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ABSTRACT 

Recognizing thermal energy storage as po ten t ia l  l y  c r i t i c a l  t o  the success- 
f u l  commercial i z a t i o n  o f  so lar  thermal power systems, the Department o f  Energy 
(DOE) has establ ished a comprehensive and aggressive thermal energy storage 
technology development program. O f  the f l u i d s  proposed f o r  heat t rans fe r  and 
energy storage molten n i t r a t e  sa l t s  o f f e r  s i g n i f i c a n t  economic advantages. The 
n i t r a t e  s a l t  o f  most i n t e r e s t  i s  a b inary mixture of NaN03 and KN03. Although 
n i t r a t e / n i t r i t e  mixtures have been used f o r  decades as heat t rans fe r  and heat 
treatment f l u i d s  the use has been a t  temperatures o f  about 450°C and lower. 
I n  so lar  thermal power systems the sa l t s  w i l l  experience a temperature range 
o f  350 t o  600°C. Because cent ra l  rece iver  app l ica t ions place more r igorous 
demands and higher temperatures on n i t r a t e  sa l t s  a comprehensive experimental 
program has been developed t o  examine what e f fec ts ,  i f  any, the  new demands 
and temperatures have on the sal ts .  The experiments inc lude corrosion test ing,  
environmental cracking o f  containment mater ia l  s, and determinations o f  physical 
proper t ies  and decomposition mechanisms. This r epo r t  d e t a i l s  the work done a t  
Sandia National Laboratories i n  each area 1 is ted.  I n  addi t ion,  summaries o f  
the experimental programs a t  Oak Ridge National Laboratory, the Univers i ty  o f  
New York, EIC Laboratories, Inc., and the Norwegian I n s t i t u t e  o f  Technology on 
molten n i t r a t e  sa l t s  are given. A1 so discussed i s  how the experimental 
programs w i  1 1 i n f l  uence the near-term cent ra l  receiver programs such as 
u t i  1 i t y  repoweri ng l i ndus t r i  a1 r e t r o f i t  and cogeneration. The repor t  i s  
designed t o  provide easy access t o  the 1 a tes t  informat ion and data on molten 
NaN031KN03 f o r  the designers and engineers o f  f u t u re  cent ra l  rece iver  projects.  
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1.0 INTRODUCTION 

R. W. Carl i n g  

1.1 Background 

Recognizing thermal energy storage as po ten t ia l  l y  c r i t i c a l  t o  the 
successful conmerci a1 i z a t i o n  o f  sol a r  thermal power systems, the Department o f  
Energy (DOE) has establ ished a comprehensive and aggressive thermal energy 
storage technology development program. The overa l l  ob jec t ive  o f  t h i s  program 
i s t o  devel op general sol a r  thermal energy storage techno1 ogi  es t h a t  provide: 
(1)  f i  rst -generat ion storage subsystems f o r  those sol a r  thermal appl i ca t i ons  
t h a t  present ly  have no storage subsystems under development, ( 2 )  second- 
generat i  on storage subsystems o f  f e r i  ng cost/performance improvements over the 
f i r s t -genera t ion  storage subsystems cur ren t l y  being devel oped, and (3 )  a 
technology base t o  support storage subsystem development f o r  f u t u re  so lar  
thermal power appl i ca t i ons  (Reference 1.1). 

Current cent ra l  receiver sol a r  power systems (e.g., Barstow) empl oy a 
water/steam rece iver  which can e i t h e r  run a turb ine d i r e c t l y  o r  charge storage 
(c f .  F igure 1.1). I n  some second generation storage subsystems the f l u i d  
t r ans fe r r i ng  heat from the receiver and t h a t  i n  the storage tank are the same. 
Therefore, a f l u i d  must be found t h a t  i s  a 1 i q u i d  over the temperature range 
o f  i n te res t ,  i.e., 350 t o  600°C. Idea l ly ,  the f l u i d  would be l i q u i d  t o  room 
temperature f o r  ease o f  handling. However, t o  date no f l u i d s  t h a t  are 
inexpensive, ava i l  abl e, non-toxic, etc. , have been i d e n t i f i e d  t h a t  are 1 i q u i  d 
from room temperature t o  600°C. The next best  approach i s  t o  i d e n t i  fy a f l u i d  
t h a t  has a mel t ing  p o i n t  below 350°C and m e t s  the other requirements o f  cost, 
ava i l  a b i l  i t y  , and physical propert ies. The quintessenti  a1 choices are mol ten 
s a l t s  and metals. Examples o f  the former are mixtures o f  a l k a l i  metal n i t r a t es /  
n i t r i t e s ,  wh i le  a1 ka l  i metals represent the l a t t e r .  The data base i s  l a rge  
f o r  the a1 k a l i  metals as a r e s u l t  o f  t h e i r  app l i ca t ion  t o  the nuclear reactor  
industry. However, there i s  a pauci ty  o f  molten n i t r a t e / n i t r i t e  s a l t  data and 
usage i n  the upper end (500 t o  600°C) o f  the appl icable temperature range. 

Mixtures o f  a1 kal  i metal ni t r a t es /n i  tri tes  are being proposed because 
they have su i  tab1 e me1 t i n g  points. The me1 ti ng po in ts  o f  s i  ngl e, pure a1 kal  i 
metal n i t r a t e s  o r  n i t r i t e s  are too high. Figure 1.2 shows the quaternary phase 
diagram for  NaN03, NaN02, KNO3, and KN02 (Reference 1.2). The most common 
mol ten sal t i n  i ndus t r i a l  use today f o r  heat t r ea t i ng  and t r ans fe r  appl i c a t i  ons 
i s  HITEC o r  HTS. It has a mel t ing  p o i n t  o f  143OC and i s  a mix ture  o f  40 per- 
cent  NaN02, 7 percent NaN03, and 53 percent KNO3 by weight. Another common 
s a l t  i n  use i s  drawsal t, 46 percent NaN03 and 54 percent KNO3 (by weight), 



Figure 1.1. Schematic o f  a "Barstow-Type" Central Receiver Using D i f f e ren t  
F lu ids  As the Heat Transfer and Energy Storage Media 

which has a me1 t i n g  po in t  o f  221°C. Both sa l t s  have acceptable me1 ti ng points. 
However, because o f  the large percentage o f  NaNO2 i n  HITEC ( NaNO? i s  the 
most expensive o f  the three sa l t s  i n  HITEC), HITEC i s  not  economical w i t h  
respect t o  drawsalt. Therefore, emphasis f o r  so lar  thermal power appl icat ions 
has been placed on binary mixtures of NaNO and KNO3. The binary phase 
diagram i s  shown i n  Figure 1.3 (Reference f.3). Since the middle por t ion  o f  
the diagram i s  re1 a t i v e l y  f l a t  and the me1 t i n g  po in t  changes re1 a t i v e l y  slowly 
i n  t h i s  region i t i s  economical t o  se lec t  a composition r i c h  i n  NaN03 because 
i t  i s  1 ess expensive than KNO3 and the overa l l  cost  o f  the s a l t  i s  then 
reduced. A composition marketed by Park Chemical Company o f  De t ro i t ,  Michigan 
under the t rade name Partherm 430 i s  60 percent NaN03 and 40 percent KNO3 (by 
weight) w i t h  a mel t ing po in t  o f  221°C. Although a s a l t  mixture has been 
i den t i f i ed ,  s a l t  physical propert ies, chemistry, corrosive behavior, and 
environmental e f fec ts  are not  wel l  known over the temperature range o f  i n te res t ,  
350 t o  600°C. I n  addi t ion,  whi 1 e molten n i t r a t e s  have performed s a t i s f a c t o r i l y  
f o r  many years as a heat t rans fe r  f l u i d  and as a heat treatment bath medium, 
so lar  appl icat ions place more r igorous demands on the sa l t .  Therefore, many 
experimental programs have been undertaken t o  address the uncer ta in t ies  
mentioned above. This repor t  then focuses on the experimental programs on 
binary mixtures o f  molten n i t r a t e  sa l t s  i n  support o f  the Thermal Energy and 
Storage f o r  Solar Thermal Appl icat ions (TESSTA) program. The repor t  sumnarizes: 
(1) what new informat ion and data are avai lable, (2)  how and when the informa- 
t i o n  and data w i l l  impact near-term so lar  thermal power appl icat ions, and 
(3)  the experimental work being performed outside Sandi a National Laboratories 
(SNL). 



Figure 1.2. Freezing Ponts ( i n  O C )  o f  A1 k a l  i Ni t ra te -N i  tri t e  Mixtures 
(From Reference 1.2) 
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Figure 1.3. Phase Diagram o f  NaN03 and KNO3 
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2.0 EXPERIMENTAL PROGRAM OVERVIEW 

R. W. Carl  i n g  

2.1 I n t r o d u c t i o n  

The goal o f  the  program i s  t o  p rov ide  techn ica l  i n fo rma t ion  and data on 
molten n i t r a t e  s a l t  t o  f u t u r e  designers and engineers o f  near-term cen t ra l  
rece i ve r  app l i ca t i ons  i n  a t i m e l y  fashion. To do t h i s  a comprehensive program 
was s t a r t e d  t o  supplement o l d  and generate new in fo rma t ion  and data on b inary  
mix tures  o f  molten n i t r a t e  sa l ts .  In-house and external  experimental programs 
are underway t o  generate the  needed informat ion.  The ex terna l  programs are 
summarized i n  t h i s  sect ion. I n  add i t ion ,  d e t a i l  s are g iven o f  how the  exper i -  
mental programs are intended t o  impact the  development o f  l a r g e  power systems. 
The subsequent sect ions i n  t h i  s r e p o r t  de ta i  1 t he  i n d i v i d u a l  experimental 
programs w i  t h i  n SNL. 

2.2 External Experimental A c t i v i t i e s  

There are fou r  con t rac ts  w i t h  agencies ou ts ide  o f  SNL doing experimental 
work on molten n i t r a t e  s a l t s  i n  support o f  the  TESSTA program. They are: Oak 
Ridge Nat ional  Laboratory (ORNL), S ta te  U n i v e r s i t y  o f  New York a t  B u f f a l o  
(UNYB), EIC Corporat ion, and the  Norwegian I n s t i t u t e  o f  Technology (NIT). A 
b r i e f  cont rac tua l  sumnary o f  each i s  g iven i n  Table 2.1. 

TABLE 2.1 

SUMMARY OF CONTRACTS FOR MOLTEN NITRATE SALT RESEARCH 

P r i  nc ipa l  Contract Sandi a 
Contractor - I nves t i ga to r  -- Per iod  Technical Manager -- --------------- -- -- 

Closed Thermal ORNL J. H. DeVan Feb. 1980-- R. W. Car l ing  
Convection Loops Feb. 1981 

Electrochemical  UNYB R. A. Osteryoung May 1980-- R. W. Ca r l i ng  
Corrosion Studies Sept. 1981 

C02 and Hz0 
I n te rac t i ons  

Thermal 
Conduct iv i ty  

EIC S. H. White June 1980- R. W. Ca r l i ng  
June 1981 

NIT H. A. Oye Oct. 1980-- R. W. Car l  i ng  
June 1982 



2.2.1 Oak Ridqe Nat ional  Laboratory 

One o f  t h e  important  c r i t e r i a  when designing a s o l a r  thermal power system 
i s  l ong  1 i fe t ime  ( t y p i c a l  l y  30 years) .  Obviously, understanding t h e  cor ros ion  
behavior o f  t he  molten n i t r a t e  s a l t  and i t s  conta iner  ma te r i a l  i s  important  
when es t imat ing  l i f e t i m e s .  A1 though there  i s  a l a r g e  amount o f  i n d u s t r i a l  
experience w i t h  mol t en  n i  t r a t e  sal t s  , most i s  a t  1 ower temperatures. There- 
fore,  experimental programs a t  SNLL ( c f .  Sect ion 4.0) and ORNL were undertaken 
t o  address the  cor ros ion  behavior o f  mol t en  n i t r a t e  s a l t  w i t h  metal a1 1 oys 
t h a t  might  conceivably be used t o  conta in  the  s a l t .  

The work a t  ORNL has invo lved the  cons t ruc t i on  o f  th ree  convect ion loops. 
Each loop i s  made o u t  o f  a d i f f e r e n t  h igh-st rength a l l o y :  Inco loy  800 ( I800) ,  
304 s t a i n l e s s  s tee l  (304SS), and 316 s t a i n l e s s  s tee l  (316SS). S a l t  i s  
conta ined w i t h i n  the  loop and c i r c u l a t e d  by na tu ra l  convect ion due t o  the  
d i f f e r e n c e  i n  s a l t  dens i ty  between the  h o t  (595OC) and co l  d (360°C) l egs  o f  
the  1 oop. An i n e r t  cover gas i s  mai n t a i  ned over t he  sal t. General ope ra t i  ng 
cond i t i ons  o f  t he  loops are g iven i n  Table 2.11. A convect ion loop i s  shown 
schemat ica l ly  i n  F igure  2.1. 

TABLE 2.11 

OPERATING CONDITIONS OF ORNL THERMAL CONVECTION LOOP 

Hours o f  Weight Changes 
Loop Opera ti on a t  600°C N i t r a t e  Cr 

Mater i  a1 -- -- on 10/31/80 
.------- - ( mg/cm2 1 -- ( w t  %) ( w t  ppm) ---------- ----- 

negl i g i  b l  e N A ~  N A ~  

a ~ o t  avai  1 ab le  
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Figure 2.1. Thermal Convection Loop Used a t  ORNL i n  NaN03-KN03 Studies 

As seen i n  Figure 2.1 metal coupons have been suspended i n  each leg. The 
coupons are  approximately 1.9 x 0.8 x 0.1 cm. The coupons are withdrawn 
p e r i o d i c a l l y ,  cleaned, and weighed. These r e s u l t s  i n d i c a t e  t h a t  the short-  
t ime cor ros ion  ra tes  o f  304SS and 316SS are q u i t e  small ( <  4 mg/mZ-h) compared 
t o  ra tes  measured under simi 1 a r  cond i t ions  i n  HITEC (Reference 2.1 ) . Resul t s  
from longer t ime exposures w i l l  be used t o  e s t a b l i s h  the  t ime dependence o f  
the cor ros ion  process. 

I n  a d d i t i o n  t o  recording weight changes, the  corners o f  some o f  the 
coupons are  c l  ipped f o r  metal lograph ic  analysis. Resul t s  show the formation 
o f  a duplex oxide l a y e r  s i m i l a r  t o  the l aye rs  observed on 304SS and 316SS i n  
the  SNLL experiments (Reference 2.2). Scal es on the  SNLL specimens consisted 
of an outer  l a y e r  of Fe304 and an inner  spinel  l a y e r  conta in ing  C r  and Fe. 

From t h e  r e s u l t s  obtained so f a r  i t  i s  apparent t h a t  two competing 
processes are  tak ing  p l  ace i n  the 1 oops: ox ida t ion  and d isso lu t ion .  Oxidat ion 
i s  c l e a r l y  ev ident  from t h e  metal 1 ographic analyses, whi l  e  the  occurrence o f  
d i s s o l u t i o n  i s  ev ident  from measured weight losses and ana lys is  o f  the  s a l t .  
S a l t  ana lys is  i nd i ca tes  a l a r g e  increase i n  chromium i n  the  s a l t .  



A1 though the measured wei ght  1 osses are s ign i  f i can t ,  the weight 1 oss corres- 
ponds t o  a surface recession r a t e  t h a t  i s  l e ss  than 4 pm/y ( a  receiver wal l  
thickness being about 1600 urn). 

Further analyses o f  the sal t w i t h i n  the 1 oops are being done by using 
cont ro l  1 ed po ten t i  a1 vol tammetry t o  monitor e l  ectrochemical changes. I r i d i  um 
electrodes have been placed i n  the ho t  l e g  surge tank. The cu r ren t  i s  measured 
as a funct ion o f  impressed voltage between the electrodes. Changes i n  the 
s a l t  w i l l  r e s u l t  i n  changes i n  the shape o f  the current-vol tage curve. 

2.2.2 Univers i ty  o f  New York a t  Bu f fa lo  

The ob jec t i ve  o f  t h i s  cont rac t  i s  t o  develop an understanding o f  the 
phenomena ascribed t o  Incoloy 800 t h a t  i n h i b i t s  the corrosion o f  the metal by 
mol ten n i  t ra tes .  Avai 1 abl e experimental evidence ind icates  t h a t  the formation 
o f  t h i n  passi v a t i  ng oxide 1 ayers i s  responsi b l  e f o r  the negl i g i  b l  e corrosion 
ra tes  o f  ce r t a i n  s t ruc tu ra l  a1 1 oys i n  molten n i t ra tes .  However, nothing i s  
known about the k i n e t i c s  o r  mechanism o f  the formation o f  t h i s  passivat ing 
f i l m  i n  mol ten n i t r a t e ,  o r  o f  the corrosion mechanism i n  general. The e f f e c t  
o f  temperature o r  oxygen p a r t i a l  pressure on these processes i s  a1 so unknown. 
Studying these e f f ec t s  i s  c r i t i c a l  because t h i s  passivat ing f i l m  w i l l  be 
subjected t o  d i s rup t i ve  forces devel oped during the heating and cool i n g  cycles 
experienced i n  ce r t a i n  so lar  energy appl icat ions. A thorough understanding o f  
the cor ros i  on mechani sm o f  Inco l  oy 800, as a representat ive s t ruc tu ra l  a1 1 oy , 
and o f  the mechanism o f  formation o f  these passivat ing f i l m s  i s  important so 
condi t ions leading t o  catastrophic f a i l  ure o f  t h i s  p ro tec t i ve  l aye r  can be 
avoided. 

I n  order t o  understand the corrosion behavior o f  Fe-Cr based al loys,  the 
behavior o f  m e t a l l i c  i r o n  and chromium and the species t h a t  are formed a t  
350 t o  600°C i n mol ten NaN03-KN03 w i  11 be investigated. The k i n e t i c s  and 
mechanism o f  the formation o f  the passivat ing f i l m  on Incoloy 800 w i l l  be made 
i n  mol ten 50 mol e percent NaN03-KN03 over the temperature range 350 t o  600°C. 
The e f f e c t  o f  oxygen p a r t i a l  pressure and the r o l e  o f  impur i t ies ,  such as NO- 
OH- and C1-, and the r a t e  and mode f o r  formation o f  the passivat ing f i l m  w i l ? '  
be included i n  the invest igat ion.  The chemical i d e n t i t y  o f  the passivat ing 
f i l m  w i l l  be determined, as we1 1 as the dependence o f  composition upon the 
condi t ions o f  formation. 

Current-potent ia l  pol a r i za t i on  curves w i l l  be obtained f o r  each pure 
metal (i .em, i ron,  n icke l  , and chromium) t o  establ i s h  the range o f  po ten t ia l  s  
where passivat ion/di  ssol u t i on  occurs. A t  the same time informat ion w i  11 be 
obtained about the nature o f  the species formed during t h i s  process (e.g., 
passivat ing f i l m ,  ions i n  solut ion,  etc.). A f te r  es tab l ish ing the behavior o f  
each metal, s tudies on I800 w i l l  be conducted. This study inc ludes steady and 
non-steady e l  ectrochemi ca l  methods and spectrophoto-metri c  techni ques. 

2.2.3 E I C  C o r ~ o r a t i o n  

The ob jec t ive  o f  t h i s  program i s  t o  provide an understanding o f  the 
in te rac t ions  o f  molten potassium n i t r a t e ,  sodium n i t r a t e ,  and t h e i r  b inary 
mixtures w i  t h  water and carbon dioxide i n the a i  re These studies w i l l  



complement ongoing work a t  SNLL. The r e s u l t s  o f  these s tud ies  w i l l  he1 p t o  
determine whether an open, c losed o r  b rea th ing  system i s  needed f o r  s a l t  
storage. 

The chemical r e a c t i v i t y  o f  t he  n i t r a t e s  i s  o f  paramount importance 
p a r t i c u l  a r l y  s i  nce these 1 i qui  ds woul d be exposed t o  v a r i  abl e atmospheric 
condi t ions.  I n t e r a c t i o n s  w i t h  atmospheric components are o f  importance, 
p a r t i c u l a r l y  w i t h  respect  t o  the  oxygen, water, and carbon d iox ide  content  o f  
t he  atmosphere. The l i k e l i h o o d  o f  i n t e r a c t i o n  between these atmosphere 
components and the  l i q u i d  n i t r a t e s  i s  small a t  lower temperatures ( <  300°C f o r  
the  b i  nary m ix tu re  ( Na ,K )No3. However, t he  1 ong-term temperature cyc l  i ng , the 
need f o r  h i  gher temperatures ( 400-600°C), and the  use o f  metal 1 i c  conta i  ners 
w i l l  l ead  t o  decomposition o f  the  n i t r a t e  (Reference 2.3). The presence o f  
atmospheric oxygen, carbon d i o x i  de, and water w i l l  moderate the  r e a c t i  on 
pathways avai 1 abl e (References 2.4-2.6). Thus, t he  cha rac te r i  z a t i o n  o f  the  
reac t i ons  i nvol v i  ng water and carbon d iox ide  w i t h  these n i t r a t e  me1 t s  under 
atmospheric cond i t i ons  i s  o f  prime importance. A number o f  anion 'c  s ec ies  
may r e s u l t  from these i n te rac t i ons ,  f o r  example, C O j ,  OH-, 02-, 0 pi, etc.  

These species have received p a r t i c u l a r  a t ten t i on ,  e s p e c i a l l y  w i t h  regard 
t o  t h e i  r e l  ec t ro -ox i  d a t i v e  behavior ( References 2.7-2 . 10). Several workers 
have es tab l  ished ha1 f wave p o t e n t i a l  s, d i f f u s i o n  c o e f f i c i e n t s ,  and n values 
a1 be i  t over a 1 i m i  t e d  temperature range. This suggests t h a t  e l  e c t r o a n a l y t i c a l  
techniques cou ld  be success fu l l y  used t o  study the  format ion o f  these species, 
as we l l  as the  d i r e c t  behavior o f  water, carbon d iox ide,  and oxygen i n  the  
n i t r a t e  melts.  

The low concentrat ions o f  water, carbon d iox ide,  oxygen, etc., suggest 
t h a t  the  mon i to r ing  o f  these species and t h e i r  degradat ion products might  bes t  
be achieved by i n  s i  t u  e l  e c t r o a n a l y t i c a l  techniques i n  t he  molten n i t r a t e s .  
It i s  c l e a r  f r o m p x o u s  work t h a t  the  r o t a t i n g  d i sc  e lect rode,  c y c l i c  
vo l  tammetry, and chronopotentiometry o f f e r  r a p i d  dynamic means by which the  low 
concentrat ions o f  reac tan ts  (and products)  can be monitored q u a n t i t a t i v e l y  as 
a func t i on  o f  c o n t r o l l e d  gas pressure/atmosphere and temperature. 

The e l  ec t roana ly t i ca l  procedures us ing cyc l  i c  vo l  tammetry, chronopotent i-  
ometry, and chronoamperometry and d i f f e r e n t i a l  pulse polarography have been 
s e t  up us ing  the  PAR 174A po l  arographic analyzer and PAR 175 s igna l  generator. 
The data i s  recorded on a PAR 4102 s ignal  processor o r  t h e  Bascom-Turner 8000 
se r ies  microprocessor c o n t r o l l e d  X-Y recorder.  Software t o  process these data 
i s  being developed. 

A procedure f o r  the  p u r i f i c a t i o n  and cha rac te r i za t i on  o f  the  i n d i v i d u a l  
sodium and potassium n i t r a t e  me1 t s  and t h e i r  b i  nary m ix tu re  i n v o l v i n g  vacuum 
d ry ing  and treatment w i t h  NO2 gas has been developed and i s  being evaluated 
u s i  ng cyc l  i c vol  tammetry. 

