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EXECUTIVE SUMMARY 

INTRODUCTION 

Molten-salt reactors (MSRs) are of interest in possible prolifera- 

tion-resistant systems particularly as denatured 3U power plants that 
could be widely deployed with minimal r i s k  of proliferation. MSRs might 

also be used as ‘‘fuel factories” in secure centers, burning plutonPum and 

producing 2 3 3 U .  

be developed into a commercial reality. The purpose of this report i s  

t o  review the status of molten-salt technology from the standpoint of 

the development required to establish an MSR industry. 

However, before they can be used, the MSR concept must 

Following the successful opera t ion  of the Molten-Salt Reactor Ex- 

periment (MSRE, 1 9 6 5 4 9 ) ,  it. became necessary f o r  the government to de- 

cide if MSR development should be continued. To this end, a com19rehensive 

report on MSR technology was published in August 1972. Because o n l y  

limited RSlD has been conducted since then, most of the information in 

the report is s t i l l  valid and will be taken as  t h e  basis f o r  the present 

review. Some additional development work done in 1974-76 will be used to 

update the conclusions of the 1992 study. The government decided not to 

proceed with the further development of the Molten-Salt Breeder Reactor 

(MSBR), o r  any other MSR, for reasons other than technological ones. 

DEVELOPMENT STATUS, 1 9 7 2  

The development status of MSBRs in 1972 Ps covered thoroughly in 
Ref. 1. All aspects of reactor development, from reactor physics to 

materials of construction, are covered and will not be repeated here. 

O f  particular interest i n  that review are the discussions of technologi- 

cal advances believed to be needed before the next MSR could be built. 

These needed advances are defined briefly in the introduetion of that 

report as follows: 

En the technology program several advances must be made before we 11 

can be confident: that the next reactor can be built and operated success- 

fully. The most important problem to which t h i s  applies is the surface 
.. . ... .. q.9,;. ~. . , 
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cracking of Kastelloy K. Some other developments, such as the testing 

of some of  the components or the work on latter stages of the processing 

plant development, could actually be completed while a reactor is being 

designed and built. The major developments that we believe should be 

pursued during the next several years are the following: 

"I. A modified Bastelloy N, or an alternative material that is ilu- 
mime to attack by tellurium, must be selected and its compatibility with 

fuel salt demonstrated with out-of-pile forced-convection loops and in- 

pile capsule experiments; means for giving it adequate resistance to 

radiation damage must be found, if needed, and commercial production of 

the alloy may have to be demonstrated. The mechanical properties data 

needed for code qualification must be acquired if they do not already 

exist. 

"2. A method of intercepting and isolating tritium to prevent its 

passage into the steam system must be demonstrated a t  realistic conditions 

and on a large enough scale to show that it is feasible for a reactor. 

"21. The various steps in the processing system must first be demon- 

strated in separate experiments; these steps must then be combined %n an 

integrated demonstration of the complete process, including the materials 

of construction. Finally, after the MSBEk plant is conceptually designed, 

a mock-up containing components that are as close as possible in design 

to those which will be used in the actual process must be built and its 

operation and maintenance procedures demonstrated. 

" 4 ,  The various components and systems for the reactor must be de- 

veloped and demonstrated under conditions and at sizes that allow con- 

fident extrapolation to the MSBE itself. 

ping system for the fuel salt, off-gas and cleanup systems for the coolant 

salt (facilities i n  which these could be done are already under construc- 

tion), tests of steam-generator modules and startup systems, and tests of 

prototypes of pumps that would actually go in the reactor. The construc- 

tion of an engineering mock-up of the major components and systems of the 

reactor would be desirable, b u t  whether o r  not  that is done would depend 

These include the xenon s t r i p -  

J- 

Molten-Salt Breeder Experiment; an intermediate-scale developmental 
plant e 
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on how far the development program had proceeded in testing various com- 

n 

ponents and systems individually. 

"5. Graphite elements that are suitable for the MSRE should be 

purchased in sizes and quantities that assure that a commercial produc- 

tion capability does exist, and the radiation behavior of samples of 

the commercially produced material should be confirmed. Exploration 

of methods f o r  sealing graphite to exclude xenon should continue. 

"6, On-1 ine chemical analysis devices and the various instruments 

that will be needed for the reactor and processing plant should be pur- 

chased or developed and demonstrated on loops, processing experiments, 

and mock-ups. '' 

The first three objectives were considered crucial to the MSBK con- 

cept; the results of further development effort on them during 1974-76 

arc discussed in the following section. Objectives 4 t o  6, while im- 

portant, did not appear to present any insurmountable obstacles; in any 

event, they could not be pursued further because of limited funding. 

RESULTS OF R&D - 1 9 7 2  TO PRESENT 

At the direction of AEC/ERBA,;k the MSR program was discontinued in 

early 1973, resumed in 1974, and finally terminated at the end of FY 

1996. Although the development effort since 1972 has been severely re- 

stricted, some significant results were obtained from work performed 

mainly in 1974-76. 

Alloy Development for Molten-Salt Service 

The nickel-based alloy Hastelloy N, which was specifically developed 
for use in molten-salt systems, was used in construction of the MSRE. 

The material generally performed very well, but two deficiencies became 

apparent: (1) the alloy was embrittled at elevated temperatures by ex- 

posure to thermal neutrons and (2) it was subject to intergranular sur- 

face cracking when exposed to fuel salt containing fission products. 

* 
Now the U.S. Department of Energy. 



Recent de7elopment work i n d i c a t e s  t h a t  s o l u t i o n s  are a v a i l a b l e  f o r  both 

t h e s e  problems. Deta i l s  of t h i s  work are g iven  by McCoy; a summary of 

t h e  r e s u l t s  f o l l o w s  e 

2 

I r r a d i a t i o n  experiments  e a r b y  i n  t h e  MSR development program showed 

t h a t  H a s t e l l o y  N was s u b j e c t  t o  high-temperature  embr i t t l ement  by thermal  

n e u t r o n s .  The MSRE w a s  des igned  around t h i s  l i m i t a t i o n  ( s t r e s s e s  w e r e  

l o w  and s t r a i n  L i m i t s  w e r e  no t  exceeded) ,  bu t  t h e  development of an  im-  

proved a l l o y  became a prime o b j e c t i v e  of t h e  materials program. It w a s  

found t h a t  a modif ied Hastellsy N c o n t a i n i n g  2% t i t a n i u m  had much i m -  

proved p o s t i r r a d i a t i o n  d u c t i l i t y ,  and e x t e n s i v e  t e s t i n g  of t h e  new a l l o y  

W ~ S  under way a t  t h e  c l o s e  sf MSRE o p e r a t i o n s .  

T h e  second problem, i n t e r g r a n u l a r  s u r f a c e  c r a c k i n g ,  was discovered  

a t  t h e  c l o s e  s f  t h e  MSRE o p e r a t i o n  when s u r f a c e  c r a c k s  were observed 

a f t e r  s t r a i n  t e s t i n g  of Hastelboy K specimens t h a t  had been exposed t o  

f u e l  salt. Research s i n c e  t h a t  t i m e  has shown t h a t  t h i s  phenomenon i s  

t h e  result of a t t a c k  by t e l l u r i u m ,  a f i s s i o n  product  i n  i r r a d i a t e d  f u e l  

s a l t ,  on the g r a i n  boundar ies .  

As a r e s u l t  of r e s e a r c h  from 1 9 7 4  t o  1976,  two l i k e l y  s o l u t i o n s  t o  

t h e  problem of t e l l u r i u m  a t t a c k  have been developed.  The f i r s t  i n v o l v e s  

t h e  development of an a l l o y  t h a t  i s  r e s i s t a n t  t o  t e l l u r i u m  a t t a c k  b u t  

s t i l l  r e t a i n s  t h e  o t h e r  r e q u i r e d  p r o p e r t i e s .  T h i s  development has pro- 

ceeded s u f f i c i e n t l y  to s h o w  t h a t  a modif ied HasteLl~y N c o n t a i n i n g  about  

1% niobium h a s  gosd r e s i s t a n c e  t o  t e l l u r i u m  a t t a c k  and adequate  r e s i s t a n c e  

t o  thermal-neutron embri t t lernent  at t empera tures  up t o  650°C. It was 

a l s o  found t h a t  a l l o y s  c o n t a i n i n g  t i t a n i u m ,  w i t h  o r  w i t h o u t  niobium, ex- 

h i b i t e d  s u p e r i o r  n e u t r o n  r e s i s t a n c e  b u t  were n o t  r e s i s t a n t  t o  t e l l u r i u m  

a t t a c k .  

The secund l i k e l y  s o l u t i o n  i n v o l v e s  t h e  chemis t ry  of t h e  f u e l  salt. 

Recent experiments  i n d i c a t e  t h a t  i n t e r g r a n u l a r  a t t a c k  on BastePloy N 

i s  much less severe when t h e  f u e l - s a l t  o x i d a t i o n  p o t e n t i a l ,  as measured 

by t h e  ratio of U 4 +  t o  U3+, i s  l e s s  t h a n  60." 

t h e  p o s s i b i l i t y  t h a t  the s u p e r i o r  t i tanium-modif ied H a s t e l l o y  N could  

This  d i s c o v e r y  opens up 

k 
The i n v e r s e  of t h i s  r a t i o ,  t h a t  i s ,  t h e  r a t i o  of U 3 +  to U 4 + ,  is 

now more commonly used t o  d e s c r i b e  t h e  o x i d a t i o n  s t a t e  of the  salt. 
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b e  used f o r  MSRs through c a r e f u l  c o n t r ~ l  of t h e  o x i d a t i o n  s ta te  of t h e  

Euel s a l t .  

Bath of the above s o l u t i o n s  appear  promising,  bu t  e x t e n s i v e  t e s t i n g  

under r e a c t o r  c o n d i t i o n s  would be r e q u i r e d  b e f o r e  e i t h e r  could be used 

i n  t h e  d e s i g n  of a f u t u r e  MSR. 

T r i t i u m  Cont ro l  

Large q u a n t i t i e s  of t r i t i u m  are produced i n  MSKs from n e u t r o n  reac- 

t i o n s  w i t h  Lithium i n  t h e  f u e l  sa l t .  Elemental  t r i t i u m  can d i f f u s e  

through metal w a l l s  such as heat-exchanger t u b e s  a t  e l e v a t e d  tempera tures ,  

t h u s  p r o v i d i n g  a p o t e n t i a l  mechanism f o r  t h e  t r a n s p o r t  u f  t r i t i u m  t o  the 

r e a c t o r  steam v i a  t h e  secondary c o o l a n t  loop and t h e  steam g e n e r a t o r .  

Recent experiments  i n d i c a t e  t h a t  t r i t i u m  i s  o x i d i z e d  i n  t h e  proposed P E R  

secondary c o o l a n t ,  sodium f l u o r o b u r a t e ,  t h u s  b locking  t r a ~ p ~ r t  t o  t h e  

steam system. 

En 1975 and 1376 t r i t i u m - a d d i t i o n  experiments  w e r e  conducted i n  an 

e n g i n e e r i n g - s c a l e  c o o l a n t  s a l t  t es t  loop .  The r e s u l t s  are given i n  a 

r e p o r t  by Mays, Smith, and EngeSa3 

t h e  s t e a d y - s t a t e  r a t i o  of combined t o  e l e m e n t a l  t r i t i u m  i n  t h e  c o o l a n t  

s a l t  w a s  g r e a t e r  t h a n  4000. 

case of an  o p e r a t i n g  %000-PIW(e) MSBR i n d i c a t e d  t h a t  t h e  release of 

t r i t i u m  t o  the  steam system would be less t h a n  " ~ ~ 4 0 0  GBq/d (10 C i / d a y ) .  

The conclus ion  of the  s t u d y  was t h a t  t h e  release of t r i t i u m  from an MSR 

u s i n g  sodium f l u o r o b o r a t e  i n  t h e  secondary c o o l a n t  system could b e  r e a d i l y  

c o n t r o l l e d  t o  w i t h i n  Nuclear  Regulatory Commissiola (NKC) g u i d e l i n e s .  

Rr ieTly ,  the experiments  showed t h a t  

A c a l c u l a t i o n  a p p l y i n g  t h i s  r a t i o  t o  t h e  

Engineer ing Development of Fuel  P r o c e s s i n g  

By 1 9 7 2 ,  p r o o f - o f - p r i n c i p l e  exper iments  had been c a r r i e d  o u t  f o r  

t h e  v a r i o u s  s t e p s  i n  t h e  r e f e r e n c e  chemical  p r o c e s s ?  b u t  development and 

demonst ra t ion  of e n g i n e e r i n g - s c a l e  equipment were j u s t  g e t t i n g  under way. 

T h e  o n l y  l a r g e - s c a l e  p r o c e s s i n g  demonstrated a t  t h a t  t i m e  w a s  t h e  b a t c h  

f l u o r i n a t i o n  of the MSRE f u e l  s a l t  and t h e  recovery  of t h e  uranium on 

N a F  beds.  
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In the period 1974-76, efforts were begun to develop items of equip- 

ment which would be vita1 to the success of the metal-transfer process. 

Some progress w a s  made in the development o f  a salt-bismuth contactor, 

a continuous fluorinator, and a UF6 absorber f o r  reconstituting the fuel 

salt. Because 01 the program c l o s e o u t  in 1976, this work could not be 

continued long enough to culminate in engineering designs f o r  the various 

items o f  equipment. The status of this work can be summed up by stating 

that, aLthough no insurmountable obstacles were encountered, the major 

portion of  process engineering development remains to be done. 

4 

Other Areas of Development 

The development status of areas other than those discussed above is 

practically unchanged since the report' of 1972, because nu further RSID 

was funded. These include development of reactor components, moderator 

graphite, analytical methods, and control instrumentation. Exceptions 

were a design study of a molten-salt heat exchanger and some limited 

work on the in-line monitoring o f  fuel salt.. 

In 1971, Foster-Wheeler Corp. was awarded a contract for a study of 

MSR steam-generator designs. The contract was suspended in 1973 and then 

reinstated in 1974 for t h e  purp~se o f  completing the first task (in a 

four-part contract), which was the design of a steam generator to meet 

specifically the steam and feedwater conditions postulated for the MSBR 
conceptual design. This task was successfully completed and a report 

i s sued  in December 1 9 7 4 . 5  

sis, would meet all. the requirements for an MSR steam generator. Kow- 

ever, the design was not experimentally verified because the MSR project 

was terminated. 

4 design was presented which, based on analy- 

The 1 9 7 2  status r epor t '  described the  use of an in-line electro- 

chemical technique known as  voltammetry to monitor t h e  ox ida t ion  poten- 

tial of the fuel sal t .  The technique has since been used to monitor 

various corrosion test loops and other experiments and may also be used 

t o  monitor Cr2+ in fuel salt, a good indicator of the overall corrosion 

rate. Recently the technique has been used to measure the oxide ion in 
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fuel salt. Oxide monitoring is very important in molten-salt fuel be- 

cause an increase in o x i d e  contamination could lead to precipitation of 

uranium from the fuel as U O 2 .  

SPECIAL DEVELOPMENT REQUIREMENTS FOR THE DMSR 

Recent reexamination of the  MSK concept with special attention to 

antiproliferation considerations has led to the identificatio-n O f  two 

preliminary design concepts for MSKs that appear to have substantially 
less proliferation sensitivity without incurring unacceptable perfor- 

mance penalties. 

tor) has been applied to both of these concepts because each would be 

fueled initially with 2 3 5 U  enriched to no more than 20% and would be 

operated throughout its lifetime with denatured uranium. 

The designation DMSR (for denatured molten-salt reac- 

The simpler of these DMSR concepts6 would completely eliminate on- 

line chemical processing of t he  fuel salt for removal of fission products .  

(Stripping of gaseous fission products  would be retained, and SQIW batch- 

wise treatment to control oxide contamination probably would be required.) 

This reactor would require rautine additions of denatured 2 3 5 U  fuel, b u t  

would not require replacement or removal o f  the in-plant inventory except 

at the end of the 30-year plant lifetime. Adding an on-line chemical 

processing facility to the  30-year9 once-through reactor provides the 

second BMSR design concept. With t h i s  addition, t h e  conversion r a t i o  

of the  reactor would reach 1.0 (:.e., break-even breeding) so that f u e l  

additions could be eliminated and a given fuel charge could be used in- 

definitely by transferring it t o  a new reactor plant: at the decornission- 

ing of the old unit. 

7 

The required chemical processing facility for a DMSR, shown as a pre- 

liminary conceptual flowsheet in Pig. S.1, would be derived largely from 

the MSBR but would contain some significant differences. In particular, 

isolation and segregation of protactinium would be avoided, provisions 
would be made to retain and use the plutonium produced from 7 3 8 U 9  and a 

special step would be added for removal of fission-product zirconium. 

Thus, the development of on-line chemical processing for a DNSR would 
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require essentially all the technology development identified f o r  the 

MSBR with additions to accommodate these differences. Howeverf, since 

the DMSR offers a no-processing option, a large fraction of the repro- 

cessing development, along with its associated materials development, 

could be deferred or even eliminated. 

to reduce the C O S %  (but  probably not the time) for developing the first 

DMSKs. To provide an overall perspective, this development plan includes 
costs and schedules for developing the reprocessing capability in parallel 

with the rea et^^. 

Such deferral might be expected 

The only other substantial difference (in terms of development needs) 

between the MSBR and the proposed DMSR concepts is the reactor core design, 
which is similar f o r  both. Kelaxing the breeding requirement and empha- 

sizing proliferation resistance f o r  the DMSR led to a core design with a 

much lower power density t~ limit losses sf protactinium, the 2 3 3 ~  pre- 

C U ~ S Q ~  which is retained i n  the fuel salt of the DMSR. By reducing the 

rate sf fast-neutron damage to the core graphite, the low power density 

a l s o  makes possible the design sf: a core in which the  graphite need not 

be replaced for the l i f e  of the reactor. A low power density a lso  re- 

duces the poison fraction associated with xenon in the COR graphite and 

thus there is less need for a lsw-permeability graphite. Although im- 

provements in graphite life and permeability would be desirable, gragh- 

ite grades tested before 1 9 7 2  would have the properties acceptable f o r  

the BMSR core. Graphite development for the DMSR would not require (but 

could include) much effort beyond the specification and testing of C Q ~ -  

mercial-source material. 

POTENTIAL P U N  FOR DMSR DEVELOPMENT 

A major product of the reactivated MSR program in 1974 was a de- 

tailed plan' f o r  the first several years of a development e f f o r t  that 

would ultimately lead to a commercial MSBR. 

in 1974 was restricted in scope, no attempt was made in that plan to 

include costs and schedules f o r  reactor plants beyond a limited treat- 

ment of a proposed next-generation reactor - the Mslten-Salt Test Reactor 

Since the program authorized 

. . . . . ., _._ . . . . ~ . . . . . . . 
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(MSTR). 

base  technology program f o r  t h e  MSBR. S ince  t h e  technology needs f o r  a 

DNSR c l o s e l y  p a r a l l e l  t h o s e  of t h e  MSBR, e x t e n s i v e  u s e  w a s  made of the 

1374 program p l a n  i n  evolv ing  t h e  p l a n  d e s c r i b e d  below f o r  DMSR develop- 

ment. 

The primary f u n c t i o n  o f  t h e  1974  program p l a n  w a s  t o  d e f i n e  a 

To develop a r e a s o n a b l e  p e r s p e c t i v e  of t h e  p o t e n t i a l  r o l e  of t h e  

DMSR i n  provid ing  n u c l e a r  e l e c t r i c  power, i t  i s  n e c e s s a r y  t o  concep- 

t u a l i z e  a r e a c t o r  development and c o n s t r u c t i o n  schedule  t h a t  goes beyond 

t h e  KSTR t o  a t  l eas t  t h e  f i r s t  commercial ( o r  p r o t o t y p e )  system and  OS- 

s i b b y  on t o  t h e  f i r s t  of a series of "s tandard" p l a n t s .  The p o t e n t i a l .  

s c h e d u l e  t h a t  w a s  developed (F ig .  S . 2 )  has  a r e a s o n a b l e  b a s i s  f o r  f u l -  

f i l l m e n t  i n  t h e  l i g h t  of t h e  c u r r e n t  s ta te  of MSR technology.  Four 

g e n e r a l l y  p a r a l l e l  li-nes of e f f o r t  would be pursued,  i n c l u d i n g :  

P. a base program of r e s e a r c h  and development (R&B) ; 

2 .  a p r o j e c t  t o  des ign ,  b u i l d ,  and o p e r a t e  an  NS'ER; 

3 .  a p r o j e c t  to s t u d y  and e v e n t u a l l y  d e s i g n  and b u i l d  a p r o t o t y p e ,  

o r  f i r s t  commercial, r e a c t o r  p l a n t ;  

a p r o j e c t  t o  d e s i g n  and b u i l d  tfie f i r s t  of p o s s i b l y  several "stan- 

dard ized"  p l a n t s .  

4 .  

I f  adequate  guidance i s  t o  be provided f o r  an RSlD program on MSRs,  

i t  i s  e s s e n t i a l  t h a t  some d e s i g n  a c t i v i t y  be s t a r t e d  on t h e  p r o t o t y p e  

r e a c t o r  and t h e  KSTR a t  t h e  beginning  of t h e  o v e r a l l  prugram. (These 

i n i t i a l  d e s i g n  e f f o r t s  may be r e l a t i v e l y  s m a l l ,  however.) A protot j rpe 

concept  i s  r e q u i r e d  t o  d e f i n e  t h e  systems t o  be t e s t e d  i n  t h e  MSTR, and 

t h e  MSTR d e s i g n  i s  r e q u i r e d  t o  guide  tfie i n i t i a l  phases  of t h e  R&D e f f o r t .  

I f  such a program were s t a r t e d  i n  FY 1980, t h e  development and de- 

s i g n  a c t i v i t i e s  could probably suppor t  a u t h o r i z a t i o n  of a tes t  r e a c t o r  

i n  PY 1985, and such a r e a c t o r  could probably  be b u i l t  by 1995. 

p r o t o t y p e  commercial p l a n t  (supported by earlier d e s i g n  s tudy)  could  b e  

a u t h o r i z e d  approximately on eobnpEetican of t h e  PISTR, and t h e  a u t h o r i z a t i o n  

f o r  t h e  f i r s t  standard p l a n t  ( i f  d e s i r e d )  could f d l ~  about  5 years 

l a t e r  0 

The 

Although the  technology development e f f o r t  is  shown as only a s i n g l e  

l i n e  on P i g .  S.2, it  r e p r e s e n t s  a m u l t i f a c e t e d  e f f o r t  i n  s u p p o r t  of a l l  
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the reactor construction projects throughout the program. This e f f o r t ,  

which is described in some detail i n  the body sf this report, is suma- 

rized in Table S . 1  along with estimated costs ( i n  urnescalated E978 

dollars). T h i s  tabulation includes the estimated costs for development 

of full reprocessing capability. A substantial fraction of these costs 
(shorn as $147 million over 32 years) might be deferred o r  saved if 

development sf on-line f u e l  reprocessing were deferred QIT eliminated. 

The work f o r  the first 15 years is shown on an annual basis, with most 

of the effort in support of the MST'R. In general ,  the funds shown here 

are consistent with the more detailed tabulations presented in the body 

of this P C ~ X ~ .  However, in a few areas the development plan indicates 

that additional, undefined CSS~S could be expected in years. FOP 

purposes  of this summary tabulation, funds  were arbitrarily added in 

those areas to cover reasonable extra costs .  Costs after the first 1 5  

years are much less certain and are shown a s  totals only .  T h e  estimated 

G Q S ~  of the total base program is approximately $900 million. The costs 

of the reactor construction projects, about $608 million* for t he  MSTR 

and possibly $1470 million* for the prototype, bring the estimated t o t a l  

program cost to about $2.8 billion. 

all needs and costs for a program, this is probably a minimum figure. A 
contingency allowanse should  be added in a subsequent planning stage, as 

w e l l  as allowances for cost. increases due t~ inflation and escalation and 

f o r  any development contributions provided by industry. 

Since it is impossib%e to foresee 

>t 
These figures include t he  costs of integral chemical processing 

facilities and are consistent with Nonproliferation Alternative Systems 
Assessment Program (NASAP) guidelines. 
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ABSTRACT 

P r e l i m i n a r y  s t u d i e s  of e x i s t j n g  and conceptua l  molten- 
s a l t  r e a c t o r  (MSR) d e s i g n s  have l e d  t o  t h e  i d e n t i f i c a t i o n  of 
conceptua l  systems t h a t  are t e c h n o l o g i c a l l y  a t t r a c t i v e  when 
o p e r a t e d  with &natured  uranium as t h e  p r i n c i p a l  f i s s i l e  f u e l .  
These dena tured  MSRs woul cl a l s o  have f a v o r a b l e  r e s u u r c e - u t i l i -  
z a t i o n  c h a r a c t e r i s t i c s  and s u b s t a n t i a l  r e s i s t a n c e  t o  p r o l i f e r a -  
t i o n  of weapons-usable nuc lear  materials. T h i s  r e p o r t  p r e s e n t s  
a summary of t h e  c u r r e n t  status of technology and a d i s c u s s i o n  
o f  the major t e c h n i c a l  areas of  a p o s s i b l e  base  program t o  de- 
v e l o p  commercial. dena tured  MSRs. The g e n e r a l  areas t r e a t e d  are 
( 1 )  reactor d e s i g n  and development, ( 2 )  s a f e t y  and s a f e t y  Te- 
l a t e d  technology,  ( 3 )  f u e l - c o o l a n t  behavkor and f u e l  process-  
ing, and ( 4 )  r e a c t o r  materials. 

A s u b s t a n t i a l  development e f f o r t  could l e a d  t o  a u t h o r i z a -  
t i o n  f o r  c o n s t r u c t i o n  of a mol ten-sa l t  tes t  r e a c t o r  about 5 
y e a r s  a f t e r  t h e  s ta r t  of t h e  program and o p e r a t i o n  of the u n i t  
about  10 y e a r s  l a t e r .  A p r o t o t y p e  commercial dena tured  MSR 
could be expected t o  begin  o p e r a t i n g  25 years from t h e  start  
of t h e  program. 

The p o s t u l a t e d  base program would extend a v e r  32 y e a r s  an6 
would c o s t  about  $700 m i l l i o n  (1978 d o l l a r s ,  unessalated). Ad- 
ditional costs to c o n s t r u c t  the MSTII - $600 m i l l i o n  - and the 
p r o t o t y p e  commerctal p l a n t  - $1470 m i l l i o n  - w o u l d  b r i n g  t h e  
t o t a l  program c o s t  t o  about  $2 .8  b i l l i o n .  A d d i t i o n a l  allow- 
a n c e s  probably  should be made t o  cover  c o n t i n g e n c i e s  and in-  
c identa l .  technology areas n o t  e x p l i c i t l y  t r e a t e d  i n  t h i s  
p r e l i m i n a r y  review. 

INTRODUCTION 

A concept  f o r  a p r o l i f @ r a t i o n - r e s i ~ t a n t  mol ten-sa l t  r e a c t o r  (MSK) 

f u e l e d  w i t h  dena tured  2 3 3 U  and/or  235U has been evolved i n  response  t o  

t h e  i n t e r e s t  in p r o l i f e r a t i o n - r e s i s t a n t  power r e a c t o r s  f o r  worldwide 

use.  B r i e f l y ,  such a reactor (I) must no t  provide  a tempting o r  r e a d i l y  

a v a i l a b l e  s o u r c e  of weapons material; ( 2 )  must have good economics and 



f u e l  u t i l i z a t i o n  and be  compe t i t i ve  with r e a c t o r s  g e n e r a l l y  used o r  

planned f o r  u se  i n  nucI.ear weapons s ta tes ;  and ( 3 )  must p r e v i d e  reason-  

a b l e  energy independence f o r  t h e  nonnuclear  weapons s ta tes  t h a t  adopt  

i t  (ices an  a s su red  source  of f u e l  and/or  r e p r o c e s s i n g  c a p a b i l i t y ) .  

The proposed denatured  mol t en - sa l t  r e a c t o r  (DMSR) concep t ,  desc r ibed  

i n  g e n e r a l  below, meets t h e s e  requi rements  f o r  the fo l lowing  r easons :  

L. t h e  f i s s i l e  material  i s  denatured  and/or  conf ined  w i t h i n  a con ta ined  

h i g h l y  r a d i o a c t i v e  system; 

2 .  t h e  p r o j e c t e d  economic performance i s  compe t i t i ve  w i t h  o t h e r  e x i s t i n g  

o r  proposed r e a c t o r  systems;  

3 .  uranium r e s o u r c e s  would suppor t  a t  least  f i v e  t i m e s  t h e  e l ec t r i ca l  

c a p a c i t y  i n  DMSKs as i n  l i g h t - w a t e r  r e a c t o r s  (LWRs) on a once-through 

c y c l e ;  

4. each BMSR, as a break-even b reede r  (convers ion  r a t i o  = l . 0 )  w i t h  on- 

b ine  p r o c e s s i n g ,  QIIW s t a r t e d  would n o t  need an  o u t s i d e  sou rce  of 

f i s s i l e  f u e l  i n d e f i n i t e l y .  (However, f e r t i l e  material and t h e  makeup 

s a l t  c o n s t i t u e n t s ,  ‘ L i  and b e r y l l i u m  f l u o r i d e s ,  would have t o  be 

s u p p l i e d . )  

A t  least  two o t h e r  MSR concepts  may be a t t r a c t i v e  f o r  p r o l i f e r a t i o n -  

r e s i s t a n t  systems.  The i r  development w i l l  n o t  be s p e c i f i c a l l y  cons ide red  

i n  t h i s  r e p o r t ;  however, they  d i f f e r  on ly  i n  d e t a i l  from t h e  DMSR, and 

t h e i r  deve1.opment would r e q u i r e  t h e  s o l u t i o n  of e s s e n t i a l l y  t h e  same prob- 

lens. The two concepts  a r e  a p a r t i a l l y  s e l f - s u s t a i n i n g  DNSR wi thou t  on- 

l i n e  p rocess ing  and a plutonium-thorium FISK des igned  t o  consume plutonium 

and produce U f o r  u se  i n  dena tured  r e a c t o r s .  2 3 3  

T h e  development of n DMSR wi thou t  on - l ine  p rocess ing  would be a 

r e l a t i v e l y  modest e x t e n s i o n  of c u r r e n t  technology and cou ld  presumably 

be accomplished i n  a s h o r t e r  t i m e  and w i t R  c o n s i d e r a b l y  less development 

e f f o r t  t han  t h e  proposed UMSR w i t h  p rocess ing .  

be  a break-even b reede r  bu t  would s t i l l  be  a high-performance c o n v e r t e r  

w i t h  s i g n i f i c a n t l y  improved f u e l  u t i l i z a t i o n  over  I N R s .  Addi t ion  of an 

on - l ine  f i s s i o n  product  p rocess ing  f a c i l i t y  a t  some la ter  d a t e  would 

t r ans fo rm t h e  p l a n t  i n t o  a breede r .  P re l imina ry  r e s u l t s  i n d i c a t e  t h a t  

a f u e l  charge  could l a s t  f o r  t h e  e n t i r e  30-year l i f e  of t h e  r e a c t o r ,  at 

T h i s  v e r s i o n  could  n o t  



3 

... ... 

..i. ........ iP w,w/ 75% c a p a c i t y  f a c t o r ,  w i t h  only  r o u t i n e  a d d i t i o n s  of 2 3 e U  and/or  dena tured  

c . ~  A more d e t a i l e d  c h a r a c t e r i z a t i o n  of t h i s  concept  i s  i n  p r o g r e s s .  2 3 

A plutonium-fueled MSR could be designed f o r  use i n  a s e c u r e  energy 

c e n t e r  as a "fuel f ac to ry tq  t o  produce 2 3 a E J  f o r  use i n  dena tured  r e a c t o r s .  

The o u t s t a n d i n g  advantage s f  an MSR f o r  t h i s  a p p l i c a t i o n  i s  t h e  a b i l i t y  

t o  remove product  233,5 from t h e  c i r c u l a t i n g  fuel about  as f a s t  as i t  rEs 

formed, SO t h a t  v e r y  l i t t l e  is consumed by f i s s i o n  w i t h i n  t h e  r e a c t o r  i t- 

s e l f .  

b l e ,  cumpared w i t h  r e p r o c e s s i n g  t i m e s  on t h e  o r d e r  of y e a r s  f o r  s s l i d -  

f u e l  r e a c t o r s .  An MSR on t h i s  f u e l  c y c l e  has  been e s t i m a t e d  to produce 

750 kg of 2 3 3 U  p e r  GW(e)ayear a t  0.75 p l a n t  f a c t o r ;  t h i s  i s  several t i m e s  

more t h a n  that produced by any o t h e r  t y p e  of thermal  r e a c t o r  and about  

t h e  s a m e  as expected from a p l u t o n i u m - t h ~ r i u ~ ~ ~  l iqu id-meta l  f a s t  b r e e d e r  

r e a c t o r  (LMFBR). However, the  XSR would consume h a l f  a g a i n  as much p lu -  

tonium o r  more. Pfore q u a n t i t a t i v e  f u e l  c y c l e  d a t a  are not a v a i l a b l e  a t  

t h i s  t i m e .  

Cycle  t i m e s  of '1110 days f o r  uranium removal are cons idered  f e a s i -  

The nominal DMSR w i t h  p r o c e s s i n g  i s  based on t h e  d e s i g n  f o r  t h e  

MSBR, as given i n  Refs.  2 and 3 ,  w i t h  several impor tan t  changes: 

1. The s t a r t - u p  f u e l  i s  2 3 5 ~  ( o r  2 3 3 ~ )  denatured  w i t h  2 3 R ~  r a t h e r  

S u f f i c i e n t  2ael! is fed  a long  w i t h  thorium t h a n  f u l l y  e n r i c h e d  uranium. 

t o  keep t h e  f u e l  i n  t h e  r e a c t o r  dena tured .  

2 .  The p r o c e s s  i s  a l t e r e d  so  t h a t  p r o t a c t i n i u m  and plutonium are 
2 3 3  

R o t  i s o l a t e d  from t h e  f u e l  s a l t .  Protactinium, w h i c h  decays t o  U ,  

would o t h e r w i s e  be a source of undenarured f i s s i l e  uranium. 

3 .  The r e a c t o r  c o r e  is  l a r g e r  w i t h  a lower power d e n s i t y  t o  reduce  

p a r a s i t i c  n e u t r o n  a b s o r p t i o n s  i n  p r o t a c t i n i u m  as w e l l .  as i n  f i s s i o n  prod- 

u c t s .  The power d e n s i t y  is reduced s u f f i c i e n t l y  t h a t  replacement  of t h e  

moderator  g r a p h i t e  i n  t h e  c o r e  is  n o t  r e q u i r e d  due t o  f a s t  n e u t r o n  damage 

d u r i n g  t h e  l i f e t i m e  of t h e  r e a c t o r .  

This  v e r s i o n  of t h e  BMSR i s  d e s c r i b e d  i n  g r e a t e r  d e t a i l  i n  Ref. 4 .  

The MSR r e s e a r c h  and development w a s  conducted l a r g e l y  a t  Oak Ridge 

N a t i o n a l  Labora tory ,  bus w i t h  a s s i s t a n c e  by s u b c o n t r a c t o r s  and o t h e r s ,  i n  

a n e a r l y  cont inuous  program f o r  mare than  25 y e a r s .  

many l a r g e  e n g i n e e r i n g  experiments  and t h e  d e s i g n ,  c o n s t r u c t i o n ,  and 

The e f f o r t  i n c l u d e d  



o p e r a t i o n  of t w o  exper Emental r e a c t o r s  as well as many small-scale ex- 

per iments  i n  a l l  f i e l d s  of p e r t i n e n t  n u c l e a r  and materials s c i e n c e .  For 

r i e n r ~ y  20 y e a r s ,  t h a t  e f f o r t  w a s  d i r e c t e d  t o  MSRs f o r  t h e  g e n e r a t i o n  of 

c e n t r a l  s t a t i o n  e l e c t r i c i t y ,  w i t h  t h e  pr imary f o c u s  on an  ?ISBII b r e e d i n g  
2 3 5 ~  from 2 3 2 r -  Lh i n  t h e  thermal  system, The large, v a r i e d ,  and impress ive  

accomplishments oE that program, a l o n g  w i t h  t h e  a d d i t i o n a l  development 

requi rements  needed f o r  demonst ra t ion  of the MSBR, were d e s c r i b e d 5  

thoroughly as o f  mid-1972.9: That niaterial w a s  updated ,  and a d e t a i l e d  

d e s c r i p t i o n  (along w i t h  a proposed schedule  and c o s t s )  of remaining K&D 

items was presented '  i n  1 9 7 4 .  

of l a t e  1974 and t h e  a d d i t i o n a l  needs of the MSBR, a c c o r d i n g l y ,  a r e  

documented f a i r l y  w e l l ,  as i s  the base program of r e s e a r c h  and tech-  

aology development r e q u i r e d  t o  f i l l  those  needs.  

The s t a t u s  of mol ten-sa l t  technology as 

A l a r g e  f r a c t i o n  of t h e  technology developed f o r  t h e  NSBR i s  a p p l i -  

c a b l e  d i r e c t l y ,  o r  w i t h  a minimum of a d d i t i o n a l  e x p e r i m e n t a t i o n ,  t o  t h e  

DMSK. Moreover^, most of  t he  a d d i t i o n a l  technology needed f o r  t h e  MSBR 

i s  a l s o  needed f o r  t h e  DMSR. However, t h e  two r e a c t o r s  d i f f e r  i n  some 

impor t a n t  r e g a r d s .  Accord i n g l  y 9  t h e  technology development r e q u i r e d  f o r  

a ! P E R  i s  l i k e l y  t o  i n v o l v e  s i g n i f i c a n t  r e d i r e c t i o n  from t h a t  a n t i c i p a t e d  

f o r  t h e  ?ISBR,  p a r t i c u l a r l y  i f  t h e  technology f o r  on- l ine  p r o c e s s i n g  of 

the fuel s3lt i s  devc1lopt.d i n  c o n j u n c t i o n  w i t h  t h e  r e a c t o r  technology.  

In some a r e a s  ( e a s e  ~ chemis t rv  and chemical  p r o c e s s i n g )  ~ this r e d i r e c -  

t i o n  probably would i n c r e a s e  t h e  r e q u i s i t e  development e f f o r t ,  while i n  

otliers ( e .  g. s a f e t y  technology and g r a p h i t e  development) ,  t h e  r e q u i r e d  

e f f o r t  could d e c r e a s e .  

An a d d i t i o n a l  c o n s i d e r a t i o n  is t h e  f a c t  t h a t  a small NSR technology 

development e f f o r t  was r e e s t a b l i s h e d  i n  mid- L974 and cont inued  f o r  a b o u t  

t w o  years, Although this e f f o r t  was l i m i t e d  i n  scope ,  some s i g n i f i c a n t  

accomplishments were achieved that- ill s o  a f f e c t e d  the  c u r r e n t  e f f o r t  t o  

i d e n t i f y  f u r t h e r  technology needs.  

l'o t he  e x t e n t  that i t  w a s  a p p l i c a b l e ,  the 1974 program p l a n  w a s  

used as a b a s i s  f u r  t h i s  review and p r o j e c t i o n  of t h e  technology needs 

.L 

The bfSK program was c l o s e d  o u t  in e a r l y  1973 and remained i n  t h a t  
s t a t e  f o r  about  one y e a r .  
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. d . : < .  and program p l a n  f o r  a DMSR. 

major  dcvel  opment areas 

ment e f f o r t s  could  be  r e q u i r e d  i n  o t h e r  r e l a t e d  a r e a s .  

a c t i v i t i e s  would add somewhat t o  t h e  o v e r a l l  development cost. bu t  

probably  would n o t  a p p r e c i a b l y  a f f e c t  t h e  t o t a l  s chedu le .  ) 

of areas where L i t t l e  or no t e c h n i c a l  e f f o r t  h a s  been expended s i n c e  

1972 and where t h e  pe rce ived  needs are s u b s t a n t i a l l y  t h e  s a m e ,  t h e  

t a s k s ,  s chedu les ,  and c o s t s  w e r e  t r ansposed  d i r e c t l y  from t h e  1 9 7 4  

p l a n  w i t h  on ly  ad jus tmen t s  of t h e  c o s t s  t o  account  f o r  i n f l a t i o n  be- 

tween 7 9 7 4  and 1978. I n  o t h e r  areas, minor ad jus tmen t s  were made t o  

account  f o r  changes i n  e i t h e r  t h e  technology s t a t u s “  o r  t h e  appa ren t  

development needs 

The p r e s e n t  document i s  focused  on t h e  

w i t h  t h e  r e c o g n i t i o n  t h a t  s i g n i f i c a n t  develop- 

(Such a n c i l l a r y  

I n  a number 

‘I’he areas w i t h  t h e  g r e a t e s t  p o t e n t i a l  f o r  change from t h e  1 9 7 4  

program p l a n  are t h o s e  r e l a t e d  t o  t h e  chemical p r o c e s s i n g  oE t h e  f u e l  

s a l t .  I f  the  once-through v e r s i o n  of t h e  DMSK were developed,  i t  might 

be p o s s i b l e  t o  d e f e r  development of t h e  reduct ive-extract ion-metal-  

t r a n s f e r  p r o c e s s  and t hc reby  reduce  t h e  o v e r a l l  development cost. f o r  

t h e  DMSR. Eowever, because t h e  a v a i l a b i l i t y  of t h i s  p rocess  would 

s u b s t a n t i a l l y  improve t h e  f u e l  u t i l i z a t i o n  of a DMSR, t h e  development 

needs ,  schcdules, and c o s t s  f o r  i t  were inc luded  i n  t h i s  p l a n ,  ‘I’hus, 

some l a t i t u d e  would exist i n  t h e  implementat ion of t h e  program p l a n .  

The remainder  of t h i s  r e p o r t  c o n s i s t s  of f o u r  major p a r t s ,  each 

prepared  by a s i n g l e  pr imary a u t h o r ,  which d e a l  with t h e  fo l lowing  major  

areas of base technology development:  ( 1 )  r e a c t o r  des ign  and development,  

( 2 )  s a f e t y  and l i c e n s i n g ,  ( 3 )  fue l - coo lan t  behav io r  and f u e l  p r o c e s s i n g ,  

and (4) r e a c t o r  materials. T h e  p a r t s  (which c o n t a i n  up t o  four c h a p t e r s )  

should  be regarded  as u n i t s  because  of t h e  h igh  l e v e l  of in te rdependence  

among t h e  s u b j e c t s  t r e a t e d .  However, t h e  base  program needs and t h e i r  

p r o j e c t e d  c o s t s  and schedul  e s  are developed s e p a r a t e l y  w i t h i n  each 

c h a p t e r  

-1. 

L e s s  t h a n  $10 m i l l i o n  has been expended on KSR development since 
1 9 7 3 ,  SO t h e  changes can have l i t t l e  e f f e c t  on t h e  o v e r a l l  program c o s t .  

... . 
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PART I. REACTOR DESIGN AND DEVELOPKENT 

H. F.  Bauman 

The o b j e c t i v e s  of  t h e  r e a c t o r  d e s i g n  program are t o  f i r s t  develop 

a f a i r l y  complete  concep tua l  des ign  f o r  a fuLL-scale  [1000-MW(e)l DFfSB 

i n  o r d e r  t o  d e f i n e  more c l e a r l y  t h e  development problems t h a t  must be  

addres sed .  Then, concur ren t  w i t h  t h e  technology development,  a molten- 

s a l t  test r e a c t o r  (MSTR) would be  des igned ,  b u i l t ,  and ope ra t ed  t o  

demonst ra te  a l l  a s p e c t s  of t h e  r e q u i r e d  DMSR technology on a smaller 

scale.  The scale of t h e  MSTK would be  dec ided  as t h e  program p rogres sed .  

