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T n i s   r e p o r t   d e s c r i b e s   t h e   work  of  t h e   r e s e a r c h   p r o ~ e c t  No,  ESA-S-040-DK-(G), 
 Heat  s t o r a g e   u n i t s   u s i n g   a   s a l t   h y d r a t e   a s   s t o r a g e   medium  b a s e d   on  t h e   e x t r a  
 w a t e r   p r j n c i p l e ,   The  p r o j e c t   was  c a r r i e d   o u t   w i t h   s u p p o r t   from  t h e   European 
 Communities. 


A  h e a t   of  f u s i o n   s t o r a g e   u n i t .   f o r   s o l a r   h e a t i n g   s y s t e m s   f o r   d o m e s t i c   h o t  
 w a t e r   s u p p l y   was  c o n s t r u c t e d .   The  u n i t   was  examined  e x p e r i m e n t a l l y   w i t h   f i v e  
 di.ff e r e n t   s t o r a g e   m a t e r i a l s .   The  s t o r a g e   m a t e r i a l s   were  s a l t   h y d r a t e s   b a s e d  
 on  t h e   e x t r a   w a t e r   p r i n c i p l e ,   a   h e a t   of  f u s i o n   s t o r a g e   method  d e m o n s t r a t e d   i n  
 two  e a r l i e r   p r o j e c t s   s u p p o r t e d   by  t h e   Commission  of  t h e   European  Communities. 


The  e x p e r i m e n t s   r e s u l t e d   i n   knowledqe  of  t h e   t h e r m a l   b e h a v i o u r   o f   t h e   h e a t  
s t o r a g e   u n i t ,   and  h e r e b y   knowledge  of  how  t o   c o n s t r u c t   a   h e a t   of  f u s i o n   s t o -  
r a g e   u n i t   w i t h   s o o d   t h e r m a l   q u a l i t i e s ,   C a l c u l a t i o n s   of  t h e   t o t a l   y e a r l y   u t i -  
l i z e d   s o l a r   e n e r g y   f o r   smal.1  s o l a r   h e a t i n g   s y s t e m s   f o r   d o m e s t i c   h o t   w a t e r  
s u p p l y   were  c a r r i e d   o u t ,   b o t h   wi'ch  h o t   w a t e r   t a n l t s   and  h e a t   o f   f u s i o n .   s t o r a g e  
u n i t s   a s   h e a t   s t o r a g e s .   Based  on  t h e s e   c a l c u L a t i o n s   t h e   a d v a n t a g e s   by  u s i n g  
h e a t   of  f u s i o n   s t o r a g e   u n i t s ,   i n s t e a d   of  h o t   w a t e r   t a n k s   i n   s m a l l   s o l a r   h e a t -  
i n g  s y s t e m s   f o r   d o m e s t i c   h o t   w a t e r   s u p p l y ,   were  e l u c i d a t e d .  



(16)1.  INTRODUCTION  
- 
THE E X T R A   WATER  P R I N C I P L E  

-----p P-


An  incongruent]-y m e l t i n g   s a l t   hydrate  c o n s i s t s   o f   an  anhydrous  s a l t   w i t h   cor- 
 responding  c r y s t a l   w a t e r ,   The  s o l u b i l i t y  o f   t h e   anhydrous  s a l t   i n   water  a,t 
 t h e   m e l t i n g   point  i s   not  great  enough  t o   d i s s o l v e   a l l   t h e   anhydrous  s a l t   i n  
 t h e   corresponding  c r y s t a l   w a t e r ,   The  molten  s a l t   hydrate  t h e r e f o r e   c o n s i s t s  
 o f   a   saturated  s o l u t i o n   and  some  anhydrous  s a l t   undissolved  i n   t h e   w a t e r ,  
 When  nothing  i s   doine  t h i s   r e s u l t s   i n   sedimentation.  i n  t h e   storage  tank  due  t o  
 t h e   higher  d e n s i c y ,   By  cool.ing,  s a l t   hydrate  c r y s t a l s   are  formed  i n   t h e  
 d i v i d i n g   l i n e   between  sediment  and  s o l u t i o n ,   by  which  a   s o l i d   c r u s t   i s  
 formed,  T h i s   s o l i d   c r u s t   prevents  t h e   anhydrous  s a l t   a t   t h e   bottom  and  t h e  
 upper  l a y e r   o f   saturated  s o l u t i o n   from  g e t t i n g   i n   con.tact,  Only  a   part  o f  
 t h e   anhydrous  s a l t   i n   t h e   s o l u t i o n   i s   a c t i v e   i n   t h e   phase  change,  and  t h e  
 s a l t   hydrate  c o n s i s t s   o f   t h r e e   p a r t s   a t   temperatures  lower  than  t h e   m e l t i n g  
 p o i n t :   a t   t h e   bottom  t h e   anhydrous  s a l t ,   t h e n   a   l a y e r   o f   s o l i d   sa1.t  hydrate 
 c r y s t a l s ,   and  a t   t h e   t o p   a   l a y e r   o f   saturated  s a l t   s o l u t i o n .   I f   t h e   s a l t  
 hydrate  i s   not  s t i r r e d ,   r.he  s a l t   hydrate  c ! r y s t a l s  w i l l  m e l t   by  h e a t i n g   and 
 form  a   super-saturated  s o l u t i o n .   The  amount  o f   sediment  i n c r e a s e s ,   and  t h e  
 heat  storage  c a p a c i t y   decreases b y  each  m e l t i n g / c r y s t a l i z a t i o n   c y c l e ,   and  due 
 t o  t h a t   t h e   phase  separation  has  t o  be  avoided  b e f o r e  it  i s  p o s s i b l e   t o  make 
 use  o f   an  incongruently  m e l t i n g   s a l t   hydrate  as  a  r e l i a b l e   heat  storage  med- 
 ium 


