  as a function 
of tube geometric and thermal charac te r i s t ics .  
t o  two p a r a l l e l  operating tubes as shown below. 

This can now be applied 
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it can he wen that :  

= AYb 0-9 
where &7w is  the  header f r i c t i o n  l o s s  

A l l o w  tube D t o  operate at design conditions and tube 2 deviate  from 
design to t he  extent  t ha t :  

where EA 
d i rec t ion  ) 

and C L ~  a r e  > LO, a( LO, ana X, i s  the 
o u t l e t  qu t l i t y  o f  each tuhe ( a l l  deviations i n  accumulative 

Then, combining equations (12), (13) and (a) and cancelling: 

Equation 15 then, expresses the e f f e c t  oE pressure drop, thermal, geo- 
metric,  and f l u i d  dynamic unbalances between tubes on ththe design out3.et 
q u a l i t y  necessary t o  maintain the vapor ve loc i ty  g rea t e r  or equal t o  
Qc t imes t h e  design e x i t  vapor veloci ty .  

A q u a l i t a t i v e  ve r i f i ca t ion  of t h i s  approach was obtained with the  glass- 
tube mercury-condensing apparatus of Figure 5. All t e s t s  were conducted 
with the  mult iple  tube flow v e r t i c a l l y  upward, The condensing tubes 
were step-tapered t o  maintain vapor ve loc i ty  f o r  operat,ion i n  opposition 
t o  1 g. 

To operate, t h e  glass tubes were preheated and the bo i l e r  heated a t  
atmospheric pressme until .  boi l ing s t a r t e d ,  
increasing t h e  boiling ra te  and i n i t i a t i n g  vapor flow through the  conden- 
ser.  The flow control. valve was then shut and the in t e r f ace  allowed t o  
proceed upstream i n  the i n t e r f a c e  tube, As this occurred, the q u a l i t y  a t  
t h e  p a i t  of t h e  multiple tubes decreased by the s h i f t  in r e l a t i v e  conden- 
s ing  heat t r a n s f e r  area upstream and downstream of t h i s  junct ion.  

S t a b i l i t y  tests were performed by permitt ing the  p a r a l l e l  tube e x i t  
ve loc i ty  and qua l i t y  t o  s t e a d i l y  decrease until slugging and unstable 
flow occurred, Interface locat ion a t  t h i s  event then ind ica t e s  the 
s t a b i l i t y  l i m i t .  
tube diameter of 6 mm, 
and the t e s t s  repeated f o u r  times. 
t e s t s  can thus y i e l d  a check on the  hea t  t r ans fe r  calculat ions employed 
t o  a r r ive  a t  the q u a l i t y  and ve loc i ty  conclusions. 

The system was then evacuated, 

Six of these runs were performed with an i n t e r f ace  
This tube was  then replaced with a 10 m tube 

Comparison of  t h e  r e s u l t s  of these 
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MULTIPLE TUBE BREADBOARD 

FIGURE 5 
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Repeat ib i l i ty  of t h e  s t a b i l i t y  poin t  was demonstrated with t h i s  apparatus. 

The q u a l i t a t i v e  r e s u l t s  of t h i s  t e s t i n g ,  however, were of l imi ted  value 
due t o  t h e  d i f f i c u l t y  i n  measuring tube geometric and thermal unbalances 
and i n  obtaining a range of t h e  independent parameters with free convec- 
t i o n  heat  re ject ion.  The test  did, however, demonstrate t h a t  the  o u t l e t  
vapor v e l o c i t y  of the p a r a l l e l  tube test sect ion was the  s i g n i f i c a n t  
parameter i n  determining s t a b i l i t y .  

PROTOTYPE DESIGN AND TESTING 

The values of the independent parameters of equation 1s expected i n  the 
Sunflower design are: 

& = 0.1 

%' 
6 ,  1.01 

A?b- 2.0 

Using these inputs and t h e  f a c t  that :  

- XQ, L = k  )L = =  
r e s u l t s  i n  t h e  p l o t  of Figure 6. This  curve expresses (with t h e  unbalances 

3 P a r a l l e l  Tube S t a b i l i t y  Requirements 

6 
.J 

L /I 

:1 ,2 n 
3 4 
3 

Figure 6 
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l i s t e d  above) the  average v e l o c i t y  t h a t  must be designed i n t o  the con- 
denser t o  assure a “worstt’ tube minimum ve loc i ty  above t h e  s i n g l e  tube 
ninimwn, 
vapor f low of 12% of t h e  inlet  vapor flow was chosen t o  provide the 
minimum of h4 ft/see (from the s i n g l e  tube a n a l y s i s )  Fn t h e  flworst18 
tube 

From t h i s  curve a design v e l o c i t y  of 90 f t / s ec  with an o u t l e t  

To summarize, with a .1 p s i  header pressure drop, 2,O p s i  condwsing 
tube drop, unbalances i n  q and D less than o r  equal t o  5% and l$ respec- 
t i ve ly ,  and a 90 ft/sec design vapor veloci ty ,  the o u t l e t  ve loc i ty  i n  the  
unbalanced tube w i l l  not drop below 45 f t / s e c  i f  the design o u t l e t  vapor 
flow is  12% o f  t h e  i n l e t  vapor flow. 

The problem arises, of course, as t o  what t o  do wl th  the vapor f l o w  from 
the  p a r a l l e l  tube condenser, 
which, although i n e f f i c i e n t ,  i s  immune t o  p a r a l l e l  tube i n s t a b i l i t y .  The! 
complete condenser, then is composed of two p a r t s ,  the primary, QP 
para l l e l - tube  cmdenser, and secondary, o r  single-tube condenser. 

A photograph of t h e  Sunf”Pawer I condenser installed 9n t h e  tes t  booth 
is shown i n  Figure 7* 
shim. 

This  vapor i s  condensed i n  a sfngle tube 

The primary and s e c o n d a ~  condensers are c l e a r l y  

Successful operation of each port ion as w e l l  a s  the  complete condenser 
was achieved during the  component t e s t .  
wide range i n  weight flow and I n l e t  q u a l i t y  as w e l l  as during various 
t r ans i en t s .  In aPP cases  the incoming mixture was del ivered t o  t h e  
i n t e r f a c e  as condensate and l i q u i d  hold-up d i d  n o t  accumulate. 

Operation was sustained over a 

Before experinnentall v e r i f i c a t i o n  of the parall.el hulje s Lability analysis  
could be obtained, however, a deter ioxat ion i n  citridenser perfo,mance 
was detected. 
the condenser without experiencing slugging a t  a ve3ocity 3.evel which d id  
not p ~ e v i ~ u s l y  i n c i t e  slugging. A g r a p h i c a l  presentation o f  t h i s  deter iora-  
tion i s  shown In Figure 8, 
of t h e  vapor (necessary t o  avoid slugging) leaving t h e  primary condenser 
i s  p l a t t e d  as a function of operating t h e .  (Although the  minimuso velo-  
c i t y  experienced on t h i s  curve, 
of t h e  s ing le  tube and parallel tube arialysis presented herein,  due to 
an off-dasign i n  heat  r e j ec t ion  a t  design flaw, t h i s  curve i s  f a r  a 
higher temperature and cnnsequsritiy B hE&hen: vapor density than t h e  
e a r l i e r  curves, 1 

This  de t e r io ra t ion  took the farm of an i n a b i l i t y  t o  aperate 

In this f i g u r e  %he minf.Lnzum average v e l o c i t y  

ft/se@, is an appasant, contradict ion 

The cause of this de te r io ra t ion  in performance was laid t o  a progressive 
Btwett ingrf  or  increase i n  con tac t  a n g l e  between the  mercury d rop le t s  and 
condenser tube walls  I) 

Using tlie s ing le  tube analysis the effect o f  t h e  contact  angle on 
condenser s t a b i l i t y  can be invest igated,  Allo*iing 6% to vary in 
F?uation 5 ,  ( (3- Fa kept constant s ince  Reynolds, i n  reference L q  
p o s t u l a k s  t h a t  surface tension i s  fa i r ly  constant even under changing 
contact  angles)  the curves of F i g u r e  9 are generated f o r  Case I operation. 
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SUNFLOWER I CONDENSER 

FIGURE 7 
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Performance Deterioration 
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Effect of Contact Angle 
on Maximum Drop Size 

Figure 8 Figure 9 

As can be seen, the minimum veloc i ty  required t o  experience Case I 
operation and avoid Case I V  operation increases with decreasing contact 
angle (tendency toward wetting). 

Although it  is not known whether t h e  tendency toward wetting would progress 
t o  a degree where film condensation would occur with mercury, t h i s  l imi t ing  
s i t u a t i o n  can be invest igated t o  determine t h e  l imi t ing  s t a b i l i t y  condi- 
t ion  ( t h a t  condition being the  m i n i m u m  vapor ve loc i ty  necessary t o  t rans-  
p o r t  a l i q u i d  f i lm without runback i n  opposition t o  1 g). The first s tep  
i s  t o  analyze the  conditions a t  the  inc ip ien t  runback point t o  differen- 
t i a t e  between negl igible  and predominant factors .  
t h e  following film v e l o c i t y  prof i les  f o r  conditions of a s t a b l e  film, 
inc ip ien t  runback, and runback. 

Reference b gives 
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A t  t h e  
a t  the wal l  i s  zero and the wall  shear s t r e s s  i s  therefore  zero. It 
w i l l  a l s o  be assumed t h a t  there  i s  no ve loc i ty  i n  the  X-direction and 
t h a t  t h e  change i n  ve loc i ty  i n  the Y-direction i s  negligible.  

This l a t t e r  assumption i s  pessimistic since it neglects t h e  effect of 
t h e  l i q u i d  momentum gain due t o  t h e  e f fec t  of  decreasing l i q u i d  veloci ty  
as the  inc ip ien t  runback p o i n t  is  reached.. 
the (vapor) pressure gradient i s  negl ig ib le  which i s  a l so  pessimist ic  
s ince t h e  pressure gradient  would tend t o  support t h e  film. 
incremental area within the l iqu id  film: 

inc ip ien t  runback point i t  can be seen t h a t  the ve loc i ty  gradient 

"he l a s t  assumption i s  t h a t  

Consider an 

! VAPOR, 

Balancing t h e  forces  yields:  

but  

and 

which on subst i tut ion i n t o  equation 16 yields:  

in tegra t ing  

4= dU 
A v  ''* = 0 a t  X=O and C 1  = 0. but  s ince the l i m i t  f o r  s t a b i l i t y  is  E 

1 

Therefore 

but  
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and f ina l ly :  

s ince the  ve loc i ty  p r o f i l e  i s  parabolic the average ve loc i ty  is 1/3 of 
the i n t e r f a c i a l  ve loc i ty  (Vi) and from continuity:  

substi%.ting equation 17 i n t o  equation 18 yields:  

but  

and f i n a l l y :  I 

L, T @  
It ,” q (+-)3 

which gives the expression f o r  the i n t e r f a c i a l  shear a t  the runback 
point. 
the  f r i c t i o n a l  shear xk However, the n e t  i n t e r f a c i a l  shear i s  made up of two components; , and the momentum shear , where: 

where bkv 5 vapor condensed. (z ! )  
Equating equations 19, 20 and 2 1  yields:  

@I 
Since t h e  slugging f i rs t  occurred i n  the small diameter sect ion of the 
Sunflower I condenser, equation 22 w i l l  be evaluated a t  t h i s  point. 
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f =  ,036 (29 

based on t h e  condenserdesign conditione, equation 22 and 23 yield: 

Solving f o r  v, yields a mininum vapor ve loc i ty  of 165 ft,/sec for f i l m  
condensation. T h i s  minimum vapor ve loc i ty  could be lcrwer, no t  only f o r  
t he  reasons previously mentioned, but  a l so  because t h e  f r i c t i o n  f a c t o r  
i s  based on a smooth surface between the vapor and l iquid.  With B t u r -  
bulent vapor core t h i s  may not be t h e  case; however, the e f f e c t  o f  the  
boundary would have t o  be invest igated expr imen ta l ly  t o  accurately deter-  
mine the  vapor-liquid f r i c t i o n  factor .  

An x-ray of the condenser showed t h e  drop/wall contact angle t o  be approxi- 
mately 90" after 100 hours of running, 
effect, on condenser performance is evident, 
t he  min imum ve loc i ty  necessary f o r  anti-gravity operation i s  64 ft/sec. 
Referring t o  Figure 6, it can be seen t h a t  with t h i s  actual  ve loc i ty  
requirement and an o u t l e t  vapor f l o w  of 12% i n l e t  vapor, an average 
vapor ve loc i ty  of  G 135 f t / s e c  i s  reqiiired. This compares with the 
experienced ve loc i ty  requirement of 110 f t / s ec  (again a t  s higher-than- 
design pressure)  during t h e  prototype t e s t  a f t e r  100 hours of operation. 

CC?NCLUSIONS AND REGCWENDATXONS 

P a r a l l e l  tube s t a b i l i t y  with two-phase mercury condensing flow i n  oppo- 
s i t i o n  t o  g rav i ty  i s  possible  without using the  normal pressure drop 
producing methods of s t ab i l i za t ion .  
maintaining a high vapor ve loc i ty  throughout the condensing section. 
' he  magnitude of this ve loc i ty  is a function of tube geometric and ther- 
mal unbalances, header f r i c t i o n a l  pressure drop, vapor density, and 
drop contact  angle. 

