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1. INTRODUCTION 

1.1 SPONSORSHIP 

T h i s  r e p o r t  i s  a n  a c c o u n t  o f  r e s e a r c h  p e r f o r m e d  b y  E n e r g y  
C o n c e p t s  Company f o r  t h e  Oak R i d g e  N a t i o n a l  L a b o r a t o r y  
pursuant t o  M a r t i n  M a r i e t t a  p u r c h a s e  o r d e r  86x22013. T h e  O R N L  
P r o j e c t  M a n a g e r  is Mr. S t e p h e n  I. R a p l a n .  

T h e  o b j e c t i v e s  o f  Yhrnse I o f  t h e  r e s e a r c h a r e  t o  s c r e e n  
a n d  s e l e c t  an a b s o r p t i o n  w o r k i n g  p a i r  c a p a b l e  o f  o p e r a t i o n  u p  
t o  2 4 0 ° C ,  a t  h i g h  l i f t s ,  a n d  w i t h  l o w  c o s t  m e t a l l u r g y  
( p r e f e r a b l y  m i l d  s t e e l ) ;  t o  m e a s u r e  a n d  a n a l y z e  t h e  
t h e r m o d y n a m i c ,  c o r r o s i o n ,  a n d  s t a b i l i t y  p r o p e r t i e s ;  a n d  t o  
c a l c u l a t e  t h e  p r e d i c t e d  p e r f o r m a n c e  of  a n  a b s o r p t i o n  h e a t  pump 
i n c o r p o r a t i n g  t h i s  a b s o r b e n t ,  

P h a s e  ?I, i f  i m p l e m e n t e d ,  w i l l  i n v o l v e  c o n s t r u c t i o n  a n d  
o p e r a t i o n  o f  a proof-of-concept t e s t  u n i t ,  T h i s  w i l l  p e r m i t  
m e a s u r e m e n t  o f  k e y  mass t r anspor t  p r o p e r t i e s  in a d d i t i o n  t o  
d e m o n s t r a t i n g  o p e r a t i o n a l  a c h i e v e m e n t  of t h e  r e s e a r c h  
o b j e c t i v e s .  

1.2 ORGANIZATION OF REPORT 

I n  t h i s  r e p o r t ,  t h e  s c r e e n i n g  r e s u l t s  a n d  t h e  r a t i o n a l e  
f o r  t h e  s e l e c t e d  a b s o r b e n t  c o m p o s i t i o n  a r e  p r e s e n t e d  i n  
s e c t i o n  2 ,  T h e  e x p e r i m e n t a l l y  m e a s u r e d  p r o p e r t i e s  a n d  
a n a l y t i c a l l y  d e r i v e d  p r o p e r t i e s  o f  t h e  s e l e c t e d  absorbent are 
i n  s e c t i o n  3.  S e c t i o n  4 p r e s e n t s  t h e  c o r r o s i o n  a n d  t h e r m a l  
s t a b i l i t y  d a t a .  T h e  c y c l e  p e r f o r m a n c e  c a l c u l a t i o n s ,  i n c l u d i n g  
e x a m p l e  a p p l i c a t i o n s  a n d  a c o m p a r i s o n  t o  LiBr, are i n  s e c t i o n  
5. T h e  c o n c l u s i o n ,  p r e s e n t e d  i n  s e c t i o n  6 ,  i s  that t h i s  
a b s o r p t i o n  w o r k i n g  p a i r  d o e s  i n d e e d  p r o v i d e  t h e  l o n g  s o u g h t  
c h a r a c t e r i s t i c s ,  a n d  t h e r e f o r e  3 c o n t i n u a t i o n  i n t o  p h a s e  I1 i s  
r e c omm e n d e d e 

1 . 3  BACKGROUND 

L a r g e  i n d u s t r i a l  a n d  commerc ia l  s c a l e  a b s o r p t i o n  c h i l l e r s  
came i n t o  w i d e s p r e a d  u s e  a b o u t  35 years  a 0 .  I n  t h e  l a s t  t e n  
yearsp t h a t  3ame t e c h n o l o g y  h a s  b e e n  e x t e n d e d  t o  h e a t  p u m p i n g  
a p p l i c a t i o n s  ( a 1  1 t e m p e r a t u r e s  a b o v e  a m b i e n t ) .  H o w e v e r ,  t h e  
s p h e r e  o f  a p p l i c a t i o n  o f  a b s o r p t i o n  h e a t  p u m p i n g  h a s  r e m a i n e d  
e x t r e m e l y  l i m i t e d  d u e  t o  t h e  t e m p e r a t u r e  l i m i t a t i o n s  o f  
existing a b s o r p t i o n  w o r k i n g  f l u i d  Pairs. 

A t  a n y  i n d u s t r i a l  o r  commercial  p l a n t  s i t e ,  there  are  
u s u a 1 . l . y  a t  most two  or t h r e e  a p p r o p r i a t e  i n t s  a t  w h i c h  h e a t  
g u m p i n g  s h o u l d  b e  EP Those p o i n t s  y be i d e n t i f i e d  b y  
" p i n c h "  o r  " t a r g e t "  i s  (Duran, 1986 The t e m p e r a t u r e  a t  
t h a t  p o i n t ,  a n d  the a m o u n t  of t e m p e r a t u r e  l i f t  r 
heat pumping a t  t h a t  p o i n t ,  w i l l  v a r y  widely f r o  
p l a n t  a n d  p r o c e s s  to p r a c e s s .  T h u s  a n e e d  exist 
i n d u s t r i a l .  s c a l e  heat  p u m p s  c a p a b l e  f o p e r a t i n g  a t  many 
d i f f e r e n t  t e m p e r a t u r e  l e v e l s  and te! erature l i f t s .  
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T h e  a b o v e  n e e d  has l o n g  b e e n  r e c o g n i z e d  b y  r e s e a r c h e r s  i n  
t h e  a b s o r p t i o n  c y c l e  f i e l d .  T h e  g e n e r a l l y  r e c o g n i z e d  
l i m i t a t i o n s  of  t h e  c u r r e n t l y  u s e d  L i B r - H 2 B  a b s o r p t i o n  w o r k i n g  
p a i r  a r e :  

1) Maximum l i f t  o f  45*C, a s  d e t e r m i n e d  j o i n t l y  b y  l i m i t e d  
s o l u b i l i t y  f i e l d  a n d  b y  c o r r o s i o n  ( E r i c k s o n ,  1985), 

2 )  Maximum a b s o r b e n t  t e m p e r a t u r e  o f  17OoC, b a s e d  a n  
c o r r o s i o n  r a t e  o f  C u - N i  o r  f e r r i t i c  s t a i n l e s s  s t e e l .  

3 )  No u s e  o f  a u s t e n i t i c  s t a i n l e s s  s t e e l  d u e  t o  h a l i d e  s t r e s s  
c o r r o s i o n  s u s c e p t i b i l i t y ,  

I n  1982,  a t  a c o n f e r e n c e  c o n v e n e d  t o  r e v i e w  t h e  s t a t e - o f -  
t h e - a r t  o f  a b s o r p t i o n  w o r k i n g  p a i r s ,  t h e  c o n t i n u i n g  n e e d  f o r  
h i g h e r  l i f t s  a n d  t e m p e r a t u r e s  t h a n  t h o s e  p o s s i b l e  w i t h  L i B r -  
H20 was e m p h a t i c a l l y  r e i t e r a t e d  ( R a l d o w ,  

f r o m  n e a r  o r  a b o v e  a m b i e n t  t e m p e r a t u r e ,  a s  o p p o s e d  t o  
r e f r i g e r a t i o n  a n d  a i r  c o n d i t i o n i n g  c y c l e s ,  water h a s  
o v e r p o w e r i n g  a d v a n t a g e s  a s  c h o i c e  o f  w o r k i n g  f l u i d .  I t  h a s  
e x c e p t i o n a l l y  h i g h  h e a t  of e v a p o r a t i o n ,  e x c e p t i o n a l l y  h i g h  
f i l m  h e a t  t r a n s f e r  c o e f f i c i e n t ,  v e r y  l o w  v i s c o s i t y ,  
e x c e p t i o n a l l y  l o w  c o s t ,  a n d  i s  s a f e ,  n o n t o x i c ,  a n d  
n o n f l a m m a b l e .  I t s  o n l y  m i n o r  d e t r a c t i o n s  a r e  l o w  p r e s s u r e ,  
h i g h  h e a t  c a p a c i t y ,  a n d  p o t e n t i a l  c o r r o s i v i t y .  T h u s  t h e  r e a l  
c h o i c e  i n  t h e  s e a r c h  f o r  h i g h  t e m p e r a t u r e  a b s o r p t i o n  w o r k i n g  
p a i r s  r e d u c e s  t o  s e l e c t i o n  of  a s u i t a b l e  a q u e o u s  a b s o r b e n t .  
T h e  p r o b l e m  i s  t o  f i n d  a n  a q u e o u s  a b s o r b e n t  t h a t  a l l o w s  f u l l  
r e a l i z a t i o n  of  t h e  m a j o r  a d v a n t a g e s  i n h e r e n t  t o  s e l e c t i o n  of  
water  a s  w o r k i n g  f l u i d ,  i.e., o n e  w h i c h  d o e s  n o t  c o n c u r r e n t l y  
i n t r o d u c e  t o o  m a n y  5 r  t o o  s e v e r e  o f f s e t t i n g  d i s a d v a n t a g e s .  

1982). 

When d e a l i n g  w i t h  a b s o r p t i o n  c y c l e s  w h i c h  w i l l  pump h e a t  

1.4 PRIOR W O R K  

E n e r g y  C o n c e p t s  Company f i r s t  i d e n t i f i e d  t h e  a l k a l i  
n i t r a t e s  a n d  n i t r i t e s  a s  good c a n d i d a t e s  f o r  a b s o r b i n g  water 
a t  h i g h  t e m p e r a t u r e  i n  1981. T h e s e  s a l t s  h a v e  b e e n  u s e d  b y  
E n e r g y  C o n c e p t s  i n  a n h y d r o u s  form i n  a h i g h  t e m p e r a t u r e  
c h e m i c a l  a i r  s e p a r a t i o n  r e s e a r c h  p r o j e c t  s i n c e  1 9 7 7  ( E r i c k s o n ,  
1983). E x p e r i e n c e  w i t h  water  c o n t a m i n a t i o n  of  t h e s e  s a l t s ,  
p l u s  k n o w l e d g e  o f  r e l a t e d  i n d u s t r i a l  e x p e r i e n c e  w i t h  t h e m ,  
i n d i c a t e d  t h a t  t h e y  were h i g h l y  s t a b l e  a n d  n o n - c o r r o s i v e  a t  
h i g h  t e m p e r a t u r e s ,  a n d  t h a t  m i x t u r e s  h a d  l o w  m e l t i n g  p o i n t s  
a n d  g o o d  water a b s o r b i n g  p r o p e r t i e s .  A f t e r  s o m e  p r e l i m i n a r y  
e x p e r i m e n t a t i o n ,  a r e s e a r c h  p r o p o s a l  was s u b m i t t e d  t o  t h e  
D e p a r t m e n t  of E n e r g y  i n  1 9 8 2 ,  a n d  a l s o  a U.S. p a t e n t  
a p p l i c a t i o n  was f i l e d .  

E n e r g y  C o n c e p t s  h a s  c o n t i n u e d  i n d e p e n d e n t  r e s e a r c h  o n  
t h i s  a b s o r b e n t  s i n c e  t h a t  t ime  u n t i l  J u n e  1985 w h e n  t h e  
c u r r e n t  c o n t r a c t  b e g a n .  T h i s  r e s e a r c h  c o n s i s t e d  o f  m e a s u r i n g  
t h e  a t m o s p h e r i c  p r e s s u r e  b o i l i n g  t e m p e r a t u r e  of v a r i o u s  
m i x t u r e s  a s  a f u n c t i o n  of c o n c e n t r a t i o n ,  t h e  c r y s t a l l i z a t i o n  



t e m p e r a t u r e s ,  a n d ,  f o r  t h e  most p r o m i s i n g  c o m b i n a t i o n s ,  t h e  
h i g h  t e m p e r a t u r e  c o ~ r o s i o n  a n d  s t a b i l i t y .  I n  a d d i t i o n  eo  
t e s t i n g  many c o m b i n a t i o n s  o f  a l k a l i  metal  n i t r a t e s ,  v a r i o u s  
other a d d i t i v e s  were a l s o  t e s t e d ,  including n i t r i t e s ,  
hydroxides, a n d  h a l i d e s .  O n e  major f i n d i n g  of t h i s  p r i o r  work 
was  t h a t  n o  c l e a r  n e t  b e n e f i t  was g a i n e d  f r o m i n c l u d i n g e f n y  o f  
t h e  o t h e r  a d d i t i v e s .  This p r o v i d e d  an i m p o r t a n t  st 
p l a c e  f o r  t h e  contracted e f f o r t ,  f o c u s i n g  it e x c l u s i v e l y  o n  
t h e  a l k a l i  m e t a l  n i t r a t e  c o m b i n a t i o n s .  

T w o  U.S. p a t e n t s  h a v e  now been i s s u e d  6 s  Energy C o n c e p t s  
on t h i s  t e c h n o l o g y :  U.S. P a t e n t  4454724, which d i s c l o s e s  
m i x t u r e s  i n c l u d i n g  b o t h  n i t r a t e s  and n i t r i t e s ;  a n d  U.S, p a t e n t  
4 5 6 3 2 9 5 ,  w h i c h  d i s c l o s e s  t h e  ternary a l k a l i  metal n i t r a t e  
a b s o r b e n t .  O n e  a d d i t i o n a l  U.S. a p p l i c a t i o n  is s t i l l  p e n d i n g .  

4 



2 .  SCREENING A N D  SELECTION OF H I G H  TEMPERATURE ABSORBENT 

T h e  water  d i s s o l v i n g  c h a r a c t e r i s t i c s  o f  t h e  v a r i o u s  p u r e  
a l k a l i  m e t a l  n i t r a t e s  a n d  s e v e r a l  d i s c r e t e  n i t r a t e  m i x t u r e s  
a r e  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  
e q u i m o l a r  LiN03-KN0 were m e a s u r e d  a t  BRWL ( B r a u n s t e i n ,  19711, 
a n d  NaN03, KNO , a n d  s e v e r a l  o t h e r  b i n a r y  c o m p o s i t i o n s  a r e  
t a b u l a t e d  b y  a h i t e  a n d  b y  C o m b e s  ( I n m a n ,  1981). 

B o t h  p u r e  L i M O Q  a n d  

A n a l y s i s  o f  t h e  l i t e r a t u r e  d a t a  r e v e a l s  t h a t  n o n e  of t h e  
p u r e  n i t r a t e s  h a v e  a n  a c c e p t a b l e  s o l u b i l i t y  f i e l d  f o r  a n  
a b s o r p t i o n  c y c l e ,  nor d o  t h e  N a N O  - K N 0 3  c o m b i n a t i o n s .  Some of  

h i g h  t e m p e r a t u r e  s o l u b i l i t y  ? i e l d ,  b u t  t h e i r  s o l u b i l i t y  a t  l o w  
t e m p e r a t u r e s  i s  e x t r e m e l y  l i m i t e d .  

t h e  LiN03-KN03 o r  LiNOg-NaNQ com 2 i n a t i o n s  h a v e  a n  a c c e p t a b l e  

Water s o l u t i o n s  o f  L i N 0 3  e x h i b i t  a s u b s t a n t i a l  n e g a t i v e  
d e v i a t i o n  from R a o u l t i a n  b e h a v i o r ,  a l t h o u g h  n o t  a s  much a s  
L i B r .  NaN03 s o l u t i o n s  e x h i b i t  a p p r o x i m a t e l y  i d e a l  b e h a v i o r ,  
a n d  K N 0 3  h a s  a p o s i t i v e  d e v i a t i o n .  

