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S E L E C T E D  D A T A  AND DISCUSSION O F  T H E  
P L U G G I N G  I N D IC A T O R  F O R  SODIU M L O O P S

by

P .  V i l i n s k a s ,  E .  C.  F i l e w i c z ,  
and  J .  R .  H u m p h r e y s

A B S T R A C T

T h e  d i f f e r e n c e s  b e t w e e n  m a n u a l ,  c o n t i n u o u s ,  and  
o s c i l l a t i n g  p l u g g i n g  i n d i c a t o r s  in  a  s o d i u m  s y s t e m  a r e  d i s ­
c u s s e d  b r i e f l y .  T h e  e x p e r i m e n t a l  d a t a  p r e s e n t e d  w e r e  o b ­
t a i n e d  w i t h  t h e  m a n u a l  a n d  th e  o s c i l l a t i n g  p lu g g i n g  i n d i c a t o r  s .

T h e  i n i t i a l  r e s u l t s  s h o w e d  t h a t  t e m p e r a t u r e s  of m a n ­
u a l  p l u g g i n g  i n d i c a t o r s  d id  n o t  a g r e e  w i th  c o l d - t r a p  t e m ­
p e r a t u r e s  a s  r e q u i r e d  b y  t h e o r y .  M a n u a l  p lu g g i n g  r u n s  w e r e  
m a d e  to  d e t e r m i n e  r e a s o n s  f o r  t h e  l a r g e  v a r i a t i o n  in t e m ­
p e r a t u r e  d i f f e r e n c e .  T h e  c o o l i n g  r a t e s  w e r e  v a r i e d  w h i le  
m a i n t a i n i n g  c o n s t a n t  p l u g g i n g - i n d i c a t o r  f low r a t e  a n d  c o ld -  
t r a p  t e m p e r a t u r e .  T h e s e  r e s u l t s  i n d i c a t e d  t h e  t r e n d  t h a t  a t  
lo w  c o o l i n g  r a t e s  ( a p p r o a c h i n g  z e r o )  t h e  p lu g g i n g  t e m p e r a ­
t u r e  w o u ld  a p p r o a c h  c o l d - t r a p  t e m p e r a t u r e .

W o r k  a t  L o s  A l a m o s  w i t h  t h e  o s c i l l a t i n g  p lu g g i n g  
i n d i c a t o r  i n d i c a t e d  t h e  r e a s o n s  f o r  th e  l a r g e  v a r i a t i o n  o b ­
s e r v e d  w i t h  t h e  m a n u a l  p l u g g i n g  i n d i c a t o r s .  T h e  m a n u a l  
p l u g g i n g  i n d i c a t o r  u s e d  in  o u r  t e s t s  w a s  m o d i f i e d  in to  an  
o s c i l l a t i n g  p l u g g i n g  i n d i c a t o r ,  a n d  s u c c e s s f u l  r u n s  w e r e  
m a d e  in  t h e  t e m p e r a t u r e  r a n g e  of  2 6 9 - 4 0 0 ° F .  T e m p e r a t u r e  
c h a n g e s  of t h e  c o ld  t r a p ,  and  h e n c e  the  i m p u r i t y  c o n c e n t r a ­
t i o n  of  t h e  s o d i u m  in  t h e  s y s t e m ,  w e r e  i n d i c a t e d  on t h e  t e m ­
p e r a t u r e  t r a c e  of  t h e  o s c i l l a t i n g  p lu g g i n g  i n d i c a t o r .  T h e  
t e m p e r a t u r e  d i f f e r e n t i a l  b e t w e e n  th e  co ld  t r a p  and  th e  m a n ­
u a l  p l u g g i n g  i n d i c a t o r  w a s  i n d e e d  r e d u c e d  b y  o p e r a t i n g  in  
th e  o s c i l l a t i n g  m o d e .

P r e m a t u r e  p r e c i p i t a t i o n  w a s  i d e n t i f i e d  a s  a n  i m p o r ­
t a n t  f a c t o r  in  t h e  o p e r a t i o n  of  t h e  o s c i l l a t i n g  p lu g g i n g  i n d i ­
c a t o r .  If  t h e  h e a t i n g  a n d  c o o l in g  a r e a  of  th e  p lu g g i n g  i n d i c a t o r  
i s  s u c h  a s  to  a l l o w  p r e c i p i t a t i o n  of  t h e  i m p u r i t i e s  u p s t r e a m  
f r o m  t h e  o r i f i c e ,  t h e n  i t  b e c o m e s  i m p o s s i b l e  to  o p e r a t e  t h e  
d e v i c e  in  t h e  o s c i l l a t i n g  m o d e .  A l s o ,  s p e c i e s  o t h e r  t h a n  
o x id e  w e r e  e v i d e n t  in  t h e  t e s t  r u n s .



I.  IN T R O D U C T I O N

T h e  p l u g g i n g  i n d i c a t o r  i s  a n  i n s t r u m e n t  t h a t  m e a s u r e s  th e  s a t u r a ­
t i o n  t e m p e r a t u r e  of  an  i m p u r i t y  in  a l i q u i d  m e t a l  s u c h  a s  s o d i u m .  I t  c o n ­
s i s t s  of a  c o n s t r i c t i o n  in  a  t u b e  t h r o u g h  w h i c h  th e  m e t a l  f lo w s ,  a  m e a n s  of 
c o o l in g  th e  m e t a l  a n d  m e a s u r i n g  i t s  t e m p e r a t u r e  a t  t h e  c o n s t r i c t i o n ,  and  a 
f l o w m e t e r  in  s e r i e s  w i t h  t h e  c o n s t r i c t i o n  to  m e a s u r e  f low v a r i a t i o n s .  A s  th e  
l i q u i d  m e t a l  i s  c o o l e d ,  i m p u r i t y  s a t u r a t i o n  t e m p e r a t u r e s  a r e  r e a c h e d ,  and 
i m p u r i t i e s  p r e c i p i t a t e  a n d  d e p o s i t  in  t h e  c o n s t r i c t i o n ,  t h u s  r e d u c i n g  m e t a l  
f lo w .  T h e  t e m p e r a t u r e  a t  w h i c h  the  f low  b e g i n s  to  d e c r e a s e  i s  c a l l e d  the  
" p lu g g in g  t e m p e r a t u r e . "  F o r  l i q u i d  s o d i u m ,  t h e  p lu g g i n g  t e m p e r a t u r e  h a s  
b e e n  a s s o c i a t e d  w i t h  t h e  s a t u r a t i o n  t e m p e r a t u r e  of s o d i u m  o x id e ,  and  ox ide  
c o n t e n t s  h a v e  b e e n  o b t a i n e d  f r o m  th e  s o l u b i l i t y - t e m p e r a t u r e  r e l a t i o n s h i p .

