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PREFACE 

Much o f  t h i s  r e p o r t  w a s  w r i t t e n  during t h e  pe r iod  September 1974 

through March 1975. Since then ,  a d d i t i o n a l  information has  been developed 

which bea r s  upon a number o f  t h e  a l t e r n a t e  coolant  cons idera t ions .  Prog- 

ress r e l a t i n g  t o  s e v e r a l  p e r t i n e n t  t o p i c s  i s  summarized i n  t h e  fol lowing 

paragraphs.  

The d iscuss ion  o f  NaBF4-NaF (92-8 mole % )  as a p o t e n t i a l  secondary 

coolant  (Sec t ion  5 )  i n d i c a t e s  t h a t ,  a t  t h e  t i m e  t h i s  r e p o r t  w a s  d r a f t e d ,  

no d a t a  were a v a i l a b l e  for es t ima t ing  t h e  tritium r e t e n t i o n  cha rac t e r i s -  

t i c s  of t h i s  s a l t ,  and . that  t h e  absence o f  tritium t rapp ing  could be  a 

disadvantage f o r  a sing:Le coolant .  

i s  expected t o  be  one o:f t h e  b e s t  p o t e n t i a l  methods f o r  l i m i t i n g  tritium 

( T r i t i u m  t r app ing  i n  t h e  coolant  sa l t  

t r a n s p o r t  i n t o  t h e  steam system and then  i n t o  t h e  environment.)  

t h a t  t i m e  some pre l iminary  experiments have been performed i n  engineering- 

s c a l e  equipment a t  ORNL which i n d i c a t e  t h a t  t h i s  sa l t  mixture does have 

s u b s t a n t i a l  tritium t rapp ing  c a p a b i l i t y .  These experiments,  which were 

started in July, 1975, fin the Coolant-Salt Technology F a c i l i t y ,  involve 

t h e  a d d i t i o n  o f  t r i t i a t e d  hydrogen t o  high-puri ty  NaBF4-NaF e u t e c t i c  t h a t  

conta ins  no d e l i b e r a t e  a d d i t i v e s  t o  enhance t h e  tritium r e t e n t i o n .  The 

tri t ium-hydrogen mixture i s  added by d i f f u s i o n  through a metal tube  t o  

s imula te  t h e  d i f f u s i o n  through MSBR heat-exchanger tubes ,  b u t  a t  flow 

rates ( p e r  u n i t  o f  t ube  area) t h a t  are 1 0  t o  1 0  t i m e s  t hose  t o  be 

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

Since 

4 5 

Results o f  a r ecen t  s t eady- s t a t e  experiment , i n  which t r i t i a t e d  

hydrogen w a s  added t o  t h e  system f o r  more than  4 weeks, wi th  t h e  sa l t  a t  
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811'~ (lOOO°F), i nd ica t ed  t h a t  up t o  96% of  t h e  tritium w a s  t rapped  i n  

t h e  salt and subsequently r e l eased  t o  t h e  loop of f -gas .  The apparent 

r a t i o  of  t h e  concent ra t ions  of  combined and elemental  tritium i n  t h e  

c i r c u l a t i n g  salt  w a s  about 4000. This  r a t i o  i s  important i n  determining 

t h e  rate a t  which tritium can be removed i n  a s t r i p p i n g  system as opposed 

t o  t h e  ra te  a t  which t h e  elemental  form can escape i n t o  t h e  steam system. 

While t h e  information t h a t  i s  c u r r e n t l y  a v a i l a b l e  i s  inadequate  f o r  

accura te  ex t r apo la t ion  t o  t h e  rate of tritium release t o  t h e  steam system 

of  an MSBR, it appears t h a t  t h e  sodium f luo robora t e  sa l t  mixture would 

have a s u b s t a n t i a l  i n h i b i t i n g  e f f e c t  on such release and t h a t  environ- 

mental ly  acceptab le  rates (<lo C i / d )  could be achieved w i t h  reasonable  

e f f o r t .  - 
Also,  w i th  regard  t o  t h e  use o f  NaBF4-NaF (92-8 mole %) as a second- 

ary coolant  (Sec t ion  5 )  , concern w a s  expressed about p o t e n t i a l  r e a c t i o n s  

between coolant  and f u e l  sa l t  LiF-BeF2-ThF -UF (71.7-16.0-12.0-0.3 mole 

% )  i n  t h e  event of  mixing. 

4 4  
Laboratory experiments have shown: ( i)  The 

ra te  o f  eva lu t ion  o f  BF gas on mixing w a s  low, about 30 minutes were 

r equ i r ed  t o  complete t h e  r e a c t i o n  

3 

Presumably t h e  r a t e - l i m i t i n g  s t e p  was t r a n s f e r  o f  NaF across  t h e  salt-salt 

i n t e r f a c e ,  t h u s ,  i n  a r e a c t o r  system wi th  t u r b u l e n t  f low, t h e  release o f  

BF might be  more r ap id .  However, t h e  results are encouraging r e l a t i v e  

t o  MSBRs i n  t h a t  very r a p i d  gas r e l e a s e  r e s u l t i n g  i n  s i g n i f i c a n t  p re s su re  

3 

surges  w a s  not  experienced. (ii) No tendency w a s  observed f o r  t h e  f i s s i l e  

fue l  sa l t  c o n s t i t u e n t s  thorium o r  uranium t o  r e d i s t r i b u t e  or t o  form more 
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concentrated s o l u t i o n s  ,, or  t o  p r e c i p i t a t e  fol lowing mixing of  coolant  

s a l t  i n t o  fuel  s a l t .  

coolant  sa l t  phase which i s  more s t a b l e  than  U02, s i n c e  no UO 

t a t i o n  was observed even when molten coolant-fuel  sa l t  mixtures were 

a g i t a t e d  whi le  exposed t o  a i r  f o r  several hours.  Thus, l a r g e  amounts 

of oltygenated compounds could be added t o  t h e  f luorobora te  coolant  sa l t  

for t h e  purpose of seques te r ing  tritium, s i n c e  leakage of  such a coolant  

salt  i n t o  t h e  fuel  salt, would not l e a d  t o  p r e c i p i t a t i o n  of  uranium or 

thorium. 

(iii) Apparently an  oxide spec ies  forms i n  t h e  

p rec ip i -  2 

I n v e s t i g a t i o n  o f  NaBF4 melts by x-ray powder d i f f r a c t i o n ,  i n f r a r e d  

spectroscopy and Raman spectroscopy have i d e n t i f i e d  t h e  s t a b l e  r i n g  

compound N a  B F 0 

m e l t s .  Measurements of condensates t rapped  from t h e  CSTF loop show a 

tritium concent ra t ion  of  1 0  re la t ive t o  t h e  sa l t ,  sugges t ing  t h a t  a 

v o l a t i v e  spec ie s  may be s e l e c t i v e l y  t r a n s p o r t i n g  tritium from t h e  loop 

through t h e  vapor. Recent r e s u l t s  i n d i c a t e  t h a t  BF;2H,O may e x i s t  as a 

as t h e  probable oxygen-containing spec ies  i n  coolant  3 3 6 3  

5 

molecular compound i n  t h e  vapor and could be 

t r app ing .  

A l l  the above resuLts are favorable  for 

mole % )  melts as an MSBI3 secondary coolant .  

J L  

r e spons ib l e  f o r  t h e  tritium 

t h e  use  of  NaBF4-NaF (92-8 

S a t i s f a c t o r y  tritium t rapp ing ,  

an important coolant  c r i t e r i o n ,  appears h ighly  probable ,  vigorous chemical 

r e a c t i o n s  or pres su re  surges  were not  encountered on mixing coolant  and 

f u e l  s a l t ,  and p r e c i p i t a t i o n  or segrega t ion  of  f i s s i l e  components w a s  not 

encountered. 

A t e r n a r y  sa l t  NaF-LiF-BeF (45-22-33 mole %),  has been considered 2 
as an a l t e r n a t e  coolant (Sec t ion  6 ) .  Two publ ished re ferences  gave 
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f r eez ing  poin ts  of  29OoC and 34OoC f o r  a m e l t  o f  t h i s  composition. 

t h e  f r e e z i n g  po in t  i s  an important  coolant  c r i t e r i o n ,  d i f f e r e n t i a l  thermal  

ana lys i s  techniques were used t o  r e i n v e s t i g a t e  t h e  p o r t i o n  of t h e  phase 

diagram near t h i s  composition. The results confirmed t h a t  t h e  composi- 

t i o n  NaF-LiF-BeF (45-22-33 mole %) had t h e  lowest l i q u i d u s  temperature  

i n  t h i s  region of  t h e  phase diagram. A f r eez ing  temperature  o f  about 

3 3 5 O C  would be a p r a c t i c a l  va lue  f o r  engineer ing cons idera t ions .  

Since 

2 
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1. SUMMARY AND RECOMMENDATIONS 

1.1 Comparison of Best MSBR Coolants 

The t h r e e  most promising coolant  s e l e c t i o n s  f o r  an MSBR have been 

i d e n t i f i e d  and evaluated i n  d e t a i l  from t h e  many coolants  considered i n  

t h i s  r e p o r t  for app l i ca t ion  e i t h e r  as a secondary coolan t  i n  1000-MW(e) 

MSBR conf igura t ions  us ing  only one coolant ,  or as secondary and t e r t i a r y  

coolan ts  i n  an MSBR dua l  coolant  conf igura t ion  employing two d i f f e r e n t  

coolan ts .  These a r e :  as s i n g l e  secondary coolan ts ,  

(1) 

( 2 )  

a t e r n a r y  sodium-lithium-berylliunfluoride melt (Na1.34Li0.66BeF4), 

t h e  sodium fluoroborate-sodium f l u o r i d e  e u t e c t i c  mel t ,  t h e  p re sen t  

r e fe rence  design secondary coolan t ,  

and, i n  t h e  case of  t h e  dua l  coolant  conf igura t ion ,  

(1) molten l i thium-beryl l im f l u o r i d e  (Li  BeF as t h e  secondary 2 4  

- 

coolant  and helium gas as t h e  t e r t i a r y  coolant .  

A s t r a igh t fo rward  comparison of  advantages and disadvantages has been made 

i n  t h e  case of t h e  two s i n g l e  secondary coolant  candidates  and t h i s  compari- 

son f avor s  t h e  t e r n a r y  f l u o r i d e  melt  by a s l i g h t  margin, p r imar i ly  because 

o f  problems t o  be encountered i f  t h e  f luo robora t e  secondary coolan t  and 

f u e l  sa l t  were t o  become mixed. The a p p l i c a t i o n  of sodium f luo robora t e  

m e l t  as t h e  s i n g l e  secondary coolan t  may o f f e r  some p o t e n t i a l ,  y e t  unproven, 

advantage i n  t r i t i u m  t rapping  which could o f f s e t  o t h e r  less d e s i r a b l e  

c h a r a c t e r i s t i c s .  The coo:Lants s e l e c t e d  f o r  t h e  dua l  coolan t  conf igura t ion  

appear ,  on t h e  b a s i s  of pi?esent knowledge, t o  r e so lve  a l l  technologica l  

problems and, i n  add i t ion ,  t o  o f f e r  ope ra t iona l  advantages;  however, t h e  

add i t ion  of  another  hea t - t r ans fe r  loop t o  t h e  MSBR would decrease thermal  
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e f f i c i e n c y  and e n t a i l  an inc rease  i n  both c a p i t a l  and ope ra t ing  c o s t s .  

d i r e c t  comparison between t h e  more a t t r a c t i v e  s i n g l e  secondary coolan t  and 

t h e  dua l ,  secondary and t e r t i a r y ,  coolant  concepts cannot now be made s i n c e  

technologica l  f a c t o r s  on t h e  one hand must be evaluated r e l a t i v e  t o  economic 

cons idera t ions  on t h e  o the r .  The f u t u r e  work necessary t o  reach such a 

comparison has been i d e n t i f i e d  and is d e t a i l e d  i n  Sec t ion  1 .2 .  

A 

1.1.1 Single  coolan ts  

In  t h i s  MSBR conf igura t ion ,  h e a t  i s  t r a n s f e r r e d  from t h e  f u e l  s a l t  ( t h e  

primary coo lan t )  to t h e  coolan t  ( t h e  secondary coo lan t )  i n  s e v e r a l  primary 

hea t  exchangers. 

t o  t h e  steam genera tors .  

maintain t h e  des i r ed  coolant  redox p o t e n t i a l .  

The heated coolant  i s  then  c i r c u l a t e d  i n  independent loops 

A s i d e  stream could be withdrawn and processed t o  

Many p o t e n t i a l  secondary coolant  candidates  were considered and r e -  

j e c t e d  (Sec t ion  41, pr imar i ly  due t o  (i) p o t e n t i a l l y  s a f e t y  s i g n i f i c a n t  

i ncompa t ib i l i t y  with t h e  f u e l  s a l t  or ( i i )  unacceptable c o r r o s i v i t y .  

metals or compressed gases  appeared unacceptable f o r  t h e s e  reasons .  

numerous molten s a l t s  considered,  two appeared s u b s t a n t i a l l y  b e t t e r  and 

were evaluated i n  d e t a i l ,  These are sodium f luo robora t e  [NaBF -NaF (92-8 

mole %I, t h e  cu r ren t  re ference  design coolan t ]  which i s  considered i n  

Sect ion 5 ,  and a t e r n a r y  sodium-lithium-beryllium f l u o r i d e  (Na1.34Li0.66 

BeF4) which i s  reviewed i n  Sect ion 6. 

Liquid 

Of t h e  

4 

A one-on-one comparison of t hese  two candidates  w a s  c a r r i e d  ou t  i n  

terms of  s e l e c t e d  coolan t  c r i t e r i a  (Sect ion 3 )  and is presented  i n  Table 

1.1. Consideration of p o t e n t i a l l y  s a f e t y  s i g n i f i c a n t  even t s ,  off-design 

t r a n s i e n t s ,  and design f a c t o r s  are covered i n  t h r e e  groups of  items. I n  

t h e  case of  s a f e t y  s i g n i f i c a n t  c r i t e r i a ,  items l a  and l b  i n  Table 1.1, 



a. 

b.  

Change i n  nuclear 
r e a c t i v i t y  i n  case of 
leak i n t o  primary 
system. 

Chemical react ions i n  
case of f u e l  salt 
coolant interleakage. 

2. Off-3esign Transients 

a. 

b. 

C .  

a. 

e. 

Leak of coolant i n t o  
primary system. 

Leak of  fuel  salt 
i n t o  coolant.  

Leak of  steam i n t o  
coolant. 

Leak of coolant i n t o  
steam system. 

Leaks t o  c e l l  
atmosphere. 

Presence of 'OB precludes any increase i n  r e a c t i v i t y  
due t o  bubbles or  voids in  the  core from BF 

None. 
gas. 3 

Pressure surges cawed by t h e  release of BF might None 
threaten primary system boundary. 3 

Released BF w i l l  dissolve i n  t h e  f u e l  salt, may 
penetrate t J e  core graphite,  and could harm t h e  
charcoal beds. BF i n  the f u e l  salt can be mostly 
removed by ine r t -gL  sparge; lesser amounts can be 
burned out neutronically.  

BeF2, UF4, ThF4, di-and t r iva l en t  f i s s i o n  product 
f luorides ,  noble-metal f i s s ion  products a re  all 
insoluble.  

Effects  of mixing fuel  
salt  and coolant a r e  
l e s s  troublesome with 

Nal. 3hLiO. 66BeF4 * 

No evolution of  gas t o  a f f ec t  graphi te  
o r  charcoal. NaF i n  t he  f u e l  salt 
w i l l  reduce breeding gain 
by a minor amount. 

Only noble-metal f i s s i o n  products 
are insoluble, all f i s s i l e  materials 
a re  completely soluble.  

Corrosion of m e t a l s ,  formation of soluble  oxides and Corrosion of metals, formation of 
low p a r t i a l  pressure (<1 a t m )  of HF. 
surfaces could be  fouled by insoluble corrosion pressure of HF. Heat exchange sur- 
product f luorides ,  Na CrF6 and perhaps NaNiF 3 

Heat exchange 

3' 

insoluble Be0 and low p a r t i a l  

faces could be fouled by BeO, and 
perhaps by N a  CrF6 and NaNiF3. 

Very l i t t l e  i s  known about t h e  e f f e c t s  (such as stress corrosion cracking) of f luorides  of 
steam systems. 

3 

Coolant r eac t s  with moisture t o  y i e ld  acidic  vapors. Coolant r eac t s  with moisture t o  
produce Be0 and acidic  vapors. 

No advantage or  serious 
problem with e i the r  
coolant. 

Effects  of mixing steam 
,and coolant are roughly 
t he  same f o r  both 
coolants.  



Table 1.1 (Continued) 

Criteria NaBF4-NaF Nal. 34Li0. 66BeF4 Comparison 

3. Design Factors 
a. Corrosivity 

b. Freezing Point 

C. Heat Transfer and 
Hydrodynamic 
Properties 

d. Vapor Pressure 

e. Radiation Stability 

f. Tritium Trapping 

g. Cost and Availability 

Boron in coolant can be reduced by metallic chromium 
and by some minor alloy constituents. 

All properties measured. 
Thermal conductivity: 
Heat capacity: 

Density : 

Sizeable BF decomposition pressure. 

k = 0.4 W m-l 
cp = 0.36 cal g-1 O K - 1  

p5500c = 1.86 g cm-3 
Viscosity: llb54oc = 1-91 CP; 116210~ = 1-07 CP 

3 

No chemical decomposition due to gammas. 
Neutrons transmute ’OB with no significant increase 
in corrosivity. 

Isotope-exchange and/or oxidizing additives necessary. 

High solubility of oxide ion may improve tritium 
trapping. 

8400 ft3 cost $0.3’i’M. 
elements. 

BF3’H20 vapor species may also be significant. 

Coolant consists of common 

The coolant will not react 
with alloy constitutents. 

290 - 34OoC(554 - 644OF) 
Two references disagree. 

All properties estimated. 
k = 0.85 W m-l OK-’ 
Cp = 0.46 cal g-l Or1 

p5500c = 2.1 g cm-3 

Insignificant vapor pressure. 

nb54oC = 22 CP; 116210~ = 7.4 CP 

No chemical decomDosition due to ganrmas. 
No effects on chemical stability 
due to neutronically induced 
transmutations. 

Isotope-exchange and/or oxidizing 
additives necessary. 

8400 ft3 cost $6M. 

Corrosivity less for 

%*&~%%~~F& not be 
significant since corrosion 
will probably be governed 
by additives necessary to 
sequester tritium. 

Less (and possibly no) pre- 
heating of feedwater will 

.34Li(166 be necessary if Na 
BeF4 is the coolan*. 

Overall roughly equivalent. 
Film coefficient and volu- 
metric heat-capacity better 

matic viscosity more 
favorable for NaBF4-NaF. 
Slight advantage for 
Nal. 3hLiO. 66BeF4 * 

although 

for.Nal,34Li0.66BeF4. Kine- 

Both acceptable. 

Possible advantage for 
BaBF4-BaF. 

Clear advantage for 
NaBFq-NaF. 

I I 
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t h e  t e r n a r y  f l u o r i d e  is p re fe r r ed  over sodium f luo robora t e  which would 

release BF gas i n  t h e  event  of fue l - sa l t -coolan t  in te r leakage .  The 

p o t e n t i a l l y  s a f e t y  s i g n i f i c a n t  release of  BF3 gas i s  t h e  most s e r ious  

nega t ive  f a c t o r  i n  consider ing f luorobora te  as a secondary coolan t  ( see  

Sec t ion  5.1.2). I n  t h e  case of off-design t r a n s i e n t s ,  BF r e l e a s e  as a 

r e s u l t  of minor l eaks ,  i tem 2a, i s  again a problem which is absent  with 

3 

3 

t h e  t e r n a r y  f l u o r i d e  m e l t .  F i s s i l e  materials might r e d i s t r i b u t e  between 

immiscible phases a f te r  leaks  i n  t h e  case of f luo robora t e  while  they  would 

be completely so lub le  i n  t h e  t e r n a r y  f l u o r i d e  m e l t ,  item 2b, aga in  favor- 

i n g  t h i s  coolant .  In  consider ing design f a c t o r s ,  d i f f e rences  i n  co r ros i -  

v i t y  of  t h e  melts toward Hastel loy N ,  i tem 3a, s l i g h t l y  f avor  t h e  t e r n a r y  

f l u o r i d e  m e l t  b u t  t h e  d i f fe rences  are minor and i n  e i t h e r  case cor ros ion  

w i l l  probably be governed by t h e  condi t ions  s e l e c t e d  t o  seques t e r  t r i t i u m  

i n  t h e  secondary coolant, ,  The f r e e z i n g  p o i n t  c r i t e r i o n ,  i t e m  3b, c l e a r l y  

f avor s  t h e  t e r n a r y  fluori .de melt  s i n c e  i t s  lower f r e e z i n g  p o i n t  would re- 

q u i r e  l e s s  prehea t ing  of t h e  feedwater.  Heat t r a n s f e r  and hydrodynamic 

p r o p e r t i e s ,  i tem 3c, and r a d i a t i o n  s t a b i l i t y ,  item 3e, are equiva len t  f o r  

t h e  two candidates  and i n .  e i t h e r  case q u i t e  adequate f o r  MSBR app l i ca t ion .  

The n e c e s s i t y  o f  maintaining a f i x e d  BF 

bo ra t e  coolan t ,  i t e m  3d, g ives  a s l i g h t  advantage t o  t h e  t e r n a r y  f l u o r i d e  

vapor p re s su re  over t h e  f luoro-  3 

melt. The probable n e c e s s i t y  of  t r app ing  some por t ion  of t h e  t r i t i u m  i n  

t h e  secondary coolan t ,  i tem 3 f ,  may f avor  f luo robora t e ,  al though a t  t h i s  

t i m e  t r i t i u m  t rapping  has n o t  been demonstrated experimental ly  i n  f luoro-  

bo ra t e  m e l t .  F i n a l l y ,  c o s t  and a v a i l a b i l i t y ,  i t e m  3g, c l e a r l y  f avor s  

f luo robora t e  s i n c e  beryll . im and 99.991- % 7 L i  would be requi red  fo r  t h e  

t e r n a r y  f l u o r i d e  melt .  The c o s t  f o r  t h e  Na1,34Li0.66 BeF4 coolant  is  l e s s  

http://fluori.de
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than t h a t  f o r  an equiva len t  volume of Li2BeFq s i n c e  t h e  l i t h ium content  

is  lower. 

The r e s u l t  of t h i s  comparison is t h a t  t h e  t e r n a r y  f l u o r i d e  m e l t  is 

favored by a major i ty  of  t h e  c r i t e r i a ,  e s p e c i a l l y  those  a s soc ia t ed  with 

p o t e n t i a l l y  s a f e t y  s i g n i f i c a n t  events  and with t h e  a b i l i t y  t o  cope with 

off-design t r a n s i e n t s .  The minor i ty  of c r i t e r i a  t h a t  do f avor  t h e  f luoro-  

bo ra t e  coolant  are i n  t h e  area of design f a c t o r s ,  where var ious  a spec t s  of 

t h e  t e r n a r y  f luo r ide  coolant  t h a t  are less s u i t a b l e  could be accommodated 

by s u i t a b l e  engineer ing design cons idera t ions .  

m e l t  appears t o  be t h e  more s u i t a b l e  coolan t  f o r  an MSBR design employing 

While t h e  t e r n a r y  f l u o r i d e  

a s i n g l e  secondary coolan t ,  t h e  sodium f luo robora t e  coolan t  would l i k e l y  

be p r e f e r r e d  if it can be shown t o  a i d  s i g n i f i c a n t l y  i n  t r i t i u m  management 

i n  an MSBR. 

1.1.2 Dual coolan ts  

I n  t h i s  MSBR conf igura t ion ,  h e a t  is t r a n s f e r r e d  from t h e  f u e l  sa l t  

( t h e  primary coo lan t )  t o  a secondary coolant  i n  s e v e r a l  primary h e a t  ex- 

changers. The hea ted  secondary coolan t  i s  c i r c u l a t e d  i n  s e v e r a l  loops t o  

in te rmedia te  hea t  exchangers where t h e  h e a t  i s  t r a n s f e r r e d  t o  a t e r t i a r y  

coolant  which is then  c i r c u l a t e d  i n  s e v e r a l  loops t o  t h e  s team-rais ing 

system. Side stream processing might be r equ i r ed  on both t h e  secondary 

and t e r t i a r y  coolant  loops t o  remove t r i t i u m ,  remove cor ros ion  products  

and/or a d j u s t  t h e  coolan t  redox p o t e n t i a l .  