T h e  h e a t  o f  m i x i n g  h a s  two d i r e c t  e f f e c t s  on  a b s o r p t i o n  
c y c l e s .  F i r s t ,  i t  a f f e c t s  COP b y  s e t t i n g  t h e  a p p r o x i m a t e  h e a t  
d u t y  r a t i o  of  g e n e r a t o r / c o n d e n s e r  a n d  a b s o r b e r / e v a p o r a t o r .  
F o r  i d e a l  m i x i n g ,  t h o s e  r a t i o s  a r e  c l o s e  t o  u n i t y ,  a n d  t h e y  
i n c r e a s e  p r o p o r t i o n a l  t o  t h e  d e g r e e  of  n e g a t i v e  d e v i a t i o n .  
T h u s  h i g h  n e g a t i v e  d e v i a t i o n  a b s o r b e n t s  w i l l  h a v e  lower  h e a t  
a m p l i f i e r  COPs a n d  h i g h e r  t e m p e r a t u r e  a m p l i f i e r  COPs t h a n  
i d e a l  a b s o r b e n t s .  S e c o n d l y ,  more n e g a t i v e  d e v i a t i o n  r e s u l t s  
i n  l o w e r  s o l u t i o n  c o n c e n t r a t i o n s  a t  a g i v e n  b o i l i n g  p o i n t  
e l e v a t i o n .  T h e  p r a c t i c a l  r e s u l t  i s  more s o l u t i o n  p u m p i n g  
p o w e r  r e q u i r e d  f o r  the more n e a r l y  i d e a l  a b s o r b e n t s .  When 
u s i n g  water  a s  w o r k i n g  f l u i d ,  w h i c h  c h a r a c t e r i s t i c a l l y  
r e q u i r e s  o n l y  l o w  s o l u t i o n  c i r c u l a t i o n  r a t e s  d u e  t o  t h e  h i g h  
l a t e n t  h e a t  o f  e v a p o r a t i o n ,  t h e  p u m p i n g  p o w e r  o n l y  b e c o m e s  a 
p r o b l e m  w i t h  a c t u a l  p o s i t i v e  d e v i a t i o n  m i x i n g ,  f o r  e x a m p l e  
when g l y c o l s  a r e  u s e d  a s  a b s o r b e n t .  

T h e  i m p l i c a t i o n s  o f  t h e  a b o v e  g e n e r a l i t i e s  o n  t h e  
s c r e e n i n g  a n d  s e l e c t i o n  p r o c e s s  a r e  t h a t  c o m p o s i t i o n s  w i t h  a s  
much LiNO a s  p o s s i b l e  s h o u l d  b e  s e l e c t e d ,  o w i n g  t o  t h e  
n e g a t i v e  a e v i a t i o n  a n d  l o w  m o l e c u l a r  w e i g h t ,  a n d  t h a t  
s u f f i c i e n t  NaN03 a n d  KNO s h o u l d  b e  a d d e d  t o  e x t e n d  t h e  
s o l u b i l i t y  f i e l d  ( c r y s t a t l i z a t i o n  t e m p e r a t u r e s )  t h e  r e q u i r e d  
a m o u n t ,  a n d  t h a t  t h e  N a N O 3  a n d  K N 0 3  p r o p o r t i o n s  s h o u l d  b e  
s e l e c t e d  t o  m i n i m i z e  t h e  t o t a l  a m o u n t  a d d e d .  

To  i m p l e m e n t  t h i s  p r o c e s s  o v e r  two  t h o u s a n d  d a t a  p o i n t s  
were m e a s u r e d  of t h e  a t m o s p h e r i c  p r e s s u r e  b o i l i n g  t e m p e r a t u r e  
a n d  c r y s t a l l i z a t i o n  t e m p e r a t u r e  of v a r i o u s  a b s o r b e n t  
c o m p o s i t i o n s  a n d  c o n c e n t r a t i o n s .  T h e  c o m p o s i t i o n  refers  t o  
t h e  a n h y d r o u s  m a k e u p  of t h e  a b s o r b e n t ,  a n d  t h e  c o n c e n t r a t i o n  
r e f e r s  t o  t h e  a m o u n t  o f  water p r e s e n t .  I n  o r d e r  t o  h e l p  
a s s i m i l a t e  t h i s  d a t a ,  s e v e r a l  t r i a n g u l a r  t h r e e - a x i s  g r a p h s  
were p r e p a r e d ,  w i t h  t h e  w e i g h t  p e r c e n t  LfN03 o n  o n e  a x i s ,  t h e  
w e i g h t  p e r c e n t  HzO on t h e  s e c o n d ,  a n d  t h e  w e i g h t  p e r c e n t  "a11 
o t h e r "  o n  t h e  t h i r d  axis. The g r a p h s  were d i s t i n g u i s h e d  by 
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the i d e n t i t y  of g v s p l l  other": on three r a p h s ,  it w aN63 
a n a  K N O ~  i n  Weight ratios o f  2:1, i : ~ ,  n a  1:2 r e s p e c t i v e l y ,  
a n d  ~ t h e r s  i n c l u d e d  a d d i t i o n a l  nitrate Figure 2.1 is t h e  
moat r e p r e s e n t a t i v e  e x a m p l e  of t h e s e  g r a p h s ,  r e f  l a e t i n g  the 
1:l r a t i o .  

These g r a p h s  r e v e a l e d  that t h e  h i g h e s t  b o i l i n g  
t e m p e r a t u r e s  f o r  a g i v e n  water c o n c e n t r a t i o n  were ~ b t  
when  KNO3 a n d  Hal403 were present at r a t i o s  between 1: 

m a r k e d l y  lower crystallization t e m p e r a t u r e s .  I t  was c o n c l u d e d  

2:l. A l t h o u g h  l i t t l e  variation i n  b o i l i n g  tern e k a t u r e  was 
noted o v e r  t h a t  ~ " 8 1 ~ g e ,  

t h a t  SQmeWhflt KNOq than WaNQ3 w o u l d  be Best. 

t h e  KNOg rich e s m p o s i t i  ns d i d  h a v e  

N e x t ,  i t  was n e c e s s a r y  tea s e l e c t  target v a l u e s  of  lift 
a n d  e v a p o r a t o r  temperature, t o  d e t e r m i n e  how l aw a 
c r y s t a l l i z a t i o n  t e m p e r a t u r e  was r e q u i r e d ,  i a e e ,  how much total 
K N Q 3  a n d  NaNO w a s  r e q u i r e d ,  ( F i g u r e  2.2 i l l u s t r  
s e l e c t i o n  r a t  o n a l e , )  Recognizing that i n d u s t r i a l  waste 
h e a t  i s  a v a i l a b l e  a t  temperatures a b o v e  
can h a n d l e  t h o s e  i n s t a n c e s  of Bower- waste h e a t  temperature, a n  
e v a p o r a t o r  t e m p e r a t u r e  o f  9 5 O C  was postulated, This set the: 
a b s o r b e r  pressure. For t h i s  evaporator temperature, it was 
p o s t u l a t e d  P u r t h e r  t h a t  t h e  ~ o l ~ b i l i t y  f i e l d  s h o u l d  a l l o w  a 
temperature difference bet absorber a n d  e v a p o r a t o r  
A T .  This s e t  t h e  a b s o r b e r  e r a t u r e  at: 15O0c, p o i n t  
F i n a l l y ,  a 15OC absorber  m a r g i n  f r o m  c r y s t a l l i z a t i o n  
established p o i n t  B, This p o i n t  t h u s  should c o i n c i d e  w i t h  t h e  
o n s e t  o f  c r y s t a l l i z a t i o n .  Several a d d i t i o n a l  t e s t s  i n  the 
r e g i o n  o f  composition of  i n t e r e s t  led t o  the f i n a l  s e l e c t i o n  
of  5 3  w/o ( w e i g h t  percent) LiMQ3, 19 w/o NaNQ3. 

The f u l l  onset O E  c r y s t a l l i z a t i o n  b o u n d a r y  f o r  t h i s  
c o m p o s i t i o n  i s  shown  i n  F i g u r e  2.2. Note t h a t  f o r  any sys tem 
pressure a b o v e  t h a t  corresponding t o  a 68'C e ~ a p o r a t ~ r ,  higher 
lifts and h i g h e r  solution cone n t n e t i o n s  c a n n o t  
c r y s t a l  l i z a t i a n .  T h i s  i s  beca  88 t h e  c r y s t a l l i z  
for t h e  t e r n a r y  n i t r a t e  bends a ~ w ~ ~ a ~ ~  with i n c r e a s i n g  
temperature--the water ~ a p ~ r  p r e s s u r e  m u s t  r e a c h  z e r o  a t  t h e  
a n h y d r o u s  m e l t i n g  plaint o f  193"C, 

, a n d  t h a t  Liar 
i! 

28 w/o KN03, 



w/o Equiweight NaN03-W3 
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t h e  n i t r a t e s  p i c t u r e d  e x c e p t  t h e  q u a t e r n a r y  m i x .  I t  a l s o  h a s  
a v e r y  f a v o r e b l e  s h u t d o w n  c h a r a c t e r i s t i c  r e q u i r i n g  d i l u t i o n  t o  
o n l y  4 2  w/o  W20 t o  r e m a i n  l i q u i d  8 t  20°C. 
L i N 0 3  m u s t  b e  d i l u t e d  t o  59 w/o W 0 a t  20°C. 

p e r  p o u n d .  T h e  c o s t  o f  the t e r n a r y  n i t r a t e  i s  o n e - t h i r d  t h e  
c o s t  o f  L i B r .  

I n  c o n t r a s t  p u r e  
T h e  c o s t s  o f  

L i N 0 3 ,  KN03, a n d  MaN03 r e s p e c t i v e  2 y a r e  $2.75,  $0.40, a n d  $0.20 

3 .  MEASUREMENT AND ANALYSIS OF HIGH-TEMPERATURE ABSORBENT 
PROPERTIES 

3.1.1. G e n e r a L  

T h e  t h e r m o d y n a m i c  p r o p e r t i e s  of a n  a b s o r b e n t  w h i c h  h a v e  
g r e a t e s t  i m p a c t  on  t h e  t h e r m o d y n a m i c  p e r f o r m a n c e  of a n  
a b s o r p t i o n  c y c l e  a r e  t h e  v a p o r  p r e s s u r e ,  t h e  c r y s t a l l i z a t i o n  
t e m p e r a t u r e ,  t h e  s p e c i f i c  h e a t ,  a n d  t h e  v i s c o s i t y ,  a l l  a s  a 
f u n c t i o n  o f  t e m p e r a t u r e  a n d  s o l u t i o n  c o n c e n t r a t i o n .  Much of  
t h i s  d a t a  i s  a v a i l a b l e  o n  t h e  i n d i v i d u a l  a l k a l i  n i t r a t e s  i n  
t h e  l i t e r a t u r e ,  b u t  l i t t l e  o r  n o n e  is a v a i l a b l e  on a q u e o u s  
m i x t u r e s .  F u r t h e r m o r e  t h e  i n d i v i d u a l  s a l t s  c r y s t a l l i z e  a t  
m u c h  l o w e r  c o n c e n t r a t i o n s  t h a n  do  m i x t u r e s ,  s o  n o  d a t a  was 
a v a i l a b l e  a t  t h e  C o n c e n t r a t i o n s  o f  i n t e r e s t  a n d  i t  was 
t h e r e f o r e  n e c e s s a r y  t o  m e a s u r e  t h e  a b o v e  p a r a m e t e r s  i n  
l a b o r a t o r y  e x p e r i m e n t s .  

3.1.2. V a p o r  P r e s s u r e  C r y s t a l l i z a t i o n  T e m p e r a t u r e  

3.1.2.1. P u r p o s e  

For a n  a b s o r p t i o n  c y c l e ,  g r e s s u r e - t e m p e r a t u r e -  
c o n c e n t r a t i o n  (P-T-X) d a t a  a r e  f u n d a m e n t a l  f o r  c y c l e  a n a l y s i s .  
T h e  v a p o r - l i q u i d - s o l i d  e q u i l i b r i u m  p r e s s u r e  d i a g r a m  of  t h e  
w o r k i n g  f l u i d  w i t h  i t s  a b s o r b e n t  r e v e a l s  w h a t  c y c l e s  a r e  
f e a s i b l e .  I n  a d d i t i o n  t h e s e  d a t a  a r e  u s e f u l  t o  d e r i v e  
e n t h a l p i e s  of  s o l u t i o n .  T h e r e f o r e ,  t h e  o b j e c t i v e  of  t h e s e  
e x p e r i m e n t s  was t o  o b t a i n  t h e  v a p o r  p r e s s u r e  a n d  
c r y s t a l l i z a t i o n  t e m p e r a t u r e  o f  t h e  e q u i l i b r i u m  l i q u i d  
a b s o r b e n t  o v e r  a r a n g e  o f  c o n c e n t r a t i o n s  a n d  t e m p e r a t u r e s ,  a n d  
w i t h  a n  a c c u r a c y  s u f f i c i e n t  f o r  d e r i v i n g  t h e  e n t h a l p y  o f  
s o l u t i o n .  

3.1.2.2. M e t h o d  

B o t h  s u b a t m o s p h e r i c  a n d  s u p e r a t m o s p h e r i c  p r e s s u r e s  were 
m e a s u r e d .  G las s  a p p a r a t u s  was u s e d  for t e s t s  i n  t h e  v a c u u m  
r e g i o n  so t h a t  l i q u i d  l e v e l s ,  b o i l i n g ,  a n d  c r y s t a l l i z a t i o n  
c o u l d  b e  s e e n .  A s t a i n l e s s  s t e e l  p r e s s u r e  v e s s e l  was u s e d  
f o r  t h e  h i g h  p r e s s u r e  v a p o r  l i q u i d  e q u i l i b r i u m  (VLE) 
m e a s u r e m e n t s .  

T h e  a p p a r a t u s  u s e d  f o r  m e a s u r e m e n t s  i n  t h e  v a c u u m  r e g i o n  
is p i c t u r e d  i n  F i g u r e  3.1. The a p p a r a t u s  a n d  p r o c e d u r e  a r e  
d e s c r i b e d  a s  foll ws. T h e  s o l u t i o n  s a m p l e  t o  b e  t e s t e d  

f l a s k  was t h e n  e v a c u a t e d .  T h e  t e m p e r a t u r e  o f  t h e  s o l u t i o n  was 
( t y p i c a l l y  100  cm 3 ) w a s  p l a c e d i n a  2 5 0  c c  glass flask a n d  t h e  
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c o n t r o l l e d  b y  i m m e r s i n g  t h e  e n t i r e  f l a s k  i n  a s i l i c o n  o i l  
c i r c u l a t i n g  b a t h .  T h e  t e m p e r a t u r e  o f  t h e  b a t h  was c o n t r o l l e d  
t o  w i t h i n  0.01K. T h e  b a t h  a n d  t h e  s a m p l e  was s t i r r e d  
c o n t i n u o u s l y  b y  a m a g n e t i c  s t i r r e r .  T h e  t e m p e r a t u r e  o f  t h e  
s a m p l e  was m e a s u r e d  w i t h  a m e r c u r y - g l a s s  t h e r m o m e t e r ,  w i t h  t h e  
b u l b  i n  t h e  l i q u i d  p h a s e  o f t h e  s a m p l e .  
d e t e r m i n e d  b y  a Heise v a c u u m  g a g e  c o n n e c t e d  t o  a r e fe rence  
p r e s s u r e  s y s t e m  o p e r a t i n g  w i t h  a i r .  T h e  a c c u r a c y  of t h i s  g a g e  
i s  0.2% o f  f u l l  s c a l e  (760 m m  Hg), T h e  r e f e r e n c e  p r e s s u r e  
was a d j u s t e d  t o  c a u s e  t h e  l i q u i d  c o l u m n  of  t h e  s a m p l e  i n s i d e  a 
t u b e  l o c a t e d  i n  t h e  s a m p l e  f l a s k  t o  b e  t h e  same h e i g h t  a s  t h e  
l i q u i d  l e v e l  o f  t h e  s u r r o u n d i n g  s a m p l e .  I n  t h i s  way p r e s s u r e  
e q u i l i b r i u m  was m a i n t a i n e d .  

T h e  p r e s s u r e  was 

T h e  c o m p o s i t i o n  of  t h e  s a m p l e  w a s  d e t e r m i n e d  b y  w e i g h i n g  
d i r e c t l y  i n t o  t h e  f l a s k  t h e  r e q u i r e d  a m o u n t s  o f  salt a n d  
wa te r .  T h e  a c c u r a c y  of  t h e  b a l a n c e  was 0,l g. T h e  t o t a l  
w e i g h t  of  e a c h  s a m p l e  was o v e r  100 g r a m s .  T h e  water  c o n t e n t  of  
t h e  s a l t  a s  d e l i v e r e d  b y  t h e  m a n u f a c t u r e r  was c h e c k e d  
p e r i o d i c a l l y  b y  d r y i n g  a s a m p l e  a n d  r e w e i g h i n g .  

I n  o r d e r  t o  m i n i m i z e  a i r  l e a k a g e ,  t h e  f l a s k ,  s t o p p e r  a n d  
t u b i n g  were s e a l e d  w i t h  s i l i c o n  r u b b e r .  Any a i r  i n s i d e  t h e  
f l a s k  a n d  s o l u t i o n  was r e m o v e d  a s  f o l l o w s .  T h e  s o l u t i o n  was 
h e a t e d  t o  i t s  b o i l i n g  p o i n t  for f i v e  m i n u t e s  a n d  a f t e r  c o o l i n g  
w a s  e v a c u a t e d  f o r t e n  m i n u t e s  b y  a v a c u u m  p u m p , w h i l e t h e  
s a m p l e  was s t i r r e d .  T h e  t e m p e r a t u r e  was a l w a y s  k e p t  a b o v e  t h e  
c r y s t a l l i z a t i o n  t e m p e r a t u r e .  F i n a l l y ,  t h e  water l o s s  d u e  t o  
e v a p o r a t i o n  d u r i n g  t h e  p r o c e s s  was c o n f i r m e d  b y  w e i g h i n g .  F o r  
s o l u t i o n s  of t h e  t h r e e  h i g h e s t  c o n c e n t r a t i o n s ,  t h e  s a m p l e  w a s  
w e i g h e d ,  d r i e d ,  a n d  r e - w e i g h e d  a f t e r  e a c h  VLE r u n .  