The  e x t r a   water  p r i n c i p l e   i s   a   method  which  prevents  phase  s e p a r a t i o n ,   t h u s  
 r e s u l t i n g   i n   a   s t a b l e   heat  o f   f u s i o n   storage  u s i n g   an  incongruently  m e l t i n g  
 s a l t   hydrate  as  storage  material.,  The  method  has  been  demonstrated  i n   two 
 p r o j e c t s   supported  by  t h e   Commission of .the European  Co~nmunities and  :is des- 
 cribed  i n   d e t a i l   i n  ( 1 )  and  ( 2 ) ,  


The  method  c o n s i s t s   i n  adding  e x t r a   water  t o  t h e   s a l t   hydrate  so  t h a t  all t h e  
anhydrous  s a l t   can  be  d i s s o l v e d   i n   t h e   water  a t   t h e   m e l t i n g   p o i n t ,   t h a t   i s ,  
t h e   stowage  medium  i s  a  saturated  s a l t   s o l u t i o n   a t   t h e   melcing  p o i n t ,   The 
storage  medium  i s   s t i r r e d   s o f t l y  w h i l e   i.t  i s  cooled  or  h e a t e d ,   Since  c r y s -  
t a l l i z a t i o n   o n i y   t a k e s   place  from  a   saturated  s o l u t i o n ,   and  t h e   s o l - u b i l i t y  o f  
t h e   s a l t   i n   water  f o r   temperatures  belove  t h e   m e l t i n g   point  decreases  f o r  
decreasing-  temperatures,  s o l i d i f i c a t i o n   t a k e s   place  by  decreasing  tempera- 



(17)t u r e s .   For  t e m p e r a t u r e s   below  t h e   m e l t i n g   p o i n t   t h e   s t o r a g e   medium  c o n s i s t s  
 of  a  s a l t   h y d r a t e   s o l i d   p h a s e   and  a  s a t u r a t e d   s o l u t i o n .   By  h e a t i n g ,   some  o f  
 t h e   s o l i d   s a l t   h y d r a t e   m e l t s ,   and  due  t o   t h e   s o f t   s t i r r i n g  t h e   s o l u t i o n  w i l l  
 s t i l l  b e   s a t u r a t e d   a l s o   a t   t h e   h i g h e r   t e m p e r a t u r e ,   s o   t h a t   t h e   m i x t u r e   w i l l  
 remain  s t a b l e ,   The  s o f t   s t i r r i n g  i s  n e c e s s a r y   due  t o   d i f f e r e n c e s   i n   d e n s i t y  
 between  t h e   s a l t   s o l u t i o n   and  t h e   m e l t e d   s a l t   h y d r a t e s ,   The  s t i r r i n g   c o u l d  
 be  n a t u r a l   c o n v e c t i o n   caused  by  t e m p e r a t u r e   d i f f e r e n c e s   i n s i d e   t h e   h e a t   s t o -  
 r a g e   a s   w e l l   a s   f o r c e d   c o n v e c t i o n   produced  by  a  s t i r r e r ,   Both  m e l t i n g   and 
 s o l i d i f i c a t i o n   t a k e   p l a c e   i n   t h e   t e m p e r a t u r e   i n t e r v a l   from  t h e   m e l t i n g   p o i n t  
 and  downwards.  The  h e a t   of  f u s i o n   of  t h e   s t o r a g e   medium  i s  s i t u a t e d   i n   t h e  
 same  t e m p e r a t u r e   i n t e r v a l ,   The  h e a t   s t o r a g e   c a p a c i t y   of  t h e   s t o r a g e   medium 
 i s  less  t h a n   t h a t   o f   t h e   i d e a l l y   working  i n c o n g r u e n t l y   m e l t i n g   s a l t   h y d r a t e ,  
 s i n c e   o n l y   a  p a r t   of  t h e   anhydrous  s a l t   i n   t h e   s a l t   w a t e r   m i x t u r e   i s  a c t i v e  
 i n   t h e   phase  change.  On  t h e   o t h e r   hand  t h e   h e a t   s t o r a g e   remains  s t a b l e .  