The MSBR concep tua l  d e s i g n ,  which t h e  DMSR would probably  fo l low,  pro- 

posed f o u r  f u e l  heat-exchanger  and s team-generator  modules of 250-PQJ(e) 

c a p a c i t y  each .  The scale sugges ted  f o r  the MSTK would l i e  i n  the  range 

of 100-MGJ(e) power [wi th  two 50-€GJ(e) steam-generator  modules (i.e., 

1/59 scaZe) ]  t o  250-MWCe) power w i t h  a s i n g l e  ( i n e m ,  f u l l - s c a l e )  s t e a m -  

g e n e r a t o r  module. The d a t a  from t h e  component technology development 

program would be f e d  i n t o  t h e  r e a c t o r  des ign  e f f o r t s ,  and the expe r i -  

ence  ob ta ined  i n  r e a c t o r  c o n s t r u c t i o n  and o p e r a t i o n  would ,  i n  t u r n ,  gu ide  

c o n t i n u i n g  e f f o r t  i n  component development. An MSTR mockup is  proposed 

which would permi t  i n t e g r a t e d  t e s t i n g  of most of t h e  r e a c t o r  components 

b e f o r e  t h e  MSTR i t s e l f  i s  b u i l t .  F i n a l l y ,  t h e  c o n s t r u c t i o n  of t h e  proto-  

t y p e  DMSR would i n f l u e n c e  t h e  development of a s t anda rd ized  D E R  des ign .  
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1.. REACTOR DESIGK’, ANALYSIS, AND TECHNOLOGY DEVELOPMENT 

There i s  c o n s i d e r a b l e  exper ience  i n  t h e  e n g i n e e r i n g  d e s i g n  and neu- 

t r o n i c  a n a l y s i s  of MSKs ,  through f i n a l  d e s i g n ,  c o n s t r u c t i o n ,  and opera- 

t i o n .  The mol ten-sa l t  r e a c t o r  experiment (MSRE) has  been through t h e  

e n t i r e  d e s i g n  p r o c e s s 9  and the ORNL r e f e r e n c e  concept MSBR’ has reached 

t h e  s t a g e  of d e t a i l e d  conceptua l  d e s i g n .  I n  a d d i t i o n ,  t h e  v a r i o u s  r e a c t o r  

components and subsystems r e c e i v e d  i n t e n s i v e  development e f f o r t  i n  the 

t eclinulogy develapment programs a 

S t a t u s  i n  1 9 9 2  

~t t h e  t i m e  tlie development-s ta tus  r e p o r t *  was prepared  (19721, a 

d e t a i l e d  conceptua l  d e s i g n  had been developed for t h e  s i n g l e - f l u i d  MSBR. 

Furthermore,  many a l t e r n a t i v e  d e s i g n s  had been i n v e s t i g a t e d ,  g e n e r a l l y  

i n  lesser d e t a i l ;  one of t h e s e ,  a l s o  p e r t i n e n t  t o  the DMSR, w a s  a fnw- 

power-density c o r e  des ign  i n  which t h e  c o r e  moderator g r a p h i t e  w u u l  d 

have an  expected l i f e t i m e  e q u a l  t o  t h e  d e s i g n  l i f e  of t h e  r e a c t o r .  

I n  t h e  a r e a  s f  r e a c t o r  components and systems,  t h e  most  impor tan t  

i t e m s  had been i d e n t i f i e d  as s a l t  pumps, t h e  c o o l a n t  system as a whole ,  

h e a t  exchangers ,  t h e  e n t i r e  steam system, v a l v e s ,  c o n t r o l  r o d s ,  f u e l  

s t o r a g e ,  and gas handl ing .  

Experience had been o b t a i n e d  i n  t h e  KSRE i n  a l l  t h e  above areas ex- 

c e p t  t h e  steam system. However, new developments w e r e  proposed ir, sev- 

e ra l  areas, sucli as t h e  use of sodium f l u o r s b o r a t e  as t h e  secondary 

c o o l a n t  ( r a t h e r  t h a n  l i th ium-bery l l ium f l u o r i d e ) ,  t h e  use  of mechanical 

v a l v e s  i n  a d d i t i o n  t o  f r e e z e  valvesf’, and t h e  a d d i t i o n  of a f u e l - s a l t  

g a s  sparg tng  system ( r a t h e r  t h a n  aparg ing  of s a l t  i n  t h e  pump bowl ) .  

Curren t  Development S t a t u s  

The r e a c t o r  d e s i g n  and a n a l y s i s  e f f o r t  s i n c e  1972 has  been minimal.  

However, a major s t u d y  of t r i t i u m  t r a n s p o r t  i n  mol ten-sa l t  systems w a s  

A 
A f r e e z e  valve i s  e s s e n t i a l l y  a s h o r t ,  f l a t t e n e d  s e c t i o n  of  p i p e  

which can be cooled t o  form an i n t e r n a l  p lug  of f r o z e n  s a l t  and subse- 
q u e n t l y  r e h e a t e d  to thaw t h e  plug.  
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carried out in 1974-76, including experiments in a secondary-cooPant~alt 

test loop. 

Large quantities of tritium are produced in PlSRs from neutron reac- 

tions with lithium in the fuel salt. Since elemental tritium can diffuse 

through metal walls, such as heat-exchanger tubes9 at elevated tempera- 

tures, a potential path exists for the transport of tritium to the reac- 

tor steam via the secondary coolant Loop and the steam generator. Recent 

experiments indicate that tritium is oxidized in the  proposed MSR second- 

ary coolant, sodium fluuroborate, thus blocking transport to the steam 

system. 

Tritium-addition experiments were conducted in an engineering-scale 

coolant-salt test facility. The results are given in a recent report by 

Mays, Smith, and Engel. The experiments showed that the steady-state 

ratio of combined to elemental tritium in the coolant salt was greater 

than 4000.  A calculation applying this ratio to the case of an operating 

MSBR indicated that the release s f  tritium to the steam system would be 

less than $400 GBq/d (16 Ci/day). The conclusion of the study was that 

tho release of tritium from an MSR using sodium fluoroborate in the 

secondary coolant system could be readily controlled within NRC guide- 

l i n e s .  

In the area of component development, there was an effort to advance 

the steam system development from the conceptual design proposed for the 

MSBR toward hardware development. In  1971, Foster-Wheeler Corporation was 

awarded a contract f o r  a study of XSR steam-generator designs. The eon- 

tract was suspended  in 1973 and then reinstated in 1974 to complete the 

first task (in a four-task contract) - the conceptual design of a steam 

generator to meet specifica1J.y the steam and feedwater conditions postu- 

lated for the ORNL reference-design MSBR. 

completed, and a report was issued in December 1374.5 

sented which, based on analysis, would meet all the requirements for an 

MSR steam generator. Because of the termination of the p?ISR project, the 

design did not receive expc5rimental verification or further analytical 

This task was successfully 

A design was pre- 

study. 
. .. ... ... .. . . . .,._, , "+.&&' 



... .. 
The c Q O l a n t - s d t  tes t  f a c i l i t y  mentioned i n  connec t ion  w i t h  t h e  

t r i t i u m  experiments  w a s  o p e r a t e d  i n  t h e  p e r i o d  1974-76 t o  o b t a i n  engi-  

n e e r i n g - s c a l e  e x p e r i e n c e  w i t h  sodium f l u o r o b o r a t e ,  t h e  proposed MSBR 

secondary coolant .  The loop  was o p e r a t e d  s u c c e s s f u P l y  f o r  >5000 h r  a t  

t empera tures  up t o  540°C. The t e s t s  i n d i c a t e d  t h a t  t h e  e n g i n e e r i n g  

c h a r a c t e r i s t i c s  sf sodium f l u o r o b o r a t e  would be s u i t a b l e  f o r  MSR second- 

a r y  c o o l a n t .  
1 3 5  One of t h e  impor tan t  advantages of MSRs i s  t h a t  X e ,  a gaseous 

f i s s i o n  product  w i t h  an ex t remely  h i g h  thermal-neutron c ros s  s e c t i o n ,  

i s  n o t  s o l u b l e  i n  t h e  f u e l  s a l t  and can b e  r a p i d l y  removed from t h e  

system. F iss ion-product  X e  is t h e  s i n g l e  most impor tan t  p a r a s i t i c  

a b s o r b e r  of n e u t r o n s  i n  thermal  r e a c t o r s ,  and t h e  h i g h  convers ion  r a t i o  

of MSRs depends on e f f  i c i e n t  

from t h e  f u e l  sa l t :  by a b s o r p t i o n  i n t o  t h e  p o r e s  of t h e  c o r e  g r a p h i t e ,  

where i t  would remain as a neut ron  poison ,  and by d i f f u s i o n  i n t o  t h e  

f u e l  cover  gas  (he l ium) ,  where i t  can be removed from t h e  system. A 

hel ium-s t r ipp ing  system is proposed f o r  MSRs i n  which f i n e  bubbles  of 

hel ium are i n t r o d u c e d  i n t o  t h e  f u e l  s a l t  t o  p r o v i d e  a s i n k  f o r  xenon and 

are subsequent ly  s e p a r a t e d  from the  s a l t  to remove t h e  xenon e f f e c t i v e l y .  

Gas-bubble g e n e r a t o r s  and s t r i p p e r s  had been designed and w e r e  t o  be 

t e s t e d  i n  a c i r c u l a t i n g  s a l t  loop  when t h e  program w a s  ended i n  1973.  

Although some a d d i t i o n a l  wsrk was done i n  t h e  1974-75 p e r i o d ,  i n t e g r a l  

tes t :  of t h e  s t r i p p i n g  system w a s  n o t  completed.  

1 3 5  

'Xe removal. The xenon has  t w o  e x i t s  

DMSR Development Needs 

A I P  t h e  d e s i g n  and development needs d e s c r i b e d  f o r  t h e  MSBR i n  t h e  

1974 program plan '  would a l s o  be r e q u i r e d  f o r  t h e  DPlSR. 

a s p e c t s  of t h e  program should  b e  emphasized f o r  t h e  BMSR. 

However, some 

The c o r e  d e s i g n  and a n a l y s i s  f o r  b o t h  t h e  DMSR and t h e  MSTR r e q u i r e  

p a r t i c u l a r  a t t e n t i o n  t o  t h e  e f f e c t s  of * ' 8 ~ ,  p r o t a c t i n i u m ,  and plutonium 

on t h e  system f i s s i l e  i n v e n t o r y  and convers ion  r a t i o .  h n o t h e r  impor tan t  

p o i n t  i s  t h e  c o r e  f a s t - f l u x  d i s t r i b u t i o n  and i t s  e f f e c t  on t h e  d e s i g n  

l i f e  of t h e  moderator g r a p h i t e .  

f o r  a proposed DMSR d e s i g n  are g iven  i n  Ref. 7 .  

Some p r e l i m i n a r y  n e u t r o n i c  c a l c u l a t i o n s  

S ince  b o t h  thorium and 
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'L are impor tan t  neut ron  resonance a b s o r b e r s  t h e  lumping of € u e l  and 

t h e  degree of t h e r m a l i z a t i o n  of t h e  neut ron  spectrum i n  t h e  r e a c t o r  c o r e  

and r e f l e c t o r  r e g i o n s  are impor tan t  v a r i a b l e s  i n  t h e  n e u t r o n i c  a n a l y s i s .  

&I e x t e n s i v e  r e a c t o r - a n a l y s i s  program would be r e q u i r e d  t o  select  opt imized 

c o r e  d e s i g n s  f o r  t h e  MSTR and DKSR. 

A v e r y  impor tan t  problem f o r  all molten-sa l t  systems is t h e  c o n t r o l  

of  t h e  r e a c t o r  power and t h e  tempera tures  i n  t h e  f u e l  s a l t ,  the c o o l a n t  

s a l t ,  and t h e  steam g e n e r a t o r s  and t h e  management of thermal  c y c l e s  a ~ d  

thermal  stresses i n  all p a r t s  of t he  r e a c t o r  system. Although curisid- 

e r a b l e  e x p e r i e n c e  i n  MSR thermal  problems w a s  o b t a i n e d  i n  t h e  o p e r a t i o n  

of t h e  MSRE, tlhe a d d i t i o n  of a steam system and t u r b i n e - g e n e r a t o r  t o  

t h e  n e x t  g e n e r a t i o n  of MSRs l e a d s  t o  c o n s i d e r a b l y  more complex i n t e r a c -  

t i o n s  between t h e  v a r i o u s  C Q I T I ~ Q ~ ~ I I ~ S  of the r e a c t o r  systems.  The anaky-  

sis of thermal -hydraul ic  dynamic behavior  of the proposed r e a c t o r  systems 

will r e q u i r e  t h e  development of s u i t a b l e  computer models. Same p r e l i m i -  

n a r y  a n a l y s i s  a long  t h e s e  l i n e s  had been done f o r  t h e  MSBR, b u t  a ma-jor 

e x t e n s i o n  of t h i s  program would be r e q u i r e d  f o r  t h e  DMSR. 

The r e a c t o r  technology e f f o r t  encompasses t h e  development of a11 

t h e  major components r e q u i r e d  i n  t h e  r e a c t o r  system. For t h e  most p a r t ,  

h i g h l y  s p e c i a l i z e d  components such as t h e  vessels and c o n t a c t o r s  f o r  

chemical  p r o c e s s i n g  and s p e c i f i c  ins t rument  i t e m s  would be covered 

w i t h i n  t h e  devel  uprnent programs f o r  t h e  a s s o c i a t e d  t e c h n o l o g i e s  e How- 

ever, some of the more g e n e r a l  i t e m s  (e.g., small sa l t  pumps, v a l v e s ,  

seals) might be inc luded  i n  t h e  o v e r a l l  development program f o r  r e a c t o r  

components. Such i t e m s  probably would n o t  g r e a t l y  a f f e c t  t h e  t o t a l  

program c o s t .  

A v i t a l  part uf t h e  development program f o r  r e a c t o r  components i s  

the d e s i g n  of i n t e r m e d i a t e -  and f u l l - s c a l e  s a l t  pumps The pump p r e f e r r e d  

for molten-sa l t  s e r v i c e  i s  a v e r t i c a l - s h a f t ,  c e n t r i f u g a l  sump pump such 

as was used s u c c e s s f u l l y  i n  the MSRE and o t h e r  t es t  f a c i l i t i e s .  The 

d r i v e  shaf t  f o r  this t y p e  pump extends  through t h e  r e a c t o r  s h i e l d i n g  so 

t h a t  t h e  motor is  r e l a t i v e l y  a c c e s s i b l e  and i s  i n  a low-radia t ion  f i e l d .  

T h e  s c a l e u p  of  t h e s e  pumps i s  proposed t o  proceed by ex tending  t h e  line 

of  p a s t  dcvelspment w i t h  as l i t t l e  change i n  conceptua l  d e s i g n  as p o s s i -  

b l e .   he nominal c a p a c i t y  of the MSKE pumps was 0.08 m 3 / s  (1200 gpm); 

. .. j.. . . . . w;, 



t h e  pumps proposed f o r  t h e  MSBR, and r e q u i r e d  f o r  any type  of f u l l - s c a l e  

MSR, would be l a r g e r  by a f a c t o r  of about  20. 

may i n c l u d e  an  i n t e r m e d i a t e - s i z e  pump r a t e d  a t  about  0 . 3  m3/sec (5000 gpm). 

The l i n e  of development 

The d e s i g n  of mechanical  v a l v e s  f o r  mol ten-sa l t  servicc and the use 

of f r e e z e  v a l v e s  i n  l a r g e  systems are a l s o  v e r y  important: developments.  

The MSRE was o p e r a t e d  e n t i r e l y  wi thout  mechanical  valves; f r e e z e  v a l v e s  

were used where f l o w  s h u t o f f  w a s  r e q u i r e d .  

i n  p i p e  s i z e s  up t o  1 E / 2  i n .  IPS and have been found t o  be r e l i a b l e ,  

zero- leakage d e v i c e s  s o  l o n g  as t h e  i n t e g r i t y  of t h e  p i p e  i t s e l f  is 

mainta ined .  

Freeze valves have been used 

The d i s a d v a n t a g e s  of f r e e z e  valves are t h a t  (1) flow i n  a l i n e  must 

be s topped b e f o r e  a p lug  can be f r o z e n ,  ( 2 )  they  open and c lose  r e l a t i v e l y  

s lowly ,  and ( 3 )  t h e y  cannot  be used f o r  t h r o t t l i n g .  Therefore ,  mechanical-  

t y p e  s a l t  v a l v e s  are  cons idered  e s s e n t i a l .  t o  t h e  o p e r a t i o n  of l a r g e  MSRs. 

Experience w i t h  bel lows-sealed mechanical valves i n  mol ten-sa l t  e x p e r i -  

mental  f a c i l i t i e s  h a s  been l i m i t e d .  The main development problems are 

f i n d i n g  materials t h a t  w i l l  c l o s e  t i g h t l y  wi thout  b inding  i n  molten s a l t  

and developing  r e l i a b l e  zero- leakage seals. Freeze  valves, perhaps i n -  

t e g r a l  w i t h  mechanical  v a l v e s ,  may a l s o  be developed f o r  t h e  l a r g e r  

systems 0 

Reactor  c o n t r e l  r o d s  have been i n c l u d e d  i n  MSR d e s i g n s ,  a l t h o u g h  

C O E I ~ L - C I ~  r o d s  serve a l i m i t e d  purpose i n  f l u i d - f u e l e d  r e a c t o r s .  The 

r e a c t i v i t y  of t h e  c o r e  i s  c o n t r o l l e d  mainly by t h e  composi t ion of t h e  

f u e l  and by changes i n  t h e  d e n s i t y  of t h e  f u e l  w i t h  tempera ture .  The 

u l t i m a t e  shutdown of t h e  r e a c t o r  i s  achieved  by d r a i n i n g  t h e  f l u i d  f u e l  

to s t e r a g e  tanka .  Cont ro l  r o d s  are r e q u i r e d  f o r  shor t - te rm f i n e  c o n t r o l  

of t h e  tempera ture  and r e a c t i v i t y  of t h e  c o r e ,  as w e l l .  as f o r  r a p i d  

shutdown; so t h e  d e s i g n  of c o n t r o l  r s d s  f o r  mol ten-sa l t  service i s  an 

impor tan t  development need. 

The f u e l  d r a i n  and s t o r a g e  system is a n o t h e r  v i t a l  development. The 

f u e l  s to rage  system must have t h e  c a p a b i l i t y  of removing a f t e r h e a t  t o  

t he  u l t i m a t e  h e a t  s ink  i n  t h e  event  t h a t  t h e  r e a c t o r  becomes i n o p e r a b l e  

0% i s  s h u t  d ~ m  f o r  maintenance. A d r a i n  t a n k  w i t h  a natural . -convect ion 

k K  c o o l i n g  system w a s  proposed F o r  t h e  MSBR. Although t h i s  system ap- 

p e a r s  workable,  a l l  a s p e c t s  of f u e l  containment under normal and a c c i d e n t  



c o n d i t i o n s  deserve  f u r t h e r  a t t e n t i o n .  Because of t h e  r e l a t i v e l y  low power 

d e n s i t y  i n  t h e  f l u i d  f u e l  (compared t o  s o l i d  f u e l ) ,  i t  is  l i k e l y  t h a t  an  

MSR could be  developed for which a containment melt-through a c c i d e n t  

would n o t  be cons idered  c r e d i b l e .  

An MSTR m o c k - u p  i s  proposed which would permic integrated testing 

of t h e  r e a c t o r  components under zero-power c o n d i t i o n s .  The mock-up 

would permi t  s o l v i n g  of l a y o u t  and remote maintenance problems b e f o r e  

the r e a c t o r  w a s  b u i l t .  

P o s s i b l e  schedules  f o r  t h e  f i r s t  15 y e a r s  of t h e  DMSR development 

program are shown f o r  t h e  r e a c t o r  d e s i g n  and a n a l y s i s  work i n  Table  1 . 3  

and f o r  t h e  technology development w o r k  i n  Table 1 . 2 .  

Opera t ing  fund requi rements  f o r  t h i s  p e r i o d  for r e a c t o r  d e s i g n  and 

ana lys i s  are given i n  Tab le  1.3,  and o p e r a t i n g  and c a p i t a l  fund r e q u f r s -  

ments f o r  technology development are given i n  Tables  1.4 and 1-5- 
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Table 1.2. Schedule for work on reactor technology development 

Fiscal year 

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 
Task 

Fuel-salt technology v' v2 v3 
' snt-salt technology v4 v5 

v6 v7 v8 V9 v'ovll 
.m system technology 

Cover- and off-gas system Vl2 v'3 
technology 

Salt pump development v'4 VI5 

Primary heat-exchanger 
development 

Valve development 

v20 Control rod development 

Containment and cell heating V2' 
development 

Components Test Facility v23 v- v2 
Milestones: 
_I -~ 

1. 

2. 

3 .  

4 .  

5 .  

6 .  

7. 

8. 

9.  

10. 

11. 

Gas-Systems Technology Facility water tests will be fin- 
ished and construction completed so that salt operation 
can start. 
Sufficient tests will have been completed to indicate that 
the efficiency of the bubble generator+ubble separator 
is satisfactory and that mass-transfer rates are adequate 
to permit detailed design of the xenon removal system for 
an MSTR. Additional development will be done to refine 
the results and test the effects of other variables. 
All problems pertaining to the behavior of tritium in the 
fuel-salt system will be resolved. 
Test for determining the behavior of tritium in the cool- 
ant system will be completed. Corrosion-product removal 
studies will be completed. 
Large-scale demonstration tests of coolant-salt technology 
should be completed. 
The feasibility of using lower feedwater temperatures will 
be determined. This may affect the subsequent design and 
development of the steam system components. 
The plan for a steam-generator R&D program should be com- 
pleted. 
The small-scale steam generator work should have progressed 
to a stage that will permit reevaluation of the R&D program. 
The construction of the steam-generator tube test stand, 
pressure relief system, and the 3-MW test assembly should 
be complete. 
Testing in the steam-generator tube test stand should be 
finished. 
Construction of the steam-generator model test installation, 
the pressure relief system. and the 30-MI4 model steam gen- 
erator should be complete and operational tests will be 
started. 

12. 

13. 

14.  

15. 

16 .  

17. 

18. 

19 

20. 

21. 

22. 

23. 

24. 

25. 

Development of methods for handling gaseous effluents (in- 
cluding fission products, tritium, and BF3) from the off- 
gas systems should be complete. 
All other problems associated with the cover- and off-gas 
systems should be resolved. 
The design of the MSTR prototype pump and pump test stand 
should be complete. 
The construction of the MSTR prototype pump and pump test 
stand should be completed and operational tests will be 
started. 
All development work on the primary heat exchanger prepa- 
ratory to design of the MSTR will be completed. 
Preliminary valve development needed to proceed with design 
of the MSTR will be finished. 
Final development of specific valves for the MSTR will be 
finished. 
Preliminary valve development for prototype DYSR will be 
completed. 
A11 development needed for the MSTR control rods will be 
completed. 
Exploratory studies and preliminary development needed for 
the design of the MSTR containment and cell heating should 

r' 

be completed. 
Testing of  the containment and cell heating design for the 
MSTR should be completed. 
The design o f  the Components Test Facility should be suf- 
ficiently complete to start comstruction. 
Construction of the Components Test Facility should be 
completed. 
Design of component test facility for protctype D E R  com- 
pleted. 



Table 1.2. Schedule for work on reactor technology development 

Fiscal year 

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 
Task 

Fuel-salt technology V‘ V2 V3 

’ me-salt technology v4 v5 
v6 v7 V8 V” vlovll . .m system technology 

Cover- and off-gas system Vt2 V’3 
technology 

Salt pump development 

Primary heat-exchanger 
development 

v’4 Vl5 

v4 

Valve development Vt7 Vce vfQ 
Control rod development V20 

Containment and cell heating V2‘ VZ2 
development 

Components Test Facility V2J v24 v2= 
Milestones: I_.___ 

1. 

2 .  

3 .  

4. 

5 .  

6 .  

7 .  

8. 

9. 

10. 

14.. 

Gas-Systems Technology Facility water tests will be fin- 
ished and construction completed so that salt operation 
can start. 
Sufficient tests will have been completed to indicate that 
the efficiency of the bubble generator4ubble separator 
is satisfactory and that mass-transfer rates are adequate 
to permit detailed design of the xenon removal system for 
an MSTK. Additional development will be done to refine 
the results and test the effects of other variables. 
All problems pertaining to the behavior of tritium in the 
fuel-salt system will be resolved. 
Test for determining the behavior of tritium in the cool- 
ant system will be completed. Corrosion-product removal 
studies will be completed. 
Large-scale demonstration tests of coolant-salt technology 
should be completed. 
The feasibility of using lower feedwater temperatures will 
be determined. This may affect the subsequent design and 
development of the steam system components. 
The plan for a steam-generator R&D program should be com- 
pleted. 
The small-scale steam generator work should have progressed 
to a stage that will permit reevaluation of the R&D program. 
The construction of the steam-generator tube test stand, 
pressure relief system, and the 3-NW test assembly should 
be complete. 
Testing in the steam-generator tube test stand should be 
f inished. 
Construction of the steam-generator model test installation, 
the pressure relief system. and the 30-MW model steam gen- 
erator should he complete and operational tests will be 
started. 

12 .  

13. 

14. 

15. 

16. 

17. 

la. 

19. 

20. 

21. 

22. 

23.  

24. 

25. 

Development of methods for handling gaseous effluents (in- 
cluding fission products, tritium. and BF3) from the off- 
gas systems should be complete. 
A l l  other problems associated with the cover- and off-gas 
systems should be resolved. 
The design of the MSTR prototype pump and pump test stand 
should be complete. 
The construction of the MSTR prototype pump and pump test 
stand should be completed and operational tests will be 
started. 
All development work on the primary heat exchanger prepa- 
ratory to design of the MSTR will be completed. 
Preliminary valve development needed to proceed with design 
of the MSTR will be finished. 
Final development of specific valves for the MSTR will be 
finished. 
Preliminary valve development for prototype DMSR will be 
completed. 
All development needed for the MSTR control rods will be 
completed. 
Exploratory studies and preliminary development needed for 
the design of the MSTR containment and cell heating should 
be completed. 
Testing of the containment and cell heating design for the 
MSTR should he completed. 
The design o f  the Components Test Facility should be suf- 
ficiently complete to start comstruction. 
Construction of the Components Test Facility should be 
completed. 
Design of component test facility for prototype D E R  com- 
pleted. 

d 



Tab I.@ 1. * 3. Operating fund requirements for reactor design and analysis 

Task 
Cost (thousands of 1978 dollars) for fiscal year - 

.-.--_--,- 

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 
.- .-.-.-.-.-. 

Design studies of MSR power plants 340 930 620 230 271) 520 520 540 520 360 300 300 300 3m 300 

Design technology 70 210 300 230 190 130 100 100 100 100 100 100 100 100 100 

Codes and standards 50 90 170 250 260 170 170 260 260 260 260 260 260 

Licensing of MSRs 40 17Q 250 330 260 260 260 260 260 260 260 260 
k-J 

Nuclear analysis of MSR power 20 130 130 130 130 170 100 100 100 100 100 100 100 100 100 --d 
plants 

__-__- -.--._ ..---... -_--_ ~ - - __ __ --.. -. __ __. - 

Total fundsa 430 1270 1.1.00 720 930 1320 1170 1170 1150 1080 1020 1020 1020 4020 IO20 

Allocation 
MSTR 430 1270 1100 720 930 1120 970 970 950 880 520 520 520 100 LOO 
Prototype DMSR 200 200 200 200 2QQ 500 500 500 920 920 

%ta1 funds through 1994: $11,440. 



Table 1.4. Operating fund requirements for work on reactor technology development 

Task 
Cost (thousands of 1978 dollars) for fiscal year - 

---_ - 

1980 1981 1982 1.983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 

Fuel-salt technology 

Coolant-sa1.t technology 

Steam system technology 

Cover- and off-gas system 
technology 

Salt pump development 

Primary heat-exchanger 
development 

Valve development 

Control rod development 

Containment and cell heating 
development 

Components Test Faci.l.ity 

MSTR mock-up 

Total. fundsa 

240 300 300 210 

220 380 130 

70 370 750 780 

80 160 

50 

330 570 260 

1050 1420 1620 

80 100 240 

180 800 2000 

100 

200 330 260 100 100 100 100 100 

130 260 260 200 200 200 200 200 

1600 1600 1600 1,4QC 500 500 500 500 

140 100 100 100 100 200 200 200 

1600 

70 

1400 400 400 400 400 400 500 

130 200 200 200 200 200 200 

260 200 200 200 200 300 
'Z 

200 200 200 200 200 200 

130 100 1.00 1.00 100 100 

50 130 130 13Q 

80 

130 

130 

80 

80 

130 

80 

80 

100 260 

82Q 910 

160 

--- __ - - 

530 1050 1260 1410 

260 

1100 

5920 

580 

2000 

940 2100 3,000 1000 1000 1000 1000 

3000 4000 4,000 3000 2000 2000 I.000 

7970 9510 10,100 6000 5100 57.00 4300 2690 4270 661.0 

Allocation 
MSTR 530 1050 1260 1410 2690 4270 5920 6610 7970 9210 9,500 5000 30OO 3000 1500 
Prototype DMSR 300 600 1000 2100 2100 280O 

- -- 
'Total funds through 1994: $71,820. 
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Table 1.5. Capital fund requirements for work on reactor technology development 

Task 
Cost (thousands of 1978 dollars) for fiscal year - 

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 
- _ _  __ __. - -- 

70 70 80 Fuel-salt technology 40 90 

Coolant-salt technol~gy 

Steam system technology 

Cover- and off-gas system 

Salt pump development 

Primary heat-exchanger 

Valve development 

Control rod development 

Containment and cell heating 

Components T e s t  Facility 

technology 

development 

development 

MSTR mQck-up 

a Total funds 

100 

5 0 30 5Q0Q 26,000 

50 

I, 330 

330 

260 330 

70 

330 

100 

100 

300 

300 

100 100 

13 000 100 500 800 1400 500 500 500 1000 

65 000 
_ _ _ _ _ _ I  ___ - - - - - I - - -  

40 90 150 80 5330 79,400 26,100 570 840 1130 1400 600 800 900 1100 

-I ___ I__ 

Allocation 
MSTR 40 90 150 80 5330 79,400 26,100 570 840 830 800 
Prototype DMSR 300 600 600 800 900 1100 

Total funds through 1994: $118,530. 
__ .- - _______ - 

a 
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W 





. .  . . . . . . . . . . . . . . . . . . . . . . . . . . ...w<&.. 

2 1  

PART I1 e SAFETY AND SAFETY-RELATED TECHNOLOGY 

J .  F. n e a r i n g  

S u b s t a n t i a l  d i f f e r e n c e s  between t h e  s a f e t y  c o n s i d e r a t i o n s  f o r  s o l i d -  

f u e l e d  n u c l e a r  r e a c t o r s  and t h o s e  f o r  l i q u i d - f u e l e d  sys tems,  such  as t h e  

MSR, have l o n g  been r ecogn ized .  Consequently,  s a f e t y  s t u d i e s  have  been 

inc luded  i n  a l l  MSR d e s i g n  and technology development programs. How- 

eves, comprehensive s t u d i e s  of  t h e  s a f e t y  a t t r i b u t e s  of  commercial-scale 

MSKs  have been hampered by t h e  l a c k  of a r easonab ly  complete concep tua l  

d e s i g n  f o r  a l a r g e  FISK. Thus t h e  area of  MSR s a f e t y  has been s u b j e c t e d  

t o  a g r e a t  d e a l  o f  g e n e r a l i z a t i o n ,  w i t h  v e r y  little d e t a i l e d  system-spe- 

c i f i e  a n a l y s i s  of t h e  t y p e  r e q u i r e d  t o  d e € i n e  €uLly t h e  s a f e t y  charac-  

t e r i s t i c s  and q u e s t i o n s  o f  thc MSR concep t .  T t  is prcsumed t h a e  any 

f u t u r e  MSR development program would i n c l u d e  s i g n i f i c a n t  e f f o r t  f n  t h e  

area of  s a f e t y  technology,  a long  w i t h  s u f f i c i e n t  r e a c t o r  d e s i g n  e f f o r t  

t o  suppor t  it adequa te ly .  
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2.  REACTOR SAFETY AND LICENSING 

h 

.. . ....... ...... .. =Y ,// 

The MSR concept  poses  problems i n  s a f e t y  and Licens ing  t h a t  are 

s i g n i f i c a n t % y  d i f f e r e n t  from t h o s e  encountered i n  t h e  present-day gen- 

e r a t i o n  of  s o l i d - f u e l e d  r e a c t o r s .  The s u c c e s s f u l  o p e r a t i o n  of the MSRE 
and t h e  s a f e t y  s t u d i e s  of t h e  MSBR concept ,  however, have a l r e a d y  e s t a b -  

l i s h e d  a f i r m  b a s i s  f o r  i d e n t i f y i n g  and s o l v i n g  t h e s e  problems. A com- 

p r e h e n s i v e  summary s f  s a f e t y  and s a f e t y - r e l a t e d  technology s t a t u s  and 

development needs of t h e  MSBR as of 1 9 7 2  is inc luded  i n  Ref.  1. An up- 

d a t e  as of 1 9 4 4  t h a t  p r e s e n t s  a d e t a i l e d  p l a n  f o r  f u t u r e  work i s  i n c l u d e d  

i n  Ref. 2. Although many of t h e  s a f e t y  a n a l y s e s  conta ined  i n  t h e s e  two 

documents w i l l  have to be c a r e f u l l y  e v a l u a t e d  f o r  a p p l i c a b i l i t y  t o  t h e  

DMSR ( e s p e c i a l l y  r e a c t o r  c o r e  neu t ron ic s  and thermal  h y d r a u l i c s ) ,  t h e  

o v e r a l l  assessment  of t e c h n o l o g i c a l  s t a t u s  and f u t u r e  development needs 

i s  expected to be a p p l i c a b l e .  

S t a t u s  and Development Needs 

S a f e t y  

The main f e a t u r e  of t h e  DMSR which s e t s  i t  a p a r t  f rom t h e  o t h e r  

s o l i d  f u e l  r e a c t o r  t y p e s  i s  t h a t  the n u c l e a r  f u e l  is i n  f l u i d  form (mal- 

t e n  f l u o r i d e  s a l t )  and i s  c i r c u l a t e d  throughout  t h e  primary c o o l a n t  sys-  

t e m ,  becoming c r i t i c a l  only i n  t h e  graphi te-moderated core.  The p o s s i b l e  

problems and engineered  s a f e t y  f e a t u r e s  a s s o c i a t e d  w i t h  t h i s  t y p e  S% 

r e a c t o r  w i l l  be q u i t e  d i f f e r e n t  from t h o s e  of t h e  p r e s e n t  day 1,WR and 

LMFBR d e s i g n s .  I n  t h e  DMSR, t h e  pr imary system c o o l a n t  serves t h e  dua l  

r o l e  of  b e i n g  t h e  mediuM i n  which h e a t  i s  genera ted  w i t h i n  t h e  r e a c t o r  

c o r e  and t h e  medium whish t r a n s f e r s  h e a t  from t h e  core  t o  t h e  primary 

h e a t  exchangers .  Thus t h e  e n t i r e  pr imary system will be s u b j e c t e d  to 

b o t h  h i g h  tempera tures  (700°C a t  c o r e  e x i t )  and h i g h  levels  of r a d i a t i o n  

by a f l u i d  c o n t a i n i n g  most of t h e  daughter  p r o d u c t s  of t h e  f i s s i o n  pro- 

cess. Because of t h e  low f u e l  s a l t  vapor  p r e s s u r e ,  however, t h e  pr imary 

system d e s i g n  p r e s s u r e  w i l l  be  low, as i n  an LMFBR. The e n t i r e  pr imary 

c o o l a n t  system i s  analogous,  i n  terms of level  of confinement ,  t o  t h e  

c l a d d i n g  i n  a s o l i d  f u e l  r e a c t o r .  Although much l a r g e r ,  i t  w i l l  n o t  be 
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s u b j e c t e d  t o  t h e  r a p i d  thermal  t r a n s i e n t s  (wi th  me l t ing )  a s s o c i a t e d  w i t h  

LVR and LMFBR a c c i d e n t  s c e n a r i o s .  Two a d d i t i o n a l  beve l s  of confinement 

w i l l  be provided i n  t h e  DMSR, i n  accordance w i t h  p r e s e n t  p r a c t i c e .  The 

problem of deve loping  a pr imary c o o l a n t  system w h i c h  will be r e l i a b l e ,  

ma in ta inab le  (under  remote c o n d i t i o n s ) ,  i n s p e c t a b l e ,  and s t r u c t u r a l l y  

sound Q V ~ P  t h e  p l a n t ' s  30-year l i f e t i m e  w i l l  p robably  be  t h e  key f a c t o r  

i n  demonst ra t ing  ul t imate  s a f e t y  and l i c e n s a b i l i t y .  

It i s  t h e  b reach  of the pr imary Coolant system boundary, r e s u l t i n g  

in a l a r g e  spill of h i g h l y  r a d i o a c t i v e  s a l t  i n t o  t h e  pr imary conta inment ,  

which will probably  p rov ide  the  d e s i g n  b a s i s  a c c i d e n t .  The a i i a l ~ g o t i s  

level  of occur rence  i n  a s o l i d  f u e l  r e a c t o r  would be  m j o r  c l a d d i n g  f a i l -  

u r e .  Possible i n i t i a t o r s  of  t h i s  a c c i d e n t  i n c l u d e  p i p e  f a i l u r e ,  m i s s i l e s  > 

and p r e s s u r e  o r  tempera ture  t r a n s i e n t s  I n  t h e  pr imary coolant  system. 

F a i l u r e  of t h e  boundary between the pr imary and secondary s a l t  i n  t h e  

IFiS cou ld  h e  e s p e c f a l l y  damaging. IR the event of a salt. spill, a possi- 

bly redundant  s y s t e m  of d r a i n s  would be  ac t iva t c>d  t o  channel the s a l t  t o  

t h e  cooled  d r a i n  tank .  T h e  pr imary system conta inment ,  d e f i n e d  as t h e  

S P L  of h e r m e t i c a l l y  s e a l e d ,  conc re t e - sh ie lded  equipment c e l l s ,  would 

probably  n u t  be t h r e a t e n e d  by such ;I s p i l l ,  b u t  c leanup o p e r a t i o n s  would 

be d i f f  icul t e 

A unique  s a f e t y  f e a t u r e  of t h e  DMSR is  t h a t ,  under  a c c i d e n t  shutdown 

c o n d i t i o n s ,  t h e  f u e l  material would be  l e d  t o  t h e  "ECCS" ( r e p r e s e n t e d  by 

d r a i n  t ank  c o o i i n g )  r a t h e r  than v i c e  v e r s a .  The r e a c t o r  and containment  

m u s t  be des igned  so that t h e  decay hea ted  f u e l  s a l t  r eaches  t h e  d r a i n  

t ank  under any c r e d i b l e  a c c i d e n t  c o n d i t i u n s .  In any c a s e ,  the decay 

h e a t  i s  a s s o c i a t e d  w i t h  a v e r y  l a r g e  mass of f u e l  salt, so t h a t  rnekt  

th rough,  o r  "CHINA SYNBOME,'t does  no t  appear  t o  be a problem. 

T h e  safety phi losophy f o r  a c c i d e n t s  i nvo lv ing  t h e  r e a c t o r  c o r e  is 

very  d i f f e r e n t  f o r  f l u i d - f u e l e d  r e a c t o r s  than  f o r  solid-fueled ones be- 

cause  t h e  heat source i s  (mainly) i n  the c o o l a n t  and n o t  i n  a s o l i d ,  

which r e q u i r e s  cont inuous  c o o l i n g  t o  avo id  me l t ing .  An LMFBR, f o r  ex- 

ample, has  a tremendous amount of s t o r e d  energy  i n  t h e  fue l  p i n s  which 

much be  removed under any a c c i d e n t  c o n d i t i o n s .  Dryout,  which l e a d s  t o  

a lmost  immediate meltdown i n  an  IXFBK, would not  be n e a r l y  as severe i n  

t h e  DMSR because t h e  h e a t  sou rce  would be  removed along w i t h  t h e  c o o l i n g  

c a p a b i l i t y .  

... , . . . ...... %>k..Y 
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-w& . . . . . . . . . Under normal c o n d i t i o n s ,  t h e  r e a c t o r  power i s  s t a b l e  t o  a l l  fre- 

q u e c i e s  of o s c i l l a t i o n ,  because t h e  n e g a t i v e  prompt component of t h e  

tempera ture  c o e f f i c i e n t  of r e a c t i v i t y  dominates t h e  p o s i t i v e  de layed  

component. There appear  t o  be no s a f e t y  problems i n  t h e  area of reac- 

t i v i t y  c o n t r o l .  Because t h e  f u e l  salt  w i l l .  be channeled t o  t h e  cooled 

d r a i n  t a n k  under many off-normal c o n d i t i o n s ,  t h a t  t ank  probably must 

have redundant  systems f o r  decay h e a t  removal. There i s  no c r e d i b l e  

means for a c h i e v i n g  r e c r i t i c a l i t y  once t h e  f u e l  s a l t  has  l e f t  t h e  

graphi te-moderated c o r e .  

L icens ing  

Although two exper imenta l  MSRs have been b u i l t  and o p e r a t e d  i n  t h e  

United States under government ownership,  none has e v e r  been s u b j e c t e d  

t o  formal  l i c e n s i n g  o r  even d e t a i l e d  review by t h e  Nuclear Regulatory 

Commission (NRC).  A s  a consequence, t h e  q u e s t i o n  of l i c e n s a b i l i t y  of 

MSRs remains l a r g e l y  open; t h e  NRC h a s  n o t  y e t  i d e n t i f i e d  major l i c e n s -  

i n g  i s s u e s ,  and t h e  concept  has  n o t  been cons idered  by v a r i o u s  p u b l i c -  

i n t e r e s t  o r g a n i z a t i o n s  who are o f t e n  involved  i n  n u c l e a r - p l a n t  l i c e n s i n g  

procedures .  Furthermore,  t h e  l i c e n s i n g  exper ience  of s o l i d - f u e l e d  

r e a c t o r s  can be used  as only  a g e n e r a l  gu ide  because oE s i g n i f i c a n t  

fundamental d i f f e r e n c e s  between t h o s e  systcms and MSRs e Presumably 

MSRs would be r e q u i r e d  t o  comply w i t h  t h e  i n t e n t ,  r a t h e r  t h a n  t h e  l e t t e r ,  

of XRC requi rements ,  p a r t i c u l a r l y  where methods of compliance a r e  concept- 

s p e c i f i c  - 
Before any MSR i s  l i c e n s e d ,  i t  probably w i l l  be n e c e s s a r y  t o  d e f i n e  

a complete new spectrum of p o t e n t i a l  t r a n s i e n t s  and a c c i d e n t s ,  along 

wfth  t h e i r  a p p l i c a b l e  i n i t i a t i n g  e v e n t s ,  t o  be t r e a t e d  i n  s a f e t y  a n a l y s i s  

r e p o r t s .  Some of t h e  more impor tan t  s a f e t y - s i g n i f i c a n t  e v e n t s  f o r  an 

MSR were mentioned ea r l i e r ,  b u t  even r o u t i n e  o p e r a t i o n a l  e v e n t s  may have 

a d i f f e r e n t  o r d e r  of importance f o r  t h i s  r e a c t o r  concept .  For  example, 

moderate r e a c t o r  power d i s t u r b a n c e s  would n ~ t  be v e r y  impor tan t  because 

one of the p r i n c i p a l  consequences,  f u e l  c l a d d i n g  f a i l u r e ,  i s  a nonevent 

i n  a n  MSR. 

event  because s f  t h e  h igh  leve l  of r a d i o a c t i v i t y  i n  t h e  XSR c o o l a n t .  The 

However, a s m a l l  l e a k  of r e a c t o r  c o o l a n t  would be an impor tan t  

.. .. . . . . . . . % .  
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p r e v i o u s  examples of s i g n i f i c a n t  d i f f e r e n c e s  between MSRs and o t h e r  li- 

censed r e a c t o r s  i l l u s t r a t e  why a s u b s t a n t i a l  d e s i g n  and a n a l y s i s  e f f o r t  

would be r e q u i r e d  f i r s t .  The  reasons  are (1) t o  e s t a b l i s h  l i c e n s i n g  

c r i t e r i a  f o r  MSRs i n  g e n e r a l  and a DMSR i n  p a r t i c u l a r  and ( 2 )  t o  e v a l u a t e  

MSR l i c e n s a b i b i t y  i n  r e l a t i o n  t o  that of o t h e r  r e a c t o r  t y p e s .  

E s t i m a t e s  of Schedul ing and Cos ts  

A d e t a i l e d  p l a n  f o r  developing t h e  technology n e c e s s a r y  to e n s u r e  

t h e  safe o p e r a t i o n  of t h e  MSBR under normal c o n d i t i o n s  and s a f e  shutdown 

under a c c i d e n t  c o n d i t i o n s  is p r e s e n t e d  i n  Ref.  2 .  There a r e  no s i g n i f i -  

c a n t  d i f f e r e n c e s  between t h e  MSBR and DSNR concepts  i n  terms of n e c e s s a r y  

s a f e t y  and s a f e t y - r e l a t e d  technology development; t h u s  t h e  program sched- 

u l e  and o p e r a t i n g  fund requi rements  € o r  t h e  XSBR s a f e t y  technology de- 

vel.opment program found in R e f .  2 w i l l  serve as a first estimate of the 

requi rements  f o r  a DMSR program. Table  2 . 1  s h o w s  the o p e r a t i n g  fund  

requi rements  ( i n  1978 d o l l a r s )  f o r  a s a f e t y  technology develupment program 

beginning i n  1986. 