Maintenance of t h i s  ve loc i ty  requires  t h e  use of tapered condensing tubes, 
In addition, s ince  a mult iple  tube a r r ay  with flow aga ins t  g r a v i t y  is 
s t a t i c a l l y  and dynamically unstable  if multiple i n t e r f aces  a re  held i n  
the  tubes (unless a high f r i c t i o n a l  pressrlre drop i s  q e r i e n c e d )  t h i s  
configuration i s  eliminated. 
pos i t i on  downstream of the mult iple  tubes i s  one possible  approach. 
In this configuration t h e  o u t l e t  qua l i t y  of the p a r a l l e l  tubes is 
f i n i t e  and a s i n g l e  tube condenser i s  used t o  re ject ,  t h e  remaining l a t e n t  
hea t .  

Referring t o  Figure 9r the  adverse 
With a 90° contact  angle, 

u__ 

This s t a b i l i t y  can be achieved by 

Maintenance of an i n t e r f a c e  i n  a s ing le  

The de te r io ra t ion  i n  performance noted durFng the  condenser component 
tes t  (higher vapor ve loc i ty  required f o r  non-slugging operation a s  a 
function o f  operating time) has been a t t r i b u t e d  t o  some form of wetting 
o f  t h e  tube w a l l s  by the mercury. 
mercuric oxide t o  tube material oxide probably occurred r a the r  than an 

I n  t h i s  case a pseudo-wetting of 
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int imate  mercury-stainless steel wetting. 
ser ious consequence in condensers flowing against  gravity,  s ince t h e  
greater  degree of wetting, the  greater  the  design compromise t o  insure 
s t a b i l i t y .  
designed t o  operate in  only zero or micro-gravity. 

This problem appears t o  be of 

The effect i s  problematical t o  a l e s s e r  degree i n  condensers 

Determine experimentally t h e  e f f e c t  of tendency toward wetting on mercury 
condenser performance. 
inves t iga te  methods of promoting o r  maintaining non-wetting operation. 
If non-wetting cannot be insured for mission times, determine ana ly t ica l ly  
and experimentally the  requirements f o r  wet t ing f i l m  s t a b i l i t y .  

If ser ious design compromises a r e  indicated,  

In space condensers where p a r a l l e l  tube s t a b i l i t y  is  a problem due t o  
s h i f t i n g  i n t e r f a c e  posi t ions,  l o w  f r i c t i o n a l  pressure drops, and/or 
system i n t e r n a l  ( f l a w )  and external  (vibrat ion)  disturbances, maintenance 
of a s ing le  in te r face  downstream of t h e  p a r a l l e l  tube a r ray  as i n  the  
Sunflower I condenser should be considered. "he advantages over 8 conven- 
t i o n a l  multiple interface-in-condenser tube approach are: l e s s  s e n s i t i v i t y  
t o  system accelerat ion or  vibrat ion,  l e s s  l iqu id  hold-up, less s e n s i t i v i t y  
t o  inventory s h i f t s  due t o  possible b o i l e r  osc i l la t ions ,  capabi l i ty  of 
predict ing the  locat ion of  and bleedifig o f f  non-condensibles, and 
c a p a b i l i t y  of operating with flow against  g rav i ty  w i t h  reasonable pressure 
drop. 

References 

1, Reynolds, W. C, Hydrodynamic Considerations f o r  t h e  Design of 
Systems f o r  Very Low Gravity Environments Technical Report 
number LG-1, Department of Mechanical Engineering, Stanford 
University, September, 1961 

2. Koestel, A., Heinmann, J. J., Mercury Condenser Research and 
Develo ent, Thompson Ramo Wooldridge report  number ER-4410, + April, 19 1, o r  Government-Industry Conference on Mercury 
Condensing, NASA TN D-1188, February, 1963 

3. Grif f i th ,  P., Kulinski, E. S . ,  Water Condensing Tests, 
Thompson Ramo Wooldridge repor t  number ER-4200 

4. Dennington, R. J., Roestel, A * ,  Saule, A. V., Shure, L. I., 
Stevens, G. T., Taylor, R. B., &ace Radiator Study, Thompson 
Ram0 Wooldridge report  number ER-hSk4 



3 14 

DISCUSS ION 

MH. KEYES: I j u s t  wanted t o  emphasize t h a t  I think you have t o  be 

careful., i n  using t h i s  cr j - ter ion,  i n  explaining what you mean by s t a b i l i t y .  

Actually you 'nave t o  use the  t r a n s i e n t  energy equatj-on, and I think t h a t  

what you a r e  r e a l l y  definj-ng here i s  a c r i t e r i o n  f o r  excursion o r  trarisli- 

t i o n  from one s t a b l e  cordi t ion t o  another, r a the r  than ins t ab i l . i t y  which 

one normal.ly thinks of as osc i l l a to ry ,  or a t  least f luc tua t ing ,  phenomena. 

I think a paper by Quandt a few years back brought t h i s  point out very 

c l e a r l y .  I j u s t  wanted 'LO say t h a t  tinis c r i t e r i o n  of posi.tive slope i s  

no t  necessa r i ly  a s u f f i c i e n t  c r i t e r i o n .  

M R .  VILD:  You say [;he paper w a s  by whom? 

M R .  KEYES: Quandt, Westinghouse. At a Buffalo conference, several 

years ago. 

M K .  VILD: Does it d i f f e r  very much from thi.s? 

M R .  KEYXS: Oh, yes; t he re  i s  no comparison. Because he si;arts out 

with a t r ans i en t  time-dependent equation and uses per turbat ion theory.  

You start  out witln more o r  l e s s  s teady-state  equations. I feel .  that  what 

you a r e  developing i s  a t r a m i t i o n  from one s teady-siate  t o  anothcr; t h i s  

i s  what you a.re i n t e re s t ed  in ,  I realize.  I j u s t  wanted t o  point 0u.t you 

have t o  be ca re fu l  i n  using t h i s  c r i t e r i o n .  

M R .  VILD:  Well, I am sure diat  you a r e  saying I s  r i g h t .  But I waiit 

t o  make one po in t :  miis analysis  rea1K.y wasn't  pertinent--well ,  i-t was 

pertineni;, though it r e a l l y  wasn't a sens i t i ve  input i n t o  t h e  condenser 

design.--because you can almost i n t u i t i v e l y  say, unless you a r e  going -to 

use a very high pressure drop, t h a t  an inverted mercury coiidenser with 

multiple i n t e r f aces  will. not work. I used t h a t  as an example t o  prove it 

i n  numbers. 

MR. LYON: I am not sure I understood your last  comment. Perhaps t h a t  

answers my question. 

drop and not ihe influence of an adjacent drop; i s  t h a t  correct?  

You considered, i n  your drag considerations only one 

M R .  VILLI: T h a t ' s  r i g h t .  Each drop siiigly t r ave l ing  froin the tube 

wall., a l l  t he  way Ynrough the Lube without c o l l i s i o n .  
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MX. LYON: There a r e  several. cases  i n  the  l i t e r a t u r e ,  and also some 

work w e  have been doing on t h e  movement of p a r t i c l e s  on t h e  bottom of a 

h o r i z o n t a l  tube ,  xh-ich i n d i c a t e  t h a t  t h e r e  i s  q u i t e  a lot, of i n t e r a c t i o n  

between adjacerit p a r t i c l e s ,  i n  some cases  tending -to lump them toge the r  

in c7.imps, which mi.gh-t be b e n e f i c i a l  i n  you-r case by making I.are;er drops.  

MR. V I I D :  We?-1, I th ink ,  as you say, t h i s  might happen more with 

the body f o r c e  i n  t h i s  d i r e c t i o n  - witi-i  the  flow hor i zon ta l .  O f  course, 

t h e  requirement of t r anspor t ing  t h e  drops a t  t h e  i n t e r f a c e s ,  you could do 

it w i t 1 1  a very  low v e l o c i t y  i f  you are no t  worried, t o o  mu.ch about hold-up. 

So it really does he lp  you, because -Lhe hody fo rce  teiids t o  ga ther  t h e  

drops a t  t h e  bottom of the  tube, whereas w h e n  f1ovi.cig aga ins t  gra-r i ty  t h i s  

i s  not t rue.  

MR. KILLACKEY: Does t h i s  requirerimit f o r  1 gee i n  an.y d i r e c t i o n  

s-Lill.. hold for t h e  ~W3-8 coildenser o r  f o r  t h e  Su.nflower? 

I@{. V I I D :  Well., a s  w e l l  as ary req1iireme:it ho lds .  The only a c t i v i t y  

on the proglmn, now, i s  t h e  r o t a t i n g  imi.i, t k i a - L  has beell going f o r  a few 

thousand hours .  

Tncidente.?.l.y, 1 miphi; rlientiori we d i d  i n t e g r a t e  t h i s  condenser- with a 

system t h a t  employed a rotatlirig u n i t  with a t u rb ine ,  pump, a.nd a,li;ern:j,tor 

on one cha.fL, and 3. boi.ler heat s to rage  conponeni. It ran f a i r l y  st8bly.  

We had some pro 'olms with it, of course. We d i - d n ' t  hav-e a c o l l c c t o r .  We 

used an elec'cric h e a t  input for the boilei". 

But as T a r  a s  any r.eyuiren,eiii e x i s t s  on t h e  program, it still docs .  

yes .  
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THE APPLICATION OF ALKALI METAL VAPOR SYSTEMS 

TO MHD SPACE POWER GENERATORS* 

Bernard Hoffman and Freder ick  Shair 

Space Sciences Laboratory 
Missile and Space Division 
General Elec t r ic  Company 
King of P russ i a ,  Penna, 

ABSTRACT 

This  repor t  descr ibes  a theoretical  and applied r e s e a r c h  program 

directed toward prolonging the l ifetime of rnagnetohydr odynarnic (MHD) 

energy converters  by reducing the necessary  operating tempera tures  t o  

the range 1000° - 2000 k. 

magnetically induced electr ic  field in  the MHD generator  for  e lectr ical  

breakdown of appropriate working fluids. W o r k  was directed toward the 

u s e  of alkali meta ls  f o r  Rankine (vapor) cycles (although the resu l t s  a r e  

applicable to Brayton cycles with cer ta in  nuclear reac te rs )  and alkali  

metal  seeded nosle gases  fo r  studying the basic  parameters  of the break-  

down. 

0 
The process  of interest  is the use  of the 

*The work covered by this  repor t  was sponsored by the Aero Propulsion 
Laboratory of the Air Fo rce  Aeronatical Systems Division under Contract 
AF 33(657) -8298. 
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1.0 GENERAL INTRODUCTION 

As our nation's space program progresses ,  the e lec t r ic  power requi re -  

ments  fo r  both auxiliary sys tems and propulsion 

increase.  

manned-planetary missions demanding hundreds sf kilowatts to megawatts of 

e lectr ic i ty  fo r  periods of the o r d e r  of one yeas o r  longer is the d i rec t  con- 

vers ion magnetohydrodynamic (MI-ID) power generator.  

spacecraf t  will continually 

A promising power generation technique for  future  application to  

MHD genera tors  do not f i t  into schemes like the fuel cell,  which converts 

chemical energy direct ly  into electricity,  nor thermionic or thermoelectr ic  

devices, which convert  heat directly into electricity.  

generator  s e rves  the combined function of the turbine and al ternator  in 

e i ther  the conventional Braytan (gas)  cycle o r  Rankine (vapor) cycle system. 

The basic  concept of MHD power generation can  be seen  from Figure  1. 

Rather,  the MHD 

h th i s  representation, when a conductor passes  perpendicularly through a 

magnetic field of strength B at a velocity v, a voltage will be, induced in. the 

conductor orthogonal to  the magnetic and velocity vectors.  

resu l t s  f rom the Lorentz  fo rce  acting on the f r e e  electrons in  the conductor; 

and, if the conductor is any closed configuration (such as a wire  loop), a 

cu r ren t  will flow. Extension of this  single conductor model to many con- 

ductor s repeatedly cutting the niagnetic field yields a. d i rec t  cu r ren t  Faraday  

generator.  

conveyed in  a duct between the poles of a magnet. 

e lectrodes in  the top and bottom duct walls and connecting the electrodes to  

the external load, a cur ren t  will flow through the conducting fluid. 

then, the MHD generator  is a variation of the Faraday  generator.  

p r imary  difference between them is that in the MHD generator  system the 

working fluid is itself an  electr ical  conductor and forces  itself through a 

magnetic field delivering power directly;  while, if the conversion machine 

is a turbine, the working fluid causes  a turbine wheel t o  move and thereby 

fo rces  a length of conducting wire  through a magnetic field. 

This voltage 

Fur thermore ,  it is logical to  progress  t o  a conducting fluid 

In this  case,  by placing 

Basically, 

The 

F o r  the most  par t ,  cu r ren t  development programs leading t o  mission 

capability in the tens  of kilowatts range utilize the Rankine cycle to  convert  
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nuclear heat t o  e lectr ical  power via conventional turbogenerators.  T o  

minimize the radiator  a r e a  (and, hence, weight of the system) working 

fluids which condense at high tempera turcs  are indicated. 

meet  this c r i t e r i a  and a r e  attractive working fluids because of their  heat- 

removal  properties,  thermodynamic propert ies ,  and stability in the nuclear 

and thermal  envir onxnent. 

imply higher maximum cycle temperatures .  

