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PHYSICOCHEMICAL PROPERTIES 0 F 
LITHIUM CHLORIDE -LITHIUM CARBONATE MELT MIXTURES 

Experimental studies of liquid mixtures of lithium chloride and lithium carbonate were 
conducted at temperatures between 550' C and 8OO0C for a rans&'of'compositions in- 
cluding the eutectic, Viscosity, density, and surface tension T,-$ere measured by suit- 
able modifications of a linear oscillation viscometer. Conh-ct aiigles with POCO AX 
and spectroscopically pure graphite were also observed p s  <unctions of composition 
and temperature. 
were determined by radioisotope tagging of carbonate ions with CI4, enabling measure- 
ment  oi diffusion of carbonate into a capillary tube from an external phase. Laboratory 
techniques, evaluation of precision, and measured physico-chemical properties are 
prescnted in detail. 

Self-diffusion coefficients for carboilate ions in  the eutectic mixture 
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This suj)pleincnt has  been prepared by the Electrochcnlistry Laboratory of the John 
Harrison Laboratory of Chemistry, University of Pennsylvania, Phil-adelphia, 
Fennsylvania,and is par t  of the effort  required by National Aeronautics and Space 
Administration Contract No. NAS 1-4154 
ment Program for a Combined Carbon Dioxide Removal and Reduction System. The 
work here reported was  performed under a subcontract between Hamil ton Standard, 
Division of United Aircraft  Corporation, and the University of L'ennsylvania, whereby 
the Electrocheinistry Laboratory was authorized to study and uiea'sure cer ta in  physico- 
chemical properties of fused lithium chloride-lithium ca ibc ia te  mixtures under consid- 
eration as electrolytes in the carbon dioxide removal airtl reduction system. 

Phwe IU, entitled "Research and Develop- 

The studies were performed by Dr. Cyril Solomons and Dr.  Alfred0 Calandra under the 
direction of Professor  John O'M. Bockris, during the period, September, 1967, through 
January,  1969. 
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L I T H I U M  C H L O R I D E - L I T H I U M  CARBONATE MELT M I X T U R E S  

P a r t  1 

V I S C O S I T Y ,  D E N S I T Y  AND SURFACE T E N S I O N  OF MOLTEN 

L I T H I U M  C H L O R I D E - L I T H I U M  CARBONATE IYTX'I'URES 

GENERAL 

The e u t e c t i c  m i x t u r e  of l i t h i u m  c h l o r i d e  and l i t h i u m  ca rbona te  
( '70:30 mole % )  i s  o f  p o t e n t i a l  ~ 1 5 2  a s  t h e  e l e c t r o l y t e  i n  a c e l l  
f o r  t h e  r e g e n e r a t i o n  of oxygen from carbon d i o x i d e .  Such a c e l l  
is under  s t u d y  by NASA f o r  u se  i n  manned s p a c e c r a f t  l i f e - s u p p o r t  
sys t ems .  L i t t l e  i s  known abou t  t h e  phys icochemica l  p r o p e r t i e s  
of  t h i s  sys tem,  however. The p r e s e n t  S e c t i o n  d e s c r i b e s  s t u d i e s  
which have been made of t h e  s u r f a c e  t e n s i o n s ,  c o n t a c t  a n g l e s  
a g a i n s t  v a r i o u s  m a t e r i a l s ,  d e n s i t i e s  and v i s c o s i t i e s  of v a r i o u s  
m i x t u r e s  of l i t h i u m  c h l o r i d e  w i t h  l i t h i u m  c a r b o n a t e  i n  an endeavor 
t o  f i l l  t h i s  gap and p r o v i d e  a b a s i s  for a s t r u c t u r a l  unders tand-  
i n g  of  t h e s e  sys tems.  Some a d d i t i o n a l  measurements of t h e  e f f e c t  
of added LinO a r e  a l s o  r e p o r t e d .  

EXPERIMENTAL 

In - t  ro due ti on 

The l i n e a r - o s c i l l a t i o n  v i s c o m e t e r  [ l -41 s e r v e s  bo th  as a 
v i s c o m e t e r ,  when a t h i n  p l a t e  i s  used ,  and as an Archimedean 
d e n s i t o m e t e r ,  when a s o l i d  body i s  used .  B y  a s l i g h t  mod i f i ca -  
t i o n  of t h e  c e l l ,  i n  which t h e  s p i r a l  sp r ing -based  viscometer i s  
mounted, i t  has  become p o s s i b l e  t o  e x t e n d  t h e  u s e f u l n e s s  of t h i s  
d e v i c e  even f u r t h e r .  With t h i s  m o d i f i c a t i o n ,  a b s o l u t e  measure- 
m e n t s  of s u r f a c e  t e n s i o n  by t h e  " p u l l - p l a t e "  method can r e a d i l y  
and a c c u r a t e l y  be made. A s i n g l e  d e v i c e  can t h u s  be  used f o r  
t h r e e  common phys icochemica l  s t u d i e s  merely by changing t h e  form 
of t h e  suspended o b j e c t  as a p p r o p r i a t e .  

T h e  C e l l  and Mechanical  A p p a r a t u s  

I n  F i g u r e  1 i s  shown a schemat i c  diagram of t h e  o s c i l l . a t i n g  
p l a t e  v i s c o m e t e r ,  which h a s  a l r e a d y  been d e s c r i b e d  i.n d e t a i l  
e l sewhere  [ 1 , 3 ] .  When t h e  p l a t e  P i s  r e p l a c e d  by a s o l i d  o b j e c t  
(e.g-. , a b a l l  o r  c y l i n d e r )  of known volume (V,) , t h e  loss i n  

w e i g h t  ( A W g )  of t h e  object  on immersion i n  a l i q u i d  p r o v i d e s  a 
measure of  t h e  d e n s i t y  (0 , )  of  t h e  l i q u i d  a c c o r d i n g  to:  

1 



Ham iltonolvls10t4 O F  UNITED U AIRCAbFT CORPORATON 

Standard 

C 

C 

S 

C 

s 

C 

H 

K 

Figure 1. Osc i l l a t ing  P l a t e  Viscometer 
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where P i s  e x p r e s s e d  i n  g m l - ' .  L 

I n  t h i s  a p p a r a t u s ,  t h e  mechan ica l  motion sys t em p r o v i d e d  by 
t h e  motor  E ,  g e a r  t r a i n  F ,  c o i n l i n g  G ,  t h r e a d e d  r o d  Q ,  and  d r i v e  
b lock  I ,  s e r v e  t o  p e r m i t  c e n t r a l i z i n g  a d j u s t m e n t s  \;f t h e  LVDT* 
t r a n s d u c e r  c o r e  N i n  t h e  hous ing  M .  T h i s  mechanism allows f o r  
compensa t ion  of  t h e  mot ion  o f  t h e  c o r e  due t o  r r e s s u r e  o r  t e m -  
p e r a t u r e  changes o f  t h e  l i q u i d ,  when t h e  v i s c o s i t y  i s  t o  be  
measured.  

When t h e  d e n s i t y  i s  r e q u i r e d ,  t h e  dL.i-i'erence o f  t h e  LVDT 
r e a d i n g s  w i t h  and w i t h o u t  t h e  l i q u i d  s u r r o u n d i n g  t h e  s o l i d  body 
i s  r e a d i l y  o b t a i n e d  a t  room p r e s s u r e ,  e s p e c i a l l y  i f  t h e  a p p a r a t u s  
i s  n o t  s e a l e d  t o  p r o v i d e  a c o n t r o l l e d  a tmosphere .  

For u s e  as an  a p p a r a t u s  t o  measu re  s u r f a c e  t . ens ion ,  however, 
measurements are needed unde r  a g i v e n  s e t  o f  c o n d i t i o n s  w i t h  t h e  
p l a t e  n o t  t o u c h i n g  and j u s t  t o u c h i n g  t h e  s u r f a c e .  To a c h i e v e  
t h e  l a t t e r  c o n d i t i o n s ,  i t  i s  n e c e s s a r y  t o  s e p a r a t e ,  s l o w l y  and 
c o n t i n u o u s l y ,  t h e  l i q u i d  and t h e  p l a t e .  T h e r e f o r e ,  t h e  method 
used  f o r  t h e  d e n s i t y  measurements c o u l d  n o t  be used  w i t h  t h e  
s u r f a c e  t e n s i o n  a p p a r a t u s .  I t  would be p o s s i b l e ,  i n  t h e o r y ,  t o  
use  t h e  m o t o r i z e d  d r i v e  sys t em d e s c r i b e d  above t o  a c h i e v e  t h e  
d e s i r e d  s e p a r a t i o n ;  b u t  i n  such  a case i t  i s  d i f f i c u l t  t o  i s o l a t e  
t h e  change i n  LVDT r e a d i n g  produced  by t h e  change i n  s u r f a c e  
t e n s i o n  p u l l  from t h e  change i n  r e a d i n g  produced by a s h i f t  i n  
c o r e  p o s i t i o n  due t o  movement of t h e  upper  end  o f  t h e  s p r i n g .  
Fu r the rmore ,  p r a c t i c a l  t r i a l s  showed t h a t  a c o n s i d e r a b l e  amount 
of  v i b r a t i o n  w a s  impar t ed  t o  t h e  LVDT c o r e ,  which r e s u l t e d  i n  
n o i s e  i n  t h e  o u t p u t  s i g n a l  f rom t h e  LVDT, when t h e  s p r i n g  w a s  
moved d i r e c t l y .  

A s a t i s f a c t o r y  s o l u t i o n  w a s  accompl ished  by p r o v i d i n g  a 
mechanism f o r  a l t e r i n g  t h e  p o s i t i o n  of t h e  c o n t a i n e r  f o r  t h e  
l i q u i d ,  r e l a t i v e  t o  t h e  p l a t e .  I n  t h e  a p p a r a t u s  a c t u a l l y  con- 
s t r u c t e d ,  a c o n t r o l l e d  envi ronment  w a s  d e s i r e d ,  b u t  measurements 
w e r e  t o  be  made a t  1 a t m  p r e s s u r e ;  hence ,  t h e  s p e c i a l l y - d e s i g n e d  
b u t  v e r y  s i m p l e  d e v i c e  shown i n  F i g u r e  2 w a s  c o n s t r u c t e d .  

The mechan ica l  d r i v e s  A and B a t  t o p  and bot tom o f  t h e  c e l l  
w e r e  c o n s t r u c t e d  from Delmar-Umy Type DM850 t e f l o n  high-vacuum 
s t o  c o c k s .  These s t o p c o c k s  are s a t i s f a c t o r y  f o r  u s e  down t o  
lo-' T o r r ;  hence ,  t h e  a tmosphere  w i t h i n  t h e  c e l l  can  r e a d i l y  be 
c o n t r o l l e d  o r  changed. I n  t h e i r  o r i g i n a l  s t a t e  t h e y  p e r m i t  
n e a r l y  2 . 0  c m  of  l i n e a r  mot ion  t o  be  a c h i e v e d  smoothly and 
s l o w l y  by manual r o t a t i o n  o f  t h e  e x t e r n a l  f i n g e r - g r i p ;  by t h e  
m o d i f i c a t i o n  t h i s  can be  i n c r e a s e d  t o  3 . 7  c m .  The t o p  d r i v e  
i s  used  t o  c e n t r a l i z e  t h e  c o r e  o f  t h e  LVDT; t h e  bot tom one 
serves t o  ra ise  and lower  t h e  c o n t a i n e r  o f  l i q u i d .  

*Linear Variable  D i f f e r e n t i a l  Transformer. 

3 
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For  many purposes  a much s i m p l e r  c e l l  t h a n  t h e  one shown 
c o u l d  be used .  I n  o u r  s t u d i e s  i t  w a s  d e s i r e d  t o  r e d u c e  t o  a 
minimum any sample v a p o r i z a t i o n  o r  h o t  a i r  c o n v e c t i o n  i n t o  t h e  
upper  p a r t s  o f  t h e  c e l l ,  and t o  p r o v i d e  means f o r  r a p i d  d i s -  
assembly and c l e a n i n g .  O the rwise  a s i m p l e  tube-and-cap s i n g l e -  
chamber t y p e  o f  c e l l  c o u l d  h a ~ r t :  been used .  Fu r the rmore ,  t h e  
l ong  c e l l  made a l ignmen t  o f  t h e  s i i spens ion  sys te r ,  d i f f i c u l t  
w i t h o u t  dange r  t o  t h e  t h i n  c o n n e c t i n g  t u b e s ;  t h e r e f o r e ,  it was 
found d e s i r a b l e  t o  i n c o r p o r a t e  a f l e x i b l e  connection i n  o u r  
v e r s i o n ,  which c o u l d  be o m i t t e d  i n  a s ingle-chamber  c e l l .  

E Z e c t r i c a Z  S y s t e m  

S e v e r a l  changes were made t o  t h e  e!-ectrical measu r ing  sys tem;  
some t o  upgrade t h e  e a r l i e r  a p p a r a t u s  [ 1 , 3 ] ,  o t h e r s  t o  p r o v i d e  
f o r  g r e a t e r  conven ience ,  p a r t i c u l a r l y  w i t h  t h e  s u r f a c e  t e n s i o n  
measurements .  