I n   t h e   t e m p e r a t u r e   i n t e r v a l   0 - 1 0 0 ° ~  f i g u r e  1  shows  t h e   t h e o r e t i c a l   h e a t   s t o -  
r a g e   c a p a c i t y   of  an  i n c o n g r u e n t l y   m e l t i n g   s a l t   h y d r a t e ,   G l a u b e r ' s   s a l t ,   i f  it 
c o u l d   work  s t a b l y .   The  h e a t   s t o r a g e   c a p a c i t y   of  a  s a l t   w a t e r   m i x t u r e   con- 
s i s t i n g   of  33% Na2S04  and  67% of  w a t e r   b a s e d   on  w e i g h t ,   t h a t   i s  a  s t o r a g e  
medium  making  u s e   of  G l a u b e r a s  s a l t   and  t h e   e x t r a   w a t e r   p r i n c i p l e ,   and  t h e  
h e a t   c a p a c i t y   of  w a t e r   i s   shown  t o o ,   The  r a t i o   between  t h e   h e a t   s t o r a g e  
c a p a c i t y   of  a  s a l t  w a t e r   m i x t u r e   and  t h a t   of  w a t e r   depends  on  t h e   t e m p e r a t u r e  
i n t e r v a l   which  i s  chosen  f o r   t h e   comparison,  For  s m a l l   t e m p e r a t u r e   i n t e r v a l s  
around  t h e   m e l t i n g   p o i n t   t h e   r a t i o   i s   g r e a t ,   and  f o r   i n c r e a s i n g   t e m p e r a t u r e  
i n t e r v a l s   t h e   r a t i o   d e c r e a s e s ,  



(18)F i g u r e  1.  Heat  s t o r a g e   c a p a c i t y   i n   t h e   t e m p e r a t u r e   i n t e r v a l  
 0 - 1 0 0 ~ ~  of  a n   i d e a l l y   working,  i n c o n g r u e n t l y   m e l t i n g  
 s a l t  h y d r a t e ,   a   s a l t  w a t e r   m i x t u r e   based  on  t h e  
 e x t r a   w a t e r   p r i n c i p l e ,   and  w a t e r ,   The  anhydrous 
 s a l t  i s  Na  $0 


2"  4 '  



(19)2 .   THE  HEAT  STORAGE 


2 . 1   The  h e a t   of  f u s i o n   s t o r a q e   u n f t  


A  h e a t   of  f u s i o n   s t o r a q e   u n i t   u s i n g   t h e   e x t r a   w a t e r   p r i n c i p l e   f o r   a  s o l a r  
 h e a t i n g   s y s t e m   f o r   d o m e s t i c   h o t   w a t e r   s u p p l y   was  c o n s t r u c t e d ,   The  s t o r a g e  i s  
 shown1  s c h e m a t i c a l l y   on  f i g u r e  2 ,   Photoes  of  t h e   h e a t   s t o r a g e   u n i t   a r e   shown 
 on  f i g u r e  3  
- 
5.  Data  f o r   t h e   h e a t   s t o r a g e   u n i t   a r e   g i v e n   i n   t a b l e  1. 

Yigure 2 .   S c h e m a t i c a l   i l l u s t r a t i o n   o f   t h e   h e a t   s t o r a q e   u n i t  



(20)&l 
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(21)t a n k  


Volume  of  s a l t   w a t e r   m i x t u r e   and  a i r  
 i n   t h e   h e a t   s t o r a g e   u n i t  


Volume  of  s o l a r   c o l l e c t o r   f l u i d  
 he  h e a t   e x c h a n g e r   s p i r a l  



I 
 Mass  of  t h e   h e a t   s t o r a g e   u n i t   (empty)  1 
 2'77  kg 

d i a m e t e r  


Dimensions  o f   t h e   h e a t   s t o r a g e   u n i t  
 d i a m e t e r   of  t a n k  


h e i g h t   of  t a n k  


t o t a l   h e i g h t   of  h e a t   s t o r a g e   u n i t  


d i m e n s i o n  


h e a t   t r a n s f e r   a r e a  
 I n s u l a t i o n  


m a t e r i a l  
 t h i c k n e s s  


m i n e r a l  w o o l  
 10 cm 


T a b l e   1 .   Data  f o r   t h e   h e a t   s t o r a g e   u n i t  



(22)A  h o t   w a t e r   t a n k   i s  p l a c e d   i n s i d e   t h e   t a n k   which  h o l d s   t h e   s a l t   w a t e r   mix- 
 t u r e ,   Heat  from  t h e   s o l a r   c o l l e c t o r   i s  t r a n s f e r r e d   t o   t h e   s t o r a g e   by  u s e   of 
 a   h e a t   exchanger  s p i r a l   i n  which  t h e   s o l a r   c o l l e c t o r   f l u i d  i s  c o n d u c t e d ,   The 
 h e a t   exchanger  s p i r a l   i s   s i t u a t e d   a t   t h e   bottom  of  t h e   s t o r a g e   t a n k   and 
 around  t h e   h o t   w a t e r   t a n k s   For  s t o r a g e   t e m p e r a t u r e s   above  t h e   m e l t i n g   p o i n t  
 t h e   s a l t   w a t e r   m i x t u r e   i s  a   l i q u i d   p h a s e ,   f o r   s t o r a g e   t e m p e r a t u r e s   below  t h e  
 m e l t i n g   p o i n t   t h e   s a l t   w a t e r   m i x t u r e   c o n s i s t s   of  a   l i q u i d   p h a s e   and  a   s o l i d  
 p h a s e ,   While  c o l d   w a t e r   e n t e r s   t h e   bottom  of  t h e   h o t   w a t e r   t a n k ,   f o r   s a l t  
 w a t e r   m i x t u r e   t e m p e r a t u r e s   above  t h e   m e l t i n g   p o i n t ,   a   p a r t   of  t h e   s a l t   s o l u -  
 t i o n  i s  c o o l e d ,   and  t e m p e r a t u r e   d i f f e r e n c e s   i n   t h e   s a l t  w a t e r   m i x t u r e   produce 
 a  s o f t   s t i r r i n g   which,  i n   c o n n e c t i o n   w i t h   t h e   e x t r a   w a t e r   p r i n c i p l e ,   makes 
 t h e   h e a t   s t o r a g e   m a t e r i a l   s t a b l e ,  


