
OAK RIDGE NATIONAL LABORATORY 
operated by 

UNION CARBIDE CORPORATION 
NUCLEAR DIVISION I I 

for the 
U.S. ATOMIC ENERGY COMMISSION 

n 
UNION 

CARBIDE 

u 

ORNL- TM- 1851 

COPY NO. - 228 
DATE - June 12, 1967 

SUMMARY OF THE OBJECTIVES, TKE: DESIGN, AND A PROGRAM 

OF DEVELOF'MENT OF MOLTEN-SALT BFEZDER KEACTORS 
8 8 -- - ,  =-- .-. 

7 . . 
: .,nr 

- i;'~*~~\~-- >-ii,M 
2~ :,, .. ,J& 
- .-? - = ,-.A? i'- R. B. Briggs . - .- 4 - CpIn gass ~;;,n%:+,q 

-,- -- nr,-';,3$~. A ,-d 0 , & 7. : * , , m  .dm - 

3 KC. I) , -04 - - 
ABSTRACT 

Molten-salt thermal breeder reactors are characterized by low 
specific inventory, moderate breeding gain with low fuel  cycle wet ,  
an8 high efficfency fo r  converting heat lnto electr ici ty.  Studies 
indimte they should be able t o  produce eledtrici ty i n  1000-W(e) 
stations for  about 2.6 mills/kwhr i n  investor-owned u t i l i t i e s ,  a 
cost that  is a s  low o r  lower than projected fo r  advanaed converter 
reactors o r  fas t  breeder power stations. The fuel  ut i l izat ion 
characte,ristica compare favorably with those of f a s t  breeders, 

The present status of the bresder.technology is being demon- 
strated in  successful operation of the'24olten-Salt Reactor Experiment. 
A twb-region Molten-Salt Breeder Exgeriment t o  demonstrate a l l  the 
basic technology for  N l - s c a l e  breeders is  proposed as  the nixt 
s tep i n  the development. Design and construction o f t h e  MEW3 would 
be accompanied by a program of fuels, materials, fuel  reprocessing, 
and engineering development. Developmnts construction, end startup 
a f . t he  breeder reactor is es t imate  t o  take about eight yeare and 
to cost about $125 million. 

NOT l CE 
This document contains information of a preliminary nature and was prepared 
primarily for internal use ot the Oak Ridge National Laboratory. I t  i s  sub'ect 
to  revision or correction and therefore doas not represent a final report. \he 
information is  not to be abstracted, reprinted or atherwise given public dis- 
ramination without the ~pprevel  s f  the ORNL putant bronrh, Legal and Infor- 
mation Control Department. 
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WHY DENnOP MOLTEN -SALT BREEDERS? 

Nuclear power, based on light-water-moderated converter reactors, 
seems t o  be an assured commercial success. This circumstance has placed 
upon the Atomic Energy Commission the burden of fores ta l l ing  any serious 
r i s e  i n  the cost of nuclear power once our country has been f u l l y  committed 
t o  t h i s  source of energy. It i s  f o r  t h i s  reason t h a t  the development of 
an economical breeder, a t  one time viewed a s  a long-range goal, has emerged 
a s  the central  task of the atomic energy enterprise.  Moreover, a s  our 
country commits i t s e l f  more and more heavily t o  nuclear power, t he  stake 
i n  developing the  breeder r i s e s :  breeder development simply must not f a i l .  
A l l  plausible paths t o  a successful breeder must therefore be'examined 
carefully.  

To be successful a breeder must meet three requirements. F i r s t ,  the 
breeder must be technically feasible .  Second, the  cost of power from the 
breeder must be low; and th i rd ,  t he  breeder should u t i l i z e  f u e l  so e f f i -  
c ient ly  t h a t  a full-fledged energy economy based on the breeder could be 
established without using high-cost ores. The molten-salt breeder appears 
t o  meet these c r i t e r i a  as  well as, and i n  some respects b e t t e r  than, any 
other reactor system. Moreover, since the  technology of molten-salt 
breeders hardly overlaps the  technology of the solid-fueled f a s t  reactor, 
i t s  development provides the world with an a l te rna te  path t o  long-ten? 
cheap nuclear energy tha t  i s  not affected by any obstacles t h a t  may crop 
up i n  the  development of the f a s t  breeder. 

The molten-salt breeder, ,though seeming t o  be a by-way i n  reactor 
development, i n  f a c t  represents the  culmination of more than 17 'years  of 
research and development. 'The incentive t o  develop a reactor based:on 
f l u i d  fue l s  has been'strong ever since the  ear ly days of the Metallurgical 
Laboratory. In 19-58 the most prominent f l u i d  f u e l  projects were the . 

l iquid bismuth reactor, , the  aqueous homogeneous Yeactor, and .the molten- 
s a l t  reactor.  ' In 1959 the AEC assembled a task  force t o  evaluate the 
three concepts. The principal conclusion of t h e i r  report1 'was t h a t  the 
"molten-salt reactor has the  highest probabili ty of achieving technical 
feas ib i l i ty ."  

This verdict  of the 1959 task force appears t o  be confirmed by the'  
operation of the Molten-Salt Reactor Experiment. To those who have 
followed the molten-salt project closely, t h i s  success is  hardly SUP- 

prising. The essent ia l  technical f e a s i b i l i t y  of the  molten-salt system' 
i s  based on cer tain thermodynamic r e a l i t i e s .  f irst  pointed out by the  l a t e  
R.  C .  Briant, who.directed the ANP project a t  ORNL. Briant pointed out 
t h a t  molten fluorides a re  thermodynamically s tab le 'aga ins t  reduction by 
nickel-based s t ruc tura l  materials; tha t ,  being ionic, they should suf fer  
no radiation damage i n  the 1 iquid .s ta te ;  and tha t ,  having low vapor 
pressure and being re la t ive ly  i n e r t  i n  contact with a i r ,  reactors based 
on them should be safe.' The experience-at ORNL with molten s a l t s  durfng 
the intervening years has confirmed Briant @s chemical in tu i t ion .  Though 
some technical .uncertainties remain, par t icu lar ly  those connected with 
the graphite moderator, the path t o  a successful molten-salt b reeder .  . 

appears t o  be well defined. 



We estimate t h a t  a 1000-~w(e) molten-salt breeder should cost $115 
per  kilowatt (e lectr ic) . .and t h a t  t he  f u e l  cycle cost ought t o  be in  the 
range of 0.3 t o  0.4 mill/kwhr(e) . The overal l  cost of power from a pr i -  
vately owned, 1000-~w(e) Molten-Salt Breeder Reactor should come t o  
around 2.6 mills/kwhr(e) . In. contrast  t o  the f a s t  breeder,. the  extremely 
low cost of the  MSBR fue l ' cyc le  hardly depends upon sa l e  of byproduct . 

f i s s i l e  material .  Rather,' i t 'depends upon certain.advances i n  the  chemical 
processing of mol$en f luor ide  s a l t s  t h a t  have been demonstrated e i the r  i n  
p i l o t  plants  o r  laborator ies  : f luoride v o l a t i l i t y .  t o  recover uranium, 
vacuum d i s t i l l a t i o n  t o  r i d  the  s a l t  of f i ss ion  products, .and f o r  highest 

. performance, but with somewhat.less assurance, removal of protactinium by 
' l iquid- l iquid extraction o r  absorption. 

The molten-salt' breeder, operating i n  the  thermal T ~ - ~ ~ ~ u  cycle, i s  
characterized by a low. breeding r a t i o  : the  maximum breeding r a t i o  con-. 
s i s t e n t  with low f u e l  .cycle costs i s  estimated t o  be about, 1...07. Tbi.s  

- low breeding r a t i o  is '  compensated by the  low specif ic  i n v e n t o e  of . , the 
14SBR. Whereas t h e  spec i f ic  inventory,of the  f a s t  reactor ranges between 
2.5 t o  5. k,g/~w(e), the specif ic .  inventory of the  molten-salt breeder 
ranges between 0.4 t o  1.0 kg/~w(e): The estimated f u e l  doubling time 
f o r  the  MSBR therefore f a l l s  i n  the  'range of 8 t o  50 years. This i s  com- 
parable t o  estiniates of doubling times of 7 t o  30 years given i n  f a s t  
breeder reactor  design studies.  . 

From the  point of view of long-term conservation of resources, low 
specif ic ' inventory i n  i t s e l f  confers. an advantage upon the  thermal breeder. 
If the  .amount..of nuclear .power grows l inearly,  the doubling .time and the' 
spec i f ic '  inventory en ter  symmetrically i n  determining the maximum amount 
of raw material  t h a t  must be mined i n  order t o  inventory the  whole nuclear' 
system., Thus, low specif ic  inventory i s  an essent ia l  c r i te r ion  of merit' 
Po r ' a  breeder, and the detai led comparisons in  the next section show tha t  
a good thermal breeder with low specif ic  inventory could, in  sp i t e  of i t s  
'low breeding gain, make b e t t e r  use of our nuclear resources than a good 
f a s t  breeder with high specif ic  inventory and high breeding gain. 

The molten salt..approach t o  a breeder promisesto s a t i s f y ' t h e  three 
c r i t e r i a  of technical  f eas ib i l i t y ,  'very low power cost, and good f u e l  
u t i l i z a t i o n .  I ts  development as  a uniquely promising,competitor t o  the 
f a s t  breeder is, we believe, in  the national in t e re s t ,  

It i s  our purpose i n  the  remainder of t h i s  report t o  out l ine the  
current s t a tus  of the  technology, and t o  estimate.what i s  r equ i red , t s  
develop and demonstrate the  technology f o r  a fu l l - sca le  th'ermal breeder 
'based on 1no1l;en f luorides .  

-- A .  M ,  . weinberg 

Wota l  kilograms of f iss ionable material. i n  the reactbr, i n  storage 
and-in f u e l  reprocessing and refabrication plants per megawatt of . . 
e l e c t r i c  gene'rating capacity. 

. . 



FUEL-UTILIZATION COMPbBISON 

Growth of Elec t r ic  Generating Capacity 

The importance of good f u e l  u t i l i za t ion  can be shown simply a s  
follows. A projection of the r a t e  of growth of the . e l ec t r i ca1  generating 
capacity i n . t h e  U.S. i s  presented i n  Table 1. Numbers through the  year 
2000 were based on estimates developed by the Federal Power Commission 
and the AEC f o r  the Report t o  the president in 1962 and were the nuclear 
capacities updated t o  r e f l ec t  the pre.sent rapid growth of nuclear e l e c t r i c  
capacity.   he t o t a l  capacities f o r  the years beyond 2000 were based, in  
Case A, on continued growth a t  the exponential r a t e  of about 5% per year 
and, i n  Case B; on continued growth a t  a l inear  r a t e  of 100,000 ~ w / ~ r - -  
the  r a t e  a t  year-2000. In Case B, t h e ' r a t e  of expansion of t o t a l  e lec t r?ca l  
generating capacity would be down t o  about per year by the  year 2030. 
The nuclear capacities f o r  the years beyond 2000 were extrapolated'on the 
basis  tha t  a l l  new generating capacity a f t e r  about 2020 would be nuclear. 

Table 1. Electr ic  U t i l i t y  Generating Capacity 

Total Capacity Nuclear Capacity 
(1000 MW) - (1000 MW) Percent 

Year 
. . Case A Case B Case A Case B ~ u c l e a r  

a 
P io jec t ions  based on present rapid r a t e  of 'sales of 

nuclear plants .  Original numbers were 6.8 f o r  ,1370 and 
75 Pnr 1980. Numbers f o r  1973 were not i n  the or ig ina l  
projection but are  based. o n  the present sales l ~ i c t u r e  and 
lend support t o  the higher number f o r  1980. 

Case A - exponential. .growth continued a t  r a t e  of about 5% 
per year beyond 2000. 

Case B - growth l inear  after '2000 a t  a r a t e  of 100,000 Mw 
per year. 
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Nuclear Fuel Resources 

Nuclear f u e l  resources estiinated t o  be available i n  the U.S. t o  
support t h i s  expansion of the  nuclear.power industry a re  shown i n  relat ion 
t o  cost In Table 2. : I f 'we define low-cost resources a s  those'obtainable 

Table 2. U . S .  Nuclear Fuel Resources. 

."Cost Rea.sona'ble Assured Total Resources 
c$/lb U30e Resources (thousand (thousand. short  

o r  Tho2) short  tons of oxide) tons of oxide) 

Uranium Resources 

Thorium Resources 

5 t o  10 100 

*Includes a l l  uranium delivered t o  AEC t o  date .  

f o r  less than $30 per  pound, %hen our t o t a l  low-cost resources a re  be- 
lieved t o ,  be 1.8 million short  tons of U308, conta-ining about 10,000 
tons of recoverable 23%, and 600,000 short  tons of Tho2. 

~ u e i - u t i l i z a t i o n  Characteristics of Converter Reactors 

The efficiency of f u e l  u t i l i za t ion  i s ,  determined by the quantity of 
U30s required t o  provide the  t o t a l  inventory of f iss ionable material 
associated with t h e  r?actor '  per mcgawatt of e l e c t r i c a l  capacity 
and the  quantity of U308 re.qu2red per year per megawatt of e l e c t r i c a l  
generating capacity t o  provide f o r  burnup of f iss ionable material. These 
requirements a re  l i s t e d  .in Table 3 f o r  several types of reactors.  The . 
reactors  a r e  more .'advanced than ..are being b u i l t  today, but the perfomanc'e 

. . 



Table 3. Fuel-Use Characteristics of Several Types of Converter Reactors 

a 
Specific Inventory 

b 
Annual Consumption a t  0.8 Total Load Factor 

-- - 

Reactor 
7 f i s s i l e )  {short tons u30e\ (short tons Thoe 'kg f i ss i le '  ,'short tons U ~ O ~ )  ,'short t o n s  ' T ~ O ~ ~ ,  

( & h i w ( e )  , I (  1000~hr(e)  .: , 1000~hr(e)  ' , ~ u ( e )  );,, lOOOl.hr(e) I ;  1OOOi41q(e) 

V N R  1.0 220 100 0.05 11 1 

a~nc ludes  t o t a l  inventory i n  reactor, fue l  processing, f u e l  fabricat ion and storage. 

 based on recycle of plutoniim. 



indicated should be a t ta inable  within a few years, except possibly f o r  
the  hypothetical Very Advanced Converter Reactor, which has a much lower 
spec i f ic  inventory a n d a  conversion rat ioapproaching one. The l a t t e r  i s  
included t o  show .what great ly  improved "advanced converterst' o r  high- 
performance near-breeders might accomplish. In the studies from which 
the  data were taken, the reactors were generally optimized t o  obtain the 
lowest power cost from low-cost fuels .  Recycle of plutonium i s  assumed 
in  estimating the burnup. Optimization f o r  use of h ighe rcos t  fue ls  
would have resulted in  be t te r ,  but not great ly  be t te r ,  fue l  u t i l i za t ion  
and higher power costs.  

The data from Tables 1 and 3 were used t o  obtain the  curves in  Fig. 1. 
The assump-t;ion was made t h a t  only boiling o r  pressuxlzed wa te'r 1-eaetors 
would Ge 'bui l t  u r l L l l  1976. Dcginning in 1976 e?.~rnnr.ed cnnvertess associ- 
ated with a given curve would begin t o  be b u i l t  and by 1988 a l l  new reac- 
t o r s  would be advanced conveders.  bach reactor bu l lL  was assumed t o  have 
a l i f e  of 30 years. 

The .amount of uranium required f o r  the inventory and the t o t a l  burnup 
t o  any given date' i s  shown i n  Fig. 1 along with the t o t a l  estimated re- 
sources and the t o t a l  cost of obtaining those resources. The f u e l  require- 
ments f o r  pressurized and boilfng water reactors do not d i f f e r  appreciably 
and would require the  mining of a l l  our reserves costing l e s s  than $30 per 
pound by short ly  a f t e r  the  year 2000. If the  industry continues t o  expand 
a s  projected and the  estimate of the ava i l ab i l i t y  and cost of the fue l s  
i s  reasonably accurate, a l l  the  f u e l  available f o r  l e s s  than $5.0 per pound 
would have t o  be mined by 2030 a t  a cost of about $700 b i l l i on .  The 
advanced converters presently proposed w i l l  buy 5 t o  10 yearst  time in  
uranium reserves over the  pressurized aud boiling ~ ra t e r . r eac to r s .  

Further extension by converter reactors would require development of 
a reactor--probably of a completely different  type--wi-th a much lower 
spec i f ic  inventory and a higher conversion r a t io .  Even with such a very 
advanced converter, t he  to tag  domestic uranium resource, available f o r  
l e s s  than $50 per pound U308,'w0uld be consumed by about 2050. 

Figure 1 does not give the whole picture.  A power reactor should 
run dependably and profi tably f o r  about 30 years, so when a reactor i s  
b u i l t ,  we, i n  a sense, commit a f u e l  supply f o r  30 years. For the reac- 
t o r s  and growth r a t e s  used i n  making the  curves in  Fig. 1, Lhe t o t a l  
commitment a t  any given Li11e i s  about the same ati Lhe to ta l  shewn for 
t he  inventory and burnup 10 years l a t e r .  Reactors b u i l t  as  l a t e  a s  1990 
i n  an "all-water-reactor economy" would be fueled i n i t i a l l y  with urznium 
costing a s  l i t t l e  a s  $10 per pound UsOe. However, the cost of f u e l  could 
be expected t o  r i s e  t o  $30 per pound of U30e during the l i f e  of the plant 
i f  there  were no fu r the r  expansion of the  power industry, and t o  $50 pcr 
pound if the  industry continued t o  expand rapidly. 
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Fig. 1. Fuel Required for Inventory and Current Burnup in Converter 
Reactors. 