The o r i g i n a l  LVDT w a s  r e p l a c e d  by a Schaewi tz  1000-XS-A-P, 
hav ing  a s p e c i a l l y  p r o v i d e d  s m a l l  d i a m e t e r  c o r e .  The l i n e a r  
r ange  o f  t h i s  i s  some 2 2  c m .  S i m i l a r l y ,  t h e  o r i g i n a l  t w i n  h a l f -  
wave demodula tor  w a s  r e p l a c e d  by t h e  tw in  fu l l -wave  demodula tor  
whose c i r c u i t  i s  g i v e n  i n  F i g u r e  3 .  With t h i s ,  a smoother  o u t -  
p u t  i s  o b t a i n e d .  The demodula tor  w a s  c o n s t r u c t e d  u s i n g  1N482B 
low- tempera ture  c o e f f i c i e n t  d i o d e s  i n  t h e  r e c t i f i e r  ne tworks  t o  
p r o v i d e  g r e a t e r  t e m p e r a t u r e  s t a b i l i t y .  

The f a s t - r e s p o n s e  r e c o r d e r  u sed  i n  t h e  o r i g i n a l  sys t em w a s  
r e t a i n e d  i n  t h e  new v e r s i o n  f o r  v i s c o s i t y  measurements.  Fo r  t h e  
d e n s i t y  and s u r f a c e  t e n s i o n  measurements ,  however, t h e r e  i s  no 
need t o  f o l l o w  r a p i d  changes o f  o u t p u t  s i g n a l  from t h e  demodu- 
l a t o r ,  and a s t r i p - c h a r t  r e c o r d e r  w i t h  a 2 5  c m  wide c h a r t  w a s  
found t o  p r o v i d e  greater  convenience  and accu racy  o f  r e a d i n g .  

I n s t e a d  of t h e  r e c o r d e r ,  f o r  d e n s i t y  and s u r f a c e  t e n s i o n  
measurements , and a l s o  f o r  o t h e r  " s t a t i c "  measurements such  a s  
c a l i b r a t i o n  o f  t h e  o u t p u t  s i g n a l  v e r s u s  s p r i n g  motion r e l a t i o n -  
s h i p ,  a 5 - d i a l  d i g i t a l  m i l l i v o l t m e t e r  w a s  o f t e n  u s e d ;  t h i s  was 
t h e  f a s t e s t  and most c o n v e n i e n t  method, b u t ,  o f  c o u r s e ,  p r o v i d e d  
no permanent  r e c o r d  from which a c c i d e n t a l  changes i n  t h e  appa- 
r a t u s ,  d r i f t s ,  e t c . ,  c o u l d  be i d e n t i f i e d .  

Operat - ion  o f  t h e  A p p a r a t u s  

The b a s i c  method o f  o p e r a t i o n  of t h e  a p p a r a t u s  f o r  v i s c o s i t y  
and d e n s i t y  s t u d i e s  can  be  s e e n  from t h e  d e s i g n  o f  t h e  a p p a r a t u s  
( F i g .  2 )  and from t h e  d e s c r i p t i o n  g i v e n  p r e v i o u s l y  [ 1 , 3 1 .  Thanks 
t o  t h e  mechan ica l  d r i v e  a t  t h e  bot tom of t h e  c e l l ,  t h e  t a k i n g  o f  
r e a d i n g s  " i n  g a s "  and " i n  l i q u i d "  w i t h i n  a few moments of each  
o t h e r  can  be per formed w i t h  ease. T h u s ,  t h e  l o g a r i t h m i c  damping 
of  t h e  p l a t e  i n  t h e  g a s  and i n  t h e  l i q u i d ,  o r  t h e  u p t h r u s t s  on 
t h e  s o l i d  body i n  t h e  same media,  can  be measured w i t h i n  a 
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s h o r t  enough p e r i o d  of t i m e  f o r  a l l  o t h e r  e x p e r i m e n t a l  c o n d i t i o n s  
t o  be  s e n s i b l y  c o n s t a n t .  

I n  t h e  case of s u r f a c e  t e n s i o n  s t u d i e s ,  t h e  l i q u i d  i s  b r o u g h t  
up t o  a l e v e l  a t  which i t  w e t s  several  nun o f  t h e  bot tom of t h e  
p l a t e ,  and t h e n  t h e  l i q u i d  le,t-s.L i s  lowered s lowly  u n t i l  t h e  
p l a t e  j u s t  p u l l s  away from t h e  s u r f a c e .  J u s t  bef;;re t h e  b r e a k ,  
t h e  p l a t e  i s  r e s t r a i n e d  by a downwards f o r c e  due t o  t h e  s u r f a c e  
forces i n  t h e  l i q u i d ,  i n  a d d i t i o n  t o  a l l  o t h e r  f o r c e s  o p e r a t i n g ;  
a f t e r  t h e  b r e a k  t h i s  f o r c e  no l o n g e r  p a r t i c i p a t e s .  'I'hus, t h e  
d i f f e r e n c e  measured b e f o r e  and a f t e r  t h e  b r e a k  g i v e s ,  d i r e c t l y ,  
t h e  p u l l  on t h e  p l a t e  due t o  t h e  s u r f a c e  ir3:ces. When t h e  p l a t e  
i s  w e t  comple t e ly  by t h e  l i q u i d ,  t h i s  p;l;; i s  Ly dyne ,  where L i s  
t h e  p e r i m e t e r  of t h e  p l a t e  and y i s  t h e  s u r f a c e  t e n s i o n  o f  t h e  
l i q u i d ;  i f  t h e r e  i s  o n l y  p a r t i a l  w e t t i n g  ( c o n t a c t  a n g l e  8 greater 
t h a n  O O ) ,  t h e  p u l l  i s  Ly c o s  0 .  Whenever p o s s i b l e ,  t h e r e f o r e ,  
t h e  m a t e r i a l  o f  t h e  p l a t e  shou ld  b e  chosen  t o  p r o v i d e  8 = 0 .  

I n  p r a c t i c e ,  a s  shown i n  F i g u r e  4 ,  t h e  r e c o r d i n g  o f  s p r i n g  
l o a d  v e r s u s  t i m e  (which rough ly  c o r r e s p o n d s ,  i f  t h e  o p e r a t i o n  i s  
per formed r e a s o n a b l y  smooth ly ,  t o  l i q u i d  l eve l )  does  n o t  e x h i b i t  
a p e r f e c t  squa re - topped  t race.  Befo re  t h e  b r e a k ,  t h e r e  are  s m a l l  
changes  i n  t h e  buoyancy of t h e  p l a t e  as it i s  withdrawn from t h e  
l i q u i d ,  t h e r e  are s l i g h t  changes i n  t h e  shape  of  t h e  meniscus  as  
it "necks  o f f "  when t h e  b reak  i s  imminent ,  and  so on. A f t e r  t h e  
b r e a k ,  t h e  p l a t e  r e t a i n s  some l i q u i d  which adds t o  i t s  e f f e c t i v e  

e i g h t .  I t  h a s  been found t h a t  v e r y  r e p r o d u c i b l e  and a c c u r a t e  
r s u l t s  c a n  be o b t a i n e d  i f  t h e  maximum l o a d  on t h e  s p r i n g  b e f o r e  

used t o  compute t h e  l o a d  d i f f e r e n c e  c o r r e s p o n d i n g  t o  Ly.  
1 t 7 b r e a k ,  and  t h e  l o a d  on t h e  s p r i n g  w i t h  t h e  p l a t e  d r y ,  are 

Ca Z i b r a t i o n s  

For  v i s c o s i t y  measurements it i s  n e c e s s a r y  t o  know t h e  equa- 
t i o n  t h a t  r e l a t e s  [ 3 ]  t h e  v i s c o s i t y  o f  t h e  medium i n  which t h e  
p l a t e  i s  o s c i l l a t i n g  and t h e  l o g a r i t h m i c  decrement  ( 6 ) .  The 
a p p a r a t u s  w a s  c a l i b r a t e d  w i t h  f i v e  o r g a n i c  l i q u i d s  a t  room t e m -  
p e r a t u r e ,  and w i t h  mol t en  p o t a s s i u m  n i t r a t e  a t  f o u r  t e m p e r a t u r e s  
between 347OC and 471OC. The d e n s i t i e s  and v i scos i t i e s  of t h e  
o r g a n i c  l i q u i d s  and mol t en  s a l t  u sed  as c a l i b r a t i n g  mater ia ls  
were t a k e n  from t h e  l i t e r a t u r e ;  t h e y  are p r e s e n t e d  i n  Table 1. 

F i g u r e  5 shows t h e  e x c e l l e n t  l i n e a r  r e s p o n s e  c u r v e  o f  t h e  
v i s c o m e t e r ,  obtained by l ea s t  s q u a r e s  r e d u c t i o n  of t h e  e x p e r i -  
m e n t a l  d a t a .  The e q u a t i o n  

Jrlp = 3 9 . 2 4 6  - 4 . 7 8 ~ 1 0 - ~  

f i t s  t h e s e  da t a ,  where T-I and p are t h e  v i s c o s i t y  and d e n s i t y  of 
l i q u i d s ,  and 6 i s  t h e  l o g a r i t h m i c  decrement  g i v e n  by 
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where A0 i s  t h e  ampl i tude  o f  an  a r b i t r a r y  " s t a r t i n g "  o s c i l l a t i o n  
and An i s  t h e  a m p l i t u d e  o f  t h e  n - t h  o s c i l l a t i o n .  I n  o r d e r  t o  
compensate f o r  changes  i n  t h e  a p p a r a t u s  due t o  t e m p e r a t u r e ,  t h e  
e q u a t i o n  [ 3 , 4 ]  

q = -  153803 ( 6 2  - 2 . 4 3 ~ 1 0 - ~ 6 )  
( 1 + 2 a A t )  2 p  

must be u s e d ,  where [ 7 ]  a i s  t h e  l i n e a r  c o e f f i c i e n t  o f  t h e  expan- 
s i o n  o f  t h e  mater ia l  o f  t h e  p l a t e  ( g o l d ) ,  and A t  i s  t h e  inc remen t  
of t e m p e r a t u r e  above 25OC. B e s i d e s ,  it i s  n e c e s s a r y  t o  know t h a t  
t h e  LVDT demodula tor  o u t p u t  ( i n  v o l t s )  i s  a l i n e a r  f u n c t i o n  of  
s p r i n g  e x t e n s i o n .  The d e n s i t y  and s u r f a c e  t e n s i o n  measurements 
depend,  however,  on knowledge of t h e  r e l a t i o n s h i p  o f  LVDT demodu- 
l a t o r  o u t p u t  t o  s p r i n g  l o a d  ( i n  g r a m s ) .  

To o b t a i n  a l l  t h i s  i n f o r m a t i o n ,  a s i n g l e  s e t  o f  measurements 
w i l l  s u f f i c e .  The suspended  p l a t e  o r  s o l i d  body i s  r e p l a c e d  by 
a s m a l l  ' ' b a l ance  pan" c o n s t r u c t e d  from t h i n  m e t a l  s h e e t  ( e . g . ,  
household  aluminum f o i l )  and s u p p o r t  w i r e s .  A s u i t a b l e  index  
mark i s  l o c a t e d  on some p a r t  o f  t h e  sys t em below t h e  s p r i n g  (a  
p o i n t e d  f i n e  w i r e  t i e d  t e m p o r a r i l y  t o  t h e  bot tom of t h e  s p r i n g  
i s  e x c e l l e n t ) ,  S u i t a b l e  w e i g h t s  are t h e n  p l a c e d  i n  t h e  "ba lance  
pan'' w h i l e  r e a d i n g s  of s p r i n g  e x t e n s i o n  are made o p t i c a l l y  w i t h  
t h e  a i d  o f  a c a t h e t o m e t e r  and r e a d i n g s  o f  LVDT demodula tor  o u t p u t  
are m a d e  u s ing  a 25 c m  w i d e  c h a r t  recorder ( o r ,  p r e f e r a b l y ,  a 
d i g i t a l  m i l l i v o l t m e t e r ) .  With t h e  s p r i n g s  w e  have u s e d ,  f o r  
example,  e x t e n s i o n s  o f  a b o u t  15  mm and LVDT o u t p u t s  o f  500 mV 
w e r e  o b t a i n e d  w i t h  a l o a d  of 3g; e x c e l l e n t  l i n e a r i t y  w a s  obse rved  
o v e r  t h i s  range ( e . g . l  6.0134 m g  mV-' w i t h  a s t a n d a r d  d e v i a t i o n  
o f  o n l y  0 . 0 0 6 6 )  