Pre l im inary  measurements have been made t o  ob ta in  i n fo rma t ion  on the  
behavior o f  water, carbon dioxide, and p o t e n t i a l  decomposition products such 
as n i t r i t e ,  carbonate, and hydroxide ions  i n  t he  b ina ry  n i t r a t e  mixture. The 
cyc l  i c  vo l  tammetric resu l  t s  obta ined on the  1 ow temperature behavior o f  water 
showed a we1 1 def ined reduct ion  peak (responsive t o  the  presence o f  d i f f e r e n t  
water concentrat ions)  c lose  t o  the  cathodic 1 i m i  t o f  the  solvent.  An ana lys is  



of the  peak c h a r a c t e r i s t i c s  show t h a t  the  reduct ion i s  n o t  a simple d i f f u s i o n  
c o n t r o l l e d  process. Nevertheless, from t h e  peak c u r r e n t  dens i ty  i t  i s  poss ib le  
t o  ob ta in  an a c t i v a t i o n  energy t h a t  was 4.4 kcal  t y p i c a l  f o r  d i f f u s i o n a l  
processes i n v o l v i n g  i o n i c  species i n  molten n i t r a t e s .  Experiments were c a r r i e d  
o u t  a t  300°C t o  examine the  r a t e  o f  absorpt ion and desorpt ion o f  water by the  
melt .  It was observed t h a t  argon, carbon dioxide, o r  oxygen saturated w i t h  
water a t  a vapor pressure o f  19.6 mm took approximately 3 minutes t o  sa tura te  
the  n i t r a t e  me1 t w i t h  the  bubbler below the surface o f  t he  me1 t, and 90 minutes 
when the  bubbler was about 2-3 cm above the me1 t. (The gas f l ow  r a t e  was - 200 m l  min-1 and the  surface area - 28 cm2.) On the  o ther  hand, water 
was completely removed by bubbl i n g  dry argon through the me1 t f o r  20 minutes. 
These r e s u l t s  show t h a t  water can be r e v e r s i b l y  removed from the  n i t r a t e  melt. 

The behavior o f  n i t r i t e  and carbonate ions  i s  l e s s  we l l  resolved. For 
example, t h e  s o l u b i l i t y  o f  the  carbonate ions  i s  very much l e s s  than t h a t  o f  
n i t r i t e  ions, and the  apparent r a t e  o f  carbonate d i s s o l u t i o n  i s  a1 so small. 
Because the  products o f  e lec t roox ida t ion  o f  carbonate and n i t r i t e  are thought 
t o  be gaseous, 

NO? : NO2( g)  + e- 

and 

f a s t  scan voltammetry o r  h igh cu r ren t  dens i ty  chronopotentiornetry may be 
requ i  red  f o r  e l  ec t roana lys i  s. This w i  11 prevent d i  sturbance o f  the d i f f u s i o n  
1 ayer , and hence, i nval i dat ion  o f  the  simp1 e reve rs i  b l  e condi t ions,  especial  l y  
a t  h igher concentrat ions. 

I 2.2.4 Norwegian I n s t i t u t e  o f  Technology 

The o b j e c t i v e  o f  t h i s  study i s  t o  measure the  thermal conduc t i v i t y  o f  
molten (Na,K)N03 mixtures, t o  determine the  e f f e c t  o f  i m p u r i t i e s  upon the 
thermal conduc t i v i t y  o f  these mixtures, and t o  use the  r e s u l t s  t o  cons t ruc t  a 
p r e d i c t i v e  model f o r  the  thermal conducti v i  ty .  The thermal conduc t i v i t y  o f  
the  f o l  1 owing uncontaminated mixtures o f  mol ten  n i t r a t e  sal t s  w i  11 be measured 
over the  temperature range, 350 t o  600°C. 

I a. 50KN03-50NaN03 (mol a r  r a t i o )  

The e f f e c t  on the  thermal conduc t i v i t y  o f  small add i t ions  o f  CO= and OH- 
i s  being determined f o r  each s a l t  1 i s t e d  above. The suggested %;ximum addi- 
t i o n s  o f  contaminants are: 
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a. Cog (5 wt%) 

b. OH- (0.1 wt%) 

The experiment employs an absolute method f o r  simultaneous determinat ion 
o f  the  thermal c o n d u c t i v i t y  and d i f f u s i v i  ty. The experiment i s  a t r a n s i e n t  
technique and uses a t h i n  metal f o i l  as the heat ing  element. It i s  a mod i f i -  
c a t i o n  o f  t h e  " h o t - s t r i p "  method proposed p rev ious l y  (Reference 2.11). This  
method i s  p r e f e r r e d  t o  steady-state types o f  thermal c o n d u c t i v i t y  experiments 
because i t  obta ins  measurements much f a s t e r  and thereby s i g n i f i c a n t l y  reduces 
thermal r a d i a t i o n  losses. I n i t i a l  work has focused on ob ta in ing  a ma te r ia l  
t o  cover t h e  t h i n  f o i l  t o  e l e c t r i c a l l y  i n s u l a t e  the  molten s a l t  from the  f o i l .  

2.3 Molten S a l t  Usage i n  Large Systems 

The i n fo rma t ion  der ived from the  experiments described i n  t h i s  r e p o r t  
w i l l  impact dec is ion  p o i n t s  s e t  by DOE f o r  t he  development o f  thermal storage 
techno1 og i  es requ i  r e d  f o r  several near-term cen t ra l  rece i ve r  appl i ca t i ons .  
These i n c l  ude the  repoweri ng / i  n d u s t r i  a1 r e t r o f i t  and cogenerat ion programs 
described b r i e f l y  i n  Sect ions 2.3.1 and 2.3.2. 

There are a1 so th ree  1 arge-scal e experimental programs t h a t  address the  
i n d i v i d u a l  p o r t i o n s  o f  the  energy t r a n s f e r  and storage system: the  devel op- 
ment o f  an advanced cen t ra l  rece i ve r  (ACR), t he  thermal storage subsystem 
research experiment (SRE) , and the  design o f  a sal t/steam heat  exchanger. 
These programs w i l l  be described i n  Sect ions 2.3.3 t o  2.3.5. 

2.3.1 Repowerinq/Industr ial  R e t r o f i t  

I n  March 1979 DOE issued a s o l i c i t a t i o n  f o r  u t i l i t y  repower ing / indus t r ia l  
r e t r o f i t  system conceptual design s tud ies  empl o y i  ng sol  a r  c e n t r a l  receivers.  
O f  the  twelve responses t h a t  were funded, s i x  were f o r  repowering o f  e x i s t i n g  
o i l  o r  na tu ra l  gas - f i r ed  e l e c t r i c  generat ing p l  ants. The o ther  s i x  were f o r  
t he  f i r s t  s i t e - s p e c i f i c  s tud ies  o f  the  use o f  s o l a r  cen t ra l  rece i ve r  systems 
f o r  i n d u s t r i a l  process heat. O f  the  s i x  e l  e c t r i c  u t i l  i ty repowering studies,  
two proposed molten n i t r a t e  s a l t s  f o r  heat  t ranspor t  and energy storage. The 
prime cont rac tors  f o r  these s tud ies  were Arizona Pub l i c  Serv ice Company and 
McDonnel 1 Doug1 as. 

The conceptual design phase o f  the  repowering program has been completed. 
The designs us ing molten n i t r a t e  s a l t  proposed the  s a l t  as the  heat t r a n s f e r  
and energy storage f l u i d .  The f l u i d  i s  heated t o  about 565°C i n  the  receiver .  
The h o t  molten s a l t  then f lows t o  the  thermal storage tank. S a l t  i s  withdrawn 
t o  generate steam f o r  the  turb ine.  The next  stage f o r  repowering i s  p re l im ina ry  
design w i t h  se lec t i on  o f  con t rac to rs  t o  be made i n  1981. The mol ten s a l t  
repoweri ng con t rac ts  are summarized i n  Tab1 e 2-1 I I. 



TABLE 2.111 

REPOWERING AND COGENERATION CONTRACTORS USING MOLTEN NITRATE SALTS 

Prime 
Contractor - Subcontractors S i t e  Locat ion Process Status 

Arizona Pub1 i c  Mar t in  Mar ie t t a  Saguaro Power Steam t o  Produce Conceptual 
Service Co. Badger Energy Pl  an t  E l e c t r i c i t y  Design Compl e te  

Gibs & H i l l  Tucson, Ariz. 

McDonnel 1 Oougl as S ier ra  P a c i f i c  Power Ft. Chu rch i l l  Steam t o  Produce Conceptual 
Stearns-Roger Pl  an t  E l e c t r i c i t y  Design Compl e t e  
Desert Research Ins t .  Yerington, Nev. 
Foster Wheel e r  
Univ. o f  Houston 
Westi nghouse 

Exxon Research Mar t i n  Mar ie t ta  Edison F ie1 d Steam f o r  Star ted 
& Eng. Co. P a c i f i c  Gas & Elec. Bakersf ie ld,  CA Enhanced O i l  

Badger Energy Recovery 

McDonnel 1 Doug1 as Stearns-Roger F o r t  Hood Steam t o  Produce I n  Negot iat ion 
Uni v . o f  Houston K i l leen,  TX E l e c t r i c i t y  and 
Ft.  Hood Army Base Space Condit ioning 

2.3.2 Coqeneration 

Seven conceptual design proposal s have been selected f o r  the  cogenerat ion 
o f  e l e c t r i c i t y  and heat from s o l a r  energy. O f  the  seven, two employ molten 
n i t r a t e  s a l t s  as the  heat t r a n s f e r  and energy storage f l u i d :  Exxon Research 
and Engineering Company t o  p rov ide  steam f o r  enhanced o i l  recovery, and 
McDonnell Dougl as t o  c rea te  steam t o  produce e l  e c t r i c i  ty and space cond i t ion-  
i ng a t  Ft .  Hood Army Base. The selected proposal s are under c o n t r a c t  negot ia- 
t i o n  w i t h  DOE. The molten s a l t  cogenerat ion p r o j e c t s  are summarized i n  
Table 2.111. 

2.3.3 Advanced Centra l  Receiver ( ACR) 

The ACR program invo l ves  design, cons t ruc t ion ,  and t e s t i n g  o f  a second 
generat ion rece i ve r  us ing  f l u i d s  o the r  than t h a t  o f  the  Barstow r e c e i v e r  
(water lsteam). The prime con t rac to r  f o r  the  ACR us ing  molten n i t r a t e  s a l t  as 
the  f l  u i d  i s  M a r t i n  M a r i e t t a  Corporation. 

A schematic o f  the rece i ve r  design i s  shown i n  F igu re  2.2. The rece i ve r  
cons i s t s  o f  18 passes o f  16 tubes each. The s a l t  i s  pumped through the  
rece i ve r  i n  a serpent ine fashion. The heat c o l l e c t e d  i s  r e j e c t e d  i n  an a i r  
cooler.  The rece i ve r  experiment i s  being conducted a t  t he  Centra l  Receiver 
Tes t  F a c i l  i t y  (CRTF) i n  A1 buquerque, NM. An il l u s t r a t i o n  o f  the rece i ve r  
s i t t i n g  on top  o f  the  tower a t  t he  CRTF i s  shown i n  F igu re  2.3. 

Through October 1980 the  rece i ve r  has had 225 hours o f  t o t a l  s o l a r  t e s t  
time. O f  tha t ,  115 hours have been a t  f u l l  power (about 200 h e l i o s t a t s )  
w i t h  70 hours a t  f u l l  power and design temperatures. The peak power ou tput  
has been 4.7 MWtho 
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Figure  2.2. Schematic o f  M a r t i n  M a r i e t t a  Advanced Central  Receiver 
Tested a t  CRTF i n  Albuquerque 

F igure  2.3. A r t i s t  Concept of M a r t i n  M a r i e t t a  Advanced Centra l  Receiver 
i n  the Exposed Conf igura t ion  



2.3.4 Thermal Storaqe SRE 

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  demonstrate a molten n i t r a t e  s a l t  
storage subsystem using low c o s t  containment techniques. The prime con t rac to r  
f o r  t he  SRE i s  M a r t i n  Mar ie t ta  Corporation. They w i l l  design, f a b r i c a t e  and 
t e s t  a subscale research experiment t h a t  i s  scaleable t o  a f u l l  s i z e  system. 
The SRE i s  a two-tank system. For the  h o t  tank, they propose using an 
i n t e r n a l l y  i n s u l a t e d  tank t h a t  employs a th in ,  waf f le- type l i n e r  o f  Inco loy  
800 t o  conta in  the  sa l t .  A drawing o f  the tank i s  shown i n  F igu re  2.4. The 
c o l d  tank w i l l  be o f  carbon steel .  The SRE w i l l  be b u i l t  and tes ted  a t  the  
CRTF. 

F igure  2.4. Schematic o f  Mar t i n  Mar ie t ta  Hot S a l t  Storage Tank f o r  the 
Subsystem Research Experiment a t  CRTF i n  Albuquerque 
( I n s e r t  shows close-up o f  w a f f l e  1 i ner)  

2.3.5 Sal t/Steam Heat Exchanger 

Another component o f  the energy 
t r a n s f e r  and storage system t o  be examined i s  the salt /steam heat  exchanger. 
The proposed work w i l l  c o n s i s t  o f  two phases. The f i r s t  phase w i l l  be a 
conceptual design study t o  be awarded t o  two bidders. A t  the  complet ion of 
t he  i n i t i a l  phase one o f  the designers w i l l  be selected t o  b u i l d  a prototype 
u n i t .  The heat  exchanger w i l l  be tes ted a t  the  CRTF. 



2.4 Summary 

The i n fo rma t ion  der ived from t h e  experimental programs discussed i n  the  
f o l l o w i n g  sec t ions  w i l l  impact dec is ion  p o i n t s  s e t  by DOE f o r  t h e  development 
o f  thermal storage technol og i  es and cen t ra l  rece i ve r  appl i c a t i  ons. The 
technol og i  es, such as the  ACR, SRE, and sal  t/steam heat  exchanger devel opment, 
are matched t o  s o l a r  thermal power system requirements f o r  near-term c e n t r a l  
rece i  ver  appl i ca t i ons .  Exampl es o f  the appl i c a t i  ons are the  repoweri ng/ 
i n d u s t r i a l  r e t r o f i t  and cogenerat ion programs. F igures 2.5 and 2.6 d e t a i l  how 
the experimental programs f i  t the  needs o f  the  cen t ra l  rece i ve r  appl i ca t i ons .  

STORAGE SRE MMC 

CORROSION SLL 
FATIGUE MMC - --- - --- -.4 

I I 

CREEP 
rL *.- I - -- - SLL RUPTURE 

Figure  2.5. Diagram I n d i c a t i n g  when S a l t  Containment Studies W i l l  
Impact Near-Term Sol a r  Thermal Appl i c a t i  ons 



Figure 2.6. Diagram Ind i ca t i ng  when S a l t  Chemistry and Physical Property 
Studies W i  11 Impact Near-Term Solar Thermal Appl i ca t i ons  
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3.0 IMMERSION TESTS 

C. M e  Kramer 

3.1 I n t r o d u c t i o n  

Molten n i t r a t e s  and n i t r i t e s  have been proposed f o r  s o l a r  cen t ra l  rece i ve r  
systems as the  pr imary heat  t r a n s f e r  f l u i d  o r  as the  thermal storage medium 
(References 3.1 and 3.2). The two s a l t  m ix tu res  t h a t  a re  prime candidates 
f o r  these appl i c a t i o n s  are drawsal t (54 w/o KNO3 - 46 w/o NaN03) and HTS 
( 53 w/o KNO3 - 40 w/o NaN02 - 7 w/o NaN03) (References 3.1 and 3.3). The 
l a t t e r  composit ion i s  a lso  c a l l e d  HITEC. 

Among the  many techn ica l  considerat ions i n  designing a mol t en  s a l t  s o l a r  
system i s the  p o t e n t i a l  cor ros ion  o f  containment ma te r i a l  s. I n  sol a r  appl i ca -  
t i ons ,  t he  operat ing temperatures may be as h igh  as 600°C and a 30-year 
requi  red  1 i fet ime f o r  the  conta i  nment ma te r i a l  s  (References 3.1 and 3.2). 
A1 though t h e  cor ros ion  o f  i r on ,  chromi urn, n i c k e l  , cobal t, and some i r o n  
a1 1 oys i n mol t en  n i t r a t e s  and n i t r i t e s  has been s tud ied  (References 3.4-3. l o ) ,  
these t e s t s  have been l a r g e l y  s h o r t  term (a l though a few samples have been 
tes ted  f o r  s i x  weeks). .Many o f  the  r e s u l t s  are f o r  lower temperatures and 
n o t  usefu l  f o r  s o l a r  cen t ra l  rece i ve r  app l ica t ions .  Therefore, a program was 
i n i t i a t e d  t o  assess the  mol t e n  a1 k a l  i n i  t r a t e / n i  tri t e  sal t s  and metal cor ros ion  
problem. 

These experiments were designed t o  assess the  s u i t a b i l i t y  o f  some o f  the  
commercially a v a i l a b l e  i r o n  a l l o y s  f o r  long term use i n  molten HTS and t o  
i d e n t i f y  poss ib le  mater i  a1 s devel opment requirements. Two long term t e s t s  
were performed. The cor ros ion-behav ior  o f  s i x  i r o n  a l l o y s  i n  HTS was evaluated 
a t  550°C. The a1 1 oys were C-steel, t h ree  low-a1 1 oy chromi um-molybdenum s tee l  s, 
and two s t a i n l e s s  s tee l  s. The cor ros ion  o f  the  th ree  low-a1 1 oy chromium- 
molybdenum s t e e l s  was a lso  s tud ied  i n  HTS a t  450°C. The ex ten t  and the  
mechanisms o f  co r ros ion  o f  each a l l o y  were s tud ied  by immersing samples o f  
each a1 l o y  i n  molten s a l t  f o r  per iods as long as 223 days. Based on these 
co r ros ion  resu l  ts ,  t h e  sui  t a b i l  i ty o f  these commerci a1 l y  avai 1 ab le  a1 1 oys was 
assessed f o r  heat  t r a n s f e r  and thermal storage app l ica t ions .  



3.2 Experimental 

The immersion bath shown i n  F igu re  3.1 was b u i l t  f o r  t e s t i n g  t h e  
a1 l o y s  i n  molten HTS a t  550°C. The immersion bath was modi f ied  f o r  the  
experiments a t  450°C. I n  the  lower temperature experiment the  quar tz  beaker 
was replaced w i t h  an IN600 c ruc ib le .  Alumina sample racks were used i n  the  
HTS a t  550°C. S a l t  mixtures were prepared from reagent grade compounds, and 
the  s a l t  baths were open t o  the a i r .  Several s a l t  samples f o r  chemical 
ana lys is  were a l so  taken dur ing t h e  course o f  the  experiments. 

F igure 3.1. Schematic o f  Molten HITEC S a l t  Bath f o r  A l l o y  Immersion Tests 

Six coupons o f  each a1 1 oy were po l ished t o  600 g r i t ,  stamped f o r  i d e n t i -  
f i c a t i o n ,  and weighed before being immersed i n  the  bath. The samples were 
approximately 25 x 25 x 7 mm and had sur face areas o f  approximately 19 cm2. 
The compositions o f  each a l l o y  are l i s t e d  i n  Table 3.1. Pe r iod i ca l l y ,  
coupons were withdrawn from t h e  s a l t  baths. The samples were weighed and 
i nspected o p t i c a l  1 y and w i  t h  the  scanni ng e l  ec t ron  microscope f o r  topo- 
graphical  features. Metal lographic cross sect ions were made o f  each a l l o y  
before and a f t e r  immersion. I n  add i t ion ,  e l e c t r o n  microprobe s tud ies  and 
X-ray d i f f r a c t i o n  were performed on selected sampl es. 



TABLE 3.1 

CHEMICAL COMPOSITION OF ALLOYS CHOSEN 
FOR CORROSION TESTS (wt%) 

1018 Steel 0. 0.15-0.2 - 0.6-0.9 - <0.5 balance 

Cr-2 1.9-2.6 <0.15 - 0.3-0.6 0.5 <0.5 balance 

Cr-5 5.13 <0.12 - 0.44 0.5 0.37 balance 

Cr 9-1M 8.-10. <0.15 - 0.3-0.6 0.9-1.1 < l o o  balance 

316 S ta in less  16.-18. <0.08 10.-14. <zoo 2.-3. <1.0 balance 

310 S ta in less  24,-26. <0,25 19.-22, <zoo - <1.5 balance 

3.3 Resul ts  and Discussion 

The weight  change r e s u l t s  from these experiments are g iven i n  Table 3.11 
and i l l u s t r a t e d  i n  F igures 3.2 and 3.4. The r e s u l t s  o f  each experiment are 
discussed separate ly  be1 ow. 

TABLE 3.11 

SUMMARY OF WEIGHT CHANGE DATA 
- - - - - - - -- - - 

(mgIcm2 
1018 -- Fe-2 114 Cr Fe-5Cr - Fe-9Cr-1Mo 316 Stain1 ess 310 Stainless --- 

HTS/550°C 

35 days 5.7 6.8 4.2 2.8 0.49 0.13 
11.9 4.3 2.9 

8.0 0.59 
2.0 

------ 
*No sample ava i l  able. 



3.3.1 HTS a t  550°C 

A1 1 s i x  a1 loys  showed a weight gain due t o  oxide formation. The 1018 and 
s ta in less  steel  a1 1 oys gained weight continuously over 190 days. I n  contrast,  
the Fe-2 1/4Cr, Fe-5Cr and Fe-9Cr-1Mo a l l oys  gained weight i n i t i a l l y  b u t  then 
no more. The sca t te r  i n  data was caused by spa l l i ng  o f  the oxide scale. 

Regions o f  l o c a l l y  adherent and wel l  bonded oxide were observed on every 
a l loy .  Only the s ta in less  coupons had oxide layers  t h a t  were adherent through- 
out. In tergranu lar  corrosion and i n t e rna l  ox idat ion was no t  observed. X-ray 
d i f f r a c t i o n  o f  the scales o f  Fe-2 1/4Cr, Fe-5Cr and Fe-9Cr-1Mo samples showed 
t h a t  both Fe304 and Fez03 were present. The oxides o f  the other 
coupons were too  t h i n  f o r  X-ray analysis. These resu l t s  are cons is tent  w i t h  
previous studies. Passivat ion o f  i r o n  i n  molten n i t r a t e  s a l t s  has been 
observed, and a t t r i b u t e d  t o  the formation o f  a mixed oxide f i l m  t h a t  i s  
p r ima r i l y  Fe304 (References 3.6,3.7,3.9). Continuous, adherent, blue-black 
f i lms were found on i r o n  i n  less  than 100 minutes when submerged i n  NaN03, 
NaN02, and an equimolar mixture of NaN03 and KN03 (Reference 3.7). D isso lu t ion 
o f  i r o n  has no t  been observed i n  mixed molten NaN03-KN03 (Reference 3.6). 
However, d i sso lu t ion  was seen i n  another case o f  mixed n i t r a t e s  
(Reference 3-11), and i ntergranul a r  at tack was observed w i t h  330 s ta in1 ess 
steel  (Reference 3.6). Mixed oxide scales were a1 so found on Fe oxid ized i n  
a i  r (References 3.12-3.18). 

The e f f e c t  o f  chromium i s  shown i n  Figure 3.2 where the ox idat ion o f  each 
a l l o y  i s  p l o t t e d  versus the chromium content o f  the a l loy .  The bene f i c ia l  
e f f e c t s  o f  chromium on hinder ing corrosion i n  molten HTS are c lear.  The 

*I DAYS EXPOSURE 
.I90 DAYS EXPOSURE 

CHROME CONTENT (WEIGHT PERCENT) 

Figure 3.2. P l o t  o f  Oxidation o f  Fe A l loys  vs Chromium Content. Spa l l ing  
o f  oxide may have cont r ibuted t o  spurious r esu l t s  i n  the low-Cr 
a1 loys  where the apparent ox idat ion i s  l ess  a f t e r  135 days 
than a f t e r  35 days. 



variation i n  the amount of oxidation spans two orders of magnitude. In other 
oxidation experiments (Reference 3.13) molybdenum enhanced oxidation resistance. 
This implies molybdenum may have contributed to  the improved behavior of the 
Fe-9Cr-1Mo compared to the lower Cr alloys. 

