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Nuclear power, babect on light-water-modePated converter reactors, 
seems t o  be an assured eommercial success. This circumstance has placed 
upon the Atomic Enepgy Commission the burden of fo re s t a l l i cg  any serious 
r i s e  i r ~  the  c c s t  of nuelear power once our country has keen ft;lly committed 
to 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 economicslbreeder, a t  one time viewed a s  a long-range goal, has emerged 
a s  the  cent ra l  task of the  atomic e:iergy enterpPise, 
couatry commits i t s e l f  more and xnore heavily t o  nuclear power, Yae stake 
i n  developing the  breeder rises: breeder development simpl_y must n o t  f a i l .  
All plausible paths t o  a successful breeder must therefore  be examined 
earefully e 

Moreover, as  our 

To be successful a breeder' milst meet three requirements. F i r s t ,  the 
Second, t h e  cost  of power from the breeder must be technieal ly  feasible. 

breeder mias t  be law; and th i rd ,  t he  breeder should u t i l i z e  fuel so e f f i -  
c ien t ly  t h a t  a fu21-fledged energy economy based on the breeder could be 
established without using high -cost ores 
t o  meet these c r i t e r i a  a s  w e l l  as,  and i n  some respects beLter 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, 
its development provides the world with an a l t e rna te  path t o  Isng-tem 
cheap iiuclear energy t h a t  i s  not affected by any obstacles t h a t  may c ~ o p  
up in the  development of the f a s t  breeder. 

The molten-salt breeder appears 

The moltei;l-salt breeder, tbough seeming t o  be a by-way in reactor  
development, i n  fact represents the  culmination of more than Xryea r s  of 
research and development. The iFcentive t o  develop a reactor based on 
f l u i d  f u e l s  has been strong mer sirLee the  eal-ly days of' the Metallurgfcal 
Laboyatory. 
l iqu id  bismuth reactor,  the aqueous homogeneous seactar,  and the molten- 
s a l t  reactor. I n  1959 the AEC assembled a task  force t o  evaluate the 
three concepts. The pr inc ipa l  conclusion of t h e i r  report' was t h a t  the 
"molten-salt reactor  has the highest probabi l i ty  of acliievi.ng technical 
f e a s i b i l i t y  ." 

1x1 1958 the  most prominent f l x l d  f u e l  projects  were the 

Th i s  verdict  o f  the 1959 task force appears t o  be confirmed by tlie 
operation aP tbe  MoLtec-Salt Reactor Experiment. 
followed t h e  molten-salt project  closely, th5.s success is  b a d l y  sur- 
pr is ing.  'The e s sen t i a l  technical feasibi1f"uy of the  malterr-salt system 
i s  based o;? cerl;ain thermodynamic r e a l i t i e s  f i r s t  pointed out by t h e  late 
R .  C, Brian%, who directed the AXP proJect a t  OmL. B r i a n t  pointed out 
t ha t  molten f luorides  are thermodynamically s tab le  against  reduction by 
nickel-based s t m e t u r a l  material s; that,,  Seing ionic,  they should sufTer 
no radiat ion damage lis: %he Liquid state; and tha t ,  having low vapor 
pressure and being rela.tively inert, in contact w i t h  air, reactors  based 
02 t h e m  should be safe, Tne experiel-iee a t  OREA with molten s a l t s  during 
the  intenrening years has confirmed Brleaa", s chemical i n tu i t i on  Though 
some technical. uncer taint ies  remain, par t icu lar ly  those eomected with 
the  graphite moderator, t he  path to a successful molten-salt, breeder 
appears to be we13 defined. 

T o  those who have 
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Ve estimate t h a t  a 1000-Mw( e )  molten-salt breeder should cost  $11-5 
per kilowatt ( e l e c t r i c )  and t h a t  the f u e l  cycle cost ought t o  be in t he  
range of 0.3 t o  0.4 mill/kwhr(e). 
vately owned, 1000-Mw(e) Molten-Salt Breeder Reactor should come t o  
around 2.6 mills/kwhr(e). 
low cost of the MSBR f u e l  cycle hardly depends upon sale of byproduct 
:?issile material .  Rather, it depends upon cer ta in  advances i n  t h e  chemica! 
processing o f  molten fluol-ide s a l t s  that have been denionstrated e i t h e r  i n  
-3i.lot plants  o r  laboratories:  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 s s i o n  products, and. f o r  highest 
yJerformance, but w i t h  somewhat less assurance, removal of protactiniwn by 
l iquid- l iquid ex%raction o r  absorption. 

The overa l l  cost  of power f r o m  a p r i -  

I n  contrast  t o  the  fas t  breeder, the extrernely 

The molten-salt breeder, operating i n  the thermal Tn-'3% cycle, i.s 
characterized by a l o w  breeding r a t i o :  the maximuifl 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. T h i s  
 lor^ breeding r a t i o  i s  compensated by the low spec i f i c  inventoryx- of the 
I4SRR. Whereas t h e  spec i f i c  inventory o f  t h e  f a s t  reactor  ranges betr:een 
2.5 t o  5 kg/Mw(e), the spec i f i c  inventory o f  t he  molten-salt breeder 
ranges between 0 .4  t o  1.0 kg/Mw(e) , The estimated fuel doubling time 
-or the PGBR therefore  f a l l s  i n  the range of 8 t o  50 years. 
-?,arable t o  estimates of doubling t i m e s  of 7 t o  30 years given i n  f a s t  
breeder reactor  design s tudies .  

T h i s  i s  com- 

From the point of view of long-term conservation of resource:;, low 
specif ic  inventory i n  i t se l f  confers an ad.van'r,age upon the thermal breeder. 
If the  amount of nuclear power grows linearl.y, t he  doublin& time and the  
spec i f i c  inventory enter syrmetrica1J.y i n  determining the rcaximum amount 
of raw material. t ha t  must be mined i n  order t o  inventory t'ne vho3.e nuclear 
system. Thus, low spec i f i c  inventor j  i s  an essent ia l  c r i t e r i o n  of merit 
:?or. a breeder, and the detai led comparisons i n  the next section show t h a t  
a good thermal breeder with low spec i f i c  inventory coixl.d, i n  s p i t e  of i t s  
low breeding gain, make bet ter  use of our nucle,ar resources than a good 
f a s t  breeder with high spec i f i c  inventory and high breedin[; gain. 

The molten s a l t  ,approach t o  a breeder promises t o  s a t i s f y  tine three 
c r i t e r i a  of technical f e a s i b i l i t y ,  very l o v  power cost, and good f u e l  
u t i l - iza t ion .  
f a s t  breeder is, we believe, i n  the  national. i n t e r e s t ,  

I ts  development a s  a uniquely promising corpet,itor t o  the 

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 t u s  of t h e  technology, and t o  estimate what is required to 
develop and demonstrate the technology f o r  a fu l l - sca le  thermal breeder 
based on mol.ten f luorides .  

-- A. M. Weinberg 

+Total kilograms of fissionab1.e material- i n  t h e  rencLor, i n  storage 
zncl i n  f u e l  reprocessing and refabricat ion plants  per megawatt of 
e l e c t r i c  generating capacity. 
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Growth of E lec t r i c  Generating CapacLty 

The importance of good f u e l  u t i l i z a t i o n  can be shown simply a s  
Follows. 
capacity i n  t he  U . S .  i s  presented i n  Table 1. aurnbers Lhrougi-1 t h e  year 
2000 were based on estimates develonad by the  Federal Power Commission 
and the  AEC for t h e  Report t o  the  President i n  1.962 and were t h e  nuclear 
c a p c i t i e s  updated t o  r e f l e c t  t h e  present rapid growth of nuclear e l e c t r i c  
capacity.  The t o t a l  capac i t ies  fo r  t h e  years beyond 2000 were based, i n  
Case A, on continued growth a t  t he  exponential r a t e  of about $ per  year 
and, i n  Case B, on continued grotKO a t  a l i n e a r  r a t e  of 100,000 W/yr-- 
the r a t e  a t  year 2000. 
generating capacity would be dorm t o  about 2$ per year by t h e  year 2030. 
%he nuclear capac i t ies  f o r  t he  years beyond 2000 were extrapolated on the  
bas i s  t h a t  a l l  new generating capacity a f t e r  about 2020 would be nuclear.  

A project ion of t he  r a t e  of growYn of the  e l e c t r i c a l  genera:ing 

I n  Case B, t he  r a t e  of expansion of to - ta l  e l e c t r i c a l  

Table 1. Elec t r i c  U t i l i t y  Generating Capacity 
_I_- 

Tota l  Capacity Nuclear Capacity 
(1000 Mw) ( 1000 Mw) Percent 

Nuclea7- Year 
Case A Case B Case A Case I3 

1965 

(1973 1 
1980 
1990 
2000 

2010 

2020 

1970 

2030 

240 240 

330 330 
(390) (390) 
5 80 5 80 

1700 1700 
2900 2700 

1000 1.000 

5000 3700 

8600 4700 

1 

lla 
(36)" 
1408 

390 
800 

1700 

3400 
17000 

1 

1402 

390 
800 

15 00 
25 00 

3800 

0,4 

3 
(9) 
24 
39 
47 
-60 
-70 
-80 

a 

nuclear p lan ts .  
75 for 1980. 
project ion but a re  based on the  present s a l e s  picture and 
]-end support t o  t he  higher number f o r  1980, 
Case A - exponential growth continued a t  r a t e  of about 5$ 

Case E; - growth l i n e a r  a f t e r  2000 a t  a r a t e  of 100,000 Mw 

Project ions based on present rapid r a t e  of s a l e s  of 
Original numbers were 6 , 8  f o r  1370 and 

Numbers for 1973 were not i n  the  o r ig ina l  

pel- year beyond 2000, 

per  year.  
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N u  c !.ea r Fue 1- Resource 3 

Nuclear f u e l  resources estimated t o  be avail-able i n  -tine U.S. t o  
support, t h i s  expansion of the  nuclear pover indust-ry a r e  shown i n  r e l a t ion  
.to cost  i n  Table 2. If we define low-cost resources as those obtainable 

Table 2 ,  U.S. Nuclear Fuel Resources 

Cost Reasonable Assured Total Resources 
($/lb U308 Resources (tinousand (thousand short  

01" ThOz) short tons of oxide) tons of oxide) 

Uranium Resources 

5 t o  10 195 (475*x) 
i o  t o  30 400 

30 to 50 5 000 

50 t o  100 6000 

100 t o  500 ~00,000 

Thoriuin Resources 

5 t o  10 100 

i o  t o  30 100 

30 t o  50 3000 

$0 t o  100 8000 

100 t o  500 1,000,000 

800" 

1.000 

8000 

1-5,000 

2,500, 000 

400 

200 

10,000 

25 f 000 

3,000,000 

*Includes a l l  uranium delivered t o  AEC t o  da te .  

for l e s s  than $30 per  pound, then our t o t a l  low-cost resources a r e  be- 
l ieved t o  be 1.8 mill ion short  tons of U30B, containing about 10,000 
tons of recoverable 20%, and 600,000 short tons  of Tho*. 

Fuel-Util ization Charac te r i s t ics  of Converter Reactors 

The eff ic iency of f u e l  u t i l i z a t i o n  i s  determined by the quant i ty  of 
U3O8 required t o  provide -the t o t a l  inventory of f i s s ionable  mater ia l  
associated w i t h  t he  reac tor  per  megawatt of e l e c t r i c a l  genemting capacity 
and the  quant i ty  of U3O8 required 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 i ss ionable  mater ia l .  These 
requirements are l i s t e d  i n  Table 3 f o r  several  types of reac-tors. The 
reactors  a r e  more .advanced than .?ire being b u i l t  today, bu t  t he  performance 
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LndlcaLed should be a t ta inable  within a fcir yc:.:~:;, exccpt possibly Tor 
the  hypothetica I Very Advanced Conve:rter lkactor ,  which h? 5 3 inuch .I o'?:'c*r 
3;oecific inventory and-a converzion ra  Lio-zpproaching one. 
included. t o  shox what [yea t ly  improved "8dvznced converter!;" o r  high- 
performance near-breeders might; accomplish. 
t he  da ta  were taken, the reactors  were general ly  optimized t o  obtain the  
lowest power cost  from ].ow-cost fuels. Recycle of plutonium i s  assumed 
i n  es-timating t h e  burnup. Optimization f o r  use of higher cos% fuels 
would have resul ted in be t t e r ,  but  not grea t ly  be t t e r ,  f u e l  u t i l i z a t i o n  
2nd higher power costs .  

Y'hc l a t t e r  i 5 

In the  s tudies  from which 

Fuel Resource Requirements with Converter Reactors 

The data  from Tables 1 and 3 were used t o  obtain the  curves i n  Fig. 1. 
The assumption was made t h a t  only boi l ing  o r  pressurized water reactors  
would be b u i l t  u n t i l  1976. Beginning i n  1976 advanced converters associ-  
a ted with a given curve would begin t o  be b u i l t  and by 1988 a l l  new reac- 
tors  woiild be advanced converters. Each reac tor  b u i l t  was assumed t o  have 
a l i f e  of 30 years.  

The amount o f  uranium required for  the inventory and the  t o t a l  burnup 
t o  any given da te  is  shown i n  Fig.  1 along w i t h  the  t o t a l  estimated r e -  
sources and the  t o t a l  cost  of obtaining those resources, 
ments f o r  pressurized and boi l ing  va te r  reac tors  do not d i f f e r  appreciably 
and would require the  mining of a l l  our reserves costing less than $30 per  
pound by shor t ly  after t he  year 2000. If t h e  industry continues t o  expand 
as projected and t h e  cstiniate of the  a v a i l a b i l i t y  and cost of t'ne f u e l s  
i s  reasonably accurate,  a l l  the  f u e l  ava i lab le  f o r  less than $50 per  pound 
rrould have t o  be mined by 2030 a t  a cos t  of about $700 b i l l i o n .  
advanced converters present ly  proposed w i l l  buy j t o  10 years t  time i n  
uranium reserves over t h e  pressurized and boi l ing  water 1-eactors 

The f u e l  reqliire- 

The 

Further  extension by converter reactors  vould require  development of 
a reactor--probably of a completely d i f f e ren t  type--with a much lover 
spec i f ic  inventory and a higher conversion r a t i o .  Even with such B v e r y  
advanced converter, t he  t o t a l  domestic uranium resource, ava i lab le  f o r  
less than $50 per  pound U306, would be consumed by about 2050. 

Figure 1. does not give the  whole p ic ture .  A power reac tor  should 
run dependably and profita'oly f o r  about 30 years,  so  vhen a reac tor  i s  
built, we,  i n  a sense, cormit a fuel supply f o r  30 years.  For the  reac- 
t o r s  and grow%h rztes used in m k b g  t h e  curves i n  F ig .  1, t h e  t o t a l  
commitment a t  any given t i m e  i s  about t he  same as  t h e  total .  shown fo r  
the  inventory and burnup 10 years l a t e r .  Reactors b u i l t  a s  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 uranium 
costing as  l i t t l e  8 s  $10 per pound 1J30E. However, the cost  of f u e l  could 
be expected t o  rise t o  $30 per  pound of U 3 O s  during "c'ne I.ife o f  t he  p lan t  
i f  there  were no furti?er expansion of tlne power industry,  and t o  @O per  
pound i f  the  industry cont-inued t o  expand rapidly.  
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The Tho2 commitment i s  about the same f o r  the ESdOCR, FIGR, and the  
VACR. The l i g h t  water breeder reactor  has a much greateP thorium inventory. 
I n  all cases the  thorium inventory i s  several  times the  30-year burmup, so 
the  amount of thorium required a t  any t i m e  is  close t o  the t o t a l  comitrnent. 
Although much l e s s  thorium i s  required than uranium, the  low-cost reserves 
a re  smaller and would be used i n  inventory by 2010 t o  2030. 

The e f f ec t  of t he  cost  of U s 0 8  and Tho2 on t'ne cost  o f  power i s  slzo-:rn 
i n  Table 4 f o r  t he  reactors  and the eorresponding inventory and consumption 
numbers from Table 3. These costs  a re  only Yne costs  associated wi th  the  
raw materials and do not reflect the  higher enri.chment, fabpication, pro- 
cessing, and other  costs  t h a t  invariably accompany increases i n  raw mate- 
r i a l  cost .  They are, hoFTever, f o r  reactors  t h a t  have not been optimizrtcl 
f o r  use of high-cost resources. All except the  very best converter reac- 
t o r s  would suffer heavy penal t ies  i f  the  U ~ O E J  cost were t o  r ise t o  $30 
per  pound, I n  t he  thorium reactors,  t'ne consumption i s  small, and f o r  
those reactors  with low inventory the use of high-cost resources has only 
a small e f f ec t  on the power cost .  
incur a considerable cost  penalty i n  an em of high-cost thorium. 

The l i g h t  water breeder reactor  would 

Fuel Ut i l iza t ion  Character is t ics  of Breeder Reactors 

The effectiveness with which a breeder reactor  can reduce the total. 
resource requirements depends on -the spec i f ic  inventory and doubling time 
of f i s s i le  mater ia l  i n  t'ne breeder system, the  growth r a t e  of the  nuclear 
power industry, and the  capacity i n  eonvert,er reactors  a% the time the  
breeders begin t o  be used f o r  essent ia l ly  a l l  n e w  capacity. 
i s t ics  taken from studies  of oxide- and carbide-fueled f a s t  breeders and 
of a molten-salt-fueled thermal breeder a re  presented i n  Table 5 .  The 
estimated doubling times vary from 7 -Lo 30 years f o r  the  f a s t  breeders 
and from 8 t o  50 years f o r  t he  thermal breeder. 