A s  o p e r a t i n g  e x p e r i e n c e  w i t h  m a n u a l  m o d e l s  of  p lu g g i n g  i n d i c a t o r s  
in  s o d i u m  i n c r e a s e d ,  i t  b e c a m e  a p p a r e n t  t h a t  th e  p lu g g i n g  t e m p e r a t u r e  w a s  
r e l a t e d  n o t  o n ly  to t h e  o x y g e n  c o n c e n t r a t i o n  b u t  a l s o  to  t h e  f low  r a t e  and  
c o o l i n g  r a t e  of  th e  s o d i u m .  T h e  p l u g g i n g  t e m p e r a t u r e ,  th e n ,  w a s  n o t  n e c e s ­
s a r i l y  an  a c c u r a t e  m e a s u r e  of a n  i m p u r i t y  c o n c e n t r a t i o n  o r  of  th e  t r u e  
s a t u r a t i o n  t e m p e r a t u r e .  T h e  d i f f e r e n c e  b e t w e e n  th e  p lu g g i n g  t e m p e r a t u r e  
a n d  th e  s a t u r a t i o n  t e m p e r a t u r e  w a s  c l e a r l y  i l l u s t r a t e d  by  w o r k  a t  L o s  A la m o s ^  
w i t h  an  o s c i l l a t i n g  p l u g g i n g  i n d i c a t o r  a n d  by  w o r k  in  E n g l a n d  w i th  the  c o n ­
t i n u o u s  p l u g g i n g  i n d i c a t o r .  T h e  m a n u a l  p lu g g i n g  t e m p e r a t u r e  w a s  s h o w n  to 
b e  b e l o w  t h e  t r u e  s a t u r a t i o n  t e m p e r a t u r e  a n d  r e l a t e d  to  th e  f i n i t e  c o n c e n ­
t r a t i o n  d i f f e r e n c e  n e c e s s a r y  to  i n i t i a t e  p r e c i p i t a t i o n  in  t h e  o r i f i c e .

D e p o s i t s  o t h e r  t h a n  s o d i u m  o x id e  a r e  p o s s i b l e  in  t h e  p l u g g i n g -  
i n d i c a t o r  o r i f i c e  a n d ,  s o m e t i m e s ,  tw o  d i f f e r e n t  s p e c i e s  m a y  d e p o s i t  a t  the  
s a m e  t i m e .  U s u a l l y ,  h o w e v e r ,  NazO i s  a s s u m e d  to  b e  t h e  i m p u r i t y  p r e ­
c i p i t a t i n g ,  and  th e  p l u g g i n g  t e m p e r a t u r e  i s  c o n v e r t e d  in to  o x y g e n  c o n c e n -  
t r a t i o n  u n i t s  b y  m e a n s  of o x y g e n  s o l u b i l i t y  d a t a ,  s u c h a s  t h o s e  of  R u t k a u s k a s .  
In  m o s t  i n s t a n c e s ,  NazO p r e c i p i t a t i o n  m a y  be  a v a l id  a s s u m p t i o n ,  b u t  m o r e  
w o r k  i s  n e c e s s a r y  to  c l a r i f y  t h i s  p o in t .  A t  p r e s e n t ,  the  r e a l  v a l u e  of the  
p l u g g i n g  i n d i c a t o r  i s  n o t  in  d e t e r m i n i n g  o x id e  c o n c e n t r a t i o n ,  b u t  in d e t e r ­
m i n i n g  w h e t h e r  d e p o s i t s  a r e  a c c u m u l a t i n g  a n d  t h u s  c a u s i n g  s o d i u m  l i n e s  to 
p l u g .  A l s o ,  t h e  u s e  of  t h e  p l u g g i n g  i n d i c a t o r  in  c o n j u n c t i o n  w i th  t h e  co ld  t r a p  
i s  v e r y  h e l p f u l .  B o th  u n i t s  o p e r a t e  on th e  s a m e  p r i n c i p l e ,  a n d  th e  p lu g g i n g  
i n d i c a t o r  i s  a  c o n v e n i e n t  m e a n s  of d e t e r m i n i n g  w h e n  th e  o p e r a t i o n  of a  co ld  
t r a p  i s  a d v i s a b l e  a n d  w h e n  i t s  e f f e c t i v e n e s s  i s  m i n i m a l .  A s  sh o w n  in  S e c ­
t i o n  111, w h e n  th e  p l u g g i n g  i n d i c a t o r  i s  o p e r a t e d  in  c o n j u n c t i o n  w i t h  a co ld  
t r a p ,  t h e  s a t u r a t i o n  t e m p e r a t u r e  of t h e  p l u g g i n g  i n d i c a t o r  u s u a l l y  c o r r e ­
s p o n d s  to  t h e  c o l d - t r a p  t e m p e r a t u r e .



II.  T H E  P L U G G I N G  IN D IC A T O R  C IR C U IT  
A ND M O D E S  O F  O P E R A T I O N

F i g u r e  1 s h o w s  tw o  m o d e l s  of  a  p lu g g i n g  i n d i c a t o r .  T h e  f i r s t ,  show n  
in  F i g .  l A ,  c o n s i s t s  of  a  f l o w m e t e r ,  a  f o r c e d - a i r  c o o l in g  s e c t i o n ,  an  o r i f i c e  
v a l v e ,  a n d  a t h e r m o c o u p l e .  A n  o r i f i c e  v a l v e  i s  a s o d i u m  s e r v i c e  v a l v e  t h a t  
h a s  a n o t c h  g r o u n d  in to  t h e  s t e m  s o  t h a t  w h e n  th e  v a l v e  i s  in th e  c l o s e d  p o s i ­
t i o n  th e  n o t c h  a c t s  a s  a n  o r i f i c e .  To  c l e a r  th e  o r i f i c e ,  a l l  one  h a s  to  do  i s  
o p e n  t h e  v a l v e  r e s t o r i n g  th e  s o d i u m  f low .  T h e  s e c o n d  m o d e l ,  sh o w n  in  
F i g .  I B ,  i n c o r p o r a t e s  a  h e a t  e x c h a n g e r  w i t h  c o o l in g  f in s  and  an  o r i f i c e  p l a t e  
w i t h  e i t h e r  a  s i n g l e  o p e n i n g  o r  s e v e r a l  o p e n i n g s .  B o th  of  t h e s e  d e s i g n s  a r e  
r e p r e s e n t a t i v e  of  t h e  m a n y  m a n u a l  p l u g g i n g  i n d i c a t o r s  in s e r v i c e  to d a y .
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,  ̂  ̂ M I I I I I I
^FLOWMETER /  "