Three combinations of dua l  coolan ts  were eva lua ted  i n  d e t a i l  f o r  t h i s  

MSBR conf igura t ion  (Sec t ion  7 ) .  I n  each case t h e  secondary coolan t  was 

l i thium-beryl l im f l u o r i d e  7Li2BeFq , t h e  coolant  used previous ly  i n  t h e  

MSRE. I t  was s e l e c t e d  because of i t s  complete compa t ib i l i t y  with t h e  f u e l  
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sa l t  i n  t h e  event  of mixing due t o  leaks  i n  t h e  primary hea t  exchanger or 

o t h e r  causes.  I n  add i t ion ,  i t s  r e l a t i v e l y  high melt ing po in t  he lps  de- 

c rease  t h e  p o s s i b i l i t y  of  f u e l  sa l t  f r eez ing  during thermal  t r a n s i e n t s .  

A l l  design f a c t o r s  a l s o  :favored t h i s  secondary coolan t  with t h e  exception 

of  cos t  due t o  i t s  7 L i  conten t .  Three d i f f e r e n t  t e r t i a r y  coolan ts  were 

eva lua ted ,  a compressed gas (helium, Sect ion 7.21, a d i f f e r e n t  molten sa l t  

( a  t e r n a r y  carbonate m e l t ,  Sect ion 7.3) and a l i q u i d  metal (molten sodium, 

Sec t ion  7.4). Of t h e s e  t h r e e ,  compressed helium was by far  t h e  most a t -  

t r a c t i v e  candidate  and i s  t h e  only one recommended f o r  f u r t h e r  cons idera t ion .  

Liquid sodium was considered t o  be less a t t r a c t i v e  due t o  severe  chemical 

i ncompa t ib i l i t y  with both t h e  secondary coolan t  and t h e  steam i n  case of 

l e a k s ,  and problems a s soc ia t ed  with thermal  shock t o  s t r u c t u r a l  components. 

T r i t i u m  t rapping  methods are being developed for t h e  LMFBR bu t  may not  be 

adequate for MSBRs. A molten carbonate t e r t i a r y  coolan t  was more s u i t a b l e  

than  l i q u i d  sodium s i n c e  it could r e a d i l y  a f f o r d  methods of t rapping  l a r g e  

amounts of  t r i t i u m ;  however, it i s  chemically r e a c t i v e  with t h e  secondary 

coolan t ,  r e l e a s i n g  C02 gas on mixing, and l i t t l e  information i s  a v a i l a b l e  

concerning ma te r i a l s  of adequate cor ros ion  r e s i s t a n c e  t o  cons t ruc t  t h e  

t h i r d  loop. Thus t h e  carbonate  t e r t i a r y  coolant  concept was no t  f e l t  t o  

warrant  a d d i t i o n a l  a t t e n t i o n  a t  t h i s  t i m e .  

The use of compressed helium (700 p s i a )  as t h e  t e r t i a r y  coolan t  i n  an 

MSBR concept coupled with molten as t h e  secondary coolan t  appears 

t o  meet a l l  t echnologica l  requirements for an MSBR, b u t  only a t  some addi- 

7 L i  BeF 2 4  

t i o n a l  c o s t  f o r  cons t ruc t ion  and opera t ion .  The advantages a r e :  

(1) t r i t i u m  can be r e a d i l y  t rapped by t h e  add i t ion  of 0 and/or H 0 2 2 

a t  low concent ra t ion  t o  t h e  helium loop; t h e  proport ions w i l l  be 
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dependent upon t h e  ra te  of back d i f f u s i o n  of  normal hydrogen 

from t h e  steam system. 

7 ( 2 )  t h e  Li2BeF4 secondary coolant  i s  completely compatible with 

t h e  f u e l  sa l t  on in te rmixing ,  thus  leakage of secondary coolan t  

i n t o  t h e  primary c i r c u i t  i s  n o t  a s e r i o u s  matter 

(3 )  steam leaks  i n t o  t h e  helium loop from t h e  s team-rais ing system 

would not  cause a major i nc rease  i n  cor ros ion  of  t h e  t e r t i a r y  

loop nor  would helium leaking  i n t o  t h e  steam system l ead  t o  

damage 

(4 )  opera t ion  and c o n t r o l  of t h e  MSBR is s i m p l i f i e d  by t h e  " so f t "  

coupling introduced by t h e  helium loop 

( 5 )  s t a r t - u p  of t h e  MSBR i s  easier and a much smaller a u x i l i a r y  steam 

genera tor  would be r equ i r ed  than  i n  t h e  case of  an a l l  molten 

s a l t  MSBR 

(6) t h e  p o s s i b i l i t y  of f u e l  f r e e z i n g  on thermal  t r a n s i e n t s  is  g r e a t l y  

reduced 

( 7 )  steam genera tor  technology a l ready  developed f o r  t h e  HTGR could 

be adapted f o r  t h i s  MSBR conf igura t ion  

( 8 )  p l a n t  a v a i l a b i l i t y  and ma in ta inab i l i t y  would be improved by t h e  

added pass ive  b a r r i e r  introduced by t h e  t e r t i a r y  loop. 

The only apparent disadvantages t o  t h i s  MSBR conf igura t ion  are t h e  

added cos t  and decreased thermal  e f f i c i ency .  The c o s t  i nc rease  comes 

p r imar i ly  from t h e  hardware r equ i r ed  f o r  t h e  t h i r d  loop and from t h e  

decreased thermal  e f f i c i ency .  The decrease i n  thermal  e f f i c i e n c y  r e su l t s  

from t h e  pumping power necessary t o  c i r c u l a t e  t h e  helium. Very pre- 

l iminary es t imates  (Sect ion 7.3.2) i n d i c a t e  t h a t  t h e  added c o s t  may be 



I 

9 

r e l a t i v e l y  modest, bu t  a more d e t a i l e d  a n a l y s i s  i s  needed. 

1 . 2  Recommended Future Work 

In  o rde r  t o  reach a f i n a l  choice of a coolant  or dua l  coolan ts  f o r  an 

MSBR, a d d i t i o n a l  c o s t  information is  requi red  so  t h a t  a q u a n t i t a t i v e  com- 

par i son  can be made amon,g t h e  t h r e e  coolant  s e l e c t i o n s  def ined  i n  Sect ion 

1.1. The fol lowing work i s  recommended: 

(1) prel iminary engineer ing conceptual designs and cos t  es t imates  of 

a 1000-MW(e) MS:BR with a s i n g l e  coolan t  conf igura t ion  employing 

e i t h e r  t h e  t e r n a r y  f l u o r i d e  melt  o r  sodium f luo robora t e  as t h e  

secondary coolant .  

taneously f o r  t h e  dua l  coolant  conf igura t ion  with molten Li2BeF 

as t h e  secondary coolant  and compressed helium as t h e  t e r t ia ry  

coolant .  

S imi la r  information should be developed simul- 

4 

( 2 )  d e f i n i t i o n  of  t h e  t r i t i u m  t r app ing  c a p a b i l i t y  of  t h e  coolan ts ,  

e i t h e r  secondary or t e r t i a r y ,  and experimental  demonstration of 

such t r app ing  i n  helium, sodium f luo robora t e  and t h e  t e r n a r y  

f l u o r i d e  m e l t ,  and 

( 3 )  experimental  eva lua t ion  of  t h e  f u e l  salt-sodium f luorobora te  

compa t ib i l i t y  quest ions.  

The recommended work i t e n i s  should be c a r r i e d  ou t  concurrent ly .  

mental  work c a l l e d  f o r  i n  recommendations 2 and 3 would he lp  supply accu- 

rate information f o r  concieptual design work and c o s t  data .  

as t h e  conceptual  designs and c o s t  es t imates  advance they w i l l  he lp  guide 

t h e  experimental  work t o  t h e  most c r i t i c a l  areas. A d i r e c t  comparison of 

t h e  s i n g l e  vs dua l  coolan t  MSBR conf igura t ions  and a f i n a l  s e l e c t i o n  o f  an 

The experi-  

Simultaneously,  
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MSBR coo lan t ( s )  can be made only a f t e r  these  recommendations are c a r r i e d  

out .  

o f  cons t ruc t ion  and opera t ing  c o s t s  provides  t h e  only means f o r  q u a n t i t a t i v e  

evaluat ion.  

Reduction of t h e  comparison of t h e  competing concepts t o  a comparison 

1.2.1 Conceptual designs and cos t  estimates 

Development of c a p i t a l  and opera t ing  c o s t s  adequate t o  make a mean- 

i n g f u l  comparison among t h e  coolan t  choices  and conf igura t ions  is  t h e  most 

important recommendation. Dollars are t h e  only common denominator among 

t h e  d i s p a r a t e  f a c t o r s  t h a t  must be evaluated and a comparison cannot be 

made u n t i l  c o s t  estimates are ava i l ab le .  Work o f  t h i s  na tu re  done during 

t h e  p repa ra t ion  of t h i s  r e p o r t  was, of  n e c e s s i t y ,  q u i t e  l i m i t e d  and is  

u s e f u l  only i n  suggest ing t h a t  c o s t s  a s soc ia t ed  with t h e  helium t e r t i a r y  

loop may not  be u n a t t r a c t i v e .  

Adequate information should be developed t o  a i d  i n  t h e  s e l e c t i o n  of 

f luo robora t e  or t h e  t e r n a r y  f l u o r i d e  m e l t  i n  s i n g l e  coolan t  conf igura t ions .  

I t  is  a n t i c i p a t e d  t h a t  problems a s soc ia t ed  wi th  f u e l  s a l t - c o o l a n t  i n t e r -  

mising (Sec t ion  1.2.3) may p lay  a dominant r o l e  i n  t h e  s e l e c t i o n  and may 

f a v o r  t h e  t e r n a r y  f luo r ide .  

assist i n  t r i t i u m  management i s  a l s o  q u i t e  important.  

The ex ten t  t o  which sodium f luo robora t e  can 

I n  eva lua t ing  t h e  

dua l  coolant  conf igura t ion ,  h e a t  t r a n s f e r  c a l c u l a t i o n s  and estimates o f  

t h e  s a l t  volumes f o r  t h e  primary and secondary loops w i l l  be important.  

Also, s i z i n g  of helium-loop components, duc t s ,  c i r c u l a t o r s ,  steam gene- 

r a t o r s  and t r i t i u m  removal systems should be done with g r e a t e r  accuracy. 

The cos t  and a v a i l a b i l i t y  of 7 L i  compounds should be b e t t e r  def ined.  

Details t o  be considered i n  t h e  conceptual design inc lude ,  f o r  example, 

p ressure  re l ief  mechanisms i n  t h e  coolant  loop i n  case of major steam 
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inleakage,  how t o  d e a l  with or prevent  cool ing  t h e  f u e l  s a l t  below i ts  

l iqu idus  temperature and s i z i n g  t h e  a u x i l i a r y  steam system. Also ques t ions  

such as e s t a b l i s h i n g  r e l a t i v e  l e v e l s  o f  p l a n t  a v a i l a b i l i t y  and maintain- 

a b i l i t y  i n  d i f f e r e n t  conf igura t ions  should be considered. 

1.2.2 Tri t ium t rapping  

I t  is  recommended t h a t  adequate experimental  d a t a  be developed t o  

de f ine  t h e  c a p a b i l i t y  of t r i t i u m  t r app ing  i n  t h e  t h r e e  coolan ts :  

t h e  t e r n a r y  f l u o r i d e  melt and t h e  f luo robora t e  m e l t .  

of  t r i t i u m  p e r  day w i l l  be generated i n  t h e  MSBR f u e l  sa l t .  

0.1% of  t h i s  material can be permit ted t o  d i f f u s e  through t h e  steam gene- 

helium, 

Approximately 2400 C i  

Only about 

r a t o r s  t o  t h e  steam system, from which it would be discharged t o  t h e  

environment (Sec t ion  3.3.5). 

t r i t i u m  i n  t h e  MSBR. These include:  

Many f a c t o r s  a f f e c t  t h e  d i s t r i b u t i o n  of 

(1) t h e  U4'/U3+ r a t i o  i n  t h e  fuel sa l t ,  which c o n t r o l s  t h e  r a t i o  of 

TH/ ( T , H ) F 

( 2 )  a b i l i t y  o f  t he  (core g raph i t e  t o  so rb  t r i t i u m  and/or (T,H)F 

( 3 )  t r i t i u m  d i f f u s i o n  through t h e  primary system p res su re  boundary 

t o  t h e  ce l l  atmosphere 

(4 )  t r i t i u m  t r app ing  i n  t h e  secondary or t e r t i a r y  coolant  

( 5 )  decreased permeabi l i ty  t o  t r i t i u m  i n  t h e  steam genera tor  tube 

walls due t o  oxide formation on t h e  steam s i d e .  

Curren t ly ,  none o f  t hese  f a c t o r s  has been adequately quan t i f i ed .  

mental  work is  under way t o  i n v e s t i g a t e  items (11, (4 )  and ( 5 ) .  Para- 

Experi- 

metric s t u d i e s  i n d i c a t e  t h a t  perhaps h a l f  or more of t h e  t r i t i u m  must be 

t rapped  i n  t h e  coolant  i n  o rde r  t o  l i m i t  t h e  environmental  r e l e a s e  t o  no 

more than  1 t o  2 C i  p e r  day. 
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Since t r i t i u m  t r app ing  i n  t h e  coolant  has been e s t a b l i s h e d  as a 

s i g n i f i c a n t  c r i t e r i o n  and t h e  a b i l i t y ,  o r  l a c k  o f  a b i l i t y ,  t o  s eques t e r  

t r i t i u m  has been considered a major f a c t o r  i n  favor ing  some coolant  

candida tes ,  experimental  work on each of t h e  f i v e  f a c t o r s  def ined i n  t h e  

preceding paragraph w i l l  be needed, inc luding  l abora to ry  experiments and 

c i r c u l a t i n g  loops with provis ions  f o r  removal of  t rapped t r i t i u m  from t h e  

r e spec t ive  coolant .  P o t e n t i a l  environmental  impacts due t o  r e a c t o r  

opera t ion  are c u r r e n t l y  r ece iv ing  increased  a t t e n t i o n  and es tab l i shment  

of an acceptab le  l e v e l  of  t r i t i u m  release and experimental  demonstration 

t h a t  t h i s  could be achieved i n  an MSBR are important a spec t s  i n  t h e  u l t i -  

mate s e l e c t i o n  of a p r a c t i c a l  and acceptab le  coolan t  or coolants  f o r  t h e  

MSBR. 

1 . 2 . 3  Fuel-salt f l uo robora t e  mixing problems 

Problems a s soc ia t ed  with t h e  intermixing o f  sodium f luo robora t e  and 

f u e l  s a l t  need t o  be more c a r e f u l l y  def ined.  

t h e  primary c i r c u i t  w i l l  genera te  BF Over a wide range of e q u i l i -  3 

brium condi t ions  t h e  r e s u l t i n g  p res su re  may no t  be l a r g e ;  however, under 

dynamic condi t ions  much g r e a t e r  p re s su re  t r a n s i e n t s  could be developed. 

Such s i t u a t i o n s  may be s a f e t y  s i g n i f i c a n t  and should be assessed  ca re fu l ly .  

If f u e l  s a l t  l eaks  i n t o  t h e  secondary c i r c u i t ,  t h e  f i s s i l e  materials would 

be r e l a t i v e l y  in so lub le  i n  t h e  f luorobora te  and would p r e c i p i t a t e .  

t i o n a l  information i s  needed t o  understand t h e  complicated s a l t  system 

formed a f t e r  mixing and t o  de f ine  t h e  concent ra t ion  o f  t h e  var ious  com- 

ponents i n  t h e  phase o r  phases which r e s u l t .  Information of  t h i s  type  w i l l  

he lp  e s t a b l i s h  t h e  ser iousness  of f u e l  s a l t - coo lan t  in te rmixing ,  an i m -  

po r t an t  eva lua t ion  c r i t e r i o n .  

Leakage of  f luo robora t e  i n t o  

gas. 

Addi- 
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2.  INTRODUCTION 

2.1 Purpose and Organization of  t h e  Report 

The purpose of  t h i s  r e p o r t  is t o  eva lua te  a l t e r n a t e  secondary (and 

t e r t i a r y )  coolan ts  f o r  t h e  Molten-Salt Breeder Reactor (MSBR). 

ex tens ive  experience has been accumulated f o r  many yea r s  with molten f u e l  

salts  ,l inc luding  opera t ion  of t h e  Molten-Salt Reactor Experiment , t h e  

s e l e c t i o n  and eva lua t ion  of an MSBR secondary coolant  has rece ived  less 

a t t e n t i o n .  

While 

A sodium f luorobora te  melt, a c t u a l l y  t h e  e u t e c t i c  composition 

L NaBF4-NaF (92-8 mole %), was proposed 

design coolan t .  

bo ra t e  m e l t  is less than i d e a l  i n  some 

eva lua t ion  of  f luorobora te  and a l t e r n a t e  coolan ts  was c a r r i e d  out .  This 

r e p o r t  comprises t h e  f ind ing  o f  t h a t  eva lua t ion .  

i n  1965 and i s  t h e  c u r r e n t  r e fe rence  

It has been recognized, however, t h a t  t h i s  sodium f luoro-  3 

and, t h e r e f o r e ,  an 

F i r s t ,  a s e t  of  coolan t  c r i t e r i a  was e s t a b l i s h e d  t h a t  would be p e r t i -  

nen t  r e g a r d l e s s  of what t h e  coolant  choices  might be. The c r i t e r i a  were 

d iv ided  i n t o  t h r e e  ca t egor i e s :  ( i )  s a f e t y  s i g n i f i c a n t  events ,  ( i i )  a n t i -  

c ipa t ed  off-design t r a n s i e n t s ,  and ( i i i )  design characteristics. These 

c r i t e r i a ,  presented  i n  Sect ion 3 ,  were then  used t o  eva lua te  var ious  al- 

ternate  coolan t  candidates  as w e l l  as t o  r eeva lua te  t h e  sodium f luo robora t e  

e u t e c t i c  mixture. 

two ca t egor i e s  dominated many cons idera t ions  and r e s u l t e d  i n  t h e  r e j e c t i o n  

of a number of coolan t  candidates  (Sec t ion  4). The s ta tus  of  f luorobora te  

coolan t ,  r e l a t i v e  t o  t h e  c r i t e r i a ,  is presented  i n  Sec t ion  5. I n  Sec t ions  

6 and 7 ,  eva lua t ions  of  s e v e r a l  p o t e n t i a l  a l t e r n a t e  coolan t  concepts f o r  

t h e  MSBR are presented.  

A s  t h e  c r i te r ia  were developed and appl ied ,  t h e  first 
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Based on t h e  a v a i l a b l e  information and reasonable  estimates, t h e  

coolan ts  ( f luo robora t e  and a l t e r n a t e s )  are eva lua ted  by degree o f  compli- 

ance with t h e  coolan t  c r i t e r i a  and p r o b a b i l i t y  of success fu l  development 

and app l i ca t ion  t o  an MSBR. Also, recommendations are made r e l a t i v e  t o  

t h e  work needed, e i t h e r  experimental  or conceptual des ign ,  t o  r e so lve  un- 

known areas t o  permit a f i n a l  s e l e c t i o n  of an MSBR coo lan t  or coolants .  

2.2 Terminology 

Def in i t i ons  f o r  some of t h e  terms used f r equen t ly  i n  t h i s  r e p o r t  

follows. 

Primary Loop - The first c i r c u l a t i n g  loop is  r e f e r r e d  t o  as t h e  p r i -  

mary or first coolant  loop, s i n c e  it accepts  t h e  h e a t  genera ted  by nuc lea r  

f i s s i o n  i n  t h e  core.  This loop con ta ins  t h e  f u e l  sa l t ,  or primary coo lan t ,  

which is c i r c u l a t e d  t o  t h e  primary h e a t  exchangers where t h e  h e a t  i s  t r a n s -  

f e r r e d  t o  t h e  f l u i d  i n  t h e  next  loop. 

Secondary Loop - The second c i r c u l a t i n g  loop con ta ins  t h e  secondary 

coo lan t ,  which i s  t h e  f i rs t  coolan t  o t h e r  than  t h e  f u e l  salt .  I n  t h e  con- 

c e p t u a l  design t h i s  coolan t  i s  a f luo robora t e  e u t e c t i c  m e l t  and i s  used t o  

t r a n s f e r  h e a t  from t h e  primary h e a t  exchangers t o  t h e  s team-ra is ing  system. 

Tertiary Loop ( o p t i o n a l )  - I n  some conceptual MSBR conf igu ra t ions  a 

t h i r d  coolan t  loop is employed which con ta ins  t h e  t e r t i a r y  coo lan t ,  or t h e  

second coolant  t r a n s f e r s  i t s  h e a t  v i a  i n t e rmed ia t e  h e a t  exchangers t o  t h e  

t e r t i a r y  coolan t  which then c i r c u l a t e s  between t h e  in t e rmed ia t e  h e a t  ex- 

changers and t h e  steam-raising system. 

Coolant - When used without a desc r ib ing  a d j e c t i v e ,  t h e  term "coolant" 

r e f e r s  t o  t h e  f l u i d  (molten s a l t ,  l i q u i d  metal or compressed g a s ) ,  w i th in  
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t h e  secondary or t e r t i a r y  loop under cons idera t ion .  

Steam-Raising System - This r e f e r s  t o  t h e  h e a t  exchangers which 

t r a n s f e r  hea t  from e i t h e r  t h e  secondary or t e r t i a r y  coolant  t o  t h e  water 

or s u p e r c r i t i c a l  steam. 

Steam System - This term descr ibes  t h e  e n t i r e  system i n  con tac t  with 

steam or water and thus  inc ludes  t h e  s team-rais ing system, supe rhea te r s ,  

p rehea te r s  , t u rb ines  , condensers,  e t c .  

MSBR - A complete molten-sal t  b reeder  r e a c t o r  f a c i l i t y  of  a nominal 

1000-MW(e) capaci ty .  

f u e l - c a r r i e r  s a l t  mixturbe LiF-BeF2-ThF,+ (72-16-12 mole %). 

The f u e l  i s  considered t o  be 233U i n  t h e  nominal 

3. COOLANT CRITERIA 

Any secondary coola.nt (or combination of coolan ts  i n  secondary and 

tertiary loops)  used t o  t r a n s f e r  t h e  hea t  generated i n  t h e  f u e l  s a l t  i n  

t h e  primary loop t o  t h e  s team-rais ing system must, obviously,  s a t i s f y  a 

number of requirements which w i l l  l e a d  t o  a p r a c t i c a l ,  safe and economical 

design f o r  an MSBR. 

a l s o  imposed; t h e s e  stem p r i n c i p a l l y  from s a f e t y  requirements and a n t i c i -  

pa ted  events  r e l a t e d  t o  off-design condi t ions .  Molten salts ,  l i q u i d  

metals, or gases  could be s e l e c t e d  as coolants  and, t o  some e x t e n t ,  var ious  

c r i te r ia  would be more or less r e l e v a n t  t o  one or t h e  o ther .  

Cer ta in  r e s t r i c t i o n s  on t h e  choice of  coolan t  are 

I n  t h i s  s e c t i o n ,  t h e  coolant  c r i t e r i a  - requirements and r e s t r i c t i o n s  

- are d e t a i l e d  under t h r e e  ca t egor i e s :  (1) s a f e t y  s i g n i f i c a n t  events ,  

( 2 )  a n t i c i p a t e d  off-design t r a n s i e n t s  and, ( 3 )  design c h a r a c t e r i s t i c s .  

The s a f e t y  c r i te r ia  a r e  t h e  most r e s t r i c t i v e  and abso lu te  i n  na tu re  and 

are r e l a t e d  t o  events  which could l ead  t o  unacceptable consequences. The 
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c r i t e r i a  d e t a i l e d  under a n t i c i p a t e d  off-design t r a n s i e n t s  are a l s o  some- 

what r e s t r i c t i v e  b u t ,  i n  add i t ion ,  involve " t rade-off"  f e a t u r e s  or aspec t s  

of a coolant  which can be accommodated by appropr ia te  design. In  gene ra l ,  

t hese  c r i t e r i a  a r e  formulated t o  preserve  t h e  i n t e g r i t y  of r e a c t o r  systems 

during t r a n s i e n t s  which can be an t i c ipa t ed .  The t h i r d  category,  design 

c h a r a c t e r i s t i c s ,  inc ludes  c r i t e r i a  r e l a t e d  t o  opt imizing t h e  MSBR design 

with regard t o  c o s t ,  thermal e f f i c i e n c y ,  e tc . ,  and are t h e  l e a s t  res t r ic-  

t i v e  s i n c e  des i r ab le  or l e s s -des i r ab le  f e a t u r e s  of coolan ts  and t h e  asso- 

c i a t e d  p l a n t  design must be evaluated and compared t o  reach a workable 

and economically a t t r a c t i v e  design of an MSBR. 