I n  o r d e r  t o  e n s u r e  t h a t  n o  a i r  w h i c h m i g h t  h a v e  l e a k e d  
i n t o  t h e  f l a s k  a f f e c t e d  t h e  p r e s s u r e  r e a d i n g s ,  t h e  s a m p l e  
c o n t a i n e r  was e v a c u a t e d  f o r  a few s e c o n d s  o n c e  o r  t w i c e  d u r i n g  
t h e  c o u r s e  o f  t h e  m e a s u r e m e n t s  f o r  e a c h  c o m p o s i t i o n .  
D e t e r m i n a t i o n  o f  t h e  s a m p l e  w e i g h t  a t  t h e  c o n c l u s i o n  of  t h e  
e x p e r i m e n t  i n d i c a t e d  n o  m e a s u r a b l e  c o n c e n t r a t i o n  c h a n g e  a s  a 
r e s u l t  o f  t h e  p e r i o d i c  u s e  o f  t h e  v a c u u m  pump. 

T h e  a p p a r a t u s  a n d  p r o c e d u r e  were v e r i f i e d  a g a i n s t  t h e  
v a p o r  p r e s s u r e  c u r v e s  o f  b o t h  water a n d  a L i B r  s o l u t i o n .  

T h e  h i g h  p r e s s u r e  a p p a r a t u s  c o n s i s t s  of a f o u r  i n c h  
d i a m e t e r  b y  24 i n c h  l o n g  s t a i n l e s s  s t e e l  v e s s e l  w h i c h  i a  
e l e c t r i c a l l y  h e a t e d  b y  t w o  s t r i p  h e a t e r s ,  i s  i n s t r u m e n t e d  f o r  
t e m p e r a t u r e  a n d  p r e s s u r e ,  a n d  i s  i n s u l a t e d .  S a t u r a t e d  
s o l u t i o n  t e m p e r a t u r e  i s  m o n i t o r e d  b y  a t y p e - K  t h e r m o c o u p l e  
l o c a t e d  a b o u t  1.5 i n c h e s  b e l o w  t h e  l i q u i d  su r f ace  w i t h i n  a n  
a x i a l l y - m o u n t e d  w e l l .  T h e  same t h e r m o c o u p l e  a c t i v a t e s  t h e  
t e m p e r a t u r e  c o n t r o l l e r .  A s e p a r a t e  t h e r m o c o u p l e  m e a s u r e s  w a l l  
t e m p e r a t u r e .  T h e  s o l u t i o n  c h a r g e ,  a p p r o x i m a t e l y  four l i t e r s ,  
f i l l s  t h e  v e s s e l  t o  t h e  h e i g h t  o f  t h e  s t r i p  h e a t e r s .  
u p p e r  v e s s e l  s u r f a c e  a n d  p r e s s u r e  i n s t r u m e n t s  a r e  n o t  
i n s u l a t e d  so as  t o  p r o v i d e  c o n d e n s i n g  s u r f a c e s  f o r  r e f l u x  of  
t h e  water v a p o r .  T h e  r e a c t o r  v e s s e l  h a s  a f u l l  d i a m e t e r  
o p e n i n g  a t  t h e  t o p  w h i c h  i s  s e a l e d  b y  a n  O-ring s e a l .  

T h e  
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P r e s s u r e  i n s t r u m e n t s  and v e n t s  r e  l o c a t e d  o n  t h e  r a p .  

B e f o r e  o p e r a t i o n  t h e  a p p a r a t u s  was e v a c u a t e d  to 3 m m  Hg 
a b s o l u t e  p r e s s u r e  f o r  b u l k  ~ g . m o v a l  of n o n c o n d e n s a b l e s .  O n c e  
h e a t e d  t o  a b o v e  a t m o s p h e r i c  p ~ e s ~ ~ r e ~  f u r t h e r  n o n c o n d e n s a b l e s  
were r e m o v e d  v i a  a n  o v e r h e a d  c o l l e c t i o n  t u b e  a n d  v e n t  p o r t .  
F a r  p r e s s u r e s  from v a c u u m  t o  180 p s i g ,  a o u r d o n  t u b e  p r e s s u r e  
g a g e  w i t h  a 6'' d i a l  was u s e d ,  For p r e s s l n  e s  a b o v e  100 p s i g ,  a 
B o u r d o n  t u b e  p r e s s u r e  gage w i t h  8 t o  400 psig s c  
d i a l )  was u s e d ,  B o t h  g a g e s  h a v e  a c c u r a c i e s  o f  2 
s c a l e ) .  

S o l u t i o n  c o r n p o s i t i s n  a n d  c o n c e n t r a t i o n s  were 
w e i g h t .  F o r  s u p e r a t m o s p h e r i c  p r e s s u r e  V L E ,  t e c h n  
i n d u s t r i a l  s a l t s  were used, P u r i t y  a n d  c o m p o s i t i o n  of  t h e s e  
s a l t s  is d e t a i l e d  i n  A p p e n d i x  1. W e t n e s s  o f  t h e  i n d i v i d u a l  
s t o c k  s a l t s  was d e t e r m i n e d  by d r y i n g .  T h r e e  c o n c e n t r a t i o n s  
were t e s t e d .  T h e  c o n c e n t r a t i o n  o f  t h e  s o l u t i o n  i n  t h i s  
a p p a r a t u s  was i n c r e a s e d  b e t w e e n  r u n s  i n  t h e  f o l l o w i n g  m a n n e r .  
T h e  a p p a r a t u s  i n c l u d e s  an u n i n s u l a t e d  1" d i a m e t e r  b y  40 i n c h  
l o n g  t u b e  c o n n e c t e d  v i a  i s o l a t i a n  v a l v e s  t o  t h e  s o l u t i o n  
v e s s e l  c a p .  When t h e  i s o l a t i o n  v a l v e s  were o p e n e d ,  steam 
m i g r a t e d  t o  a n d  c o n d e n s e d  i n  t h i s  c o n d e n s e r  t u b e .  T h e  
a p p r o x i m a t e  a m o u n t  c o l l e c t e d  was s e n s e d  w i t h  t e m p e r a t u r e - s e n s i t i v e  
i n d i c a t o r  c r a y o n s .  T h e  c o n d e n s e r  t u b e ,  h a v i n g  b e e n  p r e v i o u s l y  
w e i g h e d ,  was t h e n  r e m o v e d  a n d  w e i g h e d  to a c c u r a t e l y  d e t e r  
t h e  a m o u n t  o f  w a t e r  r e m ~ v e d .  

F o r  e a c h  s o l u t i o n  c o n c e n t r a t i o n ,  v a p o r  p r e s s u r e  was 
r e c o r d e d  a t  s o l u t i o n  t e m p e r a t u r e s  a b o v e  a t m o s p h e r i c  b o i l i n g  
p o i n t  i n  i n c r e m e n t s  o f  a p p r o x i m a t e l y  5 d e g r e e s  C f o r  a t  l e a s t  
1 2  r e a d i n g s .  Vacuum c o n d i t i o n s  were a v o i d e d  t o  i n s u r e  t h a t  n o  
a i r  c o u l d  e n t e r  t h e  v e s s e l  t h r o u g h  l e a k s .  M i n o r  steam l e a k s  
were d e t e c t e d  when pressure was o v e r  60 p s i g .  M e a s u r e m e n t s  
were t a k e n  when e q u i l i b r i u m  c o n d i t i o n s  were a c h i e v e d ,  i.e., 
when t h e  t e m p e r a t u r e  c o n t r o l l e r  i n d i c a t e d  t h a t  the new 
t e m p e r a t u r e  s e t  p o i n t  h a d  b e e n  r e a c h e d  a n d  t e n  m i n u t e s  h a d  
p a s s e d  w i t h o u t  t e m p e r a t u r e  c 

A f t e r  t h e  f i n a l  r u n ,  s a m p l e s  sf s o l u t i o n  were r e m o v e d ,  
d r i e d ,  a n d  w e i g h e d  f o r  a c c u r a t e  d e t e r  
c o n c e n t r a t i o n .  

I f  h y s t e r e s i s  were p r e s e n t  ( d i f f e r e n c e  b e t w e e n  p r e s s u r e  
r e a d i n g s  d u r i n g  t e m p e r a t u r e  i n c r e a s e  a n d  d e c r e a s e )  i t  w o u l d  be 
most d e t e c t a b l e  at t h e  h i g h e s t  c o n c e n t r a t i o n  t e s t e d .  Fo r  t h i s  
c o n c e n t r a t i o n  ( 8 4 % )  d a t a  was c o l l e c t e d  f o r  i n c r e m e n t e d  a n d  
d e c r e m e n t e d  t e m p e r a t u r e s .  No h y s t e r e s i s ;  was i n d i c a t e d ,  

To t e s t  f o r  e f f e c t s  o f  s t r a t i f i c a t i o n  w i t h i n  the 
a b s o r b e n t  s o l u t i o n  t h e  s o l u t i o n  was v i g o r o u s l y  s h a k e n  €or 60 
s e c o n d s  a n d  a n o t h e r  d a t a  s e t  was t a k e n .  No s i g n t f i c a n t  
d i f f e r e n c e  was o b s e r v e d ,  

C r y s t a l l i z a t i o n  t e m p e r a t u r e s  were o b t a i n e d  b y  
i n c r e m e n t a l l y  a d d i n g  d i s t i l l e d  water  t o  ~9 m o l t e n  s o l u t i o n  of 
known s t a r t i n g  c o m p o s i t i o n ,  cooling slowly w h i l e  stirring, a n d  
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c o n c e n t r a t i o n  lines a r e  q u i t e  l i n e a r  a t  l o w  c o n c e n t r a t i o n s .  
T h u s  t h e  s l o p e s  o f  thewe l i n e s  C R 3  b e  read with &onfidence. 
T h e  e n t h a l p y  a x l s l y s i o  b r r l o w  t a k 2 s  a d o a n g t a g e  a f  this. Figure 
3.5 is the D u h r i n g  d i a ~ r a m  for t h e  h i g h  temperature AWP. A 
d i s a d v a n t a g e  i s  that because this s c a l e  a r t i f i c i a l l y  
l i n e a r i z e s  water, pressures c a n  b e  read o n l y  i n  reference to 
t h e  s a t u r a t i o n  t e m p e r a t u r e  of  water. 

3.1*3al. P u r p o s e  

T h e  s p e c i f i c  h e a t  r e q u i r e d  and measured i n  t h i s  work i s  
t h e  c h a n g e  i n  e n t h a l p y  w i t h  temperature at c o n s t a n t  pressure. 
T h i s  p r o p e r t y  is used i n  d e r i v i n g  s o l u t t s n  enthalpies, a n d  in 
e s t i m a t i n g  h e a t  t r a n s f e r  p r o p e r t i e s .  

3.1.3.2. M e t h o d  

S p e c i f i c  h e a t s  are measured b y  calorimetry. The 
a p p a r a t u s  and technique u s e d  for these m e a s u r e m e n t s  was 
s i m i l a r  t o  t h a t  used b y  Deving in i s e a s u r i n g  h e a t  ~ ~ p a c i t i e s ;  of  
l i q u i d  anhydrous sodium and potassium nitrates e x c e p t  t h a t  t h e  
c a l o r i m e t e r  w a l l s  were adiabatic instead o f  i s o t h e r m a l .  
(Dewing, 1975) .  I n  addition, w literature search and 
e s t i m a t i o n  t e c h n i q u e  were used to generate an estimated v a l u e  
for c o m p a r i s o n  t o  t h e  measured r e s u l t s ,  

For  t h e  l a b o r a t o r y  measurements, s o l u t i o n s  o f  d e s i r e d  
c o n c e n t r a t i o n  were p r e p a r e d  b y  weighing. The solution vas  
heated t o  j u s t  a b o v e  t h e  desired s t a r t i n g  temperature, t h e n  
p o u r e d  i n t o  a thermos bottle a n d  a l l o w e d  to e q u i l i b r a t e .  A 
c o p p e r  b l o c k ,  used s the reference substance, was c o o l e d  to 0°C 
i n  a n  i c e  b a t h .  The copper block W R R  immersed i n  the s o l u t i o n  
i n  t h e  t h e r m o s  b o t t l e  a n d  t h e  t h e r m o s v a s  c a p p e d w i t h a  
Styrofoam l i d  w i t h  B penetrating thermometer, T h e  thermometer 
was a c a l i b r a t e d  mercury t h e r m o m e t e r ,  r e a d a b l e  to O.lQC. The 
s p e c i f i c  h e a t  sf the copper black was d e t e r m i n e d  i n  a n  identical 
manner using d i s t i l l e d  water as t he :  r e f e r e n c e  substance. 

Heat  loss from this a p p a r a t u s  to t h e  environment 
presented a systematic e r ro r .  This was a c c ~ u n t e d  f o r  b y  
o b s e r v i n g  the temperature d r o p  w i t h  time of the s o l u t i o n  in 

ending temperatures a c c o r d i n g l y .  
t h e  thermos without adding t h e  copper ,  and c o r r e c t i n  

riments were performed at t m o s p h e r i e .  pressure, 
s u r e m e n t s  c o u l d  be made only f a r  temperatures 
f i e a t i o n  a n d  atmospheric b o i l i n g  te 

f o r  each concentration, 

3.1.3.3. R e s u l t s  

.i lists the experimental aa ta ,  and nigure 3.6 
r e s u l t s  f a r  s p e c i f i c  h e a t  sf the h i g h  temperature 

a b s o r b e n t .  The greatest number of measure enta were taken for 
the 80 v/o e e n e e n t r a t i o n .  The specific heat for t h i s  
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Concentration 
W/O 

TABLE 3.1 

SPECIFIC HEAT MEASUREMENTS 

80 

80 

90 

90 

80 

80 

90 

Temperatures ( C >  Specific Heat 
Starting 

103.5 
134 
154 

101 
130.3 
153 

150 
179 

150 
180 

110 
130 
140 
145 

I10 
130 
145 

150 
180 

Ending 

97.2 
124.5 
143.2 

94.8 
121.3 
142.4 

140.2 
165.8 

138.7 
162.9 

102.4 
120.7 
129.9 
134.1 

102.4 
120.9 
134.5 

138.9 
165.7 

Copper block reference substance: 

mass = 215.3 (9) 
Specific heat = 0.3867 (kJ/kg K )  

High Temperature Absorbent 
Composition: 

53 w/o LiN03 
28 w/o KN03 
19 w/o NaN03 

(kJ/kg K) 

2.430 
2.118 
2.045 

2.494 
2.221 
2.158 

2.264 
2.071 

2.265 
2.051 

2.4509 
2.343 
2.2427 
2.213 

2.381 
2.310 
2.2128 

2.177 
2.036 
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0 w/o concentracisn. The specific heat for this 
concentration adas used t n  construct the enthaply chart in 
section 3.2.2. T h e  regression line through the data for 80 
w / o  gives the f a l ~ a w i n g  relstisnsh~p: 

Specific Heat ~~~~~~~~~ 3 . 1 6 4  - 0.007707 x T(C) 

fur: 8 0  W P O  salt, between 90°C and 150Q&: 

In the 15 te rca%ure  s ea rch ,  references were obtained which 
individually address e a c h  of the three nitrate species in 
aqueous s o l u t i o n  o v e r  a range of  concentrations and 
temperatures ( P u c h k o w  1973 ;  Winkelman, 1873; Parkerp 1965; 
Wougen, 1 9 4 3 ) .  U r f o r t u n a t e l p ,  the temperatures and 
concentrations c o v e r e d  do not overlap in the desired range. 

T h e  a n h y d r o u s  specific heats are sufficiently identified 
in the l i t e r a t u r e  t e a  permit their use in estimating combined 
s p e c i f i c  heats Ear the temperature range of interest. In 
p a r t i c u l a r ,  equations f o r  specific heat as a function of 
temperature are a v a i l a b l e  f o r  all three nitrates (Ichikawa, 
9983; Marchidan, 1968; and B a r i n ,  1973), 

T h e r e  is presently no t- eoretical basis for combining 
specific heats of individual species. It is customarily done 
on a mole  fraction b a s i s .  Howevert that method of  combining 
values ignores t h e  temperature effects of  heats of  mixing 
(Reid, 1977) .  With this caveat in mind, the above mentioned 
functions were combined with tabulated NBS date (Haar, 1984) 
f o r  specific heat of  saturated liquid water by male-fraction 
averaging for the 88 w/o solution. This tabulation suggests 
that specific heat values o f  1.8 kJ/kgK to 2.2 kJ/kgR should 
be expected, w h i c h  a r e  in the range of the experimental 
results. H o w e v e r ,  it indicates t h a t  specific heat increases 
with temperature f o r  these conditions, while the experimental 
results e v i d e n c e  decreasing specific heat with temperature. 