References 



Table 2.1. Summary of operating fund requirements for work on reactor safety 

Cost (thousands of 1978 dollars) for fiscal year - 
Task -- -.. --- ---- 

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 
-- .._. ---_--_-. -. -- -_-.-- -- 

Guidance studies 117 303 312 312 247 312 468 !iO7 631 780 84s 

Fission-product behavior 39 59 78 5 9 59 

Primary systems material 39 117 91 130 39 

Component and systems technology 156 208 215 273 325 325 
(accident conditions) 

65 65 65 65 65 

65 65 65 65 

Safety instrumentation and controls 
technology 

Maintenance technology (postaccident) 

Safety technology of processing and 65 65 
waste storage and handling 

- - __..__ _~ ~ - ~ --- .--. --- - 
Total fundsa 117 303 351 468 397 676 839 975 1100 1235 1300 

"Total funds through 1990: $7761. 
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PART 111. FUEL-COOLANT BEHAVIOR 

W. K. G r i m e s  

The development e f f o r t  on MSRs p r i o r  

AND FUEL PROCESSING 

t o  1992 produced a l a r g e  body 

of t e c h n i c a l  i n f o r m a t i o n  r e l a t e d  t o  t h e  behavior  of p o t e n t i a l  f u e l  and 

c o o l a n t  s a l t s  and t o  t h e  f u e l  p r o c e s s i n g  concept .  T h e  pr imary f o c u s  

€or  most of t h i s  development was t h e  MSBR, b u t  much of t h e  r e s u l t a n t  

techmulogy is a l s o  a p p l i c a b l e  t o  t h e  DMSR. However, t h e  two r e a c t o r  

concepts  d i f f e r  i n  impor tan t  r e g a r d s ,  and some of t h e  chemis t ry  and ana- 

l y t i c a l  chemis t ry  programs thought  t o  be v i r t u a l l y  complete f o r  the MSRR 

will r e q u i r e  some a d d i t i o n a l  e f f o r t  f o r  t h e  DXSR. D i f f e r e n c e s  i n  f u e l  

p r o c e s s i n g ,  n e c e s s i t a t e d  by both  t h e  d i f f e r i n g  f u e l s  and t h e  d i f f e r i n g  

p h i l o s o p h i e s ,  w i l l  r e q u i r e  some a d d i t i o n a l  R&D (and p o s s i b l y  a d i f f e r e n t  

u n i t  p r o c e s s  i n  one a r e a )  as w e l l  as t h e  e n g i n e e r i n g  demonst ra t ion  of 

t h e  p r o c e s s i n g  s t e p s  i n d i v i d u a l l y  and i n  i n t e g r a t e d  o p e r a t i o n  which t h e  

MSDR a l s o  r e q u i r e d .  

The MSBR program cont inued  a f t e r  mid-7974, and t h e  subsequent  two 

y e a r s  brought  a v a r i e t y  of f i n d i n g s  i n  t h e  behavior  of f u e l  and c o o l a n t  

salts ,  in r e p r o c e s s i n g  and f u e l  r e c o n s t i t u t i o n ,  and i n  f u e l - m a t e r i a l  

i n t e r a c t i o n s .  A l l  t h e  f i n d i n g s ,  of c o u r s e ,  c o n t r i b u t e  changes,  some of 

which are s i g n i f i c a n t  t o  the r e q u i r e d  development e f f  o r$ .  These t h r e e  

general  t o p i c s  a long  w i t h  t h e  r e l e v a n t  a n a l y t i c a l  chemis t ry ,  a r e  t r e a t e d  

h e r e .  

The f o l l o w i n g  d i s c u s s i o n  a t t e m p t s  to b r i e f l y  d e f i n e  the areas i n  

which DMSR technology requi rements  d i f f e r  s u b s t a n t i a l l y  from t h o s e  f o r  

t h e  NSBR; i n  p a r t i c u l a r ,  d i f f e r e n c e s  i n  t h e  r e a c t o r s  or r e c e n t  advances 

i n  mol ten-sa l t  technology t h a t  r e q u i r e  o r  permi t  s i g n i f i c a n t  changes i n  

t h e  1974 MSBR program p l a n  are d i s c u s s e d .  The g e n e r a l  format  f u r  d i s -  

c u s s i o n  ~f t h e  f o u r  broad areas of technology i n c l u d e s  ( I )  t h e  key d i f -  

f e r e n c e s  between t h e  MSRK and t h e  DMSR; ( 2 )  post-I974 advances i n  MSBR 

technology;  ( 3 )  t h e  s t a t u s  o f  molten-sa l t  technology,  w i t h  s p e c i a l  em- 

p h a s i s  on a d d i t i o n a l  requi rements  f o r  demonst ra t ion  o f  t h e  DMSR; and ( 4 )  

estimates of s c h e d u l i n g  and funding requirements of t h e  o v e r a l l  DNSR 

programp drawn from t h e  1 9 7 4  MSBR program p l a n .  
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3. FUET, AND COOLANT CHEMISTRY 

Because b o t h  t h e  f u e l  (primary c o o l a n t )  and t h e  c o o l a n t  (secondary 

c o o l a n t )  i n  an MSR are complex f l u i d s ,  t h e y  are s u b j e c t  t o  a wide v a r i e t y  

of chemical  e f f e c t s  and i n t e r a c t i o n s  t h a t  have a v i t a l  i n f l u e n c e  on 

t h e  o v e r a l l  behavior  of t h e  r e a c t o r  system i n  which t h e y  a r e  used. 

Therefore ,  a d e t a i l e d  unders tanding  of t h e  chemical  behavior  of t h e s e  

f l u i d s  under b o t h  normal and off-normal c o n d i t i o n s  is e s s e n t i a l  t o  t h e  

s u c c e s s f u l  development of t h e  MSR concept .  This  c h a p t e r  d i s c u s s e s  t h a t  

chemical behavior  as it  a p p l i e s  s p e c i f i c a l l y  t o  t h e  DXSR. 

Key D i f f e r e n c e s  in Reactor  Concepts 

Fuel  proposed f o r  t h e  MSBM conta ined  thorium (as ThF4) as t h e  f e r -  

t i l e  mater ia l .  The f i s s i l e  m a t e r i a l  f o r  t h e  i n i t i a l .  l o a d i n g  w a s  h i g h l y  

enr iched  ’LJ ( e s s e n t i a l l y  as UP4). k A t  e q u i l i b r i u m ,  t h e  r e a c t o r  (whose 

f u e l  was t o  he cont inuous ly  processed  on a 10-day c y c l e  t o  remove fission 

p r o d u c t s  and t o  i s o l a t e  ‘33Pa  f o r  decay t o  2 3 3 U  o u t s i d e  t h e  n e u t r o n  f l u x )  

o p e r a t e d  w i t h  2 3 3 U  as t h e  f i s s i l e  material .  

e n t  and t h e  small q u a n t i t y  of plutonium w a s  removed w i t h  t h e  p r o t a c t i n i u m  

and was n o t  r e t u r n e d  t o  t h e  c i r c u i t ,  t h e  amount of t ransuranium e lements  

i n  t h e  system was t r i v i a l .  F iss ion-product  z i rconium ( p r e s e n t  i n  t h e  

f u e l  as ZrFs )  was k e p t  t o  a v e r y  low c o n c e n t r a t i o n  s i n c e  i t  w a s  removed 

w i t h  the 233Pa and w a s  no t  r e t u r n e d  t o  the  f u e l .  The f i s s i o n  process i n  

U F 4  appears  t o  be i n h e r e n t l y  s l i g h t l y  o x i d i z i n g  (and, a c c o r d i n g l y ,  COP- 

r o s i v e )  t o  nickel-based a l l o y s  such as Hsstelloy N ;  t h e  t o t a l  v a l e n c e  of 

f i s s i o n - p r o d u c t  c a t i o n s  i n  t h e  m e l t  i n  e q u i l i b r i u m  w i t h  Hastelboy N i s  

s l i g h t l y  less t h a n  f o u r  p e r  f i s s i o n  e v e n t .  

c o r r o s i o n  as a d i r e c t  consequence o f  fission was c o n t r o l l e d  i n  t h e  )ISRE’ 

and w a s  t o  be c o n t r o l l e d  i n  t h e  MSBR’,2 by keeping a s m a l l  f r a c t i o n  ( c a .  

1%) of t h e  uranium p r e s e n t  as U F ~ . ’  

Because l i t t l e  2381T w a s  p r e s -  

This tendency toward enhanced 

.,. 

5( 
However, ~ u ~ 3  was cons idered  and g iven  c o n s i d e r a b l e  s tudy .  9 ’  

B e n e f i t s  from a somewhat h i g h e r  p r o p o r t i o n  of VFs w e r e  recognized ,  
Recent work ( t o  be d e s c r i b e d )  

-t 

bu t  ear l ie r  they  appeared t o  be margina l .  
s u g g e s t s  s t r o n g l y  t h a t  a h i g h e r  f r a c t i o n  of U F 3  w i l l  be v e r y  d e s i r a b l e .  
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I n  c o n t r a s t  t o  t h e  MSBK (and s i n c e  uranium i s  r e c o v e r a b l e  w i t h  

r e l a t i v e  ease by f l u o r i n a t i o n ) ,  t he  DYSR must never  c o n t a i n  f u e l  i n  

which t h e  235U and 233TJ are  a t  weapons-usable c o n c e n t r a t i o n s ;  t h e  over- 

a l l  uranium c o n c e n t r a t i o n  must be markedly h i g h e r  f o r  DMSR f u e l  s ince  a 

l a r g e  q u a n t i t y  of 2 3 8 U  must always be p r e s e n t .  The r e a c t o r  is ,  accord- 

i n g l y ,  l i k e  an LWE: - a producer  and consumer of p1utonium.f: I s o l a t i o n  

of 2 3 3 P a  o u t s i d e  t h e  r e a c t o r  €or decay t o  pure  2331! must obvious ly  be 

abandoned. F iss ion-product  removal from t h e  f u e l  n e c e s s i t a t e s  p r i o r  re- 

moval o€ p r o t a c t i n i u m  and plutonium (as w e l l  as uranium),  b u t  t h e  DMSR 

i s  obvious ly  c o n s t r a i n e d  t o  r e i n t r o d u c e  t h e s e  materials d i r e c t l y  t o  t h e  

r e a c t o r .  As a consequence, t h e  f u e l  w i l l  c o n t a i n  an a p p r e c i a b l e  concen- 

t r a t i o n  of t ransursn ium i so topes .  The c o n s t r a i n t  also e l i m i n a t e s  t h e  

easy  removal of f i s s i o n - p r o d u c t  z i rconium conceived f o r  t h e  MSBR, and,  

u n l e s s  some i n v e n t i o n  i s  r e a i i z e d ,  t h e  DMSR must a c c e p t  a low b u t  appre- 

c i a b l e  c o n c e n t r a t i o n  of ZrF:, i n  t h e  f u e l .  Each of t h e  d i f e e r e n c e s  above, 

of c o u r s e ,  i m p l i e s  a n o n t r i v i a l  (though r e l a t i v e l y  srnali) change i n  t h e  

f u e l  chemis t ry .  A l a r g e r  change i n  f u e l  chemis t ry  (and i n  R&D needs)  

would r e s u l t  f r o m  a d e c i s i o n  t o  o p e r a t e  t h e  r e a c t o r  w i t h  5 t o  10% of 

t h e  uranium p r e s e n t  as UF3. A d i s c u s s i o n  of t h i s  i s s u e  is p r e s e n t e d  

i n  a subsequent  s e c t i o n .  

- 

T t  should be noted ,  even i n  a s e c t i o n  such as t h i s ,  t h a t  chemical 

behavior  and a s s o c i a t e d  RSlB needs of t h e  f u e l s  f o r  t h e  MSBR and DMSR 

show f a r  more s imi la r i t i es  than d i f f e r e n c e s .  

Po s t - 1 9  7 4 Techno 1 o EV Advances 

T h e  appearance of  numerous shallow c r a c k s  when H a s t e l l o y  N specimens 

w e r e  t e n s i l e  t e s t e d  a f t e r  exposure t o  t h e  Eucl w a s  a key o b s e r v a t i o n  from 

t h e  o t h e r w i s c  v e r y  s u c c e s s f u l  f our-year operat ion a €  t h e  MSRE e T h i s  

c r a c k i n g  b e h a v i o r ,  which caused no p a r t i c u l a r  problems i n  the MSRE but  

I 

-1. 

A t  e q u i l i b r i u m ,  about  36% of t h e  f i s s i o n s  i n  t h e  conceptua l  DPlSR 

Y i e l d s  of s p e c i f i c  f i s s i o n  p r o d u c t s  d i f f e r  among t h e  t h r e e  f i s s i l e  

w i l l  occur  i n  plutonium. 

s p e c i e s .  However, t h e  d i f f e r e n c e  i n  needs f o r  RSID on f i s s i o n - p r o d u c t  be- 
h a v i o r  i s  probably t r i v i a l .  
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which would probably prove intolerable upon extrapolation to an MS33 or 

DMSR, was shown to be R consequence of fission-product tellurium.* ,It 

the redox potential ( s e t  essentially by the ratio of UF3 to U F k )  in an 

?!ISRE, fission-product tellurium would exist pri-narily as elemmtal te!- 

lurium and could react with the  a l l o y .  Fost-1974 RGID served to conf i rm 

this hypothesis, and progress was made in understanding sone derai 1s of 

the behavior of tellurium in molten fuel mixtures’ 7 and in d e f i n i n g ’  

a l l o y s  (including slight modifications of Hastelloy rj) tar more resis tant  

to tellurium embrittlement e Moreover a considerable experimental pro- 

gram has shown that if the fuel has a sufficiently high ratio 01 UF3 to 

UFI, (0.02 to O . l > ,  the impact of added tellurium on ordinary H a s t e l l o y  N 

is very markedly diminished. 9 

ratios, tellurium is constrained to exist in the fuel as T e 2 -  (and almost 

certainly in solution) and is unable to mount an appreciable attack on 

the a l l o y .  T h i s  observation appears to open many possibilities and nay 

amount t o  a real breakthrough. 

9 

It seems clear t ha t  3t high UF~/LJFL,  

A careful remeasurement* as a function of temperature and of solvent 
compusition of t he  equilibrium, * 

has given a reasonable confirmation of the previous measurementsq in LiF- 

BeF2 (66-34 mole X )  and has extended them to other I L F - B e F ~  mixtures and 

to LiF-BeF2-ThF4 (72-96-12 mole % > .  S t a b i l i t y  of UF3 re lat ive to UFI,  

increases rapidly with temperature and with a decrease in the free fluo- 

ride ion Concentration of the fuel solvent. 

Adequate retention of tritium that is generated within t h e  fuel s a l t  

has been known to be a problem f o r  PlSRs for years. Two post-1974 devel- 

opments at ORNL Io’’’ promise at l eas t  a major alleviation of tlie problem. 

* 
Tellurium is a member of the sulfur family of elements, and sulfur 

is well h o m  to be detrimental to nickel and nickel-based alloys. 

in 1946.  

6 

’ A s  described i n  some detail in Chapter 7 under the heading Status 

+ Subscripts g and d indicate that the species is gaseous and d i s -  
solved in the molten s a l t ,  respectively. 
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F i r s t ,  a series of exper iments  i n  which t r i t i u m  w a s  added t o  t h e  NaF-h’aBFk 

cool a n t  s a l t  i n  t h e  Coolant -Sa l t  Technology F a c i l i t y  (CSTF) showed t h a t  

>90X of t h e  t r i t i u m  added under s t e a d y - s t a t e  c o n d i t i o n s  appeared i n  t h e  

of f -gas  system i n  chemica l ly  combined (water -so luble)  form and t h a t  ‘1.98% 

of t h e  added t r i t i u m  w a s  removed through t h e  of f -gas  system. ’ These 

d a t a  sugges t  t h a t  t h e  f l u o r o b o r a t e  c o o l a n t  system of an  YSBK (or DMSR) 

might w e l l  d imin i sh  t h e  l eakage  of t r i t i u m  t o  t h e  r e a c t o r  steam system 

t o  a c c e p t a b l e  l i m i t s .  

by t h e  r e a c t i o n  of steam wi th  s team-generator  materials can g r e a t l y  im-  

pede t h e  permeat ion of t h e  m e t a l  by t r i t i u m .  Even a t  a steam p r e s s u r e  

of Ql a t m ,  where t h e  o x i d a t i o n  r a t e  i s  s t i l l  c l e a r l y  dependent on ra tes  

of  d i f f u s i o n  from t h e  bu lk  a l l o y  through t h e  ox ide  c o a t i n g ,  t r i t i u m  per -  

meat ion i s  impeded by f a c t o r s  of n e a r l y  500 a f t e r  150 days of exposuree;?  

Continued study’’ shows t h a t  t h e  ox ide  f i l m  formed 

S t a t u s  of Fue l  and Coolant  Chemistry 

Fuel  chemis t ry  

Choicc of components and composi t ion.  For an NSBR, where e x c e l l e n t  

neu t ron  economy i s  an  abso lu te  requi rement ,  a c c e p t a b l e  f u e l  components 

are few. The c a r e f u l  c o n s i d e r a t i o n s  and t h e  d e t a i l e d  expe r imen ta t ion  

over a p e r i o d  of many y e a r s  t h a t  l e d  t o  t h e  cho ice  of  f u e l  c o n s t i t u e n t s  

and cumposi t ion have been comple te ly  d e s c r i b e d .  

t h a t  (1) t h e  major c o n s t i t u e n t s  of the f u e l  sa l t  f o r  an MSBR must be 

LiF, BeF2, ThF4, and UF4, w i t h  a composi t ion of ‘ L 7 1 . 7 ,  1 6 ,  1 2 ,  and 0 .3 ,  

r e s p e c t i v e l y ,  and t h a t  ( 2 )  h i g h l y  en r i ched  7T,iF and 23‘UF4 are r e q u i r e d .  

For a DMSK t h e  requi rement  f o r  e x c e l l e n t  neu t ron  economy might seem 

There i s  no doubt 1 , 1 2  

t o  be capab le  of s l i g h t  r e l a x a t i o n .  However, such  a r e a c t o r  must have 

a reasonably  h igh  c o n c e n t r a t i o n  of thorium and must c o n t a i n  more uranium 

than  t h e  MSBR. There can be no r easonab le  doubt t h a t  t h e  an ion  must be  

y- , and t h e  p o s s i b i l i t y  t h a t  one can f i n d  b e t t e r  d i l u e n t  f l u o r i d e s  than 

7T,iF and BeF2 is ext remely  u n l i k e l y e t  The optimum composi t ion of t h e  

-(I 

This  s tudy  w a s  i n i t i a t e d  under t h e  Molten-Sal t  Reac tor  Program and 
h a s  been cont inued ,  because of i t s  obvious i n t e r e s t ,  by t h e  f u s i o n  energy 
program. 

A s l i g h t l y  h i g h e r  6 L i  Concent ra t ion  could  p o s s i b l y  be  t o l e r a t e d  
-f 

b u t  the ra te  of t r i t i u m  g e n e r a t i o n  would be  i n c r e a s e d .  
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i n i t i a l  f u e l  l o a d i n g  f o r  a DMSR i s ,  Q €  c o u r s e ,  n o t  y e t  known p r e c i s e l y .  

However, i t  appears  l i k e l y  that  t h e  optimum mixture  w i l l  fall near  (in 

mole  X) 7 2  LiF, 1 6  BeF2, and 1 2  heavy-metal f l u o r i d e s ,  w i t h  s l i g h t l y  

less t h a n  10.5 mole % ThF4 and s l i g h t l y  more than  1 .5  mole % U F h  and UFs. 

A s  a Consequence, much t h a t  has  been l e a r n e d  about  t h e  MSBR f u e l  compo- 

s i t i o n  is  d i r e c t l y  a p p l i c a b l e  t o  t h e  DMSR. Knowledge of the behavior  of 

MSBW f u e l ,  a l t h o u g h  n o t  complete,  can € a i r E y  be s a i d  %O be e x t e n s i v e  

and d e t a i l e d  3 

A s  an  a d d i t i o n a l  consequence, t h e  DMSR ( l i k e  t h e  MSBR) w i l l  r e q u i r e  

a l a r g e - s c a l e  and reasonably  economic s o u r c e  of ki thium enr iched  t o  nea.r 

99.99% 7 L i .  N o  such enrichment  f a c i l i t y  i s  o p e r a t i n g  i n  t h e  L‘nited States 

today,  b u t  the technology i s  w e l l  known and r e l a t i v e l y  l a r g e - s c a l e  separa- 

t i o n  has been p r a c t i c e d  i n  t h e  p a s t .  

Fluo~ide phase behavior .  Phase e a u i l i b r i a  among t h e  p e r t i n e n t  MSER 

and DMSR f l u o r i d e s  have been s t u d i e d  i n  d e t a i l ,  and Che e q u i l i b r i u m  d i a -  

grams, a l t h o u g h  r e l a t i v e l y  complex, a r e  w e l l  understood.  Because t h e s e  

r e a c t o r s  need a ThF4 c o n c e n t r a t i o n  much h i g h e r  than  t h a t  of UF4, t h e  

phase behavior  of t h e  f u e l  is d i c t a t e d  by t h a t  of t h e  LiF-BeF2-ThFs 

system 

t e c t i c  a t  47 mole L I F  and 1.5 mole % ThFr,, m e l t i n g  a t  360°C. The 

system is complicated by t h e  f a c t  t h a t  t h e  compound 3LiF*ThF1, can i n c o r -  

p o r a t e  B e 2 +  i o n s  i n  both  i n t e r s t i t i a l  and s u b s t i t u t i o n a l  s i tes  t o  form 

solid solutions whose compositional extremes are represented by the 

shaded t r i a n g u l a r  r e g i o n  n e a r  t h a t  compound. I n s p e c t i o n  of t h e  phase 

diagram’ 9 ’ 
t h a n  10 mole % ThF4 w i l l  be completely molten a t  o r  below 580°C. The 

maximum ThF4 c o n c e n t r a t i o n  a v a i l a b l e  at t h i s  l i q u i d u s  tempera ture  is  

j u s t  above 1 4  mole %. A s  expected from t h e  g e n e r a l  s i m i l a r i t y  of ThF4 

and U F 4 ,  s u b s t i t u t i o n  of  a moderate q u a n t i t y  of U F 4  f o r  ThF4 s c a r c e l y  

changes t h e  phase behavior .  

shown i n  F ig .  3.1. This  system shows a s i n g l e  t e r n a r y  eu- 1,12 

r e v e a l s  t h a t  a c o n s i d e r a b l e  range  of composi t ions w i t h  more 

Opera t ion  of t he  DMSR w i l l  r e s u l t  i n  p r ~ d u ~ t i ~ n  of plutonium and of 

smaller q u a n t i t i e s  of o t h e r  t ransuranium i s o t o p e s .  It s e e m s  likely t h a t  

a t  e q u i l i b i r u m  the  c o n c e n t r a t i o n  of plutonium w i l l  be  n e a r  0.05 mole %,  

w h i l e  N p ,  h, Cm, Cf, and Bk might t o g e t h e r  t o t a l  an a d d i t i o n a l  0.025 
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Fig 3 1 a The system Li F-Bc1'2-ThF4. 
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aeF, 
555 

mole 2 .  A l l  t h e s e  s p e c i e s  are expected t o  be d i s s o l v e d  i n  t h e  f u e l  so lu-  

t i o n  as t r i f l u o r i d e s .  

T h e  s o l u b i l i t y  of PuF3 i n  LiF-BeFz-ThFs (72-16-12 m o l e  X >  has been 
1 4  measured a t  OKNL'3 and a t  the B'nabba Atomic Research Center  i n  Pndia.  

The l a t t e r  s t u d y  i n d i c a t e d  t h a t  s o l u b i l i t y  i n c r e a s e d  from 0 .97  mole 7; a t  

523°C t o  2 .79  mole % a t  918°C. 

about  20% h i g h e r .  I n  bo th  s t u d i e s ,  more t h a n  one method w a s  used f o r  

a s s a y  of t h e  dissel .ved p lu ton ium,  and no ready e x p l a n a t i o n  of the d i s -  

crepancy i s  a v a i l a b l e .  It i s  c lear ,  however, that even t h e  lower v a l u e  

f a r  exceeds t h a t  r e q u i r e d .  The o t h e r  t r a n s u r a n i c  s p e c i e s  a r e  known t o  

d i sso lve '  

of t h e i r  s o l u b i l i t y  behavior  e x i s t s .  Such a definition must of c o u r s e  

b e  o b t a i n e d ,  b u t  t h e  g e n e r a l l y  c l o s e  s i m i l a r i t y  i n  t h e  behavior  of t h e  

The ORNL measurements y i e l d e d  v a l u e s  

i n  t h e  L L P - B ~ F ~ - T ~ F I +  s o l v e n t ,  but  no q u a n t i t a t i v e  d e f i n i t i o n  
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t r i v a l e n t  a c t i n i d e s  makes i t  most u n l i k e l y  t h a t  s o l u b i l i t y  of t h e s e  

i n d i v i d u a l  s p e c i e s  can b e  a problem. 

The s o l u b i l i t y  of UP3 i n  t h e  . fue l  w a s  known t o  b e  w e l l  i n  e x c e s s  of  

t h a t  r e q u i r e d  f o r  t h e  MSBR, b u t  i t s  a b s o l u t e  magnitude i s  n o t  well known, 

By analogy16 w i t h  behavior  i n  Li?BeFt,, t h e  s o l u b i l i t y  of UF3 i s  v e r y  

l i k e l y  t o  be lower than  t h a t  of PuF3,  b u t  i t  i s  q u i t e  u n l i k e l y  t u  be  l ess  

t h a n  0.4 m u l e  X a t  565°C. 

The t r i v a l e n t  l a n t h a n i d e s  and a c t i n i d e s  are known t o  form solid 

s o l u t i o n s  so t h a t ,  i n  e f f e c t ,  a l l  t h e  r a r e - e a r t h  t r i f l u o r i d e s  and t h e  

a c t i n i d e  t r i f l u o r i d e s  a c t  e s s e n t i a l l y  as a s i n g l e  e lement .  Should i t  

prove d e s i r a b l e  t o  o p e r a t e  w i t h  10% of t h e  uranium reduced (ca. 0.16 

mole % UF3), i t  i s  p o s s i b l e ,  b u t  h i g h l y  u n l i k e l y ,  t h a t  t h e  combination 

of a l l  t r i f l u o r i d e s  (perhaps 0 .3  mole % >  might exceed t h i s  combined 

s o l u b i l i t y  a t  a t empera ture  somewhat below t h e  r e a c t o r  i n l e t  t empera ture .  

A few experimentsf: must be performed t o  check t h i s  s l i g h t  p o s s i b i l i t y .  

Oxide b e h a v i s r .  The behavior  of mobten f l u o r i d e  systems such as  

t h i s  i s  marlcedly a f f e c t e d  by a p p r e c i a b l e  c o n c e n t r a t i o n s  of ox ide  i o n .  

The s o l u b i l i t i e s  of t h e  a c t i n i d e  d i o x i d e s  i n  EiF-BeFe-ThFs are  low 

and are  known 3 16-23 t o  d e c r e a s e  i n  t h e  o r d e r  ThOz, PaO2, U Q 7 ,  PuOz. 

S o l u b i l i t y  p r o d u c t s  and t h e i r  t empera ture  dependence have been measured 

f o r  t h e s e  oxides .  ?loreover,  i t  i s  known 1 9 1 6 - 2 3  t h a t  t h e s e  d i o x i d e s  a l l  

have t h e  same f l u o r i t e  s t r u c t u r e  and form s o l i d  SOlutiQnS; t h e i r  behavior  

i s  reasonably  w e l l  unders  t s o d  e Plutonium as PuF 3 shows l i t t l e  tendency 

t o  p r e c i p i t a t e  as oxide .  9 

The c ~ ~ p ~ u n d  Pa205 (or  an  a d d i t i o n  compound of t h i s  m a t e r i a l )  is 

v e r y  i n s o l u b l e  i n  LiP-BeF2-ThF4 (72-16-12 mole % > .  The oxide  concent ra -  

tions a t  which Pa205 can b e  p r e c i p i t a t e d  depend on b o t h  t h e  p r o t a c t i n i u m  

c o n c e n t r a t i o n  and t h e  o x i d a t i o n  s t a t e  of t h e  f u e l .  The s i t u a t i o n  is 
i n d i c a t e d  by t h e  e q u i l i b r i u m  .i. 

Jc 
S i n c e  m i x t u r e s  with plutonium and b e r y l l i u m  are n e u t r o n  s o u r c e s ,  t h e  

experiments  are more d i f f i c u l t  t h a n  u s u a l .  

The s u b s c r i p t  c i d e n t i f i e s  t h e  c r y s t a l l i n e  o r  s o l i d  s ta te .  
-1 
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f o r  which we estimate' t h e  e q u i l i b r i u m  q u o t i e n t  

The r e s u l t  i s  t h a t  w i t h  100 ppm p r o t a c t i n i u m  and 30 ppm ox ide  p r e s e n t ,  

t h e  U'+/W''+ r a t i o  must be  kep t  above about  

t i o n  of Pap05 i s  t o  be  avoided .  Such o x i d i z i n g  c o n d i t i o n s  are easy  t u  

avoid  i n  p r a c t i c e .  There i s  a l s o  a dependence on t h e  C 3 * / U k +  r a t i o  of 

t h e  ox ide  c o n c e n t r a t i s n  a t  which PuOa p r e c i p i t a t i o n  occur s .  However ~ 

even s t r o n g e r  o x i d i z i n g  c o n d i t i o n s  (U 3 + / ~ 4 +  < 

c i p i t a t e  Pu02 from f u e l  f o r  XSBKs o r  DMSRs. 

i f  i n a d v e r t e n t  p r e c i p i t a -  

are r e q u i r e d  t o  pre-  

T h e  s o l u b i l i t y  of t h e  ox ides  of neptunium, americium, o r  curium has 

n o t  been examined. Some a t t e n t i o n  t o  t h i s  problem w i l l  be r e q u i r e d ,  bu t  

i t  is not obvious t h a t  such studies have a h igh  p r i o r i t y .  

Tt i s  c lear  t h a t  t he  LIMSR f u e l  m u s t  be p r o t e c t e d  f r o m  oxide  contami- 

n a t i o n  t o  avoid  i n a d v e r t e n t  p r e c i p i t a t i o n .  Because of the  l o w  oxide 

t o l e r a n c e ,  t h i s  w i l l  r e q u i r e  some c a r e ,  bu t  t h e  s u c c e s s f u l  o p e r a t i o n  of 

t h e  MSRE ove r  a 3-17ear p e r i o d  l e n d s  conf idence  t h a t  ox ide  contaminat ion  

of  t h e  f u e l  system can be kep t  t o  adequa te ly  Pow levels .  Th i s  conf idence ,  

when added t o  t h e  p rospec t  t h a t  t h e  DMSR f u e l  w i l l  be r ep rocessed  (and 

i t s  ox ide  l e v e i  reduced by f l u o r i n a t i o n  of t h e  uranium) on a cont inuous  

b a s i s ,  s u g g e s t s  ve ry  s t r o n g l y  t h a t  problems w i t h  ox ide  contaminat ion  can 

be avoided .  

P h y s i c a l  p r o p e r t i e s .  - 

ThF4 (92-16-12 mole 7;)" are known w i t h  r easonab le  accu racy ,  a l though  

several have been de f ined  by i n t e r p o l a t i o n  from measurements on s l i g h t l y  

d i f f e r e n t  composi t ions .  

Most of the p h y s i c a l  p r o p e r t i e s  of LiF-ReFi- 

The l i q u i d u s  tempera ture  i s  w e l l  knswn, and d e n s i t y  and v i s c o s i t y  

The h e a t  c a p a c i t y  h a s  2 , 2 4  are  a c c u r a t e  t o  23 and h10%, r e s p e c t i v e l y .  

been de r ived  from d r o p  c a l o r i m e t r y ;  on t h e  b a s i s  of t h i s  d e t e r m i n a t i o n  

and w i t h  a s imple  model f o r  p r e d i c t i n g  h e a t  c a p a c i t y  of mol ten  f l u o r i d e s ,  

one can  r e l i a b l y  p r e d i c t  t h e  h e a t  c a p a c i t y  of the  DNSR mixture. 

v 
Most p h y s i c a l  p r o p e r t i e s  w i l l  be t r i v i a l l y  a f f e c t e d  by v a r i a t i o n s  

among t h e  heavy-metal c u n c e n t r a t i o n s  so long as t h e  heavy-metal  c o n t e n t  
remains a t  1 2  mole 2. 
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coefficients of molten fluorides. Measurements that are probably accurate 

to + I O  to 15% have been obtained for L~F-B~Fz-T~PL+-UFL+ (67.5-20-l2-0.5 

mole % >  2 6  For future design considerations it w i l l .  be helpful to de- 

velop an apparatus to measure thermal conductivities of fluorides with 

greater accuracy and to determine the conductivity of the fuel salt com- 

pos it ion * 

The surface physical properties ( s u ~ f a c e  tension and interfacial 

tension between sal t  and graphite) are only qualitatively known. Such 

properties are important in assessing wetting behavior and in determining 

the degree of salt penetration into graphite. 

The vapor pressure9 as yet unmeasured, has been extrapolated f rom 

measurements of LiF-BeP2 and LiF-UF4 mixtures. A t  the  highest normal 

operating temperature, 704’6, the estimated vapor pressure is ‘bL.3 Pa 

torr). The vapor composition has not been measured, but the vapor 

would be considerably enriched in BeP2 and perhaps in ThF4. Vapor pres- 

sure and vapor composition are not high-priority measurements. However, 

more than qualitative estimates of these properties w i l l  be  required in 

future calculations of the amount and composition of salt that is trans- 

ported by gas streams used to cool portions of the off-gas system in the 

primary circuit. A transpiration experiment would provide firm values 

of vapor c~mpositi~n and improved values of vapor pressure. Manometric 

measurements combined with mass-spectrographic determination would pro- 

v i d e  more precise information on both. 

Fission-product chemistry. Much attention was given to behavior of 

the %ission products in t h e  MSREZ7 because of their effect on reactor 

operation and performance, aEterheat, and reactor maintenance. More 

experimentation will clearly be required in future DMSR (or MSER) develop- 

ment. 
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and can be removed by sparging with helium. More than 80% of the ’Xe 

was removed by the relatively simple sparging system of the MSRI3.l The 

more efficient sparging proposed for the MSBR should also be appaisable 

to the DMSR. 

The noble gases are only slightly sod~ble in molten fluorides 

Most of the 13’Xe (the worst of the fission-product poisons) 



is formed i n d i r e c t l y  by decay of  6.7-hr- 1 3 % ,  and t h e  u s e  of r a p i d  s i d e -  

stream s t r i p p i n g  of by t h e  r e a c t i o n  

was cons idered  a remote p o s s i b i l i t y  f o r  t h e  TvISBR.~ 

a m o s t  u n l i k e l y  need f o r  t h e  DMSR; i f  i t  were n e c e s s a r y ,  i t  would p r e c l u d e  

o p e r a t i o n  a t  h igh  UF?/UFL, r a t i o s .  

Such s t r i p p i n g  seems 

The rare e a r t h s  and o t h e r  s t a b l e  s o l u b l e  f l u o r i d e s  (e.g., Zr, C e ,  

S r ,  C s ,  P, B a ,  and Rb) are a l l  expected t o  be found p r i n c i p a l l y  i n  t h e  

f u c l  salt:k and can be  removed by t h e  € u e l  p r o c e s s i n g  o p e r a t i o n . t  ?'lie 

chemical  behavior  of t h e s e  f i s s i o n  p r o d u c t s  i s  f a i r l y  w e l l  understood 

a n d ,  1 i i cc  t h e  noble-gas behavior  can be p r e d i c t e d  c o n f i d e n t l y  f o r  

o p e r a t i n g  UMSRs 2 7  

I h c  c h e n i r a l  behavior  of thc  s o - c a l l e d  noble-metal  f i s s i o n  p r o d u c t s  

(Nb, N o 9  Tc, liu, A g ,  Sb, and T e l l  i s  c o n s i d e r a b l y  less p r e d i c t a b L e  - a s  

has  been borne  o u t  i n  MSRE - and w a r r a n t s  f u r t h e r  s t u d y .  

According t u  a v a i l a b l e  thermodynamic d a t a ,  t h e y  a r e  expec ted  t o  appear  

i n  a reduced form at L!FJ/UFL, r a t i o s  g r e a t e r  t h a n  lo-'. 
reduced and presuincxl meta l l ic  s t a t e ,  t h e s e  f i s s i o n  p r o d u c t s  can d i s p e r s e  

v i a  many mechanisms. 

However, i n  t h e  

Analyses  of MSRE sal t samples f o r  f i v e  noble-metal  n u c l i d e s  ("Ffo, 

Te) showed t h a t  t h e  f u e l  sa16 c o n t a i n e d  up t o  I O  q R u  1 0 6  1 2 9 - 1 3 7  Ru, and 

a P e w  t e n s  of  p e r c e n t  of t h e  nominal c a l c u l a t e d  i n v e n t o r y .  A l l  t h e s e  

s p e c i e s  have v o l a t i l e  high-valence f l u o r i d e s  t h a t  could form under suf -  

f i c i e n t l y  o x i d i z i n g  c o n d i t i o n s .  On the  b a s i s  of thermodynamic consid-  

e r a t i o n s  and a c o r r e l a t i o n  of t h e i r  behavior  with t h a t  of l l l A g ,  f o r  

which no s t a b l e  f l u o r i d e  e x i s t s  under f u e l - s a l t  c o n d i t i o n s ,  i t  has been 

t e n t a t i v e 1  y concluded t h a t  they  are meta l l ic  species t h a t  occur  as f i n e l y  

d i v i d e d  p a r t i c l e s  suspended i n  t he  salt e 

J- 

Some of t h e s e  have noble-gas p r e c u r s o r s ;  a f r a c t i o n  of  t h e s e  w i l l  
e scape  from t h e  f u e l  and appear  in the  of f -gas  system. 

I 

See  Chapter 6 .  

And several o t h e r  s p e c i e s  of lower y i e l d .  
r 
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The noble-metal  f i s s i o n  p r o d u c t s  were a l s o  found d e p o s i t e d  on g r a p h i t e  

and HasteLloy E' specimens (on s u r v e i l l a n c e  specimens as well. as on p o s t -  

o p e r a t i o n  specimens) .  However, t h e i r  d i s t r i b u t i o n  on b o t h  se t s  of s p e c i -  

mens v a r i e d  wide ly  and al lowed only  v e r y  tenuous c o n c l u s i o n s  t o  be drawn. 

It  w a s  e v i d e n t  from t h e s e  s t u d i e s  t h a t  n e t  d e p o s i t i o n  was g e n e r a l l y  more 

i n t e n s e  on metal t h a n  on g r a p h i t e ,  and d e p o s i t i o n  on t h e  metal was more 

i n t e n s e  under t u r b u l e n t  f low. 

2 3 5  Gas samples taken  from t h e  pump bowl d u r i n g  U o p e r a t i o n  of t h e  

MSRE i n d i c a t e d  t h a t  s u b s t a n t i a l  c o n c e n t r a t i o n s  of n o b l e  metals were p r e s -  

e n t  i n  t h e  gas  phase,  b u t  improved sampling t e c h n i q u e s  (used d u r i n g  

o p e r a t i o n  of t h e  r e a c t o r  w i t h  

been contaminated by s a l t  m i s t  and t h a t  on ly  a s m a l l  f r a c t i o n  of the 

noble-metal  f i s s i o n  p r o d u c t s  escape  t o  t h e  cover  gas .  

3UF~) showed t h a t  p r e v i o u s  samples had 

O f  t h e  noble  metals, niobium i s  t h e  most s u s c e p t i b l e  t o  o x i d a t i o n ;  

i t  w a s  found a p p r e c i a b l y  i n  s a l t  samples a t  t h e  s ta r t  of t h e  2 3 3 U  M R E  

o p e r a t i o n  because o€  t h e  Low i n i t i a l  U"+/U'+ r a t i o .  

t o  d i s a p p e a r  by lowering t h e  redox p o t e n t i a l  of t h e  f u e l , '  b u t  i t  sub- 

s e q u e n t l y  reappeared  i n  t h e  s a l t  several t i m e s  f o r  r e a s o n s  t h a t  were n o t  

always e x p l a i n a b l e .  T h e  "Nb d a t a  d i d  n o t  c o r r e l a t e  w i t h  t h e  1.In-Ru-le 

data mentioned p r e v i o u s l y ,  n o r  w a s  t h e r e  any o b s e r v a b l e  c o r r e l a t i o n  of 

niobium behavior  w i t h  amounts found i n  gas  samples,  

It could be nadc 

I 9 2 7  

The a c t u a l  s ta te  of t h e s e  noble-metal  f i s s i o n  p r o d u c t s  i s  impor tan t  

t o  t h e  e f f e c t i v e n e s s  of MSBK o p e r a t i o n s .  I f  t h e  p r o d u c t s  e x i s t  as metals 

and i f  t h e y  p l a t e  o u t  on t h e  BastelJoy-N p o r t i o n s  of t h e  r e a c t o r ,  they  

w i l l  be of l i t t l e  consequence as poisons ;  however, t h e y  can be of i m -  

p o r t a n c e  i n  de te rmining  t h e  level  of f i s s i o n - p r o d u c t  a f t e r h e a t  a f t e r  

r e a c t o r  shutdown and will compl ica te  maintenance o p e r a t i o n s  and p o s t -  

o p e r a t i o n  decontaminat ion.  They w i l l  c o n t r i b u t e  t o  n e u t r o n  poisoning  

i f  t h e y  form c a r b i d e s  o r  adhere  i n  some o t h e r  way t o  t h e  g r a p h i t e  modera- 

t o r ; "  however, examinat ion of t h e  MSRE g r a p h i t e  moderator  i n d i c a t e d  t h a t  

t h e  e x t e n t  of such adherenee w a s  l i m i t e d .  1 , 2 , 2 7  

-L 

Niobium i s  t h e  only  element of t h i s  series w i t h  a c a r b i d e  t h a t  i s  
thermodynamically s t a b l e  i n  t h i s  tempera ture  range.  It showed t h e  l a r g e s t  
tendency t o  a s s o c i a t e  w i t h  t h e  moderator g r a p h i t e .  



4 2  

Opera t ion  w i t h  a e‘Fa/UFt+ r a t i o  n e a r  0 .1  w i l l  a p p a r e n t l y  change t h e  

behavior  of t h o s e  n o b l e  metals capable  of r e d u c t i o n  t o  an a n i o n i c  s t a t e .  

This  seems c e r t a i n  t o  i n c l u d e  t e l l u r i u m 6 ”  and may be s a f e l y  presumed 

t o  i n c l u d e  selenium. 

i n  such m e l t s ,  and o t h e r  of t h e  noble-metal  fission p r o d u c t s  may be d i s -  

so lved .  I f  s o ,  t h e y ,  a long w i t h  t h e  t e l l u r i u m  and se len ium,  would - as 

was n o t  expec ted  f o r  t h e  MSBK - be t r a n s p o r t e d  t o  t h e  f u e l  p r o c e s s i n g  

c i r c u i t ,  where t h e i r  removal should  be p o s s i b l e .  Should a d e c i s i o n  be 

made t o  o p e r a t e  wish s t r o n g l y  reduced f u e l ,  some study of such p o s s i -  

b i l i t i e s  w i l l  be  n e c e s s a r y .  

Antimony may e x i s t  (and may be d i s s o l v e d )  as Sb3- 

Y 

C l e a r l y ,  most of t h e  f u t u r e  f i s s i o n - p r o d u c t  chemical  r e s e a r c h  should 

be  d i r e c t e d  toward i n c r e a s i n g  our  unders tanding  of noble-metal-fission- 

product  behavior  t o  a bevel  comparable t o  t h a t  of t h e  o t h e r  f i s s i o n  prod- 

u c t s .  F a c t o r s  of importance t o  f u t u r e  r e a c t o r s  i n c l u d e  t h e  redox poten- 

tial of t h e  system>$< the p o s s i b l e  agglomeration of metals onto gas  and 

bubble  i n t e r E a c e s  i n  t h e  absence of c o l l o i d a l  ( m e t a l l i c ,  g r a p h i t e ,  ox ide  

e t c . )  p a r t i c l e s ,  the  d e p o s i t i o n  of noble  metals onto  c o l l o i d a l  p a r t i c l e s ,  

and t h e  d e p o s i t i o n  and r e s u s p e n s i o n  of p a r t i c l e s  b e a r i n g  noble  metals. 