The  s a l t   s o l u t i o n   i s  s t i r r e d   s o f t l y   i n   t h i s   way  d u r i n g   c o o l i n g   a s   l o n g   a s  
 s o l i d i f i c a t i o n   h a s   n o t   s t a r t e d ,   and  a s   l o n g   a s   s o l i d i f i c a t i o n   t a k e s   p l a c e ,  
 The  f o r c e   of  t h e   s t i r r i n g   d e c r e a s e s   a s   s o l i d i f i c a t i o n   makes  p r o g r e s s .  


2 , 2   The  i n v e s t i g a t e d   s a l t  w a t e r   m i x t u r e s  


The  h e a t   s t o r a g e   u n i t   was  i n v e s t i g a t e d   w i t h   f i v e   d i f f e r e n t   s a l t   w a t e r   mix- 
t u r e s   b a s e d   on  i n c o n g r u e n t l y   m e l t i n g   s a l t   h y d r a t e s   with.  d i f f e r e n t   m e l t i n g  
p o i n t s ,   s e e   t a b l e  2 .  



(23)Anhydrous 
 s a l t   i n  t h e  
 s a l t   water 
 mixture 


Fraction  o f  
 anhydrous 
 s a l t   i n   t h e  
 s a l t   water 
 based  on 
 weight 


S a l t   hydrate 
 c r y s t a l s  


Melting 
 point  o f  
 t h e   s a l t  
 hydrate 


OC 


Price 
 Dkr/l  s a l t  
 water  mixture 
 20  t d e l i v e r y  


Table 2 ,  The  i n v e s t i g a t e d   s a l t   water  m i x t u r e s ,  


The  method  used  f o r   c a l c u l a t i o n   o f   t h e   heat  storage  c a p a c i t y   o f   a   s a l t   water 
mixture  as  w e l l   as  t h e   heat  storage  c a p a c i t i e s   and  t h e   measured  densitri.es  o f  
t h e   NaCR3COO-,  Na2HP04-,  Wa2C03-  and  Na2S04-water  mixtures  are  given  i n  ( 1 ) .  
The  heat  storage  capacity  o f   t h e   Na2S203 water  mixture  was  calculated  and  t h e  
d e n s i t y   o f   t h e   s a l t   water  mixture  was  measured,  The  data  used  f o r   t h e   calcu- 
l a t i o n s   o f   t h e   heat  storage  c a p a c i t i e s   f o r   t h e   5  s a l t   water  mixtures  are 
given  i n   t a b l e   3 ,   The  heat  storage  c a p a c i t i e s   o f   t h e   s a l t   water  m i x t u r e s  
based,  on  weight  are  given  i n   t a b l e  4-8,  The  measured  d e n s i t s i e s   o f   t h e   s a l t  
water  mixtures  i n   t h e   temperature  i n t e r v a l  OO@  
- 
lOOoC  are  shown  i n  f i g u r e  6 .  
The  heat  storage  capacity  per  volume  o f   t h e   s a l t   water  mixture  i s  t h e   product 
o f   t h e   heat  storage  c a p a c i t y   based  on  weight  and  t h e   d e n s i t y   o f   t h e   s a l t  
water  mixture..  To  make  a   f a i r   comparison  o f   t h e   heat  storage  capa.city  per 
vol.ume  o f   d i f f e r e n t  m a t e r i a l s   t h e   minimum  d e n s i t y   o f   each  m a t e r i a l   i n   ,the 
tempera.ture  i n t e r v a l   i n   which  t h e   heat  storage  operates  must  be  used  s i n c e  
t h i s   d e n s i t y   decides  t h e   mass  o f   t h e   storage  material  which  f i l l s  up t h e   s t o -  
rage  t a n k ,   T h e r e f o r e  t h e   d e n s i t i e s   o f   t h e   s a l t   water  mixtures  a t   t h e   maximurn 
heat  storage  temperature  are  used  by  c a l c u l a t i o n s   o f   t h e   heat  storage  capac- 
i t y   per  volume,  In  a   normal  solar  heating  system  t h e   maximum  heat  storage 
temperat~are i s  about  9 5 O ~ ,  and  t h e r e f o r e   d e n s i t i e s   a t  9 5 O ~  are  used  i n  f i g u r e  
7 ,  which  shows  t h e   heat  storage  capacity  per  volume  o f   t h e   i n v e s t i g a t e d   s a l t  
water  mi.xtures  and  o f   water  i n  t h e   temperature  i n t e r v a l  O°C  - 
100°@. 


(24)Table 3. Data for the investigated s a l t  water mixtures. 