^THERMOCOUPLE No '  THERMOCOUPLE-

A. Simple Plugging Indicator B. Regenerative Plugging Indicator 

Fig. 1. Component Arrangement in Typical Manual Plugging Indicators

A s  t h e  s o d i u m  f lo w s  t h r o u g h  a  p l u g g i n g - i n d i c a t o r  c i r c u i t ,  i t  i s  c o o le d  
a t  one  p o i n t  to  n e a r l y  i t s  f r e e z i n g  t e m p e r a t u r e .  T h e  s o d i u m  e n t e r i n g  th e  
c i r c u i t  i s  u s u a l l y  a t  6 0 0 ° F .  T h u s ,  t h e  m a x i m u m  c h a n g e  in  v i s c o s i t y  and  
d e n s i t y  of  t h e  s o d i u m  a s  a  r e s u l t  of  c o o l in g  i s  f r o m  0 .2 8 4  to  0 .705  c P  and  
f r o m  0 .882  to  0 .927  g / c m ^ .  T h e  m a s s  f low  of s o d i u m  a t  a n y  one  p o i n t  in 
t h e  c i r c u i t  w i l l  a l w a y s  e q u a l  t h e  m a s s  f low  a t  a n y  o t h e r  p o in t  in t h e  s a m e  
c i r c u i t .  T h e  v o l u m e  f low  r a t e  w i l l  c h a n g e  a c c o r d i n g  to  t h e  d e n s i t y  v a r i a ­
t i o n s .  T h e r e f o r e ,  i f  a  f l o w m e t e r  t h a t  m e a s u r e s  th e  v o l u m e  f low r a t e  i s  
e m p l o y e d ,  i t  s h o u ld  be  l o c a t e d  in  a c o n s t a n t - t e m p e r a t u r e  r e g i o n .  If i t  i s  
n o t ,  t h e  m a x i m u m  c h a n g e  in  f low  r a t e  a t t r i b u t a b l e  to  t h e  c h a n g e  in  s o d i u m  
d e n s i t y  in  t h e  f l o w m e t e r  w o u ld  be  a p p r o x i m a t e l y  5%. In a s i n g l e - o r i f i c e  
p l u g g i n g  i n d i c a t o r ,  w h e r e  t h e  l a r g e s t  p r e s s u r e  d r o p  i s  a c r o s s  t h e  o r i f i c e ,  
t h e  t e m p e r a t u r e - a s s o c i a t e d  f low c h a n g e s  w i l l  be  p r o p o r t i o n a l  to  th e  s q u a r e  
r o o t  of  t h e  c h a n g e  in  s o d i u m  d e n s i t y .  T h e  m a x i m u m  f low  c h a n g e  d u e  to  
t h i s  f a c t o r ,  a s s u m i n g  th e  c h a n g e  in  s o d i u m  t e m p e r a t u r e  i s  f r o m  600 to  
22 0 °F ,  i s  22%, a s  c a l c u l a t e d  b y  the  o r i f i c e - f l o w  equat ion . '^

A. M a n u a l  P l u g g i n g  I n d i c a t o r

T h e  m a n u a l  p l u g g i n g  i n d i c a t o r  i s  a  p lu g g in g  i n d i c a t o r  of  no p a r t i c ­
u l a r  d e s i g n  b u t  of  a  p a r t i c u l a r  m o d e  of  o p e r a t i o n .  T h e  c o o l in g  i s  i n i t i a t e d  
m a n u a l l y ,  e . g . ,  b y  a c t i v a t i n g  a  c o o l in g  f a n ,  a n d  s u b s e q u e n t l y  the  t e m p e r a ­
t u r e  a t  t h e  o r i f i c e  a n d  th e  f lo w  r a t e  t h r o u g h  the  o r i f i c e  a r e  m o n i t o r e d  u n t i l



c o m p l e t e  p l u g g i n g  i s  o b s e r v e d .  T h e  c o r r e s p o n d i n g  t e m p e r a t u r e  a t  w h ic h  
t h e  f low  t r a c e  " b r e a k s "  (a s i g n i f i c a n t  d e c r e a s e  in  t h e  f low  is  o b s e r v e d )  is  
t h e  p l u g g i n g  t e m p e r a t u r e .  T h e  b r e a k  q u i t e  o f t e n  i s  d i f f i c u l t  to  d e t e r m i n e  
a n d  i s  t h e r e f o r e  d e p e n d e n t  on  t h e  o p e r a t o r ' s  i n t e r p r e t a t i o n  a s  w e l l  a s  t h e  
c o o l in g  r a t e ,  e t c .  T h e  p l u g g i n g  t e m p e r a t u r e  t h u s  o b t a i n e d  d o e s  n o t  c o r r e ­

s p o n d  to  t h e  s a t u r a t i o n  t e m p e r a t u r e ,  w h i c h  is  
u s u a l l y  a b o u t  3 0 - 6 0 ° F  h i g h e r  b e c a u s e  of t h e  
c o n c e n t r a t i o n  d i f f e r e n c e ^  and  f i n i t e  t i m e  i t  
t a k e s  to  f o r m  a p r e c i p i t a t e  out  of  s o lu t i o n .
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Comparison of the Manual-plugging- 
indicator Temperature to the True 
Impurity-saturation Temperature as 
Measured by the Unplugging Mode

F i g u r e  2 i l l u s t r a t e s  t h i s  p h e n o m e n o n . *  
T h e  c o n v e n t i o n a l  b r e a k  t e m p e r a t u r e s  f o r  th e  
t h r e e  p l u g g i n g  r u n s  sh o w n  a r e  422,  419 ,  and  
4 l 6 ° F ,  a n d  th e  c o r r e s p o n d i n g  t r u e  s a t u r a t i o n  
t e m p e r a t u r e s  a r e  448 ,  447,  and  44 3 °F .  T h e  
m o d e  of o p e r a t i o n  s h o w n  i s  th e  p a r t i a l  o s c i l l a ­
t i o n  m o d e ,  o r  a s  i t  i s  s o m e t i m e s  c a l l e d ,  th e  
u n p l u g g i n g  m o d e ;^  i . e . ,  o n c e  p r e c i p i t a t i o n  in  th e  
o r i f i c e  h a s  s t a r t e d ,  c o o l in g  i s  d i s c o n t i n u e d  and  
h e a t  i s  a p p l i e d  to  r e d i s s o l v e  th e  p r e c i p i t a t e .  
W h e n  th e  r a t e  of p r e c i p i t a t i o n  i s  e q u a l  to  th e  
r a t e  of  d i s s o l u t i o n ,  e q u i l i b r i u m  o b t a i n s  a n d  th e  
c o r r e s p o n d i n g  t e m p e r a t u r e s  a r e  th e  e q u i l i b r i u m  
s a t u r a t i o n  t e m p e r a t u r e s  ( the m i n i m a  in t h e  f low 
t r a c e ) .  T h e  u n p lu g g i n g  m o d e  c o n v e n i e n t l y  i l l u s ­
t r a t e s  th e  d i f f e r e n c e  b e t w e e n  th e  o s c i l l a t i n g  and  
th e  m a n u a l  m o d e s  of  o p e r a t i o n .