The alkali  metals 

Urd o r  tunat e ly, higke r c onden s ing temp e r atu I" e s 

Although the basic  design technology €or turboelectric sys tems is well 

established, the use  of rotating machinery in  high tempera ture  alkali  metal 

sys tems has  the  following basic  limitations: 

The reduced c reep  strength ol existing construction mater ia l s  at 

high tempera tures  and the deleterious effect of the slight change i n  

dimensions in the turbine inlet limit the growth potential of the 

turbo -machinery. 

The attack on known al ternator  winding insulations by the alkali  

metal  working fluid is  another ser ious problem a reas  

Since hermetically sealed packages a r e  necessary  for space ap- 

plications, the required liquid metal-lubricated bearings are a 

challenge e 

Since it can  be completely non-rotating, the utilization of an MHD 

generator  in  place of the turbo-generator eliminates the above three  

problem areas; and, unlike the turbo-generator sys tem the MHD vapor 

cycle has  growth potential to  higher tempera tures  and powers with a co r -  

responding reduction in specific weight and increase  in  efficiency. 

By utilizing non-thermal ionization techniques, it may be possible to  

operate  the MHD generator under boiling and condensing tempera tures  almost 

identical to the turboelectr ic  alkali  metal  vapor cycle. 

superconducting magnet coil, the weight of a 1 m w  

utilizing potassium boiling at 2000 F has been estimated at about 1200 

pounds contrasted to an  estimated weight of 5300 pounds €or a 1 m w  turbo- 

e lectr ic  rotating package., In addition, the equivalent overall  turbogenerator 

With the use  of a 

MHD power generator 
(e) 0 

(e )  
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cycle efficiency of the MHD vapor cycle is estimated to be of the same order  

as that of the turboelectr ic  rotating package: 13 percent  conipared t o  16 percent. 

The  MHD package is at the disadvantage for lacking the design experience 

of a turboelectr ic  system. 

MHD generator  is m o r e  complex t o  analyze because the electr ical  conductivity 

and working fluid velocity are variable propert ies  and the plasma i s  not 

constrained to move in any prec ise  path. 

compressible  flow in  a duct, the €Pow in the MHD generator  i s  a lso  more 

complex because the Lsrentz  force  and ohmic heating vary  over a e r o s s -  

section. 

In comparison to  the wire-wound generator ,  the 

In cornparison t o  the analysis of 

F o r  pract ical  MHD power generation (that i s ,  power densit ies f r o m  

0.1 to  1 kw/cm ) electr ical  conductivities in excess  of 100 mhos /meter  

are required fo r  generator channels of reasonable length, This  may be 

seen  f r o m  an approximate momentum equation f o r  a constant velocity MHD 

generator  : 

3 

1 

which may he integrated to yield the generator  length L: 

2 
L =  

~ ( 1 - K )  U B  

where 

PI = inlet static p re s su re  

P2 = exit p re s su re  

Q 

n = gas velocity 

E = magnetic field 

K 

= effective electr ical  conductivity (assumed constrast)  

= ra t io  of load voltage to open circui t  voltage 

Fyom the energy equation, the tempera ture  ratio is given by: 

N Y  - 1) 
~I 

U 
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Since it is desirable  to  maxim'iee the energy extracted per unit mass of 

working fluid, given by C (T -T ) #  the tempera ture  ratio T /T should be 
P I 2  2 1  

made as small as possible, 

unity. Selecting K = 0.8, t;p 

u = 10 meters /second,  and 
3 

L = 0.33 meters 

which is reasonable. 

F o r  P /Fp < 1, this  requi res  K t o  be close to 

= 100 mhos /meter ,  P 1 
B = 40 kilogauss, then 

2 1  
= 1 atmosphere,  P,/P, << 1, 

The corresponding power density is 

P 
v - -  

3 
E = o (k) (1-k) n2 B2 = 0.26 kw/cm - . = j  0 

which falls in  the required range. 

1t is quite evident that  the key to  achieving good power densit ies is the 

electr ical  conductivity; that is, the higher the conductivity the g rea t e r  the power 

density fo r  a given plasma state. 

must be  contained by ordinary physical walls and, hence, the total  temperature: 

of the working fluid cannot exceed about 200O0K (35h0°F)*. At the same time, 

most  MHD generator  designs indicate the necessity for  operation at p re s su res  

not too far f r o m  atmospheric. 

peratures ,  the working fluid (gas  or vapor) would be essentially electrically 

non-conducting. 

fluid will be essentially unionized; that is, insufficient f r e e  e lectrons will 

be present  in the plasma to  c a r r y  a current.  It is, therefore,  apparent 

that  some "non-thermal" path for  achieving appreciable ionization of the 

working fluid must  be followed if successful closed-cycle, nuclear-MHD 

power generation is to  be achieved. 

As current ly  envisioned, the working fluid 

With this  combination of p re s su res  and tem-  

The reason  is simply that at these conditions the working 

*Even with cooled walls, this  temperature  probably represents  an  upper 

limit. Presumably the heat source for  such a system will be a nuclear 

f iss ion reac tor  and even advanced reac tor  technology does not envision 

higher coolant outlet temperatures .  
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Appreciable non-thermal electrical conductivities in  the working fluid 

under conditions (impurity level, temperature ,  p ressure ,  selection of working 

fluid, etc. ) that  are reasonably compatible with foreseeable  reac tor  technology 

can  be achieved by supplying electr ical  fields. 

standpoint, the electr ical  energy used t o  create the non-thermal condition 

must  be l e s s  than the electr ical  energy generated i n  the MHD generator.  

Several  methods have been proposed f a r  attaining the non-thermal ionization 

with l e s s  power than i s  generated: 

the induced Faraday  and Hall e lec t r ic  fields in  the MHD generator  a r e  used 

to  increase  the thermal  energy of the working fluid, which should then ionize 

a constituent of a c a r r i e r  fluid having a low ionization potential or the working 

fluid itself; and 2)  ionization of the working fluid by particulate or electro-  

magnetic radiation. The f i r s t  approach is most  appealing f rom the point of 

simplicity since no external  electron guns, beam penetrations, or fixing of 

i r radiat ion devices along the channel a r e  required.  

indicates that such a sys tem should be feasible. 

Of course,  f r o m  a pract ical  

1) magnetically induced ionization whereby 

Fur thermore ,  theory 

2.0 MAGNETICALLY INDUCED NON-EQUILIBRIUM IONIZATION 

Magnetic field ionization r e fe r s  t o  the method whereby the Faraday  and 

Hall e lectr ic  fields induced by the magnetic field in an MHD generator  a r e  

used to increase  the thermal  energy of a gas  or vapor. 

bas i s  is that the magnetic field causes  the electrons t o  drift  t r ansve r se  to  

the flow and subsequent collisions with the heavy par t ic les  in  the flow increase  

the electron tempera ture  and decrease  the gas  temperature .  

The theoretical  

According t o  the kinetic theory f o r  electrons,  the energy received f r o m  

the electr ic  field is the sca la r  product of the electron cur ren t  and the electr ic  

field in coordinates moving with the mass average velocity. 

ordinates,  energy fed to  the electroiis f r o m  the electr ic  field E:: i s  lost  to  

the heavy par t ic les  during elast ic  collisions with them. 

collision, the energy loss  is  the product of twice the electron t o  atom m a s s  

r a t i o  and the energy difference betwcen the electron and the heavy particle. 

T a  convert  t o  a volume basis ,  this  mus t  be multiplied by the electron density 

and the electron collision frequency. Thus, neglecting net radiation lo s ses  

and electron-electron collisions, thc energy balance fo r  the electrons is: 

In these c o -  

In an  elast ic  

2 
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2me 6 

i e  F e 
s 4 4  E* = 
Je 

where 

'e 

0 4 We -+* -3 + 4 

E* .." - E x R(assuming  E=,% - B = 0 )  
LJ 

e 
2 2  = electron cur ren t  = 

1 -I we / V e  

2 
a 

E* 

= sca la r  e lectr ical  conductivity = n e /ineve 

= moving electr ic  field = E + n x B 

e 
4 - 8  4 

u = gas velocity 

E = static electr ic  field 

B = magnetic field induction 

n 

m = electron mass 
e 

Mi 

6, 

v = the electron coll i i ion frequency with the species  ~2 n.Q .( c )  

( c )  = mean thermal  electron speed = Jv: 

= number density of electrons 
e 

th = mass of heavy particle of i species 

= electron cyclotron frequency = e B / m  
e e 

e i  i e l  e 

e 

v = c uei 
e 

i f e  

k = Boltzmann's constant 

'ei 
= elastic electron - ith part ic le  collision c r o s s  section 

2 
m 

e 3k 
e 

T = electron temperature  = - we 
th 

= t empera ture  of heavy par t ic les  of i 

= correct ion factor to account f o r  inelastic collisions with i 

species Ti 
th 

6 species  
i 

4 1 
Since j ' E* is always positive , the electron temperature  exceeds the 

g a s  temperature  and if the ionization follow5 the electron temperature  extremely 

high electr ical  conductivities may be obtained. 

the rat io  of electron temperature  to g a s  temperature ,  the relationship between 

j 

spec if ie d _. 

T o  solve Equation 2,  1 for 

--4 -+ 
and E* (which is dependent on generator geometry and loading) must be 
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The th ree  basic l inear  generator  configurations having rectangular 

cross-sect ions are the continuous electrode, segmented electrode and Hall 

generator  loading configurations (see Figure  2). Comparison of these 
1 

configurations by Sutton has  shown that i n  a l inear generator  the segmented 

electrode geometry yields the highest power density fo r  any given efficiency. 

In the segmented electrode arrangement ,  the cur ren t  flow is essentially 

t r ansve r se  t o  the gas  flow and no net Hall cur ren t  exists in the downstream 

direction. 

develop in  the axial direction (in the absence of ion slip) according to: 

With the Hall cur ren t  of equal to zero,  an electr ic  field will 

w 

x v  ( E Y  - UB) (2 .2 )  
e 

e 

E II- 

and the cur ren t  will be 

jY = u ( e y  - UB’ 

The open circui t  voltage corresponding t o  j = 0 is  UB. It is common 
X 

t o  express  the electr ic  field under load as some fract ion K of the  open 

circui t  field. Thus far  the segmented electrode geometry: 

M = E y  
UB 

where for  generationof e lectr ical  power, 0 < K < l a *  Substitution of 

Equation 2,4 in Equation 2. 2 yields 

w 

w 

U 
UH 

e 

e 

(2.4) 

( 2 . 5 )  

*Note that j is always negative f o r  e lectr ical  power generation and hence 
+ 1 1 1  Y 

the Lorentz force j x 3 ac ts  in the negative f low direction and tends to 

r e t a rd  the flow. 

e lectrodes being attached to  a voltage source), j 

fo rce  acce lera tes  the flow. 

On the other hand, i f  K > 1 (corresponding to  the 

is positive and the Lorentz 
Y 
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Thus from Equations 2 . 3  and 2.7 

2 2 2  
'e * E* = (1-K) O U B (29 8) 

Thus the energy balance equation ( 2 , l )  yields the following tempera ture  

ra t io  for the segmented electrode geometry: 

1 + $  (W7) 'M - 2 - - 1  0 (1-K)2 
e 

T 

T 
- z  

1 
0 l t - ( y z l . ) M Z  2 

( 2 . 9 )  

where 

T = electron temperature  

T = total  t empera ture  = T. (1 + - 
M = weighted average Mach Number = u / a  

a = speed of sound = ( - ) 
P = pres su re  = n. k T n k T 

n = total number of par t ic les  

p = mass density = n. m 

y 

7 

6 = weighted average correct ion factor  = 

e 

0 1 2 
Y - l  M 2 )  

- 
y P  112 

P 

1 1  i 0 

1 i i  

= ra t io  of specific heats 

= average t ime between electron-nm-electron collisions = V -1 
e 1 

II 

xi 6 e i  *ei . lll. 

m, i i  
c 

i f e  1 i +e 

X i  = number density of ith heavy particle 

3 
Based upon this  thoery, calculations (procedure for  which is outlined 

in re ference  4) were ca r r i ed  out to determine the  yelative performance of 

MHD generators  utilizing magnetically induced non-equilibrium ionization 

in all the pure alkali metal vaporse in helium seeded with lithium, and in 

system of hydrogen, argon, and mercu ry  seeded with cesium. The influence 

of the total  temperature ,  total p ressure ,  Mach number, ionization potential, 
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atomic weight, e las t ic  

strength upon electron 

electron collision cross-sect ion,  and magnetic field 

temperature ,  plasma conductivity, a,nd power density 

were  determined. Due to  much smal le r  e las t ic  electron collision c r o s s -  

sections in hydrogen, helium, argon and mercury,  as compared t o  that of 

the alkali  metals, the electron tempera tures  , plasma conductivities and 

p ~ e r  densit ies a r e  generally higher in the fo rmer  group as cornpared t o  

the equivalent sys tems of the la t ter  group. The lo s s  factor ( 6 )  was taken 

as unity in all sys tems except hydrogen, i n  which case  6 = 10. 