Fublished data indicate that: such a reversed temperature 
r e l a t i o n  is not t h e  general rule, butthat it d o e s  o c c u r ,  such 
a s  in the c a s e  f o r  p u r e  MaN03 in aqueous solution between 19 
and 24 w/o and between 275 and 340'4: (Puchkov, 1 9 7 3 ) -  A l s o ,  

each K greater t an I ~ O ~ C ,  at least up t o  188'C ( ~ c ~ e e l y ,  

literature-based estimate for the four-component mixture can 
not be considered reliable. It is presented merely a s  a 
confirmation csf t h e  general magnitude o f  the experimentally 
derived results. 

3 , 1 , 4 ,  Viscosity 

w/o LiRr exhibits a loss of approximately .03 kJ/kgK f o r  

1979). W i t h  Rei 's caweat in m i n d ,  t h e  mole-averaged, 

3.1,4.1 Purpose 

Viscosity is the measure of a i l u i d ' s  internal friction. 
It influences the amount ~f parasitic pump work required to 
maintain flow, More importantly, it influences heat transfer 
film coefficients and thus overall h e a t  transfer a n d  surface 
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area r e q u i r e m e n t s  f o r  Pieat e x c h a n g e r s .  A h s ~ r p t i o n  h e a t  pumps  
( A H P s )  a r e  c o m p r i s e d  e s s e n t i a l l y  o f  h e a t  exchangers. T h e  
s i m p l e s t  c l o s e d  c y c l e  c o n t i n u o u s  A N B  h a s  five h e a t  e x c h a n g e r s ,  
e a c h  i n v o l v i n g  t w o  f l u i d s  a n d  two s u r f a c e  f i l m  c o e f f i c i e n t s .  
S i x  o f  t h e  t e n  s u r f a c e s  e x c h a n g e  heat w i t h  A W P  f l u i d s - - t w o  
w i t h  p u r r  w a t e r  o r  s t eam,  and four w i t h  t h e  high t e m p e r a t u r e  
a b s o r b e n t .  T h e  v i s c o s i t y  m e a s u r e m e n t s  a r e  u s e d  to c a l c u l a t e  
P r a n d t l  n u m b e r ,  w h i c h  i s  o n e  d e t e r m i n a n t  o f  those auraace f i l m  
c o e f f i c i e n t s .  

3 . 1 . 4 . 2 .  M e t h o d  

A C a n n o n - F e n s k e  v i s c o m e t e r  o f  s i z e  PO0 ( 3  to 1 5  cSt> was 
u s e d  i n  a c c o r d a n c e  w i t h  ASTM M e t h o d  445 t o  easure k i n e m a t i c  
v i s c o s i t y .  T h e  v i s c o m e t e r  was c a l i b r a t e d  i n  accordance w i t h  
ASTM M e t h o d  446  w i t h  S-6 c a l i b r a t i o n  a i l .  C o r r e s p o n d i n g  
d e n s i t i e s  were m e a s u r e d  b y  r e c o r d i n g  w e i g h t  a n d  v o l u m e  i n  a 
100 m l  g r a d u a t e d  c y l i n d e r  i m m e r s e d  i n  the same t e m p e r a t u r e  
c o n t r o l  b a t h .  D y n a m i c  v i s c o s i t y  i s  t h e  p r o d u c t  of k i n e m e t i c  
v i s c o s i t y  m u l t i p l i e d  b y  d e n s i t y .  M e a s u r e m e n t s  were t a k e n  f o r  
f o u r  c o n c e n t r a t i o n s  at. t e m p e r a t u r e s  r a n g i n g  f r o m  j u s t  a b o v e  
l i q u i d u s  t o  b e l o w  a t m o s p h e r i c  b a i l i n g  p o i n t .  

3 . 1 . 4 . 3 .  R e s u l t s  

T a b l e  3 , 2  p r e s e n t s  t h e  d a t a  a n d  c a l c u l a t i o n  o f  d y n a m i c  
v i s c o s i t y  o f  t h e  h i g h  t e m p e r a t u r e  absorbent. E x t r a p o l a t i o n  
b e y o n d  t h e  a t m o s p h e r i c  b o i l i n g  p a i n t s  i s  c o n s i d e r e d  a c c e p t a b l e  
a s  t h e s e  d a t a  c l o s e l y  f o l l o w  t h e  g e n e r a l l y  a c c e p t e d  A n d r a l e  
r e l a t i o n  f o r  v i s c o s i t y  v a r i a n c e  w i t h  t e m p e r a t u r e  ( R e i d ,  1977) .  
F i g u r e  3.7 p r e s e n t s  t h e  r e s u l t s  g r a p h i c a l l y ,  i n c l u d i n g  
e x t r a p o l a t i o n  t o  260%. 

3.2 A N A L Y T I C A L L Y  D E R I V E D  PROPERTIES 

3 .2 .2 .  E n t h a l p y  

3.2.1.1. P u r p o s e  

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

3.2.1.2. M e t h o d  

S p e c i f i c  e n t h a l p y  i s  n o t  e a s i l y  m e a s u r e d  d i r e c t l y ;  i t  is 
u s u a l l y  d e r i v e d  a n a l y t i c a l l y  from o t h e r  easured p r o p e r t i e s ,  
The m e t h o d  u s e d  herein is t h a t  d e v e l o p e d  b y  Hlaltrc? 
(1959)  a n d  e m p l o y e d  b y  McNeely (1979)  f o r  e v a l u a t i n g  e n t h a l p y  
of a q u e o u s  LiBr s o l u t i o n s .  T t  a p p l i e s  where t h e  
e x h i b i t s  g o o d  l i n e a r i t y  on t h e  D u h r l n g  plot, a s  I s  t h e  c a s e  
w i t h  t h i s  h i g h  t e m p e r a t u r e  a b s o r b e n t .  I t  relies heavily on 
s t e a m  t a b l e  d a t a ,  and r e q u i r e s  s p e c i f i c  h e a t  data 
s i n g l e  s o l u t i o n  c o n c e n t r a t i o n .  

A f u l l  d i s c u s s i o n  of t h i s  m e t h o d  is c o n t a i n e d i n  b o t h  a i  
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Co ncen- 
t ra t i o n  

(w/o 1 

80 

80 

85 
85 

85 

90 

90 

90 

78 

78 

78 

58 

58 

Temper- 
a t u r e  
0- 

138.8 
126.2 

139.7 

122 I 7 

101,o 
165 e 3 

1544.8 

144 I 5  
143.2 

99.5 

121.2 
107.4 

116.5 

TABLE 3.2 

V I S C O S I T Y  DATA REDUCTION 

High Temperature Absorbent 
Composition: 

53 w/o LiN03 
28 w/a K N 0 3  
19 MI/U NaN03 

Per iod  
G e T  

163 

190 " 9  

209.1 
268.7 

3 97 I 7 
217.6 

250 " 3  

294.3 

139 .I 
252.8 
186.9 

74.45 

68.5 

Kinemetic 
Vis co s i  t y  

( C S t  1 

2.335 

2.735 

2.996 

3.850 
5 - 698 

3.118 

3.586 

4.216 
1.993 

3.622 

2.678 

1.067 
0,981 

1.641 

1.648 

1.711 

1.720 

1.730 
1.757 

1.763 

1.7695 

3.205 

1.6465 

1.632 

1.415 

1.406 

Dvnamic 
V i s c u s 2  

(CP) 

3.8317 

4.507 

5.126 

6 622 
9.858 

5.489 
6 e 322 

7.460 

2.335 

5 a 964 

4.370 

1.510 

1.579 

Viscometer cons tan t  = .014327 (cSt/sec. 1 
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t h e  a b o v e  r e f e r e n c e s ,  The c a l c u l a t i c n s  amd i n t e r m e  
r e s u l t s  a r e  p r e s e n t e  p e n d i x  3. B r i e f l y ,  the method u s e s  
t h e  slopes of t h e  eonstant c o n c e n t r a t i o n  l i n e s  i n  t h e  D u h r i n g  
d i a g r a m .  T h i s  s l o p e  is the r a t i o  sf two C l a p e y r o n  e q u a t i o n s - -  
o n e  f o r  t h e  s ; o ' B v e n ~  a n d  one f o r  t h e  s o l u t e ,  b o t h a t  t h e  s a m e  
p r e s s u r e .  T h e  only unkmswn I n  t h e  r e s u l t i n g  s i n g l e  e q u a t i o n  
i s  t h e  l a t e n t  b e a t  of e v a p o r a t i o n  of t h e  s a t u r a t e d  s o l u t i o n .  
S u b t r a c t i n g  t h i s  from. t h e  e n t h a l p y  of  t h e  s u p e r h e a t e d  steam 
Seeaves t h e  s a t u r a t e d  l i q u i d  e n t h a l p y  of  the s o l u t i o n .  
H a l t e n b e r g e r g s  a p p r o a c h  i s  t o  a n a l y t i c a l l y  a d d  a n d  s u b t r a c t  
water  a t  c o n s t a n t  t e m p e r a t u r e  f rom a b a s e  c o n c e n t r a t i o n  t o  
g e n e r a t e  e n t h a l p y  i s o t h e r m s  f o r  v a r y i n g  c o n c e n t r a t i o n s .  T h i s  
is r e p e a t e d  f o r  v a r t o u s  t e m p e r a t u r e s  u s i n g  s p e c i f i c  h e a t  f o r  a 
b a s e  c o n c e n t r a t i o n  o n l y ,  

3.2.1.3. R e s u l t s  

F i g u r e  3.8 i s  the r e s u l t i n g  e n t h a l p y - c o n c e n t r a t i a n -  
t e m p e r a t u r e  (M-X-TI d i a g r a m  for t h e  h i g h  t e m p e r a t u r e  AWP. 
T h i s  p l o t  i s  k n o w n  a s  a M e r k e l  d i a g r a m .  
c a l c u l a t e  c y c l e  e n e r g y  b a l a n c e s  a n d  COP. T h e  r e f e r e n c e  s t a t e  
% O F  F i g u r e  3.8 i s  O"C, s o  i t  c a n  be u s e d  d i r e c t l y  w i t h  
s t a n d a r d  steam t a b l e , . ; ,  

3 .2 .2 .3 ,  T h e r m a l  C o n d u c t i v i t y -  

I t  i s  u s e d  b e l o w  t o  

3 . 2 . 2 . 3 .  P u r p o s e  

T h e r m a l  c o n d u c t i v i t y  s t r o n g l y  i n f l u e n c e s  t h e  h e a t  
t r a n s f e r  t h r o u g h  t h e  c o n v e c t i v e  f i l m s  w h i c h  form a t  h e a t  
t r a n s f e r  surfaces. A c c u r a t e  k n o w l e d g e  of t h i s  p r o p e r t y  i s  
n e c e s s a r y  for d e s i g n i n g  a c t u a l  u n i t s ,  b u t  c o n t r i b u t e s  L i t t l e  
i n  a s s e s s i n g  c y c l e  p e r f o r m a n c e .  B e c a u s e  o f  t h i s  a n d  b e c a u s e  
d i r e c t  m e a s u r e m e n t  5 s  e x p e n s i v e ,  i t  was n o t  a n  o b j e c t i v e  o f  
t h i s  s t u d y  to m e a s u r e ,  b u t  i t  was a n  o b j e c t i v e  o f  t h i s  s t u d y  
t o  e s t i m a t e  t h e r m a l  c o n d u c t i v i t y  o f  t h e  h i g h  t e m p e r a t u r e  
a b s o r b e n t .  

3.2,2.2. M e t h o d  

A l i t e r a t u r e  s e a r c h  a n d  a n  e s t i m a t i o n  t e c h n i q u e  were u s e d  t o  
e s t i m a t e  t h e r m a l  c o n d u c t i v i t y .  V a l u e s  h a v e  b e e n  r e p o r t e d  i n  
t h e  l i t e r a t u r e  f o r  a q u e o u s  NaNO 

f o r  20O6, b u t  t e m p e r a t u r e  d e p e n d e n c e  was s h o w n  t o  b e  v e r y  
s l i g h t  a n d  also c o u l d  b e  e s t i m a t e d .  T h u s  l i t e r a t u r e  d a t a  
p r e s e n t e d  a b a s i s  f o r  a n  e s t i m a t e  f o r  t h e  c o n d u c t i v i t y  o f  t h e  
t e r n a r y  n i t r a t e .  

L i t e r a t u r e  v a l u e s  f o r  s o u l t i o n s  o f  p u r e  NaNO and pure  EN03 
were a v a i l a b l e  f o r  c o n c e n t r a t i o n s  less t h a n  4d w/o ( L u n d o l t ,  
1968 a n d  V a r g a f t i k ,  1975).  T h e s e  were l i n e a r l y  e x t r a p o l a t e d  t o  
h i g h e r  c o n c e n t r a t i o n s  a s s u m i n g  m a r k e d  d e c r e a s e  i n  c o n d u c t i v i t y  
w i t h  i n c r e a s i n g  c o n c e n t r a t i o n .  From 40 w/o t o  80 w/o MaFlO was 
r e d u c e d  b y  13 p e r c e n t ,  a n d  KNO by 26 p e r c e n t .  

a n d  K N 0 3 - - t w o  of t h e  t e r n a r y  
c o m p o n e n t s - - a n  a l s o  f o r  s e v e r a  4 r e l a t e d  s a l t s .  H o s t  d a t a  was 

No therma i? 
c o n d u c t i v i t y  data were a v a i l a b  31 e f o r  EiN03. H o w e v e r ,  t h e  
b r o m i d e  s a l t  for e a c h  a f  t h e  c a t i ~ n s  were r e p o r t e d  i n  E a n d o l t  
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(1968). C o m p a r i s o n  of t h e  b r o m i d e  d a t a  p r o v i d e d  t h e  b a s i s  f o r  
c a l c u l a t i o n  o f  a EiNOQ es t imate  b y  invoking an o f f s e t  b e l o w  
t h e  v a l u e s  f o r  KNQ3. A t  80 w/o, f o r  example, t h i s  r e s u l t e d  i n  
8 c o n d u c t i v i t y  v a %  e 24 p e r c e n t  b e l o w  t h a t  e s t i m a t e d  f o r  K N 0 3 "  

Most of  t h e  l i t e r a t u r e  d a t a  a r e  f o r  a m b i e n t  t e m p e r a t u r e .  
However ,  t h e  e f f e c t  o f  t e m p e r a t u r e  i s  s m a l l ,  a n d  f o r  c o m p l e x  
m i x t u r e s  e v e n  l e s s  t h a n  f o r  t h a n  s i m p l e  l i q u i d s  ( R e i d ,  1977) .  
P u r e  w a t e r  e x h i b i t s  a 1 2  p e r c e n t  i n c r e a s e  i n  t h e r m a l  
c o n d u c t i v i t y  from 20°C t o  80QC, a n d  r e m a i n s  a p p r o x m a t e l y  
c o n s t a n t  ( v a r y i n g  b y  l e s s  t h a t  2 p e r c e n t )  from 8OoC u p  t o  235'C. 
F o r  t h e  p u r p o s e  o f  t h e  p r e s e n t  e s t i m a t e ,  i t  was a s s u m e d  t h a t  t h e  
t e m p e r a t u r e  d e p e n d e n c e  of t h e  s o l u t i o n  i s  s o l e l y  d u e  t o  t h e  
w e i g h t  f r a c t i o n  of water  i n  t h e  s o l u t i o n .  

T h e  t h r e e  p u r e  n i t r a t e  c o n d u c t i v i t i e s  were c o m b i n e d  u s i n g  
t h e  p o w e r  l a w  r e c o m m e n d e d  b y  ( R e i d ,  1 9 7 7 ) :  

w h e r e  k = c o m b i n e d  t h e r m a l  c o n d u c t i v i t y ,  
k i  = t h e r m a l  c o n d u c t i v i t y  o f  s p e c i e s  i, a n d  
w P w e i g h t  f r a c t i o n  o f  s p e c i e s  i. 

3.2.2.3.  R e s u l t s  

E s t i m a t e s  were c a l c u l a t e d  f a r  s o l u t i o n s  i n  t h e  f o l l o w i n g  
h e a t  a m p l i f i e r  a p p l i c a t i o n :  26O0C, 86.7w/o g e n e r a t o r ,  a n d  
154.5 'C.  83.7w/o a b s o r b e r .  T h e  r e s u l t s  were .31 a n d  .33 W/m2K 
r e s p e c t i v e l y .  