(25)Latent heat  Total heat 


415,4 


$ . % l e . %  


451,8 
 462.3 
 467-5 
 472,7 


488,3 
 498.7 


Table 4.  Heat  storage  capacity  of  NaCH3CO0  water  mixture  with  0.58  as  the 
fraction  of  anhydrous  salt  in  the  salt  water  mixture  based  on 
weight. 



(26)L a t e n t   h e a t   T o t a l   h e a t  


288  2  


301,4 


323.4 
 32'7.8 
 336a6 
 345.4 
 349 e 8  
 354,2 
 363 * 0 


3 6 7  
. 
4  1 


T a b l e  5 .   Heat  s t o r a g e   c a p a c i t y  of  t h e   Na2S203  w a t e r   m i x t u r e   w i t h   0,61  a s   t h e  
f r a c t i o n   of  anhydrous  s a l t   i n   t h e   s a l t   w a t e r   m i x t u r e   b a s e d   on 
w e i g h t .  



(27)L a t e n t   h e a t   T o t a l   h e a t  


100,2 


"l 1 7 e O  


282.8 
 296,4 
 3 0 3 e 2  
 3 I O e O  


346,8 
 3 3 0 e 4  


3 6 4  s 4 


384  9 
 398.5 


$12,  'f 
 425.7 
 432.5 
 4 3 9 e 3  
 452 - 9  


480, 'l 
 4 8 6  0 9 


Table 6.  Heat  s t o r a g e   c a p a c i t y   of  t h e  Na2HP04 water  mixture  with  0.27  a s   t h e  
f r a c t i o n   of  anhydrous  s a l t   i n   t h e   s a l t   water  mixture  based  on 
weight. 



(28)S e n s i b l e   h e a t  
 kJ/ltcg 



1 
 L a t e n t   h e a t  


l 
 JeJ/ks 

T o t a l   h e a t  
 k J / b  


Table  7 .   Heat  s t o r a g e   c a p a c i t y   of  t h e   Na2C03  water  m i x t u r e   w i t h   0 . 3 3   a s   t h e  
f r a c t i o n   of  anhydrous  s a l t   i n   t h e   s a l t   water  m i x t u r e   b a s e d   on 
weight, 



(29)Temperature 


Oc 


Sensible heat 
 kJ/kg 


Latent heat 
 kJ/kg 


'Total heat 
 kJ/kg 


Table 8. Heat  storage  capacity of  the Na2S04  water  mixture  with 0 , 3 3   as  the 
fraction  of  anhydrous  salt  in  the  salt  water  mixture  based  on 
weight, 



(30)1900 


1700 


1.600 


l 5 0 0  


1400 
 m 


1300 
 S a l t   w a t e r   m i x t  


1200 
 of  s a l t  b a s e d   on  w e i g h t :  


1100 


1000 


0  2 0  4 0  60  80  100 


t e m n e r a t u r e ,   0 C 


P i ~ u r e  6 ,   Measured  d e n s i t i e s   o f   t h e   i n v e s t i g a t e d   s a l t  w a t e r  
m i x t u r e s   i n  t h e   t e m p e r a t u r e   i n t e r v a l  0  
- 
10oOc, 


(31)F i g u r e   7.  Heat  s t o r a g e   c a p a c i t y   of  t h e   s a l t  w a t e r   m i x t u r e s  
used  i n   t h e   h e a t   o f   f u s i o n   s t o r a g e  unit. 



(32)The  Na2S04-,  Na2C03-, Na2HPOg- and  NaCH3COO-water  mixtures  are  chemically 
 stable.  Investigations concerning  the  chemical stability  of  liquid  sodium 
 thiosulfate pentahydrate  were  carried out.  Section  2,3  is  the report  from 
 our chemical consultant Erik Pedersen covering this subject, 


2 , 3   The chemical stability of  liquid sodium thiosulfate pentahydrate 
- 


2 3.1  Introduction 


The appJ.ication  of  sodium thiosulfate pentahydrate  in  heat  storage  systems 
 could  be  severely  Limited  by  chemical  reactions  in  this  medium  under  the 
 temperature conditions imposed on such systems,  It has  for many  years  been 
 known by  almost every chemist that dilute aqueous solutions of  this salt such 
 as used in iodometric titrations decompose slowly in neutral and basic  solu- 
 tion and rather rapidly in acid solution. 


The result of  studies of  the stability of  the molten  salt has  to our  know- 
 ledge  not been  published  in  the literature.  This  report  describes such  an 
 investigation following reactions at 5 5 O ~  and 7I0C over six months. 


The sodium thiosulfate pentahydrate, Na2S20~,5H20, was  delivered by  Struers 
 and of  "pure quality" without further specifications,  Six samples of  approx- 
 imately  40 g of  this salt were prepared,  l00  mg  of  sodium hydrogensulfate, 
 NaHS04, was added to two of  the samples.  50 mg  of  sodium carbonate, Na2C03, 
 was added  to another  two samples*  The two equivalent sets  of  samples  were 


left in vials with screw caps in ovens at 55OC and 71°@,  i.e,  above the tran- 
sition temperature of this incongruently melting  salt,  After six months  the 
samples were cooled to room temperature, and  one month  later  our  analytical 
work started as described in the following. 