The Th02 comitment is  about the same for  the HWOCR, HTGR, and the 
VACR. The l i @ t  water breeder reactor has a much greater thorium inventory. 
In a l l  cases the thorium inventory i s  several times the 30-year burnug, so 
the amount of thorium required a t  any time is close t o  the to ta l  codtment. 
Although much less  thorium is required than Snium, the low-cost 'reserves 
are smaller and would be used in inventory by 2010 t o  2030. 

The effect of the cost of U30e and Th02 on the cost of power is shown 
in Table 4 for  the reactors and the corresponding inventory and consumption 
nmbers from Table 3. These costs are only the costs associated with the 
r a w  materials and do not reflect the higher enrichment, fabrication, pro- 
cessing, and other costs that  invariably accompany increases'in raw mte- 
r i a l  cost. They are, however, for  reactors that have not been optimized 
fo r  use of high-cost resources. A l l  except the very best converter reac- 
tors  would suffer heavy penalties i f  the U30e cost were t o  r i se  t o  $30 
per pound. In the thorium reactors, the consumption i s  small, ma for 
L2mse rerrc-kc)YB Wlth low inventory the use of high-cost resources has only 
a small effect QD the power coat. The light water bmetde$ rcactiur 'would 
Incur a considerable cost penalty in  an era of high-cost thorium. 

Fuel U'bilizatian Characteristics of Breeder Reactors 

The effectiveness with which a breeder reactor can reduce the to ta l  
resource requirements depends on the specific inventory and doubling time 
of f i s s i l e  material i n  the breeder system, the growth rate of the nuclear 
power industry, and the capacity in converter reactors a t  the time the 
breeders begin t o  be us& for  essentially a l l  new capacity, Character- 
i s t i c s  taken from studies of oxide- and carbide-fueled fas t  breeders and 
of a molten-salt-fueled thenealbreeder are presented in  Table 5. The 
estimated doubling times vary front 7 t o  30 years for  the PA& br&eders 
and from 8 t o  50 years for  the themnab breeder. 

Fuel Resource Requirements with Breeder Reactors 

Tbe to ta l  resource requirements* fo r  a power industry in which only 
water reactors are bui l t  u n t i l  1976 or 1@ and only breams are built 
af ter  1988 and 1998, respectively, are presented in Figs. 2 and 3. The 
figures show the t o t a l  re8ource mquirments t o  depend heavily on the 
capacity in  water reactors a t  the time when breeder reactors are intro- 
duced and, by comparison with Fig. 1, the great incentive for  expediting 
the development of breeders. 

The thermal breeder i s  clearly competitive with the fast  breeders 
in reducing the requirements for  mined uranium. If  the doubling time is 
less  than about 12 years, the maximum resource requiremeht depends more 
on doubling time than sgecific inventory, so there i s  l i t t l e  difference 

*Inventory in  converter and breeder reactors, plus net consumption 
by converters minus net production by breeders. 



a 
Table 4. Pa r t i a l  Effect of U3O8 on Cost of Power 

.Contribution of Raw Material Cost t o  Power Cost (millslkwhr) 

Reactor Type $5/lb $10/lb ' $30/lb $50/lb 

Inventory - Burnup Inventory Barnup . Inventory Burnup Inventory .Burnup 

Us08 Requirements 

rnTOCE-U 

LWBR 

HTGR ' 0.09 0.04 0.19 0.07 0.58 0.21 0.94 0.34 

VACR 0.03 0.02 0.06 0.03 0.19 0.10 0.31 .o. 16 

Thon Requirements 

IN'3CR-Th, HTGR, 0.01 0.00 0.03 0.00 0.09 0.01 0.14 0.01 
VACR 

. . .  
a Inver-tory charged a t  1' per year. 



Table 5 .  F- el-Utilization Characteristics of Several Breeder Reactors 
( ~ o ~ b l i n g  time = l/annual yield)  

Specific Inventory. 
Doubling 

(kg fissi . le) , ( short tons U30& Breeding Time 
i 
. ~ w ( e )  1000 Xw(e) ,/ Ratio (yr)  

Liquid-metal-cooled f a s t  b r e d e r  react.ors 
Carbide f uel,eda 7 

Carbide fuel.?dbjf 
Oxide fueled', 
Oxide fueledd, . 

Helium-cooled f a s t  breeder reactor 
Oxide f aelede 4.3 
Carbide fueled 3 

Molten-salt thermal breeder reactor C.4 t o  1 .5  87 t o  320 1.03 t o  1.08 8 - 50 I-' 

MSBR with Pa removal 0 7 15 0 1.07 14 .in 

a R. B. Steck '(compiler), Liquid f i tal  Fast Breeder Reactor Design. Study, WCAP-3251-1, Westinghouse 
Electr ic  Corporatlon (January 1964). 

'b. u 
Liquid Metal Fast Bree,ler Reactor Design Study, CEND-200, Vol. I and 11, Combustion Engineering, 

Inc . (January 1964) ., 
C Large Fast Eeactor Design Study, . ~ ~ i ~ - 6 3 5 0 3 ,  A l l i s  Chahers ( ~ a n u ~ r y  1964). 
2 

%I. J. McNelly, Liquid Metal Fast 3reeder Reactor Study, GEAP-4418, Vol. I and 11, General 
Electr ic  ( ~ a n u a r j  1963). 

e 
A Studv of a Gas-Cooled Fast R r e e d ? r  Resct.nr- Tn i  t . i ~ 1 1  S t . ~ i d v .  r ~ r e  ' T ) ~ e i  an  Ann1 vni n nnd svnt.dm - .. -,, --  - - -----  ------- -------- ------- - - - - d  ---- .---- a-- ------ J ..& - --a- -,J - "..a. 

Development Program, Final Slmnary Report, GA-5537, General Atomic Division of General Dynamics 
(August 15, 1964). 

' ~ n  Evaluation of Foul. Designs of a 1 M O  bWe Ceramic Fueled Fast ~ r e e d e r  Reactor, COO-279, 
Chicago Operations Office, U. S. Atomic 3nerg:~ Commission (December 1, 1964). 



Fig. 2. Total Fuel Requirements fo r  Nuclear Power Industry Based on 
Introduction 3f Breeder Reactors i n  1976. 



Fig. 3. Total Fuel Requirzments for  Nuclear Pmer Industry Based on 
Ixtroduction of Breeder Reactors i n  1986. - 
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between f a s t  and thermal breeder systems. For longer doubling times, the 
specific inventory assumes greater  importance and the maximum requirements 
f o r  thermal breeder systems become increasingly l e s s  thawthose f o r  f a s t  
breeder systems with equal doubling 'times. Once the maximum requirement . 

i s  sa t i s f ied ,  the f a s t  breeders produce much la rger  amounts of excess 
fissionable material. Whether t h i s  i s  important depends on the need f o r  
the excess material. , 

Figures 2 and 3 were based pn s ta r t ing  the  f a s t  bpeeder reactors 
with plutonium and the  thermal breeders with 233~. . The f a s t  breeders 
require an inventory of 3 t o  5 kg of plutonium per megawatt of e l e c t r i c  
generating capacity, and the  PWRs s and HMRs s produce 0.'2 t o  0.3 kg of 
plutonium per year per megawatt of e l ec t r i c  generating capacity. The 
growth r a t e  of the nuclear generating capacity i s  7 t o  per year from 
1980 t o  2000. The converters and the.breeders' coming in to  operation 
would be able t o  provide the inventory f o r  high-performance..fast breeders 
but would..fall rapidly behind if the breeders were t o  have doubling times 
longer than about 12 years, Additiona1the:kmal converters o r  f a s t  con- 
ver ters  would have t o ,  be b u i l t  o r  the breeders would have t o  be fueled 
i n i t i a l l y  with 23%. ' This "could add s ignif icant ly t o  the resource re- 
quirement and the f u e l  cycle.costs during the  period of conversion t o  
operation on plutonium. 

Thermal breeders a re  a l so  l ike ly  t o  be fueled i n i t i a l l y  with 23% 
t o  produce an inventory of s3%. However, the  conversion time i s  only 
about one year and the additional resource requirement and the cost 
penalty a re  small. 

COST-OF-POWER COMPARISON 

C a ~ i t a l  Costs 

Although molten-salt thermal breeder reactors a re  competitive with 
f a s t  breeder reactors and superior t o  the converter reactors with respect 
t o  the e f f i c i en t  use of nuclear fue l  resources, they must a l so  produce 
P O W ~ T  for n~ low o r  bower cost.  No large molten-salt reactors o r  f a s t  
breeders and few large advanced converters have been designed i n  de ta i l ,  
so most of the costs must be educated estimates based on comparisons of 
the reactor systems and judicious use of information from reactors tha t  
a re  being b u i l t .  Such a comparison was made of several advanced con- 
ver ter  reactors and reported i n  0 ~ ~ ~ - 3 6 8 6 . ~  The r e su l t s  a r e  summarized 
in  Table 6. A comparable estimate of costs f o r  a large molten-salt 
thermal breeder react,or, made by the same people and reported i n  ORNL- 
3996 ( r e f .  3),  i s  a l so  included in  the table ,  along with the  f u e l  cycle 
costs from several studies of f a s t  breeder reactors.  Capital costs  were 
not estimated in  the f a s t  breeder studies.  I n  a l l  cases the  costs in 
the tab le  a r e  f o r  investor-owned u t i l i t y  plants which carry a 1% per 
year charge on investment i n  plant and 16 per year on inventory of fuel .  

The comparisons show that the capi ta l  cost of a large power s ta t ion  
containing a mol-ten-salt breeder reactor should no-L be much d i f fe rent  



Table 6. A Conparism of Estimated Coats for Breeder and Adwnced Converter React~rs - 
Based on Investor-Ovned Util i t ies Charges 

Advm~ccd ~onvcr tcr  lbnctors 

HWR RWOCR 
PWR LV3R mR SGB 

U T h  U T h  

Molter 
Salt  

Them'l 
Breed- 
Reacta 

Fast Dretdcr Reactors 

'JCAF' CEND ACNP O W  QA 
3251-1 2q0 a503  44M 5537 

Cost for. 1000-Mw(e) pmer plant, $ million 

Direct cost; 
Indirect costs 
Total capital 
Special fluid6 
Fuel prucesshig plfmt 

Pover costs ( ~ i 1 1 6 / i h r )  

Capital cost 
Operating cost 
Fuel cycle cost 

Fabrlcetion 
Burnup and l o s e s  
Processing 
Shipping 
Inventory 
Interest  on srorling capital 

subtotal 1.87 2.50 I .  ~ 6 7  1.51 1.34 1.u 'i.48 0.3 1.1: 0.89 la8 0.96 1.26 

PU or 2 3 3 ~  credit 
4et cdst 

Speclal fluids inverrtory and 0 0 0 0 0.5 0.6 0.3 0.3 0.1 0 0 3 0 0 
reglacement 

Totaf power cost 4.jb 4.7 '3.7 4 0 4.1 4.5 3.6 4.1 2.7 (2.9) (2.8) 3 . 5  (3.1) (3.0) 

a. Included because plant i s  e h i l a r  t o  sodi,um-cooled fas t  breecer plants. c. Includes ,capital charge on processing plan;. 

b. A.lthou&h these nmbers are higher tLan present 3id pzices for  large nuclear d. Adjusted to 16 chrge  for investor-omed .tili 'ties t o  be 
pnrer slants, the basis for  -the rrmters i s  the same as for  tt.e cther consistent with other studies. 
cjnverter reactox aud'for the M3R so they are used fo r  thic.canparism. 
!he nunbers do not d i f fer  mu:h from preliminary resuLtq.of recent studies e .  Capital costa takm to be the same as  PIR. 
of nolnallzed costs .' 

f .  Puel cycle cost i a  30-par averaged cost. m e 1  cycle cost fo r  
equilibrium breeder cycle i e  2.4 mills/kvhn. 



from one containing a thermal converter reactor ,  We believe t h i s  i s  a 
reasonable conclusion. The molten-sal t . reactor  uses high-nickel al loys--  
which a re  more expensive than , s t a in l e s s  s tee i s - - for  s t ruc tu ra l  material, 
uses expensive graphite i n  the  core, has an intermediate heat t r ans fe r  
system between the  reactor primary system and the  steam system, and 
requires special  provisions f o r  remote maintenance of radioactive equip- 
ment. However, the  s a l t s  a r e  good heat t r ans fe r  f l u i d s  with high volu- 
metric heat capacity, a r e  chemically s tab le  a t  high temperature and, we 
believe; a t  very high power density, have low vapor pressure, and can be 
used with large temperature differences without mass t r ans fe r  d i f f i c u l t i e s .  
They do not undergo violent  chemical reactions with a i r  o r  water. The 
primary and secondary systems can be compact and, except f o r  pa r t s  of the  
steam generators, can be b u i l t  f o r  low pressure. The reactor  can be 
fueled while a t  power by means of re la t ive ly  simple equipment, and the 
amount of excess r eac t iv i ty  can be kept small.. The plant  can operate 
a t  the  highest therma1,efficiency obtainable with modern steam plant  
practice,  so the cost  i n  do l la rs  per e l e c t r i c a l  kilowatt can be low even 
though the  plant may have more equipment and the  do l l a r s  per thermal k i lo -  
watt may be higher than f o r  a water reactor .  

Operating Costs 

In Table 6 the  operating costs  f o r  the  molten-salt reactors  a r e  
shown t o  be the same a s  f o r  t he  converter reactors .  Most of the  operating 
costs  do not vary much with type of reactor.  ~e have not studied the 
operation and maintenance enough t o  know whether an appreciable cost 
penalty r e su l t s  from handling of the  la rger  quant i t i es  of radioactive 
wastes and from maintenance of the  more-than-normally radioactive.equip- 
ment i n  a molten-salt reactor  plant, so none was included here. Several 
million do l la rs  was included. in  the  cap i t a l  cost  f o r  special  maintenance 
equipment. 

~ u e i  Cvcle and Total  Power Costs 

Table 6 shuws t11a.t t h c  f u e l  cycle cost  f o r  a molten-salt thermal 
brceder reactor i s  lower than f o r  any of the  converter o r  f a s t  breeder 
reactors.  The molten f u e l  and blanket s a l t s  can be reprocessed continu- 
ously o r  semicontinuously by simple physical and chemical processes, 
such a s  vacuum d i s t i l l a t i o n  and f luor ide v o l a t i l i t y ,  i n  a small plant  
connected d i r ec t ly  t o  the  reactor.  Fuel fabr icat ion and shipping costs  
a r e  eliminated; burnup cost  (thorium) i s  negligible;  t he  inventory 
charges a r e  minimal; Lhe c red i t  f o r  bred f u e l  i s  small. A l l  these com- 
bine t o  produce very low f u e l  cycle costs  t h a t  depend very l i t t l e  on the  
s a l e  o r  '33~. The contribution of t.he mined Tho2 and UsOe costs  t o  t he  
t o t a l  power cost  i s  small, so the  lncrease i n  power cost  i n  going from 
the  present low-cost resources t o  $50-per-pound resources should be l e s s  
than 0.3 mill/kwhr. The very low f u e l  cycle cost  r e su l t s  i n  the  molten- 
s a l t  reactor  having an estimated power cost  t h a t  i s  subs tan t ia l ly  lower 
than f o r  any of t he  converter reactors ,  



If one accepts, i n  t h e  absence of estimates, t h a t  t he  cos t s  f o r  
building and operating l a rge  power p lan ts  containing f a s t  breeder reactors  
should not d i f f e r  g rea t ly  from 'the cos t s  f o r  t h e  other  plants  i n  Table 6, 
then differences  i n  power cos t s  depend primarily on d i f fe rences , in  f u e l  
cycle costs .  According t o  t h e  numbers i n  the  table ,  t h e  f u e l  cycle costs  
and t h e  t o t a l  power cos t s  f o r  the  f a s t  breeder plants  a r e  mostly lower 
than f o r  t he  converter p l an t s  but higher than f o r  the  molten-salt thermal 
breeder p lan t ,  

How the  molten-salt thermal breeder and t h e , f a s t  breeders compare 
depends strongly on such charac te r i s t ics  of t he  f a s t  breeders a s  the  
re la t ionsh ip  between t h e  plutonium inventory, t he  breeding gain, t h e  
charge assessed aga ins t  t h e  inventory, and the  value of the  excess plu- 
toniwn produced. These f ac to r s  can be so adjusted t h a t  a f a s t  breeder 
with a very short  doubling time could have negative f u e l  cycle costs .  
I n  view o f '  t he  many uncer ta int ies ,  we i n t e rp re t  the daLa In TSible 5 t o  
inilictlLte pi'fmarily t h a t  a molten-salt thermal breeder plant  could produce 
power a t  a cost  competitive with the  cost  of power from a f a s t  breeder 
p lan t  and with f a r  l e s s  dependence on the  s a l e  o f . f i s s ionab le  material .  
The molten-salt thermal breeder i s  c l ea r ly  a strong competitor t o  the  
f a s t  breeder f o r  achieving t h e  goal of producing power a t  low cost  with 
good f u e l  u t i l i z a t i o n .  

1000-~w(e) MOLTEN-SALT THERMAL BREEDER POWER PLANT 

Studies  of t h e  conceptual design of a 1000-~w(e) molten-sa>t thermal 
breeder power p lan t  (MSBR) and of snmp a l t e rna t ives  ' u r  lmprbtr'ements a r e  
rtjurLecl in uWL-3996, O R N L - ~ O ~ ~ ,  and ORNL-4119. Results of t h e  s.tudies 
are summarized here  and i n  some instances a r e  adjusted t o  incnrporate 
more recent informationi 

l"he MSBR referc~lce aesign i s  a two-reg(ion, two-fluid system with 
f u e l  s a l t  separated from the  blanket s a l t .  by graphi te  tubes. The f u e l  
s a l t  cons is t s  of uranium f luo r ide  dissolved i n  a mixture of l i th ium and 
beryllium f luor ides ,  and the .b lanke t  s a l t ' i s  a thorium f luor ide  - l i thium 
f luo r ide  mixture of eu t ec t i c  composition. The heat generated i n  .those 
f l u i d s  i s  t ransfer red  i n  a primary. sa l t -c i rcu la t ing  system t o  a coolant 
s a l t  i n  a secondary c i r c u i t  which 'couples t h e  reactor . , to  a supercr i t i ca l  
steam cycle. Fuel and.blanket a r e  processed on s i t e  by means of f luor ide  
v o l a t i l i t y  and.vacuum d i s t i l l a t i o n  processes. 