The volume of t h e  s o l i d  body, u sed  f o r  d e n s i t y  measurements 
by t h e  Archimedean buoyancy method, must  b e  known a c c u r a t e l y .  
Owing t o  t h e  shape  of t h e  body ( e . g . ,  t h e  p r e s e n c e  of a p r o j e c t i n g  
r i n g  f o r  s u s p e n s i o n )  t h e  p r e f e r r e d  method of measur ing  i t s  volume 
i s  t o  measure t h e  buoyanc ie s  of t h e  body i n  s eve ra l  l i q u i d s  and 
ca l cu la t e ,  u s i n g  t h e i r  d e n s i t i e s ,  t h e  volume d i s p l a c e d  t o  g i v e  
t h e s e  b u o y a n c i e s ,  

A check o f  t h e  p r e c i s i o n  o f  t h e  h e l i c a l  s p r i n g  a p p a r a t u s  w a s  
made by comparing t h e  volume of t h e  bob (go ld -pa l l ad ium a l l o y )  
o b t a i n e d  u s i n g  t h i s  a p p a r a t u s  w i t h  t h e  volume o f  t h e  same bob 
o b t a i n e d  by t h e  use  o f  t h e  Met t le r  s i n g l e - p a n  a n a l y t i c a l  b a l a n c e .  
For  t h i s  pu rpose  benzene ,  t o l u e n e  and ca rbon  t e t r a c h l o r i d e  were 
u s e d .  The volume o f  t h e  bob i s  g i v e n  by: 

B + v + A  v, = 
P C  

11 
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where p c  i s  t h e  d e n s i t y  o f  t h e  r e f e r e n c e  l i q u i d ,  B t h e  buoyancy, 
v t h e  c o r r e c t i o n  t o  vacuo: and  A i s  t h e  s u r f a c e  t e n s i o n  e f f e c t  
on  t h e  s u s p e n s i o n  w i r e .  The l a t t e r  c o r r e c t i o n  i s  g i v e n  by: 

where D i s  t h e  d i a m e t e r  of t h e  s u s p e n s i o n  w i r e ,  y i s  t h e  s u r f a c e  
t e n s i o n  of t h e  r e f e r e n c e  l i q u i d ,  and  g i s  t h e  g r a v i t a t i o n a l  con- 
s t a n t .  For  measurements t h a t  are t o  be  made a t  t e m p e r a t u r e s  
o t h e r  t h a n  t h a t  a t  which t h e  a p p a r a t u s  i s  c a l i b r a t e d ,  t h e  change 
i n  volume of t h e  immersed body can  r e a d i l y  be  t a k e n  i n t o  a c c o u n t  
u s i n g  t h e  t h e r m a l  e x p a n s i o n  c o e f f i c i e n t  f o r  t h e  go ld -pa l l ad ium 
a l l o y  [8], ( 1 5 . 2 ~ 1 0 - ~ ) .  The v a l u e s  of buoyancy and volume of t h e  
bob t o g e t h e r  w i t h  t h e  d e n s i t i e s  [5 ]  and s u r f a c e  t e n s i o n  [5 ]  of 
t h e  r e f e r e n c e  l i q u i d s  are g i v e n  i n  Tab le  2 f o r  t h e  Mett ler  bal-  
a n c e ,  and i n  Tab le  3 for t h e  h e l i c a l  s p r i n g  a p p a r a t u s .  

The per formance  of t h i s  a p p a r a t u s  a t  h i g h  t e m p e r a t u r e  w a s  
checked w i t h  mol t en  p o t a s s i u m  n i t r a t e  over t h e  r a n g e  35OOC t o  
45OOC and mol t en  sodium n i t r a t e  over t h e  r a n g e  33OOC t o  4 6 0 O C .  
I n  F i g u r e s  6 and 7 ,  t h e  v a l u e s  of d e n s i t i e s  o b t a i n e d  are compared 
w i t h  t h e  l i t e r a t u r e  data [8,9]. Tables 4 and 5 show t h e  numeri- 
ca l  v a l u e s .  

The s u r f a c e  t e n s i o n  measurement does  n o t  need a p r e v i o u s  cal-  
i b r a t i o n  because  t h e  p e r i m e t e r  o f  t h e  p l a t e  ( t h a t  i s ,  t h e  o n l y  
p a r a m e t e r  needed i n  t h e  c a l c u l a t i o n )  can  be  o b t a i n e d  by d i r e c t  
measurement of t h e  edge  l e n g t h  and t h i c k n e s s  o f  t h e  go ld -  
p a l l a d i u m  p l a t e .  T h i s  h a s  been  made w i t h  a p a i r  of c a l i p e r s  w i t h  
a p r e c i s i o n  of 0 . 0 5  mm. N e v e r t h e l e s s ,  i t  i s  c o n v e n i e n t  t o  check 
t h e  sys tem s p e c i a l l y  a t  h i g h  t e m p e r a t u r e s .  Fo r  t h i s  pu rpose  t h e  
s u r f a c e  t e n s i o n  o f  mol t en  p o t a s s i u m  and sodium n i t r a t e s  were 
measured a t  t e m p e r a t u r e s  c o v e r i n g  t h e  r a n g e  o f  32OOC t o  53OOC 
f o r  t h e  f o r m e r ,  and 35OOC t o  5OOOC f o r  t h e  l a t t e r .  The v a l u e s  
obt .a ined are  compiled i n  Tables 6 and 7 ,  and i n  F i g u r e s  8 and 9 .  
The r e s u l t s  o b t a i n e d  f o r  p o t a s s i u m  n i t r a t e  are i n  good agreement  
w i t h  t h o s e  r e p o r t e d  i n  t h e  l i t e r a t u r e  [10,11]. The v a l u e s  f o r  
sodium n i t r a t e  are a b o u t  0 .85  h i g h e r  t h a n  t h o s e  of t h e  l i t e r a t u r e .  
T h e  d i r e c t i o n  of t h e  d i f f e r e n c e ,  and t h e  p a r a l l e l i t y  o f  t h e  p l o t s ,  
s u g g e s t  t h a t  t h e  mater ia l  used  i n  t h e  r e f e r e n c e  c i t e d  may have 
c o n t a i n e d  some i m p u r i t y  ( s i n c e  c o n t a m i n a t i o n  u s u a l l y  lowers t h e  
s u r f a c e  t e n s i o n ) .  Fo r  h i g h  t e m p e r a t u r e  measurements t h e  l e n g t h  
c o r r e c t i o n  for t h e  p e r i m e t e r  o f  t h e  p l a t e  due t o  e x p a n s i o n  h a s  
been t a k e n  i n t o  a c c o u n t  i n  t h e  p r e s e n t  work. The s u r f a c e  t e n s i o n  
i s  g i v e n  by:  

where W i s  t h e  maximum i n c r e a s e  o f  t h e  a p p a r e n t  w e i g h t  of t h e  
p l a t e ,  g i s  t h e  g r a v i t a t i o n a l  c o n s t a n t ,  Leo and L t h o  are  t h e  
l e n g t h  o f  t h e  edge and t h e  t h i c k n e s s ,  r e s p e c t i v e l y ,  and 0: i s  t h e  
l i n e a r  t h e r m a l  e x p a n s i o n  c o e f f i c i e n t .  
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Techniques of Measurements 

Surface  t e n s i o n ,  d e n s i t y  and v i s c o s i t y  measurements--Previous 
s u r f a c e  t e n s i o n  measurements made by t h e  p h o t o g r a p h i c  sessile 
d rop  method are r e p o r t e d  e l s e w h e r e  [12,13]. Because o f  t h e  s m a l l  
s i z e  of t h e  d r o p  and t h e  l a r g e  s i z e  of t h e  chamber,  v a p o r i z a t i o n  
o f  s a l t ,  p i ckup  o f  con taminan t s  and s i m i l a r  problems reduced  t h e  
accu racy  o f  t h e  measurements.  P r e s e n t  s t u d i e s  showed t h a t  t h e  
sessi le  d r o p  r e s u l t s  w e r e  app rox ima te ly  2-5% t o o  low. 

The need f o r  b e t t e r  s u r f a c e  t e n s i o n  r e s u l t s  t h a n  t h o s e  ob- 
t a i n e d  w i t h  t h e  sessile d r o p  method l e d  t o  t h e  development  o f  t h e  
p u l l - p l a t e  method d e s c r i b e d  above.  A l l  s u b s e q u e n t  measurements 
o f  s u r f a c e  t e n s i o n ,  d e n s i t y ,  and v i s c o s i t y  were, t h e r e f o r e ,  made 
i n  t h e  same a p p a r a t u s  mere ly  by changing  t h e  immersed body as 
a p p r o p r i a t e  t o  t h e  p a r t i c u l a r  q u a n t i t y  b e i n g  measured.  

C o n t a c t  a n g l e  measurements--Measurements o f  c o n t a c t  a n g l e  
w e r e  c a r r i e d  o u t  u s i n g  a s i n g l e - d r o p  q u a r t z  c e l l ,  mounted i n  a 
h o r i z o n t a l  f u r n a c e ,  which c o u l d  be o p e r a t e d  under  vacuum o r  under  
a c o n t r o l l e d  a tmosphere .  

An o p t i c a l  o r  a p h o t o g r a p h i c  sys tem s imi la r  t o  t h a t  d e s c r i b e d  
i n  t h e  l i t e r a t u r e  [12,13] w a s  used .  Drops w e r e  photographed  i n  
a p a r a l l e l  beam of l i g h t ,  u s i n g  a 3000  P o l a r o i d  f i l m .  As a 
s o u r c e  of l i g h t ,  a 1 0 0  w a t t  a rc  lamp w a s  u sed .  The f u r n a c e  w a s  
connec ted  t o  a r o t a r y  pump and a s i n g l e  s t a g e  glass  mercury d i f -  
f u s i o n  pump. The p r e s s u r e  o f  t h e  sys t em w a s  measured by a n  i o n  
gauge head and RG-21X Type c o n t r o l  u n i t .  

P r e p a r a t i o n  of t h e  Me Zts and S e s s i  Ze Drop S u b s t r a t e s  

"Baker Analyzed" Reagent  l i t h i u m  c h l o r i d e  and l i t h i u m  carbon-  
a te  w e r e  used. L i th ium c h l o r i d e  w a s  d r i e d  i n  a s low f low of d r y  
a rgon  under  p r e s s u r e  of 1 0 0 - 2 0 0 ~ .  Argon w a s  d r i e d  by p a s s i n g  
th rough  Linde  m o l e c u l a r  s i e v e  Type 4A s i z e  1 / 1 6  PLTS o b t a i n e d  
from Union Carb ide  Corp. The d r y i n g  t e m p e r a t u r e  w a s  g r a d u a l l y  
i n c r e a s e d  from room t e m p e r a t u r e  t o  a b o u t  45OOC i n  i n t e r v a l s  of  
6OoC o v e r  30 h o u r s .  L i th ium c a r b o n a t e  w a s  t r e a t e d  i n  t h e  same 
way, b u t  u s i n g  C 0 2  i n s t e a d  of  a rgon .  Dr i ed  s a l t s  were s t o r e d  i n  
a VAC Dry-Lab unde r  a r g o n .  

M e l t s  were p r e p a r e d  i n  a dry-box. A go ld -pa l l ad ium c r u c i b l e  
w a s  used .  Mix tu res  of s a l t s  w e r e  f u s e d  under  C 0 2  a tmosphere  and 
w e r e  t h e n  c r u s h e d  and s t o r e d  i n  a dry-box.  

The s o l i d  s u b s t r a t e s  ( e . g . ,  s t a i n l e s s  s t ee l  304, 316 and 347) 
w e r e  c u t  i n  p i e c e s  o f  1 . 5 ~ 1 . 5  c m 2 ,  s q u a r e d  a t  t h e  e d g e s ,  and t h e n  
p o l i s h e d  w i t h  a lumina  p o l i s h i n g  powder. Be fo re  u s e ,  t h e  sub- 
s t r a t e s  w e r e  d e g r e a s e d  w i t h  o r g a n i c  s o l v e n t s ,  washed w i t h  d i s -  
t i l l e d  water ,  and  t h e n  f i n a l l y  d r i e d  i n  vacuo i n  t h e  sessile d rop  
c e l l  a t  2 O O O C  o r  above .  The g r a p h i t e  s u b s t r a t e s  ( s p e c t r o s c o p i c a l l y  
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pure  g r a p h i t e  g r a d e  AGKS from Union Carb ide  Corp . ,  and g r a p h i t e  
POCO porous AX f rom Pure  Carbon Co.) w e r e  c u t  i n  p i e c e s  of  
2 . 0 X 2 . 0  c m 2 ,  c a r e f u l l y  p o l i s h e d  u n t i l  a f l a t  s u r f a c e  w a s  o b t a i n e d .  
The c u t  p i e c e s  w e r e  b o i l e d  i n  c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d ,  and 
t h e n  i n  d i s t i l l e d  w a t e r ,  d r i e d  a t  1 4 O o C ,  and vacuum d e s i c c a t e d  
a t  500OC. The ceramic  samples ,  r e c r y s t a l l i z e d  alumina and A l N ,  
were washed w i t h  o r g a n i c  s o l v e n t s  and d i s t i l l e d  w a t e r  and h e a t e d  
t o  abou t  1 0 0 0 ° C  i n  a s t r e a m  o f  d r i e d  oxygen, f o r  t h e  f i r s t ,  and 
of  d r i e d  n i t r o g e n ,  f o r  t h e  second ceramics. 