B .  C o n t i n u o u s  o r  A u t o m a t i c  M o d e  of  O p e r a t i o n

T h e  c o n t i n u o u s  o r  a u t o m a t i c  m o d e  of o p e r a t i o n  i s  a t t r i b u t a b l e  to th e  
F r e n c h ® ’  ̂ a n d  th e  B r i t i s h ^ ’  ̂ w o r k e r s .  T h e  m a i n  f e a t u r e s  of t h i s  m e t h o d  a r e  
t h a t  t h e  c o o l i n g  r a t e  i s  c o n t r o l l e d  to  m a i n t a i n  a c e r t a i n  f ixed  f low  r a t e ,  and 
th e  t e m p e r a t u r e  a t  t h e  o r i f i c e  i s  t h e n  th e  s a t u r a t i o n  t e m p e r a t u r e .  S o d iu m  
p a s s i n g  t h r o u g h  th e  o r i f i c e  e i t h e r  d i s s o l v e s  o r  p r e c i p i t a t e s  a n  i n f i n i t e s i m a l  
a m o u n t  of  t h e  i m p u r i t i e s ,  a n d  n e a r  e q u i l i b r i u m  i s  m a i n t a i n e d  a t  a l l  t i m e s .  
T h i s  m o d e  of  o p e r a t i o n  i s  e s p e c i a l l y  a d v a n t a g e o u s  a t  low  s a t u r a t i o n  t e m ­
p e r a t u r e s  (< 2 5 0 ° F ) .

C.  O s c i l l a t i n g  M o d e  of  O p e r a t i o n

In  th e  o s c i l l a t i n g  m o d e  of  o p e r a t i o n , ^  the  t e m p e r a t u r e  of th e  p lu g g i n g  
o r i f i c e  i s  c y c l e d  t h r o u g h  a c e r t a i n  r a n g e ,  c a u s i n g  th e  f low  to  c y c l e  s i m i l a r l y .

'in  Fig. 2 and all other figures showing the actual temperature and flow profiles, the profiles are offset by
0.3 cm . A two-pen recorder was used to obtain these profiles. In these figures, the line drawn to interpret 
the temperature that corresponds to a flow maximum or a minimum is therefore offeet by 0.3 cm .



T h e  t e m p e r a t u r e s  c o r r e s p o n d i n g  to  t h e  m i n i m a  a n d  th e  m a x i m a  of th e  f low 
t r a c e  a r e  t h e  i m p u r i t y  s a t u r a t i o n  t e m p e r a t u r e s .  B o th  t h e s e  t e m p e r a t u r e s  
s h o u ld  be  e q u a l ;  h o w e v e r ,  d u e  to  t h e  t h e r m a l  i n e r t i a  of the  s y s t e m ,  t h e r e  
u s u a l l y  i s  a  d i f f e r e n c e  ( s e e  F i g .  9 l a t e r ) .  T h e  s o d i u m  t e m p e r a t u r e  in  th e  
o r i f i c e  i s  c o n t r o l l e d  by  a n  o n - o f f  s w i t c h  t h a t  i s  d r i v e n  by  th e  f low  t r a c e .
A t y p i c a l  a r r a n g e m e n t  i s  s h o w n  in F i g .  3. T h e  o s c i l l a t i n g  m o d e  i s ,  in  f ac t ,  
s i m i l a r  to  t h e  F r e n c h - B r i t i s h  c o n t i n u o u s  o r  a u t o m a t i c  m o d e .  T h e  d i f f e r ­
e n c e  i s  in  t h e  d e g r e e  of u p s t r e a m  p r e c i p i t a t i o n .  T h e  o s c i l l a t i n g  p lu g g i n g  
i n d i c a t o r  c a n n o t  be  o p e r a t e d  w i t h  u p s t r e a m  p r e c i p i t a t i o n ,  w h e r e a s  the  
c o n t i n u o u s  p l u g g i n g  i n d i c a t o r  c a n .  A t  lo w  c o n c e n t r a t i o n s  of i m p u r i t i e s ,  t h e  
o s c i l l a t i n g  m o d e  a u t o m a t i c a l l y  r e v e r t s  to  th e  c o n t i n u o u s  m o d e .
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Fig. 3

Oscillating Plugging Indi­
cator Used in Tests

III .  S E L E C T E D  E X P E R I M E N T A L  R E S U L T S

A. E x p e r i m e n t a l  A p p a r a t u s  and  P r o c e d u r e

T h e  r e s u l t s  r e p o r t e d  in  t h i s  s e c t i o n  w e r e  o b t a i n e d  w i t h  a  p lu g g i n g -  
i n d i c a t o r  c i r c u i t  s u c h  a s  s h o w n  in  F i g .  3. F i g u r e  4 s h o w s  th e  o r i f i c e  d e t a i l .  
F i g u r e  5 s h o w s  th e  s o d i u m  a n a l y t i c a l  loop  (SAL) u s e d  in  th e  p l u g g i n g -  
i n d i c a t o r  t e s t .  T h e  s o d i u m  in  t h e  m a i n  t a n k  ( a p p r o x i m a t e l y  120 lb)  i s  m a i n ­
t a i n e d  a t  6 0 0 ° F .  T h e  f l o w m e t e r  
in  t h e  p l u g g i n g  lo o p  i s  l o c a t e d  
b e t w e e n  th e  m a i n  s o d i u m  t a n k  
an d  an  e c o n o m i z e r ,  w h i c h  i s  n o t  
s h o w n  in  F i g .  5. T h e  e c o n o m i z e r  
( s e e  F i g .  3) i s  u s e d  to  c o o l  the  
s o d i u m  to  n e a r  th e  i m p u r i t y  s a t u ­
r a t i o n  t e m p e r a t u r e ,  b u t  n o t  l o w 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 ,  
f o r  t h e  s o d i u m  w o u ld  b e  d e p l e t e d  
o f  i m p u r i t i e s  b e f o r e  r e a c h i n g  th e  
o r i f i c e .  T h e  a i r  b l o w e r ,  l o c a t e d
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Fig. 4. Plugging-indicator Orifice Detail
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DIP SAMPLER d o w n s t r e a m  f r o m  th e  o r i f i c e ,
b r i n g s  t h e  t e m p e r a t u r e  of  th e  
s o d i u m  in  t h e  o r i f i c e  b e lo w  th e  
i m p u r i t y  s a t u r a t i o n  t e m p e r a ­
t u r e  and  c a u s e s  p r e c i p i t a t i o n  
in  the  o r i f i c e .