These c r i t e r i a  were developed, as much as p o s s i b l e ,  without  consid- 

e r i n g  any s p e c i f i c  coolant  or combination of coolan ts  f o r  an MSBR, but  * 

r a t h e r  by e s t a b l i s h i n g  a screening  mechanism f o r  eva lua t ing  coolan t  candi- 

da t e s .  Some of t h e  c r i t e r i a  are absolu te  i n  na tu re ;  a coolant  must meet 

t hese  c r i t e r i a  or it cannot be considered app l i cab le  i r r e s p e c t i v e  of how 

a t t r a c t i v e  it might appear i n  o t h e r  aspec ts .  Most of t h e  c r i te r ia ,  how- 

eve r ,  a r e  r e l a t i v e  i n  na tu re  and more or less favorable  a spec t s  o f  var ious  

coolan ts  can be adapted f o r  use i n  an MSBR through s u i t a b l e  design. 

process  of  eva lua t ing  p o t e n t i a l  coolan ts  i s  complicated somewhat by t h e  

p o s s i b i l i t y  of using two coolant  c i r c u i t s  (secondary and t e r t i a r y )  con- 

t a i n i n g  d i f f e r e n t  coolan ts  t o  t r a n s f e r  h e a t  from t h e  f u e l  s a l t  t o  t h e  

s team-rais ing system. Thus, a p a i r  o f  coolan ts  could be s e l e c t e d ,  n e i t h e r  

of which meet a l l  t h e  cr i ter ia .  A f i n a l  comparison and s e l e c t i o n  can be 

achieved only when t h e  var ious  c r i t e r i a  can be reduced t o  c a p i t a l  and 

opera t ing  c o s t s ;  d o l l a r s  are t h e  common denominator i n  such a comparison. 

The 
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3.1 Safe ty  

The c r i t e r i a  d e t a i l e d  

S i g n i f i c a n t  Events 

i n  t h i s  subsec t ion  are l imi t ed  t o  those  r e l a t e d  

t o  s a f e t y  s i g n i f i c a n t  events  which could l e a d  t o  temperature and/or 

pressure  excursions of  s u f f i c i e n t  magnitude t o  breach,  or t h r e a t e n  t o  

breach,  t h e  primary system boundary. The c h a r a c t e r i s t i c s  o f  an MSBR are 

inhe ren t ly  q u i t e  s t a b l e  and s a f e ;  however, s e l e c t i o n  of  an unsu i t ab le  

secondary coolan t  could compromise t h e s e  c h a r a c t e r i s t i c s  i n  t h e  event  of 

secondary coolan t  e n t e r i n g  t h e  f u e l  c i r c u i t .  

most u s e f u l  i n  r e j e c t i n g  e n t i r e  c l a s s e s  of  p o t e n t i a l  candidate  coolan ts  

from f u r t h e r  considerat ion.  

Thus, t h e s e  c r i t e r i a  are 

3.1.1 Increase  i n  r e a c t i v i t y  

3.1.1.1 P r e c i p i t a t i o n  of f i s s i l e  material. The coolan t  must no t  be 

capable of  causing s i g n i f i c a n t  p r e c i p i t a t i o n  and/or segrega t ion  of f i s s i l e  

material by t h e  formation of compounds in so lub le  i n  f u e l  s a l t  under any 

event ;  e.g., l eaks  i n  t h e  primary h e a t  exchangers. For example, t h e  t e m -  

pe ra tu re  and pressure  surges  i n  t h e  core  caused by t h e  r e t u r n  of  a few 

(probably <lo) kg of  uranium which had p r e c i p i t a t e d  ou t s ide  t h e  core ,  

might cause damage beforie being checked by inhe ren t  shutdown mechanisms. 

Use of  a coolan t  p o t e n t i a l l y  capable of  causing such events  would, there-  

f o r e ,  l i k e l y  r ep resen t  an unsafe design. P r e c i p i t a t i o n  of  f i s s i l e  m a t e r i a l  

i n  t h e  coolan t  c i r c u i t  probably would no t  r ep resen t  a s a f e t y  problem, al-  

though s h u t  down and clean-up of  t h e  secondary c i r c u i t  would be r equ i r ed  

t o  remove f i s s i o n  product  contamination. 

material would probably v i o l a t e  safeguard accoun tab i l i t y  requirements.  

Hidden p r e c i p i t a t i o n  of  f i s s i le  

3.1.1.2 Gas i n j e c t i o n  i n t o  core.  Another r e s t r i c t i o n  r e s u l t s  from 

t h e  fac t  t h a t  t h e  MSBR core  has a small p o s i t i v e  r e a c t i v i t y  response t o  
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t h e  in t roduc t ion  of voids or gas bubbles of ma te r i a l s  with low neutron- 

capture  cross-sect ion.  Thus inleakage of  a gaseous coolan t  or production 

of gases  r e s u l t i n g  i n  a void volume greater than about 10% over t h e  e n t i r e  

core could lead  t o  unacceptable surges  i n  f i s s i o n  r a t e  and must be avoided. 

3.1.2 Gas generat ion or in-leakage 

The genera t ion  of l a r g e  volumes of gases  or r e l e a s e  of a high-pressure 

gaseous coolant  as a r e s u l t  of a primary hea t  exchanger leak  cannot be 

permit ted t o  over-pressurize  and damage or rup tu re  t h e  f u e l  sa l t  system 

or i n a c t i v a t e  or poison t h e  f iss ion-product  gas absorber  beds of t h e  of f -  

gas system. 

MSBR containment and could t r e a t e n  the  primary system boundary. 

leakage or generat ion of gas could probably be accommodated by s u i t a b l e  

design. 

Such events  would l ead  t o  r e l e a s e  of r a d i o a c t i v i t y  wi th in  the  

Minor in-  

3.1.3 Chemical r eac t ions  

Vigorous chemical r eac t ions  should not  occur between f u e l  and coolant  

In  add i t ion ,  coolan t  leak ing  as a r e s u l t  of a leak  or o the r  mixing event.  

i n t o  t h e  primary system should not  r e a c t  vigorously with t h e  g raph i t e  

moderator. Chemical r eac t ions  which could l e a d  t o  s e r i o u s  damage or des- 

t r u c t i o n  of  r e a c t o r  s t r u c t u r a l  components could be considered s a f e t y  s ign i -  

f i c a n t  events  due t o  t h e  p o t e n t i a l  for r e l e a s e  of  r a d i o a c t i v i t y .  

chemical r e a c t i v i t y  can probably be accommodated by s u i t a b l e  design i f  t h e  

r e a c t i o n  products a r e  innocuous or r e a d i l y  removable. 

Minor 

3.2 Anticipated Off-Design Trans ien ts  

A v a r i e t y  of off-design condi t ions and t r a n s i e n t  events  can be a n t i -  

c ipa ted  t o  occur during t h e  pro jec ted  30-year l i f e  of an MSBR. Examples 
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I 

o f  such events  are leakls i n  hea t  exchangers or thermal  excursions on 

r e a c t o r  scram or t u rb ine  t r i p .  The design of an MSBR and t h e  s e l e c t i o n  

of a coolant  o r  coolan ts  must be ab le  t o  accommodate such events  with a 

minimum of r e s u l t i n g  down time or damage. These c r i t e r i a  are l e s s  r e -  

s t r i c t i v e  than  t h e  sa fe ty - r e l a t ed  cr i ter ia  and involve ,  i n  many cases ,  

var ious  f e a t u r e s  which can be accommodated by appropr ia te  design. 

3 .2 .1  Primary hea t  exchanger leaks 

3 The conceptual  design of a 1000-MW(e) MSBR power s t a t i o n  s p e c i f i e s  

f o u r  shell-and-tube type  primary hea t  exchangers each conta in ing  5896 

tubes.  

o f  t h e  power s t a t i o n ;  t h e r e f o r e ,  t h e  h e a t  exchanger design incorpora tes  

I t  is  assumed t h a t  some tube f a i l u r e s  w i l l  occur dur ing  t h e  l i f e  

p rov i s ions  f o r  tube-bundle replacement or tube  plugging by remote opera- 

t i o n .  

Both massive and minor leaks  must be considered. Minor leaks  and t h e i r  

Tube f a i l u r e s  w i i l ,  of  course,  l e a d  t o  mixing o f  f u e l  and coolant .  

r e s u l t s  must be t o l e r a b l e  and r epa i r ab le .  

co l l apse  of  an e n t i r e  h e a t  exchanger assembly, would no t  be expected t o  

Massive l e a k s ,  such as t h e  

occur;  nonethe less ,  t h e  p o s s i b i l i t y  of  such events  must be recognized and 

accommodated i n  t h e  desi .gn.although r e p a i r  might be d i f f i c u l t .  

f e l t  t h a t  adequate assuriance of u n i d i r e c t i o n a l  leakage cannot be achieved 

I t  is 

by s u i t a b l e  adjustment of t h e  f u e l  and coolant  p re s su res ;  t hus ,  leakage 

i n  both d i r e c t i o n s  through t h e  primary h e a t  exchanger must be considered. 

S imi l a r ly ,  leakage of t h e  coolan t  i n t o  t h e  r e a c t o r  containment c e l l  could 

mix coolan t  and f u e l  i n  t h e  d r a i n  tank ,  and t h e  same c r i t e r i a  apply t o  

such an event.  

The t h r e e  most s e r i o u s  poss ib l e  events  as a r e s u l t  o f  primary h e a t  

exchanger l eaks  - i nc reases  i n  r e a c t i v i t y ,  gas genera t ion  or in-leakage, 
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and vigorous chemical r eac t ions  have been considered above, Sec t ions  3.1.1, 

3.1.2 and 3.1.3. 

3.2.1.1 Reduction i n  breeding gain.  It i s  d e s i r a b l e  t h a t  t h e  breeding 

gain not  be s u b s t a n t i a l l y  reduced as a r e s u l t  of t h e  in t roduc t ion  of 

nuc lear  poisons i n  t h e  f u e l  which cannot r e a d i l y  be removed. 

l e s s  s e r ious  s i t u a t i o n  since power generat ion and opera t ion  as a con- 

v e r t e r  could be maintained by t h e  add i t ion  of more uranium. 

t h e  va luable  nuc lear  f u e l  should not  be rendered use l e s s  or r equ i r e  r e -  

moval from the  MSBR and expensive processing. 

This is  a 

I n  any case ,  

3.2.1.2 Clean-up of  coolant.  Leakage of f u e l  sa l t  i n t o  t h e  coolant  

would in t roduce  f i s s i o n  products i n  t h e  coolant  sa l t .  

r e l a t i v e l y  inexpensive it could be discarded a f t e r  recovery o f  f i s s i l e  

mater ia l .  If t h e  coolant  is more expensive and thus  cannot be r e a d i l y  

discarded,  methods f o r  pur i fy ing  t h e  coolant  should be ava i l ab le .  

If t h e  coolan t  i s  

3.2.1.3 Fuel processing chemical p l an t .  A side-stream o f  f u e l  is 

continuously withdrawn from t h e  r e a c t o r  and processed by f l u o r i n a t i o n  for 

t he  recovery of uranium, by reduct ive  e x t r a c t i o n  for t h e  removal and re -  

t e n t i o n  of protact inium and by metal  t r a n s f e r  f o r  t h e  removal of f i s s i o n  

products.  Leakage of coolant  i n t o  f u e l  could r e s u l t  i n  t h e  t r a n s p o r t  of 

d i sso lved  or suspended coolant  i n t o  these  systems. 

i f  s i g n i f i c a n t  chemical r eac t ions  or d i s rup t ion  of t h e  func t ion  of  t he  

chemical processing p l a n t  d id  not  occur. 

It would be des i r ab le  

3.2.2 Steam-raising system leaks  

The s team-rais ing system of a 1000-MW(e) MSBR conta ins  a l a r g e  heat-  

exchange area having coolant  on one s i d e  and s u p e r c r i t i c a l  steam on t h e  

o ther .  Leaks must be assumed t o  occur p e r i o d i c a l l y  during t h e  30-year 
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l i f e  of t h e  MSBR. Althclugh t h e  predominant 

high p res su re  steam i n t o  t h e  lower p re s su re  

leakage would occur from t h e  

coolan t ,  it must be assumed 

t h a t  some coolant  could leak  i n t o  t h e  s team-rais ing system and be cir-  

cu la t ed  through t h e  power p l a n t  and tu rb ines .  

must no t  r e s u l t  i n  vigorous chemical r e a c t i o n s  which y i e l d  l a r g e  quant i -  

t ies of hea t  or gaseous products.  

t h e  s t r u c t u r a l  material and/or d i s rup t ion  of  t h e  i n t e g r i t y  o f  t h e  system, 

Mild chemical r e a c t i o n  could be acceptab le  i f  t h e  r e a c t i o n  products  are 

t o l e r a b l e  or e a s i l y  removable. 

cep tab ly  high cor ros ion  rates i n  e i t h e r  t h e  coolan t  loop or t h e  steam 

system. 

s t r e s s -co r ros ion  cracking of t h e  steam system fol lowing a mixing event.  

Even ppb q u a n t i t i t i e s  of some ions  can l ead  t o  s t r e s s -co r ros ion  cracking 

of c e r t a i n  steam system a l l o y s  and, i f  such a l l o y s  are used, t h e  coolan t  

cannot conta in  such ions.  

Leakage i n  e i t h e r  d i r e c t i o n  

Such events  could l e a d  t o  wastage of  

Also, leakage should no t  l ead  t o  unac- 

I t  is necessary t h a t  t h e  coolant  n o t  be capable  o f  causing 

3 . 2 . 3  Fuel -sa l t  f r e e z i n g  

Events can be expected t o  occur which l e a d  t o  r a p i d  thermal  excursions 

The coolan t  or coolants  and accompanying and impose off-design condi t ions .  

system design must be able t o  accommodate such events .  

r e a c t o r  scram, h e a t  gene:ration i n  t h e  f u e l  sa l t  v i a  f i s s i o n  w i l l  be 

ab rup t ly  decreased bu t  h e a t  removal w i l l  cont inue because of  t h e  f i n i t e  

t i m e  involved i n  s topping t h e  f u e l  and coolant  c i r c u l a t i o n  pumps and t h e  

steam turb ine .  Damage t o  t h e  primary h e a t  exchangers caused by stresses 

as soc ia t ed  with f r eez ing  and thawing o f  t h e  f u e l  s a l t  would be d i f f i c u l t  

and c o s t l y  t o  r e p a i r  and could l e a d  t o  a r a d i o l o g i c a l  hazard. 

MSBR design should inc lude  f e a t u r e s  t h a t  preclude t h e  p o s s i b i l i t y  o f  f u e l  

I n  t h e  case of  a 

Thus, an 
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sa l t  f reez ing .  Two conceivable methods 

t o  use (1) a molten sa l t  coo lan t ’wi th  a 

o f  prevent ing f r e e z i n g  would be 

f r eez ing  p o i n t  h igher  than  t h a t  of 

t h e  f u e l  sa l t  502OC (935OF) or ( 2 )  a coolant  with s u i t a b l e  hea t - t r anspor t  

p rope r t i e s .  

For a s i n g l e  coolant  system t h e  first method is  untenable  s i n c e  con- 

ven t iona l  steam cycles  demand a coolan t  with a considerably lower f r eez ing  

po in t  (Sec t ion  3.3.2). 

design can accommodate a coolant  with poor hea t - t r anspor t  p rope r t i e s .  If 

n o t ,  engineer ing precaut ions ,  poss ib ly  i n  t h e  form of a dependable system 

t o  by-pass coolant  around t h e  steam genera tors ,  would be requi red .  

The second method i s  conceivable  if  t h e  r e a c t o r  

For  a dua l  coolan t  design,  t h i s  c r i t e r i o n  could be s a t i s f i e d  by t h e  

s e l e c t i o n  of a secondary coolant  with a f r eez ing  p o i n t  h ighe r  than  5OOOC 

(932OF) while  t h e  t e r t i a r y  coolant  could have a lower f r eez ing  p o i n t  com- 

p a t i b l e  with t h e  s team-rais ing system. 

would occur  f i rs t  i n  t h e  in te rmedia te  h e a t  exchanger. Volume change on 

f r e e z i n g  and thawing must be accommodated by s u i t a b l e  design t o  prevent  

rup tu r ing  po r t ions  of t h e  in te rmedia te  h e a t  exchangers or again  a fas t  

a c t i n g  by-pass system may be needed. 

loop could poss ib ly  meet t h i s  requirement and might he lp  circumvent t h e  

problem of freeze-up i n  t h e  in te rmedia te  h e a t  exchange. 

I n  t h i s  conf igu ra t ion ,  freeze-up 

A gaseous coolant  i n  a t e r t i a r y  

3.2.4 Leaks t o  or from c e l l  atmosphere 

Leakage o f  coolant  i n t o  t h e  c e l l  atmosphere - n i t rogen  p lus  oxygen 

and traces of water vapor - should n o t  r e s u l t  i n  v i o l e n t  chemical re- 

ac t ions  or l a r g e  volumes of gaseous products .  

c e l l  atmosphere i n t o  t h e  coolant  system aga in  should n o t  l e a d  t o  vigorous 

chemical r e a c t i o n s ,  and t h e  r e a c t i o n  products  should be r e a d i l y  removable. 

S imi l a r ly ,  leakage of t h e  
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An increased  oxygen conlzentration i n  t h e  coolant  could l ead  t o  increased  

c o r r o s i v i t y  and could conceivably be unacceptable i n  t h e  event  of  sub- 

sequent mixing of  contaminated coolant  and f u e l  due t o  t h e  very low 

s o l u b i l i t y  of  uranium, thorium and protact inium oxides i n  t h e  f u e l  sa l t .  

The products  of  minor inleakage should be innocuous or r e a d i l y  removable. 

3.3 Design C h a r a c t e r i s t i c s  

The cr i ter ia  r e l a t e d  t o  normal opera t ing  condi t ions  a r e  presented  i n  

For success fu l  adapta t ion  t o  an MSBR design,  a coolan t ,  t h i s  subsec t ion .  

or combination of  coolan ts  i n  two loops,  must meet a l l  o f  t h e s e  c r i t e r i a  

t o  some degree. 

w i l l  be  optimum i n  a l l  ca t egor i e s ,  s e l e c t i o n  of  a coolan t  t o  meet these  

c r i te r ia  involves  an averaging of advantages of d e s i r a b l e  f e a t u r e s  and 

accommodation of  t h e  disadvantages where t h e  coolan t  i s  less than  optimum. 

P a r t i c u l a r l y  for t h e  c r i t e r i a  i n  t h i s  s e c t i o n ,  cons idera t ion  of  t h e  u l t i -  

mate c a p i t a l  and opera t ing  c o s t s  a r e  necessary i n  comparing a l t e r n a t e  

coolants .  

Since T t  i s  very un l ike ly  t h a t  any one candidate  coolan t  

3.3.1 Corrosion 

The r a t e  of corrosi.on of t h e  coolan t  system boundary must be consis-  

t e n t  with t h e  30-year design l i f e  of t h e  p l an t .  

of p red ic t ab ly  high cor ros ion  ra tes ,  would l e a d  t o  r a p i d  f a i l u r e  o f  p l a n t  

components are unacceptable.  With some coolant  candida tes ,  cor ros ion  

cons idera t ions  amount l a r g e l y  t o  a comparison of  coolant  c o s t  and heat-  

t r a n s f e r  and f l u i d  p r o p e r t i e s  with t h e  increased  c o s t  o f  providing 

g r e a t e r  metal th ickness  t o  withstand increased  corrosion.  Soluble  cor- 

ro s ion  products  may accu.mulate i n  molten s a l t  coolan ts  and must e i t h e r  

Coolants which, because 
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be removed or not  i n t e r f e r e  with operat ion of t h e  coolant  loop v i a  

fou l ing  of hea t  exchange sur faces .  

3.3.2 Freezing poin t  

Any f r eez ing  po in t  below 33OOC (626OF) would probably permit  a feed- 

water temperature a s  low as 304OC (58OOF) which would be compatible with 

conventional s u p e r c r i t i c a l  steam cycles .  Higher coolant  f r eez ing  po in t s  

can be t o l e r a t e d ,  bu t  with increas ing  c o s t  and e f f i c i e n c y  p e n a l t i e s  as 

t h e  f r eez ing  temperature increases .  

t he  feedwater must be heated t o  427OC (8OOOF) or h ighe r ,  t h e  increased  

cos t s  a r e  probably p roh ib i t i ve .  

an MSBR and t h e  ease  of normal opera t ion ,  t h e r e  is  no lower l i m i t  t o  t h e  

If t h e  f r eez ing  p o i n t  is  such t h a t  

Considering t h e  thermal  e f f i c i e n c y  of 

f r eez ing  poin t .  Gaseous coolan ts ,  of course,  o f f e r  another  means of at- 

t a i n i n g  t h e  equiva len t  of a very low f r eez ing  poin t .  

prevent ion of f u e l  f r eez ing  (Sect ion 3.2.3) p laces  a d d i t i o n a l  r e s t r i c t i o n s  

The c r i t e r i o n  f o r  

on t h e  coolant  f r eez ing  po in t  i n  some design conf igura t ions .  If a t e r -  

t i a r y  coolant  loop is  employed, then only the  t e r t i a r y  coolan t  need have 

a low f r eez ing  poin t .  

3.3.3 Heat t r a n s f e r  and f l u i d  t r a n s p o r t  p r o p e r t i e s  

The coolant  must have hea t  t r a n s f e r  and f l u i d  t r a n s p o r t  p r o p e r t i e s  

t h a t  a r e  compatible with a practical  and economical MSBR deisgn. These 

p rope r t i e s  include high thermal conduct iv i ty  and hea t  capac i ty ,  and low 

v i s c o s i t y ;  such a combinatios-.of p rope r t i e s  implies  high hea t - t r ans fe r  

c o e f f i c i e n t s  and low pumping power requirements.  Thus, f o r  a gaseous 

coolant  t o  meet t hese  c r i t e r i a  it would probably have t o  opera te  a t  

p ressures  of s e v e r a l  hundred p s i .  Di f fe ren t  coolan ts ,  molten sal ts ,  



25 

l i q u i d  meta ls ,  or gases, w i l l  o f f e r  var ious  combinations o f  t h e s e  prop- 

e r t i e s .  For t hose  candidate coolan ts  which are n o t  s o  extreme i n  some 

proper ty  as t o  be summarlily r e j e c t e d ,  an a n a l y s i s  r e l a t i n g  t h e  coolan t  

p r o p e r t i e s  t o  c a p i t a l  cc ' s t s  (e.g., hea t  exchanger a r e a )  and opera t ing  

c o s t s  (e.g., pumping power requirements) o f  MSBRs would be r equ i r ed  t o  

make a q u a l i f i e d  s e l e c t i o n  between competit ive coolan ts .  

3.3.4 Vapor p re s su re  and composition 

The vapor p re s su re  of a molten-salt  or l iqu id-meta l  coolan t  should 

be low a t  t h e  h ighes t  temperature t o  be encountered dur ing  normal ope ra t ion  

o r  off-design excursions.  

would complicate engineer ing  des ign ,  bu t  probably could be accommodated. 

Even low vapor p re s su res ,  0 .01  t o  1 atmosphere, w i l l  r e q u i r e  recover ing  

t h e  coolan t  vapor from t h e  cover gas sweep stream and r e t u r n i n g  it t o  t h e  

coolan t  t o  prevent  dep le t ion  of v o l a t i l e  cons t i t uen t s .  

vantageous i f  t h e  coolan t  d id  n o t  sublime which could r e s u l t  i n  formation 

of a s o l i d  from t h e  vapor i n  coo le r  reg ions  with a s soc ia t ed  r e s t r i c t i o n s  

i n  vent  l i n e s ,  e ros ion  of pump s h a f t s  and seals,  etc. 

Vapor p re s su res  g r e a t e r  than  one atmosphere 

I t  would be ad- 

Consideration of a gaseous coolan t  impl ies  a s u b s t a n t i a l l y  d i f f e r e n t  

design t o  accommodate t h e  moderate-to-high p res su res  involved. 

3.3.5 Trit ium c o n t r o l  

Because t h e  f u e l  s a l t  con ta ins  a high atomic dens i ty  of l i t h ium,  a 

s i g n i f i c a n t  q u a n t i t y  of . t r i t i um (2420 curies  o r  about 0.25 g p e r  day i n  

a 1000-MW(e) MSBR ) i s  generated i n  t h e  r e a c t o r  core. 6 Since metals a t  

high temperatures are pe:rmeahle t o  i so topes  of hydrogen, a p o r t i o n ,  cal- 

c u l a t e d  t o  be i n  t h e  ran,ge of 790-1500 Ci/day f o r  t h e  r e fe rence  concept, 
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could reach t h e  steam system, 6'7 

r e l eased  t o  t h e  environment by normal system blowdown and/or leakage. 

a s soc ia t ed  release ra te  would be 50 t o  1 0 0  times t h a t  f o r  l ight-water-cooled 

nuc lear  power s t a t i o n s  and probably would be environmentally unacceptable.  