Typical resu l t s  fo r  the argon, hydrogen, mercu ry  and helium systems 

a r e  presented in Table I, 

is presented in Figure 3. 

potential of the heavier elements (Cesium at 3.87 e.v. contrasted to  Lithium 

at 5.363 c.v.) is greatly overshaciowed by the increase  in  atomic weight 

and especially by the increase  in electron-neutral  collision cross-section. 

Lithium is  undesirable because of the high operating tempera tures  required 

due to  its low vapor pressure .  

of the i r  high atomic weights and la rge  electron-neutral  collision c r o s s -  

sections. Ei ther  potassi~zni or sodium would be acceptable working fluids; 

however, the amount of equilibrium dimer in the vapor is much grea te r  in 

sodium than in potassium ( see  F igure  4). Consequently, potassium appears  

the best  choice among the alkali  metals  as an MHD working fluid, 

A comparison of pure alkali  metal vapor sys tems 

For alkali  meta l  vapors ,  the decrease  in ionization 

Rubidium and ces ium a r e  undesirable because 

Predicted power densit ies in a potassium vapor MHD generator a r e  

A comparison between the resu l t s  f o r  equivalent displayed in F igure  5. 

potassium and seeded iner t  gas  sys tems strikingly displays the higher 

magnetic field requirements  of the pure  vapor system; however, at 

magnetic field intensit ies and total  t empera tures  which a r e  current ly  attainable, 

power densit ies in the range 0.1 t o  1.0 kw/cm3 can still be real ized by 

drast ical ly  reducing the total p re s su re  ( see  F igure  6 ) .  
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3.0 EXPERIMENTAL PROGRAM 
I 

While theoretical  analysis indicated that low tempera ture  conductivity 

could be achieved via magnetically induced ionization, the phenomenon 

remained to  be experimentally verified. 

a highly conducting plasma at low tempera tures  would lead t o  highly efficient 

and compact MHD genera tors  for  space power applications, a theoretical  

and applied Igesearch program was undertaken in  this a r e a  of non-equilibrium 

ionizationof plasmas in the tempera ture  range 1000 K t o  2000 K. 

Since the possibility of obtaining 

0 0 

In the  following sections, several  items of work being c a r r i e d  out under 

the program are described: seeded iner t  gas  sys tem (M-4) ,  shor t  t e r m  

potassium vapor blowdown studies (M-51, and a closed cycle potassium 

sys tem (M-6). 

The  M-4 MHD Generator 

Although the superior i ty  of the Rankine (vapor) cycle over the Brayton 

(gas) cycle f o r  MHD space power generation can be demonstrated as the 

bas i s  of re la t ive radiator  weights ( see  re ference  5 for a detailed analysis 

of var ious MHD power cycles),  the alkali metal-seeded nobel gas system 

is being used f o r  basic  r e s e a r c h  purposes. 

The M-4 MHD generator  is powered by a high p res su re  manifold con- 

taining twenty-two argon gas cylinders. 

near  0.15 pounds per second, run  near  60 minutes. 

is shown in  F igures  7 and 8. 

T e s t  times, with argon flow rates 

The basic  equipment 

The argon flow, monitored by means of a rotameter ,  is heated t o  
0 

t empera tures  around 1200 K by means of a molybdenum mesh  heater suspended 

by a molytddenurn coil which is tightly packed into dense alumina tubes 

through which the  argon is forced t o  flow. 

s i x  times the heat t ransfer  area per  unit length and twice the heat t ransfer  

coefficient as compared t o  a conventional res i s tance  heater. 

the design has  avoided thermal  shock damage during heater  start-up. 

input t o  the heater  is accurately controlled by means of a saturable co re  

reac tor  feeding a step-down t ransformer  giving low-voltage, high cur ren t  

power to  the heater.  

This  design provides approximately 

Fur thermore ,  

Power 
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After the gas  leaves the heater ,  it passes  into a plenum where cesium 

is injected by a motor-driven syringe (see Figure 9). 

are heat t raced  to  prevent cesium solidification. 

continuous argon purge. The seeded gas passes  f r o m  the plenum chamber 

through a molybdenum screen  to  a nozzle for  isentropic expansion into the 

MHD channel. 

contained in a rectangular cross-sect ion s ta inless  steel shroud. 

All cesium lines 

The dry  box is under 

The test section is formed f r o m  99.7'70 alumina blocks 

A typical segmented electrode MHD t e s t  section i s  shown in F igure  10. 

In this  par t icular  t e s t  section, grooves were  cut perpendicular t o  a 1 x 3 c m  

constant area channel. The electrode probes are positioned in  these grooves 

and brought out of the channel shroud through Gonax p res su re  glands. Three  

electrodes a r e  instrumented with Pt/Pt- 10% Rh thermocouples for  measure-  

ment of the temperature  at the surface of the cathodes. 

molybdenum, tantalum and molybdenum-rhenium electrodes have been spot 

welded to the electrode probes. 

Ten mil thick tungsten, 

In F igure  10, th ree  groups of electrodes can be distinguished: the first 

four  electrodes can  be used to pass  high voltage cur ren ts  through the plasma 

immediately pr ior  to entering the magnetic field region; the next seventeen 

electrodes are the power electrodes within the magnetic field region; and 

the last four electrodes a r e  available for  low voltage cur ren t  input in order  

t o  measu re  de-ionization r a t e s  downstream of the magnetic f ie ld  region. 

The magnet provides a 2-inch gap between 6" x 13" pole faces  in which 

The  copper core  magnet is water cooled and the test section is suspended. 

will operate continuously at a field strength of 25 kilogauss. 

Current  experiments include paramet r ic  studies of magnetically induced 

non-equilibrium ionization and determination of ionization and de-ionization 

rates. 

with metastable gas  mixtures  to  increase  the electron temperature  above that 

of the neutral  particles. 

Future  experiments will incorporate an electron beam in conjunction 
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The M-5 MHD Generator  

To demonstrate  magnetically induced non-equilibrium ionization in 

alkali  metal vapors,  a potassium vapor blowdown experiment was conceived. 

Based on the theoretical  MHD generator  calculations presented in reference 4, 

magnetically induced non-equilibrium ionization should be detectable in a 

potassium vapor sys tem at a total  gas  p re s su re  of 10 psia  and a total  gas 

t empera ture  of 800 C at a Mach Number of only 0.5 in  the generator channel. 

With such operating pa rame te r s  in  mind, the following criteria. were  applied 

t o  the design of a blowdown experiment: 

0 

(a) The  vapor tempera ture  must  not fall below the potassium 

vapor p re s su re  line during expansion into the generator  channel 

in  o rde r  to prevent agglomeration o r  condensationof potassium in 

the generator,  

F r o m  the standpoint of materials availability and ease  of fabrication, 

the blowdown tank would be fabricated f rom 316 stainless  steel. 

would limit the maximum operating tempera ture  to  somewhat below 

900OC. 

Without continuous injection of potassium into the heater  tank, the 

ups t ream tempera ture  and p res su re  of the potas sium vapor will 

continuously decrease  with duration of blowdown; therefore,  the 

volume of the blowdown tank should be sufficiently la rge  to  maintain 

relatively constant ups t ream conditions fo r  severa l  seconds,, 

T o  enhance the safety aspects  of the operation, the total  potassium 

change should be small. 

(b) 

This 

(c) 

(d) 

A sys tem character ized by the operating l ine shown on Figure  11 meets  

these  requirements.  

evacuated 4 f t  

will follow the vapor p re s su re  line until the last of the potassium is vaporized. 

If 37.5 g r a m s  of potassium are introduced into an  
3 

vesse l  and heated, the pressure- tempera ture  operating line 
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0 A s  the tempera ture  i s  fur ther  increased t o  superheat the vapor to  900 C, 

the operating line follows the ideal g a s  line until a p re s su re  of 517 mm Hg 

(10 psia) is reached. An isentropic expansion of the vapor through a Mach 

0.5 nozzle will reduce the p re s su re  and tempera ture  to  8.19 psia  and 810 C, 

respectively. A s  can be seen f r o m  Figure  11, the vapor tempera ture  af ter  

expansion is still about 100 C above the vapor p re s su re  line; consequently, 

no agglomeration i)r condensation will occur at the entrance to the MMD 

channel. 

a n  adiabatic-isentropic expansion, it can be shown that during the initial 

1/2-second blowdown period the total  p r e s s u r e  has  dropped to about 8070 of 

its initial value and still exceeds the vapor pressure.  

0 

0 

Fur thermore ,  assuming the potassium to  be an ideal gas  undergoing 

A sys tem capable of achieving the indicated operating conditions and 

meeting the functional requirements  of the experiment was designed on 

the basis of simplicity, high reliabil i ty of operation and use  of the best  

readily available mater ia l s  of construction. 

of a heated blowdown tank, a thimble incorporating the nozzle-MHD generator 

channel assembly and a condenser a r ranged  as shown in F igures  12 and 13, 

The sys tem consists essentially 

The thimble arrangement  (F igure  114) consis ts  of tws sub-assemblies:  

The nozzle section and the MHD channel section. 

a pipe-to-nozzle t ransi t ion joint and a nozzle housing in  a single s ta inless  

s tee l  unit. 

charac te r i s t ics  (developed Mach Number) by simple replacement of inser ts .  

The sub-assembly is coupled to  the blow-down line and the MHD channel 

section by flanges. 

alumina generator  channel blocks (Figure 15) arranged within a square 

cross-sect ion stainless s teel  shroud. 

coupling to  the nozzle section and the condenser section. 

The nozzle section combines 

The design of the nozzle housing permi ts  adjustment of flow 

The MHD channel assembly consis ts  of a high density 

This sub-assembly is flanged f o r  

Although the M-5 facility, unlike the M-4 Experiment, has  not yet 

attained operational statusI a m o r e  complex alkali  metal vapor facility bas 

already been designed and fabrication will be s tar ted in  the very  near  future, 
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The M-6 MHD Generator 

To  demonstrate continuous Rankine cycle magnethydrodynamic power 

generators  utilizing non-equilibrium ionization, a prototype closed-cycle 

alkali  metal  vapor system has been designed. 

emphasizes  long life, reliabil i ty and flexibility of the prototype. Fabrication 

will c a r r y  out these design c r i t e r i a  using the beP;t available mater ia l s  and 

techniques for construction under s t r i c t  quality control. 

evaluation of the sys tem will be directed towards the development of high 

power Rankine cy-cle MHD power genera tors  for  space application. 

The design of the facility 

Operation and 

The operating l ines  superimposed on the temperature-entropy diagram 

shown in Figure 14 depict the alkali  metal vapor cycle. 

diagram it is readily seen that inappropriate selection of the vaporization 

p res su re  (line 2-3-4-5 is an isobar) in combination with expansion to too 

high a Mach Number (line 5-6 )  can resu l t  in  an MWD generator  condition 

(point 6) lying below the potassium vapor p re s su re  line. 

the possible operating l imits ,  screening calculations of anticipated MHD 

generator performance were  prepared. 

s ec  of potassium at 0.5 psia, superheating of the vapor to  2500 

expansion to Mach 1.7, the MHD channel p re s su re  will drop to  0.09 psia  

which is above the condensation pressure .  

conductivity of 380 mhos /meter  could be achieved in a magnetic field of 

about 12 kilogauss and the resultant power density, W (  1-K)/K, would be 
3 

approximately 0.2 KW/cm . 
at 6.1 psia, superheating to  2500 R and expansion at M = 1. 5,  the static 

p re s su re  will d rop  to 1. 5 psia (incipient condensation). 

(and assuming that the vapor does not actually condense), a plasma conductivity 

of 35 mhos /meter  could be achieved in a magnetic field of about 30 kilogauss. 

The resultant power density would be about 0. 1 K W / c m  

higher vaporization p res su res  or  higher Mach Numbers ( o r  combinations 

of the two) would certainly resul t  in vapor condensation, 

of a wet potassium vapor generator is not a p r io r i  in conflict with the 

F r o m  this  

To determine 

F o r  example, a vaporizing 1 g r a m /  
0 

andisentropic 

A t  these  conditions, a plasma 

On the other hand, onvaporizing 15 g r a m s / s e c  
0 

A t  these conditions 

3 
Operation at  

Since the operation 
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magnetically induced non-equilibrium ionization, an  experimental  system 

capable of operating in either dry  or wet reg imes  was designed while a 

theoretical  study of the effect of wet potassium vapor (droplets)  on non- 

equilibrium electron heating (and, generator performance) was undertaken. 

The M-6 fac i l i ty  will be capable of generating as much as 2 pounds/ 

minute of saturated potassium vapor at tempera tures  ranging f rom ap- 

proximately 1200 R to  2000 R (0. 1 to  29 psia),  

maximum of 2500 R, the vapor will be expanded through a nozzle t o  attain 

supersonic velocities at the entrance to the MHD generator. 

discharge f rom the generator channel will  be de-superheated and condensed 

in nitrogen and air-cooled units, respectively, and the condensate returned 

t o  the boiler by means of an  electromagnetic pump. 

include a by-pass purification system capable of 10 loop volume thsough- 

puts per  hour, a potassium t ransfer  system, and vacuum and cover g a s  

systems. 

t ransient  operation with minimum operator coverage, 

schematic is presented in Figure 17. 