A design cal.led MSBR(P~) i s  a favored var ia t ion  of t he  MSBR. It i s  
t h e  same a s  t h e  reference design except t h a t  t he  blanket s a l t  i s  processed 
t o  remove protactinium on about a half-day cycle. This r e s u l t s  i n  impmved 
performance through a higher.breeding r a t i o ,  a smaller inventory of 
f i s s i l e  mater ia l  i n  t h e  blanket, and a considerable reduction i n  t he  -in- 
ventlory of blanket s a l t .  



Two methods of removing protactinium from f luoride melts have been 
tested on small scale in  the laboratory. In one, Pa02 was shown t o  pre- 
c ip i t a t e  on Tho2 tha t  had been added a s  a sol id  t o  a molten f luoride 
s a l t .  In the second, protactinium was extracted from a fluoride melt 
by molten bismuth with thorium metal a s  a reducing agent. The chemistry 
of these processes i s  favorable, so fur ther  work should provide an in- 
organic ion exchange process o r  a liquid-metal extraction process f o r  
removing protactinium continuously and inexpensively from the blanket 
s a l t  of a breeder reactor.  

Because the  designs a re  so similar the MSBR and MSBR(P~) a re  t reated 
below a s  one plant.  Characteristics for '  both a re  reported where they 
d i f f e r .  

\ ' .  

Reference Plant Design 

Fuel.. Blanket. and Coolant Sa l t s  

Fuel s a l t  f o r  the reactor i s  a ternary mixture consisting of about 
0. YO* UF4, 65. VO 7 ~ i ~ ,  and 34% BeF2. This s a l t  i s  s imilar  t o  the  f u e l  
in  the Molten-Salt Reactor Experiment. A s a l t  containing 2% ThF4, 71% 
LiF, and q o  BeF2 is proposed f o r  the blanket. A mixture of 4% NaF, 4% 
KF, and 4% BFs i s  the  favored coolant s a l t  because of i t s  low liquidus 
temperature and low cost.  Estimates of the  physical properties of the 
s a l t s  a re  reported i n  Table 7. 

Flowsheet 

A flowsheet f o r  the 1000-Mw(e) plant i s  'presented in  Fig. 4. ' Fuel 
i s  pumped .through the reactor a t  a ' r a t e  of about 44,000 gpm, entering 
the  core a t  '1000"~ and leaving a t  1300°F. The primary fue l  system 'has 
four loops, each loop having a heat exchanger and a 'pump of 11,000-gpm 
capacity. The blanket system has four  pumpsland heat exchangers, smaller 
but similar t o  the components in  the f u e l  system. Blanket s a l t  circu- 
l a t e s  through each o f . t h e  four loops a t  a r a t e  of 2000 gpm, entering the 
reactor vessel a t  1150" and leaving a t  1250°F. 

Four 14,000-gpm pumps circulate  the sodium f luoroborate coolant 
s a l t  through the  she l l  sides of the primary heat exchangers. The s a l t  
enters  a t  8 5 0 " ~ ~  leaves a t  1112"F, and then passes through the  she l l  
sides of the blanket heat exchangers where it i s  fur ther  heated t o  
1125"~ .  The coolant then passes in  pa ra l l e l  through sixteen once-through 
boiler-superheaters and eight steam reheaters. 

* A l l  values a re  i n  mole $. 



TabIe 7. Estimated Physical Properties of MSBR Fuel, 
. Blanket,, and Coolant sa l t sa  

Fuel. Sa l t  Blanket Sa l t  Coolant Sa l t  

Composition, mole $ 65.7 ~ i ~ - 3 4 . 0  BeFr 
0.3 uF4 

Liquid temperature, OF e5 2 

Ref ererce temperature f o r  properties,. "F 115 0 

Density, 1b/ft3 127 

Viscosity, lb/f t -hr  19 
Thermal conducti-~ity, ~ t u / f t  -hr- OF 0.6 - 
Heat capacity, ~;u/lb-OF 0 0 55 

a S, Cantor, R.  E. Thorn, J. W. Coclke, an? H. W. Hoffman, Estimated Physical Properties of 
MSBR Fuel, Blanket, and Coolant Salts,  0~m-1~~-67-3 -18   a arch 10, 19671. 
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Fiz. 4. Molten-Salt Breeder Reactor Flow Diagram. 



The steam system is  essent ia l ly  t h a t  of the  new Bull Run plant of the 
TVA, modified t o  increase the  rat ing t o  1000 ~ w ( e )  and t o  preheat the  work- 
ing f l u i d  t o  700°F before it enters  the  boiler-superheaters. Use of the 
supe rc r i t i ca l  steam cycle appears t o  ease some problems of design of steam 
generators f o r  molten-salt reactors  and r e su l t s  in  a t k r m a l  efficiency of 
about 45%. 

Reactor Design 

The MSBR c e l l  arrangement is  shown i n  plan i n  Fig. 5.  On two sides  
of t h e  reactor  c e l l  are '  four  shielded c e l l s  containing the  boiler-super- 
heaters  and the reheaters; those c e l l s  can be isolated . individually f o r  
maintenaxice. A c e l l  f o r  handling the  gaseous f i s s ion  products from the  

and two ce l l s '  f o r  processing the  f u e l  and blanket s a l t s  a re  ad- 
jacent t o  the  reactor  c e l l .  Cells a re  a l so  provided f o r  decontamination 
and storage and r epa i r  .of xwdioaativc equipme11-L. 

An elevation of t h e  plant  i n  Fig. 6 shows the  arrangement of equipment 
i n  t h e  reactor  and coolant ce l l s ,  and a more detai led view of the  reactor 
primary equipment i s  shown i n  Fig. 7. The reactor  vessel i s  about 14 f t  
i n  diameter by about 19 f t  high, is  designed f o r  1200°F and 150 ps i  and 
has a metal-wall thicknesses i n  the  range of 1 t o  3 in .  

The reactor  vessel  contains a 10-ft-diam by 12-112-ft-high core 
assembly composed of 534 graphite f u e l  c e l l s  of a type s imilar  t o  t h a t  
shown i n  Fig. 8. Fuel from t h e  entrance plenum i n  the  reactor vessel 
flows upward through the  annulus and downward through the  large cent ra l  
passage i n  the  graphite tubes t o  the  outl-et, plenum. Fuel i s  circulated 
from t h e  ou t l e t  plenum through the pumps t o  the  heat excl~angers and t hen  
Lack t o  the  reactor .  A 1-l/2-ft-thick blanket and a 3-in. - thick graphite 
r e f l e c t o r  surround the  core. The thorium s a l t  c i rcu la tes  through the  
blanket region, through the  passages between f u e l  c e l l s  i n  the  core, and 
through the  heat removal system outside the  reactor vessel,  

Values chosen f o r  some of the  MSBR and MSBR(P~) design parameters 
a r e  l i s t e d  i n  Table 8. 

The reactor  vessel  and a l l  other equipment.that holds s a l t  i s  made 
of Hastelloy N, a nickel-base a l loy  containing about. /$ molybdei~uu, 6 
chrami-m, and 4% iron.  %is material  i s  highly r e s i s t an t  t o  corros,ion 
by f luor ide  s a l t s  and has good strength a t  high temperature. The high- 
temperatu'h creep propert ies  of Hastelloy N presently obtainable commerci- 
a l l y  de ter iora te  under i r radiat ion,  but small changes i n  the  a l loy  o f fe r  
promise of eliminating t h i s  deficiency. 

The graphite i s  a high-density grade processed t o  achieve small pore 
openings f o r  low" permeability t o  s a l t .  Superior, resistance t o  damage by 
i r r ad ia t ion  i e  important, but t he  core i s  designed t o  keep the  f l u x  gradi- 
en ts  small scross individual pieces and t o  permit the  graphite t o  expand 
o r  contract with l i t t l e  r e s t r a i n t .  



. . 
OECONTA 

AND 

I - 144' - 
Fig. 5 .  Molten-Salt Breeder Reactor - Cell  Arrangement, Plan View.  



/- CONTROL ROD DRIVE 

COOLANT SALT> FUEL CIRCULAT-NG  PUMP^ PUMPS \ I I / 

SUPERHEATERS 

f FLEL HEAT EX% 
HEAT EXCH. 

Fig. 6. Molten-Salt Breeder Reactor - Cell Arrangement, Elevation. 
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Table 8: Reactor Design valuese 

MSBR 

Power, Mw 

T h e m 1  
Elec t r ica l  

Thermal efficiency, f ract ion 

Plant load fac tor  

Xeactor vessel 

Outside diameter, f t  
Overall height, f t  
Wall thickness, in .  
Head thickness, ' in .  

Core 

Height of act ive core, f t  
Diameter, f t  
Number of graphite f u e l  passage 
Volume, f t3  
Volume f ractions 

Fuel s a l t  
Blanket s a l t  
Graphite moderator 

Atom ra t ios  
Thorium t o  uranium 
Carbon t o  uranium 

Neutron flux, core average, 
neutrons/cm2~aec 

~ h e r m a l  ; 

Fast 
Fast, over 100 kev 

Power density, core average, 
kw/liter ' . . 

Gross 
. In  f u e l  s a l t  

Blanket 
Radial thickness, f t  
Axial thickness, f t  
Volume, ft3 
Volume fract ion,  blanket s a l t  

tubes 

Reflec.to:r. thickness, in .  3 

Fuel s a l t  
I n l e t  temperature, OF 1000 
Outlet temperature, O F  i300 
Flow rate,  f t / sec  ( t o t a l )  95 -7 

gpm . 42,950 

Continued 
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Table 8 (continued) 

' MSBR(P~) MSBR 

Fuel salt (continued) 
Nominal volume holdup, ft3 

Core 
Blanket 
Plena 
Heat exchangers and piping 
Processing plant 

Total 

Nominal salt composition, mole $ 
LiF 
BeF2 
UFe (fissile) 

Blanket salt 
Inlet temperature, OF 
Outlet temperature, O F  
Flow rate, f13/sec (total) 

&Pm 
~olunie holdup, ft3 

Core 
Blanket 
Heat exchanger and piping 
Processing 
Storage for protactinium de&y 

Total 

Salt. compssition, molc @ 
LiF 
.'BeF2 
ThF4 
UF4 (f issile) 

System fissile inventory, ka 
Syskem fertile inventory, kg 

Processing data 
Fuel stream 

Cycle time, days 
Rate, ft3/day 
Processing cost, $/ft3 

Blanket stream 
Equivalent cycle time, days 

Uranium-removal process 
protactinium-removal process 

Equivalent rate, ft3 per day 
Uranium-removal process 
Protactinium-removal process 

Equivalent processing cost (based 
on uranium removal), $/ft3 

.. 
Continued 
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. Table .8 (continued) 

MSBR (pa ) MSBR 

Fuel yield, %lyr 
Net breeding r a t i o  

F i s s i l e  losses in  process.ing, atoms. 
per f i s s i l e  absorption 

Specific inventory, kg of f i s s i l e  
material per 'megawatt' of 
e l e c t r i c i t y  produced 

Specific power, Mw(th)/kg of 
f i s s i l e  material 

Fraction o f . f i s s i o n s  in  f u e l  stream ,o. 996 0 987 

~ r a c t i o n '  of f i ss ions  in  thermal-neutron 
group 0.815 0.806 

Net neutron .production per f i s s i l e  
absorption (G) 2.227' 

a This tab le  and others taken from 0 ~ ~ ~ - 3 9 9 6  have been revised t o  
include the  e f fec ts  on inventories of a reducedthermal conductivity of 
the f u e l  s a l t .  

Heat Exchange~Systems 

The f u e l  heat  exchanger^ a re  of the tube and !shell design' and are  
combined with the pumps ,as shown i n  Fig. 9. Fuel s a l t  from the reaLctor 
flows in to  the impeller of the pump and i s  discharged down through the 
tubes of the inner bundle. It then flows upward through the tubes of 
the outer bundle and back t o  the reactor core. The coolant s a l t  enters, 
the she l l  a t  the bottom, flows upward along the outer wall, then through 
the tube bundles countercurrent t o  the flow of the f u e l  s a l t  and out 
through the center pipe. 

The blanket heat exchangers t ransfer  only a small f ract ion of the 
heat, but they pass the f u l l  flow of coolant from the f u e l  heat exchangers. 
They a,re similar t o  the fue l  heat exchangers and are  designed f o r  single- 
pass flow of coolant on 'the shel l . ' s ide,  although two-pass. flow i s  retained 
f o r  blanket s a l t  i n  the tubes. 

Fuel and blanket pumps'are sump-type humps b u i l t  i n to  the upper heads 
of the heat exchangers. While t h i s  complicates the  design of some of the 
equipment, it reduces the s a l t  inventory (part icular ly i n  the  f u e l  system), 
the  amount of 'piping, and some of the s t r e s s  problems during heating and 
cooling of the systems. Concentric piping i s  used between the reactor 



Fig. 9. Moiten-Salt Breeder Reactor Primary Heat Exchanger and Pump. 



vessel and the heat exchangers fo r  the same reason. The f u e l  heat ex- 
changers and pumps are  below the core .so the f u e l  s a l t  in  the  core w i l l  
drain quickly in to  tanks, where it can be cooled more easily,  i f  t he .  
pumps stop. 

The boiler-superheaters a re  long, slender, U-tube - U-shell exchangers. 
Coolant s a l t  flows through the shel l ,  entering a t  1125.OF and leaving a t  
8 5 0 " ~ .  Water preheated.to about.700°F enters  the tubes a t  3800 ps i  and 
leaves as  supercr i t ical  steam a t  1000°F and 3600 ps i .  

Steam i s  extracted from the high-pressure turbine a t  about 550 OF and 
reheated t o  1000°F and 540 ps i  before use in  the  intermediate pressure 
turbine. This i s  accomplished by heating par t ly  with prime steam i n  pre- 
heaters and par t ly  with coolant s a l t  i n  reheaters. 

Since the freezing temperature of the coolant s a l t  i s  about 7 0 0 ~ ~ ~  
it seems desirable ' to  preheat the working f l u i d  t o  almost 700°F before 
it enters the boiler-superheaters o r  reheaters. This i s  the  purpose of 
the ,steam preheaters ahead of the reheaters. The prime steam from those 
preheaters i s  injected in to  the feedwater i n  a mixing t e e  t o  heat the 
water t o  the  desired temperature before it enters  the  boiler-superheaters, 

use of the  supercr i t ica l  steam cycle makes possible t h i s  matching of 
s a l t  and feedwater temperatures. It i s  believed t o  reduce the thermal 
cycling (and fat igue)  of the  tubes. t ha t  would occur i n  the boiling regions 
of the  steam generators a t  lower pressure. The net thermal efficiency 
of the  plant i s  about '4576 and would be higher i f  higher .temperatures 
could be used effect ively i n  the steam system. 

Fuel and Blanket. Processina 

The primary objectives of the  processing are  t o  separate f5ssion 
products i n  low concentration from the other consti tuents of t h e ' f u e l  
s a l t  and t o  separate bred f i s s i l e  material i n  low concentration from the 
other constituents of the  blanket s a l t  while keeping the losses and the 
costs low. With the f luoride fue l  and blanket s a l t s  of the MSBR, these 
ob,jectives can be f u l f i l l e d  by a combination of f luoride v o l a t i l i t y ,  
vacuum d i s t i i f a t i o n  an$'protactinium extraction processes, The process- 

: ing i s  done continuously o r  semicontinuously i n  cell- space adjacent t o  
the reactor; services and some other equipment required f o r  the reactor 
a re  shared by the processing plant.  Shipping, long storage a t  the  reactor 
and reprocessing s i t e s ,  and refabrication of f u e l  and blanket a re  elimi- 
nated. A l l  these factors  lead t o  reduced inventories, improved fue l .  
u t i l iza t ion ,  and reduced costs .. 

The. f u e l  s a l t  f o r  the MSBR and' the MSBR(P~) i s  processed by fluoride 
v o l a t i l i t y  t o  remove the uranium and by vacuum distilla-bion t o  separate 
the ca r r i e r  s a l t s  from'the f i ss ion  products. ,Fo r  the MSBR the blanket i s  
processed by fluoride v o l a t i l i t y  alone. The cycle time i s  short  enough' 
t o  maintain the concentration of f i s s i l e  material very low. The inventory 
of blanket s a l t  i s  made large t o  keep the  Pa losses small. For the MSBR(P~) 
the blanket stream i s  t reated by a liquid-metal extraction process 



o r  an exchange process t o  remove Pa and z 3 3 ~  on a very short  cycle. I n  
t h i s  case t h e ' f i s s i l e  inventory i n  t he  blanket and the blanket s a l t  
inventory can.be kept t o  a minimum. 

Pr inc ipa l  s teps  i n  t h e  processes a r e  shown i n  Fig. 10. Small streams 
of core and blanket f l u i d s  .are withdrawn continuously from the  reactor  
and c i rcu la ted  through t h e  processing system. After processing, t he  decon- 
taminated f l u i d s  a r e  returned t o  t he  reactor  a t  convenient 'points such a s  
t h e  storage tanks. ~ n v e n t o r i e s  ' i n  t he  . processink piant  a r e  estimated t o  
be  about 55 of t h e  reac tor  f u e l  system inventory and l e s s  than' l$ .of t he  
blanket inventory. 

