
SANDIA LABORATORIES IN-HOUSE ACTIVITIES I N  SUPPORT OF 

SOLAR THERMAL LARGE POWER APPLICATIONS* 

Raymond W. Mar 
Sandia Laboratories ,  Livermore 

SUMMARY 

Research a c t i v i t i e s  have been planned and c a r r i e d  out  i n  d i r e c t  support  
of t h e  development of thermal energy s to rage  subsystems f o r  s o l a r  thermal l a r g e  
power app l i ca t ions .  The emphasis has been on charac te r i z ing  the  behavior of 
molten n i t r a t e  s a l t s  wi th  regard t o  thermal decomposition, environmental i n t e r -  
ac t ions ,  and corrosion.  The r e s u l t s  t o  d a t e  and f u t u r e  a c t i v i t i e s  a r e  
summarized i n  t h i s  paper. 

INTRODUCTION 

Sandia 's  in-house a c t i v i t i e s  a r e  defined wi th  the  o v e r a l l  ob jec t ive  of 
advancing s o l a r  thermal l a r g e  power systems. As  such, many of these  a c t i v i t i e s  
a r e  equal ly  suppor t ive  of STOR and TPS i n t e r e s t ,  and gener ic  in-house re- - 
search  programs have evolved. No attempt i s  made here t o  p a r t i t i o n  the  
in-house a c t i v i t i e s  according t o  funding d iv i s ion ,  s ince  a c l e a r  demarcation 
does not  e x i s t  i n  many cases.  

MOLTEN NITRATE SALT STUDIES 

Molten n i t r a t e  s e n s i b l e  hea t  thermal energy s to rage  systems have emerged 
a s  one of t h e  leading choices of primary heat  t r a n s f e r  and thermal s to rage  
media i n  advanced s o l a r  power systems ( r e f .  1 ) .  The s a l t  composition of 
g r e a t e s t  i n t e r e s t  i s  draw s a l t  (nominally a 50-50 molar mixture of  NaN03 and 
KN03), and most of the  a c t i v i t i e s  t o  da te  have concentrated on t h i s  composition. 
Numerous problems have been i d e n t i f i e d  which requ i re  r e so lu t ion  i n  order  t o  
prove t echn ica l  f e a s i b i l i t y ,  c a r r y  out  d e t a i l e d  designs,  and p r e d i c t  long term 
performance. An in-house.program (supplemented by subcontracted a c t i v i t i e s )  
has been developed t o  s o l v e  these  problems. These a c t i v i t i e s  can be 
conveniently divided i n t o  t h e  fol lowing t echn ica l  a reas :  
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Thermal Stability 
General Corrosion 
Environmental Corrosion Cracking 
Electrochemical Studies 
Thermal Properties 

Each of these areas are discussed below with regard to (1) the nature of the 
problem, (2) accomplishments to date, and (3) future activities. 

Thermal Stability 

It is recognized that nitrate salts can degrade by numerous processes; 
some examples are given below (unbalanced): 

All of these reactions are thermodynamically favored to some extent. The 
problem is to define the extent and rate at which these reactions occur. 

Many parameters conceivably influence the degradation process, a partial 
list being temperature, surface area, surface to volume ratio, ullage gas 
composition, salt purity and gas flow rate over the salt. A Plackett-Burman 
experimental design (ref. 2) has been run in order to determine the main effect 
variables. Preliminary analyses of the data indicate temperature is by far the 
most important variable; detailed data analyses are currently being carried 
out. In addition to these main effect screening studies, in-depth studies are 
underway using a TGA/EGA (thermogravimetric/evolved gas analysis) apparatus 
capable of simultaneously measuring sample weight changes and analyzing evolved 
gas species in vacuum and controlled pressures up to one atmosphere. Results 
to date show it is incorrect to assume the reduction reaction ([Na,K]N03 + 

[Na,K]N02 + .502) is the only major decomposition process as suggested by 
others (ref. 3). Rather, numerous modes of decomposition appear to be active; 
N2 and NOx are generated as products of decomposition along with 02. 



Future  a c t i v i t i e s  w i l l  be  aimed a t  i s o l a t i n g  t h e  d i f f e r e n t  decomposition 
processes ,  and de termining  t h e i r  i nd iv idua l  r a t e s .  The prime mode of s tudy  
w i l l  be  w i th  t h e  TGA/EGA appara tus .  Severa l  supplementary subcont rac ted  
a c t i v i t i e s  have been defined:  (1) phase diagram de termina t ions  and (2) 
H20/co2 i n t e r a c t i o n  rates and mechanisms. Requests f o r  proposa ls  have been 
prepared and a r e  scheduled f o r  r e l e a s e  i n  e a r l y  FY80. 

