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ABSTRACT 

For seven  molten s a l t  mix tu res :  

f o u r  f u e l  m i x t u r e s ,  each  c o n t a i n i n g  LiF, BeFz, ThF,, UP4 
one f l u s h  s a l t ,  LiF-BeFz (66-34 mole '7'0) 
t w o  coolant s a l t s ,  NaBF4-NaF (92-8 mole 70) and s i n g l e -  

component NaBF, 

estimates and/or expe r imen ta l  v a l u e s  are g iven  f o r  t h e  fo l low-  
i n g  p r o p e r t i e s  : 

v i s c o s i t y  , 
thermal  c o n d u c t i v i t y ,  
e lec t r ica l  c o n d u c t i v i t y  
phase t r a n s i t i o n  behav io r ,  
h e a t  c a p a c i t y ,  
h e a t  of f u s i o n ,  
d e n s i t y ,  
e x p a n s i v i t y  , 
c o m p r e s s i b i l i t y ,  
vapor p r e s s u r e ,  
s u r f a c e  t e n s i o n ,  
s o l u b i l i t y  of t h e  g a s e s ,  He,Kr,Xe,BF, . 

From t h e  f o r e g o i n g  p r o p e r t i e s ,  t h e  f o l l o w i n g  have a l s o  been 
c a l c u l a t e d  and appended: 

i s o e h s r i c  h e a t  c a p a c i t y  (Cv) 
s o n i c  v e l o c i t y  
thermal  d i f f u s i v i t y  

P r a n d t l  number. 
k inemat i c  ViSCSSity 
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Composition of S a l t  Mixtures  

Symbol. 
Mole 70 Liquidus 

L I F  BeFz ThFd UF4 Temp. (OC> 

Fl 73 16 1.0.7 8 . 3  500O 5 5O 

7 2  21 6 . 7  8 . 3  5000 2 5" 
Fuel-  

Breeder  
Mixtures  

F2 

F3 68  2 0  1 1 . 7  0 . 3  480° f 5 O  

F4 63  25  11.7 0 . 3  5 0 o o  f 5 O  

F l u s h  S a l t  k? B 6 6  34 -- -- 458O 2 Bo 
( p r e s e n t  MSRE (peritecti c> 
c o o l a n t )  

Coo lan t s  Cl 

NaBF, NaF 

9 2  8 

- 

1 0 0  - 

3 8 5 0  i 10 

4 0 7 0  2 lo 
( m e l t i n g  

p o i n t )  

( e u t e e  t i c> 
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INTRODUCTION 

I n  t h i s  document w e  have compiled p h y s i c a l  p r o p e r t y  i n f o r -  

mat ion ,  e i t h e r  measured or estimated, on seven  s a l t  m i x t u r e s  

t h a t  are p r e s e n t l y  of importance i n  t h e  d e s i g n  of advanced 

molten s a l t  reactors.  The pr imary  u s e r  of t h i s  c o m p i l a t i o n  

w i l l ,  no d o u b t ,  be t h e  n u c l e a r  reactor e n g i n e e r  who r e q u i r e s  

t h e s e  data  f o r  t h e  d e s i g n  and development of molten s a l t  re- 

actors .  S p e c i a l i s t s  i n  t h e  chemis t ry  of mol ten  s a l t s  may be 

a n o t h e r  aud ience  i n t e r e s t e d  i n  t h i s  r e p o r t .  We e a r n e s t l y  hope 

t h a t  a l l  who c r i t i c a l l y  examine OF o t h e r w i s e  u s e  t h e s e  d a t a  

w i l l  g i v e  us t h e  b e n e f i t  of t h e i r  a d v i c e  so  t h a t  f u t u r e  v e r -  

s i o n s  of ' t h i s ' documen t  can  be g r e a t l y  improved. 

B a s i s  for  S e l e c t i n g  t h e  S a l t s  

The c h o i c e  of s a l t  m i x t u r e s  h a s  been p r i m a r i l y  governed 

by r e c e n t  changes i n  t h e  Molten S a l t  Reactor Program: ( a >  

t h e  combining of f i s s i l e  and f e r t i l e  material  w i t h i n  t h e  same 

c i r c u i t  ( t h e  " s ing le - r eg ion"  c o n c e p t ) ,  and  (la) t h e  t e s t i n g  of 

c o o l a n t  s a l t s  which are main ly  NaBF,. 

Four m i x t u r e s  have been selected f o r  poss ib le  u s e  as 

s i n g l e - r e g i o n  f u e l  melts e These are:  

Compos i t  i o n  (mole 70) 
- L i F  BeF, ThF4 - UF4 

Fl 73 I 6  10 .7  0 .3  

F2 72 2 1  6 .7  8 . 3  

S a l t  Mixture  

68 2 0  1 1 . 7  0 . 3  

6% 2 5  1 1 . 7  8 . 3  
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S a l t s  F, and F, are f u e l  mix tu res  a p p r o p r i a t e  t o  a 

p r i s m a t i c  c o n f i g u r a t i o n  of t h e  g r a p h i t e  modera tor ;  t h e  lesser 

c o n c e n t r a t i o n s  of BeF2 and ThF4 i n  F, may be more f a v o r a b l e  

w i t h  r e s p e c t  t o  r a r e - e a r t h  f i s s i o n  p roduc t  removal by r e d u c -  

t i v e  e x t r a c t i o n .  

S a l t  F 2 ,  c o n t a i n i n g  a r e l a t i v e l y  low c o n c e n t r a t i o n  of 

thorium, might  be used  i n  a r e a c t o r  ( e . g . ,  w i t h  random-packed 

g r a p h i t e  s p h e r e s )  where good b reed ing  performance is n o t  a 

prime c o n s i d e r a t i o n .  Mixture  F,, ora t h e  o t h e r  hand, cou ld  

c o n t r i b u t e  t o  improved b reede r  performance mainly because 

t h e  h i g h e r  t h e  be ry l l i um c o n c e n t r a t i o n ,  t h e  g r e a t e r  t h e  

o p p o r t u n i t y  t o  increase n e u t r o n s  by t h e  ( n ,  I n >  reaction. 

I t  is wor thwhi le  n o t i n g  t h a t  €or t h e  purposes  of 

e s t i m a t i n g  p h y s i c a l  p r o p e r t i e s  of s a l t s  F, -F4, t h e  effects  

of t he  small  c o n c e n t r a t i o n  of UP, w a s  a lmos t  a lways assumed 

t o  be t h e  same as f o r  t h e  co r re spond ing  increase i n  t h e  ThF, 

c o n c e n t r a t i o n .  

Although no f i r m  d e c i s i o n  has been reached as  t o  t h e  

e x a c t  composi t ion  of t h e  f u e l  s a l t  for  t h e  n e x t  molten s a l t  

r e a c t o r ,  i t  is h i g h l y  probable  t h a t  t h e  c o n c e n t r a t i o n s  sf  

L i p ,  BeF, and  ThF4 w i l l  be w i t h i n  t h e  l i m i t s  g iven  f o r  t h e s e  

components by t h e  above f o u r  m i x t u r e s .  

P h y s i c a l  p r o p e r t y  in fo rma t ion  is a l so  provided  for: 

LiF-BeF, (66-34 mole 70) symbolized as  L,B. 

This  mixture  has  been used  i n  t h e  MSRE as  t h e  c o o l a n t  and as 

t h e  f l u s h  s a l t  f o r  t h e  f u e l  c i r c u i t .  The i n c l u s i o n  of L2B 

I 
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... .. ...... c. <..A' 

i n  t h i s  r e p o r t  is j u s t i f i e d  by t h e  good p o s s i b i l i t y  t h a t  i t  

w i l l  be zi f l u s h  s a l t  (and perhaps a c o o l a n t )  i n  f u t u r e  m o l t e n  

s a l t  reactors .  