Ciiamcter- 

Fuel Re  source Requiremect s with Breeder Reactors 

The t o t a l  resource requiremen-t,s* f o r  a power industry i n  w%ieh only 
water reactors  are b u i l t  un t i l  1976 on" 1986 and only breeders are b u i l t  
a f t e r  1988 and 1998, respectively,  a re  presented i n  Figs.  2 and 3.  Tnc 
f igures  show the t o t a l  resource requirements t o  depend heavily on the 
capacity i n  water reactors  a t  the time when breeder reactors  are in t ro-  
duced and, by comparison with Fig. I, t'ne grea t  incentive f o r  e - q e d i t i n g  
the  development of breeders. 

'The thermal breeder i s  c lear ly  competitive with the  P a s t  breeders 
i n  reducing the  requirements f o r  mined uranium. If' the dolibling time 1s 
less than about 1% years, t'ne maximurn resource requirement depends more 
on dou'oling t i m e  than spec i f ic  inventory, so there  i s  l i t t l e  difference 

P 

*Inventory i n  converter and breeder reac Lors, plus net consmption 
by converters minus net production by breeders. 



Table 4. P a r t i a l  Effect of U308 on Cost of Powera 

Contribution of Raw blaterial Cost t o  Power Cost (mills/kwl?r) 

$5/1b $lO/lb $30/1.b $50/lb Reactor Type 
Inventory Burnup Inventory Burnup Inventory Bumup Inventory Burnup 

U3Oe Requirements 

BWR o r  PWR 0.07 0.19 0.14 0.38 0.43 1.2 0.70 1.9 
EJOCR-U 0.04 0.10 0.07 0.21 0.22 0.66 0.37 1.0 .-I 

LIJBR 0.12 0.02 0.24 0.04 0.67 0.14 1.2 0.22 

HJ?OCR-Th 0.07 0.07 0.14 0.14 0.45 0.1.63 0.73 0.68 

VACR 0.03 0.02 0.06 0.03 0.19 0.10 0.31 0.15 

w? 

HTGR 0.09 0.04 0.19 0.07 0.58 0.21 0.94 0.34 

TI102 Requirements 
FdER-Th:, 'fITGR, 0.01 0.00 0.03 0.00 0.09 0.01 0.14 0.01 

LIn3E 0.05 0.00 0.11 0.00 0.33 0.01 9.53 0 e 011 

VACR 

a Inventory charged a t  LO$ per  year. 
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between f a s t  and t h e m 1  breeder systems.  
specif ic  inventory assumes grea te r  iaportance and the  maximum requirements 
f o r  thermal breeder systems become increasingly less than those f o r  f 'zst 
breeder systems with equal doubling times. Once the  maximum requirement 
j.s sa t i s f i ed ,  t he  f a s t  breeders pl-oduce much la rger  amounts of excess 
f iss ionable  mater ia l ,  Whether t h i s  is  important, depends on the  need f o r  
the  excess material .  

For longer doubling times, the 

Figures 2 and 3 were based on s t a r t i n g  the  f a s t  breeder reactors  
with plutonium and the  thermal breeders with 23%0 The f a s t  byeeders 
require an inventory of 3 t o  5 kg of plutonium per  megawatt of e lec t r ic  
generating capacity, and t h e  PWR's and HI*JR1s produce 0,2 to 0.3 kg of 
plutonium per year pes  megawatt of e l e c t r i c  generating capacity, The 
g-owth r a t e  of the  nuclear generating capacity i s  7 t o  l@ per year f r n m  
1980 t o  2000. 
would be able t o  provide the  inventory f o r  high-performance f a s t  breeder:, 
but would f a l l  rapidly behind if  the  breeders were t o  have doirbling t i m e s  
longer than about 12 years.  
ve r t e r s  would have t o  be b u i l t  os  the  breeders would have Lo be fueled 
i n i t i a l l y  with This could add s igni f icant ly  t o  t h e  resource re- 
quirement and the f u e l  cycle costs  during the  period of conversion Lo 
operation on plutonium. 

The converters and the  breeders coming i n t @  operation 

Additional thermal converters o r  fast con- 

Thermal breeders a re  a l so  l i ke ly  t o  be fueled i n i t i a l l y  with 235U 
t o  produce an inventory of "%. However, t he  comversiorr t i m e  i s  only 
about one year and the  addi t ional  resource requirement and the  cost, 
penalty a re  small. 

Capital  Costs 

Although molten-salt thermal breeder reactors  a re  competitive w i t h  
f a s t  breeder reactors  and superior t o  the converter reactors  with respect 
t o  the  e f f i c i e n t  use of nuclear f u e l  resources, they mast a l so  produce 
power f o r  8 s  low o r  lower cost. No large molten-salt reactors or fast 
breeders and f e w  large advanced converters have been designed i n  d e t a i l ,  
so most of the  costs  must be educated estimates based on comparisons o f  
the  reac tor  systems and judicious use of information from reactors  th2.t 
a re  being b u i l t .  Such a comparison was made of several  advanced con- 
ve r t e r  reactors  and reported i n  o m ~ - 3 6 8 6 * ~  T'ne r e s u l t s  are s w m r i z e d  
i n  Table 6, 
thermal breeder reactor,  made by the  same people and reported i n  OBJXL- 
3996 (ref.  3 ) ,  is  a l so  included i n  the  tab le ,  along with the f u e l  eycle 
costs  from several  s tudies  of f a s t  breeder reactors a Capital- costs were 
not estimated i n  the f a s t  breeder s tud ies ,  In  a l l  cases the costs i n  
the  t ab le  a r e  f o r  investor-owned u t i l i t y  p l a n t s  which carry t 12$ per 
year charize on investment i n  plant and I-@ per year an  invcn-tory of Piad,  

A comparable cs-bimate of cos-ts f o r  a large molten-salt 

The comparisons show t h a t  the c a p i t a l  cost of a lasge power s t a t i o n  
containing a molten-salt breeder reactor  should imt be mxli d i f fe ren t  



Table 6. A Comparison of Estimated Costs for  Breeder and Advanced Converter Reactors 
Eased on Investor-Owned Ut i l i t i es  ChargeQ 

Fast Breeder Reactors Advruiccd ConvcrLcr llcuctors Molten 
Sa l t  

HWCCR Tiiermal Breeder WCA? CElJD ACNP OuUP OA €(wR 
PWR SWBR NTG3 SGRa 

Th 'n 3251-1 200 64303 4418 5537 

COST for  1000-Ihr(e) power plant, $ million 

Direct costs 
Inuirect costs 
Tota i  caTita1 

Fuei processkg plant 
S i E C i a i  fill;& 

Power costs (mi l l s / ih r )  

Capital cos2 
Dperating cost 
Fuel cycle cost 

Fabrication 

Processing 
Shipping 
Inventory 
Interest  on working capital  

BUT,U;! m a  l066eS 

Sub iota1 

~u or ' 3 3 ~  credit 
?;et cost 

Special fluids inventory and 
re2lacement 

Total power cost 

9 l  
39 
133b 

0 
0 

2 -3  
0.3 

0.34 
0.99 
0.20 
0.03 
0.2ii 
0.0: 

1.67 

1.7b 

4.3b 

0.20 

0 

--- --- 
i3Se 

0 
0 

2 . 3  

P;? 
0.61 
0.40 
0.27 
0.05 
3.92 
0.05 

2.30 

0.24 
2.: 

0 

4.7 

83 
3 5 

118 
0 
0 

2.0 
0.3 

0.26 
0.20 
0.19 
0.05 
0.7; 
0.14 

1.35 

i . 4  

0 

0 

3 .? 

95 88 9.6 86 62 81 
39 37 43 35 34 33 

132 125 136 I21 116 115 
0 27 3 j  14 13 5 0 0 0 0 0 
0 0 0 0 0  5 0 0 8 0 0 

2.2 2.1 2.3 2 . 1  2.0 2.0 (2.31 (2-3)  (2.3) i2-3)  (2.3) 
0.5 0.3 0.3 0.3 0.3 0.3 

0.20 0.31 0.22 0.y 0.54 --- 0.31 0.26 0.16 0.34 0.39 
0.97 0.01 0.41 0.25 0.39 0.01 
0.19 0 . q  0.24 0.17 0.14 0.19' 0.13 0.12 0.49' 0.19 0.17 

--- --- 0.02 0.02 --- 
0.02 0.03 0.34 0.02 0.04 --- 0.04- 0.05 --- -_- --- 
0.27 0.10 0.39 0.W 3.30 0.15 0.67~ 0 . 3 3 ~  0 . 3~  0.406 0,6@ 
0.02 0.05 0.01, 0.26 0.07 - - -  0.01 0.11 0.34 0.03 0.3h 

1.67 1.51 1.34 1.11 -1.48 0.35 ;.13 0.69 1.26 0.96 1.26 

0.14 0.32 o 0.25 o 0.10 0.55 0.1~1 0.32 0.19 0.2 

o 0.5 0.6 0.3 0.3 0.1 0 0 0 0 0 

1.5 1.2 1.3 0.9 1.5 0.3 0.6 0.3 1.0 0.8 0.7 

4.0 4.1 4.5 3.6 4.1 2.7 12-91 (2 .8 )  (3.3) (3.1) (3.3) 

a .  Included because plant i s  slmilar t o  6Odlum-COOled fas t  breeder plants. c .  Includes capita1 charge on processing plant. 

b. Aitnough these numers are h igher  t h a n  aresent b i d  prices for  large nuclear 
parer glants, tne basis for  the numbers is  che same as for  the other consistent with other studies. 
converter reactors and.for the MSER so they are used for th i s  comparison. 
'I"e numbers do not differ much f'mm preliminary results of recent studies 
of noncaliaed costo. 

d. Adjusted to 1% charge for  investor-owned u t i l i t i e s  to be 

e .  Capital costs W e n  Lo be the same BS PWR. 

f. Fuel cycle Cost is 30-year a v e q e d  cost. 
equuilibrium breeder cycle i a  2.4 mi11s/kvhr. 

Fuel cyefe Cost lor 

h, 
0 
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fCrom one cantsining a thermal converter reactor .  T v t k  believe t h i s  i s  E 

reasonable conclusion, The molten-salt reac tor  uses high-nickel al.I.oyn-- 
which a r e  more expensive than s t a in l e s s  s tee ls - - for  s t ruc tu ra l  material ,  
uses expensive graphi te  i n  the  core, has an intermedi.ate heat tyansfer 
system between the  reac tor  primary system am?. t h e  steam system, and 
requires  spec ia l  provisions fop remote maintenance of radioactive equip- 
men-t, However, t h e  s a l t s  a r e  good heat  t r a n s f e r  f l u ids  with high volu- 
metric heat capacity, a r e  chemically s t ab le  a t  high temperature and, w e  
believe,  a t  v e r y  high power density, have l o w  vapor pressure, and can be 
used with la rge  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 react ions w i t h  a i r  o r  water. 
primary and secondary systems can be compact and, except f o r  p a r t s  o f  t h e  
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 r e l a t ive ly  simple equipment, and the 
amount of excess r eac t iv i ty  can be kept small. The plant  cas operate 
a t  the highest  thermal eff ic iency obtainable with modern steam plan t  
practice,  so t he  cost  i n  do l l a r s  per  e l e c t r i c a l  kilowatt  can be low even 
though the  p lan t  may have more equipment and the  dol la rs  per  thermal ki lo-  
watt may be higher than f o r  a water reactor.  

The 

Operating Costs 

In  Table 6 the  operating cos ts  f o r  the molten-salt reac tors  a r e  
shown t o  be the  same as f o r  t h e  converter reac tors ,  
cos t s  do not vary much with type of reactor .  We have not studied the 
opercztion and maintenance enough t o  know whether an appreciable cost  
penalty r e s u l t s  from handling of t he  l a rge r  quan t i t i e s  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 
mill ion do l l a r s  w a s  included i n  t h e  c a g i t a l  cost  f o r  special  maintenance 
equipment, 

Most of t he  opemtinz 

Fuel Cycle and Total  Power Costs 

Table 6 shows t h a t  t he  f u e l  cycle cost  for 8. molten-salt thermal 
breeder reac tor  i s  lower than f o r  any of the converter ox r"8st breeder 
reactors .  The molten f u e l  and blanket s a l t s  can be reprocessed cont,inu- 
ously or 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 p1an.L 
connected d i r e c t l y  t o  the  reactor ,  Fuel fabr ica t ion  and shipping cos ts  
a r e  eliminated; burnup cost  (thorium) i s  negligible;  t h e  "rnventory 
charges a r e  minimal; the  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  of 23%. The contribution of the mined Tho2 and U308 cos ts  to t h e  
t o t a l  power cost  i s  small, so t h e  increase i n  power cost  i n  goiGg Srorn 
t h e  present low-cost resources t o  $FjO-per-pound resources should be less 
than 0 . 3  mill/kwhr. The very low fuel cycle cost  r e s u l t s  i n  the molten- 
sal t  reactor  having an estimated power cost  t h a t  i s  subs tan t ia l ly  lower 
than for any of t h e  converter reactors .  
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If one accepts, i n  the absence of e s t i m t e s ,  t h a t  the  costs f o r  
building and operating large power p lan ts  containing f a s t  breeder reactors  
should not d i f f e r  grea t ly  from the costs f o r  the  other p lan ts  i n  Table 6, 
then differences i n  power costs depend primarily on differences i n  f u e l  
cycle cos-ts. According t o  the numbers in  the table ,  the  f u e l  cycle costs 
and the t o t a l  power costs  f o r  the  f a s t  breeder plants  a r e  mostly lower 
than f o r  the converter plants  but higher than f o r  the molten-salt thermal 
breeder plant .  

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 the  f a s t  breeders a s  the  
relat ionship between the  plutonium inventory, t'ne breeding galn, the  
charge assessed against  the inventory, and the  value of' the  excess plu- 
tonium 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 .  
In  view of t he  many uncertainties,  we in te rpre t  the data i n  Table 5 t o  
indicate primarily 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 
plant and with f a r  l e s s  dependence on the  sa l e  of f iss ionable  material .  
The molten-salt thermal breeder i s  c lear ly  a strong competitor t o  the  
f a s t  breeder f o r  achieving the  goal. of producing power a t  low cost with 
good f u e l  u t i l i za t ion .  

1000-Mw(e) MOLTEN-SALT TIIERE/LAL BREEDER POrrjER PLANT 

Studies of the  conceptual design of a 1000-Mw(e) molten-sa,lt thermal 
breeder power plant (MSBR) and of some a l te rna t ives  o r  improvements a re  
reported i n  om-3996, OWL-4037, and 01WL-4119. 
a r e  summarized here and i n  some instances a re  adjusted t o  incorporate 
more recent information. 

Results of the  s tudies  

The N,BR reference design i s  a two-region, two-fluid system w i t h  
f u e l  s a l t  separated from the blanket s a l t  by graphite tubes. "he f u e l  
s a l t  consis ts  of uranium f luoride dissolved i n  a mixbure of l i thium and 
beryllium fluorides,  and the  blanket s a l t  1s a thorium f luoride - lithium 
f luoride mixture of eu tec t ic  composition. TIe heat generated in  those 
f l u i d s  i s  t ransferred in  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 the reactor  t o  a supercr i t ica l  
steam cycle. 
v o l a t i l i t y  and vacuim d i s t i l l a t i o n  processes. 

fie1 and blanket a r e  processed on s i te  by means of f luoride 

A design cal led MSBR(Pa) is  a favored var ia t ion of the MSBR. It i s  
the same as the  reference design except t h a t  the blanket s a l t  i s  processed 
t o  remove protactinium on about a half-day cycle. T h i s  r e su l t s  i n  improved 
p e r f o m n c e  through a higher breeding ra t io ,  a smaller inventory of 
f i s s i l e  material i n  the bla-nket, and a considerable reduction i n  the  in- 
ventory of blanket s a l t .  
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Tvo methods o f  removing protactinium from f luor ide  melts have been 
tes ted  on small sca le  i n  t he  laboratory.  In one, Pa02 was shown t o  pre- 
c i p i t a t e  on Tho2 t h a t  had been added a s  a so l id  t o  a molten f luor ide  
sa l t .  I n  t h e  second, protactinium was extracted from a f luor ide  m e l t  
by molten bismuth with thorium metal a s  a reducing agent. 
of these processes i s  favorable, so fu r the r  work should provide an i n -  
organic ion exchange process o r  a l iquid-metal  extract ion process f o r  
removing protactinium continuously and inexpensively from the  blanket 
s a l t  of a breeder reactor .  

The chemistry 

Because t h e  designs are so similar t he  MSBR and. MSBR(Pa) a r e  t rea ted  
below a s  one p lan t .  
d i f f e r  e 

Character is t ics  f o r  both a r e  reported where they 

Reference Plant Design 

Fuel, Blanket, and Coolant Salts 

Fuel s a l t  f o r  the  reac tor  i s  a te rnary  mixture consisting of about 
O.$* Wa, 65.7% 7LiF, and 34% BeP2. 
i n  the Molten-Salt Reactor Experiment. A s a l t  containing 27'$ 'I'hFa, 71% 
LiF, and 2$ BeF2 i s  proposed f o r  t he  blanket .  A mixture of 4% NaF, 476 
KF, and 4% BF3 i s  the  favored coolant s a l t  because of i t s  low l iquidus 
temperature and low cos t .  
s a l t s  a r e  reported i n  Table 7. 

This s a l t  i s  s imi la r  t o  the  f u e l  

Estimates of t h e  physical propert ies  of t he  

Flowsheet 

A flowsheet; f o r  the  1000-Mw(e) plant  i s  presented i n  Fig.  4. Fuel 
i s  pumped through the  reac tor  a t  a rate of about 44,000 gpm, enter ing 
t h e  core a t  1000°F and leaving at 1300°F. The primary f u e l  system has 
four loops, each loop having a heat exchanger and a pwnp of 11,000-gpm 
capacity. The blanket system has four  pumps and heat exchangers, smaller 
bu t  s imi la r  t o  t h e  components i n  t he  f u e l  system. Blanket s a l t  c i rcu-  
l a t e s  through each of t he  four  loops a t  a r a t e  of 2000 gpm, enter ing the 
reac tor  vesse l  a t  1150'F and leaving a t  1250'F. 