T r i t i u m  behavior .  

about  2420 C i  (2.0.25 g )  of 3 H  p e r  day; t h e  DMSR must a c c o r d i n g l y  be ex- 

pec ted  t o  g e n e r a t e  H a t  t h i s  r a t e .  S ince  m e t a l s  a t  h i g h  tempera tures  

are  permeable t o  t h e  i s o t o p e s  of hydrogen, t h e  pathways f o r  t r i t i u m  f l o w  

from t h e  r e a c t o r  t o  t h e  environment are numerous. Although many of t h e  

pathways do n o t  p r e s e n t  s e r i o u s  d i f f i c u l t y ,  ‘ t h e  flow t o  t h e  steam genera- 

t o r ,  i f  n o t  i n h i b i t e d ,  could r e s u l t  i n  t r i t i u m  contaminat ion  of t h e  steam 

system and release of t r i t i u m  t o  t h e  environment via  blowdown and leakage  

t o  t h e  condenser c s o l a n t .  

A 1000-MW(e) MSBR h a s  been e s t i m a t e d 3 2  t o  produce 

3 

- 

As noted  above (and d e s c r i b e d  i n  more d e t a i l  i n  a subsequent  sec- 

t i o n ) ,  t h e  NaF-NaBF4 c o o l a n t  appears  t o  be t h e  major d e f e n s e  a g a i n s t  3H 

escape  t o  t h e  steam system;” however, t h e  behavior  of 3B i n  t h e  f u e l  

-9. 

See f u r t h e r  d i s c u s s i o n  under Fuel-Graphi te  I n t e r a c t i o n s .  

S ince  t h e  t r i t i u m  can r e a d i l y  be t r a p p e d  and r e t a i n e d  f a r  d i s p o s a l  t 
as waste .  
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. :.. . . . . . .  ” ........... ...w it: ,, system i s  obvious ly  impor tan t  

by neut ron  r e a c t i o n s  on 6 ~ i  and 7 ~ i  i n  t h e  fuel. 

p l e ,  genera ted  i n  a n  o x i d i z e d  s t a t e  ( a s  3HF). 

t i o n  w i t h  a f u e l  c o n t a i n i n g  a UP3/UF4 r a t i o  of  0.01 by t h e  r e a c t i o n  

~ o s t  of t h e  tritium’ ’ 3 32 i s  genera ted  

such i s ,  i n  p r i n c i -  

However, upon e q u i l i b r a -  

t h e  HF should  be almost  completely reduced t o  H2; r e d u c t i o n  would of 

c o u r s e  be even more complete at UF?/UF$ = 0.1.  T h e  d a t a  f o r  t h i s  equi-  

l i b r i u m  r e a c t i o n  are w e l l  known. ’ 
Attempts  have been madezE t o  de te rmine  t h e  s o l u b i l i t y  of H2 and D 2  

(and, by analogy,  

s o l u b i l i t i e s  were measured, b u t  t h e  s o l u b i l i t y  i s  n o t  p r e c i s e l y  known. 

F u r t h e r  s t u d y  sf t h e  s o l u b i l i t y  r e l a t i o n s h i p s  i s  needed, and measurements 

of d i f f u s i v i t y  i n  t h e  f u e l  would a l s o  be v a l u a b l e .  It seems l i k e l y  t h a t  

an  e f f i c i e n t  s p a r g i n g  system (as f o r  1 3 5 X e  removal) will s t r i p  a consid-  

e r a b l e  f r a c t i o n  of the 3H2 to t h e  r e a c t o r  off-gas  system, where i t  could 

b e  c o l 1 e c t e d  f o r  d i s p o s a l .  

3 H 2 )  i n  molten LizBeF4, P l a u s i b l e  (and very  s m a l l )  

Basic s t u d i e s  of molten f l u o r i d e s .  A comprehensive knowledge of 
f 

t h e  format ion  f r e e  e n e r g i e s  (AG ) of s o l u t e s  i n  molten EizBeF4 has been 

gained over  the y e a r s 3  from measurements of heterogeneous e q u i l i b r i a  

i n v o l v i n g  v a r i o u s  gases  ( e . g . ,  HP 01- H2O) and s o l i d s  ( e . g .  metals o r  

o x i d e s ) .  The l i s t  of d i s s o l v e d  components f o r  which format ion  f r e e  

e n e r g i e s  have been e s t i m a t e d  i n c l u d e s  L i F ,  HsF2, T ~ F I , ,  s e v e r a l  rare- 

e a r t h  t r i f l u o r i d e s ,  ZrF4, UF3, UP4, PaF4, PaFss PuF3, CrF7, FeF2, NiF2, 

NbF4, NbF5, MoF3, HF, B e O ,  Be§,  Be(OH92, and BeI2. Some of t h e s e  AG 

v a l u e s ,  however, are p r e s e n t l y  i n s u f f i c i e n t l y  a c c u r a t e  f o r  t h e  needs of 

t h e  MSBR and DMSR programs (e.g., those  f o r  PaF4, PaF5, ThF4,  MoP3, NbF4, 

and NbF5) and a d d i t i o n a l  e q u i l i b r i u m  measurements i n v o l v i n g  t h e s e  s o l u t e s  

are needed. Moreover, t h e r e  is a need f o r  t h e  AG v a l u e s  of c e r t a i n  o t h e r  

f i s s i o n - p r o d u c t  compounds such as t h e  lower f l u o r i d e s  of technet ium and 

ruthenium and v a r i o u s  d i s s o l v e d  compounds of t e l l u r i u m .  A mare u r g e n t  

need is  an  i n c r e a s e d  knowledge of how a c t i v i t y  c o e f f i c i e n t s  (which have 

been d e f i n e d  as u n i t y  i n  Li2BeF4) v a r y  as t h e  m e l t  composi t ion changes.  

Such knowledge i s  r e q u i r e d  to p r e d i c t  how t h e  numerous chemFcal e q u i l i b r i u m  

f 

f 
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f 
c o n s t a n t s  t h a t  may be d e r i v e d  from CG values i n  LizBeF4 w i l l  change as 

t h e  m e l t  composi t ion is changed t o  t h a t  of a DMSR f u e l .  

Coo 1,ant shemis t r y  

It has  neve r  appeared f e a s i b l e  t o  raise steam d i r e c t l y  from t h e  

f u e l  (pr imary)  h e a t  exchanger;  a c c o r d i n g l y ,  a secondary c o o l a n t  must be  

provided  t o  l i n k  t h e  f u e l  c i r c u i t  t o  t h e  stearn g e n e r a t o r .  The demands 

imposed upon t h i s  c o o l a n t  f l u i d  d i f f e r  i n  obvious  ways from those  imposed 

upon t h e  f u e l  system. Xadia t ion  i n t e n s i t i e s  w i l l  be  markedly l ess  i n  the 

c o o l a n t  system, and t h e  consequences of uranium f i s s i o n  w i l l  be a b s e n t .  

However, t h e  c o o l a n t  s a l t  must be  compat ib le  w i t h  t h e  c o n s t r u c t i o n  m e t a l s  

t h a t  are also compat ib le  w i t h  t h e  f u e l  and t h e  steam; i t  must n o t  undergo 

v i o l e n t  r e a c t i o n s  w i t h  f u e l  o r  steam slioulcl l e a k s  deve lop  i n  e i t h e r  c i r -  

c u i t .  The c o o l a n t  should  be inexpens ive ,  i t  must p o s s e s s  good h e a t  t r a n s -  

f e r  p r o p e r t i e s ,  and i t  must m e l t  a t  t empera tu res  s u i t a b l e  for steam c y c l e  

s t a r t - u p .  An i d e a l  c o o l a n t  would c o n s i s t  of compounds t h a t  are t o l e r a b l e  

i n  t h e  f u e l  o r  are easy t o  s e p a r a t e  from t h e  v a l u a b l e  f u e l  mix ture  should  

t h e  f l u i d s  m i x  as a consequence of a l e a k .  

Choice of c o o l a n t  composi t ion.  Many types  of c o o l a n t  m a t e r i a l s  

were c a r e f u l l y  cons ide red  before t h e  cho ice  was made. The c o o l a n t  which 

se rved  admirably  i n  t h e  MSRE, L i s B e F 4 ,  w a s  r e j e c t e d  f o r  t h e  MSBR be- 

cause  of economics and because i t s  l i q u i d u s  tempera ture  i s  h i g h e r  than 

d e s i r a b l e .  N o  s u b s t i t u t e  w i t h  i d e a l  c h a r a c t e r i s t i c s  w a s  found. A f t e r  

c o n s i d e r a t i o n  of molten metals and molten c h l o r i d e  and molten f l u o r i d e  

mix tu res ,  the b e s t  material  o v e r a l l  appeared  t o  be  mix tu re  of sodium 

f l u o r i d e  and sodium f l u o r o b o r a t e .  These compounds are r e a d i l y  ava i 7 - 

a b l e  and inexpens ive  and appea r  t o  be s u f f i c i e n t l y  s t a b l e  i n  t h e  r a d i a -  

t i o n  f i e l d  w i t h i n  the pr imary h e a t  cxctianger.  The mix tu re  of NaF-NaEE', 

with 8 mole W NaE' m e l t s  a t  t h e  a c c e p t a b l y  low t empera tu re  of  385°C (725"F), 

and i t s  p h y s i c a l  p r o p e r t i e s  seem adequate  f o r  i t s  s e r v i c e  as a h e a t  t r a n s -  

f e r  agen t .  

o r  t h e  MSBR f u e l ,  b u t  t h e  r e a c t i o n s  are n e i t h e r  v i o l e n t  nor  even p a r t i c u -  

l a r l y  e n e r g e t i c .  

7 

These compounds are n o t  i d e a l l y  compat ib le  w i t h  e i t h e r  steam 

The f a c t  t h a t  f l u o r o b o r a t e s  show an  a p p r e c i a b l e  e q u i l i b r i u m  p r e s s u r e  

of  gaseous BF3 a t  e l e v a t e d  t empera tu res  p r e s e n t s  minor d i f f i c u l t i e s .  The 
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BF3 pressures are moderate; they may be calculated from 

when pressure is in pascals and temperature is in kelvin [yielding 23 

kPa (175 torr) at 600"Cq, and clearly present no dangerous situations. 

However, it is necessary to maintain the appropriate partial pressures 

of BF3 in any f lowing cover-gas stream to avoid composition changes in 

the melt. 

The appropriateness of that choice for the MSBR (and for the DMSR) 

has been confirmed by several findings in recent years. First, a care- 

f u l  and detailed reconsideration of secondary (and even secondary plus 

tertiary) coolants3k ranked the NaF-NaBF, coolant very high  OR the list 
of alternatives After these deliberations, experimental information I C  

became available to show that the KaP-NaBP4 mixture was genuinely effec- 

tive in trapping 3 ~ .   he reconsideration, accordingly concluded: 

11ThiI.e the information that is currently available is in- 
adequate for accurate extrapolation to the rate of tritium re- 
lease t~ the steam system of an MSBR, it appears that the 
sodium fluoroborate salt mixture would have a substantial in- 
hibiting effect on such release and tha t  environmentally ac- 
ceptable rates (<lo Ci/d) could be achieved with reasonable 
effort e 

Additional study needed." A considerable study of many aspects of 

fluoroborate chemistry has beem conducted during the past few years. 

Nevertheless, our understanding of the chemistry of  the NaP-NaBF4 system 

is less complete, and our  knowledge of its behavior rests on a less se- 

cure foundation than that sf the MSBR fuel system. Thus there are sev- 

eral areas where further or additional work is needed, although it seems 

unlikely that the findings will threaten the feasibility of NaF-NaBF4 

in the MSBR (or DMSR) concept. 

it 
It should  be obvious that the  additional study of NaF-NaBF4 cool- 

ants needed for an MSBR is essentially identical to that needed for a 
DMSR. Accordingly, the  previous documentation, f except as m o d i f i e d  by 
more recent findings discussed later, adequately describes the  needed R&I) 
p r o gram 
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Phase behavior  of t h e  s imple  NaF-NaKFr, system and t h e  e q u i l i b r i u m  

p r e s s u r e  of BF? over  t h e  p e r t i n e n t  t empera tu re  i n t e r v a l  are well under- 

s tood .  If t h e  NaF-NaBF4 e u t e c t i c  ( o r  some n e a r  v a r i a n t  of i t>  i s  t h e  

f i n a l  c o o l a n t  cho ice ,  little e f f o r t  need be s p e n t  i n  t h e s e  areas. 

A d d i t i o n a l  i n fo rma t ion  i s  needed, however, on t h e  behav io r  of ox ide  

and hydroxide ions i n  t h e  f Luoreborate  m e l t s  For example 'I t h e  s o l u b i l i t y  

of h'a2132F60 in t h e  mix tu re  i s  n o t  w e l a .  known; d a t a  on e q u i l i b r i a  ( i n  

i n e r t  c o n t a i n e r s )  among H 2 0 ,  HF, NaBF30H, and NazI32F60 are s t i l l  needed; 

and rates of r e a c t i o n  of d i l u t e  NaBF30H s o l u t i o n s  w i t h  metals need d e f i -  

n i t i o n .  I n v e s t i g a t i o n  of NaBFk m e l t s  by x-ray powder d i f f r a c t i o n ,  i n f r a -  

r ed  spec t roscopy ,  and Raman spec t roscopy  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 Na3BsF603 as t h e  probable  oxygen-containing s p e c i e s  i n  c o o l a n t  

m e l t s .  3 4  

nology f a c i l i t y  (CSTF),  a development l o o p ,  show a t r i t i u m  c o n c e n t r a t i o n  

of 105 r e l a t i v e  t o  t h e  s a l t ,  sugges t ing  t h a t  a v o l a t i l e  s p e c i e 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  t r i t i u m  from the l o o p  through the vapor .  l o  Re-  

c e n t  r e s u l t s  i n d i c a t e  t h a t  BF302HzQ may e x i s t  as a molecular  compound i n  

t h e  vapor  and could be  r e s p o n s i b l e  f o r  t h e  t r i t i u m  t r a p p i n g .  3 4  However, 

t h e  mechanism by which t r i t i u m  d i f f u s i n g  from t h e  f u e l  sys tem can be  

t rapped  needs a d d i t i o n a l  s tudy .  

Measurements of condensa tes  t r apped  from t h e  c o o l a n t  s a l t  tech-  

A s  i n d i c a t e d  above, several of the p h y s i c a l  p r o p e r t y  v a l u e s  have 

been e s t i m a t e d .  These estimates are almost. c e r t a i n l y  adequate  f o r  t h e  

p r e s e n t ,  b u t  the program needs t o  p rov ide  For measurement of t h e s e  quan- 

t i t i e s .  

Compa t ib i l i t y  of t h e  NaF-NaBF4 w i t h  H a s t e l l o y  N under normal opera-  

t i n g  c o n d i t i o n s  seems as su red .  A d d i t i o n a l  s t u d y ,  i n  r e a l i s t i c  f lowing  

sys tems,  of t h e  c o r r o s i v e  e f f e c t s  of steam i n l e a k a g e  i s  n e c e s s a r y .  This  

s t u d y ,  c l o s e l y  a l l i e d  wi th  t h e  s t u d y  o f  e q u i l i b r i a  and t h e  k i n e t i c s  of  

r e a c t i o n s  invo lv ing  t h e  hydroxides  and ox ides  d e s c r i b e d  above,  would re- 

q u i r e  t h e  long-term o p e r a t i o n  of a demonst ra t ion  loop that  could s i m u l a t e  

steam i n l e a k a g e  and coo lan t  r e p u r i f i c a t i o n .  

P u r i f i c a t i o n .  procedures  f o r  the  c o o l a n t  mix tu re  are adequate  f o r  

t h e  p r e s e n t  and can be  used t o  p rov ide  material f o r  t h e  many necessa ry  

tests. Elowever, t l iey are n o t  adequate  f o r  u l t i m a t e  on- l ine  p r o c e s s i n g  

of t h e  c o o l a n t  mix tu re  du r ing  o p e r a t i o n .  F l u o r i n a t i o n  of t h e  c o o l a n t  
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on a r e a s o n a b l e  c y c l e  t i m e  would almost  c e r t a i n l y  s u f f i c e  b u t  i t  h a s  n o t  

been demonstrated.  A p r o c e s s  u s i n g  a less a g g r e s s i v e  r e a g e n t  i s  c l e a r l y  

d e s i r a b l e .  i 

A f l u o r o h o r a t e  mixture  h a s  shown completely adequate  r a d i a t i o n  sta- 
1 b i l i t y  i n  a s i n g l e  (but  r e a l i s t i c a l l y  s e v e r e )  t e s t  run .  A d d i t i o n a l  

r a d i a t i o n  t e s t i n g  of t h i s  material  i n  a f lowing system would s e e m  de- 

s i r a b l e  and should u l t i m a t e l y  be done b u t  does n o t  ra te  a h i g h  p r i o r i t y  

a t  p r e s e n t  3 

Fuel-coo Lant i n t e r a c t i o n s  

A r u p t u r e  of a t u b e  (or t u b e s )  i n  t h e  pr imary h e a t  exchanger would 

unavoidably l e a d  t o  mixing of  some coolant s a l t  w i t h  t h e  f u e l .  The pos- 

s i b i l i t y  of a n u c l e a r  i n c i d e n t  would seem h i g h l y  u n l i k e l y  because of the 

consequent a d d i t i o n  of t h e  e f f i c i e n t  n u c l e a r  po ison  boron t o  t h e  f u e l .  

However, s i n c e  BF3 i s  v o l a t i l e ,  mixing might r e s u l t  i n  a pres su re  s u r g e p  

and t h e  NaF-NaBF4 mix ture  c o n t a i n s  some oxygenated s p e c i e s  The 1992 

review,  a c c o r d i n g l y ,  concluded: 

Mixing of c o o l a n t  and f u e l  c l e a r l y  r e q u i r e s  a d d i t i o n a l  
s t u d y .  The s i t u a t i o n  which r e s u l t s  from e q u i l i b r a t i o n  of t h e s e  
f l u i d s  is  reasonably  well unders tood ,  and,  even where l a r g e  
l e a k a g e s  of c o o l a n t  i n t o  t h e  f u e l  are assumed, t h e  u l t i m a t e  
"equi l ibr ium" seems t o  pose no real  danger .  However, t h e  rea l  
s i t u a t i o n  may w e l l  n o t  approximate an e q u i l i b r i u m  c o n d i t i o n ,  
S t u d i e s  of such mixing under r e a l i s t i c  c o n d i t i o n s  i n  f lowing 
systems are l a c k i n g  and necessary. 

The 1 4 7 4  program plan '  inc luded  a v e r y  c o n s i d e r a b l e  program f o r  such 

s t u d y .  

More r e c e n t  exper iments  have thrown a d d i t i o n a l  b i g h t  upon such 

mixing. Although a d d i t i o n a l  experiments  are needed,  i t  ROW a p p e a r s  

l i k e l y  t h a t  such mixing would n o t  pose d r a s t i c  problems. 

ments r e v e a l e d  t h a t  BP3 gas  w a s  s lowly  evolved when t h e  sa l ts  w e r e  mixed; 

some 30 min were r e q u i r e d  t o  complete  the BF3 e v o l u t i o n .  Furthermore,  

t h e  ThF4 and U F 4  showed no tendency t o  r e d i s t r i b u t e ,  t o  form more con- 

c e n t r a t e d  s o l u t i o n s ,  o r  t o  p r e c i p i t a t e .  Moreover, no U02 p r e c i p i t a t e d  

even when t h e  molten f u e l - c o o l a n t  combinat isn w a s  a g i t a t e d  f o r  s e v e r a l  

hours  w h i l e  exposed t o  a i r .  

These e x p e r i -  
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A d d i t i o n a l  conf i rmatory  exper iments  w i l l  be  r e q u i r e d  and t h e  d i f -  

f e r e n t  s p e c i e s  i n  DMSR f u e l  must be t e s t e d .  Such exper iments  may re- 

c e i v e  l ess  a t t e n t i o n  and lower p r i o r i c y  than  p r e v i o u s l y  b e l i e v e d .  ’ 9 

Fuel -graphi te  i n t e r a c t i o n s  

Graph i t e  does no t  r e a c t  w i t h ,  and i s  n o t  we t t ed  by ,  molten f l u o r i d e  

mix tu res  of  t he  type  t o  be used i n  t h e  MSBR. Ava i l ab le  thermodynamic 

d a t a 3 5  sugges t  t h a t  t h e  most l i k e l y  r e a c t i o n ,  

should come t o  e q u i l i b r i u m  a t  CFI, p r e s s u r e s  below a t m .  A t  l e a s t  

one s o u r c e 3 6  l i s t s  chromium c a r b i d e  (Cr3C2) as s t a b l e  a t  MSBR tempera- 

t u r e s .  I f  C r J C 2  i s  s t a b l e ,  i t  should  be p o s s i b l e  t o  t r a n s f e r  chromium 

f r o m  t h e  bu lk  a l l o y  t o  t h e  g r a p h i t e .  No ev idence  of such behav io r  has 

been observed with I l a s t e l l o y  N i n  t h e  PISRE o r  o t h e r  exper imenta l  assem- 

b l i e s .  

chromium c o n t e n t ,  i t  should n o t  prove  g r e a t l y  d e l e t e r i o u s ,  s i n c e  i t s  

ra te  would b e  c o n t r o l l e d  by t h e  ra te  a t  which chromium cou ld  d i l f u s e  

to t h e  a l l o y  s u r f a c e  and should  be l i m i t e d  by a film of C r 3 C 2  formed OEI 

t h e  g r a p h i t e .  Th i s  c o n s i d e r a t i o n ,  taken  w i t h  t h e  wea l th  u f  f a v o r a b l e  

expe r i ence ,  s u g g e s t s  t h a t  no problems are l i k e l y  from t h i s  s o u r c e  i n  

the r e f e r e n c e  MSBK o r  in a DNSR. 

Although such mig ra t ion  may be  p o s s i b l e  w i t h  a l l o y s  of h i g h e r  

However, sone a d d i t i o n a l  examinat ion of t h i s  u n l i k e l y  problem area 

must be done f o r  t h e  D X R ,  p a r t i c u l a r l y  i f  o p e r a t i o n  a t  UF~/UFL, r a t i o s  

n e a r  0 . 1  i s  t o  be  a t tempted .  The upper L i m i t  on t h a t  r a t i o  w i l l  m o s t  

l i k e l y  be s e t  by t h e  e q u i l i b r i u m  

3 7  a t  t h e  lower end of t h e  o p e r a t i n g  t empera tu re  range .  

Toth and G i l p a t r i c k ,  3 8  who used a s p e c t r o m e t r i c  t echn ique  i n  which 

molten sal ts  were sonta inPd i n  c e l l s  of g r a p h i t e  w i t h  diamond windows, 

made a c a r e f u l  s t u d y  of e q u i l i b r i a  among UF3 and UF4 i n  molten s o l u t i o n  

w i t h  s o l i d  g r a p h i t e  and uranium c a r b i d e s .  The i r  d a t a  show t h a t  t h e  r a t i o  
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of UF3 t o  UFL, i n  LiF-BeFz-ThF4 (72-16-12 mole % >  i n  e q u i l i b r i u m  w i t h  

g r a p h i t e  and UC2 a t  565°C l i e s  i n  t h e  range 0.11 t o  Oo16.$: A l l  e q u i l i b r i a  

s t u d i e d  were found t o  b e  v e r y  s e n s i t i v e  t o  temperature? and t o  t h e  f r e e  

f l u o r i d e  c o n c e n t r a t i o n  of t h e  s o l v e n t .  It would seem l i k e l y  that  lJF3/UF!+ 

r a t i o s  as h i g h  as 0 .1  can be t o l e r a t e d  f o r  a DXSR (though s l i g h t  adjust- 

ments i n  f u e l  composi t ion o r  f u e l - i n l e t  t empera ture  might be r e q u i r e d ) ,  

but conf i rmatory  experiments  are needed. S ince  s i m i l a r  systems appear  

t o  be s e n s i t i v e  t o  oxide  i o n  c o n c e n t r a t i o n ,  some exper imenta l  s t u d y  of 

t h i s  parameter  w i l l  a l s o  be r e q u i r e d .  

Even a t  r e l a t i v e l y  h igh  tempera tures ,  g r a p h i t e  has been shoim t o  

adsorb  Hz and i t s  i s o t o p e s  t o  an a p p r e c i a b l e  e x t e n t .  ~ u r t h e r  informa- 

t i o n  about t h i s  phenomenon shou ld  be  o b t a i n e d .  

Prime RSlD Needs 

Weaknesses i n  t h e  e x i s t i n g  t e c h n o l o g i c a l  base  and requi rements  f o r  

a d d i t i o n a l  teclznical  i n f o r m a t i o n  have been i d e n t i f i e d  throughout  t h e  

preceding  d i s c u s s i o n  of t h e  technology s t a t u s .  These needs are c o n s o l i -  

d a t e d  and p r e s e n t e d  below, i n  o u t l i n e  form, t o  provide  a concise  t a b u l n -  

t i o n  f o r  d e f i n i n g  and schedul ing  p o s s i b l e  R&D a c t i v i t i e s .  

Fue l  chemis t ry  

1 .  Demonstrate t h e  f e a s i b i l i t y  of o p e r a t i o n  a t  UF~/UFL, r a t i o  o f  0.09 

tQ 0.1. 

a .  V e r i f y  t h e  i n d i v i d u a l  and c o l l e c t i v e  s o l u b i l i t i e s  of t r i v a l e n t  

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

b. V e r i f y  t h e  i n t e r a c t i o n  of uranium w i t h  g r a p h i t e .  

c .  V e r i f y  t h e  behavior  of noble  and seminoble f i s s i o n  products  

( i . e e 9  Se ,  Sb,  T c ,  and Ru) a long  w i t h  t e l l u r i u m .  

2 ,  Define t h e  l i m i t s  on t o l e r a b l e  oxide  c o n c e n t r a t i o n  t o  avoid  p r e c i p i -  

t a t i o n  of ox5des from DMSR f u e l  a t  UP3/UF4 r a t i o  of 0 . 1  and t o  avoid 

i n t e r a c t i o n  of t h a t  f u e l  w i t h  g r a p h i t e .  

¶k 
The &‘C2 so formed may be s t a b i l i z e d  by i n c l u s i o n  of some oxide  i o n  

i n  t h e  l a t t i c e .  

*‘At 600°C t h e  UF3/UF4 r a t i o  Pies i n  t h e  range  0.23 t o  0.32. 
... . . . . . . :.. _............... ” 
qm,y 
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3. Provide sound measurements of those physical properties (surface ten- 

sion, interfacial tension, thermal conductivity, vapor pressure, and 

vapor composition) that are not known with precision. 

4 .  Improve the knowledge of fission-product behavior, particularly of 

key noble metals, in reduced DMSR fuel. 

5. Determine the solubility and diffusion kinetics of H2 and its iso- 

topes in DMSR fuel. 

Perform the basic studies t o  bring knowledge o f  solute behavior in 

LiF-ReP2-ThFq (70-16-12 mole W >  t o  a t  least the l eve l  of current 

knowledge of behavior in Ei2BeF4. 

6 .  

Coolant chemistry 

Identify and characterize oxygenated and protonated species in 

K'aF-NaBF4 as functions of "contamination" level.. 
Elucidate t h e  mecl~anisrns by which the c o o l a n t  salt takes up 3W arid 

determine identity of the products and the key reaction rates. 

Determine (in cooperation with the materials development effort de- 

scribed in Part IV of this document) the effect of the "contaminants" 
mentioned above, and the effect of steam inleakage on corrosivity 

of coolant salt. 

Refine the measurements of physical properties of NaF-NaHF, as re- 

quired * 

Confirm the adequacy of radiation resistance of the  realistic mixture 

(i. e. ~ with the desired "contaminant" l e v e l ) .  

Fuel-coolant interactions 

1. Continue, and scale up, mixing  studies to demonstrate that no hazard- 

ous interactions exist and define the limits of behavior. 

2. Consider the problems of fuel (and graphite) cleanup consequent to 

a fuel-coolant leak. 

.. . ..<. . . . . ..< _&., 

Puel-graphite interactions 

1. The major need identified above is to demonstrate tolerable IJF3/UP4 

ratios and 0'- concentration limits to avoid formation o f  uranium 

carbides 
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3 .  Verify the interaction of noble-metal fission-products with graphite 
Define the extent to which 3H will be adsorbed by moderator graphite. 

at usable UFJ/UFI, ratios. 

Estimates of Scheduling and Costs 

Preliminary estimates of the necessary schedule and of its operating 

and capital funding requirements are presented below for the fuel and 

coolant chemistry program described above. As elsewhere in this document, 
it has been assumed that (1) the program would begin at the start of FY 
1980, ( 2 )  it would lead to an operating DMSR in 1995, and ( 3 )  the R&D 
program will produce no great surprises and no major changes in program 
direction will be required. 

The schedule, along with the dates on which key developments must 
be finished and major decisions made, is shown in Table 3.1. It seems 
virtually certain that the R&D programs (including those described else- 
where in this document) will provide some minor surprises and that some 
changes in the chemistry program will be required. No specific provi- 
sions for this are included; but, unless major revisions become necessary 
in the middle eighties, it appears likely that suitable fuel and coolant 
compositions could be confidently recommended on this schedule. 

The operating funds (Table 3.2) and the capital equipment require- 
ments (Table 3 . 3 )  are shown on a year-by-year basis in thousands o f  1978 
dollars. No allowance for contingencies, for major program changes, and 
for inflation during the interval have been provided. 



Table 3.1. Schedule for chemical research and development 

Fuel chemistry 
Phase equilibria V' V 2  v3 v 4  v5 
Oxide behavior v6 v7 V B  V9 

Physical properties 
v ' O  V" 

Tritium behavior 
Vq2 v'3 

Fission-product chemistry 
WVV'5 V'$ v'7 v f B  vf9 VZO 

V2' V22 v 23 Basic studies 

VZ8 Coolant chemistry $26 v27 v24 v25 Basic studies 

Physical properties VS 
Tritium chemistry v3Q v3f v32 

v33 v35 Fuel-roolant interactions 

Fuel-graphite interactions 
Milestones: 

v3$ v37 v5 v= 

1. 

2.  
3 .  

4 .  

5. 

6 .  
7. 
a.  
9 .  

10' 

11. 
1 2 .  
€ 3 .  
14. 

15. 
16. 

17. 

is. 
19. 

Determine solubility of UFn over reasonable fuel composition 
range. 
Determine solubility of AmAmFs, NpF3, and CmFI. 
Define solubility limit of total metal trifluorides over rea- 
sonable range of compositions. 
Conclude phase equilibrium investigations, including effect 
of small concentrations of Cl-. 
Make final decision as to feasibility of operation at UF3/UF+ 
ratio near 0.1. 
Redetermine solubility of PaZOs. 
EstabIish solubilities of Am~03, NpzO3, and CmnO3. 
Determine solid solution behavior as a function of oxide con- 
tamination level. 
Set limits on tolerable oxide ian concentration in fuel and 
assess possible separations procedures based on oxide pre- 
cipttation. 
Determine surface physical properties of realistic composition 
range and assess wettability of metal and graphite. 
Complete physical property determinations. 
Determine solubility of H Z  and HT in fuel. 
Determine diffusivity of H P  and HT in fuel. 
Determine possibility of removal of ZrFr from reduced fuel as 
intermetallic compound. 
Establish solubility of Te, TeZ-, and ather Te species in fuel 
Determine oxidation states of noble and seminoble fission- 
product metals as a function of pertinent UF3/UF4 ratios. 
Make final conclusions as to Se, Te, I-, and Br- behavior at 
pertinent UF3/UFt, ratios. 
Establish feasibility of removal of noble metals by washing 
with Bi (with ne reductant). 
Establish extent of sorption of 12, SeFs, and TeF6 in oxidized 
fuel (uranium valence 4.5). 

2 0 .  
21. 

2 2 .  
2 3 .  

24 .  

25 .  
26. 

2 7 .  

29. 
30. 
31. 

32 .  

33. 
3 4 .  

35 1 

3 6 .  

37.  

38. 

28 ~ 

Make final evaluation of Fission-product behavior for DMSR. 
Define activity coeffirients for Te7+ (and other Te species) 
in reduced fuel. 
Complete evaluation of porous electrode studies. 
Complete definition of activity coefficients for solutes in 
fuel. 
Complete evaluation of boride formation on Hastelloy N in 
coolant salt. 
Finish investigation of axide sgeries in coolants. 
Finish measurement of free energy and activity coefficients 
of corrosion products in coolant salt. 
Make final. decision as eo coolant composition. 
Finish measurements af effect of steam inleakage into coolant. 
Finish physical property neasurements on coolant. 
Identify mechanisms for trapping of tritium in fluoroborate. 
Complete evaluation of reaction rates of tritium with fluoro- 
borate species. 
Complete evaluation of tritium removal from coolant and re- 
conditioning of coolant. 
Complete dynamic studies of fuel-coolant mixing. 
Determine precipitation behavior of fuel with realistic oxide 
and protonic contaminants. 
Complete evaluation of methods for recovery from fuel-coolant 
mixing. 
Define limits on UF~/UFU ratio and oxlde contamination level 
in fuel to avoid uranium carbide formation. 
Complete evaluation of fission-product-graphite interaction 
with maximally reduced fuel. 
Complete investigation of tritium uptake by moderator graphite 
and activated carbons. 

z 



Table 3.2. Operating fund requirements for chemical research and development 

-^- __. _ ,. 

Task 
cost 

_-_.- _.-. -_ -..-_-. 
1980 I.981 1982 1983 1984 

Fuel chemistry 
Phase equilibria 100 100 100 100 100 
Oxide behavior 150 150 150 150 175 
Physical properties 0 0 60 60 60 
Tritium behavior 0 120 120 1% 150 
Fission-product chemistry a0 120 120 120 120 
l&sic studies 120 120 150 150 150 

Coolant chemistry 
Basic studies 50 10cl 100 125 125 
Physical properties 0 0 0 50 50 
Tritium chemistry 70 125 150 150 215 

Fuel-coolant interactions 75 75 75 75 100 

Fuel-graphite interactions 50 a0 100 100 100 
- __ ~ --__ . 

Total fundsa 695 990 1125 1230 1345 
_.-- . 

aTotal funds through 1994: $13,675. 

(thousands of 1978 dollars) for fiscal year - 

1985 1986 1987 1988 1389 1990 1991 1992 1993 1994 1995 

100 75 50 25 0 0 0 
150 100 50 50 0 0 0 

60 120 120 120 60 60 40 
100 1.00 50 50 0 0 0 
120 200 250 250 250 150 150 
150 100 100 75 0 0 0 

150 
50 

230 

100 

150 

150 
75 

260 

1QQ 

150 

150 
75 

330 

100 

200 

1360 1430 1475 1300 

150 100 100 
75 75 75 

300 150 100 

25 0 0 

75 25 0 

933 560 465 

75 50 
50 50 

100 so 

0 0 

0 0 
__ __ 

46.5 250 

cl 
0 
0 
0 

50 
0 

_,_ -. .- 



Table 3.3. Capital equipment tund requirements for chemical research and development 

_-..-- ^ "--- 
Cost (thousands of 1978 dollars) [or fiscal year - 

Task - - - 
19x0 1981 1982 1.983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1. 9 9 ,'I 1995 

- . .._ . -. 

Fuel chemistry 40 90 145 130 ii0 160 100 100 95 20 IQ 1.0 0 0 0 0 

Coolant chemistry 25 85 150 100 95 165 lb3 2 10 85 35 10 0 0 0 0 0 

Fuel-coolant interactions 30 10 15 40 30 50 60 15 0 0 0 0 0 0 0 0 E 

Fuel-graphite interactions 0 20 45 40 15 30 22 0 5 0 0 0 0 0 0 0 
~ ._- ~ ~ ~ ~ __ ~ -- -- -- ~ 

Total funds0 95 205 355 31.0 180 410 32 5 350 485 55 20 10 0 0 0 0 
--. - . ..~ ___ - ._..I..,.. -.--.~ 

%otnl funds through 1991: 
_--. _ 

$2500. 
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4 .  AKALYTTCAL CHEMISTRY 

Scope and Nature  of t h e  Task 

With c o n v e n t i o n a l  sol  id - fue led  r e a c t o r s ,  t h e r e  i s  n e i t h e r  t h e  ep-  

p o r t u n i t y  n o r  an obvious need f o r  chemical  a n a l y s e s  of t h e  f u e l  during 

i t s  s o j o u r n  i n  t h e  r e a c t o r .  On t h e  o t h e r  hand, f o r  a f l u i d - f u e l e d  reCic- 

t o r ,  p a r t i c u l a r l y  one t h a t  i n c l u d e s  a f u e l  p r o c e s s i n g  p l a n t ,  t h e r e  i s  a 

p r e s s i n g  need t o  know t h e  p r e c i s e  composi t ion ( p a r t i c u l a r l y  t h e  concen- 

t r a t i o n s  of f i s s i l e  m a t e r i a l s )  i n  several p r o c e s s  s t reams.  Moreover, 

such i n f o r m a t i o n  i s  needed a t  f r e q u e n t  i n t e r v a l s  ( i f  n o t  c o n t i n u o u s l y )  

and on a real-time b a s i s .  A s  a consequence, such r e a c t o r s  are much niure 

dependent: on a n a l y t i c a l  chemis t ry  t h a n  are ,  f o r  example, LWRs. 

T h e  MSRE w a s  indeed o p e r a t e d  s u c c e s s f u l l y  w i t h  chemical analyses 

performed on d i s c r e t e  samples of f u e l  removed from t h e  r e a c t o r  f o r  h o t -  

c e l l  s tudy .  

s o c i a t e d  r e p r o c e s s i n g  p l a n t  would r e q u i r e  i n - l i n e  a n a l y s e s .  The DKSR 

would be e q u a l l y  dependent on s u c c e s s f u l  development of such a n a l y t i c a l  

t e c h n i q u e s .  

However, i t  w a s  recognized’  e a r l y  t h a t  t h e  MSBR and i t s  as- 

These requi rements  are several i n  number. It w i l l  be n e c e s s a r y  t o  

de te rmine  on a v i r t u a l l y  cont inuous basis t h e  redox p o t e n t i a l ,  t h e  con- 

c e n t r a t i o n s  of uranium, p r o t a c t i n i u m ,  and o t h e r  f i s s i o n a b l e  materials 

and of bismuth and s p e c i f i c  c o r r o s i o n  p r o d u c t s  (notab ly  chromium) i n  the 

s t r e a m  e n t e r i n g  the reactor from t h e  processing plant. Such information 

must also b e  available f o r  t h e  f u e l  w i t h i n  t h e  r e a c t o r  c i r c u i t  and i n  the 

stream t o  t h e  r e p r o c e s s i n g  p l a n t .  In  a d d i t i o n ,  i t  would be h i g h l y  de- 

s i r a b l e  t o  know t h e  oxide  i o n  c o n c e n t r a t i o n  i n  t h e  f u e l  w i t h i n  t h e  r e a c t o r  

and i n  t h e  stream from t h e  p r o c e s s i n g  p l a n t  and t o  know t h e  s ta tes  and 

c o n c e n t r a t i o n s  of s e l e c t e d  f i s s i o n  p r o d u c t s  i n  t h e  f u e l  w i t h i n  t h e  r e a c t o r .  

It w i l l  be e s s e n t i a l  t o  know t h e  c o n c e n t r a t i o n s  of uranium and f i s s i l e  

i s o t o p e s  i n  t h e  p r o c e s s i n g  streams from which t h e y  could be l o s t  ( t o  t h e  

was te  system) from t h e  complex. These streams w i l l  i n c l u d e  t h e  s m a l l  

stream of r e l e a s e d  o f f - g a s ,  t h e  L i C l  sy.stem>k f o r  r a r e - e a r t h  t r a n s f e r ,  

the ZrF4 removal system$: and perhaps  a system” f o r  removal of metallic 

.. . . . . . . . . . . . , ...... -$ .... -,>> 

-1. 

These systems are d e s c r i b e d  i n  Chapter 6 .  
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noble-metal  f i s s i o n  products .  I n  a d d i t i o n ,  i t  w i l l  b e  n e c e s s a r y  t o  

monitor  C O ~ ~ O S ~ Q I - I  p r o d u c t s ,  oxygenated compounds, and p r o t o n a t e d  (and 

t r i t i a t e d )  p r o d u c t s  i n  t h e  c o o l a n t  system and i n  t h e  off-gas system as 

w e l l  as i n  t h e  system f o r  hold-up and recovery  of t r i t i u m .  Accordingly,  

on-l ine a n a l y s e s  w i l l  be r e q u i r e d  i n  a t  least  t h r e e  k i n d s  of molten 

s a l t s ,  i n  g a s e s ,  and perhaps i n  molten bismuth alloys’: w i t h i n  t h e  

p r o c e s s i n g  p l a n t .  

Mev D i f f e r e n c e s  i n  Reactor  Conceuts t 

I n s o f a r  as t h e  a n a l y t i c a l  chemis t ry  requi rements  (and t h e  R&D needs)  

are  concerned, t h e  DMSR and t h e  MSBR a r e  q u i t e  s imi l a r .  The DMSR w i l l  

r e q u i r e  d e t e r m i n a t i o n  of plutonium (and t o  some e x t e n t  of Am, Cm, and 

Np) t o  a degree markedly d i f f e r e n t  from t h e  PISBR, 

W:I, I~FL, ,  and PaF4 i n  t h e  f u e l  s t r e a m  w i l l  be  h i g h e r  i n  a DMSR (ais w i l l  

t h a t  of ZrFl,)  than i n  an MSBR. Complexi t ies  of the f u e l  p r o c e s s i n g  p l a n t s  

f o r  t h e  t w o  r e a c t o r s  are v e r y  s i m i l a r ,  and, except  for t h e  presence  of 

t r a n s u r a n i c s ,  S O  are t h e  a n a l y t i c a l  requi rements .  

C o n c e n t r a t i o n s  of 

i n  p r i n c i p l e ,  t h e  emphasis on p r o l i f e r a t i o n  r e s i s t a n c e  would seem 

t o  p l a c e  a d d i t i o n a l  demands on s u r v e i l l a n c e  and p r e c i s e  d e t e r m i n a t i o n  of 

plutonium, p r o t a c t i n i u m ,  and uranium w i t h i n  t h e  UMSR system. I n  f a c t ,  

t h e  requi rements  a l r e a d y  imposed by t h e  demands f o r  s a f e  and r e l i a b l e  

cont inuous  o p e r a t i o n  ~f t h e  complex are almost  c e r t a i n l y  a t  least  as 

s t r i n g e n t .  

Post-1974 Technology Advances 

S e v e r a l  advances,  a few amounting t o  breakthroughs ,  w e r e  made i n  

t h e  1971--1974 i n t e r v a l . .  ’ 9 The post-1974 s t u d i e s  i n  a n a l y t i c a l  chemis t ry  

c o n s i s t e d  mainly of  

c e p t  f o r  s t u d i e s  of  

( p a r t i c u l a r l y  v a l u a b l e )  service f u n c t i o n s  and ,  ex- 

t e l l u r i u m  b e h a v i o r ,  conta ined  l i t t l e  e x p l o r a t o r y  

I6 i s  cl.ear1.y d e s i r a b l e ,  and may be n e c e s s a r y ,  t o  have on- l ine  de- 
t e r m i n a t i o n s  s f  l i t h i u m  and of some o t h e r  me ta l l i c  s p e c i e s  i n  bismuth 
s t reams.  

‘See Chapter 3 ,  Fuel  and Coolant Chemistry,  f o r  d i s c u s s i o n  of key 
chemical d i f f e r e n c e s .  

... .:: j.. . . . . “ W.Y 
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development of the kind ultimately needed. Primary accomplishments in 

the post-1974 period were therefore relatively few. They did include 

the f ol  lowing : 

1. On-line voltammetric techniques for determination of the UF3/UF4 

ratio were refined and were applied successfully and routinely in many 

corrosion test loops " 9 it and engineering experiments. 5 5 9 4 2  such 

techniques can now be said to be well established in the absence of 

radiation (which should prove of little consequence) and of fission prod- 

ucts 0 

2. Measurements of protonated (and tritiated) species in the NaF- 

NaBF4 coolant salt were applied successfully in engineering test squip- 

ment: . ' ' 9 
' 

3 Voltammetric and chronopotentiometris techniques have been suc- 

cessfully applied to measurements of Fe2+ in LiF-ReF2-ThF4 (72-16-12 

mol e X )  

ise for in-line monitoring of oxide level in this molten salt, at least 

under favorable conditions. 