As i n t e r m e d i a t e  c o o l a n t  ( i n  t h i s  case t h e  f l u i d  which 

t r a n s p o r t s  h e a t  from t h e  f u e l  s a l t  t o  t h e  steam g e n e r a t o r s )  

t h e  s a l t s  which p r e s e n t l y  appear  a t t r a c t i v e  c o n t a i n  m o s t l y  

NaBF,. Two s u c h  s a l t s  are cons ide red :  

Composition (mole 70) 
NaF 
7 

Coolan t NaBF, 
e, 92  8 

c2 100 

The s a l t  symbolized as C1 is a e u t e c t i c  composi t ion 

which melts a t  3 8 5 ' 6  (725OF). Although a lower m e l t i n g  

f l u o r o b o r a t e  mix tu re  would be des i rab le ,  i t  is n o t  p r e s e n t l y  

clear how much and which a d d i t i v e  w i l l  s u b s t a n t i a l l y  d e p r e s s  

t h e  m e l t i n g  t empera tu re .  Moreover i t  seems l i k e l y  t h a t  

lower m e l t i n g  f l u o r o b o r a t e  mix tu res  w i l l  n o t  be v e r y  d i f f e r -  

e n t  from C1 ; hence mix tu re  C q  seems, a t  p r e s e n t ,  t h e  l e a d i n g  

c a n d i d a t e  f o r  t h e  n e x t  c o o l a n t  t o  be t r i e d  i n  a molten s a l t  

reactor 

Another s a l t  for which estimates are t a b u l a t e d  i n  t h i s  

r e p o r t  is "pure" NaBF, symbolized as Cz . S i n c e  s t o i c h i o -  

metric NaBF, does n o t  e x i s t  i n  t h e  molten s t a t e  w i t h o u t  a 

v e r y  h igh  p a r t i a l  p r e s s u r e  of BF, gas ,  C2 canno t  be cons ide red  

a p r a c t i c a l  c o o l a n t .  However, e s t i m a t i o n s  of t h e  p h y s i c a l  

p r o p e r t i e s  of h y p o t h e t i c a l l y  p u r e  molten NaBF, are u s e f u l  

for e v a l u a t i n g  t h e  c o n t r i b u t i o n s  of NaBF, as  a component i n  
. .  . . .  .. . . . . . . . 
X.'.'." .;i.Y '' 



a s a l t  mixture .  I n  s o l u t i o n ,  [BF4 1- i o n  may be imagined t o  i.. z 

behave Pike a h a l i d e  ions s l i g h t l y  l a r g e r  and more p o l a r i z a b l e  

t h a n  i o d i d e  ion .  By app ly ing  t h i s  ana logy ,  s e v e r a l  p r o p e r t i e s  

of C2 were estimated from t h e  measured p r o p e r t i e s  of mol t en  

NaI 

For  convenience ,  a list of s a l t  compos i t ions  and t h e i r  

cor responding  l i q u i d u s  t empera tu res  are g i v e n  a f t e r  t h e  

abs t rac t  (page 2 )  and a t  t h e  end of t h i s  r e p o r t  (page 46) .  

U n c e r t a i n t i e s  L i s t e d  w i t h  t h e  P h y s i c a l  P r o p e r t y  Values  

Each c o n t r i b u t o r  has s ta ted what he  b e l i e v e s  is t h e  

e r r o r  a s s o c i a t e d  with t h e  expe r imen ta l  r e s u l t  o r  w i t h  t h e  

e s t i m a t e d  q u a n t i t y .  For most eases, t h e  u n c e r t a i n t y  r e p r e -  

sents c o n s i d e r a b l y  more t h a n  e i t h e r  "goodness of f i t "  of an 

i n t e r p o l a t i o n  or i n t e r n a l  c o n s i s t e n c y  a v a i l a b l e  from thermo- 

dynamics. I n s t e a d ,  t h e  u n c e r t a i n t y  may be c o n s i d e r e d  as t h e  

l a r g e s t  p robab le  combinat ion of s y s t e m a t i c  and random e r r o r s  

a s s o c i a t e d  w i t h  t h e  v a l u e  g iven  f o r  t h e  p r o p e r t y ,  Where t h e  

l i s t i n g  is a proper ty- tempera ture  e q u a t i o n ,  t h e  u n c e r t a i n t y  

is f o r  t h e  p r o p e r t y  c a l c u l a t e d  a t  t h e  t empera tu re  s u b s t i t u t e d  

i n  t h e  e q u a t i o n .  I n  p r o p e r t i e s  where t h e  number of s i g n i f i -  

c a n t  f i g u r e s  are no t  j u s t i f i e d  by t h e  s p e c i f i e d  u n c e r t a i n t i e s ,  

t h e  e x t r a  s i g n i f i c a n t  f i g u r e s  are g i v e n  t o  a i d  t h e  reader i n  

Judging  whether  a p a r t i c u l a r  s a l t  is "less than"  or "greater 

than"  a n o t h e r  s a l t  f o r  t h e  p r o p e r t y  i n  q u e s t i o n .  

Although t h e  magnitudm sf t h e  u n c e r t a i n t i e s  are h i g h l y  

i n t u i t i v e  and o f t e n  d i s a p p o i n t i n g l y  l a r g e ,  t h e y  should  be 
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. .  ...... ....*. t a k e n  s e r i o u s l y .  Each c o n t r i b u t o r ,  w h i l e  n o t  n e c e s s a r i l y  

q u a l i f y i n g  a s  "exper t"  i n  t h e  p h y s i c a l  p roper ty ,  e i k h e r  

p o s s e s s e s  long expe r i ence  i n  measuring t h e  p r o p e r t y  or h a s  

c a r e f u l l y  (and u s u a l l y  c r i t i c a l l y )  reviewed t h e  l i t e r a t u r e  

for t h a t  p r o p e r t y ,  I n  o t h e r  words, for each p r o p e r t y  t h e  

pe r son  whose name is g iven  is a t  least  a very  i n t e r e s t e d  

o b s e r v e r  and may a l s o  be an a c t i v e  p a r t i c i p a n t .  

For F u r t h e r  In fo rma t ion  --- 
I t  is b e s t  t o  c o n t a c t  t h e  person  (or per sons )  l i s t e d  

under  t h e  p r o p e r t y  heading .  The e d i t o r  hopes t o  p rov ide  

addenda t o  t h i s  r e p o r t  as newer, more r e l i a b l e ,  d a t a  become 

a v a i l a b l e .  
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VISCOSITY 

S.  Cantor  

Viscosi ty-Temperature  Equat ion  
- ~~ ~ ~~ 

S a l t  7 i n  C e n t i p o i s e ,  T i n  OK Un cer t a i n  t y 

q = 0.084 exp  (4340,'") 

F2 T = 0 . 0 7 2  exp  (4370/T) 

F3 T = 0 . 0 7 7  exp  (4430IT) 

F4 T = 0.0444 exp  (5030/T) 

E2 B rl = 0 . l l 6  exp  (3755/T) 

q = 0 .04  exp  (SSOS/T) 
cz _r 

2 5% 

2 5TO 

2 5% 

2 5% 

15% 

5 0% 

Sources  of  Data and Methods of E s t i m a t i o n  

Sa l t s  F, -F, : Es t ima ted  e m p i r i c a l l y  from v i s c o s i t i e s  i n  t h e  

sys tem LiF-BeF2-UF4 ( r e f .  I )  and a l s o  from measurements of 

kiF-BeF,-ThF, (71-16-13 mole I t  was assumed t h a t  t h e  

e f f e c t  of ThF4 c o n c e n t r a t i o n  on v i s c o s i t y  was t h e  same as 

t h a t  observed f o r  UF,. 

L2 B: Measured 

C, and Cz: The e q u a t i o n  was d e r i v e d  from (a)  p r e l i m i n a r y  

measurements of  NaBF,,4 and ( b )  assuming t h a t  t h e  t empera tu re  

v a r i a t i o n  of v i s c o s i t y  f o r  NaBF, is e q u a l  t o  t h a t  of N a I .  

Given t h e  r a t h e r  l a r g e  u n c e r t a i n t y ,  t h e  c o n t r i b u t i o n  of NaF 

( i n  C, ) t o  t h e  v i s c o s i t y  may be c o n s i d e r e d  n e g l i g i b l e .  

3 

5 

I 
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. Discussion 
....... ..>...y 

Viscosities of Reactor Fuel Mixtures 

From the reported viscosity measurements’ of the system 

LiF-BeF2-UF4 two trends can be observed: 

(a) f o r  LiF concentrations of 60 mole yo or  greater, substitu- 

tion of UF4 for BeP2 (at const. temp.) causes an increase in 

viscosity, 

(b> increasing LiF from 60 to 7 0  mole 70, at const. temp. and 

at eonst. UP, concentration, decreases the Viscosity by, at 

most, a factor of 1/2; f o r  most compositions the factor is 

cP0ser to 3 / 4 .  