Procedure of Measurements 

Surface  t e n s i o n ,  d e n s i t y  and v i s c o s i t y  measurements--Due t o  
t h e  d i f f e r e n t  w e i g h t s  o f  t h e  bob, viscometer p l a t e  and t h e  p l a t e  
f o r  s u r f a c e  t e n s i o n  measurements ,  it i s  n e c e s s a r y  t o  a d j u s t  t h e  
p o s i t i o n  of  t h e  core. Th i s  i s  ach ieved  by means of t h e  modi f ied  
Delmar s topcock  l o c a t e d  a t  t h e  t o p  o f  t h e  s p r i n g  case. With t h e  
s topcock  a p o s i t i o n  i s  found for z e r o  o u t p u t  of  LVDT. To e n s u r e  
f r e e  movement of  t h e  bob, t h e  whole sys tem has  t o  be a l i g n e d .  
The a l ignment  i s  per formed by means of  a m i r r o r  under  d i r e c t  ob- 
s e r v a t i o n  of a beam of  l i g h t  th rough t h e  gap between t h e  c o r e  and 
t h e  t r a n s d u c e r  hous ing .  The a l ignmen t  i s  ach ieved  by ad jus tmen t  
of  t h e  clamps t h a t  s u p p o r t  t h e  sys tem.  To check t h i s  v i s u a l  
s e t t i n g ,  t h e  sys tem i s  s e t  i n  o s c i l l a t i o n  by app ly ing  a momentary 
d . c .  p u l s e  t o  one of  t h e  secondary windings  o f  LVDT, and o s c i l l a -  
t i o n s  s i g n a l s  a r e  r eco rded .  A dissymmetry of  t h e  o s c i l l a t i o n s  
i n d i c a t e s  t h a t  t h e  c o r e  i s  n o t  p r o p e r l y  l o c a t e d .  

To cha rge  a sample,  t h e  f u r n a c e  was lowered by means of two 
b i g  j a c k s .  Then, t h e  c r u c i b l e  assembly i s  removed from t h e  f u r -  
nace ,  and t h e  c r u c i b l e  i s  c l e a n e d ,  d r i e d  a t  15OOC and f i l l e d ,  i n  
t h e  dry-box, w i t h  t h e  a p p r o p r i a t e  s a l t .  The amount of a s a l t  i s  
de te rmined  so t h a t  a l eve l  r e q u i r e d  f o r  an exper iment  i s  o b t a i n e d  
( e . g . ,  f o r  v i s c o s i t y  and d e n s i t y  measurements ,  it i s  necessa ry  t o  
cove r  comple t e ly  t h e  bob or  t h e  p l a t e ) .  For  s u r f a c e  t e n s i o n  
measurements ,  one cen t ime te r  d e p t h  of  l i q u i d  would be  s u f f i c i e n t .  
However, i t  i s  b e t t e r  t o  u s e  more s a l t  because :  a )  i t  w i l l  a c t  
as h e a t  c a p a c i t o r ,  and b )  any change i n  t h e  composi t ion  due t o  
v o l a t i l i z a t i o n  of LiCl o r  t o  decomposi t ion  o f  L i Z C O 3  w i l l  be  min- 
imized .  Once t h e  c r u c i b l e  has  been p l a c e d  i n t o  t h e  f u r n a c e ,  t h e  
t empera tu re  i s  g r a d u a l l y  i n c r e a s e d  w h i l e  a s u i t a b l e  a tmosphere i s  
ma in ta ined  by p a s s i n g  COz i n t o  t h e  bot tom i n l e t  of  t h e  c r u c i b l e  
assembly.  

For d e n s i t y  measurements ,  t h e  o u t p u t  o f  LVDT w i t h  t h e  bob 
suspended i n  a i r  i s  r eco rded  a t  room tempera tu re  and a g a i n  a t  
working t e m p e r a t u r e .  A f t e r  t h e  d e s i r e d  t empera tu re  i s  r eached ,  
t h e  c r u c i b l e  i s  c a r e f u l l y  r a i s e d  by means of t h e  D e l m a r  s topcock  

* 
C f .  r e f e r e n c e  1 4 .  
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(see above) u n t i l  t h e  bob r e a c h e s  t h e  l eve l  o f  t h e  m e l t  as i n d i -  
c a t e d  by a sudden jump o f  t h e  LVDT o u t p u t .  F u r t h e r  r i s e  of  t h e  
c r u c i b l e  d e c r e a s e s  t h e  o u t p u t  u n t i l  t h e  bob i s  comple t e ly  i m -  
mersed.  The o u t p u t  o f  LVDT i s  t h e n  a l m o s t  u n a f f e c t e d  by c r u c i b l e  
p o s i t i o n .  Thus,  a r ise o f  1 0  mm, f o r  t h e  w i r e  used  i n  t h e s e  ex- 
permiments ,  p roduces  a change i n  t h e  o u t p u t  o f  o n l y  0 . 0 4  mV when 
t h e  d e n s i t y  o f  t h e  l i q u i d  i s  1 . 7  g/cm3. The d i f f e r e n c e  between 
t h e  l a s t  r e a d i n g  and t h a t  i n  a i r  gives t h e  buoyancy. Outputs  are 
r e a d  on a K e i t h l e y  6 6 0  D i f f e r e n t i a l  V o l t m e t e r .  

For  s u r f a c e  t e n s i o n  measurements ,  t h e  o u t p u t  o f  LVDT w i t h  t h e  
p l a t e  i n  a i r  i s  r e c o r d e d  a t  working t e m p e r a t u r e .  A r e c o r d e r  
( S a r g e n t  Recorder  Model S R )  i s  used  f o r  t h e s e  measurements .  T h e  
c r u c i b l e  i s  r a i s e d  u n t i l  t h e  m e l t  t o u c h e s  t h e  p l a t e .  The p o i n t  
of c o n t a c t  i s  d e t e c t e d  as a s h a r p  increase i n  t h e  o u t p u t  of LVDT. 
The c r u c i b l e  i s ,  t h e n ,  v e r y  s l o w l y  lowered w h i l e  t h e  o u t p u t  con- 
t i n u e s  t o  i n c r e a s e  u n t i l  it r e a c h e s  a maximum. The d i f f e r e n c e  i n  
t h e  o u t p u t s  f o r  t h e  p l a t e  i n  a i r  and t h a t  when t h e  maximum o c c u r s  
g i v e s  t h e  c o r r e s p o n d i n g  p u l l  on t h e  p l a t e  due t o  t h e  s u r f a c e  
f o r c e s .  

For  v i s c o s i t y  measurements ,  when a p l a t e  i s  comple t e ly  i m -  
mersed i n t o  t h e  m e l t  and working t e m p e r a t u r e  s e t  up ,  t h e  sys tem 
i s  set  i n  o s c i l l a t i o n  by a p p l y i n g  a s m a l l  d . c .  p u l s e  on one of  
t h e  secondary  wind ings  o f  t h e  t r a n s d u c e r ,  and t h e  r e s u l t i n g  o u t -  
p u t  o f  t h e  t r a n s d u c e r  i s  r e c o r d e d  (Es te r l ine -Angus  Speed Servo  
r e c o r d e r ,  Model 850  X93). The a m p l i t u d e s  o f  t h e  o s c i l l a t i o n s  are 
t h e n  measured,  and from t h i s  t h e  l o g a r i t h m i c  decrement  i s  
o b t a i n e d .  

Contac t  angZe rneasurements--For sessile d r o p  measurements ,  
t h e  o p e r a t i n g  t e c h n i q u e  used  i s  s i m p l e .  The sessi le  d r o p  c e l l  i s  
c l e a n e d  w i t h  d i s t i l l e d  water  and d r i e d  a t  a b o u t  15OOC. The c e l l  
i s  t h e n  i n t r o d u c e d  i n t o  a dry-box i n  which t h e  s u b s t r a t e  p l a t e  
w i t h  a s o l i d  f r agmen t  o f  s a l t  on it i s  p l a c e d  on t h e  sample p l a t -  
form of  t h e  c e l l .  A f t e r  removing from t h e  dry-box t h e  c e l l  i s  
l o c a t e d  on t h e  o p t i c a l  bench and a t t a c h e d  t o  t h e  vacuum l i n e .  
The sys tem i s  t h e n  e v a c u a t e d  and o u t g a s s e d  f o r  one hour  a t  a t e m -  
p e r a t u r e  o f  a b o u t  400OC. C 0 2  i s  t h e n  i n t r o d u c e d  i n t o  t h e  c e l l  
and t h e  a p p r o p r i a t e  t e m p e r a t u r e  i s  s e t  up.  Temperature  measure- 
ments  are made w i t h  a chromel-alumel  thermocouple  s e t  below t h e  
samp1.e p l a t f o r m .  

For  each  e x p e r i m e n t  a m a g n i f i c a t i o n  measurement i s  made by 
t a k i n g  a photograph  o f  a s tee l  b a l l  b e a r i n g  of known s i z e .  From 
pho tographs ,  t h e  v a l u e s  of y and 8 may be c a l c u l a t e d  by methods 
d e s c r i b e d  e l s e w h e r e  [12,13,15,16]. Values  o f  8 can  a l s o  be 
measured d i r e c t l y  from t h e  photograph .  The d imens ions  of t h e  
d r o p s  were measured f r o m  t h e  pho tographs  u s i n g  a c a l i p e r .  
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RESULTS 

V i s  eo si ty 

Logar i thmic  decrements  and v i s c o s i t i e s  o b t a i n e d  f o r  t h e  L i C 1 -  
L i 2 C 0 3  sys tem are summarized i n  T a b l e s  8-14. Seven d i f f e r e n t  
c o n c e n t r a t i o n s  are  examined. The dependence o f  v i s c o s i t y  on 
t e m p e r a t u r e  i s  shown i n  F i g u r e  1 0  f o r  a l l  s even  c o n c e n t r a t i o n s .  
An i n s p e c t i o n  o f  t h e  f i g u r e  shows t h a t  l o g  v i s c o s i t y  i s  a l i n e a r  
f u n c t i o n  of  1 / T ,  and hence t h e  v i s c o s i t y  can  be  r e l a t e d  t o  t e m -  
p e r a t u r e  by t h e  A r r h e n i u s  e x p r e s s i o n :  

The. a c t i v a t i o n  e n e r g y  f o r  t h e  v i s c o u s  f low can  now be  recal-  
c u l a t e d  as 

d l o  Q 
= 4 . 5 7 6  x E v i s  

where d l o g  Q/d( l /T)  i s  t h e  s l o p e  i n  l o g  n - ( l / T )  c u r v e s .  T h i s  
s l o p e  i n c r e a s e s  g r a d u a l l y  w i t h  c o n c e n t r a t i o n  of  L i 2 C 0 3 .  I n  F ig-  
u r e  11, c a l c u l a t e d  v a l u e s  o f  t h e  a c t i v a t i o n  ene rgy  are p l o t t e d  
v e r s u s  mole p e r c e n t  o f  L i 2 C 0 3 .  

V i s c o s i t y  changes  g r a d u a l l y  w i t h  t h e  compos i t ion  o f  m e l t s .  
F i g u r e  1 2  g i v e s  t h e  dependence o f  v i s c o s i t y  a t  74OOC on m e l t  
compos i t ion .  I n  t h i s  f i g u r e ,  d a t a  f o r  p u r e  mol ten  s a l t s  are 
i n c l u d e d  [ 6 , 7 ]  . 
S u r f a c e  T e n s i o n  

The d a t a  on s u r f a c e  t e n s i o n  measurements f o r  L i C l - L i 2 C 0 3  m e l t s  
a r e  summarized i n  T a b l e s  15-20. Temperature  dependence of  s u r f a c e  
t e n s i o n  i s  shown i n  F i g u r e  1 3 .  I n  t h e  same f i g u r e ,  v a l u e s  f o r  
t h e  p u r e  compounds are i n c l u d e d  [ 6 , 1 8 ] .  A t  a l l  c o m p o s i t i o n s ,  
sur face  t e n s i o n  of m e l t s  c an  be e x p r e s s e d  as a l i n e a r  f u n c t i o n  o f  
t e m p e r a t u r e .  E q u a t i o n s  o f  t h e  form y = a - b x 1 0 - 3 t  were de- 
duced.  Here, t i s  t e m p e r a t u r e  i n  OC. Values  f o r  a and b are 
g i v e n  i n  Tab le  2 1 .  The accu racy  o f  t h e  method w a s  found t o  be  
k O . 2  dyne c m - l .  S u r f a c e  t e n s i o n  compos i t ion  i s o t h e r m s  are  g i v e n  
i n  F i g u r e  1 4 .  