If t h e  t r i t i u m  were allowed t o  accumulate i n  t h e  steam system by r e q u i r i n g  

V i r t u a l l y  a l l  of t h i s  t r i t i u m  would be 

The 

t o t a l  r ecyc le  of a l l  steam discharges ,  t h e  steam system probably would 

become s u f f i c i e n t l y  r ad ioac t ive  ( 2  Ci /ga l )  t o  r e q u i r e  personnel  p ro tec t ion  

during maintenance and would be expensive t o  maintain.  Thus, it is prob- 

able t h a t  t h e  coolant  system may be r equ i r ed  t o  i n t e r d i c t  i n  some way t h e  

flow of  t r i t i u m .  

Various t r i t i u m  t rapping  schemes have been proposed, inc luding  ?so- 

t o p i c  exchange or oxida t ion  wi th in  t h e  coolan t  and subsequent side-stream 

removal of  t r i t i u m  as THO or TO- compounds. Fu r the r ,  t h e  formation o f  an 

oxide f i l m  on t h e  steam s i d e  of  t h e  s team-rais ing system is  expected t o  

decrease t h e  t r i t i u m  permeabi l i ty  i n  t h i s  po r t ion  of t h e  system and thus  

raise t h e  p a r t i a l  p ressure  of  t r i t i u m  wi th in  t h e  coolan t ,  poss ib ly  t o  a 

l e v e l  where gas sparging or s o r p t i o n  could be used for t r i t i u m  removal. 

However, none of t h e s e  p o t e n t i a l  methods f o r  t r i t i u m  c o n t r o l  has 

been evaluated or demonstrated experimental ly  nor has t h e  environmental  

impact been c a r e f u l l y  assessed t o  s e t  a l i m i t  f o r  t r i t i u m  release; thus ,  

it is d i f f i c u l t  t o  e s t a b l i s h  q u a n t i t a t i v e  cr i ter ia  for t h i s  a spec t  of t h e  

coolan t  or coolants .  

t ium d i f f u s i n g  i n t o  t h e  coolant  were seques te red  and no t  allowed t o  e n t e r  

t h e  steam system. 

mental  cons idera t ions ,  t h i s  could become a mandatory requirement.  

requirement could poss ib ly  be m e t  by d i f f e r e n t  means i n  secondary or 

It  is apparent  t h a t  it would be b e n e f i c i a l  i f  tri- 

Depending on f u t u r e  experimental  r e s u l t s  and environ- 

This 
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t e r t i a r y  loops depending on the  s e l e c t i o n  of a molten s a l t  or a gaseous 

coolan t  f o r  t h a t  loop. 

3.3.6 Radiation and chemical s t a b i l i t y  

The coolan t  should be h ighly  r e s i s t a n t  t o  r a d i a t i o n  damage under a l l  

opera t ing  condi t ions .  It should n o t  evolve gases  or form sludges or s o l i d s  

t h a t  f o u l  heat-exchange surfaces .  Nei ther  should it become inc reas ing ly  

cor ros ive  with use. Minor chemical changes during opera t ion  could be ac- 

commodated by side-stream processing t o  remove decomposition products ,  

3.3.7 Cost and a v a i l a b i l i t y  

The material chosen for t h e  coolant  should be composed o f  compounds 

or elements which are readily a v a i l a b l e  i n  adequate quan t i ty  and which 

p re fe rab ly  a r e  a v a i l a b l e  i n  high pu r i ty .  While low cos t  i s  d e s i r a b l e ,  

t h e  c a p i t a l  and opera t ing  c o s t s  a s soc ia t ed  with a given coolant  w i l l  be 

more important than  t h e  i n i t i a l  coolant  cos t .  I n i t i a l  c o s t  i s  a r e l a t i v e  

i t e m  and must be compared t o  o t h e r  a t t r i b u t e s .  

4. REJECTED COOLANT CANDIDATES 

4.1 S ingle  Secondary Coolants 

I n  t h i s  s e c t i o n  many poss ib l e  coolan ts  having a wide v a r i e t y  o f  

chemical and phys ica l  p r o p e r t i e s  are considered,  Most a r e  r e j e c t e d  be- 

cause leakage of coolant: i n t o  f u e l  s a l t  could cause,  or could t h r e a t e n  

t o  cause,  s a f e t y - s i g n i f i c a n t  events ,  or else  because t h e  coolant  would be 

t o o  cor ros ive .  Three coolan ts  used i n  o t h e r  r e a c t o r s ,  sodium, helium, 

and H 0 ,  were unacceptable because of s a f e t y - r e l a t e d  problems t h a t  could 

ar ise  i f  l e a k s  occurred i n  t h e  primary hea t  exchangers. 

2 

For t h e  same 



reason,  organic  coolants  and low melt ing oxides  ( n i t r a t e s ,  n i t r i t e s ,  and 

carbonates)  were r e j ec t ed .  

MSRE coolant  w a s  r e j e c t e d  because of t h e  pena l ty  i n  thermodynamic e f f i -  

ciency a s soc ia t ed  with i ts  high f r eez ing  po in t .  

l ead ,  t i n ,  and bismuth, were r e j e c t e d  because of t h e i r  c o r r o s i v i t y  toward 

s t r u c t u r a l  a l l o y s ;  mercury w a s  dismissed on account of i t s  s c a r c i t y  i n  

the  e a r t h ' s  c r u s t .  Hydroxides and salts  which conta in  e a s i l y  reducib le  

ca t ions  ( N i  , Cu , Sn , Pb , Fe and B i  ) w e r e  r e j e c t e d  because they 

would n o t  be s t a b l e  i n  n icke l -  o r  iron-base a l l o y s  of  cons t ruc t ion .  A l -  

though a s i n g l e  f a c t o r  w a s  s u f f i c i e n t  f o r  r e j e c t i o n ,  many of t hese  f l u i d s  

could have been dismissed f r o m  fu r the r  cons idera t ion  because of o t h e r  

s e r i o u s  shortcomings. 

The molten mixture of L i F  and BeF2 used as t h e  

The low melt ing meta ls ,  

2+ 2+ 2+ 2+ 3+ n+ 

4 . 1 . 1  Coolants used i n  o the r  nuc lear  r e a c t o r s  

4 .1 .1 .1  Sodium. Sodium and o t h e r  a l k a l i  metals  a r e  capable of 

chemically reducing a l l  ca t ions  i n  t h e  f u e l  s a l t  except  l i t h i u m  i n  case  

of t h e i r  leakage i n t o  f u e l  sa l t .  The uranium f l u o r i d e s ,  UF4 and UF3, a r e  

t h e  most r e a d i l y  reduced f u e l  s a l t  components and t h e  reduced forms of  

uranium a r e  e i t h e r  spa r ing ly  so lub le  (UF3)  o r  i n so lub le  (uranium metal)  

i n  f u e l  sa l t .  Accordingly, inleakage of sodium through a primary heat-  

exchanger would p r e c i p i t a t e  UF o r  

subsequently cause an unacceptable 

metal, from BeF could a l l o y  with 2' 

not  an acceptable  coolan t  choice.  

3 

Sodium has add i t iona l  s e r i o u s  

uranium metal, e i t h e r  of which could 

inc rease  i n  r e a c t i v i t y .  Beryllium 

s t r u c t u r a l  metals. Thus, sodium i s  

drawbacks. The very high thermal 

conduct iv i ty  of  sodium, while advantageous f o r  compact h e a t  exchanger 

and steam genera tor  des ign ,  i s  a d i s t i n c t  disadvantage i n  dea l ing  wi th  
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thermal  t r a n s i e n t s  and avoiding poss ib l e  f u e l  freeze-up. 

advantage of sodium i s  i t s  vigorous r e a c t i o n  with water or steam t o  pro- 

duct  hydrogen and sodium hydroxide or sodium oxide,  depending on whether 

water or sodium is  i n  excess.  

of steam i n t o  sodium. 

Another d i s -  

Very r a p i d  cor ros ion  may accompany leakage 

Sodium may not  offei? an e f f e c t i v e  means of s eques t e r ing  t r i t i u m .  A l -  

though i n  t h e  LMFBR t h e  t r i t i u m  problem may be solved v i a  cold t r app ing  of 

sodium t r i t i d e ,  t h i s  approach would probably not  t r a p  t r i t i u m  i n  t h e  MSBR 

adequately s i n c e  it i s  p resen t  i n  q u a n t i t i t e s  t h a t  are 50 t o  1 0 0  t imes 

g r e a t e r  than i n  t h e  LMFBR. 

4.1.1.2 Helium (and o t h e r  high-pressure gases) .  Helium cannot be 

used as t h e  MSBR s e c o n d a ~ y  coolant  because i ts  leakage i n t o  t h e  f u e l - s a l t  

could l ead  t o  unacceptable power surges  a s soc ia t ed  with t h e  p o s i t i v e  re- 

a c t i v i t y  c o e f f i c i e n t  f o r  voids  or bubbles ( c r i t e r i o n  e.1.1.2). 

o t h e r  high-pressure gases  having low neutron capture  c ross -sec t ions  ( C O  

H 2 ,  N e ,  Ar) can be r e j e c t e d .  

S imi l a r ly ,  

2 '  

Even i f  " fa i l - sa fe"  , l eak- f ree  primary hea t  exchangers were developed, 

t h e r e  are s t rong  incen t ives  f o r  favor ing  a low-pressure l i q u i d  secondary 

coolant  over  a high-pressure gaseous secondary coolant .  The lower volu- 

metric h e a t  capac i ty  of  gases  would r e q u i r e  s u b s t a n t i a l  i nc reases  i n  t h e  

f u e l  s a l t  inventory and .in heat-exchange surface a r e a ,  and r e s u l t  i n  g r e a t e r  

power r equ i r ed  t o  c i r c u l a t e  t h e  coolant .  Although t h e s e  disadvantages can 

be d e a l t  wi th ,  t h e  sum of t h e  c o s t s  t o  do so  could be s u b s t a n t i a l .  

4.1.1.3 7LiF'-BeF2. These two f l u o r i d e s  are major components of t h e  

f u e l  s a l t  and t h e  consequences would be minimal i f  a 'LiF-BeF 

were mixed with t h e  f u e l .  

coolant  2 

This optimum coolant - fue l  compa t ib i l i t y  was t h e  
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ch ie f  reason for us ing  a mixture of 'LiF and BeF2 (66-34 mole %) i n  t h e  

Molten-Salt Reactor Experiment (MSRE). I n  t h i s  a p p l i c a t i o n ,  h e a t  was 

t r a n s f e r r e d  from t h e  coolan t  a t  546OC (1015OF) t o  a low-efficiency, air-  

cooled r a d i a t o r .  The coolan t  performed i n  a completely s a t i s f a c t o r y  

manner i n  t h e  MSRE. However, i n  an MSBR t h e  coolan t  should be  able t o  

d e l i v e r  h e a t  t o  po r t ions  of t h e  steam system at  much lower temperatures 

than  546OC. 

s t a n t i a l  c o s t  f o r  a u x i l i a r i e s .  

7 

The exact composition t h a t  could be used 

Molten mixtures of LiF-BeF2 could be  used, b u t  only a t  sub- 

i n  t h e  MSBR coolant  c i r c u i t  would be a compromise between h igh  f r e e z i n g  

p o i n t  and high v i s c o s i t y ;  compositions of i n t e r e s t  would have LiF conten ts  

of 60 t o  67 mole % r e s u l t i n g  i n  f r e e z i n g  p o i n t s  between 440 and 46OOC 

(825-86OOF). The need t o  prevent  s a l t  from f r e e z i n g  i n  t h e  steam-raising 

equipment would r e q u i r e  an abnormally high feedwater temperature,  and 

r e s u l t  i n  a decrease  i n  t h e  thermal e f f i c i ency  of t h e  r e a c t o r .  Assuming 

a s u p e r c r i t i c a l  steam cycle  i n  which t h e  feedwater would be  prehea ted  t o  

426OC (8OO0F), approximately t h e  lowest temperature if LiF-BeF2 were t h e  

coo lan t ,  Robertson3 es t imated  t h a t  t h e  n e t  p l a n t  e f f i c i e n c y  would be 41.3% 

as compared t o  44.5% i n  a system having a feedwater temperature of 371OC 

(7OOOF). The unconventional s i z e  of t h e  prehea t  equipment ( e s p e c i a l l y  

p re s su re  boos te r  pumps) would impose a d d i t i o n a l  cos t s .  

7 A second unfavorable f a c t o r  a s s o c i a t e d  wi th  use o f  LiF-BeF2 i s  t h e  

c o s t  of t h e  coolan t  inventory.  Assuming an inventory  of 8500 f t 3  o f  

7LiF-BeF2 (66-34 mole %) and es t imated  p r i c e s  of $120/kg 7 L i  and $86/kg 

5 B e ,  t h e  coolan t  would c o s t  approximately $13 mi l l i on .  

Although a s i n g l e  coolan t  MSBR could n o t  use a coolan t  composed 

s o l e l y  of 7LiF  and BeF2 because of i t s  high f r eez ing  p o i n t  and c o s t ,  t h i s  

1 
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I 
coolant  appears very a t t : r a c t i v e  i n  t h e  dua l  coolan t  conf igu ra t ions  des- 

c r ibed  i n  Sec t ion  7. 

4.1.1.4 H 0 (water or s u p e r c r i t i c a l  steam). -2 Leakage of water i n  any 

form i n t o  t h e  f u e l  sa l t  w i l l  cause p r e c i p i t a t i o n  o f  t h e  f i s s i l e  m a t e r i a l  

i n  t h e  f u e l ,  and, perhaps,  a s u b s t a n t i a l  i nc rease  i n  t h e  bubble volume 

reaching  t h e  core  due t o  steam formation. A second s e r i o u s  shortcoming o f  

water stems from t h e  high f r eez ing  p o i n t ,  446OC (835OF), of t h e  f u e l  sa l t .  

Both of t h e s e  events  are p o t e n t i a l l y  s a f e t y  s i g n i f i c a n t .  To prevent  f u e l  

s a l t  from f r e e z i n g  i n  primary hea t  exchangers r e q u i r e s  t h a t  t h e  coolan t  

water be a gas (steam) with a l l  t h e  economic disadvantages t h a t  are thereby 

incu r red  ( see  Sec t ion  4.:1.1.2). 

t o  ensure  a g a i n s t  any p o s s i b l e  f i ss ion-product  contamination of t h e  steam- 

For t h e s e  reasons ,  as w e l l  as t h e  need 

power system, it has never appeared f e a s i b l e  t o  r a i s e  steam d i r e c t l y  i n  t h e  

MSBR primary hea t  exchanger. 

4.1.1.5 Organic coolan ts .  This class o f  coolan ts  i s  occas iona l ly  

proposed as a means of coping wi th  t h e  MSBR t r i t i u m  problem.5 The rela- 

t i v e l y  low temperatures (400 t o  45OoC, 752 t o  842OF) a t  which p y r o l y s i s  

occurs is  a s u f f i c i e n t  b a s i s  f o r  r e j e c t i n g  t h e s e  materials. 

an o rgan ic  coolan t ,  i f  mixed with molten f u e l  s a l t ,  i s  l i k e l y  t o  chemically 

I n  add i t ion ,  

reduce and p r e c i p i t a t e  t h e  uranium. 

4.1.2 Low-melting metals and salts  

4.1.2.1 Metals (Pb,, Sn, B i ,  Hg). These metals, with t h e  p o s s i b l e  

exception of mercury, would r a p i d l y  corrode t h e  n i c k e l  or iron-base a l l o y  

s t r u c t u r a l  materials l i k e l y  t o  be used i n  t h e  coolan t  c i r c u i t  a t  t h e  design 

temperature of t h e  MSBR. Even i f  compatible c o n s t r u c t i o n a l  materials were 

a v a i l a b l e ,  t h e  c o s t s  of c i r c u l a t i n g  t h e s e  dense l i q u i d s  would be very high. 
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A s  with sodium, t h e  high thermal  conduct iv i ty  of  t h e s e  molten metals is a 

disadvantage when thermal  t r a n s i e n t s  occur.  

t o x i c i t y ,  t h e  s c a r c i t y  of  mercury i n  t h e  e a r t h ' s  c r u s t  i s  s u f f i c i e n t  f o r  

r e j e c t i n g  t h i s  metal as an MSBR coolant .  A similar argument perhaps ap- 

p l i e s  t o  bismuth; i n  add i t ion ,  t h i s  metal expands upon s o l i d i f i c a t i o n ,  a 

proper ty  which would complicate t h e  design of coolant  c i r c u i t s .  

fou r  heavy metals t h e  shortcomings are s e r i o u s  enough t o  d iscount  t h e i r  

use as an MSBR coolant .  

Aside from i ts  w e l l  known 

For t h e s e  

4.1.2.2 Oxide-containing salts ( n i t r a t e s ,  n i t r i t e s ,  hydroxides,  and 

carbonates  ). 

a complex ion ,  mixes with t h e  f u e l  s a l t ,  p r e c i p i t a t i o n  of a s o l i d  phase 

When a coolan t  conta in ing  s u b s t a n t i a l  oxide , or oxide wi th in  

conta in ing  uranium oxide i s  l i k e l y ,  and t h i s  could be a s a f e t y - s i g n i f i c a n t  

event .  

These oxide-containing coolant  candidates  which f r e e z e  below 4OOOC 

(752OF) have o the r  s e r i o u s  disadvantages.  Nitrates, e i t h e r  a lone  or mixed 

with n i t r i t e s ,  could react v i o l e n t l y  with t h e  moderator g r a p h i t e  i f  a l eak  

occurred i n  a primary heat-exchanger. Carbonates a r e  a l s o  unacceptable 

because of f u e l  s a l t - coo lan t  mixing cons idera t ions .  

f l u o r i d e  with carbonate could release C02 i n  q u a n t i t i e s  s u f f i c i e n t  t o  in -  

c r ease  t h e  bubble f r a c t i o n  i n  t h e  core  t o  unacceptable l e v e l s .  Molten 

The r e a c t i o n  of 

hydroxide coolan ts ,  al though i d e a l  for managing t h e  MSBR t r i t i u m  problem, 

must be r e j e c t e d  because of t h e i r  corrosiveness  t o  n icke l -  and iron-based 

a l l o y s  of  cons t ruc t ion .  

4.1.2.3 S a l t s  containing r educ ib le  ca t ions .  There are a number of 

low melt ing h a l i d e s  t h a t  a r e  unacceptable because they  would cause in-  

- 

t o l e r a b l e  cor ros ion  of t h e  s t r u c t u r a l  a l l o y  Hastel loy N. One example is 
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SnF2 whose melt ing po in t  i s  2 1 2 O C  (414OF). 

t h e  major components of Hastel loy N.  I n  genera l ,  m e t a l l i c  ha l ides  con- 

t a i n i n g  ions  more oxidizi-ng than N i 2 '  w i l l  no t  be s t a b l e  i n  nickel-base 

a l l o y s ;  t h e  ca t ions  i n  t h i s  category inc lude  Sn , Pb2+, Fe3', B i n +  and 

2 t  Cu . S a l t  mel ts  conta in ing  s u b s t a n t i a l  N i 2 '  concent ra t ions  are r e j e c t e d  

because they are l i k e l y  t:o lead  t o  mass t r a n s f e r  of n i c k e l  metal. 

same cons idera t ions  apply t o  iron-based a l l o y s ;  i n  add i t ion ,  f e r r o u s  

h a l i d e s  would be unaccept:able because of  mass- t ransfer  problems. 

This s a l t  can oxid ize  any of 

2+ 

The 

4.1.3 Other molten h a l i d e  mixtures 

There a r e  s e v e r a l  o the r  molten ha l ides  mixtures t h a t  have f r eez ing  

p o i n t s  below 4OO0C (752OF) which cannot be r e j e c t e d  because of a f a i l u r e  

t o  meet an important c r i t e r i o n ;  nonetheless  t hese  mixtures have shor t -  

comings which render  thexl l e s s  a t t r a c t i v e  MSBR secondary coolan ts .  

molten h a l i d e s  are discussed very b r i e f l y  below. 

These 

4.1.3.1 Mixtures of a l k a l i  ch lor ides .  These are t y p i c a l l y  mixtures 

of L i C 1 ,  N a C 1 ,  and KC1.  

mel t ing p o i n t  and, because of t h e  necess i ty  f o r  using l i thium-7,  t hese  

coolan ts  would be f a i r l y  expensive. 

The L i C l  is requi red  t o  ob ta in  a s u f f i c i e n t l y  low 

Leakage of coolant  i n t o  t h e  f u e l  sa l t  

would cause a r e a c t i v i t y  loss which would be p r imar i ly  remedied by removal 

of ch lo r ide  from t h e  f u e l  sa l t ;  un fo r tuna te ly ,  potassium and sodium cannot 

be  removed from t h e  f u e l - s a l t  by t h e  f u e l  processing c i r c u i t  and these  

ions  would reduce t h e  breeding gain.  A more s e r i o u s  s i t u a t i o n  could a r i s e  

if coolant  leaked i n t o  t h e  steam system. F e r r i t i c  a l l o y s  may be acceptable  

although ch lo r ides  cause s t r e s s -co r ros ion  cracking i n  many steam-system 

ma te r i a l s  a t  very low concent ra t ions  i n  water or i n  steam. 
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4.1.3.2 Mixtures of N a C l  and A l C l  , The main p o t e n t i a l  advantages 

of t h e s e  mixtures are low f r e e z i n g  p o i n t ,  151OC (303OF) f o r  an equimolar 

mixture,  low v i s c o s i t y ,  and low c o s t s .  If a s u b s t a n t i a l  volume of t h i s  

melt leaked i n t o  t h e  fuel-sal t ,  a s o l i d  of t h e  c r y o l i t e  s t r u c t u r e  (Na3A1F6) 

would l i k e l y  p r e c i p i t a t e ;  i f  c a r r i e d  i n t o  t h e  co re ,  t h e s e  s o l i d s  could 

r e s t r i c t  flow i n  t h e  channels through t h e  moderator. 

p re s su re  of t h e s e  mixtures is moderately h igh ,  t h e  vapor can be e a s i l y  

Although t h e  vapor 

prevented from condensing by hea t ing  co ld  surfaces (e.g., vent  l i n e s )  t o  

about 18OOC (356OF). The gene ra l  cons idera t ions  of s t r e s s -co r ros ion  

cracking r e s u l t i n g  from ch lo r ides  i n  t h e  steam system apply t o  t h i s  coolan t  

as w e l l .  I t  i s  n o t  clear how t h i s  coolan t  would t r a p  t r i t i u m .  

4.1.3.3 ZrF,,-KF-NaF (42-48-10 mole%). This sa l t  mixture i s  sometimes 

considered as a p o s s i b l e  inexpensive a l ternate  coolan t  because o f  i t s  

chemical compa t ib i l i t y  wi th  f u e l - s a l t  i n  case of a l eak  i n  t h e  primary 

hea t  exchanger. However, t h e  breeding  g a i n  would be  permanently decreased 

by t h e  presence of potassium i n  t h e  f u e l  s a l t .  

is a s soc ia t ed  wi th  i t s  condensible vapor, preponderantly ZrF4.  

t h a t  would form could block vent  l i n e s  and cause problems i n  pumps t h a t  

c i r c u l a t e  t h e  coolan t .  

A disadvantage of t h i s  m e l t  

The llsnowll 

4.1.4 Fluidized-bed coo lan t s  

1 

A fluidized-bed concept could,  i n  p r i n c i p l e ,  be used t o  t r a n s p o r t  h e a t  

This a l t e r n a t i v e  was a l s o  d i r e c t l y  from t h e  f u e l  s a l t  t o  t h e  steam system. 

suggested by an independent design study. 

s i o n s  were reached. 

presence of high p res su re  steam-system p ip ing  i n s i d e  t h e  r e a c t o r  primary 

containment and ad jacen t  t o  p ip ing  conta in ing  f u e l  s a l t ,  such a system 

8 However, no d e f i n i t i v e  conclu- 

To avoid t h e  p o t e n t i a l  hazards a s s o c i a t e d  wi th  t h e  
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would probably n e c e s s i t a t e  two f l u i d i z e d  beds t o  perform t h e  func t ions  

of t h e  primary hea t  exchanger and t h e  steam genera tor .  

t r a n s f e r r e d  t o  t h e  bed m a t e r i a l  i n s i d e  t h e  primary containment and t h e  bed 

Heat would be 

m a t e r i a l  would be t r anspor t ed  t o  steam genera tors  l oca t ed  o u t s i d e  t h e  

containment. 