W h e n  th e  s o d i u m  flow  
in  the  c i r c u i t  d e c r e a s e s  b e l o w  
a p r e s e t  v a l u e ,  a  h e a t i n g  e l e ­
m e n t  in  th e  a i r  b l o w e r  i s  a c t u ­
a t e d  b y  a c o n t r o l  s w i t c h  on  th e  
f low  r e c o r d e r .  T h e  h e a t i n g  e l e ­
m e n t  i s  m a i n t a i n e d  in  th e  on 
p o s i t i o n  u n t i l  s o m e  of t h e  p r e ­
c i p i t a t e  in  t h e  o r i f i c e  g o e s  b a c k  
in to  s o lu t i o n .  T h e  s o d i u m  f low  
th e n  i n c r e a s e s  to  a s e c o n d  p r e ­
s e t  ( h i g h e r )  v a l u e ,  a t  w h i c h  p o i n t  
t h e  h e a t i n g  e l e m e n t  in  th e  a i r  

b l o w e r  i s  d e a c t i v a t e d  b y  a  s e c o n d  c o n t r o l  s w i t c h  on th e  s a m e  f low  r e c o r d e r .  
T h e  a i r  b l o w e r  i s  a l w a y s  in  th e  on p o s i t i o n  w h i l e  th e  p lu g g i n g  i n d i c a t o r  is  
b e i n g  o p e r a t e d .  In  t h i s  m a n n e r ,  t h e  f lo w  m a y  be  c y c l e d  b e t w e e n  a n y  two p lu g  
f r a c t i o n s  of  th e  o r i f i c e  b y  s i m p l y  s e t t i n g  the  h e a t i n g  e l e m e n t  o n - o f f  s w i t c h e s  
on  the  f low  r e c o r d e r .  I f  th e  s w i t c h e s  a r e  s e t  so t h a t  t h e  o r i f i c e  h a s  s o m e  
d e p o s i t  t h r o u g h  t h e  e n t i r e  c y c l e ,  t h e n  t h e  m e t e r  i s  s a i d  to  be  o p e r a t i n g  in  
t h e  o s c i l l a t i n g  m o d e .  F i g u r e s  9 - 1 3  a r e  good e x a m p l e s  of  t h i s  o p e r a t i o n a l  
m o d e .  T h e  b a r e - o r i f i c e  f low  f o r  t h e s e  t r a c e s  i s  0 .2 4  g p m .  I f  t h e  c o n t r o l s  
a r e  s e t  so  t h a t  t h e  d e p o s i t  i s  c o m p l e t e l y  r e m o v e d  b e f o r e  th e  n e x t  c y c l e  i s  
e x e c u t e d ,  t h e  m e t e r  o p e r a t e s  in  t h e  p a r t i a l  o s c i l l a t i n g  o r  u n p lu g g i n g  m o d e ,  
a s  in  F i g s .  2 a n d  8.  T h e  i m p u r i t y  s a t u r a t i o n  t e m p e r a t u r e  i s  th e  o r i f i c e  
t e m p e r a t u r e  t h a t  c o r r e s p o n d s  to  t h e  m a x i m u m  and  m i n i m u m  of  t h e  f low 
t r a c e  in  t h e  o s c i l l a t o r y  o p e r a t i o n a l  m o d e  and  to  t h e  m i n i m u m  of t h e  f low 
t r a c e  in  t h e  u n p l u g g i n g  m o d e  of o p e r a t i o n .  A t  b o th  the  m a x i m u m  and  m i n i ­
m u m  of the  f low  t r a c e ,  t h e  r a t e  a t  w h i c h  i m p u r i t i e s  d i s s o l v e  i s  e q u a l  to  the  
r a t e  a t  w h i c h  t h e y  d e p o s i t .  T h u s ,  t h e  i m p u r i t i e s  in  s o l u t i o n  a r e  a t ,  o r  v e r y  
n e a r ,  e q u i l i b r i u m  w i t h  t h e  i m p u r i t i e s  t h a t  h a v e  b e e n  d e p o s i t e d  in  t h e  o r i f i c e ,  
a n d  th e  c o r r e s p o n d i n g  t e m p e r a t u r  e ( s )  i s  th e  i m p u r i t y  s a t u r a t i o n  t e m p e r a t u r e .

I t  i s  n o t  n e c e s s a r y  to h a v e  a n  e c o n o m i z e r  in  f r o n t  of t h e  o r i f i c e  a s  
s h o w n  in  F i g .  3; t h e  e c o n o m i z e r  m e r e l y  h e l p s  to  m a i n t a i n  an  e v e n  t e m p e r a ­
t u r e  in  t h e  m a i n  s o d i u m  t a n k .  H o w e v e r ,  w i th  t h i s  a r r a n g e m e n t ,  h e a t  i s  
r e m o v e d  a t  o r  d o w n s t r e a m  f r o m  t h e  o r i f i c e ,  a n d  th e  c o o l e s t  p o r t i o n  of t h e  
l o o p  d u r i n g  t h e  c o o l i n g  c y c l e  i s  a  s h o r t  d i s t a n c e  d o w n s t r e a m  f r o m  th e  o r i ­
f i c e .  D e p o s i t i o n  s t a r t s  h e r e  on t h e  i n t e r i o r  w a l l s  a n d  w o r k s  b a c k  u n t i l  i t  
r e a c h e s  t h e  o r i f i c e .  T h i s  a v o i d s  d e p o s i t i o n  u p s t r e a m  f r o m  t h e  o r i f i c e ,  
w h i c h  a s  n o t e d  b e l o w  i s  d i s a d v a n t a g e o u s .
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W h en  th e  c o o l i n g  a i r  w a s  d i r e c t e d  a t  th e  e c o n o m i z e r ,  a s  s h o w n  in 
F i g .  3, i n s t e a d  of  a t  t h e  e c o n o m i z e r  r e t u r n  loop ,  i t  w a s  n o t  p o s s i b l e  to 
o p e r a t e  t h e  p l u g g i n g  i n d i c a t o r  in  t h e  o s c i l l a t i n g  m o d e .  T h e  f low  o s c i l l a t i o n s  
d e c a y e d  w i t h i n  tw o  to  f o u r  c y c l e s  to  a  f low  v a l u e  t h a t  i n d i c a t e d  a p a r t i a l l y  
p lu g g e d  o r i f i c e ,  and  th e  c o n t i n u o u s  o r  a u t o m a t i c  m o d e  of  o p e r a t i o n  r e s u l t e d .  
D e p o s i t i o n  a n d  r e m o v a l  of  t h e  i m p u r i t i e s  on th e  e c o n o m i z e r  w a l l  u p s t r e a m  
f r o m  th e  o r i f i c e  w e r e  b e l i e v e d  to  b e  r e s p o n s i b l e  f o r  t h i s  p h e n o m e n o n .  T h e  
r e s u l t s  o f  th e  m a n u a l  p l u g g i n g  i n d i c a t o r  w e r e  o b t a in e d  on th e  s a m e  s y s t e m  
w i t h  t h e  s a m e  o r i f i c e ,  e x c e p t  t h a t  th e  c o o l in g  and  h e a t i n g  w e r e  d i r e c t e d  a t  
t h e  e c o n o m i z e r  a n d  w e r e  a c t u a t e d  m a n u a l l y .