4 4  and preliminary studies4 using anodic vol tammetry show prom- 

Status of Analytical Development 

FISRE operation was mainly conducted with analyses performed on dis- 

crete samples removed from the reactor. The reactor off-gas was analyzed 

by in-line methods, and remote gamma spectroscopy was used to study fis- 

sion products; all other determinations were made using hot-ct.11 techniques 

on batch samples. Of course, a major program of RSrD preceded that opera- 

tion. ' ,' 
Substantial experience had been gained in the handling and analysis 

of nonradioactive fluoride salts prior to the MSRE program. Ionic o r  

instrumental methods had been developed for most metallic constituents. 

For %RE application it was necessary to develop additional techniques 

and to adapt all the methods to hot-cell operations. 

measurement of "reducing power" of  adequate sensitivity had been developed 

(hydrogen evolution method). 4 6  A general expertiseb7 in the radiochemical 

separation and measurement of fission products was available from earlier 

reactor programs at ORNL, and useful experience with in-line gas analysis, 

particularly process chromatography, * was available from other programs a 

A nonselective 
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During t h e  o p e r a t i o n  of t h e  MSRE and i n  t h e  subsequent  t.echRUlogy 

program, development of methods f o r  d i s c r e t e  samples  w a s  con t inued ,  and 

t h e  Labora tory  has  acqu i r ed  i n s t r u m e n t a t i o n  f o r  newer a n a l y t i c a l  tech-  

n iques  e ' 
i n c l u d e  x-ray a b s o r p t i a n ,  d i f f r a c t i o n ,  and f l u o r e s c e n c e  t echn iques ;  

n u c l e a r  magnetic. resonance  (DR) ; s p a r k  source  m a s s  spec t romet ry ;  elec- 

t ron  spec t roscopy  f o r  chemical a n a l y s i s  (ESCA) and Auger spec t rometsy ;  

e l e c t r o n  microprobe measurements; scanning  e l e c t r o n  microscopy;  Kaman 

spec t romet ry ;  F o u r i e r  t r ans fo rm spec t romet ry ;  neu t ron  a c t i v a t i o n  ana ly-  

s is ;  de layed  neu t ron  methods; photon a c t i v a t i o n  a n a l y s i s ;  and scanning  

wi th  high-energy p a r t i c l e s ,  e . g . ,  pro tons .  

In s t rumen ta l  methods expec ted  t o  c o n t r i b u t e  t o  t h e  program 

Kev d e v c l o m e n f s  f o r  MSRE 

. .  .:. . . . . . . . , __ 

Homogenized and f ree- f lowing  powdered samples of r a d i o a c t i v e  fuels 

t aken  from t h e  ?.fSRE were r u u t i n e l y  produced i n  t h e  h o t  cell w i t h l n  2 hr 

of r e c e i p t .  Salt samples were t aken  i n  small copper l a d l e s  t h a t  w e r e  

s e a l e d  under hel ium i n  a t r a n s p o r t  c o n t a i n e r  i n  t h e  sampler -enr icher"  

f o r  d e l i v e r y  t o  the h o t  cell. Atmospheric exposure  was s u f f i c i e n t  t o  

compromise the de te rmina t ion  of ox ide  and U 3 +  b u t  d i d  n o t  a f f e c t  o t h e r  

measurements. Techniques f o r  t a k i n g  and hand l ing  of such samples ( f o r  

t hose  a n a l y s e s  f o r  which they  w i l l  s u f f i c e )  a r e  well demonstrated.  

Oxide c o n c e n t r a t i o n  could  n o t  be  r e l i a b l y  de te rmined  OH t h e  pul -  

v e r i z e d  s a l t  samples because of unavoidable  a tmospher ic  contaminat ion .  

I n s t e a d ,  50-g samples of s a l t  were t r e a t e d  w i t h  anhydrous HF gas  and 

t h e  evolved w a t e r  w a s  c o l l e c t e d  and de termined .  5 1  

of about  50 ppm were determined w i t h  b e t t e r  t han  _+IO ppm p r e c i s i o n , '  

Uranium a n a l y s e s  by cou lomet r i c  t i t r a t i o n  showed good reproduc-  

i b i l i t y  and p r e c i s i o n  (0.5X), b u t  on- l ine  r e a c t i v i t y  b a l a n c e  d a t a  e s t a b -  

l i s h e d  changes i n  uranium c o n c e n t r a t i o n  w i t h i n  t h e  c i r c u i t  wi t h  about 

fen t ines t h a t  s e n s i t i v i t y . '  I ' l u o r i n a t i o n  of t h e  uranium from 50-g s a m -  

p l e s  w a s  shown t o  be q u a n t i t a t i ~ e ~ ~  and w a s  used t o  separate uranium for 

p r e c i s e  i s o t o p i c  de t e rmina t ion .  I f  n e c e s s a r y ,  i t  could a l s o  have se rved  

8s t h e  b a s i s  f o r  a mor(. a c c u r a t e  uranium a n a l y s i s .  

Oxide concent  ra t  i o n s  

'Lhe rate  of p roduc t ion  of  HF upon s p a r g i n g  of t h e  f u e l  w i t h  I32 i s  

a func t ion  of the U F ~ / U F L +  r a t i o .  T h i s  t r a n s p i r a t i o n  method, modi f ied  
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... 

to allow for other ions in the gave values in reasonable agree- 

ment with "book" values during operation with 2 3 5 U  (0.3 mole 2 VI. The 

method proved inadequate at the lower concentrations during operation of 

the MSRE with 2 3 3 U .  

metric method using remelted salt samples was not generally successful' 9 5 4  

because of prior U F 3  oxidation via atmospheric contamination. However, 

it was possible to follow UF3 generation via Rz sparging upon such sam- 
ples.' 

method D 

Attempts to determine UF3/UFk ratios by a voltan- 

The radiation level of the samples does not appear to affect the 

A facility € o r  spectrophotametry of highly irradiated fuel samples 

from the MSRE w a s  designed and constructed. 54 

devices for remelting large salt samples under inert atmosphere and dis- 

pensing portions t o  spectrophotometric cells. The entire system could 

not be completed in time to give mush useful data f o r  MSRE." It has 

since been used t o  observe spectra of transuranium elements and of pro- 

tactinium in molten salts. Feasibility of the general technique appears 

to be established. 

The system design included 

Equipment was installed at the MSRE to perform limited in-line 

analyses of the reactor off-gases, using a thermal conductivity cell as 

a transducer 

of total impurities and hydrocarbons in the off-gas. The sampling station 

also included a system for the cryogenic collection of xenon and krypton 

on molecular sieves to provide concentrated samples for the precise de- 
termination sf the isotopic ratios of krypton and xenon by mass spec- 

trometry. During the last two runs of the MSRE, equipment was 

at the reactor to convert the tritium in various gas streams to water 

for measurement by scintillation counting. 

An oxidation and absorption trains2 permitted measurement 

By means of a precise collimation system mounted OB a maintenance 

shield, radiation from deposited fission products on components was di- 

rected to a high-resolution, lithium-drifted, germanium diode. 5 6  

the gamma spectra obtained, specific i so topes  such as noble-metal fission 

products were identified and their distribution was mapped by moving 

From 

.. . ... , . . . ....,.,. 
1....; ..... . j  WS,N 

k 
Observations with a somewhat makeshift sampling system showed no 

adverse effects f rom radioactivity of t h e  fuel. 
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t h e  c o l l i m a t i n g  system. During t h e  l a t t e r  r u n s  of t h e  r e a c t o r ,  such 

measurements were made d u r i n g  power o p e r a t i o n .  5 7  

A n a l y t i c a l  development f o r  X S B R f ;  

A t  p r e s e n t ,  i t  appears  t h a t  t h e  measurement of t h e  c o n c e n t r a t i o n  of 

major f u e l  c o n s t i t u e n t s  such as l i t h i u m ,  b e r y l l i u m ,  thorium, and f l u o -  

r i d e  i o n  by i n - l i n e  methods may n o t  be p r a c t i c a l  i n  an  MSBR. F o r t u n a t e l y ,  

cont inuous  moni tor ing  of t h e s e  c o n s t i t u e n t s  w i l l  n o t  be c r i t i c a l  t o  t h e  

o p e r a t i o n  uf  a r e a c t o r .  The more c r i t i c a l  d e t e r m i n a t i o n s ,  which w e r e  

b r i e f l y  d e s c r i b e d  above, are g e n e r a l l y  amenable t o  i n - l i n e  measurement. 

The u l t i m a t e  need f o r  an  MSBK i s  an  a n a l y t i c a l  system t h a t  i n c l u d e s  

al l .  needed i n - l i n e  a n a l y t i c a l  measurements t h a t  are f e a s i b l e ,  backed up 

by adequate  h o t - c e l l  and a n a l y t i c a l  l a b o r a t o r i e s .  In  t h e  i n t e r i m ,  ca- 

p a b i l i t i e s  must be developed and a n a l y t i c a l  s u p p o r t  p rovided  f o r  t h e  tech-  

nology development a c t i v i t i e s  i n  t h e  program. 

Elec t rochemica l  s t u d i e s .  For the a n a l y s i s  of mol ten-sa l t  streams, 

e l e c t r o a n a l y t i c a l  t echniques  such as voltammetry and p o t e n t i o m e t r y  ap- 

p e a r  t o  o f f e r  t h e  most convenient  t r a n s d u c e r s  f o r  remote i n - l i n e  measure- 

ments. Voltammetry i s  based on t h e  p r i n c i p l e  t h a t  when an  i n e r t  elec- 

t r o d e  i s  i n s e r t e d  i n t o  a molten s a l t  and s u b j e c t e d  t o  a changing v o l t a g e  

r e l a t i v e  t~ t h e  s a l t  p o t e n t i a l ,  n e g l i g i b l e  c u r r e n t  f lows u n t i l  a c r i t i -  

c a l  p o t e n t i a l  i s  reached a t  whicli one o r  more of t h e  i o n s  undergo an  

e l e c t r o c h e m i c a l  r e d u c t i o n  o r  o x i d a t i o n .  The p s t e n t i a l  a t  which t h i s  

r e a c t i o n  t a k e s  p l a c e  is c h a r a c t e r i s t i c  of t h e  p a r t i c u l a r  i o n  o r  i o n s .  

I f  t h e  p o t e n t i a l  i s  v a r i e d  l i n e a r l y  w i t h  t i m e ,  the r e s u l t i n g  c u r r e n t -  

v o l t a g e  curve  €sllows a p r e d i c t a b l e  p a t t e r n  i n  which t h e  c u r r e n t  r e a c h e s  

a d i f f u s i o n - l i m i t e d  maximum v a l u e  t h a t  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  

c o n c e n t r a t i o n  of t h e  e l e c t r o a c t i v e  i o n  o r  i o n s .  

Easic v o l t a m e t r i c  s t u d i e s  have been made on cor ros ion-product  i o n s  

and i n  t h e  proposed c o o l a n t  5 8--6 2 i n  t h e  MSRE f u e l  s o l v e n t  LiF-BeF2-ThF4 

s a l t  NaBFs-NaF. 6 1 - 6 3  

t i o n  of t h e  o x i d a t i o n  states of t h e  e lements ,  t h e  most s u i t a b l e  e l e c t r o d e  

Most of t h i s  work i s  concerned w i t h  t h e  determina-  

It seems clear  t h a t  a l l  i t e m s  d e s c r i b e d  under t h i s  heading would be 
s f  v a l u e  t o  DMSR w i t h  only  minor m o d i f i c a t i o n  a t  most. 
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materials for their analysis, and the basic electrochemical sharacteris- 

tics of each element. It has been shown that relatively high concentra- 

tions (typically 20 ppm) can be estimated directly from the height of 

the voltammetric waves. Lower concentrations can be measured using the 

technique of stripping voltammetry through observatisn of the current 

produced when a corrosion product is oxidized from an electrode on which 

it has previously been plated. ti4 

A voltammetric method has been developed for the determination of 
the C3+/U4+ ratio in the MSRE fuel. 6 5  

ment of the  potential difference between the equilibrium potential of 

the melt, measured by a noble electrode, and the voltametric equivalent 

of the standard potential of the U 3+/U4+ couple. The reliability of the 

method was verified by comparison with values obtained spectrophoto- 

metrisally This determination has been completely automated with a 

PDP-8 computer ~ ' 
computes the 3+/U4+ ratio. Recently, the method was used to determine 

U3+/L4+ ratios in a thorium-bearing fuel solvent, L ~ F - B ~ F ~ - T ~ F I +  (68-20- 

12 mole 7 ; ) .  

during the reduction of the fuel in a forced-convection loop.' 

support the reliability of the method in this medium. 

This method involves the measure- 

which operates the voltammeter, analyzes the da ta  and 

Ratios covering the range of l o m 5  to >IO-' were measured 

The data 

Because the fuel-processing operation presents the possibility f o r  

introducing bismuth into the fuel, a method fur bismuth determination is 

required. The reductive behavior of R i 3 '  w a s  characterized in LiF-BeF2- 

ThF4,62 and it was found to be rather easily reduced t o  the metal. 

an  impurity in the fuel salt, bismuth will probably be present in the 

metallic state; so some oxidative pretreatment of the melt will be nec- 

essary before a voltammetric determination of bismuth can he performed. 

A s  

The measurement of the concentration of protonated species in the 

proposed MSER coolant salt is of interest because of the potential use 

of the coolant for the containment of tritium. The measurement could 

also be used to evaluate the effect of proton concentrations on corrosion 

rates and as a possible detection technique for steam-generator leaks. 
A rather unique electroanalytical technique that is specific f o r  hydro- 

gen was investigated. 6 2 3 6 7  The method is based on the diffusion of hy- 

drogen i n t o  an evacuated palladium-tube electrode when NaBP4 melts are 
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electrolyzed at a controlled potential. The pressure generated in the 

electrode is a sensitive measure of protons a t  parts-pzr-billion concen- 

trations. The technique offers the advantages of specificity, applica- 

bility to in-line analysis, and the possibility of a measurement of 

tritium-to-hydrogen ratios in the coolant by counting the sample col- 

lected from the evacuated tube. Measurements by t h i s  technique have led 

to the discovery that at least two forms of combined hydrogen are present 

in NaBF4 melts. 

The availability of an invariant reference potential to which other 

electrochemical reactions may be referred on a relative potential scale 

i s  a distinct advantage in all electroanalytical measurements. The 

major p r u b l  em was to find nonconducting materials that would be compati- 

ble with fluoride melts. 

Ni/KiF2 electrode in which the reference solution (LiF-BeFn saturated 

w i t h  NiF2) is contained w i t h i n  a single-crystal LaP3 cup. 3 Standard 

electrode potentials were determined for several metal/metal-ion couples 

which w i l l  be present in t h e  reactor salt streams. 5 5  

potentials provide a direct measure of the relative thermodynamic stabil- 

ity of electroactive species in the melts. This information can be used 

in equilibrium calculations to determine which ions would be expected t o  

be present at different melt potentials. 

Successful measurements were performed with a 

These electrode 

As noted above, preliminary studies have indicated that, in at 

least some oE the s a l t  streams, an electroanalytic method f o r  oxide con- 

centration may be feasible. Determination of C 1 -  in the fluoride melts 

(as may be necessary since 7 L i C I  f rom the fission-product transfer system 

could contaminate the €uel) can probably be accomplished by voltametric 

techniques e 

The MSBR required little effort on transuranic elements other than 

to determine whether traces of plutonium and higher transuranics inter- 

fered with determination of other pertinent species. Interference pos- 

sibilities w i l l  be intensified in the DMSR and thus quantitative deter- 

mintations of Pu, Am, Np, and Cm at various points must be provided. 

Spectrophotometric studies. Because molten fluorides react with 

the light-transmitting glasses usually empioyed, spec ia l  cell designs 

have been developed for the spectrophotometric examination of N§BR melts. 

'_:. _; . . . .... . . <.,. . ._~ 
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. .> . .. . . . . . . . . . . . . . . . . ,... ;iii .... fl ....x<,g The pendant-drop technique  t h a t  was f i r s t  developed w a s  l a t e r  rep1 aced 

w i t h  t h e  c a p t i v e - l i q u i d  c e l 1 7 1  i n  which molten s a l t s  are conta ined  by 

v i r t u e  of t h e i r  s u r f a c e  t e n s i o n  s o  t h a t  no window m a t e r i a l  i s  r e q u i r e d .  

A concept  has been proposed f o r  t h e  use of t h i s  c e l l  i n  an i n - l i n e  sys-  

The Light  p a t h  l e n g t h  through a s a l t  i n  a c a p t i v e - l i q u i d  t e l l  

i s  de terminable  b u t  i s  n o t  f i x e d .  The need f o r  a f i x e d  p a t h  length pro- 

moted t h e  d e s i g n  and f a b r i c a t i o n  of a g r a p h i t e  c e l l  having small  diamond- 

p l a t e  windows73 which has been used s u c c e s s f u l l y  i n  a number o f  r e s e a r c h  

a p p l i c a t i o n s .  Another f ixed-pa th- length  c e l l  which i s  s t i l l  in t h e  de- 

velopment s t a g e  makes use  of a porous m e t a l  t h a t  c o n t a i n s  a number 

of small i r r e g u l a r  p i t s  formed e l e c t r o c h e m i c a l l y ;  many of t h e  p i t s  a r e  

e tched  comple te ly  through t h e  fo - f l  s o  t h a t  l i g h t  can be t r a n s m i t t e d  

through t h e  m e t a l .  

chased t o  tes t  i t s  use f o r  c e l l  c o n s t r u c t i o n .  

Porous m e t a l  made from H a s t e l l o y  N h a s  been pur-  

T h e  l a t e s t  i n n o v a t i o n  i n  s e l l  d e s i g n  i s  an o p t i c a l  probesc which 

The 7 5  l e n d s  i t s e l f  t o  a s e a l a b l e  i n s e r t i o n  i n t o  a n o i t e n - s a l t  s t ream.  

probe makes use of m u l t i p l e  i n t e r n a l  r e f l e c t i o n s  w i t h i n  a slot of ap- 

p r o p r i a t e  wid th  c u t  through some p o r t i o n  of t h e  i n t e r n a l l y  r e f l e c t e d  

l i g h t  beam.95 

of t h e  molten s a l t  and would provide  a known p a t h  l e n g t h  f o r  absorbance 

measurements. It i s  b e l i e v e d  t h a t  t h e  probe could be made of L a F i  f o r  

measurements i n  YaBF4 s t reams.  

During measurements t h e  s l o t  would be below the s u r f a c e  

Spec t rophotometr ic  s t u d i e s  of uranium i n  t h e  3+ o x i d a t i o n  s t a t e  

have shown t h a t  t h i s  method i s  a l i k e l y  c a n d i d a t e  f o r  i n - l i n e  deten-i '  m a -  

t i o n  o f  u3+  i n  the r e a c t o r  f u e l .  7 6  3 '' An ext remely  s e n s i t i v e  a b s o r p t i o n  

peak f o r  U"+ may be u s e f u l  f o r  moni tor ing  r e s i d u a l  uranium i n  d e p l e t e d  

p r o c e s s i n g  streams. '' 
s o r p t i o n  peak p o s i t i o n s ,  peak i n t e n s i t i e s ,  and t h e  assignment  of s p e c t r a ,  

have been made f o r  N i 2 * ,  Fe2+, C r  

Co2', ?/Io3*, C r 0 ~ + ~ - ,  Pa4+, Pu3+, Fr3+7 Nd3', Sm3+, E r 3 + ,  and Ho3+. Semi- 

q u a n t i t a t i v e  c h a r a c t e r i z a t i o n s ,  i n c l u d i n g  a b s o r p t i o n  peak p o s i t i o n s ,  ap- 

proximate peak i n t e n s i t i e s ,  and p o s s i b l e  ass ignment  of s p e c t r a ,  have 

a l s o  been made € o r  ~ i ~ + ,  v2+, v3+, E U ~ + ,  srn2+, cm3+,  and 02-. 

Q u a n t i t a t i v e  c h a r a c t e r i z a t i o n s ,  i n c l u d i n g  ab- 

2-k UO~'+~ cu2+, Mn2+, pfn 3+ , C r 3 + ,  U 5 +  

-1. 

U.S. P a t .  No. 3,733,130. 
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Evidence f o r  t h e  e x i s t e n c e  of hydrogen-csntaining i m p u r i t i e s  i n  

NaBF4  w a s  f i r s t  o b t a i n e d  from n e a r - i n f r a r e d  s p e c t r a  of t h e  molten s a l t  

and i n  mid- inf ra red  s p e c t r a  of p r e s s e d  p e l l e t s  of t h e  c r y s t a l l i n e  mate- 

r i a l  e ” 

m e l t s ,  two s e n s i t i v e  a b s o r p t i o n  peaks cor responding  t o  BF3QH- and BF30D- 

were i d e n t i f i e d .  There was no ev idence  t h a t  deuter ium would exchange 

w i t h  BFsOH-; r a t h e r ,  BF30D- w a s  genera ted  via a redox r e a c t i o n  w i t h  i m -  

p u r i t i e s  i n  t h e  m e l t . ”  

have been observed i n  f l u o r o b o r a t e  m e l t s  Work on s p e c t r o p h o t o m e t r i c  

methods i s  a l s o  p r o v i d i n g  d a t a  f o r  t h e  i d e n t i f i c a t i o n  and d e t e r m i n a t i o n  

of s o l u t e  s p e c i e s  i n  t h e  v a r i o u s  m e l t s  of i n t e r e s t  f o r  t h e  f u e l - s a l t  

p r o c e s s i n g  system. 

In deuterium-exchange experiments  a t tempted  i n  f l u o r o b o r a t e  

The a b s o r p t i o n  s p e c t r a  of several  o t h e r  s p e c i e s  
8 1  

E 2  

Gas a n a l y s i s .  Some d e t e r m i n a t i o n s  on X§RE samples ( s e e  preceding  

s e c t i o n )  w e r e  dons by t r e a t m e n t  of t h e  sa l t  t o  produce g a s e s  €or  ana ly-  

s is .  L i t t l e  development of  such d e v i c e s  has  been a t tempted  s i n c e  t h e  

MSRE ceased  o p e r a t i o n s .  The e l e c t r o l y t i c  m o i s t u r e  monitor  w a s  demon- 

s t r a t e d  t o  provide  more than  adequate  s e n s i t i v i t y  f o r  t h e  measurement 

of water  from t h e  h y d r o f l u o r i n a t i o n  method f o r  oxide  and t o  have ade- 
8 2  q u a t e  t o l e r a n c e  f o r  o p e r a t i o n  a t  t h e  a n t i c i p a t e d  r a d i a t i o n  levels .  A 

method has been developed f o r  t he  remote measurement of micromolar quan- 

t i t i e s  of WF g e n e r a t e d  by hydrogenat ion  of f u e l  samples using a thermal-  

c o n d u c t i v i t y  method a f t e r  p r e c o n c e n t r a t i o n  by t r a p p i n g  on NaF. 8 3  

Commercial gas chromatographic components f o r  h i g h - s e n s i t i v i t y  

measurement of permanent. g a s  contaminants  are n o t  expec ted  t o  be accept -  

a b l e  a t  t h e  r a d i a t i o n  l e v e l s  of t h e  MSBR of f -gas .  Valves c o n t a i n  elas- 

tomers t h a t  are s u b j e c t  t o  r a d i a t i o n  damage and whose r a d i o l y s i s  p r o d u c t s  

would contaminate  t h e  carr ier  gas .  The more s e n s i t i v e  d e t e c t o r s  g e n e r a l l y  

depend on i o n i z a t i o n  by weak r a d i a t i o n  s o u r c e s  and would obvious ly  be 

a f f e c t e d  by sample a c t i v i t y .  

h a s  been c o n s t r u c t e d  t o  e f f e c t  six-wayg double-throw s w i t c h i n g  of gas  

streams w i t h  c l o s u r e  provided by a p r e s s u r e - a c t u a t e d  m e t a l  diaphragm. A 

hel ium breakdown d e t e c t o r  was found to be c a p a b l e  of measuring < i - p p ~  

c o n c e n t r a t i o n s  of permanent gas i m p u r i t i e s  i n  helium. U s e  of this de- 

t e c t o r  i n  a s imple chromatograph on t h e  purge  gas  of an i n - r e a c t o r  cap- 

s u l e  t es t  demonstrated tha t  i t  was not a f f e c t e d  by r a d i o a c t i v i t y .  

A p r o t o t y p e  of an  all-metal sampling valvee4 

8 5  
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.,.iiii. ...&&Y The analysis of the coolant cover gas involves less radioactivity 

but more complex chemical problems. Methods are being investigated for 

the determination of condensable material tentatively identified as BF3 

hydrates and hydrolysis products86 and for other forms of hydrogen and 

tritium. "De~--p~int" and diffusion methods offer promise for such mea- 

surement s 8 7  

In-line applications. The first successful chemical analysis of a 

flowing molten fluoride salt stream" was demonstrated by measuring U"/ 

U4' ratios in a loop being operated to determine the effect of salt an 

Hastellsy N under both oxidizing and reducing conditions. The test fa- 

cility was a Hastelloy N thermal-convection loop in which LiF-BeF2-ZrF4- 

UF+ circulated at %25 mm/s (5 lin ft/min>. The analytical transducers 

were platinum and -iridium electrodes that were installed in a surge tank 

where the temperature was controlled at 656°C. 

The U 3 + / U L +  ratio was monitored intermittently for several months 

on a completely automated basis. h new cyclic voltammeter, which pro -  

vides several new capabilities for electrochemical studries on molten- 

salt systems, was designed for use with t h i s  system. The voltameter 

can be directly operated by a computer. 8 9  A PBP-8'6: computer was used 

to control the analysis system, analyze the experimental. o u t p u t ,  make 

the necessary calculations, and print out the results. 

In-line measurements of U3+/U4* ratios and Cr *+ concentrations have 

been macle in f u e l  salt in a forced-convection loop. Severe vibration 

problems distort the waves and reduce the accuracy of the measurements 

when the fuel is pumped at high velocity, but excellent voltammograms 

are obtained when the pump is stopped. 

In-line instrumentation has been satisfactorily demonstrated in 

Reduction waves f o r  ??e3+, Fez+, CrZ9 and operation sf the CSTF.10S,2 

possibly Mo3+ were observed at concentrations f r o m  28 to 108 ppm. 

order decay of active protons was observed to concentrations as low as 

a few par t s  per  b i E l i ~ n ,  and hydrogen and tritium both  i n  free and chem- 

ically combined form were successfubly determined. 

First- 

.:.. .:.. , . . . . . . '.ax,@ 
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Prime Development Needs" 

The fo l lowing  l i s t  i s  a c o n s o l i d a t i o n  of t h e  a n a l y t i c a l  chemistry 

development needs i d e n t i f i e d  i n  t h e  preceding  s e c t i o n .  

1. Cuntinued on- l ine  demonst ra t ion  of WP3/LJFt+ r a t i o  and t o t a l  

uranium c o n c e n t r a t i o n  i n  o p e r a t i n g  l o o p s ,  i n  r a d i a t i o n  f i e l d s ,  and i n  

presence  of f i s s i o n  products  and t r a n s u r a n i c s .  

2 .  Demonstration of s a t i s f a c t o r y  on- l ine  methods f o r  d e t e r m i n a t i o n  

of plutonium and p e r t i n e n t  t r a n s u r a n i c s  i n  r e a l i s t i c  f u e l  and/or process-  

i n g  streams. 

3 .  Continued demonst ra t ion  of methods f o r  d e t e r m i n a t i o n  of cor ro-  

s i o n  p r o d u c t s  ( p a r t i c u l a r l y  C r 2 +  and Fe2+) i n  €ue13 c o o l a n t ,  and some 

p r o c e s s  streams. 

4 .  Methods f o r  on-l ine d e t e r m i n a t i o n  of bismuth and Ck- i n  f u e l  

s a l t  from p r o c e s s i n g  p l a n t .  

5. Sound methods € o r  d e t e r m i n a t i o n  of p r o t a c t i n i u m  i n  a t  l e a s t  

some of t h e  p r o c e s s i n g  streams and, i f  p o s s i b l e ,  i n  t h e  fuel w i t h i n  

the r e a c t o r .  

6 .  I n - l i n e  d e t e r m i n a t i o n  of v a l e n c e  s t a t e  and c o n c e n t r a t i o n  of 

some impor tan t  f i s s i o n  p r o d u c t s  ( T e ,  Kb, Z r 9  Nd, and Eu) i n  f u e l  or 

p e r t i n e n t  p r o c e s s  streams. 

7 .  

8 .  

~ n - l i i i e  methods f o r  e s t i m a t i o n  o f  02- c o n t e n t  of f u e l ,  

Demonstration of methods for d e t e r m i n a t i o n  of oxygenated and 

p r o t o n a t e d  (and t r i t i a t e d )  s p e c i e s  i n  c o o l a n t  s a l t  and,  i f  p o s s i b l e ,  of 

t r i t i a t e d  species i n  t h e  f u e l .  

9 .  Development of methods f o r  d e t e r m i n a t i o n  of IT, Pu, Pa, Th, and 

0'- in molten L~CI. 
10. 

u c t s  i n  L i C l .  

11. 

Development of methods f o r  Cs', Rb', F-> and c o r r o s i o n  prod- 

Methods f o r  d e t e r m i n a t i o n  of L i o 9  t o t a l  reducing  power, and 

h o p e f u l l y  s p e c i f i c  metals ( e s p e c i a l l y  plutonium and p r o t a c t i n i u m )  i n  

molten bismuth. 

-1. 

See Ref. 2 f o r  a d d i t i o n a l  d e t a i l s .  It i s  expected t h a t  s p e c t r o -  
photometr ic  methods can be  used f o r  some of these, b u t  i t  i s  a n t i c i p a t e d  
t h a t  on- l ine  e l e c t r o a n a l y t i c a l  t echniques  w i l l  c a r r y  t h e  major l o a d .  
Both should  be  s u f f i c i e n t l y  developed t h a t  a c h o i c e  can be made. 



1 2 .  Development of r e f e r e n c e  e l e c t r o d e s  s u i t a b l e  f o r  u s e  i n  t h e  

p e r t i n e n t  systems.  

13.  Methods f o r  d e t e r m i n a t i o n  of W E ,  F2, HF-Hz m i x t u r e s ,  1 2 ,  TeFG, 

and SeF6 i n  p r o c e s s  gas  streams. 

14- Monitor f o r  ra re-gas  f i s s i o n  p r o d u c t s ,  and HT, 1 2 ,  etc. , i n  

f u e l  cover  gas and i n  s m a l l  gas  releases from t h a t  system. 

15. Methods f o r  a n a l y s i s  of cover  gas over  c o o l a n t  f o r  KT, HTO, 

o t h e r  t r i t i a t e d  compounds, BP3, e tc .  

It is c l e a r  t h a t  most i f  n o t  a l l  of t h e  above s t u d i e s  must  be demon- 

s t r a t e d  t o  be a p p l i c a b l e  i n  t h e  presence  of i n t e n s e  r a d i a t i o n  f i e l d s  and 

i n  r e a l i s t i c  s o l u t i o n s  c o n t a i n i n g  a spectrum of materials t h a t  might in -  

t e r f e r e  w i t h  t h e  d e t e r m i n a t i o n s .  

I n i t i a l  t e s t i n g  (most of which has been done) r e q u i r e s  s imple  l a b o r -  

a t o r y  f a c i l i t i e s .  Genera l ly  (as h a s  been done i n  t h e  p a s t ) ,  demonstra- 

t i o n  should use  e n g i n e e r i n g - s c a l e  f a c i l i t i e s  t h a t  t es t  o t h e r  f a c e t s  of 

t h e  program a t  t h e  same t i m e .  However, spec ia l .  f a c i l i t i e s  i n  which a lpha-  

e m i t t i n g  i s o t o p e s  (plutonium, e t s . )  can be s a f e l y  handled and hot  c e l l s  

where h i g h  l e v e l s  of a c t i v i t y  can b e  used w i l l  c l e a r l y  be r e q u i r e d  a f t e r  

t h e  i n i t i a l  development s t a g e  has passed.  

I n  a d d i t i o n ,  an  i n - l i n e  t e s t  f a c i l i t y  w i l l  be r e q u i r e d  f o r  t e s t i n g  
t h e  complex a r r a y  o f  a n a l y t i c a l  d e v i c e s  i n  an i n t e g r a t e d  way. 2 

E s t i m a t e s  of Schedul ing and Costs  

P r e l i m i n a r y  estimates of t h e  n e c e s s a r y  scI1eduI.e and of  i t s  o p e r a t i n g  

and c a p i t a l  funding  requi rements  are g iven  h e r e  f o r  t h e  a n a l y t i c a l  chem- 

i s t r y  program d e s c r i b e d  above. 

been assumed (1) t h a t  t h e  prsgram would begin  a t  s t a r t  of FY 1980, ( 2 )  

i t  would l e a d  to a n  o p e r a t i n g  DMSR i n  1495 ,  and ( 3 )  t h e  R&B program w i l l  

produce no g r e a t  s u r p r i s e s  and no major changes i n  program d i r e c t i o n  w i l l  

be  r e q u i r e d .  

A s  e l sewhere  in t h i s  document, i t  has  

The schedule ,  a l o n g  w i t h  t h e  d a t e s  on which key developments must 

be f i n i s h e d  and major d e c i s i o n s  made, i s  shown i n  Table  4 . 1 .  It seems 

c e r t a i n  that t h e  o v e r a l l  R&D programs ( i n c l u d i n g  t h o s e  d e s c r i b e d  else- 

where i n  t h i s  decument) w i l l  p rovide  some minor s u r p r i s e s ,  and some 
... . .... <.%& 



Table 4.1 ~ Schedule for analytical research arid development 

Fiscal year 

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 
Task 

Electrochemical methods v’ v2 v3 8“ v5 v6 v7 v8 vs 
Spectrophotometry v2 4v v5 VtQ V7 v” V’ 

Chemical methods v2 vq2 V7 V9 

Gas stream analysis 

Gamma spectrometry 

Vl3 v‘ V7 v9 
n ’ 4  

In-line test facility vq5 V‘6 V ’? 

Special studies v4 Vl9 V20 m h 

Milestones: 

1. ‘ 
2. 

3. 

4 .  
5.  

6 .  

7 .  
8. 

9. 

10.  

Complete basic evaluation of electrochemical bismuth methods. 
Complete development of methods for corrosion products and 
protonated speries for NaBFt,. 
Establish feasibility and arcuracy of l F ? / I T t ,  ratio determi- 
na t i on. 
Demonstrate method for protactinium in iluoride streams. 
Demonstrate method for plutonium and transuranics in fluoride 
streams. 
Establish methods for Cl- in fluoride streams and for uranium 
and thorium in LiCI. 
Start evaluation of radiation effects on methods. 
Demonstrate methods for protactinium, plutoniiim, cesium, and 
oxides in L i C 1 .  
Complete essential methods for processing system, including 
methods for L i ,  Th, Pi], and Pa in molten bismuth alloys. 
Demonstrate feasibility of precise spectrophotometric methods 
to +1% level. 

11. 

12. 

13. 

14. 
15. 
16. 
17. 

18. 
: q .  

70. 

Establish ultimate precision of spectral methods for 
total uranium. 
Develop practical in-line transpiration system for 
testing. 
Evaluate gas-chromatographic and mass-spectrometric 
methods for testing. 
Complete evaluation of y-spectrometry capabilities. 
Complete construction of Analytical Test Facility . 
Demonstrate in-line oxide method f o r  fuel streams. 
Complete tests of in-line transpiration measurements 
(includes bismuth, oxide in fuel, etc.). 
Complete basic studies of  radiolytic oxide removal. 
Start in-line applications o f  analytical methods. 
Submit recommendations for complete chemical analysis 
f o r  reactors. 
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changes in the analytical chemistry program w i l l  be required. No spe- 

c i f i c  provisions for this are included; but, unless major  revisions 

become necessary in the middle 198Qs, it appears that suitable analy- 

tical techniques and instrumentation could be confidently recommended 

as shown in this schedule. 

The operating funds (Table 4 . 2 )  and t h e  capital equipment require- 

ments (Table 4 . 3 )  are shown on a year-by-year b a s i s  in thousands of 

E978 dollars. No allowance f o r  contingencies, f o r  major program changes,  

and inflation during the interval has been provided. 

.. . .... .. 



‘Table 4 * 2. Operating fund requirements for analytical chemistry research and development 

Task 

- ..-... ..--.-.- _-.. --.- 
Cost (thousands of 1978 dol.l.ars) for fiscal year ~ 

,.... -_.. .-.- 
19x0 1981 1982 1983 1984 1985 1986 1987 1988 I.989 1990 1991 1992 1993 1994 1995 

-- _.- _ 

“Total. funds through 1994: $7715. 



Table 4.3. Capital. equipment fund requirements for analytical chemistry research and development 

--._ -. - ..-- 
Cost (thousands of 1978 dollars) for fiscal year - 

Task --.---.-_ _.__-. - _..._ _ ---- ~.-_ 

198Q 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1.993 1994 1995 
--_- __ -_.. - . .----._- 

El.ectrochemical methods 12 8 70 20 8 0 10 0 0 0 Cl 0 0 0 0 0 

Spectrophotometry 8 35 35 70 6 100 40 30 0 0 0 cl 0 0 0 0 

Chemical methods 3 17 5 40 12 Cl 0 0 cl 0 0 0 0 0 cl 0 
Gas stream analysis 0 35 35 0 7 50 7 0 0 0 0 0 .J 

0 0 0 0 i- 

Gamma spectrometry cl 0 0 0 0 0 65 0 0 40 0 0 0 0 0 0 

Tn-line test facility a 150 75 0 0 0 0 cl 0 0 0 0 0 0 0 0 

Special studies 12 50 70 80 1.52 105 8 0 0 0 0 cl 0 0 0 0 
..-. -_..-.. -.-... 

Total funds<’ 35 295 290 210 185 255 120 30 0 40 Q 0 0 0 0 0 
_-. --."._ ._..-. -.--.-. 

“Total funds through 1990: $1460. 
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5. MATERIALS DEVELOPMENT FOR FUEL REPROCESSING 
.. . .. ... , . . . ..... . -5, 

Scope and Nature  of t h e  Task 

The materials r e q u i r e d  f o r  mol ten-sa l t  f u e l  r e p r o c e s s i n g  systems 

depend, of c o u r s e ,  upon t h e  n a t u r e  of t h e  chosen p r o c e s s  and upon t h e  

d e s i g n  of t h e  equipment t o  implement t h e  p r o c e s s .  For the MSBR* t h e  

key o p e r a t i o n s  i n  f u e l  reprocessing" '  are (1)  removal of uranium from 

t h e  f u e l  stream f o r  immediate r e t u r n  t o  t h e  r e a c t o r ,  ( 2 )  removal of 

Pa and f i s s i o n - p r o d u c t  z i rconium from t h e  f u e l  f o r  i s o l a t i o n  and de- 2 3 3  

s a y  of 2"3Pa o u t s i d e  t h e  neut ron  f l u x ,  and ( 3 )  removal of r a r e - e a r t h ,  

a l k a l i - m e t a l ,  and a l k a l i n e - e a r t h  f i s s i o n  products  from t h e  f u e l  s o l v e n t  

(LiF-BeF2-ThFi') b e f o r e  i t s  r e t u r n ,  a long  w i t h  t h e  uranium, t o  t h e  r e a c t o r  

Such a p r o c e s s i n g  p l a n t  w i l l  p r e s e n t  a v a r i e t y  of c o r r o s i v e  environ-  

m e n t s .  Those of g r e a t e s t  s e v e r i t y  are as f o l l o w s : ' ? '  

1. t h e  presence  of molten s a l t  d o n g  w i t h  gaseous m i x t u r e s  of F2 and cF6 

a t  500 t o  550°C; 
2.  t h e  presence  of molten s a l t s  w i t h  absorbed UF6 s o  t h a t  average  v a l -  

ence of uranium i s  n e a r  4.5 (UF4.5) a t  tempera tures  n e a r  550'C; 

3 .  t h e  presence  of molten s a l t s  ( e i t h e r  wel ten  f l u o r i d e s  o r  molten L I C 1 )  

and molten a l l o y s  c o n t a i n i n g  bismuth,  l i t h i u m ,  thorium, and o t h e r  

m e t a l s  a t  t empera tures  n e a r  650°C; and 

4 .  the presence  of HF-H;! m i x t u r e s  and molten f l u o r i d e s ,  a l o n g  w i t h  b i s -  

muth i n  some cases, a t  550 t o  650°C. 

5. t h e  presence  of i n t e r s t i t i a l  i m p u r i t i e s  on t h e  o u t s i d e  of t h e  system 

a t  tempera tures  t o  65Q"C, p a r t i c u l a r l y  i f  g r a p h i t e  o r  r e f r a c t o r y  

m e t a l s  are used. 

The s i z e s  and shapes of t h e  components of t h e  p r o c e s s i n g  p l a n t  w i l l  

evolve  as a d d i t i o n a l  p i l o t - p l a n t  work i s  performed on t h e  v a r i o u s  p9-o~ess-  

i n g  s t e p s .  

gpm) , so t l r e  p i p i n g  s i z e s  w i l l  be  q u i t e  s m a l l .  The c r u c i a l  p r o c e s s  i n  

most of t h e  p r o c e s s i n g  vessels i s  t h a t  l i q u i d s  be c o n t a c t e d  to t r a n s f e r  

s e l e c t e d  materials from one stream t u  t h e  o t h e r .  This c o n t a c t i n g  could 

The f low from t h e  r e a c t o r  i s  of t h e  o r d e r  of 60 c m 3 / s  (1 

-8. 

See Chapter  6 f o r  a d e t a i l e d  d e s c r i p t i o n  of f u e l  r e p r o c e s s i n g .  
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be carried o u t  in columns with countercurrent flow or it could be ac- 

complished in rather simple mixer-settler vessels with s o ~ l e  stirring of 

the fluids at their interface. Thus the processing vessels may simply 

be pipe sections a few meters Long and a few centimeters in diameter or 

they may be cells (about 1/2-m cubes) interconnected with small-diameter 

tubing. The high radiation and contamination levels will require that 

the processing plant be contatned and have strict environmental control. 

If the components are constructed of reactive materials such as molybdenum, 

tantalum, or graphite, the environment must be an inert gas o r  a vacuum 

to prevent deterioration of the structural material. 

Obviously, materials capable of long-term service under these con- 

ditions must be provided. The development program necessary to do this 

is described below. 

Key Differences in Reactor Concepts 

The fuel reprocessing plant envisioned for a DMSRk will differ in 

several nontrivial regards from that of the reference MSBR. However, 

in the conceptual DMSR plant:: the same unit operations and processes 

will be used as for the MSBR. Accordingly, it seems certain that mate- 

rials satisfactory f o r  construction of the reference MSBR reprocessing 

plant would suffice for a DMSR and that development needs identified 

for that MSBR'?' plant differ trivially, if at a l l ,  from those of the 

generally similar DMSR plant. 

Alternative processes (oxide precipitation of protactinium and, 

perhaps, of uranium) have been identified as being less satisfactory 

but probably feasible fall-back positions for some (not all) of the 

NSBR processing plant operations. It is less clear (see Chapter 6) 

that these would be feasible for the DMSEP;! should they prove so, the 

materials effort to support them would differ little from that for an 

MSBR. 

f 

* 
See Chapter 6 for a detailed description of fuel reprocessing. 

The presence of plutonium and transuranics is a complicating factor t 
for a DMSB. 

.. . ... , . . . . . . . :.., 



Post-1974 Technology Advances 

4 f t e r  1974  t h e  PfSBR Program had s e v e r e l y  l i m i t e d  funding  and could 

a f f o r d  l i t t l e  e f f o r t  on development of materials f o r  r e p r o c e s s i n g  equip-  

ment. Accordingly,  t h e  s i t u a t i o n  f o r  t h i s  impor tan t  development program 

i s  n o t  markedly d i f f e r e n t  from t h a t  d e s c r i b e d  i n  t h e  mid-1974 survey .  2 

S t a t i c  tests f o r  3000 h r  a t  650°C showed t h a t  c o n c e n t r a t e d  bismufh- 

i i thirini  a l l o y  ( 4 8  a t ,  X Lithium) c o n t a i n e d  i n  g r a p h i t e  crucTblesfc per -  

meated g r a p h i t e  specimens n e a r l y  untforrnly and t o  a depth (0.13 t o  0.4 mm, 

o r  5 t o  1 5  m i l s )  t h a t  depended on g r a p h i t e  d e n s i t y . +  

a l l o y  ( 4 . 8  a t .  7! l i t h i u m )  showed l i t t l e  ev idence  of p e n e t r a t i o n  except  

i n  1 ow-density r e g i o n s  of t h e  specimens.    ow ever, ATJ g r a p h i t e  speci-  

mens, t e s t e d  i n  a molybdenum thermal  convec t ion  Poop f o r  3000 h r  a t  h a t -  

Less-concentrated 

and cold-leg temperatures of 700 and 600°C showed very l a r g e  w e i g h t  gains  

of up t o  652, v i r t u a l l y  a l l  due to bismuth,  tliough some molybdenum w a s  

p r e s e n t  e 

molybdenum (perhaps by format ion  of a c a r b i d e )  g r e a t l y  promoted w e t t i n g  

and permeat ion a f  t h e  g r a p h i t e  by the a l l o y .  