This approach appeam t o  o f f e r  a number of advantages over o t h e r  

s ing le-coolant  concepts. The favorable  h e a t - t r a n s f e r  and hea t - t r anspor t  

c h a r a c t e r i s t i c s  of t h e  f l u i d i z e d  beds would reduce t h e  heat-exchange 

surface-area and fluid-pumping requirements t o  va lues  near  t hose  normally 

a s soc ia t ed  with l i q u i d  coolan ts .  

be as low or lower than  fuel-system p res su res  t o  minimize t h e  p o s s i b i l i t y  

Absolute gas p re s su res  p o t e n t i a l l y  could 

o f  in t roducing  gas i n t o  t h e  primary loop and r e a c t o r  core  i n  t h e  event  of 

a fue l - tube  f a i l u r e .  

and an appropr i a t e ly  i n e r t  bed m a t e r i a l  could s i g n i f i c a n t l y  reduce s t r u c -  

The use of an i n e r t  f l u i d i z i n g  gas ,  probably helium, 

tural-material  constraint:s.  

could probably be used f o r  t h e  steam genera tors  s i n c e  r e s i s t a n c e  t o  cor- 

For example, o rd ina ry  steam-system materials 

ros ion  by molten salt  would no t  be a requirement. With an i n e r t  bed 

material ,  a d d i t i o n s  of H,,O and/or 0 2 

i n t e r d i c t  t h e  flow o f  t r i t i u m  from t h e  f u e l  system t o  t h e  steam system. 

A l t e r n a t i v e l y ,  t h e  bed m a t e r i a l  i t s e l f  might perform t h e  t r i t i u m  t r app ing  

might be made t o  t h e  gas phase t o  

func t ion .  

A major requirement of t h i s  concept would be compa t ib i l i t y  of t h e  

bed material with t h e  m a t e r i a l s  of both t h e  f u e l  system and t h e  steam 

system. A s  a minimum, t h e r e  should be  no vigorous chemical i n t e r a c t i o n  

between t h e  f u e l  s a l t  and t h e  bed material. I n  add i t ion  it should be 

p o s s i b l e  t o  s e p a r a t e  t h e  bed m a t e r i a l  from f u e l  s a l t  without excess ive  
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1 

e f f o r t ,  and small amounts of bed materials should no t  s t r o n g l y  affect  t h e  

chemical, phys ica l ,  and neut ronic  c h a r a c t e r i s t i c s  of  t h e  f u e l  sa l t .  I n  

p a r t i c u l a r ,  t h e  bed material should have minimal neutron-moderating capa- 

b i l i t y  t o  avoid e i t h e r  p o s i t i v e  nuc lear  r e a c t i v i t y  excursions if bed 

material were t o  e n t e r  t h e  co re ,  or nuclear  c r i t i c a l i t y  i n  t h e  f l u i d i z e d  

bed i f  l a r g e  amounts of f u e l  s a l t  were t o  leak  i n t o  t h e  bed. 

t e n t i a l  effects of sa l t  l e a k s ,  such as loss  of f l u i d i z a t i o n  would a l s o  

have t o  be shown t o  be acceptable .  Bed materials t h a t  could react chemi- 

c a l l y  with high-temperature steam (e.g. g raph i t e )  would a l s o  be unaccept- 

able. 

taminated i n  use,  it should have s u f f i c i e n t  mechanical s t a b i l i t y  t o  pre- 

c lude t h e  replacement and d i sposa l  of l a r g e  amounts of s o l i d s .  

Other po- 

Since t h e  bed material would l i k e l y  become a c t i v a t e d  and/or con- 

While an ex tens ive  survey has no t  been made, it appears l i k e l y  t h a t  a 

combination of f l u i d i z i n g  gas and bed material could be i d e n t i f i e d  t h a t  

meets t h e  fundamental requirements f o r  an MSR app l i ca t ion .  However, s i n c e  

f luidized-bed hea t  exchangers have no t  been used i n  power r e a c t o r  app l i -  

c a t i o n s ,  a s u b s t a n t i a l  e f f o r t  would be r equ i r ed  t o  develop and demonstrate 

t h e  o p e r a b i l i t y ,  r e l i a b i l i t y ,  m a i n t a i n a b i l i t y ,  and s a f e t y  of  t h i s  concept 

a t  l e v e l s  commensurate with t h e  requirements f o r  nuc lear  systems. 

o f  t h e  fac t  t h a t  o t h e r ,  more convent ional  systems appear t o  be adequate 

f o r  MSBR a p p l i c a t i o n s ,  t h e r e  appears t o  be no incen t ive  f o r  f u r t h e r  consid- 

e r a t i o n  of a f luidized-bed s i n g l e  coolant  a t  t h i s  t i m e .  

I n  view 

4.2 Dual Coolant Configurations 

The optimum, i.e. safes t ,  and most economic, r e a c t o r  conf igura t ion  

may involve two coolants  i n  series;  a secondary coolan t  which t r a n s f e r s  

hea t  from t h e  f u e l  salt  t o  a t e r t i a r y  coolant  which, i n $ t u r n ,  produces t h e  
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steam t o  d r i v e  t h e  turbogenerators .  

n e i t h e r  of which meet a1.L the  coolant  c r i t e r i a .  Dual coolant  configura- 

t i o n s  which appear t o  be t h e  most a t t r a c t i v e  w i l l  be discussed i n  d e t a i l  

i n  Sect ion 7.  

t h a t  are acceptab le  i n  secondary and t e r t i a r y  loops.  

Thus two coolants  could be employed, 

The purpose of t h i s  subsec t ion  i s  t o  i d e n t i f y  the  f l u i d s  

4.2.1 Secondary coolan ts  - 
O f  a l l  t h e  f l u i d s  r e j e c t e d  i n  t h i s  s e c t i o n ,  only molten LiF-BeF2 

mixtures  are c l e a r l y  acceptab le  secondary coolan ts .  

j e c t i n g  a l l  t h e  o t h e r s  a:; s i n g l e  secondary coolan ts  a l s o  apply f o r  re -  

j e c t i n g  them as secondary coolan ts  i n  dua l  coolant  conf igura t ions .  

e i t h e r  would pose s a f e t y  problems i f  leaks  occurred i n  t h e  primary hea t  

exchangers o r  e l s e  they are too  cor ros ive  toward s t r u c t u r a l  a l l o y s .  

The c r i t e r i a  f o r  re -  

They 

4.2.2 T e r t i a r y  (s team-rais ing)  coolan ts  

I t  was assumed t h a t  t h e  prime purpose of  an a d d i t i o n a l  coolan t  loop 

Hence, any f l u i d  t h a t  i s  t o  provide t h e  means for seques te r ing  t r i t i u m .  

cannot do t h i s  a t  reasonable  cos t  while maintaining a t o l e r a b l e  rate of  

cor ros ion  was not  considered acceptable .  N i t r a t e s  and n i t r i t e s  decompose 

a t  t o o  low a temperature t o  warrant  s e r i o u s  cons idera t ion .  Heavy metals 

as w e l l  as t h e  sal ts  w i t h  r educ ib l e  ions mentioned i n  Sec t ion  4.1.2 are 

e l imina ted  from f u r t h e r  cons idera t ion  on t h e  same b a s i s  ( c o r r o s i v i t y  by 

which they  were discounted as secondary coolan ts .  

t o  s eques t e r  enough of t h e  t r i t i u m  t o  be an acceptab le  t e r t i a r y  coolan t .  

Helium or t h e  t e r n a r y  e u t e c t i c  (Na, L i ,  K12C03 are t h e  two most a t t r a c t i v e  

t e r t i a r y  coolan ts  i d e n t i f i e d  i n  t h i s  s tudy.  

Sodium is  no t  l i k e l y  

The use of n i t r a t e - n i t r i t e  mixtures as a s team-rais ing coolan t  has 



38 

9 been considered 

I t  appears ,  however, t h a t  t h e  thermal s t a b i l i t y  o f  such mixtures is  n o t  

adequate t o  accommodate t h e  design temperature of 621OC (1150OF). 

maximum temperature would probably have t o  be lowered t o  482-538OC (900- 

100OF) t o  prevent  s u b s t a n t i a l  degrada t ion  of t h e  n i t r a t e - n i t r i t e  mixture 

wi th  a concomitant decrease i n  o v e r a l l  p l a n t  thermal  e f f i c i e n c y .  

very l i t t l e  information ex i s t s  concerning p o t e n t i a l  materials o f  contain- 

ment a t  t h e s e  temperatures.  For t h e s e  reasons n i t r a t e - n i t r i t e  mixtures 

are no t  f e l t  t o  be a t t r a c t i v e  t e r t i a r y  coo lan t s  and were n o t  considered 

f u r t h e r .  

due t o  t h e  ease  o f  t r app ing  t r i t i u m  by ox ida t ion  t o  THO. 

The 

Also, 

5. STATUS OF FLUOROBORATE COOLANT 

A sa l t  mixture composed of sodium f luo robora t e  and sodium f l u o r i d e  

was first proposed2 as t h e  MSBR secondary coolan t  i n  1965 a f te r  it was 

recognized t h a t  t h e  MSRE coolant  , 7LiF-BeF2 (66-34 mole %) , would be un- 

d e s i r a b l e  i n  a breeder  r e a c t o r  due t o  i t s  high c o s t  and h igh  f r e e z i n g  

po in t .  

low c o s t ,  and estimates of phys i ca l  and chemical properties' ' t h a t  seemed 

acceptab le ,  molten NaBF4-NaF (92-8 mole %) appeared t o  be an a t t r a c t i v e  

secondary coolan t  f l u i d  f o r  t h e  MSBR. 

On t h e  b a s i s  o f  a reported'' e u t e c t i c  temperature o f  304OC (579OF1, 

The p r i n c i p a l  advantages of t h e  f luo robora t e  coolan t  a r e  low c o s t  and 

low v i s c o s i t y .  

h igher  t han  d e s i r e d ,  bu t  t h e  p e n a l t i e s  a s s o c i a t e d  with t h i s  f r e e z i n g  p o i n t  

are no t  g r e a t .  The ch ie f  disadvantages o f  t h i s  s a l t  arise from events  

a s soc ia t ed  wi th  fue l - sa l t - coo lan t  mixing. These inc lude  genera t ion  of 

BF3 gas  and probable r e d i s t r i b u t i o n  of f i s s i le  material between immiscible 

Its a c t u a l  f r e e z i n g  p o i n t  384OC (7230F)12 i s  somewhat 
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I 

phases. 

qua te  design cons idera t ions .  

t r app ing  t r i t i u m .  

i s  eva lua ted  i n  terms of c r i t e r i a  d e t a i l e d  i n  Sec t ion  3 .  

Most o t h e r  p r o p e r t i e s  of f l uo robora t e  are acceptab le  wi th  ade- 

A poss ib l e  advantage i s  i t s  p o t e n t i a l  f o r  

4 I n  t h e  following s e c t i o n  t h e  NaBF -NaF secondary coolan t  

5 .1  Safe ty  S i g n i f i c a n t  C r i t e r i a  

5 .1 .1  Inc rease  of r e a c t i v i t y  

Any mixing between coolant  and f u e l  s a l t  i s  very u n l i k e l y  t o  l ead  t o  

an inc rease  i n  nuc lea r  r e a c t i v i t y .  

t h e  very high c ross  s e c t i o n  of 'OB which v i r t u a l l y  guarantees  t h a t  f u e l -  

This coolan t  is  inhe ren t ly  safe due t o  

s a l t - c o o l a n t  mixing would cause an immediate decrease  i n  r e a c t i v i t y  as soon 

as coolant  i s  swept i n t o  t h e  core.  

5.1.2 Chemical r e a c t i o n s  - 
I n  t h e  event  t h a t  f l uo robora t e  mixed wi th  f u e l  sa l t  due t o  l e a k s  i n  

t h e  primary h e a t  exchangers or secondary coolan t  system, t h e  r e a c t i o n  of 

4' s a f e t y  s i g n i f i c a n c e  is  t h e  decomposition of NaBF 

NaBF4(l) + NaF(d) + BF3(g). 

The r e a c t i o n  would be d isp laced  t o  t h e  r i g h t  by d i s s o l u t i o n  of NaF i n  t h e  

f u e l  s a l t  mixture. 

molten f l u o r i d e s 1 3  and from t h e  pre l iminary  study14 of phase e q u i l i b r i a  

From measurements of t h e  s o l u b i l i t y  o f  BF3 i n  var ious  

of coolan t  and f u e l  salt:;, t h e  fo l lowing  w i l l  occur when coolant  and f u e l  

sa l t  are mixed i n  var ious  propor t ions :  

( a )  an i n c r e a s e  i n  BF p re s su re  (except f o r  q u i t e  low concent ra t ions  

of coolan t  i n  :fuel s a l t )  

3 

( b )  absorp t ion  of h e a t  

( c )  p a r t i a l  immisc ib i l i t y  of t h e  r e s u l t i n g  phases. 
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15 To b e t t e r  def ine  t h e  pressures  generated by mixing f u e l  sa l t  and coolan t  

more measurements would be requi red ,  p a r t i c u l a r l y  dynamic mixing experi-  

ments t o  i n v e s t i g a t e  non-equilibrium condi t ions .  

A BF pressure  surge caused by a tub ing  f a i l u r e  i n  a primary h e a t  3 

exchanger might lead  t o  f u r t h e r  damage of  t h e  h e a t  exchanger. 

l i k e l y  t h a t  a pressure  re l ie f  device would be a c t i v a t e d  which would re- 

l e a s e  gaseous f i s s i o n  products i n t o  t h e  ce l l .  If a break occurred i n  a 

3 coolant  c i r c u l a t i o n  l i n e  such t h a t  a l a r g e  volume ($500 f t  

onto t h e  ca tch  pan on t h e  f l o o r  of t h e  ce l l  and dra ined  i n t o  t h e  f u e l  

d r a i n  tank through t h e  thermally a c t i v a t e d  rup tu re  d i s c  a t  t h e  t o p  of  t h e  

tank ,  BF3 generated i n  t h e  tank could c a r r y  gaseous f i s s i o n  products  ou t  

i n t o  t h e  c e l l  through t h e  open dra in .  

I t  i s  

s p i l l e d  out  

The p r o b a b i l i t y  of such acc idents  a r e  admit tedly very small. The 

ch ief  value i n  cons ider ing  them l i e s  i n  devis ing  t h e  necessary engineer ing 

safeguards t o  counter  such poss ib l e  dangers and i n  comparing f luo robora t e  

with o t h e r  p o t e n t i a l  secondary coolant  candidates .  

5.2 Off-Design Trans ien ts  

5 . 2 . 1  Leaks i n  t h e  primary h e a t  exchanger 

The e f f e c t s  and consequences of leaks  o u t l i n e d  i n  t h i s  subsec t ion  

are caused by t r a n s i e n t s  which can be a n t i c i p a t e d ,  and are d i f f e r e n t i a t e d  

from s a f e t y  s i g n i f i c a n t  events .  In  t h i s  d i scuss ion ,  BF p re s su re  surges  

a r e  no t  considered s e r i o u s  enough t o  cause breaks i n  t h e  primary contain- 

ment boundary. I n  t h e  case of a small ho le  i n  a tube wal l ,  coolan t  w i l l  

l eak  i n t o  t h e  f u e l  s a l t  and most of t h e  BF3 and a l l  of t h e  NaF w i l l  d i s -  

so lve  i n  t h e  f u e l  s a l t  mixture.  In  case of a l a r g e r  leak  such as a tube  

3 
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break ,  coolan t  w i l l  flow i n t o  f u e l  sa l t  and f u e l  s a l t  may flow i n t o  t h e  

coolan t .  For s t i l l  1arg:er l e a k s  two immiscible l i q u i d  phases may form. 

Whenever BF 

t h e  off-gas system where it may i n t e r a c t  wi th  t h e  charcoa l  beds and a 

i s  released i n  t h e  primary c i r c u i t ,  some w i l l  be swept i n t o  3 

sma l l e r  amount may d i f f u s e  i n t o  t h e  core g r a p h i t e ,  bu t  most of t h e  BF3 

i s  l i k e l y  t o  d i s s o l v e  i n  t h e  f u e l  sa l t .  

5.2.1.1 Gas genera t ion  or inleakage. ( a )  Disso lu t ion  i n  f u e l  salt .  

The s o l u b i l i t y  of BF3 i s  r e l a t i v e l y  high i n  f u e l  sa l t  and even h ighe r  i n  

f u e l  s a l t  conta in ing  a s u b s t a n t i a l  concent ra t ion  o f  NaF.13 For example, 

a t  704OC (13OOOF) 4 moles o f  BF3 confined t o  a volume h a l f - f i l l e d  wi th  

f u e l  s a l t  w i l l  be  p a r t i t i o n e d  a t  equi l ibr ium,  3 moles BF3 i n  t h e  s a l t  and 

one mole i n  t h e  vapor space. 

inventory of f u e l  sa l t  (1720 f t  ) and if  t h e  only vapor space i n  t h e  f u e l  

c i r c u i t  were a 1% bubble f r a c t i o n  i n  t h e  s a l t ,  t h e  BF 

would be only 0.23 a t m  ( 3  p s i ) .  

f t  1, i f  c a r r i e d  i n t o  t h e  co re ,  conta ins  enough boron (0.6 kg) t o  render  

t h e  r e a c t o r  s u b c r i t i c a l .  

3 If 1 f t  of coolan t  e q u i l i b r a t e d  wi th  t h e  

3 

s a t u r a t i o n  p res su re  3 

A far  smaller amount of coolan t  (0.127 

3 

The 10.9 kg of sodium i n  1 f t 3  o f  coolan t  would 

have a minor e f f e c t  on r e a c t i v i t y ;  about 2,000 kg of sodium i n  t h e  core  

would be r e q u i r e d  t o  cause t h e  same negat ive  r e a c t i v i t y  effect  as 0.6 kg o f  

boron. The consequences of a much l a r g e r  l e a k  are d iscussed  i n  subsec t ion  

5.2.1.2. 

(b) I n t e r a c t i o n  of BF, with charcoa l .  Some of t h e  BF r e l e a s e d  or 
Y 3 

genera ted  i n  t h e  primary c i r c u i t  and f u e l  d r a i n  tank  w i l l  be swept i n t o  

t h e  off-gas system. 

charcoa l  beds,  or worse, s e l e c t i v e  s o r p t i o n  of BF 

xenon and krypton. 

i s  n o t  a v a i l a b l e .  

Adverse consequences might be i n a c t i v a t i o n  o f  t h e  

and desorp t ion  of t h e  3 

Data f o r  p r e d i c t i n g  t h e  e f f e c t  o f  BF3 on charcoa l  beds 
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( c )  I n t e r a c t i o n  of BF, wi th  core  g raph i t e .  No chemical r e a c t i o n s ,  

inc luding  i n t e r c a l a t i o n ,  a r e  known between BF3 and g r a p h i t e  and chemical 

effects on g r a p h i t e  should be  absent .  

5.2.1.2 Reduction i n  breeding gain.  

- 

The breeding r a t i o  o f  an MSBR, 

nominally 1.07, is reduced when f luorobora te  coolan t  or any o t h e r  source  

o f  boron i s  p resen t  i n  t h e  core.  The amount o f  boron i n  t h e  core  t h a t  

changes t h e  r e a c t o r  i n t o  a conver te r ,  i .e.,  reduces t h e  breeding  r a t i o  t o  

1 .00 ,  is q u i t e  small; 3 kg i n  t h e  salt  o r  2 kg d i spe r sed  i n  t h e  g raph i t e .  

The s i t u a t i o n  with sodium is q u i t e  d i f f e r e n t .  

9000 kg of sod-ium i n  t h e  core  t o  reduce t h e  breeding r a t i o  t o  1.00 and 

thus  sodium p r e s e n t s  much less of a problem. The sodium i n  sodium f luo ro -  

I t  t akes  approximately 

bo ra t e ,  t h a t  e n t e r s  t h e  primary c i r c u i t  would n o t  p e n e t r a t e  t h e  g raph i t e .  

(a) Boron and sodium i n  t h e  f u e l  sa l t .  I n  a "small" l eak  case, 

3 
1 f t  o f  coolan t  is  assumed t o  l eak  i n t o  t h e  f u e l  sa l t .  This amount of 

coolan t  conta ins  4.7 kg of boron. 

wi th in  t h e  1074 f t  

If t h e  boron is d i spe r sed  homogeneously 

of f u e l  s a l t  i n  t h e  co re ,  it would now conta in  2.95 kg 3 

of boron. 

c r i t i ca l .  

More than  enough w i l l  e n t e r  t h e  core  t o  b r i n g  t h e  r e a c t o r  sub- 

The boron conten t  of t h e  f u e l  s a l t  can be g r e a t l y  reduced by 

allowing t h e  f u e l  s a l t  temperature t o  r i se  or by sparg ing  with an i n e r t  

gas t o  effect  BF3 removal. 

f u e l  d r a i n  tank or i n  t h e  f u e l  s t o r a g e  tank. 

sa l t  could be t rapped  i n  d isposable  NaF absorbers .  

These l as t  two ope ra t ions  might be done i n  t h e  

The BF3 v o l a t i l i z e d  from t h e  

Any 'OB t h a t  cannot be 

removed from t h e  f u e l  s a l t  by chemical o r  p h y s i c a l  methods could be neu- 

t r o n i c a l l y  burned ou t .  

Larger in leakage  of f luo robora t e  p re sen t s  g r e a t e r  d i f f i c u l t i e s .  For 

example, i f  a double-ended tub ing  rup tu re  occurred i n  t h e  h e a t  exchanger 
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3 
and a volume of f luo robora t e  equal  t o  t h e  heat-exchanger s h e l l  (416 f t  

were t o  mix wi th  t h e  f u e l  sa l t ,  t h e  mixture would conta in  approximately 

2500 kg of boron and 57510 kg of sodium. 

sodium would be i n  t h e  f u e l  d r a i n  tank. 

i n  t h e  f u e l  salt  could be reduced t o  an acceptab ly  low l e v e l  by some com- 

b i n a t i o n  of sparg ing  and hea t ing .  

from t h e  f u e l  sa l t ,  t h e  amount o f  sodium disso lved  i n  t h e  f u e l  sa l t  i s  

such t h a t  t h e  breeding ga in  of t h e  r e a c t o r  would be halved. Since sodium 

cannot be removed by on - s i t e  reprocess ing ,  continued use of t h e  f u e l  s a l t  

would depend on economic cons idera t ions .  

Most of t h e  boron and a l l  of t h e  

A s  with a small l e a k ,  t h e  boron 

Even i f  a l l  t h e  boron were removed 

( b )  Boron i n  t h e  g raph i t e .  No q u a n t i t a t i v e  d a t a  e x i s t  t o  de f ine  what 

BF3 w i l l  do t o  t h e  g raph i t e  t h a t  w i l l  be used i n  t h e  MSBR. 

r e a c t o r  con ta ins  about 0.3 x 1 0  

boron i s  p r e s e n t  on or i n  t h i s  g raph i t e ,  t h e  breeding r a t i o  w i l l  decrease  

t o  1.00. 

l o s s e s  could be overridden by adding more uranium t o  t h e  f u e l  sa l t .  

A 1000-MW(e) 

6 kg of g r a p h i t e  and i f  about 2 kg of 

If boron cannot be  desorbed from t h e  g r a p h i t e ,  t h e  r e a c t i v i t y  

5.2.1.3 Clean-up of coolan t  and coolan t  c i r c u i t .  Any s i z e a b l e  break 

i n  a heat-exchanger tube i s  l i k e l y  t o  l eak  f u e l  s a l t  i n t o  t h e  coolan t .  

Since a l l  components of the  f u e l  s a l t  except L i F  are in so lub le  i n  NaBF4, 

t h e  uranium i n  t h e  f u e l  : s a l t  w i l l  most probably be en t r a ined  i n  t h e  

coolan t  as a c r y s t a l l i n e  complex of UF e.g. ,  Na2UF6. But even i f  t h e  4’ 

L i F  were no t  leached out  by t h e  coolan t ,  t h e  f u e l  would f r e e z e  when t h e  

temperature i n  t h e  coolan t  dropped below 502OC (935OF). 

coolan t  could be discarded. Discard o f  t h e  coolan t  i n  one of f o u r  coolan t  

c i rcu i t s  involves t h e  loss of only about $100,000. 

The contaminated 

5.2.1.4 Contamination of chemical p l a n t .  Entry of boron i n t o  t h e  
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on-s i t e  fuel-processing fac i l i t i es  w i l l  no t  create a s e r i o u s  problem. 