Visual inspection showed tha t  the Cr-2 performed the poorest. Spalling 
and orange-colored b l i s t e r s  were present on a l l  the Cr-2 samples. Some 
craters  were also observed on the 1018, Fe-5Cr, and Fe-9Cr-1Mo samples. The 
s tainless  steel samples d i d  not spa11 or bl is ter .  A1 1 the metal coupons 
turned very dark grey i n  the sa l t .  

Topographical scanning electron microscope (SEM) photographs of the oxide 
scales on the metal coupons revealed some interesting character is t ics  of the 
oxide scales. The s tainless  steel coupons had small ( <  5 m), equiaxed, dense 
crystals  on the surface. The lower chromium alloys had s l ight ly  larger grains, 
and many of the grains were s p l i t  into laminar plates. If these cracks were 
present a t  550°C, and not introduced i n  the scale d u r i n g  cooling to  room 
temperature, they could account for the fac t  low chromium alloys corroded 
fas te r  than the s tainless  steels.  Cracks between the laminar plates may be 
paths for diffusion of Fe or oxygen. The amount of cracking was increased by 
exposure to  moist a i r  and chloride ions. 

An automated electron microprobe X-ray diffractometer was used to  
determine the chemical composition of the corrosion layers of a five percent 
Cr sample. The microprobe was programmed to  col lect  elemental X-rays from 
1600 points in an 80 x 80 m matrix centered on the metal-oxide interface of 
a polished metallographic cross-section. The X-ray in tens i t ies  of each point 
i n  the matrix were corrected for  X-ray absorption, fluorescence, and atomic 
number. The corrected X-ray in tens i t ies  were used to  produce a cornputer- 
generated map of each element of interest .  Figure 3.3 i s  a ser ies  of computer 
images from the Cr-5 a1 1 oy tha t  di spl ays the re1 at ive el emental distribution 
of the Fe, Cr, and oxygen. The outermost half ( -  20 um) of the oxide layer i s  
enti rely Fe-oxide. 

Figure 3.3. Computer-Generated Images Mapping the Intensity of Fe, Cr, 
and Oxygen Over the Same Area of Metal-Oxide Interface. 
Darker color indicates greater concentration. 



The microprobe was a1 so used t o  study a 316 s t a i n l e s s  s tee l  metal -ox ide 
i n te r face .  There were problems i n  l o c a t i n g  the  ox ide metal i n t e r f a c e  because 
the  ox ide was very t h i  n. However, t he re  was evidence t h a t  t he  outermost ox ide 
was e n t i r e l y  Fe-oxide and the  i nne r  l a y e r  enr iched w i t h  C r ,  N i ,  and perhaps 
Moo A chromium-rich i nne r  l a y e r  has a l so  been observed i n  t he  o x i d a t i o n  o f  Fe 
a l l o y s  (Reference 3.19). Oxidat ion p r o t e c t i o n  i s  i n i t i a l l y  by Cr203 o r  an 
Fe-Cr-0 sp ine l  format ion t h a t  subsequently breaks down and forms an Fe- r ich  
ox ide  ou te r  1 ayer (Reference 3.17). 

The s a l t  composit ion changed over the  s i x  months o f  the  experiments. The 
amount o f  n i t r i t e  (NO7) decreased s i g n i f i c a n t l y .  A carbonate ana lys is  o f  t he  
s a l t  sample taken a f t e r  190 days a t  550°C showed t h a t  the  HTS was r e a c t i n g  
w i t h  the  C02 o f  the  atmosphere t o  form - 0.2 percent  carbonate. The e tch ing  
o f  t he  g lass equipment a l so  r e f l e c t e d  the  s t rong basic  na ture  o f  the  melt .  The 
changes i n  composit ion may n o t  have a1 t e r e d  the  cor ros ion  process s i g n i f i c a n t l y  
s ince NaNO2 behaved s i m i l a r l y  t o  NaNO i n  o ther  cor ros ion  t e s t s  w i t h  i r o n  + (Reference 3.7). The concent ra t ion  o o the r  metals d i d  n o t  change dur ing  the  
experiment. The presence o f  oxygen, water, acids, o r  bases i n  molten n i t r a t e  
me1 t s  have been shown t o  have minimal e f fec t  on the  co r ros ion  behavior o f  i r o n  
(References 3.6 and 3.7). 

3.3.2 HTS a t  450°C 

The ox ida t i on  behavior o f  the  th ree  Fe-Cr a1 l o y s  a t  450°C i s  shown i n  
F igu re  3.4. The weight  gains over a t ime pe r iod  o f  60-223 days are  l i n e a r  f o r  
each a1 loy .  Because the  r a t e s  o f  ox ida t i on  are constant,  o x i d a t i o n  may be 
c o n t r o l l e d  by the  r a t e  a t  which the  s a l t  can penetrate t o  the  metal sur face 
v i a  cracks i n  the  ou ter  oxide layer .  Higher chromium content  i n  t he  a l l o y s  
reduced the  co r ros ion  rates.  The r a t e s  fo r  t he  2-114, 5, and 7 percent  
chromium a l l o y s  a t  450°C are 0.019, 0.011, and 0.0071 mg cm-2 day-1, 
respect ive ly .  The amount o f  ox ida t i on  was approximately h a l f  t h e  amount 
observed a t  550°C. The Fe-2 1/4Cr a1 l o y s  d i d  n o t  have orange b l  i s t e r s  as i t  
d i d  a t  550°C. 

Meta l lographic cross-sect ions were made o f  these Fe-Cr co r ros ion  coupons. 
The oxides formed were i d e n t i c a l  i n  morphol ogy and composit ion t o  those 
observed a t  550°C. 

3.4 Future  Recommendations 

A1 1 o f  t he  a1 l o y s  tes ted  showed reasonable res is tance t o  the  molten sal t. 
From chemical cor ros ion  cons idera t ions  only,  t h e  s t a i n l e s s  a l l o y s  are good 
candidates f o r  t he  h ighes t  temperatures o f  a s o l a r  cen t ra l  rece iver .  The Fe-2 
1/4Cr a1 l o y  i s  n o t  an acceptable choice f o r  use w i t h  mol ten HTS a t  550°C due 
t o  i t s  ox ida t ion ,  s p a l l i n g  and b l i s t e r i n g .  The 1018, Fe-5Cr and Fe-9Cr-1Mo 
are  candidate ma te r ia l s  t h a t  are worthwhi le  i n v e s t i g a t i n g  f o r  lower temperature 
appl i c a t i o n s ,  especia l  l y  where c o s t  i s  a c r i t i c a l  cons idera t ion  (as  i n  1 arge 
storage tanks).  



TIME (DAYS) 

Figure 3.4. Oxidat ion o f  A l l oys  i n  HITEC a t  450PC 
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4.0 CORROSION STUDIES USING THERMAL CONVECTION LOOPS 

R. W. Bradshaw 

4.1 I n t r o d u c t i o n  

Central  so l  a r  rece ivers  w i  1 1 operate i n  the  300-600°C temperature range. 
I n  a d d i t i o n  t o  co r ros ion  o f  the  containment a l l o y s  by the  molten s a l t ,  o the r  
poss ib le  cor ros ion  mechanisms are ( 1 ) depl e t i o n  o f  a1 1 o y i  ng e l  ements i n t o  the  
s a l t  as sol  ub l  e products, and ( 2 )  thermal g rad ien t  mass t r a n s f e r  caused by 
reduced sol  u b i l  i ty i n  the  minimum temperature p o r t i o n  o f  the  system. Thermal 
convect ion loops prov ide a r e l a t i v e l y  simple experimental means t o  study these 
forms o f  cor ros ion  i n  a system where the  temperature range can be matched t o  
t h a t  i n  rece ivers  and where c i r c u l a t i n g  f l o w  can be es tab l ished from h o t  t o  
c o l d  regions. 

A1 though cor ros ion  i n  thermal convect ion loops has been s tud ied  i n  depth 
i n  1 i qui  d metal s and molten ha1 ides  ( Reference 4.1 ) , no work w i  t h  NaN03-KN03 i s  
ev ident  i n  t he  l i t e r a t u r e .  A study o f  316 s t a i n l e s s  i n  a thermal convect ion 
1 oop con ta i  n i  ng 44KNO -49NaN02-7NaN03 (mol a r )  demonstrated r a p i  d cor ros ion  and i3 d i s s o l u t i o n  o f  t he  a1 oy a t  a temperature o f  550°C (Reference 4.2). 

. . 
4.2 Experimental 

A b r i e f  summary o f  the  experimental system and procedures i s  g iven here. 
D e t a i l  s are a v a i l  abl  e e l  sewhere (Reference 4.3). Three thermal convect ion 
loops were constructed f o r  t h i s  study us ing the  a l l oys ,  304SS, 316SS and 1800. 
An i l l u s t r a t i o n  o f  one o f  the  loops i s  shown i n  F igure  4.1. The tub ing  used 
was 2.54 cm ( 1  in.)  O.D. by 2.1 cm (0.81 in . )  I.D. i n  a l l  cases. The operat ing 
temperature ranges were 350 t o  600°C f o r  the  304SS loop  and 360 t o  630°C f o r  
t he  o ther  loops. Experiments were conducted a t  h igher  temperatures t o  
es tab l  i sh temperature 1 i m i  t s  o f  a1 1 oy compati b i l  i t y  w i  t h  mol t en  n i t r a t e s  and 
t o  acce lera te  the  t e s t i n g  process. The loops were f i l  l e d  w i t h  a commercial 
drawsal t cornposi t i o n ,  60 w/o NaN03-40 w/o KNO3 (Partherm 430, Park Chemical 
Co.). The 1 oops were open t o  the  atmosphere and f r e e  t o  absorb water vapor 
and carbon. dioxide. No add i t i ons  o r  treatments were made t o  t h e  sal t 
throughout t h e  tes ts ,  which l a s t e d  up t o  8500 hours. 
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Figure 4.1. Schematic Diagram o f  304SS Thermal Convection Loop 

Rectangular coupons were suspended from removable t rees i n  both the hot  
and co ld  legs o f  each 1 oop so t h a t  samples could be pe r i od i ca l l y  removed f o r  
weighing and metallographic analysis. I n  add i t ion t o  wrought stock o f  each 
a l l o y  type, autogeneous weldments were inserted. Several coupons o f  321SS 
were inser ted i n  the 304SS loop and several 347SS samples were placed i n  the 
316SS loop t o  observe the behavior o f  the s tab i l i zed  s ta in less steel  s. A1 l o y  
coupons were prepared by gr ind ing w i t h  180 g r i t  S i c  paper. A t  the conclusion 
o f  the experiments, the loops were sectioned and samples o f  tubing from 
various par ts  were analyzed. Samples o f  mol ten sal t were withdrawn period- 
i c a l l y  f o r  analysis o f  metal1 i c  content (Cr, Fe, Ni),  and n i t r i t e  and carbonate 
content. Meta l l i c  content was determined by atomic absorption spectroscopy, 
and n i t r i t e  and carbonate by a m i  xed-i ndicator  ac i  d-base ti t r a t i o n  
(Reference 4.4). No hydroxide was detected i n  the s a l t  samples. 

4.3 Resul t s  and D i  scussion 

The corrosion behavior o f  304SS, 316SS and I800 observed i n  thermal 
convection 1 oop experiments i s  sumnari zed here. Emphasi zed are those resul  t s  
t h a t  concern a l l o y  performance and choice o f  operating condi t ions f o r  receivers. 
Generally, corrosion occurred by ox idat ion t o  produce scales composed p r ima r i l y  
o f  i r o n  oxides. Chromium was depleted from the a1 1 oys i n  a1 1 cases and 
dissolved i n  the sa l t .  However, thermal gradient mass t ranspor t  was not  



observed. A s i g n i f i c a n t  r e s u l t  o f  these experiments i s  t h a t  t he  l i m i t i n g  
temperature found compa';i b l  e w i t h  1 ong-term operat ion i s approximately 600°C. 
The f o l l o w i n g  discussion i s  d i v ided  i n t o  two sections, corresponding t o  
behavior a t  temperatures up t o  600°C and those above 600°C. 

4.3.1 Results Below 600°C 

The r e s u l t s  w i t h  the 304SS loop i l l u s t r a t e  behavior a t  temperatures up t o  
600°C. Most o f  the discussion w i l l  concern temperatures c lose t o  600°C s ince 
n e g l i g i b l e  cor ros ion  occurs a t  appreciably lower temperatures. The basic 
cor ros ion  morphology observed i n  304SS coupons i s  depicted i n  F igu re  4-2 where 
a photomicrograph o f  a cross-sect ioned specimen exposed f o r  4200 hours a t  a 
temperature o f  595°C i s shown. The resul  t s  o f  oxide ana lys is  by X-ray d i  f f rac -  
t i o n  and EDAX are indicated.  The cor ros ion  products cons is t  o f  t he  i r o n  oxide 
magnetite, Fe3O4, which forms the outer  1 ayer and a mixed oxide spinel  
(Fe,Cr)304. The spinel  i s  no t  enriched w i t h  C r  compared t o  the  a l loy .  
The t o t a l  amount o f  scal i n g  i s  about 12 vm (0.5 m i  1 ) a f t e r  4200 hours. The 
ne t  weight change o f  the coupon corresponding t o  F igure  4-2 was -0.1 mg/cm2, 
however, and the scale l aye r  seemed t o  be general ly  adherent. 

F igure  4.2. Oxide St ruc ture  on 304 SS a f t e r  4200 Hours a t  595°C 
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Examination o f  the  w a l l s  o f  the  304 tub ing used t o  const ruc t  t h e  loops 
reveal s s i m i l  a r  scale st ructures,  a1 though some d i f fe rences e x i s t  s ince the  
tube surfaces were no t  pol ished as were the  i nse r ted  coupons. E f f e c t s  o f  
sur face f i n i s h  on cor ros ion  o f  s ta in less  s tee ls  a t  s i m i l a r  temperatures i n  
steam have been discussed e l  sewhere ( Reference 4.5). The cor ros ion  behavior 
observed on tube w a l l s  a t  t he  h igher temperatures i n  the  loop are t y p i f i e d  by 
F igure  4.3. Th is  oxide l aye r ,  which va r ies  i n  thickness from 8-12 pm, was 
formed a f t e r  8500 hours a t  a temperature o f  550°C i n  the  heated sec t ion  o f  the 
loop. Both Fe304 and (Fe,Cr)304 were detected by X-ray d i f f r a c t i o n ,  
a1 though the  ordered dupl ex scal e s t ruc tu re  observed on pol  i shed coupons has 
been replaced by a l e s s  d i f f e r e n t i a t e d  scale. The outer  region o f  t h i s  scale 
i s  s t i l l  s o l e l y  Fe3O4 however. The specimen shown i n  F igure  4.3 was 
e l e c t r o l y t i c a l l y  etched w i t h  o x a l i c  ac id  t o  reveal carbides a t  t he  g ra in  
boundaries. I n te rg ranu la r  chromium carbides are much l e s s  preva lent  i n  the  
reg ion immediately beneath the scale l a y e r  i n d i c a t i n g  dep le t ion  o f  C r  from t h e  
a l loy .  Chromium dep le t ion  w i l l  be discussed i n  more d e t a i l  l a t e r .  

F igure  4.3. Mic ros t ruc ture  o f  Tube Sect ion from 304 SS Loop Showing Scal ing 
and Carbide P r e c i p i t a t i o n  (580°C, 8500 hr,  o x a l i c  a c i d  etch)  

The e f f e c t  o f  temperature on sca l i ng  o f  304SS i s  shown i n  Table 4.1 where 
data a r e v e r i v e d  from tube sect ions c u t  from the  h o t  l e g  o f  the  loop. A t  t he  
maximum s a l t  temperature obtained, 600°C, sca l i ng  amounted t o  about 25.4 pm 
(1 m i l )  a f t e r  8500 hours o f  isothermal operation. A considerable v a r i a t i o n  i n  
scale thickness was measured a t  a l l  temperatures. 



TABLE 4. I 

SCALING OF 304 SS TUBING AFTER 8500 HOURS 

Scal e Thickness 
S a l t  Temp (rcm) 

( " C )  ?dean Range 

I n  a d d i t i o n  t o  wrought 304SS, weldments o f  304SS and the  T i - s t a b i l i z e d  
version, 321SS, were inc luded i n  the  tes t .  The weight change curves o f  
i nse r ted  coupons o f  these mate r ia l s  are p l o t t e d  i n  F igures 4.4, 4.5, and 4.6, 
respect ive ly .  The weight changes observed were q u i t e  small, al though several 
trends are evident.  S u p e r f i c i a l l y ,  weldments and parent  a l l o y  appear s i m i l a r  
and oxide scales, viewed i n  cross-sect ion, a re  comparable, b u t  the  we1 dments 
appear t o  l o s e  weight w i t h  respect  t o  parent  mater ia l ,  a1 though the  d i f f e rence  

Time 
(lo3 hr) 

Figure  4.4. Weight Changes o f  304 SS vs Time fo r  Several Temperatures 
. , 



Time 
(103 hr) 

Figure 4.5. Weight Changes o f  304 SS Weldments vs Time 
f o r  Several Temperatures 

Time 
(lo3 hr) 

Figure 4.6. Weight Changes o f  304 SS vs Time for  Several Temperatures 



i s  no t  s ign i f i can t .  This r e l a t i v e  loss  may be caused by spa11 i n g  o f  surface 
scales on we1 dments, a1 though both types behave s im i l  a r l y  from v i  sual inspec- 
t ion.  The weight change curves o f  321SS, where increasingly negative weight 
changes are observed, was influenced most strongly by spa l l i ng  o f  surface 
scales. Despite the f a c t  t h a t  scales are s im i l a r  t o  304SS when examined i n  
cross-secti  on, coupons o f  321SS reveal ed a substanti  a1 1 oss o f  surface 1 ayers. 

4.3.2 Resul t s  Above 600°C 

The corrosion behavior o f  316SS and I800 demonstrate several e f fec ts  t ha t  
occur i n  the temperature range from 600°C t o  630°C. These e f f ec t s  are much 
fas te r  corrosion rates and a change i n  the composition and morphology o f  
surface scales. Most o f  the resu l t s  are derived from the 316SS loop since 
experimental d i  ff i c u l  t i e s  were encountered w i t h  the I800 1 oop. 

Figures 4.7 and 4.8 i l l u s t r a t e  the weight change behavior o f  316SS and 
1800, respect ively,  a t  several temperatures obtained i n  the ho t t es t  par ts  o f  
the loops. The general trends are the same f o r  both al loys.  Weight gains are 
experienced a t  600°C during periods o f  several thousand hours. A t  higher 
temperatures, weight i s  i n i t i a l l y  gained as oxide scales form, bu t  thereaf ter ,  
increasing weight losses occur t h a t  grow w i th  both time and temperature. The 
weight loss  can be a t t r i bu ted  t o  loss o f  scales by spa l l i ng  and t o  chromium 
loss from the a1 1 oys, a phenomenon t h a t  w i l l  be discussed i n  de ta i l  1 ater. 

Time 
(to3hr) 

Figure 4.7. Weight Changes o f  316 SS a t  Several Temperatures 



Figure  

5 
' 1  .. 

4 - 

a - 

1 - 

1 - -2 
AW 0 , Time 

(mglcm2) 
I 1 J (lo3hr) 

-1 - 610X 

-2 - 

-3 - \\yc : 
-4 - 

-5 

4.8. Weight Changes o f  I800 a t  Several Temperatures 

A comparison o f  the  cor ros ion  behavior o f  316SS and the  Nb-s tab i l i zed 
s tee l ,  347SS, i s  made i n  F igure  4.9 where weight change data are p l o t t e d  
versus time. Sta in less  347 d isp lays  much greater  l o s s  o f  weight than 316SS 
( c f .  F igure  4.7) a t  a s i m i l a r  temperature. I n  t h i s  case, spa11 i n g  o f  surface 
scales was q u i t e  obvious on 347SS and appears t o  be responsib le f o r  much o f  
the  weight loss.  
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The m ic ros t ruc tu re  o f  316SS a f t e r  2090 hours a t  620°C i s  shown i n  
F igure  4.10(a). This  f i g u r e  i s  t y p i c a l  o f  the range 610°C t o  630°C. A duplex 
ox ide l a y e r  i s  present  as before; however, the  roughly equ iva len t  thicknesses 
o f  each l a y e r  observed below 600°C have changed such t h a t  the  magnet i te  l a y e r  
(ou te r )  i s  much t h i c k e r  than the  i nne r  (Fe,Cr)304 layer .  

F igure  4.10. ( a )  Corrosion Mic ros t ruc ture  o f  316 SS a f t e r  1000 h r  a t  630°C; 
(b )  An E lec t ron  Microprobe Analys is  o f  I ron ,  Chromium, and 
Oxygen Concentrat ions i n  the  Oxide Scale on 316 SS a f t e r  
1000 h r  a t  630°C 



An e lec t ron  microprobe ana lys is  taken across the  scale i s  shown i n  
F igure  4.10(b). Although the  r e s u l t s  do n o t  sum t o  100 percent i n  the  oxide 
l a y e r  zones because o f  a l ack  o f  c a l i b r a t i o n  standards, t h e  t rends i n  the  data 
are accurate. The curve f o r  C r  concentrat ion c l e a r l y  shows the  v i r t u a l  absence 
o f  C r  i n  the  outer  oxide layer .  Depl e t i o n  regions beneath the  scal e, w i  t h  
respect  t o  bo th  C r  and Fe, are evident. The r e l a t i v e l y  t h i n  spinel  l a y e r  i s  
i d e n t i f i e d  by the  peak i n  C r  concentrat ion t h a t  occurs a t  24 vm on the  beam 
t raverse scale. 

The dependence o f  sca l i ng  on temperature i s  f u r t h e r  i nd i ca ted  i n  
F igure  4.11 where the  t o t a l  scale thickness on a group o f  316SS specimens 
removed from t h e  loop a f t e r  1000 hours has been p l o t t e d  on an Arrhenius-type 
p l o t .  The e r r o r  bar  shown f o r  the  lowest p o i n t  i s  i n d i c a t i v e  o f  the  uncerta in-  
t i e s  f o r  a l l  p o i n t s  and a r i ses  from t h e  v a r i a t i o n s  i n  loop temperatures dur ing  
operat ing, and the  presence o f  a temperature grad ient  o f  about 3"C/cm i n  the  
h o t  l e g  where the  samples were located. As much as 50 vm ( 2  m i l s )  o f  sca l i ng  
were observed dur ing the  1000 hours o f  exposure. Obviously, such a cor ros ion  
r a t e  i s  n o t  acceptable i n  a th in -wa l led  rece ive r  tube. 

F igure  4.11. Arrhenius P l o t  o f  Scal ing o f  316 SS As a Funct ion o f  
Temperature i n  Molten NaN03/KN03 

Occurr ing simul taneously w i t h  oxide scal i ng i s  the  phenomenon o f  C r  
deplet ion. Deplet ion o f  C r  i s  undesi rable since it w i l l  l ead  t o  microstruc-  
t u r a l  changes and degradation o f  mechanical propert ies.  The d i r e c t  evidence 
o f  C r  dep le t ion  from the  a1 l o y s  s tud ied was i t s  appearance as a so lub le  
component i n  t h e  s a l t  c i r c u l a t i n g  i n  the  loops. S a l t  samples were p e r i o d i c a l l y  
withdrawn from the  loops, quenched, d isso lved i n  water, and analyzed by atomic 
absorpt ion spectroscopy f o r  metal 1 i c  content. Negl i g i  b l  e amounts o f  i r o n  and 
n i cke l  were detected b u t  appreciable amounts o f  chromium were found. The 



concentrat ion o f  C r  i n  the  s a l t  from the  304SS and 316SS loops are p l o t t e d  i n  
log- log  coordinates i n  F igure  4.12 as func t ions  o f  time. The slope o f  t he  
s t r a i g h t  l i n e  was determined by a least-squares f it. I n  both cases, t h e  slope 
i s  about 0.5 suggesting t h a t  d i f f u s i o n  con t ro l  s  depl e t i o n  k i  ne t ics .  E i t h e r  
d i f f u s i o n  i n  the  a l l o y  ma t r i x  o r  surface scales might  con t ro l  C r  loss. The 
t o t a l  C r  l o s s  i n  the  316SS loop, which operated a t  temperatures as h igh as 
630°C, was approximately f i v e  times t h a t  o f  the  304SS loop. Th is  i nd i ca tes  
t h a t  temperatures exceeding 600°C r a p i d l y  accel e ra te  C r  dep le t ion  as we1 1 as 
corrosion. 