(33)From the  very  beginning  it  was  clear  to us  that all  samples  had  lost  in 
 weight, approx, 0,26 g and  0,36 g  at 5 5 O ~  and  7I0c, respectively,  This was 
 presumably  caused  by  loss  of  water  through  the  screw  caps,  The  original 
 material had also been kept in non-ideal containers. 


On this background  it was decided to 1i.mi.t the investigations to iodemetric 
 titration of  reducing material and determination of  sulfur and freezing point 
 depression, 


Iodometric  titrations  were  performed  against  potassium  dichromate  using 
 starch as  indicator  according to standard procedures.  The six  samples were 
 melted  at  60°C  and  supercooled to room temperature,  The metastable  liquids 
 could be  transferred to weighing bottles without loss of  water by  application 
 of  pipetso  Sulfur  was determined gravimetrically after  continous extraction 
 with  carbon d.isulfide, @S2r from the  samples  diluted  with  water.  The  CS2 
 phases  were subsequently  dried with anhydrous  sodium  sulfate, filtered, and 
 evaporated to dryness. 


The  freezing-point depressions  (transition temperatures) were determined by 
 seeding the supercooled solutions with a few crystals of  the pentahydrate and 
 following  the temperature vs, time with a  thermometer with  a  resolution of 
 0 .6'l0@,  A  molar  freezing-point depression of  42,6 was assumed  according t o  
 Eeenhardt and Boutaric, C.r,  
- 
154 (1912) 113. 

All experimental results are average values of  two independant measurements, 
I t  was assumed that the loss in weight of  the six samples was caused by  loss 
of  water  and that the original material in two containers was unchanged dur- 
ing  the period  of  the experiments.  The analyses  of  this material  showed  a 
composition corresponding to Wa25203,4069(3)B20, The number in brackets here 
and in the following is the estimated standard deviation, 



(34)Tne  r e s u 1 . c ~  o f   t h e   m e a s u r e m e n t s   a r e   shown  i n  t a b l e   9. 


T a b l e  9 .   ? . e s u l t s   o f   m e a s u r e m e n t s   o:? the chemical s t a b i l i t y  o f  l i n u i d  s o d i u m  
 t h i o s u l . E a t e   ? e n t a l i y d r a t e .  


I t  IS  e v l d e n t   f r o m   t n e   r e s u l t s  x n  t a b l e   9  t h a t   o n l y   t n o s e   s a m p l e s   w r t n   NaHS04 
a d d e d   showed  a n y   s r g n   o f   d e c o m p o s s t ~ o n ,   The  d e g r e e   o f   t n l s   decomnposzts.on 
s e e m s   t o   b e   r n d e p e n d e n t   o f   t n e   t e m p e r a t u r e   w l t h b n   t h e   e x p e r r r n e n t a l   uncer- 
t a l n t y  
. 



(35)The results of  the titrations and the sulfur  determinations are  in agreement 
 with the following decomposition process 


which gives the following reactions during the iodometric titrations 


This reaction scheme explains why the mole  fractions found by  titration fol- 
 low  the mole  fractions converted into sulfur.  These mole  fractions corres- 
 pond  to a separation of 1.0  g of  sulfur per  kg of  initial material during six 
 months.  The freezing point  depressions which are  much  less  accurate  give  a 
 value approximately one order of magnitude less. 


These measurements give  almost  no  information on the kinetics  of  the reac- 
 tion.  Since the hydrogen ions added with NaHS04 are not used during the pro- 
 posed  reaction, we suggest as a worst case estimate that the reaction is acid 
 catalyzed and will continue with a rate as observed during the six months.  A 


complete analysis of  this system would involve  chromatografic separation of 
all  species  that might  exist, polythionates  for  example.  Such. work  seems 
unnecessary, however, on the baclcground that no decomposition was observed in 
neutral and weekly alkaline media, 



(36)3 ,  EXPERIMENTS 


Experiments were carried out with each salt water mixture  and with water  as 
 the heat storage material both in a static and in a dynamic test facility, 


3,'l  Static test facilitv 


The test facility system is shown schematically in figure 8 ,  The system con- 
 sists of  pipes  with 2  pumps  for  circulation of  the solar  collector fluid, 2 
 heating elements, a temperature sensor, a flometer and different valves for 
 controlling the solar  collector  fluid volume flow,  The pipe  system consists 
 of  an inner  and  an outer  circuit, to which the heat  storage is  connected by 
 means  of  flexible hoses*  The  volume flow  of  the  solar  colLector  E1ui.d  is 
 large in the inner  circuit and has a smaller constant value in the outer cir- 
 cuit, 


The temperature sensor, which controls one of  the heating elements, is sitou- 
 ated  just  behind  the heating  elements  in  the  inner  circuit with  the  large 
 volume flow,  In this way the temperature of  the fluid, which is conducted to 
 the heat storage, can be  controlled in a very accurate way,  The other keat- 
 ing element is manually  operated in such a way  that a  constant power  can be 
 transferred to  the collector  fluid,  In this way  it  is  possible  either  to 
 obtain a constant temperature of  the fluid conducted to the heat storage, or 
 to transfer a constant power  to the heat storage, 


The test facility  is  situated  in the  laboratory  where the temperature nor- 
mally varies in the temperature interval from 20ac to 2 5 O ~ .  Figclre 9 shows a 
photo of  the static test facility, 
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Figure 8 ,  Schematical illustration of the static test facility. 