It seems p o s s i b l e ,  though i t  h a s  n o t  been confirmed,  t h a t  t h e  9 0  

Tantalum and i t s  a l l o y s  ( p a r t i c u l a r l y  Tn-1OX W> are known t o  be 

s t a b l e  t o  bismuth-l i thium a l l o y s ,  

on these a l l o y s  i s  n o t  known. A thermal-convect ion loop  QE Ta-l0% W was 

s t a r t e d  i n  February 1976, w i t h  L ~ F - B ~ F ~ - T ~ F I + - U F I +  (72-l6-11.7-0.3 mole X )  

9 2  b u t  t h e  e f f e c t  of molten f l u o r i d e s  

and w i t h  hat-  and co ld- leg  tempera tures  of 690 and 585"C, r e s p e c t i v e l y .  9 1  

The l o o p  was kept  i n  o p e r a t i o n  when t h e  MSR Program w a s  t e r m i n a t e d ;  i t  

i s  s t i l l  i n  o p e r a t i o n  a f t e r  more t h a n  18,000 h r  w i t h  no a p p r e c i a b l e  change 

i n  f low c h a r a c t e r i s t i c s  9 2  

a l l o y  a p p e a r s  t o  have occurred .  S ince  r e p r o c e s s i n g  equipment probably 

does n o t  need t o  have tempera ture  g r a d i e n t s  as h i g h  as 100°C, t h e  Ta--lO% 

W a l l o y  sliows real promise f o r  use i n  r e p r o c e s s i n g  equipment. 

Therefore, no marked mass t r a n s f e r  of the  

. 
9; 

Contained i n  s e a l e d  c a p s u l e s  of  s t a i n l e s s  s t e e l .  t o  p r e v e n t  atmo- 
s p h e r i c  contaminat ion .  

These c o n c e n t r a t e d  a l l o y s  would be used t o  s t r i p  r a r e - e a r t h  f i s s i o n  t 
products  from L i C l  Wismuth-lithium a l l o y s  f o r  s e l e c t i v e  e x t r a c t i o n  of 
uranium, p r o t a c t i n i u m ,  plutonium, e t c . ,  would be much more d i l u t e .  
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P r e s e n t  S t a t u s  of Technology 

M a t e r i a l s  f o r  f l u o r i n a t o r s  and UFt; a b s o r b e r s  

Nicke l  o r  n icke l -base  a l l o y s  can be used f o r  c o n s t r u c t i o n  of fluori- 

n a t o r s  and f o r  containment of F2, UF6, and HP, though t h e s e  m e t a l s  would 

r e q u i r e  p r o t e c t i o n  by a frozen l a y e r  of f u e l  s o l v e n t  over  a r e a s  where 

contaminat ion  of t h e  molten s t ream by t h e  o t h e r w i s e  i n e v i t a b l e  c o r r o s i o n  

products  would be s e v e r e .  Many y e a r s  of exper ience  i n  f a b r i c a t i o n  and 

j o i n i n g  of s u c h  a l l o y s  have been accumulated’ 9 2  i n  t h e  c o n s t r u c t i o n  of 

r e a c t o r s  and a s s o c i a t e d  e n g i n e e r i n g  hardware e 

The c o r r o s i o n  o€  n i c k e l  and i t s  a l l o y s  i n  t h e  s e v e r e  environment 

r e p r e s e n t e d  by f l u o r i n a t i o n  of UFt; from molten s a l t s  has  been s t u d i e d  

i n  some d e t a i l .  Most of t h e  d a t a  were o b t a i n e d  d u r i n g  o p e r a t i o n q 3  of 

two p l a n t - s c a l e  f l u o r i n a t o r s  c o n s t r u c t e d  of  L n i c k e l  a t  t empera tures  

ranging  from 540 t o  730°C. 

e n t  r r ra ter ia ls)  were l o c a t e d  i n  t h e  f l u o r i n a t o r s .  Several  specimens,  

i n c l u d i n g  Hymu 80 and INOR-1, had lower rates of maximum c o r r o s i v e  at-  

t a c k  t h a n  I, n i c k e l .  ’ ? ’ 

A number of c o r r o s i o n  specimens (20 d i f f e r -  

Xever the less  ~ L n i c k e l ,  p r o t e c t e d  where neces- 

s a r y  by f r o z e n  s a l t ,  i s  t h e  p r e f e r r e d  material  f o r  t h e  f l u o r i n a t i a n - U F s -  

a b s o r p t i o n  system s i n c e  t h e  o t h e r  a l l o y s  would c o n t r i b u t e  v o l a t i l e  f l u o -  

r i d e s  of  chromium and molybdenum t o  t h e  gaseous UF6. 

Absorpt ion of UF6 i n  molten s a l t s  c o n t a i n i n g  UFL, i s  proposed ( s e e  

Chapter 6 )  as  t h e  i n i t i a l  s t e p  i n  the f u e l  r e c o n s t i t u t i o n  f o r  t h e  MSBK 

and DMSR. The r e s u l t i n g  s o l u t i o n ,  c o n t a i n i n g  a s i g n i f i c a n t  concent ra -  

t i o n  of UF5, i s  q u i t e  c o r r o s i v e .  I n  p r i n c i p l e ,  and perhaps i n  p r a c t i c e ,  

t h e  f r o z e n  s a l t  p r o t e c t i v e  l a y e r  could be used w i t h  v e s s e l s  of  n i c k e l .  

It has been shown 9 5 9 9 6  t h a t  go ld  i s  a s a t i s f a c t o r y  c o n t a i n e r  in  small- 

scale exper iments ,  and p l a n s  t o  use  this expens ive ,  b u t  e a s i l y  f a b r i c a b l e ,  

metal i n  e n g i n e e r i n g - s c a l e  tests have been d e s c r i b e d .  9 7  

Should cont inuous  f l u o r i n a t i o n  and UF6 a b s o r p t i o n  prove i n c a p a b l e  

of development because a €  m a t e r i a l s  o r  e n g i n e e r i n g  d e s i g n  problems, i t  

seems l i k e l y  t h a t  a l t e r n a t i v e s  may e x i s t . + :  Therefore ,  s u c c e s s  w i t h  t h e  

JA 

However, t h e y  are cons idered  much less d e s i r a b l e  f o r  t e c h n i c a l  o r  
economic r e a s o n s  ( s e e  Chapter 6 ) .  

... .. . . . . . . . . . . ... ,..... ;;;;.. w,& 



materials problems for this segment of the processing system is highly 

desirable but perhaps not absolutely essential. 

Ma%erials for selective extractions 

Most of the essential separations required of the processing plant 

are accomplished by selectively extracting species from salt streams into 

bismuth-lithium alloys or vice versa.$: These extractions pose difficult 

materials problems. Materials for containment of bismuth and its alloys 

are known, as are materials for containment of molten salts. Unfortu- 

nately, the two groups have few common members. 

Iron and nickel alloys Carbon steels and low-chromium steels were 

sIiowrz long agog0 to be satisfactory far long service in bismuth contain- 

ing uranium at temperatures up t o  about 550"C, but such service required 

additions of magnesium or zirconium to the bismuth. Such additions 

would not survive the separations steps in the processing cycle. More- 

over, the carbon steels are not really satisfactory long-term containers 

for molten fluorides. Carbon steels have been used 

of construction for engineering tests of selective extraction processes 

pending development of better materials. However, it has never seemed 

likely that carbon o r  Low-alloy steels could be used satisfactorily as 

key components O €  the processing system. 

not to be adequate containers far bismuth. 

as materials 99,100 

Nickel-based alloys are known' 

Molybdenum. Corrosion studies at ORNL' and elsewhere' O 1  9 O 2  showed 

molybdenum to resist attack by bismuth and to show no appreciable mass 

transfer at: 500 to 700°C for periods up to 10,000 hr. Moreover, molyb- 

denum is known to have excellent resistance to molten fluorides. 9 '  It 

is reactive with oxygen, but a purged argon or helium atmosphere con- 

taining up to 10 pprn oxygen would be acceptable. These facts make it 

quite attractive a s  a material for the processing plant; however, there 

are major  difficulties associated with its use. 

-9- 

Moreover, no satisfactory alternative to the  selective extraction- 
metal transfer process for removal of rare-earth fission products has 
been identified. 

. .. <,. . . ...... ....... ;' 
I 
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Molybdenum is a particularly structure-sensitive material; its 

mechanical properties vary widely depending upon how it has been metal- 

lurgically processed. The ductile-brittle transition temperature for 

molybdenum varies from below room temperature to 200--300"C, depending 

both upon strain rate and the microstructure o f  the metal. Maximum duc- 

tility is provided in the cold-worked, fine-grained condition. The arc- 

melted molybdenum now available commercially affords relatively good 

control of grain size and interstitial impurity level .  Nevertheless, 

the use of molybdenum as a structural material requires highly spe- 

cialized assembly procedures and imposes stringent limitations on system 

design from the  standpoint of geometry and rigidity. 

Many advances in the fabrication technology o f  molybdenum were made 

at O W L  during attempted construction of a molybdenum system in which 

bismuth and molten salt could be countercurrently contacted in a 25-mmn- 

ID, 1.5-m-high packed column having 90-mm-ID upper and lower disengaging 
sections e Techniques were developed for the production of closed-end 

molybdenum vessels by back extrusion. Parts that were free from cracks 

and had high-quality surfaces were produced consistently with this tech- 

nique by the use of Zr02-coated plungers and dies and extrusion tempera- 

tures of 1600 t~ 1700°C. The 1.7-m-long molybdenum pipe for the extraction 

column, having an outside diameter of 29.5 m and an inside diameter of 

25 mm, was produced by floating-mandrel extrusion at l6OO"C. 

a 

It was found t h a t  c o m m e r c i a l  m o l . y b d e n u m  t u b i n g  can be m a d e  d u c t i l e  

at room temperature by etching 0.025 t o  0.08 mm of material from the 

tube interior. 9 

Complex components have been fabricated by welding (either by 

gas-tungsten-arc or by electron-beam techniques). 

portant factors found to minimize molybdenum weldment cracking have been 

stress relieving of components and preheating prior to welding. Mechanical 

tube-to-header joints have also been produced by pressure bonding by 

use of commercial tube expanders. An iron-base alloy of the composi- 

tion Fe-Mo-Ge-C-B (75-15-5-4-1 wt % >  has been found t o  have good wetting 

and flow properties, a moderately low brazing temperature (<1200°C), and 

adequate resistance. to corrosion by bismuth at 650°C. ,2 

Two of the most im- 
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A1 though molybdenum welds t h a t  are hel ium l e a k t i g h t  have been pro- 

duced c o n s i s t e n t l y  u s i n g  b o t h  t h e  electron-beam and tungs ten-are  tech-  

n i q u e s ,  t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  of t h e  r e s u l t i n g  welds w a s  above 

room tempera ture ,  and i t  was n e c e s s a r y  t o  d e s i g n  each j o i n t  t o  s u p p o r t  

t h e  welds  mechanical ly .  

w i t h  t u n g s t e n  t o  provide  a secondary b a r r i e r  a g a i n s t  l eakage .  

The j o i n t s  were also back-brazed o r  vapor  p l a t e d  

Both p r e v i o u s  surveys  9 concluded t h a t  

The r e s u l t s  of work t o  d a t e  on molybdenum f a b r i c a t i o n  tech-  
n i q u e s  have been q u i t e  encouraging,  and it  i s  b e l i e v e d  t h a t  
t h e  material  can be used i n  c o n s t r u c t i n g  components f o r  pro- 
c e s s i n g  systems i f  p roper  a t t e n t i o n  i s  g iven  to i t s  f a b r i c a -  
t i o n  c h a r a c t e r i s t i c s .  

That s t a t e m e n t  s t i l l  appears  t o  d e f i n e  a t e n a b l e  p o s i t i o n .  However, 

t h e  t es t  assembly d e s c r i b e d  above w a s  n o t  completed.9: Each of t h e  f a b r i -  

c a t i o n  s t e p s  c o n s t i t u t e d  a s p e c i a l  RSlD e f f o r t ,  and each welding and 

b r a z i n g  o p e r a t i o n  w a s  an  adventure .  There i s  l i t t l e  doubt t h a t  f u r t h e r  

advances i n  molybdenum m e t a l l u r g y  w i l l  b e  made, and i t  s e e m s  c e r t a i n  t h a t  

molybdenum f a b r i c a t i o n  r e s e a r c h  should c o n t i n u e  as a p a r t  of t h e  DNSR. 

However, such f a b r i c a t i o n  w i l l  be s low and expens ive  € o r  some t i m e ,  and 

t h e  p r o d u c t s  are i i k e L y  t o  be of u n c e r t a i n  r e l i a b i l i t y . - '  

h a r d l y  b e  cons idered  l i k e l y  t h a t  complex e n g i n e e r i n g  equipment of  molyb- 

denum c a ~  be provided on a shor t - te rm schedule  

could be g iven  a lower p r i o r i t y  t h a n  p r e v i o u s l y  sugges ted  a ' 9 

Since  i t  can 

f a b r i c a t i o n  of molybdenum 

On t h e  o t h e r  hand, the c o a t i n g  of c o n v e n t i o n a l  materials (such as 

i ron-  o r  nickel-based a l l o y s  1 w i t h  mokybdenum should probably be con- 

s i d e r e d  f o r  h i g h e r  p r i o r i t y .  Two t y p e s  of c o a t i n g  p r o c e s s e s  have been 

i n v e s t i g a t e d :  ' 
and d e p o s i t i o n  from mol ten-sa l t  m i x t u r e s  c o n t a i n i n g  MoF6 by chemical 

r e a c t i o n  w i t h  t h e  s u b s t r a t e .  The b a t t e r  method l o o k s  e s p e c i a l l y  promising 

because more complicated components could probably  be c o a t e d  u s i n g  t h i s  

approach a 

chemical-vapor d e p o s i t i o n  by hydrogen r e d u c t i o n  of MoF6 

.L 

It w a s  s t i l l  incomplete  when t h e  program te rmina ted  i n  1 9 7 3  and 
was not  r e v i v e d ,  p a r t l y  because of funding  l i m i t a t i o n s ,  when t h e  program 
w a s  r e v i v e d  i n  1 9 7 4 .  

These remarks c l e a r l y  do n o t  apply  t o  s i m p l e  i tems  such as c r u c i b l e s ,  t 
stirrers,  i m p e l l e r s ,  o r  t r a n s f e r  l i n e s .  
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Tungsten and tan ta lum a l l o y s .  Pure t u n g s t e n  i s  r e s i s t a n t  t o  molten 

bismuth. Because of i t s  h i g h  d u c t i l e - b r i t t l e  t r a n s i t i o n  t e m p e r a t u r e ,  

i t  i s  n o t  a t  a l l  amenable t o  t h e  f a b r i c a t i o n  and j o i n i n g  o p e r a t i o n s  rc- 

q u i r e d  f o r  complex equipment,  bu t  c r u c i b l e s ,  stirrers, e t c .  of t u n g s t e n  

cou ld  be  used. Its use as a s u r f a c e  c o a t i n g  (by chemical  vapor  deposi-  

t i o n )  on molybdenum w a s  no ted  above and could perhaps be extended t o  more 

c o n v e n t i o n a l  metals.  Atmospheric p r o t e c t i o n  e q u i v a l e n t  t o  t h a t  r e q u i r e d  

f o r  molybdenum would be n e c e s s a r y  f o r  t u n g s t e n .  

Pure t a n t a l u m  and some of i t s  a l l o y s  w i t h  t u n g s t e n  ( i n  p a r t i c u l a r ,  

T-111:  8% Id, 2% B f ,  ba lance  Ta) have been shown t o  be u s e f u l l y  compati- 

b l e  w i t h  molten bismuth and bismuth-l i thium a l l o y s .  I n  q u a r t z  thermal- 

convec t ion  1QOpS a t  400"c, t h e  mass t r a n s f e r  rate of pure t a n t a l u m  i n  

t h e s e  l i q u i d  metals w a s  g r e a t e r  t h a n  t h a t  of molybdenum, a l though the 

ra te  w a s  s t i l l  less t h a n  0.08 m f y e a r .  Mass t r a n s f e r  rates of t h e  a l l o y  

T-111 were comparable t o  t h o s e  f o r  molybdenum, b u t  t h e  mechanical proper-  

t i e s  of t h e  former a l l o y  were s t r o n g l y  a f f e c t e d  by i n t e r a c t i o n  w i t h  in-  

t e r s t i t i a l  i m p u r i t i e s ,  p r i m a r i l y  oxygen, i n  t h e  experiments  with p u r e  

bismuth i n  q u a r t z  l o o p s .  

t h e  bismuth-2.5 w t  X l i t h i u m  mixture  i n  a loop  c o n s t r u c t e d  of T - 1 1 1  

t u b i n g  d i d  n o t  measurably a f f e c t  t h e  mechanical  p r o p e r t i e s  of t h e  T-ll19 

and t h e  mass t r a n s f e r  rate a g a i n  was i n s i g n i f i c a n t  . 9 There seems 

l i t t l e  r e a s o n  t o  expec t  t h a t  an a l l o y  of tan ta lum and t u n g s t e n  a l o n e  

(Ta-10% W, for example)  would behave b a d l y  I n  bismuth-lithium a l l o y s  

a t  65O'C.  

A mare r e c e n t  t e s t  c a r r i e d  o u t  a t  700°C w i t h  

Tantalum and i t s  a l l o y s  have t h e  v e r y  g r e a t  v i r t u e  of r e l a t i v e l y  

e a s y  f a b r i c a b i l i t y .  Several complex a s s e m b l i e s  have been f a b r i c a t e d  a t  

ORNL u s i n g  t h e  T - 1 1 1  a l l o y ,  t h e  l a r g e s t  of which w a s  a forced-convect ion 

POUP which c i r c u l a t e d  l i q u i d  l i t h i u m  f o r  3000 h r  a t  1378°C. 

convec t ion  loop" of Ta-16% W w a s  c o n s t r u c t e d  i n  1976 and i s  s t i l l  i n  

o p e r a t i o n .  En c o n t r a s t  t o  molybdenum, t h e  a l l o y  i s  q u i t e  d u c t i l e  i n  t h e  

as-welded c o n d i t i o n ;  t h u s  i t  appears  promising f o r  complex geometr ies .  

The tantal.um a l l o y ,  however, would r e q u i r e  a h i g h e r  degree  of p r o t e c t i o n  

from i n t e r s t i t i a l  i m p u r i t i e s  (oxygen, carbon,  n i t r o g e n )  t h a n  would molyb- 

denum. It i s  l i k e l y  t h a t  a tan ta lum system would r e q u i r e  o p e r a t i o n  i n  a 

A thermal-  



high  vacuum [W5 Pa 

be maintained i n  an i n e r t  gas purge system. 

t o r r ) ]  and t h a t  s u f f i c i e n t  p u r i t y  could n o t  

The r e s i s t a n c e  of tan ta lum and i t s  a l l o y s  t o  molten f l u o r i d e s  has 

long been ques t ioned ,  b u t  no d e f i n i t i v e  tests had been made when p r e v i -  

ous  surveys  were w r i t t e n .  9 F u r t h e r  tests are obvious ly  n e c e s s a r y ,  b u t  

t h e  cont inued  s a t i s f a c t o r y  o p e r a t i o n "  of t h e  Ta--16% W l oop  w i t h  LiF-BeFz- 

ThF4-WP4 must be cons idered  encouraging.  Use of tan ta lum i n  c o n t a c t  w i t h  

L i C l  and bismuth-l i thium a l l o y s  (as i n  the r a r e - e a r t h  t r a n s f e r  system) 

has p r e v i o u s l y  been cons idered  a l i k e l y  p o s s i b i l i t y  a 
2 

A h i g h  p r i o r i t y  should  be g iven  t o  tests of tan ta lum a l l o y s  (par-  

t i c u l a r l y  t h e  Ta-lOX W v a r i e c y )  i n  combinat ions of f l u o r i d e  s a l t s  and 

bismuth-l i thium a l l o y s .  ShouPd t h e y  succeed,  i t  seems l i k e l y  t h a t  t h e  

f a b r i c a t i o n  problems could be r e a d i l y  managed. 

Graphi te .  G r a p h i t e ,  whish h a s  e x c e l l e n t  c o m p a t i b i l i t y  w i t h  f u e l  

salt, a l s o  shows promise f o r  t h e  containment of bismuth. C o m p a t i b i l i t y  

t e s t s  t o  d a t e  have shown no ev idence  of chemical i n t e r a c t i o n  between 

g r a p h i t e  and bismuth c o n t a i n i n g  up t o  3 w t  % (50 a t .  %) l i t h i u m .  However, 

t h e  l a r g e s t  open pores of m o s t  commercially a v a i l a b l e  p o l y c r y s t a l S i n e  

g r a p h i t e s  are p e n e t r a t e d  t o  some e x t e n t  by l i q u i d  bismuth. S t a t i c  cap- 

s u l e  tests'  o ' of t h r e e  commercial g s a p h i t e s  (ATJ , AXF-SQBC, , and Graphi- 

t i t e  A )  were conducted f o r  500 h r  at 700°C u s i n g  b o t h  h i g h - p u r i t y  bismuth 

and bismuth--3 wt % l i t h i u m .  Although p e n e t r a t i o n  by pure  bismuth w a s  

n e g l i g i b l e ,  t h e  a d d i t i o n  of l i t h i u m  t o  t h e  bismuth appeared to i n c r e a s e  

t h e  depth  of permeat ion and presumably a l t e r e d  t h e  w e t t i n g  c l i a r a c t e r i s t i c s  

of t h e  bismuth. R e s u l t s  ( s e e  above) o b t a i n e d  r e c e n t l y  i n  a thermal-con- 

v e c t i o n  loop  of molybdenum c o n t a i n i n g  g r a p h i t e  specimens a t  600 t o  700°C 

i n  bismuth-3.8 a t .  % l i t h i u m  were c o n s i d e r a b l y  more p e s s i m i s t i c .  

Limited p e n e t r a t i o n  of g r a p h i t e  by bismuth s o l u t i o n s  may be t o l e r -  

a b l e .  I f  n o t ,  several approaches have t h e  p o t e n t i a l  f o r  d e c r e a s i n g  t h e  

e x t e n t  t o  which a porous g r a p h i t e  i s  p e n e t r a t e d  by bismuth and bismuth- 

l i t h i u m  a l l o y s .  Two w e l l - e s t a b l i s h e d  approaches are m u l t i p l e  impregna- 

t i o n s  w i t h  l i q u i d  hydrocarbons,  which are t h e n  carbonized  a n d / o r  

g r a p h i t i z e d  and pyrocarbon c o a t i n g s  - Other  approaches are based on 

;1. 

See above, under Post-1974 Technology Advances. 
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vapor-deposited molybdenum coatings and the use of carbide-forming 

sealants. 

Fabrication of a processing plant from graphite w o d d  necessitate 

graphite-to-graphite and graphite-to-metal joints. Development studies 

have been conducted on both types of joints using high-temperature brazes 

and also metals which bond by carbide formation.1069107 Several of these 

experimental joining techniques show promise for the chemical processing 

application. Graphite-to-graphite joints can also be made with plastic 

cements. Other workers O R  9 have pioneered mechanical joints that 

may be satisfactory for the proposed application. 

Et seems very likely that graphite can be used successfully in at 

least some portions of the plant. Graphite crucibles, complete with 

relatively simple piping connections, as liners within vessels of con- 

ventional a l l o y s  would seem to be clearly feasible. Whether truly corn- 

plex and interconnecting assemblies can be reliably fabricated from 

graphite must, however, remain somewhat speculative at present. 

Summary. Molybdenum exhibits excellent compatibility with the 

working fluids, and the external environment could be inert gas,  but 

the problems in fabricating molybdenum are great. Tantalum is easy to 

fabricate and is likely compatible with the working fluids, bur: the ex- 

ternal environment must be a hard vacuum. High-density graphite is 

likely compatible with the  working fluids and can be adequately protected 

an the outside with an inert gas, but it is difficult to fabricate into 

complex shapes. A s  the chemistry of the processing system is engineered 

further through pilot plants, the precise type of hardware needed will 

be better defined. 

to initially emphasize definition of the basic material capabilities with 

respect to salt, bismuth-lithium, lithium chloride, and interstitial im- 

purities, and then t o  develop a knowledge of fabrication capabilities. 

As process equipment becomes better defined, this information will be 

used to engineer the necessary components. This will involve the de- 

sign, construction, and testing of prototypic units. 

The approach taken to materials development will be 
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Primary R&D Needs 

The R&D program will necessarily be concerned with detailed tests 

of materials compatibility and with studies of welding, brazing, and 

other joining techniques as well as joint design. Facilities for static 

testing, &or operation of thermal-convection loop assemblies, and for 

fabrication and operation of forced-convection (pumped) loops will be 

required along with sophisticated equipment for welding, brazing, etc., 

under carefully controlled atmospheres. Such facilities have been used 

routinely in the past and involve little, if any, additional development. 

The following key R&D items are required:" 

1, Further demonstrate compatibility of tantalum alloys at realistic 

temperatures 

a. with molten fluorides, 

b. with molten chlorides 

c. with salt-bisnuth-lithium, etc., combinations, and 

d. at controlled contamination levels. 

2. Frepare sound molybdenum, tungsten, and tantalum coatings OR conven- 

tional substrate metals in realistic geometries. 

3 .  Test such molybdenum and tungsten coatings 

a. with pertinent salt-bismuth alloy combinations, 

b. under thermal stress and thermal shock, and 

c. at controlled contamination levels. 

Conduct compatibility survey with a thermal-convection loop contain- 

ing specimens of a l l  likely materials 

a. with molten LiCI, 

b. with molten fluoride, and 

c. with molten bismuth alloy containing lithium, thorium, etc. 

4 .  

5. Further test graphite compatibility with bismuth-lithium alloys con- 

taining other pertinent metals (iSeB9 thorium, uranium) and extend 

to impervious" graphites I ?  

k 
Not a l l  OS these items must be successful, but all need to be car- 

ried until a material (or materials) f o r  all portions of the plant has 
been demonstrated. 
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6.  

7 .  

8. 

9. 

Demonstrate s u i t a b l e  methods f o r  j o i n i n g  of g r a p h i t e  and f o r  o b t a i n -  

i n g  "impervious" j o i n t s  * 

Continue s t u d i e s  of f a b r i c a t i o n  of molybdenum a t  a r e a s o n a b l e  pace.  

Perform s t u d i e s  as needed on f a b r i c a t i o n  of tan ta lum a l l o y s ,  

Test, p r e f e r a b l y  i n  forced-convect ion h o p s  w i t h  r e a s o n a b l e  tempera- 

t u r e  g r a d i e n t  (1OO"C?) ~ o v e r a l l  c o m p a t i b i l i t y  of tlhe s a l t - a l l o y  com- 

b i n a t i o n  w i t h  a combination of a l l  materials t o  b e  inc luded  i n  t h e  

f i n a l  system. * 

E s t i m a t e s  of Schedul ing and Cos ts  

P r e l i m i n a r y  estimates of t h e  n e c e s s a r y  sclseduPe and of i t s  o p e r a t i n g  

and c a p i t a l  funding  requi rements  are p r e s e n t e d  below f o r  t h e  development 

or materials f o r  f u e l  p rocess ing  d e s c r i b e d  above. As e lsewhere  i n  this 

document, it has been assumed t h a t  (1) t h e  program would begin  a t  t h e  

s t a r t  of FY 1980, ( 2 )  i t  would lead t o  an o p e r a t i n g  DMSR i n  1995, and 

( 3 )  t h e  Ii&D program w i l l  produce no g r e a t  s u r p r i s e s  and no major changes 

i n  program d i r e c t i o n  w i l X  be r e q u i r e d .  

'lhe schedule ,  a long  w i t h  t h e  d a t e s  on which key developments must 

be f i n i s h e d  and major d e c i s i o n s  made, i s  shown i n  Table  5.1. It seems 

c e r t a i n  t h a t  t h e  o v e r a l l  R&D programs ( i n c l u d i n g  t h o s e  d e s c r i b e d  else- 

w h e r t l  i n  t h i s  document) w i l l  p rovide  some minor s u r p r i s e s  and that  some 

changes i n  t h i s  development w i l l  be r e q u i r e d .  No s p e c i f i c  p r o v i s i o n s  

f o r  t h i s  are inc luded;  b u t ,  u n l e s s  major r e v i s i o n s  become necessary  i n  

t h e  middle  198Os, i t  appears  l i k e l y  t h a t  s u i t a b l e  materials f o r  t h e  

p r o c e s s i n g  o p e r a t i o n  could be recommended on t h i s  schedule .  

T h e  o p e r a t i n g  funds  (Table  5 . 2 )  and t h e  c a p i t a l  equipment r c q u i r e -  

merits (Table  5 .3)  are sIiown on a year-by-year basis i n  thousands of 1978 

d o l l a r s .  KO a1 1 owance f o r  c o n t i n g e n c i e s ,  major program changes and in- 

f l a t i o n  d u r i n g  t h e  i n t e r v a l  h a s  been provided.  The f i r s t  t a s k  group 

i n v o l v e s  t h e  development 01 r e s i s t a n t  c o a t i n g s  f o r  use on g r a p h i t e  a n d / o r  

o t h e r  more c o n v e n t i o n a l  s t r u c t u r a l  materials, w h i l e  t h e  second group of 

t a s k s  i n c l u d e s  t h e  s imul taneous  development of r e f r a c t o r y  m a t e r i a l s  

* 
C l e a r l y ,  t h i s  proof test  i s  r e q u i r e d  f u r  b o t h  the  f l u o r i d e - a l l o y  

and LiC1-alloy systems.  



T a b l e  5 .1 .  Schedu le  f o r  f u e l  p r o c e s s i n g  mater ia ls  devel.opment 

F i s r a l  y e a r  

1980 1981 1982  1983 1984 1983 1986 1987 1988  1989 1990 1 9 9 1  
Task  

C o a t i n  g d e  v e 1 o pmen t v’ v2  v3 v 4  
Compati bi1.i  t y  d e m o n s t r a t i o n  v5 v6 o7 v8 v9 v40 V’I 

F a b r i c a t i o n  development  v4 v’ V I 4  VI5  V 

E n g i n e e r i n g  e x p e r i m e n t s  VI7 v’ VI9 

X i l c s t o n e s :  - - . - - I _- 

1 e D e m o n s t r a t i o n  of sound c o a t i n g  of s i m p l e  spec-<- 
mens w i t h  No, W, and Ta. 

2 .  P r e l i m i n a r y  a s s e s s m e n t  of f e a s i b i l i t y  of  c o a t i n g  
c o n c e p t .  

3. D e m o n s t r a t i o n  of sound c o a t i n g s  on complex geome- 
t r ies .  

4 .  F i n a l  a s s e s s m e n t  of s u i t a b i l i t y  of c o a t i n g  t e c h -  
n i  q u e s .  

5.  P r e l i m i n a r y  asst3ssrnent of c o m p a t i b i l i t y  of Ta-lQ% 
W i n  f l u o r i d e s .  

6.  P r e l i m i n a r y  a s s e s s m e n t  of r o m p a t i b i l i t y  o f  T a  10% 
w i n  L i C 1 .  

7. S t a r t  o f  t h e r m a l - c o n v e c t i o n  t e s t s  of c o a t e d  s p e c i -  
mens i n  Bi-L-f-Th and of  a l l  c a n d i d a t e  ma te r i a l s  
t o g e t h e r  i n  B i - L i - T h ,  m o l t e n  f l u o r i d e  ( 0 . 1  mole Z 

8.  S e l e c t i o n  of  m a t e r i a l s  f o r  u s e  i n  l n t e g r a t e d  Pro- 
c e s s  T e s t  F a c i l i t y ,  c o m p l e t i o n  of thcrmal-convcc-  
t i o n  tests of Elo i n  m o l t e n  s a l t s ,  and s ta r t  of 
tests of g r a p h i t e  i n  Bi-Li-Th i n  f o r c e d - c o n v e c t i o n  

VF4) ;ind L i C 1 .  

Loops. 

9. 

1 0  * 

11 * 

1 2 .  
1 3 .  
1.4. 
15. 
1 6 .  
1 7 .  

18. 

1 9 .  

S t a r t  o f  t e s t s  o f  c o a t e d  complex g e o m e t r i e s  i n  
s a l t - a l l o y  c o m b i n a t i o n  w i t h  f o r c e d  c i r c u l a t i o n .  00 

As1;essment of f e a s i b i l i t y  o f  c o a t i n g s  f o r  p ro -  c. 
c e s s i n g  p l a n t  u s e .  
Demons t r a t ion  of a p p l i c a b i l i t y  of Ta-1QX W f o r  
p r o c e s s i n g  p l a n t  u s e  and a r ses s rnen t  f e a s i b i l i t y  
of Mo from c o m p a t i b i l i t y  s t a n d p o i n t  
Complet ion of f a b r i c a t i o n  s t u d i e s  w i t h  g r a p h i t e .  
Complet ion o f  f a b r i c a t i o n  s t u d i e s  on Ta a l l o y s .  
Complet ion of f a b r i c a t i o n  s t u d i e s  on Mo. 
Complet ion o f  j o i n i n g  s t u d i e s  on graphitr . .  
Coiiipletion of  j o i n i n g  s tudic .s  on No. 
Cornpl e t i o n  of  s u r v e i l l a n c e  program on spec imens  
from R e d u c t i v e  E x t r a c t i o n  P r o c e s s  F a c i l i t y .  
Complet ion of s u r v e i l  l a n c e  program on samples  
from Metal T r a n s f e r  F a c i l i t v .  
F i n a l  d e c i s i o n s  on ma te r i a l s  f o r  d e m o n s t r a t i o n  
r e a c t o r  p r o c e s s i n g  p l a n t  

i .  I:‘ 
Y: 



Table 5.2. Operating fund requirements for fuel processing materials development 

-I__ .-- I - --. 
Cost (thousands of 1978 dollars) for fiscal year - 

Task --..-.-.-. 
1980 1.981 1.982 1983 1984 1985 1986 1987 1988 1989 1990 1991 

-__ ._.. --.-,.-- --- 

Coating development 60 85 1.00 1QQ 100 50 25 0 0 0 cl 0 

GompatLbility demonstration 245 325 400 470 560 560 440 300 150 80 so 80 
Fabrication development 100 160 240 260 270 200 200 200 150 75 7.5 75 E 

Engineering experiments 20 40 8Q 120 120 120 100 100 100 50 50 25 
__ _._-.-_ -- -. - -- ---- - __^ --- --- - __ - 

Total fundsCZ 425 610 820 950 1050 93Q 765 600 400 205 205 180 

QTotal funds through 1991: $7140. 



Table 5.3. Capital fund requirements for fuel processing materials development 

.~ - 

Cost (thousands of 1978 doll.ars) for fiscal year - 
TFl.Sk .~-__- 

P980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 
_-. - 

Coating development 0 50 125 50 50 0 0 0 0 0 0 0 

Compatibility demonstration 100 1125 1675 1300 I.200 600 300 250 150 cl 0 O m 
Fabrication development 0 0 220 160 30 0 0 0 0 0 0 0 cT\ 

Engineering experiments 0 a 50 50 100 100 100 1QO 100 100 0 0 
------------ 

Total funds" 100 1175 2070 1560 1380 70Q 400 350 250 100 0 cl 
- -.-___ 

aTotal funds through 1991: $8085. 



through c o n s t r u c t i o n  and o p e r a t i o n  of 

tion c o r r o s i o n  l o o p s .  The t h i r d  t a s k  

b o t h  n a t u r a l -  and Eorced-c i rcu ld-  

group invo lves  deve lop ren t  of 

f a b r i c a t i o n  t echn iques  f o r  t h e  materials under d c ~ e l o p m e n t  wh i l e  the> 

f o u r t h  group i s  concerned w i t h  t h e  e v a l u a t i o n  of mater ia l  p e r f o r r a n r e  

i n  zc tua l  p r o c e s s i n g  t e s t  equipment.  Tt i s ,  of c o u r s e .  conceivsS’e tha t  

a h igh  l e v e l  of  s u c c c ~ s s  w i t h  one mater ia l  n i g h t  e.Timinatc r?iucl: of the- 

e f f o r t  arid a s s o c i a t e d  c o s t s  on o t h e r  m a t e r i a l s .  

Th i s  e n t i r e  a c t i v i t y  i s  t ime-scaled €or complet ion in p n r d l l e l  w i t t i  

t he  development of t h e  r e a c t o r  concept .  However, s i n r e  t h e  r 

o p e r a t e  as a c o n v e r t e r  wi thout  on- l ine  p r o c e s s i n g ,  tht .  ;;7r pc2r t  of t 1- is 

work c o u l d  be d e f e r r e d  wi th  t h e  e x p e c t a t i o n  of  back-f  i t t i n r :  7 ~ x ~ ~ c c ~ ~ - ~ i n g  

plant t o  th tn-c>xis t ing  r e a c t o r  f a c i  I i t i e s  if t l ic.  c,coqorn’c i r t  t71t i . 2 ~  1- ,’ 

s i i f l i c  ic .n t ly  g r e a t  when devc. lopment  was conplet  e d .  



6. FUEL PROCESSING 

Scope and Nature  of t h e  Task 

F lu id - fue led  r e a c t o r s ,  u n l i k e  more conven t iona l  r e a c t o r  t y p e s ,  o f f e r  

t h e  o p p o r t u n i t y  f o r  cont inuous  p rocess ing  of t h e  f u e l  i n  a f a c i l i t y  l o -  

c a t e d  a t  t h e  s i t e  and d i r e c t l y  coupled t o  t h e  r e a c t o r .  Continuous pro- 

c e s s i n g  of i t s  multen f l u o r i d e  f u e l  on a r e l a t i v e l y  s h o r t  c y c l e  t i m e ; k  i s  

e s s e n t i a l  i f  an MSR i s  t o  be a high-performance 

t h e  i n t e r m e d i a t e  233Pa  from 2 3 2 T h .  For a "hold 

v e r s i o n  r a t i o  = 1 . 6  throughout  r e a c t o r  L i f e ) ,  a 

t i m e  almost c e r t a i n l y  s u f f i c e s ,  bu t  t h e r e  i s  no 

and e s s e n t i a l l y  cont inuous  p rocess ing  system is  

b r e e d e r  of 3U through 

your own" c o n v e r t e r  (con- 

longe r  p r o c e s s i n g  c y c l e  

doubt t h a t  an  i n t e g r a t e d  

r e q u i r e d .  A DPISR t h a t  

is t o  be f e d  no ( o r  even l i t t l e )  f i s s i l e  mater ia l  a f t e r  i t s  i n i t i a l  
charge  i s  an example of such a r e a c t o r .  -t 

Removal of f i s s i o n  11s-odncts t h a t  are a p p r e c i a b l e  n e u t r o n i c  po i sons  

i s ,  of c o u r s e ,  t h e  ?,rimary purpose of f u e l  p rocess ing .  I n  an MSR ( see  

Chapter  3 )  not a l l  of these s p e c i e s  remain i n  t h e  s a l t  t h a t  f lows t o  

the r e p r o c e s s i n g  p l a n t .  The  wors t  of t h e  l o t  i s  '"'Xe, which i s  vir-  

t u a l l y  i n s o l u b l e  in  t h e  mel t  and i s  s t r i p p e d  by he l ium spa rg ing  w i t h i n  

t h e  r e a c t o r  i t s e l f .  Noble and  seminoble metals are l a r g e l y  d e p o s i t e d  

within t h e  pr imary h e a t  exchanger and on o t h e r  meta l  w i t h i n  t h e  r e a c t o r  

system. T h e  s e r i o u s  neu t ron  p o i s o n s  tha t  are d e l i v e r e d  t o  t h e  process-  

i n g  p l a n t ,  t h e r e f o r e ,  are p r i m a r i l y  r a r e - e a r t h  i s o t o p e s  d i s s o l v e d  as 

t r i f l u o r i d e s  i n  t h e  molten f u c l .  Tht.se, a long  w i t h  o t h e r  less  impor tan t  

f i s s ion -p roduc t  s p e c i e s ,  can be  removed by e x t r a c t i o n  i n t o  b ismuth- l i th ium 

a l l o y  and subsequen t ly  t r a n s f e r r e d  from t h a t  a l l o y  i n t o  molten L i C I  i n  a 

s e p a r a t e  p r o c e s s i n g  c i r c u i t .  Unfo r tuna te ly ,  t h e  v a l u a b l e  f u e l  c o n s t i t u -  

e n t s  (uranium, p r o t a c t i n i u m ,  plutonium) a l l  e x t r a c t  i n t o  b ismuth- l i th ium 

-1. 

Process ing  c y c l e  t i m e  i s  the t i m e  r e q u i r e d  f o r  p r o c e s s i n g  a volume 
of f u e l  s a l t  equal  to t h a t  con ta ined  i n  t h e  r e a c t o r  system; f o r  t h e  r e f e r -  
ence MSBR, t h e  optimum appeared t o  be about  t e n  days.  Removal t i m e  f o r  a 
p a r t i c u l a r  species  i s  an  e f f e c t i v e  c y c l e  t i m e  e q u a l  t o  t h e  p r o c e s s i n g  c y c l e  
t i m e  d iv ided  by t h e  f r a c t i o n  of t h a t  s p e c i e s  removed d u r i n g  a p a s s  through 
t h e  p rocess ing  system, 

( i - e -  ~ 20% ' 3 5 U  i n  
removal oE f i s s i o n  p roduc t s .  

i 

A BXSK t h a t  i s  r o u t i n e l y  f ed  f i s s i l e  material of nonweapons grade  
U) could be b u i l t  w i thou t  chemical  p r o c e s s i n g  f o r  2 3 8  
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. :>> .... ..._ <- a l l o y  more r e a d i l y  t h a n  do t h e  rare e a r t h s ,  P r i o r  s e p a r a t i o n  and re- 

coveryfc of t h e s e  materials must,  a c c o r d i n g l y ,  be p a r t  of t h e  p r o c e s s i n g  

scheme . 
The p r o c e s s i n g  system must,  i n  a d d i t i o n ,  ( I )  main ta in  the f u e l  a t  

an  a c c e p t a b l e  redox p o t e n t i a l  (LJF~/UE’L, r a t i o ) ,  ( 2 )  keep oxide  and cor- 

r o s i o n  products  t o  t o l e r a b l e  levels i n  the  f u e l ,  ( 3 )  remove r a d i o a c t i v e  

s p e c i e s  from any (gaseous)  e f f l u e n t  streams, and ( 4 )  p l a c e  t h e  recovered 

f i s s i o n  products  into waste forms s u i t a b l e  f o r  a t  least  temporary storage 

a t  t h e  r e a c t o r  sits. 

Fuel  p r o c e s s i n g  f o r  t h e  MSBR was far from a demonstrated r e a l i t y  a t  

t h e  t e r m i n a t i o n  of t h a t  b u t  a l l  key s e p a r a t i o n s  had been re -  

p e a t e d l y  demonstrated i n d i v i d u a l l y  on a s m a l l  s c a l e .  Overall f e a s i b i l i t y  

seemed a s s u r e d  from a chemical v iewpoin t ,  bu t  much work remained b e f o r e  

e n g i n e e r i n g  f e a s i b i l i t y  could be a s s u r e d .  The s t a t u s  and the remaining 

p r e s s i n g  needs i n  p r o c e s s i n g  RSlB - arid t h e i r  r e l a t i o n s h i p s  t o  t h o s e  of 

DMSR - are d e s c r i b e d  in t h e  fo l lowing  s e c t i o n .  

Key D i f f e r e n c e s  i n  Reactor  Concepts 

The f u e l  mix tures  f o r  t h e  YSBR and DNSR are s i m i l a r  i n  many r e g a r d s ,  -1 

and t h e  o v e r a l l  p r o c e s s i n g  concepts  s h a r e  many f e a t u r e s .  IIowever, b o t h  

t h e  f u e l  chemistry’ and t h e  p r o c e s s i n g  d i f f e r  i n  s e v e r a l  impor tan t  ways. 