The BF3 may sepa ra t e  from t h e  UF6 i n  the  f l u o r i n a t i o n  and r e c o n s t i t u t i o n  

s t e p s .  

cep tab le  l e v e l  by p r i o r  sparging is  t h e  obvious provis ion  f o r  p r o t e c t i n g  

t h e  chemical p l a n t  from boron and t h i s  should be r e a d i l y  achievable .  

I n  genera l ,  diminution of boron i n  t h e  f u e l  s a l t  t o  some ac- 

5.2.2 Other l eaks  

5.2.2.1 Inleakage of  steam, Small l eaks  i n  t h e  s team-rais ing system, 

i f  de t ec t ed  and r epa i r ed  wi th in  a s h o r t  t i m e ,  would not  be very harmful. 

Indeed, small amounts of  water may a i d  t r i t i u m  c o n t r o l  i n  t h e  coolan t .  

Large l eaks ,  however, w i l l  g r e a t l y  increase metal cor ros ion  and mass t r ans -  

fe r .  

so lub le  cor ros ion  products  Na CrF 

genera tor  su r faces  and/or res t r ic t  narrow coolant  f low channels .  

16 
An assoc ia t ed  complication is  t h e  formation of t h e  r e l a t i v e l y  in-  

and NaNiF3, which could f o u l  steam- 3 6  

A method 

f o r  removing these  s o l i d s  may have t o  be developed. 

5.2.2.2 Leakage of coolant  i n t o  steam. A l a r g e  break i n  a steam- 

genera tor  tube  could in t roduce  small amounts of coolan t  sa l t  i n t o  t h e  

steam-feedwater system counter  t o  t h e  p re s su re  d i f f e r e n t i a l .  The pH of 

t h e  water w i l l  be changed due t o  t h e  formation of HF wi th  f luoride-con-  

t a i n i n g  salts  and t h e  water w i l l  a l s o  conta in  ppm concent ra t ions  of f l u -  

o r i d e ,  There i s  no evidence t h a t  t h i s  could l e a d  t o  s t r e s s -co r ros ion  

cracking bu t  t h i s  has  not  been s tud ied  s u f f i c i e n t l y  and experimental  in-  

v e s t i g a t i o n s  would be needed. 

5.2.2.3 Leaks t o  t h e  c e l l  atmosphere. Small amounts of coolan t  

leak ing  i n t o  t h e  c e l l  w i l l  r e a c t  with moisture  i n  t h e  atmosphere and 

genera te  a c i d i c  vapors t h a t  could cause minor cor ros ion  of t h e  metal 

l i n i n g  t h e  concrete  c e l l  walls. 
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5.3 Design Fac tors  

5.3.1 Corrosion 

The inhe ren t  c o r r o s i v i t y  of e u t e c t i c  NaBF -NaF m e l t  toward n icke l -  4 

I n  Hastelloy N ,  t h e  minor a l l o y  c o n s t i t u e n t s  C r y  base a l l o y s  i s  small. 

T i ,  Mn, S i ,  and H f  w i l l  react wi th  t h e  sal t .  For i n s t a n c e ,  t h e  following 

r e a c t i o n ,  a t  r e a c t o r  temperatures has a negat ive  s t anda rd  free energy: 

( 1  + x)Cr (c )  + 2NaF(d) i- NaBF4(d) * Na3CrF6(c) t CrxB(c) 

If t h e  concent ra t ion  of chromium i n  t h e  a l l o y  is  low (<0.1 atomic f r a c t i o n ) ,  

t h i s  r e a c t i o n  is l i k e l y  t o  be d i f f u s i o n  l i m i t e d  and o f  l i t t l e  s i g n i f i c a n c e .  

Increased  concent ra t ions  of chromium i n  t h e  containment a l l o y  could l ead  

t o  increased  cor ros ion  rates. Na3CrF i s  s p a r i n g l y  s o l u b l e  i n  f luoro-  

bora te17  and plugging of’ flow channels might be a problem. 

6 

5.3.2 Freezing po in t  

The NaBF4-NaF e u t e c t i c  f r e e z e s  a t  384OC (723OF)I2 which is t o o  high 

t o  be  compatible with t h e  h ighes t  feedwater temperature (%29O0C, 58OOF) 

t h a t  could be used i n  an unmadified s u p e r c r i t i c a l  steam cycle .  The des ign  

modi f ica t ions  and c o s t s  necessary t o  prehea t  t h e  feedwater t o  371OC 

(700OF) and t h e  low p res su re  steam t o  343OC (65OOF) have been es t imated  18  

and are a very small f r a c t i o n  of t h e  t o t a l  p l a n t  c o s t .  Although f u r t h e r  

design modi f ica t ions  may be necessary t o  prevent  p o s s i b l e  damage caused by 

s a l t  f r e e z i n g  on co ld  s p o t s  i n  t h e  s a l t  s i d e  of steam gene ra to r s ,  t h e  

a s s o c i a t e d  c o s t s  are probably modest. 

5.3.3 Heat - t ransfer  and hydrodynamic p r o p e r t i e s  

The h e a t - t r a n s f e r  p r o p e r t i e s ,  thermal  conduct iv i ty  and thermal capa- 

c i t y  of f luo robora t e  a r e  acceptab le ;  t h e  kinematic v i s c o s i t y  ( v i s c o s i t y  
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19 div ided  by d e n s i t y )  is very favorable .  Measurement of h e a t  t r a n s f e r  

i n  a t u b u l a r  t e s t - s e c t i o n  of a pump loop showed t h a t  t h e  performance of 

f luo robora t e  was c o n s i s t e n t  with t h e  Seider-Tate c o r r e l a t i o n  which success- 

f u l l y  c o r r e l a t e s  d a t a  f o r  a wide v a r i e t y  of non-metall ic f l u i d s  flowing 

t u r b u l e n t l y  i n  p ipes .  

5.3.4 Vapor pres su re  and composition 

The equi l ibr ium decomposition p res su res  of BF over t h i s  coolan t  are 3 

moderate; a t  t h e  hot - leg  temperature of t h e  coolan t  loop ,  621OC (115OOF) 
.. II is  0.33 a t m  ( 5  p s i ) .  The BF3 cannot condense i n  t h e  annular  spaces ' B F ~  

i n  t h e  pumps s i n c e  i ts  c r i t i c a l  temperature i s  - 1 2 O C  (10OF). P resen t  

designs of coolan t  pumps c a l l  f o r  helium o r  some o t h e r  i n e r t  gas t o  sweep 

downshaft toward t h e  pump bowl. In  t h e  process ,  t h e  sweep gas carries 

BF 

slowly change composition and i n c r e a s e  i n  f r e e z i n g  p o i n t .  

mixture cannot be continuously d ischarged  from t h e  p l a n t  because of t h e  

t o x i c i t y  and chemical r e a c t i v i t y  of BF3. 

volved is  probably t o o  expensive t o  waste. 

t o  develop a BF3 r e c i r c u l a t i o n  system. 

ou t  of t h e  pump bowl and i f  makeup BF3 is n o t  added, t h e  coo lan t  w i l l  

The He-BF3 gas  

3 

Also, t h e  amount of helium in-  

Thus, it would be  necessary  

5.3.5 Radiation and chemical s t a b i l i t y  

The effect  of t h e  i n t e n s e  gamma r a d i a t i o n  t o  which t h e  coolan t  s a l t  

would be exposed i n  t h e  primary heat-exchangers was i n v e s t i g a t e d  by 

E.  L. Compere e t  a1.20 

capsule  experiment a t  6OOOC (1112OF) and no evidence of chemical decompo- 

S a l t  w a s  exposed f o r  1460 h r  i n  a Has te l loy  N 

s i t i o n  was de tec t ed  from vapor p re s su re  measurements or from metal weight 

l o s s e s .  
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Fluoroborate coolant  w i l l  a l s o  be i r r a d i a t e d  by delayed neutrons i n  

t h e  primary h e a t  exchangers. Their  e f f e c t  on f luorobora te  chemistry has 

not  been s tud ied  experimental ly .  

sugges ts  t h a t  t h e  only s i g n i f i c a n t  chemical change i n  t h e  s a l t  would be 

21 
However, i n v e s t i g a t i o n  of BF3 gas 

t h e  r e l e a s e  of f l u o r i n e  by t h e  r eac t ion :  

l0BF3 + n -f 7 LiF + a t F . 
2 

The number of delayed neutrons i n  primary hea t  exchangers w i l l  be about 

n / sec ,  t hus  t h e  maximum y i e l d  of F from t h e  coolant  w i l l  be only ap- 2 

proximately 5 moles p e r  year .  This r a t h e r  small amount of oxidant  can 

probably be handled by t h e  processing methods t h a t  would be used t o  c o n t r o l  

t h e  redox condi t ions  of t h e  coolant .  

5.3.6 Tri t ium 

The seques te r ing  of t r i t i u m  i n  t h e  f luorobora te  coolant  is as y e t  

undemonstrated. I o n i c  spec ie s  conta in ing  oxidized hydrogen which could 

exchange with and t r a p  t r i t i u m  are i d e n t i f i e d  (BF30H->, expected (HF2 >, 
or suspected (H >. 
could bind H or T . It i s  not  y e t  known, however, i f  one or more of 

t hese  spec ie s  can be s t a b i l i z e d  a t  a s u f f i c i e n t l y  high concent ra t ions  t o  

be e f f e c t i v e  for t r i t i u m  t rapping  without  exceeding t h e  l i m i t s  of t h e  

- 

+ There a l s o  may be polymeric oxyfluoroborate  ions  which 

+ t 

oxida t ion  p o t e n t i a l  of t h e  coolan t  beyond which co r ros ive  a t t a c k  of n icke l -  

base a l l o y s  would become excessive.  
22 There is  some experimental  evidence 

t h a t  t h e  proton of t h e  BF30H- spec ie s  d i d  not  undergo t h e  expected r a p i d  

exchange with D . Thus, t h e r e  are a number of unresolved ques t ions  con- 

cern ing  t h e  p o t e n t i a l  of t h i s  coolant  f o r  t r i t i u m  t r app ing ,  bu t  t h i s  i s  

a l s o  t r u e  f o r  o t h e r  poss ib l e  molten-sal t  coolan ts .  

t 
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5.3.7 Cost and a v a i l a b i l i t y  

The coolan t  components, NaBF,+ and NaF, are inexpensive and r e a d i l y  

a v a i l a b l e  commercially, although t h e  p u r i t y  necessary f o r  r e a c t o r  use may 

r e q u i r e  some development e f f o r t s .  

8500 f t  

I n  1971, t h e  es t imated  cos t18  o f  t h e  

3 
inventory was $0.37 M. 

7 6. ALTERNATE SINGLE COOLANT: NaF- LiF-BeF2 

The composition of t h i s  coolan t  is  NaF-7LiF-BeF (45-22-33 mole %) or 2 

Li0.66BeF4. 1.34 Thus, t h i s  coolan t  i s  very similar t o  t h e  MSRE coolant ,  7 Na 

except t h a t  sodium is s u b s t i t u t e d  f o r  approximately two-thirds of t h e  

l i t h ium ions .  

advantage of compa t ib i l i t y  with f u e l  s a l t ;  i . e . ,  t h e  consequences of i n t e r -  

A secondary coolan t  composed o f  t h e s e  f l u o r i d e s  has a major 

leakage or mixing wi th  t h e  f u e l  sa l t  a r e  minor or r e a d i l y  r e v e r s i b l e .  

Another advantage o f  t h i s  coolan t  i s  a very low vapor p re s su re .  Disadvan- 

t a g e s  are r e l a t i v e l y  high inventory c o s t  and increased  c o r r o s i v i t y  when 

mixed with steam. This coolan t  i s  reviewed i n  terms of t h e  c r i t e r i a  de- 

t a i l e d  i n  Sec t ion  3, as was t h e  f luo robora t e  coolan t  i n  Sec t ion  5 .  

6 .1  Safe ty  S i g n i f i c a n t  C r i t e r i a  

Nal, 347Li0.66BeF4 i s  a very safe coolant  t h a t  i s  compatible with f u e l  

Mixing of f u e l  s a l t  and coolan t  w i l l  no t  p r e c i p i t a t e  uranium, w i l l  s a l t .  

n o t  release or absorb much h e a t ,  and w i l l  n o t  genera te  gases by chemical 

r e a c t i o n s .  I n  case coolant  i s  c a r r i e d  i n t o  t h e  co re ,  r e a c t i v i t y  w i l l  de- 

- 

c rease  s l i g h t l y  because of t h e  sodium. 



49 

6.2 Off-Design Trans ien ts  

6.2.1 Leaks i n  primary :heat exchangers 

6.2.1.1 Secondary coolant i n t o  f u e l  sa l t .  The effect  of  g r e a t e s t  

s i g n i f i c a n c e  w i l l  be a rleduction i n  t h e  breeding ga in  a r i s i n g  from t h e  

d i s s o l u t i o n  of  NaF i n  t h e  f u e l  sa l t ;  however, a cons iderable  volume of 

coolan t  is necessary.  

t h e  core  could be necessary t o  render  t h e  r e a c t o r  s u b c r i t i c a l .  

duc t ion  of t h i s  much sodium i n t o  t h e  core  would r e q u i r e  t h e  inleakage and 

For  instance,  approximately 2000 kg of sodium i n  

In t ro -  

n 

homogeneous d i s t r i b u t i o n  of about 6570 l i t e r s  (230 f t ' )  of secondary 

coolant .  

The f u e l  reprocessi:ng system would no t  be s i g n i f i c a n t l y  a f f e c t e d ,  

however, it would not  remove t h e  sodium from t h e  f u e l  sa l t .  A dec i s ion  

would have t o  be made between continued opera t ion  with a lower breeding 

performance by over r id ing  t h e  sodium poisoning v i a  a d d i t i o n  of more 

uranium, rec la iming  t h e  7 L i  and B e  content  by s u i t a b l e  processing methods, 

or replacement of t h e  f u e l  carrier sal t .  

Other effects of inleakage would be minimal. This coolant  is  misc ib le  

with f u e l  s a l t  and would no t  p e n e t r a t e  t h e  moderator g raph i t e .  

s a l t  contaminated with coolant  would have v i r t u a l l y  t h e  same s o l u b i l i t i e s  

of i n e r t  gases  and hydrogen. 

Also, f u e l  

6.2.1.2 Fuel  sa l t  i n t o  t h e  secondary coolan t  c i r c u i t .  The damage t o  

t h e  coolan t  and t h e  coolant  c i r c u i t  would no t  be very g r e a t  i n  case of an 

inleakage of f u e l  sa l t .  

i n  t h e  f u e l  s a l t  are so lub le  i n  t h e  coolan t  s a l t  except f o r  %oble" 

metall ic f i s s i o n  product;; Nb, Mo, T c ,  Ru, Ag, and Sb. In  such an event  

it would probably be necessary t o  dispose of t h e  contaminated coolant  and 

A l l  c o n s t i t u e n t s  and f i s s i o n  products contained 
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r ep lace  it. After t h e  l e a k  was r epa i r ed ,  clean coolant  s a l t  could be 

used t o  f l u s h  t h e  loop. Any r a d i o a c t i v i t y  remaining would be due t o  t h e  

noble metal f i s s i o n  products  adhering t o  metal su r faces .  

6.2.2 Other l eaks  

6.2.2.1 Inleakage of steam. The e f f e c t s  of steam upon t h e  coolant  

and coolant  loop would be cor ros ion  of  metal t o  form complex corrosion-  

product f l u o r i d e s  and, if t h e  s o l u b i l i t y  of oxide i n  t h e  coolant  were ex- 

ceeded, p r e c i p i t a t i o n  of beryl l ium oxide.  

fol lows:  

where M r ep resen t s  Fe or N i ,  and 

3/2H20(g) t Cr(al1oy) t 3NaF(d) + 3/2BeF2(d) -f BeO(c) + Na3CrF6(c) t 3/2H2(g). 

These r e a c t i o n s  would probably proceed t o  completion because t h e  corrosion-  

product f l u o r i d e s  are very s t a b l e , 2 3  and t h e  hydrogen would r e a d i l y  escape 

The r e a c t i o n s  can be w r i t t e n  as 

H20(g) + M(al1oy) t NaF(d) t BeF2(d) -f BeO(s) + NaMF3(c) + H2(g), 

from t h e  system. Thus, f o r  every water molecule t h a t  l eaks  i n t o  t h e  cool- 

a n t ,  s l i g h t l y  less than one atom of metal w i l l  be corroded. Cleanup of  t h e  

coolant  system af ter  such a leak  could be a s i g n i f i c a n t  t a s k .  

6.2.2.2 Leakage of  coolan t  i n t o  steam. The s i t u a t i o n  he re  is similar 

Very l i t t l e  i s  known about t h e  i n f l u -  t o  t h a t  o f  t h e  f luo robora t e  coolant .  

ence of t hese  f l u o r i d e s  i n  r e l a t i o n  t o  s t r e s s -co r ros ion  cracking and such 

information would have t o  be obtained p r i o r  t o  spec i fy ing  t h e  materials f o r  

an MSBR steam system. 

6.2.2.3 Leaks t o  the  c e l l  atmosphere. Small amounts of coolan t  

f lowing i n t o  t h e  c e l l  w i l l  r e a c t  with moisture t o  produce Be0 and HF. The 

HF may cause minor cor ros ion  of  t h e  metal  t h a t  covers t h e  c e l l  w a l l .  
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6.3 Design Fac tors  

6.3.1 Cor ros iv i ty  

Pure Na BeF4 is n o t  co r ros ive  toward a l l  major and v i r t u a l l y  1. 34Li0. 66 

a l l  minor c o n s t i t u e n t s  of s t r u c t u r a l  metal a l l o y s .  

duc t ion  o f  ox idants  (steam l e a k s )  or d e l i b e r a t e  a d d i t i o n  of ox idants  ( f o r  

Inadver ten t  i n t r o -  

t r i t i u m  c o n t r o l )  w i l l  s u b s t a n t i a l l y  inc rease  t h e  c o r r o s i v i t y  o f  t h e  cool- 

a n t .  The ox id iz ing  e f f e c t s  of steam leaks  have a l r eady  been d iscussed  i n  

Sec t ion  6.2.2.1. 

added t o  Nal.34Li0.66BeF t o  s eques t e r  t r i t i u m  which d i f f u s e s  i n t o  t h e  

secondary coolan t  circui. t .  It w i l l  have t o  be determined i f  e f f e c t i v e  

A s  with f luo robora t e ,  ox id i z ing  agents may have t o  be 

4 

concent ra t ions  of t h e s e  oxid iz ing  a d d i t i v e s  can be a t t a i n e d  i n  t h i s  sa l t  

and if they  are t o l e r a b l e  t o  materials of cons t ruc t ion .  

6.3.2 Freezing po in t  

Na1.34Li0.66 BeF4 has a l i q u i d u s  temperature t h a t  may be 29OOC (554OF) 

b u t  could be as high as 34OOC (644OF). 

from a published study24 of t h e  Na2BeF Li2BeF4 phase diagram, shown i n  

Fig.  6.1. The higher liquidus temperature is derived from a preliminary 

diagram of NaF-LiF-BeF2, Fig. 6.2, i n  a compilation25 of phase diagrams. 

The composition chosen for t h i s  (NaF-LiF-BeF2) coolan t  is based on t h e  

l i q u i d u s  temperature v a l l e y  presented  i n  Fig.  6.1. If t h e  l i q u i d u s  

temperature o f  Na1.34Li0,66 BeF4 is a c t u a l l y  34OOC (644OF) as shown i n  

Fig. 6.2, then  a s h i f t  t o  a s l i g h t l y  d i f f e r e n t  composition NaF-LiF-BeF2 

(41-23-36 mole %) should provide a l i q u i d u s  temperature of 328OC (622OF), 

The lower temperature i s  taken  

4- 

perhaps s t i l l  low enough t o  ope ra t e  a s u p e r c r i t i c a l  steam cyc le  without 

f r e e z i n g  t h e  coolan t  sa l t .  7 
If a NaF- LiF-BeF2 mixture i s  t o  be chosen as 
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Fig. 6.1. Phase diagram Na BeF4-Li2BeF4. 2 
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Fig. 6.2. Phase diagram of LiF-NaF-BeF2 system. 
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t h e  secondary MSBR coo lan t ,  t h e r e  i s  an obvious need t o  r e f i n e  t h e  

phase diagram d a t a  i n  t h e  composition reg ion  around 33 mole % BeF2. 

6.3.3 Heat - t ransfer  and hydrodynamic p r o p e r t i e s  

Heat - t ransfer  p r o p e r t i e s  a r e  good by comparison with o t h e r  molten- 

sa l t  coolan ts .  The thermal conduc t iv i ty  i s  es t imated  t o  be twice t h a t  

of eutect ic  NaBF4-NaF and t h e  h e a t  capac i ty  p e r  u n i t  mass i s  about 20% 

g r e a t e r .  

e u t e c t i c  NaBF4-NaF, bu t  c e r t a i n l y  s t i l l  acceptab le .  This proper ty  has 

no t  been measured f o r  t h i s  s p e c i f i c  mixture,  bu t  t h e  d a t a  f o r  t h e  NaF- 

and LiF-BeF2 b inary  systems26 sugges t  t h a t  t h e  v i s c o s i t y  should be almost 

t h e  same as t h a t  of t h e  MSRE coolan t  and thus  should be a s a t i s f a c t o r y  

hea t  t r a n s p o r t  medium. 

The v i s c o s i t y  of Na1.34Li0.66BeF4 i s  about 1 0  times t h a t  of 

6.3.4 Vapor p re s su re  and composition 

The equi l ibr ium vapor p re s su re  should be  very low. By combining 

27 28 
and LiF-BeF2 d a t a  i n  t h e  NaF-BeF2 systems, an es t imated  vapor p re s su re  

of 0.002 t o r r  is  obtained a t  621OC (115OoF), t h e  o u t l e t  temperature o f  t h e  

primary hea t  exchangers. 

b u t  BeF ( g )  should be t h e  dominant vapor spec ie s .  

The vapor composition has  no t  been determined, 

2 

6.3.5 Radiation and chemical s t a b i l i t y  

Experience gained i n  t h e  MSRE 
29 and i n  t h e  ex tens ive  i n - p i l e  r a d i a t i o n  

30 t e s t i n g  program 

t h e  temperature i s  kept  g r e a t e r  than  15OoC, r a d i o l y t i c  decomposition of 

of similar molten sa l t  s t r o n g l y  sugges t  t h a t  as long as 

t h i s  s a l t  w i l l  be of no importance t o  t h e  cor ros ion  of s t r u c t u r a l  metals.  
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6.3.6 Trit ium 

The t r app ing  of t r i t i u m  i n  t h i s  coolan t  w i l l  l i k e l y  r e q u i r e  concen- 

t r a t i o n s  of ox id i z ing  ions  such as OH- or Ni2 '  which could a l s o  ox id ize  

metals t h a t  w i l l  be i n  contac t  with t h e  coolan t .  

s t a n t i a l  concent ra t ions  o f  OH- can be  maintained i n  t h e  LiF-BeF2 system 

a t  500-700°C (932-1292OF) and similar concent ra t ions  can be expected i n  

2+ molten NaF-LiF-BeF2. The s o l u b i l i t y  of metal ion  oxidants  N i 2 +  or Fe 

may be l i m i t e d  because t:hese ions  a r e  s t a b i l i z e d  i n  complex, r e l a t i v e l y  

I t  is  known31 t h a t  sub- 

i n s o l u b l e  s o l i d s ,  as NabliF3 or NaFeF3. 23 The concent ra t ions  o f  hydroxide 

and oxide i n  t h i s  coolan t  may also be cons t ra ined  by t h e  need t o  prevent  

p r e c i p i t a t i o n  of U 0 2  i n  case coolant  l eaks  i n t o  t h e  f u e l  sa l t .  

t h e  f luo robora t e  secondary coo lan t ,  t h e  b a s i c  ques t ion  i s :  Can t h e  i o n i c  

s p e c i e s  which t r a p s  t r i t : ium be s t a b i l i z e d  a t  s u f f i c i e n t l y  high concentra- 

A s  with 

t i o n  without causing in t :o le rab le  co r ros ive  a t t a c k ?  Experimental i n v e s t i -  

g a t i o n  w i l l  be r equ i r ed  t o  answer t h i s  ques t ion .  