Four 14,000-gpm pumps c i r cu la t e  the  sodium f luoroborate coolant 
s a l t  through t h e  s h e l l  s ides  of the  primary heat exchangers. The s a l t  
en te rs  a t  8 5 0 " ~ ~  leaves a t  1112"F, and then passes through t h e  shell 
s ides  of t h e  blanket heat exchangers where it i s  f u r t h e r  heated t o  
1125°F. 
boiler-superheaters and e ight  steam reheatem. 

The coolant then passes i n  p a r a l l e l  through s ixteen once-through 

++AU values a r e  i n  mole $. 



Table 7. Estinated Physical Properties of MSBR Fuel, 
Blanket, and Coolant Sal tsa  

Fuel S a l t  Blanket S a l t  Coolant Sa lk  -- -~ 

Composition, mole $ 

Liquid temperature, O F  85 2 

Reference teaperatwe f o r  properties,  Oii '  115 0 

De1:si*,y, Y3/ft3 127 

'JTscosity, lb/ft-i-ir 19 
Thermal conductivity, Btulft-hr- OF 0.6 
Heat capacity, Bt7Jx.o- "F 0.55 

48 NaF-4. KF- 
48 BF3 

-700 

988 
125 

12 

0.5 

0.37 

a S ,  Cantor, R. E. Thoma, J. Y o  Cooke, and E. 'd- Hoffman, Estimated Physical Properties 0% 
MSBR Fuel, b l a n l ~ e t ,  and Coolan-t Sal'cs, OR!TL-CF-67-3-18 (March PO, 1967). 
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Fig. 4.  Molten-Salt Breeder Reactor Fiow Diagrm. 
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The steam system i s  essent ia l ly  t h a t  of t he  new Bull Run plant  of t h e  
TVA, modified t o  increase the  ra t ing  t o  1000 Mv(e) and t o  preheat t he  work- 
ing f l u i d  t o  '700°F before it enters the  boiler-superheaters. 
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 s u l t s  i n  a t h r m a l  eff ic iency of 
about 45%. 

Use of the  

Reactor Design 

Tne MSBR c e l l  arrangement is  shown i n  plan i n  Fig. 5 .  On two s ides  
of t h e  reactor  c e l l  a r e  four  shielded c e l l s  containing t h e  boiler-super- 
heaters  and the  reheaters; t'nose c e l l s  can be i so la ted  individually f o r  
maintenance. A c e l l  f o r  handling t h e  gaseous f i s s ion  products from the  
reactor  and two c e l l s  f o r  processing the f u e l  and blanket salts are ad- 
jacent t o  the  reactor  cell. 
and. storage and r epa i r  of radioactive equipment. 

Cells are also provided f o r  decontamination 

An elevation of' t h e  plant  i n  Pig. 6 shows the  arrangement of equipment 
i n  the  reactor  and coolant ce l l s ,  and a more de ta i led  view of t h e  reactor  
primary equipment i s  shown i n  Fig. 7. 
i n  diameter by about 19 f t  high, i s  designed f o r  1200°F and 150 p s i  and 
has a metal-wall thicknesses i n  t he  range of 1. t o  3 in .  

The reac tor  vesse l  i s  about 14 f t  

The reactor  vessel  contains 8 10-ft-diam by 12-1/2-ft-high core 
assem'oly composed of 534 graphite f u e l  c e l l s  of 8 type similar to  t h a t  
shown i n  Fig.  8. Fuel from the  entrance plenum i n  the  reactor  vessel  
flows upward through t h e  annulus and downward through t h e  la rge  cent ra l  
passage i n  t h e  graphite tubes t o  the  o u t l e t  plenwn. Fuel i s  ci rculated 
from t h e  o u t l e t  plenum through the  pumps t o  t h e  heat exchangers and then 
back t o  the reac tor .  
r e f l ec to r  surround t h e  care. The thorium sa l t  c i r cu la t e s  through tile 
blanket region, through Llae passages between f u e l  ce l l s  i n  t he  core, znt! 
through Lhe heat  removal system outside t h e  reac tor  vessel .  

k l-1/2-ft-thick blanket and a 3-in.-Ynick graphite 

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

The reac tor  vesse l  and all. ot'ner equipment t'nat holds sa l t  i s  made 
of Hastelloy N, a nickel-base a l loy  containing about 1% molybdenum, 7% 
chromium, and 4$ i m n .  
by f luor ide  s a l t s  and has good s t rength a t  high temperature. The high- 
temperature creep propert ies  of I-fastelloy N present ly  obtainable commerci- 
a l l y  de-teriorate under i r rad ia t ion ,  but  small changes i n  the a l loy  o f f e r  
promise of eliminating t h i s  deficiency. 

T h i s  mater ia l  i s  highly r e s i s t an t  t o  corrosion 

The graphite i s  a high-density grade processed t o  achieve small pore 
openings f o r  l o w  permeability t o  s a l t .  Superior res is tance to damage by 
i r r ad ia t ion  i s  important, but  t h e  core is designed t o  keep the f l u x  gradi-  
en t s  small scross  individual pieces and t o  permit t h e  graphite t o  expand 
or contract with l i t t l e  r e s t r a i n t .  
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3. Table 8 ,  Reactor Design Value5 

MSBR (Pa ) NSBB 

Power, MTJ 
TheITMil 
E lec t r i ca l  

Thermal efficiency, f rac t ion  
Plant load f ac to r  
Reactor vessel  

Outside diameter, f t  
Overall  height, f t  
Wall thickness, i n  e 

Head thickness, i n .  
Core 

Eeight of ac t ive  core, ft 
Diameter, f t  
number of graphite fuel. passage tubes 

Volume f r a  e t  ion s 
Fuel sa l t  
Blanket, s a l t  
Graphite moderator 

Thorium t o  uranium 
Carbon t o  uranium 

Volume, f t3  

Atom r a t i o s  

Neutron flux, care average, 
neutron s /  em2 0 sec 

T h e m 1  
Fa st 
Fast, over 100 kev 

Power density, care average, 
kwf l i t e r  

G r o s s  
I n  f u e l  s a l t  

Blanket 
Radial thickness, ft 
Axial thickness, ft; 
Volume, ft? 
Volume f rac t ion ,  blanket s a l t  

Refleetor thickness, i n .  
Fuel s a l t  

I n l e t  temperature, OF 

Gutlet temperature, O F  

Flow ra te ,  f t / s e c  ( t o t a l )  
fz?? 

42 
5 800 

2225 
1000 

0.45 
0.80 

14 
-19 

1.5 
2.25 

12 -5  

5 34 
982 

LO 

80 
473 

1.5 
2.0 
1120 
1.0 

3 

1000 
1300 
95 07 
42,950 

0 169 
0 S74 
0.757 

Continued 
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Table 8 (continued) 
--- .-- 

MSBR ( Pa ) MSBR 

Fuel salt (continued) 
Nominal volume holdup, f t 3  

Core 
Blanket 
Plena 
Heat exchangers and piping 
Processing plant 

Total  
Nominal s a l t  composition, male $ 

LiF 
BeF2 
IJI!'~ ( f i s s i l e )  

Blanket s a l t  
I n l e t  temperature, "F 
Outlet temperature, "F 
Flow rate ,  f t3/sec ( t o t a l )  

&Pm 
Volume holdup, f t3  

Core 
Blankei; 
Eeat exchanger and piping 

Storage f o r  protactinium decay 
Processing 

Total  
Sa l t  composition, mole $ 

LiF 
BeFZ 
ThF4 
U F ~  ( f i s s i l e )  

System f i s s i l e  inventory, kg 
System f e r t i l e  inventory, kg 
Processing data 

Fuel stream 
Cyele time, days 
Rate, ft3/day 
Processing cost, $/ft3 

Equivalent cycle time, days 
Uranium- removal process 
Protactinium-removal process 

Equivalent ra te ,  f t3  per day 
Uranium-removal process 
Protactinium-removal process 

Equivalent processing cost  (based 

Blanket stream 

on uranium removal), $/ft3 

II 

1317 

724 

101,000 

42 
16.3 
190 

55 

23.5 
235 0 

65 

0.55 

166 
26 

147 
404 

33 
776 
- 

65 -7 
34.0 
0.22 

115 0 
125 0 
17.3 
7764 

72 
1121 
100 
24 

2066 - 
3383 

71.0 

27.0 
2.0 

0.0005 

260,000 

812 

47 

203 
14.5 

23 

144 

7.3 

Cont inued 
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Table 8 ( continued 

MSBR( Pa ) MSBR 

P ~ e l  yield,  %/yr 

;kt breeding r a t io  
7.5 
1.07 

F i s s i l e  losses  in processing, atoms 0.0052 

Specif ic  inventory, kg of f i ss i le  
per f i s s i le  absorption 

0,724 
material per megawatt of 
e l e c t r i c i t y  pmduced 

Specif ic  power, Mw(th)/kg of 
f i s s i l e  mater ia l  3 . 1  

4.5 
1.05 

0.0057 

0 812 

2*7 

Fractlon of f i s s i o n s  i n  f u e l  stream 0.9% Q 987 
Fraction of f i s s ions  i n  thermal-neutron 

Ret neutron production per f i s s i le  

0.815 

absorption (F 1 2.227 

0.806 

2 0 221 

This t a b l e  and others  taken from 0 ~ ~ ~ - 3 9 9 6  have been revised Lo a 
include trhc effectr; on inventories of a reduced %hemal conductivity of 
the fuel sa l t .  

EIea t Exchange Sys tems 

The fue l  heat  exchangers a r e  of t he  tube and s h e l l  design and a re  
combined wi th  t he  pumps a s  shorn i n  Fig.  
flaws into t h e  impeller o f  t he  pump and i s  discharged down through t h e  
tubes of the imer bundle, It then flows upward through t h e  tubes of 
the outer  bundle and back t o  tke reac tor  core. The coolant sa l t  enters  
the shell a t  tine bottom, flows upward along the  outer  wall, then through 
t he  tube bundles countercurrent t o  the flow of tJhe fuel s a l t  and out 
kt i~ough the center pipe. 

Fuel s a l t  from the  reactor  

The 31afike-t heat  exchangers t r a n s f e r  only a s1ml1 f rac t ion  of the  
heat,  but. they pass the  f u l l  flow of eoolarit from the  f u e l  heat  exchangers, 
“They a re  s imi la r  t o  the f u e l  heat  exchangers and a re  designed f o r  single- 
pass flow af coolant on t h e  shell. side, although two-pass f l o w  i s  retained 
f o r  blanket s a l t  i n  tlie tubes,  

Fuel and blanket pumps a re  sump-type pmps b u i l t  i n t o  t h e  upper ‘leads 
of the  heat  exchangers. While t h i s  complicates the design of some of t he  
egiiiprnent, 14; reduces the sa l t  inventory (parbicularly i n  t h e  fuel system), 
&he amount of piping, and some of the stress problems during heating and 
cooling of t h e  systems. Concentric piping i s  used between the reactor 



I 
I - *  

MOTOR 

I 

UPPER BkAklNb- 

SEAL -- -_ 

SHIELDING - 
/ 

6 - 0 ' Q D  T A N K  -- - - 

M.SBEARING- , 

IMPELLER - 

REACTOR 

OUTER TUBES 
3794 81600 

INNER TUBES- - _ _  
4378 8 boa 

I 
$ 1  

i 

I 

I 

GAS C O r J N .  
I 

31'-D' - S T A R T - U P  L E V E L  

H I G H  QPR. LEVEL 

L O W  OPR. LEVEL 

Fig. 9. Molteii-Salt Ereeder Reactor Primary Hea-t Exchanger and Pump. 
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vesse l  and t h e  heat exchangers f o r  t he  same reason, The f u e l  
changers and pmps a re  below the  core so t he  f u e l  s a l t  i n  the  
dra in  quickly i n t o  tanks, where it can be cooled more easi ly ,  
pmps stop. 

heat  ex- 
core wi l l  
if  t h e  

The boiler-superheaters a re  long, slender, U-tube - U-shell exchangers. 
Coolant s a l t  flows through the  she l l ,  entering a t  1125°F and leaving a t  
850°F. Water preheated t o  about 700°F enters  t he  tubes a t  3800 p s i  and 
leaves as  supe rc r i t i ca l  steam a t  1000°F and 3600 ps i .  

Steam i s  extracted from the high-pressure turbine a t  about 550°F and 
reheated t o  1000°F and 540 p s i  before use i n  t he  intermediate pressure 
turbine.  This i s  accomplished by heating pa r t ly  w i t h  prime steam i n  pre- 
heaters  and p a r t l y  w i t h  coolant s a l t  i n  reheaters.  

Since t h e  freezing temperature of t he  coolant s a l t  i s  about 700°F, 
it seems desirable  t o  preheat t he  working f l u i d  t o  almost 700°F before 
it enters  t he  boiler-superheaters o r  reheaters.  This i s  the  purpose of 
t h e  steam preheaters ahead of the  reheaters.  Tne prime steam from those 
preheaters i s  injected i n t o  the  feedwater i n  a mixing tee t o  heat the 
va t e r  t o  the desired temperature before it enters  t h e  boiler-superheaters.  

U s e  of t he  supe rc r i t i ca l  steam cycle makes possible this matching of 
s a l t  and feedwater temperatures. It i s  believed t o  reduce t h e  thermal 
cycling (and f a t igue )  of t h e  tubes t'nat would occur i n  the  boi l ing regions 
of the steam generators a t  lower pressure. The ne t  thermal eff ic iency 
of t h e  plant  i s  about 454'0 and would be higher i f  higher temperatures 
could be used e f fec t ive ly  i n  the  steam system. 

Fdel and Blanket; Processing 

The primary object ives  of the processing are t o  separate f i s s i o n  
products i n  low concentration from t h e  other  const i tuents  of t h e  f u e l  
s a l t  and t o  separate bred f i ss i le  mater ia l  i n  low concentration from the  
other  const i tuents  of the  blanket s a l t  while keeping the losses  and t h e  
cos ts  low. With the  f luor ide  f u e l  and blanket s a l t s  of t he  MSBR, these 
objectives can be f u l f i l l e d  by a combiuation of f luor ide  v o l a t i l i t y ,  
vacuum d i s t i l l a t i o n  and protactinium extract ion processes. 
ing i s  done continuously o r  semicontinuously i n  c e l l  space adjacent t o  
t h e  reactor;  services  and some o ther  equipment required f o r  the  reac tor  
a r e  shared by the processing plant .  Shipping, long storage a t  t'ne reactor  
and reprocessing sites, and refabricat ion of f u e l  and blanket me e l i a i -  
nated, All these fac tors  lead t o  reduced inventories,  improved fuel- 
u t i l i za t ion ,  and reduced costs.  

The process- 

The f u e l  s a l t  f o r  t he  MSBR and t h e  MSBR(Pa) i s  processed by f luor ide  

For t h e  MSBR t he  blanket i s  
v o l a t i l i t y  t o  remove the  uranium and by vacuum d i s t i l l a t i o n  t o  separate 
the  c a r r i e r  s a l t s  from the  f i s s ion  products, 
processed by f luor ide  v o l a t i l i t y  alone. The cycle t i m e  i s  short  enoqh  
t o  maintain the concentration of f iss i le  mater ia l  very low. The inventory 
of blanket sa l t  i s  made la rge  t o  keep the  Pa losses small. 
t he  blanket stream i s  t r ea t ed  by a liquid-metal extract ion process 

FOP the M3BR(Pa) 



o r  an exchange process t o  remove Pa and 23% on a very short  cycle.  
t h i s  case the  f i s s i l e  inventory i n  the blanket and the  blanket s a l t  
inventory can be kept t o  a minimum. 

in 

Principal  s teps  i n  the processes are shown i n  Fig* 10. Small streams 
of core and blanket f l u i d s  are wit'ndrawn continuously from t h e  reactor  
and circulated through the  processing system. After processing, t h e  decon- 
taminated f l u i d s  a r e  returned t o  the  reac tor  a t  convenient points  such as 
the storage tanks. Inventories i n  t h e  processing plant  a r e  estimated t o  
be about 5% of the reac tor  f u e l  system inventory and less than 1% of t h e  
blanket inventory. 

The f u e l  and blanket processing p lan ts  are intended t o  operate con- 
tinuously i n  conjunction with the  reactor.  However, t he  reactor  can con- 
t inue  t o  operate when a l l  o r  pa r t  of t he  processing plant  i s  shut down f o r  
maintenance. 
the increase i n  concentration of i n  the  blanket salt would produce an 
increase of less than 2 6  i n  t h e  amount of heat  generated i n  the blanket. 
Since 23% would not be avai lable  from the  blanket, the burnup i n  the core 
would have to  be compensated by supplying f iss i le  mater ia l  from a reserve. 

During a 30-day interrupt ion i n  processing of t h e  blanket, 

Interrupt ion of t h e  processing of the f u e l  stream would cause the 
f i s s ion  product concentration i n  the  f u e l  t o  increase.  F i s s i l e  mater ia l  
would have to  be added t o  compensate 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 so  be a gradual decrease i n  the  breeding gain.  
'De less than 0.02 i n  30 days. 

The decrease would 

CaDital-Cost E s t i m a t e s  

Reactor Power Plant 

Preliminary estimates of the c a p i t a l  cost  of a 1000-Mw(e)  MSBH power 
s t a t ion  indicate  a d i r e c t  construction cost  of about $81 mill ion.  After 
spplying the  ind i rec t  cost  f ac to r s  used i n  the  advanced converter evalu- 
ation,* the  estimated t o t a l  plant  cost  i s  $115 million f o r  pr iva te  financ- 
i n g  am3 $111 million f o r  publ ic  ,financing, 
given i n  Table 9.  The conceptual design was not su f f i c i en t ly  de ta i led  t o  
permit a completely r e l i a b l e  estimate; however, tine design and estimates 
were studied thoroughly enough t o  make meaningful comparisans with previ- 
ous converter-reactor-plant cost  s tudies .  The r e l a t ive ly  low cap i t a l  
cost  r e s u l t s  from the  small physical s i z e  of t h e  MSBR and t h e  simple con- 
t r o l  requirements, The r e su l t s  of t h e  study encourage the  belief t h a t  
the cost  of an MSBR power s t a t ion  w i l l  be as l o w  as f o r  s t a t ions  u t i l i z i n g  
other  reactor  concepts. 