30455 

T<600'C SLOPE = 0.40 

Time 

[ 10'hr ] 

F igure 4.12, Chromium Concentration As a Funct ion o f  Time i n  the  
C i  r c u l  a t i  ng Sal t i n  Loops a t  D i f f e r e n t  Maximum Temperatures 

An ana lys is  o f  tube surfaces obtained from the  co ldes t  (360°C) sect ions 
o f  the  loops d i d  no t  reveal evidence o f  thermal g rad ient  mass t ransport .  
Tube surfaces were exami ned by scanni ng Auger e l  ec t ron  spectroscopy s i  nce the  
sur face l a y e r s  were extremely th in .  I n  a d d i t i o n  t o  i r o n  and chromium, Ca, Mg, 
Si  and C were detected i n  appreciable mass f rac t i ons .  These elements are 
i m p u r i t i e s  i n  the  commercial grade s a l t  and are probably p r e c i p i t a t e d  on the  
c o l d  p a r t s  o f  the  system as a l k a l i n e  ea r th  s i l i c a t e s  and carbonates. Since 
the  impur i t y  1 eve1 s are on the  order o f  0.1 w/o i n  commerci a1 sal  t, these 
deposits w i  1  1 be 1 i m i  ted. 



4.4 Conclusions and Recommendations 

The resu l t s  presented here reveal several s i g n i f i c a n t  fac to rs  t h a t  must 
be recognized i n  designing and operat ing mol ten n i t r a t e  systems a t  high 
temperature. The corrosion behavior o f  s ta in1 ess s tee ls  and Incoloy 800 i s  
s t rong ly  inf luenced by temperature i n  the range 600°C t o  630°C. Operation a t  
temperatures exceeding 600°C f o r  long periods o f  t ime i s  no t  recommended and 
temperatures i n  the range o f  630°C d r a s t i c a l l y  shortens the 1 i f e  o f  metals. 
From a corrosion viewpoint, a marked d i f fe rence between I800 and 316SS was no t  
evident. 

The in f luence o f  thermal cycl  ing, a va r iab le  not  studied here, w i l l  be t o  
increase corrosion rates, p a r t i c u l a r l y  a t  the highest  temperatures where scale 
laye rs  are t h i c kes t  and most suscept ib le t o  spal l ing.  While the three primary 
a1 loys  formed general l y  adherent scales, the s t a b i l  i zed  s tee l  s, 321SS and 
347SS, experienced spa1 1 i ng, which woul d d i  squal i f y  them from thermal cycl  i ng  
serv ice i n  mol ten n i  t r a t es  . 

Surface f i n i s h  a f fec ts  corrosion behavior o f  the a1 1 oys studied here. 
Unpolished surfaces corrode less  uni formly than abrasively pol ished surfaces 
and tend t o  corrode more rap id ly .  The corrosion behavior o f  e lec t ropo l  ished 
surfaces should be invest igated since i t  might provide an economical method o f  
improving corrosion resistance i n  tube bundles. 

Deplet ion o f  chromium from the a1 l o y  mat r i x  i s  an add i t iona l  mode o f  
de te r io ra t ion  i n  molten n i t ra tes .  Chromium, i n  the form o f  a soluble chromate, 
increases i n  concentrat ion i n  the me1 t w i t h  time, apparently according t o  
d i  f fus ion-1 i m i  ted  k ine t i cs .  No thermal gradient  mass t rans fe r  was observed. 
I r o n  and n icke l  do not  appear t o  be extracted from the a1 l o y  nor are they 
appreciably sol ubl e i n  the me1 t. 
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5.0 CREEP AND THE EFFECTS OF DEFORMATION ON THE CORROSION 
CHARACTERISTICS OF INCOLOY 800 I N  MOLTEN NITRATE SALTS 

S. H. Goods 

5.1 In t roduct ion 

Incoloy 800 (1800) has been proposed f o r  use i n  the rece iver  tube panel 
arrays i n  a number o f  advanced so la r  cent ra l  rece iver  (SCR) designs. Among 
these are designs t h a t  requ i re  the use o f  molten sodium and potassium n i t r a t e  
s a l t  mixtures t o  ac t  as the heat t rans fe r  and energy storage f l u i d .  While 
there i s  some i ndust r i  a1 experience w i t h  the storage and hand1 i ng o f  these 
sal t s  i n  molten form (References 5.1,5.2), the experience i nvol ves temperatures 
subs tan t ia l l y  below those proposed f o r  SCR operat ion (temperature near 600°C). 
It becomes important therefore t o  examine the corrosion compa t i b i l i t y  o f  the 
f l  u i  d containment a1 1 oy w i t h  n i  trate-based sal t s  a t  temperatures more 
representat ive o f  the operat ing condi t ions o f  these f a c i l  i t i es .  

During sunl i g h t  hours, complex thermal stresses w i l l  develop i n  the 
rece iver  tube panels due t o  t h e i r  one-sided heating by the red i rec ted sunl i gh t .  
Diurnal cyc l  ing, as wel l  as i n t e rm i t t en t  cloud cover, w i l l  r e s u l t  i n  the 
receiver tubes being subjected t o  a low cycle, h igh s t r a i n  amp1 i t ude  fa t igue  
w i t h  hours-long ho ld  periods a t  maximum temperature. A t  peak stress 1 eve1 s, 
the temperature w i l l  be wel l  i n t o  the creep regime o f  1800. Thus superimposed 
upon the fa t igue  cyc le  w i l l  be creep o r  p l a s t i c  re1 axation processes. The 
e f f ec t s  o f  the resul  t i n g  creep-fat igue in te rac t ions  on the mechanical behavior 
and l i f e t i m e  o f  t h i s  a l l o y  (and other aus ten i t i c  s ta in less  s tee ls )  i s  a subject 
o f  much study (References 5.3,5.4) and w i l l  no t  be addressed here. Rather, a 
simple screening t e s t  has been devised t o  examine both the e f f ec t s  o f  exposure 
t o  the molten s a l t  on the creep l i f e t i m e  o f  I800 as wel l  as t o  study the 
e f fec ts ,  i f  any, o f  continuous -deformation on the s t ruc tu re  o f  the surface 
oxides ( t h e  corrosion products) formed and the adherency o f  these oxides t o  
the base metal. 

The corrosion t h a t  may occur can develop i n  one o f  two ways. F i r s t ,  i f  
ox idat ion occurs v i a  a general surface attack, a uniform surface oxide struc-  
t u re  would be expected t o  form. Creep deformation ( e i t h e r  g ra in  boundary 
s l  i d i n g  o r  bulk deformation) could r e s u l t  i n  oxide cracking 1 eading t o  the 
exposure o f  f resh base metal. This i n  t u rn  could r e s u l t  i n  an increased r a t e  
o f  oxide growth. This type o f  corrosion i s  general ly  a slow process, so i n  
t h i  ck-sect ion specimens, short-t ime creep t es t s  woul d reveal 1 i ttl e degradation 
i n  creep rupture  l i f e t i m e s  o r  i n  l oss  o f  d u c t i l i t y .  However, i f  corrosion 
occurs p re fe ren t ia l  l y  along g ra in  boundaries, reduced rupture 1 i f e t ime  and 
loss  o f  creep d u c t i l i t y  would be expected even i n  re1 a t i v e l y  short-t ime creep 
tests.  



5.2 Experimental 

Tensi le creep t es t s  have been performed on tube stock suppl ied by the 
Pac i f i c  Tube Company. The tubing had an 0.D. o f  1.27 cm and 0.29 cm wal l  
thickness. The a1 l o y  composition i s  given below i n  weight percent. 

The as-received stock was sol ution-anneal ed a t  1050°C, r e s u l t i n g  i n  an ASTM 
gra in  s i ze  o f  7. Optical microscopy revealed a microstructure essent ia l  l y  
f ree  o f  carbides (M $6) bu t  contai  n i  ng a few 1 arge ( - 5 m) ti tan i  um f carboni t r i d e  p a r t i c  es. 

Test specimens were fabr ica ted from 30-cm lengths o f  t h i s  stock by 
machining 2.54-cm gage sect ions (0.127 cm wal l  thickness) near one end o f  each 
length  (Figure 5.1). An I800 p lug was then we1 ded i n  the end o f  the specimen. 
The tube was f i  11 ed w i t h  the powdered sal t (60 percent NaN03, 40 percent KNO3 
by weight) and mounted i n t o  a constant-load tension creep frame. This specimen 
geometry was necessary t o  contain the s a l t  i n  a molten s ta te  since the unique 
surface tension proper t ies  o f  the s a l t  resul t i n  i t s  creeping up the wal l  s 
and out  o f  any open container a t  elevated temperatures. Deformation was 
measured by means o f  a 1 i near var iab le  d i f f e r e n t i a l  transformer (LVDT) attached 
t o  a high-temperature extensometer gage. Temperature was maintained by using 
a three-zone resistance heated tube furnace cont ro l  l e d  by a Research Incorpor- 
ated Furnace Con t ro l l e r  and Power Supply. Temperatures could be he ld  t o  
w i t h i n  1°C o f  the set  po i n t  throughout the durat ion o f  each tes t .  A1 1 t es t s  
were conducted between 600 and 670°C. Scanning e lec t ron microscopy (SEM) was 
used t o  observe both f rac tu re  surfaces and surface oxide morphology. 

The t h i c k  wal l  regions outside o f  the gage sect ion d i d  not  deform 
p l a s t i c a l l y .  Thus, the s t ruc tu re  o f  the surface oxides t h a t  formed on the 
p l a s t i c a l l y  deforming gage sect ion could be compared t o  those formed on the 
e l  as t i ca l  l y  deformed sidewall  s. I n  addi t ion,  the ex te r i o r  o r  air-exposed 
surfaces could be examined and compared t o  the s a l t  exposed inner  surfaces, as 
shown i n  Figure 5.1. 

5.3 Results and Discussion 

5.3.1 Creep Behavior 

Figure 5.2 i s  a t yp ica l  creep curve f o r  I800 tes ted i n  the as-received 
cond i t ion  a t  600°C and a t  an i n i t i a l  s t ress o f  317.25 MPa i n  a i r  ( t h a t  i s ,  the 
tube specimen was not  sal t - f i l l e d ) .  For t h i s  t e s t  the specimen was he ld  a t  
the t e s t  temperature f o r  24 hours p r i o r  t o  mechanical loading. Upon loading, 
a small amount o f  instantaneous p l a s t i c  s t r a i n  ( -  0.6 percent) occurred bu t  
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5.1. Creep Specimen. The molten s a l t  i s  contained w i t h i n  the hollow tube by 
an I800 plug we1 ded i n t o  the bottom end. The long length  o f  tubing 
above the  gage section e x i t s  through the top o f  the  furnace chamber. 
The r e s u l t i n g  temperature grad ient  aids i n  containing t h e  s a l t .  



l i t t l e  or no primary creep was observed. The particular heat treatment 
described previously resulted in an extended tertiary creep regime a t  all 
temperatures and stresses of testing. In  other tests a t  600°C, when the load 
was applied immediately upon reaching the test  temperature a different type of 
creep behavior was observed (refer t o  Figure 5.3). Here, both the test  
temperature and the initial stress were the same as for the test  represented 
by Figure 5.2. However, the instantaneous plastic strain ( -  6.5 percent) was 
much greater t h a n  t h a t  induced i n  the as-received tube. The primary creep 
region was also greatly exaggerated over the earlier test  with the creep rate 
decreasing rapidly after several hours .* 
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5.2. Constant load creep curve for Alloy 800 tested a t  600°C and a t  an 
initial stress of 317.25 MPa. Prior t o  mechanical loading the specimen 
was brought t o  the test  temperature and held there for 24 hours. 

The difference in initial creep behavior between the two tests can be 
attributed t o  the difference i n  carbide microstructure. A t  600°C M23C6 car- 
bides form after several hours. Thus, the 24-hour hold a t  the test  temperature 
prior t o  mechanical loading for the specimen shown in Figure 5.2 represents a 
carbide forming and stabilizing heat treatment. The carbides that form result 
in a microstructure that i s  strengthened against plastic deformation. For the 
specimen shown in Figure 5.3, the strengthening microstructure has not  yet 
formed prior t o  loading, resulting in a greater initial offset. As the 
carbides precipitate, the specimen becomes more resistant t o  deformation and 

*That the tes t  shown in Figure 5.3 was conducted on a salt-filled specimen, 
while the specimen represented by Figure 5.2 was unfilled should have l i t t l e  
bearing on initial creep behavior. Thus, the comparisons drawn between these 
two tests a t  the same temperature and initial stress remains va1 i d .  
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5.3. Constant Load Creep Curve fo r  Sal t-Exposed A1 l o y  800 Tested a t  600°C 
and I n i t i a l  Stress o f  317.25 MPa. The specimen was mechanical ly 
loaded immediately upon reaching the  t e s t  temperature. 

5.4. Opt ica l  Micrographs (Scanning E lec t ron Microscopy) o f  Pol i shed and 
Etched Cross Sections o f  I800 Tubing Showing the  Evo lu t i on  o f  the 
Micros t ruc ture  As a Funct ion o f  Annealing Time a t  600°C. 
Annealing time: (a )  1 hour, (b)  5 hours, ( c )  8 hours, (d )  12 hours. 
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t h e  creep r a t e  f a l l s  o f f  dramat ical ly .  The evo lu t i on  o f  the  carb ide  st rength-  
ened m ic ros t ruc tu re  i s  shown i n  F igure  5.4 and co r re la tes  q u i t e  w e l l  w i t h  the  
creep behavior shown i n  F igure  5.3. 

While t h e  sal t-exposed creep specimen e x h i b i t s  a shor ter  creep rup tu re  
1 i f e t i m e  than the  a i  r-exposed specimen, t h e  d i f f e rence  more 1 i k e l y  resu l  t s  
from t e s t  t o  t e s t  v a r i a t i o n  r a t h e r  than t o  an environmental e f fec t .  F igure  5.5 
compares the  e f f e c t  o f  s a l t  and a i r  exposure on creep behavior o f  the  a l l o y  a t  
630°C and an i n i t i a l  s t ress  o f  275.85 MPa. The longer 1 i f e  o f  t he  t e s t  i n  
s a l t  i s  opposi te t o  the r e s u l t s  a t  600°C. Comparison a t  o ther  temperatures 
showed no c l e a r  t rend  w i t h  regard t o  sal t - induced degradation i n  the  mechanical 
p roper t i es  o f  1800. Observation o f  the  f rac ture  surfaces o f  a l l  specimens 
tes ted  reveal m i  xed mode f a i  1 ure  w i t h  regions o f  transgranul a r  f r a c t u r e  
adjacent t o  i n t e r g r a n u l a r  f rac ture .  The presence o f  s a l t  w i t h i n  the tube 
dur ing  t e s t i n g  does no t  s i g n i f i c a n t l y  i n f l  uence the  f r a c t u r e  surface 
morphology i n  these creep tes ts ,  however a slower s t r a i n  r a t e  t e s t  might  we1 1 
d i sp lay  a f r a c t u r e  mode change. 

I I I 
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5.5. Constant Load Creep curves f o r  I800 a t  630°C and a t  an I n i t i a l  Stress 
o f  275.85 MPa, Comparing Creep L i fe t imes and D u c t i l i t y  f o r  Specimens 
Tested i n  S a l t  (-) and i n  A i r  ( - - - )  

5.3.2 Oxide S t ruc tu re  

While mechanical t e s t i n g  alone d i d  n o t  reveal the  presence o f  environ- 
mental attack, metal lographic observat ions o f  t he  salt-exposed t e n s i l e  
specimen c l e a r l y  showed sal t - induced corrosion. F igure 5.6 shows po l ished 
cross sect ions o f  th ree d i f f e r e n t  regions o f  an I800 t e n s i l e  specimen creep 



t es ted  a t  650°C f o r  550 hours t o  10 percent  s t ra in .  The air-exposed e x t e r i o r  
s idewal l  (F igure  5-6C) shows on ly  a  very t h i n  l a y e r  o f  surface oxide. 
Exposure t o  the  s a l t  a t  t h i s  temperature on the undeformed s idewal l  sur face 
resu l  t e d  i n  a  much t h i c k e r  ( -  10 pm) uni form and adherent oxide. The sal t- 
exposed gage sec t ion  exh ib i t ed  a  s t i l l  t h i c k e r  oxide 1  ayer ( -  25 urn). The 
oxide was seen t o  penetrate down g r a i n  boundary cracks formed dur ing  deforma- 
t i o n .  I n  add i t ion ,  the  oxide i t s e l  f e x h i b i t e d  a  greater  degree o f  po ros i t y  
and c rack ing  than t h a t  formed on undeformed s idewal l  sections. Increasing 
the  amount o f  deformation r e s u l t e d  i n  an oxide which was more ex tens ive ly  
cracked and more porous. 

.. 
5.6. Surface Oxide S t ruc tu re  Formed dur ing Exposure o f  I800 t o  Molten N i t r a t e  

S a l t  (Scanning El  ec t ron  Microscopy). Oxide s t r u c t u r e  formed ( a) on sal t- 
exposed gage surface ( deformed inne r  tube wa l l  ) and ( b) on sal t-exposed, 
nondeforming s idewal l .  ( c )  A i  r-exposed s idewal l  surface. Deformation 
r e s u l t e d  i n  a  th i cke r ,  more porous ox ide when compared t o  the  nondeformed, 
sal  t-exposed s i  dewall. 



The sur face oxides t h a t  formed were mu1 ti phase ( r e f e r  t o  F igure  5.7). 
EDAX ana lys is  was used i n  a q u a l i t a t i v e  manner t o  map i r o n  and chromium 
concentrat ion i n  the  oxide and substrate. The spot densi ty  from these 
pat te rns  revealed t h a t  the near-surface oxide was i r o n - r i c h  and poor i n  
chromium. Beneath t h i s  surface l a y e r  was a C r  ox ide- r ich  region. Crysta l  
s t r u c t u r e  determinat ion i nd i ca ted  the  presence o f  NaFe02, a-Fe203, and 
y-Fez03 i n  the  surface scale. The presence o f  sodium was confirmed by 
e l  ec t ron  microprobe analysis. 

5.7. ( a )  Scanning e lec t ron  microscopy o f  the  sal t-exposed s idewal l  i n  an 
I800 tube a t  670°C. The i n t e r f a c e  running through the  oxide corres- 
ponds t o  the o r i g i n a l  metal in te r face.  The f l a r i n g  and i r r e g u l a r  
features above the oxide i n  the  micrograph are an a r t i f a c t  resul  t i n g  
from the  mounting mater ia l  p u l l i n g  away from the specimen dur ing  
pol ish ing.  ( b )  and ( c )  reveal t he  duplex nature o f  the  oxide, w i t h  
an i r o n - r i c h  surface l a y e r  above a chromium-rich under layer .  

Deformation a lso resu l ted  i n  the  i n t r u s i o n  o f  these oxides along g ra in  
boundaries i n  the  tube sidewal l  ( r e f e r  t o  F igure  5-8). This SEM montage shows 
the  oxide s t r u c t u r e  developed on the  salt-exposed s idewal l  o f  a specimen 
tes ted  a t  630°C f o r  - 760 hours (ao = 275.85 MPa). The extensive g r a i n  
boundary c rack ing has resu l ted  i n  oxide penet ra t ion  i n  excess o f  75 un below 
the tube s idewal l  surface. Whi 1 e t h i s  penet ra t ion  i s  c e r t a i n l y  enhanced by 
the  l a r g e  imposed s t r a i n ,  i t  nonetheless i nd i ca tes  the  p o t e n t i a l  f o r  severe 
sur face cor ros ion  i n  re1 a t i v e l y  sho r t  times. 



5.8. SEM Montage o f  the  Salt-Exposed Gage Sect ion o f  an I800 Tube Creep 
Tested a t  630°C (see F igu re  5.4). Deformation-induced c rack ing  
r e s u l t s  i n  deep i n t r u s i o n s  o f  ox ide down along g r a i n  boundaries. 

5.4 Conclusion 

The r e s u l t s  o f  t h i s  work i n d i c a t e  tha t .  i n  the  h igh  temperature reg ion  o f  
the  SCR tube panel ( -  600 - 630°C) I800 tub ing  i n  the  sol u t i  on-anneal ed 
c o n d i t i o n  w i l l  be m i c r o s t r u c t u r a l l ~  unstable. M23C6 carb ides p r e c i p i t a t e  
r a p i d l y  a1 ong g ra in  boundaries r e s u l t i n g  i n  a probable l o s s  o f  s o l u t i o n  
st rengthening and an increased res is tance t o  g r a i n  boundary s l  i d i ng .  Whil e  
these i n s t a b i l  i t i e s  do n o t  preclude the use o f  t h i s  a1 l o y  i n  rece i ve r  tube 
panel app l ica t ions ,  appropr ia te  s t a b i l i z i n g  heat  treatments may be necessary 
as design parameters. . 

The r e s u l t s  o f  the mechanical t e s t i n g  alone do n o t  reveal a degradat ion 
i n  s t r u c t u r a l  p roper t ies .  Deformation does no t  change the mode o f  co r ros i ve  
at tack.  That i s ,  i t  remains a general sur face cor ros ion  problem. The g r a i n  
boundary penet ra t ion  i s  the r e s u l t  o f  deformation-i  nduced g r a i n  boundary 
c rack ing  t h a t  exposes f resh  base metal t o  the molten sa l t .  The presence o f  
t h i cke r ,  more porous oxides on deformed s idewal l  sect ions, compared t o  the 
oxides formed on undeformed surfaces, suggests t h a t  these oxides are  b r i t t l e  
and crack as a r e s u l t  o f  the imposed creep s t ra in .  This  c rack ing  r e s u l t s  
i n  the exposure o f  f resh  base metal t o  the molten sal t, w i t h  the ne t  e f f e c t  
being an acce le ra t i on  i n  the o v e r a l l  cor ros ion  r a t e  and a f u r t h e r  reduc t ion  i n  
p o t e n t i a l  serv ice  1 i f e t ime .  

The h igh  a l l o y  content  o f  I800 does n o t  guarantee res is tance t o  cor ros ion  
i n  molten n i t r a t e  s a l t  environments. The increased chromium content  o f  the 
s a l t  a f t e r  exposure ( r e f e r  t o  Sect ion 4.0) suggests an ox ida t i on  process t h a t  
i s  c o n t r o l  l e d  by C r  d i s s o l u t i o n  i n t o  the s a l t .  A t  temperatures below 630°C 
the  oxide-metal i n t e r f a c e  i s  we l l  defined. A t  h igher  temperatures the i n t e r -  
face i s  d i f f u s e  and i r r e g u l a r  w i t h  penet ra t ion  o f  the oxide i n t o  the metal and 
some very small, i s o l a t e d  metal fragments i n  the oxide. 



The format ion o f  oxides g rea te r  than 20 pm t h i c k  i n  these r e l a t i v e l y  
short-exposure t imes i n d i c a t e s  the  p o t e n t i a l  f o r  severe sur face corros ion.  
The large,  monotonic s t r a i n s  imposed on the  specimens as descr ibed above are 
n o t  representa t ive  o f  those experienced by a cen t ra l  rece i ve r  panel. Longer 
exposure times, w i t h  bo th  mechanical and thermal cyc l  i ng representa t ive  o f  
ac tua l  se rv i ce  cond i t i ons  between t h i  s candidate SCR mate r ia l  and the  mol t en  
sal  t envi  ronment i s warranted. 