(38)Figure 9,  S t a t i c   t e s t   f a c i l i t y ,  


3.2  Dynamic  t e s t   f a c i l i t y  


The  t e s t   f a c i l i t y  i s  shown  schexnatical3.y  i n   Fl.qurc.3  1 0 ,   The  system  c o n s i s t s  
 of  a   s o l a r   c o l l e c t o r   siinillator,  a  water s u p p l y   system a n d   a  c o n t r o l   system, 
 The  h e a t   s t o r a g e   i s  connected  to t h e   solar coll.ec:z':csr  si.tnulatar  and  t o  t h e  
 water  supply  system by means o f  f l e x i b l e  hoses, 


The  s o l a r   c o l l e c t o r   siinu.lator  I.s  a  pCpe  system  w k t h   v a l . v e s ,   a   c i r c u l a t i o n  
pump  which  t r a n s p o r t s   the solar c o l l . a c t o r  f2:lu.j.d,  ;.a  fl.owneJcer, a  h e a t i n g   e l e -  
ment  and  a   temperature  s e n s o r ,   whj.c11  i s   cc~nnec'r:ed t o  .the cont:rol  system.  The 
s o l a r   c o l l e c t o r   f l u i d   can  be  c i r c u l a t e d  thrcrr:c)-l-t  t h e  so:ln.r co:Llec'cor  s i m u l a t o r  
and  t h e  h e a t   s t o r a g e   w i t h   a  cunstat7.t  volume i f l o w ,  
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Tigure 10.  Schenatical illustration of the dynamic test Sacility. 



(40)Two flowmeters and  different valves  for controlling the tapped water  volume 
 flow and the temperature of  the water  entering the heat storage are situated 
 in the water  supply  system,  A mixing  valve mixes the cold and the hot water 
 so that a reasonably constant temperature of  the tapped water during the per- 
 iod  of  tapping is the  result,  The mixed  water  is  conducted  to a  container 
 where the mean temperature of the water  is measured before the water  finally 


is expelled, 


The  control system  is  a microprocessor  which controls the pt~mp, the valves 
 and the heating element in such a way that the heat storage operates as if  it 
 is part  of  a  solar  heating  system for  domestic hot water  supply in a period 
 with  typical weather  conditions,  The valves  are  controlled  in  such a  way 
 that the water entering the storage dluring tapping periods has a low constant 
 temperature,  The power  given off  from the heating element is found from the 
 weather  data fixed in advance, the chosen efficiency of  the solar  colLector 
 and  the temperature of  the  solar  collector  fluid  leaving  the  heat  storage 
 measured  by  the temperature sensor.  Figure 14  shows photoes  of  the dynamic 
 test facility and the control system, 


Temperature measurements  are made  by  use of  copper/constantan thermocouples, 
 Temperature  differences  are  measured  with  copper/constantan  thermopiles. 


Volume  flows  are  measured  with  Aqua-Metro  flometers  and  energy  given  off 
 from heating  elements with ItWh-meters,  Energy  quantities transferred t o  or 
 drawn off  the heat  storage are calculated by  means  of  the measured  tempera- 
 ture differences and volume flows, 


The temperatures are measured  at 3  different levels inside the heat storaqe: 


at the top, in the middle  and at the bottom of the hot water tank and of  the 
salt water  mixture,  Furthermore,  the  temperature of  the  ambient  air,  the 
solar collector  fluid entering and  leaving the heat  storage, the cold water 
entering the heat storage during tapping, the hot water leaving the heat sto- 
rage during tapping and  the mean temperature of the water  accumulated in the 
container during each tapping period, 



(41)F i g u r e  I 
I, 
D y ~ ~ a m - i  i: ? c:: t.  f.;lci  1 i i.\'  ,-)i;d  h<-: <:oil [- ro-l system, 


(42)Temperature  d i f f e r e n c e s  are  measured  between  t h e   solar  c o l l e c t o r   f l u i d   e n t e r -  
 ing  and  leaving  t h e   beat  storage  and  between  t h e   cold  water  e n t e r i n g   and  t h e  
 h o t   water  leaving  t h e   heat  storage  during  tapping. 


Volume  flows  o f   t h e   s o l a r   c o l l e c t o r   f l u i d   through  t h e   heat  s t o r a g e ,   t h e   cold 
 water  e n t e r i n g   t h e   heat  storage  during  tapping  and  t h e   tapped  mixed  h o t   water 
 during  tapping  are  measured,  as  w e l l   a s   t h e   t o t a l   enerqy  given  o f f  from  t h e  
 heating  element  during  t h e   dynamic  t e s t   period, 