T h e  i m p u r i t y  l e v e l s  t h r o u g h o u t  a l l  o u r  r u n s  w e r e  c o n t r o l l e d  by  
o p e r a t i n g  th e  co ld  t r a p  a t  a  p r e d e t e r m i n e d  t e m p e r a t u r e .  T h e  a c t u a l  c o n ­
c e n t r a t i o n s  of  i m p u r i t i e s  a n d  th e  s p e c i e s  t h a t  w e r e  p r e s e n t  w e r e  n o t  d e ­
t e r m i n e d  f o r  a n y  of t h e  o s c i l l a t i n g - i n d i c a t o r  r u n s .  D i s t i l l a t i o n ^  a n a l y s e s  
f o r  o x y g e n  w e r e  p e r f o r m e d  f o r  t h e  m a n u a l - i n d i c a t o r  r u n s .  In  g e n e r a l ,  
t h e r e  w a s  good  a g r e e m e n t  b e t w e e n  t h e  o x y g e n  a n a l y s i s  w h e n e v e r  p e r f o r m e d  
a n d  th e  c o l d - t r a p  t e m p e r a t u r e  w h e n  a n  i m p u r i t y  w a s  i n j e c t e d  in to  th e  s o d i u m  
s y s t e m .  T h e  o x y g e n  s o l u b i l i t y - v e r s u s - t e m p e r a t u r e  c u r v e  of R u t k a u s k a s  
w a s  u s e d .

B . E f f e c t  of  C o o l i n g  R a t e s  on  M a n u a l  P l u g g i n g  T e m p e r a t u r e

R e s u l t s  w i t h  t h e  SAL m a n u a l  p l u g g i n g  i n d i c a t o r  s h o w e d  t h a t  the  
m a n u a l - p l u g g i n g - i n d i c a t o r  t e m p e r a t u r e s  d id  n o t  a g r e e  w i th  c o l d - t r a p  t e m ­
p e r a t u r e s  a s  r e q u i r e d  b y  t h e o r y .  An e f f o r t  w a s  m a d e  to  c o r r e l a t e  th e  d i f -  
e r e n c e  and  to  a s s e s s  t h e  r e l i a b i l i t y  of  t h e  m a n u a l  p lu g g i n g  i n d i c a t o r .  In 
t h e s e  r u n s ,  t h e  s o d i u m  f lo w  r a t e  a n d  c o l d - t r a p  t e m p e r a t u r e  r e m a i n e d  n e a r l y  
c o n s t a n t  a t  0.Z5 g p m  a n d  4 5 b °F ,  r e s p e c t i v e l y ,  and  th e  c o o l in g  r a t e  of s o d i u m

w a s  v a r i e d  f r o m  0.6 to 25°F  p e r  
m i n u t e .  F i g u r e  6 s h o w s  s o m e  of 
t h e  r e s u l t s .  I t  m a y  be  s e e n  t h a t  
t h e  m a n u a l  p lu g g i n g  t e m p e r a t u r e  
i s  a  f u n c t i o n  of th e  c o o l in g  r a t e  of 
s o d i u m  and  p o o r l y  c o r r e l a t e d  to 
t h e  c o l d - t r a p  t e m p e r a t u r e .  F i g ­
u r e  6 a l s o  s h o w s  t h a t  in  r u n s  w i th  
th e  l o w e r  c o o l in g  r a t e s  t h e r e  i s  
a  t e n d e n c y  to  a p p r o a c h  th e  t r u e  
s a t u r a t i o n  t e m p e r a t u r e .  I t  i s  a l s o  
t r u e  t h a t  a t  t h e  l o w e r  c o o l in g  r a t e s  
of  s o d i u m  i t  i s  m o r e  d i f f i c u l t  to  
e s t a b l i s h  w h e r e  p lu g g i n g  s t a r t e d .  
F i g u r e  7 s h o w s  a t r a c e  of an  a c t u a l  

m a n u a l  p lu g g i n g  i n d i c a t o r  r u n  a t  a  c o o l in g  r a t e  of  5°F p e r  m i n u t e .  F i g u r e  7 
a l s o  s h o w s  a d i f f e r e n c e  of  50°F  b e t w e e n  p lu g g i n g  and  u n p lu g g i n g  (3 5 0 -4 0 0 ° F )  
a n d  a m e a s u r e d  o x y g e n  c o n t e n t  of  s o d i u m  of  31 p p m  c o r r e s p o n d i n g  to  a s a t ­
u r a t i o n  t e m p e r a t u r e  of  a p p r o x i m a t e l y  46 0 °F .

410

D  RUN NO. I 
O  RUN NO. 2  
A  RUN NO. 3

H 4 0 0

3 9 0

0 2 3
SODIUM COOLING RATE , 'F /m in

4

Fig. 6. Sodium Plugging Temperature vs Cooling 
Rate at Cold-trap Temperature of 456°F



11

(OXYGEN CONTENT IN SODIUM-3 1  ppm  MEASURED)
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r
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In s u m m a r y ,  t h e  m a n u a l  p l u g ­
g ing  i n d i c a t o r  i s  a p o o r  d e v i c e  fo r  
d e t e r m i n i n g  s o d i u m  s a t u r a t i o n  
t e m p e r a t u r e s .

C. R e s u l t s  w i th  t h e  O s c i l l a t i n g -  
m o d e  P l u g g i n g  I n d i c a t o r

3 0 0 4 0 0
T E M P .,"F

4 5 0

Fig. 7. Plot of Actual Manual- 
plugging-indicator Run

F i g u r e s  8 - 1 7  a r e  r e p r o d u c e d  
s e g m e n t s  of  th e  a c t u a l  r e c o r d e d  t e m ­
p e r a t u r e  and  f low p r o f i l e s .  F i g u r e s  2 
and  8 show  s o m e  u n p lu g g i n g  r u n s  m a d e  
to  c o m p a r e  th e  p lu g g i n g  t e m p e r a t u r e  

o b t a i n e d  w i t h  a  m a n u a l  p l u g g i n g  i n d i c a t o r  w i th  t h a t  of t h e  o s c i l l a t i n g  i n d i ­
c a t o r .  T h e  r e a s o n  f o r  t h e  d i f f e r e n c e  h a s  a l r e a d y  b e e n  e x p l a i n e d  b y  o th e r s ^  
a n d  w a s  d i s c u s s e d  b r i e f l y  in  S e c t i o n  III ,