6.3.7 Cost and a v a i l a b i l i t y  

3 1  The inventory of secondary coolan t  given i n  t h e  conceptual design 

would c o s t  approximately $6 m i l l i o n ,  assuming u n i t  prices'' of $120/kg 

f o r  

inventory  i s  an incen t ive  f o r  minimizing t h e  volume o f  sa l t  r equ i r ed  i n  

7 L i  and $16.50/kg for BeF2. The r e l a t i v e l y  high c o s t  of t h e  coolan t  

t h e  coolan t  c i r c u i t s  through appropr i a t e  design. 

c o s i t y  could perhaps be reduced by s u b s t i t u t i n g  MgF2, A1F3, or ZrF4 f o r  

p a r t  of t h e  BeF2. 

Cost as w e l l  as v i s -  

Beryllium is no t  an abundant element i n  t h e  e a r t h ' s  c r u s t  and world 

demand, i f  maintained a t  t h e  ra te  of 1968, would dep le t e  world r e se rves  

Hcwever, bery l l ium minera l  resources  are a t  l eas t  i n  about 25 yea r s .  32 
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1000 times g r e a t e r  than  the  r e se rves .  

t h e  supply of  beryl l ium would be adequate f o r  a l l  molten-sal t  r e a c t o r  

needs. For tuna te ly ,  t h e  c o s t  of t h e  o r e  i s  a small p a r t  of t h e  c o s t  of 

t h e  metal and, t hus ,  t h e  p r i c e  of  beryl l ium may no t  r i se  apprec iab ly  as 

t h e s e  resources  are developed. 

If these  resources  are developed, 

7. ALTERNATE DUAL COOLANT CANDIDATES 

I n  t h e  dua l  coolan t  MSBR conf igura t ion  t h e  r e a c t o r  and primary loop 

conta in ing  t h e  f u e l  s a l t  are considered t o  be similar t o  those  d e t a i l e d  i n  

t h e  conceptual  d e ~ i g n . ~  The f u e l  salt is c i r c u l a t e d  through t h e  primary 

h e a t  exchangers where hea t  is t r a n s f e r r e d  t o  t h e  secondary coolan t .  The 

secondary coolant  i s  c i r c u l a t e d  t o  in te rmedia te  h e a t  exchangers where h e a t  

i s  t r a n s f e r r e d  t o  a t e r t i a r y  coolan t ,  and t h e  t e r t i a r y  coolan t  is  c i rcu-  

l a t e d  t o  t h e  s team-rais ing system. 

add i t ion  of a t h i r d  loop t o  an MSBR inc lude  a b e t t e r  oppor tuni ty  f o r  tri- 

tium t rapping ,  add i t ion  of another  pass ive  b a r r i e r  between t h e  f i s s i o n  

product inventory i n  the  r e a c t o r  and t h e  steam system, improved chemical 

compat ib i l i ty  between ad jacent  loop f l u i d s  i n  t h e  event  of l e a k s ,  and, i n  

some cases ,  improved p l a n t  o p e r a b i l i t y  and ma in ta inab i l i t y .  F inanc ia l  

p e n a l t i e s  a r e ,  of course,  a s soc ia t ed  with t h e  add i t ion  of  a t h i r d  loop i n  

both c a p i t a l  and opera t ing  cos t s .  

The incen t ives  f o r  cons ider ing  t h e  

Three dua l  coolant  MSBR conf igura t ions  are considered i n  t h i s  s e c t i o n  

as a l t e r n a t e  r e a c t o r  concepts t h a t  could s a t i s f y ,  t o  varying degrees ,  t he  

coolan t  c r i t e r i a .  

case Li2BeF4 has been s e l e c t e d  as t h e  molten s a l t  (Sec t ion  7.1).  This was 

due p r imar i ly  t o  t h e  e x c e l l e n t  compat ib i l i ty  between t h i s  material and t h e  

f u e l  s a l t  i f  they should become mixed. Also, L i  BeF has an adequately 

Each employs a molten s a l t  secondary coolant  and i n  each 

2 4  



57 

I 

high f r eez ing  po in t  s o  t h a t  t h e  problems of f u e l  s a l t  freeze-up a r e  sub- 

s t a n t i a l l y  diminished. 

For t h e  t e r t i a r y  coolan t ,  a gas ,  a d i f f e r e n t  molten s a l t ,  a l i q u i d  

metal and a l s o  a novel  f l u i d i z e d  bed h e a t  exchanger are considered. 

r e a c t o r  conf igura t ion  u t i l i z i n g  helium gas (Sec t ion  7 .2 )  appears t o  r e so lve  

a l l  technologica l  problems and t o  s a t i s f y  a l l  coolan t  c r i t e r i a ;  however, 

only a t  an expense due t o  t h e  a d d i t i o n a l  hardware r equ i r ed  f o r  t h e  t e r t i a r y  

loop,  reduced thermal e f f i c i e n c y  and increased  pumping power requirements.  

Molten carbonates  are considered (Sect ion 7.3) as t h e  t e r t i a r y  coolan t ,  and 

l i q u i d  sodium a l s o  has been evaluated (Sect ion 7.41, bu t  both seem l e s s  

a t t r a c t i v e  and are un l ike ly  t o  be s u i t a b l e  t e r t i a r y  coolan ts .  

bed h e a t  exchanger concept (Sect ion 7 . 5 )  would r e q u i r e  s u b s t a n t i a l  develop- 

ment before  it could be appl ied t o  a r e a c t o r  system; f o r  t h i s  reason ,  no 

The 

The f l u i d i z e d  

work on t h i s  concept i s  recommended a t  t h i s  t ime. 

7 . 1  Secondary Coolant 

Lithium beryl l ium f l u o r i d e ,  Li2BeF4, appears t o  be near  i d e a l  as a 

secondary coolan t  i n  t h i s  conf igura t ion .  No o t h e r  f l u i d  appeared t o  be a 

s e r i o u s  candidate  (Sect ion 4.2.1). 

7.1.1 Advantages 

7.1.1.1 Compatibi l i ty  with f u e l  salt .  The secondary coolan t ,  

L i  BeF4, i s  completely compatible with f u e l  s a l t  under any condi t ion  or 2 

event ,  such as primary hea t  exchanger leaks .  No p r e c i p i t a t i o n  of f i s s i l e  

material can occur nor  are r e a c t i o n  product  gases  evolved. Indeed, no 

r e a c t i o n s  occur o t h e r  than mixing of two misc ib le  l i q u i d s .  Leakage of 

coolan t  i n t o  f u e l  s a l t  only d i l u t e s  t h e  uranium and thorium, which could 
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be e a s i l y  co r rec t ed  by removing f u e l  c a r r i e r  s a l t  i n  t h e  f u e l  process ing  

f a c i l i t y  or by t h e  a d d i t i o n  of more f i s s i l e  material. No nuc lea r  poisons 

would be added t o  t h e  f u e l  sa l t  and no p u r i f i c a t i o n  or s p e c i a l  p rocess ing  

would be requi red .  Leakage of f u e l  sa l t  i n t o  t h e  secondary coolan t  cir-  

c u i t  would r e q u i r e  s h u t  down and clean-up due t o  r a d i o l o g i c a l  contamina- 

t i o n ,  bu t  no p r e c i p i t a t i o n  or o t h e r  r e a c t i o n s  would occur. 

advantageous t o  maintain t h e  p re s su re  d i f f e r e n t i a l  so t h a t  leakage i n  most 

I t  might be  

cases would be predominantly from t h e  secondary coo lan t  i n t o  t h e  f u e l .  

Then, i n  t h e  case of minor l eaks  it might no t  be  necessary t o  s h u t  down 

and r e p a i r  immediately. 

7.1.1.2 Avoidance of f u e l  s a l t  f r eez ing .  The Li2BeF4 secondary 

coolan t  f r e e z e s  congruently a t  459OC (858OF) while t h e  f u e l  s a l t  f r e e z e s  

incongruent ly ,  t h e  f i rs t  s o l i d s ,  a thorium-rich phase,  appear a t  t h e  

l i q u i d u s  temperature of 502OC (935OF) while t h e  f u e l  s a l t  is  no t  com- 

p l e t e l y  f rozen  u n t i l  t h e  s o l i d u s  temperature o f  %445OC (Q833OF) i s  reached. 

Thus t h e  s e l e c t i o n  o f  Li2BeFq as t h e  secondary coolan t  s u b s t a n t i a l l y  

diminishes t h e  problem of f u e l  f r e e z i n g  ( c r i t e r i o n  3 . 3 . 2 )  s i n c e  it would 

f r e e z e  above t h e  f u e l  sa l t  s o l i d u s  temperature.  If it were necessary ,  t h e  

l i qu idus  temperature of t h e  secondary coolan t  could be increased  t o  510OC 

(95OOF) by using LiF-BeF2 (70-30 mole %). 

t r a n s f e r  p r o p e r t i e s  of t h e  secondary coolan t  should diminish markedly as 

With t h i s  composition, t h e  h e a t  

t h e  temperature f a l l s  t o  near  t h e  f u e l  s a l t  f r e e z i n g  p o i n t  and thus  f u e l  

sa l t  f r e e z e  up could probably be f u r t h e r  delayed or completely prevented. 

7.1.2 Disadvantage 

The l i t h i u m  i n  t h e  secondary c i r cu i t  would have t o  be compose of 

7 99.99t % L i  t o  prevent r u i n i n g  t h e  f u e l  sa l t  by t h e  a d d i t i o n  o f  6 L i  i n  
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case coolant  leaked i n t o  t h e  primary c i r c u i t .  

7 

The added c o s t s  due t o  t h e  

L i  would depend on f a c t o r s  such as t h e  composition and volume o f  t h e  

secondary coo lan t  as w e l l  as t h e  p r i c e  o f  

t o  be s e v e r a l  mi l l i on  d o l l a r s  f o r  an MSBR. 

7 L i  compounds, bu t  are l i k e l y  

7.1.3 Future  work 

The f u t u r e  work needed t o  more accu ra t e ly  eva lua te  Li2BeF4, or o t h e r  

LiF-BeF2 mixtures,  as a secondary coolan t  involves (1) a b e t t e r  under- 

s t and ing  o f  t h e  f u e l  f r e e z i n g  problem, (2 )  accurate c o s t  e s t ima tes  f o r  

7 L i  compounds i n  t h e  q u a n t i t i e s  t h a t  would be needed i n  an MSBR, and ( 3 )  

cons ide ra t ion  of design f a c t o r s  t h a t  would minimize t h e  volume o f  s a l t  i n  

t h e  secondary c i r c u i t .  

7.2 Compressed Helium T e r t i a r y  Coolant 

O f  t h e  compressed gases t h a t  could be considered as t e r t i a r y  coo lan t s ,  

helium a t  about 700 p s i a  appeared by far  t h e  most a t t r a c t i v e .  Considerable 

experience has been accrued over t h e  yea r s  with helium i n  var ious  gas- 

cooled r e a c t o r s  and much development work has been done i n  t h e  HTGR pro- 

g r a m .  The primary advantage of helium i s  i ts  chemical  i n e r t n e s s .  

7 .2 .1  Advantages 

7.2.1.1 Trit ium t rapping .  Generation of t r i t i u m  i n  r e l a t i v e l y  l a r g e  

amounts (approximately 2400 C i  p e r  day) is  unavoidable i n  a mol ten-sa l t  

r e a c t o r .  6 y 7  V i r t u a l l y  a11 of t h e  t r i t i u m  must be seques te red  and removed 

t o  prevent  it from e n t e r i n g  t h e  steam system from which it i s  r e l eased  t o  

t h e  environment. The Usie of t h e  helium loop may be t h e  e a s i e s t  and poss i -  

b l y  t h e  l e a s t  expensive way of removing t r i t i u m  from an MSBR p l a n t  s i n c e  

t h e  t r i t i u m  can be captured i n  t h e  helium and removed from t h i s  helium 
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water and oxygen t h a t  must be added t o  t h e  helium t o  t r a p  t h e  t r i t i u m .  

Assuming t h a t  no p r o t e c t i v e  f i l m  forms on t h e  steam s i d e  of t h e  steam 

genera tors  t o  l i m i t  hydrogen d i f f u s i o n  from t h e  steam, approximately 100  

s tandard  l i t e r s  of oxygen pe r  hour would have t o  be added t o  t h e  helium 

t e r t i a r y  loops t o  t r a p  t r i t i u m  as t r i t i a t e d  water and t h e  e n t i r e  volume 

of helium would have t o  be processed t o  remove t h e  t r i t i a t e d  water once 

every f o u r  hours.  If hydrogen d i f f u s i o n  from t h e  steam system i s  reduced 

due t o  formation of  an oxide f i l m ,  less oxygen a d d i t i o n  would be r equ i r ed  

bu t  a l i t t l e  water would need t o  be added. This s i t u a t i o n ,  which repre-  

s e n t s  t h e  most l i k e l y  opera t ing  condi t ions ,  would r e s u l t  i n  a water con- 

c e n t r a t i o n  i n  t h e  helium t e r t i a r y  loop of t h e  o rde r  of 1 0  ppm and an 

oxygen concent ra t ion  of about 0 . 1  ppm i n  o rde r  t o  lower t h e  t r i t i u m  loss 

t o  t h e  steam system and environment t o  approximately 2 C i  p e r  day or less. 

7.2.1.2 Reactor con t ro l .  A nuclear  r e a c t o r  has a very fas t  response 

Some prel iminary c a l c u l a t i o n s  have been made on t h e  q u a n t i t i e s  o f  

t o  c o n t r o l  parameters because of t h e  na tu re  of t h e  f i s s i o n  process .  

t h e r e  is  a t i g h t  coupl ing o f  t h e  r e a c t o r  t o  t h e  steam t u r b i n e  load ,  for 

example, by means of c i r c u l a t i n g  s a l t  c i r c u i t s ,  c a r e f u l  design is  requ i r ed  

t o  prevent  c o n t r o l  "hunting" when sudden load t r a n s i e n t s  are imposed on 

t h e  system. 

systems has a much l a r g e r  t i m e  cons tan t  than  t h e  o the r .  

f o r  t h e  helium loop i s  very l a r g e  compared t o  t h a t  of t h e  r e a c t o r  or t h e  

secondary coolant  loop because of t h e  na ture  of t h e  h e a t  t r a n s f e r  i n  a 

gas loop and t h i s  eases t h e  c o n t r o l  problem and f a c i l i t a t e s  s t a b l e  

When 

Control  is much e a s i e r  on coupled systems when one of t h e  sub- 

The time cons tan t  

opera t ion .  

7.2.1.3 Compatibi l i ty  with t h e  steam system. Since it is  c e r t a i n  
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t h a t  t h e r e  w i l l  be l eaks  i n  t h e  steam genera tors  dur ing  t h e  30-year l i f e  

of an MSBR p l a n t ,  it i s  d e s i r a b l e  t h a t  such l eaks  no t  r e s u l t  i n  harmful 

cor ros ion  of e i t h e r  t h e  s a l t  loop or t h e  steam system. If t h e  steam 

genera tor  i s  heated by helium, t h e r e  i s  no incompa t ib i l i t y  problem and no 

cor ros ion  d i f f i c u l t y  aggravated by a steam leak .  

t o  t h e  moist  helium wou1.d no t  r e s u l t  i n  s i g n i f i c a n t  a t t a c k  o f  t h e  materials 

The a d d i t i o n  of  steam 

of cons t ruc t ion  of t h a t  loop and t h e  t r i t i a t e d  water could be removed i n  

a process ing  s i d e  stream. 

7.2.1.4 Steam syst:em design. A helium loop can be combined wi th  any 

By us ing  a helium t e r t i a r y  loop, steam con- kind o f  steam system des, i red.  

d i t i o n s  can be chosen t o  optimize t h e  steam system, although it appears 

t h a t  a s u p e r c r i t i c a l  steam system i s  very  d e s i r a b l e  i f  n o t  necessary f o r  

a salt-steam gene ra to r  hecause of f r e e z i n g  p o i n t  cons ide ra t ions  of t h e  

sa l t .  Steam system components would l i k e l y  have a longer  l i f e  expectancy 

i n  t h e  case o f  a helium t e r t i a r y  loop than with sa l t -hea ted  steam genera tors  

s i n c e  no a d d i t i o n a l  corrlosive ma te r i a l s  a r e  in t roduced  t o  t h e  steam system 

by a leak .  

7.2.1.5 U t i l i z a t i o n  of  e x i s t i n g  s t e a m  genera tor  technology. If a 

helium t e r t i a r y  loop is used i n  t h e  MSBR p l a n t ,  t h e  same type  of steam 

gene ra to r s  could be used as have a l r eady  been developed f o r  gas-cooled 

r e a c t o r s .  The exac t  u n i t s  used for HTGR p l a n t s  may no t  be d i r e c t l y  app l i -  

cab le  t o  an MSBR p l a n t ,  bu t  c e r t a i n l y  much of t h e  development work 

necessary f o r  such a u n i t  could be adapted. The same i s  t r u e  f o r  t h e  

helium c i r c u l a t o r s  and o t h e r  components o f  t h e  helium loop. 

a cons iderable  amount of development work r equ i r ed  t o  design and prove a 

There remains 

steam genera tor  t o  genera te  steam d i r e c t l y  from molten s a l t ;  f o r  example, 
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problems regard ing  thermal stress, e s p e c i a l l y  i n  tube s h e e t s ,  w i l l  r e q u i r e  

r e s o l u t i o n .  

7.2.1.6 S impl i f ied  s t a r t u p  procedures. Sol id- fue led ,  water-cooled 

r e a c t o r s  can start  a t  room temperature and t h e  e n t i r e  p l a n t  can be brought 

t o  ope ra t ing  temperature on nuc lear  power; however, molten-salt  systems, 

p a r t i c u l a r l y  systems with salt-steam gene ra to r s ,  r e q u i r e  more ex tens ive  

cons idera t ions .  Because o f  t h e  high f r e e z i n g  p o i n t s  of t h e  molten sal ts ,  

t h e  s a l t  as w e l l  as t h e  sa l t  loops must be brought up t o  temperatures of 

approximately 54OOC (%lOOO°F) before  t h e  loops are f i l l e d  wi th  sa l t .  The 

steam system must a l s o  be brought up t o  ope ra t ing  temperature by an aux i l -  

l a r y  steam source before  t h e  secondary s a l t  can be in t roduced  i n t o  t h e  

steam genera tors .  The f o s s i l  f i r e d  a u x i l l a r y  b o i l e r  must be  of t h e  o r d e r  

of 10% of t h e  thermal r a t i n g  o f  t h e  p l a n t ,  or 225 MW(t), for molten-salt-  

hea ted  steam gene ra to r  designs.  

S t a r tup  of t h e  p l a n t  would be s i m p l i f i e d  i f  t h e r e  were a helium ter-  

t i a r y  loop s i n c e  an i n d i r e c t  hea t ing  source would no t  be requi red .  The 

helium t e r t i a r y  loop could be s t a r t e d  up cold us ing  a much smaller aux i l -  

l a r y  b o i l e r  t o  b r ing  up t h e  steam system and h e a t  could be f e d  back "up- 

stream" i n t o  t h e  sa l t  secondary and primary loops of t h e  MSBR p l a n t .  

b o i l e r  would only be of s u f f i c i e n t  s i ze  t o  overcome t h e  hea t  l o s s e s  i n  t h e  

The 

var ious  systems and t h u s  r e p r e s e n t  a s i g n i f i c a n t  c a p i t a l  sav ings .  Auxi l ia ry  

e l e c t r i c a l  hea t  would s t i l l  be r equ i r ed  for t h e  s a l t  loops but  t h e  e n t i r e  

s t a r t u p  procedure would become much less complicated. 

7.2.1.7 Plan t  a v a i l a b i l i t y  and m a i n t a i n a b i l i t y .  The a d d i t i o n  of a 

helium t e r t i a r y  loop would inc rease  t h e  p l a n t  a v a i l a b i l i t y  and s i m p l i f y  

maintenance, p r imar i ly  due t o  e l imina t ion  of most o f  t h e  co r ros ion  problems 

a s soc ia t ed  wi th  o t h e r  MSBR conf igura t ions .  Steam leaks i n  t h e  steam r a i s i n g  
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system, a common genera t ing  p l a n t  problem, would not  lead  t o  t h e  formation 

of cor ros ive  materials i:n t h e  secondary loop nor can t o x i c  ma te r i a l s  be 

introduced i n t o  t h e  steam system t h a t  would r e q u i r e  ex tens ive  clean-up 

before  r e p a i r s  could be s t a r t e d  fol lowing shu t  down a f te r  a steam system 

leak .  

7.2.2 Disadvantages 

While t h e  advantages of adding a helium t e r t i a r y  hea t  t r a n s f e r  loop 

are rea l ,  t h e r e  a r e  a l s o  some disadvantages.  These a r e  mainly i n  t h e  a rea  

of c a p i t a l  c o s t s  and can be accu ra t e ly  assessed  from an economic s tandpoin t .  

I t  is no t  s o  easy t o  quant i fy  t h e  o f f s e t t i n g  economic advantages,  p r imar i ly  

i n  s a f e t y  and ease  of opera t ion ,  which r e s u l t  from t h e  add i t ion  of  t h e  

helium loop. 

I t  i s  obvious t h a t  a d d i t i o n a l  components would be requi red  i n  t h e  

helium t e r t i a r y  loop. Helium duct ing ,  helium c i r c u l a t o r s ,  and in te rmedia te  

h e a t  exchangers would be r equ i r ed ,  The coolant  sa l t  inventory would be 

somewhat g r e a t e r  and t h e  steam genera tors  would have more su r face  a r e a  t o  

t r a n s f e r  hea t  from t h e  helium t o  steam. 

Prel iminary conceptual  design work gave e s t ima tes  t h a t  seem t o  ind i -  

cate t h e  c o s t  of adding a helium t e r t i a r y  loop t o  an MSBR is not  prohib i -  

t i v e .  One in te rmedia te  exchanger w i l l  be needed t o  t r a n s f e r  hea t  from t h e  

secondary coolan t  sa l t  t o  t h e  helium f o r  each secondary s a l t  loop. 

t r a n s f e r  c a l c u l a t i o n  showed t h a t  about 106 ,800  f t  of su r f ace  a r e a  would 

A hea t  

2 

be r equ i r ed  for hea t  transfer from t h e  secondary s a l t  t o  helium. 

conceptual  design3 the  prlimary h e a t  exchangers had a t o t a l  su r f ace  area 

of 54,252 f t  . These exchangers were t o  be made o f  Hastel loy N. The s a l t  

t o  helium exchangers l i k e l y  could be made of s t a i n l e s s  s t e e l .  

I n  t h e  

2 

This 
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cheaper material would make t h e  c o s t  p e r  square  f o o t  somewhat less f o r  

t h e  s t a i n l e s s  u n i t s ,  bu t  s i n c e  f a b r i c a t i o n  c o s t s  are a l a r g e  f r a c t i o n  of 

t o t a l  c o s t ,  t h e  sav ing  would be less than  t h e  r a t i o  of t h e  c o s t  of t h e  

materials. Thus, t h i s  very pre l iminary  e s t ima te  sugges ts  t h a t  t h e  i n t e r -  

mediate h e a t  exchangers for use wi th  t h e  helium loop would l i k e l y  add 

about 4% t o  t h e  t o t a l  d i r e c t  c o s t  of t h e  MSBR. 

An a d d i t i o n a l  item of c a p i t a l  c o s t  are t h e  helium c i r c u l a t o r s .  Based 

33 on HTGR c o s t  f i g u r e s  for t h e s e  items, approximately 3% would be added 

t o  t h e  c a p i t a l  c o s t .  

mately 593OC (1100OF) i n s t e a d  of 815OC (15OOOF) as i n  t h e  HTGR, a l a r g e r  

mass flow of helium would be r equ i r ed  so t h a t  s i x  c i r c u l a t o r s  o f  HTGR s i z e  

Because of t h e  lower temperature of helium approxi- 

would be  requi red .  

For t h e  same reason  (lower helium tempera ture) ,  more steam gene ra to r s  

would be r equ i r ed  f o r  comparable power i n  t h e  MSBR than  are needed f o r  t h e  

HTGR.33 By inc reas ing  t h e  steam gene ra to r  c o s t  p ropor t iona l  t o  t h e  in-  

c reased  su r face  area requ i r ed ,  t h e  a d d i t i o n a l  d i r e c t  c a p i t a l  c o s t  of  t h e  

helium-steam genera tors  would be  about 8%. 

7 The L i  BeF i n  t h e  secondary loop is  more expensive than  t h e  NaF-NaBF4 2 4  

mel t  considered i n  t h e  conceptual d e ~ i g n . ~  I t  i s  roughly es t imated  t h a t  

t h e  Li2BeFq used would add about $13 m i l l i o n  t o  t h e  c o s t  over t h a t  of 

f luo robora t e .  