The data and trends observed for the system LiF-BeF2-UF4 

can serve to predict reliably (i.e., to within 2570) the 

viscosities in the slightly different system, LiF-BeF2-MF4 

(M is Th and/or U). Assuming that all single-region fuel 

mixtures will be restricted to the following ranges of component 

compos i t i on : 

6 2  - 1 3  mole 70 LiF 

15 - 30 mole 7 0  BeF2 

6 - 16 mole 70 MF4 , 
then one may conclude that the predicted viscosities have a 

rather narrow range of values, e . g . ,  

at 600°C, 9 - l6 Centipoise 
at 7OO0C, 5 - 9 Centipoise 

. . . .  ...... ., ..... .&.2,, 



10 

Refe rences  

P. 

2 .  

3 .  

4 .  

5. 

B. C ,  Blanke e t  a l e ,  ""Density and V i s c o s i t y  of Fused 
Mixtures  of Lithium, Bery l l i um,  and Uranium F l u o r i d e s ,  '' 
MLM-1886, D e e .  1956. 

Molten S a l t  Reac to r  Program Quar. Progr. Rept.  O c t .  3 1 ,  - 1 9 5 9 ,  ORML-2890, p. 21. 

S.  Cantor  and W. T. Ward, Oak Ridge N a t i o n a l  Labora to ry ,  
unpubl i shed  measurements. 

L. J, Wit tenberg ,  Mound Labora to ry ,  Miamisburg, Ohio,  
O s c i  l l a t  ing-cup v iscometry  . 
G. J. Janz e t  a l e ,  *'Molten S a l t  Data. Electr ical  Conduc- 
t a n c e ,  D e n s i t y  and V i s c o s i t y , "  T e c h n i c a l  B u l l e t i n  S e r i e s  
Renssebaer  P o l y t e c h n i c  I n s t i t u t e ,  Troy,  N. Y . ,  J u l y  1964, 
p. 79. 
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THERMAL CONDUCTIVITY 

J, W .  Cooke 

Thermal Conduc t iv i tya  

... .. 
~ . .,.,.,. . "-./ 

S a l t  i n  watt/(cm-°C) Unce r t a in ty  
b 

b 
0 . 0 1 ,  

0 .01 ,  

0.0052 2 50% 

c2 0.0051 f 50% 

a 
As a f i r s t  approximat ion ,  t h e  t empera tu re  dependence of 
the rma l  c o n d u c t i v i t y  may be n e g l e c t e d .  Although the 
t he rma l  c o n d u c t i v i t y  of molten s a l t s  does  va ry  somewhat 
w i t h  t e m p e r a t u r e ,  u n c e r t a i n t i e s  i n  measurements a t  a 
g iven  t empera tu re  a r e  u s u a l l y  g r e a t e r  t han  t h e  tempera- 
t u r e  dependence over  t h e  whole r ange  of t empera tu re  
( u s u a l l y  an i n t e r v a l  of 200"~). 

bE3efore assuming a n y t h i n g  about  t h e  r e l a t i v e  v a l u e s  of 
t h e  f o u r  f u e l  m e l t s ,  p l e a s e  r e a d  t h e  c a v e a t  i n  t h e  
D i s c u s s i o n .  

Sources  of Data and Methods of E s t i m a t i o n  

S a l t s  F, - F4: Es t ima ted  by means of a t h e o r e t i c a l  

e x p r e s s i o n  d e r i v e d  by Raol and adap ted  t o  molten s a l t s  by 

T u r n b u l l .  The e x p r e s s i o n  is 

1/2 2/3  
k ( i n  w cm'l 0 C - I )  = 1 1 . 9  x Tm Pm 

where T~ = m e l t i n g  p o i n t  (OK), p m  = l i q u i d  d e n s i t y  i n  g a t  

Tm, M = ave rage  molar weight  and n = ave rage  number of d i s c r e t e  



1 2  

i o n s  p e r  molecule .  P a r t  of t h e  e x p r e s s i o n ,  

is a good approximat ion  t o  t h e  ave rage  maximum Debye l a t t i c e  

f requency  f o r  s i n g l e  i o n i c  s a l t s . 2  I t  was found f o r  e l e v e n  

molten mix tu res  ( n i t r a t e s  or c h l o r i d e s )  t h a t  t h e  above 

e x p r e s s i o n  ag reed  w i t h  expe r imen ta l  r e s u l t s ,  on t h e  a v e r a g e ,  

t o  w i t h i n  1570~ For two f l u o r i d e  m e l t s ,  one L,B,’ t h e  other ,  

LiF-BeF,-ThF,-UF, ( 7 P . 2 - 2 3 - 5 - . 8  mole TO), t h e  t h e o r e t i c a l  

e x p r e s s i o n  y i e l d e d  v a l u e s  approximate ly  2§70 less t h a n  e x p e r i -  

m e n t a l .  Note t h a t  t h e  l a t t e r  is  very s i m i l a r  i n  composi t ion  

to Fz. 

I n  a p p l y i n g  t h e  t h e o r e t i c a l  e x p r e s s i o n  t h e  l i q u i d u s  t e m -  

p e r a t u r e  was s u b s t i t u t e d  for Tm; i n  computing n ,  t h e  f o l l o w i n g  

i o n s  were assumed: L i  F-, (BeF4)2- - ,  (ThF,)-’ , ( U P , ) ” .  

Assumption of t h e  more p l a u s i b l e  i o n s ,  (ThF7)’3 and (UF,)-3 

l e a d s  t o  a lower and less r e l i a b l e  e s t i m a t e d  the rma l  conduc- 

+ 

t i v i t y .  A l s o ,  1§70 was added t o  t h e  e s t i m a t e d  v a l u e  because  of 

t h e  p r e v i o u s l y  noted  d i sc repancy  f o r  t h e  c a s e s  of t h e  t w o  

s i m i l a r  f l u s r i d e ’ m i x t u r e s .  
3 L2 B: Measured 

C, , C, : Very p r e l i m i n a r y  measurement’ s n  C, a g r e e s  w i t h  

t h e  t h e o r e t i c a l  e x p r e s s i o n .  

D i s c u s s i o n  

The r e l a t i v e  c o n d u c t i v i t i e s  of t h e  f o u r  f u e l  m i x t u r e s ,  

F , - F 4 ,  a r e  n o t  more r e l i a b l e  than  t h e  a b s o l u t e  v a l u e s .  The 

t a b u l a t e d  c o n d u c t i v i t i e s  were o b t a i n e d  from a t h e o r e t i c a l  
- 

. .. 
j . . ..... . <.-.* 
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.,.& 
e q u a t i o n  t h a t  was g r e a t l y  extended t o  apply  to t h e s e  m i x t u r e s .  

The d e a r t h  of a c c u r a t e  expe r imen ta l  d a t a  p r e v e n t s  adequa te  

t e s t i n g  of t h e  extended t h e o r e t i c a l  e x p r e s s i o n  e i ther  a b s o l u t e l y  

o r  r e l a t i v e l y .  

Re fe rences  

1. M .  Rama Rao, Ind ian  J o u r n a l  of P h y s i c s  - 1 6 ,  3Q (1942) .  

2 .  A. G. T u r n b u l l ,  A u s t r a l i a n  J o u r n a l  of Applied Sc ience  - 1 2 ,  

324 ( 1 9 6 1 ) .  

3 .  J. M'. Cooke, Oak Ridge N a t i o n a l  Labora to ry ,  unpubl i shed  

expe r imen ta l  r e s u l t s .  The  method of measurement is g iven  

on p .  15 i n  Proceedings  of t h e  S i x t h  Conference on Thermal 

C o n d u c t i v i t y ,  Dayton, Ohio, O c t .  1 9 - 2 1 ,  1 9 6 6 ,  

\..:.y 
. . . . . . . (_...._ 
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ELECTRICAL CONDUCTIVITY 

G. D. Robbins 

j.. . . . . "; ii.. .. " 

Specific Conductivity - Temperature Equation 
K in (ohm-cm)", t in OC 
K = 1.72 + 8 . 0  x (t-500) 

= 1 . 6 3  + 7 . 2  x (t-500) 
= 1 . 6 6  + 6 . 4  x 10-' (t-500) 
= 1 . 9 4  -I- 7 . 1  x LO-' (t-500) 
= 1-54 + 6 . 0  x 10m3 (t-580) 

= 2 . 7  + 1 3  x 1Q-3 ( t - 5 0 0 )  

= 1 . 9 2  + 2.6 x (t-50Q) 

Uncertainty 

Sources of Data and Method of Estimation 

For 6 s a l t s  K was estimated empirically from data on related 

or analogous salt melts. Often the assumptions employed were not 

those which seemed physically most reasonable, but those which 

resulted in the most self-consistene eQrrelation of the data. 