F i g u r e s  9 - 1 3  s h o w  t h e  t e m p e r a t u r e  and  f low t r a c e s  f o r  a  c o l d -  
t r a p p i n g  r u n .  S t a r t i n g  w i t h  t h e  s o d i u m  i m p u r i t y - s a t u r a t i o n  t e m p e r a t u r e  a t  
360 ± 10°F ,  t h e  co ld  t r a p  w a s  o p e r a t e d  to  r e d u c e  t h e  i m p u r i t i e s  to  the  
l o w e s t  l i m i t  p o s s i b l e .  T h e  o s c i l l a t i n g  p lu g g i n g  i n d i c a t o r  w a s  t u r n e d  on and  
o p e r a t e d  c o n t i n u o u s l y  ( a u t o m a t i c a l l y )  t h r o u g h  the  e n t i r e  r u n ,  a  p e r i o d  of 
s o m e  18 h r .  F i g u r e  9 s h o w s  t h e  p l u g g i n g - i n d i c a t o r  t r a c e  a t  t h e  b e g i n n in g  
of  t h i s  r u n ,  a n d  F i g s .  1 0 - 1 3  w e r e  t a k e n  in  t h a t  o r d e r  f r o m  th e  s a m e  t r a c e
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Fig. 8. Effect o f Cooling Rate on the 
Interpretation of Manual- 
plugging-indicator Temperature

Fig. 9. Trace of Oscillating Plugging 
Indicator at Start of a Cold- 
trapping Run
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Fig. 10. Trace of Oscillating Plugging 
Indicator 2 hr after Initiation 
of Cold Trapping
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Fig. 11. Trace of Oscillating Plugging 
Indicator 4 hr after Initiation 
of Cold Trapping
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Fig. 12, Trace o f  Oscillating Plugging 
Indicator 14 hr after Initiation 
of Cold Trapping

Fig. 13. Trace of Oscillating Plugging 
Indicator Showing Flow Arrest 
due to Sodium Freezing
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Fig. 14. Trace of Oscillating Plugging Indicator, 
Showing Evidence for a Two-species 
Precipitation Process

Fig. 15. Trace of Oscillating Plugging Indi­
cator, Arrested at Approximately 
440^F to Prove Two-species Pre­
cipitation Phenomenon
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Fig. 16. Trace of Oscillatmg Plugging Indi­
cator, Arrested at Approximately 
480°F to Prove Two-species Pre­
cipitation Phenomenon

Fig. 17. Trace of Oscillating Plugging 
Indicator Interpreted for Two 
Impurity Species
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a t  l a t e r  i n t e r v a l s .  T h e  f low  t r a c e  r e m a i n e d  b e t w e e n  0 .15  and  0 .18  g p m  
t h r o u g h o u t  t h e  e n t i r e  r u n ,  w h i l e  t h e  t e m p e r a t u r e  t r a c e  d r o p p e d ,  i n d i c a t i n g  
t h a t  i m p u r i t i e s  w e r e  r e m o v e d  b y  th e  co ld  t r a p .  T h e  l o w e s t  s a t u r a t i o n  
t e m p e r a t u r e  a t t a i n e d  w a s  2 6 9 ° F .  A t t e m p t s  to  r e a c h  l o w e r  s a t u r a t i o n  t e m ­
p e r a t u r e s  r e s u l t e d  in s o d i u m  f r e e z i n g  d o w n s t r e a m  f r o m  th e  o r i f i c e .  T h i s  
b l o c k e d  th e  f low  c o m p l e t e l y ,  w h i c h  in  t u r n  i n c r e a s e d  th e  s o d 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 s  s h o w n  in  F i g .  13.

N o te  t h e  d i f f e r e n c e  in  t h e  f low  t r a c e s  in  F i g s .  9 - 1 2 .  T h e  s h a p e  h a s  
r e m a i n e d  a p p r o x i m a t e l y  t h e  s a m e ,  b u t  t h e  a m p l i t u d e  h a s  b e e n  r e d u c e d  and  
th e  p e r i o d  i n c r e a s e d .  T h i s  c a n  be  e x p l a i n e d  a s  fo l lo w s ;  A s  th e  s o d i u m  i s  
p u r i f i e d ,  i t  t a k e s  a  g r e a t e r  v o l u m e  of s o d i u m  to  s u p p ly  e n o u g h  i m p u r i t i e s  
f o r  p l u g g i n g  to  o c c u r .  T h u s ,  i f  t h e  f lo w  r a t e  r e m a i n s  a p p r o x i m a t e l y  th e  
s a m e ,  t h e  a m o u n t  of  d e p o s i t  i s  d e c r e a s e d  and  th e  t i m e  i t  t a k e s  to  a c c u m u ­
l a t e  t h e  d e p o s i t  i s  i n c r e a s e d .

F i g u r e s  1 4 - 1 7  s h o w  e v i d e n c e  f o r  a  s e c o n d  s p e c i e s ,  in  a d d i t i o n  to  the  
o x id e ,  t h a t  w a s  d e t e c t e d  in  t h i s  s e r i e s  of  p lu g g i n g  r u n s .  A t  t h e  t i m e  of  t h i s  
o b s e r v a t i o n ,  t h e  s o d i u m  s a t u r a t i o n  t e m p e r a t u r e  w a s  a p p r o x i m a t e l y  450°F .
T h e  p l u g s  w e r e  n e v e r  r e m o v e d  f o r  e x a m i n a t i o n  and  i d e n t i f i c a t i o n  of  the  
s e c o n d  s p e c i e s  o r  of  t h e  o x id e .  T h i s  s e c o n d  s p e c i e s  i s  c h a r a c t e r i z e d  by  
b e i n g  m u c h  s l o w e r  to  p r e c i p i t a t e  a n d  r e d i s s o l v e  t h a n  th e  o x id e ,  and  by  
b l o c k i n g  a s m a l l e r  p o r t i o n  of  th e  f low .  T h u s ,  t h i s  s p e c i e s  p r o b a b l y  i s  
p r e s e n t  in  s m a l l e r  a m o u n t s  in  s o d i u m  t h a n  th e  d i s s o l v e d  ox y g en .