The author wishes t o  acknowledge T. J. Sage f o r  h i s  ass is tance i n  a l l  aspects 
o f  t he  experimental program. 

5.5 References 

5.1 "Mol t en  Sal t Safety Study F i  nal  Report, " MCR-80-1305, M a r t i  n M a r i e t t a  Co., 
1980. 

5.2 He P. Vosnick and U. W. Uhl, Chem. Engr., p. 129 (May 29, 1963). 

5.3 S. Majumdar, " B i a x i a l  Creep-Fatigue Behavior o f  Ma te r i a l  s f o r  Solar  
Thermal Systems ,'I ANL-80-34, 1980. 

5.4 S. Majumdar, "Bi  ax i  a1 Creep-Fati gue Behavior o f  Type 316H S ta i  n l  ess 
Steel Tube," ANL-79-33, 1979. 



6.0 EVALUATION OF THE STRESS CORROSION 
CRACKING SUSCEPTIBILITY OF INCOLOY 800 

J. W. Munford 

6.1 In t roduct ion 

A slow s t r a i n  r a t e  t e s t  technique has been used t o  measure the stress 
corrosion cracking suscepti b i  1 i t y  o f  Inco l  oy 800 ( 1800) i n mol ten  n i t r a t e  
sal t. Thi s t es t i ng  procedure y i  e l  ds semi -quanti t a t i  ve data t h a t  permi t, by 
compari ng re1 a t i v e  duc t i  1 i t y  measurements ( i .em, e l  ongati on, reduct ion i n 
area), a good measure o f  the stress corrosion suscepti b i l  i t y  o f  the a1 1 oys 
tested. A metal lographic and f ractographic analysis, when combined w i t h  the 
above data, quanti f i es the mechanical measurements by assuring t h a t  no s i  gni - 
f i c a n t  changes i n  the f rac tu re  morphology have occurred f o r  the various 
t e s t  condit ions. 

6.2 Experimental 

Tensi le specimens were machined from 0.070-inch t h i c k  sheet, cleaned, 
and tes ted i n  the as-received condit ion. The chemistry o f  the I800 sheet 
was ( w t  %) : 

The a l l o y  had an ASTM gra in  s ize  o f  7-8. The s a l t  used f o r  t h i s  study was a 
KN03/NaN03 mixture. 

I n  add i t i on  t o  evaluat ing the as-received sheet, a ser ies o f  t es t s  were 
conducted on TIG we1 dments ( I n  82 f i l l  e r  wire) .  The we1 d specimens were 
tes ted i n  the as-welded cond i t ion  w i t h  the weldment located a t  the center o f  
the t e s t  specimen transverse t o  the load axis. 

The I800 sampl es were tested i n  a i r  a t  25 and 250°C ( as base1 i ne data), 
and molten n i t r a t e  s a l t  a t  temperatures from 300 t o  630°C. S t ra i n  ra tes  
var ied from 10-4 t o  10-7 sec-1. The reduced area values were selected 
as being the most sens i t i ve  t o  environmental degradation. 



6.3 Results and Discussion 

The resul  t s  1 i s t e d  i n  Tab1 e 6. I show the reduct ion i n  area ( R A )  values 
f o r  a l l  the  t e s t  condit ions. These r e s u l t s  do not  show any i nd i ca t i on  o f  
s t ress  corrosion cracking f o r  e i t h e r  I800 parent metal o r  weldments. I n  
addi t ion,  the metal 1 ographic and f ractographic analyses have shown no sig- 
n i f i c a n t  changes i n  f rac tu re  morphology between a i r  and molten s a l t  tests.  
Fur ther  exami nat ions are s t i  11 i n  progress. 

TABLE 6.1 

SUMMARY OF ALLOY 800 SLOW STRAIN RATE TESTS 

Temperature S t r a in  Rate RA 
Specimen Envi  ronment ( "C)  (sec-1 ) (% 

10 1 A i  r 25 10-4 7 1 
102 A i  r 2 5 10-5 70 
103 A i  r 2 5 10-6 72 
104 A i  r 250 10-4 61 
105 A i  r 250 10-5 53 
106 A i  r 250 10-6 58 
107 Sal t 300 10-4 60 
108 S a l t  300 10-5 52 
109 S a l t  300 10-6 57 
11 0 S a l t  400 10-4 6 1 
11 1 Sal t 400 10-5 56 
112 S a l t  400 10-6 - - 
113 S a l t  500 10-4 57 
114 S a l t  500 10-5 55 
115 S a l t  500 10-6 -- 
116 S a l t  600 10-4 -- 
117 S a l t  600 10-5 53 
118 Sal t 600 10-6 60 
119 Sal t 630 10-4 59 
120 Sal t 630 10-6 56 
12 1 Sal t 630 10-5 55 
122 Sal t 600 2x10'6 54 
123 Sal t 600 2x10-5 55 
20 1 Sal t 600 10-4 64 
20 2 Sal t 600 10-5 63 
203 Sal t 600 10-6 6 5 
204 Sal t 500 10-7 65 

Alloy 800 Weldments, TIG, In 82 F i l l e r  Wire 

A i  r 
A i  r 
A i  r 
S a l t  
S a l t  
Sal t 
S a l t  
S a l t  
S a l t  
S a l t  
S a l t  
Sal t 
S a l t  
Sal t 
S a l t  



7.0 A SOLID ELECTROLYTE OXIDE I O N  PROBE FOR MOLTEN 
NITRATES TO EVALUATE POSSIBLE CORROSION PROBLEMS 

D. A. Nissen 

7.1 I n t r o d u c t i o n  

There i s  a l a r g e  and growing i n t e r e s t  on the  p a r t  o f  the  s o l a r  energy 
community i n  t he  use o f  molten s a l t s  as the  heat  t r a n s f e r  f l u i d  i n  cen t ra l  
rece i  ver  appl i c a t i  ons. This  i n t e r e s t  i s  p resent ly  focused on mol t en  n i t r a t e  
(NaN03-KN03) and n i  t r a t e - n i  tri t e  ( NaN03-KN03-NaNO2) mix tures  because o f  t h e i  r 
s u i t a b l e  thermal p roper t ies ,  as we l l  as a h i s t o r y  o f  s a t i s f a c t o r y  i n d u s t r i a l  
experience. However, t he re  i s  essent i  a1 l y  no cor ros ion  data avai 1 abl e f o r  
temperatures above 450°C and the  p o t e n t i a l  f o r  ser ious co r ros ion  problems i s  a 
major concern. 

To evaluate poss ib le  co r ros ion  problems i t i s  des i rab le  t o  be ab le  t o  
p r e d i c t  cond i t i ons  under which s t r u c t u r a l  a1 1 oys w i l l  e x h i b i t  pass i v i t y .  
P o t e n t i  a1 diagrams, anal ogous t o  those devel oped by Pourbai x  ( Reference 7.1 ) , 
have been constructed f o r  molten s a l t s  from publ ished thermodynamic data 
(Reference 7.2,7.3). Considerabl e caut ion  must be used i n  app ly i  ng these 
diagrams t o  rea l  systems because the  data used t o  cons t ruc t  these diagrams i s  
f o r  t he  pure l i q u i d  o r  s o l i d  compounds and, more impor tan t ly ,  because o f  the  
controversy surrounding t h e  ex is tence o f  the  oxide i o n  i n  n i t r a t e  me1 t s  
(Reference 7.4). This work r e p o r t s  on the  cons t ruc t i on  and t e s t i n g  o f  an 
ox ide i on -sens i t i ve  e lec t rode o f  the  type M,MO/Zr02(Y203) o r  Th02(Y 03) f o r  use 

$ i n  mol t en  n i t r a t e s .  These e l  ectrodes proved t o  be sensi t i v e  t o  ox i  e  i o n  
concentrat ions w i t h i n  the  10-4 t o  5 x  10-1 molal  range i n  molten NaN03-KN03. 

7.2 Experimental 

E i t h e r  Z r 0 2 ( ~ 2 0 3 )  o r  Tho2 was used t o  conta in  t h e  metal , metal oxide 
phase and separate it from t h e  n i t r a t e  melt. Both ceramics worked equa l ly  
we1 1 , and except f o r  an asymmetry p o t e n t i  a1 d i f f e r e n c e  o f  a few m i l  1  i v o l  t s ,  
gave i d e n t i c a l  resu l t s .  The couple Pb, PbO was chosen f o r  the  e lec t rode 
because i t  has been we1 1 charac ter ized (Reference 7.5), and by opera t ing  the  
e lec t rode a t  temperatures above the  m e l t i n g  p o i n t  o f  Pb (327'C) the  response 
was s i g n i f i c a n t l y  improved. The temperature dependence o f  t h i s  e lec t rode was 
1 i n e a r  over t he  range 325 t o  425OC and equal t o  5.8 x  10-4 V / O C .  



By va ry ing  t h e  concentrat ion r a t i o  o f  the  acid-base p a i r  Cr207=/Cr04' 
i t  was poss ib le  t o  change the  concent ra t ion  o f  ox ide i o n  i n  the  NaN03-KN03 
me1 t 

The same resu l  t was a1 so obta ined by ti t r a t i  ng Cr2O7' w i t h  CO; 

i n  which case the  e lec t rode was used t o  de tec t  the  endpoint. 

Except ' f o r  the  lowest  oxide i o n  concentrat ion,  < 10-3 molal ,  t h e  response 
o f  t h i s  e lec t rode t o  changes i n  the  oxide i o n  concentrat ion was very rap id ,  
and once the  e q u i l  i b r i u m  p o t e n t i a l  had been reached ( -  5-10 min) i t  remained 
very stab1 e ( 2  0.0005 V )  f o r  as 1 ong as 48 hours. A t  the  lower ox ide i o n  
concentrat ions about one hour was requ i  red  f o r  the  p o t e n t i  a1 t o  s t a b i l  i ze. 

To reduce the  i n f l uence  o f  i m p u r i t i e s  and poss ib le  s ide  reac t i ons  t o  a 
minimum, t h e  experiments were done i n  an a l l  go ld  apparatus under argon t h a t  
had been c a r e f u l l y  t r e a t e d  t o  remove t races  of 02, H20, and C02. The reference 
e l  ect rode f o r  these studies was AglAgN03 (0. lm) , NaN03-KN03 conta ined i n  a 
t h i  n  Pyrex membrane. 

For ox ide i o n  concentrat ions greater  than 3 x 10-3 molal  t he  Pb,PbO 
e lec t rode p o t e n t i a l  was 1 i near l y  dependent upon l o g  [0=] and dE/d l o g  LO'] 
corresponded t o  a two-electron process. For oxide i o n  concentrat ions l e s s  
than 3 x 10-3 molal  the  p o t e n t i a l  was a l so  l i n e a r l y  dependent upon l o g  [O=]; 
however, dE/d l o g  [0=] corresponded t o  a one-electron process. 
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8.0 THERMAL STABILITY OF NITRATES 

C. M. Kramer 

8.1 I n t r o d u c t i o n  

Solar  power p l a n t s  use thermal energy from the  sun t o  produce steam f o r  
t u rb ines  t h a t  generate e l e c t r i c i t y .  I n  one type o f  s o l a r  power p l a n t  the 
sun's rays are  focused by a f i e l d  o f  h e l i o s t a t s  (sun- t rack ing m i r r o r s ) .  The 
h e l i o s t a t s  focus the  s u n l i g h t  onto an e levated receiver ,  through which a heat  
t r a n s f e r  f l u i d  i s  pumped t o  absorb the  focused energy. The h o t  f l u i d  then 
f lows t o  a heat  exchanger t o  generate steam t o  t u r n  a tu rb ine  (Reference 8.1). 

Economic use o f  s o l a r  i n s o l a t i o n  fo r  e l e c t r i c a l  power generat ion necessi- 
t a t e s  energy storage. I d e a l l y ,  t h e  heat t r a n s f e r  f l u i d  would a l so  be a 
sensi b l  e heat  thermal storage medium (References 8.1,8.2). The c r i t e r i a  f o r  a 
sing1 e heat t r a n s f e r  and thermal energy storage f l u i d  are: me1 t i n g  p o i n t  l e s s  
than 350°C, thermal s t a b i l i t y  t o  600°C, h igh  s p e c i f i c  heat, low vapor pressure, 
compati b i l  i ty  w i t h  s t r u c t u r a l  mater ia l  s, and low cost.  S a t i s f y i n g  these 
c r i  t e r i  a are c e r t a i  n mol t en  sal t s  and mol t en  metal s ( References 8.3-8.5). 
Examples o f  the  former are mix tures  of NaN03 and KNO3. Examples o f  the l a t t e r  
are a1 ka l  i metals.  An important  c h a r a c t e r i s t i c  o f  sodium and potassium n i t r a t e  
i s  t h e i r  chemical s t a b i l i t y  i n  a i r  (Reference 8.6) which can g r e a t l y  s i m p l i f y  
the  design o f  the  so la r  power p lan t .  

I n  a few i n d u s t r i a l  app l i ca t i ons  the  mol ten n i t r a t e s  have been heated t o  
as h igh  as 600°C, the  exact temperature depending on the du ra t i on  o f  use and 
economic f a c t o r s  (Reference 8.6). However, i n d u s t r i a l  experience has shown 
t h a t  degradat ion o f  the s a l t s  may occur when heated t o  h igh  temperatures. 
Therefore, a study has been conducted t o  i n v e s t i g a t e  decomposition mechanisms 
o f  n i t r a t e s  and n i t r i t e s .  

8.2 Experimental 

Because gases may evolve from t h e  sal t s  weight losses may occur due t o  
the  f o l  1 owing reac t ions  



A combined experimental system was assembled t h a t  inc luded a mass spectrometer 
and a microbalance t o  gain more i n s i g h t  i n t o  the react ions.  The essent ia l  
e l  ements o f  the  thermogravimetry and mass spectrometry (TG/MS) system are: 
the  microbalance, t he  furnace, t he  gas i n l e t  system, the  mass spectrometer, 
t he  vacuum system, and the  data a c q u i s i t i o n  system. The TG/MS apparatus i s  
shown i n  F igure  8.1. 

F igure 8.1. Photograph o f  TG/MS System 

A Cahn R-H microbalance was used t h a t  has a minimum detectable weight 
change o f  10 ug and a maximum weight l i m i t  o f  10 g. The furnace i s  a 1.9-cm 
diameter s t a i n l e s s  s tee l  tube t h a t  i s  heated e x t e r n a l l y  by a kanthal  heater. 
The furnace can be operated as h igh  as 1000°C. 

A gas sampling system was constructed t o  couple the  vacuum chamber o f  the  
mass spectrometer (which was kept  a t  l e s s  than 10-4 t o r r )  t o  the  sample 
chamber t h a t  may be a t  760 t o r r .  To achieve t h i s  pressure drop, a small tube 
i n  the furnace w a l l  a t  the upper edge o f  the sample c r u c i b l e  was connected t o  



a s h u t o f f  va lve  and a leak  valve. The leak  va l ve  prov ided a var iab le ,  b u t  
reproducib le,  gas f l ow  i n t o  the  mass spectrometer. This  system al lowed time- 
resolved de tec t i on  o f  decomposit ion processes t h a t  had n o t  been appl i e d  t o  the  
n i t r a t e  s a l t s  before. A disadvantage o f  t h i s  gas sampl i n g  arrangement was 
t h a t  vapor species t h a t  are condensible a t  room temperature cou ld  n o t  be 
detected. These vapors condense on the  c i r c u i t o u s  and r e l a t i v e l y  c o l d  rou te  
t h e  gases must take t o  the  mass spectrometer; t he re fo re  species from n i t r a t e  
o r  n i t r i t e  vapo r i za t i on  ( i  .em, Reaction 8.3) were n o t  s tud ied  by mass 
spectrometry i n  t h i s  work. 

The mass spectrometer i s  an Extranuclear  Labora tor ies  quadrupole mass 
spectrometer and has an a x i a l  i o n i z e r  and a Cu-Be detector .  To f a c i l i t a t e  
compari sons o f  experiments, t h e  e l  ec t ron  o p t i c s  were adjusted so the  i o n  
i n t e n s i t i e s  were i nsensi t i v e  t o  small changes i n  the  1 enses and a1 1 
experiments were performed w i t h  i d e n t i c a l  mass spectrometer se t t ings .  

The TGIMS system i s  housed i n  a s t a i n l e s s  s tee l  vacuum system having an 
i o n  pump and a T i -sub l imat ion  pump. 

A data a c q u i s i t i o n  system was incorporated i n t o  the  TG/MS system f o r  ease 
o f  c o l  1 e c t i n g  thermogravimetr ic data. I n  the  system, t h e  bal ance output  
vo l tage i s  f e d  i n t o  a d i g i t a l  vol tmeter.  A microprocessor u n i t  reads the 
d i g i t a l  vo l  tmeter and two d i  g i  t a l  chrome1 -a1 umel thermocoupl es. The thermo- 
couple readings and the  vol tmeter  ou tpu t  are read i n t o  the  CDC 6600 computer 
so t h a t  k i n e t i c  ana lys is  may be performed. 

A computer program was used t h a t  performed a l e a s t  squares ana lys is  f o r  
the  weight  per  u n i t  surface area (wt /sa)  as a func t i on  o f  time, t. The 
equation t o  which the  thermogravimetr ic data were f i t  was: 

The computer program ca l cu la ted  t h e  bes t  values o f  the  constants a, b, and c 
f o r  each experiment. The i n i t i a l  r a t e  o f  decomposition i s  b. The r a t e  
constants were assumed t o  have an Arrhenius temperature dependence, i.e., 

where &* and M* are the  entropy and enthalpy o f  a c t i v a t i o n  f o r  a react ion.  
The computer program a1 so l e a s t  squares f i t t e d  l n ( b )  versus 1/T and determined 
AS* and AH* f o r  a g iven ser ies  o f  experiments. 

Three sa l  t s  have been s tud ied  w i t h  the  TG/MS apparatus: NaN03, KN03, 
and NaN02. The experiments were isothermal decomposition experiments i n  a 
vacuum over a temperature range o f  340 t o  460°C. 

Small ( <  10 mg) samples o f  s a l t  were p r e c i p i t a t e d  from s a l t  water 
so lu t i ons  onto go ld  "f lags." The f l a g s  were suspended i n  the  furnace by t h i n  
go1 d w i res  we1 ded t o  the  f lags.  When me1 ted, t he  s a l t  sampl es covered the  
e n t i r e  f l a g  surface. Since the  samples o f  s a l t  were small, they d i d  n o t  form 
pendant drops on the  f lag .  Therefore, t h e  s a l t  th ickness was assumed t o  be 



uniform over the surface o f  the f l  ag. The p rec ip i ta ted  sal t sampl es were 
submitted t o  i n f r a r e d  absorpt ion analysis t o  v e r i f y  t h a t  the s a l t s  were 
unchanged by t h i s  procedure. 

The heating schedule f o r  the experiments was as fo l lows:  the furnace was 
heated from room temperature t o  60°C and he ld  f o r  180 minutes; the furnace was 
then heated a t  25 degrees per minute t o  the isothermal t e s t  temperature and 
he ld  a t  t h a t  temperature f o r  360 minutes; the furnace was then turned o f f  t o  
cool . 

A unique method o f  comparing the evolved gases was employed. From 
prel iminary experiments masses 28, 30, and 32 (N2, NO, and 02) were the only 
gases evolved from NaN02, NaN03, and KNO3. To compare the amounts o f  each gas 
t h a t  were evolved the mass range 27-33 was qu ick ly  and repeatedly scanned w i t h  
the mass spectrometer. The mass spectra was recorded on a s t r i p  char t  recorder. 
The resu l t i ng  record gave d iscre te  peaks t h a t  formed an envelope f o r  each mass. 
A f t e r  the experiment was f in ished,  a planimeter was used t o  measure the area 
under each envelope f o r  each mass. The k i n e t i c  analyses o f  the weight changes 
and the evolved gases are given i n  Tables 8.1, 8.11, and 8.111 and i l l u s t r a t e d  
i n  Figure 8.2. 

TABLE 8.1 

KINETIC THERMOGRAVIMETRY DATA FOR NaN03 I N  VACUUM 

*Sample wei ght lsur face area = a + b t  + ct2; 
surface area = 1.489 cm2 f o r  every experiment. 



TABLE 8.11 

KINETIC THERMOGRAVIMETRY DATA FOR NaN02 IN  VACUUM 

( l o  Img cm-2 min-1 (mg cm-2 min-2) 

*Sample weight /sur face area = a + b t  + ct2; 
surface area = 1.489 cm2 f o r  every experiment. 

TABLE 8.111 

KINETIC THERMOGRAVIMETRY DATA FOR KNO3 I N  VACUUM 

(K) (mg cm-2 min-1 (mg cm-2 min-2) 

*Rate o f  sample weight change per u n i t  sur face area: 
r a t e  = b + c t .  



Figure 8.2. Rates o f  Weight Loss vs Inverse Temperature o f  NaN03, 
KNO3, and NaN02 i n  a Vacuum 

8.3 Results and Discussion 

The n i t r a t e  and n i t r i t e  sampl es were compl e t e l y  decomposed and vaporized 
w i t h i n  100 minutes a t  480°C. S a l t  vaporized and condensed i n  coo ler  areas 
outs ide  the  furnace. I n  con t ras t  t o  previous work by Freeman (Reference 8.7) 
the  weight l o s s  p r o f i l e  d i d  no t  a r r e s t  a t  a weight corresponding t o  100 percent  
oxide format i  on. These r e s u l t s  i n d i c a t e  t h a t  decomposition, vapor iza t ion  o f  
the  n i t r a t e s  and n i t r i t e s ,  and vapor iza t ion  o f  the decomposition products 
occur simul taneousl y. 

The i n t r i n s i c  gaseous decomposition products from NaN02 are N2 and NO. 
The n i t r a t e s  evolve N2, NO, and 02 as they decompose. Nitrogen d iox ide  was 
n o t  observed although i t has been repor ted  i n  the  l i t e r a t u r e  (References 8.9, 
8.13). It i s  be1 ieved the  NO2 t h a t  was observed (References 8.7, 8.13) was ' 

a c t u a l l y  ox id i zed  NO. However, t he  procedure i n  t h i s  work d i f f e r e d  from 
Freeman's because the  decomposition was studied i n  a vacuum. The gases were 
observed as they evolved w i t h  no i n t e r a c t i o n  ( such as NO + 112 0 -, NO2). 
A1 though the  absolute amounts o f  each gas cou ld  only be est imate 8 , the  f r a c t i o n  
of NO compared t o  N2 a r i s i n g  from NaN02 and the  n i t r a t e s  was s i g n i f i c a n t .  

8.4 Conclusion 

The r a t e s  o f  weight l o s s  i n  a vacuum increased w i t h  temperature i n  t h i s  

Order: NaNo$ 
, KNO3, NaN02. The s a l t s '  ra tes  o f  decomposition d i f f e r e d  by 

l e s s  than a ac to r  o f  10 a t  any g iven temperature. The a c t i v a t i o n  enthalp ies 
o f  the  th ree sal t s  ranged from 32-36 Kcal mol e-1 . These a c t i v a t i o n  energies 
are lower than those reported f o r  e i t h e r  decomposition o r  vapor iza t ion  ( r e f e r  
t o  Tab1 e 8. I V )  . These ra tes  are a combination o f  several processes. 