The f u e l  and blanket processing p lan ts  a r e  intended t o  operate con- 
t inuously i n  conjunction with t he  reactor .  However, t he  reactor  can con- 
t i nue  t o  operate when a l 1 , o r  pa r t  of t he  processing plant  i s  shut down f o r  
maintenance. During a 30-day : in terrupt ion i n  processing of t h e  blanket, 
t h e  increase i n  concentration of i n  t h e  blanket s a l t  would produce an 
increase of l e s s  than 2@ i n  t he  amount of heat generated i n  .the blanket. 
Since 233~ would not be ava i lab le  from the  blanket, t he  burnup i n  t he  core 
would have t o  be compensated by supplying f i s s i l e  mater ia l  from a reserve. 

Interrupt ion of t h e  processing of t he  f u e l  stream would cause the  
f i s s i o n  product concentration i n  the  f u e l  t o  increase. F i s s i l e  mater ia l  
would have t o  be added t o  comp'ensate f o r  burnup and f o r  t h e  gradual increase 
i n  poison leve l .  During- periods of operation without processing, there  
would a l s o  b e ' a  gradual decrease i n  the  breeding gain. The decrease would 
be  l e s s  than 0.02 i n  30 days. 

Reactor Power Plant 

Preliminary estimates of t he  . cap i ta l  cost  of a 1000-~w(e) MS~~'..power 
s t a t i on  indicate '  a d i r e c t  construction cost  of about $81 million. ' After 
applying the  ind i r ec t  cost  f ac to r s  used i n  t he  advanced converter evalu- 
a t i ~ n , ~  t h e  estimated t o t a l  plant  cost  . i s  $115 mill ion f o r  .private financ- 
ing .and $111 million f o r  publ ic  .financing. . A  summary of plant  cos t s  i s  
given i n  Table 9. The conceptual'design was not su f f i c i en t ly ' de t a i l ed  t o  
permit a completely r e l i a b l e  estimate; however, t he  design.and estimates 
were studied thoroughly enough t o  make meaningful comparisons with p,reyi- 
ous converter-reactor-plant cost  s tudies .  The r e l a t i ve ly  low cap i t a l  
cost  r e s u l t s  from t h e  small physical  s i z e  of t h e  MSBR and the  simple con- 
t r o l  requirements. 'Phe r e s u l t s  of t he  study encourage the  b e l i e f . t h a t  
t h e  .cost of an MSBR power s t a t i on  w i l l  be a s  low a s  f o r  s t a t i ons  u t i l i z i n g  
o the r  reac tor  concepts. 

The.operating and maintenance costs  of the. MSBR were not estimated. 
Based on the  ground ru l e s  used i n  Ref. 4, these costs  wouldbe 0.34.  
milllkwhr (e  ) . 
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Table 9 .  Preliminary Cost-Estimate summarya fo r  a 1000-~w(e) Molten-Salt 
Breeder Reactor Power Station [MSBR(P~) o r  MSBR] 

Federal 
Power 

Commission 
Account 

Costs 
( i n  thousands of 

dol lars)  

Land and Land Rights 

Structures and Improvements 

211 Ground improvements 

21.2 Building and structures 

.1 Reactor buildingb 

.2 Turbine building, auxi l iary building, and feedwater 
hontor opnoo 

.3  Offices, shops, and laboratories 

.4 Waste disposal building 

.5 Stack 

.6 Warehouse 

.7 Miscellaneous , , 

Subtotal Account 212 

Total Account,2l 

Reactor Plant Equipment 

221 Reactor equipment 

.1 Reactor vessel and in temals  

.2 Control rods 

.3 Shielding and containment 

.'I Rnnt.ine. cnoling oyobema end vapol--suppl'aablo~~ 
system 

.5 Moderator and l e f l ac lu r  

.6 Reactor plant crane 

222 Heat t ransfer  systems 

.1 Reactor coolant systelil 

.2 Intermediate cooling system 

. 3  Steam generator and reheaters 

.4 Coolant supply and treatment 

223 Nuclear fue l  handling and storage (drain tanks) 

224 Nuclear, f u e l  processing and fabrication (included in 
fuel-cycle costs) 

225 Radioactive waste treatment and dispoeal. (off-gas 
system) 

226 Instrumentation and controls 

227 Feedwatcr oupply and treatment 

228 Steam, condensate, and feedwatcr plping 

229 Other reactor plant  equipment (remote maintenance) 

Total Account 22 

%stirnates a re  based on 1966 costs f o r  an established molten-salt nuclear parer plant 
industry. 

b~ontainment cost is included in  Account 221.3. 

'see Table 3 f o r  these costs .  
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Table 9.  (continued) 

Federal 
Power 

Commission 
Account 

c o s t s  
( i n  thousands of 

do l l a r s )  

--- - -- 

23 Turbine-Generator Units 

231 Turbine-generator un i t s  

232 Circulating-water system 

233 Condensers and a u x i l i a r i e s  

234 Central  lube-oi l  system 

235 Turbine p l an t  instrumentation 

236 Turbine p l an t  piping 

237 Auxiliary equipment f o r  generator 

238 Other turbine p l an t  equipment 

Total  Account 23 

Accraaui'y' E lec t r i ca l  

241 Switchgear, main and s t a t ion  service  

242 Switchboards 

243 Sta t ion service  transformers 

244 Auxiliary generator 

245 Distributed items 

Total  Account 24 

Miscellaneous 

Tota l  Direct Construction costd 

Tota l  i nd i r ec l  cosL 
Tota l  p l an t  cos t  

Public Financing 

Total  i nd i r ec t  cos t  
Tota l  p l an t  cos t  

a . Does not include Accoi~n' PO, Land Costs. Land i s  t r ea t ed  a s  a nondepreciating c a p i t a l  item. 
However, land costs  were included when computing ind i r ec t  cos t s .  



Fuel.Recycle Plant 

The cap i t a l  costs of the  fue l  recycle plant f o r  processing 15 ft3/day 
of ' f u e l  s a l t  and. 105 ft3/day of blanket s a l t  in  a 1000-~w(e) MSBR 'power 
s ta t ion  were obtained liy itemizing and costing the  major process equipment 
and by estimating the  costs  of s i t e ,  buildings, 'instrume.ntation, waste ; 

disposal, andbuilding services associated k i th  fue l  recycle. Table 10 
summarizes the d i rec t  construction costs, the.  indirect  costs, and t o t a l  
costs' of t h e  plant ,  The t o t a l  i s  $5.3 million. The operating and main- . . 
tenance costs  f o r  the  plant include labor, labor overhead, chemicals, 
u t i l i t i e s ,  and maintenance materials. The t o t a l  annual ' cost is  estimated 
t o  be about $721$00, ..-wh'ich i s  equivalent t o  about 0.1 mill/kwhr(e) . 

, ' 

A breakdown of these chaxges:'is given in  Table 11, 

Table 10. Siurrmary of Process.ing-Plant. capi ta l  Costs . . 
f o r  a 1000-Mw(e) MSBR 

Ins ta l led  pTocess equipment $ 853,760 

Structures and improvements . 556,770 

Waste storage 387,970 

Process piping 
. . i257800 
Process instrumentation 272,100 

Elec t r ica l  a 'uxiliaries 34,300 

Sampling connections ?0,000 

Servsce and u t i l i t y  piping 128,060 

Inculation ' 50,510 

Radiation monitoring 100,000 

Total d i r ec t  cost $2,609,270 

Construction overhcad 
- (3011 of diicecL costs)  

subtotal  construction cost $3, 392,050 

~ n ~ i n e e r i n g  and inspection 848,010 
. (25% of subtotal construction cost) . 

Subtotal plant cost $4,240,060 

Contingency (25% of subtotal ~ , o ~ o , o ~ o  
plant cost ) 

~ o t a l '  cap i t a l  cost $5,300,000 



Table 11. Summary of Annual Operating 
and Maintenance Costs f o r  Fuel 
Recycle in  a 1000-~w(e) MSBR 

Direct labor $222,000 

Labor overhead 177,600 

Chemicals 14,640 
. . 

Waste containers 28,270 

U t i l i t i e s  80,300 

Maintenance mate r i a l s  

S i t e  2,500 
Services and u t i l i t i e s  35,880 
Process equipment l60,000 

Total annual charges $721,230 

The capi ta l  and operating costs f o r  t h i s  plant were the  basis  f o r  
deriving the costs of plants with other capacities.  The relationship 
of cost t o  volume of s a l t  processed was estimated separately f o r  fue l  
and blanket streams t o  give the  curves shown i n  Fig. 11. Data from 
those curves were used in  the  fuel-cycle-cost optimization studies t o  
represent the e f fec ts  of varying the plant s i ze  and throughput. 

For the EBR(P~)  plant the  processing methods and 'costs were the 
same as those f o r  the  MSBR plant except f o r  the blanket processing. The 
cost of protactinium removal from the blanket s t r e a m ' 6 s  estimated t o  be 

where c ( P ~ )  i s  the capi ta l  cost of the protactinium removal equipment, 
i n  millions of dol lars ,  and R i s  the processing r a t e  f o r  protactinium 
removal in  thousands of cubic f e e t  of blanket s a l t  per day. Calculations 
of the t o t a l  costs of fue l  recycle in  the M S B R ( P ~ )  were based o'n the 
curves in  Fig. .11 f o r  the f u e l  stream. and on Eq. (1) combined with the 
curves in  Fig. 11 f o r  the blanket stream. 

Nuclear Perf orrrfince and Fuel Cycle Ana1ys.e~ 

The f u e l  cycle cost and the fue l  yield a re  closely related, xet  .inde- 
pendent I n  the sense tha t  two nuclear designs can have s imilar  costs but 
s ignif icant ly d i f fe rent  yields .  The objective of the  nuclear design 
calculations was primarily t o  f ind the conditions t h a t  gave the  lowes-t . . 
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Fig. 11. MSBR Fuel.-Recycle Costs se, a Function of Processing Rates. 
Fluoride v o l a t i l i t y  plus vacuum d i s t i l l a t i o n  processing for  core; f luoride 
v o l a t i l i t y  processing f o r  blanket; 0.8 plant factor;  .1.2$/yr cap i t a l  charges 
fo r  investor-owned processing plant. 



fue l  cycle cost, and then, without appreciably increasing t h i s  cost, the 
highest f u e l  yield.  

-4nalysis Procedures and Basic Assumptions 

The nuclear calculations were performed with a multigroup, diffusion, 
equilibrium reactor program, which calculated the nuclear performance, 
the equilibrium concentrations' of'  the various nuclides,. including the 
f iss ion products;:and the fuel-cycle cost f o r  a given s e t  of conditions. 
The 12-group neutron cross sections were obtained from neutron spectrum 
calculations, .  with the  core heterogeneity taken in to  cbnsideration i n  
the thermal-neutron-spectrum computations. ..The nuclear designs were 
optimized by parameter studies, with most emphasis on minimum fuel-cycle 
cost and wi th . lesser  weight given t o  maximizing the'.annual f u e l  yield.  
Typical parameters varied were the  reactor dimensions, blanket thickness,' 
f ract ions of f u e l  and f e r t i l e  s a l t s  i n  the  core, and the  fue l -  and f e r t i l e -  
stream processing r a t e s ,  

The basic economic assumptions einployed i n  obtaining the fuel-cycle 
costs a re  given in  Tabie 12. The processing costs  a re  based on those .  
given i n  the  previous section and a re  included i n  the  fuel-cycle costs .  
A f i s s i l e  material l o s s  of 0.1% per pass through' the  fuel-recycle plant 
was applied. J 

Table 12. ~cokomic Ground Rules Used i n  
Obtaining Fuel-Cycle Costs 
. . 

Reactor power, ~w(e) 1000 

Thermal efficiency, $ 45 
L ~ a d  fac tor  0.80 

Cost assumptions 

Value of Z 3 3 ~  and Z33~a, $/g 14 
value of $/& 12 
Value of thorium, $/kg 12 
Value of ca r r i e r  s a l t ,  $/kg 26 
Capital charge, $/yr 

Private financing 
Depreciating capi ta l  12 
Nondepreciating capi ta l  10 

Public financing 
Depreciating capitnl 7 
Nondepreciating capi ta l  5 

~ r o c e s s i n ~  cost: given by curves 
i n  Fig. 11, plus cost given by 
Eq. (I), where applicable. 



The effective behavior used in the fuel-cycle-performance calcula- 
tions for .the various fission products was that given,,. in Table 13. The 
gas-stripping system is provided to remove fission- roduct gases from the 
fuel salt. In the calculations reported here, the E35Xe poison fraction 
was assumed to be 0.005. 

Table 13. Behavior of Fission Products 
in MSBR Systems 

Behavior 

Elements present as gases; assumed to be Kr, Xe 
removed by gas stripping (a poison . : 

fraction of 0.005 was applied) 

Elements that f orm stable metallic. colloids; . Ru, Rh, Pd, Ag, In 
removed by fuel processing 

Elements that form either stable fluorides Se, Br, Nb, Mo, Tc, 
or stable metallic. colloLds; removed by Te, I 
fuel processing 

Elements that form stable fluorides less Sr, Y, Ba, La, Ce,' 
volatile than LiF; separated by vacuum Pr, Nd, Pm, Sm, 
distillation h, Gd,< Tb 

Elements that are not separated from the Rb, Cd, Sn, Cs, Zr 
carrier salt; removed only by salt discard 

The control of corrosion products, in molten-salt fuels does not 
appear to be a significant problem, so the effect of corrosion products 
was neglected in the nuclear calculations. The corrosion rate of Hastel- 
lox N in molten salts is very low; in addition, the fuel-processing 
operations can controi corrosion-pmduct buildup in the fuel. 

The important parameters describing the MSBR and MsBR(P~) designs 
are given in Table 8. Many of the parameters were fixed by the ground 
rules for the evaluation or by engineering-design factors that include 
the thermal efficiency, plant factor, capital charge rate, maxim fuel 
velocity, size of fuel tubes, processing costs, fissile-loss rate, and 
the out-of-core fuel inventory. The parameters optimized in the fQel- 
cycle calculations were the reactor dimensions, power density, core 
composition (including the carbon-to-uranium and thorium-to-uranium ratios.), 
and prnnea~ ing  r a t , e ~ .  



Nuclear Performance and Fuel-Cycle Cost 

The general resu l t s  of the nuclear calculations a re  given i n  Table 8; 
the neutron-balance resu l t s  a re  given i n  Table 1k .  The basic  reactor 
design has the  advantage of zero neutron losses t o  s t ruc tura l  materials 
in  the core other than the moderator, Except f o r  the loss  of delayed 
neutrons i n  the external f u e l  c i rcu i t ,  there  i s  almost no neutron leakage 
from'the reactor because of the thick blanket. The neutron.losses t o  
f i ss ion  products a re  low because of the low cycle t-hnes associated &th 
f i s sion-product removal. 

The components of the fuel-cycle cost f o r  the  MSBR(P~) and the  MSBR 
are summarized i n  ~ a b i e  15. The main components a re  the f i s s i l e  inventory 
and processing costs.  The inventory costs a re  . ra ther  r ig id  f o r  a given 
reactor design, since they 'are . largely determined by the external f u e l  
volume. The processing costs a re  a function of the processing-cycle 
times, one of the chief parameters optimized i n  t h i s  study. A s  Shown by 
the r e su l t s  i n  Tables 8 and 1-5 . t he  a b i l i t y  t o  remove d i r ec t ly  
from the blanket stream has a marked ef fec t  on the f u e l y i e l d  and lowers 
the fuel-cycle cost by about 0.1 mill/kwhr(e) . This i s  due primarily t o  
the decrease i n  neutron absorptions by protactinium when t h i s  nuclide i s  
removed from the core and blanket regions. 

In obtaining the  reactor design conditions, the optimization pro- 
cedure considered both fue l  yield and fuel-cycle cost' a s  c r i t e r i a  of 
performance. The corresponding fuel-cycle performance i s  shown i n  Fig. 
12, which gives the minimum -fuel-.cycle cost a s  a function of fuel-yield 
r a t e  based"on privately financed plants and a plant fac tor  of 0.8. The' 
design conditions f o r  the MSBR(P~) and MSBR concepts correspond t o  the 
designated point's i n  Fig. 12. 

Power-Production. Cost and Fuel-Utilization 
Characteri.stics 

The power-production costs are.based on the cap i t a l  cos ts  given 
above, operation and maintenance charges, and fuel-cycle costs.  Table 16 
summarizes the power-production cost and the fue l -u t i l iza t ion  character- 
i s t i c s  of the  MSBR(P~) and MSBR plants.  Both concepts produce power a t  
low cost and have good fue l -u t i l iza t ion  character is t ics .  1n' terms of f u e l  
ut , i l ization, the  MSBR(P~) concept i s  comparable t o  a f a s t  breeder reactor 
with a specif ic  inventory of 3 kg of f i s s i l e  .material per megawatt of 
e l e c t r i c i t y  .produced and a doubling time of 9 years, while the MSBR plant 
' i s  comparable t o  the same f a s t  breeder with a doubling ti'me of 12 years. 

Alternatives t o  the  Reference Desinn 

The MSBR and MSBR(P~ ) reference des kgn represents extrapolation t o  
a large scale of tekhnology t h a t  has-been mostly demonstrated' on. a .much 
smaller scale .  The major uncertainty i s  whether the graphite f u e l  ce l l s  
will .have an economical l i f e  i n  the high f a s t  neutron f l u i i n  t h e  core. 