T h e s e  e s t i m a t e s  c o n t a i n  a d e g r e e  o f  c o n s e r v a t i s m  d u e  t o  
t h e  e x t r a p o l a t i o n  of  p u r e  c o m p o n e n t  d a t a .  H o w e v e r ,  b e c a u s e  
t h e y  a r e  es t imated  v a l u e s ,  n o t  m e a s u r e d ,  t h e y  s h o u l d  n o t  b e  
u s e d  w i t h  c o n f i d e n c e ,  A p l u s  o r  m i n u s  30 p e r c e n t  m a r g i n  i s  
s u g g e s t e d .  T h e  n e x t  p h a s e  of s t u d y  s h o u l d  i n c l u d e  d i r e c t  
m e a s u r e m e n t  o f  t h e  t h e r m a l  c o n d u c t i v i t y  o f  t h e  h i g h  
t e m p e r a t u r e  a b s o r b e n t .  

3,2,3. P r a n d t  1 Number 

3.2.3.1 P u r p o s e  

P r a n d t l  n u m b e r  is t h e  r a t i o  of  momentum d i f f u s i o n  t o  
t h e r f f i a l  d i f f u s i o n .  I t  i s  t h e  p r o p e r t y  w h i c h  l i n k s  t h e  f l u i d  
v e l o c i t y  f i e l d  w i t h  t h e  t e m p e r a t u r e  f i e l d  i n  t h e  c o n v e c t i v e  
f i l m .  T h i s  p r o p e r t y  a p p e a r s  i n  c o n v e c t i v e  h e a t  t r a n s f e r  
r e l a t i o n s  for e s t i m a t i n g  f i l m  h e a t  t r a n s f e r  c o e f f i c i e n t s .  

3.2.3.2. M e t h o d  

P r a n d t l  n u m b e r  i s  d e f i n e d  a n d  c a l c u l a t e d  a s  t h e  p r o d u c t  
of  d y m a m i c  v i s c o s i t y  a n d  s p e c i f i c  h e a t ,  d i v i d e d  by t h e r m a l  
c o n d u c t i v i t y ,  T h e  f i r s t  t w o  p r o p e r t i e s  were m e a s u r e d ,  a n d  t h e  
t h i r d  e s t i m a t e d ,  a l l  a s  r e p o r t e d  a b o v e .  
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I n  an a b s o r p t i o n  h e a t  pum t h e r e  a r e  three h e a t  t r a n s f e r  
f i l m s  i n v o l v i n g  t h e  a b s o r b e n t .  G e n e r a t o r  a n d  a b s o r b e r  
c o n d i t i o n s  r e p r e s e n t  t h e  ewperature extremes f o r  t h e  s o l u t i o n  
a s  w e l l  a s  t h e  largest c4 p o n e n t s  i n  t h e  s o l u t i o n  l o o p .  The 
s o l u t i o n  e x c h a n g e r  e x p e  nces i n t e r m e d i a t e  c o n d i t i o n s ,  
T h e r e f o r e ,  t h e  Prandtl er was c a l c u l a t e d  for g e n e ~ a t o r  a n d  
a b s o r b e r  c o n d i t i o n s  o n l y .  O p e r a t i n g  c o n d i t i o n s  for t h e  L i B r  
system were t a k e n  Prom en L i B r  h e a t  pump a p p l i c a t i o n ,  mot. a 
c h i l l e r .  O p e r a t i n g  c o n d i t i o n s  f o r  t h e  h i g h  t e m p e r a t u r e  
a b s o r b e n t  a r e  p o s t u l a t e d  a s  t y p i c a l  f o r  a h i g h  t e m p e r a t u r e  
h e a t  pump,  o u t s i d e  t h e  r a n g e  of  L i B r  c a p a b i l i t y .  

3 . 2 . 3 . 3 .  R e s u l t s  

T a b l e  3.3  presents t h e  results. A P r a n d t l  n u m b e r  o f  13 
t o  2 3  was c a l c u l a t e d  f o r  t h e  h i g h  t e m p e r a t u r e  a b s o r b e n t .  T h i s  
compares w i t h  9.8 f o r  L i B r .  Fo r  t h e  h i g h  t e m p e r a t u r e  
a b s o r b e n t ,  a range i s  r e p o r t e d  t o  account f o r  a p o s s i b l e  30 
p e r c e n t  e r r o r  i n  t h e  e s t i m a t e d  t h e r m a l  c o n d u c t i v i t y  v a l u e s .  
I n  h e a t  t r a n s f e r  r e l a t i o n s  t h e  B r a n d t l  n u m b e r  i s  t y p i c a l l y  
r a i s e d  t o  t h e  1/3 p o w e r ,  d i m i n i s h i n g  t h e s e  d i f f e r e n c e s .  

T h e  f i l m  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  more  s t r o n g l y  
i n f l u e n c e d  b y  t h e r m a l  c o n d u c t i v i t y ,  t h e  p r o p e r t y  w h i c h  was 
e s t i m a t e d ,  t h a n  b y  a n y  o t h e r  p r o p e r t y  r e p o r t e d  a b o v e ! .  F o r  
f u l l y  d e v e l o p e d  f l o w  in sa c o n d u i t ,  t h e  r a t i o  o f  f i l m  h e a t  
t r a n s f e r  c o e f f i c i e n t  f o r  t h e  h i g h  t e m p e r a t u r e  a b s o r b e n t ,  to 
t h a t  f o r  L i B r  r a n g e s  f r o m  .75 t o  1.1. ( T h i s  i s  u s i n g  t h e  
o p e r a t i n g  c o n d i t i o n s  i n  T a b l e  3 .3 . )  R e c o g n i z i n g  t h e  
c o n s e r v a t i s m  a p p l i e d  i n  e s t i m a t i n g  t h e r m a l  c o n d u c t i v i t i e s  
( s e c t i o n  3.2.29 t h i s  r a t i o  i s  p r o b a b l y  c l o s e  t o  1. F o r  
l o w e r  t e m p e r a t u r e  h e a t  p u m p s ,  w h e r e  t h e  t e m p e r a t u r e  
c a p a b i l i t i e s  o f  t h e  a b s o r b e n t s  o v e r l a p ,  L i B r  mag R a v e  
s i g n i f i c a n t l y  b e t t e r  h e a t  t r a n s f e r  f i l m  c o e f f i e i e n t s .  

O v e r a l l  surface a r e a  r e q u i r e m e n t s  d e t e r m i n e d  b y  s i x  
a d d i t i o n a l  f i l m  c o e f f i c i e n t s :  t h o s e  of  t h e  user 's  f l u i d  a n d  
t h o s e  i n  t h e  e v a p o r a t o r  a n d  c o n d e n s e r .  T h u s ,  g i v e n  t h e  same 
h e a t  e x c h a n g e r  LMTD's t h e  o v e r a l l  s u r f a c e  a r e a  r e q u i r e m e n t s  
a r e  e x p e c t e d  t o  b e  s i m i l a r  t o  t h o s e  o f  h e a t  p u m p s  u s i n g  L i B r .  

TABLE 3 . 3  
FWUiOTL FMYBER CWAF1ISON 

Lithium Bromide High Temp. Rbsorbent 

Solution in Solution in Solutio1 in Solutian in 
Generator ksorber Generator Absorber 

Typical Conditions: 

TerrQ. (OC) 1 so 93 260 154.5 
rmc. (%do) 65 61 86.7 83.7 

Viscocity (cP) 2.1 2.5 1.5 3.8 

Speci f ic  k a t  (kJ/kgK) 1.8 2.0 1.8 2.1 

T h e m 1  Conductivlt; (W/rar'X) .44 .44 .39+. 09 .33f. 10 
Prandtl m e r  8.6 6 . 8  to 12 19 to 34 

average Prandtl W e r  9.8 13 t o  23 

1 1 -  _. ~ 
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T h e  two p r o p e r t i e s  a d d r e s s e d  in this s e c t i o n  a r e  t h e  
r e a s o n  t h a t  n o  o t h e r  a q u e o u s  a b s o r b e n t  t o  d a t e  h a s  
s u c c e s s f u l l y  been e x t e n d e d  t o  t e m p e r a t u r e s  a b o v e  a b o u t  18O0C, 
T h e r e f o r e  a n y  a n d  a l l  i n f o r m a t i o n  i n  t h i s  a r e a  is h i g h l y  
p e r t i n e n t  a n d  v a r a e n t s  c a r e f u l  s c r u t i n y .  

T O U S  a l k a l i  metal n i t r a t e s  a r e  n o t e d  f o r  h a v i n g  
h i g h  s t a b i l i t y  an r e s i s t a n c e  t o  t h e r m a l  d e c o m p o s i t i o n ,  When 
t h e r m a l  d e c o m p o s i  on d o e s  o c c u r ,  b o t h  a l k a l i  o x i d e s  a n d  
n i t r i t e s  a r e  f o r m  i n  a d d i t i o n  t o  MOx g a s e s ,  N2, a n d  02. 
T h e  t e m p e r a t u r e s  Below w h i c h  t h e r m a l  d e c o m p o s i t i o n  i s  
n e g l i g i b l e  a r e  g i v e n  a s  650°C f o r  KN03, 600OC f o r  NaN03, a n d  
3 2 3 O C  f o r  L i N 0 3  ( S t e r n ,  1972). 

kn 
t r  

t h  
(0 

A m i x t u r e  o f  a p p r o x i m a t e l y  60 w/o  NaN03, 60 w/o KH03@ 
o w n  a s  d r a w  s a l t ,  i s  m a r k e t e d  b y  s e v e r a l  c o m p a n i e s  a s  a h e a t  
a n s f e r  f l u i d .  I t  i s  r a t e d  a s  c h e m i c a l l y  s t a b l e  u p  t o  5 9 5 O C  
l i n ,  1982). T h e r e  are many i n s t a n c e s  o f  i n d u s t r i a l  u s e  of  
i s  s a l t ,  f o r  h e a t  t r e a t m e n t  a s  w e l l  a s  f o r  h e a t  t r a n s f e r .  

An e x a m p l e  of  c u r r e n t  i n t e r e s t  is t h e  M o l t e n  S a l t  E l e c t r i c  
E x p e r i m e n t  (Holmes,  19831, w h e r e  80,QOQ kg is u s e d  a t  566'6 t o  
s t o r e  solar e n e r g y .  

Water v a p o r  i s  r e p o r t e d  t o  r e v e r s i b l y  a b s o r b  i n t o  a n d  
desorb f r o m  t h e  ElaN03-KN03 m i x t u r e  a t  t e m p e r a t u r e s  u p  t o  6 0 0 O C  
( W h i t e ,  1981). T h u s  t h e  i m p l i c a t i o n  i s  t h a t  t h e  p r e s e n c e  of  
water  d o e s  n o t  i n d u c e  t h e r m a l  d e c o m p o s i t i o n  t o  occur  a t  a 
s i g n i f i c a n t l y  l ower  t e m p e r a t u r e  t h a n  t h a t  a t  w h i c h  t h e  
a n h y d r o u s  s a l t  d e c o m p o s e s .  

T h e  c o r r o s i o n  b e h a v i o r  of  t h e  a n h y d r o u s  s a l t  h a s  b e e n  
s t u d i e d  b y  b o t h  D u P o n t  (Kirst ,  1 9 4 0 )  a n d  b y  S a n d i a  N a t i o n a l  
L a b o r a t o r i e s  ( B r a d s h a w ,  1982). T h e s e  r e f e r e n c e s  s h o w  
s t a i n l e s s  s t e e l s  h a v i n g  c o r r o s i o n  r a t e s  of  l e s s  t h a n  1 m i l  p e r  
y e a r  a t  t e m p e r a t u r e s  u p  t o  a p p r o x i m a t e l y  t h e  c h e m i c a l  
s t a b i l i t y  l i m i t ,  a n d  m i l d  s t e e l  a t  t e m p e r a t u r e s  a b o u t  IOOOC 
lower .  
a q u e o u s  systems were t e s t e d .  T h e r e  are, h o w e v e r ,  t w o  p i e c e s  
o f  i n d i r e c t  e v i d e n c e  t h a t  t h e  l a t t e r  s y s t e m s  w i l l  a l s o  b e  n o n -  
c o r r o s i v e ,  F i r s t ,  a c e r t a i n  f r a c t i o n  of t h e  i n d u s t r i a l  h e a t  
t r a n s f e r  s y s t e m s  u s i n g  n i t r a t e  salt i n c o r p o r a t e  a water  
d i l u t i o n  s y s t e m  w h i c h  a l l o w s  c o o l d o w n  to a m b i e n t  t e m p e r a t u r e s  
w i t h o u t  s a l t  f r e e z e u p  ( F r i e d m a n ,  1969). T h e  water is b o i l e d  
out d u r i n g  s u b s e q u e n t  h e a t u p ,  a n d  is e s s e n t i a l l y  a l l  g o n e  b y  
26OoC.  T h i s  s y s t e m  u s e s  t h e  same m i l d  s t e e l  c o n s t r u c t i o n  a s  
t h e  a n h y d r o u s  s a l t  s y s t e m s .  S e c o n d l y ,  t h e  a l k a l i  m e t a l  
n i t r a t e s  a r e  r o u t i n e l y  a d d e d  t o  a q u e o u s  s y s t e m s  as c o r r o s i o n  
i n h i b i t o r s ,  a n d  L i N 0 3  is s p e c i f i c a l l y  a d d e d  t o  L f B r  f o r  t h a t  
p u r p o s e ,  

U n f o r t u n a t e l y  n e i t h e r  LIN03 c o n t a i n i n g  s y s t e m s  n o r  
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4,% EXPERIMENT 

B o t h  s t a t i c  i s o t h e r m a l  and d y n a m i c  temperature c y c l i n g  
t e s t s  were conducted. I n  some c o r r . o a l o n  s y s t e m s  t h i s  
d i s t i n c t i o n  i s  h i g h l y  I m p o r t a n t ,  as t h e  t w o  types of  t e s t s  
l e a d  t o  g r e a t l y  d i f f e a l n g  r e s u l t s ,  Fo r  t h e  a q u e o u s  t e r n a r y  
n i t r a t e  s y s t e m ,  t h e  a e , a u l _ t s  are n o t  s i g n i f i c a n t l y  d i f f e r e n t .  
T h i s  i s  c o n s i s t e n t  w i t h  C O ~ T O S ~ O ~  d a t a  o n  t h e  a n h y d r o u s  
n i t r a t e s  r e p o r t e d  b y  S w n d i a  ( B r a d s h a w ,  1982), w h e r e  t e s t i n g  in 
a t h e r m a l  c o n v e c t i o n  l o o p  y i e l d e d  e s s e n t i a l l y  the same r e s u l t s  
a s  h a d  b e e n  p r e v i o u s l y  r e p o r t e d  f o r  s t a t i c  i s a t h e r  

T W O  specimen geometries were u s e a - - f i a t  p i a t e  a n a  0.5 
i n c h  O D  t u b i n g .  T h e  t y p i c a l  s p c c i  e n  was 9 i n c h e s  l o n g ,  a n d  
was i m m e r s e d  a p p r s x j m a t e l y  three  q u a r t e r s  i n  t h e  a b s o r b e n t .  

T h e  s t a t i c  isothermal testa were c o n d u c t e d  i n  b o t h  S S  304  
a n d  I n c o n e l 6 0 0  p r e s s u r e  v e s s e l s ,  1 1 / 2  i n c h  OD b y  14 i n c h e s  
l o n g .  T h e  s o l u t i o n  d e p t h  was a b o u t  7 inches. A pressure gage 
was mounted on the vessel. These t e s t s  were c o n d u c t e d  at 
v a r i o u s  t e m p e r a t u r e s  from 160°C t o  31O"C, a n d  w i t h  v a r i o u s  
s a l t  c o m p o s i t i o n s ,  i n c l u d i n g  a q u e o u s  LiN03 a l o n e .  T h e  " b l a n k "  
r u n ,  w i t h  n o  c o r r o s i o n  s p e c i  911 p r e s e n t ,  was c o n d u c t e d  in t h e  
I n c o n e l  v e s s e l .  T h e  d y n a m i c  t e s t s  were c o n d u c t e d  i n  t h e  same 
v e s s e l  a s  d e s c r i b e d  a b o v e  for t h e  a b o v e - a t m o s p h e r e  VLE 
m e a s u r e m e n t :  a 4 i n c h  b y  26 i n c h  S S  3 0 4  p r e s s u r e  v e s s e l .  I t  

c y c l e d  f r a m  260°@ t o  2 1 0 ° C  a n d  back t a n  h o u r l y  r a t e  ( 
h o u r  for each  d i r e c t i o n ) .  Standard d u s t r i a l  g r a d e  al 
n i t r a t e  s a l t s  were used (Appendix l), It is c o n s i d e r e d  t o  be 
i m p o r t a n t  to c o n d u c t  t h i s  test w i t h  s a l t s  t y p i c a l  of t h o s e  
w h i c h  w i l l  a c t u a l l y  be u s e d  i n d u s t r i a l l y ,  r a t h e r  t h a n  with 
l a b o r a t o r y  g r a d e  s a l t s ,  

was m o u n t e d  o n  a s h a k e r ,  andl t h e  tern e r a t u r e  c o n t i n u o u s l y  

T h e  g e n e r a t i o n  of  n o n - c o n d e n s a b l e  gas was m o n i t o r e d  o v e r  
the p e r i o d  o f  t h e  experiment, T h e  a p p a r a t u s  was e v a c u a t e d  to 
l e s s  t h a n  3 narnNg a b s o l u t e  p r e s s u r e  a t  t h e  s t a r t  w h i l e  c o l d ,  
a n d  t h e n  t h e  v a c u u m  w a s  m e a s u r e d  a g a i n  w h i l e  c o l d  at t h e  e n d .  
F o r  same e x p e r i m e n t s ,  i n t e r m e d i a t e  v a c u u m s  m e a s u r e m e n t s  were 
a l s o  taken. 