TABLE 8. I V  

ACTIVATION ENERGIES OF NaN03, KNO3 AND NaN02 

Sal t A c t i v a t i o n  Enersies Process Reference 

44 Kcal mol e-1 Decomposition i n  A i r  

41 Vapor izat ion 

36 Decomposition i n Vacuum 

65 Decomposition i n  A i r  

42 Vapor izat ion 

35 Decomposi ti on i n  Vacuum 

43 Decomposition i n  A i r  

32 Decomposi ti on i n  Vacuum 

8.7 

8.9 

This Work 

8.8 

8.10 

This Work 

8.7 

This Work 
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9.0 PRESSURE-TEMPERATURE-COMPOSITION RELATIONSHIPS 
FOR HEATED DRAWSALT SYSTEMS 

R. W. Mar and C. M. Kramer 

9.1 In t roduct ion 

N i t r a t e  s a l t s  have been proposed f o r  use i n  so lar  thermal energy systems 
as a heat t rans fe r  f l u i d  and thermal energy storage medium. The s a l t  composi- 
t i o n  w i t h  the greatest  i ndus t r i a l  use i s  a ternary mixture o f  40 percent NaN02, 
7 percent NaN03 and 53 percent KNO3 by weight. This mixture i s  marketed by 
Coastal Chemical under the trade name HITEC, and by Park Chemical Company under 
the t rade name PARTHERM 290. Studies have shown the ternary composition t o  be 
unsui table f o r  use i n  la rge so lar  power systems. I n t e res t  has therefore 
centered on drawsal t (Reference 9. I ) ,  which i s  nominal l y  an equimol a r  mixture 
of NaN03 and KNO3. For app l ica t ions c a l l i n g  f o r  the use o f  copious 
quan t i t i es  o f  sa l t ,  a s i g n i f i c a n t  cost  savings can be rea l i zed  by using a 
mixture contain ing an excess of NaN03, the  less  cos t l y  component. A NaN03-rich 
mixture contain ing 60 percent NaN03 and 40 percent KNO3 by weight i s  
commercially marketed by Park Chemical Company under the t rade name PARTHERM 
430. This study examined the behavior o f  the PARTHERM 430 composition. The 
re1 a t i  onshi ps between pressure, temperature, and composi ti on ( n i  tri t e  t o  
n i t r a t e  r a t i o )  were analyzed under several d i  f f e r e n t  condi t ions per t i nen t  t o  
1 arge sol a r  power systems. 

I n  p re l  i m i  nary design studies ( References 9.1, 9.2), the  sal t s  have been 
a1 1 owed t o  communicate f r e e l y  w i t h  the atmosphere. However, i t  i s  we1 1 known 
t h a t  n i t r a t e s  i n t e r a c t  w i t h  Hz0 and C02 t o  form hydroxides and carbonates. 
With extended periods o f  operat ion s i g n i f i c a n t  f l  u i d  degradation may resu l t .  
One a l te rna te  design approach i s  t o  force the system t o  "breathe" through a 
scrubbing system. The use o f  an i n e r t  atmosphere cover gas has also been 
proposed t o  i n h i b i t  deleter ious in terac t ions.  I n  both cases, the system 
operates as a f i x e d  pressure system. Another so lu t ion  i s  t o  completely seal 
the s a l t  from the atmosphere. I n  t h i s  case the system operates as a f ixed- 
vol ume system. 

Upon heating, p a r t i a l  decomposition o f  the n i t r a t e  sal t i s  i nev i  tab1 e. 
S ta r t i ng  w i t h  a pure n i t r a t e  composition, a mixture o f  n i t r a t e  and n i t r i t e  
w i l l  eventuate. The u l  t imate sal t composition ( n i  t ra te- to-n i  tri t e  r a t i o )  
depends upon the pressure and composition o f  the cover gas and the temperature. 
The re1 a t i  onshi ps between pressure, temperature, and sal t composi ti on under 
the two condi t ions o f  f i xed  volume and f i x e d  pressure are examined here. 



9.2 Background 

The n i t r a t e s  o f  sodium, potassium, and t h e i r  mixtures me1 t wi thout  
undergoing s i g n i f i c a n t  decomposition (Reference 9.3). Continued heating t o  
higher temperatures causes the n i t r a t e  t o  decompose by a va r i e t y  o f  react ion 
paths (References 9.4-9.8). The p r inc ipa l  decomposition react ion i s  

where M i s  Na, K, o r  a mixture thereof. Buchl e r  and Stauf fer  (Reference 9.9) 
showed the p r inc ipa l  gaseous decomposition product for  NaN03 t o  be oxygen. 
Freeman's studies of NaN03 and KNO3 also pointed t o  oxygen as the primary 
react ion product, w i th  n i t rogen appearing a t  temperatures greater than 700°C 
(References 9.3, 9.4). 

Other secondary decomposition reactions have been observed or  hypothesized 
i n c l  uding d i r e c t  vapor izat ion t o  form complex n i t r a t e  gas species 
(References 9.9-9.111, and the formation o f  oxides i n  the mel t  w i t h  the 
re1 ease of N2 and NO2 (Reference 9.12). These reactions are favored by 
high temperature ( >  700°C) and continual gas product removal , as under evacu- 
ated condit ions. Neither o f  these condi t ions should e x i s t  i n  an operating 
solar-energy power plant. It has also been suggested t h a t  secondary decomposi- 
t i o n  reactions are more d i r e c t l y  a r e s u l t  o f  corrosion reactions w i th  contain- 
ment mater ia ls  (Reference 9.13). Therefore, i t  i s  assumed i n  t h i s  study t h a t  
secondary decomposition reactions are unimportant and t h a t  Reaction ( 1 )  i s  a 
complete and adequate representat ion o f  the chemistry tak ing place w i t h i n  a 
seal ed contai  ner. 

It i s  informative t o  apply the phase r u l e  t o  the problem a t  hand. Upon 
heating a mass o f  n i t r a t e  sal t, a por t ion  o f  i t  decomposes t o  form oxygen and 
n i t r i t e  according t o  Reaction ( 1). The n i t r i t e  i s  incorporated i n t o  the 1 i q u i d  
phase, forming a l i q u i d  so lu t ion  w i t h  the remaining n i t r a te .  There are thus 
two phases present i n  a sealed system: the gas phase and the l i q u i d  solut ion;  
and there are also two components: n i t r a t e  and n i t r i t e .  From the phase r u l e  

f o r  P phases, C components, and F degrees o f  freedom, i t  i s  seen t h a t  there 
are two degrees o f  freedom. Therefore, one cannot def ine a unique pressure by 
speci fy ing a temperature alone; a s ingular  pressure i s  defined only i f  an 
addi t iona l  degree o f  freedom i s  defined. This ex t ra  degree o f  freedom was 
spec i f ied i n  t h i s  study by two methods. I n  one, volume const ra in ts  were 
imposed. I n  other words, the s ta r t i ng  volume f r ac t i on  o f  the s a l t  and the 
container volume were specified. I n  the second method, we considered the 
pressure t o  be f i xed  a1 ong w i t h  the temperature, thereby f i x i n g  the sal t 
composi ti on. 



9.3 Seal ed Containment Systems 

9.3.1 Mathematical Analysis 

I n i t i a l l y ,  one i s  g iven a conta iner  o f  volume VT conta in ing  a g iven 
amount o f  s a l t .  The i n i t i a l  cond i t ions  are spec i f i ed  by one parameter, a, 
where a i s  the  i n i  ti a1 sal t vo l  ume f rac t i on .  Upon heating, t h e  n i t r a t e  sal t 
p a r t i a l l y  decomposes, and the  s a l t  reaches a f i n a l  composition o f  XNO? 
and X N O ~ ,  mole f r a c t i o n s  o f  n i t r i t e  and n i t r a t e ,  respect ive ly .  The 
system pressure i s  a t  Po2. 

The basic working re1 a t i  onship f o r  t h i s  analys i  s i s  

which i s  der ived from a thermodynamic ana lys is  o f  Reaction (1) assuming idea l  
s o l u t i o n  behavior. The s t ra tegy  i s  t o  modify Eq. (3 )  so the  on ly  va r iab les  
are the  f i n a l  n i t r i t e  concentrat ion, XNO the  i n i t i a l  s a l t  volume f rac t i on ,  2 ' 
a, and the  temperature, T. From such an expression one can solve f o r  XNo2, 
given a and T. 

Assuming ideal-gas cond i t ions  ex i s t ,  one can express the  oxygen pressure 
Po2 as 

where No2 i s  the  number o f  moles o f  oxygen i n  the gas phase, and V g  i s  the  
volume o f  t h e  gas phase. The gas volume i s  ca l cu la ted  from 

where VT i s  the  constant t o t a l  volume o f  the system, and VS i s  the  volume o f  
the mol ten  sal t. VT can be expressed as a func t i on  o f  parameters de f in ing  the  
i n i  ti a1 system: 

where ~i~~ i s  the  i n i t i a l  number o f  moles of n i t r a t e ,  W N O ~  i s  t he  molecular 
weight, and p i s  the room-temperature densi ty  o f  the  s a l t  i n  s o l i d  form. 
The densi ty  o f  a molten mix ture  o f  n i t r a t e - n i t r i t e  i s  commonly expressed i n  
the  form 



where pg i s  the molten s a l t  densi t y  expressed i n  u n i t s  o f  g/cm3 and a, b, 
and c are constants (Reference 9.14). The molten s a l t  volume VS can thus be 
represented as 

where WN0- and WNO- are the molecular weights o f  the n i t r a t e  and n i t r i t e  
3 2 

mixture, respect ively;  and NNO- and NNO- are the moles o f  n i t r a t e  and n i t r i t e .  
3 2 

Expressing NNO- and NNo- i n  terms o f  XNo- and NN0-, ' reac t ion  stoichiometry 
requires t ha t  3 2 2 3 

and 

But since 

N~O; 

i t  fol lows t h a t  

and therefore, 
- 

S i m i l  a r ly ,  for  NNOj one has 

Subst i tu t ing terms i n t o  Eq. ( 4 )  and s imp l i f y ing  leads t o  the fo l lowing:  



Substi tut ion in to  Eq. ( 3 )  gives 

In the ahglysis  t o  follow, values fo r  T and a were selected,  t he  f ree  energy 
change AGT was calculated from thermochemical data, and Eq. (15) solved 
numerically for  X N O  . Knowing X N O ~  allows one t o  calcula te  the oxygen 
pressure by Eq.  ( 1 4  7 . In t h i s  manner 'famil i e s  of pressure-temperature curves 
have been generated f o r  varying i n i t i a l  s a l t  volume fractions.  Composition- 
temperature curves have been cal cul ated as we1 1 . 
9.3.2 Calculated Re1 a t i o n s h i ~ s  

In order t o  perform the  calculations described above values were needed 
for  the  f r ee  energy change, f o r  the room-temperature s a l t  density, and fo r  the 
f l u id  s a l t  density as a function of temperature and n i t r i t e  concentration. 
The standard-state f ree  energy change fo r  the n i t r a t e  decomposition, 
Reaction ( I ) ,  where M i s  Na0.64K0.36, was taken t o  be 

~ ~ y ( c a l / m o l e  n i t r a t e )  = 25.3T(K) - 27540 (16) 

based upon data reported by Martin Marietta (Reference 9.1). The room- 
temperature s a l t  density was taken t o  be 2.198 g/cm3, which was estimated by a 
1 inear  combination of propert ies fo r  NaN03 and KNO3. The f l u id  s a l t  density 
was s imilar ly  estimated from data presented by Krebz e t  a l .  (Reference 9.14) 
fo r  NaN03 and KNO3: 

where X~op i s  the mol e f ract ion of n i t r i t e  present. 

The calculated behavior fo r  Partherm 430 i s  shown i n  Figures 9.1 and 9.2. 
Pressure-temperature and composition-temperature curves are  given for  i n i t i a l  
s a l t  volume fract ions  from 0.1 t o  0.7. The calculations were l imited t o  an 
upper temperature of 1000 K because above this temperature the assumption t ha t  
the  n i t r a t e l n i t r i t e  reaction is the only important reaction is invalid. The 
pressures and n i t r i t e  concentrations a re  seen t o  increase monotonically w i t h  
temperature. The temperature dependence approximately follows an Arrhenius 
re la t ion ,  where the log of the pressure and log of the n i t r i t e  concentration 
a re  both proportional t o  the inverse of temperature. 



600 700 800 900 1000 

TEMPERATURE (K) 

Figure 9.1. Pressure-Temperature Behavior of Partherm 430 for Initial Salt 
Volume Fractions of 0.1 to 0.7 
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Figure 9.2. Composition-Temperature Behavior of Partherm 430 for Initial 
Salt Volume Fractions of 0.1 to 0.7 



As t h e  system approaches over f low cond i t ions- - tha t  i s ,  when the  s a l t  
volume approaches t h a t  o f  the  container,  thereby causing the  u l l a g e  gas volume 
t o  approach zero--deviat ions from Arrhenius behavior are found. To i l l u s t r a t e  
these charac te r i s t i cs ,  F igure 9.3 shows the  behavior o f  a system i n i t i a l l y  
f i l l e d  t o  a volume f rac t ion ,  a, o f  0.8. It i s  seen t h a t  the  pressure increases 
monotonical ly  w i t h  temperature and t h a t  the increase i s  g rea te r  than pred ic ted 
by an Arrhenius re la t i onsh ip .  Overflow cond i t ions  are reached a t  approximately 
516°C. The n i t r i t e  l e v e l  i s  seen t o  reach a maximum before a t t a i n i n g  overflow. 
This resul  t i s  a consequence o f  two competing processes. 

TEMPERATURE IK)  

Figure  9.3. Behavior of a System of NaN031KN03 I n i t i a l l y  F i l l e d  
t o  a Volume Frac t ion ,  a ,  o f  0.8 

A t  h igher temperatures a greater  amount o f  n i t r a t e  decomposes and the  n i t r i t e  
l e v e l  increases. However, t h e  s a l t  a lso expands, reducing the  gas volume and 
thereby reducing the  amount o f  oxygen decomposition product t h a t  can be 
accommodated. We note though t h a t  under rea l  i s t i c  cond i t ions  ( reasonabl e 
i n i t i a l  s a l t  f i l l s )  over f low cond i t ions  are never reached. I n i t i a l  s a l t  f i l l  
volume f r a c t i o n s  a are genera l ly  l e s s  than 0.5. 

9.3.3 Experimental Observations 

Two experiments were conducted t o  v e r i f y  the  v a l i d i t y  o f  the  ca l cu la t i ons  
and assumptions described above. Drawsalt o f  the  Partherm 430 composition 
(60 percent  NaN03-40 percent KNO3 by weight) was prepared from reagent grade 



NaN03 and KNO3. The s a l t  was p l  aced i n  closed-end a1 umina tubes t h a t  were 
sealed by means o f  compression O-ring f i t t i n g s  and evacuated. The tube 
conta iners were instrumented t o  measure the  pressure cont inuously. Two 
experiments were conducted; one w i t h  an i n i  ti a1 s a l t  vo l  ume f r a c t i o n  1 oadi ng 
o f  a = 0.06, and another w i t h  a = 0.17. The tube conta iners were placed i n  a 
furnace w i t h  the  compression f i t t i n g  placed outs ide  o f  the  furnace. The 
experimental con f igu ra t i on  was designed so - 90 percent  o f  the conta iner  volume 
was he1 d a t  t h e  s a l t  temperature. Therefore, a d i r e c t  comparison between the  
experimental r e s u l t s  and t h e  c a l c u l a t i o n s  discussed i n  t h i s  study, which 
assumed the  gas and s a l t  temperatures were the  same, i s  v a l i d .  The temper- 
a tu re  f o r  both experiments was 590°C. 

O f  p a r t i c u l a r  i n t e r e s t  was the end pressure at ta ined.  The r e s u l t s  are 
shown on F igure  9.4 where the  two experimental data po in ts  appear on a p l o t  o f  
pressure versus i n i t i a l  s a l t  volume. A1 so shown on F igure  9.4 are several 
ca l cu la ted  isotherms f o r  comparison. It can be seen t h a t  there  i s  e x c e l l e n t  
agreement between the  exper imental ly  measured pressures and those calculated.  
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Figure  9.4. Calculated Isotherms f o r  Partherm 430 As a Funct ion o f  Po2 
and I n i t i a l  Volume F r a c t i o n  o f  Sa l t ,  a. , experimental 
resul  t s  ob ta i  ned a t  863 K. 



9.4 Open Containment Systems 

I n  an open system the  n i t r a t e  s a l t  i s  exposed t o  a constant  t o t a l  
pressure o f  one atmosphere, b u t  the  oxygen p a r t i a l  pressure, wh i l e  constant, 
may vary from system t o  system. I f  the oxygen p a r t i a l  pressure and temperature 
are  speci f ied,  one can c a l c u l a t e  a unique s a l t  composition ( n i  tri te- to-n i  t r a t e  
r a t i o )  us ing Eqs. ( 3 )  and ( 4 ) .  Accordingly, composition-temperature curves 
have been ca lcu la ted  and p l o t t e d  i n  F igure  9.5 f o r  f ou r  d i f f e r e n t  oxygen 
pressures: 1.0, 0.2, 0.01, and 0.001 atm. The 0.2-atm. curve i s  obviously 
important  because i t  represents the behavior o f  a system open t o  the  a i r .  The 
e f f e c t  o f  an i n e r t  cover gas i s  t o  reduce the oxygen p a r t i a l  pressure; t he  
exact l e v e l  depends upon design features and operat ional  parameters such as 
cover gas p u r i t y ,  f l ow  ra te ,  and system t ightness.  The curves f o r  0.01 and 
0.001 atm. are reasonable representat ions o f  open systems w i t h  con t ro l  by 
i n e r t  atmosphere f looding.  

Refer r ing  t o  F igure  9.5, i t  i s  ev ident  t h a t  as temperature increases, the  
n i t r i t e  concentrat ion r ises.  A temperature change o f  100 degrees can cause as 
much as an order o f  magnitude change i n  the n i t r i t e  t o  n i t r a t e  r a t i o .  It i s  
a lso  c l e a r  from F igure  9.5 t h a t  increasing the  p a r t i a l  pressure o f  oxygen 
suppresses n i t r i t e  formation, i n  accordance w i  t h  the  Le Chat1 i e r  p r i  n c i  p l  e 
appl i e d  t o  Reaction (1) .  Decreasing the  oxygen p a r t i a l  pressure by an order 
o f  magnitude causes approximately a f a c t o r  o f  two increase i n  the  n i  tri te-to- 
n i t r a t e  r a t i o .  
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Figure  9.5. Cal c u l  ated Composi ti on-Temperature Curves 
f o r  Four D i f f e r e n t  Oxygen Pressures 



9.5 Summary 

Pressure- temperature-canposi ti on re1 a t i  onshi ps f o r  heated drawsal t o f  the 
Parthern 430 composition (60 percent NaN03-40 percent KNO3 by weight) have 
been ca lcu la ted f o r  two system designs: a fixed-volume (sealed) system, and a 
fixed-pressure (breathing o r  i n e r t  cover gas) system. I n  the analysis the 
fo l l ow ing  assumptions were made: (1) the only react ion o f  importance i s  
n i  t r a t e -n i  tri te-oxygen equi l  i brium, (2)  the 1 i q u i d  sol u t i o n  behaves idea l  l y  , 
and (3 )  equ i l  i b r i  urn condi t ions are obtained. For the seal ed system, pressure- 
temperature and composition-temperature curves were generated f o r  various 
i n i t i a l  s a l t  volume f rac t ions  ranging from a = 0.1 t o  0.7 ( r e f e r  t o  
Figures 9.1 and 9.2). The v a l i d i t y  o f  the assumptions and ca lcu la t ions  was 
v e r i  f i  ed by c m p a r i  ng the pressures obtained i n  two experiments (conducted a t  
590°C and w i t h  i n i t i a l  s a l t  volume f i l l  f r ac t i ons  o f  0.06 and 0.17) w i t h  
ca l  cu l  ated val  ues. For open systems, cmpos i  ti on-tmperature curves ( r e f e r  t o  
Figure 9.5) were generated f o r  various oxygen p a r t i  a1 pressures. 
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10.0 VISCOSITY, SURFACE TENSION, AND DENSITY 
OF (~,Na)N03 FROM 300 TO 600°C 

D o  A. Nissen 

10.1 In t roduct ion 

The equimol a r  mol ten sal t mixture NaN03-KN03 i s bei  ng proposed as a 
heat- t ransfer  f l  u i  d and thermal -energy storage medi urn f o r  var ious sol a r  energy 
appl ica t ions.  I n  these appl i c a t i  ons the maximum operat ing temperature w i  1 1 be 
i n the 500-600°C range. Indus t r i  a1 experience and previous experimental 
invest igat ions on t h i  s mol ten sal t mixture have general l y  been confined t o  
temperatures below 450°C. I n  order t o  provide data t o  solve various spec i f i c  
design problems associated w i t h  the use o f  these molten n i t r a t e  s a l t s  as heat 
t rans fe r  f l u i ds ,  i t  i s  important t h a t  we know how the physical proper t ies  o f  
these sa l t s  are a f fec ted by temperature and composition o f  the l i q u i d  and gas 
phases. It i s  the purpose o f  t h i s  repor t  t o  present and comment on the 
v iscos i ty ,  surface tension, and density data t h a t  have been measured over the 
300-600°C temperature range. 

10.2 Apparatus and Experimental Technique 

The thennophysical property data f o r  the equimol a r  NaN03-KN03 mixture 
were taken by an instrument designed and b u i l t  by the author a t  SNLL 
(Reference 10.10). This instrument i s  based on the p r i n c i p l e  o f  a damped, one- 
dimensional, harmonic osc i l  l a t o r ,  i .e., the motion o f  a body suspended from a 
spr ing and o s c i l l a t i n g  i n  a f l u i d .  A descr ip t ion o f  the theore t i ca l  p r i nc i p l es  
t h a t  govern the operat ion o f  t h i s  instrument, the d e t a i l s  o f  construct ion, and 
i t s  operat ion and response are discussed e l  sewhere (Reference 10.1). Only an 
abbreviated descr ip t ion o f  the various modes o f  operat ion o f  t h i s  instrument 
w i l l  be given here. 

The hear t  o f  the apparatus i s  a quartz spr ing o s c i l l a t o r ,  an electromagnet 
f o r  remotely s t a r t i n g  the spr ing osc i l l a t i ng ,  a pos i t i on  transducer f o r  remote 
readout o f  the spr ing extension ( 1 i near va r i  abl e d i  f f e r e n t i  a1 transformer-- 
LVDT) , and a go1 d p l  a te  suspended i n  a 1 i q u i  d whose v i s cos i t y  i s  being measured 
(Figure 10.1). It i s  the viscous drag exerted on t h i s  p l a t e  by the l i q u i d  
t h a t  causes damping o f  the o s c i l l a t o r y  motion o f  the quartz spring. 
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Figure 10.1. Cutaway View o f  Apparatus t o  Measure V iscos i ty ,  
Surface Tension, and Density 



The 1 i q u i d  being studied i s  contained i n  a go1 d c ruc ib le  mounted on a 
pedestal fastened t o  a screw and yoke arrangement.* Th is  i s  attached t o  the 
bottom f lange o f  an intermediate quartz tube. The pedestal and screw are 
connected by a machined s ta in less steel rod t h a t  passes through a compression 
f i t t i n g  designed t o  maintain the i n t e g r i t y  o f  the atmosphere w i t h i n  the 
viscometer. This arrangement permits the c ruc ib le  and i t s  contents t o  be 
ra ised or  lowered smoothly and slowly about 4 cm. It i s  the a b i l i t y  t o  lower 
the c ruc ib l e  t h a t  i s  central  t o  the surface tension measurement, as w i l l  be 
c l  ear from 1 a ter  discussion. 

A thermocouple sheathed i n  s ta in less steel i s  fed through a f i t t i n g  i n  
the bottom f lange and bent t o  al low i t s  t i p  t o  be immersed i n  the l i qu i d .  I n  
t h i s  way the temperature o f  the l i q u i d  can be monitored continuously. A go ld  
sheath on the t i p  o f  the thermocouple prevents any react ion between i t  and the 
l i q u i d .  The bottom f lange also has a tube welded i n t o  i t  f o r  admit t ing gas 
i n t o  the heated zone. 