A summary of plant  cos ts  i s  

The operating and maintenance cos ts  of the  MSBR were not estimated. 
Based on the  ground ru les  used i n  Ref. 4, these cos ts  would be 0.34 
mill/kwhr( e ) .  
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Table 9. PreLirninary Cost-Estima.t,e S;uii:fiz~y~ f o r  a i000-Mw( e )  Mol t en -Sa l t  
Breeder Reactor Pokei- S t a t ion  [?&?BH(pa) o r  K%R] 

Federal. 
Powc1- 

commiSsi0:i 
Ac c owl t 

-. . . .. ... . ... . .. . . .. .. . __ __ 
20 Land m d  Land Rjgh t s  

2 1  S t ruc tu res  an6 Tniprovements 

211 Ground iniprovements 

2l2 Building and s t r u c t u r e s  

k .1 Reactor bui1dir.g 
.2 Turbine bui ld ing ,  a u x i l i a r y  biui l.&ir,g, and feedwater 

.3 Off ices ,  shops, and l abora to r i e s  
-4 Waste d i sposa l  bu i ld ing  
.5 Stack 
.6 Warehouse 
.'i Miscellaneous 

hea ter  spscc 

Subto ta l  Account 2J2 

Tot.al Account 2 1  

22 Reactor P lan t  Equiprnent 

221 Reactor equipment 

.I Reactor ves se l  and i n t e m a l s  

.2 Control rods 

.3 Shie ld ing  and containment 

.4 Heating-cooling systems and vapor-suppression 

.> Moderator and r e f l e c t o r  

.6 Reactor p l an t  crane 

system 

Subto ta l  ACCOIUI~L 221 

222 Heat t r a r s f e r  sys t ezs  

.l Reactor coolan t  system 

.2 InteImr?dj.atc cooling system 

.3 Steam genera tor  and rehea ters  

.4 Coolant supply and trenfment 

Subto ta l  Account 222 

223 

724 

Nuclear f u e l  lrandling and s torage  ( d r a i n  tanks)  

Nuclear fiic:l. processing and f ab r i ca t ion  ( inc luded  i n  
fue l -cyc le   COS:^) 

225 Radioactive waste treat,nz:?t and d i sposa l  (of f -gas  
sys teni) 

226 Inszmmeiittition and ron t ro l e  

227 Feedwater supp1.y and treatment 

228 Stea,m, condensair ,  and feedwater p ip ing  

229 Otiier r eac to r  p l a n t  equipmilt  ( re:::ot.e m i n t e n a c e )  

Total Account 22 

Costs 
( i n  thousends of 

d o l l a r s )  

3 60 

866 

4,181 
2,832 

1,160 
i g o  
'16 
'b.0 
30 

1,610 
2 50 

2 113 
1,200 

1,089 
265 

6,527 

6,732 
1,947 
9,853 

300 
l__ 

450 

a. Sstimates are based on 1966 cos t s  f o r  an e s t ab l i shed  mol ten-sa l t  nuc lear  power p l an t  
indus t q-. 

bConta.inui:ent cos t  i s  incl.uded i n  Accomt 221.5. 
'See Table 5 f o r  tkese  COSIS. 



T a b l e  9. (continued) 

Fede Val- 
Power 

C omiii s s I oii 
A c co tat 

Costs 
{ i n  tiiousands of 

d G 1 h l T )  

23 Turbine-Generator linits 

271 Turbine-generator units 19,174 

232 CirculcLting-xateib system 1,243 

233 Condensers and auxiltaries 1,690 

234- Cen t ra l  l .~.~k-oil .  sys-tern so 
235 Turbjne plant, ins t rune i i ta t ion  25 

236 Turbine pl-ant pi.ping 220 

237 AuxiI . iary  eq?.iipfient for genera tor  66 

2 C 

25 

238 Other t u b i n -  p l a n t  equipment 

T o t a l  Account 23 

22 

22,523 

Acccsaory  E l e c t r i c a l  

241 Switchgear, main and station service 500 

211% Switchboards ut? 

pJt5 S t a t i o n  se rv ice  transformers 169 

244 Auxi l ia ry  generator  50 

243 Di.stributed i t,ems 

Tota l  Account 24 
2,000 

2,837 

Miscellaneous EGO 

80,684 d Total. Di rec t  Cons tn ic t ion  Cost 

P r i v a t e  Financing 

Total. j n d i r c c t  coa t  
To ta l  p l a n t  cos t  

33,728 
114,412 

Publ ic  Financing 

To ta l  i n d i r e c t  cos t  30,Oi.l 
To ta l  plant cos t  lSO,@> 

d -- ---___I 

Does not. inc lude  Account 20, Land Costs.  Land io :  t r e a t e d  as u nontieprecieting c a p i t a l  item. 
However, land cos t s  were included w i i m  computing irldi.rect cos ts .  



Fuel 1 Recycle Plant 

The cap i t a l  costs of the f u e l  recycle plant for processing 15 ft3/day 
of f u e l  s a l t  and 105 ft3/day of blanket s a l t  i n  a lOOO-I%r(e) MSER power 
s ta t ion  were obtained by itemizing and costing the  major process equipment 
and by estimating the  costs of site, buildings, instrumentation, waste 
disposal, and building services associated with f u e l  recycle. Table 18 
summarizes the  d i r ec t  construction costs, t he  ind i rec t  eosts, and t o t a l  
costs  of the plant .  The t o t a l  i s  $5.3 mill ion.  
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  i s  estimated 
t o  be about $721,'000, which i s  equivalent t o  about 0.1 mill/kwhr(e),5 
A breakdown of these charges i s  given i n  Table 11. 

The operating and main- 

Table 10. Swnmagr of Processing-Plant Capital  Costs 
for a 1000-Mw(e) MSBN 

Ins ta l led  process equipment 
Structures and improvements 
Waste storage 

Process piping 
Process instrumentation 
E lec t r i ca l  aux i l i a r i e s  
Sampling connections 
Service and u t i l i t y  piping 
Insulation 
Radiation monitoring 

$ 8539'760 

556,770 
387,970 
125, 
272,100 
A, 300 

20 , 000 

128,060 
50,510 

100,000 

., 

Total d i r ec t  cost  

(3@ of d i r ec t  cos ts )  
Construction overhead 

Subtotal construction cost  
Engineering and inspection 

(25% of subtotal  construction cost  ) 
Sub t o t a  1 plant cost 

Contingency (25$ of subtotal  
plant cost  ) 

Total cap i t a l  cost  

$2,609,2'70 
782,780 

$3,392,050 
848,010 

$4,240,060 

1,OG0,020 



Table 11. Summary of Annual Oaerating 
and Maintenance Costs fo r  Fuel 
Recycle i n  a lOOO-Mw(e) MSBR 

Direct labor 
Labor overhead 

Chemicals 
Waste containers 
U t i l i t i e s  
Maintenance materials 

S i t e  
Servtces and u t i i i t i e s  
Process equipment 

$222,000 

177,600 

28,270 
14,640 

80,300 

Total  annual charges $721,230 

The cap i t a l  and operating costs  f o r  t h i s  plant  were the  bas i s  f o r  
derlving the costs  of p lan ts  with other  capaci t ies .  The relat ionship 
of cost  t o  volume of s a l t  Drocesried was estimated separately f o r  f u e l  
and blanket streams t o  give the  curves shown i n  Fig. 11. Data from 
those curves were used in t he  fuel-cycle-cost optimization s tudies  t o  
represent t he  e f f e c t s  of varying the  plant  s i z e  and throughput. 

For the  MSBR(Pa) plant  the processing methods and cos ts  were t he  
same as  those f o r  the MSBR plant  except f o r  the  blanket processing. The 
cost  of protactinium removal from the  blanket stream w a s  estimated t o  be 

0.45 C(Pa) = 1.65 R 

:There C(Pa) i s  the  capital. cost  of the  protactinium removal equipment, 
i n  mill ions of do l la rs ,  and R i s  the  processing r a t e  f o r  protactinlum 
renoval i n  thousands of cubic feet; of blanket s a l t  per day. 
of the t o t a l  cos t s  of f u e l  recycle i n  the  MSBR(Pa) w e r e  based on the 
curves i n  Fig. 11 f o r  the  f u e l  stream and on Eq. (1) combined w i t h  the  
curves i n  Fig. ll. f o r  t he  blanket stream. 

Calculations 

Nuclear Performance and Fuel Cycle Analyses 

The f u e l  cycle cost and t h e  f u e l  yield a r e  closely re lated,  yet inde-  
pendent i n  t he  sense t h a t  two nuclear designs can have s imilar  costs but 
s ign i f icant ly  d i f f e ren t  y ie lds .  
calculat ions w a s  primarily t o  f ind  the conditions t h a t  gave t h e  lowes’c 

The objective of the nuclear desfgn 
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f u e l  cycle cost, and then, without appreciably increasing t h i s  cost, the  
highest  f u e l  y ie ld ,  

.Analysis Procedures and Basic Assumptions 

The nuclear calculat ions were performed w i t h  a multigroup, diffusion,  
equilibrium reac tor  program, which calculated the  nuclear performance, 
the equilibrium concentrations of t he  various nuclides, including the  
f i s s i o n  products, and the  fuel-cycle cost  f o r  a given s e t  of conditions,  
The 12-group neutron cross sect ions were obtained from neutron spectrum 
calculat ions,  w i t h  t he  core heterogeneity taken in to  consideration i n  
the  thermal-neutron-spectrum computations. 
optimized by parameter studies,  with most emphasis on m i n i m u m  fuel-cycle 
cost  and with l e s s e r  weight given t o  maximizing the  annual fuel yie ld .  
Typical parameters varied were t h e  reac tor  dimensions, blanket thickness, 
f r ac t ions  of f u e l  and f e r t i l e  s a l t s  i n  the  core, and t h e  fue l -  and f e r t i l e -  
stream processing r a t e s .  

The nuclear designs were 

The bas ic  economic assumptions employed i n  obtaining the fuel-cycle  
cos ts  a r e  given i n  Tabie 12. 
given i n  the  previous section and a r e  included i n  the  fuel-cycle cos t s ,  
A f i s s i l e  material loss of O.l$ per pass through the  fuel-recycle plant  
was applied.  

The processing cos ts  a r e  based on those 

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

Reactor power, Idw(e) 
Therm1 eff ic iency,  
Load f a c t o r  
Cost ElSSUmptiQilS 

Value of and 233Pa, $/g 
Value of =35il, $ / g  
Value of thorium, $fkg 
Value of c a r r i e r  s a l t ,  $/kg 
Capital  charge, $/yr 

Pr ivate  financing 
Depreciating c a p i t a l  
Nondepreciating c a p i t a l  

Depreciating c a p i t a l  
Nondepreciating c a p i t a l  

Processing cost:  given by curves 

Public financing 

i n  F ig .11 ,p lus  cost given by 
Eq e (l), where applicable.  

1000 

45 
0.80 

14 
12 
12 
26 

12 
10 

7 
5 



44 

The effect ive behavior used i n  the fuel-cycle-performance calcula- 
The tions f a r  the various f i ss ion  products was tha t  given i n  Table 13. 

gas-stripping system i s  provided t o  remove f i ss ion-  roduc-t gases from the  
fuel s a l t .  I n  the calculations reported here, the fi35Xe poison f rac t ion  
w a s  assumed t o  be 0.005. 

Table 1 3 .  Behavior of Fission Products 
i n  MSBR Systems 

Behavior Fission Products 

Elements present as  gases; assumed t o  be K r ,  Xe 
removed by gas s t r ipping ( a  poison 
f rac t ion  of 0.005 was applied) 

Elements t h a t  form s tab le  metal l ic  colloids; XU, A%, Pd, Ag,  Tn 
removed by f u e l  processing 

Elements t h a t  form e i t h e r  s tab le  f luorides  Se, BY, Nb, Mo, Tc, 
o r  s tab le  metal l ic  colloids; removed by Te, I 
f u e l  processing 

Elements t h a t  form s tab le  f luorides  less SP, Y, Ba, La, C e ,  
v o l a t i l e  than LiFj separated by vaciium Pr, Nd.. Pm, Sn, 
d i s t i l l a t i o n  Eu, Gd, Tb 

Elements t h a t  a r e  not separated from the Rb, Cd, Sn, C s ,  Zr 
c a r r i e r  s a l t ;  removed only by s a l t  discard 

The control of corrosion products i n  w l t e n - s a l t  fue l s  does not 
appear t o  be a s ign i f icant  problem, so the  e f f ec t  of corrosion products 
was neglected i n  the  nuclear calculations.  
loy N i n  molten s a l t s  i s  very low; i n  addition, the fuel-processing 
operations can control corrosion-product buildup i n  the  fue l .  

The corrosion r a t e  of Hastel- 

The important parameters describing the  MSB? and MSBR( Pa) designs 
a r e  given i n  Table 8. Many of the parameters were fixed by t h e  ground 
rules  l o r  the evaluation o r  by engineering-design f ac to r s  that include 
the t h e m 1  efficiency, plant factm, capi ta l  charge ra te ,  maximm f u e l  
velocity,  s ize  of f u e l  tubes, processing costs, f i s s i l e - l o s s  ra te ,  and 
the  out-of-core f u e l  inventory. The parameters optlmized i n  the Euel- 
cycle calculations were the  reactor  dimensions, power density, core 
composition (including the carbon-to-uranium and thorium-to-uranium ra t io s  
and processing ra tes .  



The general  results of 'the nuclear calculaiions a m  given i n  Table 8; 
the neutron-balance se su l t s  are given i n  Table 14s The basic recirstos 
desigrr has the  advan:aage of zero n e ~ t r o n  losses  to s t ruc tu ra l  materials 
i n  t h e  core o-they than the moderator, Except fo r  the less of delayed 
neutrons i n  the external  f u e l  c i rcu i t ,  there i s  almost; na neutron leakage 
from the reactor because of the ch",ck 'blanket, The neutron losses t o  
f i s s i o n  products are l o w  because of the low cycle times associated w i t h  
f i c s ion -prod uc t  rema~ra 1. 

The cowponenks of the fuel-cycle cost For the MSBK(?a) and the  MSBR 
are swxmn.rized i n  Table 15a 
and processing costs, 
reactor design, since they are largely detemirzed by bine external f u e l  
volume. 
tizes, one of the chief parameters optimized in this stu&y. A s  shown by 
the r e su lks  i n  Tables 8 and 15 the  abili-ky t o  remove protactinium d i r ec t ly  
from the b l m k e t  stream has 8 marked e f f ec t  an the fuel yield and lowers 
the fuel-cycle cost by akout 0-1 mi.ll/kwhr(e). Th i s  i s  &de primarily t o  
the decrease  i n  neutron absaqytxions by protactinium w h e ~  this nuclide i s  
removed from the  core and blanket regions. 

Tine m f n  components are %he f i ss i le  inventory 
The inventuxy costs are rather r lg id  f o r  a given 

The processing costs  are a funetiori of the processing-cycle 

En obtainieg the  reactor design conditions, t he  cptirnfzatisn pro- 
cediire considered both f u e l  y i e l d  and fuel-cycle cost a s  cr i ter ia  af 
perfomrace + The corresponding Pdel-cycle perf'omanee is shown in F i g ,  
12, which gives tine minimum f u e l - c y c l e  cos t  as a func"l,ion of P;d -y fe ld  
r a t e  based on pr ivately financed p l a n t s  and a p l a n t  fac tor  of 0.8, The 
desigx? conditions f o r  -the MS%R<Pa) and MSB8 concepts correspond t o  the  
designated points i n  Fig. 12. 

The power-production cos ts  are based on the cap i t a l  costs given 
above, opemiion and maintenance ckiarges, and fuex-cyele costs Ta'ole 16 
s m l - i z e s  the power-production cost and the fQel-uti2ization character- 
i s t i c s  of the MS2B(Pa) and MSBR plants .  
low c o s t  and have good fuel-utilization @bameteristLes, 
u t i l i za t ion ,  the JLIISBR(Pa) concept is comparable to a f a s t  breeder reactor 
with a specific inventory e p f  3 kg of f i ss i le  mat*erial per megawatt of 
e l e c t r i c i t y  produced and a doubling t i m e  of 9 years, 3rhil.e the MISE@ p l a n t  
is comparable to the  same f a s t  breeder wi-t;h a dogbling t i m e  of' 12 years. 

Esth concepts pr5duce power a t  
I n  terms of f u e l  

A l t e r n a t i v e s  to t.1~ Reference Design 

The MSBR and MS33F<Ij8) refercncc d e s i g n  represents extrapolation ts 
a large scale  of techmology that has been mostly demcinstrateed on 8 mueh 
sraaller scale * 
w i l l  have BT! economical Life i n  the high f a s t  neutsori f lux i n  t h e  eore, 

i%e major u i c e r t a l n t y  is whether the graphite f u e l  cel ls  



'Table 1)~. Neutron Balances f o r  t h e  MSBR(Pa) and the  MSX< Design Conditions 

...... __. ....... I.._. ~ l _ _ _ l _ _ _ _ _  -..__ 
MSBR( Pa) MSBR 

Neutrons per F i s s i l e  Absoq t ion  Neutrons per E'i ssile Absorption 

Ab s' rb ed N e  u t  roils 

F i s s ion  

....... ........___I...- .... I___--__ 
Material- 

To ta l  
Producing Produced 

Total. Absorbed Neutrons 
Producing Produced. Absorbed Absorbed Fission 

232Th 

2 3 3 ~ a  
2 3 3 ~  

2 3 4 ~  

235u 

2 3 6 ~  

237Np 
238 u 
Car r i e r  salt  

(except 6 L i )  

Li 

Graphite 

1 3 5 ~ e  
14gsrn  

151Sm 

Other f i s s i o n  
prcducts 

Delayed neutrons 

b Leakage 

l o s t &  

Total. 