S u r f a c e  t e n s i o n  d a t a  o f  m e l t s  i n  which L i 2 0  i s  d i s s o l v e d  i n t o  
L i C 1 - L i 2 C 0 3  m i x t u r e s  are a l s o  o b t a i n e d  i n  t h e  p r e s e n t  work. The 
f o l l o w i n g  mole c o m p o s i t i o n s  are examined: 6 .5 :65 .4 :28 .1  and 
1 0 : 7 0 : 2 0 ,  i n  t h e  o r d e r  L i z O ,  L i C l  and L i 2 C O 3 .  R e s u l t s  are c o l -  
l e c t e d  i n  T a b l e s  2 2  and 2 3 .  There i s  a l a r g e  i n c r e a s e  i n  t h e  
s u r f a c e  t e n s i o n  w i t h  t h e  a d d i t i o n  o f  6 .5% L i 2 0 ,  and t h e n  an  even  
b i g g e r  d e c r e a s e  w i t h  1 0 %  L i 2 0 .  ( S i n c e  o n l y  two s o l u t i o n s  are 
u s e d ,  t h e  s u r f a c e  t e n s i o n  v e r s u s  p e r c e n t  L i z O  i s o t h e r m s  a r e  n o t  
g i v e n . )  These s o l u t i o n s  w e r e  h i g h l y  c o r r o s i v e ;  t h e  go ld -pa l l ad ium 
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a l l o y  c r u c i b l e  deve loped  a golden  s u r f a c e  c o l o r ,  and t h e  m e l t  be- 
came blue-gray . 
Dens i t i e  s 

The v a l u e s  o f  d e n s i t y  o b t a i n e d  i n  t h e  p r e s e n t  work f o r  L i C 1 -  
L i 2 C 0 3  m e l t s ,  and v a l u e s  o f  s u r f a c e  t e n s i o n  used  t o  account  f o r  
t h e  s u r f a c e  t e n s i o n  e f f e c t s  on t h e  suspens ion  w i r e  are g iven  i n  
Tab les  24-31. The v a r i a t i o n  o f  d e n s i t y  w i t h  t empera tu re  was 
found t o  be l i n e a r  ( F i g .  1 5 ) .  The e q u a t i o n  p = p o  - b t  ex- 
p r e s s e s  t h i s  l i n e a r i t y .  

Con t ac .t A n g  l e  

Experiments on w e t t i n g  behav io r  of t h e  mol ten  mix tu res  of 
L i C 1 - L i z C 0 3  w e r e  performed on s u b s t r a t e s  o f  A 1 2 0 3 ,  A l N ,  s t a i n l e s s  
s teel  316, 304 and 347, g r a p h i t e  POCO AX and s p e c t r o s c o p i c a l l y  
pu re  g r a p h i t e  i n  COz atmosphere.  With t h e  e x c e p t i o n  of  POCO 
g r a p h i t e  and s p e c t r o s c o p i c a l l y  pu re  g r a p h i t e ,  t h e  s u b s t r a t e s  
w e r e  comple te ly  w e t t e d  by l i q u i d  s a l t s .  P r e s e n t  resu1t .s  are 
recorded  i n  Tab le s  32-35. Table  36 shows t h e  values  of t h e  
c o n t a c t  a n g l e s  o b t a i n e d  f o r  pu re  L i C 1 .  The dependence o f  c o n t a c t  
a n g l e  upon t empera tu re  i s  shown i n  F i g u r e s  1 6 ,  17 and 18.  I t  
c a n  be s e e n  t h a t  i n  a l l  cases t h e  c o n t a c t  a n g l e  i s  n e a r l y  unaf- 
f e c t e d  by t empera tu re  o v e r  t h e  range  from j u s t  above t h e  me l t ing  
p o i n t  t o  n e a r l y  800OC. There i s  only  abou t  an 8% change i n  0 ,  
on POCO g r a p h i t e  s u b s t r a t e ,  from p u r e  L i C l  t o  30 :70  L i C 1 - L i z C 0 3  
mix tu re  ( c f .  F i g .  1 9 ) .  

ANALYSIS OF ERRORS 

Surf a ce Be 11s i on 

The s u r f a c e  t e n s i o n  i s  g i v e n  by t h e  e q u a t i o n  

wg 
E o ( l  + aAt) 

where g i s  t h e  a c c e l e r a t i o n  due t o  g r a v i t y ,  L o  i s  t h e  p e r i m e t e r  
of t h e  p l a t e ,  a, i s  t h e  l i n e a r  expans ion  c o e f f i c i e n t  f o r  t h e  gold- 
pa l lad ium a l l o y ,  and A t  i s  g iven  by t h e  d i f f e r e n c e  i n  tempera ture  
a t  which the exper iment  w a s  c a r r i e d  o u t  and t h a t  a t  which t h e  
p e r i m e t e r  of t h e  p l a t e  w a s  measured. 

I n  o r d e r  t o  o b t a i n  t h e  maximum e r r o r  i n  y ,  t h e  d i f f e r e n t i a l  
method w a s  a p p l i e d  t o  t h e  above e q u a t i o n :  

The  maximum error  was c a l c u l a t e d  for a t y p i c a l  measurement on 
a L i C l  80  mole %-LizC03 2 0  mole % melt a t  623OC.  The v a l u e s  O f  y 
and t h e  maximum probab le  error  i n  each  measured q u a n t i t y  a r e :  
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TABLE 32. CONTACT ANGLE OF LiCl (90 mole % )  - 
Li2co3 (10 mole % )  

Substrate e Temperature ("C) 

Graphite POCO 149.6 576 

11 I 1  147.4 604 

11 11 149.8 631 

II II 149 .'O 662 

II 11 147.2 720 

II 147.0 755 

II I 1  148.1 787 

Graphite Spectroscopic 143.6 571 

II II 1,43.6 600 

II II 142.0 627 

II II 140.8 656 

II 11 143.8 684 

II 11 141.6 715 

II II 141.4 784 
-- 
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\ 

TABLE 3 3 .  CONTACT ANGLE OF L i C l  (70  mole % )  - 
L i 2 C O 3  (30  mole % )  

Substrate 0 Temperature ("C) 

Graphite POCO 142.3 538 

I1 II 139.7 567 

-___I 

- - _- 
II 

II 139.8 592 

I1 II 1 4 2 . 2  6 3 1  

II II 139.9 705 

140  . % 726 
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TABLE 3 4 .  CONTACT ANGLE OF LiCl ( 5 0  mole % )  - 
Li2C03 ( 5 0  mole % >  

Substrate 0 Temperature ( " C )  

Graphite POCO 1 3 9 . 7  6 2 7  

II II 1 3 8 . 1  6 5 5  

, 
II II 1 3 9 . 2  6 8 5  

II 11 1 3 9 . 9  7 4 1  

II II 1 3 8 . 6  7 6 5  
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TABLE 35. CONTACT ANGLE OF L i C l  ( 3 0  mole % )  - 
Li2CO3 ( 7 0  m o l e  % )  

S u b s t r a t e  e T e m p e r a t u r e  ( " C )  
- 
G r a p h i t e  POCO 1 4 0 . 0  670  

11 II 1 4 1 . 5  6 9 7  

II II 1 4 0 . 5  727  

II 11 1 4 0 . 7  754  
- 

I t  II 1 4 0 . 0  7 8 1  
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TABLE 36.  CONTACT ANGLE O F  PURE L i C l  

Substrate 0 Temperature ( " C )  

Graphite POCO 1 5 4 . 8  656 

11 I1  1 5 0 . 8  656  

I 1  II 

~ ~ 

1 5 1 . 8  676  

II I1 1 4 9 . 8  6 8 6  

II 1 5 2 . 5  7 2 3  

I 1  
'I I 

1 

1 5 3 . 3  7 2 3  

11 II 1 5 2 . 5  7 2 3  

11 II 1 5 0 . 8  7 2 8  

11 11 1 5 2 . 5  817  

11 11 1 5 2 . 4  8 1 7  
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Figure 19. Contact Angle Versus Composition on Graphi te  POCO; (7 :?O0C)  
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y = 143.8 dynes/cm 

L o  = 1 .123  c m  AL = k0.005 c m  

W = 0.16615 g A W  = 20.00018 g 

A t  = 603OC A ( A t )  = 21°C 

a = 1 5 . 9 ~ 1 0 ~ ~  c m / c m  O C  Aa = + 9 . 5 ~ 1 0 - ~  c m / c m  O C  

From t h i s  se t  o f  v a l u e s ,  Ay w a s  found t o  be 50.98 dynes/cm and 
t h e  maximum r e l a t i v e  e r r o r  Ay/y = kO.007. The g r e a t e s t  con- 
t r i b u t i o n  t o  Ay arises from t h e  measurement of  t h e  p e r i m e t e r  of  
t h e  p l a t e ,  ( a y / a L ) A L  = 0 . 7 3  dyne/cm. The maximum e r r o r  i n  a w a s  
e s t i m a t e d  by J a n z  [6]  t o  be  a b o u t  ?5%.  The c o n t r i b u t i o n  t o  Ay, 
f o r  t h i s  case, i s  i n s i g n i f i c a n t .  The maximum p r o b a b l e  e r r o r  
a r i s i n g  from t h e  p u l l  W w a s  e s t i m a t e d  from t h e  a c c u r a c y  of t h e  
measurement of  t h e  s l o p e  mg/mV; t h a t  w a s  found t o  be k O . 0 0 6 6  mg/mV. 

There are t w o  a d d i t i o n a l  e r r o r s  i n  t h e  sur face  t e n s i o n  meas- 
urements .  The f i r s t  ar ises  from t h e  u n c e r t a i n t i e s  i n  t h e  temper- 
a t u r e  measurements ,  and t h e  second from t h e  u n c e r t a i n t i e s  i n  t h e  
compos i t ion  of t h e  m e l t s .  The c o n t r i b u t i o n  t o  Ay due t o  t h e  
u n c e r t a i n t i e s  i n  t e m p e r a t u r e  w a s  e s t i m a t e d  t o  be  k0.03 dyne/cm, 
c o n s i d e r i n g  t h a t  t h e  m a x i m u m  error i n  t h e  t e m p e r a t u r e  w a s  + _ 0 . 5 O C ,  
and t h e  ave rage  t e m p e r a t u r e  c o e f f i c i e n t  f o r  t h e  m i x t u r e  i s  
0.060 dyqe/cm OC. 

The maximum e r r o r  i n  t h e  p r e p a r a t i o n  of  t h e  m e l t s  w a s  assumed 
t o  be  0 . 1  mole % ,  and c o n s i d e r i n g  t h a t  t h e  maximum change of s u r -  
f a c e  t e n s i o n  vs .  compos i t ion  i s  o f  t h e  o r d e r  of 1 . 2  dynes/cm for 
1 mole % ,  t h e  maximum e r r o r  i n  y t u r n e d  o u t  t o  be  k 0 . 1 2  dynes/cm. 

Thus,  t h e  t o t a l  e r r o r  i n  y i s  +1 dyne. Cor re spond ing ly ,  t h e  
r e p r o d u c i b i l i t y  of  t h e  measurements w a s  a b o u t  k 0 . 2  dynes .  

The d e n s i t y  i s  g i v e n  by 
B + v + A  

= V o ( 1  + 3 a t )  

where A ,  v ,  R, V o ,  a and t are a l r e a d y  d e f i n e d .  The a p p l i c a t i o n  
of t h e  d i f f e r e n t i a l  method t o  p g i v e s :  

AA + - a P  A ( A t )  AVO + A m  + a ( A t )  
a P  a P  Ap = - AB -1- - A V  + - 
a B  3V a A  avo 

I n  o r d e r  t o  c a l c u l a t e  A p ,  t h i s  e q u a t i o n  w a s  a p p l i e d  t o  a den- 
s i t y  measurement on a L i C l  80 mole % - L i 2 C 0 3  2 0  mole % m e l t  a t  
598OC. The v a l u e  of d e n s i t y  t o g e t h e r  w i t h  t h e  maximum e r r o r s  
are g iven  below. 
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p = 1.5754 g/cm3 

B = 1 .8111  g AB = 0 . 0 0 2 0  g 

A = 0 . 0 0 6 5  g AA = 0 . 0 0 0 0 4  g 

V O  = 1.1541 c m 3  AVO = 0 . 0 0 0 5  c m 3  

v = 0 . 0 0 0 5  g Av = 0.00003 g 

From t h e s e  va lues ,  Ap w a s  found t o  be kO.0030 g/cm3 and t h e  
maximum r e l a t i v e  e r r o r  Ap/p = + 0 . 0 0 1 9 .  The g r e a t e s t  c o n t r i b u -  
t i o n  t o  Ap arises from t h e  e r r o r  i n  t h e  c a l i b r a t i o n  of t h e  LVDT 
(which affects t h e  buoyancy, B ) .  The s l o p e  mg/mv w a s  found t o  
be 6.0134+0.0066. Thus,  t h e  buoyancy B i s  g i v e n  w i t h  a maximw 
p r o b a b l e  e r r o r  of + 0 . 0 0 2 0  g ,  and t h e r e f o r e  ( a p / a B ) A B  = 0 . 0 0 1 9  g .  