Therefore,, estimated K ' S  are believed t o  haee relaeively large 

uncertainties. The number of signifisan$ figures in the equzktions 

f o r  K vs. t are  not meant to contradict the listed uncertainties, 

but rather are iutended t o  show differences between salt riPixtures 
_. 

whose conductivities a r e  predicted to be very similar. 

Salts F1 - F4: The following equations were employed in 

these estimates: 

+ Ax - 
Me - 'LiFMLiF + +'ThF, MThF, BeF2 MBeF, 
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= 

= specific conductivity at 8 

= density at 8 

equivalent conductivity at a corresponding temperature 8 

p€3 
Me = equivalent weight of a mixture 

M = formula weight of a component 

X = mole fraction 

X’ = equivalent fraction 

At several values of 8 smoothed curves of ng vs X i h F 4  were 

obtained from conductivities sf the system LiF-ThF4 measured by 

Brown and Porter e Liquidus temperatures reported in references 

2 and 3 were used in calculating 9. Similar curves f o r  LiF-BeF, 

were derived by plotting the experimental results f o r  a single 

composition ( 6 6  male 70 LiF)4 and assuming that the’vatlatian of & 
with X ’  in the LiF-BeF, system was equal to that in LiF-ThF4.  

(For these estimates uF4 w a s  treated as indistinguishable from 

T h F 4 . )  t given above were then derived 

for a given by assuming that 

concentration of LiF. 

7 

The equations of K - vs. 

and XbeF, is additive in X+hF, 

4 
~ L,B: Preliminary measurements. 

appeared relatively constant in 
al’kI 

Cz: The ratio 
_. 

the range 8 = 1.05 - 1.28 (data for NaI and KI from ref. 59 .  

, specific conductance Assuming that %aBF4/%KBF4 = %aI/%%I 
data of Winterhager and Werner‘ for KBF4 were combined with 

density estimates for KBF4 and NaBF47 to obtain values of 

vs. 8 (liquidus temperatures, from reference 8). nBNaBF4 - 
.. . . . . . . . . . . . . . . . . ‘x.w 
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L,. C,: Specific conductivity data in the range 47 to 3 7  mole - 
70 NaBF, in the NaF-NaBF, system9 were combined with those calcu- 

lated for pure NaBF, (see C,) to interpolate K for the composi- 

tion NaBF,-NaF ( 9 2 - 8  mole yo). The large uncertainty listed 

reflects a lack of confidence in the data reported in reference 

9 .  

Discussion 

Specific conductivity is determined from resistance measure- 

ments according to the relation 
1 - ( a h )  

%a 

- 
K -  

where (a/a> is the cell constant. For a given apparatus and 

set of experimental conditions, the measured value of resistance 

can vary with the frequency of the applied potential wave form. lo 

The values of K listed above are valid for resistance extra- 

polated to infinite frequency (denoted as Rd. Thus predicting 

the resistance of the melt which will be measured in a particu- 

Bar experimental arrangement not only requires a value for 

conductivity K ?  but also presupposes a knowledge of the 

frequency dispersion characteristics of the measuring device. 
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PHASE TRANSITION BEHAVIOR 

R .  E .  Thoma 

Type  of Temp C r y s t a l l i z a t i o n  S e q u e n c e  

L i q u i d u s  500*5 L i q  =+ L ~ F  + L,T" + L i q  

Sol idus  444*5 L ~ F + L ,  ~ + ~ i c g  + LiF+L, T + k i 2  %F4 

L i q u i d u s  500*5 L i q  e L i F  f L i q  

T r a n s  i t  i o n  (@e) .  a t  E q u i l i b r i u m  S a l t  - 

Btwn 500-444:  LiF+L,T+Liq PP 

Btwn 500-495:  L i F  c L i q  
Btwn 495-444:  LiF+L,T+Liq 

Sol idus  4 4 4 a 5  Same as f o r  FP 

L i q u i d u s  480*5 L i q  + L,T + LT + L i q  

Solidus 44OC L,T + E i q  LjT + L,B 
Liquidus 500.t5 Liq = + = L L ' ~ ~ ~  + ~ i q  

b 

Btwn 488-448: L,T+LT+Liq 
Btwn 448-440:  L,T + L ~ C I  

i Fz 

F3 

Btwn 500-495:  LT2 -e Ldiq 
Btwn 495-490: LT2 +LT+Liq 

Btwn 498-448: L,T + L i q  
F4 490 :  LT, +LT+Liq =+ L,T+Liq 

Sol idus  448*5 L i q  + L,T + L i z B e F 4  + L,T 

Per i tee t i e 458*1 L i q  * Li,BeF, + L i q  
Btwn 458-360: L i , k F , + L i q  

Sol idus  360*3  L i z  BeF, +Liq  L i z  BeF, +&FZ 

E u t e c t i c  385.t1 Liq *NaBF, (cub ic )  f NaF 
2 4 5 a l  NaBF, ( c u b i c )  +NaFy * NaBF, (0,- 

.c L2 

@I 
Solid-Solid 

. t ho rhornb ie )  + NaF 

r h o m b i c )  

c2 M e l t i t i g ' J o i n t  407+=l  L i q  * NaBF, (cubic) 
Sol id-Sol id  245*1 NaBF, (cubic)  + NaBF, ( o r t h o -  

a .  L3T is a n  a b b r e v i a t i o n  for  t h e  s o l i d  s o l u t i o n ,  L i , ( T h , € k ) F , ,  
shown as t h e  peppered t r i a n g l e  i n  t h e  a c c o m p a n y i n g  p h a s e  
diagram of LiF-BeF, -ThF, s y s t e m .  

b. L T . ' i s  t h e  a b b r e v i a t i o n  for LiThF,  

c .  No p r e c i s i o n  has  been a s s i g n e d  b e c a u s e  t h i s  temperature 
h a s  n o t  b e e n  e x p e r i m e n t a l l y  established. 

d.  LT2 is  t h e  a b p r e v i a t i o n  for LiTh,F , .  



Sources of Data 

Phase e q u i l i b r i a  i n  the system, LiF-BeF,-ThF, - see next  

Page * 

Phase e q u i l i b r i a  i n  the  system, LiP-BeF, - R .  E .  Thorna, 

B. I n s l e y ,  H .  A .  Friedman, and G .  M. Hebert, Journal of 

Nuclear Mater ia ls  27, i n  p r e s s  1968. 

Phase e q u i l i b r i a  i n  the  system, NaBF4--NaF - C .  J. Barton, 

L .  0. G i l p a t r i c k ,  et  al,, MSRP Semiann. Progr. Rept. Feb, 2 9 ,  

1968, USAEG Report QRML-4254. The phase diagram is g iven  

on page 21 .  

.. . . . . . . . . <<;;y 
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HEAT CAPACITY (at constant pressure) 

A .  S .  Dwsrkin 

~p in c a l .  g-1 Oe-1 ; t in O e  Salt 

F, liquid 
solid 

F, liquid 
solid 

F, liquid 
solid 

F4 liquid 
solid 

LzB liquid 
solid 

0 . 3 4  
0.22 -I- 12.7 x 10-5 t 

0 . 3 9  
6 . 2 7  f 12.7 x 10-5 t 

0 . 3 3  
0 . 2 1  + 12.7 x 10-5 t 

0 . 3 3  
0 . 2 1  + 12.7 x t 

0 .57  
0 .317  + 3 . 6 1  x t 

C, liquid 0 . 3 6 8  
solid (243-38lOC) 0 . 3 4  
solid (25-243OC) 0 . 2 3  + 5 . 8  x 10-4 t 

C, liquid 0 . 3 6  
solid (243-406OC) 8.33 
solid (25-243OC) 0 . 2 3  + 6 . 0  x lo'& t 

Sources of Data and Methods of Estimation 

Uncertainty 

& 470 
f 10 

& 4  
f 10 

& 2  
13 
* 6  

~ ~~~~ ~~~~~ ~ -~ 

Salts F, - F4: Liquid heat capacities were estimated by 

assuming mole-fraction additivity and assigning 1 6 ,  24, and 44 

cal mole" OC-' for the respective contributions of LiF, B e F , ,  

and ThF4 e The heat capacities for the solids were estimated by 

assuming that (a)  temperature coefficient and (b) difference ilp 

C& between liquid and solid are the same as that measured f o r  

LiF-BeF2 -ThF4 (72-16-12 mole 7'). 1 

L,B: Liquid 5 is the average of two independent sets of - 
o measurements. Hoffman' obtained 0.577 cal. g-l C"' ; Douglas 

and Payne' obtained 0.56 c a l  g-' OC". T h e  solid heat capacity LA. 