A c l  am-she1 1 -type furnace, mounted on the supporting structure,  i s 
fastened around the quartz tube t o  heat the contents o f  the c ruc ib l e  
(Figure 10.2). This furnace and i t s  associated con t ro l l e r  are capable o f  
maintaining the temperature o f  the c ruc ib le  contents t o  w i t h i n  + 0.5OC o f  the 
set  point.  The v e r t i c a l  temperature gradient  over the 5 cm h e i 3 t  o f  the 
c ruc ib l e  i s  < 1°C. 

10.2.1 V i  scosi t y  

It i s  possible t o  show (Reference 10.2) t h a t  f o r  a damped harmonic 
o s c i l l a t o r  the r a t i o  o f  any a r b i t r a r y  zeroth o s c i l l a t i o n  t o  the nth successive 
one i s  given by 

where p i s  a constant. The quant i ty  6, known as the logar i thmic decrement, i s  
given by 

and i s  therefore a measure o f  the ra te  o f  damping o f  the o s c i l l a t i o n s  o f  the 
spring. Solomons and White (Reference 10.3) have shown tha t  6 i s  d i r e c t l y  
re1 ated t o  the v i scos i t y  o f  the damping medium by the equation 

where and p are the v i scos i t y  and density o f  the l i q u i d  being studied. Both 
D and E are  instrument constants: 

*For simp1 i c i t y  only the screw i s  shown i n  Figure 10.1; however, Figure 10.2 
shows the yoke c lear ly .  
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Figure 10.2. Photograph o f  Apparatus t o  Measure V i  scosi t y  , 
Surface Tension, and Density 
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The constants D and E were evaluated by measuring 6 f o r  molten KNO3, whose 
v i s cos i t y  and densi ty are wel l  known (Reference 10.4), and f o r  a set  o f  
speci a1 l y  prepared organic 1 i q u i  ds whose v i  scosi t y  and densi ty are accurately 
known. These l i qu ids ,  suppl ied by Cannon Instrument Co., have a v i s cos i t y  
range o f  1.5-5.0 cP. 

Figure 10.3 shows the re la t ionsh ip  between the quant i ty  and the 
experimental l y  measured val ues o f  the l oga r i  thmic decrement f o r  these mater ia l  s. 
The equation 

was obtained from a least-squares f i t  o f  the data. Each data po in t  i n  Figure 
10-3 i s  the average o f  10 measurements. The average standard dev ia t ion i s  
0.25 percent. 

F igure 10.3. Ca l ib ra t ion  P l o t  f o r  V iscos i ty  

10.2.2 Surface Tension 

I n  add i t i on  t o  funct ion ing as a viscometer, the  dpparatus can be converted 
t o  an instrument f o r  measuring surface tension w i t h  a few minor modi f ica t ions 
(Reference 10.1). 



By slowly and continuously separating the 1 i q u i d  and the p l a te  immersed 
i n  it, and measuring the maximum force exerted on the p l a te  (which occurs j u s t  
before the column of l i q u i d  supported by the p l a te  breaks), the surface tension 
o f  the 1 i q u i d  can be determined through the formula 

where y i s  the surface tension, F i s  the maximum force exerted on the p l a t e  
(which i s  detected as an apparent increase i n  the weight o f  the p la te ) ,  P i s  
the perimeter of the plate,  and e i s  the wet t ing angle (general ly  assumed t o  
be zero i f  the l i q u i d  wets the p la te) .  The gold p l a te  i n  these experiments 
was 1.609 cm wide and 0.0262 cm thick.  

10.2.3 Density 

The apparatus can also function as an Archimedean dens i tmete r  
(Reference 10.1). The loss i n  weight ( AW) o f  a sol i d  o f  known volume (V) i s  
re la ted  t o  the density o f  the l i q u i d  (P) i n  which i t  i s  immersed by 

Therefore, the density o f  a l i q u i d  i s  given simply by the d i f ference i n  LVDT 
reading, converted t o  weight, w i t h  and wi thout  1 i q u i d  surrounding the sol i d ,  
d iv ided by i t s  volume. For increased accuracy o f  the density measurements the 
t h i n  p l  a te  was rep1 aced by a 1 arger vol ume bob. The bob present ly used i s  
made o f  gold-pl ated zirconium and i s  i n  the form o f  a r i g h t  c i r c u l a r  cy l inder  
w i t h  a tapered top and bottom t o  permit drainage. A small post  w i t h  a hole 
d r i l  l e d  through i t  extends from the top taper t o  provide a means o f  at taching 
the bob t o  the LVDT. 

For measurements of density using Archimedes' method i t  i s  necessary t h a t  
the volume of the immersed body be accurately known. This was determined by 
immersing the bob i n  several l i q u i d s  o f  known density. The volume o f  the bob 
was determined t o  be 1.3518 2 0.0005 cm3(Reference 10.1). 

10.3 Resul t s  and D i  scussi on 

The thermophysical proper t ies  t h a t  we determined f o r  the equimolar 
NaN03-KN03 mixture are presented and discussed i n  t h i s  section. These 
data cover the 300-600°C range and were taken i n  argon and i n  oxygen t o  
determine what effect, if any, the composition o f  the atmosphere might have. 
It was found that ,  w i th  the exception o f  the density, the thermophysical 
proper t ies  are unaffected by atmospheric composition. This statement must be 
t reated w i t h  some caution, however, since extended exposure o f  the mel t  
t o  an argon atmosphere a t  600°C w i l l  r e s u l t  i n  the production o f  increas ing ly  
l a rge  quan t i t i es  o f  n i t r i t e .  This i s  a consequence o f  the thermal decomposi- 
t i o n  o f  n i t r a te ,  

N O j  + N O i  + (1/2)02 (6 )  



So t h a t  the dependence o f  the thenophys ica l  proper t ies  on n i t r i t e  concentra- 
t i o n  may be more f u l l y  characterized, the MN03/MN02 system (M being Na o r  K) 
i s  present ly  being studied i n  de ta i l .  

Where they are ava i l  abl e, 1 i tera tu re  values are compared w i t h  the r e s u l t s  
from t h i s  work. The NaN03 and KNO3 i n  these experiments were rec rys ta l  1 i zed  
from d i s t i l  1 ed water a t  l e a s t  once and vacuum dr ied  a t  150°C before use. 

10.3.1 Surface Tension 

The surface tension o f  the equimolar NaN03-KN03 mixture i s  given i n  
Tab1 e 10.1 and Figure 10.4. Over the 300-600°C range i n  both argon and oxygen 
these data can be s a t i s f a c t o r i l y  represented by the equation 

w i t h  an uncer ta in ty  o f  2 0.5 percent. 

TABLE 10.1 

SURFACE TENSION OF EQUIMOLAR NaN03-KN03 

T Y (Expt) y (Ref. 10.4) y (Ref. 10.5) 
("C (dyneslcm) (dyneslcm) (dyneslcm) 

The exce l len t  agreement between our data and t h a t  o f  Krivovyazov, 
Table 10.1 and Figure 10.4, suggests t h a t  the data o f  Reference 10.4 are 
incor rec t .  The agreement between these two sets o f  data i s  p a r t i c u l a r l y  
impressive since Krivovyazov's data were obtained by a d i f f e r e n t  method than 
ours, maximum bubble pressure vs p l a te  detachment. A more complete discussion 
o f  the d i f f e r e n t  methods i s  given i n  Reference 10.1. 

The c lose agreement between the surface tension values measured i n  oxygen 
and argon (F igure  10.4) imp1 i e s  t h a t  the presence o f  small concentrat ions o f  
n i t r i t e  ( <  7 wt%) has 1 i t t l e  e f f e c t  on the surface tension o f  the n i t r i t e s .  
This resul  t woul d be expected since the n i t r a t e s  have a lower surface tension 
than the corresponding n i t r i t e s  and thus would tend t o  concentrate a t  the 
surface ( Reference 10.5). 



Figure 10.4. Surface Tension o f  50:50 Molar Mixture o f  NaN03 
and KNO3 vs Temperature 

10.3.2 Density 

The density of the equimolar NaN03-KN03 mixture i n  argon o r  oxygen i s  
presented i n  Table 10.11 and Figure 10.5. The f i r s t  set  o f  data can be 
represented by the equation 

w i t h  an uncerta inty o f  5 0.5 percent from 300-600°C. We have found, however, 
t h a t  i f  the me1 t i s  he1 d f o r  72 hours a t  600°C i n  an argon atmosphere there i s  
a decrease i n  the density. The new values o f  the density are given by 

This decrease i n  density i s  a t t r i b u t e d  t o  the presence o f  7 w t %  n i t r i t e  i n  
the me1 t which resu l t s  from the thermal decomposition o f  n i t r a te ,  Eq. (6) .  

10.3.3 V iscos i ty  

The v i scos i t y  of the equimolar NaN03-KN03 mixture between 300 and 600°C, 
i n  argon and oxygen, i s  shown i n  Figure 10.6. The resu l t s  can be represented 
by the equation 

For comparison, values o f  the v i scos i t y  from Reference 10.4 are included. To 
f a c i l i t a t e  comparison the sol i d  l i n e  i n  Figure 10.6 i s  drawn through the 
l i t e r a t u r e  data. It can be seen t ha t  agreement between the two sets o f  values 
i s  qu i te  good. 



TABLE 10.11 

DENSITY OF EQUIMOLAR NaN03-KN03 

T ( O C )  P (Expt) (glcm3) p (Ref. 10-4) (g/cm3) 

--- 72 hours a t  600°C i n  argon --- 

Figure 10.5. Density o f  5 0 5 0  Molar Mixture o f  NaN03 
and KNO3 vs Temperature 
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Figure  10.6. V i scos i t y  o f  50:50 Molar M ix tu re  o f  NaN03 
and KNO3 vs Temperature 

I f  we make the  assumption t h a t  f o r  i dea l  o r  near- ideal so lu t i ons  the  
temperature dependence o f  the v i s c o s i t y  may be w r i t t e n  i n  the  form 
(Reference 10.7). 

where E, i s  t h e  a c t i v a t i o n  energy f o r  viscous f l ow  and R and T have t h e i r  
usual meanings, an rl then shoul d depend 1 i near ly  on the  rec ip roca l  o f  the  
absolute temperature. I n  F igure  10.7 our v i s c o s i t y  data and the  recommended 
1 i t e r a t u r e  values are p l o t t e d  as an q aga ins t  1/T. Rather than a sing1 e 
s t r a i g h t  l i n e  the  data are seen t o  f a l l  on a smooth curve t h a t  i s  asymptotic 
t o  a s t r a i g h t  l i n e  a t  both the  low and h igh  temperature l i m i t s .  The change i n  
slope appears t o  be i n  the  v i c i n i t y  o f  385°C. Above t h i s  temperature En, 
ca l cu la ted  from the  l i m i t i n g  slope, i s  3.2 kcal/mole wh i l e  below i t  
E, = 4.6 kcal/mole. 

It i s  poss ib le  t h a t  the  change i n  slope of t h i s  curve a t  385OC i s  caused 
by the  presence o f  n i t r i t e  i n  the  me1 t a r i s i n g  from the  thermal decomposition 
o f  n i t r a t e ,  Eq. (6) .  However, if t h i s  were the  case one would expect t o  see 
d i f f e r e n t  values o f  the v i s c o s i t y  i n  oxygen and argon; t h i s  was n o t  observed. 
A pronounced curvature o f  t h a t  p a r t  o f  the p l o t  above 385°C would a l so  be 
expected as a consequence of the  increased product ion o f  n i t r i t e  a t  the h igher  
temperatures; t h i s  was a lso  n o t  observed. Therefore, t h e  presence o f  small 
amounts o f  n i t r i t e  appears t o  have n e g l i g i b l e  e f f e c t  on the  v i s c o s i t y  o f  
n i t r a t e  me1 t s .  



I I I I 
600 500 400 300 

A Janz et  al. 
Ar 

0 2  - 

# " - - 

/ 
I 

Figure 10.7. The an rl o f  50:50 Molar Mixture o f  
NaN03 and KNO3 vs Temperature 

I n  general , f o r  low v i  scosi t y  1 i q u i  ds the temperature dependence o f  the 
v i s cos i t y  i s  best  given by Eq. (11) (References 10.8, 10.9). For a number o f  
l i qu i ds ,  however, behavior s im i l a r  t o  t h a t  shown i n  Figure 10.7 has been 
observed (Reference 10.8). Two examples o f  t h i s  are i l l u s t r a t e d  i n  F igure  10.8 
where values o f  an rl vs 1/T are p l o t t e d  fo r  methylene iod ide ( C H ~ I ~ )  and water 
(H20) (References 10.10, 10.11). Spectroscopic evidence suggests t h a t  r o t a t i  on 
of the CH2I2 mol ecul es i s  r e s t r i c t e d  because o f  s t e r i c  h i  ndrance 
(Reference 10.12). Hydrogen bonding plays a s im i l a r  r o l e  i n  H20. The concl u- 
s ion these data suggest i s  t h a t  i n  those instances where molecular r o t a t i o n  i s  
r e s t r i c t e d  because o f  e i t he r  s t e r i c  hindrance o r  strong intermol  ecul a r  
a t t r a c t i o n  ( e. g., hydrogen bonding) the temperature dependence o f  the v i  scosi t y  
cannot be adequately described by a s i  ngl e value of G .  This concl usion has 
been supported by mol ecul a r  vol ume cal  cu l  a t ions ( Reference 10.8) t h a t  show 
where the molecules are f ree  t o  r o ta te  about a t  l e a s t  two axes, Eq. (11) i s  
obeyed over the e n t i r e  l i q u i d  range. ' However, the onset o f  non-Arrhenius 
v i s cos i t y  behavior occurs a t  t h a t  temperature where r o t a t i o n  about two axes 
becomes res t r i c ted .  That i s ,  a molecule whose r o t a t i o n  i s  r e s t r i c t e d  i s  l ess  
able t o  t r ans l a te  f r ee l y  than one whose r o t a t i o n  i s  f ree  because i t  i s  more 
d i f f i c u l t  f o r  the r e s t r i c t e d  mol ecul e t o  r o t a t e  i n t o  a favorabl e o r i en ta t i on  
f o r  moving past  i t s  neighbors. 

A co ro l l a r y  i s  t h a t  spherical molecules should obey Eq. (11). F igure 10.9 
shows a p l o t  o f  a n n vs 1/T f o r  the equimol a r  mixture NaC1-KC1 (Reference 10.13), 
t h a t  i s  composed o f  spher ica l ly  symmetric ions (Reference 10.14). It can be 
r e a d i l y  seen t h a t  Eq. (11) i s  obeyed over the e n t i r e  170°C temperature range 
f o r  which data are ava i lab le  (727-897°C). 



Figure 10.8. The an n of CH212 and Hz0 vs 1/T. The ver t ica l  
l ines  designate the me1 t i n g  points of CH212 and H20. 

Figure 10.9. The an n of a Mixture of NaCl and KC1 vs 1/T 



I n  cont ras t  t o  the spher ica l ly  symmetric ch lo r ide  ion, the n i t r a t e  i o n  i s  
a planar species o f  f i n i t e  thickness and a star-shaped symmetry 
(Reference 10.15). It i s  in fer red,  therefore, t h a t  because o f  the non- 
spherical symmetry o f  the n i t r a t e  ion, r o t a t i o n  i s  r e s t r i c t e d  a t  temperatures 
be1 ow 385OC, w i t h  a consequent increase i n  En. 

While the change i n  ac t i va t i on  energy f o r  the viscous f low o f  NaN03-KN03 
coul d be explained by changes i n  the r o ta t i ona l  modes o f  the n i t r a t e  i on  w i t h  
temperature, i t  coul d a1 so occur from 1 ooseni ng o f  the me1 t s t ruc tu re  o r  a 
change i n  the molecular packing. 

The d i  scont i  nui t y  i n  v i  scosi t y  observed i n  the n i t r a t e  me1 t shoul d . 
correspond t o  a thermodynamic t r a n s i t i o n  o f  the second o r  t h i r d  order 
(Reference 10.8), i .e., dCp/dT = 0 i n  the former case, and d2cp/d~2 < 0 o r  > 0 
i n  the l a t t e r .  Experiments are now being done t o  conf i rm t h i s  d i scon t inu i t y  
(Reference 10.16). 

10.4 Summary 

We have determined the v iscos i ty ,  surface tension, and densi ty f o r  the 
equimolar mix ture  NaN03-KN03 i n  both argon and oxygen. Both the surface 
tension and v i scos i t y  o f  t h i s  sal t mix ture  are unaffected by small concentra- 
t i ons  o f  n i t r i t e  (-  7 wt%) formed by thermal decomposition o f  n i t r a t e  i n  an 
argon atmosphere, wh i le  the densi ty  was 1 owered s l  i gh t l y .  The v i s cos i t y  showed 
a change i n  ac t i va t i on  energy a t  385OC t h a t  has been a t t r i b u t e d  t o  a f ree ing 
o f  one o f  the ro ta t iona l  modes o f  the n i t r a t e  ion  as the temperature increased 
above t h i s  value. 
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11.0 HEAT CAPACITIES OF NaN03, KNO3, AND (Na,K)N03 

R. W. Ca r l i ng  

11.1 I n t r o d u c t i o n  

Some c u r r e n t  designs o f  so la r  cen t ra l  rece i ve rs  employ mol ten n i t r a t e  
s a l t s  as the  heat  t r a n s f e r  and storage medium. The s a l t  o f  most i n t e r e s t  i s  a 
50/50 molar  m ix tu re  of NaN03 and KNO3, o f t e n  r e f e r r e d  t o  as drawsalt .  Work 
has focused on t h i s  s a l t  m ix tu re  because i t  has good physical  and chemical 
p rope r t i es  r e l a t i v e  t o  o ther  s a l t  m ix tu res  over the  temperature range o f  a 
c e n t r a l  rece i ve r  (350 t o  600°C). Some o f  these p rope r t i es  are  low cost,  
chemical ly  s table,  non-corrosive, 1 ow me1 t i n g  po in t ,  and h igh  heat  capacity.  
A1 though many o f  the physical  and chemical p r o p e r t i e s  o f  NaNO /KN03 are known 7 a t  low temperatures, t he re  are r e l a t i v e l y  1 i t t l e  data a v a i l  ab e i n  the  temper- 
a tu re  range o f  i n t e r e s t .  The proper ty  o f  i n t e r e s t  i n  t h i s  paper i s  the  heat  
capacity.  The heat  capac i ty  i s  an important  parameter f o r  t h e  designers and 
engineers o f  t he  heat  t r a n s f e r  and storage systems. Data are a v a i l  ab le  up t o  
500°C, b u t  n o t  beyond (Reference 11.1). While i t  i s  o f t e n  assumed t h a t  t he  
heat  capac i ty  o f  a no1 ten  s a l t  does n o t  change w i t h  temperature, t h e  heat 
capac i ty  o f  molten NaN03/KN03 decreases by about 10 percent  from 240 t o  
500°C (Reference 11.1). The main t h r u s t  o f  t h i s  work was t o  extend the  heat  
capac i ty  t o  600°C. 

The heat  capac i t i es  of NaN03 and KNO3 were a l so  measured i n  t h i s  study. 
The reasons f o r  t h i s  work were twofold. F i r s t ,  s ince the  heat capac i t i es  o f  
NaN03 and KNO3 have been measured p rev ious l y  (References 11.1-11.12), t h e  
prev ious work would prov ide  a means f o r  measuring t h e  accuracy o f  the  work 
repor ted  here. Secondly, t h e  val  i d i t y  o f  the  a d d i t i v e  r u l e  was determined. 
One can c a l c u l a t e  a heat capac i ty  by adding t h e  heat capac i t i es  o f  NaN03 and 
KNO3 
i n  the  appropr ia te  propor t ions  o f  the  m ix tu re  (Reference 11.2). I f  the  
exper imenta l ly  der ived heat  capac i ty  and t h a t  obtained by adding the  Cp's o f  
t he  components agree, then the  heat capac i ty  of any m ix tu re  o f  KNO3 and NaN03 
coul d be determi ned simply. 



11.2 Experimental 

Heat capac i ty  measurements were made w i t h  a Perk i  n-Elmer d i  f f e r e n t i a l  
scanni ng ca l  or imeter ,  DSC-2. A1 1 measurements were made wi  t h  the  sampl es 
sealed i n  go1 d o r  s t a i n l e s s  s tee l  capsules. Sapphire was used as the  heat  
capac i ty  re fe rence mater ia l .  Heat capac i ty  measurements were made a t  a heat ing  
r a t e  o f  10 degrees/min w i t h  range s e t t i n g s  o f  1.25 t o  5.00 J/min. The s a l t s  
were reagent grade ma te r ia l ,  r e c r y s t a l l i z e d  from water and d r i e d  a t  150°C f o r  
a t  l e a s t  48 hours i n  vacuum. The sa l t s ,  prepared i n  t h i s  manner, were s to red 
over CaS04 u n t i l  use. 

Control  and opera t ion  o f  the DSC were through a Hewlet t  Packard 9825 
desk-top ca l  c u l  a to r .  Measurements were t y p i c a l  l y  taken over temperature 
ranges o f  100 degrees. The temperature ranges were overlapped and scanned 
several times. The heat capac i ty  r e s u l t s  are, therefore,  t h e  average o f  
several measurements a t  each temperature. Accuracies i n  the  sol i d  regions 
were est imated t o  be two percent  as compared t o  prev ious heat  capac i ty  resu l t s .  

A m a j o r  problem developed i n  the  l i q u i d  reg ion  o f  each s a l t .  The go ld  
sample pans cracked and then leaked s a l t  i n s i d e  the  DSC sample pan holder. 
The go1 d pans cracked adjacent  t o  the  hermetic seals and i t  i s  thought t o  be 
due t o  e i t h e r  res idua l  H 0 vapor and/or 02 being generated as the  s a l t  5 decomposed t o  n i t r i t e  an oxygen. The s t a i n l e s s  s tee l  pans d i d  n o t  work any 
be t te r .  The s t a i n l e s s  s tee l  pans were c losed w i thou t  the  V i  t on  O-rings and 
hence leaked f o r  l ack  o f  proper seal ing. The O-rings were omi t ted  because 
V i ton  w i l l  n o t  take the  temperatures over which the  measurements were t o  be 
made. 

11.3 Resul t s  and Discussion 

The heat  capac i ty  resu l  t s  fo r  NaN03, KNO3, and (Na,K)N03 a r e  il l u s t r a t e d  
i n  F igures  11.1 t o  11.3 and tabu la ted  i n  Table 11.I. The r e s u l t s  do n o t  extend 
t o  the  600°C upper l i m i t  as desired. The upper temperature was 1 i m i t e d  due t o  
s a l t  leakage from the  sample pans as described i n  Sect ion 11.2. The heat 
capac i ty  resu l  t s  o f  the sol  i d s  agree we1 1 w i t h  prev ious i n v e s t i g a t i o n s  
(References 11.3, 11.5-11.7). Comparisons o f  the  r e s u l t s  are n o t  shown i n  
t h e  f i g u r e s  t o  avo id  confusion. It can a1 so be seen i n  Table 11.1 t h a t  the  
a d d i t i v i t y  r u l e  f o r  the heat capac i t i es  holds f o r  NaN03 and KNO3 
(Reference 11.2). 

Temperatures and entha lp ies  and ent rop ies  o f  t r a n s i t i o n  and fus ion  o f  
NaN03, KNO3, and (Na,K)N03 are  presented i n  Table 11.11. As can be seen the  
val  ues i n  t h i s  work agree we1 1 w i t h  prev ious i nves t i ga t i ons .  These r e s u l t s  
are presented t o  f u r t h e r  support the  accuracy o f  the  technique up t o  the  
me1 ti ng po in ts .  However, t h e  accuracy o f  the  heat capac i ty  resu l  t s  obta ined 
above the  m e l t i n g  are i n  doubt. The heat capac i ty  va lues have considerably 
more s c a t t e r  i n  t he  l i q u i d  reg ion  than i n  the  sol  i d  region. A1 though the  
r e s u l t s  from t h i s  work tend t o  agree reasonably we l l  w i t h  a few previous 



Figure 11.1. Heat Capacity vs  Temperature f o r  NaN03 

Figure 11.2. Heat Capacity v s  Temperature f o r  KNO3 



Figure  11.3. Heat Capacity vs  Temperature f o r  a 50:50 Molar Mix ture  
of NaN03 and KNO3 

TABLE 11.1 

HEAT CAPACITIES OF NaN03, KNO3, AND (Na,K)N03 
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i nves t iga t ions  they are i n  serious d i  sagreement w i  t h  some very recent  publ ica-  
t i ons  (References 11.11, 11.12). The discrepancies o f  the pure 1 i q u i  d 
components w i l l  be discussed separately from the mixture. 