F i g u r e  14 i l l u s t r a t e s  th e  p h e n o m e n o n  a s  f i r s t  o b s e r v e d .  T h e  p lu g g i n g  
m e t e r  w a s  b e i n g  o p e r a t e d  in  t h e  o s c i l l a t i n g  m o d e  w i th  a p a r t i a l l y  p lu g g e d  
o r i f i c e .  C l e a n  o r i f i c e  f low  i s  0 .2 4  g p m .  T h e  o s c i l l a t i n g  f low  t r a c e  s h o w s  
t h a t  th e  m i n i m u m  flow  i s  a b o u t  0 .13  g p m  w h i l e  th e  m a x i m u m  f low  i s  i r r e g ­
u l a r  a n d  d e c a y i n g .  On t h e  t h i r d  c y c l e ,  t h e  h e a t i n g  p e r i o d  h a d  to  be  e x t e n d e d  
m a n u a l l y  to  o v e r c o m e  th e  d e c a y .  T h i s  p h e n o m e n o n  w a s  a l s o  o b s e r v e d  in  
o t h e r  r u n s  w h e n  t h e  m e t e r  w a s  l e f t  i n  o p e r a t i o n  o v e r n i g h t .  In  t h e s e  i n ­
s t a n c e s ,  th e  m e t e r  a p p e a r e d  to  h a v e  m e m o r i z e d  a c e r t a i n  f low  o s c i l l a t i o n ,  
w h i c h  c o u ld  b e  c h a n g e d  o n ly  w i t h  f a i r l y  s e v e r e  t e m p e r a t u r e  c h a n g e s .  T h i s  
b e h a v i o r  w a s  i n t e r p r e t e d  to  m e a n  t h a t  a  s e c o n d  s p e c i e s  a l o n g  w i th  th e  o x id e  
w a s  b e i n g  p r e c i p i t a t e d  in  t h e  o r i f i c e .  T h e  s a t u r a t i o n  t e m p e r a t u r e  of th e  
s e c o n d  s p e c i e s  w a s  a b o v e  t h a t  of  t h e  o x id e ,  a n d  th e  r a t e  of  i t s  d e p o s i t i o n  
w a s  m u c h  l o w e r  t h a n  t h a t  of  t h e  o x id e .  T h u s ,  t h i s  s e c o n d  s p e c i e s  d e p o s i t e d  
in  th e  o r i f i c e  t h r o u g h o u t  t h e  e n t i r e  h e a t - c o o l  c y c l e ,  b u t  o n ly  th e  p o r t i o n  
d e p o s i t e d  a t  t h e  f a s t - f l o w  p a r t  of  t h e  c y c l e  r e m a i n e d ;  the  r e s t  w a s  r e m o v e d ,  
w i t h  t h e  o x id e  a c t i n g  a s  a  c a r r i e r .  T h u s ,  a  l a y e r  of t h i s  s e c o n d  m a t e r i a l  
w a s  b u i l t  up ,  c o v e r i n g  t h e  o x id e  n o t  b e i n g  c y c l e d .  F i g u r e s  15 a n d  16 i l l u s ­
t r a t e  t h i s  p h e n o m e n o n .  F i g u r e  15 s h o w s  a f low t r a c e  fo l l o w in g  s e v e r a l  h o u r s  
of  p l u g g i n g - i n d i c a t o r  o p e r a t i o n ,  a f t e r  w h i c h  th e  a u t o m a t i c  c y c l i n g  w a s  s u p ­
p r e s s e d  a n d  t h e  t e m p e r a t u r e  a t  t h e  o r i f i c e  w a s  m a i n t a i n e d  a t  a p p r o x i m a t e l y  
4 4 0°F  f o r  one  h o u r .  T h e  f low  r e t u r n e d  to  t h e  h ig h  r a t e  of th e  c y c l i c  o p e r a ­
t i o n  a n d  r e m a i n e d  f a i r l y  c o n s t a n t .  W h e n e v e r  t h i s  i s  d o n e  w i t h  c l e a n e r  
s o d i u m ,  t h e  f low  r e t u r n s  to  0 .2 4  g p m  ( u n p l u g g e d - o r i f i c e  c o n d i t io n ) .  In t h e
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p r e s e n t  i n s t a n c e ,  h o w e v e r ,  a  l a y e r  of  t h e  s e c o n d  s p e c i e s  p r e v e n t e d  c o m p l e t e  
d i s s o l u t i o n  of  t h e  o x id e  in  t h e  o r i f i c e .  F i g u r e  16 s h o w s  a  s i m i l a r  e x p e r i ­
m e n t ,  e x c e p t  t h a t  t h e  t e m p e r a t u r e  in  t h e  o r i f i c e  w a s  r a i s e d  to  4 8 0 - 4 9 0 ° F .  
T h e  f low  t r a c e  s h o w s  t h a t  t h e  c y c l e d  o x id e  i s  r e m o v e d  q u ic k ly ,  b u t  t h e  l a y e r  
of  t h e  s e c o n d  s p e c i e s  i s  n o t  r e m o v e d  a t  a l l  u n t i l  s o m e  t e m p e r a t u r e  ab o v e  
4 5 0°F  i s  r e a c h e d ,  a t  w h i c h  p o i n t  t h e  p lu g  s l o w l y  d i s s o l v e s  and  th e  f low  r e ­
t u r n s  to  t h e  b a r e - o r i f i c e  v a l u e  of  0 .2 4  g p m .

F i g u r e  17 s h o w s  a  f low  t r a c e  w i t h  w h a t  a p p e a r s  to  be  tw o  s p e c i e s ,  
o x id e  p l u s  t h e  s e c o n d  s p e c i e s ,  b e i n g  d e p o s i t e d  a n d  d i s s o l v e d  in  a p p r e c i a b l e  
a m o u n t s  so  t h a t  t h e  h i s t o r y  of  one  s u b s t a n c e  i s  s u p e r i m p o s e d  on th e  o t h e r .

IV. C O N C L U S IO N S  AND R E C O M M E N D A T I O N S

T h e  m a n u a l  p l u g g i n g  i n d i c a t o r  i s  a  p o o r  d e v i c e  and  th e  o s c i l l a t i n g  
a n d  th e  c o n t i n u o u s  p l u g g i n g  i n d i c a t o r s  a r e  v e r y  u s e f u l  d e v i c e s  f o r  m e a s ­
u r i n g  i m p u r i t y  s a t u r a t i o n  t e m p e r a t u r e s  in  s o d i u m  c i r c u i t s .

T h e  o s c i l l a t i n g  a n d  c o n t i n u o u s  p lu g g i n g  i n d i c a t o r s  c a n  b e  u s e d  
s i m p l y  f o r  m o n i t o r i n g  p u r p o s e s ,  o r  t h e y  c a n  a l s o  be  u s e d  f o r  s t u d i e s  of 
i m p u r i t y  b e h a v i o r  in  s o d i u m  w i t h  r e s p e c t  to co ld  t r a p p i n g .  A r e m o v a b l e -  
o r i f i c e  p l u g g i n g  i n d i c a t o r  w o u ld  b e  v e r y  h e lp fu l ,  and  e f f o r t s  s h o u ld  be  
e x t e n d e d  in  t h i s  d i r e c t i o n .  A l s o ,  s t u d i e s  on p r e c i p i t a t i o n  r a t e s  of th e  
d i f f e r e n t  s p e c i e s  a n d  on s e e d i n g  of  o r i f i c e s  c o u ld  e x t e n d  th e  r a n g e  of  u s e ­
f u l n e s s  of  p l u g g i n g  i n d i c a t o r s .

A C K N O W L E D G M E N T S
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p o r t ,  a n d  to  L .  G. B a r t h o l m e  a n d  R .  D.  B a l d w i n  f o r  t h e i r  a s s i s t a n c e  in 
c o n s t r u c t i n g  a n d  o p e r a t i n g  t h e  S o d i u m  A n a l y t i c a l  L o o p .
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