The volume of  t h e  bob V O  does  n o t  i n c l u d e  t h e  same buoyancy 
e r r o r  as t h a t  d i s c u s s e d  above ,  because  V O  w a s  measured w i t h  a 
b a l a n c e  (Mettler) and t h e r e f o r e  t h e  e s t i m a t e d  maximum e r r o r  on 
V O  i s  much smaller  t h a n  t h e  e r r o r  i n  measur ing  t h e  buoyancy. 

The error  due t o  t h e  s u r f a c e  t e n s i o n  c o r r e c t i o n  i s  abou t  f i v e  
t i m e s  smaller t h a n  t h a t  found by J a n z  [ 6 ] .  The r e a s o n  f o r  t h i s  
i s  t h a t  t h e  d i a m e t e r  o f  t h e  s u s p e n s i o n  w i r e  u sed  i n  t h e  p r e s e n t  
work w a s  f i v e  t i m e s  smal le r  t h a n  t h a t  used by J a n z .  An  advan- 
t a g e  i n  u s i n g  a t h i n  w i r e  i s  t h a t  t h e r e  i s  no need t o  have t h e  
same d e p t h  o f  immersion of  t h e  bob because  t h e  c o n t r i b u t i o n  of  
t h e  immersed s u s p e n s i o n  w i r e  t o  t h e  t o t a l  buoyancy i s  i n s i g n i f -  
i c a n t .  The errors i n v o l v e d  i n  t h e  t e m p e r a t u r e  measurement and 
i n  t h e  p r e p a r a t i o n  o f  t h e  m i x t u r e s  were found t o  b e ,  r e spec -  
t i v e l y ,  -+0.0002 g / c m 3  and 0 . 0 0 0 3  g/cm3. 

V i s c o s i t y  

The v i s c o s i t y  w a s  c a l c u l a t e d  by means o f  t h e  e q u a t i o n  

1538*29 ( S 2  - 2 . 4 3 ~ 1 0 - ~ 8 )  ' = (1 + 2 a A t )  

T h i s  e q u a t i o n  w a s  d e r i v e d  by a p p l y i n g  t h e  l e a s t  s q u a r e  method t o  
t h e  r e s u l t s  o b t a i n e d  on f i v e  o r g a n i c  so lven t s  and mol t en  p o t a s -  
sium n i t r a t e  c o v e r i n g  t h e  r ange  o f  t e m p e r a t u r e s  from 347 t o  4 7 1 O C .  
The ave rage  s t a n d a r d  r e l a t i v e  e r r o r  was found t o  be  kO.01 f o r  a 
v i s c o s i t y  of 2.777 c e n t i p o i s e s .  It  i s  n e c e s s a r y  t o  mention t h a t  
t h e  v a l u e s  of rl and p u s e d ,  o b t a i n e d  from t h e  l i t e r a t u r e ,  may be 
less r e l i a b l e  t h a n  t h e  l o g a r i t h m i c  decrement  o b t a i n e d  exper iment -  
a l l y  i n  t h e  p r e s e n t  work, owing t o  t h e  r a t h e r  l a r g e  i n t e r p o l a t i o n  
r e q u i r e d .  The e r r o r  i n v o l v e d  i n  d e n s i t y  measurements o n l y  con- 
t r i b u t e d  k O . 0 0 7  c e n t i p o i s e s  t o  t h e  f i n a l  e r r o r  i n  v i s c o s i t y .  The 
c o n t r i b u t i o n  o f  a i s  i n s i g n i f i c a n t  due t o  t h e  f a c t  t h a t  t h e  p l a t e  
used i n  t h i s  case i s  made o f  p u r e  g o l d  and a h a s  been  w e l l  e s t a b -  
l i s h e d .  A s  t h e  v i s c o s i t y  does  n o t  change i n  a l i n e a r  way w i t h  

6 8  



HamiltonDIVISION OF UNITED U AIRCBAFT CORPORATION 

Standard 

NASA Cont rac tor  
Report No. 66519A 

t e m p e r a t u r e ,  t h e  maximum value o f  t h e  s l o p e  q v s .  T w a s  t a k e n  i n  
o r d e r  t o  o b t a i n  t h e  e r r o r  i n  t e m p e r a t u r e  measurement.  I t  w a s  
found t o  b e  50.0008 c e n t i p o i s e s .  The e r r o r  i n v o l v e d  i n  p r e p a r a -  
t i o n  o f  t h e  m i x t u r e  w a s  5 0 . 0 0 5  c e n t i p o i s e s .  Thus,  t h e  f i n a l  

 error i n  v i s c o s i t y  w i l l  be  of  t h e  o r d e r  of  +1 .5%.  

COMPARISON WITH PREVIOUS WORK 

F i g u r e  11 shows t h e  change o f  a c t i v a t i o n  ene rgy  f o r  v i s c o u s  
f low w i t h  compos i t ion .  The a c t i v a t i o n  ene rgy  i s  n o t  a l i n e a r  
f u n c t i o n  of  compos i t ion .  A s h a r p  change must o c c u r  c l o s e  t o  t h e  
p u r e  L i 2 C 0 3  s i d e ,  f o r  which t h e  a c t i v a t i o n  ene rgy  i s  r e p o r t e d  [61  
t o  be a b o u t  1 6  kca l /mole .  The l a t t e r  a c t i v a t i o n  e n e r g y ,  t h e r e -  
f o r e ,  f a l l s  t o  a b o u t  8 kca l /mole  w i t h  t h e  a d d i t i o n  o f  3 0  mole % 
L i C l  t o  L i 2 C 0 3 .  From t h e  compos i t ion  3 0  mole % L i C l  t o  a b o u t  
70  mole % L i C 1 ,  which p e r c e n t a g e  i s  c l o s e  t o  t h e  e u t e c t o i d  com- 
p o s i t i o n ,  t h e  a c t i v a t i o n  ene rgy  r ema ins  n e a r l y  c o n s t a n t  and 
c l o s e  t o  7 kca l /mole .  A t  s t i l l  h i g h e r  c o n c e n t r a t i o n  o f  L i C 1 ,  
t h e  a c t i v a t i o n  energy  a g a i n  f a l l s  t o  r e a c h  a b o u t  4 . 9  kca l /mole  
a t  90 m o l e  % L i C 1 .  
p o r t e d  i n  t h e  l i t e r a t u r e  a r e  somewhat s c a t t e r e d ,  e . g . ,  5 . 0 ,  7 . 0 ,  
and 8 . 8  kca l /mole .  The mean value o f  6 . 9  kca l /mole  i s  somewhat 
h i g h e r  t h a n  t h e  v a l u e  f o r  a m e l t  w i t h  1 0 %  L i 2 C 0 3 .  

The B c t i v a t i o n  ene rgy  d a t a  f o r  p u r e  L i C l  re- 

The v a l u e  of t h e  v i s c o s i t y  o f  p u r e  L i C l  o b t a i n e d  by e x t r a p o -  
l a t i o n  o f  t h e  v i s c o s i t y - c o m p o s i t i o n  i s o t h e r m  at 7 4 0 ° C ,  o b t a i n e d  
i n  t h e  p r e s e n t  work a g r e e s  w i t h  t h a t  r e p o r t e d  by J a n z  [ 6 ] .  The 
e x t r a p o l a t i o n  t o  p u r e  L i 2 C 0 3  o f  t h e  v i s c o s i t y - c o m p o s i t i o n  i s o -  
therm g i v e s  a v a l u e  f o r  t h e  v i s c o s i t y  of 5.98 c e n t i p o i s e s ,  which 
i s  a l s o  i n  good agreement  w i t h  r e p o r t e d  v a l u e s  [ 6 1 .  

A l l  t h e  m e l t s  examined have a n e g a t i v e  t e m p e r a t u r e  c o e f f i c i e n t  
o f  s u r f a c e  t e m p e r a t u r e ,  d y / d t .  The t e m p e r a t u r e  c o e f f i c i e n t s  de- 
c r e a s e d  w i t h  increasing'concentration o f  L i 2 C 0 3  e x c e p t  f o r  t h e  
compos i t ion  o f  50 mole %. The l a t t e r  c o e f f i c i e n t  i s  h i g h e r  t h a n  
t h e  c o r r e s p o n d i n g  v a l u e  f o r  p u r e  L i C 1 .  The t e m p e r a t u r e  c o e f f i c i e n t s  
o b t a i n e d  i n  t h e  p r e s e n t  work f u r  two ext reme c o n c e n t r a t i o n s ,  90 
mole % L i C l  and 3 0  mole % L i C l ,  are r e s p e c t i v e l y  -0.065 and - 0 . 0 4 0  
dyne/cm°C. These are c l o s e  t o  t h e  r e s p e c t i v e  v a l u e s  o f  - 0 . 0 6 9  and 
- 0 . 0 4 1  dyne/cm°C f o r  p u r e  s a l t s .  The change o f  s u r f a c e  t e n s i o n  
w i t h  compos i t ion  shows a p o i n t  of i n f l e c t i o n  c o r r e s p o n d i n g  t o  t h e  
e u t e c t i c  compos i t ion .  The i s o t h e r m  i s  s l i g h t l y  convex towards t h e  
compos i t ion  a x i s .  The v a l u e  o f  y f o r  p u r e  L i C l  o b t a i n e d  by e x t r a p -  
o l a t i o n  o f  t h e  y-composi t ion c u r v e  i s  i n  good agreement  w i t h  t h e  
v a l u e  c a l c u l a t e d  from t h e  e q u a t i o n  y = a - b t ,  recommended by 
Janz  [ 6 ] .  The v a l u e s  r e p o r t e d  by Dah1 and Duke [ l l l  are lower by 
5 dynes c m - '  t h a n  t h o s e  o b t a i n e d  i n  t h i s  work. I n  o r d e r  t o  ob- 
t a i n  s u r f a c e  t e n s i o n  f o r  p u r e  L i 2 C O 3  from t h e  y-composi t ion  p l o t ,  

* 
Cf.  r e f e r e n c e  6 .  
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a long  e x t r a p o l a t i o n  needs  t o  be made. The c l o s e s t  v a l u e  t o  p u r e  
L i 2 C O 3  i s  t h a t  of 70  mole % L i 2 C O 3  m e l t  w i t h  a s u r f a c e  t e n s i o n  of 
189  dynes/cm, t h a t  i s  55 dynes/cm smaller t h a n  t h e  pu re  compound 
from t h e  l i t e r a t u r e  [ 6 ] .  The p r e s e n t  e x t r a p o l a t i o n  g i v e s  t h e  
v a l u e  of 2 4 0  dynes/cm for p u r e  L i 2 C O 3 .  T h i s  v a l u e  compares w e l l  
w i t h  2 4 4  dynes/cm for p u r e  L i 2 C 0 3  as r e p o r t e d  161.  
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P a r t  I1 

SELF-DIFFUSION COEFFICIENTS O F  CARBONATE I O N S  

I N  L i C 1 - L i 2 C 0 3  MIXTURE 

GENERAL 

One of t h e  unknowns i n  t h e  o p e r a t i o n  of an oxygen r e c l a m a t i o n  
ce l l  i s  t h e  mechanism by which C 0 2  r e a c h e s  t h e  e l e c t r o d e .  The 
mechanism may i n v o l v e  t h e  d i f f u s i o n  o f  e i ther  C 0 2  i n  t h e  molecu la r  
s t a t e  o r  CO',- i o n s  which decompose a t  t he  e l e c t r o d e  s u r f a c e .  An 
analogous i o n i c  s p e c i e s ,  such a s  HCOT, which ref lects  t h e  p re sence  
of a s m a l l  amount of r e s i d u a l  water i n  t h e  m e l t ,  o r  L i C O T  i o n s  
w i t h  t h e  p a r t i c i p a t i o n  of t h e  c a t i o n i c  c o n s t i t u e n t ,  may a l s o  be 
invo lved  i n  t h e  d i f f u s i o n .  Again,  i f  i o n i c  t r a n s p o r t  i s  i n v o l v e d ,  
i s  t h e  r a t e - d e t e r m i n i n g  s t e p  t h e  m i g r a t i o n  of t h e  carbon- 
c o n t a i n i n g  s p e c i e s ,  o r  i s  i t  t h e  reverse, m i g r a t i o n  of  a species 
such as 02- t o  t h e  C 0 2  a d s o r p t i o n  a r e a  where CO;' o r  H C 0 3  i o n s  
are g e n e r a t e d ?  

I n  a n  a t t e m p t  t o  g a i n  i n f o r m a t i o n  on these p o i n t s ,  it was de- 
cided t o  measure d i f f u s i o n  c o e f f i c i e n t s ;  r a d i o i s o t o p e  t a g g i n g  of 
c a r b o n a t e  i o n s  w i t h  C14 w a s  used t o  examine t h e  d i f f u s i o n  of car- 
bona te  i n t o  a c a p i l l a r y  t u b e  from an e x t e r n a l  phase .  

EXPERIMENTAL 

Apparabus  and Method 

T h e  method used w a s  t h e  " i n t o - t h e - c a p i l l a r y "  t e c h n i q u e  of 
B o c k r i s  and Hooper [ 1 9 ] ,  where d i f f u s i o n  takes  p l a c e  from a 
r a d i o a c t i v e  b u l k  i n t o  an  i n a c t i v e  c a p i l l a r y .  