TABLE 11.11 

SUMMARY OF TRANSITION AND MELTING I N  NaN03, KNO3, and (Na,K)N03 

t Tm AHt A Hm ASt *sm 
Compound (OC) ("C) (kJ 11101-1) (kJ mol-1) (J  K-1 mo1-1) (J  K-1 mol-1) Reference 

26.0 This Work 
11.13 
11.14 
11.15 

26.8 11.16 
11.9 
11.17 
11.4 
11.18 
11.19 

25.2 11.6 
11.20 
11.21 
11.22 

17.2 This work 
16.4 11.23 

11.10 
16.7 11.16 

11.22 
11.4 
11.7 
11.14 

20.5 This work 
11.15 

11.3.1 NaN03 and KNO3 (L iqu id )  

Some o f  the 1 i terature-der ived heat capacity va l  ues f o r  1 i qui d NaN03 and 
KNO are i n  serious disagreement w i t h  t h i s  work. The resu l t s  obtained i n  t h i s  
wor i ind i ca te  a decrease i n  heat capacity as the temperatures increase above 
the me1 t i n g  point .  The heat capac i t ies  measured were i n  the range o f  130 t o  
140 J K-1 mol-1 a t  temperatures up t o  200 degrees past  the me1 t i n g  points. 
Two previous invest igat ions support these resul  t s  f o r  KN03 (References 11.1, 
11.4). Other invest igat ions suggest t h a t  the heat capacity resul  t s  from t h i s  
work are too low. They suggest heat capac i t ies  o f  about 150 t o  160 J K-1 mol-1 
a t  temperatures s l  i g h t l y  above the me1 ti ng p o i n t  (References 11.1, 11.4, 11.6). 
A decreasing heat capacity i n  the 1 i q u i d  region i s  a1 so supported by one other 
i nves t iga to r  (Reference 11.6). However, two very recent  publ i ca t i ons  pu t  the 
heat capac i t ies  of NaN03 a t  160 t o  180 J ~ - 1  mol-1 (Reference 11.12) and 
212 J ~ - 1  mol-1 (Reference 11.11), and KNO3 a t  180 t o  210 J ~ - 1  mol-1 
(Reference 11.12) and 233 J K-1 mol-1 (Reference 11.11) j u s t  above the me1 t i n g  
poi nts. Further, one (Reference 11.12) suggests an increasing heat capacity 
w i t h  temperature. Unfortunately, a t  t h i s  po i n t  i t  i s  d i f f i c u l  t t o  r a t i ona l  i z e  
any set  o f  r e s u l t s  as b e t t e r  than another. Each o f  the techniques used have 
serious drawbacks. The resu l t s  from t h i s  work up t o  the me1 t i n g  p o i n t  woul d 
suggest accuracies o f  two-to-three percent i n  the heat capaci ty measurements. 



The increased sca t te r  and the experimental d i  f f i c u l  t i e s  due t o  1 eaki ng sampl e 
pans obviously decreases the accuracy o f  the heat capac i t ies  i n  the 1 i q u i d  
region. Therefore, the heat capac i t ies  i n  t h i s  work may be too low as a 
resu l  t o f  the experimental d i  f f  i cul  t i e s  described above. However, previously 
reported heat capacity values were measured a t  the mel t ing  p o i n t  and no t  i n t o  
the 1 i q u i d  region. I f  the sal t had not  compl e te l y  me1 ted heat capaci ty values 
much too high could be measured. The concl usion a t  t h i s  stage i s  t h a t  the 
heat capac i t ies  o f  each s a l t  are i n  the range o f  140 t o  160 J K-1 mol-1 a t  
temperatures up t o  50 degrees beyond the mel t ing  point.  Also, t he  heat 
capac i t ies  c e r t a i n l y  decrease but  probably do not  change much i n  the l i q u i d  
region u n t i l  the sa l t s  begin t o  decompose (Reference 11.24). 

11.3.2 (Na,K)N03 (L iqu id )  

There are only two previous invest igat ions on the heat capaci ty o f  the 
50/50 mol a r  mixture. One shows the heat capaci ty decreasing w i  t h  temperature 
from 167.3 J K-1 mol-1 a t  237OC t o  138.6 J ~ - 1  mol-1 a t  497OC (Reference 11.1). 
The other gives a value o f  142 J K-1 mol-1 j u s t  above the me1 t i n g  p o i n t  
(221°C) (Reference 11.11). This l a t t e r  r e s u l t  i s  about 35 percent lower than 
t h e i r  r esu l t s  for  pure, NaNOg and KNO3 as 1 iquids. It i s  d i f f i c u l t  t o  recon- 
c i  l e  such a d i f ference.  Again, the techniques f o r  measuring heat capac i t ies  
i n  the temperature range o f  i n t e r e s t  have serious drawbacks as described above. 
A t  t h i s  p o i n t  i t  i s  not  possib le t o  a r r i v e  a t  recommended values f o r  the heat 
capaci ty o f  the 1 i qui d. 

11 .4 Summary 

The heat capac i t ies  of NaNO , KNO3, and (Na,K)N03 have been measured we1 1 ? i n t o  the l i q u i d  range o f  each sa t. The heat capacity r e s u l t s  i n  the s o l i d  
agree very wel l  w i t h  previous invest igat ions as do the t r a n s i t i o n  and me1 t i n g  
points. However, serious experimental d i  f f i  cul  t i e s  were encountered i n the 
1 i q u i d  regions o f  the sa l ts .  Methods t o  resolve the experimental d i f f i c u l -  
t i e s  are being explored. Future experiments w i l l  c l  a r i f y  the disparate heat 
capaci ty resu l  t s  obtained t o  date. 
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12.0 PHASE DIAGRAMS OF NaN03-Na2C03 AND KN03-K2C03 

M. M. Karnowsky, R. M. Bie fe ld ,  and N. J.  Morem 

12.1 Intsoduc ti on 

The determinat ion o f  the  phase diagrams of the  NaN03-Na2C03 and KNO -K2CO3 J systems i s  a resu l  t o f  concern over poss ib le  degradat ion t o  the  mixed sa t, 
NaN03-KN03, from envi  ronmental exposure i n  sol a r  cen t ra l  rece i ve r  appl i c a t i  ons. 
The NaN03-KN03 system, proposed f o r  thermal t ranspor t  and energy storage, 
may be subjected t o  absorpt ion of water o r  C02 under opera t ing  condi t ions.  
Th is  work addresses the  e f fec ts  of C02 a d d i t i o n  on the  assumption t h a t  a 
carbonate w i l l  be formed. Phase diagrams between NaN03-Na2C03 and KN03-KzC03 
can show poss ib le  e f f e c t s  o f  the  carbonate format ion on the  o r i g i n a l  n~ t r a t e  
mixture. 

A 1 i t e r a t u r e  survey i n d i c a t e d  t h a t  the  only  repor ted  phase diagrams o f  
the  NaN03-Na2CO and KN03-K2C03 systems were the  work o f  Amadori 
(Reference 12.1 7 i n  1913. These diagrams are reproduced i n  F igures  12.1 and 
12.2. Amadori's work extended on ly  from 100 m/o NaN03 t o  70 m/o NaN03 
(30 m/o Na2C031, and 100 m/o KNO3 t o  50 m/o KNO3 (50 m/o K2C03). The work d i d  
n o t  i nc lude  a d iscussion o f  the  polymorphic forms o f  any o f  t h e  end members. 

Since the  pub1 i shed data on the  n i  t ra te-carbonate phase equ i l  i b r i a  were 
inadequate, t he  e q u i l i b r i u m  phase diagrams were determined. 

12.2 Experimental 

Reagent grade chemicals were used and the  analyses o f  the  chemicals are 
g iven i n  Table 12.1. 

The n i t r a t e s  and carbonates o f  the  sodium system and separately,  f o r  the  
potassium system were mixed t o  p rov ide  a se r ies  o f  composit ions ranging from 
100 m/o MNO3 t o  0 m/o MNO3 where M i s  sodium o r  potassium i n  5 m/o increments. 
The mix tures  were contained i n  n i cke l  c r u c i b l e s  and were then analyzed by 
d i f f e r e n t i a l  thermal ana lys i s  (DTA) f o r  determi na t i on  o f  the  phase diagrams. 
The techniques appl i e d  i n  t h i s  work are  those commonly used i n  phase-diagram 
determinat ions f o r  metal systems, where the  samples t y p i c a l l y  are heated t o  a 
temperature above the 1 i q u i  dus and then cooled s l  owly. I n  add i t ion ,  e leva ted 
temperature X-ray d i  f f r a c t i o n  and thermogravimetr ic .analyses were performed as 



Figure 12.1. Phase Diagram of NaN03-Na2C03 System (Ref. 12.1) 
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Figure 12.2. Phase Diagram of KN03-KzC03 System (Ref. 12.1) 



TABLE 12.1 

CHEMICAL ANALYSIS OF STARTING MATERIALS 

NaN03 Na2C03 KN03 K2C03 
El ement ( P P ~ )  ( P P ~ )  ( P P ~ )  ( P P ~ )  

ND: no t  detected. 

necessary t o  confirm the phase diagram postulated from the DTA measurements. 
De ta i l s  o f  the experimental technique can be found elsewhere (Reference 12.2). 

12.3 Results and Discussion 

The phase diagram determined i n  t h i s  work i s  given 
i n  F igure  12.3. The diagram ind icates  almost no i n t e rac t i on  between NaN03 
and Na2C03 w i t h  the exception o f  s l  i g h t  mutual so l ub i l  i t i e s  i n  each o f  the 
polymorphic phases o f  NaN03 and Na2C03. 

The react ions may be tabu1 ated as f o l  lows: 

cool i ng 
1. l i q u i d  2 B-N~NO~(S) + y-NazC03(S) @ 293°C 

cool i ng 
2. 6-Na2C03( S) 2 y-Na2C03( S) + 1 i q u i  d @ 351°C 

cool i ng 
3. ~-Na2C03(S) 2 6-NazC03(S) + l i q u i d  @ 470°C 

High- temperature X-ray d i f f r a c t i o n  on sampl es o f  near-50 m/o Na2C03 
composition ind icated only the  terminal components. 
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Figure 12.3. Phase Diagram of NaN03-Na2C03 System ( t h i s  work) 

The poss ib i l  i t y  ex i s t s  t h a t  decomposition occurs on me1 t i n g  and t h a t  the 
coo l ing curves are inf luenced by decomposition products l i k e  Na20 and NaN02. 
To explore t h a t  p o s s i b i l i t y  thermogravimetric analyses were performed on pure 
Na2C03 and a 44.5 m/o NaN03 - 55.5 m/o Na2C03 mixture under a C02 atmosphere. 
The resu l t s  ind icated t h a t  Na2C03 began t o  decompose a f t e r  mel t ing a t  - 850°C; 
the mixture of Na2CO and NaN03 began t o  decompose a t  600°C (Reference 12.3). 9 Stern (Reference 12. ) reported t h a t  NaN03 me1 t s  wi thout  decomposition a t  
306°C and begins a slow decomposition near 600°C i n  accord w i t h  the resu l t s  i n  
t h i s  work. It i s  possib le t h a t  some contamination o f  the samples occurred by 
v i r t u e  o f  decomposition o f  the components. However, i t  i s  f e l t  t h a t  contamin- 
a t i on  i s  minimal and has l i t t l e  e f f e c t  upon the equ i l ib r ium diagram. . 

12.3.2 The KN03-KzC03 Phase Diagram 

The phase diagram f o r  t h i s  system i s  shown i n  Figure 12.4. L ike the 
NaN03-Na2C03 system, the outstanding feature i s  the absence o f  i n te rac t ions  
w i t h  the terminal components. Only the eutect ic  a t  315°C shows any in teract ion.  
A l l  the other events are re la ted  t o  the s o l i d  s ta te  polymorphic changes i n  the 
ind iv idua l  components. H i  gh-temperature X-ray d i f f r a c t i o n  resu l t s  a t  80 and 
90 m/o K2CO3 were used t o  estab l ish  the sol i d  so lu t ion  l i m i t s  on the carbonate 
side. I n  the main, the react ions w i t h  the KN03-KzC03 system are very s im i l a r  
t o  those of the NaN03-Na2C03 system. 
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Figure 12.4. Phase Diagram o f  KN03-KzC03 System ( t h i s  work) 

12.4 Summary 

It i s  concluded that :  

1. Because there are no substant ia l  i n te rac t ions  between NaN03 and 
Na2C03 and between KNO3 and K2CO3 i n  those systems, no major e f f ec t s  
on the thermal behavior o f  the NaN03-KN03 system due t o  C02 
contami nat ion are foreseen. 

2. With only a small temperature increment above the 1 iqu idus i n  the 
NaN031Na2C03 and KN03/K2C03 phase diagrams, the l i q u i d  can dissolve 
re1 a t i v e l y  1 arge amounts o f  Na2C03 and KzCO3. 
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13.0 REVIEW OF INDUSTRIAL USE 

R. W. Car l ing  and R. W. Mar 

13.1 In t roduct ion 

It i s  o f ten  stated t h a t  the supporting base f o r  the i n d u s t r i a l  use o f  
mol ten n i t r a t e  s a l t  i s  weak. This 1 im i ted  i n d u s t r i a l  experience, i s  t o  some 
extent, a misconception. Mol ten n i t r a t e  sal t s  have been used f o r  decades i n  
the chemicals and metals indus t r ies  as heat t rans fe r  f l u i d s  and as heat 
t r e a t i n g  media. However, 1 i ttl e has been documented and v i r t u a l l y  a1 1 o f  the 
i n d u s t r i a l  processes using f l  owing sal t s  are a t  temperatures o f  450°C and 
below. I n  add i t i on  almost a l l  o f  the f lowing s a l t  systems are operated 
i sothermal l y .  

Heat t r ans fe r  appl i ca t i ons  i n c l  ude ex t rac t ing  heat from exothermic 
react ions and prov id ing heat t o  d r i ve  endothermic react ions. Prime examples 
o f  the former are found i n  the ma1 e ic  and phthal i c  anhydride production 
processes. Concentrators o r  evaporators are examples o f  n i t r a t e  s a l t s  used 
t o  provide heat. 

Even though the i ndus t r i a l  experience i n  mol ten sal t use i s  1 i m i  ted  as 
f a r  as i t s  relevance t o  so lar  thermal power appl icat ions,  i t  i s  useful t o  know 
and document what informat ion there i s .  To t h i s  end, we have contacted 
various i n d u s t r i a l  users o f  n i t r a t e  sal t, made several p l a n t  v i s i t s ,  and 
ta l ked  t o  production managers o r  others w i t h  f i r s thand  knowledge o f  molten 
s a l t  usage. The informat ion derived t o  date i s  summarized i n  t h i s  report.  

13.2 P lant  V i s i t s  

Four s i t e s  have been v i s i t e d  t h a t  use molten n i t r a t e  s a l t s  i n  t h e i r  
i n d u s t r i a l  process. They are: ( 1 )  NaNO production, 01 i n  Chemical 
Corporation, Lake Char1 es, Louisiana, ( 2  3 caust ic  concentration, 01 i n  Chemical 
Corporation, Charl eston, Tennessee, ( 3 )  phthal i c  anhydri de production, Monsanto, 
Texas C i t y  , Texas, and (4 )  carbon b l  ack production, Intenco, Inc. ,. Houston, 
Texas. A b r i e f  summary of the p l a n t  charac te r i s t i cs  are presented i n  
Table 13.1. 



TABLE 13.1 

SUMMARY OF MOLTEN SALT USAGE AT PLANTS VISITED 
-- 

Maximum Construct ion Thermal Years o f  
P l an t  S a l t  Temp(OC) Mater i  a1 Cycl i ng Operation 

O l i n  Chem. NaN03 450 M i l  d Steel no 30 
NaN03 production 304L 
Lake Char1 es, LA 347 

O l i n  Chem. HITEC 42 5 M i l  d Steel no 7 
caust ic  conc. IN600 
Charl eston , TN 

Intenco HITEC 550 304 no 1-1/2 
ti r e  py ro lys i  s 
Houston, TX 

Monsanto HITEC 480 M i l d  Steel no 9 
phthal i c  anhydride 
Texas Ci ty ,  TX 

13.2.1 NaN03 Production 

01 i n  Chemical Corporation i s  the only domestic producer o f  NaN03. The 
product ion p l  ant, i n  Lake Charles, Louisiana, has a capaci ty o f  about 
114 m i l l i o n  kg per year, and has been i n  operat ion since 1949. NaN03 i s  
prepared syn the t i ca l l y  by mix ing HNO3 w i t h  e i t h e r  NaOH o r  Na2C03. The sodium 
source may be e i t h e r  NaOH o r  NazC03. A f t e r  mix ing the reactants a so lu t ion  o f  
NaN03 i s  1 e f t  t h a t  must be dried. As anhydrous, mol ten NaN03 i s  prepared i t  
i s  r e c i  r c u l  ated t o  fl ash the Hz0 o f f  the incomi ng sal t sol ut ion.  The maximum 
temperature o f  the s a l t  dur ing t h i s  process i s  about 450°C. The molten, 
anhydrous sal t i s fed t o  a p r i  11 tower. The sal t f l  ow through the system i s 
con t ro l  l e d  by the amount being p r i l  led. S a l t  not  p r i l  l e d  re turns t o  the 
me1 t i n g  po t  t o  dry the incoming s a l t  solut ion.  There i s  about 55,000 kg o f  
r e c i  r c u l  a t i  ng sal t. 

The e n t i r e  system i s  insulated. Stain less steel  O-rings are used i n  the 
flanges. The system runs 24 hours a day and does no t  shut down except due t o  
mechanical fa i l u res .  The p l an t  averages about one day o f  down t ime per month 
due t o  mechanical fa i l u res .  No problems have ever been a t t r i b u t e d  t o  the 
molten s a l t  system. 

The p l a n t  safety record has been flawless. New employees go through a 
vigorous safety indoc t r ina t ion  before working i n  the plant.  S a l t  i s  stored i n  
bags o r  goes d i r e c t l y  i n t o  a hopper f o r  transport.  



13.2.2 Caustic Concentration 

O l i n  Chemical Corporation has a caust ic  soda production p l a n t  i n  
Charleston, Tennessee. Capacity o f  the p l a n t  i s  about 15,000 kg per year o f  
caust ic  soda. The p l an t  has been operat ing since 1973 and uses HITEC as the 
heat t rans fe r  medium. The 70 percent so lu t ion  o f  caust ic  i s  d r i ed  i n  a 
tube-i  n-she1 1 heat exchanger. The caust ic  so lu t ion  f lows through Inconel 600 
tubes i n  the heat exchanger as mol ten sal t ( a t  400°C) f l  ows countercurrent ly  
outs ide o f  the tubes. The temperature w i t h i n  the heat exchanger remains 
constant and the process runs 24 hours a day. 

Sa l t  inventory i s  about 12,000 kg. The me1 t i n g  p o i n t  o f  the s a l t  i s  
measured once a week. I f  the mel t ing  p o i n t  o f  the s a l t  begins t o  go up a drum 
(about 182 kg) o f  sal t i s  added. About one drum per month i s  added. However, 
the add i t iona l  s a l t  i s  required p r ima r i l y  t o  replace s a l t  l o s t  due t o  leaks, 
ra the r  than sal t 1 o s t  due t o  decomposi ti on o r  degradation. The e n t i  r e  
inventory o f  s a l t  has no t  been changed since 1973. The sal t has a N2 b l  anket 
bu t  the system i s  not  sealed. Flow i s  con t ro l l ed  by an o r i f i c e  on the 
discharge s ide o f  the heat exchanger. 

Routine maintenance o f  the system occurs about every 18 months. However, 
the system i s  down about one o r  two times a month due t o  problems on the 
caust ic  s ide o f  the process. Few, i f  any, problems have occurred on the s a l t  
side. The mol ten sal t pump has been repaired once s i  nce 1973. 

The p l  ant  has had no safety accidents o r  f i r e s  a t t r i b u t a b l e  t o  sa l t .  

13.2.3 Phthal i c  Anhydride Production 

Phthal i c  anhydride i s  produced i n  the petrochemical i ndus t ry  by the 
ox idat ion o f  e i t h e r  naphthal ene o r  or thoxyl  ene. These react ions are catalyzed, 
exothermic gas phase reactions. Typical ly, a tubul a r  c a t a l y t i c  reactor  i s  
used. Tubes are f i l l e d  w i t h  c a t a l y s t  p e l l e t s  and are placed i n  a she l l  and 
tube reactor  heat exchanger. The reactants ( naphthal ene o r  or thoxyl  ene and 
a i r )  enter  the tube from the bottom and gaseous ph tha l i c  anhydride ex i s t s  a t  
the top. The heat o f  react ion i s  removed by a counter cu r ren t  f low o f  s a l t  
e x t e r i o r  t o  the tubes. Temperatures i n  the reactor  do no t  exceed 480°C. The 
hot  sal t e x i t i n g  the chemical reactor  i s  d i ve r ted  t o  a steam generator, where 
another she1 1 and tube heat exchanger i s  used t o  generate steam, thereby 
cool i ng o f f  the sal t. 

The ph tha l i c  anhydride p l an t  a t  Texas C i t y  operated by Monsanto uses 
HITEC. The t o t a l  s a l t  capacity i s  about 57,000 kg. A n i t rogen  cover gas i s  
used t o  m i  ti gate sal t decomposi ti on. The amount o f  sal t i s  moni to red  
p e r i o d i c a l l y  and add i t iona l  HITEC i s  added when the sal t leve l  i n  the hold ing 
tank fa1 1 s be1 ow a speci f i ed 1 eve1 . Sal t make-up requi  rements are about 
140 t o  180 kglyear. It i s  f e l t  t h a t  the bulk o f  the s a l t  l o ss  i s  due t o  
physical l o ss  (e.g., leakage through valve seals and f i t t i n g s )  ra the r  than 
thermal decomposition. The maximum sal t temperature i s  480°C. M i  1  d s tee l  was 
the mater ia l  o f  construct ion throughout. The s a l t  loop has a t roub le  f ree  
h is tory .  No breaks i n  operat ion can be a t t r i b u t e d  t o  molten s a l t  problems. 
Potent i  a1 probl  ems w i t h  the steam generator ( poor water qua1 i ty and associ ated 
corrosion) were a key concern i n  the plant.  



13.2.4 Carbon Black Production 

A procedure f o r  the production o f  carbon black from used rubber t i r e s  has 
been developed by Intenco, Inc. I n  t h i s  process, mol ten sal t i s  used t o  
provide the heat f o r  pyro lys is .  The hear t  o f  the s a l t  loop i s  a 14,000 kg 
capaci ty mol t en  sal t system, designed and marketed by American Hydrothem. 
S a l t  i s  pumped out  o f  the hold ing tank t o  two reactors. Maximum s a l t  temper- 
atures are about 550°C and flow ra tes  o f  up t o  150 ga l lmin  are used. The s a l t  
composition i s  HITEC, and the containment, reac to r  and p i p i ng  mater ia l  i s  304 
sta in less.  The system has been i n  existence f o r  approximately three years, 
and the t o t a l  cumulative time o f  operat ion i s  estimated t o  be about 
10,000 hours. When operat ional,  the process i s  run 24 hours a day under near ly 
i sothermal condi t ions. 
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