.... . . . * >.<<a is  t h a t  of Douglas and Payne. 
l C!, : Measured 

C, : Meadlared: Agrees w i t h i n  e x p e r i m e n t a l  error w i t h  

~ 

~ 

t h a t  d e r i v e d  from C, by subtracting e n t h a l p y  c o n t r i b u t i o n  of NaF4 

assuming n e g l i g i b l e  heat of mixing between NaBF, and NaF. 

D i s c u s s i o n  

The v a l u e s  of l6 and 24 c a l  mole" OC-' were chosen f o r  

t h e  r e s p e c t i v e  5 c o n t r i b u t i o n s  of LiF and BeF, because  8 c a l  

Cg-atom)"' is t h e  ave rage  observed f o r  a l k a l i  and a l k a l i n e  

e a r t h  h a l i d e s . 5  The $ of 44 c a l  mole" "C" for t h e  c o n t r i b u -  

t i o n  of ThF4 w a s  assumed from t h e  ave rage  v a l u e  of 8.$ c a l  
6 (g-atom) -' O 6 - I  f o r  l a n t h a n i d e  h a l i d e s  

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

for e s t i m a t i n g  l i q u i d  h e a t  c a p a c i t i e s  was checked by comparing 

w i t h  measured v a l u e s  of t h r e e  r e l a t e d  s a l t s :  

Es t ima ted  6p Measured Cp Refe rences  
& 

S a l t  Mixture  

LZ B 0.57 ea1 g-l06-' 0.57  2 , 3  

72 - 16  - 12 m % 0 . 3 2 ,  8 . 3 2 4  1 
LiF-BeF2 -ThF, 

LiF-ThF, 
7 5  - 25 HI 70 0.24 0 .25  7 

.. .. . . . . . . . . %::&a 
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HEAT OF FUSION 

A .  S .  Dworkin 

.. . ... . . . . . :- ......... -*+ 

6 2  

67  
58 

6 3  
1 0 7  

3 1  

2 9  

of s o l i d  t r a n s i t i o n  
1 4 . 5  ( a t  243°C) 

1'4.7 ( a t  243OC) 

Uncer t a in ty  

Sources  of Data and Methods of E s t i m a t i o n  

S a l t s  F, - F,: Although t h e r e  i s  no i s o t h e r m a l  h e a t  of 

f u s i o n ,  e s t i m a t i o n s  were made a s  i f  a l l  t h e  m e l t i n g  (or 

f r e e z i n g )  occur red  a t  500OC. The s a l t s  were t r e a t e d  a s  

a d d i t i v e  m i x t u r e s  of  t h e  components, L i 2  BeF4 L i ,  ThF7 and 

LiF or ThFI. Li,BeF4 w a s  cons ide red  t o  be "formed" f i r s t  

from t h e  BeF, p r e s e n t  and t h e  a p p r o p r i a t e  q u a n t i t y  of LiF .  

The remainder  of t h e  mix tu re  was t h e n  cons ide red  t o  c o n s i s t  

of Li,ThF, and e i t h e r  LiF or  ThF4, whichever was " i n  excess." 

For  example, f o r  l mole of  s a l t  F , ,  . 16  moles of BeF, and . 3 2  

moles of LiF  form .16  moles of Li2BeF4 w h i l e  .11 moles of ThF4 

and t h e  remain ing  . 4 1  moles of L i p  g i v e  -11 moles of Li,ThF7 

and . 0 8  moles of LiF .  The e s t i m a t i o n  is t h e n  made on the b a s i s  

of .16  moles Li,BeF4 11 moles ThF4 and . 0 8  moles LiF .  
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The f o l l o w i n g  h e a t s  of f u s i o n  were used i n  making t h e  

e s t i m a t i o n s  : 

L i z  BeF4 1 0 , 6 0 0  c a l  mole-' ( r e f .  I) 
L i  ThF, l 3 , 9 6 O  e a 1  mole'1 ( r e f .  2)  

ThF, 1 1 , 0 0 0  e a 1  mole" e s t i m a t e d  by 

LiF 6 , 4 7 0  c a l  mole'' ( r e f .  3 )  

assuming t h e  en t ropy  of f u s i o n  
is  t h e  same a s  t h a t  of UF4 ( r e f .  4 )  

1 L,B: Measure 

C1 and C, : Measured. .C2 a g r e e s  w i t h i n  e x p e r i m e n t a l  

- 

e r r o r  w i t h  t h a t  c a l c u l a t e d  by s u b t r a c t i n g  t h e  . c o n t r i b u t i o n  

of t h e  heat sf f u s i o n  of N ~ F '  from 6'. 
D i s c u s s i o n  

Although t h e  assumpt ions  used i n  e s t i m a t i n g  AHfusion 

f o r  s a l t s  F, - F4 a r e  h i g h l y  i n t u i t i v e ,  i t  is encouraging  to 

n o t e  t h a t  t h e  e s t i m a t e d  and measured 

t i v e l y  5 7 . 5  and 59 c a l  g-' f o r  t h e  s a l t  m i x t u r e  LiF-BeF,-ThF4 

a r e  r e s p e c -  7 
AHfusion 

(72-16-12 mole 70). 

For s a l t s  F, - F 4 , t o  o b t a i n  t h e  h e a t  n e c e s s a r y  t o  c o n v e r t  

t h e  s o l i d  a t  t h e  s o l i d u s  t empera tu re  t o  t h e  m e l t  a t  t h e  

P iqu idus  t e m p e r a t u r e ,  an a d d i t i o n a l  1 0  t o  15 ea1 g-l shou ld  

be added t o  t h e  above l i s t e d  h e a t s  of f u s i o n .  For  convenience 

i n  c a l c u l a t i n g  t h e  q u a n t i t y  of h e a t  necessa ry  t o  r a i s e  t h e  

s a l t  from room tempera tu re  t o  any d e s i r e d  t e m p e r a t u r e ,  t h e  

f o l l o w i n g  h e a t  c o n t e n t  e q u a t i o n s  (based  on measurements) a r e  

i n c l u d e d  : 
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LiF-BePz-ThF4 (72-16-%2 mole "/o> - ref. 5 

S o l i d :  Ht-H2, (@a1 ge l )  = -5.28 -I- .207t -t 6.33 x 10'5-k2; 

(25 - 440OC) 
Liquid: Kt-HZ5 (cal g'l) = 11.34 + .324t (500 - 750°C) 

L ~ F - B ~ F ~  (66-34 mole %I) 

Solid: Ht-HooC (ca1 g"') = 0.3179t - +1.806 x 10T4-tz; 
(Q - 472°C) - ref. P 

Liquid: Ht-HOOC (cal g-I )  = 32.632 + 0.561t; (472 - 680°C) - 
ref. P 

Ht-H,o (cal g-1) = 33.62 4- 8 . 5 7 7  (t-30); ref. 7 

NaBF4-NaF (92-8 mole yo) - ref. 5 
s o l i d :  H ~ - I I , ,  (tal g - 9  = -5.90 + . 2 3 ~ t  + 2 . 9 0  x l 0 - 4 t 2 ;  

( 2 5  - 243°C) 
Ht-H2,  (cal g'l) = 0.40 -k . 3 3 7 t ;  (243 - 381°C) 

Liquidi Ht-Hza 6cal g-1) = 22.1 + .360t; (381 - 6Q0°C) 
References 

I.. T. B. Douglas and W. H. Payne, Natl. Bur. Std. Report 

2 .  R. A .  Gilbert, J. Chem. Eng. Data, - 7, 388 (1962). 
3 .  T. B. Douglas and J. L. Bever, J. Am. C h e m .  S O C .  - 7 6 ,  

4. E. G. King and A .  U. Christensen, U. S. Bureau of Mines 

5 .  A .  S. Dworkin, Oak Ridge National Laboratory, unpublished 

6. K. K. Kelley, U. S. Bureau of Mines Bulletin 584, ( 1 9 6 0 )  

7- H- w. Hoffman ,and J. W. Cooke, Oak Ridge Na.Z;ional Labora- 

No. 8186, Washington, D. C.,  pp. 75-82. 