To summarize t h e  c a p i t a l  c o s t  e s t ima tes ,  it appears t h a t  t h e  add i t ion  

of t h e  helium t e r t i a r y  loop would add approximately 1 5  t o  20% t o  t h e  t o t a l  

p l a n t  c a p i t a l  c o s t .  From t h i s  would be sub t r ac t ed  a c r e d i t  for t h e  reduced 

s i z e  o f  t h e  a u x i l i a r y  steam system. Differences i n  p l a n t  c o n t r o l  and p l a n t  

p r o t e c t i v e  f a c t o r s  have not  been def ined  and may add d e b i t s  or c r e d i t s  t o  

t h e  c o s t s ,  I n  a d d i t i o n  t o  t h e  c a p i t a l  c o s t  items, t h e r e  is  an ope ra t ing  
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c o s t  pena l ty  i n  t h e  power r equ i r ed  t o  opera te  t h e  steam t u r b i n e  d r iven  

helium c i r c u l a t o r s  which r e q u i r e  73 megawatts; t h i s  would reduce t h e  over- 

a l l  thermal e f f i c i e n c y  from 44.4% t o  about 42.7%. 

7.2.3 Future work 

I n  t h i s  preliminary eva lua t ion  of a l te rna te  coo lan t s ,  it has n o t  been 

poss ib l e  t o  do a thorough optimized p l a n t  design study. 

conceptual des ign  s tudy  would be r equ i r ed  t o  accu ra t e ly  assess t h e  ope ra t ing  

advantages and economic p e n a l t i e s  a s soc ia t ed  with t h i s  MSBR conf igura t ion .  

I t  is e s s e n t i a l  t h a t  t h i s  be done, because only d o l l a r s  o f f e r  a d i r e c t  

method o f  comparison of t h e s e  coolan t  schemes. 

A more d e t a i l e d  

Although t r i t i u m  t r app ing  i n  moist helium appears c e r t a i n ,  an exper i -  

mental demonstration of t h e  seques te r ing  of  t r i t i u m  i n  t h e  helium stream 

along with a p o s i t i v e  method f o r  i t s  removal from t h e  helium should be 

c a r r i e d  out .  The removal of t r i t i u m  must be done a t  such a r a t e  as t o  

l i m i t  t h e  d i f f u s i o n  of t r i t i u m  i n t o  t h e  steam t o  a va lue  of 2 Ci/day or 

l e s s .  The 240,000 square f e e t  of steam genera tor  su r face  p re sen t s  a very 

l a r g e  a r e a  through which t r i t i u m  could d i f f u s e  and t h e  d i f f u s i o n  process 

w i l l  compete wi th  any removal system employed t o  remove t r i t i u m  from t h e  

helium. 

7.3 Molten S a l t  T e r t i a r y  Coolant 

I n  s e l e c t i n g  an MSBR conf igu ra t ion  u t i l i z i n g  two d i f f e r e n t  molten 

salts  i n  t h e  secondary and t e r t i a r y  loops ,  it is d e s i r a b l e  t o  choose a 

secondary coolan t  t h a t  i s  compatible with t h e  f u e l  s a l t  and t o  choose a 

t e r t i a r y  coolan t  t h a t  ca:n seques t e r  t r i t i u m  and i s  chemically compatible 

wi th  t h e  steam system. If t h e  secondary coolan t  i s  chosen t o  be 



66 

compatible with t h e  f u e l  sa l t  and t h e  t e r t i a r y  coolan t  is  chosen t o  be c 

compatible with steam, an incompa t ib i l i t y  problem between t h e  secondary 

and t e r t i a r y  coolant  f r equen t ly  e x i s t s  a t  t h e  in te rmedia te  h e a t  exchanger 

i n  case of leaks .  This problem e l imina ted  many coolant  combinations from 

f u r t h e r  cons idera t ion  and remains a major disadvantage wi th  t h e  combination 

of two molten salts descr ibed  i n  t h i s  s ec t ion .  

The two molten s a l t  coolan ts  s e l e c t e d  are Li2BeF4 f o r  t h e  secondary 

coolan t  and a t e r n a r y  carbonate  e u t e c t i c  melt, Li2C03-Na2C03-K2C03 

(42.5-30.6-26.8 mole %), for t h e  t e r t ia ry  coolant .  

bonate melts has been r e c e n t l y  reviewed 34-36 and sugges ts  s e v e r a l  p o t e n t i a l  

advantages over  f l u o r i d e  melts f o r  app l i ca t ion  as a t e r t i a r y  MSBR coolant .  

The chemistry of  car- 

7.3.1 Advantages 

7.3.1.1 Tri t ium t r app ing ,  An apprec iab le  concent ra t ion  of  hydroxide 

ion ,  OH-, can be d isso lved  i n  t h e  t e r n a r y  carbonate  e u t e c t i c  melt, t hus  

providing a l a r g e  r e s e r v o i r  of  hydrogen i n  t h e  t e r t i a r y  loop f o r  i s o t o p i c  

exchange with t r i t i u m .  For example, a t  a CO /H 0 p a r t i a l  p re s su re  r a t i o  2 2  

of 1 0  i n  t h e  vapor over  t h e  m e l t ,  t h e  OH- concent ra t ion  i n  t h e  melt would 

be 2.8 x mole f r a c t i o n  or 480 ppm. The OH- concent ra t ion  was cal- 

cu la t ed  f o r  t h e  equi l ibr ium 

20H-(d) + C02(g) = C03 2- ( d )  + H20(g) 

where t h e  equi l ibr ium cons tan t  has been determined36 t o  be 31.6 a t  6OOOC. 

Hydroxide, or t rapped OT-, could be removed from t h e  melt  i n  a process ing  

s i d e  stream. 

lower t h e  OT- concent ra t ion  t o  4.8 ppm, assuming an equi l ibr ium p a r t i a l  

p ressure  of 1 0  

For example, sparging with dry C02 a t  1 a t m  p re s su re  would 

-5 atm of H20. 
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I n  cons ider ing  t r i t i u m  t r app ing ,  it has been assumed t h a t  t h e  ex- 

change r e a c t i o n s  

T2(g) t OH-(d) = TH(g) -1- OT-(d) 

and 

T ( g )  t H20(g) = TH(g) + THO(g) 

are r a p i d  i n  t h i s  carbonate medium. 

experimentally.  

2 

This would have t o  be demonstrated 

Direct oxida t ion  of t r i t i u m  t o  T 0 or THO seems un l ike ly .  2 

7.3.1.2 Compatibiliity with t h e  steam system. The f r e e z i n g  p o i n t  of 

t h e  t e r t i a r y  coolan t  (3920C, 738OF), is adequate f o r  s u p e r c r i t i c a l  steam 

cyc le s  u t i l i z i n g  steam i?eheat of t h e  feedwater t o  prevent  coolan t  f r e e z i n g  

i n  t h e  feedwater hea te r s .  Leaks of steam i n t o  t h e  carbonate coolan t  would 

l e a d  t o  i n i t i a l  CO evolu t ion  and t r a n s i e n t  c o r r o s i v i t y  due t o  t h e  presence 

of OH-. 

in leakage  could be considered as he lp ing  t o  reduce t r t i u m  d i f f u s i o n  t o  t h e  

2 

However, t h i s  could probably be co r rec t ed  by C02. Thus steam 

steam system by isotopic: d i l u t i o n .  Leakage of t h e  carbonate t e r t i a r y  

coolan t  i n t o  t h e  steam system, however, could have s e r i o u s  consequences, 

as d iscussed  i n  Sec t ion  7.3.2.2. 

7 .3 .2  Disadvantages 

7.3.2.1 Incompa t ib i l i t y  of secondary and t e r t i a r y  coolan ts .  Leaks 

i n  t h e  in te rmedia te  heat: exchangers w i l l  l e a d  t o  mixing of  secondary 

coolan t  (Li2BeF,+)  and tertiary coolant  ( a  t e r n a r y  carbonate e u t e c t i c  

me l t ) ,  r e s u l t i n g  i n  t h e  evo lu t ion  of gaseous C02 and p r e c i p i t a t i o n  of  BeO. 

L i  BeF (0 t M2C03(R) = C02(g) t BeO(c) t 2 LiF(d) + 2 MF(d) 

The equi l ibr ium cons tan t  f o r  t h e  r e a c t i o n  

BeO(c) t C02(g) + Be ( d )  t C03 ( d ) ,  

2 4  

2t 2- 



es t imated  t o  be about 8 x l o e 3 ,  i n d i c a t e s  t h a t  d i s s o l u t i o n  o f  bery l l ium 

oxide from t h e  system af te r  a l eak  would n o t  be p r a c t i c a l  s i n c e  it would 

r e q u i r e  excess ive  C 0 2  overpressures ,  i n  t h e  o rde r  of 100 a t m  (1470 p s i ) .  

Thus, mechanical removal of p r e c i p i t a t e d  Be0 from t h e  h e a t  exchangers 

and loop could be necessary i n  some s i t u a t i o n s .  

I n  o rde r  t o  p r o t e c t  t h e  primary h e a t  exchanger from damage due t o  

C02 pres su re  and thus  avoid t h e  p o s s i b i l i t y  of r e l e a s i n g  r a d i o a c t i v i t y ,  

t h e  secondary coolan t  c i r c u i t  and probably a l s o  t h e  t e r t i a r y  c i r c u i t  

would have t o  inc lude  some p res su re  r e l i e f  mechanism t o  r e l i e v e  t h e  C02 

evolved on leakage. 

would a l s o  l e a d  t o  increased  co r ros ion  i n  t h e  t e r t i a r y  loop. 

a s s o c i a t e d  wi th  coping wi th  t h e  incompa t ib i l i t y  of t h e s e  t w o  coo lan t s  

r ep resen t  s i g n i f i c a n t  design cons ide ra t ion ;  however, they  are,  i n  p r in -  

c i p l e ,  s imp le r  than  those  a s s o c i a t e d  wi th  primary h e a t  exchanger problems 

because no r a d i o a c t i v i t y  i s  involved. 

Leakage of secondary coolan t  i n t o  t h e  t e r t i a r y  loop 

The problems 

7.3.2.2 Materials of cons t ruc t ion .  I t  would be  necessary  t o  develop 

a material o f  cons t ruc t ion  for t h e  t e r t ia ry  loop. 

a l l o y s  high i n  n i c k e l  and chromium, such as Incoloy 800, could be u t i l i z e d .  

S t a i n l e s s  s t e e l  has been shown t o  resist cor ros ion  a t  6OOOC (1112OF) 

through t h e  mechanism of p a s s i v a t i o n  wi th  chromium oxide. 

h igh  n i c k e l  a l l o y s  may a l s o  be p o t e n t i a l  candida tes  f o r  development. 

A s e r i o u s  problem may a l s o  e x i s t  i n  t h e  choice of m a t e r i a l s  f o r  t h e  steam 

system s i n c e  leakage of carbonate i n t o  t h e  steam system could l e a d  t o  

hydroxide s t r e s s -co r ros ion  c racking  o f  many convent iona l  steam system 

a l l o y s .  

I t  i s  p o s s i b l e  t h a t  

35 

High chromium- 

37 

7.3.2.3 Vapor pressure .  The vapor p re s su re  above t h e  e u t e c t i c  due 
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t o  decomposition of 

s l i g h t l y  with added 

2- 
C03 

hydroxide. 

(d)  t o  C02(g) is  q u i t e  low and inc reases  only 

A t  an OH- concent ra t ion  of  480 ppm, which 

would be t y p i c a l  f o r  systems conta in ing  OH- f o r  i s o t o p i c  exchange with 

t r i t i u m ,  t h e  CO p a r t i a l  p ressure  would be about 0.4 mm Hg (0.008 p s i )  

assuming t h a t  t h e  only source of water i n  t h e  vapor phase i s  due t o  

2 

2- 20H- H20 t 0 . 

7.3.3 Future work 

No f u t u r e  work seems warranted a t  t h i s  t i m e  t o  f u r t h e r  eva lua te  t h e  

t e r n a r y  carbonate melt  ,as a t e r t i a r y  coolant .  

f a c t o r s  a r e  t h e  chemical i ncompa t ib i l i t y  between t h e  secondary and ter-  

t i a r y  coolan ts  and t h e  :?resent lack  of  a m a t e r i a l  capable of withstanding 

t h e  co r ros ive  carbonate m e l t  f o r  30 years .  

t h i s  m e l t  are no t  w e l l  known, p a r t i c u l a r l y  hea t  t r a n s p o r t  and t r a n s f e r  

p r o p e r t i e s  such as thermal conduct iv i ty ,  hea t  capac i ty  and v i s c o s i t y .  I t  

i s  poss ib l e  t h a t  t h e  t e rna ry  carbonate e u t e c t i c  could be u t i l i z e d  as an 

MSBR coolant ,  bu t  considerable  work would be requi red  and it now appears 

l e s s  a t t r a c t i v e  than o t h e r  p o t e n t i a l  coolants .  

The most s e r i o u s  nega t ive  

Also, phys i ca l  p r o p e r t i e s  of  

7.4 Liquid Metal T e r t i a r y  Coolants 

The use of l i q u i d  metals  as a hea t  t r a n s p o r t  medium o f f e r  s e v e r a l  

s i g n i f i c a n t  advantages when compared t o  molten sal ts  or gases.  These 

inc lude  e x c e l l e n t  h e a t  t r a n s f e r  p r o p e r t i e s  which permit  t h e  design of 

small, very e f f i c i e n t  hea t  exchangers,  low v i s c o s i t y  and, i n  t h e  case of 

sodium, a low f r eez ing  po in t  which s i m p l i f i e s  opera t ion  and s t a r t -up .  

A s  d i scussed  i n  Sec t ion  4,  no l i q u i d  metal appears app l i cab le  as a sec- 

ondary coolan t  for MSBRa due t o  chemical r e a c t i v i t y  with t h e  f u e l  i n  t h e  

case of l eaks  i n  the  pri.mary h e a t  exchanger. Advantage could be taken 
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o f  t h e s e  d e s i r a b l e  p r o p e r t i e s  if l i q u i d  metals were u t i l i z e d  as a 

t e r t i a r y  coolan t ,  however t h e r e  are a l s o  s e r i o u s  disadvantages.  These 

inc lude  chemical r e a c t i v i t y  wi th  t h e  steam or with t h e  secondary coolant  

i n  t h e  event  of l eaks  i n  steam genera tors  or t h e  in te rmedia te  h e a t  ex- 

changer, and lack  of a s o l u t i o n  t o  t h e  t r i t i u m  management problem. Sodium 

was evaluated s i n c e  cons iderable  experience i s  being accumulated i n  t h e  

LMFBR program with sodium as a h e a t  t r a n s p o r t  medium. Considerable e f f o r t  

is c u r r e n t l y  involved i n  t h e  design of  steam genera tors .  Two types  of 

s o l u t i o n s  t o  t h e  chemical i ncompa t ib i l i t y  problem are being considered. 

The first involves  t h e  design of c a r e f u l l y  welded "leak free" h e a t  ex- 

changers coupled wi th  t h e  c a p a b i l i t y  f o r  r a p i d  d e t e c t i o n  of l e a k s  and s h u t  

down followed by easy r e p a i r .  

app l i cab le  t o  t h i s  MSBR conf igura t ion .  

Such steam genera tors  should be r e a d i l y  

The second approach involves  t h e  

design of a more complex doubled-wall steam genera tor  wi th  i n e r t  gas  

purging of annular  channels t o  diminish t h e  p o s s i b i l i t y  of sodium-water 

in te rmixing  i n  t h e  event  of a leak .  

7.4.1 Advantages 

7.4.1.1 Steam genera tors .  The use of  sodium as t h e  t e r t i a r y  coolant  

might allow t h e  adopt ion of LMFBR-type steam genera tors .  Due t o  t h e  

favorable  hea t  t r a n s f e r  p r o p e r t i e s  of l i q u i d  metals t h e s e  steam genera tors  

would be considerably smaller than those  r equ i r ed  for steam genera t ion  

from molten sal ts  or gases .  

7.4.1.2 Smaller in te rmedia te  h e a t  exchangers. Due t o  t h e  favorable  

hea t  t r a n s f e r  p r o p e r t i e s  of  sodium, t h e  in te rmedia te  h e a t  exchanger could 

be of s i g n i f i c a n t l y  smal le r  s i z e ,  and thus  lower c o s t ,  than  i n  t h e  cases  

with e i t h e r  gaseous or molten-sal t  t e r t i a r y  coolan t  concepts.  
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7.4.1.3 Opera t iona l  advantages. The low mel t ing  po in t  and t h e  com- 

pac t  des ign  of t h e  steam genera tors  allow cons iderable  freedom for o p t i -  

mization o f  steam condi t ions  and f l e x i b i l i t y  i n  ope ra t ing  c h a r a c t e r i s t i c s .  

7.4.2 Disadvantages 

7.4.2.1 Incompa t ib i l i t y  of sodium and water.  Sodium and water r e a c t  

r a p i d l y  wi th  t h e  evo1ut:ion of hea t  and p o t e n t i a l l y  combustible hydrogen 

gas.  I n  cons ider ing  sodium-steam genera tors  f o r  t h e  MSBR, it is assumed 

t h a t  adequate safeguards t o  prevent s i g n i f i c a n t  chemical events  w i l l  have 

been developed by t h e  LIMFBR program. These could t a k e  t h e  form of l e a k -  

f r e e  steam genera tors  or more complex double-walled steam genera tors  with 

provis ion  f o r  annular  gas flow. Such chemical r e a c t i o n s  r ep resen t  an 

a r e a  of concern which i s  absent  i n  a l l  t h e  o t h e r  MSBR conf igu ra t ions  con- 

s i d e r e d  i n  t h e  r e p o r t  and a r e  c l e a r l y  a negat ive  f a c t o r  i n  cons ider ing  

t h e  use of sodium. 

7.4.2.2 Incompa t ib i l i t y  of sodium and Li213e&. In  t h e  event of 

leakage i n  t h e  in te rmedia te  h e a t  exchanger sodium w i l l  react r a p i d l y  

wi th  t h e  L i2BeF  Clean up and r e p a i r  

of t h e  secondary coolan t  jystem w i l l  probably prove expensive i n  any case  

t o  form inso lub le  5e metal and NaF. 
4 

and, i f  t h e  B e  metal  a l l o y s  s i g n i f i c a n t l y  with t h e  s t r u c t u r a l  metal of 

t h e  secondary coolan t  loop, replacement of t h a t  loop might be  r equ i r ed .  

Since t h e  secondary coolan t  loop inc ludes  t h e  primary hea t  exchanger 

wi th  t h e  a s soc ia t ed  r a d i o a c t i v i t y ,  r e p a i r  or replacement could be  very 

d i f f i c u l t  and expensive. 

7.4.2.3 No s o l u t i o n  t o  t h e  t r i t i u m  management problem. 

sodium as a t e r t i a r y  coolan t  may no t  o f f e r  a u s e f u l  s o l u t i o n  t o  t h e  tri- 

tium problem i n  t h e  MSBR. 

The use of 

I n  t h e  LMFBR, which has a t r i t i u m  problem 
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50- t o  100-fold less than t h e  MSBR, it is planned t o  remove t r i t i u m  by 

cold-trapping as NaT. However, most metal t r i t i d e s  a r e  r e l a t i v e l y  un- 

s t a b l e  a t  e l eva ted  temperatures and thus  may n o t  a f f o r d  a means o f  se- 

ques t e r ing  a s i g n i f i c a n t  amount o f  t r i t i u m  for t h e  MSBR. 

7.4.2.4 Thermal shock. The e x c e l l e n t  h e a t  t r a n s p o r t  p r o p e r t i e s  of 

l i q u i d  metals in t roduce  a concomitant problem: thermal shock t o  hea t  

exchange su r faces .  This complicates t h e  des ign ,  l i m i t s  t h e  ope ra t ing  

c h a r a c t e r i s t i c s  and makes off-design t r a n s i e n t  events  a more s e r i o u s  

problem than  with molten s a l t  or gas t e r t i a r y  coolan ts .  

7.4.2.5 Incompa t ib i l i t y  wi th  t h e  c e l l  atmosphere. Molten sodium i f  

r e l e a s e d  from a l eak  i n  t h e  t e r t i a r y  system i n t o  t h e  containment ce l l ,  

would react with t h e  oxygen and moisture i n  t h e  c e l l  atmosphere. To 

avoid t h i s ,  t h e  t e r t ia ry  loop c e l l  atmosphere would have t o  be an i n e r t  

gas. A l t e rna te ly ,  a n c i l l a r y  systems could be r equ i r ed  t o  prevent  or 

conta in  f ires due t o  sodium leakage a t  any p o i n t  i n  t h e  t e r t i a r y  loop, 

i t s  d r a i n  tanks  and o t h e r  a u x i l i a r y  equipment. Again, equipment developed 

f o r  t h e  LMFBR may be adaptab le  t o  t h e  MSBR. 

7.4.2.6 Sodium containment. A t r a n s i t i o n  from nicke l -base  a l l o y s  

f o r  containment o f  t h e  L i  BeF4 secondary coolan t  t o  iron-base a l l o y s  for 

containment o f  t h e  sodium t e r t i a r y  coolan t  i s  e s s e n t i a l  a t  t h e  sodium- 

2 

s a l t  i n t e r f a c e .  This is  n o t  a major disadvantage and it might a l s o  be 

d e s i r a b l e  t o  make such a t r a n s i t i o n  f o r  economic reasons .  

7.4.3 Future work 

The disadvantages a s s o c i a t e d  wi th  use of sodium i n  an MSBR i n  t h e  

manner d iscussed  appear s u f f i c i e n t  t o  discourage a d d i t i o n a l  cons idera t ion .  

If t h e  LMFBR p r o j e c t  f i n d s  a t t r a c t i v e  s o l u t i o n s  t o  some o f  t h e s e  problems 
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I 

and if  a l t e r n a t e  MSBR concepts appear l e s s  a t t r a c t i v e  i n  the  f u t u r e ,  

a d d i t i o n a l  cons idera t ion  could be given t o  sodium as a t e r t i a r y  coolan t .  

7.5 Fluidized-Bed T e r t i a r y  System 

One poss ib l e  v a r i a t i o n  of t h e  helium t e r t i a r y  loop might make use 

of f luidized-bed hea t  exchangers i n  t h e  s team-rais ing system. 

f l u i d i z e d  beds would be i s o l a t e d  from t h e  f u e l  s a l t  by the  L i 2 B e F  

secondary coolant  sa l t ,  design l i m i t a t i o n s  and materials compa t ib i l i t y  

requirements would be s u b s t a n t i a l l y  reduced from those  d iscussed  e a r l i e r  

(Sec. 4.1.4) f o r  a s ing le-coolant  f luidized-bed system, 

ca t ion  s ing le -vesse l  f l u i d i z e d  beds could be considered,  with t h e  sec- 

ondary-coolant tube  bu:ndles and steam tubes i n  t h e  same v e s s e l ,  Poten- 

t i a l l y  adverse nuc lear  e f f e c t s  a s soc ia t ed  with intermixing of t h e  f l u i d -  

i zed  bed ma te r i a l s  and f u e l  sa l t  would r e q u i r e  e s s e n t i a l l y  no considera- 

t i o n .  

(except  poss ib ly  t r i t i u m )  from t h e  secondary coolant  would permit t h e  

use of more convent ional  maintenance methods f o r  t h e  f l u i d i z e d  beds. 

Since t h e  

4 

I n  t h i s  app l i -  

The absence of .large q u a n t i t i e s  of long-l ived r a d i o a c t i v e  materials 

However, t e r t i a r y  f l u i d i z e d  beds would r e t a i n  some of t h e  p o t e n t i a l  

disadvantages of  s ing le-coolant  f l u i d i z e d  beds. 

removal probably would have t o  be accomplished i n  t h e  f luidized-bed loops ,  

so appropr i a t e  c o n s i d e ~ a t i o n  of t r i t i u m  contamination would be requi red .  

In  a d d i t i o n ,  any adverse e f f e c t s  on bed performance due t o  s a l t  l eaks  

would have t o  be shown t o  be managable. 

Tri t ium t rapping  and 

The use of f l u i d i z e d  beds would g r e a t l y  reduce t h e  opera t ing  economic 

penal ty  of a gaseous th i rd- loop  coolant  a s soc ia t ed  with coolan t  pumping 

power, bu t  it i s  not  c:Lear t h a t  major c a p i t a l  equipment savings would be 

r e a l i z e d .  While f luid?-zed beds have c e r t a i n  a t t r a c t i v e  f e a t u r e s ,  an 
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extens ive  development program would be r equ i r ed  t o  b r ing  them t o  t h e  

po in t  r equ i r ed  f o r  use i n  f i s s i o n  r e a c t o r  systems. 

velopments of f l u i d i z e d  beds should be considered f o r  a p p l i c a t i o n  i n  

MSBRs bu t  no work appears t o  be warranted a t  t h i s  t ime. 

Poss ib l e  f u t u r e  de- 
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