When p o s s i b l e ,  eke n o n - c o n d e n s a b l e  g a s e s  were c o l l e c t e d  
a n d  t e s t e d .  T h i s  was difficult, because t h e  a m o u n t s  were s o  
s m a l l ,  on  t h e  order of 10 mP. With t h e  a n h y d r o u s  aa1t :8 ,  i t  i s  
known t h a t  c o r r o s i o n  i s  a c c o m p a n i e d  b y  the r e l e a s e  of N . F o r  
a q u e o u s  h a l i d e s ,  c o r r o s i o n  r e s u l t s  i n  H2 g e n e r a t i o n .  

s u p p o r t e d  c o m b u s t i o n  nor a u l d  b u r n ,  a n d  were  s o l a r l e s s ,  When 
t h o r o u g h l y  m i x e d  w i t h  a ~b 11 amount of d i s t i l l e d  water, 8 pw 
of 3.5 was o b t a i n e d ,  Thi. idenre is c o n s i s t e n t  w i t h  the 
g a s e s  b e i n g  8 m i x t u r e  of and NO. O n e  g o a l  of future 
research s h o u l d  b e  t h e  C Q  tion Q f  Sufficient I l O I l -  
c o n d e n s a b l e s  t o  o b t a i n .  a n  a c c u r a t e  a n a l y s i s  of c o m p o s i t i o n .  

T i e  
gases  c o i i e c t e a  f k o m  t h e  aqueous ternary n i t r a t e  n e i t h e r  

T h e  pH of the a b s o r b e n t  solution a n d  t h e  c o n d e n s a t e  were 
tested a f t e r  e a c h  run. T h e  absorbent. e g p i c a P l y  i n c r e a s e d  b y  
a b o u t  2 u n i t s  o v e r  a 30-day t e s t ,  e . g C o  from 6.5 t o  8 . 5 ,  T h e  
c o n d e n s a t e  was usually i n  the 5.5 to 6 range. T h i s  evidence 
is c o n s i s t e n t  w i t h  a c o r r o s i o n  m e c h a n i s m  w h e r e b y  a l k a l i  
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n i t r a t e ,  me ta l ,  a n d  water r eac t  t o  e l k a l i  
o x i d e ,  a n d  e i t h e r  PIT2 o r  NO. Note t h a t  t h e  p r e s e n c e  of  b o t h  
H20 a n d  NO i n  t h e  v a p o r  s p a c e  w i l l  c a u s e  s o m e  n i t r o u s  a c i d  t o  
form a c c o u n t i n g  f o r  t h e  low pH v a l u e s  o b s e r v e d  i n  t h e  
c o n d e n s a t e .  

T h e  a p p e a r a n c e  o f  t h e  e x p o s e d  c o u p o n s  tgujpporgs t h e  a b o v e  
h y p o t h e s i z e d  e c r r r o s i o n  m e c h a n i s m .  T h e  s o l u t i o n  i m m e r s e d  
p o r t i o n s  were d a r k e n e d  i n  color b y  oxide f i l m  f o r m a t i o n ,  b u t  
v e r y  s m o o t h  rand o b v i o u s l y  p a s s i v e  a n d  w e l l  p r o t e c t e d .  T h e  
v a p o r  c o n t a c t  a r e a  was a l s o  d a r k e n e d ,  b u t  n o t  a s  s m o o t h ,  a n d  
t h e  m i l d  s t e e l  s p e c i m e n s  s h o w e d  o c c a s i o n a l  rust ( h e m a t i t e )  
c o l o r e d  s p o t s  i n  t le v a p o r  e x p o s e d  area., 

T h r e e  m a t e r i a l s  were t e s t e d ,  m i l d  s t e e l  (A36 s t a i n l e s s  
s t e e l  ( 3 0 4 ) ,  a n d  pack a l u m i n i z e d  s t a i n l e s s  s t e e l .  T h e  f a t t e r  
h a s  b e e n  f o u n d  t ' o  b e  e f f e c t i v e  i n  r e s i s t i n g  a n h y d r o u s  n i t r a t e  
c o r r o s i o n  a t  t e m p e r a t u r e s  a b o v e  600'C. T h e  w e i g h t  c h a n g e  d a t a  
a r e  p r e s e n t e d  i n  l e  4.1, p l u s  t h e  c a l c u f a t e d  m i l / y e a r  
c o r r o s i o n  r a t e  b o n  t h e  w e i g h t  c h a n g e .  

T h e  r a t e  o f  n o n c o n d e n s a b l e  g a s  g e n e r a t i o n  i n  t h e  b l a n k  
r u n  was 4 kPa p r e s s u r e  i n  30 days, c o r r e s p o n d i n g  t o  ,0018 
m o l e s  o f  g a s  p e r  y e a r .  T h e  s a l t  c h a r g e  was 1.21 moles. T h u s  
t h e  i n d i c a t e d  d e c o m p o s i t i o n  r a t e  of t h e  a b s o r b e n t  a t  315'C is 
a p p r o x i m a t e l y  0.15% p e r  y e a r .  

T h e  t a b u l a t e d  d a t a  s h o w  t e m p e r a t u r e  a n d  LiNiQa c o n t e n t  t o  
b e  t h e  t w o  s i g n i f i c a n t  f a c t o r s  i n  d e t e r m i n i n g  c o r r o s i o n  r a t e ,  
w i t h  n o  a p p a r e n t  e f f e c t  f r o m  water c o n c e n t r a t i o n .  A l l  of  t h e  
c o r r o s i o n  r a t e s  a r e  e x t r e m e l y  low, w e l l  w i t h i n  r o u t i n e  
i n d u s t r i a l  t o l e r a n c e  l e v e l s .  T h e  m i l d  s t e e l  d o e s  e x p e r i e n c e  
n o t i c e a b l y  h i g h e r  c o r r o s i o n  r a t e s  t h a n  s t a i n l e s s  s t e e l ,  
a l t h o u g h  s t i l l  v e r y  l o w .  As m e n t i o n e d  a b o v e ,  t h e  a m o u n t  o f  
n o n - c o n d e n s a b l e  gas g e n e r a t i o n  i s  a l s o  v e r y  l o w ,  c o r r e s p o n d l n g  
t o  t h e  l o w  c o r r o s i o n  r a t e s .  T h e  n o n - c o n d e n s a b l e  g a s  g e n e r a t e d  
d u r i n g  t h e  b l a n k  r u n w a s  e v e n l o v e r , a l t h o u g h i t w a s  not z e r o .  
I t  i s  n o t  k n o w n  w h e t h e r  t h e  s m a l l  a m o u n t  o b s e r v e d  was d u e  t o  
s l i g h t  c o r r o s i o n  of  t h e  I n c o n e l  v e s s e l  o r  s l i g h t  d e c o m p o s i t i o n  
o f  t h e  a b s o r b e n t .  

One  o f  t h e  m i l d  s t e e l  t u b i n g  s p e c i m e n s  i n  t h e  c y c l i n g  
e x p e r i m e n t  was b e n t  a n d  s t r e s s  l o a d e d  b e f o r e  e x p o s u r e ,  I t  h a d  
t h e  same r e s i l i e n c y  a n d  r e s i s t a n c e  t o  f u r t h e r  b e n d i n g  a f t e r  
e x p o s u r e  a s  b e f o r e ,  i n d i c a t i n g  n o  s i g n i f i c a n t  d e g r e e  of 
p r e f e r e n t i a l  g r a i n  b o u n d a r y  a t t a c k .  

T h e  c o n c l u s i o n s t o  b e  d r a w n  from t h e  a b o v e  d a t a  a r e  t h a t  
a l l  s t a i n l e s s  s t e e l s ,  i n c l u d i n g  a u s t e n i t i c  v a r i e t i e s ,  are 
a c c e p t a b l e  m a t e r i a l s  of  c o n s t r u c t i o n  o v e r  t h e  e n t i r e  
t e m p e r a t u r e  r a n g e ;  t h a t  m i l d  s t e e l  is a c c e p t a b l e  in a b s o r b e n t  
c o n t a c t  a reas  o v e r  t h e  e n t i r e  t e m p e r a t u r e  r a n g e ,  but s h o u l d  
p r o b a b l y  n o t  b e  u s e d  i n  h i g h  t e m p e r a t u r e  v a p o r  p h a s e  a r e a s  
(e.g., a b o v e  220'6) d u e  t o  d i l u t e  a c i d  a t t a c k ;  a n d  t h a t  m i l d l y  
a l l o y e d  s t e e l ,  e.g., 2.5% Cr, w i l l  p r o b a b l y  b e  a d e q u a t e l y  
c o r r o s i o n  r e s i s t a n t  in t h e  v a p o r  s p a c e s .  I t  w i l l  also 
p r o b a b l y  b e  n e c e s s a r y  t o  e s t a b l i s h  a m i n o r  l i q u i d  blee 
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Prom t h e  e v a p o r a t o r  t o  the absorber, O D  t h e  order of L/2 
t h e  total condensate flow rate, to p r e v e n t  e x c e s s i v e  
concentration of  d i l u t e  n i t r o u s  a c i d  in t h e  e v a p o r a t o r .  

TA&E 4.1 

Euj)uEoUS NfTR4TE CMtROSION TESTS 

Specimn 
Type Haterial 

STATIC 

F l a t  CS 
cs 
cs 
cs 

5s MA 

$6 3314 

Tube Alon 

Tu& Alon i‘ Blank 
lube CS 
Tljbe cs 

DYNAMIC 1:; cs c5 

‘lube CS 
Tube SS 304 

230 
280 
270 
315 
260 

2.40 

315 

260-210 
260-210 
260-210 
2sc-2 10 
260-210 
250-210 

27 Tern. 35 L i  
14 Tern. 37 Ll 
34 Tern. 41 L i  

34 Tern. 41 Li 
24 

25 Tern. 53 L i  

30 Tern. 53 Li 

Tern. 53 Li 
67 

67 

67 

13 73.2 
33 63.05 

170 76.09 
270 75.56 

1W,78 

lob. 78 

100 c- 

218.7 
217.7 
216.95 
99.35 

80-10 

305 I 55 
129.10 

Mi@t Chg. Honca?dens. 
qn kPa 

-.m 8 
+. 15 10 
-. 19 18 
-, 12 17 

-,58 5 

+.02 5 

...- 4 

millyear 

N.C. 
+ 

1 .C6 
0.67 
2.84 

+ 

-_ 

N.C. 

N.C. 
N.C. 
N.C. 
N.C. 

+ 

+ = a e i p h t  gain 
H.C, = No s fg i i f i can t  &hian@ 
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5.1.  G E N E R A L  

T h e  b e n e f i t s  o f  a n  a b s o r p t i o n h e a t  p u m p  l i e  i n  f u e l  c o s t  
r e d u c t i o n s  f o r  t h e  user.  T h e s e  stern c h i e f l y  from the h e a t  
b a l a n c e  of t h e  a b s o r p t i o n  c y c l e .  F rom t h e  heat b a l a n c e  c a n  be 
c a l c u l a t e d  t h e  h e a t  s a v i n g s  o r  e q u i v a l e n t l y  t h e  c o e f f i c i e n t  of 
p e r f o r m a n c e  (CQP), w h i c h  i s  f o r m a l l y  d e f i n e d  b e l o w .  U s i n g  t h e  
high t e m p e r a t u r e  a b s o r b e n t ,  new i n d u s t r i a l  a p p l i c a t i o n s  o f  h e a t  
p u m p i n g  i n v o l v i n g  much h i g h e r  t e m p e r a t u r e s  and s i g n i f i c a n t l y  
h i g h e r  t e m p e r a t u r e  l i f t s  a r e  p o s s i b l e .  T h e  c y c l e  COP a n d  t h e  
a p p l i c a t i o n  t e m p e r a t u r e s  a r e  l i n k e d .  For h i g h e r  l i f t s  s l i g h t l y  
lower COPS r e s u l t ,  T h i s  is d u e  t o  s e n s i b l e  h e a t  e f f e c t e .  
F o r t u n a t e l y  t h e s e  e f f e c t s  a re  n o t  a e v e r e ,  a n d  t h e y  can b e  
m i t i g a t e d  w i t h  m i n o r  a d d i t i o n a l  c o m p o n e n t  d e s i g n .  A n o t h e r  
i m p o r t a n t  p o i n t ,  n o t  f u r t h e r  t r e a t e d  h e r e i n  is t h a t  t h e  h i g h e r  
t e m p e r a t u r e  e n e r g y  savings are u s u a l l y  v a l u e d  h i g h e r  t h a n  t h e  
l o w  t e m p e r a t u r e  e n e r g y  s a v i n g s  a s s o c i a t e d  w i t h  p r e s e n t  h e a t  
p u m p s .  

I n  t h e  d i s c u s s i o n  b e l o w ,  b o t h  h i g h  a n d  l o w  t e m p e r a t u r e  
l i f t  cases  a r e  a s s e s s e d  w i t h  r e s p e c t  to COP. F i r s t ,  the o v e r a l l .  
t e m p e r a t u r e  a n d  l i f t  C a p a b i l i t i e s  of  t h e  h i g h  t e m p e r a t u r e  
a b s o r b e n t  a r e  p r e s e n t e d  i n  c o m p a r i s o n  w i t h  LiBr. T h e n  c y c l e  COP 
is e s t i m a t e d  f r o m  b a s i c  c o n s i d e r a t i o n s  a p p l y i n g  t o  a q u e o u s  
a b s o r b e n t s .  F i n a l l y ,  COP i s  r i g o r o u s l y  c a l c u l a t e d  f o r  s e v e r a l  
c a s e s  i n c l u d i n g  a h e a d - t o - h e a d  c o m p a r i s o n  w i t h  L i B r .  

5.2. POSSIBLE USES A N D  CYCLE D I A G R A M S  

I n d u s t r i a l  h e a t  pump n e e d s  a r e  c h a r a c t e r i z e d  by v a r i e t y ,  
p a r t i c u l a r l y  w i t h  r e s p e c t  t o  t e m p e r a t u r e  l i f t  requirement a n d  
was te  h e a t  t e m p e r a t u r e .  A v i a b l e  h e a t  p u m p i n g  t e c h n o l o g y  m u s t  
b e  c a p a b l e  o f  s a t i s f y i n g  a w i d e  r a n g e  of t e m p e r a t u r e  l i f t  a n d  
waste h e a t  t e m p e r a t u r e  r e q u i r e m e n t s .  For a n y  a b s o r p t i o n  working 
p a i r ,  a l l  f e a s i b l e  c y c l e s  c a n  b e  r e v e a l e d  b y  c a r e f u l  i n s p e c t i o n  
o f  t h e  P-T-X d i a g r a m ,  s u c h  a s  F i g u r e  3.5 for t h e  h i g h  
t e m p e r a t u r e  a b s o r b e n t .  A f t e r  d e t e r m i n i n g  all f e a s i b l e  cycles 
f o r  a g i v e n  a b s o r b e n t  from i t s  P-T-X d i a g r a m ,  t h e  t e m p e r a u r e  
c a p a b i l i t i e s  of t h o s e  c y c l e s  c a n  b e  s u m m a r i z e d  u s i n g  t h e  f o r m a t  
of t e m p e r a t u r e  l i f t  v s  waste h e a t  t e m p e r a t u r e .  T h i s  is t h e  
f o r m a t  used i n  F i g u r e s  5.1 t h r o u g h  5.3, 

F i g u r e  5.1 i l l u s t r a t e s  i n  d e t a i l  how t h e  c a p a b i l i t y  p l o t  
f o r  a s i n g l e  s t a g e  h e a t  a m p l i f i e r  is d e r i v e d ,  For  c o m p a r i s o n ,  
t h e  c a p a b i l i t i e s  of L i B r  h a v e  a l s o  b e e n  p l o t t e d .  The P-T-X p l o t  
u s e d  f o r  LiBr is from ASHRAE (1978) w i t h  t h e  c r y s t a l l i z a t i o n  
l i n e  e x t e n d e d  b y  P e n n i n g t o n  (1955) d a t a .  Rules f o r  d e r i v i n g  t h e  
a p l i c a b i l i t y  p l o t s  a r e  a p p l i e d  equally t o  both absorbents a n d  
for b o t h  h e a t  a m p l i f i e r  a n d  t e m p e r a t u r e  a m p l i f i e r  modes, T h e y  
are:  

. A l l  h e a t  e x c h a n g e r s  h a v e  5 . 5 6 O C  (IOOF) LMTD; 
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3 wlo s o l u t i o n  h y s t e r e s i s ;  

115OC (27'F) m a r g i n  a g a i n s t  c r y e t a l l i z a t i o n  f o r  b o t h  
c o n s t a n t  c o n c e n t r a t i o n  c o o l - d o w n  a n d  c o n s t a n t  p r e s s u r e  
h e a t u p  ; 

. 26OoC n i t r a t e  s o l u t i o n  t e m p e r a t u r e  l i m i t ;  a n d  

. 17Q°C L i B r  s o l u t i o n  t e m p e r a t u r e  l i m i t .  