0 0 
After superheating t o  a 

0 

The vapor 

Ai.ixiliary systems 

The system i s  fully instrumented for  both steady-state and 

A flow and instrumentated 

To date, detailed construction drawings covering all sys tem components 

have been prepared. 

and positioned in  a vapor container 10' x 16' x 8' (not shown). 

power diagrams and instrumentation, alarm and control wiring schematics 

have already been prepared, 

begin on or about October 1, 1963. 

The system will be arranged as shown in Figure 18 

Electr ic  

Installation of this facility is scheduled to 
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Figure I 
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Figure 3. Comparison of Power Densit ies for P u r e  Alkali Metal Vapor Systems 
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F i g u r e  4. Equilibrium Dimer Concentration in Pure Alkali  Metal Vapors 
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B(I-K) ,GAUSS 

-14 2 
Figure 5. Power Density for Potassium Vapor, Q e n = 4 x 1 0  ern 
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POWER DENSITY FOR POTASSIUM VAPOR 

io3 io4 lo5 
B(I-K), GAUSS Figure 6 



340 



r 

e 

SATURABLE CORE 
CO NTRO L 

MOTOR-DRIVEN 
Z V R I N C F  I I N I T  

MULTICHANNEL OSCILLOGRAPI 

AOLYBDENUM MESH 



3
4
2
 



343 

F
" 

Y
 

1
 

A
 



344 

W
 

cr 0
 

LL 
w

 
Z

 
A
 
-
 

(3
 
z
 

-
 

2i [II W
 

L
 
0
 

I I I 4 I I I I 



i + i  
I 'OH HS m n s  NO LNOS 

I / / . h b ~ / 9 r I  I REVISIONS I I 

- b L  , 4 9 2 6 4  

otassiurn Vapor  Blowdown 
stem Flow Schematic and 

unctional Diagram 

F i g u r e  1 2  



346 



I 

Blowdown System 
Nozzle. MHD Generator  
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ENTROPY 

ALKALI  METAL VAPOR LOOP-RANKINE CYCLE 
1-2 PUMP 
2-3 : HEATER 
3-4 BOILER 
4-5 : SUPERHEATER 
5-6 ISENTROPIC EXPANSION 
6-7 : GENERATOR 
7-8 : DE-SUPERHEATER 
8-9 CONDENSER 
9-1 :COOLER 

Figure 16 
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DISCUSSION 

M K .  BERENSON: What a.re t he  i r r eve r s ib i l - i t i  es  i n  MHD generators? 

NE. HOFFMAN: There are a couple. O f  course it depends on where you 

I n  read-ing through t'nis paper you probably not:i.ced t h a t  tile PiHD operate .  

generator operate:; i n  a range between 0 and 1. f o r  K .  This i s  f o r  power 

generation. 

Now if K i s  g rea t e r  than 1, you have t o  add power t o  the sys-tern, and 

i.t a c t s  as an acce le ra to r .  Indeed, you can reverse the  electro- leads and 

get K less than I; and then it i s  j u s t  a brake. The Lorentz force holds 

you back. Of course, i f  what you a r e  t a lk ing  about i s ,  "What can I get 

0u.t of t h i s  thing?" ii; cerbainly i s n ' t .  a perpei;ual-motio.ri machine. You 

have t o  continue t o  feed heat  t o  it. This i s  the whole point .  The heat, 

of course, woiild depend upon somebody e l s e ' s  supply from t'ne r eac to r .  

The idea being i f  somebody can bui ld  a r eac to r  t o  give -the rigkt temnpern- 

t u re ,  then mater ia l  problems don ' t  e x i s t  i n  MIE generators; because they 

have already been solved. 

MR. BERENSON: What I a c t u a l l y  had i n  m b d  would cause the  entropy 

illcrease. 

MR. HOFFMAN: Could I discuss t h i s  wit ' i i  you? I t'nink :it would take 

a l i t t l e  t o o  much time t o  put things on the boa:t-d. it Ls due t o  t h e  f a c t  

that i n  this particul-ar geometry, t he re  i s  no n.et Hall current which i s  

allowed t o  flow in the  system. I w i l l  be happy t o  discuss it with you. 
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ANALYSIS OF THE ACCELERATION OF 

LITHIUM IN A TWO-PHASE NOZZLE’ 

2 David G .  Elliott 

Jet Propulsion Laboratory 

Pasadena, California 

Abstract 

To generate electric power magnetohydrodynamically from a liquid metal in 

a closed cycle, the metal must first be accelerated to several hundred feet per 

second in a two-phase nozzle. This paper presents results of calculations on 

the acceleration of lithium by cesium vapor in a two-phase nozzle. The calcula- 

tions indicate that 85% to 90% of isentropic velocity can readily be attained, 

and this conclusion is supported by experiments on the acceleration of  water by 

nitrogen and by Freon. 

‘This paper presents the results of one phase of research carried out at the Jet 
Propulsion Laboratory under contract NAS 7-100, sponsored by the National 
Aeronautics and Space Administration. 

‘Engineering Group Supervisor, Advanced Propulsion Engineering Section ~ 
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I n t  roduc t io? 

The long l i f e t imes  required of space powerplants make nonrotating powerplant 

cycles a t t r a c t i v e  ~ A nonrotating power conversion cycle under investigati.an 

JPL i s  the l iquid magnetohydrodynamic system shown schematically i n  F ig .  1. 

t h i s  system a f l u i d ,  such a s  cesium, c i r c u l a t e s  i n  the vapor loop and causes 

l iquid metal ,  such as  l i thium, t o  c i r c u l a t e  through an HHD generator i n  the 

loop. 

a t  

I n  

a 

iquid 

I n  operation, the cesium leaves the r ad ia to r  as  condensate, flows through an 

EM pump t o  the mixer, vaporizes on contact with the l i thium, atomizes and acceler-  

a t e s  the l i thium i n  the 

r e tu rns  to  the r ad ia to r  

( typ ica l ly  500 f t f s e c )  , 

the  KHD generator,  and 

nozzle, separates  from the l i thiam i n  the separator,  and 

Tlie l i thium leaves the separator a t  high ve loc i ty  

decelerates  through the production of  e l e c t r i c  power i n  

eaves the generator with s u f f i c i e n t  ve loc i ty  ( typical ly  

300 f t f s e c )  t o  r e tu rn  through a d i f f u s e r  ta the nuclear reactor where the l i thium 

i s  reheated. Presently estimated flow r a t e s  for 300 kw e l e c t r i c  output,  with 

2000°P nozzle i n l e t  temperature and 1400°F r ad ia to r  temperature 

of cesium and 120 lb/sec of l i thium, 

are 20 lbfsec 

An analysis  of the l iquid MID system i s  given i n  Ref. 1, and i n i t i a l  t e s t  

r e s u l t s  with water and nitrogen a re  presented i n  JPL Space Programs Surmnary 

Numbers 37-17 and 37-21, Volume IV. 

Single-component cycles (for example, l i q u i d  potassium accelerated by i t s  

own vapor) a r e  possible ,  but preliminary analysis  indicates  t h a t  f l u i d - f r i c t i o n  

losses  i n  the separator and generator wauld be higher than with the two-component 

cycle.  With the la t te r ,  potasstum or rubidium are  possible a l t e r n a t l v e s  to 

cesium as the dr iving vapor, but s o l u b i l i t y  i s  presently known only f o r  cesium 

( K e f .  2 ) .  

A key problem i n  the cesium-lithium cycle i s  the e f f i c i e n t  accel.eration of 
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the lithium by the cesium in the two-phase nozzle. It is necessary, first, for 

the lithium to vaporize the cesium at the inlet of the nozzle, then for the lithium 

to be atomized by the cesium vapor, and finally for the lithium to be accelerated 

by the cesium while transferring heat to the cesium vapor to maintain its tempera- 

ture. The analysis to be presented here indicates that these processes can be 

accomplished sufficiently well in a nozzle of reasonable length to yield an exit 

velocity between 85% and 90% of isentropic. 

correctly predicts exit velocities for water accelerated by nitrogen and by Freon 

1301, the latter vaporized by the water at the nozzle entrance. 

It will be shown that the analysis 

Analysis 

Nomenclature and Assumptions 

Fig. 2 shows the parameters which describe the two-phase nozzle flow. At 

axial distance x from the entrance the gas has flow rate h velocity V tempera- 

ture T density p specific heat c viscosity p and thermal conductivity k 

The liquid,assumed to be in the form of spherical droplets all of diameter D, 

has flow rate m1, velocity V1, temperature T1, density p 

surface tension u .  The pressure is p and the flow area is A. 

g’ g’ 

g’ g’ g’ g’ g‘ 

specific heat c and 1’ 1’ 

The main idealization in this model is the assumption of equal droplet dia- 

meters. Partial justification is the fact, discussed later, that large droplets 

break up and narrow the drop-size distribution, but the main justification is 

the good agreement of the model with experiment. Other idealizing assumptions 

are that the flow is one-dimensional and that there is no friction or heat trans- 

fer at the wall. 

Continuity 

The nozzle flow area is equal to the gas flow area, m / P  V plus the liquid 
g g’ 

flow area, ml/pl V1: 
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where IC i s  the m i x t u ~ e  r a t i o  hi/h 

Momentum 

g '  

The momentum f lux of the mixture i s  

M = k  w +lil  v (2) g g  1 1  

If  the nozz1.e were cut of f  a t  the s t a t i o n  i n  question and the mixture 

allowed t u  a t t a i n  equilibrium with no change i n  pressure,  the v e l o c i t i e s  would 

equalize while maintaining the  same momenturn flux, TIie r e su l t i ng  equilibrium 

o r  "mean" ve loc i ty  of the mixtiire, designated by v, i s ,  therefore ,  given by 

- V- f rV1 

1 4 - r  
v = - l i .  

(3) 

( 4 )  

f i e  momentum f lux i n  ternis of V is 

M = (iii 3 V (5) 
g 

Since tlie sun of 61 and I% i s  a constant,  regardless of any mass t r ans fe r  
g 1 

between phases, the momentum-flux gradient i s  

aV 
4- h ) - - -  dM - (ria 

dx g 1 dx - 
dV 

= r;Z (1 -t- r )  - g dx 

In  the absence o f  w a l l  f r i c t i o n ,  the momentum f l u x  gradient i s  equal t o  

minus the pressure gradient act ing Q V ~ I T  the flow area. "Iius, 

Subst i tut ing the value of A from E q .  (l), the momentum equation becomes 

'Ibe r a t i o  of r e l a t i v e  t o  mean veloci ty  w i l l  be cal led the s l i p ,  s .  Thus, 
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v - v1 
s =  g -  

V 
(9) 

and 

From Eqs. ( 4 )  and (9) i t  can be shown t h a t  

v1 = ( 1 - l+r )V 
-2 

Subst i tut ing Eqs. (10) and (11) i n t o  Eq. ( S ) ,  and noting t h a t  2vdV = dV , 

the f i n a l  form of the momentum equation i s  

I n  the l i m i t  as the s l i p  approaches zero the flow becomes i s en t rop ic .  From 

Eq. (12) the isentropic-veloci ty  gradi-ent i s  
n 

dViL 2 
dx l + r  dx 

S l i p  Gradient 

The accelerat ing drag force on each l i qu id  droplet  of diameter D i s  

The accelerat ing buoyancy force i s  

The sum of these two forces  equals the product of mass and accelerat ion of 

3 
the  d rop le t .  Thus, 

Fd+Fb =(rD6 '' ) (V1 2) 
Combining Eqs. (14) , (15) , and (16), the l iquid ve loc i ty  gradient i s  
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From E q .  ( l l ) ,  dV /ax can also be wr i t t en  
1 

Solving Eq.  (18) f o r  dsldx and evaluating dVl/dx from E q .  (17) the s l i p  

gradient i s  

1 (1  + r) - s d r  l + r  & (1 - - 
dx 

I- d s  l + r  
- dx 1 + r dx 
V 

dx - 

S 

(19) 
-+ -  I dV + - 

PIVl F;; 

3p s2 T cD (1 + r )  - 
4P1 V1 D 

The d r a g  coe f f i c i en t  can be conveniently evaluated from Stonecypher's l e a s t -  

squares f i t  (Ref * 3 ,  page 3)  t o  Pe r ry ' s  tabulation (Ref. 4 ,  p .  1018): 

1x1 CD = 3.271 - 0.8893 (In Re) + 0.03417 (In Re) 
2 

4 
f 0.001443 (In Re)3 O . l < R e < Z  x 10 

where the Reynolds number is based on r e l a t i v e  ve loc i ty :  

p s V D  
Re = -L--- 

p g  

For small Reynolds numbers Stokes ' l a w  holds: 

c = -  24 R e l O . 1  
JI R e  

For large Reynolds numbers, up t o  the l a rges t  encountered i n  p rac t i ca l  

nozzles,  C 

R e = 2 x 1 0 .  

can be taken as constant a t  0.457, the value given by E q .  20 f o r  
D 

4 

Energy 

With no heat  t r ans fe r  a t  the wal l ,  the t o t a l  enthalpy f lux  of the mixture 

remains constant .  Thus 
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Heat Transfer 

The r a t e  of convective hea t - t r ans fe r  from the l i qu id  droplets  t o  the gas i s  

(24) 
2 9 = * D  i h  (T1 - Tg) 

d t  

where h i s  the hea t - t r ans fe r  coe f f i c i en t  and fi i s  the number flow r a t e  of d rop le t s ,  

the l a t t e r  given by 

5 IiL 
1 

N = -  3 
aD P I  

D u e  to c i r c u l a t i o n  within the droplets  t h e i r  i n t e r n a l  temperature i s  uniform 

so t h a t  

dT1 2= -ml dt 

Combining Eqs. (24 ) ,  (25), and (26) and noting t h a t  dx/dt = V1, the l iquid-  

temperature gradient i s  

6h (T -T1) 
- -  dT1 - 

Dpl c1 v1 
dx 

E q s .  (23) and (27) neglect cooling e f f e c t s  due t o  formation of addi t ional  

vapor driri-ng expansion, but such cooling has l i t t l e  e f f e c t  on ve loc i ty  since it  

mainly a f f e c t s  the l i qu id  temperature which decreases l i t t l e  during expansion. 