General Corrosion 

Molten n i t r a t e s  do n o t  appear  t o  c r e a t e  an  ove r ly  s eve re  gene ra l  corro-  
s i o n  environment. S t a t i c  immersion t e s t s  have i n d i c a t e d  t h a t  gene ra l  
co r ros ion  t a k e s  p l a c e  by oxida t ion .  Pa rabo l i c  r a t e s  have been observed f o r  
h igh  chromium a l l o y s ,  sugges t ive  of p r o t e c t i v e  oxide formation.  The oxide  
l a y e r s  appear  t o  be adherent ,  and a r e  not  s u s c e p t i b l e  t o  thermal  cyc l ing .  
However, i n  o r d e r  t o  e x t r a p o l a t e  t h i s  d a t a  t o  30 year  t i m e  pe r iods  w i t h  
confidence,  mechan i s t i c  understanding of t h e  co r ros ion  p roces s  i s  needed. 
Furthermore, a cause f o r  concern has a r i s e n ;  chromium has been observed i n  t h e  
sa l t ,  which imp l i e s  a p o t e n t i a l  mass t r a n s p o r t  problem i n  an ope ra t ing  system 
wi th  thermal g r a d i e n t s  and f lowing f l u i d s .  S t a t i c  immersion t e s t s  have l e d  t o  
t h e  s e l e c t i o n  of Incoloy  800 a s  t h e  prime candida te  f o r  h igh  temperature u se  
(1050°F), a l though t h e  l e s s  c o s t l y  s t a i n l e s s  s t e e l s  cannot be discounted on 
t h e  b a s i s  of gene ra l  cor ros ion .  

Three s ing le -ma te r i a l  thermal  convect ion loops have been cons t ruc t ed  ou t  
of 304, 316, and 1800, and they  a r e  c u r r e n t l y  i n  ope ra t ion .  To d a t e ,  t h e  
loops  have experienced 4000, 1000 and 1000 hours of ope ra t ion  r e s p e c t i v e l y .  
Sample coupons have been e x t r a c t e d  a t  500 hour i n t e r v a l s  and analyzed f o r  ex- 
t e n t  of co r ros ion .  Thin oxide l a y e r s  formed on t h e  a l l o y s ;  n e t  weight 
changes a r e  nega t ive  f o r  304, and p o s i t i v e  f o r  316 and 1800. 

Future  a c t i v i t i e s  i nc lude  t h e  continued ope ra t ion  of t hese  loops and 
complementary i m e r s i o n  t e s t s  w i l l  be c a r r i e d  out  w i th  t h e  o b j e c t i v e  of de- 
termining t h e  r a t e s  of t h e  va r ious  processes  involved (e .g.  ox ide  formation,  
Cr203 d i s s o l u t i o n ,  C r  d i f f u s i o n ) .  The in-house s t u d i e s  w i l l  be  supplemented 
by a subcont rac ted  s tudy  a t  ORNL, where 304, 316, and I800 loops  experiments 
w i l l  be  c a r r i e d  ou t  i n  s e a l e d  environments. 

Environmental Corrosion Cracking 

A major concern t o  des ign  engineers  i s  t h e  coupled i n t e r a c t i o n  of an ag- 
g r e s s i v e  environment and a p p l i e d  s t r e s s  on containment m a t e r i a l s .  A w e l l  
known problem of t h i s  type  i s  c h l o r i d e  s t r e s s  co r ros ion  cracking ,  where t h e  
chemical a c t i o n  of t h e  environment a c t s  on t i p s  of propogat ing c racks  t o  
g r e a t l y  a c c e l e r a t e  c r ack  growth. It i s  n o t  known whether t h e  n i t r a t e  s a l t  
environment induces  c o r r o s i o n  cracking;  no d a t a  a r e  a v a i l a b l e  t o  sugges t  t h a t  
t h e r e  i s  o r  i s n ' t  a problem. 

A p l a n  h a s  been developed t o  determine t h e  p o t e n t i a l  f o r  environmental 
c racking;  slow s t r a i n  r a t e ,  s t r e s s  co r ros ion ,  and co r ros ion  f a t i g u e  



experiments are planned, and w i l l  be  i n i t i a t e d  i n  FY80. 

Electrochemical  S tud ie s  

Curren t ly ,  decomposition and co r ros ion  processes  a r e  be ing  s t u d i e d  inde- 
pendent ly a s  d iscussed  above. It i s  a l s o  recognized t h a t  one can expect  
s t r o n g  s y n e r g i s t i c  i n t e r a c t i o n s  between t h e  sa l t  chemistry ( i o n i c  s p e c i e s ) ,  
decomposition p roces ses ,  and co r ros ion  processes ;  t h e r e f o r e ,  an  a b i l i t y  t o  
determine i o n i c  s p e c i e s  ( q u a n t i t a t i v e l y  and q u a l i t a t i v e l y )  i n  t h e  sa l t  me l t  is  
c l e a r l y  des i r ed .  Electrochemical  techniques can provide  t h e  c a p a b i l i t y ;  how- 
ever ,  t echniques  must be developed and pe r f ec t ed .  Elec t rochemica l  approaches 
can a l s o  b e  used f o r  r e a l  t i m e  s t u d i e s  of  co r ros ion ,  p rov id ing  a for  
a s e n s i t i v e  co r ros ion  t o o l  complementing o t h e r  co r ros ion  a c t i v i t i e s  discussed 
above. 