Table 14. Neutron Balances f o r  the MSBR(P~) and the MSBR Design Conditions 

MSBR( Pa ) MSBR 
Neutrons per  F i s s i l e  Absorption Neutrons per  F i s s i l e  Absorption 

Mater ia l  
Absorbed Neutrons Producing Total  Absorbed Neutrons 

Fission 
Produced Produced Absorbed gpdgi6n 

Car r i e r  s a l t  
(except 6 ~ i )  

~i 

Other f i s s i o n  
products , 

Delayed neqt.rQn8 
l o s t a  

Leakage b 

Total 

a Dclaycd neutrons emitted outside core. 

bleakage, including neutrons absorbed in re f l ec to r .  



Table 15. Fuel-Cycle Cost fo r  MSBR(P~)  and MSBR ~ l a a t s ~ ' ~  

MSBR(P~) Cost (mill/kwhr) MSBR Cost [mill/kwhr( e ) ] 

Fuzl Fe r t i l e  Grand Fuel . Fer t i l e  Subtotal Grand 
S t ~ a m  Stream Total Strean St ream Total 

F i s s i l e  inventory 0.1198 0.0208 0.1413 0.1247 0.0324 0.1571 

Fe r t i l e  inventory 0.0300 0.0179 0.0179 0.045.9 0.0473 

Sa l t  invantory 0.0156 0.0226 0.0396 0.0154 0.05eo 0.0734 

Total inventory 0.20 0.28 

Fe r t i l e  replacement 0.0.300 0.0041 0.0041 0.0185 0.0185 

Se l t  replacement ' .  0.0536 0.0035. 0.0671 ,O .0565 0.02 17 0.078.2 

Total replacement . . 0.07 , 0.iO 

Processing . 0 . ~ 9 5  0.0637 0.1932 0.1223 0.0440 0.1663 

Total processing 0.19 0.17 

(0.10) Product ion credi t  (0.07) 

Net fuel-cycle cost 0.36 0.48 

a 
Eased on i n v e s t o r - k e d  power plant and 0.80 plant  factor .  

b~ns luding  2 3 3 ~ a ,  23317, and 2 3 6 ~ .  

C Re-~ised 
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Fig. l2. VariatZon of Fuel-Cycle Cost ' w i t h  R ~ e l  Yield in. MSFB, an.6. 
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Table 16. Power-Production Cost and Fuel-Utilization Characteristics 
' of the MSBR(P~) and the MSBR ~ l a n t s ~ ' ~  

MSBR(P~) MSBR 

Specific fissile inventory, 
kg/mw( e 

Specific fertile inventory, 
k g / W  e 

Breeding ratio 

Fuel-yield rate, $/yr 

Fuel doubling time, years 

C Power doubling time, years 9 - 3  15.0 

Private Public Private Public 
Financing Financing Financing Financing 

Capital charges, mills/kwhr(e ) 1.95 1.10 . 1.95 1.10 

Operating' and maintenance cost, 0.34 ' 0.34 0.34 0.34 
mlll/kwhr(e) 

Power-production cost, 2.7 1.7 2.8 1.8 
millti/hwl~i9(e) 

&Based on 1000-~w(e) plant and a 0.8 load factor.'. Private financing con- 
siders a capital charge rate of 12$'yr for depreciating capital and of 10$lyr for 
nondepreciating capital; public financing considers a capital charge rate of 
7$/yr for depreciating capital and 5$/yr for nondepreciating capital. 

, b~nverse of the fuel-yield rate. 
' 

C 
Capability based on continuous investment o f  the net bred fuel in new re- 

actors; equal to the reactor fuel doubling time multiplied by 0.693. 
'costs of on-site integsa.Led processing plant included in this value. 
e Revised. 



This , : in  turn,  i s  re la ted  t o  the  cost  i n  equipment, e f fo r t ,  and downtime 
t o  do maintenance of t h e  highly radioactive core and other  components 
i n  the.:reactor primary' systems. Several a l te rna t ives  t o  t he  reference 
design'have been proposed and they a r e  primarily concerned with making 
these  problems l e s s  d i f f i c u l t  and i n  :some instances with generally i m -  
p rovhg  t h e  performance of t h e  breeders. .These a l te rna t ives ' and  the  
extent  t o  which they should be included i n  t he  program of development 
of l a rge  power breeder s t a t i o n s  a r e  discussed below. 

Modular Designs 

The reference design has four  f u e l  c i r c u i t s  and four  blanket c i r c u i t s  
operatsng off  one reac tor  vesse l  i n  order t o  produce 1000 ~ w ( e ) .  One 
coolant c i r c u i t  i s  f o r  each f u e l  and blanket'  c i r c u i t .  If a 
graphi te  tube i n  t h e  core were t o  f a i l  o r  a 'pump i n  t he  primary system 
.were t o  .s top .or a tube in ,  s: primary heat. exchanger were t o  f a l l ,  .L;l~a 
e n t i r e  plant.would have t o  be  shut,down u n t i l  t he  f a u l t  m s  repaired. 
We be l ieve  the  components can h'e made ' re l iab le  enough so that  uuch shut- 
downs w i l l  be' infrequent, but  they w i l l  happen. .. 

A s  ' an a l te rna t ive ,  a modular design was evolved with t he  objective 
qf providing assurance of high p lan t  ava i l ab i l i t y .  Each primary c i r c u i t  
of t h e  reference design and i t s  secondary c i r c u i t s  were connected t o  a 
separate  reac tor  vesse l  t o  provTde four  556-~w(th) reactor  modules. The 
modulek were in s t a l l ed  i n  separate c e l l s  SO t h a t  one could be repaired. 
while t h e  others  were operating. The layout i s  shown i n  plan and e le -  

' vation i n  Figs. ' 13 and. 14. 

Although the  modular design has four  reactor  vessels, they are . 

swiller than %he reference.vesse1.  The average power density i n  t he  
f u e l  s a l t  and i n  t h e  core a r e  t he  same a s  i n  t h e  reference reactor; t he  
r eac to r  vesse l  f o ~  ea.cln module i s  about I 2  ft i n  diaueler by 15 ft ,high, 
a s  compared with 14 f t  diam by 19 f t  high f o r  t he  reference design;.  Most 
of t h e  r e s t  of t h e  equipment i n  t h e  two types of p lan ts  i s  the  same, and 
t h e  p l an t s  a r e  of very,near ly  t he  same s ize .  The increase i n  t o t a l  cost  
of t he  modular p lan t  over t h e  reference plant  would be about 4qd; there  
is: no s ign i f ican t  dif ference i n  breeding performance o r  i n  cost  of t h e  
power pmd,i~.!ced.. 

The reference design and the  modular design described above operate 
a t  t h e  same high power densi ty  i n  t he  core and the  graphite i s  subjected 
t o  a high dose of damaging neutrons i n  a few years--1023 neutrons/cm2 
[max) i n  fou r  t o  s i x  full-power years depending on the  amount or f l u x  
f l a t t e n i n g  t h a t  can be achieved. This dose 2s .a f ac to r  of 4 higher than 
has been achieved t o  da t e  i n  in -p i le .  test ing,and having t o  replace t h e  
graphi te  every .5 years i s  " e s t i k t e d  t o  increase the  power coct by 0.b05 
t o  0.1 mill/kwhr . Although there  i s  considerable confidence t h a t  graphite 
can be developed t o  perform s a t i s f a c t o r i l y  t o  even grea te r  doses, several  . 
years  of i r r ad i a t ion  i n  t he  HFIR and i n  EBR-I1 o r  other  f a s t  t e s t  reactors  
i s  required t o  provide a firm bas i s  f o r  t h i s  confidence . 
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Fig. 13. Molten-Salt Breeder Reactor Plan of Modulax Units. 
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For these reasons the f i r s t  molten-salt breeder reactors a re  1.ikel.y 
t o  be operated a t  lower power densi t ies  where an acceptable.core l i f e  i s  
more easi ly  assured, so considerable at tent ion i s  being given t o  a modular 
plant in  the average power density i n  .the core i s  40 kwlli ter-- .  
half the power density in the core of the reference des.ign. Again the 
only s ignif icant  physical change i n  the  pIant i s  in  the ' .s ize  of the core 
and the reactor vessel.  The reactor vessels become about 13 f t  in diam- 
e t e r  by 17 f t  high; the breeding r a t i o  remains about the same, b u t ' t h e  
yield decreases; the capi ta l  cost would be about % higher than f o r  the 
reference plant.  Some character is t ics  of modular plants with f u l l  and 
half power dens i ty . in  th-e.core, with and without protactinium removal, 
a re  sho5m i n  Tables 17 and 18; The plant fac tor  i s  0.8 as  f o r  the  refer-  
ence design, no credi t  being taken f o r  being able t o  maintain a higher 
plant  factor .  

Whether the modular design represents a more a t t r ac t ive  o r  a l e s s  
a t t r ac t ive  al ternat ive t o  the  reference design depends on ' the  outlook of 
each designer and operator. The modules 'can be made larger  than 556 ~ w ( t h )  
i f  desired, the capacity depending on the fract ion of plant the-'operator 
i s  will ing t o  have .shut down f o r  repair  on short notice. No special  devel- 
opment i s  -required f o r  the modular design. It should receive continued 
at tent ion a s  design studies a re  made. .Construction of a plant of the 
s i ze  of one module could be a desirable s tep i n  the development of large 
power breeder s ta t ions.  

Mixed-Fuel ~ e a c t o r  
. . 

In t h e  reference design, graphite c e l l s  o r  tubes with graphite-to- 
metal joints  on one end are  used t o  keep the fue l  and blanket s a l t s  from 
mixing i n  the reactor vessel. The major f e a s i b i l i t y  question i n  the  
design i s  whether the  damage t o  the graphite by the  high f lux  of f a s t  
neutrons w i l l  cause the c e l l s  t o  crack o r  break in  l e s s  than the  three 
t o ' f i v e  years required f o r  replacement t o  be economical. 

An a l te rna t ive  t o  t h i s  type of reactor i s  one in  which both thorium 
and uranium are contained i n  the f u e l  s a l t  which flows through channels 
in  graphite bars much a s  it does i n  the MSRE. In order f o r  the reactor 
t o  be a breeder the  core would have t o  be surrounded by a blankel as  
shown i n  Fig. 15. The wall separating the core and blanket would be 
Hastelloy N, niobium, or  molybdenum, 1-18 t o  114 in.  thick. Whether a 
sat isfactory core tank can be developed i s  the major f e a s i b i l i t y  question 
of t h i s  reactor. 

The hreeding performance of such a reactor i s  shown i n  Table 19. 
The specif ic  inventory and the doubling time can be a t t r ac t ive ly  low. 
M ~ i j n r  requirements a re  tha t  sat isfactory processes be invented t o  sepa- 
r a t e  protactinium continuously from uranium and thorium i n  the  f u e l  
stream and t o  separate thorium from f i ss ion  products. The demands on 
f u e l  processing f o r  t h i s  reactor a re  considerably greater  than those 
imposed by the reference MSBR. 



Table 17. Design Values f o r  Modular Plants 

F u l l  Power Density Half Power Density 

With W i t h m ~ t .  With Without 
Pa Removal Pa Removal Pa Removal Pa Removal 

Power, Mw 

556 
2225 
i nnn 

Thermal - per module 
- t o t a l  

E lec t r i ca l  - Total 

Core 
Diameter, f t  
Height, f t  
Number of graphite fue l  

tubes 
Volume, f t 3  
Volume  fraction^ 

Fuel s a l t  
F e r t i l e  s a l t  
Graphite 

Average neutron fluxes, 
n/cma sec 

Thermal x ld4 
Fast  over 100 kv 
x Id4 

Average power density, 
& / l i t e r  

Gross 
Fuel s a l t  

Average f u e l  s a l t  
temperatures, "F 

In 
Out 

Fuel s a l t  flow, f t3/sec 

Blanket 
l!hickness, f t  

Axial 
Radial 

Average blanket s a l t  
temperatures, OF 

In  
Out 

Blanket s a l t  flow, 
f t 3  /sec 

Volume f ract ions  
Blanket sa1.t 
Graphite 

Reflector thickness, in .  



. , 

Table 17. (continued) 

Full.Power Density Half Power Density 

With Without With Without 
Pa Removal Pa Removal Pa Removal Pa Removal 

Reactor vessel 
dimensions, ft 
Diameter 
Height 

Salt Compositions, 
mole, $ 
fie 1 

LiF 63.5 
BeFz 36.2 
UF4 (fissile) 0.22 

Blanket 
LiF 71 
BeFz 2 
Tm4 27 

System Inventories 
Fuel salt, ft3 169 
Blanket salt, ft3 532 
Fissile material, kg 175 
Fertile material, 41 
1000 kg 

Processing Data - Full Plant 
Fuel stream 

Cycle time, days 30.4 
Rate, ft3 /day. 20.8 

Blanket stream 
Fluoride volatility 

Cycle time, 

days 45.3 
Rate, ft3 /day 46 

Protactinium removal 
Cycle time, days 0.42 
Rate, ft3 /day 5112 

Net breeding ratio 1.06 

Specific inventory, 
,kg fissile/~w(e) 

Specific power, 
~w(th) !kg fissile 

Fuel yield, $/year 6.8 
Fuel doubling time, year 15 

Reactor doubling time, yr 10 
-. . --. 



Table 18. Fuel- Cycle Costs from Modular Plants . 

Ful l  Power Density H a l f  Power Density 

With Without With Without 
Pa Removal Pa Removal Pa Removal Pa Removal 

F i s s i l e  Inventory 

F'ucl C - b l - c a ~  0 . ~ 1 6 0  0.PjOO . 0.1498 0.1524 
F e r t i l e  Stream 0.0206 0.0397' 0.0208 0.0458 

Subtotal 0.1366 0.1697 0.1706 0.1982 

Fe r t i l e  Inventory 0.0287 0.0374 0.0305 0.0325 

Carrier Sa l t  0.0514 0.0878 0.0588 0.0868 

Total Inventory 0.2167 0.3149 0.2599 0 3375 

Salt  Replacement 

F i s s i l e  Stream 0.0868 0.0764 0.0732 0,0732 
F e r t i l e  Strcam 0.0069 u . ~ 1 6 9  0.0067 0, QJ.15 

Subtotal 0.0937 0 0933 0.0799 n ,OB 11.7 

Fprtile Replaccmcnt 0.00@~ 0.0146 0.0066 0.0104 

Total Replacement 0.1005 0.1079 0.0863 o .oggl 

Processing 

Fiooilc O t r c a 1 1 1  0. U ' / y  0 .  i216 0.1195 O.ll9> 
Fe r t i l e  Stream 0.0681 0.0368 0.0671 0.0316 

Total Processing 0.1960 0.1384 0.1866 0.1511 

Production C r e d . i t  0.0920 0.0760 0.1021 0.0766 

N e t  Fuel Cycle Cost 0.42 0.51 0.43 0.51 
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Fig. 15. Mixed-Fuel 1000-~w(e) Reactor Cel l  Elevation. 



Table 19. Some Performance Data f o r  Mixed-Fuel Reactor 

Core s ize,  f t  

Power density i n  fue l ,  kw(th) / l i ter  

Fuel composition, mole $ 

Specific power, Mw(th)/kg 

Specific inventory, kg =%/Mw(e) 

Breeding r a t i o  

Yield, % per annum 
a Fuel cycle cost, mills/kwhr(e) 

10 diam x 15 high 

a Assumes t h a t  processing i s  no more complicated o r  expensive 
tlian i'or reference WBR. 

This a l te rna t ive  i s  a t t r a c t i v e  i f  serious problems a re  encountered 
with the  graphite tubes of t h e  reference design, but subst i tutes  problems 
of a metal core tank and more d i f f i c u l t  reprocessing. The neutron ab- 
sorption i n  the  metal core tank increases with decreasing core size, so 
t h e  breeding performance would suffer  i f  a modular design were used and 
the  reactor  were made smaller t o  keep the  specif ic  inventory low. Work 
on the  mixed-fuel reactor  should be l imited t o  laboratory studies (or  
observation of other groupst, studi.es) of t h e  e f fec ts  sf radiation on the 
high-temperature propert ies  of potent ial  core-tank materials, the  compati- 
b i l i t y  of those materials with f luoride s a l t s  and graphite, and methods 
of processing the  fue l .  I f  t he  r e su l t s  in the  main l i n e  program indicate 
%hat t h e  graphite c e l l s  a r e  unlikely t o  perform sa t i s f ac to r i ly  in  the  
ren'crence design, t he  development should be shif ted t o  t h i s  mixed-fuel 
a l te rna t ive .  The reactors  a r e  so s imilar  that most of the  work done on 
t h e  reference breeder would be applicable t o  t h i s  a l te rna t ive .  

Direct-Contact Cooling with Molten Lead - 
. .. 

The reference-design MSBR has three  volumes af fuel, mlt,sirle t . h ~  core 
i n  heat exchanger, piping, plenum chambers, etc., f o r  each volume of f u e l  
i n  the  core. Studies indicate  tha t  t he  , fuel  volume could be reduced t o  
about one volume outside the  core f o r  each volume i n  the  core i f  the  f u e l  
s a l t  were circulated and cooled by d i r ec t  contact with molten lead. The 
lead would be pumped i n t o  a j e t  a t  the  lower end of each f u e l  tube. Sa l t  
and lead would mix i n  the  j e t  and be separated a t  t he  out le t .  The s a l t  
would return d i r ec t ly  through the  graphite c e l l s  t o  the  core and the  lead 
would be pumped ei t l ier  through interm'ediate. heat exchangers or d i rec t ly  t o  
the  steam generators. 

This system has several advantages. Ideal ly  the  specif ic  inventory 
could be reduced t o  0.3 t o  0.4 kg of "'u per  megawatt ( e l ec t r i ca l )  and 



the doubling time t o  5 o r  6 years. Relatively inexpensive lead would be 
substi tuted fo r  some of the lithium and beryllium f luorides.  The lead 
pumps and heat exchangers could be arranged f o r  maintenance of individual 
uni t s  with the remainder 'of the plant operating. Some par t s .of  the plant 
should be considerably simplified. 