1"ne hea t - t r ans fe r  coe f f i c i en t  can be evaluated f r o m  the following r e l a t i o n s  

(Kef. 5 ,  p .  379): 

2 k  
h = *  

0.37 k Reom6 
h = g  R e >  25 D 
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Droplet BreakuE 

The r a t i o  of drag t o  surface-tension forces  f o r  a l iquid droplet  i s  propor- 

t i o n a l  t o  the Weber number defined by 
2 - 2  

p D s  v 
We = g 

2u 

Various analyses and experiments indicate  ( R e f .  6 ,  page 3) t ha t  a droplet  

moving r e l a t i v e  to  a gas stream w i l l  break up i f  the Weber number exceeds 6,  

provided the t i m e  of exposure t o  tlie ve loc i ty  d i f f e r e n t i a l  is a t  l e a s t  as  great  

as the natural  period of o s c i l l a t i o n  of the droplet ,  “J-. 4 me l a t t e r  

condition i s  met i n  two-phase nozzles of i n t e r e s t  here.  Hence, the maximum, or 

c r i t i c a l ,  droplet  diameter i s  

The droplets  a r e  assumed t o  break up t o  D whenever D f a l l s  below the current 

diameter D .  

max max 

Comparison with Experiment 

The preceding equations were used to ca lcu la t e  the theo re t i ca l  performance 

of an experimental two-phase nozzle employing nitrogen gas t o  accelerate  water. 

Fig. 3 i s  a photograph of the nozzle i n  operation. 

The nozzle has an entrance diameter of 14 i n . ,  a throat  diameter of 3.18 

i n , ,  an e x i t  diameter of 5.2 i n . ,  and a length of 50 i n .  The convergent h a l f -  

angle i s  20 deg, and the divergent half-angle  i s  2.5 deg. The area change i n  

tlie throat  region i s  very gradual so as  t o  l i m i t  the s l i p ,  s ,  t o  about 0.5.  

i n j ec to r  employs 1656 p a i r s  of nitrogen and water j e t s  impinging a t  r i g h t  angl.es, 

the former 0.005 i n .  x 0.13 i n . ,  and the l a t t e r  0.040 i n .  x 0.13 i n .  

The 

The nozzle w a s  t e s t ed  over a range of mixture r a t i o s  from r = 15 (h = 
g 

= 2.6 lb/sec,  h1 = 182 lb / sec ) .  6 .1  lb/sec,  m, = 92 lb/sec)  t o  r = 70 (k The 
g 
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nozzle i n l e t  pressure w a s  held a t  150 p s i a ,  and the pressure d i f f e r e n t i a l s  

across the i n j e c t i o n  orificesranged from 170 p s i  t o  30 p s i  f o r  the nitrogen and 

from 14 p s i  to 38 p s i  f o r  the water.  The mean e x i t  ve loc i ty ,  V,  was determined 

by dividing the nozzle th rus t  by the t o t a l  flow rate.  

- 

Theoretical  computations w e r e  made f o r  i n i t i a l  droplet  diameters ranging 

from 0.002 i n .  t o  0.050 i n .  It w a s  found t h a t  e x i t  v e l o c i t i e s  remained constant 

for i n i t i a l  diameters g rea t e r  than 0.010, because of the breakup c r i t e r i o n ,  E q .  

(32), which caused l a rge r  droplets  t o  break up t o  t h a t  s i z e  within 16 i n .  of 

the entrance.  

Fig. 4 compares the experimental and theo re t i aa l  e x i t  v e l o c i t i e s ,  the 

la t ter  computed f o r  "large", i . e .  , grea te r  than 0.010 i n . ,  i n i t i a l  droplet  

diameter. 

diameter. 

85% of the  i s en t rop ic  ve loc i ty .  

Also shown i s  the i s en t rop ic  v e l o c i t y ,  corresponding to zero droplet  

The experimental and t h e o r e t i c a l  v e l o c i t i e s  agree c lose ly  and a re  

The same nozzle was t e s t ed  with Freon 1301 (CBrP ) and water.  The Freon 3 

was injected as a l i qu id  a t  - 7 O O F  and the mixture r a t i o  was varied from 4 to  14 

with the nozzle i n l e t  pressure held a t  150 ps i a .  The water, i n i t i a l l y  a t  60°F, 

w a s  cooled 5 t o  20 F by the vaporization of the Freon, and the r e s u l t i n g  Freon 

vapor had 0 t o  15'F superheat. 

0 

Fig. 5 compares the theo re t i ca l  axid experimental e x i t  v e l o c i t i e s  with the 

Freon. The experimental values a r e  s l i g h t l y  below t h e o r e t i c a l ,  but c lose enough 

to s h o w  thcrt subs t an t i a l ly  a l l  the Freon must have vaporized near the nozzle 

entrance.  

with nitrogen because of the higher densi ty  of Freon vapor. 

The experimental e x i t  v e l o c i t i e s  are  91% of i s en t rop ic ,  higher than 

The good performance obtained with Freon and water i s  evidence t h a t  l i thium 

would e f f i c i e n t l y  vaporize cesium (or potassium o r  rubidium) i n  a s imilar  nozzle, 

s ince the hea t - t r ans fe r  p rope r t i e s  of the l a t t e r  systems a re  a t  l e a s t  as  favor- 

ab le  as those of the Freon-water system, 
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Theoretical Cesium-Lithium Performance 

Fig. 6 shows the theoretical exit velocity for a cesium-lithium mixture 

expanding from 202 psi and 2000 F to 20 psi, based on the property values of 

Ref. 7. The concentration of cesium dissolved in the lithium was assumed to 

be 6% by weight at the nozzle entrance (the lower of the two values reported 

in Ref. 2) and to decrease in proportion to the cesium pressure. The lithium 

vapor pressure was assumed constant at 2 psi. A source o f  uncertainty was the 

lithium surface tension which was taken as 230 dyne/cm based on extrapolation 

to 2000°F using the Edtvgs Rule. 

0 

Initial droplet diameter was taken as 0.050 in., exit velocity being found 

The nozzle contour assumed was constant with droplet diameter beyond 0.020 in. 

that of t he  experimental nozzle of Fig. 3 doubled in length to 100 in. Compu- 

tations were made for exi.t mixture ratios from 3.85 (inlet r = 5) to 14.5 (inlet 

r = 100). Pig. 6 shows that the corresponding theoretical exit velocities 

range from 816 ft/sec to 454 ft/sec, values which are 88% o f  isentropic. 

The variations of area, droplet diameter, velocity, and temperature with 

axial distance for an exit mixture ratio of 6.3 are presented in Figs. 7, 8,  and 

9. Changes in flow conditions are small for the first 20 in. of the nozzle, 

this section being an essentially constant-pressure transition duct required 

by the large diameter of the injector. Beyond 20 in. the droplets break up 

wi-thin an additional 10 in. distance and velocities rise steadily to their exit 

values. The gas temperature drops to 1760 F a t  t he  exit, reflecting the heat 

transfer from the lithium without which the cesium temperature would follow the 

adiabatic curve, shown, to 1320'F. The lithium temperature drops by 8 P due to 

heat transfer to the cesium vapor (or by 2 1  F when cooling due to additional 

cesium and lithium vaporization within the nozzle are included). 

0 

0 

0 
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Conclusions 

1. Based on the Freon-water r e s u l t s ,  vaporization of cesium (or potassium o r  

rubidium) by l i thium a t  the entrance of a two-phase nozzle appears f eas ib l e .  

2 .  Based on the analysis ,  and i t s  good agreement with experiment, i t  i s  can- 

cluded t h a t  l i thium can be accelerated t o  within 85 t o  90% of isentropic  

ve loc i ty  i n  a nozzle of reasonable length.  

1. 

2 .  

3. 

4 .  

5. 

6. 

7 .  
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Fig. 4 Comparison of theoretical and experimental 
exit velocities for nitrogen and water with 
150 psia inlet pressure and 14 psia exit 
pressure. 
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Comparison of theoretical and experimental 
exit velocities for Freon 1301 and water with 
150 psia inlet pressure and 14 psia exit 
pressure. 
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F i g .  6 '1Tieoretical e x i t  ve loc i ty  for  cesium and 
li thium with 202 p s i a  i n l e t  pressure,  200O0F 
inlet:  temperature, and 20 p s i a  e x i t  pressure.  
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ISENTROPIC 7 
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Fig. 8 Variation of velocity with distance 
for cesium-lithium nozzle. 
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DISCUSSION 

IVIR. D W R :  What flow r a t e s  a i d  v e l o c i t i e s  would go vdtit;h your pro- 

posed NaK conversion system? 

DR. ELLIOTT: About 130 or 200 pounds a second of NaK rrrou_l.d. be c i r -  

culat ing i n  the BE& loop, and the  ve loc i ty  enter ing the gei1erato:r wou3.d he 

about 300 f e e t  per  secon.d, coming out a-t about 200. 

im. DwyER: How ahout vibra-Lion problems? 

DR. ELLIOTT: With the water tes.t,s we have no-L obnerved any vibraLion. 

Die operation is  very smooth, l i k e  l i q u i d  flow, e s sen t i a l ly .  Slow o s c i l -  

l a t i o n  ilu.e t o  systzms irmstabili t ies are, of course, possible.  

MR. KEYES: Although the e x i t  ve loc i ty  i s  not sens i t i ve  t o  d.ropl.et, 

s i z e  , I wou.ld think the  ove.ral1 pei-foi-rri%.nce Twould be, including the  s;ep:x- 

r a t i o n  phase, and a lso  t h e  d.rop s i z e  distri'uut5on probably includes a wi.de 

range of  d.rop s i zes .  bras that -taken i n t o  account? 

DR. ELLIOTT: I n  regard t o  the e f f e c t  on separator  pei-fomance, it 

t u r n s  out that t'ne d.rop s i z e s  given by the Weber number = 6 m l z  are ab0u.t 

t e n  t o  a hundred t i m s  larger  than a. d m p  which would 'ue able t o  apple- 

c lab ly  d e f l e c t  'oefore it h i t s  the separn-tmr.. That i s ,  i t  imuld be necc:;:;a.ry 

to go do:m t o  drop s i z e s  of less than a m i l l  i n  order f o r  tinern to d e v i a k ,  

sa,]-, a quuarter of an ii icb as they- :iipproach the sepa'rator. So i:t may be 

for tunate  Ynat you d.o not get  s i n a l l  droplet  sizes :from tihe nozzle. Tcie 

s i z e s  we do get  j u s t  go s t r a i g h t  t o  the separator. Wi-Lki hardly any devia-Lion. 

A s  -to the drop-s:i.ze d i s t r i b u t i o n :  due t o  the breaking up of l a rge  

d r o p l e t s  you cont inual ly  rmrrow the  drop-size spectrum from the top, so 

that; you end up with a f a i r l y  narrow range of  dropl-et sizes. "lie rix1; t h a t  

t h e  sep:iral;or separates as well as it does i s  proof that there  cannot be a 

very l a rge  mass f a c t i o n  of l i q u i d  t i e d  up i n  d rop le t s  smaller t'nm 1 m i l l ,  

say. 

i s  Lost. 

Those d rop le t s  are the ones that (:(institute the ? m l f  pe r  cent ~ r l n i d i  

MR. BRLZHISEII: I recall on one p l o t  you had nozz le  e x i t  veloci-Ly ver- 

sus the rat20 of 1.iqiiid .to vapor w h i c h  decreased con.ti.nu.ally and level-ed 

off  -to t h e  ri@. I -think I recall 1iear:i.rtg some reports  t h a t  c r i t i c a l  
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ve loc i ty  i n  iwo-phase mixtures f requent ly  has a minimixi perhaps lnuch 

lowzr than the values you showed. 

DR. ELLIOTT: Yea, you a r e  thinking of soriic vel.ocities. This i s  a 

supersonic nozzle. The sonic ve loc i ty  i s  very low, Like a hundred f e e t  

per  second. So the Mach number, based. on that sonic velocity, i s  about j 

leaving the nozz1.e. Mach nixfibers a r e  even hi.gher 1eavi.ng the  separator .  