4826 (1954). 

Report of Investigations 5703, 1961. 

measurements. 

p. 171. 

tory, unpublished measurements. 
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DENSITY OF LIQUID 

(S. Cantor) 

. .. . . . . . . . 

Density-Temperature Equation 

Salt Uncertainty 

F, = 3.628 - 6.6 x 10-~ t 3 70 

F2 = 3.153 - 5.8 x IO-* t 3 

F3 = 3.587 - 6.5 t 3 

F4 = 3.644 - 6 . 3  x t 3 

Lz = 2.214 - 4 . 2  x 1 0 - 4  t 2 

Cl = 2.27 - 7.4 x t 5 

cz = 2 . 2 6  - 7.4 x t 5 

Sources of Data and Methods of Estimation 

Salts F, - P4 - Estimated by additivity of molar volumes 

(see Ref. 1). The following molar volumes were used: 

LiF 

600% 8 d C  Ref. 

13.411 c m 3  14.142 cm3 2 

BeF, 23.6 24.4 1 , 3  

ThF4 and UF4 46.43 47.59 2 

Salt L2B - Three experimental determinations have been 
reported; refs. 5 and 6 were over a wide temperature range 

with the densities of ref. 6 averaging 3%higher than ref. 5. 

Reference 4 reports densities at 649OC which vary from 1.87 

to 2 . 0 2  g ~ m " ~ .  The density-temperature equation given above 
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.. . . . . . . . . .... <>...Y was d e r i v e d  from a d d i t i v e  molar vo1umes; t h i s  e q u a t i o n  y i e l d s  

d e n s i t i e s  t h a t  are approximate ly  t h e  ave rage  of t h e  d e n s i t i e s  

of refs. 5 and 6. 
9 S a l t  GI - P r e l i m i n a r y  pyknometric measurements. 

S a l t  C, - The r e l a t i v e l y  small c o n c e n t r a t i o n  of NaF i n  

cp would be expec ted  t o  i n c r e a s e  t h e  d e n s i t y  s l i g h t l y  over 

t h a t  f ~ r  "'pure" NaBF, e The dens i ty - t empera tu re  e q u a t i o n  was 

c a l c u l a t e d  by s u b t r a c t i n g  t h e  c o n t r i b u t i o n  of NaF ( r e f .  1) 

from t h e  molar volume of cp. 

1. S. Can to r ,  Reac tor  Chem. D i v .  Ann. Progr .  Rept. D e e .  3 1 ,  
1965, USAEC Reporit QRNL-3913, pp. 27-29 .  

2. D. G. H i l l ,  S. Canto r ,  and W. T. Ward, J. Inorg .  Nucl. 

3. C.  'T. Moynihan, S ,  Canto r ,  unpubl i shed  measurements a% 

Chem. -3 29 2 4 1  (1967). 

Oak Ridge N a t i o n a l  Labora tory ,  1966. 

4.  MSR Program Semiarm. Progr. Rept .  Aug. 31, 1965, USAEC 
Repor t  OEM%-3892, p. 31. 

5. B. C. Blanke e t  a%., "Densi ty  and V i s c o s i t y  of Fused 
Mixtures of Lithiurn, Beryllium and Uranium F l u o r i d e s  
USAEC Repor t  MLM-1886, D e c .  1956, p. 18 .  

6, B. J. Sturm and R. E. Thoma, Reactor Chem. D i v e  Ann. 
P rogr .  Rept.  Bee.  31, 1 9 6 5 ,  USAEC Report  ORNL-3913, 
pp. 50-51. 

?. S .  Canto r  and J. Bornmann, unpubl i shed  measurements a t  
Oak Ridge N a t i o n a l  Labora tory ,  1968 .  

. . . . . . . v*j&+. 



30 

Salt 

EXPANSIVITY (VOLUME COEFFICIENT OF THERMAL EXPANSION) 

S .  Cantor 

Estimated Value at 600°Ca 

2 D 8, 

1.97 

1.93 

2.1, 

4.0 

Uncertainty 

2 5% 

25 

25 

25 

20 

40 

a For estimating the expansivity at other temperatures, 
please substitute in the appropriate density-temperature 
equation,(see discussion below). 

Sources of Data and Methods of Estimation 

The expansivity is defined as 

where V, T and P are volume, temperature and pressure. Since 

density is inversely proportional to volume, the expansivity 

is usually derived from density-temperature data: 

cy = - -  I 9 CP ordinarily one atm.) 
P dT 

Most density data for liquids are linear with and decrease 

with temperature, i.e., 

P =  Po' a t ( 11 

po and a are constants; t is usually in degrees ~CelsLus.. Thus, 

.. .... , . . . . . -..* 

... ;.a- 



31 

expansivity is very simply 

a a = -  
P 

The tabukated expansivities are consistent with the 

corresponding density-temperature equations in the "Density 

of Liquid" section of this report, To calculate the expansivity 

for any ternperaturq substitute in equations (1) and ( 2 ) .  A s  a 

rough approximation, the expansivity is one half to one third 

of the temperature coefficient of density as given by the 

constant a in eqn. (I). - 

References 

Same as for the Tknsity of Liquid" section, page 2 9 .  
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COMPRESSIBILITY (ISOTHERMAL) a 

S .  Cantor 

Salt 
Compressibility-Temperature Equation 

PT in cm2dyne"', T in OK 

= 2.3 x 10'" exp (1.0 x T) T 

c, PT = 9 . 0  x exp (1.6 x T) 
e2 

The compressibilities pertain to the liquid and are all 

estimated; the uncertainty is a factor of 3 .  

a Isothermal compressibility is a function of pressure 
as well as temperature. The tabulated equations are 
less reliable at higher pressures (>50 atm). 

Methods of Estimation 

Salts F 1 - F 4 ,  L,B: Estimated empirically from the com- 

pressibility-temp. equations of LiF and Li2S04 (see ref. 1). 

C1 and e,: Assumed to be slightly more compressible 

than NaI (see ref. a ) .  
Reasonable values derived for C /C and f o r  sonic veloc- P V  

ities (see Appendix A of this report) lend support to these 

estimated compressibifities. 

References 

1. S. Cantor, Reactor Chem. Div. Ann. Progr. Rept. Dee. 31, 

1966 9 ORNL-4076, pp. 24-25. 
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VAPOR PRESSURE 

S. Cantor  

S a l t a  Pressure-Temperature  Equat ion  U n c e r t a i n t y  
(P i n  torr, T i n  OK) i n  P r e s s u r e  

PO, 800  
T Isg P = 8 . 0  - 

A f a c t o r  of 
f i f t y  from 
5 0 0 - 4  OO°C 

A f a c t o r  of 
t e n  from 500-  
78OoC 

10 ,500 log P = 9.04 - 7 

2 10% from l o g  P (Of  BF3 vapor)  b -  - 

5 , 9 2 0  4 08-7 0 O°C T 9 * 0 2 4  - 

P r e s s u r e  of BF3 depends on 
amount sf" s a l t  and on vapor  
volume (see D i s c u s s i o n  below) 

a 
I n  no c a s e  is t h e  composi t ion of t h e  vapor  congruent  
w i t h  t h e  composi t ion  of t h e  m e l t .  

e q u i l i b r i u m  w i t h  a m e l t  whose composi t ion  is f i x e d  
a t  NaBF4-NaF (92-8 mole 70). 

%he p r e s s u r e s  g iven  by t h e  e q u a t i o n  a r e  t h o s e  i n  

Sources  of Data and Methods of E s t i m a t i o n  
~ ~ -~ ~~ 

S a l t s  F,-F4:  Es t ima ted  e m p i r i c a l l y  f r o m  vapor  p r e s s u r e  
2 d a t a  of t h e  LiF-BeF, system' and of LiF-UF4 ( 7 3 - 2 7  mole %I). 

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

t h e  vapor  p r e s s u r e s  for t h e  500 - 7OOoC t empera tu re  r ange  are 

q u i t e  low (between and t o r r ) .  