3.4  T e s t   procedure 
- 


3.4.1  S t a t i c   t e s t   f a c i l i t y  


For  each  s a l t   water  mixture  t h e   thermal  l o s s   from  t h e   heat  storage  u n i t ,   t h e  
 heat  content  o f   t h e   storage  u n i t   i n   a   temperature  i n t e r v a l   and  t h e   heat 
 t r a n s f e r   power  per  OC  temperature  d i f f e r e n c e   between  t h e   s o l a r   c o l l e c t o r  
 f l u i d   and  t h e   heat  storage  material  i n  a   period  w i t h   a   constant  power  supply 
 from  t h e   c o l l e c t o r   f l u i d   t o  t h e   heat  s t o r a g e ,   were  measured, 


The thermal  l o s s   i s   found  i n   t h e   f o l l o w i n g   way.  The  solar  c o l l e c t o r   f l u i d  i s  
 pul~~ped through  t h e   heat  storage  u n i t   w i t h   a   f l u i d   v e l o c i t y   o f   about  1  l / m i n  
 while  t h e   temperature  o f   t h e   f l u i d   e n t e r i n g   t.he  heat  storage  i s   k e p t   con- 
 s t a n t *   A f t e r   a   while  t h e   temperature  o f   t h e   storage  u n i t   and  t h e   temperature 
 d i f f e r e n c e   between  t h e   f l u i d   e n t e r i n g   and  l e a v i n g   t h e   heat  storage  w i l l   be 
 constant  t o o ,  i f  t h e   ambient  temperature  i s  c o n s t a n t .  


When a l l  temperatures  are  s t a b l e ,   t h e   energy  balance  f o r   t h e   heat  storage i s :  


d Q ,  


- -  - O = Q   
- 


t  ' l o s s  = &.C  P " ( T i n   
- 
T 

d 'C  P  o u t  
'  - 
g l o s s  

Rearranging  t h i s   e q u a t i o n ,   t h e   thermal  l o s s   c o e f f i c i e n t  i s  found  from: 



(43)The thermal loss  is  measured  for different ten~preatures since  it varies with 
 the temperature. 


In order  to find  the heat  content of  the storage unit and the heat transfer 
 power per O@ temperature difference between the solar coElector fluid and the 
 heat  storage material, the heat  storage unit was heated  from a  tempera.ture 
 below the melting point to a temperature above the melting point,  During the 
 heating  period  both the power  transferred from the solar collector  fluid  to 
 the heat  storage and  the fluid  volume  flow  were constant.  The volume f low 
 was about 6 l/min, and no water was tapped off  Etraring  the heating,  Therefore 
 the energy balance for the heat storage is: 


"-  W  .&  " e p ' ( T i n  
- 
 T  )  - 
( U A ) ~ * ( T ~ - T ~ I  

P  out 


The heat content in the temperature interval going from the starting tempera- 
 ture to the final tem,perature of  the heating is  found from: 


L 


heating 



ms 
= J  [ G   @ c  
m  @*(Tin - 
T  )  - 
(UA)s ( T  - 
Ta)]dT 

0  P  out  s 


where  (UA)s is  found  from the measurements  described above and  the tempera- 
 tures and the temperature difference in the equation are measured continsusly 
 during the heating period, 


Provided that the temperature is constant all over the heat storage, the heat 
 transfer  power  per  OC temperature  difference  between  the  solar  coLLector 
 fluid and the heat storage material (UA)cs is found from the equation: 


(UA),,  is  found  for  different points  of  time during the heating  in order  to 
find the  influence of  the  storage  temperature on the  quantity.  Different 
heating periods were carried out in order to el-ucidate if  (UA),,  varies from 
one heating period to another, 



(44)3 , 4 . 2   Dynamic test facility 


The heat storage  is  tested during  a period  with a duration between  3  and  5 
 days.  Hot water is  tapped off  the heat storage 4 times every  day: at 8 ,  1 2 ,  
 18  and 20  o'clock.  The cold water entering the heat  storage during  tapping 
 has  a constant low  temperature*  The total consumption of  hot water is about 
 170  l/day,  The weather data, that is  the solar  radiation on the solar  col- 
 lector and  the outdoor temperature, which are used for the period, are given 
 in figure  12.  The data for the first 3 days are  selected from measurements 
 from  a  solar  heating  system working  in  the  laboratory  in the SPTF-project, 
 which is  supported by  the Commission,  Each parameter  has  a value for  every 
 10 minutes  during  the  whole  period,  For  simplicity, the  last  2  days  are 
 identical to the first 2  days, 


The solar collector efficiency used in the experiment is 
 T  - T  


m  o 


rl =  0,80 
- 
5 , 5   I  corresponding to the best  solar collector which  in 
 1980 was  on the Danish  marketa  Provided  that the temperature rise  of  the 
 solar  collector  fluid  across  the  solar  collector  is ~ O C ,  the efficiency  is 
 found from: 

The heat  storage unit will typically be  situated  in a  solar heating  sys.t@m 
 with  a  collector  area of  about  6 m2,  and  therefore the volume  flow  of  the 
 solar  collector  fluid during  the experiment was  fixed to about 6  l/rnin, and 
 the power  from the solar collector calculated from: 


By  means  of  the temperature sensor, the temperature of-  the solar  collector 
fluid  leaving  the heat  storage, Tout.  that is  the temperature of  the  solar 
collector fluid entering the solar collector, is measlxred every minute during 
the test period,  llsirlg  this temperature, the power  from the solar collector 
can be  calculated from the formula above. 
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