There i s  about a one-to-one vol.urfle r a t i o  of gas mixed with l i qu id  coming 

o u t  of the separators t o  'clie generator. The Mach nurnber the re  runs about 

4 or  5. 

MR. BALZHISFR: Coula you comment brief1.y on what experience you might 

have had w i t i i  sonic ve loc i ty  and two-phase nixture? 

DR. ELLIOTT: Yes. We have some ra the r  In t e re s t ing  work going on 

t h a t  5 haven"; gone into. There i s  a Cal-Tech stud-ent doing a t h e s i s  on 

su-personic two-phase flow, for example, measuring t h e  presslire r a t i o  across 

normal shocks and comparing the pressure r i s e s  w-ith the  theory. You can 

d e f i n i t e l y  see a l l  of t he  supersonic flow phenomenon i n  these two-phase 

mixtures. 

For instance,  2~ our diffuser you cannot have a coniraction r a t i o  be- 

tween the  d i f f u s e r  i n l e t  and ih roa t  g e a t e r  than a c e r t a i n  amount, o r  i t  

~ ~ o n ' i  s tar t .  ' he re  will be a shock a t  t'he i n l e t .  

Mi?. STEW: Do I understand co r rec t ly  t h a t  i n  t'ne anal~ysis  you did 

which seemed t o  work so wel.1, t'nat you included~ drag be-tween drople-ts and 

vapor, but none between the  f l u i d  and the  nozzle w a l l ?  

DR. ET.tT,IOTi': Yes. In thRt analysis ,  the wall f r i c t i o n  wan neglected. 

A rough estimate shows it i s  perhaps a per cent or two of t he  t h r u s t .  
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MEETWG SWmTIOW 

€3. B. Lyon 

Oak Ridge National Laboratory 

MR. LYON: I wondered why 1 w a s  g e t t i n g  such a wonderfill introduction, 

and he f i n a l l y  pointed out why! 

Also, I thought perhaps he w a s  going t o  say t h a t  t he  posi t ion of t h e  

l a s t  speaker who presents  t he  simrwti.on i s  more d i f f i c u l t  Ynan t h e  r e s t ,  

because you d o n ' t  know wha-1; it i s  you. are  going .to su-marize u n t i l  t h e  

last, previous speaker has f in i shed .  M r .  E l . l i o - t , t  preseiited a number of 

irrt,eres-t;ing points which were not included i n  h i s  paper, so I w i l l .  t r y  .to 

fit them i n ,  b u t  I ray not get  Lo them. 

I am going t o  t r y  t o  do this job i n  zhoixt l 5  or 20 minutes. Since 

the re  were 33 technical  papers, t h i s  means about 30 seconds apiece. So i f  

I appear t o  sl5.p;li-t; you, it i s  1nere1.y became of the pressure of time. 

One of t he  Yiiings t h a t  in-tere:;.ted. me i n  t h i s  whole discussion was t ha t  

although most of 11s think of t'ne current appl icat ions ~f nuclear energy 

f o r  space power, t he re  were a ni.mber of o the r  appl icat ions being approached.. 

I n  the  case of space power, of course, w e  ha-ve a simple Rankine cycle, 

using a r eac to r .  There was one paper' which described experimentis aimed a t  

developing solar e.riergjr systems The las t  two papers d-iscussed application. 

i n  NHB generators.  

A s i d e  from space power we had R discussion of the problem of cooling 

rocket nozzles. We had a di.scii.ssion--one 1 would never have guessed we 

would have--on t he  p:robleIrl of i g n i t i n g  roclret f u e l s .  And we had one payer 

which was r e l a t ed  t o  reactors ,  but was involved i n  p z r t  with t2i2 problem 

of  preventing boTI.j.rtg, or t h e  proh1.erris that one might get  i n t o  w i t h  b o i l -  

ing i n  a system which noma1l.y :;iiould opzrste i n  a, noliboiling condition. 

I divided. the discussion i n t o  several. parts, more or l e s s  along the  

l i n e s  0.F  t h e  'oreakdowi i n  the  program. You w i l l  rermyber that on I k d h e s -  

day the  f i r s t ;  s e r i e s  o r  papers wizs on phjisj-cal propeLties ,  ani3 I haxe 

passed out a sheet, i n  which I have l i s t e d  m o s t  of Vhe physl.ca7. propert ies  
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wh5ch were discussed,  and an ind ica t ion  of t h e  approximate maximum t e m -  

pe ra tu re s  t o  which t h e  phys ica l  p rope r t i e s  have been de temined .  

Now I thiiik it  i s  a very  impressive l i s t ,  of course 1iI,hiui11 and sodium, 

t h e r e  has  a l r eady  been a g r e s t  d e a l  of work done on. The f a c t  it i s  blank 

doesn ' t  mean t h e  d a t a  are not ava i l ab le .  Rut i n  potassium, rubidium and 

cesiiun, t h e  o t h e r  remaining common l i q u i d  me ta l s - - a lka l i  metals-- the l i s t  

js almost compleLe, i f  one inc ludes  these  values ,  t h e s e  p r o p e r t i e s  which I 

have checked. !ibe check mark i s  inteitded t o  i n d i c a t e  t h a t  work i s  now i n  

progress  t o  the  ex ten t  of having equipment designed or i n  cons t ruc t ion ,  

I n  a number of cases  I have i i idicated quest ion marks. Tnese are 3re3s 

i n  which t h e  speaker ind ica t ed  they  were approachjng Lhe problem, but  tlte 

des ign  w a s  not  complete, an?  perhaps i n  somz csses  t h e  a c t u a l  techniques 

which would be used, havc not been decided upon.  

The l i t t l e  supe r sc r ip t s ,  of course, r e f e r  t o  t h e  var ious  speakers 

who discussed t h e i r  work. The last t h r e e  columns r e f e r  t o  e l e c t r i c a l  r e -  

s i s t i v i t y ,  thermoelec t r ic  power, and chemical ana1.ysis . 
Also, i n  t h e  course of the program, t h e r e  were a number of i n t e r e s t i n g  

I . i . t t le  s i d e  po in t s  not d i r e c t l y  r e l a t e d  t o  heat t r a n s f e r ,  such as some com- 

ments on cor ros ion  and some comments on components. 

For  example, Professor  Bonil1.a mentioned t h a t  he had had d i f f i c u l t y  

with A-nickel. i n  potassium a t  el-evated -i;e:nperatures, that  it became porous. 

And t'nat wi th  h igh-pur i ty ,  low-carbon n icke l ,  he developed a worm ho1.e. 

La-ter Gene Hoffman suggested t h i s  might have beeii due t o  nuc lea t ion  i n  -the 

bottom of the hole ,  which would have increased  m a s s  txa t i s fe r .  

For very  high temperaiures ,  of course, everybody th inks  l a r g e l y  of 

columbium 1-zirconium. 

Boih of t hesc  r equ i r e  pro tec i iof l  from t h e  aI,uimphere, and tiiere w a s  6f.s- 

cussion of t'ne problems of p ro tec t ing  these  somewhat r eac t ive  m e t a l s  from 

t h e  atmosphere. 

There was some mention of molybdenum-l/? t i t a n i u m .  

Davis f r o m  JPL gave probab1.y t h e  most complete d iscuss ion  of work on 

wrapping t h e  system with l a y e r s  of tii;ani.iun, o r  tantalum, or zirconj.ulil, o r  

molybdenum. From h i s  paper J conclude t h a t  he has  decided that a l a y e r  of 
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zirconium on tho ou’iside of two l aye r s  of tantalum would probably be b e s t .  

I n  h i s  d i scuss ion  he d s o  mentioned tlnat t h e y  mi~ght  use mol.ybdenum on t h e  

outsi.de, because of i t s  ve ry  ra_oid scavengirrg a b i l i t y ,  bu’i t‘nat t h e  molyb- 

denum would have t o  be at, a lower temperature because of the v o l a t i l i t y  

of molybdenuril oxide, and t h e  tendency f o r  t h e  col.u.rnbium t o  remove t h e  

oxygen from t h e  molybdenum. 

Anot2ier commen-L t h a t  was passed on w a n  by L e w i s  from IUSR ?rho said 

L h 8 , t  h5.s wel.ders, i n  1nonii;or:ing t h e  cover gas i n  welding, p re fe r r ed  t o  use 

s t a i n l c s s  s t e e l  above anything e k e ,  because of i - t s  very rapid and apparerrt 

darkening a t  extremely low concent ra t ions  of oxygen. 

There were seve ra l  otlief d i scuss ions  of cor ros ion .  

Kel ly  of Prai,t and Tdhitney descr ibed a liuiiiber of components which have 

been construcied of columbium 1-zirconium, which denons t ra tcs  t’nat almost 

any component can be made of columbiufi 1-zirconium. It i s  expetisive, bu t  

it can be done. 

Fina l ly ,  i n  t he  l i n e  of components, Samuel, from Mine Safe ty ,  de- 

sc r ibed  vapor veloc3:ty de t ec t ion ,  or measurement equipmen-t, us ing a cspj.1- 

l a r y  tube which he explaiiied t h i s  morning cou1.d a l s o  be used as a vapor 

viscometer. 

I n  t h e  area ?f pressure  drop, f i r s i  of a l l  i n  s ingle-phase f l o w ,  

Levis of NASA discussed Tra1J io r  expansion i n  nozzles .  He has  data f o r  sodium, 

ana he  p lans  t o  co 011 and pe t  d a t a  with potassium. H e  w i l l  exteiid t h i s  

work very  s h o r t l y  t o  t h e  tes i  of complete tu rb ines  for SNAP systems. 

He a l s o  i s  &eveloping pumps f o r  l i q u i d  condensate a t  temperatures near  

tile b o i l i n g  poin t ,  and i n  connection with t h a t  work he has  found t h a t  t hey  

do ge t  bmie cav i t a t ion ,  and g lans  t o  s tudy  var ious  r r a t e r i s l s  f o r  r e s i s -  

tarice t o  c a v i t a t j o n  cor ros ion .  

‘l%e fie1.d of two-phase flow w a s  discu-ssed by a a m b e r  of people. I n  

genera l  it appeared t h a t  t h e  Martiilelli c o r r e l a t i o n s  gave h igh  val-ues. 

Randall of P r a t t  and Whitney found, however, t h e  reverse  was t r u e .  And of 

course t h i s  morning you heard Dr. Goldman give a summatj.on i n  t h e  fomm of 

graphs which will make it e a s i e r  t o  p red ic t  t h e  pressure  drop on t h e  b a s i s  

of tile Martinel 3..1 -Nelson approach. 
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Flow s t a b i l i t y  i s  a l s o  a problerti i n  any kind of multiple-tube sys- 

tem, a i d  you heard Mr . Vi1.d t h i s  rtioming, from Thompson-Ramo-Wooldridge 

describe a method which apparently enables one t o  predict  what flow con- 

d i t i o n s  and what degrees of qua l i ty  a re  required, i n  order t o  have a 

condenser operating upside down i n  a lg system. 

The l a s t  speaker, of couri:e, discussed .t,'ne problem of Lvo-phase j e t s  

and had rermrlcah.hle agreement between h i s  theore- t ical  predict ioa and the  

expe:rirnental. data  which he obtained. 

I might say ii3 passing t h a t  it i s  always very s a t i s f a c t o r y  when one 

works out a theory, and has t o  rmke a point,  t h a t  the  l i n e  that i s  dram 

i s  a t h e o r e t i c a l  l ine,  not the  experimental l i n e .  Iz?lis i s n ' t  an expe- 

r ience t h a t  happens t o  us very of ten.  

Triere were se.veral s e t s  of d a b  which described pressure drops i n  

twisted tapes  with two-phase flow. 

BerensGn raised an i n t e r e s t i n g  question of whether, i n  t'ne Mart inel l i  

correlat ion,  i f  you hzve a rough pipe, the  smooth pipe f r i c t i o n  f a c t o r  

should not be used, and I w i l l  qua l i fy  t h j s  i n  vjew of D r .  C;oItlrr~m's com- 

ments and say perhaps t h i s  should only apply i f  we have adiabaxic will 

conditions, t h e  argment  bejng tlint the  l i q u i d  f i lm which tends t o  develop 

along t'ne wall, tends t o  sitiooth out the  roughnesses. 

In heat  tr3,nsfe.r i n  single-phase, Stein presented a very i n t e r e s t i n g  

new approach t o  -the problem of l;ur70ulent-flow heat  t r a n s f e r  with varying 

w a l l  conditions, which appears t o  explain some of  the  anomalies t h a t  a r e  

now i n  published 1-iquid metal. heat t r a n s f e r  da ta .  It i s  most, e a s i l y  ap- 

p l i e d  a-t t h e  present time t o  eo-current heat  exchange conditions, but he 

feels it may be capable of extension t o  counter-current systems. 

Desmond., of Hercules, gave data on na tura l  c i rcu la t ion  i n  l i q u i d  t i n  

and found t h a t  t h e  Eckert re la t ionship applied even up t o  accelerat ions of 

20g, and i n  s p i t e  of an appreciable inc l ine  i n  the tube. It might be 

pointetl out t h a t  t h i s  paper r e a l l y  f i t s  Lhe 1;it;le of  t h i s  whole meeting, 

which of course, i s  High Temperature Li.quid Metal Heat Transfer. M r .  