There a re  some uncertainties a lso.  Thermodynamics data indicate t h a t  
lead, f u e l  and blanket sa l t s ,  graphite, and refractory metals such as 
niobium and molybdenum alloys should be compatible. Preliminary t e s t s  
indicate tha t  t h i s  i s  t rue  and tha t  the much l e s s  expensive iron-chromium 
al loys might be used i n  the main lead systems. However, the mater ials .  
problems are  almost unexplored; l i t t l e  is  known of the e f f ec t s  of radi- 
ation o r  f i ss ion  products o r  of the ease of separating lead and s a l t .  

The lead-cooled reactor represents an almost completely new technclogy 
tha t  cannot presently be given a good evaluation. Work on the basic 
chemical, engineering, and materials problems of the system should be pur- 
sued t o  make a good evaluation possible within three o r  four years. If 
direct-contact cooling proved t o  be pract ical ,  i t s  adoption could produce 
impressive improvements i n  the performance of the thermal breeders and 
could point the way t o  the use.of molten-salt fue l s  i n  f a s t  breeders, 

PROGRAM FOR DEVELOPMENT OF MOLTEN-SALT THERMAL BREEDER POb.TER PLANTS 

We believe the information in  the section on f u e l  u t i l i za t ion  strongly 
indicates the need f o r  the U.S. ,  t o  be able t o  build 1000-Mw(e) o r  larger  
power breeder s ta t ions of high performance by about 1980, so they could be 
b u i l t  a t  a r a t e  near 50,000 Mw(e) per year by about. 1990. The development 
program f o r  a molten-salt thermal breeder should be aimed d i r ec t ly  a t  t h a t  
goal. This requires an aggressive program, carefully planned and exe- 
cuted and supported by firm intentions t o  carry it t o  completion unless 
developments along the way show tha t  the technical o r  econoln-ic goals 
cannot be met. 

Steps i n  the Development ."., 

The technology a s  it presently ex is t s  i s  embodied i n  the Molten-Salt 
Reactor Experiment. The reactor i s  a one-region, one-fluid reactor.  It 
operates a t  1200°F but a t  7.5 Mw(th), so the  power density i s  low. Some 
exploratory t e s t s ,  however, indicate tha t  the  f u e l  s a l t s  and the  major 
s t ruc tu ra l  materials--graphite and Hastelloy N--should be compatible a t  
power densities f a r  above the maximum i n  the reference breeder design. 

' The MSRE plant includes some provision f o r  fuel'.processin.g and f o r  maln- 
.Lcnance of radioactive eqi~i.pment, but much l e s s  than w i l l  be needed i n  
a power breeder plant .  

Successful operation of the E R E  i s  providing an essent ia l  base f o r  
proceeding with la rger  reactors, but a t rue  breeder p i l o t  plant--a Molten- 
Sa l t  Breeder Experiment--should be operated before buildin,g a 'prototype 
power breeder plant .  The MSBE s h ~ u l d  include the essent ia l  features  and 



s a t i s f y  a l l  the  technica l  c r i t e r i a  of.  the  reference design, but it should 
be  about a s  small a p lan t  a s  w i l l  meet these requirements. According t o  ., 
preliminary studies,  t he  power would be  100 t o  150 Mw(th). The experiment 
would demonstrate a l l  t h e  bas i c  equipment and processes undei- t he  most 
severe conditions of t h e  l a rge  plants; i t s  e s sen t i a l  purpose would be t o  
produce information r a the r  than e l e c t r i c i t y .  

A prototype power breeder s t a t i on  would follow the  MSBE. The s i z e  
would be 250 t o  ,500 ~w(e), one module of the uo&ulaY design described 
above. A fu l l - sca le  p lan t  could then be obtained by adding modules t o  
t h e  prototype p lan t  o r  by building a plant  of the  reference design with 
heat  t r ans fe r  c i r c u i t s  of t h e  s i ze  developed.for t he  prototype, 

Plans are d I s r ~ ~ . s s e d  here  and in re la ted  reports  f o r  designing, devel- 
oping, and building t h e  MSBE. They Fire aimed a t  having Lhe experiment i n  
operation a s  soon a s  i s  consis tent  with resolving a l l  bas ic  problems 
before  beginning construction and major procurement f o r  t he  plant .  Detailed 
design of t he  p lan t  and research and development f o r  a l l  the  p a r t s  proceed 
concurrently. Design i n  d e t a i l  i s  e s sen t i a l  f o r  identifying a l l  t he  devel- 
opment problems, and much of t h e  development f o r  a f l u i d  f u e l  reactor  con- 
sists of building, t e s t i ng ,  and modifying t h e  equipment t h a t  has been 
designed so t h a t  it w i l l  perform s a t i s f a c t o r i l y  i n  the  reactor .  

Nuclear operation of t he  MSBE would begin fn  bY 19E. A prototype 
could be i n  operation by 1980, and i t s  constr ixt ion would bring i n t o  
being t h e  capabi l i ty  f o r  building fu l i - sca le  plants .  This capabi l i ty  
could then be  expanded according t o  t he  needs of t h e  time. We have not 
included a more.detailed schedule o r  a projection of the  development 
cos t s  f o r  t h e  ~ro to type  o r  f o r  plants  beyoad t h e  prototype, If t h e  
MSBE f u l f i l l s  i t s  purpose, t h e  development would consis t  l a rge ly  of 
bui lding and t e s t i n g  l a r g e r  equipment and'improvl.ng on demonstrated 
processes. The lrate and manner i n  which the  work on l a rge r  reactors  
would proceed and t h e  d i s t r i bu t ion  of e.mendituriss befw@en gov.emrnen.t; 
slid 1ndustry.are  uncertain and a re  completely out of our control .  We 
therefore  have l imited our projections t o  t he  e s sen t i a l  s t ep  i n  making 
t h i s  f u r t h e r  development f ea s ib l e  and a t t r a c t i v e  t o  the  equipment industry 
and t h e  u t i l i t i e s .  

Present S ta tus  of t he  Technology - MSRE 

The present s t a t u s  of t he  technology i o  beat dcbcrlbed i n  terms of 
t h e  &EKE: and some supplementary i n f ~ m t i n n .  The MSIE 3 a a nlolLttn-oalt- 
fuelud thcmt31 reaci;~r t h a t  produces heat  a t  a r a t e  of 7.5 ~ w ( t h )  while 
operating a t  about 1 2 0 0 9 ~  The purpose of t he  reactor  i s  t o  provide a 
demonstration of t h e  technology and a f a c i l i t y  f o r  invest igat ing the  
compatibil i ty of f u e l s  and mater ia ls  and the  engineering fea tures  of 
molten-salt reactors .  The design c0nr3i~ior.s are ohown i n  Lhe flow dia- 
gram i n  Fig,  16, and the  general  arrangement of t he  plant  i s  shown i n  
Fig. 17. 



Fig.  16. MSm Flow Diagram. 
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Fig. 1'7. General Arrangement of HRE. 



The fuel  fo r  the MSRE is 65s 7 ~ ~ 4 ? 9 . 1 $  B~F&$ 2rF4-0,9$ W4.* 
Except fo r  the small amount of ZrF4 and the higher UF4 concentration, it 
is the  fue l  fo r  the core of the reference breeder, 

In the reactor primary system the fuel  s a l t  i s  recirculated by a 
sump-type centrifugal pump through a shel l  and U-tube heat exchanger and 
the reactor vessel. The flow ra te  is about 1250 gpm. The MSRE normally 
operates a t  about 7.5 Mw thermal and a t  that power level  fuel  enters, the 
reactor a t  ~ 6 8 -  and leaves a t  1210°F. The base pressure in  the syktem 
i s  5 psig i n  the helium cover gas over the f ree  surface of s a l t  in  the 
pump bowl. The maxlrmrm pressure is about 55 psig a t  the outlet of the 
Pump* 

The heat generated in  the fuel  s a l t  as  it passes through the reactor 
vessel i s  transferred in  the heat exchanger t o  a molten-salt-coolant con- 
taining 6 6  7 ~ i ~  and 34$ BeF2. The coolant i s  circulated by means of a 
second sump-type pump a t  a ra te  of 850 gpm through the heat exchanger, 
normally entering a t  lOl5?F and leaving a t  1073'~, ana through a radiator 
where the heat i s  dissipated t o  the atmosphere, The base pressure i n  
t h i s  system is also 5 psig in  the pump tank; the maximum pressure, a t  
the discharge of the pump, is  70 psig. . 

Drain tanks are provided for  storing the fuel  and the coolant s a l t s  
a t  high.temperature when the reactor is not operating. The s a l t s  drain 
from the primary and secondary systems by gravity. They are transferred 
between tanks or returned t o  the circulating system by pressurizing the 
drain tanks with helium. 

The fission product gases krypton and xenon are  removed continuously 
from the circulating fuel  s a l t  by spraying s a l t  a t  a ra te  of 50 gpm into 
the cover gas above the liquid level i n  the fue l  pwnp tank. There they 
transfer from the liquid t o  the gas phase and are s w e p t  out of the tank 
'by a small purge 09 helium, After a delay of about 1-1/2 Plr i n  the 
piping, t h i s  gas passes through water-cooled beds of activated carbon. 
The krypton and xenon are delayed un t i l  a l l  but the 85Kr decay an4 then 
are diluted with a i r  and discharged t o  the atmosphere. 

Fuel and coolant sys-bems are provided with equipment fox taking 
samples of the molten 'salt through pipes attached t o  the  p q  tanks 
while the reactor is operating a t  power. The fuel  samgler is also used 
for  adding small amounts of fuel  t o  the reactor while a t  power t o  com- 

?in&.ly, the plant is provided with a simple processing facil$ty f o r  
treai_'ing f u l l  75-ft' batches of fue l  salt with hydrogen rluoride and f l m -  
rine gases. The hydrogen fluoride treatment is for  removing oxide con- 
tamination f r o m  the s a l t  as  Ed. The'fluorine treatment is the fluoride 
vola t i l i ty  process f o r  removing the uranium as  m6. The eqqipment 
approaches the size required-for batchwise processing of the blanket of 
khe 1000-~w(e) reference reactor. 

*Percentages are i n  mole $. 



A l l  the equipment in  the MSIIE that contains sa l t  is W e  of Hastelloy 
N. A l l  of it was designed t o  be able t o  operate a t  1300°F. m e  liquidus 
temperature of h e 1  and coolant sal ts  i s  near 609. It is deljirable t o  
keep the sa l t s  molten i n  the reactor systems and in  the drain tanks, so 
the W o r  pieces of equipment are installed in electrical f'umaces and 
the piping is covered by.electrica1 heaters and insulation. 

The reactor primary system, the fuel drain tank system, and same 
auxiliaries become permanently raillgerc.tXve during-the first Pew h m l r ~  afl 
operation a t  appreciable power, Maintenance of t h i s  eguipnent and associ- 
ated heaters, insulation, and services must be done remotely or semi- 
remotely by means of special tools. Tools have been developed for  accom- 
plishing th i s  maintenance of the MSRE equipment. 

The USRE reactor vessel i s  shown in Fig. 18. It is about 5 f t  dfam 
by 8-1/2 ft high from the drain l ine a t  the bottozn t o  the center of the 
outlet nozzle. The wall thiclmesa of the cylindrical section .1s 9/16 
in. ; the top and bottom heads are 1-1/8, in. thick. The core contains 
appmximately iW vertical  gra$hite bars 2 in. square x 67 in. long. 
Most of the bars have grooves 1.2 in.-wide x 0.2 in.-deep machined along 
the f u l l  length of each face. The bare are installed with the grooves 
on adjacent bars aligned t o  form channels 1.2 in .  x 0.4 in, for  the sa l t  
t o  flow through the core. 'Phe graphite is a new type with high strengbh, 
high density, and pore openings averaging about 0.4 microns i n  diameter. 
The sa l t  does not wet the graphite and cannot penetrate through the mall 
pores unless the pressure is raised t o  5 to 20 times the normal pressure 
i n  the core. 

Preliminary testing o? the MEBE wag begun i n  Jllly, and fuel and 
coolant system were heated for  the first time for  the p ~ u c l ~ ~ r  testing 
in  the f a l l  of I*. The rea&os.was Pirs t  c r i t ica l  in June 1965 and 
reached its maximum p ~ x e ~  of about 7.5 Mv(th) insJune 1966. The accumu- 
lated operating experience through Bhy 12, 1967, is presented i n  Table 
20. Wjar acwvitles are shown as  a fZrndion of time in Figs, 19 and 20. 

Table 20. Accumulated Operating Eqerience with WRE: 

Fuel system 
Circulat in@; helium above 100Q°F, hr 
Circulating s e l t  above 1O0OQF, hr  
Full t h e m 1  cycles, 100°F t o  I20O0F 

Coolcant  systen 
Circulating helium above lQOOV, h r  
Circulating s a l t  above 10UO0F, hr 
Full  thermal cycles, 100°F to  1200°F 

Time crit ical ,  hr 
Integrated power, Mwhr thermal 
Effective Full-power h o r n  



.Fig. 18. Keactor Vessel. 
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In  most respects the  reactor  has performed exceptionally well. 
Analyses f o r  corrosion products i n  the  s a l t  indicate  t h a t  there has been 
e s sen t i a l ly  no corrosion of the  Hastelloy N by the  s a l t .  Inspection of 
some pa r t s  of t h e  f u e l  system confirmed t h a t  the  corrosion was ne,gligible 
during about 1890 hours of c irculat ing s a l t  i n  prenuclear and c r i t i c a l  
t e s t s .  Samples removed from the  core showed no a t tack  on metal o r  ' " 

graphi te  during the' 2760 hours of subcr i t ica l  and power operation from 
December 1965 through Ju ly  1966. Analyses of the  f u e l  s a l t  f o r  uranium 
and reac t iv i ty  balances indicate  tha t  the f u e l  has been completely stable.  

.. Although the re  have been problems with auxi l ia r ies  and e l e c t r i c a l  
systems, few problems have been encountered with the  major reactor systems. 
The time t o  reach f u l l  power was extended several months by plugging of 
small l i n e s  i n  the  off-gas system that handles the  helium and gaseous 
f i s s i o n  products from the  pump bowl. The reactor was shut, down from mid- 
Ju ly  t o  mid-October, 1966, by f a i l u r e  of the  rotary e1.ernnt.s of t.he 
blowers i n  the  heat  re jec t ion  system. After power operation was reswned 
i n  October, .it was 'interrupted in  November and a g a i n b r i e f l y  i n  January 
f o r  work on the off-gas l i n e  and on problems associated with monitoring 
of the  reactor  containment. I n  sp i t e  of these interruptions the  reactor 
was c r i t i c a l  75% of the  time--mostly a t  f u l l  power, t he  f u e l  system 
operated 8446 of the  time, and the  coolant system operated 10% of the 
time from mid-October u n t i l  the  reactor was shut down i n  mid-May, 1967, 
t o  remove graphite and metal specimens from the core. The major inc i -  
dents a r e  discussed more f u l l y  below. 

The rad ia tor  housfng i s  a large, insulated, e l ec t r i ca l ly  heated box 
around t h e  radiator  c o i l s  and i s  'required so' the radiator  can be ,kept hot 
and the  s a l t  i n  it molten when the reactor i s m o t  producing f i ss ion  heat.  
The d i f f i c u l t i e s  were i n  obtaining proper operation of the  dodrs and i n  
control l ing leakage of hot a ir  thxni~gh joints  iand'thmugh ducts f o r  elec- 
t r i c a l ' l e a d s  t o  pre.vent overheating of equipment outoidc the housing. 
Future molten-salt reactors' a r e  unlikely t o  have s imilar  radiators,  but 
t h e  experience w i l l  be helpful  i n  designing b e t t e r  furnaces f o r  other 
equipment, 

The off-gas system was designed f o r  a smell flow of gas, eoscnt ial ly  
f r e e  of so l id-  o r  l i qu id  aernsol .~,  Ssme d i f f  i cu l t~y  m s  txperiul~oed wltb 
micron-size pa r t i c l e s  of s a l t s  col lect ing i n  the  t i n y  ports  of the  flow 
control  valves, but  much more d i f f i c u l t y  was experienced a f t e r  the reac- 
t o r  began t o  operate a t  1 Mw with organic so l ids  and viscous organic - 
l iqu ids  col lect ing i n  the  valves and a t  the  entrance t o  the  carbon beds. 

The bearings on the  f u e l  c i rculat ion pump a r e  lubricated and pa r t s  
of t h e  pump a r e  cooled by o i l .  The o i l  i s  separated from the  pump tank 
by a rotary seal .  Provision i s  made f o r  d i r ec t ing ' the  normal sea l  leak- 
age of 1 t o . 1 0  cc per day of o i l  t o  a waste tank and preventing l iquid 
o r  vapor from coming i n  contact with the  s a l t  o r  cover gas i n  the pump tank. 
Under special  conditions, demonstrated i n  a pump t e s t  loop, t h i s  o i l  can 
leak through a gasketed s e a l  i n  the  pump presently i n  the MSRE and in to  
the  pump tank where it vaporizes. The vapors mix with the  helium purge 
stream and flow in to  the  off-gas system. The o i l  has no ef fec t  on the 



f u e l  s a l t ,  but the organic materials polymerize i n  the  off-gas system 
under the intense beta radiation of the gaseous f i ss ion  products t o  form 
the viscous l iquids and sol ids  tha t  plugged the valves and the entrances 
t o  the carbon beds. 

This problem has been reduced t o  a minor nuisance i n  the  MSRE by 
ins t a l l ing  absolute f i l t e r s  f o r  trapping sol ids  and heavy l iquids ahead 
of the control valves. The leakage path has been eliminated in  future 
pumps by subst i tut ing a welded sea l  f o r  the  gasketed seal .  Small amounts 
of organic and inorganic vapors o r  aerosols a re  l i ke ly  t o  be found in  the 
off-gas from future reactors, but they can be eas i ly  controlled by the use 
of f i l t e r s ,  traps,  and absorbers. 