The d i f f u s i o n  v e s s e l  used i n  t h i s  work i s  t h e  same as t h a t  
d e s c r i b e d  by T r i c k l e b a n k ,  Nanis  and B o c k r i s  [ 2 0 ]  f o r  t h e  deter- 
mina t ion  of d i f f u s i o n  c o e f f i c i e n t s  a t  h igh  p r e s s u r e .  

R a d i o c h e m i c a l s  and P r e p a r a t i o n  o f  t h e  R a d i o a c t i v e  Bath 

The r ad iochemica l s  w e r e  s u p p l i e d  by I n t e r n a t i o n a l  Chemical 
and Nuclear  Corp. C" w a s  p rov ided  as so l idLi2CO3 i n s a m p l e s  of 
5 g each  w i t h  a s p e c i f i c  a c t i v i t y  o f  1 0  m i c r o c u r i e s  p e r  g of 
L i 2 C 0 3 .  N a 2 2 ,  used f o r  check ing  t h e  a p p a r a t u s  and t e c h n i q u e ,  was 
p rov ided  as s o l i d  NaN03 i n  samples  o f  30 g each  w i t h  a s p e c i f i c  
a c t i v i t y  of 1 m i c r o c u r i e  p e r  g of NaN03. The r a d i o p u r i t y  of both 
r a d i o c h e m i c a l s  was 99%+. 

The n o n - r a d i o a c t i v e  sa l t s  w e r e  d r i e d  i n  t h e  same way a s  is 
d e s c r i b e d  i n  P a r t  I of t h i s  r e p o r t .  The l a b e l l e d  c a r b o n a t e  was 
d r i e d  a t  15OOC under C o n .  A s u f f i c i e n t  amount of  L i C l - L i ~ C 0 3  
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e u t e c t i c  m i x t u r e  w a s  weighed i n  a go ld -pa l l ad ium c r u c i b l e  t o  p ro -  
duce 18 m l  o f  l i q u i d  b a t h  c o n t a i n i n g  approx ima te ly  5 0  m i c r o c u r i e s  
of r a d i o t r a c e r .  A f t e r  b e i n g  mel ted  in a s m a l l  f u r n a c e  under  co2 ,  
t h e  m i x t u r e  w a s  poured  i n t o  a n i c k e l  c r u c i b l e .  The l i q u i d  w a s  
a l l owed  t o  s o l i d i f y  and w a s  s t o r e d  i n  a dry-box. 

AnaZy t , i ca i !  I n s t r u m e n t s  

The C' (@-emitter)  which d i f f u s e d  i n t o  c a p i l l a r i e s  was 
counted  w i t h  a PACKARD TRI-CARB l i q u i d  s c i n t i l l a t i o n  s p e c t r o m e t e r  
S e r i e s  314E u s i n g  s t a n d a r d  l i q u i d  s c i n t i l l a t i o n  p r o c e d u r e .  N a 2 2  
was counted  w i t h  a 2 " ~ 1 - 3 / 4 "  sodium i o d i d e ,  t h a l l i u m  a c t i v a t e d  
s c i n t i l l a t i o n  c r y s t a l  and p h o t o m u l t i p l i e r  t u b e  coupled  w i t h  a 
s i n g l e  channe l  p u l s e  h e i g h t  a n a l y z e r ,  c o n s i s t i n g  of a C o s m i c  Radi- 
a t i o n  Labs Model 1 0 0 1  " S p e c t r q s t a t , "  Model 9 0 1  l i n e a r  a m p l i f i e r ,  
and Model PA-691 p r e a m p l i f i e r .  

CapilZaries and Filling o f  the C a p i l Z a r i e s  

c a p i l l a r i e s  4 c m  i n  l e n g t h  and i n n e r  diameter 0 . 8  nunwere s e a l e d  
a t  one end i n  an oxy-coal gas  f lame.  To f a c i l i t a t e  s e a l i n g ,  a 
p i e c e  of a lumina rod a b u t  2 mm l o n g  was i n s e r t e d  t o  h a l f  i t s  
l e n g t h  i n t o  t h e  t u b e .  Ths d i m e t e r  of t h e  r o d  i s  such  as t o  f i t  
c l o s e l y  i n t o  t h e  t u b e .  The rod  m e l t s  as soon as t h e  flame 
touches  i t ,  and contracts and welds  t h e  t u b e .  O the r  c a p i l l a r i e s  
u sed  i n  t h i s  work i n c l u d e  90% plat inum-lO% i r id ium**(4  c m  l o n g ,  
I . D .  1 . 0 1 6  m m ) ,  s t a i n l e s s  s tee l  304 (1.100 mm I . D . ) ,  and n i c k e l  
(1 .4605 mm I . D . ) .  Diameters of  c a p i l l a r i e s  w e r e  de t e rmined  by a 
b i n o c u l a r  micr g w p e  ( C a r l  Zeiss) .  

C a p i l l a r i e s  o f  d i f f e r e n t  materialawere used .  Alumina ( 9 9 . 7 % )  

Two d i f f e r e n t  ce l l s  wereused  f o r  f i l l i n g  c a p i l l a r i e s  w i t h  t h e  
non-ac t ive  s a l t . .  The f i r s t  was used f o r  f i l l i n g c a p i l l a r i e s  w i t h  
sodium n i t r a t e .  !This 11 i s  shown i n  F i g u r e  2 0 .  P a r t s  which 
are p l a c e d  i n  t h e  f u r n a c e  were made o f  f u s e d  s i l i c a .  The  o u t e r  
t u b e ,  A ,  ha s  an  i n n e r  d i ame te r  of  2 . 7  c m  and l e n g t h  o f  4 4  c m .  The 
i n n e r  t u b e ,  B ,  h a s  o u t e r  d i ame te r  0 . 5  c m .  Tube B i s  welded t o  a 
cap  which j o i n s  t h e  ce l l  by an O-r ing,  T h e  a t h e r  end of t u b e  
B is  welded t o  a n i c k e l  rod  t o  which t h e  c a p i l l a r y  h o l d e r  i s  
t h r e a d e d ,  Molten s a l t  i s  con ta ined  i n  a n i c k e l  c r u c i b l e  t h a t  can  
be r a i s e d  o r  lowered i n  much t h e  same way as d e s c r i b e d  i n  P a r t  I 
of t h i s  r e p o r t .  The p rocedure  f o r  f i l l i n g  c a p i l l a r i e s  was as 
f o l l o w s :  Four  c a p i l l a r i e s  are p l a c e d  on t h e  c a p i l l a r y  h o l d e r  
w i t h  open ends down. The cap  of t h e  c e l l  i s  t h e n  j o i n e d  w i t h  a 
vacuum l i n e ,  and t h e  sys tem i s  evacua ted  mm H g )  w h i l e  t h e  
s a l t  i s  me l t ed .  The t empera tu re  i s  p e t  a t  2 O o C  below t h e  d e s i r e d  
t empera tu re  of t h e  r u n  ( t h i s  procedure  i n s u r e d  t h a t  t h e  c a p i l -  
l a r i e s  would be f i l l e d  a t  t h e  t empera tu re  of  t h e  measurement ) .  

* 70:30 mole 96 

** This alloy rather than platinum is used because of its higher mechanical strength. 
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The c a p i l l a r i e s  are t h e n  immersed i n t o  t h e  mol ten  s a l t  by r a i s i n g  
t h e  n i c k e l  c r u c i b l e .  Release o f  vacuum w i t h  d r y  n i t r o g e n  f o r c e d  

' t h e  m e l t  i n t o  c a p i l l a r i e s .  The c a p i l l a r i e s ,  a f t e r  b e i n g  w i t h -  
drawn from t h e  m e l t  and c o o l e d ,  are p l a c e d  i n t o  a dry-box and 
s t o r e d  u n t i l  u s e .  

Some d i f f i c u l t i e s w e r e  m e t  w i t h  i n  t h e  f i l l i n g  o f  c a p i l l a r i e s  
w i t h  L i C 1 - L i 2 C 0 3  m e l t .  D i s so lved  gas i n  t h e  m e l t  c aused  v igo rous  
f r o t h i n g  o f  t h e  l i q u i d .  During t h e  e v a c u a t i o n  p r o c e d u r e ,  t h e  
m e l t  w a s  l o s t  f r o m  t h e  c o n t a i n e r  and came i n t o  c o n t a c t  w i t h  t h e  
w a l l s  o f  t h e  c e l l ,  which were t h a n  a t t a c k e d .  A new c e l l  was de- 
s i g n e d .  The b a s e  o f  t h e  c e l l  i s  made of a lumina  t u b e  ( 9 9 . 7 % )  
( c f .  F i g .  2 1 ) .  The c e l l  i s  assembled w i t h  t h e  a i d  o f  a m e t a l  
f l a n g e  which i s  a t t a c h e d  t o  t h e  t u b e  by means o f  a compression 
t y p e  O-ring seal. For  t h i s ,  t h e  upper  p a r t  of t h e  a lumina  t u b e  
had t o  be machined t o  a t r u e  c y l i n d e r  (52 mm O . D .  ) . I n s t e a d  of 
r a i s i n g  t h e  c r u c i b l e ,  as w a s  done 
mechanism p e r m i t s  t h e  movement of  
p r o c e d u r e  f o r  f i l l i n g  c a p i l l a r i e s  
above.  

i n  t h e  former  case,  t h e  same 
t h e  c a p i l l a r i e s .  The f u r t h e r  
vas t h e  same as d e s c r i b e d  

I n  o r d e r  t o  d e s c r i b e  t h e  p rocedure  f o l l o w e d  i n  t h e s e  e x p e r i -  
ments ,  it i s  n e c e s s a r y  t o  r e f e r  t o  t h e  o r i g i n a l  scheme of  t h e  
h i g h  t e m p e r a t u r e  and p r e s s u r e  vessel ,  r ep roduced  i n  F i g u r e s  2 2  
and 23. A stream o f  C 0 2  e n t e r s  t h e  vessel a t  C ( c f .  F i g .  2 2 ) .  
A c a p i l l a r y ,  w i t h  t h e  i n a c t i v e  s a l t  i n  i t ,  i s  a t t a c h e d  t o  t h e  
h o l d e r  of t h e  vessel i n  which a c o n t a i n e r  w i t h  t h e  ac t ive  s a l t  
i s  a l r e a d y  p l a c e d  ( G ,  F i g .  2 3 ) .  The a p p a r a t u s  i s  t h e n  assembled 
w i t h  t h e  s t i r r i n g  s h a f t  ( K ,  F i g .  23) i n  t h e  upper  p o s i t i o n .  The 
s t i r r i n g  s h a f t  i s  now lowered by a p p l y i n g  p r e s s u r e  i n  t h e  o i l  
column ( K ,  F i g .  2 2 )  so t h a t  t h e  opening  of t h e  c a p i l l a r y  i s  a b o u t  
1 c m  above t h e  s u r f a c e  of t h e  m e l t .  I n  t h i s  p o s i t i o n ,  t h e  c a p i l -  
l a r y  i s  h e l d  f o r  a b o u t  5 minu te s  t o  r e a c h  t h e r m a l  e q u i l i b r i u m .  
Then t h e  s t i r r i n g  s h a f t  i s  lowered t o  t h e  bot tom o f  i t s  s t r o k e ,  
t h u s  submerging t h e  c a p i l l a r y  opening  i n t o  t h e  m e l t  and i n i t i a t i n g  
t h e  d i f f u s i o n  r u n .  S i m u l t a n e o u s l y ,  t h e  V - b e l t  d r i v e  i s  a t t a c h e d  
t o  t h e  p u l l e y  ( N ,  F i g .  2 2 )  and t h e  s t i r r i n g  begun. A f t e r  t h e  run  
i s  completed ( 3  t o  6 h o u r s )  s t i r r i n g  i s  s t o p p e d  and t h e  c a p i l l a r -  
ies removed from t h e  m e l t  by r a i s i n g  t h e  s h a f t  t o  i t s  upper  p o s i -  
t i o n .  T h e  r a d i o a c t i v e  s a l t  i s  e x t r a c t e d  from t h e  c a p i l l a r y ,  u s i n g  
a s t a i n l e s s  s tee l  n e e d l e  through which a s low f low of  water i s  
m a i n t a i n e d ,  and t h e  s o l u t i o n  i s  c o l l e c t e d  i n  a b e a k e r .  When t h e  
s a l t  h a s  been removed, t h e  beake r  i s  p l a c e d  on a h o t - p l a t e  t o  
e v a p o r a t e  t h e  s o l u t i o n  down t o  2 o r  3 m l .  The s o l u t i o n  i s  then  
q u a n t i t a t i v e l y  t r a n s f e r r e d  i n t o  a 2 5  m l  f l a s k .  A n  a lumina cap-  
i l l a r y  i s  p l a c e d  i n  a b e a k e r  and c r u s h e d  i n t o  small  f r agmen t s .  
The s a l t  i s  t h e n  d i s s o l v e d  and t h e  s o l u t i o n  i s  q u a n t i t a t i v e l y  
t r a n s f e r r e d  t o  a 25 m l  f l a s k .  
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N a Z 2  i s  counted  by t r a n s f e r r i n g  a 5 m l  a l i  u o t  of t h e  r a d i o -  
For  C q 4 ,  a 1 2 . 5  m l  a l i -  ac t ive  s o l u t i o n  i n t o  t h e  coun t ing  tube .  

q u o t  o f  B r a y ' s  [211  s c i n t i l l a t o r  s o l u t i o n  i s  admit ted t o  t h e  
coun t ing  b o t t l e  t o g e t h e r  w i t h  2 m l  of  t h e  a l i q u o t  of  t h e  r a d i o -  
a c t i v e  s o l u t i o n .  