In-house a c t i v i t i e s  have concent ra ted  on t h e  development of a n  oxide  i o n  
s e n s i t i v e  e l ec t rode .  Because t h e  oxide i o n  (0=) is  purpor ted  t o  be a key com- 
ponent i n  thermal  decomposition, c o r r o s i o n ,  and Co2 /H20  i n t e r a c t i o n  p roces ses ,  
i t  i s  f e l t  t h a t  a means t o  d i r e c t l y  measure i t s  presence  is  requ i r ed  t o  ga in  a 
fundamental understanding of salt behavior .  An ox ide  i o n  s e n s i t i v e  e l e c t r o d e  
of t h e  form P ~ , P ~ o / z ~ o ~ Y ~ o ~ ) / /  has  been developed and Nernst  behavior  demon- 
s t r a t e d  over t h e  range of 1 0 - ~ ~ - 1 0 - ~  molal  O= wi th  e x c e l l e n t  s t a b i l i t y ,  
response,  and r e p r o d u c i b i l i t y .  A c y c l i c  vol tammetr ic  set-up has  been com- 
p l e t e d ,  and pre l iminary  s t u d i e s  on n i t r a t e  me l t s  have demonstrated t h e  
p o t e n t i a l  f o r  u s ing  c y c l i c  voltammetry t o  i d e n t i f y  i o n i c  m e l t  s p e c i e s .  

Techniques t o  determine t h e  i o n i c  s p e c i e s  i n  t h e  mel t  w i l l  cont inue  t o  be 
developed, and even tua l ly  used t o  monitor  t h e  s a l t  chemistry as thermal  decom- 
p o s i t i o n ,  a tmospheric  i n t e r a c t i o n ,  and co r ros ion  processes  occur .  
Subcontracted e l e c t r o d k i n e t i c  s t u d i e s  a r e  a l s o  planned i n  which t h e  k i n e t i c s  
of pas s ive  oxide  f i l m  formation on candida te  a l l o y s  w i l l  be  i n v e s t i g a t e d .  

Thermal P r o p e r t i e s  

The high temperature viscometer  has  been modified t o  s tudy  molten s a l t s ,  
and experiments w i l l  be c a r r i e d  o u t  t o  measure v i s c o s i t y ,  s u r f a c e  t ens ion ,  and 
d e n s i t y  a s  a f u n c t i o n  of  temperature,  s a l t  composition and gaseous environment. 
I f  i s  is  determined t h a t  a c c u r a t e  high temperature thermal conduc t iv i ty  and 
h e a t  capac i ty  d a t a  a r e  r equ i r ed ,  s t u d i e s  w i l l  be  i n i t i a t e d .  

OTHER STUDIES 

The major emphasis of Sandia ' s  in-house program has been on molten draw- 
sa l t  behavior .  For t h e  sake of completeness,  o t h e r  in-house thermal  energy 
s t o r a g e  r e l a t e d  a c t i v i t i e s  a r e  mentioned he re .  It is  known t h a t  t h e  use  of  
hydrocarbon f l u i d s  a s  a thermal  s t o r a g e  medium is temperature l i m i t e d  due t o  
t h e  degrada t ion  of t h e  o i l .  Rates  of f l u i d  l o s s  have been determined f o r  t h r e e  
d i f f e r e n t  hydrocarbon o i l s :  C a l o r i a  HT43, SUN 21,  and T h e m i n o l  6 6 .  I n  



a d d i t i o n ,  f l u i d  l o s s  rates p e r t i n e n t  t o  o i l l g r a n i t e  and o i l i s a n d  d u a l  media 
systems w e r e  a l s o  determined; t h e  f i l l e r  m a t e r i a l  ( g r a n i t e  and sand)  caused 
enhanced f l u i d  l o s s  r a t e s  i n  a l l  cases .  

Dual media systems have a l s o  been proposed f o r  n i t r a t e  sa l t  systems. 
The c o m p a t i b i l i t y  of n i t r a t e  salts w i t h  g r a n i t e  rock and p e l l e t i z e d  i r o n  o r e  
( t a c o n i t e )  have been c u r s o r i l y  examined; t h e  r e s u l t s  i n d i c a t e  t h e  salts are 
no t  compatible  wi th  g r a n i t e  rock m a t e r i a l s ,  b u t  may p o s s i b l y  be used i n  
d i r e c t  c o n t a c t  wi th  t a c o n i t e  a t  temperatures  up t o  550°C. 
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