A v e r y  impor tan t  f e a t u r e  of MSBX p r o c e s s i n g  w a s  t h e  removal of 2 3 3 ~ a  

from the f u e l  on a short. cyc le  time ( ten days )  and i t s  isolation in a 

molten-sa l t  r e s e r v o i r  o u t s i d e  t h e  r e a c t o r  f o r  decay t h e r e  t o  e s s e n t i a l l y  

p u r e  2 3 3 U a  

t h e  r e a c t o r  w a s  r e i n t r o d u c e d  i n t o  t h e  f u e l ,  and t h e  excess w a s  s t o r e d  f o r  

sa le  and u s e  elsewhere.  The p r o l i f e r a t i o n  r e s i s t a n c e  imposed on a DMSR 

f o r  t h i s  s t u d y  obvious ly  n e c e s s i t a t e s  abandonment of t h a t  p o r t i o n  of t h e  

This  product  w a s  recovered by f l u o r i n a t i o n ;  t h a t  needed by 

>k 
Uranium can be s e p a r a t e d  by f l u o r i n a t i o n  t o  v o l a t i l e  U F 6 ;  p r o t a c -  

t in ium,  plutonium, and t r a n s u r a n i c s  o t h e r  t h a n  neptunium cannot ;  however, 
t h e y  can be recovered  by p r i o r  e x t r a c t i o n  i n t o  d i l u t e  l i thium-bismuth a l l o y .  

s t a n t i a l  problems ( s e e  Chapter 5 ) .  
Materials of c o n s t r u c t i o n  of t h e  s e v e r a l  equipment i t e m s  pose sub- 

See Chapter 3 .  

t 

f 



MSBR sysEem. A s  a nontrivial consequence, such abandonment requires 

that t h e  DMSR have an alternative scheme for removal of f ission-product 

zirconium, whic~i was sequestered (on t h e  ten-day cycle time) wit11 3 ~ a  

in the MSBR processing plant and was discarded as waste after decay oE 

the 2’3Pas 

The MSBR produced very little Pu, Am, Np, and Cm; and since what 

was produced was sequestered with the 2 3 3 P a  and discarded to waste with 

the zirconium, the equilibrium fue l  contained very small quantities of 

these materials. The UMSR is a prolific producer of  plutonium (though 

at near equiltbrium the plutonium is of relatively poor quality), and it 

needs t o  burn the fissile plutonium isotopes as fuel. The DNSR process- 

ing plant, therefore, needs tu recover plutonium quantitatively and t o  

return it immediately (along with Pa) to the reactor. As a conse- 

quence DMSK fue l  will contain much larger quantities of transuranic 

isotopes than did the MSBR. 

2 3 3  

T h e  DXSR w i l l  not breed and will n o t  have excess  fissile material 

for removal and sale for use elsewhere. However, it is likely that in 

i t s  early clean operation (given start-up on 2 3 5 ~  at  OX enrichment) it 

w i l l  generate an excess of U; this will, of course, exist in a suitably 

denatured state but some storage of it (on NaF beds within the reactor 

containment) may be required until it is needed by the reactor. 

2 3 5  

Concepbual processes f o r  the MSBR and DNSK, accordingly, employ 
very similar unit processes. Uranium i s  largely recovered by fluorina- 

tion to UFs and is returned immediately t o  the reactor fuel. In the DMSR, 

protactinium, plutonium, and the transuranium nuclides are recovered by 

selective extraction i n t o  dilute lithium-bismuth alloy and are immediately 

returned to the reactor. In both concepts the rare-earth, alkaline-earth, 

and alkali-metal fission products are selectively extracted into bisrnuth- 

lithium alloy and subsequently transferred to molten LiCl for recovery 

as waste .  As in the case of fuel chemistry discussed above, t h e  process- 

ing for the two reactors shows far more similarities than differences. 

. . . . . . . . , ... . . . :: 
-22- 
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Post-1974 Advances 

Both the proposed MSBR' 9 and the DMSR processes require removal of 

uranium by fluorination from the fuel salt and from a waste salt before 

discard. 

fluorination, and such fluorination from the waste stream is desirable. 

The salt streams in the r eac to r  processing plant contain much radioac- 

tivity and are appreciable volumetric heat sources; cooling of the ves- 

sel wall to form a frozen salt film without freezing the vessel contents 

would certainly seem feasible. Tests with normal (nonirradiated) salt 

mixtures must introduce this volumetric heat source artificially, and 

this has proven to be difficult." Repeated attempts' 3 ' ' to demon- 

strate adequate frozen walls with nonradioactive salt have been virtual 

failures because of malfunction of the resistance heating systems. 

Removal from the YSBR fuel salt virtually requiresf: continuous 

Early studiesl9' had shown that the sorption of uF6 in molten EIF- 

BeFz-ThFr, containing U F 4  by the reaction 

is rapid but that the reaction 

is slow in the absence of a catalyst. The reaction, however, proceeds 

rapidly when platinum black,'l2 platinum alloyed with the gold con- 

tainer,'" or even a limited area of smooth platinum'13 serves as the 

catalyst. A facility to study this step on an engineering scale w a s  

built and checked out114 with molten s a l t  and inert gas, but it was not 

operated with UF6. 

Two engineering assemblies to study the reductive-extraction-nnetal- 

transfer processes were completed and successfully operated in the post- 

. . .  .... ....... :.., wz 

f 
A DMSR with a processing cycle time of 100 days or KTQ~@ could pos- 

sibly use batch fluorination; the economic penalty might be acceptable. 

Successful frozen walls have been obtained with Calrod heaters in t. 
t h e  salt, but such apparatus is hardly suitable for use in fluorination 
of uranium. 



9 2  

1 9 7 4  p e r i o d .  These 

assembl ies  b o t h  used mechanical ly  a g i t a t e d ,  n o n d i s p e r s i n g  contactors?:  

t o  e q u i l i b r a t e  molten s a l t  and molten bismuth a l l o y .  Both assembl ies  

were b u i l t  of carbon s tee l ,  though a g r a p h i t e  l i n e r  w a s  used i n  a por- 

t i o n  of one of t h e  a p p a r a t u s e s .  

These have been documented i n  some d e t a i l .  99 3 l o  

I n  t h e  f i r s t  of t h e s e , 9 9  n i n e  r u n s  were made t o  e s t a b l i s h  rates of 

mass t r a n s f e r  s f  237U and 97Zr between L ~ F - I J ~ F ~ - T ~ F I ,  and bismuth as a 

f u n c t i o n  of a g i t a t o r  speed and sal t  and metal f low rates.  These s t u d i e s  

showed t h a t  the  system could be r e a d i l y  o p e r a t e d ,  t h a t  mass- t ransfer  

rates i n c r e a s e d  w i t h  a g i t a t o r  speed,  and t h a t  m a s s - t r a n s f e r  rates in-  

c r e a s e d  markedly wish only  minor phase d i s p e r s a l .  

i s  needed, t h e s e  s t u d i e s  a l s o  sugges ted  t h a t  some phase d i s p e r s a l  might 

b e  t o l e r a t e d  wi thout  undue contaminat ion  of tlie f u e l  s o l v e n t  w i t h  bismuth.  

Although c o n f i r m a t i o n  

T h e  more ambi t ious  experiment '  " @ demonstrated ( p r i m a r i l y  w i t h  neo- 

dymium, u s i n g  ' 47n'd as t r a c e r )  t h e  m e t a l - t r a n s f e r  p r o c e s s  f o r  removal of 

r a r e - e a r t h  f i s s i o n  products  from molten LiF-BeF2-Th1, i n t o  d i l u t e  bismuth- 

l i t h i u m  and t h e i r  subsequent  t r a n s f e r  t o  molten EiCl and t h e n  t o  concen- 

t r a t e d  bismuth-l i thium a l l o y .  This  p r o c e s s  w a s  demonstrated U R  a s m a l l  

e n g i n e e r i n g  s c a l e  [about  1X of the f lows r e q u i r e d  f o r  a ten-day p r o c e s s i n g  

c y c l e  on a 1000-W(e) MSBR]. S e p a r a t i o n  of t h e  rare e a r t h s  from thorium 

was demonstrated t o  be e s s e n t i a l l y  t h a t  p r o j e c t e d  from l a b o r a t o r y - s c a l e  

Ilowever, o v e r a l l  mass- t ransfer  c o e f f i c i e n t s  were lower than  s t u d i e s .  

wouid be r e q u i r e d  f o r  f u l l - s c a l e  m e t a l - t r a n s f e r  p r o c e s s  equipment of 

r e a s o n a b l e  s i z e ;  t h i s  was p a r t i c u l a r l y  t r u e  of  t h e  t w o  B i - L i C 1  i n t e r f a c e s .  

There, however, i t  i s  p o s s i b l e  t h a t  some phase d i s p e r s i o n  can be t o l e r a t e d .  

1 5  

iZ c o n s i d e r a b l e  s t u d y  of t h e  c h a r a c t e r i s t i c s  of mechanica l ly  a g i t a t e d  

n o n d i s p e r s i n g  s a l t - m e t a l  c o n t a c t a r s  w a s  concluded'  ' u s i n g  mercury and 

H s O  t o  s i m u l a t e  tlie b i smuth-sa l t  system. 

The code f o r  computer c a l c u l a t i o n  of t h e  XSBR p r o c e s s i n g  p l a n t  per-  

formance w a s  f u r t h e r  r e f i n e d  and i t s  use  d e s c r i b e d  i n  

u 

-1. 

Such c o n t a c t o r s ,  i n  which t h e  phases  are n o t  d i s p e r s e d ,  permi t  opera- 
t i o n  w i t h  h i g h e r  r a t i o s  of one phase t o  t h e  o t h e r .  They should  l e a d  t o  
less ent ra inment  of bismuth i n  s a l t ,  and they are s i m p l e r  t o  f a b r i c a t e  t h a n  
a r e  e x t r a c t i o n  columns. They a l so  must be expected t o  show poorer  mass 
t r a n s f e r  c h a r a c t e r i s t i c s .  
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... ... ......... 
"@@ Status of Technology 

The chemical basis on which the processing system is founded is well 

understood; however, only small engineering experiments have been carried 

out to date and a considerable engineering development effort remains. 

Chemical status 

Fluorination and fuel reconstitution. Removal of uranium frum mol- 

ten fluoride mixtures by treatment with F2 is well understood. 

studies at OKiSJL led to the Fused Salt Fluoride Volatility Program, and 

batch fluorination of the irradiated Aircraft Reactor Experiment fuel was 

successfully demonstrated. The studies culminated in the highly suc- 

cessful recovery of uranium from various irradiated zirconium-, aluminum-, 

and stainless steel-based fuels,118 which in some cases were processed as 

early as 30 days after fuel discharge. Uranium recoveries greater than 

99% and uranium decontamination factors in excess of lo9 were consistently 

demonstrated. More recently the Fused Salt Fluoride Volatility Process 

was used for removal of the 

Initial 

2 3 5  U-238U mixture from the XSRE fuel salt at 

the MSWE site after the reactor had operated for about 1.5 y e a r s .  1 2 u  T h i s  

operation w a s  also highly successful, and the fuel carrier salt was sub- 

sequently combined with 233U and returned to the MSRE for an additional 

year of operation. There is no doubt that essentially quantitative re- 

covery of  uranium can be accomplished if necessary and that many details 

of fission-product behavior are w e l l  understood. Such fluorination also 

serves to remove oxide and oxygenated compounds (via their conversion to 

fluorides and 0 2 )  from the melt. However, f o r  the MSBR a continuous fluur- 

inator (probably of nickel protected by a layer of frozen salt) is essen- 

tial, and such a device is, at least, highly desirable for the DMSR. 

Additional study is needed to develop and demonstrate such a device. 

Gas phase reduction of U F 6  to U P 4  by hydrogenation is a well-known 

operation in the nuclear industry, and this process was initially consid- 

ered applicable f o r  the MSBR. 9 However, consideration of the difficul- 

ties associated with equipment scale-down, U F 4  product collection and 

holdup, and remote operation prompted a search for a more direct means 

for recombining UFs with molten fluoride mixtures. The known chemical 
.. . 
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behavior suggested that U F 6  could be absorbed directly into rno1teii salt 

that contained UF4. Subsequent experiments v e r i f i e d  that the absorption 

reaction is rapid and that U F 6  can be combined quantitatively with mol- 

t e n  fluorides containing UF4 with the simultaneous €ormation of inter- 

mediate f l u s r i d e s  having a low volatility. ’’ ’ 
step, a gas stream containing UF6 and FZ can be reacted with a recircu- 

I a t i n g  salt stream sontaining dissolved UF4 according to the reactions 

In the fue l  reconstitution 

and 

The dissolved UF5 can be reduced in a separate chamber according to the 

reaction 

The final reactiun is relatively slow in equipment of 

but, as noted above, can be effectively catalyzed by platinum. Additional 

study is needed to establish whether, f o r  example, iodine fluorides, TeF6 ,  

SeF6, e tc . ,  are absorbed by the strongly oxidized UPS solution. 

Selective reductive extraction. Selective extraction f rom molten 

fluoride mixtures and from molten L i C l  i n t o  lithium-bismuth alloys has 

been s t u d i e d  in detail f o r  essentially all t h e  pertinent elements e ’ 
Bismuth is a Pow-melting-point (271°C) metal that is essentially 

immiscible with molten halide mixtures consisting of fluorides, chlorides, 

and bromides. 

interest (500 t o  700°C) is negligible, and the solubilities of IA ,  Th, 

U, Pa, and most of the fission pruducts are adequate f o r  processing ap- 

plications. Under the conditions of i n t e re s t ,  reductive extraction reac- 

tions between materials in salt and metal phases can be represented by 

The vapor pressure of bismuth in the temperature range of 

Y 
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the following reaction: 

in which the metal halide Mxn in the salt reacts with lithium from the 

bismuth phase to produce M in the bismuth phase and the respective 

lithium halide in the salt phase. The valence of M in the s a l t  is +n, 

and X represents fluorine or chlorine. It has been found122s15 that the 

distribution coefficient D for metal PI depends on the lithium concentra- 

tion in the metah phase (mole fraction, XLi) as f o l I 0 w s :  

The quantity I(" is dependent only on temperature, and the distribution 

coefficient is defined by the relation 
m 

mole fraction of M in metal phase 
mole fraction of XX in salt phase ' 

D = -  
n 

T h e  ease with which one component can be separated from another is indi- 

cated by the ratio of the respective distributian coefficients, that is, 

the separation factor. A s  the separation factor approaches unity, sepa- 

ration of the components becomes increasingly difficult . On the other 

hand, the greater the deviation from unity, the easier the separation. 
Distribution data have been obtained for many elements' ' ' '  ' '  ' be- 

tween LiF-BeP2-ThFt, (72-16-12 mole Z >  and bismuth-lithium and between 

L i C l  and bismuth-lithium. A s  F i g .  6 .1  indicates, extraction from the 

molten fluoride affords excellent separation of Zr, U, and Pa from Th 

and the rare earths but relatively poor separation of the rare earths 

from thorium. Plutonium, neptunium, and americium are slightly more ex- 
tractable from the fluoride than is protactinium; curium is slightly less 

extractable than protactinium. 

havior ~7hen molten L i C l  is used. 
the  Kare-earth and alkaline-earth elements can be made by use of L i C 1 .  

Figure 6.2 shows the quite different be- 

Excellent separations of thorium from 

The distribution coefficient for thorium is decreased sharply by the 

addition of fluoride to the LiC1, although the distribution coefficients 
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M O L E  F R B C T l O N  Li IN BISMUTH 

F i g .  6 .1 .  Distribution data  between f u e l  s a l t  and bismuth. 

. .. ,. . . . . . . -..>x 
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Fig .  6 . 2 .  D i s t r i b u t i o n  d a t a  between Lithium c h l o r i d e  and bismuth. 

f o r  t h e  rare e a r t h s  are a f f e c t e d  by on ly  a minor amount. Thus, sontami- 

n a t i o n  of t h e  E i C l  w i t h  s e v e r a l  mole p e r c e n t  f l u o r i d e  w i l l  no t  a f f e c t  t h e  

removal of t h e  rare e a r t h s  b u t  w i l l  cause  a sha rp  i n c r e a s e  i n  t h e  thorium 

removal ra te .  Data w i t h  L i B r  are similar t o  those  w i t h  E i C 1 ,  and t h e  d i s -  

t r i b u t i o n  behavior  w i t h  L i C l - L i B r  mix tu res  would R O ~ .  be  l i k e l y  t o  d i f f e r  

a p p r e c i a b l y  from t h e  d a t a  w i t h  she  pure  materials.  2 2  

Conceptual MSBR processing f lowshee t  

The r e f e r e n c e  MSBR p rocess ing  f lowshee t2  9 is shown i n  F ig .  6 .3 .  

Fue l  s a l t  i s  withdrawn from t h e  r e a c t o r  on a ten-day c y c l e ;  f o r  a 1000- 

pm(e) r e a c t o r ,  t h i s  r e p r e s e n t s  a f low ra te  of 55 cm3/s (0 .88  gpm). TIE 
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Fig. 6 . 3 .  Conceptual flowsheet for f u e l  processing in a single- 
fluid XSRR. 

fluorinator removes 99% of the uranium. The protactinium extraction con- 

tactor i s  equivalent to five squilibrium stages. The bismuth flow rate 

through the contactor is 8 . 2  cm3/s (0.13 gpm), and the inlet thorium con- 

centration in the stream is 90% of the thorium solubility at the operating 

temperature of 6 4 0 " ~ .  

(160 f t3) a The uranium inventory in t h e  tank is less than 0.2% of that 

in the reactor. Fluorides of Li, Th, Zr, and Ni accumulate in the tank 

at a total rate of about 0.003 m3/d (0.1 f t ' / /day) .  These materials are 

removed by periodic withdrawal. of salt to a final protactinium decay and 

fluorination operation. The bismuth f low rate through the two upper con- 

tactsrs in the rare-earth removal system is 790 cmi/s (12 .5  gpm) s and the 

LiCl flow rate is 2080 cm3/s (33 gpm). Each contactor is equilivalent to 

three equilibrium stages 

TIE protactinium decay tank has a volume of 4.5 m 3  

The trivalent and divalent rare earths are removed in separate con- 

t a c t ~ ~ - ~  in order ts minimize the amount of lithium required. Only 2% of 

. ... . . . . . . . . . ~ . ~ ,  



the LiCl, or 4 2  cm3/s (0.66 gpm), is fed to the two-stage divalent rare- 

earth removal contactor, where it is contacted with a 2200-cm3/d (0.58- 

gal/day) bismuth stream containing 50 at. % lithium. The trivalent strip- 

per, where the L i 6 1  is contacted with bismuth containing 5 at. X lithium, 
is equivalent to one equilibrium stage. 

The remaining steps in the flowsheet consist in combining the pro-  

cessed s a l t  with uranium and purifying the resulting fuel salt. The 

uranPum addition is accomplished by absorbing the UF6-F2 stream from the 

fluorinators into fuel salt containing UF4, which results in the formation 

of s o l u b l e  UP5. The UFF, is then reduced to UF4 by contact: wtth hydrogen. 

The HF resulting from reduction of UF5 is electrolyzed in order to recy- 

cle the contained fluorine and hydrogen. These materials are recycled 

to avoid waste disposal charges on the material that would be produced 

if the HF were absorbed in an aqueous solution of KOH. 1 2 4  The salt w i l l  

be  contacted with nickel wool in the purification step in order to en- 

sure that the final bismuth concentratiun is acceptably low. 

The protactinium removal time obta ined  with the flowsheet: is 10 

days, and the rare-earth removal times range from 17 to 51 days ,  with 

the rare earths of most importance being removed on 27- to 30-day cycles. 

Calculations a ’ 
tive to minor variations in operating conditions, such as changes in 

temperature, f l o w  rates, reductant concentrations, e t c .  However, as 

noted earlier, contamination of  the molten LiCl by fluoride markedly 

increases ex t r ac t ion  of thorium by the L i C 1 .  It appears thar up to 2 

mole X oE F- in the LiCl (which would lead to ~ Q S S  of 7.7 g-moles of 
thorium per day) may be tolerable.‘ It has been shown that treatment 

o€ LiC% contaminated with F- by BCP3 serves to volatabize B F 3 ;  the F- 

contamination should be easily removable 

indicate that  the f lowsheet is relatively insensi- 

The reliable removal of decay heat from the processing plant is 

an important consideration because of the relatively s h o r t  decay time 

before the salt enters the processing plant. 

heat would be produced in the processing plant for a 1000-M4(e9 MSBR. 

Since molten bismuth, fuel salt, and LiC1 are n o t  subject to radiolytic 

degradation, there is not the usual c0196ern encountered with processing 

of short-decayed f u e l .  

A total of about 6 W of 

. .  ... . ... .. . . . . . . . . . ‘.::.:.ssi~ ..-, 



Engineering - status 

Continuous fluorinator. A s  noted above, molten-salt fluorinations 

have been conducted in several cases. A countercurrent fluorinator12’ 

(25  mm diam, 1.8 m Long, constructed of nickel) has been operated sa t i s -  

factorily. Correlations f o r  gas holdup and ax ia l  dispersion have been 

developed f rom studies of air-water solutions f o r  application to larger 

fluorinators. 1 2 8  

Frozen salt layers are believed to be essential for continuous 

f Iuorinators 9 The feasibility of maintaining frozen salt layers in 

gas-salt contactors was demonstrated p r e ~ i o ~ s i y l ~ ~  in tests in a 0.12- 

m-diam, 2.4-m-high simulated fluorinator in which molten salt, LiF-ZrFh 

(66 -34  mole %), and argon were countercurrently contacted. An internal 
heat source in the molten region w a s  provided by CsProd heaters contained 

in a 3 / 4 - i n .  IPS pipe along the centerline of the vessel. A frozen salt 

layer was maintained in the system with equivalent volumetric heat gen- 

eration rates of 353 to 1940 kW/m3. 

rates in fuel salt immediately after removal from the reactor and after 

passing through vessels having holdup times of 5 and 30 min are 2000, 

950, and 420 k14/m3 respectively. 

For comparison, the heat generation 

7 

However, as noted previously, recent attempts to use autoresistance 

heating of the nonradioactive test salt (so that no unprotected metal 

would be present in the f luorinator) have proved disappointing. 9 

Fuel reconstitution. A s  noted earlier, engineering experiments 

have been designed, built, and tested in a preliminary way but no en- 

gineering studies of f u e l  reconstitution have been run. 97 

Selective reductive extractions. Both countercurrent extraction 

columns and mechanically agitated, nondispersing csntactsrs have been 

tested on a small engineering scale. 

were described above. 

Tests of the latter contactorsgg 3 l o o  

A salt-bismuth reducttve extraction facility has been operated suc- 

cesfully in which uranium and zirconium were extracted from salt by 

countercurrent contact with bismuth containing reductant. 1739129 ?,lore 

than 95% of the uranium was extracted from the salt by a 21-mm-diam9 

610-mm-Long packed column. The inlet uranium concentration in the salt 

was about 25% of the uranium concentration in the reference MSBR. These 



experiments represent the first demonstration of reductive extraction of 

uranium in a flowing system. Information on the rate of mass transfer 

of uranium and zirconium has also been obtained in the system using an 

isotopic dilution method, and H T W  values of about 1.4 m were obtained. 2 

Correlations have been developed‘ ’ for flooding and dis- 

persed-phase holdup in packed columns during countercurrent f l o w  of 

liquids having high densities and a large difference in density, such 

as salt and bismuth. 

by studies with molten salt and bismuth, were developed by study of 

countercurrent flow of mercury and water or high-density organics and 

water. Data on axial dispersion in the continuous phase during the 

countercurrent flow of high-density liquid in packed columns has also 

been obtained, I 3 1  9 32 and a simple relation f o r  predicting the effects 

of axial dispersion on column performance’ has beer developed. An 

eddy-current detector’ 

bismuth level in an extraction circuit has been successfully demonstrated. 

A l l  aspects of the metal transfer process for rare-earth removal 

These correlations, which have been verified ’’ 

for location of the salt-bismuth interface o r  

have been tested at two different engineering scales. l C 0 , 1 2 6  

Interest in mildly agitated, nondispersing extractors has developed 

because (1) they should be much simpler to build of difficult-to-fabri- 

cate materials such as molybdenum or graphite and (2) they might be less 

likely t o  entrain bismuth in salt or salt in bismuth. Whether these or 

mare convent iona l  extraction columns are to be preferred is not  yet 

established. 

Design and development work has progressed on a Reductive Extraction 

Process Facility 2,129 that would allow operation of the important steps 

for the reductive extraction process for protactinium isolation. The 

facility would allow countercurrent contact of salt and bismuth streams 

in various types of contactors at flow rates as high as about 254 of 

those required for processing a 1000-MW(e) MSBR. 

operate continuously and would allow measurement 

hydrodynamic data under steady-state conditions. 

The facility would 

of mass transfer and 

J- 

HTU = height of transfer unit. 
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Bismuth removal and uranium v a l e n c e  ad jus tment .  E n t r a i n e d  o r  d i s -  

so lved  bismuth w i l l  have t o  be removed from t h e  sa l t  b e f o r e  i t  i s  re- 

turned t o  t h e  r e a c t o r ,  s i n c e  n i c k e l  i s  q u i t e  s o l u b l e  i n  bismuth (about  

1 0  w t  Z) a t  t h e  r e a c t o r  o p e r a t i n g  tempera ture .  E f f o r t s  to measure t h e  

s o l u b i l i t y  of bismuth i n  s a l t  have i n d i c a t e d  t h a t  t h e  s o l u b i l i t y  is  lower 

t h a n  about  1 pprn, and t h e  expected s o l u b i l i t y  of bismuth i n  t h e  sa l t  i s  

v e r y  low under t h e  IifgEily reducing  c o n d i t i o n s  t h a t  w i l l  be  used. It 

a p p e a r s  t h a t  bismuth can be p r e s e n t  a t  s i g n i f i c a n t  c o n c e n t r a t i o n s  i n  

t h e  s a l t  only  as e n t r a i n e d  meta l l ic  bismuth. Sampling of s a l t  from en- 

g i n e e r i n g  experiments  i n d i c a t e d  t h a t  t h e  bismuth c o n c e n t r a t i o n  i n  t h e  

s a l t  ranges  from 10 t o  100 ppm a f t e r  c o u n t e r c u r r e n t  c o n t a c t  of t h e  s a l t  

and bismuth i n  a packed-column c o n t a c t o r ;  however, c o n c e n t r a t i o n s  below 

l ppm are observed i n  s a l t  l e a v i n g  a s t i r r e d - i n t e r f a c e ,  salt-metal con- 

t a c t o r  i n  which t h e  s a l t  and metal phases  are not  d i s p e r s e d .  2 

A n a t u r a l - c i r c u l a t i o n  l o o p  c o n s t r u c t e d  of H a s t e l l o y  N and f i l l e d  

w i t h  f u e l  s a l t  h a s  been o p e r a t e d  f o r  about  two y e a r s ;  a molybdenum cup 

c o n t a i n i n g  bismuth w a s  p laced  n e a r  t h e  bottom of t h e  loop .  To d a t e ,  

the r e p o r t e d  c o n c e n t r a t i o n s  of bismuth i n  s a l t  from t h e  l o o p  (<5 ppm) 

a re  e s s e n t i a l l y  t h e  same as those  r e p o r t e d  f o r  s a l t  f r o m  a l o o p  c o n t a i n -  

i n g  no bismuth. No d e g r a d a t i o n  of m e t a l l u r g i c a l  p r o p e r t i e s  has  been 

noted  on c o r r o s i o n  specimens removed from t h e  loop  c o n t a i n i n g  bismuth. 

Opera t ing  a MSR w i t h  a s m a l l  f r a c t i o n  of t h e  uranium p r e s e n t  as 

UF3 i s  advantageous i n  o r d e r  t o  minimize c o r r o s i o n  r e a c t i o n s  and t h e  

o x i d i z i n g  tendency of t h e  f i s s i o n  p r o c e s s .  The 1J3+/Cb+ r a t i o  i n  t h e  

MSRE was mainta ined  at. t h e  d e s i r e d  level by r e d u c t i o n  of C4+ w i t h  b e r y l -  

l ium metal, and a v o l t a m e t r i c  method f o r  t h e  d e t e r m i n a t i o n  of t h i s  

r a t i o  i~ t h e  KSRE f u e l  was developed. The f i n a l  s t e p  i n  t h e  p r o c e s s i n g  

p l a n t  w i l l .  c o n s i s t  i n  c o n t i n u o u s l y  measuring and a d j u s t i n g  t h e  l J3+ /U4*  

P a t i o  of t h e  f u e l  s a l t  r e t u r n e d  t o  t h e  r e a c t o r .  

S p e c i a l  c h a r a c t e r i s t i c s  o€ DMSR f u e l  p r o c e s s i n g  

The DMSR c o r e  w i l l  be l a r g e r  t h a n  t h a t  a f  t h e  MSBR, and t h e  inven- 

t o r y  of f u e l  w i l l  be  l a r g e r ,  probably by about  twofold.  The optimum 

p r o c e s s i n g  c y c l e  t i m e  - o r  even t h e  t o l e r a b l e  l i m i t s  on i t  - i s  R O ~  y e t  

w e l l  d e f i n e d ;  however, t h e  l i m i t s  probably l i e  between 30 and 150 days .  
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I f  s o ,  t h e  DMSR w i l l  p rocess  a smaller volume o f  fuel p e r  day than  would 

t h e  MSBR. This i s  n o t ,  i n  i t s e l f  a real  advantage  s i n c e  t h e  equipment 

w a s  r e l a t i v e l y  s m a l l  f o r  t h e  MSBR and w i l l  n o t  be much cheaper  i n  smaller 

s i z e s .  However, i f  long  c y c l e  t i m e s  a r e  t o l e r a b l e  t o  r e a c t o r  n e u t r o n i c s ,  

b a t c h  o p e r a t i o n s  might be  p o s s i b l e  a t  a few p o i n t s  ( t h e  f l u o r i n a t o r s ,  f o r  

example) 

S e v e r a l  of t h e  s p e c i a l  c h a r a c t e r i s t i c s  of t h e  3MSR will aEfe t t  t h e  

T'ne p re sence  of plutoniunb p r o c e s s i n g  o p e r a t i o n  t o  on ly  a minor e x t e n t .  

and the  t r a n s u r a n i c  i s o t o p e s  i s  such  a c h a r a c t e r i s t i c .  Ln t h e  MSBR, 
p r o t a c t i n i u m  ( p l u s  z i rconium and 147hat plutonium and t r a n s u r a n i c s  were 

p r e s e n t )  w a s  e x t r a c t e d  i n t o  bismuth and immediately removed by hydro- 

f l u o r i n a t i o n  i n t o  the  p r o t a c t  i n ium- i so la t ion  s a l t  l n  t h e  DMSK t h e s e  

s p e c i e s  w i l l  be  recovered  by r e d u c t i o n  i n t o  bismuth" and immediate re- 

moval t he re f rom by o x i d a t i o n  ' i n t o  t h e  r e c o n s t i t u t e d  and p u r i f  ied f u e l  
.1. 

The h i g h e r  uranium c o n c e n t r a t i o n  (by about  f i v e f o l d )  w i l l  p robably  

mean t h a t  t h e  q u a n t i t y  of LJFc produced p e r  u n i t  t i m e  w i l l  be l a r g e r  i n  

t h e  DMSR t h a n  i n  t h e  FISRR; t h e  q u a n t i t y  produced p e r  u n i t  of salt w i l l  

obv ious ly  be h i g h e r ,  and t h i s  may make t h e  f u e l  r e c o n s t i t u t i o n  stclp more 

d i f f i c u l t  i n  p r a c t i c e .  

A major  d i fEe rence  from t h e  conceptua l  KSBR process  may w e l l  bc 

necessa ry  t o  e f f e c t  a r easonab le  removal of f i s s ion -p roduc t  z i rconium 

from t h e  DMSR. Zirconium i s  n o t  an impor tan t  n u c l e a r  po i son ,  and ZrFc, 

a t  l o w  c o n c e n t r a t i o n s  should a f f e c t  t h e  f u e l  p r o p e r t i e s  t r i v i a l l y .  How- 

ever, Z r F 4  i n  the f u e l  must be reduced  and oxidized each t i m e  the fuel 

i s  p rocessed ,  and t h e  r e d u c t i o n  r e q u i r e s  expens ive  7 L i .  Zirconium i s  

t h e  m o s t  r e a d i l y  reduced of all t h e  p e r t i n e n t  e lements  ( see  F i g .  6 .1)  

and it  can  probably  be s e p a r a t e d  from plutonium and p r o t a c t i n i u m  w i t h  

some d i f f i c u l t y  by s e l e c t i v e  e x t r a c t i o n .  I f  s o ,  i t  can be removed - 

on some r e a s o n a b l e  c y c l e  t i m e  - by an a d d i t i o n a l  e x t r a c t i o n  c i r c u i t .  

Zirconium cannot  be r easonab ly  s e p a r a t e d  from uranium by s e l e c t i v e  ex- 

t r a c t i o n ,  b u t  uranium l o s t  w i t h  t h e  z ircoaiium can r e a d i  1 y be recovered  

-L 

"Plutonium and t h e  t r a n s u r a n i c s  (except  curium) are more r e a d i l y  
e x t r a c t e d  than  i s  p ro tac t in ium.  Q u a n t i t a t i v e  recovery  of p r o t a c t i n i u m  
will e n s u r e  q u a n t i t a t i v e  recovery  of plutonium, 

'1, t h e  DMSR i s  t o  o p e r a t e  w i t h  "-10% of t h e  uranium reduced ,  i t  seems 
r e a s o n a b l e  t o  use  a p a r t  of t h e  bismuth a l l o y  to reduce U F 4  t o  U F 3 .  
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by fluorination. There is little doubr that a better method for removal 

of zirconium is desirable for the BMSR, and some R&D on this should be 
done. Possibly, the very stable intermetallic compounds that zirconium 

forms with platinum-group metals may offer such a possibility. 1 5 4 , 1 3 5  

All other separations processes - and the associated R&B -would 

seem very similar to those required for the FfSRR. A preliminary concep- 

tual flowsheet f o r  the DMSRI 3 6  is shown as Fig. 6 . 4 .  

Possible processing alternatives 

Small-scale studies' 3 3  appeared to show that protactinium could be 

oxidized to Pa5+ by treatment of the LiP-BeF2-ThP4 melt with HF and that 
the protactinium could then be precipitated as very insoluble Pa2O5. 

Thus it was possible that protactinium could be selectively removed from 

the salt without prior removal of the uranium. Removal of protactinium 

as Pa205 might have been a viable alternative f o r  the MSBR, where isola- 

tion of this nuclide was a major requirement, but precipitation of only 

Pa205 would be o f  no value to the DKSR. However, it is possible to pre- 

cipitate a solid solution of (Th,U)02, containing a very high concentra- 

tion (->9i mole X )  of UOz, by deliberate addition of oxide ion to the MSBR 

fuel." If the protactinium were oxidized to Pa5+,  its oxide would, o f  

course, also be precipitated. If, in addition, plutonium were oxidized 

t o  Pu4+ (this oxidation is more di€ficultf: and a small concentration of 

dissolved F2 might be required), PuO? would also be included in the solid 

solution. Whether americium, neptunium, and curium could be made to pre- 

cipitate as oxides is not yet known, 

Engineering studies of uranium oxide precipitation have been car- 

ried the studies involved the contact of 2 liters of MSBR fuel 
salt with H20-Ar gas mixtures in a 100-mm-diam nickel precipitator. 

periments were conducted at temperatures ranging from 540 to 630 '6 ,  and 

the composition of the HzO-Ar  mixture was varied from 10 to 35% water. 
The values f o r  the water utilization were uniformly low (about 10 to 

15%) and did not vary with the composition of the gas stream. Samples 

of the oxide contained about 90% UOi even though, at the lower uranium 

Ex- 

9: 
See Chapter 3. 
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c o n c e n t r a t i o n s  i n  t h e  s a l t ,  t h e  s o l i d  i n  e q u i l i b r i u m  w i t h  t h e  salt would 

c o n t a i n  50X UQ2 o r  less. T h i s  enhancement of t h e  uranium c o n c e n t r a t i o n  

i n  t h e  s o l i d  phase appea r s  t o  a l low p r e c i p i t a t i o n  o f  99% of t h e  uranium 

as  a s o l i d  c o n t a i n i n g  85% U 0 2  i n  a s i n g l e - s t a g e  b a t c h  p r e c i p i t a t o r .  The 

ox ide  p r e c i p i t a t e  was observed t o  s e t t l e  r a p i d l y ,  and more t h a n  9OZ of 

t h e  s a l t  could be s e p a r a t e d  from t h e  ox ide  by s imple  d e c a n t a t i o n . '  Thus 

an oxide  p r e c i p i t a t i o n  scheme could p o s s i b l y  r ecove r  t o g e t h e r  t h e  U, P a ,  

and Pu,  a long  w i t h  a small  amount of Th, as ox ides .  These could  then  be  

r e t u r n e d  t o  t h e  p u r i f i e d  fuel. s o l v e n t  (by hydrof l u o r i n a t i o n )  f o r  r e t u r n  

t o  the r e a c t o r .  

from the f u e l  s o l v e n t  be fo re  t h e  r a r e - e a r t h  removal s t e p .  I f  p r o c e s s i n g  

of a DMSR on a c y c l e  t ime of 100 days o r  more i s  p r a c t i c a b l e  (p rocess ing  

r a t e  of _ I  <l  m 3  of s a l t  p e r  day ) ,  such an ox ide  p r e c i p i t a t i o n  might be 

used as  a b a t c h  opera t ion .+:  

It would be necessa ry ,  of cour se ,  t o  remove residual 0 2 -  

We know o f  no method f o r  r a r e - e a r t h  removal t h a t  i s  comparable t o  

t h e  r e d u c t i v e - e x t r a c t i o r ~ ~ a l - t r a ~ i s € e r  p rocess .  Many a t t e m p t s  have 

been made t o  f i n d  ion-exchange systems capable  of rernova 1 of r a r e - e a r t h  

i o n s  from LiF-BeF: and LiF-BeF?-ThF+ mix tu res .  A l l  b u t  a ve ry  few such 

materials are  u n s t a b l e  i n  c o n t a c t  w i t h  t h e  salts. The o n l y  s t a b l e  one 

known t o  have ion-exchange c a p a b i l i t i e s  i s  G e l - 3  which w i l l  exchange 

Ce3+ f o r  o t h e r  r a r e - e a r t h  i o n s ,  

t o  be genuine ly  u s e f u l . '  

r a r e  earti is  bu t  s a t u r a t e d  wi th  CeF3, could  p o s s i b l y  be € reed  from cer ium 

by o x i d a t i o n  t o  Ce4+ and p r e c i p i t a t i o n  o f  C e O k .  

LiF-ReE2-ThP4 would a g a i n  have t o  be t r e a t e d  t o  remove excess (I2- before 

i t s  r e t u r n  (wi th  t h e  v a l u a b l e  f i s s i l e  and f e r t i l e  c o n s t i t u e n t s )  t o  t he  

r e a c t o r .  

1 7  b u t  i t  i s  t o o  s o l u b l e  i n  LiF-EeF2-7'hFI, 

Thc f u e l  s o l v e n t ,  p a r t i a l l y  f r e e d  From o t h e r  

I f  sc), the r e s u l t i n g  

Seve ra l  combinat ions of the p r e f e r r e d  p r o c e s s e s  w i t h  some of t h e  

a1 t e r n a t i v e s  are p o s s i b l e .  The i r  a t t r a c t i v e n e s s  i n c r e a s e s  as the per- 

miss i b l e  p r o c e s s i n g  c y c l e  t i m e  l eng thens  e It seems c e r t a i n  however ~ 

t h a t  a l l  are less  a t t r a c t i v e  than  that r e p r e s e n t e d  by t h e  r e f e r e n c e  MSBR 

u n i t  p rocesses .  

& 

S o l i d s  hand l ing  j 5 nxiomat ica lby  more d i f  f i c u P t  t han  f l u i d s  hand- 
l i n g ,  e s p e c i a l  l y  i n  cont inuous  o p e r a t i o n s  * 

Cerium i s  an  a p p r e c i a b l e  neu t ron  abso rbe r .  
i- 

-:..... ......., 
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Primary RSrD Needs 

The primary needs, with relatively few exceptions, are f o r  sound 

engineering tests of individual process steps and ultimately for rela- 

tively long-term and near full-scale integrated tests of the system as 

a whole. For the former tests the facilities needed are relatively mod- 

est, though test equipment and instrumentation are quire complex. For 

the integrated tests a special engineering laboratory will be required 

and an integrated process test facility must be provided with appropriate 

consideration of the need to demonstrate remote maintenance. Specific 

needs include 

1. 

2. 

3 .  

4 .  

5 .  

6. 

7 .  

8 .  

9. 

Determination by computer calculation, in close coordination with 

reactor neutronics studies, the permissible range of (and the op- 

timum) processing cycle times and removal times. 

Demonstration of frozen-wall fluorination of uranium on a batch, 

and, hopefully, OR a continuous, basis. Determination of behavior 

of neptunium in this fluorination. 

Demonstration of adequate UF6 absorption in L~F-B~P~-T~FI+-UF~ mix- 

ture and suitable reduction to UF4 and to 7 to 10% UF3. Determfna- 

tion of behavior of an NpF6 in absorption system. 

Development and demonstration of a method for removal (by selective 

extraction or otherwise) of fission-product zirconium from the fuel. 

Demonstration of quantitative recovery of protactinium and plutonium 

by selective extraction on a scale at least 25% of that required 

f o r  a DMSR. Determination of efficiency of recovery of americium, 

neptunium, and curium in that extraction. 

Determination of behavior of 'PeF6, SeF6, I F 5 ,  etc., in the UF6 ab- 

sorption step. 

Demonstration of retention of TeF6,  SeF6, Iz9 etc., from the bTF6 

absorption off-gas. 

Demonstration of' adequate removal of rare-earth, alkaline-earth, and 

alkali-metal fission products in a complete metal-transfer system. 

Demonstration of  hydrofluorination of zirconium, rare-earth, etc. 

fission products into waste salt f o r  storage. 



10. Demonstration of t h e  a p p l i c a t i o n  of bismuth c o n t a i n i n g  U, Z r ,  Pa,  

Pu, Th, L i ,  e t c . ,  f o r  v a l e n c e  ad jus tment  of f u e l  s a l t .  

11. Demonstration of adequate  removal of bismuth (by a b s o r p t i o n  on 

n i c k e l  o r  gold wool) €rom s a l t  f o r  r e t u r n  t o  t h e  r e a c t o r .  

1 2 .  Opera t ion  of t h e  e n t i r e  i n t e g r a t e d  system r e l i a b l y  f o r  moderate t o  

long  t i m e s  w i t h  r e a l i s t i c  c o n s t r u c t i o n  materials and r e a s o n a b l e  con- 

c e n t r a t i o n s  of s p e c i e s  a t  tracer level  a c t i v i t y  (where p o s s i b l e ) .  

Assessment of o v e r a l l  performance, a c h i e v a b l e  oxide  c o n c e n t r a t i o n ,  

e f f e c t  of system u p s e t  on f i s s i l e  l o s s e s  t o  w a s t e ,  e tc .  

Estimates of Schedul ing and Cos ts  

P r e l i m i n a r y  estimates of t h e  n e c e s s a r y  schedule  and of i t s  o p e r a t i n g  

and c a p i t a l  funding requi rements  are p r e s e n t e d  below f o r  t h e  fuel. pro-  

c e s s i n g  development d e s c r i b e d  above. A s  e l sewhere  i n  t h i s  document, i t  

h a s  been assumed t h a t  (I) t h e  program would begin  a t  s t a r t  of FY 1980, 

( 2 )  i t  would l e a d  t o  an o p e r a t i n g  DNSR i n  1995, and (3) t h e  K6rD program 

w i l l  produce no g r e a t  s u r p r i s e s  and no major changes i n  program d i r e c -  

t i o n  w i l l  be  r e q u i r e d .  

The schedule ,  a long  w i t h  t h e  d a t e s  on which key developments must: 

be  f i n i s h e d  and major d e c i s i o n s  made, i s  shown i n  Table 6.1. It seems 

c e r t a i n  t h a t  t h e  o v e r a l l  KSlD programs ( i n c l u d i n g  t h o s e  d e s c r i b e d  else- 

where i n  t h i s  document) w i l l  p r o v i d e  some minor s u r p r i s e s  and t h a t  some 

changes i n  t h i s  development e f f o r t  w i l l  be r e q u i r e d .  No s p e c i f i c  pro- 

v i s i o n s  f o r  t h i s  are inc luded;  b u t ,  u n l e s s  major r e v i s i o n s  become neces- 

s a r y  i n  t h e  middle  1 9 8 0 ~ ~  i t  appears  l i k e l y  t h a t  s u i t a b l e  chemical  pro- 

c e s s e s  and p r o c e s s i n g  equipment could b e  recommended on t h i s  schedule .  