F i g u r e s  5.2 a n d  5.3 s h o w  t h e  r e s u l t s  for h e a t  a m p l i f i e r  a n d  
t e m p e r a t u r e  a m p l i f i e r  m o d e s  r e s p e c t i v e l y .  O n l y  s i n g l e  s t a g e  
h e a t  p u m p s  were p l o t t e d  b e c a u s e  t h e s e  a r e  u s u a l l y  more e c o n o m i c .  
H o w e v e r ,  t h e  h i g h  t e m p e r a t u r e  c a p a b i l i t y  of t h e  t e r n a r y  n i t r a t e  
a b s o r b e n t  a l s o  m a k e s  p o s s i b l e  2 - s t a g e  s y s t e m s  for l o w e r  l i f t  
h e a t  p u m p i n g  cases,  w h e r e  L i B r  c a n  p r o v i d e  o n l y  a s i n g l e  s t a g e .  

F i g u r e  5.2 s h o w s  t h a t  i n  c o m p a r i s o n  t o  L i B r ,  t h e  h i g h  
t e m p e r a t u r e  a b s o r b e n t  c a n  b e  u s e d  i n  t h e  h e a t  a m p l i f i e r  mode  t o :  

. p r o d u c e  s u b s t a n t i a l l y  h i g h e r  u s e f u l  t e m p e r a t u r e  
l i f t s  ( u p  t o  5 8 O C  v s  4 3 O C ) ,  a n d  

. m a k e  use o f  h i g h e r  t e m p e r a t u r e  was te  h e a t  ( 4 2 O C  t o  
a b o v e  2OO0C v s  7OC t o  136OC). 

F i g u r e  5.3 s h o w s  t h a t  i n  c o m p a r i s o n  t o  L i B r ,  t h e  h i g h  
t e m p e r a t u r e  a b s o r b e n t  c a n  b e  u s e d  i n  t h e  t e m p e r a t u r e  a m p l i f i e r  
mode t o :  

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

. m a k e  u s e  of h i g h e r  t e m p e r a t u r e  waste  h e a t  (60'6 t o  

l i f t s  ( u p  t o  90°C v s  5OoC), a n d  

24OoC v e r s u s  55OC t o  155OC) 

A l s o ,  c o m p a r i n g  t h e  two f i g u r e s  s h o w s  t h a t  t h e  
a p p l i c a b i l i t y  f i e l d  f o r  t h e  h i g h  t e m p e r a t u r e  a b s o r b e n t  u s e d  i n  
t h e  h e a t  a m p l i f i e r  mode c o m p l e t e l y  o v e r l a p s  t h e  a p p l i c a b i l i t y  
f i e l d  f o r  L i B r  u s e d  i n  t h e  t e m p e r a t u r e  a m p l i f i e r  mode. T h i s  
i s  i m p o r t a n t  i n  cases  w h e r e  c o o l i n g  water  i s  l i m i t e d  a n d  w h e r e  
t h e  t e m p e r a t u r e  a m p l i f i e r  w o u l d  r e q u i r e  a d d i t i o n a l  c o o l i n g  
wa te r .  

As n o t e d  a b o v e ,  w i d e  a p p l i c a b i l i t y  i s  t h e  h a l l m a r k  of  a 
s u c c e s s f u l  i n d u s t r i a l  h e a t  p u m p i n g  t e c h n o l o g y .  The 
a p p l i c a b i l i t y  d i a g r a m s  s h o w  t h a t  for b o t h  t h e  hear t  a m p l i f i e r  
a n d  t e m p e r a t u r e  a m p l i f i e r  m o d e s ,  t h e  h i g h  t e m p e r a t u r e  
a b s o r b e n t  is much more w i d e l y  a p p l i c a b l e  (area u n d e r  t h e  c u r v e s )  
t h a n  c u r r e n t  t e c h n o l o g y .  
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5.3. E S T I M A T I O N  6 F  CQP 

T h e  COP o f  a n  a b s o r p t i o n  h e a t  pump can be e s t i m a t e d  from 
P-T-X d a t a  a l o n e .  This s h o u l d  r o u t i n e l y  b e  danc w h e n  s c r e e n i n g  
new a b s o r b e n t s .  It a l s o  p r o v i d e s  c o r r o b o r a t i o n  f a r  detailed 
a n a l y t i c a l  results. 

T h e  h e a t  a m p l i f i e r  COP f o r  t h e  t e r n a r y  n i t r a t e  was 
e s t i m a t e d  b y  t h e  i s l l o w i n g  p r o c e d u r e :  c o n s i d e r i n g  o n l y  p h a s e  
c h a n g e  t h e r m o d y n a m i c s ,  a n d  ignoring h e a t  e x c h a n g e r  losses 

This r e l a t i o n  h o l d s  w h e n  r e d u c e d  t e m p e r a t u r e s  s c a l e  l i n e a r l y  
w i t h  b o i l i n g  p o i n t s ,  b a s e d  a n  t h e  W a t s o n  c o r r e l a t i o n  ( W a t s o n ,  
1 9 4 3 ) .  T h u s ,  

F o r  t y p i c a l  c o n d e n s e r  a n d  e v a p o r a t o r  t e m p e r a t u r e s ,  &-le/ AHC 
= 1.088. 

T h e  AH' 2 0  a t  1 atmosphere i s  9.178 k c a l / g m o l e ,  a n d  
f o r  t h e  85  w 7 o c o n c e n t r a t i o n  

a n d  t h e  C O P i d e a l  = 2.176. 

T h e  i d e a l  COP r e p r e s e n t s  the l i m i t i n g  p e r f o r m a n c e  u n d e r  
v e r y  h i g h  s o l u t i o n  p u m p i n g  rates and w i t h  infinite h e a t  
e x c h a n g e .  A t  t h e  o t h e r  e x t r e m e ,  u n d e r  h i g h  p u m p i n g  r a t e s  a n d  
w i t h  n o  h e a t  e x c h a n g e ,  t h e  l i m i t i n g  COY is 1. A r e a s o n a b l e  
d e s i g n  p o i n t  f o r  a n  a c t u a l  m a c h i n e  i s  t o  a c h i e v e  7Q% o f  t h e  
h e a t  e x c h a n g e  i d e a l l y  p o s s i b l e .  U n d e r  t h a t  assumptian: 



5 , 4  CALCULATION OF COEFFICIENT OF PERFORMANCE 

5 .4 .1 .  Definitions 

For absorption heat pumping the heating COP (COPh) is 
defined as the ratio of useful heat output divided by the high 
grade heat input: (as  distinguished from the waste heat input). 
To account for parasitic pumping power, a net measured COP 
(COPnm) is defined as follows: 

Net measured COP: 

F o r  Temperature Amplifier: 

Heat Delivered 
COPnm = 

(Heat Extracted From Input Stream 
Plus 4 x Pumping Power) 

For Heat Amplifier: 

Heat Delivered 
COP,, = 

(Heat Input From Driving Source 
Plus 4 x Pumping Power) 

Pumping power is calculated by applying a 6 5 %  efficiency to 
the calculated ideal pump work. 

5.4.2. Example Calculation of Cop 

In the examples below it can be seen that the net 
measured C O P i s  always only 
COP. This is due to the extremely high latent heat of 
evaporation of water, and the resulting l o w  absorbent 
circulation rates, compared to any other working fluid. Thus 
the distinction between heating COP and net measured COP is 
generally not significant for this high temperature absorbent. 

l o r  2 %  lower  than t h e  heating 

Energy balances were calculated for the example cycles 
depicted in Figures 5.4 and 5.5.  This was done using the N B S  
Steam Tables (Haar, 1 9 8 4 )  and Figure 3.8 ,  the Merkel diagram 
for the high temperature absorbent. The calculated 
temperatures, enthalpies, and mass flow rates are shown on the 
figures, 

flovsheet for an example of a heat amplifier using the high 
temperature absorbent. This closed cycle heat pump produces 
53 psig steam from atmospheric pressure waste steam, such as 
from a wort boiler at a brewery. In this example the 
generator temperature has bean l i m i t e d  to 2 4 7 O C .  This 
heat pump could produce higher pressure steam from the same 

Figure 5 . 4  presents a thermodynamic cycle diagram and  
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i s s p h e r i c  was t e  s t e a m  i f  the generator temperature i s  
i n c r e a s e d ,  

F i g u r e  5.5 p r e ~ e ~ c .  A R thermodynamic  c y c l e  d i a g r a m  a n d  
f l o w s h e e t  for a n  e x t z a p ~ e  a f  a temperature a m p l i f i e r  u s i n g  the 
high temperature abscrhernt .  T h i q  ahsarption heat pump 
p r o d u c e s  600 p s i g   tea^ from 100 p s i g  waste? steam. T h e  

d i s p o s a l  a E  l o w  g r a d e  h e a t  t o  t h e  atmosphere v i a  fin t u b e s  
i n s t e a d  O F  addi lng  b i . i tden  t o  t h e  c o o l i n g  water  u t i l i t i e s .  T h i s  
e x a m p l e  demonstrates the e x t r e m e  of high lift and h i g h  
t e m p e r a t u r e  c o p a h i l i f g .  Note t h a t  f o r  t h e  same a d v a n t a  
condenser t e m p e ~ a t ~ r e ,  50 p s i g  waste steam c.an be raised e o  

s o n d e n s e r  t e m p e r a t ~ i  G is h i g h  enollgh t o  a 1  1 O W  ~ C O I I O ~ ~ C  

250 p s i g  steam* 

T h e s e  I f P o w s h e e t s  r s p r e s e n i  p r e l i m i n a r y  estimate d e s i g n s ;  
no attempt w a s  m a d e  tc9 s p r i m i e ~  d e s i g n  parameteas such as 
solution c o n c e n t r a t i o n  hysteresis o r  solution heat exchanger 
a p p r o a c h  t e m p e r a t u r e s ,  A l s o ,  t h e s e  d e s i g n s  i n c l u d e  no 
s e n s i b l e  heat r e c o v e r y  €YO& t h e  varki .ng  f l u i d  a s  w 
a p p r o p r i a t e  f a r  h i g h  lift c a s e s .  T h e  r e s u l t s  for these s i a p l e  
cases a r e  a s  P o l l o a s s :  

T h e  COP e;nd COP f o r  t h e  heat e x c h a n g e r  example  depicted 
i n  F i g u r e  5.2 a r e  1.6&Pmand 1.61 r e s p e c t i v e l y .  

The COP and COP f a r  t h e  t r m p e s a ~ u r e  a m p l i f i e r  example 
d e p i c t e d  i n  k i g ~ r e  5.gmare  0,42 rand 0.41 r e s p e c t i v e l y .  

It s h o u l d  be n o t e d  t h a t  i n c l ~ i d i r x g  two v e r y  s a l l  s e n s i b l e  
h e a t  exchangers i n c r e a s e s  the enruount of useful h e  t delivered 
b y  a p p r o x i m a t e l y  6 p e r c e n t .  En the heat a m p l i f i e r ,  these 
e x c h a n g e r s  w o u l d  ( 1 )  h e a t  u p  d i l u t e  a o l u t i o s n  b y  desuper h e a t i n g  
s t e a m  f r o m  t h e  g e n e r a t o r ,  a n d  ( 2 )  s u p e r h e a t  steam from t h e  
e v a p o r a t o r  b y  s u b c o t l i n g  water from t h e  condenser .  In the 
temperature a m p l i f i e r  t h e  s e n s i b l e heat exchangers 
w o u l d  (1) c o o l  d i l u t e  s o j i u t r i o n  b y  superheating elteam Erom t h e  
evaporator, a n d  (2) h e a t  water from the c o n d e n s e r  b y  d e s u p e r -  
heating steam Trom t h e  generator. T h e s e  minor hardware 
a d d i t i o n s  become a.re economic f o r  h i g h e r  temperature l i f t s ,  

3 , 4 , 3 "  C o m p a r i s o n  w i t h  e 
T h e  cycles a s s e s s e d  a b o v e  c a n n o t  b e  a c h i e v e d  with E i B r .  

FOP a m e a n i n g f u l  compaf-is03 eo LiWr, the a p p l i c a t i o n  d e p i c t e d  
in F i g u r e  5.6 vas c h o s e n .  This heat amplifier is a c h i e v a b l e  
w i t h  both LiBr a n d  the h i g h  t e m p e r a ~ u r e  absorbent. T W O  

t h e  design parameters were i d e n t i e w l :  c % o s e d  cycle, no sensible 
h e a t  exchange o f  t h e  w o r k i n g  f l u i d ,  3.0 v J o  s o l u t i o n  
concentration c h a n g e ,  and 5,6'C solution h e a t  exch 

v e r s u s  1,87 with t h e  h i g h  temperature absorb C a l C U l a t e d  

f l ~ ~ ~ h e e t ~  were ~ ~ I ~ u l a t e d - - ~ n e  f o r  each abssrbent. Pn each c a s e  

temperature approach.  T h e  c a l c u l a t e d  COB*, i 1 w i t h  LiBr 

p a r a s i t i c  power is i n s i g n d f i e s n t  f o r  both ea  a y e  to the ISV 
t e m p e r a t u r e  l i f t ;  t h e  COP,, = COPhc The h i g  
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a b s o r b e n t  h a s  a 3.3% h i g h e r  COP t h a n  L i B r  i n  t h e  h e a t  a m p l i f i e r  
mode 

An a d d i t i o n a l .  e x a m p l e  was c a l c u l a t e d ,  b u t  n o t  
i l l u s t r a t e d ,  a t  a u s e f u l  t e m p e r a t u r e  l i f t  of 45’C. B o t h  COPS 
d e g e n e r a t e d  ( w i t h o u t  a d d i t i ~ n a l  s e n s i b l e  h e a t  e x c h a n g e r s ) ,  b u t  
t h e  h i g h  t e m p e r a t u r e  a b s o r b e n t  retained a 2.2 p e r c e n t  COP 
a d v a n t a g e .  

T h e s e  r e s u l t s  a r e  e ~ ~ s i s t e n t  w i t h  t h e  f a c t  t h a t  t h e  h i g h  
t e m p e r a t u r e  a b s o r b e n t  e x h i b i t s  l e s s  n e g a t i v e  d e v i a t i a n  f r o m  
R a o u l t i a n  b e h a v i o r  t h a n  d o e s  L i B r .  As a g e n e r a l  r u l e ,  f o r  
e q u i v a l a n t  s y s t e m  designs, t h e  h e a t  a m p l i f i e r  COP u s i n g  t h e  
h i g h  t e m p e r a u r e  a b s o r b e n t  w i l l  b e  s l i g h t l y  b e t t e r  t h a n  t h a t  of  
L i B r  i n  t h e  same c y c l e  c o n d i t i o n s .  C o r r e s p o n d i n g l y ,  t h e  
t e m p e r a t u r e  a m p l i f i e r  COP w i l l  b e  s l i g h t l y  l e s s  t h a n  t h a t  o f  
L i B r .  H o w e v e r ,  t h e  s c a l e  a n d  t e m p e r a t u r e  l i f t s  of t h e  new 
i n d u s t r i a l  a p p l i c a t i o n s  now m a d e  f e a s i b l e  w i l l  o f t e n  j u s t i f y  
t h e  a d d i t i o n  o f  t h e  s m a l l  s e n s i b l e  h e a t  e x c h a n g e r s  noted a b o v e  
for e n h a n c e d  COPS i n  b o t h  c y c l e s .  