0-9970 
0.0003 
0.9247 
0.0819 
0 - 0753 
0.0084 
0.00~ 

0.0005 

0.0647 

0.0025 

0.0030 

0.0068 

0,0017 

0.0185 

0.0049 

0,0323 

0.0012 

2 .e2613 

0.0025 0.0058 

0.8213 2.0541 

0.0003 0.0008 

0.060; 0.1474 
0.0001 0.0001 

0.01.86 

0.8849 2.2268 

o.gr/ro 
0.0079 

0.9119 
0.0936 

0.01.15 

0.0014 

O.OO@ 

0.0623 

0.0881 

0.0030 

0.0300 
0.0050 

0.0069 
0.0018 

0.01.96 

0.0050 

0.0012 

2.2209 

___I. 

0.0059 0.0025 

0.8090 2. W.33 
0.0004 0.0010 

0.0708 0.172 1 

0.0001 0.0001 

0.0187 

I-- 

0.8828 2 . 2 2 9  
__I ........ ......... 

a 

bLeskets;e, inc luding  ne i~ t rons  sbsorbed i n  r e f l e c t o r .  

Delayed neutrons emitted outs ide  core .  
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Fig;. 12. V a r i a t i o n  of Fuel-Cycle CoaL w i b h  Fuel Y i e l d  in MSBI3 and 
IGBB(PR) Concepts. 



Table 16. Power -Produc t i on  Cost arid Fuel-Ut i l i z a t  ion Character is  t i c s  
of the  MSBR(Pa) and the  IGBR P lan t sape  

MSBR( pa) MSBR 

Spec i f ic  f i s s i l e  inventory, 
kg/mw( ) 

Speci f ic  f e r t i l e  inventory, 
kg/MkJ( e 1 

Breeding r a t i o  

l+bel-yield r a t e ,  $/yr 

Fuel ,doubling years 

Power doubling time, years  c 

Capital charges rnills/kwhr( e )  

Operating and maintenance cos t ,  

Fuel-cycle cost ,d  mill/kwhr( e )  

mill/kwhr( e )  

Power-production cos t ,  
mi l l s /kwhr (  e)  

0-72 0.81 

IO1 260 

1.07 

7.5 

13.0 

9 .s 
Pr iva te  Publfc 

Financing Financing 

1.9> 1*10 

0.34 0.34 

1.53 

l+a5 

22.0 

13.0 

PrivaLe Public 
F i m c F n g  I Financing 

1.95 1.10 

0.34 0.34 

0.36 0.21 0.48 0.35 - ~ -- - 
2 *'I  1.7 2.8 1.8 

&Based on 1000-&M(e) p lan t  and il 0.8 load f ac to r .  P r iva t e  financing con- 
s i d e r s  a c a p i t a l  charge r a t e  of l2$'yr f o r  depreciat ing c a p i t a l  and of 10q6'yr for 
nondepreciating capital.; publ ic  financing considers a c a p i t a l  charge r a t e  of 
7$/yr f o r  depreciat ing capital. and 5$/yr f o r  nondepreciating c a p i t a l .  

bxnverse of tj-ie fuel-yield r a t e .  
c Capabi l i ty  based on continuous investment o f  the  net  bred f u e l  i n  new re- 

actors;  equal t o  the  reac tor  f u e l  doubling time mul t ip l ied  by 0.693 + 

'Costs of oil-site in tegra ted  processing p l an t  included i n  this value e 

e Revised, 



,7-- itds, i n  t u n ,  i s  related t o  the cost i n  ecpipment,, e f for t ,  and d.owntime 
t o  do main-tenance oi" the highly radioactive COYU and other components 
i n  the reactor  primary systems e Sevex-a1 alterrlatives to the reference 
design have beer; proposed and they a re  primax-ily eoncemed with making 
thebe prablerns less d i f f icu l t ;  and i n  some instances with generally i m -  
praviag the p e r f o m n c e  of the  breeders. 
extent to which Lhey should be ixiclizded in the  program of development 
of large power breeder s ta t ions  a re  discussed belsw. 

These a l te rna t ives '  and the 

Mod.ular Designs 

The reference design has four fuel c i r c u i t s  and four blanket c i r c u i t s  
operat-lng off one reactor  vessel  i n  order t o  produce 1-000 Mw(e). 
coolant c i r c u i t  i s  provided f o r  each f u e l  and blanket c i r c u i t .  Tf a 
graphite tube i n  the  coTe were t o  f a i l  o r  a pimp in  the primary system 
were t o  stop or 8 tube in  a primary heat exchanger were t o  f a i l ,  -the 
e n t i r e  plant  would have t o  be s h u t  d ~ m  u n t i l  t he  f a u l t  was repaired. 
We believe the components can be made r e l i ab le  enough so t h a t  such shut- 
downs w i l l  be infrequeat, but t'ney w i l l  happen. 

One 

As an al ternat ive,  a modular design I ~ S  evolved with the obJeetive 
of providing assurance of high plant  ava i l ab i l i t y .  
of the reference design and i t s  secondary c i r e u i t s  were connected t o  n 
sepamte reactor  vessel  t o  provide four 556-Mw(th) reactor  modules. 
nicM~.iles were i n s t a l l ed  i n  separate cells so tha t  one coiilcl be repaired 
w2ri.le the  others ~qere operating. The layout i s  S ~ O V A  i n  plan and ele- 
vation i n  Figs. 13 and 14. 

Eneh p r i m r y  ci r c u i t  

The 

Altnough the  modulai- design has four  reactor  vessels, t'ney a re  
snBller than the reference vessel.  The Riterage power denslty i n  the 
f u e l  s a l t  anid i n  t he  core a r e  the  same as i n  t he  reference reactor; the  
reactor  vessel  f o r  eaeh module i s  &out 12 P t  ili diameter by 15 f t  'nigh, 
2s compared with ljb f t  d i m  by l 9  f t  high f o r  the  refel-ence design.. 
of the  r e s t  o f  the equipment i n  the  two types o f  plants  i s  the same, and 
the plants  a r e  of vcry nearly the same s ize .  The incrcclse i n  t o t a l  cos t  
of the modular p l an t  over the reference plant would be about 45; there 
i s  no s ignif icant  difference i n  breeding performance o r  i n  cost of t he  
power produced a 

Post 

The reference design and -the modular design descri'oed above operate 
at the  same high power density i n  the core and the  graphite i s  siiojeeted 
t o  a high dose of damaging ceutrons i n  8 few years--lOa neutrons/cm2 
(max) i n  four  t o  s i x  full-power years depending on the  amount of f lux  
f la t ten ing  that can be achieved. 
has been achieved .to date  i n  in -p i le  testing,and having to  replace Yae 
graphite every 5 years i s  estimated t o  increase the paver cost by 0.05 
t o  0 1. mill/kwhr. Although t'nere i s  considerable conf I.dence t h a t  graphite 
can be developed 'GO perform sa t i s f ac to r i ly  .to even grea te r  doses, several  
years of i r rad ia t ion  i n  the EFIE and i n  E3R-11 o r  ot'ner f a s t  t e s t  reactors  
i s  required t o  provide a f i m  bas is  f o r  this confidence. 

This dose i s  a f ac to r  of 4 higher than 
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For I;licse reasons %he first mol-ten-sn1.t breeder reactors :we 1 i k d y  
t o  be operated. a t  lower power ckmitiw %here an accep.table core 3.i:Pe 3.:; 
mom e a s i l y  aasnred,  so  considerable a t ten t ion  i s  being given t o  8 r:odriIar 
pLmt  ti2 t.%i.ch the  average power density i n  the core i s  40 kv/ l i . - te r - -  
ha l f  the power density i n  the  core of the  reference design. Again the 
only s ign i f icznt  physical change i n  the  plant  i s  I n  the  s i z e  of t h e  core 
znd: t he  reactor  vesse l ,  The reactor vessels  become ab0u-L 1.3 Tt i n  diam- 
eter by 17 f t  high; the breeding r a t i o  remains about the  same, but t h e  
yield decreases; the cap i t a l  cost vould be about @$ higher than f o r  the 
reference p lan t .  Some charac te r i s t ics  of modul.ar plants  with fu l l .  and 
half power density i n  Yne core, with and withoat protactini,um removal 
a re  shown. I n  T8bles I-?( cmd 18. The plant  f ac to r  i o  0.8 as f o r  the  re fer -  
ence design, i="o c red i t  being taken f o r  being able  to maintain a 'nigher 
plant  fac tor ,  

WneLher .the modular design represents a more a t t r a c t i v e  o r  a I.ess 
at t . ract ive a l t e rna t ive  t o  the  reference design depends on the  ouClook o f  
each designer and operator.  
if desired, the  capacity depending on %he f r ac t ion  of plant; the  operator 
io will ing t o  have shut down f o r  r epa i r  on short  notice.  
opment i s  required f o r  t he  modular design. It should receive c o n t i ~ u e d  
attentior- a s  design s tudies  a r e  made. 
s i ze  of one module could be a desirable  s tep  i n  the development o f  large 
power breeder s ta t ions .  

The modules can be made la rger  Lhan 456 P"iw(th) 

Mo special  devel- 

Construction of a p l a n t  of t h e  

Mixed-Fuel Reactor 

I n  t he  reference design, graphite cells o r  tubes with graphite-to- 
metah j o i n t s  on one end a re  used t o  keep the  f u e l  and blanket s a l t s  from 
mixing i n  t he  reactor  vessel ,  Tfle zajor  f e a s i b i l i t y  question i n  t he  
design i s  whether t he  damage t o  the  graphite by t h e  high f l u x  of fast; 
neutrons w i l l  cause the cel ls  t o  crack o r  break i n  1635s than the  three 
t o  f ive years required f o r  replacement to be economical. 

An a l t e rna t ive  t o  t h i s  type of reac tor  i s  one i n  whicb both thoriuni 
and uranPxn a re  contained i n  the f u e l  sal% which flows through channels 
i n  graphite bars much a s  it does I n  the MSKE. I n  order ~ O P  the  reactor  
t o  be a breeder the core would have t o  be surrounded by a bl-anket as 
shown in Fig. 15 The wall  separating the Core and Slanket  would be 
Bastelloy N, niobium, o r  molybdenum, 1/8 -to 114 in .  th ick ,  
sa t i s fac tory  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. 

bhet,her a 

The breeding performance of such a reactor  i s  shown i n  Table 19. 
The spec i f ic  inventory and the  doubling time can be a%tmct ive ly  Low, 
Major requirements a r e  t h a t  sa t i s fac tory  processes be invented t o  sepa- 
r a t e  protactinium continuously from uranlum and thorium i n  the fuel. 
stream and t o  sepsrate thorium from f i s s b n  products. The demands on 
f u e l  processing for t h i s  reactor  are considerably g ree t e r  than those 
inposed by the reference MSBR. 



Table lF[. Design Values f o r  Modular Plants  

...... .......... ........... - 
F u l l  Power Drnsity H a l f  Pover Delis i t y  

...... ....... -- 
With Without With Without 

Pa Removal Pa Removal Pa Removal Pa Removal 
.......... 

Power, Nw 

Thermal - per  module 

E lec t r i ca l  - Total 
- Lotal 

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

Volume, f t 3  
Volume f rac t ions  

&Fuel salt  
F e r t i l e  s n i t  
Graphite 

tube? 

Average neutron fluxes,  
n/cm2 sec 

Thermal x 10'" 
Past  over 100 kv 

Average power density,  
x id4 

kw /l it e r 
Gross 
Fuel salt  

Average fue l  s a l t  
temperatures, OF 

Tn 
O u t  

File1 salt flow, f t3/sec 

Blanket 
'Thickness, f t  

Axial 
Radial 

Average blanket s a l c  
temperatures , O F 

i n  
O u t  

Blanket s a l t  flow, 

Volume fract ions 
f t3  /sec 

Blankat salt  
Gisphj t e  

Reflpctor th ickmss ,  i n .  

5% 
2223 
7 000 

6.34 
8 
2 10 

2 53 

0.164 
0.05 
0.186 

6.56 
2.91 

'18 
475 

1000 
1300 
25 

1.25 
2 

1170 
12 50 
0.2 

0.65 
0.35 
6 

556 
2223 
LOO0 

6.3b 
8 
2 10 

253 

0.164 
0.053 
0.781 

5.62 
2.90 

78 
475 

1.000 
13 00 
23 

1.25 
2.32 

1150 
12 50 
1. " 2  

0.7111 
0.286 
6 

556 
2223 
1000 

a 
336 

503 

0.165 
0.06 
0.7'13 

3.44 
1.118 

10 

359 
237 

1000 
1300 
25 

1.23 
1. .5 

1150 
12 20 
0.2 

60 
40 
6 

556 
2225 
1000 

8 
10 
336 

503 

0.165 
0.06 
0.90 

3.3 
1.48 

39 
237 

1.000 
1300 
25 

1.25 
1.5 

1150 
1250 
1.8 

60 
JhO 
6 
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Table 1-7. (Continued) 

Ful.1 Power Density Half Power Density 

With W i  1:hout With Without 
Pa Removal Pa Removal Pa Removal Pa Reinoval 

Reactor vesse l  
dimensions, f t  
Diame t e r 
Height 

S a l t  Composj t ions ,  
111012, $ 
n e  1 

LiF 
ReFa 
UF& ( f i s s i l e )  

B l a n k e t  
Lip 
DeF2 
rw4 

System Inventories 
Fuel salt,  ft3 
Blanket sal t ,  M? 
F i s s i l e  material, kg 
F e r t i l e  material, 
1000 kg 

Processing Data - Pull Plant  
Fuel stream 

Cycle time, days 
Rate , ft3 /day 

Flumide v o l a t i l i t y  
Blanket stream 

Cycle time, 

days 
Rate, ft3/day 

Protactinium removal 
Cycle time, days  
Rate, f t 3 / ~ a y  

N e t  breeding r a t i o  

Specif ic  inventory, 
kg fissile/Mw( e )  

Specif ic  power, 
Mw( th) ’kg f i s s i l e  

E’ucl y ie ld ,  $/y,ar 
Fuel doubling time , year 
Reactor doubling t i m e ,  y r  

11.4 
-13 

63.5 
36.2 
0.22 

‘7 1 
2 
27 

169 
532 
174 
4 1  

30.4 
20.8 

4>,3 
46 

0.42 
5132 

1.06 

0.70 

3 * 2  

6.8 
1 3  

1.0 

12 
-1-3 

63.5 
36.2 
0-25 

71. 
2 
27 

169 
1063 
2 17 
81 

34.5 
1a.4 

3 7 
112 

-- 
-- 

1.05 

0.87 

2.6 

4.6 
22 

1> 

12.00 
-1’7 

63.5 
36.2 
0.21 

71- 
2 
27 

229 
565 
218 
43 

50 
17.6 

50 
44.4 

0.42 
3360 

1-07 

0.87 

E .6 

6.0 

17 
12 

1;! .oo 
-1-7 

63.5 
36.2 
0.22 

71- 
2 
27 

229 
973 
253 
75 

50 
17.6 

50 
76.4 

-.” 

-- 

1.05 

1.01 

2.2 

3.9 

e6 
1.8 



Tab1.e 18. Fuel- Cycle Costs from Modular Plarits 

ll_._l.__.......__ 

Full. Power Density 

W i t h W i  thou i Wi th Without 
Pa Reinova!. Pa Removal Pa Removal Pa Removal 

Half Power Density 
. . _....______ 

Fis s i 1 P inventory 

Fuel Stream 
F e r t i l e  Stream 

Subto ta l  

F’crt i l e  Inventory 

Carrier Sal t 

Tota l  Inventory 

S a l t  Replacement 

F i s s i l e  Stream 
F e r t i l e  Stream 

Subto ta l  

l’ert i l e  Replacement 

TotaJ Replacement 

Proces s ing  

F i s s i l e  Stream 
F e r t i l e  Stream 

Tota l  Processing 

Production C r e  di t 

Net Fuel Cyck  Cost 

0.1160 
0.0206 

0. 1.360 

0.028-( 

0.0214 

0.2167 

0.0868 
0.0069 

0 * 0937 

0.0068 

0. loo:, 

0.1275 
0.0681 

0.1960 

0.0920 

0. j42 

0.1300 
0.0391 

0.1697 

0. oyi’t 

0.0878 

0.3149 

0.0(61C 
0.0169 

0 - 0933 

0.0146 

O.lC79 

0.~16 
0.0368 

0.1584 

0.0760 

0.91 

0.1498 
0.0208 

O.l-(06 

0.0307 

0.0388 

0.2599 

0.0732 
0.0067 

0 * 0799 

0.0066 

0.0865 

0.1195 
0.0671 

0.1866 

0.1021 

0.43 

0.1524 
0.0458 

0.1982 

0.0325 

0.0868 

0.3375 

0.0732 
0.0115 

0.0847 

0.0104 

0, G95l 

0.1195 
0.0316 

0.1311 

0.0766 

0.51. 
I_-- . .. . . -._ 
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Table 1.9. Some Performance Data Tar Mixed-Fuel Reactor 

Core s ize ,  f t  10 dim x lj high 
Power density i n  fue l ,  kw( t h ) / l i t e r  360 
File1 composition, mole $ 

Specific power, Mw( th)/kg 
Specific inventory, kg =%/Mw( e )  0.68 

Breeding r a t i o  1.. 06 

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

'9.2 

0.33 

a Assumes 'chat processing i s  no more complicated or expensive 
than f o r  reference MSBR. 