.The off-gas l i n e  was plugged once by frozen s a l t .  This happened 
when the pump bowl .was accidentally overf i l led while the calibration of 
the l iquid-level indicators was being investigated. Sa l t  was discharged 
in to  some of the l i n e s  attached t o  the pump bowl and froze i n  the  cold 
sections. Heaters were applied t o  the l ines  t o  remove most of the  sa l t ,  
but it was necessary t o  open the off-gas l i n e  and break up a small amount 
of material in  par t  of the l ine .  Careful a t tent ion must be given t o  the 
interface between hot systems and cold systems in  the  breeder designs. 

The maximum power reached in  the MSRE is 20 t o  25% below the  design 
power. It is limited by the heat t ransfer  performance of the radiator, '  
but the overal l  heat t ransfer  coeff ic ient  of the  primary heat exchanger 
i s  a l so  l e s s  than had been calculated. In the case of the  radiator  the 
a i r - s ide  coefficient i s  low. While t h i s  indicates tha t  b e t t e r  re lat ion-  
ships would be useful f o r  calculating the  a i r - s ide  performance of such 
devices, the  designs f o r  molten-salt breeder reactors do not contain 
sa l t - to -a i r  radiators.  Recent data indicate t h a t  the equations used t o  
calculate the  performance of the  primary heat exchanger,were adequate, 
but tha t  too high a value was used f o r  the thermal conductivity of the 
s a l t .  This points t o  the need f o r  very good data on the  properties OF 
s a l t s  f o r  the breeder reactors.  

One day in  July, 1966, when the reactor was running a t  f u l l  power, 
the  power slowly decreased f r s m  7,5 Mw t o  abcn.!t. 5.5  Mw Frithout .action 
on the par t  of the  operators, and a t  the  same time the  a i r  flow through 
the radiator  decreased. Investigation soon showed tha t  the  r e d u c t i o ~ ~  in  
a i r  flow had resulted from the  disintegration of the rotary element on 
one .of the two ax ia l  blowers tha t  operate i n  pa ra l l e l  t o  pump a i r  through 
the  radiator  a t  a ra te  of about. 200,000 ft3/min. Although the blower was 
wrecked, the  housing retained most of the fragments. Only some small 
pieces were blown through the ' radiator and ,they did no damage. 

The rotary element on the other blower had a large crack i n  the hub, 
so one blower and the  rotary element of the  second had t o  be replaced. 
It took about three months t o  obtain rotary elements with blades tha t  
would pass a thorough examination. The cause f o r  the f a i lu res  was never 
f u l l y  established. The blowers with new rotary elements have been 
operated f o r  about 8 months with the vibrations and bearing temperatures 
monitored cal-efully. One bearing nn one blower has had t o  be replaced 



t o  keep the  vibrat ions within specified l i m i t s .  The rotary elements have 
been inspected periodical ly  and show no signs of cracking, While t h i s  
incident caused a long shutdown it i s  unrelated t o  molten-salt reactor 
technology . 

We stated above t h a t  t he  mecha,nical.performance of the MSRE s a l t  
systems has been excellent,  t h a t  there has been l i t t l e  o r  no corrosion 
of the  container metal and l i t t l e  o r  no reaction of the  s a l t  with the 
graphite,  and t h a t  t he  f u e l  s a l t  has been completely s table .  This i s  
t h e  performance t h a t  the.component t e s t s  and several years of materials 
work and chemical.development pr ior  t o  the  experiment had led us t o  
expect. Aside from the  experience with polymerization of organic materials 
i n  the  off-gas system, the  ,only unexpected behavior in  the  system has been 
t h a t  of f i s s ion  products from niobium, atomic number 41, through tell-u- 
rim, atomic number 52. , .  . 

These elements were expected t o  be reduced t o  metals by the  chromium 
i n  the  Hastelloy N and by the . t r iva len t  uranium i n  the  s a l t  and t o  deposit 
on metal surfaces i n  the  reactor  o r  t o  c i rcu la te  a s  col loidal  par t ic les .  
However, they were found i n  .considerable amounts on graphite a s  well a s  
on metal specimens t h a t  were removed from the  core of the  reactor in  
August 1966'. Also there i s  some evidence of these materials i r l  the  gas 
phase above the  s a l t  i n  the  pump bowl. In the  higher valence s ta tes ,  
most of these elements form v o l a t i i e  fluorides,  but the f luorides  should 
not be able  t o  e x i s t  i n  equilibrium with the  f u e l  s a l t .  The ac tua l  s t a t e  
of these materials i n  the  MSRE may be exactly what the  chemists expected; 
t h e  deposits on t h e  graphite samples may be th in  films of metal particles;  
and the  materials i n  the  .gas phase may be aerosols' insteed of v o l a t i l e  
fLuoride compo'ulds. M 6 r e  work i s  required t o  fj..rml.y eotablioh the  'be- 
havior of t;hese eleiiients i n  t h e  MSRE and t o  r e l a t e  t h i s  behavior t o  the  
conditions of breeder reactors  . 

In  i t s  performance t o  da te  the  MSRE has f u l f i l l e d  much of i t s  
o r ig ina l  .purpose, Continued operation,of the reactor now becomes important 
i n  the  investigation of d e t a i l s  of the  technology, of long-term effects ,  
and of some aspects t h a t  were not included i n  the  or ig ina l  plans. 

The MSRE i s  t h e  only large i r rad ia t ion  f a c i l i t y  available o r  proposed 
f o r  use i n  the  development of molten-salt reactors before the MSBE begins 
t o  operate. It i s  needed primarily f o r  study of the  chemistry of the  f u e l  
s a l t  and the  materials.  Continued investigation of the mechanism of depo- 
s i t i o n  of f i ss ion  products on grayh%te and metal surfaces and of the  
appearance i n  the gas phase of ~ t~cmen t s  from n iob im Ll~mugh tellurium is  
es sen t i a l  t o  the  design of molten-salt breeder reactors.  This information 
w i l l  be obtained through s tudies  of the  f u e l  salt, the  off-gas from the 
pump bowl, and specimens of graphite and metal t ha t  a re  exposed i n  the  
core and i n  the  l iquid  and vapor phases i n  the  pump bowl. The core of 
t h e  MSRE i s  the  only place where large numbers of specimens can be accom- 
modated f o r  t h i s  purpose and a l so  f o r  determining the  e f f ec t s  of i r r ad i -  
a t ion  on metals and graphite i n  a fue l -sa l t  environment. Since the  E R E  
operates a t  low power density, the  e f f ec t s  of power density must be 
determined in  capsule and i n  circulat ing loop experiments i n  other reactors.  



By having these l a t t e r  t e s t s  complement those in  the MSRE the number of 
t e s t s  and the  s ize and complexity of the t e s t  f a c i l i t i e s  should.be con- 
siderably reduced. 

. Large breeder reactors w i l l  use 233~ as  f u e l  and i n  the  circulat ing 
reactor the  effect ive delayed neutron fract ion w i l l  be reduced t o  about 
0,0013. This i s  much smaller than has been used i n -  reactors t o  date 
and has important safety and control implications. Plans a r e  t p  f u e l  
the MSRE with l a t e  i n  FY-1968 and t o  investigate the  s t a b i l i t y  of 
the reactor when operating with the  small delayed neutron fract ion.  
This h i l l  be the  first reactor fueled with 233~ and good agreement 
between the  calculated and measured s t a b i l i t y  character is t ics  w i l l  give 
confidence in  the calculated s t a b i l i t y  and safety character is t ics  of 
the  large breeders. 

While.the above experiments a r e  i n  progress the  longer .operation of 
the reactor w i l l  subject the  equipment , t o  additional exposure t o  radi- 
ations and operation a t  high temperature. Effects observed. and experience 
with the  equipment w i l l  provide data helpful i n  designing the  MSBE and 
i n  design .studies f o r  larger  plants.  Experience with the  maintenance 
and studies of radiation levels  and the  principal sources w i l l  apply 
d i rec t ly  t o  the development of maintenance methods and equipment f o r  
those reactors.  

High-Performance Thermal Breeder 

Advancing the technology of the  MSRE t o  the  leve l  required t o  build 
large, two-fluid, two-region power breeders requires few, i f  any, major 
inventions. It does require considerable research and development t o  
increase the  depth of.knowledge i n  '+he en t i r e  fi'eld, t o  improve materials 
and, processes, t o  make larger,  b e t t e r  equipment, and t o  demonstrate a 
much higher performance i n  a combined reactor, processing, arid power 
plant.  

The most important difference between the  MSRE and the  reference 
breeder i s  the  power density i n  t he  fue l .  The maximum power density 
in  the f u e l  i n  the power breeder i s  expected t o  be 600 t o  1000 kw/liter, 
a fac tor  of 2 0 t o  35 above the maximum i n  the MSRE. Results of short- 
t e r n  in-pi le  t e s t s  of f u e l  s a l t  and graphi te  i n  metal capsules a t  250 
kw/liter and f u e l  s a l t s  i n  metal capsules a t  several thousand kilowatts 
per l i t e r  indicate tha t  the  f u e l  i s  s tab le  and compatible with the  mate- 
r i a l s  a t  the  high power density. This  compatibility must be more thor- 
oughly established by t e s t s  of 10,ng duration under conditions proposed 
f o r  the breeder and, i n  sollie Lnstaaces, under more severe conditions, 
A very important par t '  of t h i s  e f f o r t  i s  t o  determine ..the dis t r ibut ion 
of f i s s ion  products i n  the  systems and i n  particular 'whether enough of 
them deposit on the  graphite t o  seriously a f f ec t  the  breeding potent ial  
of the reactor.  



The two-region breeder makes use of graphite tubes o r  fue l  c e l l s  t o  
keep t h e  f u e l  s a l t  from mixing with the  blanket s a l t  i n  the reactor core. 
This graphite w i l l  be subjected t o  a maximum neutron dose of about 10" 
nvt (E > 100 kev) i n  f i v e  years a t  the high power density in  the center 
of t h e  core. The graphite bars  i n  the MSRE have cracks t h a t  would pass 
s a l t ,  but  with some addi t iona l  development, tubes o r  f u e l  c e l l s  could 
almost cer ta in ly  be made with the same low permeability t o  s a l t  and f r e e  
from cracks. Whether they would survive the  large radiation dose i s  
uncertain because no graphite has yet  been irradiated..  beyond about 3 x 
nvt. A more radiat ion-resis tant  graphite, possibly an isotropic  material, 
with equally low permeability may have t o  be obtained t o  get the  desired 
l i f e  . . . 

The Hastelloy N used i n  the  MSRE has excellent properties when un- 
i r rad ia ted ,  but the  creep properties deter iorate  under i r rad ia t ion .  This 
behavior occurs i n  s t a in l e s s  s t e e l s  and other a l loys and i s  caused by 
hellum tjubbles i n  the  grain boundaries produced by thermal 'neutron i r r a -  
d i a t ion  of boron i n  the alloy, For the reactors t,o have 1.nng l i f e ,  t .hs 
Hastelloy N must be improved t o  have b e t t e r  high-temperature properties 
under i r rad ia t ion .  Research i n  progress indicates t h i s  can be done, but 
a sa t i s fac tory  improvement must be demonstrated with commercial materials. 

The~vacuum d i s t i l l a t i o n ,  protactinium removal, and continuous vola- 
t i l i t y  processes f o r . t h e  f u e l  and blanket s a l t s  must be taken through the  
laboratory and p i l o t  plant  stages. 

Equipment f o r  the  fu l l - sca le  breeder plants  and f o r  any demonstration 
plant  w i l l  be considerably la rger  t h a w t h a t  i n  the  MSRE. Techniques 
developed f o r  building large equipment f o r  other types of reactors w i l l  
have t o  be adapted t o  the  needs of molten-salt reactors.  Supercr i t ical  
steam generators, s a l t  t o  steam reheaters, large pumps with long shaf t s  
and molten-salt 'bearings and new concepts i n  cover-gas systems must be 
developed f o r  the reactors.  A coritinuous f luorinator,  a high-temperature 
vacuwn sti l l ,  a l iquid-metal, , to molten-salt extraction system and otkier 
new devices a re  required f o r  the f u e l  processing plant.  Equipment and 
techniques must be developed f o r  maintaining la rger  radioactive equipment 
with grea ter  f a c i l i t y .  Development of remote welding and inspection of 
radioactive systems i s  expected t o  be necessary. 

A l l  these developments must be combined and the.new l eve l  of tech- 
nology demonstrated in  a breeder p i l o t  plant.  

c r i t e r i a  f o r  the Molten-Salt Breeder Experiment 

The MSBE should demonstrate a l l  the  basic  technology of a large 
molten-salt breeder reactor  so  tha t  moderate scale-up and normal improve- 
ment of equipment and processes a re  a l l  t h a t  i s  required to b11i.l.A large 
plants .  The.plant should be a s  small and the  power l eve l  a s  low a s  i s  
consistent with making a complete demonstration. Major c r i t e r i a  f o r  the 
plant  a r e  the  following. 



1. The average core power density i n  the f u e l  s a l t  i n  the  core should 
be. a t  l eas t  the  470 w l l i t e r  of the  MSBR reference. design. 

2. Fuel, blanket, and coolant s a l t s  should be essent ia l ly  those proposed 
f o r  use i n  the reference reactor.  The uranium concentration may be 
somewhat higher i n  the f u e l  s a l t  i n  the experiment with the reference 
concentration of thorium i n  the  blanket but not so high a s  t o  cause 
the chemistry t o  be s ignif icant ly d i f fe rent .  A f u e l  of the  reference 
uranium concentration could be demonstrated by reducing the  thorium 
concentration i n  the blanket f o r  the  demonstration period. 

3. The design of the  plant should be similar t o  tha t  proposed f o r  a 
large breeder and the components should be of a s i ze  and design tha t  
can reasonably be scaled up t o  make components f o r  a prototype. The 
core should have graphite tubes o r  f u e l  c e l l s  with f u e l  s a l t  i n  the 
tubes and blanket s a l t  around the  tubes. Components probably should 
be a t  l eas t  one-tenth the s ize  of the components of the  reference 
design. 

4. Reactor and coolant systems must be capable of operating with. the 
maximum temper?atures and temperature differences . 

5 .  The reactor should be a breeder with high enough yield t o  demonstrate 
breeding in  a reasonable time. Suggested times a re  one full-power 
year f o r  the determination based on analyses of core and blanket 
f lu ids  and weights.of f i s s i l e  material fed t o  the core and removed 
from the blanket.and three t o  f ive  years f o r  a material  balance over 
the reactor and processing plant.  

6 .  Methods f o r  processtng, the  f u e l  .and blanket s a l t s  should be those 
proposed f o r t h e  reference bre.eder. Prota,ctinium removal should be 
included. Equipment f o r  the processing plant should be of a s ize  
tha t  can be scaled up f o r  the la rger  plant.  Intermittent operation 
of the  p i l o t  plant would be acceptable t o  permit use of equipment of 
larger  s ize.  

7 .  Maintenance, methods and tools  should represent major steps i n  devel- 
-opment of equipment .-for la rge  power breeders. This probably requires 
development of remote welding tha t  might not otherwise be needed i n  
the p i l o t  plant.  

8. Supercr i t ical  steam should be generated i n  the p i l o t  plant and should 
be used t o  produce e l ec t r i c i ty .  This may require a special  turbine, 
smaller tha.n i s  normally b u i l t  f o r  use with supercr i t ica l  steam. 

Results of some preliminary studies suggest t ha t  a reactor with a 
power leve l  of 100 t o  150 ~ w ( t h )  would sa t i s fy  these c r i t e r i a .  Some 
character is t ics  of p i l o t  plants of several s izes  an& power levels ,  but 
with an ave.rage power density of 470 w l l i t e r  i n  the core, a re  compared 
with those of the reference design and one module of the  modular a l terna-  
t i v e  in  Table 21. A l l  the  reactors use f u e l  c e l l s  of the  same design, 



Table 21. Comparison of Chara.:teri33tics of Full-Scale and P i l o t  Plant Breellers 

Reference Modular 
Design Design MSBE S%udies 

Power level ,  Mw(th) 
~ w ( e 1  

Core s i ze  
Diameter, f t  
Height, ft ' 

Blanket thickness, f t  
Reactor vessel  s i ze  

~ i a m e t e r ,  f t  
Heieht, f t  

Fuel circulat2on rate ,  gpm 
Temperature r i se ,  OF 

concentration i n  f u e l  s a l t ,  mole 5 
Thorium concentration i n  blanket s a l t ,  mole $ 
F i s s i l e  inventory, kg 
Core composition, volume fracyion 

Fuel s a l t  
Graphite 
Blanket s a l t  

Blanket composition, volume f rac t ion  
Blanket s a l t  

' Graphite. 
Power density i n  f u e l  s a l t ,  kwl l i t e r  
Specific power, ~ w ( t h ) / k ~  - . 

Specific inventory, kg "3~/Xv(e) 
Breeding r a t i o  
Fuel yield, $ per year 
233~ net production r a t e ,  kg/tay 
Processing ra tes ,  ft3[day 

~ u e i  s a l t  
Blanket s a l t  



but the  number and length vary with core s ize .  Moderator pieces around 
the  f u e l  c e l l s  a r e  modified t o  vary the  f rac t ion  of blanket s a l t  i n  the  
core. The p i l o t  plant  would be expected t o  be a smaller version of the 
modular design i n  having one f u e l  s a l t ,  one blanket s a l t ,  and one coolant- 
s a l t  c i r c u i t  t o  remove the heat  generated i n  t h e  reactor .  The comparison 
suggests t h a t  a 100- t o '  150-~w(th) reactor  would sat isfy"the cri t-eria.  
For smaller reactors,  t he  f rac t ion  of blanket s a l t  i n  the  core becomes 
impracticably small, o r  the  uranium concentration i n  the  f u e l  s a l t  unde- 
s i rab ly  high unless t he  core i s  made d ra s t i ca l ly  d i f f e r en t  from the  
reference" design. 