T h e  d i f f u s i o n  c o e f f i c i e n t ,  D I  i s  g i v e n  by t h e  e q u a t i o n  [ 2 0 ,  
2 2 1  : 

where d i s  diameter o f  t h e  c a p i l l a r y ,  Q t h e  t o t a l  amount of  d i f -  
f u s a t e  i n  t h e  c a p i l l a r y  a t  t i m e  t ,  and C,j i s  t h e  s p e c i f i c  a c t i v i t y  
of t h e  b a t h  sample and i s  c a l c u l a t e d  from t h e  fo l lowing  expres -  
s i o n :  

co(cprn c m m 3 )  = K e W 
where K i s  t o t a l  a c t i v i t y  ( coun t s  p e r  minute)  from a b a t h  sample 
of  mass W(g) and p is  t h e  d e n s i t y  of t h e  mol ten  s a l t  a t  t h e  t e m -  
p e r a t u r e  o f  t h e  exper iment .  I n  o r d e r  t o  m a i n t a i n  boundary condi-  
t i o n s  f o r  t h e  a p p l i c a t i o n  of t h e  former e q u a t i o n ,  a minimum r a t e  
o f  f low p a s t  t h e  opening  of t h e  c a p i l l a r y  i s  r e q u i r e d  t o  keep t h e  
c o n c e n t r a t i o n  a t  t h e  opening of  t h e  c a p i l l a r y  e q u a l  t o  t h a t  of  
t h e  bu lk .  It  h a s  been e s t a b l i s h e d  [ 2 2 ]  t h a t  t h e  r o t a t i o n  of t h e  
c a p i l l a r y  c a u s e s  a c y l i n d r i c a l  " s l u g "  of i n a c t i v e  s a l t  t o  be 
swept o u t  o f  t h e  c a p i l l a r y  and r e p l a c e d  by r a d i o a c t i v e  s a l t  from 
t h e  b a t h .  Th i s  s l u g ,  of l e n g t h  A R ,  adds  t o  t h e  measured Q a v a l u e  
e q u a l  t o  C o ( - m d 2 / 4 ) A R .  A c o r r e c t i o n  t o  Q f o r  t h i s  v a l u e  i s  made. 
The l e n g t h  of A R  i s  o b t a i n e d  from t h e  p l o t  of A R / d  vs.  Reynolds 
number [ 2 3 ] .  The Reynolds number i s  d e f i n e d  as 

where R i s  t h e  r a d i u s  o f  r o t a t i o n  ( c m )  , p t h e  d e n s i t y  ( g  ~ m - ~ )  , 
rl t h e  v i s c o s i t y  (g  cm'l s e c - I ) ,  v t h e  k i n e m a t i c  v i s c o s i t y  
( c m 2  s e c - ' ) ,  w t h e  r o t a t i o n  ra te  (rpm) I and v i s  t h e  l i n e a r  ve- 
l o c i t y  of t h e  c a p i l l a r y  mouth ( c m  sec"). Thus, w i t h  t h i s  co r -  
r e c t i o n ,  D i s  c a l c u l a t e d  from t h e  e q u a t i o n  

RESULTS 

A s  a check on t h e  a p p a r a t u s  and t e c h n i q u e ,  t h e  s e l f - d i f f u s i o n  
c o e f f i c i e n t  o f  N a Z 2  i n  NaN03 w a s  measured and compared w i t h  t h e  
v a l u e s  of T r i c k l e b a n k ,  Nanis and Bockr i s  [ 2 2 ] ,  who r e p o r t  t h e  
d i f f u s i o n  c o e f f i c i e n t  a t  35OOC and  1 b a r  as ( 2 . 1 0 + 0 . 0 9 ) ~ 1 0 - ~  c m 2  
sec-l .  I n  t h i s  work a v a l u e  o f  (2.08+0.10)~10'~ c m 2  sec-' w a s  
o b t a i n e d .  
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The a c t i v i t y  o f  C 1 4  i n  t h e  l i q u i d  b a t h  w a s  found t o  d e c r e a s e  
w i t h  t i m e  (exchange w i t h  C02 a t m o s p h e r e ) .  The loss  w a s  a b o u t  
2 6 %  a t  56OOC a f t e r  an expe r imen t  o f  f i v e  h o u r s .  The d i f f u s i o n  
c o e f f i c i e n t s  were c a l c u l a t e d  t a k i n g  t h e  a r i t h m e t i c  mean o f  t h e  
number o f  c o u n t s  o f  t h e  l i q u i d  b a t h ,  b e f o r e  and a f t e r  t h e  e x p e r i -  
ment.  

The v a l u e s  of  s e l f - d i f f u s i o n  c o e f f i c i e n t s  f o r  c a r b o n a t e  i o n s  
i n  L i C l - L i 2 C 0 3  e u t e c t i c  m i x t u r e  are g i v e n  i n  Table  37. The de- 
pendence o f  t h e  d i f f u s i o n  c o e f f i c i e n t s  on t e m p e r a t u r e  i s  shown 
i n  F i g u r e  2 4 .  The a c t i v a t i o n  ene rgy  c a l c u l a t e d  t h e r e f r o m  i s  
1O.Ok1.5 kcal /mole .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  f o r  t h e  
d i f f u s i o n  o f  COS i o n s  i n  p u r e  c a r b o n a t e s  o r  i n  m i x t u r e s  o f  car- 
b o n a t e s ,  t h e  d i f f u s i o n  c o e f f i c i e n t  w a s  found t o  be a l so  c l o s e  t o  
1 0  kca l /mole .  

Self-Diffusion Coefficient 

The maximum e r r o r  i n  t h e  measurements o f  s e l f - d i f f u s i o n  by 
d i f f u s i o n  i n t o  t h e  c a p i l l a r y  t e c h n i q u e  w a s  e s t a b l i s h e d  by B o c k r i s ,  
Yoshikawa and R icha rds  [ 2 4 ] .  They found t h a t  t h e  maximum e r r o r  
i s  g i v e n  by: 

w i t h  

I '  2QSd + Q6Co 

The s u b s t i t u t i o n  of  t h e  a p p r o p r i a t e  maximum p r o b a b l e  errors i n  
each  of t h e  measured q u a n t i t i e s  g i v e s  a v a l u e  of 15% f o r  6D/DX100. 
T h i s  i s  t h e  e r r o r  i n  e a c h  c a p i l l a r y .  S i n c e  two t o  f o u r  c a p i l l a r -  
i e s  were used  i n  each  expe r imen t ,  t h e  maximum e r r o r  i n  t h e  mean 
v a l u e  i s  a b o u t  9 % .  I n  t h e  p r e s e n t  work, t h i s  e r r o r  w a s  even 
f u r t h e r  r educed .  The accu racy  i n  c o u n t i n g  C O  and Q h a s  been 
i n c r e a s e d  c o n s i d e r a b l y  by u s i n g  a l i q u i d  s c i n t i l l a t i o n  spectrom- 
e t e r  w i t h  g r e a t e r  c o u n t i n g  e f f i c i e n c y  t h a n  t h e  g a s  f low propor- 
t i o n a l  c o u n t i n g  sys tem used i n  t h e  e a r l y  work. The d u r a t i o n  of  
expe r imen t s  w a s  o f  t h e  o r d e r  o f  3 t o  6 h o u r s  i n  t h e  p r e s e n t  work; 
i n  t h e  e a r l y  work t h e  expe r imen t s  w e r e  of t h e  o r d e r  of 2 h o u r s .  
A s  h a s  been mentioned b e f o r e ,  t h e  a c t i v i t y  of  C 1 4  i n  t h e  l i q u i d  
b a t h  h a s  been found t o  d e c r e a s e  w i t h  t i m e ,  and t h e  change a t  
56OOC w a s  found t o  be 2 6 %  a f t e r  an expe r imen t  of  5 h o u r s .  T h e  
d i f f u s i o n  c o e f f i c i e n t s  were c a l c u l a t e d  t a k i n g  t h e  a r i t h m e t i c  
mean o f  t h e  number o f  c o u n t s  o f  t h e  l i q u i d  b a t h ,  b e f o r e  and a f t e r  
t h e  e x p e r i m e n t s .  T h i s  i n t r o d u c e s  an u n c e r t a i n t y  o f  a b o u t  7 %  i n  
t h e  v a l u e s  r e p o r t e d .  
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TABLE 37. DIFFUSION OF P o 3 =  IONS IN MOLTEN L i C l . - L i 2 C 0 3  

EUTECTIC MIXTURE (7O:30 Moles) 

Temperature (OK) Diffusion Coefficient Capillary 
D x 105 

(cm2 sec-l) 

N i c k e l  8 0 3  1.15 
- 

I I  I I  0 . 9 4  

I 1  11 1.04 

I I  I I  0 . 9 6  

I I  1 . 2 0  8 3 3  

I I  I I  1.45 

I I  I I  1.16 

I I  876 1.89 

I I  I I  1.86 

I I  8 9 8  1 . 9 2  

I I  I I  1.98 

I 1  918 2.14 

I I  I I  2 . 4 5  
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POSSIBLE DIRECTIONS FOR FUTURE WORK 

There a r e  s t i l l  needs  f o r  more exper iments  and d a t a  of t e c h -  
n o l o g i c a l  impor tance .  I n  p a r t i c u l a r :  

1. Sys tema t i c  e x t e n s i o n  shou ld  be made of t h e  measurements of 
s u r f a c e  t e n s i o n ,  v i s c o s i t y ,  and c o n t a c t  a n g l e  t o  a series of  
sodium c a r b o n a t e - l i t h i u m  o x i d e  m e l t s  o f  v a r i o u s  composi t ions .  
There shou ld  be abou t  1 0  t o  15  composi t ions  so t h a t  a p r o p e r  
a n a l y s i s  of t h e  data  c o u l d  be  made. 

2 .  With each  o f  t h e s e  measurements,  there shou ld  be a v a r i a -  
t i o n  of t empera tu re ,  so  t h a t  t h e  a p p r o p r i a t e  h e a t s  of  a c t i v a t i o n  
cou ld  be o b t a i n e d .  

3 .  There shou ld  be a c o n s i d e r a b l e  e x t e n s i o n  o f  t h e  as-yet- 
a b o r t i v e  exper iments  on t h e  d e t e c t i o n  of O= and o t h e r  radicals  
p r e s e n t  i n  t h e  s o l u t i o n  by means of t r a n s i e n t  a n a l y s i s .  T h e r e  
a r e  many o p p o r t u n i t i e s  h e r e ,  and c o n s i d e r a b l e  p r o g r e s s  could  be 
mode. However, it would n o t  perhaps  be a matter of s imple  
p o t e n t i o s t a t i c  and/or  g a l v a n o s t a t i c  a n a l y s i s ,  as t h e  t r a n s i e n t s  
are ve ry  b r i e f  and AC polarography might  have t o  be used i n  t h e  
i n i t i a l  s t a g e s .  

4 .  D i f f u s i o n  work: The main o b j e c t  of t h e  d i f f u s i o n  work i s  
as an a i d  t o  t h e  d e t e c t i o n  of  r a d i c a l s  p r e s e n t .  I t  would be 
h e l p f u l  to .work w i t h  C14, N a 2 4 ,  and Ole, a s  markers  i n  d i f f u s i o n  
measurements .  T h i s  would e n a b l e  u s  t o  d i s t i n g u i s h  between r a d i -  
c a l s  p r e s e n t .  

5 .  The Department of Chemistry a t  t h e  U n i v e r s i t y  of Pennsyl-  
v a n i a  has  good Raman equipment f o r  do ing  Raman s p e c t r a  of  molten 
s a l t s .  This  h a s  been used e x t e n s i v e l y  i n  t h e  Department f o r  
i n v e s t i g a t i o n  o f  complexes appea r ing  i n  molten s a l t s .  T h i s ,  t o o ,  
would be a l i k e l y  method f o r  i n v e s t i g a t i n g  p o s s i b l e  complexes 
e x i s t i n g  i n  c a r b o n a t e  s y s t e m s .  I t  would a l s o  e l u c i d a t e  t h e  
e x i s t e n c e  of  r a d i c a l s  r e l e v a n t  t o  d i f f u s i o n .  
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