T h i s  a l te rna t ive  i s  a t t r a c t i v e  i f  serious problems are  encountered 
with the  graphite tubes of the  reference design, but substf tutes  problems 
of a. metal. core tank and more d i f f i c u l t  reprocessjng. 
sorption i n  the metal core tank increases w i t h  decreasing core size,  so 
the  breeding performance would suf fer  i f  a modular design were used and 
the reactor  were made smaller t o  keep the spec i f ic  inventory l o w .  Work 
on the  mixed-fuel reactor  should be l imited t o  laboratory s tudies  (or  
observation of other groups' s tudies)  of t h e  effects of radiation on the 
high-tempernture properties of po ten t ia l  core-tank rraterials, the compati- 
b i l i t y  of those mateyials w i t h  f luoride s a l t s  and graphite, and. methods 
of processing the  fue l .  
t h a t  t he  graphite c e l l s  a re  unlikely t o  perform sa t i s f ac to r i ly  i n  the  
reference design, the development should be sh i f ted  .to t h i s  mixed-fuel 
a l t e rna t ive ,  The reactors a re  so  s imilar  t h a t  most of the work done on 
the  reference breeder would be applicable t o  t h i s  a l te rna t ive .  

The neutron ab- 

If the r e su l t s  i n  the  main l i n e  program indicate 

Direct-Contact Cooling with Molten Lead 

The reference-design NSBB has three volumes of finel outside the  Core 
i n  heat exchanger, piping, plenum chambers, e tc . ,  f o r  each voltune of f u e l  
i n  the core. Studies indicate  tha t  t he  f u e l  volune 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 w i t h  molten lead. 'The 
lead would be pumped in to  a je t  a t  the lower end of each f u e l  tube. Sa l t  
and lead would mix i n  the je t  and be separated a t  t'ne ou t l e i .  
would return d i r ec t ly  through the graphite c e l l s  t o  the core and t'ne lead 
would be pumped either through intermediate heat exchangers o r  d i r ec t ly  t o  
the steam generators. 

The s a l t  

T h i s  system has several  advantages. Ideal ly  t h e  spec i f ie  inventory 
could be reduced t o  0.3 t o  0.k kg of a% per megawatt ( e l e c t r i c a l )  and 
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the doubling t i m e  t o  5 o r  6 years.  
substituted. for some of the  lithium and beryllium f luor ides ,  
pumps and heat exchangers could be arranged f o r  maintenance of individual 
u n i t s  with the  remainder of the  plant  operating. Some pa r t s  of t he  plant 
should be considerably simplified.  

Relatdvely inexpensive lead would be 
The  lead 

There a re  some uncertaint ies  also. Thermodynamics aa ta  indicate  t h a t  
lead,  f u e l  and blanket s a l t s ,  graphite, and refractory metals such a s  
niobium and molybdenum a l loys  should be compatible. Preliminary t e s t s  
indicate  t h a t  t h i s  i s  t r u e  and t h a t  t h e  much less expensive iron-chromium 
al loys might be used i n  the  main lead systems, However, the  materials 
problems a re  almost unexplored; l i t t l e  i s  known of the  e f f ec t s  of radi-  
a t ion  o r  f i s s ion  products o r  of the ease of separating Lead and s a l t .  

The lead-coaled reactor  represents an almost completely new techncloLgy 
t h a t  cannot presently be given a good evaluation. 
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.  
direct-contact  cooling proved t o  be prac t ica l ,  i t s  adoption could produce 
impressive improvements i n  the  performance of the  t h e m 1  breeders and 
could point t he  way to the  use of molten-salt f u e l s  i n  f a s t  breeders, 

Work on the basic  

If" 

PROGRAM FOR DEVELOPMENT OF MOLTEN-SALT THEFNAL BREEDER FYXJER PLA1\3TS 

W e  believe t h e  information i n  the  section on f u e l  u-tilization strongly 
indicates  t he  need f o r  t he  U , S .  t o  be able  t o  build 1000-?!lw(e) o r  la rger  
power breeder s t a t ions  of high performance by about 1980, so they could be 
b u i l t  at a r a t e  near jj0,QOO Mw(e)  per year by about 1-990. The development 
program f o r  a molten-salt; t h e m 1  breeder should be aimed d i r ec t ly  a t  t h a t  
goal. T h i s  requires an aggressive program, careful ly  planned and exe- 
cuted and supported by f i r m  intent ions t o  carry it t o  completion unless 
developments along the  way show t h a t  the  technical  o r  economic goals 
cannot be m e t .  

d Steps i n  the  DeveI.opment 

The technology as it presently ex i s t s  i s  embodied i n  Yne Mol-ten-Salt 
Reactor Experiment. The reactor  i s  a one-region, one-fluid reac tor*  It 
operates at 3200'F but  a t  7.5 MwCth), so the  power densi ty  i s  low. Some 
em$oratory tests, however, ind ica te  t h a t  the  f u e l  s a l t s  and the major 
s t r u c t u r a l  materials--graphite and Hastelloy nT--should be compatible a t  
power dens i t i e s  f a r  above the  maximum i n  the  reference breeder design, 
The MSRE plant  includes some provision f o r  f u e l  processing and fo r  main- 
tenance of radioactive equipment, bu t  much less than w i l l  be needea i n  
a power breeder p l an t ,  

Successful operation of the  YSRE i s  providing an e s sen t i a l  base f o r  
proceeding with l a rge r  reactors,  but a t r u e  breeder p i l o t  plant--a Molten- 
S l t  Breeder Experiment--should be operated before building a prototype 
power breeder p lan t ,  The MSBE should include t h e  e s sen t i a l  fea tures  and 
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satisl 'y a l l  the  Lecbnical c r i t e r i a  of the reference design, but  i t  should 
be about a s  small a plant as w i l l  meet -t;hese requirements, 
preliminary studies,  the power would be 100 t o  150 Mw(th). 
would demonetrate all the  basic  equipment and processes under the most 
severe conditions of the large plants; I t s  e s sen t i a l  purpose would be t o  
prociuee information ra ther  than e l e c t r i c i t y .  

According t o  
The experiment 

A prototype power breeder staLion would follow the  MS3E. The s i ze  
would be 250 t o  500 N w ( e > ,  one module of the modular design described 
above. 
the  prototype plant o r  by building a plant of the reference design w i t h  
heat tPansfer c i r c u i t s  of the  s ize  developed for the prabotype. 

A fu l l - sca le  plant  could then be obtained by adding rnoduI.es t o  

Plans a re  discussed here and i n  re la ted reports for designing, devel- 
oping, and building the  MSBE. 
operation as soon a s  i s  consistent w i t h  resolving a l l  basic  problems 
before beginning construction and major procurement f o r  the plant .  
design of the plant  and research and development f o r  a l l  t'ne par 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  identifyj-ng a11 the  devel- 
opment problems, and much of the development for a f l u i d  f u e l  reactor  con- 
sists of building, tes t ing ,  and modifying the  equipment tha t  has been 
designed so t h a t  it w i l l  perform sat is l 'actor i ly  i n  the reactol-, 

They a re  aimed a t  having -the experiment i n  

Detail-ed 

Nuclear operation of the MSBE would begin i n  FY 1975. A prototype 
could be i n  operation 'oy l g b ,  and i ts  constmcti.on would bring in to  
being t h e  capabi l i ty  for building fu l l - sca l e  plants .  This capabi l i ty  
could then be expanded according t o  the needs of the time. 
ineluded a more detai led schedule or a prajeetion of the  development 
costs  for the  prototype o r  f o r  plants beyond the  prototy-pe, If the  
MSBE f u l f i l l s  i t s  purpose, the development would. consist  largely of 
building and t e s t ing  la rger  equipment and improving on demonstrated 
processes. 
would proceed and the d is t r ibu t ion  of expenditures between goxmxnent 
and industry a re  uncertain and a re  completely out of our control.  We 
therefore  have l imited our projections t o  the e s sen t i a l  s tep  i n  making 
t h i s  fur ther  development feas ib le  and a t t r a c t i v e  t o  the equipment iqdustry 
and the  u- t i l i t ies .  

We have not 

The r a t e  and manner i n  which the  work on l a rge r  reactors 

Present Status  of the Technology - E R E  

The present s t a tus  of the technology i s  'oest. described i n  terms of 
the MSRE and some supplementary information. 
fueled thermal reactor  t h a t  Droduces heat a t  a r a t e  of 7.5 Mw(-t'n) w h i l e  
operating a t  about 1200'F. 
demonstration of the technology and a f a c i l i t y  f o r  investigating the 
compatibility of fue l s  and materials and the  engineering fea tures  of 
molten-salt reactors.  The design conditions a re  shown i n  the flow dia- 
gram i n  Fig. 16, and the general arrangement of i'ne plant i s  shown i n  
Fig. I'7. 

'The MEW3 i s  a molten-salt- 

The pul-pose of the reactor  i s  t o  provide a 
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Fig. 16. MSF33 Flow Diagram. 
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T ~ E  f u e l  f o r  the MSRE i s  65% 'LiF-29,@ B~F&$ m4** 
Except f o r  t he  smaP.1. amount of Z T F ~  and t h e  higher UF'a concentration, it 
i s  t h e  f u e l  far %he core of t he  reference breeder. 

I n  t he  reactor  primary system the fue l  s a l t  i s  recirculated by a 

The flow r a t e  i s  about 1250 gprn. 
swnp- type cent r i fuga l  pump through a s h e l l  and U-tube heat exchanger and 
the  react+or vessel .  The MSRE normally 
operates a t  about 7.5 Mw t h e m 1  and a t  t h a t  power l e v e l  f u e l  en ters  the  
reactor  a t  ~ 1 6 8 " ~  and leaves a t  1210°F. The base pres swe  i n  the system 
i s  5 psig i n  t h e  helium cover gas over t h e  f r e e  surface of sal t  i n  t he  
purnp bowl. The maximum pressure is  about 55 psig a t  t h e  o u t l e t  of t he  
Pump ' 

The heat  generated i n  t h e  f u e l  salt  a s  it passes through the  reactor  
vesse l  is t ransfer red  i n  t he  heat exchanger t o  a molten-salt coolant con- 
ta in ing  6676 7LiF and 34% BeF2, 
second sumptype pump a t  a r a t e  of 850 gpm through the  heat exchanger, 
normally enter ing a t  1015°F and leaving a t  1073"F, and through a rad ia tor  
where t h e  heat is  d iss ipa ted  t o  the atmosphere. The base pressure i n  
t h i s  system i s  a l s o  5 psig i n  t h e  pump tank; t he  m a x i m  pressure, a t  
the discharge of t h e  pump, i s  70 psig.  

The coolant is  circulated by means of a 

Drain tanks are provided for s t a r ing  the f u e l  and the  coolant s a l t s  
a t  high temperature when the  reac tor  is  not operating+ 
from the  primary and secondary systems by gravi ty ,  They a r e  t ransfer red  
between tanks OF returned t o  the  c i rcu la t ing  systems by pressurizing the  
drain tanks with helium. 

The s a l t s  drain 

The f i s s i o n  product gases krypton and xenon are removed cont inumsly 
f m m  the  c i rcu la t ing  f u e l  s a l t  by spraying s a l t  a t  a r a t e  of 50 gpm i n to  
the  cover gas above t h e  l i qu id  l e v e l  i n  the  f u e l  pump tank, There they 
t r a n s f e r  from t h e  l i qu id  t o  t h e  gas phase and are s w e p t  out of t he  tank 
by a small purge of helium. 
piping, t h i s  gas passes through water-cooled beds o f  act ivated carbon. 
%"ne krypton and xenon a r e  delayed u n t i l  a l l  but the  *'I:, decay and then 
a r e  dilu4ved with a i r  and discharged t o  the  atmosphere. 

After a delay o f  about 1-l/2 h r  i n  the  

Fuel and coolant systems a r e  provided w i t h  equipment f o r  taking 
samples of the  molten ' sa l t  through pipes attached to t h e  pump tanks 
while t h e  reac tor  is  operating a t  power.. 
f o r  adding small amounts of f u e l  t o  t h e  reac tor  while a t  power t o  com- 
pensate f a r  bumup. 

The f u e l  sampler i s  a l so  used 

Finally,  the  plant  i s  provided with a simple processing f a c i l i t y  f o r  
trea%ing f u l l  75-ft3 batches o f  f u e l  sa l t  w i t h  hydrogen f luor ide  and Iluo- 
pine gases,  
tamination from the sal t  as H#. 
v o l a t i l i t y  p ~ o c e s s  f o r  removing t h e  uraniun 8 5  
approaches t h e  s i z e  required for batchwise processing of the  blanket of 
t he  Ei300=-Mw(e) reference reactor .  

The hydrogen f luor ide  treatment i s  f o r  removing oxide con- 
The f luor ine  treatment i s  the f luor ide  

The equipment 

*Percentages axe in mole $. 



A l l  the  equipment i n  the MSRE t h a t  contains sa1.t is made of Eastelloy 
N .  
temperature of f u e l  and coolant s a l t s  i s  near 85O'F. 
keep the  s a l t s  molten i n  the  reactor  systems and i n  the  drain tanks, so 
the major pieces of equipment a re  in s t a l l ed  i n  e l e c t r i c a l  furnaces and 
the  piping is  covered by e l e c t r i c a l  heaters and insulation. 

All of it was designed t o  be able t o  operate a t  l3OO'F. l iquidus 
It i s  desirable  t o  

The reactor primary system, the  fuel. drain tank system, and some 

Maintenance of t h i s  equipment and associ-  
aux i l i a r i e s  become permanently radioactive during the first f e w  hours of 
operation a t  appreciable power. 
ated heaters,  insulation, and services must be done remotely o r  semi- 
remately by means of special  too ls .  
plishing t h i s  maintenance of the YGFl!3 equipment. 

Tools have been developed f o r  accom- 

The MSRE reactor  vessel  i s  shown i n  FigC. 18. It i s  about 5 f t  diam 
by 8-1/2 f t  high from the  drain l i n e  a t  the bottom t o  the  ceoter of the 
outlet, nozzle. 
in.; the  top and bottom heads a re  1-1/8 i n ,  th ick ,  
approximately 600 v e r t i c a l  graphite bars  2 i n .  square x 67 i n .  long, 
Most of the bars  have grooves 1.2 i n .  wide x 0.2 i n .  deep machined along 
the full length of each face.  
on adjacent bars  aligned t o  form channels 1.2 i n .  x 0.4 i n 4  f o r  the s a l t  
t o  flow through Yne core. The graphite i s  a new type w i . t h  high strength, 
high density, and pore openings averaging about 0.4 microns i n  diameter, 
The s a l t  does not wet the  graphite and cannot penetrate through the  small 
pores unless t'ne pressure is  raised t o  5 Lo 20 times the  n o m 1  pressure 
i n  the care. 

The wall thickness of the  cyl indrical  section i s  9/16 
The core contains 

The bars  are ins t a l l ed  with the grooves 

Preliminary t e s t ing  of the  MSRX was begun i n  July, and f u e l  and 
coolant systems were heated f o r  the  first time for the  prenuclear t e s t ing  
i n  the f a l l  of 1964. 
reached i t s  maximum power of about 7.5 Mw("Ch) i n  June 1966. 
la ted  operating experience through May 12, 1967, i s  presented i n  Table 
20. Major a c t i v i t i e s  a re  shown a s  a function of time i n  Figs,  19 and 20. 

The reactor  was first c r i t i c a l  i n  June 1965 and 
The accumu- 

Table 20. kccmulated Operating Experience with MSRE 
I -~ ~. 

Ebcl system 
Circulating helium above 1000°F, h r  3465 
Circulating s a l t  above 1000°F, h r  905 0 
Ful l  thermal cycles, 100°F t o  1200°F 7 

Circulating helium above 1000°F, hr 2125 
Circulating s a l t  above 1000*F, h r  10,680 
Full t h e m 1  cycles, 100°F t o  1200°F 6 

Time c r i t i c a l ,  hr  5 790 
Integrated power, Mwhr ~tbemal 32J 450 
Effective full-power hours 1~510 

Coolant system 
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I n  most respects the reactor has perfoimed exceptionally wel-l, 
Analyses fo r  corrosion prod~.cts i n  the s a l t  indicate i21& there has 'been 
essent ia l ly  no corrosion of the Has-telloy N by the s a l t .  
some parts of the f u e l  systelli collfirin& that, the corrosion was n e g l i g i b l e  
during about 1890 hours of circulating salt i n  prenticlear and csi t i c a l  
t e s t s ,  
graphite during: the 2760 hours or" slrbr-ritical arid power opera%i.on f r o m  
December 1965 through July 1966. 
and react ivi ty  balances indjcate t h a t  the fuel tias been completely stable.  

Tnspcctisn of 

Samples removed f r o m  the core showed PO at tack on metal o r  

Analyses o f  the  fuel s a l t  f o r  uranium 

Al.thou& t&ere have been problems with auxi l ia r ies  and e lec t r i  c a l  
systems, few problems have been encountered wi th  the major. react,or systems 
Y'he time t o  reach P u l l  povcr ~ s a s  extended several rnontiis 'by p l u g i n g  of 
small lines i n  the off-gas system that handle; the heliuxi and gaseous 
f i ss ion  products from the pimp bowl. T'ne reactor was shut, down f m m  m i d -  
July t o  mid-OctobeP, 1966, by f a i l u r e  of the ro'cary elements of the 
blowers in  the lieat rejection system. After power operation vas resumed 
i n  October, it was interrupted in  Xovember and again br ie f ly  i n  January 
f o r  work on the off-gas l ine  and on problems associated with monitoring 
of the reactor containment, 
was c r i t i c a l  '75% of the time--mostly a t  f u l l  power, t he  fuel system 
operated 86% of the time, and the coolant; system operated I-O@ of tile 
time from mid-October u n t i l  the reactor w a s  shui, down i n  mid-I.lay, 1967, 
t o  remove graphite and metal specimens f ro in  the core. The major inci-  
dents a re  discussed. more fu l ly  below. 