6 .  CONCLUSIONS 

T h e  n e w l y  i d e n t i f i e d  w a t e r  v a p o r  a b s o r b e n t  h a s  
s u c c e s s f u l  1 J p a s s e d  a 1  1 t h e  l a b o r a t o r y  t e s t s  i n t e n d e d  t o  c h e c k  
i t s  s u i t a b i l i t y  a s  a h i g h  t e  peratbare: a b s o r b e n t  f o r  a b s o r p t i o n  
h e a t  p u m p i n g .  A t  t e m p e r a t u r e s  of  260°C a n d  h i g h e r  t h e  
a b s o r b e n t  

. h a s  n e g l i g i b l e  t h e r m a l  d e c o m p o s i t i o n  . h a s  c o r r o s i o n  r a t e s  less t h a n  1 mil j ’year  f o r  b o t h  

. p r o v i d e s  p r a c t i c a l  h e a t  p u m p i n g  l i f t s  o f  u p  t o  90°C. 
c a r b s n  s t e e l  a n d  a u s t e n i t i c  s t a i n l e s s  s t e e l  

T h e  a b s o r b e n t  i s  u s e f u l  f o r  was te  h e a t  t e m p e r a t u r e s  a s  
l o w  as  60°C, a n d  w i t h  c o r r e s p o n d i n g  a b s o r b e n t  t e m p e r a t u r e s  
r a n g i n g  f r o m  100 to 260°C. Over t h a t  r a n g e p  t h e  a b s o r b e n t  
t h e r m o d y n a m i c  p r o p e r t i e s  a r e  a t  l e a s t  a s  g o o d  a s  t h e  
c o r r e s p o n d i n g  v a l u e s  i n  c u r r e n t l y  o p e r a t i n g  L i B r  u n i t s .  

T h e  n e w  a b s o r b e n t  is not a p a n a c e a  f o r  a l l  e x i s t i n g  
a b s o r b e n t  l i m i t a t i o n s ,  It c a n n o t  r e p l a c e  LiBr i n  a i r  
c o n d i t i o n i n g  a p p l i c a t i o n s ,  n o r  N H 3 - H 2 8  i n  r e f r i g e r a t i o n  
a p p l i c a t i o n s .  I t  s h o u l d  not be e x p e c t e d  t h a t  t h e  h i g h  
t e m p e r a t u r e  a b s o r b e n t  w i l l  r e p l a c e  L i B r  i n  a l l  i n d u s t r i a l  h e a t  
p u m p i n g  a p p l i c a t i o n s .  R a t h e r ,  t h e r e  i s  a c o m p P e m e n t a r g  
r e l a t i o n s h i p  w i t h  L i B r .  I n  a d d i t i o n  t o  u n i q u e  a p p l i c a b i l i t y  
a r e a s ,  L i B r  h a s  s l i g h t l y  b e t t e r  COPS i n  the t e m p e r a t u r e  
a m p l i f i e r  mode i n  t h e  area of a p p l i c a b i l i t y  o v e r l a p c  a n d  L i B r  
may  h a v e  b e t t e r  h e a t  t r a n s f e r  p r o p e r t i e s  for l a w  t e m p e r a t u r e  
a p p l i c a t i o n s .  For t h e  h i g h e r  l i f t s  t h e  h i g h  tern 
a b s o r b e n t  r e q u i r e s  e i t h e r  a s h u t d o w n  d i l u t i o n  sg 
s e p a r a t e  m e l t  t a n k .  I t  d o e s ,  h o w e v e r ,  g r e a t l y  e x t e n d  t h e  
e x i s t i n g  c a p a b i l i t i e s  o f  a b s o r p t i s n  h e a t  pumps,  Maximum 
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useful lift is increased from 5 0  to 9 @ C ,  and maximum 
absorbent temperature is increased from 170 t o  26OoC. This 
extension in capabilities brings many important industrial 
applications within the scope of absorption h e a t  pumping f o r  
the first time. 

7. RECOMMENDATIONS 

It is recornmended t h a t  t h i s  research proceed to the pilot 
plant stage, to demonstrate cycle performance and determine 
heat and mass transport properties, particularly absorption 
rates. Supportive laboratory work is a l s o  recommended t o :  

(1) extend specific heat measurements; 
(2) test mildly alloyed steels plus copper alloys for 

( 3 )  analyze non-condensable gases from corrosion; 
(4) directly measure thermal conductivity; and 
(5) establish specific metallurgical requirements, 

corrosion; 

tolerances, and code requirements. 
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APPENDIX 1 0-419 

CAS Registry No. 7790-64-4 
Uthium Corporation of America 
449 North Cox Road 
Gostonia, North Carolina 28052 
17041 867-8371 

Chemicaf Analysis klei 57-5253 

Alkalinity (as tisos) 
0.05 rnax 
0.01 max 

Physic a I An CI l ysI s 
Bulk density 1.4 g/cm3 (90 Ib/ft3) 

Properties 

Molecular weight 
Density 
Melting point 
Decomposition temperature 
Specific heat 
Standard heat of formation 
Heat of solution 
Water solubility 

68.95 
2.366 g/crn3 at 2OoC 
251.4OC 
m 0 c  
0.387 cal/g/OC at 21 0OC 
-1 15.279 kcal/mole 
-.333 kcal/mole at 18OC 
43 wt. % at 2OoC 
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APPENDIX 1 

Supplier 
Grade 

CHEMICAL ANALYSIS QF INDUSTRIAL GRADE KN03 

NaN03 

KNO 3 

tii t r i  t e  

Ch 1 o r  i d e. 

Sri 1 f a t  e 

Calcium 

Hagnesi iun 

S i l i c a  

Copper 

Iron 

Carbonate 

ltyd rox i d  e 

Hot Water -Inso 1 ub 1 e 

Alrirninum 

Chromium 

Xickel 

!io i s t 11 r c 

vereac Chemical 
Tech C r y n  La1 

0.C16 

93.38 

0.005 

0.012 

0.080 

0.0027 

0.0029 

0.010 

0.0001 

0.0020 

0.0741 

0.001 

0.0126 

0.0005 

0 a 0003 

0 8 0002 

0.087 

Source: Foirucci 1982 
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APPENDIX 1 

PRODUCT DATA INORGANIC v1l[n CHEMICALS 
43. 

SODIUM NlTRATE 
O h  sodium nitrate, NaNQ, i s  manufactured in Lake 

Charles, Louisiana I t  i s  in the form of hard spherical pellels 
nith .I hulk density of 80 pound< per cubic loot and i t  13 

priiled to provide a uniformly free-flowing material with 
minimum dusting properties These qualities are main- 
tdined over long periods in storage Specrftcations for Otin 
sodium nitrate are given in Table 1. 

Table 1 
Specifications 

Cornponcnt Shipping Limit (%) 

NaNO,, min 99 4 
NJNO? max 025 
YJCI mJx 25 
NalSOd mJx .4n 
S101, rnax .OORS 

hlgO, rnax .002 
A1201, max .001 
hlri, niax .OOO1 
CU, nlJX .o001 
I, max .OOO1 
Ft.203, nux .OO25 

H20. mJx .02 
H o t  Wd!cr In,olublec, max .03 
Total Melhyl Orange Alkalinity 

Tulal N, rnin 76.3 

CJO, mJx .03 

J) NalCOJ, rnax  .04 

Principal Uses 
Soditrni nitrJtc IC, used in thr manufacture of explosiveb, 

~l'i-.. ceramic\, pyrotechnic\, W J ~ S  and detergent>, char- 
c o ~ I  Ixiquette\, pulp and paprr and porcelain enamel. I t  i s  
uwcl  .I\ ,I lerlilirer and in fertilizer mixtures .ind has i~ num- 
bpr ol otlicr chemical use\ MetJllurgical industries use 
wdiirm nitrate .IS A flux. A <  an oxidizing agent and JS J 
coniporrent in he,it treating bath< 

In bag. coded tood firade. Olin \odium nitrate i s  ac- 
rept,il~lr to ihc , k tcv t  Incpection Division of the United 
St.ilc. Ucp.irtment oi Agriculturr JS d color fix!ng agent 
in nie,i! ctrrrng 

U.S. Standard Screen 

Table 2 
Screen Analysis 

% 

On 6 meqh, max 
Thru 0.  on 20 mesh, nrin 
On 60 mesh, min 
Thru 100 mesh, max 

1 
50 

96 
1.5 

Toxicologica# Properties 
The acute oral LDw for sodium nitrate i s  4.3glkg. Sodium 

nitrate is  considered toxic from this route of exposure JC- 

cording to criteria established by the Federal Government 
in the Hazardous Substances Act. No information i s  avail- 
able on the toxicity from dermal or inhalation exposure but, 
in al l  probability, i t  would not be considered toxic from 
either of these routes of exposure. k d i u m  nitrate may be 
a skin irritant and an eye irritant. Sodium nitrate will not 
present J hazard to health when used according to normLit 
industrial handling practices. 

Personnel Protection 

and impervious gloves and boots. 

Spill and Leak Procedure 
Remove a l l  sources of ignition. Wear a NIOSH/MSHA ap- 

proved dust respirator. Follow OSHA regulations for respi- 
rator use. (See Chapter 29, Code of federal Rcgulaiions 
7910.134.) Wear goggles, coveralls and impervious gloves 
and boots. Minimize contamination with organic material. 
Do not return to origind ront.lincr. PLiw In J Irchh r'on- 
tainer and isolate outside or in J well ventilated area. no 
not seal container. Flush any residual material with large 
quantities of water. Wash off conlaminated clothing before 
reuse. 

Disposal 
Dispose of unused product in J mariner approved for 

this material. Consult appropridtc Federal, state and IOCSI 
regulatory agencies to ascertain proper dispowl proce- 
dures. 

Shipping 
Olin sodiuni nitr,ite i s  shipped in 50- and 100-pound, 

5-ply, polycthylcne-lined paper bags. Unitizrd b'ig ship- 

Use with adequate ventilation. Wear goggles, coveralls 

Olin CHEMICALS 
120 Long Ridge Road, Stamford. Connecticut 06904 @ 198 Olin Corporation 
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APPENDIX 2 (page 1 o f  2) 

tEASUF?ED VLE DATA 

I 

Concentration Temperature Pressure Concentration 
w/o Salt OC -KUTI Hg w/o Salt 

50 40 
50 
60 
70 
80 
90 

100 
110 
115.5 

60 

65 

70 

76 

40 
50 
60 
70 
80 
90 

100 
110 
120 
123.8 

55 
60 
70 
80 
90 

100 
11u 
120 
129 

50 
60 
70 
80 
90 

100 
110 
120 
130 
133 
70 
80 
90 

100 
110 
120 
130 
140 
144 

727 
704 
670 
62 1 
548 
450 
318 
142 

0 

734 
715 
69 1 
653 
592 
504 
409 
269 
84 

0 

714 
70 1 
667 
619 
556 
470 
352 
190 
-4 

731.8 
712.4 
682.7 
644.1 
584.6 
507.3 
407.3 
277 
94.1 

0 
708 
679 
636 
582 
508 
413 
263 
104 

6 

78 

80 

82.6 

87 

88 

Temperature 
OC 

80.2 
90 

100 
110 
120 
130 
140 
151 

90 
100 
110 
120 
130 
140 
150 
157.6 

110 
120 
130 
140 
150 
160 
164 

131.4 
140 
150 
160 
170 
174.5 

130 
140 
150 
160 
170 
176.5 

Pressure 
-mm Hq 

a93 
657 
609 
544 
466 
353 
21 1 
-4 

682 
642 
587 
515 
42 1 
302 
144 

0 

619 
549 
480 
367 
240 
80 
0 

54 1 
460 
360 
237 
72 
-3 

560.6 
483.6 
392.6 
272.6 
108.6 

0.6 



APPENDIX 2 (page 2 of 2)  

MEASURED VLE DATA 

Concentration Temperature 
w/o Sa l t  oc 

92.4 156 
160 
165 
170 
175 
180 
185 
190 
195 
195.5 

94.1 1-70 
175 
180 

190 
195 
200 
205 
206.7 

1 a5 

Pressure 
-mm Hq 

479 
450 
404 
354 
307 
240 
164 
88 

3 
-9 

453 
40 1 
356 
295 
24 1 
176 
108 
22, 

3 

Concentrat ion Tempgrature 
w/o S a l t  ( C) 

80 164.5 
151 
147 
150 
157 
163 
170 
172 
171 
178 
190 
197 
207 
21 1 
232 
238 

04.9 186 
164 
188 
203 
212 
234 
236 
249 
260 
269 
278 
248 

89.7 186 
199 
22 1 
239 
248 
252 
213 
274 
289 
303 
312 
303 * 5 
zag 
280 
274 
262 
256 
253 

12.5 
3.6 
1 .o 
13.9 
5.0 
9.0 

12.9 
14.5 
14.2 
20.1 
32.1 
40.0 
55.0 
61.6 

101.2 
115 

11.9 
0.7 

14.0 
27.4 
37.2 
59.3 
70.C 
90.0 

114 
134 
156.5 
98.2 

1.2 
8.1 

24.3 
38.2 
48.8 
53 
68.5 
84 

110 
137.5 
160 
134.5 
107 
93.0 
a i  

63 
56 
52.2 
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APPENDIX 3 

CALCULATIONS FOR CONSTRUCTION OF 
THE MERKEL DIAGRAM 

Construction of the enthalpy-concentration-temperature plot, 
called a Merkel diagram, followed the technique used by McNeely for 
aqueous LiBr (McNeely , 1985) a The intermediate calculations are 
displayed in Table AS. 

Nomenclature 

x = concentration (w/o) of solution 
dt/dt' = slope o f  Ouhring plot, also ratio of Clapeyron equations 

t' = temperature ('C) of saturated water at P 
t = temperature (OC) of  solution at P 

P = pressure (bar) 
A H '  = latent heat (kJ/kg) of water at t' 

3 

3 
V I  = specific volume (m  /kg) o f  saturated water vapor at t' 

V = specific volume (m  /kg) of superheated water at t and P 
AH = latent heat (kJ/kg) o f  solution 
Hv = enthalpy (kJ/kg) o f  superheated water at t and P - 

H = partial enthalpy of water in solution 
w = ( 1  - x /xo )  = water (kg) added or subtracted to change from 

x to x 
0 

x = 80 (w/o)  
Ho =L:p dt = enthalpy (kJ/kg) o f  base solution at t 
Cp = specific heat (kJ/kg) at x and t 

0 

H i =  saturated solution liquid enthalpy (kJ/kg K) at x and t 

The Duhring diagram in the text provided the water and corresponding 
solution saturation temperatures, t, and t'. The NBS steam tables 
(Haar, 1984) provide a l l  values f o r  water. 

Specific heat data for a single concentration was necessary. 

Solution enthalpies wgre calculated &or 20 dataopoints: 

The specific heat test data for 80 w/o was used. 

solution temperatures, 125 C, 175 C, 225 C, and 275 C, and for five 
concentrations ranging from 70 w/o to 92.5 w/o. 
used the following four equations: 

four 

These calculations 
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AH' V(273.15 + t )  A H  = 
( d t / d t ' )  V '  (273.15 i- t ' )  

- 
v - A H '  H = H  

H = / ' c p  d t d  

Hi = Ho 

0 I C 0  

- LT d(1- xo/x) 

xO/ X i  
( 4 )  

Equation ( 1 )  results from t h e  r a t i o  o f  two Clapeyron equa t ions ,  
one fo r  t h e  s o l u t e ,  one for t h e  s o l v e n t ,  a t  t h e  same pres su re .  The 
parameter ( d t / d t ' )  is  t h e  s lope  of t h e  Duhring l i n e  f o r  a given concen- 
t r a t i o n .  

Equation (2 )  states t h e  d e f i n i t i o n  t h a t  the p a r t i a l  en tha lpy  o f  
water i n  s o l u t i o n  is t h e  d i f f e r e n c e  between t h e  en tha lpy  o f  i ts  vapor 
and t h e  l a t e n t  hea t  o f  t h e  water.  

E q u a t i o n ( 3 ) s t a t e s  t h e  d e f i n i t i o n  of s p e c i f i c  hea t .  I t  was agp l i ed  

S p e c i f i c  hea t  f o r  80 w/o s o l u t i o n  tempera- 
t o  t h e  80 w/o concent ra t ion .  Note t h a t  the r e fe rence  s t a t e  o f  100 C 
was chosen f o r  & h i s  purpose. 
tures below 100 C was not  measured. 
mately 75'oC.)  

(This  s o l u t i o n  c r y s t a l l i z e s  a t  approxi- 
The r e l a t i o n  used was: Cp = 3.1642 - .007707ToC, 

Equation ( 4 )  was der ived  by Hal tenberger  (Hal tenberger ,  1939) 

The i n t e g r a t i o n  r equ i r ed  f o r  equat ion  4 was accomplished 
from a hea t  and mass balance f o r  i so thermal  evapora t ion  of water from a 
s o l u t i o n .  
g raph ica l ly  w i t h  t h e  a i d  of  F igure  A3. 

by 419.06 kJ/kg f o r  p l o t t i n g  of t h e  Merkel diagram. 
T h i s  
s imp l i fy  use o f  the diagram. 

The f i n a l  t abu la t ed  values f o r  s o l u t i o n  en tha lpy ,  Hi, were increased  

t o  correspond t o  t h e  convent ional  r e fe rence  s t a t e  f o r  water ,  and t o  

3-2 



FIGURE A3 

PARTIAL ENTHALPY OF WATER H IN ,SOLUTION VS. WATER ADDED 

-0.1 .05 0 40.1 kg .2 
(70)  (75) ( 8 0 )  (85) (90) (97.5) (40 salt) 3-3 
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