Desmond w a s  t a lk ing  i n  terms of temperatures of up t o  2800' centigrade, 
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wbereas most of the r e s i  of t h e  speakers  were d o m  i n  the range of 2,000' 

Fahrenhei t  o r  below. 

Nurick of Rocketdlme presented pre l  i m h a r y  da ia  on the  problem of 

hea t ing  a v e r t i c a l  surFace by spraying hot sodium m e t a l  on i t .  

:I111 condensing, Rohsenow of MIT descr ibed experiments pl.anned i o  de- 

termine t h e  va l . i d i ty  of t h e  usua l  assumption tha t  t h e  condensing sur face  

temperature i s  a t  t h e  sa tuxa t ion  temperature. It i s  going t o  be very  

i n t e r e s t i n g  to see  how t h a t  t u r n s  out  --whether t h e  accomodat ion f a c t o r  

r e a l l y  exis ts-->rhether  it i s  due t o  some impur i t i e s  ox! the sur face ,  and 

so on. 

Hays of Elec t ro-Opt ica l  presented r e s u l t s  a long with an i -n t e re s t ing  

shor t  movie s t r i p  showjng t h e  behavior  of a mercury jet condenser a s  a 

func t ion  of t h e  xass flow r a t i o ,  t'ne rati.o between 'ilie mass flow of l i q u i d  

and vapor. 

Sea t  f l u x e s  of t h e  oi-der of lo7 o r  h igher  were obtained i n  t h i s  system 

arid it vas not iced  t h a t  t h e r e  ~.ms an apprec iab le  presssure r i s e  as t h e  j e t  

was operatea,  which va r i ed  with t h e  mass flow r a t i o .  It w a s  suggested. t h a t  

perhaps t h i s  device, i n  add i t ion  t o  being a condenser, might be used. e i t h e r  

f o r  an a u x i l i a r y  pump o r  f o r  t he  miin pump i n  thc space system, e l imina t ing  

t h e  necess i ty  f o r  a mechanical punp. 

Brooks, of G.E.,  gave some potassium data oi-1 condensation wh5.ch were 

roughly i n  t h e  a rea  pred ic ted  by Seban 's  c o r r e l a t i o n .  

Gutstein,  of NASA presented a drop-growYii annular-f1.ow theo ry  of drop- 

wise mercui'y condensatton, which appeared i o  be corroborated by t h e  ex- 

perinients. This conslisted o f  t h e  drops bu i ld ing  uy on 'die w a l l s ,  tile drops 

theiiiselves growing, and a t  t h e  same time t h e  .zniiular condelisate r:i.ng i n -  

c reas ing  i n  s i z e  u n - t i l  it approached an a c t u a l  i n t e r f a c e  between t h e  vapor 

and the l i q u i d ,  ac ross  t h e  whole tube diameter. 

I n  t h e  f i e l d  of pool bo i l i ng ,  s t u d i e s  were descr ibed by Rohsenow of  

MIT whirh appenr t o  confirm an equaiiuii r e l a t i n g  the s i z e  of so l id - su r face  

depressions o r  ho les  i o  the superheat  requi red  f o r  m a i n t a i n h e  Llie a c t i v i t y  

of that hole as a bubble nuc lea t ion  s i t e .  



Bonilla of Columbia presented prel.i.rriiri.sry pool. data  with potasslim, 

using equipment which had been ixseci previoixsly, with sodium, and. he pl.ans 

t o  continue that work with new eqlxiprrient which is now inrider constru.ction. 

Es l zh i se r  of Michigan described pool. boilj-ng i n  which, under some 

circum.stances, he a c t u a l l y  go t  in4i catirms of fi1.m bo i l ing  as % s e l l .  He 

rr.a,de lneasurcrnents i n  t h e  pool., also, wliich indl.cated so.mc3 i n t e r e s t i n g  

tempera-t;ure va r i a t ions  a x i a l l y  up and clown the  pool.. He plans a-1; t'ne 

present time t o  exteiid tlic? work i n t o  fu l ly - f  ih boil ing.  

Xoyes of AT. showed recordings of the surface tem-pera.tuu.e f luc tua -  

i;ions i n  pool boil.ing, and he noticed t h a t  t h e r e  was one particulsr Ere- 

q1J.ency which seenied t o  be R re:;oriaat frequency a t  about 2 .)+ cyclea per 

second. There vas no attempt made t.0 indi.csf;e whether t h i s  was a general  

phenomenon f o r  0 1 ; l - i ~ ~  equipment. B i t  it w a s  i n t e re s t ing ,  wit;h a very sharp 

peak, regardless of' t h e  heat; f l u x  which occurred a t  abouf; 2.lt cyclzs per  

second. He a l s o  presented bum-out heal; fluxes and a c t u a l  measured sur-  

f ace  superheats. 

I n  forced convection bo i l ing  Berenson, AiResearcl-1, presented data on 

potassiim forced. convection 1up t o  about 65% e x i t  quaJ-ity. 

Brooks, in discussing G .E. ' s po!;msiwn data,  coimerited on a hump 

wkiich occurred i n  the  axial Leirtperature measurements along the  boiler w ; ~ l . l ,  

t'nis himp occurring j u s t  at the poin t  where the  enter ing potassiim reached 

%he sa tu ra t ion  temperature. !I?h:is was consis tent  f o r  a v a r i e t y  of fl.uxes 

and i n l e t  temperatures, so thn!; t h i s  hump always occurred a t  t h z t  point 

on t'ne l i q y i d  te1nperati.u-e scale, ra ther  than a t  some p a r t i c x l a r  point I n  

the  tube, and therefore w,as not, a_opare-ntl.y, an experirnentnl d i f f  icul.ty 

with a lu im thesrioco1~pl.e . 
Randali o f  P r a t t  and Whitney described r e s u l t s  of t e s t s  on various 

conr"i~ui 'at ions of s-mall tubes : tu'nes wlln:i.ch  we:^ pushed. i n  i n  various 

spots ,  tubes which were i n  a sine wave shape, arid so on. His r:?ethod of 

heatiiig w8.s i n t e r e s t i n g .  He heated h i s  tubes by cond.ensing potassium on 

the  outside.  

without any d-anger of burn-out;, s ince the w a l l  tkrliperature was l imited by 

tlne sa tu ra t ion  tenqierature of the condensing potassium on tile outside.  

This ena'decl him Lo get  all t h e  way up t o  1.0% q u a l i t y  
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He a c i u a l l y  used t h i s  in a subsequent, similar devicc i n  tile sa.me loop 

f o r  producing superheni . 
Hoffman of OKNL presented tne most recent  da t a  on biirn-oui and heal, 

t r a n s f e r  of  b o i l i n g  potassium that have been obtaincd he re .  

Noyes of A I  presented sub-cooled b o i l i n g  sodium r e s u l t s ,  and a l s o  n e t  

b o i l i n g  results wi th  q u a l i t i e s  u.p t o  about 3%. 

F i she r  of  Aero j e t  der;cribed forced  convection r e s u l i s  with rubi d i m  

wii'n o u t l e i  q u a l i i i e s  up t o  about 80%. 

I n  the prel iminary,  non-boi l ing tes ts  t h e r e  was a r a t h e r  iiiiusual 

spread i n  h i s  hea t  t ramfer  da ta ,  and Poppendiek of  Geoscirnce was r e -  

minded of s i m i l a r  r e s u l t s  h'rijch were obtained he re  about t e n  years  ago by 

B i l l  Harr ison i n  sodium, with very  sho r t  heated lengths  of tubes ,  and i n -  

dicaLe3 perhaps t h i s  w a s  not  j u s t  an  experimental d i fT icu l iy ,  bu t  might 

a c t u a l l y  be  a r ea l  e f f e c t .  You will remember t h a t  i n  F i s h e r ' s  apparatus  

t h e  h e a t e r  cons is ted  of a number of r e l a t i v e l y  sho r t  l engths  of h e a t e r s ,  

r a t h e r  t han  one continuous one, wi th  no?hezLed gaps t n  between. 

Smi.th of A l l i son  gave r e s u l t s  of forced  coxivection b o i l i n g  o f  

potassium-mercury amalgams. 

him t o  be l i eve  that perhaps he was i n  t h e  f i lm-bo i l ing  region.  

H e  got  AT'S up a s  h i s h  as 600"~ which l e d  

A f t e r  ihat paper t'nere was an i n t e r e s t i n g  d iscuss ion  on Lhe r e l ~ a t i v e  

mer i t s  of presented. b o i l i n g  da ta  i n  terms of h as opposed t o  present ing  

them as a p l o t  of - v e r s u s  AT. Q 
A 

Poppendiek and Grecne of Geoscience presented a theo ry  of dry-wal l  

fog-flow evaporat ion and experimental d a t a  which f 511- f a i r l y  c lose ,  aboui; 

20$0 below, i n  a system conta ln ing  a s p i r a l  f 1 . 0 ~ .  

Davis of SPL la t ;er  commented he believes b o i l i n g  should be c a r r i e d  

on on t h e  ou t s ide  of heated tube  banks i n  order t o  encourage t h e  impinge- 

ment of d rop le t s  i n  t h e  fog  which develops i n  t h e  b o i l i n g  process .  

Krakoviak of ORNL descr ibed a model which predic ted  ve ry  high super- 

h e a t s  ob ta inable  i n  l i q u i d  metals conta in ing  no vapor, and proposed that 

no nuc lea t ion  a t  smooth metal  w a l l s  occurs  i n  l i q u i d  a l k a l i  metals, h e a t  
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instead being conducted from .tihe smooth wall out through the  l i q u i d  metal 

to a l i q u i d  in t e r f ace  i n  the i n t e r i o r  of t he  evaporating f l u i d .  Some d i s -  

cussion follos..red. t h a t  paper. 

Chen of Brookhaven proposed a model. by nicans of vhich t;wo in-ieracting 

hea t - t r ans fe r  mechanism opera t;ed paral . le l  i n  forced convec-tion systems. 

A rtiacro- or for.cetl-convecti.on agi- ta t ion systmti, avid a micro- o r  bubble- 

growth a g i t a t i o n  mechanj.sm. IJs:i.ng t h i s  model he -daS able  t o  predict  t h e  

coe f f i c i en t s  close to those obtained by 0,WL ;rith potsssiwfl, and those 

obtained w i t h  sodium a t  G.E. 

I n  looking over the whole program, and i n  l i s t en i i i g  t o  the papers, I 

had several. react ions.  One !was that it seems t o  me we need more analyses 

o:? the  type given by Poppetid-i.ek and by Cheri :md by Stein and by El-l iot t ,  

where ve are r e a l l y  t ry ing - -e i the r  t o  see what i s  going on, o r  a t  least 

t o  get  a handle on predict ing the s i tua t ion ,  perhaps a t  the expense of 

some experimental work. There were a grea t  many experimental. da t a  pre-  

sented, and I recognize that we a r e  a l l  engineers and. we a r e  aimed a t  

pieces of liardivare. If we have a piece of equipnent and we have t o  run a 

test on it, of course we have - L o  run 0. tes-b on it, and. m i g h t  as well 

publish the  da t a .  But with the data  \E have now, it occ11.r:; to iixe t h a t  it 

i s  time t o  s i t  dom and attempt t o  exmine vhat i s  actual-ly going on, and 

i n  what d i r ec t ions  vr h a x  t o  go t o  develop f u r t h e r  imderstariding. 

Yau w i l l  rerriznber that; ?lick Grossmm, i n  h i s  introduction, pointed 

out that  liquid. metals a r e  d i f P i c u . l t ,  because you c a n ' t  see them, and. you 

c a n ' t  t e l l  Tdhetherr you a r e  i n  turisu.lent or  laminar ?low, even t.hough the 

Reynolds num'uer says perhaps you a r e  i n  turbulent  flow. This, of course, 

i s  even more im.-portant i n  the l i g h t  of questions Drs Goldman bas raised 

as t o  :..rhetlier o r  not a l e r e  i s  a f i lm  011 an evspoyating wall, t he  degree t o  

which the re  i s  .fog flow as opposed t o  anflular flow, avid so  on. IT" has 

eniphasj.zed. t h i s  over and ov::r again, and x8fiil-e some-billies the discussilsn 

became l.ively, I am sure  .we all agree t h a t  iirhat we need t o  do i s  -to find. 

soxe way of looking ins.irle, -theore-ti.cal1.y or experimental.ly, Lo determine 

what the  s i t u a t i o n  i s  in s ide  of t h i s  opaque mate.r.ial. 
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Final ly ,  IC would. l i k e  t o  corrxncnt t h a t  although I once was qu i t e  

a c t i v e  i n  the  l iquid-metal  f iel .d,  I haven’t  been very acti.7-e personally 

f o r  some time. 1 have found i.i; stiniulatj-ng t o  come back, as it were, and 

l i s t e n  t o  these papers which were, without exception, well  presented, and 

well  Lhought out. What w a s  even more stimulating t o  me, w a s  the  fact 

.thdi; everybody who w a s  preoen’cing a paper, and everyone who w a s  discussing 

a paper, seemed t o  have a real. enthusiasm for t he  f i e l d  and t o  be earnest-  

3-y in t e re s t ed  i n  pushing forward our knowledge of h i &  temperature l i q u i d  

metal heat  t r a n s f e r .  
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