I n  sp i t e  of' Lliese interruptions the  reactor 

The radiator housing is a large, insulated, e l ec t r i ca l ly  hcaLed box 
around the radiator co i l s  and -is requi-red so the radia-tor C B K ~  be kept hot 
and the s a l t  i n  it molten when the  reactor is  not producing fission heat. 
The d i f f i c u l t i e s  were I n  obtaining proper operation of' the doors and i n  
controlling leakage of hot  a i r  through joints and through ducts TOT elec- 
trical leads t o  prevent overheating of equipment outside the housing. 
Future molten-salt reactors a re  imlikely t o  have sirailas radia t G m ,  but 
the expel-ience wtll he helpful. i n  designing be t t e r  Pu-snaces for other 
equipment. 

The oft-gas system was designed f m  a smll flow of' gas, essent,ially 
free of s o l i d  o r  l i q u i d  aerosols. Some d i f f i cu l ty  was experienced w i t h  
micron-size par t ic les  of s a l t s  colleciing i n  the t iny ports of trie flow 
c s n t r o l  valves, but much mope d i f f  iciil_ty w a s  experienced a f t e r  the reac- 
t o r  began t o  operate a t  1 @.i wiYn organic sol ids  and viscous organic 
l iquids  collecting i n  the valves am! at the  entrance t o  the ca-rbnr! beds. 

The bearings on the f u e l  circulation pumy are  lubricated and parts  
of the pump are  cooled by oil. The oi 1 i s  separated from "cine pump tank 
by a rotary seal. ProvisSon i s  omde f o r  direct ivg the noms1 seal. l eak-  
age of 1 t o  10 cc per clay of' ail t o  a waste tank and p revendng  l iquid 
or vapor f ~ o m  coming fi1 csn'cact w i . t h  the sa l t  OT cover gas i n  the pmp tank. 
Under special. conditions, demonstrated i n  ri pimp t e s t  loop, iirlis o i l  can 
leak through a gasketed sea l  i n  ?,he pmp presently I n  t h e  MSRE s ~ d  in to  
the pump tank where it vaporizes. The vapom mix w i t h  the  helium purge 
stream and flow in to  the off-gas system. The o i l  2 1 s  no e€ffect on the 



f u e l  s a l t ,  but the organic materials polymerize i n  tine off-gas systen 
under the intense beta radiat ion of the gaseous f i s s ion  pmducl;s to fom 
the viscous l iqu ids  and so l ids  t h a t  plugged the  valves and the  eri-hrances 
t o  the  c a r ~ ~ o n  beas. 

This problem has been reduced t o  a minor nuisance ii? the  MSRE by 
ins ta l l . im~ absolute f i l t e r s  for trapping solids and heavy licjizids ahead 
of the  control valves. The leakage path has been eliminated i n  future  
punps by subst i tut ing a welded sea l  f o r  t he  gasketed sea l ,  S m a l l  amounts 
of organic and inorganic vapors or aerosols a re  l i ke ly  Lo be found i n  the 
off-gas from fu ture  reactors,  but they can be easily controlled by the use 
of f i l t e r s ,  t raps ,  and absorbers. 

The off-gas l i n e  was plugged once by frozen salt .  T%ls happened 
when the  pump bowl was accidentally over f i l l ed  while the cal ibrat ion of 
the l iquid- level  indicators  was being investigated.  Salt, was discharged 
in to  some of the l i n e s  attached t o  the  pump bowl and froze in the cold 
sect ions,  Heaters were applied to the  l i n e s  t o  remove most of t he  s a l t ,  
but it was necessary t o  open the  off-gas line and break up a small amount 
of material  in  par t  of the l i n e ,  Careful a t ten t ion  must be given t o  'che 
in te r face  between hot systems and cold systems i n  t he  breeder designs. 

The maximm power reached i n  the  MSRE i s  20 t o  2576 below the  design 
power, It i s  l imited by the  heat t r ans fe r  performance of' the  radiator,  
but %he overa l l  heat t r ans fe r  coeff ic ient  of the primary heat exchanger 
i s  a l so  less than had been calculated. la  the  case of the m d i a t o r  the  
a i r - s ide  coeff ic ient  i s  low. While t h i s  indicates  t h a t  b e t t e r  re la t ion-  
ships would be useful f o r  calculating the a i r - s ide  p e r f o m n c e  of such 
devices, the designs f o r  molten-salt breeder reactors  do not contain 
sa l t - to -a i r  radiators ,  
calculate  t he  performance of t he  primary heat exchanger were adequate, 
but that; too high a value was used for the thermal eonductlvity of the  
salt.  Th i s  points t o  the  need for very good data on the properties of 
s a l t s  f o r  the  breeder reactors ,  

Recent data indicate  t h a t  -the equations used t o  

One day i n  July, 1966, when Lbe reactor was running a t  full power, 
the power slowly decreased from 7*5 @d t o  abou2. 5.5 Mw without action 
on the part; of the  operators, and a t  the same time t h e  a f r  f l o w  through 
the radiator  decreased. Investigation soon showed t h a t  the  reduction i n  
a i r  flow had resulted from the dis integrat ion of the  ratsrjr element on 
one of the two axialblowers t h a t  operate i n  parallel t o  pump a i r  through 
the  radiator  a t  a r a t e  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 t'ne other blower had a large crack i n  the  hub, 
so one blower and t h e  rotary element of the  second had t o  be replaced. 
It took about three months t o  obtain ro+,ary elements with blades that 
would pass a thorough examination. The cause for the  failures w a s  never 
f u l l y  esta-Mished. 
operated f o r  about 8 months w i t h  tne  vibra-bioas and bearing temperatures 
monitored careful ly .  One bearing on one blover has had t o  be replaced 

Yne blowers with new rotary elements have been 



t o  keep the vibrations w i t h i n  speciPied l i m i t s .  
been iiispected periodically and show no signs of  cracking* While t h i s  
incident caused a long shutdown it is unrelated t o  molten-salt reactor 

The rotary eleinents have 

techP.Qbgy s 

We stated above that, the  mechanical perfamance of the MSl% s a l t  
systems ha3 beer, excellent, that there has been l i t t l e  o r  no eorrosim 
of tbe container metal and l i t t l e  or no reaction of the  salt xL%h the 
graphite, and t h a t  the fue l  s a l t  has been completely sLab1-e. Th i s  i s  
the performance t ha t  the component t e s t s  and several years o f  materials 
m r k  and chemical developmat prto-r 4x1 the  experiment hcad led us t o  
expect e 
i n  the o€P-gas system, the only unexpected behavior i n  t‘ne system has been 
tha t  of f i s s ion  products from niobium, atomic number 41, tbrough t e l l u -  
rium, atomic number 52. 

Aside f rom the experience wi t.h polymerization of organic mateTi R ~ S  

These elemer,ts were expected t o  be reduced t o  metals by the chromium 
i n  t he  Hasteelloy N and by the t r iva len t  umniunn -in the  salt and t o  deposit 
on metal surfaces i n  .the reactor or t o  c i rculate  as  col loidal  par t ic les .  
$owever, they were found i n  considerable amounts on graphite as well a s  
on metal speeimens that, were x-eraoyec?L from the core of the reactor i n  
August 1966. Also there is  some evidence of these materials i n  the gas 
phase above the s a l t  i n  the pump bowl. 
most of Ynese elements form volatile fluorides,  but the fluorides sho1.il.d 
not be able t o  ex i s t  i n  equilibrium w i t h  the  fue l  s a l t .  The actual  s t a t e  
of these materials i n  the MSXE may be exactly what the chemists expected; 
the  deposits on the gmphite samples may be th in  films of metal particles;  
and the materials i n  the gas phase may be aerosols instead of vo la t i l e  
f luoride compounds. More work i s  required t o  f i rmly  es tabl ish the be- 
havior of these elementx i n  t‘ne MSRE and t o  r e l a t e  t h i s  behavior t o  the 
conditions of breeder reactors. 

I n  the higher valence s ta tes ,  

In. its performance t o  date the IGIIE has fu l f i1 led  much of i t s  
or iginal  punpose. Continued opemtion o f  the  reactor now becomes important 
i n  the investigation of de t a i l s  of Lhe tecbnobgy, o? long-temi effects,  
and of some aspects t ha t  were not included i n  %be original  plans. 

The MSRE i s  the only large i r radiat ion f a c i l i t y  available OT proposed 
fol- use i n  the development of molten-salt resletors before the MSBE begins 
to operate. It is needed primarLly f o r  study of the C h e r n i s t i T  of the fue l  
s a l t  and the materials. Continued investigation of the mechanism of depo- 
s i t i on  of f i ss ion  products on graphite and metal surfaces and of the  
appearance i n  the gas phase of elements from niobium through tell~-irium i s  
essent ia l  t o  the design of molten-salt breeder reactsrs e This informa.Lion 
w i l l  be obtained through s t u d k s  of the fue l  s a l t ,  the off-gas f ~ o m  t h e  
pump bowl, and specimens of graphite and metal. t ha t  are  exposed i n  the 
core and i n  the l iquid and vapor phases i n  %he pump bowl. The core of 
the MSRE i s  t’ne olaly place where large numbers of specimens can. be aecom- 
modated for -this purpose and a lso f o r  determining the etfects of Erradi- 
at ion on metals and graphite 1x1 a fue l -sa l t  environment. Sirice the  MGRE 
operates at low power density, the e f fec ts  of pover~ density must ’oe 
determined i n  capsule and i n  elr@ulat. ing loop experiments  i n  other reactors.  



By having these laLfeP t e s t s  complement those i n  the  IGRE the number o f  
t e s t s  and the s ize  and compiexi2,y of  the  test  f a c i l i t i e s  should be con- 
siderably reduced * 

Large breeder reactors w i l l  use ‘3% a s  f%el and i n  the circulating 

This is  much smaller than has been used i n  react,ors t o  date 
reactor the  effect ive delayed neutron fract ion W i l l  be yedeuced t o  about 
O,Wl.3, 
and has important safety and control implications, 
the MSRE with 
the  reactor when operating wi th  the small delayed neutron fract ion,  
Th i s  w i l l  be the first reactor fueled with a% and good agreement 
between the calculated and measuyed s t a b i l i t y  chamederist ies w i l l  give 
confidence i n  tine calculated s tab i l i t -y  and safety chasacte;eistics of 
the large breeders. 

Plans a re  t o  fue l  
l a t e  i n  m-1968 and Lo investigate the s t a b i l i t y  of 

W i l e  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- 
a t ions and operation a% high temperature. 
w“ih the  equipment w i l l  provide data helpful i n  clesigning the IGBX and 
i n  desfgn studies f o r  la rger  plants.  
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.  

E-ffects observed and experience 

Ekperience w i t h  the  maintenance 

Advances i n  Technology Requlred for a 
High-Performance Thermal Breeder 

Advaaeing the technology of the  MSRE t o  the l eve l  recplred t o  build 
large, two-fluid, two-region power breedem requlres few, i f  any, mazer 
iment ions,  It does require considerable research and development t o  
increase the  depth of knowledge i n  the  en t i r e  Pield,  t o  improve materials 
and processes, t o  make larger,  bekteer‘ equipment, and to demonstrate a 
much higher performance i n  a ccsrn55ned reactor, processing, arid power 
plant * 

The most important difference between the PISRE and the reTerence 
bmeder is  t’ne power density in the  Plel, 
i n  the fuel i n  the power breeder is  expected t o  be 600 t o  1000 kwr/liter, 
a factar  of 20 t o  35 above the m x i m  i n  the MSRTi:. 
t e r n  i n - p i l e  t e s t s  of f u e l  s a l t  and graphite i n  metal capsules a t  250 
kwll i ter  and f u e l  s a l t s  i n  metal capsules a t  several  thousand kilowatks 
per l i t e r  indicate t h a t  the f u e l  is  stable and compatible with the  mate- 
r i a l s  a t  the high power density. Yhis csmpatibility must be more ther- 
uughly established by tests of loag duration mder conditions proposed 
f o r  the  ’oreeder and, i n  some instances, under more severe csnditjions. 
A very important pafi of t h i s  e f fo r t  i s  to detmmine the dis t r ibut ion 
of f i s s i o r  products i n  the sys.tems and in parhicrxlm whether enough of 
them deposit on the  graphite t o  seriously affect., the breeding potent ia l  
of the reactor.  

Z”he maximum power density 

Results o f  shor t -  



The two-region breeder makes use of graphite tubes or f u e l  cells  t o  
keep Lhe f u e l  s a l t  from mixing with t h e  blanket s a l t  i n  t he  reactor  core. 
This graphite w i l l  be subjected t o  a maximum neutron dose of about 10a 
n v t  ( E  > 100 kev) i n  f i v e  years a t  t he  high p0we-P density i n  the center 
of t he  core. The graphite bars  i n  the MSRE have cracks tha t  would pass 
s a l t ,  but with some addi t iona l  development, tubes or fuel. c e l l s  could 
almost cer ta in ly  be made with the  same low permeability to s a l t  and free 
from cracks. 
uncertain because no graphite has ye t  been i r r ad ia t ed  beyond about 3 x 
n v t .  A more rad ia t ion- res i s tan t  graphite, possibly an i so t ropic  material ,  
with equally low permeability may have t o  be obtained t o  ge t  the desired 
l i f e .  

Whether they would survive the large radiat ion dose i s  

The Hastelloy N used i n  the  MSRE has excel lent  propert ies  when un- 
i r rad ia ted ,  but  t he  creep propert ies  de te r iora te  under i r r ad ia t ion ,  
behavior occurs i n  s t a i n l e s s  steels and other  a l loys  and i s  caused by 
helium bubbles i n  t h e  grain boundaries produced by tinemB1 neutron i r r a -  
d ia t ion  of boron i n  the a l loy .  For the reactors  t o  have long l i f e ,  the  
Hastelloy N must be improved t o  have b e t t e r  high-temperature propert ies  
under i r rad ia t ion .  Research i n  progress ind ica tes  t h i s  can be done, but  
a sa t i s fac tory  improvement must be demonstrated w i t h  commercial matertals 

T h i s  

The vacuum d i s t i l l a t i o n ,  protactinium removal, and conti.nuous vola- 
t i l i t y  processes f o r  t he  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 l e  breeder p lan ts  and f o r  any demonstration 
plant will be considerably l a rge r  than t h a t  i n  the MSRE. Tec'nniqiles 
developed for building large equipment f o r  other  types of reactors  will 
have t o  be adapted t o  t h e  needs of molten-salt reactors .  Supercr i t ica l  
steam generators, salt t o  steam reheaters,  l a rge  pumps with long sha f t s  
and molten-salt bearings and new concepts i n  cover-gas systems must be 
developed f o r  the  reactors .  A continuous f luor ina tor ,  a high-temperature 
vacuum s t i l l ,  a l iquid-metal  t o  molten-salt extract ion system and ot'ner 
new devices a r e  required f o r  the  f u e l  processbe; p lan t .  
techniques must be developed f o r  maintaining l a rge r  radioactive equipment 
w i t h  g rea te r  f a c i l i t y .  
radioactive systems i s  expected t o  be necessary. 

Equipment and 

Development of remote welding and inspection of 

All these developments must be combined. and the new l e v e l  of tech- 
nolopj demonstrated i n  a breeder p i l o t  plant .  

Cr i t e r i a  f o r  t he  Molten-Salt Breeder 'Experiment 

The MSBE should demonstrate a l l  'che bas ic  technology of a large 
molten-salt breeder reactor  so  t h a t  moderate scale-up and normal improve- 
m e n t  of equipment and processes a r e  a l l  t h a t  i s  required. t~ bui ld  la rge  
plants .  The plant  should be a s  small and the  power l e v e l  as low a s  is  
consistent w i t h  making a complete demonstration. Major c r ibe r i a  f o r  the 
plant  a r e  the following . 
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1. 

2 .  

3. 

4. 

5. 

6. 
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8.  

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 ea s t  the 470 w/l i ter  of the MSBR reference design. 

Fuel, blanket, and coolant s a l t s  should be essentially those proposed 
f o r  use i n  the reference reactor. The uranium concentration may be 
somewhat higher i n  the fue l  salt; i n  the experiment with the reference 
concentration of thorium in  the blanket but not so high as t o  caxse 
the  chemistry t o  be s ignif icant ly  d i f fe ren t .  A f u e l  of' t he  reference 
uranium concentration could be demonstrated by reducing the thorium 
concentration i n  the blanket f o r  the demonstration period, 

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 sfze and design tha t  
can reasonably be scaled up t o  make components f o r  a prototype. Tne 
core should have graphite tubes o r  f u e l  c e l l s  with fue 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 ea s t  one-tenth the s ize  of the components of the  reference 
design. 

Reactor and coolant systems must be capable of operating with the 
maximum temperatures and temperature differences. 

The reactor should be a breeder w i t h  high enough yield t o  demonstrate 
breeding i n  a reasonable t i m e ,  Suggested times are  one full-power 
year f o r  the determination based on analyses of core and blanket 
f l u 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 fo r  a material balance over 
the reactor and processing plant.  

Methods For  processing the f u e l  and blanket sal'cs should be those 
proposed f o r  the reference breeder, Protactinium removal should be 
included, Equipment f o r  the processing plant should be of a s ize  
t h a t  can be scaled up for the larger  plant .  Intermittent operation 
of the p i l o t  plant would be acceptable -to permii; use of equipment of 
larger  s ize .  

Maintenance methods and tools  skould represent major steps i n  devel- 
o p e n t  of equipment f o r  large power breeders. 
development of remote welding tha t  might not otherwise be needed i n  
the p i l o t  plant 

Tinls probably requires 

Supercrit 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 than i s  normally b u i l t  f o r  use w i t h  supe rc~ i t , i ca l  steam. 