T h e  o p e r a t i n g  funds  (Table  6 . 2 )  and t h e  c a p i t a l  equipment r e q u i r e -  

ments (Table 6.3) are shown on a yenr-by-year b a s i s  i n  thousands of 1978  

d o l l a r s .  KO a l lowance f o r  c o n t i n g e n c i e s ,  major program changes,  and 

i n f l a t i o n  d u r i n g  t h e  i n t e r v a l  have been provided.  A s  w i t h  t h e  develop- 

ment of m a t e r i a l s  f o r  chemical p r o c e s s i n g  (Chap. 51, much of t h i s  e f f o r t  

could b e  d e f e r r e d  i f  a d e c i s i o n  were made t o  d e l a y  t h e  development of a 

break-even f u e l  c y c l e  f o r  t h e  DMSR. 



Table 6.1. Schedule for fuel processing devrlopment 

Fiscal year 
Task --._-. 

1980 1981 1982 11983 1584 lY85 1986 1987 1968 158') 1990 LYYl 1992 1 5) 9 3 1954 1345 

Fluorinator development 

Fuel reconstitution 

Pa, Pu, etc., recovery 

Rare-earth renlo\~al 

Valence adjustment and 
purification 

MSR Process Laboratory 

15 
v v4= 

V 97 

Integrated Process Test 
Facility 

Xilestones : 

Vi8 V 19 

- 

1. 

2. 
3. 

4. 
5. 
6. 

7. 

8. 

9. 

Define range of p0ssibl.e vnLues for processing cycle time 
and removal times. 
Define optimum processing time. 
Decide on system for removal of zirconium for engineering 
tests. 
Complete flowsheets for conceptual DMSK. 
Test batch frozen-wall fluorinator. 
Complete studies of continuous fluorination in engineerin,? 
facility. 
Complete studi.es of combined fluorination-recombination in 
engineering system on 2.5 to 50% DMSR scale. 
Complete engineering studies of fuel reconstitution neces- 
sary for design of Fluorination-Krconstitution Engineering 
Experiment. 
Complete engineering studies of reductive extraction in Re- 
ductive Extraction Process Facility. 

10. 

11. 

12. 

13. 
14. 
15. 
16. 
17. 

18. 
19. 

Complete engineering studies of reductive extraction in a 
mild-steel flow-through system. 
Demonstrate recovery of protactinium by reductive extraction 
usin? gram quantities oL '"'Pa. 
Demonskratt rtcovtrq ofFpu >I >I , 4m, Cm, etc. 9 using Sram quanti- 
ties of Pu. 
Extend experiments in mild-steel system at 1% of DMSR scale. 
Complete engineering experiment 5 to 10% DMSR scale. 
Demonstrate removal of trace quantities of bismuth. 
Demonstrate continuous adjustment of uranium valence. 
Complete construction of MSR Processing Engineering Laborn- 
tory. 
Complete installation pf Tntegrated Process 'Test Facility. 
Complete operations and tests with Integrated Princess 1'est 
Facility. 



'Table 6 . 2 .  Opera t ing  fund r equ i r emen t s  f o r  f u e l  p r o c e s s i n g  development 

__ - - - ~~ - -  - 

Lost  ( thousands  o f  1978 c o l l a r \ )  for f i s c a l  y e a r  ~ 

1980 1981 1982 1983 1984. 1985 1986 198/ 1988 1983 1990 1991 1992 1993 1994 1995 
~ _ -  - -  _ _  __ Task - 

__ - - _ _ _ _ _ _  - - - ~ ._ 

P1 owshre t development 40 I50 250 300 150 75 40 0 0 0 0 0 0 0 0 0 

F l u o r i n a t o r  development 290 ~ 9 0  490 315 100 50 0 0 0 0 0 0 0 0 0 0 

Fuel r e c o n s t i t u t i o n  200 340 220 310 200 100 0 0 0 0 0 0 0 0 0 0 

Pa ,  P u ,  e t c . ,  r ecove ry  330 550 610 540 200 75 0 0 0 0 0 0 0 0 0 0 

Rare -ea r th  removal 270 LOO 135 195 100 3 0 0 0 0 0 0 0 0 

Valence  ad jus tmen t  and 50 60 100 100 75 50 0 0 0 0 0 0 

MSR P rocess  Labora to ry  105 65 325 385 200 250 100 0 0 0 0 0 0 0 0 0 

I n t e g r a t e d  P rocess  T e s t  0 215 250 310 455 360 770 3200 3670 3670 3510 2000 500 0 0 0 

0 0 O 4  
0 0 0 0 E  

p u r i f i c a t i o n  

F a c i l i t y  
_ _ ~ - -  ~ _ _ _ ~  - _ _ _ _  

To t a l  funds" 1285 2170 2480 2455 1480h 1010" 9 1 8  3200 3670 3670 35iO 2000 500 0 0 0 -~ -- . . - - - _ _  
a T o t a l  funds  through 1 9 9 2 :  $28,140. 

Addi t iona l  funds  r e l a t e d  t o  f u e l  r e p r o c e s s i n g  w i l l  b e  r e q u i r e d  d u r i n g  these  y e a r s  i n  s u p p o r t  of tes t  r e a c t o r  and t e s t  r e a c t o r  5 
mock-up. The v a r i a t i o n  i n  o v e r a l l  s u p p o r t  l e v e l ,  t h e r e f o r e ,  will he  cons ide rab ly  less a b r u p t .  

i" 
t 



Table 6.3. Capital equipment fund requirements for fuel processing development 

Task ~.----_____..--. 
Cost (thousands of 1978 dollars) for fiscal year - 

1980 1981 1982 1983 1984 1385 1986 1987 
._.-- --- 

1988 1989 1990 1991 1992 

Capital. equipment facilities -- 

Flowsheet development 0 (1 0 

Fluorinatar development 65 260 50 

Fuel reconstitution 10 165 0 

Pa, Pu, etc., recovery cl 285 600 

Rare-earth removal 0 300 0 

Valence adjustment and 0 50 100 
pUrifiC.StiCXl 

IPTF:" data processing 0 0 0 
_.^ .- ~_. 

Total Eundsh 7.5 1060 750 

Capital projects 

MSR Process Laboratory 

Integrated Process Test 
Facility 

12,000h 

a IPTF = Integrated Process Test Facility. 

'Total funds through 1991: $23,170. 

0 0 0 

0 0 0 

0 0 0 

0 cl 0 

0 0 0 

Cl 0 0 

0 0 510 
~ __ -... 

0 0 510 

70005 

- 
1.995 

0 
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PART IV. REACTOR MATERIALS 

H. E.  McCoy 

The materiai f o r  the primary c i r c u i t  w i l l  be  exposed a t  tempera tures  

up t o  700°C t o  f u e l  s a l t  c o n t a i n i n g  f i s s i o n  prodtacts and to irradiation 

by p r i m a r i l y  thermal  neut rons .  h nicke l -base  a l l o y ,  H a s t e l l o y  N, has 

been demonstrated t o  be reasonably  s e r v i c e a b l e  under t h e s e  c o n d i t i o n s ,  

b u t  i t  w a s  e m b r i t t l e d  by i r r a d i a t i o n  and s u f f e r e d  sha l low i n t e r g r a n u l z r  

embr i t t l ement  by t h e  f i s s i o n  product  t e l l u r i u m .  There i s  c o n s i d e r a b l e  

exper imenta l  ev idence  t h a t  s m a l l  rnodi f ica t tons  t o  the chemical  con~pos i -  

t i o n  of H a s t e l l o y  N r e s u l t s  in improvcad r e s i s t a n c e  t o  n e u t r o n  and f is- 

s i sn-product  embr i t t l ement ,  and the materials program d e s c r i b e d  i n  t h i s  

p l a n  i s  d i r e c t e d  toward developing  and commercializing a modif ied com- 

p o s i t i o n  of Hastellsy N w i t h  improved p r o p e r t i e s .  

The g r a p h i t e  moderator f o r  an MSR must  be capable  of wi t t z s t and jng  

n e u t r o n  fluences o f  at least  3 x neutrons/cm2. conmercial  grnphites 

e x i s t  which a r e  l i k e l y  t o  m e e t  t h i s  g o a l ,  b u t  f u r t h e r  t e s t i n g  w i l l  be re- 

q u i r e d  t o  f u l l y  c h a r a c t e r i z e  t h e s e  materials, There i s  also c o n s i d e r a b l e  

ev idence  t h a t  g r a p h i t e  w i t h  improved dimensional  s t a b i l i t y  can be de- 

veloped.  Methods for manufactur ing t h e s e  improved materials must  be 

developed and t h e  products  i r r a d i a t e d  and c h a r a c t e r i z e d .  

materials inust b e  scaled up by a commercial vendor .  

The improved 
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7.  STRUCTURAL METAL FOR PRIMARY AND SECQNDARY C I R C U I T S  

The material used Ln c o n s t r u c t i n g  t h e  primary c i r c u i t  of an  MSR 

The i n s i d e  of t h e  c i r c u i t  w i l l  o p e r a t e  a t  tempera tures  up t o  700°C. 

w i l l  be  exposed t o  salt c o n t a i n i n g  f i s s i o n  p r o d u c t s  and w i l l  r e c e i v e  a 

maximum ttiermal f l u e n c e  of about  I x l o 2 ’  neutronsfcm’ over  t h e  o p e r a t -  

i n g  l i f e t i m e  ~f about  20 y e a r s .  This  f l u e n c e  w i l l  cause embr i t t l ement  

due t o  hel ium formed by t r a n s m u t a t i o n  b u t  w i l l  n o t  cause  s w e l l i n g  such  

as i s  noted  a t  h i g h e r  f a s t  f l u e n c e s .  The o u t s i d e  of t h e  primary c i r c u i t  

w i l l  be exposed to n i t r o g e n  c o n t a i n i n g  s u f f i c i e n t  a i r  from i n l e a k a g e  t o  

make i t  o x i d i z i n g  t o  t h e  metal .  Thus t h e  metal must have moderate oxi-  

d a t i o n  r e s i s t a n c e ,  must resist c o r r o s i o n  by t h e  s a l t ,  and must n o t  be 

s u b j e c t  t o  s e v e r e  embr i t t l ement  by thermal  n e u t r o n s .  

I n  the secondary c i r c u i t  t h e  metal will be exposed t o  t h e  c o o l a n t  

s a l t  under much t h e  same c o n d i t i o n s  d e s c r i b e d  f o r  t h e  primary c i r c u i t .  

The main d i f f e r e n c e  w i l l  be t h e  absence of f i s s i o n  p r ~ d u c t s  and uranium 

i n  t h e  c o o l a n t  salt and the much lower neut ron  f l u e n c e s .  This  m a t e r i a l  

must have moderate o x i d a t i o n  r e s i s t a n c e  and must resist c o r r o s i o n  by a 

s a l t  n o t  c o n t a i n i n g  f i s s i o n  products  o r  uranium. 

The pr imary and secondary c i r c u i t s  involve  numerous s t r u c t u r a l  shapes  

ranging  from a few i n c h e s  t h i c k  t o  t u b i n g  having w a l l  t h i c k n e s s e s  of o n l y  

a few thousandths  of an  inch. These shapes  nus st be f a b r i c a t e d  and j o i n e d ,  

p r i m a r i l y  by welding,  i n t o  an i n t e g r a l  e n g i n e e r i n g  s t r u c t u r e .  The s t r u c -  

ture m u s t  be designed and built by techniques approved by the ASME B o i l e r  

and P r e s s u r e  Vessel Code. 

S t a t u s  in 1 9 7 2  

E a r l y  m a t e r i a l s  s t u d i e s  l e d  t o  the development o f  a n icke l -base  

a l l o y ,  H a s t e l l o y  N ,  f o r  use w i t h  f l u o r i d e  s a l t s .  A s  shown i n  Table  7 . 1 ,  

t h e  a l l o y  c o n t a i n e d  16% molybdenum f o r  s t r e n g t h e n i n g  and chromium suf -  

f i c i e n t  t o  impar t  moderate o x i d a t i o n  r e s i s t a n c e  i n  a i s  b u t  n o t  enough t o  

l e a d  t o  h i g h  c o r r o s i o n  rates i n  s a l t .  This  a l l o y  w a s  t h e  s o l e  s t r u c t u r a l  

material used i n  t h e  MSRE and c o n t r i b u t e d  s i g n i f i c a n t l y  t o  t h e  s u c c e s s  

of t h e  experiment .  However, two problems were noted  w i t h  Hastelloy E 
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Table 7.1. Chemical composition of Hastelloy N 

a 
Content ( X  by weight) 

Modified alloy, Modified alloy, 
1972 1976 

E 1 emen t 
Standard alley 

Nickel 
Nolybdenufn 

I r o n  
Manganese 
Silicon 
Phosphorus 
S u l f u r  
Boron 
Titanium 
Niobium 

Chr QmiUfn 

Base 
1 5-1 8 
6-43 
5 
1 
1 
0.015 
Q. 020 
0.81 

Rase 
11-13 

b 
-b 0.1 
0 e 15-4 25 
0.1 
0 .01  
0 , O L  
6 0 001 
2 
0-2 

Base 
11-1 3 

1-2 

. .. ~. . . . . . . ~. . . . ., -._ 

~~ ~~~ 

a Single values are mxiaaufn amounts allowed. The actual 
concentrations of these elements in an a l l o y  can be rnuch lower. 

These elements are not felt to be very important. Alloys 
are now being purchased with the small concentrations specified, 
b u t  the specification may be changed in the future to allow a 
higher concentration. 

b 

which needed further attenti on before more advanced reactors cou ld  be 

b u i l t .  First, it: was foUKld that Hastehloy N was embritraed by helium 
produced frsm 'OB and directly from nickel by a two-step reaction. 

type  of radiation embrittlement is CQ~I~OII to most iron- and nickel-base 

alloys. T h e  second problem arose from the fission-product tellurium d i f -  

fusing a shsrt distance i n t o  the metal along the g r a i n  boundaries and 

embrittbing the Soundaries. 

This 

When OUT studies were terminated in early 1973 ,  considerable prug- 

ress had been made i n  finding s o l u t i o n s  to both problems. Since the two 

problems were discovered a €ew years apart, the research on the two prob- 

lem areas appears to have proceeded independently. However, the work 

must be brought: together for the production of a s i n g l e  material that 

would be resistant t o  both problems. E t  was found that the carbide pre-  

cipitate t h a t  normally occurs in Hastelloy hT could be modified t o  obtain 

resistance t o  the enbrittlement by helium. The presence of 16% mslybde- 

num and 0.5X silicon led t~ the formation of a coarse carbide that was 
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Q E  little benefit. Reduction of the molybdenum concentration to 12% and 

the silicon content to 0.12 and the addition of a reactive carbide former 

such as titanium led to the formation of a fine carbide precipitate and 

an alloy with good resistance to embrittlement by helium. The desired 

level of titanium was about 2%,  and the phenomenon had been checked out 

through numerous small Laboratory and commercial melts by 1972. 

Because the intergranular embrittlement of Hastelloy N by tellurium 

was noted in 1970, our understanding of the phenomenon was not very ad- 
vanced at the concl.uskon of the program in 1973. Kumerous parts of the 

MSRE were examined, and a11 surfaces exposed to fuel salt formed shal low 

intergranular cracks when strained. Some laboratory experiments had 

been performed in which Hastelloy N specimens had been exposed to low 

partial pressures of tellurium metal vapor and, when strained, formed 

intergranular cracks very similar to those noted in parts from the FISKE. 

Several findings indicated that tellurium was the likely cause of the 

intergranular embrittlement, and the selective diffusion of tellurium 

a long  the grain boundaries of Hastelloy N was demonstrated experimentally. 

One in-reactor EueP capsule was operated in which the grain boundaries of 

HastelLoy N were embrittled and those of Inconel 601 (Ki, 22% Cr, 12% Fe) 
were n o t .  These findings were in agreement w i t h  laboratory experiments 

in which these same metals were exposed to low partial pressures of tel- 

lurium metal vapor. Thus, at. the close of the program i - n  early 1993, 

tellurium had been identif fed as the likely cause of the intergranular 

embrittlement, and several laboratory and in-reactor methods were de- 

vised for studying the phenomenon. Experimental results had been ob- 

tained which showed variations in sensitivity to embrittlement of 

various metals and offered encouragement that a structural material 

could be found which resisted embrittlement by tePLurium. 

The alloy composition favored at the close of the program in 1973 

is given in Table 7.1 with the composition of standard Hastelloy N. The 

reasoning at that time was that the 2% titanium addition would impart 

good resistance to irradiation embrittlement and that the 0 t o  2% nio- 

bium addition would impart good resistance to intergranular tellurium 

embrittlement. Pu'eithcr of these chemical additions was expected t o  

cause problems with respect to fabrication. 
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S t a t u s  i n  1976 

When t h e  program was r e s t a r t e d  i n  1374 ,  top  p r i o r i t y  w a s  g iven  t o  

t h e  t e l l u r i u m - e m b r i t ~ l e m e n t  problem. A s m a l l  p i e c e  of N a s t e l l o y  N f o i l  

from t h e  MSRE had been p r e s e r v e d  f o r  f u r t h e r  s t u d y .  The f o i l  w a s  broken 

i n s i d e  an huger  spec t rometer  and t h e  f r e s h  s u r f a c e  ana lyzed .  Te l lur ium 

w a s  found i n  abundance, and no o t h e r  f i s s i o n  product  w a s  p r e s e n t  i n  de- 

t e s t a b l e  q u a n t i t i e s .  T h i s  showed even more p o s i t i v e l y  t h a t  t e l l u r i u m  

was r e s p o n s i b l e  f o r  t h e  embr i t t l ement  . 
Considerable  e f f o r t  was s p e n t  i n  s e e k i n g  b e t t e r  methods of exposing 

t es t  specimens t o  t e l l u r i u m .  I n  t h e  MSRE t h e  f l u x  of t h e  t e l l u r i u m  atoms 

reaching  t h e  metal w a s  16' atoms cmS2 sec-' and t h i s  v a l u e  would be lolo 

atoms cmS2 sec-' for a high-performance b r e e d e r .  

high-performance b r e e d e r  i s  v e r y  small from t h e  exper imenta l  s t a n d p o i n t .  

For  example, t h i s  f l u x  would r e s u l t  i n  a total of 7.6 x g of 

t e l l u r i u m  t r a n s f e r r e d  t o  a sample having a s u r f a c e  area of 10 CKI' i n  

l O Q Q  hr. Elec t rochemica l  probes were immersed d i r e c t l y  i n  s a l t  m e l t s  

known t o  c o n t a i n  t e l l u r i u m ,  and t h e r e  was never  any ev idence  of a s o l u b l e  

t e l l u r i d e  s p e c i e s .  However, t h e r e  was c o n s i d e r a b l e  ev idence  t h a t  t e l -  

lu r ium "moved" through s a l t  from one p o i n t  t o  another i n  a s a l t  system. 

It w a s  hypothes ized  t h a t  t h e  t e l l u r i u m  a c t u a l l y  moved as a low-pressure,  

pure-metal  vapor and n o t  as a r e a c t e d  s p e c i e s .  The most r e p r e s e n t a t i v e  

exper imenta l  system developed f o r  exposing m e t a l  specimens t o  t e l l u r i u m  

involved suspending t h e  specimens i n  a s t i r r e d  vessel  of s a l t  w i t h  gran- 

u l e s  of C r 3 T e 4  and C r 5 T e 6  l y i n g  on t h e  bottom of t h e  s a l t .  Te l lur ium,  

a t  a v e r y   OW p a r t i a l  p r e s s u r e ,  w a s  i n  e q u i l i b r i u m  w i t h  t h e  C r 3 T e 4  and 

CrgTeg, and exposure of H a s t e l l o y  N specimens to t h i s  mix ture  r e s u l t e d  

in c r a c k  s e v e r i t i e s  s imi l a r  t o  t h o s e  noted  i n  samples from t h e  MSRE. 

Numerous samples were exposed t o  s a l t  c o n t a i n i n g  t e l l u r i u m ,  and 

Even t h e  v a l u e  f o r  a 

t h e  most importan% f i n d i n g  w a s  t h a t  modif ied K a s t e l l o y  N c o n t a i n i n g  1 

t o  2% niobium had good r e s i s t a n c e  t o  embr i t t l ement  by t e l l u r i u m  ( F i g .  

7.1). 

tanium negated  t h e  b e n e f i c i a l  e f f e s t s  of niobium. 

r a in ing  t i t a n i u m ,  t o  impart  r e s i s t a n c e  t o  i r r a d i a t i o n  embr i t t l e rnent ,  and 

niobium, t o  impart  r e s i s t a n c e  to t e l l u r i u m  e m b r i t t l e m e n t ,  d i d  I E Q ~  have 

An almost  e q u a l l y  impor tan t  f i n d i n g  w a s  t h a t  t h e  presence  of ti- 

Thus, an  a l l o y  con- 
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F i g .  7 . 1 .  Var ia t ions  of severity of cracking with niobium c o n t e n t .  
Samples were exposed f o r  i n d i c a t e d  times t o  s a l t  c o n t a i n i n g  C r s T e b  and 
CrsTe.6 at 700°C. 
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a c c e p t a b l e  r e s i s t a n c e  t o  t e l l u r i u m  e m b r i t t l e m e n t ,  even though the  mech- 

a n i c a l  p r o p e r t i e s  i n  t h e  i r r a d i a t e d  c o n d i t i o n  w e r e  e x c e l l e n t .  A s  a re- 

s u l t ,  i t  became n e c e s s a r y  t o  de te rmine  whether  a l l o y s  c o n t a i n i n g  niobium 

(without  t i t a n i u m )  had adequate  r e s i s t a n c e  t o  i r r a d i a t i o n  e m b r i t t l e m e n t .  

There w a s  t i m e  o n l y  t o  o b t a i n  t h e  a l l o y s  and run  one i r r a d i a t i o n  e x p e r i -  

ment, b u t  t h e  r e s u l t s  looked v e r y  promising.  An a l l o y  c o n t a i n i n g  2 i :  

niobium and i r r a d i a t e d  a t  704°C w a s  about  30% s t r o n g e r  t h a n  s t a n d a r d  

B a s r e l l o y  N and had a f r a c t u r e  s t r a i n  of about  3% compared w i t h  <I% f o r  

s t a n d a r d  Hastelloy K .  Even though a l l o y s  modif ied s o l e l y  w i t h  niobium 

do n o t  have as good p o s t i r r a d i a t i o n  p r o p e r t i e s  as a l l o y s  modif ied w i t h  

t i t a n i u m  o r  t i t a n i u m  p l u s  niobium, t h e i r  p r o p e r t i e s  are probably  adequate .  

The niobium-modified a l l a y s  were n o t  made i n  m e l t s  l a r g e r  than  50 

l b ,  b u t  no problems w e r e  encountered i n  this s i z e  w i t h  niobium concen- 

t r a t i o n s  up t o  and i n c l u d i n g  4 . 4 X .  T e s t  welds made i n  t h e  1 / 2 - i n . - t h i c k  

p l a t e  p a s s c d  the bend and t e n s i l e  tests r e q u i r e d  by t h e  ASXE B o i l e r  and 

P r e s s u r e  Vessel Code. Prom t h e  chemical  a n a l y s i s  of t h e  niobium-modified 

a l l o y ,  no s c a l e u p  problems are a n t i c i p a t e d .  

One series of experiments  was c a r r i e d  o u t  t o  i n v e s t i g a t e  t h e  ef -  

feces of o x i d a t i o n  s t a t e  on t h e  tendency f a r  c r a c k s  t o  be formed i n  

t e l l u r i u m - c o n t a i n i n g  s a l t ,  on t h e  s u p p o s i t i o n  t h a t  t h e  s a l t  might be  

made reducing  enough t o  t i e  t h e  t e l l u r i u m  up i n  some innocuous m e t a l  

complex. The s a l t  w a s  made more o x i d i z i n g  by adding NiFn and more re- 

ducing by adding  b e r y l l i u m .  The experiment  had e l e c t r o c h e m i c a l  probes 

f u r  de te rmining  t h e  r a t i o  o f  uranium i n  t h e  +4 s t a t e  (UF4) t o  t h a t  i n  

t h e  4-3 s t a t e  (TJF3). 

suspended i n  t h e  s a l t  f o r  about  260 h r  a t  700°C. The o x i d a t i o n  s t a t e  

o€  t h e  s a l t  w a s  s t a b i l i z e d ,  and t h e  specimens w e r e  i n s e r t e d  so t h a t  each 

set  of specimens was exposed t o  one c o n d i t i o n .  A f t e r  exposures t h e  spec- 

imens were s t r a i n e d  t o  f a i l u r e  and were examined m e t a l l o g r a p h i c a l l y  t o  

de te rmine  t h e  e x t e n t  of c r a c k i n g .  

o x i d a t i o n  s ta tes  are S~QWIT i n  Fig.  7 . 2 .  

t h e r e  was v e r y  l i t t l e  c r a c k i n g ,  and a t  r a t i o s  above 80 t h e  c r a c k i n g  w a s  

v e r y  e x t e n s i v e .  These o b s e r v a t i o n s  o f f e r  encouragement t h a t  a r e a c t o r  

could b e  o p e r a t e d  in a chemical  regime where t h e  t e l l u r i u m  would n o t  be 

e m b r i t t l i a g  even t o  s t a n d a r d  H a s t e l l o y  pu’. A t  l e a s t  1-67; of t h e  uranium 

T e n s i l e  specimens of s t a n d a r d  H a s t e l l o y  K were 

The r e s u l t s  of measurements a t  several 

A t  U4+/U3+ r a t i o s  of 60 o r  less, 

. ......... +- -. 
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PARAMETER 
[FREQUENCY (cm-9 
X AVG. DEPTH (ym)] 

300 /I 
c i 1 

e' 
l e  11'1 

40 20 40 70 IC0 200 400 
SALT OXIDATION POTENTIAL [UcIVl/U(III)] 

Fig. 7.2. Cracking behavior of Hastelloy h' exposed 260 hr a t  700°C 
to MSBR fuel salt containing C r 3 T e b  and C r 5 T e 6 .  

wouPd need to be in the +3 oxidation state (UF?), and this condition seems 

quite reasonable from chemical and practical considerations. 

One further accomplishment during the period 1394-76 was the use of 

available data to predict the helium yield from interaction of nickel 

with thermal neutrons. It has been known for SQTW time that iron- and 

nickel-base alloys can be embrittled in a thermal neutron f l u x  by the  

transmutations of "tramp H to helium and lithium. This process gen- 

erally results in the transmutation of most of the 'OB by fluences of 

t h e r m a l  neutrons on the order o t  1020/cm3 and u s u a l l y  yields from 1 to 

10 at. ppm of helium. With nickel there is a further thermal two-step 

transmutation involving these reactions : 

I f  1 0 

5 8 N i  4- ?? + "Ni 

N i  4- n -> "He 9 56Fe . 5 9  

T h i s  sequence of reactions does not saturate, and although the cross 

sections are still in question, it would produce a maximum of 40 at. ppm 

of  helium in the vessel over a 30-year MSRR lifetime. This is not an 

unreasonable amount of helium t o  accommodate i n  the t y p e  of micrsstruc- 

ture being developed in modified Hastelloy N. 



Current Status 

At the close of the program in 1976 (and at the present time), the 

third alloy cornposition shown in Table 7.1 was favored. 
progress had been made in establishing test methods for evaluating a ma- 

terial's resistance to embrittlement by tellurium. Modified Mastelloy N 

containing from 1 to 3% niobium was found to offer improved resistance to 

embrittlement by tellurium, b u t  the test conditions were not sufficiently 

long or diversified to stlow that the alloy totally resists embrittlement. 

One irradiation experiment showed that the niobium-modified alloy offered 

adequate resistance to irradiation embrittlement, but more detailed tests 

are needed. Several small melts containing up to 4.4% niobium were found 

to fabricate and weld well; so products containing 1 to 2% niobium can 

probably be produced with a minimum of scale-up difficulties. 

Considerable 

Technology Meeds and Development Plan 

The overall development needs were described previously, but the 

new findings shift the emphasis from alloys modified with titanium and 

rare earths to those modified with niobium. The specific technology 

needs are identified in Table 7.2, along with a potential schedule for 

their development. The first task will involve irradiation, corroston, 

tellurium exposure, mechanical property, and fabrication tests to final- 

ize the composition for scale-up. T h e  techniques f o r  doing most of these 

tests have already been established. 

The second task will involve procuring large commercial heats of the 

reference alloy. The material would be procured in structural shapes 

ranging f rom plate t~ thin-wall tubing, typical of the products to be 

used in a reactor. The third task consists in evaluating these materi- 

als by mechanical property and carrosion tests of at least 10,000-hr 

duration. The two main purposes of  these tests would be to confirm the 

adequacy of the new alloy €or  reactor applications and to gather the 

data needed for reactor design. The fourth task would be to develop 

the design methods and rules needed to design a reactor to be built of 

the modified Hastelloy M. 
completed by ASME Pressure Vessel Code work currently in progress. 

This task will have already been partially 

The 



Table 7.2. Schedule for development of structural metal for primary and secondary circuits 

Fiscal year 
Task 

1980 1981 1982 1983 1984 1.985 1986 1987 1988 1989 1990 1991 

Determinatiun of alloy composition 4vv23v v4v5 

Procurement of commercial 

Evaluation of commercial 

Development of analytical 
methods - ASbE Code 

Long-term material. tests 

Alloy optimization 

design ‘2v Lf3 v’” 

v 
15 

v 
‘16 

Mil.estones: w 
b 
t-' 

1. Receipt of small commercial heats containing 1 to 
2%; Nb. Begin mechanical property and compatibil- 
ity tests on heats. 

2. Receipt of products of lO,OOO-lb heat of 2X Nb- 
modified Eastelloy N. Begin mechanical property 
and compatibility tests on lO,OOO-lb heat. 

3. Start forced-convection corrosion loop constructed 
of 1Q,OQO-lb heat for basic fuel salt corrosion 
studies. Begin ?ul-year irradiation of fuel 
pins made of most desirable alloy. 

4. Start forced-convection corrosion loop constructed 
of 1O,OOO-lb heat for fuel salt-Te corrosion stud- 
ies. 

5. Start forced-convection corrosion loop (XL-5) eon- 
strutted of 10,000-lb heat for coolant salt corrosion 
studies. 

6. Prepare specifications and so1ici.t bids from poten- 
tial vendors for four heats of desired composition. 

7. Begin receipt of products from four large heats. 

8. 

9. 

10. 

11. 

12. 
13. 

14. 
15. 

16. 

Begin construction and checkout of equipment re- 
quired for mechanical property tests on four large 
heats. 
Begin evaluatian of four large heats by weldability, 
mechanical property, and compatibility tests. 
Begin operation of forced-circulation loops (FCL-6 
and 7) constructed of modified alloy and circulat- 
ing fuel salt. 
Begin operation of forced-circulation I.oops (FCL-8 
and 9) constructed of modified alloy and circulating 
CQQhIlt salt. 
Begin detailed analysis of mechanical property data. 
Begin development of design methods for modified 
alloy. 
Submit data package for ASME Code Approval. 
Begin studies to raise allowable temperature for use 
of modified alloy. 
Begin long-term mechanical property and compatibil- 
ity tests on modified alloy. 



132  

f i n a l  product  uf t h i s  t a s k  would be i n c l u s i o n  of modif ied K a s t e l l o y  N 
i n t o  t h e  high-temperature  Code. 

Although t h e  d a t a  ga thered  i n  t h e  t h i r d  t a s k  ( t e s t s  oE 10,000-hr 

d u r a t i o n )  w i l l  probably be adequate  f o r  Code a p p r o v a l ,  i t  w i l l  be  de- 

s i r a b l e  t o  c o n t i n u e  some of t h e  mechanical  p r o p e r t y  and c o r r o s i o n  t e s t s  

f o r  longer  t i m e s .  The c o n t i n u a t i o n  of t h e s e  tests i n  t h e  f i f t h  t a s k  w i l l  

improve conf idence  i n  d e s i g n  r u l e s  and w i l l  a l l o w  las t -minute  changes i n  

r e a c t o r  o p e r a t i n g  parameters  i f  n e c e s s a r y .  

Although t h e  ~ ~ p k  i n  t h e  f i r s t  f i v e  t a s k s  should r e s u l t  i n  an  a l -  

l o y  adequate  f o r  c o n s t r u c t i o n  of MSRs, i t  i s  Like ly  t h a t  f u r t h e r  a l l o y  

development would l e a d  t o  materials having improved C h a r a c t e r i s t i c s  

which may allow a h i g h e r  r e a c t o r - o u t l e t  sa l t  tempera ture  o r  s i g n i f i c a n t  

r e l a x a t i o n  of d e s i g n  and o p e r a t i n g  c o n s t r a i n t s .  It i s  t h i s  f u r t h e r  a l -  

l o y  o p t i m i z a t i o n  which w i l l  cumprise t h e  s i x t h  t a s k .  

The o p e r a t i n g  and c a p i t a l  cos t s  f o r  t h e s e  a c t i v i t i e s  are sumniarized 

i n  Tables  7 . 3  and 7 . 4 ,  r e s p e c t i v e l y .  

.. .. __ . . . . . . . 

E. 



Table 7.3. Qperating fund requirements for development of structural 
metal for primary and secondary circuits 

TXdC 
Cost (thousands of 1978 dollars) for fiscal. year - 

-.- 
1980 1981 1982 1983 1984 1985 1956 I.987 1988 1989 1990 1991 

-- _-- --_ __.._- 

Determination of alloy composition 2200 2200 

Procurement of commercial heats 520 

EvaLuation of commercial heats 600 2225 2660 
u 

Development of analytical design 280 93Q 220 w 
methods - ASME Code Case Sub- i*; 

mission 

Long-term material tests 1300 4 300 1040 1040 910 910 650 400 

Alloy optimization 390 455 572 5.20 624 650 676 400 
-.. _.__ --- ~ - -_--_ __ --_--- - - -.^.- __ 

Total fundsa 2200 2800 3025 3590 1910 1755 1612 1560 1534 1560 1326 800 
I.~_ -- .-. .-_ 

aTotal funds through 1991: $23,672. 



Table 7.4. Summary of capital equipment funds required for development 
af structural metal for primary and secondary circuits 

Task 
Cost (thousands of IL978 dollars) for fiscal year ...- 

_ _---...-- 
1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 

Determination of alloy composition 955 732 

Procurement of commercial heats 13 

Evaluation of commercial. heats 438 ?~!+24 377 

Development of analytical design 65 130 
methods - Code Case Submission 

Long-term material tests 52 78 

Alloy optimization 46 91 
- ___ - -.-.. - - 

Total fundsQ 955 1170 1502 507 98 169 

'Total funds through 1991: $5231.. 

46 72 39 52 39 40 

104 104 98 98 98 40 
- ~ - ~ -_ - 

150 176 137 150 137 80 
_..^_____ 
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The g r a p h i t e  i n  a s i n g l e - f l u i d  MSB s e r v e s  no s t r u c t u r a l  purpose" 

o t h e r  than  t o  d e f i n e  t h e  flow p a t t e r n s  of t h e  s a l t  and ,  of cour se ,  t o  

suppor t  i t s  own weight .  The requi rements  on t h e  material  are d i c t a t e d  

m o s t  s t r o n g l y  by n u c l e a r  c o n s i d e r a t i o n s ,  namely s t a b i l i t y  of t h e  m a t e -  

r i a l  a g a i n s t  r ad ia t ion - induced  d i s t o r t i o n  and n o n p e n e t r a b i t i t y  by t h e  

€ue l -bea r ing  molten saJt .  T h e  p r a c t i c a l  l i m i t a t i o n s  of meet ing thcse 

r equ i r emen t s ,  i n  t u r n ,  impose c o n d i t i o n s  on t h e  c o r e  d e s i g n ,  s p e c i f k -  

c a l l y  t h e  n e c e s s i t y  t o  l i m i t  t h e  c r o s s - s e c t i o n a l  area of t h e  g r a p h i t e  

pr i sms .  The requi rements  of p u r i t y  and impermeabi l i ty  t o  s a l t  are 

eas iLy m e t  by s e v e r a l  h igh -qua l i ty  f ine -g ra ined  g r a p h i t e s  and b h e  

main problems a r i se  from t h e  requiremcnt  of s t a b i l i t y  a g a i n s t  r a d i a t i o n -  

induced d i s t o r t i o n .  

S t a t u s  i n  1 9 7 2  

Ey t h e  t i m e  C l i e  MSBR Program was c a n c e l l e d  i n  e a r l y  1 9 9 3 ,  the d i -  

mensional  changes of g r a p h i t e  du r ing  i r r a d i a t i o n  had been s t u d i e d  f o r  

a number of y e a r s .  These changes depend l a r g e l y  on t h e  degree  of c rys-  

t a l l i n e  i s o t r o p y ,  b u t  t h e  volume changes f a l l  i n t o  a r a t h e r  c o n s i s t e n t  

p a t t e r n .  A s  shown i n  Fig.  8 .1 ,  t h e r e  i s  f i r s t  a pe r iod  of d e n s i f i c a t i o n  

d u r i n g  which t h e  volume dec reases  and then  a p e r i o d  of sweiiing i n  which 

the volurnc i n c r e a s e s .  The f i r s t  pe r iod  i s  of concern only  because of t h e  

d imens iona l  changes t h a t  occu r ,  and t h e  second p e r i o d  i s  of concern be- 

cause  of t h e  d imens iona l  changes and t h e  format ion  of c racks .  The forma- 

t i o n  of  c r a c k s  would e v e n t u a l l y  allow sa l t  t o  p e n e t r a t e  t h e  g r a p h i t e .  

The data shown i n  F ig .  8 . 1  are f o r  7 1 5 " C ,  and t h e  damage ra te  i n c r e a s e s  

w i t h  i n c r e a s i n g  tempera ture .  Thus t h e  g r a p h i t e  s e c t i o n  s i z e  s t ~ o u l d  h e  

kep t  small enough t o  p reven t  tempera tures  i n  t h e  g r a p h i t e  from exceeding  

t h o s e  i n  t h e  s a l t  by a wide margin.  

In  t h e  b r e e d e r  concept  t he  neu t ron  f l u x  i s  s u f f i c i e n t l y  h igh  i n  t h e  

c e n t r a l  r e g i o n  of t h e  c o r e  t~ r e q u i r e  t h a t  t h e  g r a p h i t e  be  r ep laced  about  

every four years. It: was f u r t h e r  r e q u i r e d  that  the g r a p h i t e  be s u r f a c e  

.L 

Its  primary f u n c t i o n  i s ,  of cour se ,  t o  p rov ide  neu t ron  moderat ion.  
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Fig. 8.1. Volume changes for conventional g r a p h i t e s  irradiated at 
9 1 5 ° C .  

sealed to prevent penetration of xenon into the graphite. Since re- 

placement of the graphite would require considerable downtime, there 

was strong incentive to increase the fluence limit of the graphite. 

considerable part of the ORNL graphite program was spent in irradfating 

commercial graphites and samples of special g r a p h i t e s  with potentially 

improved irradiation resistance. 

graphite was surface sealing with pyrocarbon. 

A 

The approach taken to sealing the 

Besause of the neutronic 
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. . . ; ~  .. .. .... ~....,, requirements, other substances could no t  be introduced in sufficient 

quantity to seal the surface. 

The irradiation studies with several grades of graphite revealed 

that the so-called binderless graphites, e . g . ,  POCO AXF, had improved 
dimensional stability aver most of the conventional graphites (Fig. 8 . 2 ) .  

The POCO graphites are presently available only in small sections, b u t  

the GLCG H-364 grade is available in large sections. 

has almost as high an allowable fluence as POCO AXF. Further work on 

several special grades of graphite made at ORNL showed that graphites 

could be developed with f luence limits even greater than those of the 

The GLCC H-364 grade 

P3CO grades. 

The pyrolytic sealing work w a s  only partially successful. IS was 

found that extreme care had to be taken to seal the material before ir- 

radiation. During irradiation the injected pyrocarbon actually caused 

expansion to begin at h w e r  fluences than those at which it would occur 

in the absence of the coating. Thus the coating task was faced with a 

number of challenges 

-4 

-8 

-- A P-03  
0 HL 18 

Fig. 8.2. Volume changes for monolithic graphite irradiated at 715°C. 
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Status in E976 

No work was undertaken on graphite during the P a s t  segment of the 

program. Thus the status in 1976 was the same as that in 1972. 

Current Status 

With the relaxed requirements" for breeding performance in nonpro- 

liferating MSRs relative to the MSBR, the requirements f o r  the graphite 

have diminished. First, the peak neutron flux in the core can be re- 

duced to levels such that the graphite will last for the lifetime of 

the reactor plant. Se~ondPy, the salt flow rate through the core is 

reduced from the turbulent regime, and the salt film at the graphite 

surface may offer sufficient resistance to xenon diffusion so that it 

will not be necessary to seal  the graphite. The lessened gas permea- 

bility requirements also mean that the graphite damage limits can be 

raised (Figs. 8.1 and 8 . 2 ) .  The lifetime criterion adopted for the 

breeder was that the allowable fluence would be about  3 x neutrons/ 

cm T h i s  was estimated to be  the .fluenee at which the structure in 

advanced graphites would contain sufficient cracks to be permeable to 

xenon. Experience has shown that even at volume changes o f  about 10% 

the graphite is not cracked but is uniformly dilated. For nonprolifer- 

ating devices where xenon permeability will not be of concern, the limit 

will be established by t h e  formation of cracks sufficiently large for 

salt intrusion. It l a  likely that current technology graphites like 

2 

GECC .f. H-364 could be used to 3 X neutrons/cm' and that improved 
2 graphites with a limit of 4 X neutrons/cm could be developed. 

Further Technology Needs and Development Plan 

The near-term goal of the future development program (see Table 8.1) 

w i l l  be to evaluate current commercial graphites for MSR use (Task 1). 

* 
These are manifested as lower core power density and higher f i s s i l e  

specific inventory in denatured MSRs. 

Great Lakes Carbon Company. 
i- 

d 
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Table 8.1. Schedule for graphite development 

Fiscal year 

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 
Task 

Evaluation of commercial v' v2 

Development of improved v3 
graphites 

graphites 

Procurement of commercial 
lots sf improved 
graphites 

Evaluation of commercial 
lots of improved 

v" 

graphi tes 

Milestones: 

1. Establish program f o r  development o f  improved graphites. 4. Begin procurement of production lots of improved commer- 
Define variables to be investigated. cia1 graphites. 

2. Complete evaluation of commercial graphites. Prepare 5. Begin long-term evaluation of improved commercial graph- 
document specification. ites. Evaluation to include mechanical and physical 

3 .  Develop procurement specification for improved commercial 
graphi tes. 

properties before and after irradiation. 

v5 



T h i s  will involue irradiation of promising somerciab graphites with 

subsequent measurements of dimensional stability and thermal and elec- 

trical conductivity. 

A longer-range goal will be the devel~prnent of a graphite w i t h  an 

improved fluence limit. Efforts to date show that graph i t e s  can be 

tailored t o  have improved dimensional stability. In Task 2 this work 

will be continued to ob ta in  several improved products, which will be 

irradiated and evaluated. T h e  technology f o r  making the most  desirable 

products will be passed on t o  commercial vendors, and large lots of 

these graph i t e s  will be obtained (Task 3 ) .  The commercial graphi te§  

will be irradiated to h i g h  fluences, and t h e  changes in dimensions, p o r e  

spectra, thermal conductivity, thermal expansion, and electrical conduc- 

tivity will be measured (Task 4 ) .  

The operating and capital equipment costs for t h i s  w o r k  are sum- 

marized in T a b l e s  8 . 2  and 8 . 3 ,  respectively. 



Table 8.2. Operating fund requirements for graphite development 

--_. __-._.-- 
Cost (in thousands of 1978 dollars) for fiscal year - 

Task ._.-. - _. -- 
1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 I.990 1991 1992 1993 1994 

-- -- -.---- ,. .___ 

Evaluation of commercial 300 300 3OQ 300 3QQ 
graphites 

Development of improved 150 300 300 500 5QQ 150 
graphites 

Procurement of commercial 
lots of improved 
graphite 

100 200 150 

Evaluation of commercial 300 500 500 400 400 300 300 300 
lots of improved 
graphites 

-~---~-~ _---- - - ~. __ - _- 

Total funds" 300 300 4.50 600 600 500 600 650 550 500 400 400 300 300 300 

aTokal funds through 1994: $6750. 



Table 8.3. Capital equipment fund requirements for graphite development 

- .- - I - _ -  - ____ 
C o s t  (in thousands o f  1978 dollars) for fiscal year - 
- _- ~ ---___ Task 

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 199'4 __ _- --- _I_. 

Evaluation of commercial l0Q 75 50 50 50 
graphites 

graphites 

o f  improved graphites 

of improved graphites 

Development of improved 50 100 I00 100 100 50 

Procurement of commercial l o t s  

Evaluation of commercial lots 50 100 75 75  75 50 50 50 

I _ _ _ _ _ _ _  

100 75 100 150 150 100 100 100 100 75 75 75 50 50 50 a Total funds 

a 
Total funds through 1994: $1350. 

t 
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