2 L,B: Es t ima ted  from d a t a  i n  t h e  LiF-BeF2 s y s t e m .  



3 C1 : Experimentally determined. 

Discussion - The Dissociation Pressure of NaBF4 

When NaBF, is thermally equilibrated at a temperature 

above its melting point the following dissociation occurs: 

NaBF,(&) = NaF(a9 + BF3(g) (1) 

The dissociation product, NaF, dissolves in the NaBF,. The 

system described by the above equation is bivariant; thus, 

a eonstant partial pressure of BF3 above the melt requires 

that the temperature and the melt composition both be 

constant, For reaction (1) the BF, pressure is related to 

the composition of the melt by the equation: 

NaBF4 

NaF 

a 

'BF3 a 
= K  

where K is the equilibrium constant and ai is activity. The 

temperature dependence of K has been derived from experimental 

data3 and is given by 
-23 ,880 + 26.41 In K (in atm) = 
RT (in OK> R 

[ 2 9 , $ 0 0  @a1 and 26.41 cal (OK>-' are the enthalpy and entropy 

of the reaction; R, the gas constant, is l.98717 cal Q ~ K ) - ~  

(g-mole) -l -j . 
A consequence of the bivariance of the NaBF4-NaF system 

is that the equilibrium BF, vapor pressure is difficult to 

predict fo r  melts in which the concentration of NaBF4 is very 

large C>98 mole 709. 

virtually unity, but aNaF is very small (~0.1) ; hence, by 

For these concentrations, aNaBF4 is 
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... :,..& 
t e n d s  t o  be q u i t e  h i g h .  Thus f o r  any 

BF3 
e q u a t i o n  ( 2 1 ,  P 

experiment  i n  which c r y s t a l l i n e  NaBF4 is e n c a p s u l a t e d ,  the 

t empera tu re  of t h e  sample shou ld  be kept  a s  l o w  a s  necessa ry  

o r  e lse  s u f f i c i e n t  vapor s p a c e  shou ld  be i n c l u d e d  so  a s  t o  

permi t  t h e  d i s s o c i a t i o n  r e a c t i o n  (1) t o  occur .  

Re fe rences  

1. 

2 .  

a .  

S. Canto r ,  D. S. Hsu, and W. T. Ward, Reac to r  Chem. Div. 

Ann. P rogr .  Rept .  Dee. 3 1 ,  1965, ORNL-3913, pp. 24-6. 

S. Canto r ,  Reac tor  Chem.  Biv. Ann. Progr. Rept .  D e e .  31, 

1966, ORNE-4096, p .  26. 

S. Canto r ,  C.  E .  Rober t s ,  and W. F.  McDuffie, Reac to r  Chem.  

Div.  Ann. Progr. Rept.  D e c .  31,  1967, ORNL-4229, pp. 55-57. 
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S a l t  

SURFACE TENSION 

J. W .  Cooke, S. Cantor  

S u r f a c e  Tension-Temperature Equat ion  
U n c e r t a i n t y  

Y i n  dvnes/cm, t i n  OC 

y = 1 3 0  - 0 . 0 7 5  t 

y = 1 2 0  - 0 . 0 7 5  t 

-i- 3 Q , - lQ% 

Sources  of Data and Methods of E s t i m a t i o n  

S a l t s  F, -F, I L,B: Es t imated  p r i m a r i l y  from maximum bubble  
1 3 p r e s s u r e  measurements on NaF-BeF2 , LiF-BeF2 -ThF, -UF4 LIF 

and ThF4 m e l t s .  Measurements a t  one temp. (480°C) of LiF-BeP2 

( 6 3 - 3 7  m o l e  7d4 by t h e  r i n g  method t e n d s  t o  s u p p o r t  bubble  p r e s -  

3 

v a l u e s .  Sessile drop  measurements5 on L z B ,  on LiF- 

BeFz -%rF, -ThF4 -UF4 (70-23-5-1-1)s  and on o t h e r  f l u o r i d e  m e l t s  

would have l e d  t o  h i g h e r  p r e d i c t e d  v a l u e s .  The h i g h e r  

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

t h a t  t h e  sessile d rop  i n v e s t i g a t i o n s  might have y i e l d e d  more 

a c c u r a t e  s u r f a c e  t e n s i o n s .  
6 S a l t  C, and C, : Assumed t h a t  NaBF, (C,) and NaI 

e x h i b i t  (a) e q u a l  s u r f a c e  t e n s i o n s  a t  t h e i r  m e l t i n g  p o i n t s ,  

(b) e q u a l  t empera tu re  c o e f f i c i e n t s  of s u r f a c e  t e n s i o n .  Then 
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... .. ..... .=>.2 i t  w a s  assumed that NaF i n  C1 i n c r e a s e d  t h e  s u r f a c e  t e n s i o n  

over  t h a t  of C, by 10%. 

Refe rences  

1. 

2.  

3 .  

4.  

5. 

6 .  

MSRP Quare P r ~ g r .  Rept.  April 30, 1959,  ORML-2723, p. 42. 

G. J. Janz  and 6. Wsng, "Molten S a l t s :  S u r f a c e  Tens ion  
Datast' T r o y ,  N. Y.) NQV. 1967.  P r e p r i n t  of c r i t i c a l  
rev iew of s u r f a c e  t e n s i o n  d a t a  of s i n g l e - s a l t  m e l t s  for 
t h e  S tanda rd  Reference  Data P r o j e c t  of t h e  N a t i o n a l  
Bureau of S tanda rds .  

B. J. Sturm, MSRB Quare P r s g r .  Rept.  O c t .  3 1 ,  1 9 5 8 #  
QRNL-2626, p. 94. 

P. J. Kreyger, S. S. K i r s l i s ,  F. F. Blankenship,  
9 

R. B. Ellis, "Surface  Tens ion I  V i s c o s i t y ,  and Raman 
S p e c t r a  of Fused Sialts," U. S. A t o m i c  Energy Commission 
RepQI't 080-20'93-12, April 14, 1 9 6 7 ,  p. 3 .  
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SOLUBILITY OF HELIUM, KRYPTON, AND XENON 

G. M. Watson 

u n i t  of s o l u b i l i t y  - moles of i n e r t  gas per  ( c m 3  melt-atm).  - 
S a l t  Temperature ('e) H e  Kr Xe - - - - 

500 6.6 0.13 0.03 

600 

700 

800 

500 
600 

e, 700 
800 

500 
600  
700 
800  

10, 6 0.55 0.17 

15 .1  1 .7  0.6? 

20.1 4.4 2.0 

44 
52 
6 0  
66 

52 
61 
6 3  
75 

20 
40  
69 

106 

3 2  
6 1  

100 
148 

12 
28 
54 
91 

21 
46  
84 

l 3  6 

A l l  s o l u b i l i t i e s  are e s t i m a t e d ;  t h e  u n c e r t a i n t y  
is  a f a c t o r  of t e n  o r  greater. 
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3 9  

Sources  of D a t a  and Methods of E s t i m a t i o n  

...... ..... <<<.:.y 

S o l u b i l i t i e s  of noble  g a s e s  were estimated by a method 

o r i g i n a l l y  proposed by Blander  e t  aP . '  

i n  e s t i m a t i n g  t h e  v a l u e s  g iven  above is: 

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

= - 1 ( p o l a r i z a t i o n  c o r r e c t i o n )  exp 
Kp RT 

where 

= moles of gas/(cm3 m e l t - a t m )  
KP 
r is t h e  r a d i u s  of t h e  noble  g a s  i n  Angstroms 

y is t h e  s u r f a c e  t e n s i o n  of t h e  l i q u i d  i n  dyne cm 

R i n  the pre -exponen t i a l  term = 82.0561 c m 3 - a t m  ( O ~ 1 - l  

-1 

-1 ($-mole) ; i n  t h e  e x p o n e n t i a l  term R = 1.98717 c a l  

(g-mole)-l 
0 T is t h e  a b s o l u t e  t empera tu re  i n  K . 

The numer ica l  v a l u e s  for t h e  r a d i i  and f o r  t h e  " p o l a r i z a t i o n  

c o r r e c t i o n s "  are: 

H e  K r  Xe 

Radius  (Angstroms) 1 . 2 2  

P o l a r i z a t i o n  correct i o n  0.14 

2.0 

1 . 0  

2.18 

1.34 
- ~~ ~~ ~ 

The p o l a r i z a t i o n  c o r r e c t i o n s  were determined e m p i r i c a l l y  by 

comparison of e x p e r i m e n t a l  and c a l c u l a t e d  nob le  g a s  s o l u -  

b i l i t i e s  i n  NaF-ZrF, (53-47 mole 7'01) NaF-KF-LiF e u t e c t i c  

and LiF-BeF, (64-36 mole The s u r f a c e  t e n s i o n s  used 

appea r  i n  t h i s  r e p o r t  on page 46. 