Results of some preliminary studies suggest t'nat a reactor w i t h  a 
power leve l  of 100 t o  1-50 Mw(th) would sa t i s fy  these c r i t e r i a .  
charaeter is t ics  of p i l o t  plants of several sizes  and power levels,  but 
with an average power density of 470 w/li ter  i n  the core, are compared 
with those of the refeyence design and one module of t h e  modular s l t e r n a -  
t i v e  i n  Table 21. All tlne reactors use fue l  ce l l s  of the same design, 

Some 



Table 21. Comparison of Charac t e r i s t i c s  of Ful l - sca le  and P i l o t  P lan t  Breeders 

Reference Xodular 
Design Design MSBE Studies  

Power leve l ,  Mw(th) 

Core s i z e  
Mw(e) 

Diameter, f t  
Height, f t  

Blanket thickness,  f t  
Reactor ves se l  s i z e  

Diameter, ft 
Height, f t  

Fuel  c i r cu la t ion  r a t e ,  g p m  
Temperature rise, "F 

concentration i n  f u e l  sa l t ,  mole $ 
Thorium concentration i n  blanket  salt ,  mole $ 
F i s s i l e  inventory, kg 
Core composition, volume f r a c t i o n  

Fuel salt 
Graph it e 
Blanket s a l t  

Blanket s a l t  
Graphite 

Blanket composition, volume f r a c t i o n  

Power dens i ty  i n  f u e l  salt ,  kw/liter 
Spec i f ic  power, Mw(th)/k& "% 
Speci f ic  inventory, ~rg 3 v / ~ w (  e )  
Breeding r a t i o  
Fuel  y ie ld ,  $ per year  
a% ne t  production rate,  kg/day 
Processing r a t e s ,  ft3/aay 

Fuel s a l t  
Blanket s a l t  

2225 
1000 

10 
12.5 
2 

14 
19 
44, 000 
300 
0.22 
27 
812 

17 
76 
7 

100 
0 
470 
2.7 
0.81 
1,05 
4.5 
0.13 

15 
144 

556 
25 0 

6 * 3  
8.0 
2 

12 
13 
11,000 
300 
0.25 
27 
217 

17 
78 
5 

71 
29 
470 
2.6 
0.87 
1.05 
4 . 5 
0 033 

4.5 
28 

150 
70 

4.1 
5 .1 
2 

9 
10 
3000 
300 
0.4 
27 
120 

17 
81 
2 

85 
15 
470 
1.2 
1.4 
1.06 
2 *5 
0.01 

0.8 
7 

110 
50 

3.7 
4.6 
2 

8.7 
10 
2200 
300 
0.31 
27 
74 

18 
81 
1 

82 
18 
440 
1.5 
1.1 
1.06 
3 . 1  
0.008 

0.5 
4.3 

44 
20 

2.7 
3.4 
3 

9.7 
11 
900 
300 
0.53 
27 
40 

15 
84 
1 

14 
86 
5 30 
1.1 
2.0 
1.04 
1.5 
0.002 

0.3 
5.4 

22 
10 

2.2 
2.7 
3 

9.2 
10 
450 
300 
1.1 
27 -I= 
41 

17 
82 
1 

9 
91 
470 
0.54 
18 
0.96 
0 
0 

0.2 
5 * o  

4 
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but the number and length "aary w2.t.h core s i ze ,  Moderator pieces around 
Lne f u e l  c e l l s  ase modified t o  vary the  f rac t ion  of blanket s a l t  in the  
core. The p i l o t  plant would be expected ts be B smaller version of the  
modular design in having one fuel- s a l t ,  one blanket sal%, and one coolant- 
s a l t  c i r c u l t  t o  remove the  heat generated i n  the  reactor.  The comparison 
suggests t h a t  a 100- t o  I?O-Mw(th) reactor  w m l d  s a t i s f y  the c r i t e r i a .  
For smaller reactors, the  f rac t ion  o f  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 the  core i s  made d ras t i ca l ly  d i f fe ren t  from %he 
reference design 

Mcr1Z;e-R-Salt Breeder Experiment 

The en t i r e  program centers about the  breeder experbent .  A proposed 
schedule f o r  t he  experiment i s  shown i n  Table 22. Conceptual design and 
planning would begin imed ia t e ly  to provide the design basis  f o r  FY-1969 
authorization of T i t l e  1 and par% of T i t l e  2 design for a eonstrrretion 
project Authorization of construction would be requested f o r  I;"y"-l97Q e 

Construction of buildings and services and procurement OP major equipment 
would begin i n  F*2'-1971, t h i s  t i m e  being determined by the  time required 
for  p a r t s  of the  f i n a l  design and f o r  essent ia l  development work. No 
construction o r  procurement would begin u n t i l  a l l  basic questions SF 
f e a s i b i l i t y  were sa t i s f ac to r i ly  resolved. 
out of pa r t s  of the  plant would begin i n  FY-l974 and the plar?t woixld 
reach f u l l  power i n  197'5. 

Prenuelear t e s t i n g  and check- 

The IvlSBE would be a complete power breeder plant designed t o  sperate 
a t  LOO t o  l5O Mw(th) and t o  produce 40 t o  60 Nw(e). The experiment would 
contain a reactor  and supercr i t ica l  steam-generating plant, an e l e c t r i c a l  
generating and d is t r ibu t ing  plant, a f u e l  and blanket processing f a c i l i t y  
associated w i t h  t he  reactor, waste handl ing and s tmag@ f a c i l i t i e s ,  and 
a l l  necessary mintennnce equipment. Preliminary est-fmates of the  cost 
of the experiment and the s ta r tup  ar? presented i n  Table 23, The plant 
costs  represent a f ac to r  of more than two escalation of cos ts  obtained by 
scaling down t o  the  experiment s i ze  the  estimates for the  1000-l\ifw(e) MSdE 
and the  250-Mw(e) module. 

Train.ing of operators, which i s  done i n  con3unction with the  operation 
of the Engineering T e s t  Uni t  and the  Fuel Processlng P i l o t  Plant, and 
s ta r tup  costs  were estimated on the  bas i s  of expeyrfence with the MS-RE acd 
a var ie ty  of processing plants ,  

Engineering T e s t  ' Jn i t  and Fuel Processing F i l o t  plant, 

A s  an important part of the development and t e s t ing  of equipment;, we 
plan t o  bui ld  and operate a fu l l - sca le  mackejlp of the reactor primary system, 
coolant system, and f u e l  acd blanket processing f ac i l i t y , ,  Fauipmend 
f o r  t h i s  plant  w i l l  be made d i r ec t ly  from the  early designs o f  equipment 
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f c x  the MSBE and w i l l  be made of mater ia l s  being developed for use i n  t h e  
f i n a l  p l an t .  The equipment w i l l  be arranged i n  heated c e l l s  of t h e  design 
proposed f o r  t h e  IERE bct t h e  c e l l s  w i l l  not have heavy concrete wal l s  and 
w i l l  be i n s t a l l e d  i n  an e x i s t i n g  building. 

Pdmica t ion  of t h e  equipment w i l l  provide manufacturers with t h e i r  
first experience i n  making r eac to r  equipment of Hastelloy N and should 
resu l t  i n  much b e t t e r  equipment for t h e  r eac to r .  Operation of t h e  plant, 
w i l l  provide a better t e s t  of t h e  equipment, t h e  methods of suppopt, and 
the furnaces than would ind iv idua l  tests.  Maintenance pmc&uses and 
equipment w i l l  be t e s t e d  there  also. 
much of t h e i r  t r a i n i n g  i n  t h i s  t es t  f a c i l i t y .  
p l an t  i s  planned t o  begin i n  t h e  m i d d l e  of FY-1968 with t h e  goal of having 
it i n  operation by t h e  end of FY-1971. 

Operators for t h e  MSBE w i l l  receive 
Serious work on t h e  t es t  

Operation w i l l  end i n  FY-1974. 

Development o f  Components and Systems6 

Much o f  t h e  development and t e s t i n g  of components and systems will be 
ca r r i ed  out i n  conjunction with t h e  Eiigineerlng Tes t  U n i t .  I n  addi-Lion 
the re  w i l l  be extensive design, development, and loop t e s t i n g  of pmips 
for the fuel. and blanket systems and some work or1 the  coalnnt; pump. 
Reliable pumps a r e  e s s e n t i a l  t o  long continuous operation o f  t h e  reac tor ,  
and t h e  pumps fo r  t h e  MSBR d i f f e y  considerably from those  i n  u s e  j.n t h e  
MSRE. Other major a c t i v i t i e s  include development of control. rods and 
drives,  a caver gas r ec i r cu la t ion  system, mechanical. valves f o r  use  i n  
sa l t ,  and p a r t s  of furnaces and spec ia l  coolers. Flow tests will be msde 
i n  t h e  FIZT and i n  r eac to r  core models. Heat t r a n s f e r  s tud ie s  wi.1.;. be 
made f o r  t he  hea t  exchangers, t h e  stearn generator,  and t h e  rehea-Ler. 
Minor t e s t i n g  will be done of components f o r  the stzam system and t h e  
s a l t  sampler, arid t h e  d r n l n  tank cooler systems dev-eloped f o r  t h e  MSRE 
w i l l  be upgraded for  use i n  t h e  MSRZ. Models of t h e  pumps, t h e  cont ro l  
rods, and the  cover gas and xenon s t r ipp ing  system w i l l  be operated, 
so lu t ions  t o  o the r  Cr i -Lica l  problems will be demonstrated, and c r iL ica l  
parCus of t h e  hea t  t r a n s f e r  and f l o w  tests w i l l  be completed i.n FY-lg'iO. 

Instrumentation and Controls Development7 

T'ne instmmentation f o r  t h e  IGRE W J i l l  depend heavily on t h e  experi- 
ence with t h e  IGW. 
t h e r e  w i l l  be considerable t e s t i n g  of t h e  instrument components spec i f i ed  
f o r  use i n  t h e  MSBE. 
measuring t h e  flows of s a l t  i n  t h e  fue l ,  blanket, and coolant systems i n  
t h e  reactor and i n  the  ETU. 
i s  incliided under t h e  Component and Systems Development. The instrmen- 
t a t ion  o f f e r s  no b a r r i e r s  t o  t h e  successfu l  construction and operation o f  
the breeder experiment 

Upgrading of some instruments w i l l  be necessary; 

An u l t r a son ic  flowmeter w i l l  be inves t iga ted  f o r  

Development of t h e  con t ro l  rods and d r ives  
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Materials DeveLozsment' 

Demonstration 
of the reactor and 

of a graphite sst,isfactorjr fo r  :;he tubes for t h e  core 
a Hastellay N witk adequate high-temperadure properties 

under i r rad ia t ion  for making the equipment and piping 
i n  the  development f o r  the EIISEfE. 
the present Hastelloy N, Lestirsg the yesistame to radiation effects,  and 
demonstrat,ing tha t  the improved a l loy  has satisfaefoxy cormsfon resist- 
?nee, weldability, fabr icabi l i ty ,  and compa%ibility d t p 1  graphite. 

cnc ia l .  items 
The metals pmgrarn incluaes modifying 

The graphite program includes determining the e f fec ts  of very large 
doses of f a s t  neutrons on the properties of several premising graphltes, 
c3eveloping graphite i n  tubes w i t h  an acceptably h i g h  resistance t o  radi-  
ation e f fec ts  and low permeability t o  sa l t  ar.d gaseous fission products, 
and developing a sat isfactory method f o r  joinirrg the g;raph.St% t o  metals. 
The program is aimed a t  demmstrating before fl-19'71 %ha% these problems 
have adeqiiate solutions,  
suppolrt; 05: the  e f fo r t  t o  provide all the HastelPoy equipment and a gsaph- 
i t e  core for the PISRE. 

A strong continuing program i s  required i n  

Chemical Research and Gevelopment" 

Although t h e  f u e l  s a l t  f o r  the  MSBE i s  similar to the fuel used i n  
the 14SR.E and salts similar t o  the blanket salt have been used i n  experi- 
ments, some studies must be done with salts of the actual.. coqosi'r,ions 
proposed f o r  the BEBE. The proposed coolant s a l t  i s  new and must be 
thoroughljr tes ted.  
i n  the v ic in i ty  of the  specified zompositions. 
dynamics properties and the behavior of oxides and oxyfluosides *In Yne 
s a l t s  w i l l  be studied i n  regions of in te res t  to bISBE operation. 

Details of the phase re lat fsnships  wi l l .  be obtained 
The phys ica l  and themo- 

In-pile t e s t s  will be run t o  es tabl ish tbe compatibility of' s a l t ,  
graphite, and Rastelloy N thmugh Long exposures at high power density. 
Gocd knowledge of the  dis t r ibut ion of the  fission grodue-t,s betweez the 
s a l t ,  graphite, and metal swfaces  promises to be a very important result 
of these experiments, 

Studies w i l l  be made of protactinium and f ission-product chemnis-tpJ %o 
provide a b e t t e r  chemical basis  f o r  .the separations processes. Some vork 
w i l l  be done t o  improve the efficiency of the s a l t  preparation processes. 

Cont iu~oas knowledge of the  composii;i.cm of the sa l t s ,  especially 
the f u e l  s a l t ,  i s  desimble for rwlning a l iquid-fuel  reactor. 
d i r e c t  way of obtaining this information is  through in- l ice  analysis of 
the s a l t s .  
oped under other programs and appear t o  be promising for making the 
analyses. 

The most 

E f f o r t  w i l l  be spent on methods which have been pal"z3-y devel- 

A favorable f ission-prodwct dis t r ibut ion and goad eompatibilily of 
salts, graphite, and Eastelloy 2$ a t  higb power densi.t4y are essential  to 



the success of the  MS3R as a breeder. 
vide def in i t ive  data by the end of FY-1970. 

The program i s  planned t o  pro- 

Fuel. and Blanket Processing Development" 

The f u e l  and blanket process development involves converting the  
f luoride v o l a t i l i t y  process from batchwise t o  continuous operation and 
taking the vacuum d i s t i l l a t i o n  and the  protactinium removal processes from 
the  stage of demonstration of basic  phenomena i n  the laboratory t o  an 
engineered plant .  This includes developing. flowsheets and equipment, 
determining e f f ec t s  of operating variables, t es t ing  the processes i n  the 
laboratory and p i l o t  plants,  and tes t ing  the  f i n a l  equipment before it 
i s  in s t a l l ed  i n  the MSBE processing f a c i l i t y .  

Demonstration of the continuous f luor ina tor  and the p a r t i a l  decon- 
tamination of f u e l  s a l t  from the %HE i n  a pract-ical vacuum s t i l l  a r e  
required before FY-1971 i n  order t o  begin constmction o f  the  plant .  
Demonstration of the protactinium removal process on a small scale  by 
t h a t  t i m e  i s  desirable and is planned, but it is  not essent ia l .  Such a 
proeess s ign i f icant ly  improves the performance of a molten-salt reactor 
a s  a breeder. 
with advanced converter o r  f a s t  breeder reactors.  

It i s  not R decisive f ac to r  i n  making an MSBR competitive 

Maintenance Development'' 

The methods f o r  maintaining much of t i e  radioactive equiplnerit i n  
t'ne IIISBF, w i l l  be s imilar  t o  those used i n  t he  MSRE. This eliminates the 
expensive consideration and investigation of several  a l ternat ives ,  but 
considerable development of tools ,  j igs ,  and f ix tu re s  w i l l  be necessary 
because t h e i r  design i s  closely related t o  the  design of the reactor 
equipment, Several techniques new t o  Lhe molten-salt reactor  technolo,q 
are proposed t o  be investigated and some will be developed. One i s  remote 
machining and welding of the main s a l t  piping. A second i s  the  remote 
replacement of the  graphite s t ructure  core. A Lhird is  remote macfiining 
and welding of seal welds o r  closure welds on the cover of the reactor 
vessel  and on the  plenums, 
primary heat exchanges and possibly the plugging of' heat exchanger tubes 
i n  place or i n  a hot ce l l ,  depending on the  design of the  exchanger. The 
welding and brazing development i s  a joint; Materials Development and 
Maintenance Development e f fo r t .  
by the  end of IT-1970 the f e a s i b i l i t y  o f  making the essen t i a l  j o in t s  i n  
t he  reactor  system by remote brazing o r  welding or by other  methods pro- 
posed by the designers. 

A fourth i s  t'ne remote replacement of the 

The program i s  planned t o  demonstrate 

Physics Program'-* 

Because the molten-salt breeder reactors a r e  t h e m 1  reactors, make 
use of c i rculat ing fue l s  tha t  are eas i ly  adjusted i n  f iss i le  concentration, 
and a re  of simple configurations, they do not require an  elaborate physics 
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program. 
are req,xired of the dynamics chamcterj-st ies of the  reactors aad methods 
of f"lattcn1ng the  power d is t r ibu t ion  and some develczpment sf codes w411be 
necessary. 
subst i tut ion measurements i n  the High-Temperature Lat t ice  Testq Reactor 
and the  Phys-Lcs Constants Test Reactor a t  the Faeific Nor tk iwes t  La%ora%arya 
The program 5s planned t o  resolve by E-1971 a l l  physics questions con- 
cerning the performance of molten-salt reactors  as breeders. Tdork a f t e r  
t h a t  time w i l l  be mostly concerned with ref ining the physics calculations 
aEd preparing f o r  the  physics experiments associated with s ta r tup  sf" the 
MSBE . 

Some woyk i s  needed t o  obtain better emss-seet5an data.  S t u d . 5 ~ ~  

Physics experiments w i l l .  consist  p r i m r i l y  sf a few l a t t i ce  

The studies of safety of molten-salt reactors  have, in the past, bee:! 
l imited t o  the safety analysis  of the  E R E .  A thorough unalysis i s  re- 
quimd of the safety problems of the large %Yeeder reactors,  primarlly i n  
describing potential zlccidmts, t h e i r  consequences, and me-bhods of pre- 
vention. Experimental investigation of spec i f ic  problems such a s  re lease 
of f i s s ion  products from s a l t  under accident conditions and release of 
pressure produced by discharge of supercr i t ica l  steam Zntn the  i ~ t e m e d L a t e  
coolant system will be mde when the  conditions a re  properly established 
by the  analysis ,  
completed eas i ly  a s  t he  reactor  i s  designed. 
foreseen t h a t  would lead t o  serious questioning of the  f e a s Y o i T i t y  of 
properly containing and safely operating molten-salt reactor p l a ~ t s .  

The ana ly t ica l  work and e s sen t i a l  experiments can be 
Wo pmblems are presently 
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