SUMMARY OF PLANS, SeEIEDULE, AND COSTS 

Molten-Salt Breeder Emeriment 

The e n t i r e  program centers 'about t he  breeder experiment. A proposed 
schedule f o r  t he  experiment i s  shown i n  Table 22. Conceptual design and 
planning would begin immediately t o  provide the  design bas i s  . for  FY-1969 
authorization of T i t l e  I and pa r t  of T i t l e  2 design f o r  a construction 
project .  Authorization of construction would be requested f o r  FY-1970. 
Construction of buildings and services and procurement of major equipment 
would begin i n  FY-1971, t h i s  time being determined by the  time required 
f o r  par t s  of the  f i n a l  design and f o r  e s sen t i a l  development work. No 
construction o r  procurement would begin u n t i l  a l l  bas ic  questions' OF 
f e a s i b i l i t y  were s a t i s f ac to r i l y  reso lved , .  Prenuelear t e s t i n g  and check- 
out of pa r t s  of the  plant  would begin i n  FY-1974 and- the  plant would 
reach f u l l  power i n  1975. 

The MSBE would be a complete power breeder plant  designed t o  operate 
a t  100 t o  150 Mw(th) and t o  produce 40 t o  60 ~ w ( e ) . .  The experiment would 
contain a reactor. and supercritical.steam-generating plant,  an e l e c t r i c a l  
generating and dis t r , ibut ing plant; a f u e l  and blanket processing f a c i l i t y  
associated with t he  reactor, waste handling and storage f a c i l i t i e s ,  and 
a l l  necessary maintenance equipment. Preliminary estimates of t he  cost 
of the  experiment and the  s ta r tup  a r e  presented i n  Table 23, The plant 

' 

costs  represent a f ac to r  of more than  two escalat ion of costs  obtained by 
scaling down t o  the  experiment s i ze  the  estimates f o r  t he  1000-*(el MSBR 
and the  250-Mw(e) module. 

Training of operators, which Is done i n  conjunction with t he  operation 
of the  Engineering T e s t u n i t  and the  Fuel Processing P i l o t  Plant, and 
s ta r tup  costs  were estimated on the  bas i s  of experience with t h e  MSRE and 
a var ie ty  of processing p lan ts ,  

Engineering T e ~ t  Unit and Fuel Processing P i lo t  Plant 
. . 

A s  an important par t  of the  development and t e s t i ng  of equipment, we 
plan t o  bui ld  .and operate a fu l l - sca le  mockup of the  reactor  primary system, 
coolant system, and f u e l  and blanket processing f a c i l i t y .  Equipment 
f o r  t h i s  plant  w i l l  be made d i r ec t ly  from the  ear ly  designs of equipment 



Table 22. Proposed Sc3ednl.l f o r  Molten-Salt Breeder Experiment 
P 

Fisca l  Year 

Conceptual design and plannimg w 

Issue direct ion B . t 
Design and inspection I I. 

Construction of buildings and services 7 
Procurement and in s t a l l a t i on  of equfpmen; t I 
Prenuelear start-up v 
~ u c l e a r  startup l---l 



Table 23. Sunmaq~ of Estimated Costs f o r  Development, Construction, and Startup of the 
Molten-Salt Breeder Ekperiment 

Costs in Millions of 3 l l a r s  

1968 1969 1970 1971 1972 1973 1974 1975 Totals 

P:olter-Salt Breeder Experiment 

Design and irspection , 0.8 1.0 2.0 2.7 1 .  1 .  0.7 10 ) 

Conet ruc t ie~  of bu~ ld ings  and ser;ri,ces 0.4 1.5 0.6 2.5 ) 40 

Procurement. m d  ins ta l la t ion  of equiptent 2 - 5  8.0 U 4.0 27.5 1 1 

Crperator Trainirg and Startup of MSBE 0.2 0.2 0.2 1.4 4.0 4.0' lo 

Engineering Test kit m d  Fuel Processing P i lo t  Plant 

0 0.5 0.3 0.2 0.2 0.1 Design and inspectLon 1.6 

Modification of building and services 0.2 0.3 0.5 I 
18 4 

4 
Procurement and ins ta l la t ion  of e~u ipaen t  0.5 4.0 4.2 0.5 9 - 2  

- 
Preparation and operation 0.3 0.3 1.0 2.8 1.7 0.6 0 

1 
6.7 

Development of Conponents and Systems 1.3 3.1 1.7 1.3 0.8 0.6 0.4 0.4 9 .6  

Instrumentation and Ccntrols Development 0.3 0 . 5  0.4 0.2 0.1 0.1 0.1 .0.1 1.8 

MaterLals Developnen t 2.0 2.2 .2.1 1.6 . o . g  0.5 0.1 0.1 9.5 

Chemical Research and Bvelopment 1.2 1.6 2.1 2.2 2.0 1.8 1.4 1.3 13.6 

' Foe1 and Blanket ~ i o c e s s i n g  Development 1.0 2.3 3.0 2.8. 2.3 2 .1  2.0 1.0 16.5 

Baintenance Developmen; 0.3 0.6 0.6 0.4 0.4 0.3 0 . 2 '  0.2 3 - 0  

P:hysics Program 0 .1  0.5 0.5 0.2 . 0 . 2  0.2 0.2 0.2 2 .1  

Safety Program 0 . 3 .  0.3 , . 0 . 2  o i l  0.1 0.1 0.1 0.1 1.3 - 
12 5 

- 



f o r  t h e  MSBE a n d ' w i l l  be made of materials being developed f o r  usg i n  t he  
f i n a l  plant .  The equipment w i l l  be arranged i n  heated c e l l s  of the  design 
proposed f o r  t he  MSBE but  t h e  c e l l s  w i l l  not have heavy concrete walls and 
w i l l ' b e  i n s t a l l ed  i n  an ex is t ing  building. 

Fabrication of t he  equipment w i l l  provide manufacturers w i t h ' t h e i r  
f i r s t ' expe r i ence  i n  making reac tor  equipment of Hastelloy N and should 
r e s u l t  i n  much b e t t e r  equipment f o r  t he  reactor.  Operation of t he  plant  
w i l l  provide a b e t t e r  test of the  equipment, the  methods of support, and 
t h e  furnaces than would individual t e s t s .  Maintenance pmcedures..and 
equipment w i l l  be t e s t e d  the re  a lso.  Operators f o r  t he  MSBE w i l l  receive 
much of t h e i r  t r a in ing  i n  t h i s  . t e s t  f a c i l i t y .  Serious work on the  t e s t  
p l an t  i s  planned t o  begin i n  t he  middle of FY-1968 with t he  goal of having 
it i n  operation .by the .end  of FY-1971, Operation w i l l  end i n  FY-1974. 

Much of t he  development and t e s t i n g  of ciZmponents and systems w i l l  be 
car r ied  out i n  conjunction with t he  Engineerfng Test.:Unit. In  addi t ion.  
t h e r e  w i l l  be e'xtensive design, development, and loop t e s t i ng  of pumps 
f o r  t h e  f u e l  arid blanket systems and some work on the  coolant pumps. 
Rel iable  pumps a r e  e s s e n t i a l  t o  long continuous operation of t he  reactor,  
and t h e  pumps.for t h e  MSBR d i f f e r  considerably from those i n  use i n  t h e  
MSRE. Other major a c t i v i t i e s  include development of control  rods and 
dr ives ,  a cover gas rec i rcu la t ion  system, mechanical valves f o r  use i n  
s a l t ,  and pa r t s  of furnaces and spec ia l  coolers. Flow t e s t s  w i l l  be made 
i n  t h e  ETU and i n  reac tor  core models. Heat t r ans fe r  s tudies  w i l l  be 
made f o r  t h e  heat exchangers, t he  steam generator, and the  reheater.  
Minor t e s t i n g  w i l l  be done of components f o r  t he  s t e m  system and t h e  
s a l t  sampler, and t h e  dra in  tank cooler systems developed f o r  t he  MSRE 
w i l l  be upgraded f o r  use i n  t h e  MSBE. Models of t he  pumps, t h e  control  
FodS, arid t h e  cover gas and xenon s t r ipping system w i l l  be operated, 
s o l u t i o n s ' t o  other  c r i t i c a l  problems w i l l  be demonstrated, and c r i t i c a l  
p a r t s  of  t h e  heat t r a n s f e r  and flow t e s t s  w i l l  be completed i n  FY-1970. 

1116 L r u u t l r l  L a  L l u n  and Controls I~eveiaprnent~ 
... =..,..- 

The instrumentation f o r  t h e  MSBE w i l l  depend heavily on the  experi- 
ence with t he  MSRE. Upgrading of some instruments w i l l  be necessary; 
t he re  dl1 be considerable,  t e s t i n g  Q$ t he  instrument comganents speelf 5 ed 
f o r  use i n  t he  MSBE. An ul t rasonic  flowmeter w i l l  be investigated f o r  
measuring t h e  flows of s a l t  i n  the  fue l ,  blanket, and coolant systems i n  
t h e  reac tor  and i n  t he  ETU. 'Development o f . t h e ' c o n t r o 1  rods and dr ives  
i s  included under t h e  Component and Systems Development.. The instrumen- 
t a t i o n  o f f e r s  no b a r r i e r s  t o  t he  successful  constkuction and operation of 
t h e  breeder experiment. 



.Demonstration of a graphite sat isfactory f o r  the tubes f o r  the core 
of the reactor ,and a Hastelloy N with adequate high-temperature properties 
under i r radiat ion f o r  making the.  equipment .and @iping a re  c ruc ia l  items 
i n  the  development f o r  the MSBE. The metals'program includes modifying 
the  present Hastelloy N, t es t ing  the. resistance t o  radiat ion 'effects ,  and 
demonstrating t h a t  the improved a l loy  has sat isfactory corrosion r e s i s t -  
'ance, weldability,' fabricabi l i ty ,  and compatibility with graphite. 

The graphite program includes determining the e f f ec t s  of very large 
doses of . fast  neutrons on the  properties of several proxiising graphites, 
developing graphite i n  tubes with an acceptably high.resistance t o  radi- 
ation ef fec ts  and low permeability t o  s a l t  and gaseous f i s s ion  products, 
and developing a sat isfactory method f o r  joining the  graphite t o  metals. 
The program i s  aimed a t  demonstrating before FY-1971 tha t  these problems 
have adequate solutions. A strong continuing program i s  required i n  
support of the e f f o r t  t o  provide a l l  the Hastelloy equipment and a graph- 
i t e  core f o r  the MSBE. 

Chemical Research and ' ~ e v e l o ~ m e n t ~  

Although the  f u e l  s a l t  f o r  the  MSBE i s  s imilar  t o  the  f u e l  used i n  
the  MSRE and s a l t s  similar t o  the blanket s a l t  have been used i n  experi- 
ments, some studies must'be done with s a l t s  of' the ac tua l  compositions 
proposed f o r  the  MSBE. The proposed coolant s a l t '  i s  new and must be 
thoroughly tested. De ta i l s .o f ' t he  ,phase relationships wi l l . be -  obtained 
i n  ' the v ic in i ty  of the  specified compositions. The physical and thermo- 
dynamics properties and the  behavior of oxides 'and oxyfluorides i n  ' the  
s a l t s  w i l l  be studied . in  regions of in t e re s t  t o  MSBE operation. 

In-pile t e s t s  w i l l  be run t o  establ ish the  compatibility of sa l t ,  
graphite, and Hastelloy N through long exposures a t  high power density. 
Good knowledge.of the  dis t r ibut ion of the  f i s s ion  products between the 
s a l t ,  graphite, and metal surfaces promises t o  be a very important r e su l t  
of theoe experiments. 

Studies w i l l  be made of protactinium and fission-product chemistry t o  
provide a be t t e r  chemical bas is  f o r  the  separations processes. Some work 
w i l l  be done t o  improve the efficiency of the s a l t  preparation processes. 

Continuous knowledge of the  composition of the sa l t s ,  especially 
the f u e l  s a l t ,  i s  desirable f o r  running a l iquid-fuel  reactor.  The most 
d i r ec t  way of obtaining t h i s  information i s  through in- l ine analysis of 
the  salts ,  Effort w i l l  be spent on methods which have been par t ly  devel- 
oped under other programs and appear t o  be promi'sing f o r  making the 
analyses. .. . 

A favorable fission-product dis t r ibut ion and good compatibility of 
sa l t s ,  graphite, and Hastelloy N a t  high power density a re  essent ia l  t o  



t h e  success of t h e  MSBR a s  a breeder. The program is planned t o  pro- 
vide de f in i t i ve  data by the  end of FY-1970. 

Fuel and ~ l a n k e t  Processing ~ e v e ' l o ~ m e n t ~ ~  

The f u e l  and blanket process development involves converting t h e  
f l uo r ide  v o l a t i l i t y  process f r o m  batchwise t o  continuous operation and 
taking t h e  vacuum d i s t i l l a t i o n  and t h e  protact'inium removal processes from 
t h e  s tage of demonstration of bas ic  phenomena i n  t he  laboratory t o  an 
engineered plant .  This includes developing flowsheets and equipment, 
determining e f f e c t s  of operating variables,  t e s t i n g  the  processes i n  t he  
laboratory and p i l o t  plants ,  and t e s t i n g  the  f i n a l  equipment before it 
is  i n s t a l l e d  i n  t he  MSBE processing f a c i l i t y .  

Demonstration of t h e  continuous f luo r ina to r  and the  p a r t i a l  decon- 
tamination of f u e l  s a l t  from the  MSRE i n  a p rac t i ca l  vacuum s t i l l  a r e  
requfred before FY-1971 i n  order  t o  begin construction of the plnnt.. 
Demonstration of t h e  protactinium removal process on a small sca le  by 
t h a t  time i s  des i rab le  and i s  planned, but it is  not essen t ia l .  Such a , process s ign i f i can t ly  improves the  performance of a molten-salt reactor  
as a breeder,  It i s  not  a decis ive f ac to r  i n  making an MSBR competitive 
with advanced converter o r  f a s t  breeder reactors.  

Maintenance ~evelopment "l 

The methods f o r  maintaining much of t he  radioactive equipment i n  
t h e  MSBE w i l l  be s imi la r  t o  those used i n  t h e  MSRE. This eliminates t he  
expensive consideration and investigation of several  a l te rna t ives ,  but 
considerable development of too ls ,  j igs ,  and f ix tu re s  w i l l  be necessary 
because t h e i r  design i s  closely re la ted  t o  t h e  design of t he  reac tor  
equipment. Several  techniques new t o  t he  molten-salt reac tor  technology 
a r e  proposed t o  be  invest igated and some w i l l  be developed. One i s  remote 
machining and welding of t he  main s a l t  pipijng. A second i s  t h e  remote 
replacement of t h e  graphi te  s t ruc ture  core. A t h i r d  i s  remote machining 
and welding of s e a l  welds o r  closure welds on the  cover of t h e  reactor  
vesse l  and on t h e  plenums. A fourth  is the  remote replacement of the 
primary heat  exchanger and possibly t h e  plugging of heat exchanger tubes 
i n  place o r  i n  a hot ce l l ,  depending on the  design of t h e  exchanger. The 
welding and brazing development is  a jo in t  Materials Development and 
Maintenance Development e f f o r t .  The program i s  planned t o  demonstrate 
by t h e  end of FY-1970 t h e  f e a s i b i l i t y  of making the  e s sen t i a l  jo in t s  i n  
the reac tor  system by remote brazing o r  welding o r  by o ther  methods pro- 
posed by t h e  designers. 

Because the  molten-salt breeder reac tors  a r e  thermal reactors, make 
use of c i rcu la t ing  f u e l s  t h a t  a r e  ea s i ly  adjusted i n  f i s s i l e  concentration, 
and a r e  of simple configurations, they'do not require an elaborate physics 



progrim. Some work i s  needed t o  obtain be t t e r  cross-section data. Studies 
a re  required of the dynamics character is t ics  of the  reactors and methods 
of f la t ten ing  the  power distribution- and some development of codes w i l l  be 
necessary. Physics experiments w i l l  consist  primarily of a few l a t t i c e  
substi tution measurements in. the  High-Temperature Lat t ice  Test Reactor 
and the Physics Constants Test Reactor a t  the pac i f ic  Northwest Laboratory. 
The program'is planned t o  resolve by M-1971 a l l  physics questions con- 
cerning the  performance of molten-salt reactors a s  breeders. Work a f t e r  
t ha t  time w i l l  be most.1~ concerned with refining the physics calculations 
and preparing f o r  the  physics experiments associated with s ta r tup  of the 
MSBE . 

Safety programx3 

The studies of safety of molten-salt reactors have, i n  the  past, been 
limited t o  the safety analysis of the MSRE. A thorough analysis i s  re- 
quired of the safety problems of the  large 'breeder reactors, primarily i n  
describing potent ial  accidents, t h e i r  consequences, and methods of pre- 
vention. Experimental investigation of specif ic  problems such a s  release 
'of f i ss ion  products from s a l t  under accident conditions and release of 
pressure produced by discharge of supercr i t ica l  steam in to  the intermediate 
coolant system w i l l  be made when the  conditions a re  properly established 
by the analysis. The analyt ical  work and essent ia l  experiments can be 
completed eas i ly  a s  the  reactor i s  designed. No problems a re  presently 
foreseen tha t  would lead t o  serious questioning of the  f e a s i b i l i t y  of 
properly containing and safely operating molten-salt reactor plants.  
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