The r a t h e r  l a r g e  u n c e r t a i n t y  i n  t h e  gas s o l u b i l i t i e s  can  

be r a t i o n a l i z e d  from the follo~ing c o n s i d e r a t i o n s :  



1-3 a .  Exper imen ta l  and c a l c u l a t e d  (us ing  t h e  e q u a t i o n  

g i v e n  i n  t h e  p r e v i o u s  pa rag raph)  s o l u b i l i t i e s  ag reed  

t o  w i t h i n  a f a c t o r  of t h r e e ,  

b. C a l c u l a t e d  s o l u b i l i t i e s  depend e x p o n e n t i a l l y  on t h e  

assumed v a l u e  of the s u r f a c e  t e n s i o n ;  f o r  t h e  s a l t s  

of t h i s  r e p o r t  t h e  s u r f a c e  t e n s i o n ,  i n  e a c h  case 

e s t i m a t e d ,  h a s  a l a r g e  u n c e r t a i n t y .  

Re fe rences  

1. M. Blande r ,  W. E. G r i m e s o  N. V. Smith ,  and G. M e  Watson, 

5 .  Phys. Chem. - 63, 1164 ( 1 9 5 9 ) .  

2 .  W. R.  G r i m e s p  N. V. Smith,  and G. AI. Watson, J. PhySe 

Chem. 62, 862 (1958).  - 
3 .  e. AI. Watson, I%. B. Evans I I I ,  W e  R. G r i m e s ,  and 

N e  V. Smith,  J. Chem. Eng. D a t a  I ,  285 (1962) .  

. .. ...... .. . . . ., ~. 
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SOLUBILITY OF BPj GAS 

S. Canto r ,  6 .  M e  Watson 

Uni t  of S o l u b i l i t y  - moles BF, per  (em3 m e l t - a t m )  
_I 

Temperature  ("C) 
~~~ ~- - 

S a l t  500 600 700 $00 

3.4 1.1 0.44 0.19 

3.4 1.1 0.44 0.19 

2.8 0.95 0.39 0.20 

2.4 0.83 0.35 0.18 

3.2 1.0 0.38 0.18 

p4 

=ZB 
C,  I See s e c t i o n  on Vapor P r e s s u r e s ,  page 33. 

A 1 1  s o l u b i l i t i e s  are estimated; t h e  u n c e r t a i n t y  
is a f a c t o r  of t e n  o r  g r e a t e r .  

Sources  of D a t a  and Methods of E s t i m a t i o n  

S o l u b i l i t i e s  of BF, were assumed t o  be ana logous  t o  

s o l u b i l i t i e s  of HF. For LiF-BeF,-ZrF4-ThF4-Z4 (65-28-5-1-1 

mole '7'0) t h e  measured B F , l  and HF2 s o l u b i l i t i e s  bo th  e x h i b i t e d  

n e g a t i v e  t empera tu re  dependence ( i n e r t - g a s  s o l u b i l i t i e s  i n  

f l u o r i d e  melts are much s m a l l e r '  and show 'p 'asiti 've t empera tu re  

dependence) .  'The r a t i o  of BF3 t o  HF s o l u b i l i t y  i n  t h e  range  

500-800"~ f o r  this m e l t  w a s  t h e  m u l t i p l e  used t o  e s t i m a t e  t h e  
. .  . . . . . . . . ..<.2w 
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BF, s o l u b i l i t y  in L2B from t h e  measured v a l u e s  of N F  s o l u -  
3 b i l i t y .  

S o l u b i l i t y  of BF i n  F1 -F, w a s  e s t i m a t e d  by assuming t h e  

same " f r e e  f l u o r i d e "  c o n c e n t r a t i o n  dependence as had been 

observed  f o r  LiF-BeF, mixtures .  (For F1 -F, f r e e  f l u o r i d e  

is d e f i n e d  a s  XLiF minus (2XBeF 

p e r c e n t ;  f o r  LiF-BeF, m i x t u r e s ,  f r e e  f l u o r i d e  e q u a l s  XLiF 

l e  The BF, s o l u b i l i t i e s  w e r e  t h e n  c a l c u l a t e d  minus 2X 

by m u l t i p l y i n g  t h e  e s t i m a t e d  HF s o l u b i l i t i e s  by t h e  same 

4 

+ 3X where X is mole w, 2 

BeF, 

r a t i o s  t h a t  were d e r i v e d  from the m e l t  where bo th  g a s  s o h -  

b i l i t i e s  had been measured, 
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5 1.1 
X J 6  
1.18 

1. l4 

7 1.1 
1.16 

5 
7 

5.74 1. E 
5 .G7 1.1 
5 '6, 1. l8 

c Theoretical C 
v-1 

cal msle-I(oK) 

30 47 1.16 

7 
30 - 92 1.1 

9 31.46 1.1 

2650 
256s 
2480 

2850 
2760 
2670 

26 10 
2520 
2440 

2620 
2530 
2 440 

3420 
331.0 
3200 

1400 
1.370 
1260 

1400 
1330 
1260 

a. Calculated from the  equation, 
where a is elepansivity; p t  density; f3 isothermal 
compressibility. 

the equation, 

T 

where 1-1 i s  sonic velocity. 

c. Calculated by assming 
= 6.w (hamontc oscillation of 2 ions) + 1.5~ (free r o t a t i o n  of 

B F ~  ion) + VibrationaI'Yaeat capacity of BF~(. 
* VTbratisnal frequencies obtained from K. Nakmoto, Infrared Spectra of 
Inorganic and Coordin~tisn Compounds, John WiEey and Sons, N. Y., 1963, p.  106. 
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APPENDIX B 

T~~ DIFFUSIVITY," K I ~ T I C  VISCOSITY,' AND P R ~ D T L  NIBMBER' 

Salt Temp Therm. D i f f y .  Kin. Visc. Prandtl  
P C >  (cm2 see-') (cm2 sec-1) Number 

500 2.13 x 6.98 x EOm2 32.8 
Fl 600 2.17 3.75 1 '9 .2  

700 2.22 2 .z9 10.3 

500 1.y9 10-3 7.Qs x 39.1, 
608 
700 

1-82 
1.86 

3 .7; 
2.26 

20.5 
12.1 

500 l.52 x 8.92 x 10-2 58.6 

500 2 . 0 ~  x 7.44 x 10-2 35.6 

700 2'18 2.86 13.1 

F 4  600 1.55 4.32  27.8 
700 1.58 2.44 1 5 . 4  

L2B 600 2.11, 4.36 20.4 

500 1 . 8 2  x lo -?  1-02 w BO'* 5 .6  
Cl 600 1 . 8 9  0.68 3 . 6  

700 1.97 0.50 2 * 5  

500 1.7~ 10-3 1.02 x 5.7 
cz 600 1.86 0.68 3.7 

700 1.93 0 .50  2.6 

~~ ~~ ~~~ ~ 

Calculated from the equations: 

k where k is t h e m 1  conductivity; p, density; Cp, specific = &  heat. 

b. v = A where r)  is viscosity in poise (g c111-l seeL'), 
P 

v f i  
k c .  Pr = -  = x 
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APPENDIX C 

CONVERSION FACTORS 

Mu 1 t i p 1.p A 
cent ipoise  2.419 

watts/OC-cm 57.8 

cal/gm* 1.8 

tal/ gm 1.8 

gn/ cm3 62.43 

cm2/dyne 6 e 894x10 

torr 0.019337 

4 

dyne/ cm 6.85 x P h f / f t  

dyne / cn 2.283 w lbm/sec 2 

.. . . . . . . . . . . . . . .,. .. .ap 
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Composition of S a l t  Mixtures 

Symbol 

Flush S a l t  LZ B 
( p r e s e n t  MSRE 

c o o l a n t )  

Coolants C1 

7 3  16 10.7 8 . 3  

72 21 6.7 0.3 

68 20 11.7 0.3 

6 3  25 1 1 . 7  0 . 3  

NaBF, NaF 

9 2  8 

- 

1 Q O  - 

Liq idus: 

Temp. 6°C) 

500" i: 5" 

500" f 5" 

480" t 5" 

500" t 5" 

458" f I" 
(peri t ect  i c )  

385" f 1" 
( e u t e c t i c )  

407" 2 1" 
(melting 

p o i n t )  

,. . . . . . ,....... . . -2 
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